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ABSTRACT: Starting from a disordered aggregate, we have
simulated the formation of ordered amyloid-like beta
structures in a system formed by 18 polyvaline chains in
explicit solvent, employing molecular dynamics accelerated by
bias-exchange metadynamics. We exploited 8 different
collective variables to compute the free energy of hundreds
of putative aggregate structures, with variable content of
parallel and antiparallel β-sheets and different packing among
the sheets. This allowed characterizing in detail a possible
nucleation pathway for the formation of amyloid fibrils: first
the system forms a relatively large ordered nucleus of
antiparallel β-sheets, and then a few parallel sheets start
appearing. The relevant nucleation process culminates at this
point: when a sufficient number of parallel sheets is formed, the free energy starts to decrease toward a new minimum in which
this structure is predominant. The complex nucleation pathway we found cannot be described within classical nucleation theory,
namely employing a unique simple reaction coordinate like the total content of β-sheets.

■ INTRODUCTION
Amyloid fibrils are large protein aggregates characterized by a
high content of β-sheets. Their presence is a hallmark of several
neurodegenerative disorders, including Alzheimer's, Huntington's,
Parkinson's, and prion diseases.1 The precise pathological role of
fibrillar species is not completely understood. However, amyloid
protofibrils as well as oligomers have been suggested to lead to
neuronal cell death.2 Moreover, interruption of fibril formation
prevented cell damage, suggesting that the early oligomers in the
fibrillation process are probably toxic.3 Unlike other protein
quaternary structures,4 amyloid fibrils involve a conformation,
known as “cross-beta structure”, that is basically sequence
independent.5−7 This structural motif consists of individual
β-sheets in a distinctive orientation perpendicular to the major
axis of the fibril, with the side chains protruding from the sheets
on each side in the characteristic steric zipper conformation.8,9

Amyloid structures are large, insoluble in water, and difficult
to crystallize. Specific experimental strategies have been used to
improve our understanding of the molecular mechanisms
leading to their formation.1,10 For instance, crystals of small
amyloid-like fragments, assembled from peptides 6−12 amino
acids in length, have been successfully produced, allowing the
construction of high-resolution three-dimensional models.8,10

Also, in a recent paper by Liu et al.,11 atomic structures of some
oligomers of amyloidogenic sequences were obtained by

incorporating them into macrocycles. Fibril formation is often
described by a nucleation and growth mechanism, in which the
proteins form intermediate oligomeric aggregates before they
organize and grow into ordered fibrils with the characteristic
cross-beta structure.12 Intraresidue contacts have been mea-
sured by fluorescence to probe the process of self-assembly.13−15

Quasi-elastic light scattering spectroscopy16,17 has also been
used for the same scope. Despite all these advances, the exact
molecular assembly of a nascent fibril remains a matter of
debate, and computer simulations have played an important
role in addressing this question.18−20 Intermediate-resolution
models with coarse-grained force fields or implicit solvent have
been successfully investigated.21−31 For instance, the aggrega-
tion of Aβ(16−22) hexamer has been studied in implicit
solvent.32 The aggregation of AcPHF6 segment with different
numbers of chains has been simulated by a coarse-grained
model.33 On a more mesoscopic scale, the nucleation barrier of
amyloid formation has been characterized using a tube model.34

Using a more accurate explicit solvent description, the potential
of mean force of peptide dimerization was calculated.35 Relative
stabilities of oligomers as well as mature filaments were also
studied.36 The binding free energies of several configurations of
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polypeptide segments were estimated.37 The structure and
stability of oligomers of different sizes of the fragment Aβ(16−
22) of the Alzheimer's β-amyloid peptide in several packing
configuration have been also studied using atomic-detail
molecular dynamics (MD) simulations.38 However, to the
best of our knowledge, a detailed simulation of the fibril
formation process with an all-atom force field and reasonable
size of the system in explicit solvent is still missing, even for
short peptides.
We here exploited a powerful enhanced sampling technique,

