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The lack of understanding of amyloid fibril formation at the molecular level
is a major obstacle in devising strategies to interfere with the pathologies
linked to peptide or protein aggregation. In particular, little is known on the
role of intermediates and fibril elongation pathways as well as their
dependence on the intrinsic tendency of a polypeptide chain to self-
assembly by p-sheet formation (B-aggregation propensity). Here, coarse-
grained simulations of an amphipathic polypeptide show that a decrease in
the p-aggregation propensity results in a larger heterogeneity of elongation
pathways, despite the essentially identical structure of the final fibril.
Protofibrillar intermediates that are thinner, shorter and less structured than
the final fibril accumulate along some of these pathways. Moreover, the
templated formation of an additional protofilament on the lateral surface of
a protofibril is sometimes observed as a collective transition. Conversely, for
a polypeptide model with a high p-aggregation propensity, elongation
proceeds without protofibrillar intermediates. Therefore, changes in
intrinsic B-aggregation propensity modulate the relative accessibility of

parallel routes of aggregation.

© 2007 Elsevier Ltd. All rights reserved.
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The link between protein aggregates and prog-
ressive neurodegenerative pathologies, like Al-
zheimer’s, Parkinson’s, Huntington’s and prion
diseases, exists but is not clear.'? Despite the
medical relevance of these devastating diseases,
little is known about the aggregation process itself
and, most importantly, how to safely inhibit the
formation of toxic species. Experimental evidence
indicates that early aggregates, e.g. soluble oligo-
mers and protofibrils, have a critical role in promot-
ing pathological effects in amyloid disorders.>* As
an example, the E22G mutation of the Alzheimer’s
peptide (Ap) enhances protofibril formation,” and
plaque formation is more aggressive than for wild-
type AP in transgenic mice.® Also, mutations of
a-synuclein that are related to early-onset forms of
Parkinson’s disease can produce protofibrils ef-
ficiently.” Yet, the molecular details and the mechan-
isms leading to the toxicity of these prefibrillar
aggregates are only partially understood. In fact, the
transient character of oligomeric precursors hinders
the complete understanding of their formation
process and structural details.

*Corresponding author. E-mail address:
caflisch@bioc.uzh.ch.

The available experimental evidence in vitro
indicates that the kinetics of fibril formation are
complex and can be often separated into a nuclea-
tion (or lag) phase and an elongation phase®
followed by the equilibrium between isolated poly-
peptides and the fibrils.” Multistep kinetics with the
presence of intermediates have also been reported.'’
Pathways of fibril formation, fibril morphologies
and stability of protofibrillar intermediates are
influenced strongly by experimental conditions
(e.g. protein concentration, pH and ionic strength),""
and elongation rates can depend on the stability of
aggregation prone folding intermediates.'”

Theoretical models have been developed to inves-
tigate the amyloid aggregation mechanism'*"> and
predict the rates'® but strong assumptions like the
irreversible association of polypeptide chains onto
the fibril'>'® are not consistent with the interpreta-
tion of experimental results.”'” Computer simula-
tions using low-resolution models, which employ a
simplified representation of protein geometry and
energetics, have provided insights into the basic
physical principles underlying protein aggregation
in general,'®-2Y and ordered amyloid aggregation.?!~
28 However, they do not explain the wide range of
aggregation processes emerging from a variety of
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biophysical studies.""*” Atomistic models have shed
some light on oligomeric aggregates and the very
early steps of fibril formation,**3¢ but all-atoms
simulations aimed at reproducing the kinetics and
investigating the pathways of fibril formation are
computationally expensive and difficult to analyze.

