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Atomic characterization of large non-fibrillar aggregates of amyloid polypeptides cannot be
determined by experimental means. Starting from β-rich aggregates of Y and elongated topolo-
gies predicted by coarse-grained simulations and consisting of more than 100 Aβ16-22 pep-
tides, we performed atomistic molecular dynamics (MD), replica exchange with solute scaling
(REST2), and umbrella sampling simulations using the CHARMM36m force field in explicit
solvent. Here we explored the dynamics within 3 microseconds, the free energy landscape,
and the potential of mean force associated with either the unbinding of one single peptide in
different configurations within the aggregate or fragmentation events of a large number of pep-
tides. Within the time scale of MD and REST2, we find that the aggregates experience slow
global conformational plasticity, and remain essentially random coil though we observe slow
beta-strand structuring with a dominance of antiparallel beta-sheets over parallel beta-sheets.
Enhanced REST2 simulation is able to capture fragmentation events, and the free energy of
fragmentation of a large block of peptides is found to be similar to the free energy associated
with fibril depolymerization by one chain for longer Aβ sequences.
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1 Introduction
A hallmark of amyloid-beta and tau linked to Alzheimer’s disease, alpha-synuclein linked to
Parkinson’s disease and transthyretin linked to cardiac and systemic amyloidosis is that these
polypeptides self-assembly to form amyloid fibrils with a cross-beta structure (1), and their
oligomers are toxic species (2).

Experimentally trapping these oligomers is difficult as they are very transient and it is not
possible to visualize their dynamics at the micro-second time scale (3). Computationally, this
is an extremely difficult problem as the free energy landscape increases in complexity as the
oligomer size augments. For this reason, most computational studies, with the exception of
the simulation of 1000 transthyretin TTR(105-115) fragments (4) and 192 Aβ16-22 peptides
(5), focused on small oligomer sizes < 36 peptides (6–8). To accelerate the sampling, they
even resort to coarse-grained models and an implicit solvent representation and enhanced sam-
pling techniques, such as umbrella and path sampling, replica exchange molecular dynamics
(REMD), replica exchange with solute scaling (REST2), and metadynamics.

Recently, we explored the aggregation dynamics of 100 and 1000 Aβ16-22 peptides using
the coarse-grained OPEP protein representation (9) coupled to the surrounding fluid described
via the lattice Boltzmann equations. Using Lattice-Boltzmann molecular dynamics (LBMD)
simulations (10), we found that hydrodynamics, included naturally in LBMD, increases the
fluctuations of the oligomer size within 1 microsecond compared to Langevin dynamics (11)
On the largest-size system, we were able to capture the formation and growth of a large elon-
gated aggregate and its slow beta-sheet structure content (reaching 30%). Elongation proceeds
through the fusion of oligomers either at the extremities of a nascent amorphous protofibril
or at multiple lateral surface points, reminiscent of secondary nucleation (surface-catalyzed)
mechanism (12).

While most of the simulations computed free energy landscapes of the dominant oligomers
(8, 13), the aggregation pathways (14–17), the kinetic network analysis (18–20) and the dis-
connectivity graphs (21) between different oligomers, a few studies focused on the potential
of mean force (PMF) associated with the microscopic aggregation events, namely primary nu-
cleation, fragmentation and surface-catalyzed secondary nucleation, and fibril growth and de-
polymerization (22–27). Notably, Monte Carlo simulations of a mesoscopic model with few
degrees of freedom in implicit solvent (28) determined a PMF on the order of 7-10 kcal/mol
for Aβ42 primary nucleation at concentrations varying between 60 µM and 4 mM. Free energy
calculation based on an implicit solvent predictive coarse-grained force field estimated a PMF
of a few kcal/mol for Aβ42 primary nucleation (29). Atomistic umbrella sampling of Aβ9-
40 surface activated secondary nucleation found that the major driving forces are the release
of a large number of hydration water molecules and the formation of hydrophobic interface
contacts (27). Discontinuous molecular dynamics (DMD) simulations of surface-catalysed sec-
ondary nucleation of Aβ40 by the Aβ16-22 peptide were also performed (30). Finally, path
sampling simulations using a coarse-grained protein implicit solvent representation revealed
multiple barriers up to 5 kcal/mol between the amorphous aggregates and cross-beta structures
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of 12 Aβ16-22 peptides (31).
In this study, we explore by atomistic simulation the behaviour of large Aβ16-22 β-rich