bias-exchange metadynamics (BE-META),39 to investigate the
conformational free energy landscape of a set of 18 chains of
polyvaline, each one 8 residues long. The system is described with
an accurate all-atom explicit solvent force field.40 The choice of a
poly-amino acid is guided by the “generic hypothesis” of amyloid
formation,41 according to which the ability to assemble into
ordered cross-beta structure is not a “strange” feature exhibited by
a small group of peptides and proteins with special sequence or
structural properties, but an inherent characteristic of polypeptide
chains. The purpose of this work was to perform a simulation on a
generic homopeptide and not on a peptide of primary sequence
that favors fibril formation, with the goal of capturing sequence-
independent features in the landscape. We simulate short peptides,
because it has been reported by Sawaya et al.9 that short segments
of protein can assemble into structures which are similar to
amyloids. In this perspective, valine has a steric hindrance that is
close to the average of all the amino acids, making the structures
that it forms prone to further analysis as a template for other amino
acids. We choose the simulation box volume in such a way that the
concentration of the system favors aggregated states. In this
manner we focus the computational effort on the study of the
ordering process within the aggregate. Using this approach we are
able to compute the free energy of hundreds of putative aggregate
structures, with various contents of parallel and antiparallel β-sheets
and several different packings among the different sheets,
characterizing in detail a possible nucleation pathway. The picture
that emerges is quite surprising:

• Computing the free energy as a function of three selected
reaction coordinates demonstrates that structures char-
acterized by a specific intrasheet packing of parallel
β-sheets form a large and well-defined free energy
minimum, separated from the disordered aggregate by a
barrier. This state is likely to be committed to a fully
ordered amyloid-like aggregate.

• The natural reaction coordinate that one would use to
describe the process, namely the total content of β-sheets,
does not capture the presence of the amyloid-like
minimum. Indeed, the free energy as a function of this
variable is barrierless, leading to the (wrong) interpretation
that all the structures, even with a high content of β-sheets,
are kinetically committed to the disordered state.

• The minimum free energy path connecting the disordered
aggregate with the amyloid-like free energy minimum
involves first the formation of a nucleus of antiparallel
β-sheets. Then, within this nucleus, a few parallel
β-sheets start appearing, and when their number is sufficient
the free energy starts to decrease toward the new minimum.

Even if the specific features of the free energy landscape are
likely to depend on the primary sequence (polyvaline in our
case), these results provide a strong indication that the first
steps of the process leading to the formation of ordered
aggregates in short peptides follow a highly nontrivial pathway

that cannot be described by classical nucleation or a simple
mesoscopic theory.

■ METHODS
Molecular Dynamics (MD).MD simulations were performed with

the Amber99 force field40 using GROMACS 4.0.7.42 All the systems were
solvated in TIP3P water43 and equilibrated at 350 K by coupling the
system to a Nose−́Hoover thermostat44,45 and to a Parrinello−Rahman
barostat,46 both with a relaxation time of 1 ps. The particle-mesh Ewald
method was used for long-range electrostatics with a short-range cutoff of
0.9 nm. A cutoff of 0.9 nm was used for the Lennard-Jones interactions.
All bonds were constrained to their equilibrium length with the LINCS
algorithm.47 The time step for the MD simulation was 2 fs.

Bias-Exchange Metadynamics (BE-META).39 We performed BE-
META simulations using PLUMED.48 The collective variables (CVs)
specific to this system (see below) were coded by us in PLUMED. After
10 ns of equilibration, the BE-META simulation was started.

BE-META is a combination of replica exchange49 and metadynamics50

that allows reconstructing the free energy in a large number of CVs. In
this method several copies (replicas) of the system are simulated, allowing
them to periodically exchange conformation according to a replica
exchange scheme. The bias acting on each replica is defined as
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where x represents the atomic coordinates of the system, s is the CV, and
w and δs are the height and width of the Gaussian, respectively. After a
certain time τexch, exchange between the different pairs of replicas is
attempted using the Metropolis criterion. If the exchange move is
accepted, the trajectory that was previously biased in the direction of the
first variable continues its evolution biased by the second, and vice versa.
In this manner, a large number of different variables can simultaneously
be biased, and, ideally, the dimensionality of the space explored by
metadynamics can be made so large that the residual barriers orthogonal
to the reaction coordinates can be crossed in the available simulation time.

