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Mechanistic insights into the inhibition of amyloid-β
aggregation by chitosan†

Suhas Gotla,a and Silvina Matysiaka∗

Neurodegeneration related to Alzheimer’s disease has long been linked to the accumulation of abnor-
mal aggregates of amyloid-β (Aβ ) peptides. Pre-fibrillar oligomeric intermediates of Aβ aggregation
are considered the primary drivers of neurotoxicity, however, their targetting remains an unresolved
challenge. In response, the effects of macromolecular components of the blood-brain barrier, artificial
extracellular matrix mimics, and polymeric drug delivery particles, on the aggregation of Aβ peptides
are gaining interest. Multiple experimental studies have demonstrated the potential of one such
macromolecule, chitosan (CHT)—a polysaccharide with acid induced cationicity (pKa 6.5)—to in-
hibit the aggregation of Aβ , and reduce the associated neurotoxic effects. However, the mechanistic
details of this inhibitory action, and the structural details of the emergent Aβ complexes are not un-
derstood. In this work, we probed how CHT modulated the aggregation of Aβ ’s central hydrophobic
core fragment, K16LVFFAE22, using coarse-grained molecular dynamics simulations. CHT was found
to bind and sequester Aβ peptides, thus limiting their ultimate aggregation numbers. The intensity
of this inhibitory action was enhanced by CHT concentration, as well as CHT’s pH-dependent degree
of cationicity, corroborating experimental observations. Furthermore, CHT was found to reshape the
conformational landscapes of Aβ peptides, enriching collapsed peptides at near-physiological con-
ditions of pH 7.5, and extended peptides at slightly acidic conditions of pH 6.5, where the charge
profile of K16LVFFAE22 peptides remained unchanged. These conformational changes were limited
to peptides in direct contact in CHT, thus emphasizing the influence of local environments on Aβ

conformations. These findings add to basic knowledge of the aggregation behaviour of Aβ peptides,
and could potentially guide the development of advanced CHT-based materials for the treatment of
Alzheimer’s disease.

1 Introduction
Neuronal dysfunction in Alzheimer’s disease (AD) is closely asso-
ciated with the abnormal accumulation of proteinaceous aggre-
gates in the brain. The accumulation of amyloid-β (Aβ) pep-
tides in particular has emerged as a key event in early AD. In
the decades leading up to the appearance of cognitive symptoms
in AD patients, Aβ undergoes progressive accumulation into pre-
fibrillar oligomers (PFOs), and eventually to fibrillar plaques in
the interneuronal spaces of the central nervous system.1–3 Inter-
estingly, a growing body of evidence implicates PFOs—not fib-
rils—in neuronal dysfunction and degeneration, challenging the
long-held belief that plaques were the primary neurotoxic agents
in AD.4,5
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Unfortunately, drug candidates targetting neurotoxic PFOs are
seeing muted success in clinical trials.6 Limited bioavailability
across the blood-brain barrier (BBB) and poor specificity for the
transient and heterogeneous structures of PFOs have come to
light as major bottlenecks for anti-AD drug development.6–9 In
an effort to address these pitfalls, macromolecular components
making up extracellular matrices (ECMs), the BBB, and drug car-
rying vehicles, have garnered a renewed interest as potential in-
fluencers of Aβ aggregation.

Polysaccharides are one such class of macromolecular compo-
nents that are known to have drastic effects on the outcomes
of Aβ aggregation.10–13 In particular, the chitin-derived chitosan
(CHT) polysaccharide is a common ingredient in ECM-mimetic
scaffolds14,15 and BBB-permeable drug carriers16–18 that inhibits
Aβ aggregation. Thioflavin T (ThT) fluorescence, circular dichro-
ism, and atomic force microscopy experiments have revealed that
the co-aggregation of Aβ with increasing concentrations of CHT
yields smaller, and more disordered aggregates with reduced
beta-sheet contents.10–12 Notably, CHT’s N-glucosamine saccha-
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Fig. 1 (a) CG model for CHT along with its corresponding atomistic structure. (Left) In the atomistic structure, cyan, blue, and red spheres represent
carbon, nitrogen, and oxygen atoms, respectively. (Right) The CG beads, B1, B2, and B3 are all polar, and coloured in the order of increasing polarity
B1<B2<B3. The ionizable bead B3 has a pKa of 6.5. (b) CG model for the K16LVFFAE22 fragment of the Aβ peptide. BB beads represent the
peptide backbone, and S1 and S2 represent amino acid side chain beads. Beads are coloured according to the legend on the extreme right.