Earlier, we developed a phenomenological coarse-
grained model of an amphipathic polypeptide and
used it for exploring the kinetics of nucleation and
the rates of and elongation by Langevin dynamics
simulations.”” To allow for efficient sampling, the
conformational landscape of the isolated monomer
was simplified such that only two states are
considered: the amyloid-competent (p) and the
amyloid-protected (w) states (Figure 1). In the B-
state, the parallel orientation of the two intramole-
cular dipoles favors ordered aggregates with inter-
molecular dipolar interactions parallel with the fibril
axis. Conversely, the m-state represents the ensemble
of all polypeptide conformations that are not
compatible with self-assembly into a fibril. At
physiological temperature the isolated monomer
undergoes a reversible isomerization from the 7-

\ree energy

amyloid- compelent amylmd protected

state to the p-state. The energy difference between
these two states can be interpreted as the p-
aggregation propensity of a polypeptide sequence.
For instance when dE=E—E;=0.0 kcal/mol, the ©
and p states are equally populated, whereas for dE =
—1.5 kcal/mol and —2.5 kcal /mol the w-state is about
15 and 100 times more populated than the { state,
respectively. It was found that despite the essentially
identical structure of the final fibril, ordered aggre-
gation of a polypeptide with a stable 3-state follows
a pathway devoid of stable intermediates, while on-
pathway micellar oligomers (with hydrophilic sur-
face and hydrophobic interior) were observed dur-
ing the nucleation phase of a polypeptide with a -
state that is marginally stable. In other words, high
and low P-prone sequences show significantly
different nucleation processes. These two models
are termed 3-stable and p-unstable, respectively, and
the passage from one regime to the other was
achieved by varying solely the parameter dE.”” The
focus of our previous study was on the nucleation
phase, while the elongation mechanism and path-
way(s) were not investigated. Here, for each of four

3-Fibril

7-monomer
@ B-monomer
TPA=Templated Protofilament Assembly
2-Fibril= 2-protofilaments fibril
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Figure 1. The model and aggregation pathways. Left: Sticks and beads representations of the monomer in the amyloid-
competent state 3 and the amyloid-protected state w. The large spheres are hydrophobic (black) and hydrophilic (gray),
while the two dipoles are shown with small red and blue spheres. The p and 7 states of the monomer are shown on top of
the two corresponding minima of the free energy, plotted as a function of the dihedral angle ¢ of the two dipoles. Note that
the population of monomers in the p-state decreases by lowering the free energy of the m-state, as indicated by the green
and black profiles. For each value of the p-aggregation propensity dE (dE=E,—E=-1.5, 2.0, =2.25, —2.5 kcal/mol) 100
Langevin dynamics runs with different initial assignments of the velocities were started from 125 monomers uniformly
distributed in a box with random orientations. All simulations were carried out at 2 temperature of 310 K and a
concentration of 8.5 mM with the same force-field parameters as those used previously.” Results discussed in this work
refer mainly to the p-stable ({E=-1.5 kcal/mol) and the p-unstable (dE=-2.5 kcal/mol) models. Right: Observed
aggregation pathways for the p-stable and PR-unstable models. The elongation pathways of the latter are more
heterogeneous than those of the former.
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polypeptide models (four values of dE that range
from p-stable to B-unstable) 100 Langevin dynamics
runs were performed to explore the elongation
phase; i.e. the pathway(s) leading from the nucleus
to the final fibril.

The present work was motivated by the following
two questions: what is the influence of the intrinsic 3-
aggregation propensity on the mechanism of fibril
elongation? and are there multiple pathways and/or
intermediates? From a detailed analysis of the simula-
tions (started from 125 coarse-grained monomers in a
monodisperse state), a rich scenario of alternative path-
ways, some with prefibrillar intermediates, emerges
only for monomers with a low p-aggregation propen-
sity. The simulation results go beyond the fibril forma-
tion mechanisms suggested on the basis of biophysical
measurements, and have strong implications for the
design of inhibitors of amyloid aggregation.

Terminology

A rigorous terminology for the early aggregates
and intermediates of amyloid self-assembly ob-
served in vitro has been recently summarized.*®?’
Because the computer simulations allow for the
detailed investigation of individual oligomers as
well as prefibrillar states and the final fibril, it is
useful and straightforward to define the following
nomenclature: a protofilament is a file of monomers
with intermolecular dipolar interactions parallel
with its axis; a protofibril is a transient structure
that consists of two to three protofilaments with
large unstructured regions; and the final fibril is a
fully ordered aggregate of three to four protofila-
ments. In the model used here, the fibril is stabilized
by intermolecular dipolar interactions within each
protofilament and van der Waals interactions
between hydrophobic beads.”