Collective Variables (CVs). The following set of CVs has been
selected as putative reaction coordinates to explore the conformational
regions of 18 chains of 8-valine (hereafter termed VAL8).

CV-A: coordination number, defined as
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where rij is the distance between atoms or groups i and j. We used this
CV to count the number of contacts between side chains with n = 6,
m = 12, and r0 = 0.6 nm. The sum in eq 2 runs over the Cβ atoms.

CV-B, antibetarmsd: This variable counts how many fragments of
3+3 residues in the protein chain form a β-sheet secondary structure,
by computing their distance with respect to an ideal antiparallel
β-sheet conformation:51

∑=
α

εΩαS g rdist R R[ ({ } , { })]i iB
0

with

=
−
−

g rdist
rdist rdist
rdist rdist

( )
1 ( / )
1 ( / )

n

m
0

0 (3)

where {Ri}iεΩα
are the atomic coordinates of a set Ωα of six residues of

the protein (including only N, Cα, C, O, and Cβ atoms), while {R
0} is

the corresponding atomic position of the ideal β conformation. rdist is
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the root-mean-square deviation of the distance matrix calculated for
{Ri}iεΩα

with respect to the distance matrix calculated for {R0}. g(rdist)
is a function switching smoothly between 0 and 1. We used n = 8,
m = 12, and rdist0 = 0.1.
CV-C, parabetarmsd: This variable has the same definition as CV-B,

but the reference structure is an ideal parallel β-sheet conformation;51

therefore, it counts the number of parallel β-sheet blocks in the
structure.
By changing the coordinates of the reference structure in eq 3, CVs

of this form have been used for counting the number of parallel and
antiparallel β-strands, and the packing of different layers on top of each
other (see Figure 1; for details see SI).

CV-D, number of antiparallel β-sheets: This variable counts how
many pairs of VAL8 chains form a fully antiparallel β-strand. This is
estimated by computing their rdist with respect to the structure
template 1 in Figure 1, with n = 3, m = 5, and rdist0 = 0.1.
CV-E: In order to control the sensibility toward the β-strand

template structure, we also included this variable with the same
definition of CV-D, but with rdist0 = 0.2. The first set of parameters
(in CV-D) allows counting of the number of β-strands only when they
are nearly perfect as compared to the template. The second set of
parameters (in CV-E) is less strict with respect to the exact shape of
the β-strand. The metadynamics bias potential acting on the latter
drives the system toward β-like structures when the system is fully
disordered.
CV-F, number of parallel β-sheets: This variable counts how many

pairs of VAL8 chains form a fully parallel β-strand. This is estimated by
computing their rdist with respect to the structure template 2 in Figure 2,
with n = 3, m = 5, and rdist0 = 0.2.
CV-G, number of antiparallel steric zippers: This variable counts how

many antiparallel steric zippers exist in a structure by estimating the
rdist of each pair of VAL8 chains with respect to the structure template
3 in Figure 1, with n = 3, m = 5, and rdist0 = 0.1.
CV-H: Same definition as CV-G, but with rdist0 = 0.2.
An α helix could be also considered as a relevant CV for this

simulation; however, our tests showed that formation of an α helix is a
“fast” process in our simulation time. Therefore, it is not necessary to
dedicate a CV to bias this observable. The parameters adopted in BE-
META simula t ions were as fo l low: Gauss ian height ,
2 kJ/mol; Gaussian width, 3 for CV-A, 0.2 for CV-B and CV-C, and
0.1 for CV-D to CV-H; deposition time τG of the Gaussians, 5 ps;
exchange of bias attempted every 50 ps (τexch). The procedure for
choosing an optimal set of parameters is explained in ref 52. BE-
META simulations were performed biasing 8 replicas, one for each CV
for a total simulation time of 4320 ns, 540 ns per replica. The
boundaries were treated following the procedure explained in ref 53.
The initial configuration for all replicas was a completely disordered
aggregate.
Cluster Analysis and Thermodynamic Model. In BE-META

the convergence of the bias potential VG(s,t) in eq 1 is monitored like
in standard metadynamics:54 after a transient time teq, VG(s,t) reaches a

stationary state in which it grows evenly, fluctuating around an average
profile. The free energy as a function of s is estimated as the time
average of VG(s,t):