aggregates. We take advantage of previous multi-scale simulations of a very large system (1000
peptides) based on the OPEP CG model (12). We extracted two representative aggregate states
and back-mapped them to the atomic resolution. The two OPEP-LBMD derived aggregates
consisting of 139 and 106 peptides were simulated using the CHARMM36m protein force field
with explicit solvent. We first investigated the MD time evolution of the two aggregates within
2.0 microseconds. For one system the MD simulation was extended by one microsecond. Next,
starting from the structure used for MD, we explored the free energy landscape of one of the
aggregates using REST2. Finally, using umbrella sampling we calculated the PMF associated
with the dissociation of an individual peptide from the aggregate, and with the fragmentation of
large groups of peptides from the aggregate.

2 Methods

2.1 Mapping Procedure and MD Simulations
A coarse-grained (CG) geometry of an Aβ cluster sampled in an LBMD simulation (10) using
the OPEP force field (9) was used as a starting point of the mapping procedure. For each
coarse-grained Aβ monomer contained in the cluster, we selected the best-fitting all-atom (AA)
conformation from an ensemble of geometries sampled in an MD simulation of an Aβ monomer
in dilute conditions. The selection was done by minimizing a cost function which combined
the root-mean-square deviation (RMSD) of backbone atoms relative to the CG backbone, the
RMSD of AA side chain centers of mass relative to the CG side-chain beads, the number of
clashes (i.e., distances below < 1 Å) with the surrounding CG geometries, and the clashes with
surrounding monomers that have already been mapped to all-atom resolution. The formula of
the cost function was

f(geometry) = RMSD2
backbone + 5/9 ∗ RMSD2

sidechain +NC2
CG +NC2

AA (1)

In this formula, RMSDbackbone denotes the a-dimensional RMSD value (standard RMSD for-
mally divided by a constant of value 1 Å) of the AA backbone atoms relative to the CG back-
bone, RMSDsidechain stands for the RMSD of the AA side-chain centers of mass relative to the
CG side-chain beads, NCCG is the number of clashes with the surrounding CG geometries, and
NCAA corresponds to the number clashes with surrounding monomers that have already been
mapped to the all-atom resolution. To strongly penalise very close overlaps, NCAA was set to
103 (104, 105, or 106) if the distance was below 0.9 Å (0.8, 0.7, or 0.6 Å, respectively).

The resulting all-atom structure was solvated in a 150 mM NaCl solution. To avoid in-
sertion of water molecules inside the cluster and allow for a natural hydration of the cluster
during the subsequent steps of the mapping protocol, water molecules inserted within 2.5 Å
from the peptides were removed. Subsequently, a short energy minimization was performed
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to reduce the forces below 1000 kJ mol−1 nm−1. The resulting geometries were checked for
intertwined aromatic rings. Where present, this artefact was repaired manually, and the short
energy minimization was repeated.

To further align the positions of the AA backbone atoms with the CG reference, a targeted
MD protocol was conducted in which a harmonic bias was progressively imposed on the back-
bone RMSD from the CG structure. Specifically, during the first nanosecond the bias was
increased progressively from 0 to 5.56·104 kJ mol nm−2, and it was maintained at this value for
the following 2 ns.

Subsequently, to relax the geometries of the side chains while keeping the backbone atoms
aligned with the CG reference, a 10 ns simulated annealing run was performed. The peptide
temperature was gradually increased from 300 K to 400 K during the initial 5 ns and then de-
creased back to 300 K during the final 5 ns. In contrast, the solvent was kept at 300 K for the
entire simulated annealing run. Throughout the simulated annealing, the positions of the back-
bone atoms were restrained by a harmonic bias (with a force constant of 1000 kJ mol nm−2).
Finally, the backbone restraints were gradually released in 1 ns steps (500−200−100−50 kJ
mol nm−2), and a 1 ns non-restrained equilibration simulation was performed before the pro-
duction run. It is worth noting that because of the different space filling of the CG vs the
atomistic resolution, when back-mapped we lose the secondary structure in β-strand, that, as
we will discuss in the Result section will be recovered in time.