ride units contain an ionizable amine with a pKa close to 6.5
that renders CHT slightly cationic at neutral pH, highly cationic
at strongly acidic pH, and electrostatically neutral at basic pH.
Accordingly, Liu et al. have found that the intensity of CHT’s in-
hibition of Aβ aggregation is also enhanced by CHT’s degree of
cationicity.11

Although the smaller sizes, and reduced beta-sheet contents of
the products of Aβ -CHT co-aggregation are consistent with the
properties of toxic Aβ PFOs, mortality studies in cells and animal
models have found that CHT neutralizes Aβ -mediated cytotoxic-
ity.13,16,19,20 These paradoxical results indicate that the toxicity of
Aβ aggregates is not solely determined by their size and degree of
secondary structure organization. In this work, we aim to under-
stand the mechanistic and nanoscale details of CHT’s influence
on Aβ -aggregation with the broader goal of understanding the
origins of CHT’s neuroprotective properties against Aβ -mediated
pathology.

Biophysical techniques like ThT fluorescence and CD can indi-
rectly measure secondary structure content in Aβ aggregates as a
function of time, but cannot generate nanoscale structural details.
On the other hand, AFM can generate detailed nanoscale snap-
shots of Aβ aggregates, but time-resolved data collection can be
very challenging. While computational molecular modelling tech-
niques can somewhat bridge the divide between structural detail
and temporal dynamics, free energy barriers can prove to be com-
putationally prohibitive to overcome with conventional methods
for large supramolecular processes such as the aggregation of Aβ

with CHT. Understandably, past computational modelling efforts
have been limited in scope, focussing on docking and short atom-
istic molecular dynamics (MD) simulations of single CHT chains
on preformed Aβ protofibrils.10,11 Here, we opt for the coarse-
grained (CG)–MD approach, whereby the topological representa-
tions of molecules are simplified by grouping chemically similar
atoms into CG beads. Relative to atomistic MD, CG–MD compro-
mises some accuracy and precision in favour of wider sampling of
the free energy landscape, thus allowing for a balance between

long timescales and large length-scales conducive to a competent
exploration of the mechanistic underpinnings of the interactions
between CHT and Aβ .

Thus, co-assembly of Aβ and CHT was performed across a
range of Aβ :CHT molar ratios, and two pH conditions using
CG-MD. Aβ was modelled using a minimalistic model fragment
K16LVFFAE22, which encompasses the amyloidogenic hydrophobic
core of Aβ , as well as the acidic E22 residue that was determined
to be a major site for interaction with CHT in previous docking
studies.11 CHT was modelled as a fully deacetylated sequence
of N-glucosamine saccharide units with pH-dependent degrees of
cationicity. Based on the popular explicit solvent MARTINI force-
field,21 the CG models used in this work for CHT and Aβ have
been extensively validated in previous studies.22–25 We discuss
how CHT, at varying cationicities and concentrations, affects the
kinetics of Aβ aggregation and the conformational fates of the
constituent peptides. The mechanistic insights presented in this
paper add to basic knowledge of the interactions of Aβ with CHT
that may assist the improvement and development of biomedical
products for AD therapy. We discuss the results of our simulations
and develop a mechanistic picture of CHT’s inhibitory effect on
Aβ aggregation.

2 Methods
CG model details. The CG models for CHT and Aβ used in
this work have their roots in the popular MARTINI forcefield for
biomolecules.21,26 CHT is modelled as 100% deacetylated, chains
of N-glucosamine saccharide units. Each N-glucosamine saccha-
ride is represented by three CG-beads: B1, B2, and B3 (Fig. 1a),
each of which map to three-to-four fine-grained heavy atoms. To
account for N-glucosamine’s ionizable 2’-amine group, a charge
of +1e is applied to a fraction of B3 beads, as determined by the
desired environment pH and the Hendersen-Hasselbalch relation.
Previous publications provide further details of this model, and
demonstrate its ability to reproduce CHT’s helicity, pH-dependent
gelation, and mechanical properties.22,23
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The K16LVFFAE22 peptide fragment was modelled with the
group’s WEPPROM forcefield, where each residue is represented
by one backbone (BB) bead, and up to three sidechain beads.27