∫− ≈ =
−

F s V s
t t

tV s t( ) ( )
1

d ( , )
t

t
G

sim eq
G

eq

sim

(4)

where tsim is the total simulation time. Convergence is evaluated
independently over the profile reconstructed by each replica. After
convergence is achieved, one can reconstruct the free energy as a
function of several CVs by using the approach of ref 55. In short, the
CV space is subdivided so that all the frames of the BE-META
trajectories are grouped in sets (clusters) whose members are close to
each other in CV space. Then, the free energy Fα of each cluster α is
estimated by a weighted-histogram analysis approach (WHAM).55,56

The free energy of cluster α is given by
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where nα
i is the number of times cluster α is observed in the trajectory

of replica i and Vα
i is the bias potential acting on cluster α in replica i.

Vα
i is estimated as the time average of the history-dependent potential

acting on replica i evaluated in sα, the center of cluster α:
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The cluster-based thermodynamic model was constructed employ-
ing the METAGUI program.57 An important issue in this procedure is
how many and which CVs to use for the clusterization. Of course, it is
not necessary to use all the CVs that have been explicitly biased, as
some of these CVs might prove to be less relevant for the process or
strongly correlated with other variables. In order to find the optimal
set of CVs for clustering, we have done several tests with different
combinations of CVs. For each setup we monitored how many
different free energy minima are obtained and the level of convergence
in the free energy of the clusters. At the end the best setup gives two
distinct free energy minima, connected to each other in the space of
CVs through a set of well-populated clusters. A satisfactory description
of the thermodynamics of VAL8 aggregation is achieved employing the
three variables CV-C, CV-E, and CV-H (for details see SI).

■ RESULTS
Plain Molecular Dynamics. We started our investigation

by performing plain MD simulations with a number of chains of
VAL8 ranging from 2 to 18, arranged in a single, double, or
triple layer (see Figure 2). The chains of VAL8 were capped
with ACE and NME peptide at two ends. All the simulations
are performed in explicit solvent and at a temperature of 350 K
(see Methods). Most of the systems are simulated for 100 ns.
In Figure 2, the starting and final configurations of some
of these simulations are presented. Single layer β-sheets of
2 chains and 4 chains lost their conformation in a few
nanoseconds. Consistent with this result, in a bias-exchange
simulation including 2 chains starting from disordered
structure, we found that the antiparallel and parallel dimers
are unstable, with a free energy of formation of approximately
10 kcal/mol. Double layers of 8 chains are stable after 100 ns.
Triple layers of 9 chains twist slightly around the axis
perpendicular to the β-sheets but still maintain their β content.
We also performed a simulation for 18 chains of VAL8 in triple
layers, which were also very stable. These calculations clarify
that both lateral (in plane) and frontal (plane in front of each
other) stackings of strands are essential to determine the
stability. Specially, frontal packing termed steric zipper,8,9 in
which the side chains of the opposing β-sheets tightly

Figure 1. Templates 1, 2, and 3 that were used for CV-D(E), CV-F,
and CV-G(H).
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compenetrate each other, leads to very stable conformations.
Therefore, in the next simulation, we decided to bias the
presence of this conformational motif with a dedicated CV (see
Methods).