MD simulations involved in the mapping procedure were all performed using GROMACS
2018.7 (32). Subsequent production MD simulations were done using the GROMACS 2020.1.
The mapping procedure was performed using the a99SB-disp force field (33), however the
obtained systems had the tendency to dis-aggregate at longer time when simulated at ambient
conditions because of the too strong interactions with water as pointed out in (34). We then used
the obtained mapped structures at atomistic resolution to perform production simulations using
the CHARMM36m (35) force field. The water model was the three points modified TIP3P
from CHARMM36 force field and the systems contained Na+ and Cl− ions that were described
with the default parameters of the CHARMM36m force field. A 1.2 nm cutoff was applied
to short-range non-bonded interactions. Long-range electrostatic interactions were calculated
using the particle mesh Ewald method (36). The lengths of all bonds involving hydrogen in
the peptides were constrained by the LINCS algorithm (37), and water molecules were kept
rigid by the SETTLE algorithm (38). The simulations were conducted in the NpT ensemble
at a temperature of 300 K, unless stated otherwise. The temperature was maintained by the
velocity rescaling thermostat with a stochastic term (39) using a time constant of 1 ps and
coupled separately to the peptides and the solvent. The pressure was maintained at 1.01 bar by
the Parrinello-Rahman algorithm (40) with the time constant set to 1 ps.

We back-mapped two large aggregates sampled in a previous multi-scale simulation. We
chose two different structures: a large aggregate having a compact Y shape and containing 139
peptides, and a smaller aggregate having a more elongated geometry formed by 106 peptides.
Both systems were simulated by MD for 2 µs. The simulation of the largest system was ex-
tended for 1 µs to explore further local and global rearrangement. Also, the larger system was
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explored using the REST2 enhanced sampling technique that we detailed in the next section.

2.2 REST2 simulations
We performed a REST2 simulation of one of the β-rich aggregates, the one containing 139
peptides. REST2 is a variation of the REMD technique that allows to enhance the sampling
of the conformational landscape by exchanging molecular coordinates between replicas of the
same system with rescaled potential energy terms involving the solute particles. Since in REST2
method only the degrees of freedom of the solute molecules are heated, a lower number of
replicas than in REMD is sufficient to efficiently explore the conformational landscape. In this
work we performed 400 ns long all-atom REST2 simulation using GROMACS 2018.3 patched
with PLUMED 2.5b. A total of 23 replicas was employed, spanning a temperature range from
300 K to 380 K (41) (see Table 1). Configurations exchange between adjacent replicas was
attempted every 5 ps. Temperatures for each replica have been chosen to ensure an exchange
probability between adjacent replicas of about Pex ' 0.2. (42). In the REST2 simulation,
each replica started from the same aggregate configuration obtained from the back-mapping
procedure that was used also for MD simulation.

Replica 0 1 2 3 4 5 6 7
T [K] 300.00 303.36 306.74 310.16 313.61 317.08 320.33 323.85

Replica 8 9 10 11 12 13 14 15
T [K] 327.40 330.99 334.60 338.23 341.90 345.60 349.33 353.09

Replica 16 17 18 19 20 21 22
T [K] 356.88 360.70 364.55 368.43 372.34 376.28 380.00

Table 1: Value of the temperature for each replica. The temperature associated to each scaling
factor has been evaluated according to the approach described in (41)

2.3 Free energy calculations
We performed Umbrella Sampling (US) calculations to reconstruct the potential of mean force
associated to the separation of a peptide, or a group of peptides from the β-rich aggregate.

For the unbinding of an individual peptide, the chosen reaction coordinate ξ was the dis-
tance between the peptide and the aggregate. Namely, once individuated the peptide to pull
apart (the more external in the aggregate) we selected the peptide to which is originally bound,
and define ξ as the distance between the centers of mass (COM) of the two peptides. In order
to generate the initial configuration for the US calculations we performed steered MD sim-
ulations. The pulling rate was set to 0.01 nm/ps and the pulling force, of elastic constant
k = 1000 kJ mol−1 nm−2, was applied for 500 ps. The second peptide, closer to the aggre-
gate, was kept in place by positional restraints. From these short trajectories, 30 equi-spaced
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configurations, spanning a COM distance of 0.5 to 3.0 nm, were extracted. For each window,
five 100 ps MD simulations were performed to create five slightly overlapping replicas for each
window. Next, 2 ns simulations were performed for each replica of the 30 windows, for a total
of 300 ns of simulation to use for the extraction of the energy profile. The PMF was computed
using the Weighted Histogram Analysis Method (WHAM) (43, 44). For error estimates, we
used the Bootstrap technique, considering each histogram as a data point and resampling the set
of histograms used to compute the PMF 100 times.