While most of the bead definitions and interaction levels in WEP-
PROM are identical to those of MARTINI, there are two salient
differences between them. First, protein backbones in WEPPROM
are modelled with polarized beads (BB bead in Fig. 1b) that have
internal Drude-like oscillating charges to emulate the inherent
dipole moments of peptide bonds.27 Van der Waals interactions
of these polarized beads, with other polarized and charged beads,
were scaled down to compensate for the added electrostatic inter-
actions through the internal dummy charges. Second, the inter-
actions of the hydrophobic sidechains of L17 and V18, and sol-
vent particles were significantly reduced to enable the folding of
beta-sheets.28 Details on the bonded and nonbonded interaction
parameters of the WEPPROM Aβ peptide model can be found in
Sahoo et al. (2019).24 All other nonbonded interactions, includ-
ing those between CHT and K16LVFFAE22, are identical to MAR-
TINI levels.26 See Table S1 for the bead types associated with
every residue of CHT and Aβ K16LVFFAE22, and Table S2 for the
Lennard-Jones interaction parameters between all the bead types
used in this work.

The MARTINI polarizable water model29 was used as the sol-
vent in our simulations. Standard MARTINI monovalent ions
were used to balance net-charge where necessary.

Simulation details. Aβ concentration was fixed at roughly
36 mM while CHT concentrations spanned 0, 0.3, 1.5, and 3%
(w/v). The effective molar ratios of Aβ to N-glucosamine saccha-
ride units of CHT were within the range of Liu et al.’s experimen-
tal studies.11 The 0% CHT system containing only Aβ peptides
and solvent serves as a control system. Cationic charge was as-
signed randomly across CHT’s N-glucosamine saccharides in pro-
portion with the pH conditions (as determined by the Hendersen-
Hasselbalch relation): 10% at pH 7.5, and 50% at pH 6.5. The
K16LVFFAE22 Aβ sequence remains isoelectric in this pH range,
and thus the 0% CHT control system does not change with pH.

The initial configurations were set up as follows. In a 18×18×
18 nm cubic periodic box, 100 molecules of unstructured Aβ pep-
tides (36 mM), and 0, 2, 10, or 20 CHT chains (for 0, 0.3, 1.5,
and 3.0% w/v, respectively) were inserted at random positions.
Each box was solvated with about 41,000 MARTINI polarizable
solvent particles, and excess charge was neutralized with counte-
rions. The initial structures were equilibrated with 10,000 steps
of steepest descent energy minimization, followed by 5000 steps
of NPT simulation at 0.01 ps timesteps with position restrained
solute molecules. Finally, 700 ns of unrestrained NPT MD was
performed with timesteps of 0.01 ps. We used the leapfrog in-
tegrator in conjunction with the Nose-Hoover thermostat at 300
K with a time constant of 1 ps.30 Pressure was maintained at 1
bar with an isotropic Parrinello-Rahman barostat, with 5 ps time
constants, and compressibility of 3.5e-5 bar−1.31 Short range Van
der Waals interactions were smoothly scaled to zero between 0.9
to 1.2 nm, while short range electrostatics were calculated with a
plain cutoff of 1.6 nm. Long range electrostatics were computed
with the Particle Mesh Ewald scheme with relative electrostatic
permittivity of 2.5.32 LINCS was used to constrain the dummy

bonds within the MARTINI polarizable solvent particles.33 All
simulations were performed using GROMACS 2019.34 Two in-
dependent replicas with unique initial velocities were performed
for each CHT concentration-pH pair.

Evaluation of Aβ peptide and aggregate properties. An Aβ

aggregate is defined by two or more peptides with at least one
inter-peptide BB-BB contact (0.7 nm cutoff). To qualify as a
beta-sheet, at least 4 out of 7 possible pairs of internal backbone
dipoles had to be aligned between peptides. An aggregate can
have a heterogeneous composition of smaller constituent beta-
sheets.

To qualify as an alpha-helix, the backbone dipoles of at least
two out of three possible i −→ i+4 residue pairs, K16-F20, L17-A21,
and V18-E22, had to be aligned.

End-to-end distance (re2e) of an Aβ peptide is measured be-
tween the BB beads of K16, and E22. For a peptide to be con-
sidered associated with CHT, at least one BB bead had to be in
contact with any of the beads on a CHT molecule (0.7 nm cutoff).

In this manuscript, the term “peptide" refers to any molecule of
Aβ at any state, whereas the term “monomer" specifically refers
to un-aggregated Aβ peptides with aggregation number, N = 1.
By extension, the term “multimer" refers to an aggregated cluster
of Aβ peptides with aggregation number, N > 1.