These simulations allow us to conclude that ordered
aggregates formed by less than 6 chains are for sure unstable.
Aggregates formed by 8 chains or more are instead stable on
the time scale of 100 ns. However, the results do not provide

Figure 2. Structural evolution during the MD simulation of several configurations of VAL8 system with different number of chains (ranging between
2 and 18). The first column reports the number of chains. The second column is a schematic representation of the starting configuration, in which
the gray layers are β-sheets, the circle with a central dot represents a β-strand pointing outside the paper plane, and the circle with a cross represents
a β-strand pointing inside the paper plane. The third and fourth columns are cartoon representation of the structures before and after the MD
simulation. The last column is the simulation time.
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decisive evidence neither on the size of the critical nucleus (the
“stable” structures in figure could break apart on a longer time
scale) nor on the relative stability of the possible structures. In
particular, from MD simulations of this duration it is not
possible to decide if the system prefers to form parallel or
antiparallel β-sheets, and how the different sheets preferentially
pack together. The set of CVs that are biased in the following
BE-META simulation is chosen exactly in order to provide
quantitative evidence on these issues.
Bias-Exchange Metadynamics. We then performed a BE-

META simulation on a system of 18 chains (the chains were
capped with ACE and NME peptide at two ends). This
relatively large system size has been chosen in order to have
a high chance of observing a critical nucleus (from the plain
MD results it is clear that already aggregates of 8−9 chains are
stable on the 100 ns time scale). We used 8 replicas, all at the
same temperature (350 K), each biased along a different CV
(see Methods). The high temperature was chosen to make
exploration faster. The exchange rate between replicas was
50 ps (for further details on the optimal choice of BE-META
parameters, see ref 52). The CVs capture the geometrical features
of amyloid structures, namely, lateral packing of polypeptide chains
in a β-sheet configuration and subsequently frontal packing of
β-sheets and in multiple layers. This set of CVs was used in an
attempt to include all degrees of freedom which may be important
for distinguishing the relevant structures. The simulation was run
for a total time of 4340 ns, 540 ns for each of the 8 replicas,
starting from a completely disordered aggregate. Due to the action
of the bias, the system explores hundreds of configurations
different in the number of layers (single, double, triple, and
quadruple) and also in the way β-strands pack, laterally
(antiparallel β-sheet and parallel β-sheet) or frontally (parallel or
antiparallel β-strands in different layers face each other). Twenty of
the structures are represented in Figure 3 with their corresponding
free energy (see below and Methods).

After 300 ns, the history-dependent potentials acting on the
replicas reach a stationary state: in the relevant region, they
grow evenly, fluctuating around a stable estimator (see Figure 1
in SI). After this time, trajectories were analyzed following the
procedure in ref 55, namely by dividing the CV space in a
hypercubic grid. All the structures whose CV values fall in the
same hypercube define a cluster. The equilibrium free energy of
each cluster is then computed by removing the effect of the bias
potentials from the populations. This allowed us to obtain a
converged estimate of the free energy of almost 500 structures
(see Methods). A representative configuration for some of
these structures is provided in Figure 3, together with the
estimated free energy.

Classical Nucleation Picture. In the attempt to explain the
formation of an ordered aggregate according to classical
nucleation theory, we first used the results obtained from BE-
META simulations to compute the free energy profile as a
function of a single order parameter, namely the number of
β-strands. To do this, we first computed the average number of
β-strands in each cluster (nα). The free energy as a function of
the number of strands n is then given by
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where Fα is the free energy of cluster α and χn(nα) is equal to 1
if nα ∈ [n− 1/2, n + 1/2] and 0 otherwise. The result is shown
in Figure 4. No barrier in the free energy as a function of the
number of β-strands is present. The disordered aggregate is the
minimum in the free energy. Moving toward structures with a
higher β-sheet content, the free energy rises to around 5 kcal/
mol/chain for n = 6. Afterwards, in spite of the fact that the
amount of order increases, the free energy grows slowly, and no
barrier is present. Finally, for n > 16 the free energy sharply
increases. From this graph one would conclude that the critical

Figure 3. Twenty representative structures obtained from BE-META simulation performed on the system of 18 chains of VAL8 in explicit solvent at
350 K. The structures are represented like in Figure 2. We also show cartoon representations for 4 of the structures. The free energy of each
structure is also reported. Label A means that the structure is committed to region 3 in Figure 5; label D means that the structure is committed to the
disordered aggregate (region 1 in Figure 5).
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nucleus is even larger than n = 18, or that ordered structures are
intrinsically metastable and committed to the disordered
aggregate.
Three-Dimensional Picture of the Nucleation Process.