Aggregation state network

An aggregate consists of monomers whose mutual
minimal distances are less than 6 A, and it 1s 1solated
using a clustering procedure as described.”” Three
progress variables are used to monitor the aggregation
process: the size of the largest aggregate Nj,, the
number of monomers in the B-state within the largest
aggregate Ni;, and the number of protofilaments in the
largest aggregate NF'. Note that the range of Nj, is
limited by the size of the simulated system (1<
Ni,<125). The number of protofilaments within a
single aggregate is calculated by counting the files of
monomers in the R-state with intermolecular dipolar
interactions. Let N¢ be the number of such files present
into a given aggregate, and ©y, -, oy the number of
monomers in each file (with ;> 10 to reduce n01se)
The number of protofilaments in aggregate a, NE', is

thus defined as: : 2
(Z)
i=1

N
> of
i=1

NEf = (1)

This definition prevents counting small isolated
files whose formation is a result of thermal fluctua-
tions, enhancing the signal to noise ratio with
respect to Ni. Two limiting cases are useful to
explain this variable. In the case that all files have the
same size (1 e. 01=...=0yy), the protofilament
number NE' is equal to the number of files N;. In
the case where a single »; predominates (®; > oy for
all k different from i) N tends to 1. The number of
protofilaments in the largest aggregate NP is thus
the function NEf applied to the largest of all
aggregates present in the snnulatlon volume.
Selected time series of Ny, Nf\ and Np are reported
in Figure 2.

The aggregation state network (Figure 3) is a graph
in which states and direct transitions observed
during the Langevin dynamics s1mulat10ns are
displayed as nodes and links, respectively.*’ Further-
more, the size of each node reflects the statistical
weight of the corresponding state. In this way,
metastable states and their dynamic connectivity
are illustrated without requiring pro]ectlons onto
arbitrarily chosen reaction coordmates Micellar
oligomers (white nodes, Nj, ~20 ,NEf=0), which are
spherical aggregates whose core consists of the
hydrophobic spheres of the monomers (see inset A
of F1gure 3),%” and fibrils (red nodes, Nj,~ 100,
NE =4) are the most populated states during the
lag phase and the final equilibrium, respectively.
Strikingly, a greater variety of aggregation mechan-
isms emerges for the p-unstable (Figure 3, bottom)
than the B-stable polypeptide model (Figure 3, top).
In particular, the former shows the presence of
intermediates, i.e. protofibrils consisting of only two
(green nodes) or three (blue nodes) protofilaments.
Moreover, the aggregation state network qualita-
tively illustrates that the protofibrils are metastable
and it displays broad transition regions between the
two-protofilament state and the three-protofilament
state, as well as between the latter and the final fibril.

Templated protofilament assembly

Previously, the elongation rate was found to
increase according to, the population of the amy-
loid-competent state,”” but the underlying mechan-
ism of elongation was not investigated. Using the
Markov chain formalism (see the Supplementary
Data) it is possible to estimate the rate of association
of a monomer to a fibril followed by the isomeriza-
tion from the amyloid-protected state to the amy-
loid-competent state (kpyir). An alternative process is
the monomer isomerization in the solvent followed
by association (ksolvent). In their analytical model of
fibril elongation, Massi and Straub have illustrated
these two pathways as the route of monomer
association to the fibril followed by isomerization
(deposition and reorganization in Figure 4 of Massi
& Straub'*) and the route of direct association (direct
deposition in Figure 5 of Massi & Straub'®). The
former pathway corresponds to the dock-lock
mechanism.#2#* Hence, the ratio kfipyii/ ksolvent Mea-
sures the efficiency of the dock-lock mechanism; it is
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Figure 2. Protofibrillar intermediates and pathway
heterogeneity. The time-series of three progress variables
are used to monitor the evolution of the largest aggregate
(1a) in the p-unstable simulations: The number of proto-
filaments NEf (black curve with the y-axis description on
the left; note that this quantity is evaluated by equation (1)
and can be non-integer), the size of the largest aggregate
Ni. and the number of monomers in p-state Nf}, (red and
green curves, respectively, with the y-axis description on
the right). The three runs shown are representative of (a)
elongation without intermediates, and (b) with two-
filament or (c) three-filament protofibrillar intermediates.
Templated protofilament assembly is observed at about 9
us in (b) and at about 3 ps in (c), and the snapshots labeled
are shown in Figure 3.