3 Results and Discussion

3.1 CHT inhibits Aβ aggregation by peptide sequestration
and promotion of small multimers

At 0% CHT, Aβ aggregation occurred in two phases: an initial
growth phase from 0 to 300 ns, followed by a stationary phase
from 300 to 700 ns. The populations of monomers, and the sizes
of the largest multimers were tracked. During the growth phase, a
rapid loss of monomers was observed (maroon trace in Fig. 2a, 0-
50 ns), while multimers steadily grew and coalesced until nearly
all peptides had incorporated into a single large aggregate (ma-
roon trace in Fig. 2c, 0-300 ns). During the stationary phase, the
size of the largest multimer remained constant, indicating that
the aggregation process had reached quasi-equilibrium (maroon
trace in Fig. 2c, 300-700 ns).

The addition of CHT influenced both phases of Aβ aggrega-
tion in a concentration dependent manner. First, dampening was
observed in the rate of monomer decay: while Aβ monomers dis-
appeared well within 50 ns in the 0 % CHT (w/v) control case,
monomer decay continued at least until 300 ns at 0.3 % CHT
(w/v). Similarly, monomers continued to decay until about 300
ns at 1.5 and 3.0% CHT (w/v), but residual populations of around
40 and 60 peptides, respectively, remained as monomers through-
out the stationary phase.

Tracking the CHT-associated subpopulation of Aβ monomers
(Fig. 2b) helped us understand the mechanics behind this damp-
ening effect. Between 0 and 30 ns, Aβ monomers rapidly ab-
sorbed onto CHT chains, peaking at roughly 4, 15, and 25
monomers at 0.3, 1.5, and 3.0 % CHT (w/v), respectively. Fol-
lowing the peak, a gradual decay of CHT-associated monomers
was observed until a plateau was reached.

The decay of CHT-associated monomers could potentially be
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Fig. 2 Time evolution of Aβ aggregation at pH 7.5, with 0, 0.3, 1.5,
and 3.0 % CHT measured by total population of monomers (a), CHT-
associated subpopulation of monomers (b), and size of the largest multi-
mers (c). The vertical line at t=300 ns demarcates the growth phase (t
< 300 ns) from the stationary phase (t > 300 ns). Time series are aver-
aged over two independent runs, and the shaded regions denote standard
deviation.

explained by the following reasons:

1. Unbinding of peptides from CHT’s surface.

2. Aggregation of CHT-associated monomers with other pep-
tides, leading to loss of their monomer status.

Populations of free monomers, i.e., non-CHT-associated
monomers, disappeared long before the CHT-associated monomer
decay plateaued (Fig S3 a-c), thus implying that CHT-Aβ com-
plexes were stable and unlikely to break. As a result, the pos-
sibility of CHT-peptide unbinding contributing to the observed
decay was ruled out. Consequently, only aggregation of CHT-
associated monomers could explain the decay in their popula-
tions. Two mechanisms of CHT-associated monomer aggrega-
tion were observed: (1) deposition of bulk peptides onto CHT-

associated monomers, and (2) the diffusion of peptides along
CHT fibres and the consequent aggregation of CHT-associated Aβ

peptides with each other. While both mechanisms were likely
in the initial stages of aggregation, the second mechanism domi-
nated the later stages where all bulk monomers (Fig. S3), and all
bulk multimers (Fig. S4) had been depleted.

Plateauing of CHT-associated monomer populations revealed
that not all CHT-associated monomers were able to aggregate (see
traces for 1.5% and 3% CHT in Fig. 2a, and b). These residual
populations of CHT-associated monomers were indicative of se-
questration of peptides, monomeric or otherwise, by CHT. Both
peak, and residual populations of CHT-associated monomers in-
creased with CHT concentration, implying that the sequestering
effect of Aβ peptides by CHT was concentration dependent. An
associated outcome was the reduction in the overall size of mul-
timers, in terms of aggregation number: while the largest mul-
timers reached maximum sizes of around 100 peptides at 0 and
0.3% CHT, they were capped at approximately 30 and 15 peptides
at 1.5 and 3.0 % CHT, respectively (Fig. 2c).