Since the free energy profile as a function of a single coordinate
measuring the number of β-sheets is barrierless, we started
considering the free energy landscape in more dimensions. A
completely different picture arises if one considers the free
energy landscape as a function of three variables: quantifying
the antiparallel and parallel packing of β-strands inside a layer
and the steric zipper packing of the β-strands in front of each
other (CV-C, CV-E, and CV-H, see Methods). A volumetric re-
presentation of the free energy with respect to these three CVs is

presented in Figure 5. The global minimum of the system still
corresponds to the disordered aggregate. The plateau observed
in the one-dimensional profile is also present, at a free energy of
approximately 5.8 kcal/mol per chain (light orange region
labeled with 2 in Figure 5). It mostly consists of structures with
a high content of antiparallel β-sheets, that seem to form more
easily from the disordered aggregate. At variance with what is
observed in the one-dimensional free energy landscape, in three
dimensions a well-defined free energy minimum is present
(labeled 3 in Figure 5). The minimum in this region is at 5.3
kcal/mol per chain, very close to the free energy in the plateau,
but this region is separated from the rest by a barrier of at least
2 kcal/mol per chain. Only a lower bound for this value can be

Figure 4. Free energy as a function of the number of β-strands.

Figure 5. Free energy as a function of three CVs: CV-C is the number of antiparallel β-sheets, CV-E is the number of parallel β-sheets, and CV-H is
the number of antiparallel steric zippers. The red isosurface represents the region of CV space explored during the simulation. The blue isosurface
corresponds to a free energy of 3.3 kcal/mol per chain and contains the global minimum, a disordered aggregate. The orange isosurface, at 5.8 kcal/mol
per chain, highlights a plateau region (region 2) connected to region 1 and another basin (region 3), which is separated from regions 1 and 2 by a
barrier. The red line follows the lowest free energy path connecting the disordered aggregate (region 1) with region 3. We also show seven
representative structures along the path, with their corresponding free energies.
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provided, as the free energy of the structures close to the
transition state is not converged within the 4000 ns BE-META
simulation. Region 3 is characterized by highly ordered
structures which are very rich in parallel β-sheets.
Dependence on the Force Field. A critical issue in

computer simulation is the choice of the force field; here we use
Amber99.40 In fact, it has been reported that the Amber99 force
field has higher α-helical propensities relative to experi-
ment.58,59 In order to investigate the effect of the force field
in our simulation, we compared the result of NPT simulations
with the results from two different force fields, Amber9940 and
Amber99SB,58 for some selected configurations. We considered
one structure corresponding to the disordered aggregate, one to
the plateau region rich in antiparallel β-sheets, and one to the
parallel β-sheets minimum (see Figure 5). In all the simulations,
the structures are very stable for all 100 ns of the simulations,
indicating that the two force fields provide a qualitatively
similar picture of the kinetics of the system on this time scale.
However, the enthalpy of the disordered structure is
significantly different when evaluated with the two force fields
(see Figure 6). While with Amber99 the three structures have
basically the same average enthalpy, with Amber99SB structures
rich in β-sheets are favored by 7 kcal/mol per chain with
respect to the disordered aggregate. The enthalpy difference
between the two structures rich in β-sheets is instead
approximately zero in both force fields (within the uncertainty
of a relatively short 50 ns simulation).