We have computed a total of 6 PMF profiles: 3 profiles were calculated for the unbinding
of one peptide that forms in the aggregate an anti-parallel β-sheet with 6 hydrogen bonds and
3 other profiles for the unbinding of a peptide forming in the aggregate a parallel β-sheet with
6 hydrogen bonds. To distinguish between parallel and anti-parallel orientations in the β-sheets
we used, as a criterion, the distances between Cα atoms at the extremities of the two peptides
in contact. A parallel configuration was assigned if dhead−head < dhead−tail, an anti-parallel
configuration otherwise. For the anti-parallel case we were able to individuate three different
peptides that localise in different parts of the aggregate. On the contrary for the parallel case we
were able to individuate only one exposed peptide, and the three PMFs were calculated starting
from different configurations of the aggregate that were extracted along the trajectory.

A similar procedure allowed us to compute the PMF of fragmentation, namely the pro-
cess to separate a large cluster of peptides from the aggregate. Two small groups of peptides
have been chosen, the first one composed of 18 peptides, the second of 6 peptides. The two
groups were separated from the main aggregate applying a pulling force, of elastic constant
k = 8000 kJ mol−1 nm−2, and a pulling rate of 0.01 nm/ps for 500 ps. As reaction coordinate
we used the distance between the centres of mass of the main aggregate and the small cluster of
peptides. No positional restraints were applied during the pulling procedure.

3 Results

3.1 Evolution of the β-rich aggregates by MD simulations
After the equilibration procedure described in the Section 2.1, we first investigate how the two
back mapped aggregates structurally evolve within two microseconds. In Figure 1 we report,
in form of scattered plots, the time evolution of the radius of gyration and the inter-peptide
hydrogen bond connectivity for the two systems, on the left column (panels a,c,e) data refer
to the largest cluster in Y shape, on the right column (panels b,d,f) to the smaller system of
elongated shape. Here, hydrogen bonds are defined according to the electrostatic interaction
energy between the donor and the acceptor atoms on the backbone of the peptides (45). At the
microsecond timescale, we observe a progressive compaction of the structures. The largest ef-
fect is visible for the smaller system, see right Panel b in Figure 1: the gyration radius decreases
by a factor of 1.3, passing from 4.6 nm to 3.5 nm. We also notice that the systems stabilise the
inter-molecular backbone hydrogen-bonds. In both systems, the inter-molecular connectivity
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increases as a function of time, and helps structuring the β-rich aggregates. The systems in-
crease the per-peptide hydrogen bond connectivity from < 1 to 2.5 − 3. To further investigate
the structure of the amyloid aggregates, we used the Define Secondary Structure of Proteins
(DSSP) algorithm to assign a secondary structure to each amino acid (45). Over time the per-
centage of β-sheet structures found in the aggregates increases up to 25-30%, depending on the
system.

After 2 µs, the first system maintains a sort of Y topology, but is more compact and shows
large stretch of peptides (4 to 7) in continuous β-strands that are localised at the three lobes of
the aggregate. In these parts, because of enhanced mobility, the peptides are able to rearrange
toward the β-structure. The second system loses its elongated shape, and show the presence of
a small pore in the central part. To be noted that the presence of a pore was already sampled
in our CG simulations of Aβ16−22 large system containing 1000 peptides. In both systems the
β-sheet structures are mainly in anti-parallel configuration, ∼60%.

In order to further explore the structural evolution, we extended the simulation of the largest
system for 1 extra µs. The results are reported in figure 2. We can appreciate that the system
slowly increases the gyration radius and the number of inter-molecular hydrogen bond per pep-
tide. Also the content of β structures increases slightly reaching a maximum of about 35%. The
aggregate looses at this time scale the Y shape and moves towards a more extended structure.
This is shown in the bottom part of the figure where we represented the time evolution of the
β-rich aggregates. This MD extension confirms that overall structural relaxation of an aggregate
of this size, 102 peptides, must occur at time scale of tenth of microseconds and beyond.