The reduction in multimer size was also visually apparent dur-
ing the final ∼ 100 ns of the quasi-equilibrium phase, across the
different self-assembly conditions. Fig. 3 shows representative
snapshots of these quasi-equilibrium conformations: a large 100-
mer Aβ aggregate can be observed at the 0% CHT control system
(Fig. 3a), and progressively smaller and more numerous multi-
mers can be observed at 0.3, 1.5, and 3.0 % CHT (Fig. 3b, c and
d).

In a nutshell, by absorbing Aβ peptides, CHT acted as a sink
for monomers and other low-aggregation number states. While
some CHT-associated monomers could aggregate with each other
and peptides from the bulk, many remained sequestered. Fur-
thermore, as CHT concentrations increased, more peptides were
sequestered, and the inhibition of Aβ multimer growth became
stronger. These results are in good agreement with ThT fluores-
cence measurements from past studies showing a decrease in Aβ

fibrillation with increasing concentrations of CHT.11

3.2 CHT’s degree of cationicity strengthens inhibitory mech-
anisms

Liu et al. also found that modified CHT molecules with signifi-
cantly higher charge had a much stronger inhibitory effect on Aβ

fibrillation.11 To explore the influence of CHT’s degree of cation-
icity, we performed additional co-assembly simulations with the
same Aβ :CHT molar ratios at pH 6.5, where the isoelectric nature
of Aβ was preserved but CHT chains were much more cationic,
with 50% of their monomers being charged.

CHT concentration dependent phenomena of monomer decay
dampening, increase in residual monomer populations, and re-
duction in the size of the largest multimers were also observed at
pH 6.5, albeit in a stronger fashion relative to the same concentra-
tions at pH 7.5. Comparison of Fig. 2b and Fig. S1 (b) illustrates
why this is. The peak populations of CHT-associated monomers
are roughly the same for each CHT concentration at pH 6.5 and
pH 7.5. As with pH 7.5, free monomer populations also disappear
well before CHT-associated monomer decays plateau at pH 6.5
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Fig. 3 Snapshots representative of quasi-equilibrium conformations of
Aβ self-assembly with 0% (a), 0.3% (b), 1.5% (c), and 3% (d) CHT
(w/v) at pH 7.5. Backbones (BB beads) of Aβ peptides are represented
in magenta. CHT molecules are represented as cyan chains, except for
protonated B3 beads, which are coloured red. Solvent particles, dummy
charges of BB beads, and S1 and S2 side chain beads are hidden for
clarity.

(Fig. S3 d-f). But, the decay of CHT-associated monomers is sig-
nificantly muted at pH 6.5. In the case of 3% CHT at pH 6.5, the
decay of the peak population is almost imperceptible. Ultimately,
by the end of the self-assembly simulations at pH 6.5, residual
populations of roughly 25, 10 and 1 CHT-associated monomers
remain at 3.0, 1.5, and 0.3% CHT, respectively. On the other
hand, residual populations of about 7, 5 and 0 peptides remain
at the end of self-assembly for 3.0, 1.5, and 0.3% CHT at pH
7.5 respectively. These results indicate that the sequestration of
monomeric peptides by CHT is significantly stronger at pH 6.5
compared to pH 7.5. This strengthening effect is attributed to
the enrichment of electrostatic interactions between Aβ and the
greater numbers of cationic N-glucosamine units in CHT chains
at pH 6.5.

We also observed a shift in the extent of Aβ aggregation from
distributions of weighted aggregation numbers (Fig. 4a). Each N-
mer is represented N times in the data, such that we have equal
numbers of data points across the different conditions. For each
pH-CHT concentration pair, the distributions were constructed
from the last 50 ns across the two independent replicas. At each
CHT concentration, Aβ aggregation numbers trended lower at pH
6.5, compared to pH 7.5. This observation of increased inhibitory
activity of CHT at pH 6.5 corroborates previous experiments,
where increasing CHT’s cationicity was shown to enhance the in-
hibition of Aβ fibrillation within Aβ ’s isoelectric pH range.11

In summary, CHT’s concentration-dependent mechanism of Aβ

aggregation inhibition by binding and sequestering Aβ peptides
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Fig. 4 Distributions of weighted aggregation numbers of Aβ peptides
(a), beta-sheet fractions in Aβ aggregates (b), alpha-helix fraction in Aβ

aggregates (c), and mean end-to-end distance (⟨re2e⟩) of Aβ peptides (c)
in self-assembled systems. Data for the 0% CHT control case are shown
in shaded maroon regions, while data for Aβ -CHT self-assemblies at 0.3-
3.0 % CHT at pH 7.5 and pH 6.5 are shown in green (specifically, green
circles joined by solid lines in (b)-(c)) and purple (specifically, purple
squares joined by dotted lines in (b)-(c)), respectively. Data are taken
from the last 50 ns of the self-assembly simulations, and error bars in
(b)-(d) indicate standard errors of mean.

from bulk solution, is strengthened by increasing its degree of
cationicity, and is conserved at pH 6.5-7.5.