3.6 for the p-unstable model and 6.6 for the p-stable
model. In both cases, the rate of conversion of a
monomer bound to a fibril exceeds that in solution,
suggesting that the elongation is dominated by a
dock-lock mechanism. Nevertheless, this mechanism
does not exclude collective conversions.
Representative time series of the number of
protofilaments NFf are shown by a black curve in
Figure 2 for the p-unstable model. Metastable
intermediates are observed in about half of the

runs (see Supplementary Data). Interestingly, dur-
ing some of the fast transitions from a three-
protofilament aggregate to the final fibril (or
sporadically from two to three-protofilament pro-
tofibrils) the size of the largest aggregate (red line)
does not change significantly, whereas its number
of monomers in the p-state (green line) increases
abruptly, e.g. at about 9 ps and 3 ps in Figure 2(b)
and (c), respectively. The collective conversion of
monomers from the amyloid-protected to the
amyloid-competent state is a consequence of the
templated assembly of the fourth filament on the
metastable protofibril consisting of three protofila-
ments (Figure 3 insets I-V). In other words, a file
of monomers in the amyloid-protected conforma-
tion accumulates, first without forming intermole-
cular dipolar interactions, along the exposed
hydrophobic surface of the three-protofilament
aggregate (blue monomers in inset I). This event
is then followed by a collective transition during
which all monomers in the file convert to the p-
state, which is stabilized by both intermolecular
dipole interactions within the fourth protofilament
and van der Waals interactions with monomers in
the other three protofilaments (insets II-IV). The
templated-assembly mechanism observed in the
simulations is consistent with measurements of
insulin aggregation by atomic force microscopy.*’
Moreover, protofibril maturation into fibrils is
irreversible under the conditions used in the
present simulations, i.e. 310 K and 8.5 mM (see
Figure 2). Irreversibility has been suggested on the
basis of the temporal increase in average proto-
fibril size measured by quasi-elastic light-scattering
spectroscopy.46

Analysis of the time series of the B-stable model
does not reveal any event of templated protofila-
ment formation. In fact, fibrils composed of three
protofilaments contain as many monomers in the
B-state as the mature four-protofilament fibril (see
Figure 4(d)); thus, the formation of the fourth
protofilament corresponds to a redistribution of
monomers in the B-state among the protofilaments.

Size and structural characterization of
protofibrils

The size distribution of the two and three-
protofilament aggregates are different and depend
on the p-aggregation propensity of the monomer
(Figure 4). During the elongation phase, intermedi-
ates with two protofilaments are observed mainly
for the p-unstable model (peak at Nj,~70). By
raising the P-aggregation propensity (from dE=
—2.5 kcal/mol to dE=-1.5 kcal/mol) there is a
decrease in the average aggregation size of two-
protofilament aggregates. Protofibrils consisting of
three protofilaments are observed during the elon-
gation phase of all models. Notably, by increasing
the R-aggregation tendency, the number of runs
with on-pathway intermediates decreases monoto-
nically, which reflects the lower heterogeneity of
pathways for the 3-stable model.
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Figure 3. Aggregation state network. The size of the largest aggregate N, and its number of protofilaments NPf were
used to cluster all snapshots into states (i.e. nodes of the network). The size and color of the nodes correspond to the
statistical weight and the number of protofilaments NP, respectively. Links are direct transitions within 0.5 ns (10,000 steps
of 50 fs each) of Langevin dynamics. All the states and the transitions that have been explored by the simulations are
represented in these networks. Note the much higher heterogeneity of protofibrillar intermediates for the B-unstable (dE =
—2.5 kcal/mol, bottom) than the p-stable ({E=—1.5 kcal/mol, top) model. The insets show the structures of the largest
aggregates from the snapshots labeled in Figure 2. In these structures, monomers in the amyloid-competent conformer