3.2 Exploring enhanced sampling by REST2
Exploring the conformational landscape of large aggregates is a computational challenge by
brute force MD. To increase the number of configurations of the aggregates and, eventually,
capture partial dis-aggregation, we performed REST2 simulation of one of the β-rich aggre-
gate. Each, of the 23 replicas, was evolved for 400 ns. Fig. 3 reports, as scatter plots for four
selected temperatures, the density probability of configurations sampled as a function of the
rescaled radius of gyration (Rg normalized with respect to the value at t=0 Rg = 4.2nm) and
the number of inter-peptide hydrogen bonds per peptide. The data are obtained considering the
full length of the simulation (400 ns). At low temperature, 300 K, the aggregate remains in a
compact state close to its initial configuration, even though it explores rescaled Rg values up
to 1.2. At 300 K the minimum of the reconstructed free energy landscape localises at a value
of Rg ' 3.8 nm. The minimum shifts at higher Rg values at the higher temperatures, as ex-
pected. Over the simulation time, the amino acids adopting β-structure reach a value of 25%
that is comparable to what was obtained over the same time scale in the brute force simula-
tion. It seems that in terms of restructuring, at the sub-microsecond time scale, the REST2 does
not provide a meaningful enhancement of the conformation sampling for this large aggregate at
room temperature. However, especially when focusing at replicas at higher temperature, we can
identify a variety of dissociation events associated with the fragmentation of the aggregate and

7



leading to rescaled Rg values between 1.2 and 1.8. This fragmentation is visible even at 300
K and it increases with temperature. For example in the indicated characteristic configuration
we see three aggregates of size 104, 25 and 7 peptides and a few isolated monomers, and even
at 306 K some isolated events are populated. To better quantify the process we computed the
distribution of the size of the cluster formed in the system during the REST2 simulation for four
reference temperatures, see Fig. 4. At the lowest temperatures the aggregate is mainly intact
but REST2 allows to sample the detachment of small clusters (dimer to decamer). This result
must be contrasted with the brute force MD simulation at the same temperature where only
isolated peptides detach from the main aggregate for very short time, see Fig. 4. Increasing the
temperature we start observe fragmentation events involving larger aggregates composed by 20
to 30 peptides. As a consequence the main aggregate decreases in size.

3.3 Energetics of depolymerization and fragmentation
The PMFs of single peptide dissociation from the β-rich aggregate, Figs. 5 and 6, show two
slightly different behaviours for the anti-parallel and parallel conformations. The minima of
the three PMFs for the peptide in the antiparallel β-sheet are located at a value of the reaction
coordinate ξ in the 0.66-0.71 nm range, see Fig. 5. The plateau values are reached around
ξ ' 1.5 nm and the final dissociation energy is about 8 kcal/mol in all cases. On the other
hand, the minima of the PMFs for the peptide in the parallel β-sheet are close 0.60-0.63 nm, a
shorter equilibrium distance when compared to the anti-parallel case, see Fig. 6. The plateau
values are reached around 1.7 nm. It is interesting to note that two of the three profiles show a
dissociation energy that is almost identical, around 7 kcal/mol, that is 1 kcal/mol smaller than
for the anti-parallel peptide. For one of the profile we even observe at ξ ∼ 1 nm a free-energy
barrier of 1 kcal/mol separating the bound and unbound states. The third profile reaches a
plateau value of about 4 kcal/mol. This value is pathological and somehow incorrect. In fact in
this latter case the peptide that has been separated from the main aggregate was still able to form
hydrogen bonds with other peptides even at large value of the reaction coordinate. In fact, the
chosen reaction coordinate restraints the distance between the centres of mass of the moving
peptide with respect to a reference one in theaggregate, but still allows the pulled peptide to
move orthogonally to it, on a spherical surface of given radius ξ. The peptide is thus able to
move closer to other peptides in the aggregate and form hydrogen bonds with them. This points
out that our reaction coordinate in some cases do not allow to describe properly the unbinding
process because of the complex and dynamic shape of the aggregate.