■ DISCUSSION
The aggregation process of 18 chains of polyvaline has been
investigated by MD using an all-atom force field in which the
solvent is modeled explicitly. To enhance the sampling of the
configuration space, the BE-META technique has been
employed. The dynamics of the system has been driven by a
set of 8 reaction coordinates. These have been chosen in an
attempt of capturing the most important degrees of freedom
associated with aggregation, especially the parallel and
antiparallel arrangements of strands in a β-sheet layer (lateral
packing) and the arrangement of β-strands in layers facing each
other (frontal packing). Each of the 8 reaction coordinates has
been biased on a different replica of the system, until convergence
in the reconstructed free energy projections has been achieved.
Using this methodology, we were able to simulate for the first time
the formation of ordered β structures from a disordered aggregate.
We obtained several independent structures, and for each of these
structures we computed the free energy. These data can be used
for optimizing a coarse-grained potential, or as a template for
constructing possible structures of aggregates of peptides with
different primary sequences.
The free energy as a function of three coordinates, CV-C,

CV-E, and CV-H (see Methods), shows that while structures
rich in antiparallel β-sheets belong to the same free energy
minimum of the disordered aggregate, structures with an even
smaller fraction of β-sheets, but rich in parallel strands, form a
well-defined minimum, separated from the disordered
aggregate by a relatively high barrier. Comparison of Figures
4 and 5 shows that for this system projecting the free energy on
a single “natural” reaction coordinate does not capture the
qualitative features of the process.60 The minimum free energy
path is shown in Figure 5 as a red line. Clearly, at least in the
space of the three variables chosen for the representation, the
path is highly nontrivial: first the system forms antiparallel
β-sheets that are favored over parallel ones when the structure

is highly disordered. Then, within a relatively large ordered
nucleus formed mostly by antiparallel β-sheets, a few parallel
β-sheets start appearing. The relevant nucleation process seems
to happen at this point: When a sufficient number of parallel
sheets are formed, the free energy finally starts to decrease
toward a new minimum, in which parallel β-sheets are
predominant. Interestingly, this conformational change from
antiparallel to parallel β-sheet has been found also by Li et al.33

and Nasica-Labouze et al.23 By monitoring the structures close
to the barrier, we found that they contain a similar number of
strands as the structures of the ordered aggregate. The only
qualitative difference is in the number of parallel β-sheets,
which is much larger in the structures close to the free energy
minimum. The structures close to the barrier have only a few
parallel β-sheets, surrounded by antiparallel β-sheets.
The question that immediately arises is whether the parallel

β-sheet-rich structure corresponds indeed to the structure of a
nascent amyloid. Clearly, its free energy is significantly higher
than that of a disordered aggregate. This could be an effect
of the finite size of the system: if the critical nucleus is
approximately formed by 14 chains, with 18 chains the free
energy has just started to decrease, and one can argue that
adding more chains would lower the free energy of the ordered
aggregate. In order to prove this claim, one should perform
simulations on an even larger system, which are prohibitively
expensive with the available computational resources. More-
over, our investigation on the dependence of our results on the
choice of force field indicates that while the relative stability of
structures rich in β-sheets is only marginally affected by the

Figure 6. Histogram of averaged enthalpy for 50 ns of NPT simulation
at 350 K and 1 bar for three relevant structures (see text). Before
computing the histogram, a running average on a window of 0.5 ns was
performed to reduce the magnitude of fluctuations and highlight the
difference between different simulations. The upper panel shows the
result obtained using the Amber99 force field.40 The lower panel
shows the result obtained using the Amber99SB force field.58
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choice of the force field, with Amber99SB the disordered
aggregate is significantly enthalpically destabilized. Thus, the
relative depths of the structured and the unstructured minima
would probably be different from those reported here for a
simulation fully performed with Amber99SB, with the parallel
β-sheet-rich minimum further stabilized. It is worth noting that
the PASTA61 server for VAL8 predicts amyloids with parallel
register of the β-sheets.
It has to be emphasized that, in spite of the fact that amyloid

formation is considered a generic property of polypeptide
chains,7 sequence is known to affect the specific dynamics of
amyloid formation.24,62,63 For instance, at variance with many
studies in implicit solvent25,32,33,64 and explicit solvent65 on the
aggregation of amyloidogenic peptide segments, we did not
observe any β-barrel-like structure. This difference could be a
consequence of the specific and “trivial” primary sequence we
use in this work. Moreover, the relative propensity of forming
parallel or antiparallel β-strands might depend not only on the
sequence but also on the length of the peptide.
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