and amyloid-protected conformer w are in red and blue, respectively. Furthermore, hydrophobic spheres are gray and
hydrophilic spheres are not shown for visual clarity.
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Figure 4. Size distribution of (a) two-protofilament and (b) three-protofilament protofibrils during fibril growth. The
histograms are built by counting the trajectory frames in which the largest aggregate contains either two or three
protofilaments. The frames are collected only during the elongation phase, i.e. after the nucleation step and before
reaching the final monomer/fibril equilibrium. Average value of the number of monomers in 3-state contained into the
largest aggregate, as a function of the size of the largest aggregate for the (c) p-unstable and (d) the p-stable models.

For the B-unstable model protofibrils are thinner,
shorter and more disordered than the final fibril. The
protofibrils and fibrils of this model often present
deposits of monomers in the m-state that are not
involved in intermolecular dipole interactions and
are highly disordered (blue monomers in the insets
of Figure 3). The ratio between the number of
monomers in the p-state and the total number of
monomers Nf,/Nj, is significantly smaller than 1,
even for fibrils consisting of four protofilaments
(Figure 4(c)). The deviation is due mainly to the fibril
ends that are populated by monomers in the w-state
(see Figure 3 inset V). Furthermore, protofibrils with
two or three protofilaments contain less monomers
in the B-state than the four-protofilament fibril of the
same size. Conversely, for the p-stable model the

N[,/Nj, ratio is always close to 1, and aggregates of
three protofilaments can have more than 100
monomers (Figure 4(d)).

Conclusions

The self-assembly process of an amphipathic
polypeptide has been investigated by multiple
Langevin dynamics simulations using a coarse-
grained model whose simplicity allows for the

sampling of hundreds of fibril formation events.
By varying a single parameter of the model, namely
the relative stability of the amyloid-competent and
amyloid-protected states of the polypeptide (B-
aggregation propensity), interesting insights into
elongation pathways and protofibrillar intermedi-
ates have been obtained. Two main observations
emerge from the simulation results.

First, the roughness of the free-energy surface
governing the aggregation process and the hetero-
geneity of pathways of fibril elongation increase by
reducing the PB-aggregation propensity. Hence, a
mutation that decreases the p-aggregation tendency
could result in greater variety of prefibrillar aggre-
gates. Interestingly, these simulation results provide
a possible explanation for the enhanced in vitro
formation of oligomers and protofibrils of the Arctlc
mutant (E22G) of the Alzheimer’ s Ap peptide,” and
the A30P mutant of a-synuclein.” In fact, among the
20 standard amino acids, glycine and proline
residues have the weakest propensity of p-sheet
formation,*” and B-aggregation.

Second, a mechanism of templated protofilament
assembly is sometimes observed during fibril
growth. Although the elongation is accomplished
mainly by dock-lock monomer addition at the
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growing ends, the formation of an ordered proto-
filament can occur at the lateral surface of a
protofibril by collective interconversion of a file of
previously deposited monomers. This mechanism is
particularly frequent for the model with low @-
aggregation propensity, where, due to the frustration
of the conformational landscape, the isomerization
of a single monomer is strongly disfavored.

In conclusion, the simulation results provide
strong evidence of multiple routes of polypeptide
self-assembly. Notably, a reduction of the intrinsic
B-aggregation propensity induces higher pathway
heterogeneity and on-pathway protofibrillar inter-
mediates. Given the experimental evidence of
toxicity of prefibrillar aggregates, one is tempted
to speculate that therapeutic strategies aimed at
reducing fibril-formation propensity (e.g. stabiliza-
tion of the folded state by small molecules) might
paradoxically promote the accumulation of toxic
species.
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