3.3 CHT’s impact on the conformational properties of Aβ

peptides

In addition to suppression Aβ ’s ability to form fibrils, circular
dichroism measurements show that CHT also significantly sup-
presses Aβ ’s ability to form beta-sheet secondary structures.10,19
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This section explores how conformational properties of Aβ pep-
tides are impacted by CHT concentration and cationicity.

At 0% CHT, roughly two-fifths of all the peptides participated
in beta-sheets (maroon shaded region in Fig. 4a). With added
CHT, prevalence of beta-sheets in our self-assemblies decreased
with increasing CHT concentrations at pH 7.5 (green trace in Fig.
4b), as well as pH 6.5 (purple trace in Fig. 4b). The influence
of CHT’s pH-dependent degree of cationicity on beta-sheet sec-
ondary structure fractions ranged from minimal (Fig. 4b at 0.3%
CHT) to insignificant (Fig. 4b at 1.5%, and 3.0% CHT).

On the other hand, populations of alpha-helical structures dis-
played stronger dependences with concentrations and cationici-
ties of CHT (Fig. 4c). At pH 7.5, helical populations were signif-
icantly enriched in a concentration dependent manner: at 0.3%
CHT, helical populations reached about 9%, and incrementally
increased to about 10% at 3% CHT. Although subtle, the upward
trend is statistically significant considering the standard errors of
mean. In contrast, helical populations plummeted at pH 6.5, and
hovered between 5.5% and 6% in the presence of CHT. Thus,
CHT acts as an inducer of helical conformations at pH 7.5, and as
a repressor of helical conformations at pH 6.5.

Analysis of mean end-to-end distances (⟨re2e⟩) between the BB
beads of K16 and E22 of Aβ peptides at these different conditions
offer some explanations to these results. While ⟨re2e⟩ decreased
at pH 7.5 with CHT concentration (green trace in Fig. 4d), the
opposite was observed at pH 6.5 (purple trace in Fig. 4d), where
end-to-end distances increased with CHT concentration.

Collapsed peptide geometries are conducive to the formation of
alpha-helices, while extended conformations are not. The stabi-
lization of collapsed conformations by CHT at pH 7.5 explains
why helices are enriched compared to 0% CHT. On the other
hand, the stabilization of extended conformations by CHT at pH
6.5 explains why helices are depleted compared to 0% CHT.

Extended peptide geometries also decrease the energy barriers
for beta-sheet formation by maximizing the availabilities of pep-
tide backbones for inter-peptide interactions. Therefore, although
the lower aggregation numbers at pH 6.5 are disadvantageous for
the formation of beta-sheet rich aggregates, the disadvantage is
counter-balanced by the reduced energy barriers for beta-sheet
formation afforded by the relatively extended peptides. The out-
come of these competing forces is that the beta-sheet fractions at
pH 6.5 and 7.5 are roughly the same. (Fig. 4b).

In summary, the conformational properties of Aβ peptides are
a product of complex and sometimes competing actions of CHT
concentration and cationicity. The CHT concentration-dependent
decrease in beta-sheet secondary structure is in agreement with
previous experimental studies.10,11,16,19 Helical conformations in
Aβ have been previously reported by Jha et al.12 in their studies
with CHT-based anti-amyloid nanoparticles. Our results indicate
that the concentrations of helical Aβ conformers is contingent on
CHT concentration and degree of cationicity.

3.4 Aβ conformational change requires direct contact with
CHT

This section aims to provide a deeper understanding of the di-
rect and indirect effects of CHT-association on the conforma-
tional properties of Aβ peptides. To this end, Aβ peptides in
each pH-CHT concentration condition were classified into vari-
ous groups based on the presence of beta-sheet secondary struc-
ture, and whether they were in direct contact with CHT (Fig.
5a illustrates the classification algorithm). Two primary sets:
χ, CHT-associated peptides; β , beta-strands, and four subsets:
β ∩ χ, CHT-associated beta-strands; β − χ, beta-strands that are
not CHT-associated; χ −β , CHT-associated peptides that are not
beta-strands; (β ∪ χ)c, peptides that are neither beta-strands nor
associated with CHT, were defined, and end-to-end distances of
peptides in each subset were compared. The low populations
of alpha-helices prevented statistically meaningful comparisons
across such subsets, and thus only beta-strands and random coil
peptides were considered in this analysis. Data were gathered
from the last 50 ns of two independent replicas, and the popula-
tion percentages of the subsets are presented as Venn diagrams in
Fig. S2.