We also calculated the free energy of fragmentation of the β-rich aggregate by applying the
same umbrella sampling procedure but considering the separation of a small group of peptide
from the main aggregate. In this case the reaction coordinate ξ is the distance between the
centres of mass of the aggregate and of a group of bonded peptides that we want to separate
from it. Starting from two different configurations of the system composed of 139 peptides, we
selected two groups of 6 and 18 bonded peptides, respectively. The results are reported in Fig.
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7. The PMF calculated for the separation of the smaller group of peptides, green curve in Fig.
7, reaches a plateau value of about 25 kcal/mol at around 6 nm, at a distance of 1.3 nm from the
minimum. The fragmentation energy of the bigger group of peptides is about 18 kcal/mol, with
the plateau value reached at around 6 nm, 1.7 nm away from the minimum. As it is possible to
see in the molecular representation of the separating clusters given in the top layer of the Fig.
7, the larger fragment has in the starting configuration already a limited contact surface with
the aggregate, in fact a pool of water is present in between. This loose initial connectivity helps
to rationalise the smaller free energy variation upon separation when compared to the small
fragment.

There are few computational studies reporting PMF calculations based on umbrella sam-
pling on amyloid aggregates. De Pablo et al. determined the PMF of dissociation of the GN-
NQQQNY peptide starting from an aggregate forming a parallel β-sheet. Using atomistic force
field and an explicit solvent representation, they found a PMF of 1.9 kcal/mol for this mostly
hydrophilic system (46). Using the all-atom CHARMM27 force field, a dissociation PMF vary-
ing between 2 and 4 kcal/mol was obtained for the IAPP fragment spanning residues 20-29 as
a function of concentration (47). The dissociation of the dimer of Aβ1-42 was also determined
by Uline et al. at pH 8 and 150 mM NaCl based on self-consistent field theory with MD sim-
ulations (48). The aggregated forms displays a conformation of residues 17-42 matching the
U-shape fibril conformation observed by solid-state NMR experiments. It was found a dissoci-
ation energy of 12 kcal/mol with a positive contribution of the free energy of solvatation and a
negative contribution of the translational free energy of the water.

Bevan et al. employed MD center of mass pulling and umbrella sampling to study the
thermodynamics of peptide dissociation from the cross-beta core of a model proto-fibril made
of residues 17-42 at physiological temperature. Using GROMOS96 53a6 force field they
found a dissociation energy of 50 kcal/mol for the wild-type sequence that decreases to 37.4
kcal/mol upon K28A mutation (22). The dissociation energy of a single Aβ15-40 peptide from
the surface of a filament along its most probable pathway was revisited more recently using
CHARMM36 force field leading to a value of 8.7 kcal/mol for the free energy barrier sepa-
rating the bound and unbound state (49). Interestingly, the separating energy from the minima
to the full unbounded state is about 20 kcal/mol. The employed method consists of conduct-
ing (slow) steered molecular dynamics and relaxing the dissociated peptide at each step of the
unbinding pathway. Consistent with previous MD simulation which assessed the existence of
dock and lock phases for binding (50) they are multiple energy barriers. It is worth noting that
their values are consistent with two experiments leading to an elongation free energy barrier of
10-11 kcal/mol for Aβ40 and Aβ42 (51). The complexity of the Aβ fibril elongation reaction,
with growth incompetent states and kinetic traps at the microscopic level, was also revealed
by experimental and computational means (26, 52). Finally, Zacharias et al. investigated the
fragmentation of a Aβ9-40 protofilament, revealing multiple minima along the pathways and a
dissociation free energy of 30 kcal/mol (27).

Overall compared to past simulations, on one hand, our PMF on detaching one single pep-
tide from the aggregate is independent of the parallel or antiparallel orientation of the peptide,
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and is only twice compared to dimer PMF dissociation of other amyloid polypeptides. On the
other hand, the PMF associated to the detachment of an oligomer of 6-18 peptides is on the
order of magnitude of the PMF associated to fibril depolymerization.

4 Conclusion
In this work we presented atomistic simulations of two large β-rich aggregates of the peptide
Aβ16-22 which aggregation and structure were previously sampled using the CG OPEP model.
After performing the back-map procedure from the CG to the atomistic resolution, we explored
the time relaxation of the aggregtes, the conformational landscape and energetics via a combi-
nation of approaches including brute force MD, REST2 enhanced sampling and umbrella free
energy calculations. At the atomistic resolution the β-rich aggregates tend to assume a more
compact structure. Their overall shapes evolve in the time scale of microseconds, and their
secondary structure contents somehow saturate at ∼ 30%. Portion of β-sheets involving 6-8
peptides are observed in the aggregates. Evolution toward a much larger content of β struc-
tures should involve, probably, a massive rearrangement of the aggregates configuration beyond
the length of our brute force and REST2 simulations. However, in real systems, the presence
of structured patches in amorphous aggregates could play the role of local templates for the
elongation of structured parts.