Fig. 5 (a) Algorithm for classification of peptides into sets based on
secondary structure and association with CHT. (b) Mean end-to-end
distances of peptides of each subset at the 0% CHT control case (black
triangles), 1.5% CHT at pH 7.5 (green circles), and 1.5% CHT at pH
6.5 (purple squares).

In Fig. 5b, mean end-to-end distances of peptides in the four
subsets are compared for 1.5% CHT at pH 6.5 and pH 7.5, with
0% CHT (no CHT) as reference.

In (β ∪χ)c, mean end-to-end distances (⟨re2e⟩) are around 0.95
nm for the three samples. While ⟨re2e⟩ was slightly higher at 1.5%
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CHT compared to the 0% CHT in β −χ, conformations of peptides
did not significantly vary between pH 7.5 and 6.5. The same
trends were observed at 0.3% CHT (Fig. S2 f). Thus, among
peptides that were not in direct contact with CHT, end-to-end
distances were largely invariant.

Since nearly all peptides were in direct contact with CHT at
3.0% CHT, sample sizes of β −χ and (β ∪χ)c were diminishingly
small, and statistically not significant (Fig. S2 g, h, i).

On the other hand, peptides in contact with CHT had very dif-
ferent end-to-end distances at pH 6.5 and 7.5. CHT-associated
peptides (in β ∩χ and χ −β) were consistently more extended at
pH 6.5 than at 7.5 in 1.5% CHT (Fig.5b), 0.3% CHT (Fig. S2 f),
and 3.0% CHT (Fig. S2 i). Compared to beta-strands not in con-
tact with CHT (β − χ), CHT-associated beta-strands (β ∩ χ) were
more extended at pH 6.5, and more collapsed at pH 7.5.

Altogether, these results indicate that the peptide collapsing ef-
fect of CHT at pH 7.5, and peptide extending effect of CHT at pH
6.5 requires direct contact with CHT molecules. The conforma-
tions of CHT-associated peptides are not inherited by their non-
CHT-associated peptide neighbours. A more general inference of
these data is that the conformations of Aβ peptides co-assembled
with CHT are heterogeneous and depend on their local environ-
ments, which in turn are determined by contact with CHT and the
pH-dependent degree of cationicity of CHT.

4 Conclusions

We have characterized the mechanistic details of CHT’s inhibitory
effect on Aβ aggregation using CG-MD simulations. CHT in-
hibited Aβ aggregation by sequestering peptides, thereby de-
pleting peptide populations in the bulk and limiting multimer
growth. The intensity of this sequestration-driven inhibition by
CHT was enhanced by its concentration, and pH-dependent de-
gree of cationicity, in agreement with past experimental observa-
tions.10,11

We also described the ways in which CHT reshaped the con-
formational landscapes of Aβ peptides. We showed that weakly
cationic CHT at pH 7.5 stabilized collapsed peptide conforma-
tions, while strongly cationic CHT at pH 6.5 stabilized more ex-
tended peptides. Importantly, these conformational changes were
largely limited to peptides that were in direct contact with CHT;
the inheritance of these conformations from CHT-associated pep-
tides to non-CHT-associated peptide neighbours was weak. This
finding of locus-dependent heterogeneity in Aβ conformations
offers some insight into why CHT inhibits amyloid aggregation
while other polysaccharides, particularly those of the anionic gly-
cosaminoglycan family, strongly induce the formation of ordered
amyloid fibrils.10,35–37 Further studies aimed at delineating the
effects of different polysaccharides on amyloid aggregation are
planned.

In summary, the mechanistic insights into the fundamental in-
teractions between CHT and Aβ presented in this work could as-
sist in expanding CHT’s role in amyloid research, particularly in
light of its applications in ECM-mimics for neural cells,14,15 amy-
loid detection systems,13 and anti-amyloid therapeutic nanopar-
ticles and materials.12,13,16,38
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