When heating the system (see REST2 simulations), de-polymerisation and fragmentation
events are observed. However, the energetics of these events is very difficult to estimate since
it depends on the specific locations. When a single peptide is considered, the unbinding free
energy from the β-rich aggregate is about 7-8 kcal/mol. When larger blocks of peptides are
separated from the main aggregate, much higher free energies of 25 kcal/mol are determined
that in fact compare with the values estimated for fibril depolymerization by one chain for
longer Aβ sequences. Overall, the obtained results confirm the good insights that OPEP CG
simulation provided for Aβ aggregation, and our work explores the possibility to use atomistic
modelling in explicit solvent to complement the CG approach for detailing intriguing aspects
like the energetics of depolymerization and fragmentation in complex non-symmetrical aggre-
gate geometries.
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Figure 1: Scatter plots of the radius of gyration vs number of backbone hydrogen bonds per
peptide in two systems. Panel a refers to the largest β-rich aggregate composed of 139 Aβ16−22

peptides while panel b refers to the smallest one with 106 Aβ16−22 peptides. In each panel,
the inset reports the fractions of residues in β conformation as a function of time, dashed red
lines are average values computed during the last 100 ns of the simulations. Panel c and d
show a molecular representation of the two β-rich aggregate at the beginning of the simula-
tions. In panels e and f we report the final configuration sampled after 2 µs of the two fibrils,
the largest one (left) and the smallest one (right). The aggregates are represented according to
the secondary-structure (with β-strands coloured in yellow). Dashed circles highlight the local-
isation of some extended β-sheet structures in the aggregates; arrows point to some localised
α-helices. In panel f we indicate the presence of a small pore by a cyan ellipse.
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Figure 2: Scatter plots of the radius of gyration vs number of backbone hydrogen bonds for the
extended 1 µs MD simulation. Inset reports the fractions of residues in β conformation as a
function of time. In the bottom part of the figure three molecular representations of the β-rich
aggregate at different times along the extended trajectory are shown.
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Figure 3: Scatter plots of the rescaled radius of gyration vs number of backbone hydrogen
bonds per peptide in 4 replicas of the REST2 simulation (see manuscript for details). The
rescaled value of the radius of gyration is defined with respect to the value computed at t = 0
and is the same for all replicas, Rg = 4.2 nm. In the right part of the figure we report two
representative structures of the aggregates, (top) fully formed aggregate extracted from the 300
K replica (see symbol star), (bottom) partially fragmented aggregate extracted from the 313.6
K replica (see symbol pentagon).
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Figure 4: Distribution of the sizes of the clusters formed in the REST2 simulations at four
different temperatures. In the 300 K panel we also report the data extracted from brute force
MD.
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Figure 5: Potential of mean force profiles for the separation of one peptide from the β-rich
aggregate with error bars reported every 10 points. The pulled peptides form an anti-parallel β-
sheet in the aggregate. We selected three peptides that localise in different parts of the aggregate
surface.The minima of the energy profiles have been placed to 0 for simplicity. The selected
peptides are represented in the top layer of the figure and are coloured in orange along with a
black arrow.
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Figure 6: Potential of mean force profiles for the separation of one peptide from the β-rich
aggregate with error bars reported every 10 points. The pulled peptides form a parallel β-sheet
in the aggregate. We selected a unique peptide that localises at the surface of the aggregate. The
PMF calculations were started from different configurations of the aggregate. The minima of
the energy profiles have been placed to 0 for simplicity. The selected peptides are represented
in the top layer of the figure and are coloured in orange along with a black arrow.
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Figure 7: Fragmentation potential of mean force of two selected groups of peptides separating
from the β-rich aggregate with error bars. The green profile refers to the small cluster, the violet
to the bigger one. The minima of the energy profiles have been placed to 0 for sake of clarity.
In the top layer we provide a molecular representation of the separating clusters that are colored
in orange along with a pulling arrow. The black lines pictorially indicate the contact among the
fragments and the aggregate. In the right panel the cyan ellipse indicates the presence of a pore
filled by water and that separates the fragment from the main body of the aggregate.

22


