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Understanding the structural and energetic requirements of non-fibrillar
oligomer formation harbors the potential to decipher an important yet still
elusive part of amyloidogenic peptide and protein aggregation. Low-
molecular-weight oligomers are described to be transient and polymorphic
intermediates in the nucleated self-assembly process to highly ordered
amyloid fibers and were additionally found to exhibit a profound
cytotoxicity. However, detailed structural information on the oligomeric
species involved in the nucleation cannot be readily inferred from
experiments.

Here, we study the spontaneous assembly of steric zipper peptides from
the tau protein, insulin and a-synuclein with atomistic molecular dynamics
simulations on the microsecond timescale. Detailed analysis of the forces
driving the oligomerization reveals a common two-step process akin to a
general condensation-ordering mechanism and thus provides a rational
understanding of the molecular basis of peptide self-assembly. Our results
suggest that the initial formation of partially ordered peptide oligomers is
governed by the solvation free energy, whereas the dynamical ordering and
emergence of P-sheets are mainly driven by optimized inter-peptide
interactions in the collapsed state.

A novel mapping technique based on collective coordinates is employed
to highlight similarities and differences in the conformational ensemble of
small oligomer structures. Elucidating the dynamical and polymorphic -
sheet oligomer conformations at atomistic detail furthermore suggests
complementary sheet packing characteristics similar to steric zipper
structures, but with a larger heterogeneity in the strand alignment pattern
and sheet-to-sheet arrangements compared to the cross-p motif found in the
fibrillar or crystalline states.

© 2012 Elsevier Ltd. All rights reserved.

Introduction

The deposition and accumulation of stable, fila-
mentous aggregates of a specific protein or peptide
in a variety of tissues are known to be assoc1ated
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with a number of human pathologies.' These
aggregates are generally termed amyloid f1brlls
and formed by many natural polypeptides.”* In
add1t10n truncated parts of such protem se-
quences™® and de novo designed peptides”® were
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shown to assemble into amyloid-like fibrils in vitro.
Thus, it has been proposed that the intermolecular
interactions of the invariant polypeptide backbone
result in the amyloid structure as an alternative
generic conformational state with the kinetics of the
process being dependent on the side chains and
external factors, such as pH, temperature or ionic
strength.*®™'> Regardless of the sequence or native
fold, the commonly formed amyloid fibrils are
defined as self-assembled, elongated and un-
branched (fibrillar) polsypeptide aggregates with a
cross-p conformation.'® The cross-§ architecture, as
revealed by X-ray fiber diffraction, is described as
stacked p-strands that run perpendicular to the fiber
axis with extensive hydrogen bonding along the
length of the fiber.'* Moreover, a growing number of
crystal structures of short model peptide sequences
revealed a common steric zipper motif.>">'® The
atomic structures of the crystalline conformers show
pairs of elongated p-sheets with parallel or antipar-
allel strand alignment. The opposing sheets are
interdigitated such that a highly complementary
packing of the side chains is achieved, yielding a
tight and dry interface. Despite their fundamental
similarity, the structures vary in their basic steric
zipper motif, a feature that rationalizes the observed
polymorphism of the self—propag]ating amyloid
structures on a molecular basis.'® It has been
shown that crystalline and fibrillar amyloid poly-
morphs share structural characteristics such as the
cross-p diffraction pattern and therefore offer a
plausible paradigm for the general spine organiza-
tion of amyloid fibrils.*'>""'® Nevertheless, the
degree of order in the crystal structure may not
fully represent the one in the fibrillar form, as
indicated by solid-state NMR experiments on vari-
ous crystals and fibrils.'”'®

Exposure of hydrophobic epitopes and regions of
unstructured polypeptide backbone, such as found
in partially folded or misfolded states, is among the
accepted causes of amyloidogenic aggregation, 101920
which is the irreversible formation of the p-sheet-rich
amyloid structures.*®*’ Consensus aggregation-
prone sequence patterns of amyloidogenic proteins
have been identified, and they demonstrate that
protein unfolding is necessary but not sufficient to
promote aggregation.'*** Tn fact, experimental
evidence is accumulating that short amyloidogenic
signatures in natural protein sequences can facilitate
self-assembly.**>*

The multi-staged aggregation process is canoni-
cally described as the conversion of isolated peptide
monomers in solution to soluble oligomeric assem-
blies and the final, fibrillar aggregates via a
nucleated growth process.”?*

It is likely that even more intermediate states have
to be considered and that the conformational
transitions between all of them are associated with
different barrier heights.?” >’ In order to obtain and

understand the full picture, detailed knowledge of
the molecular structures of the involved species is
indispensable.

Despite the considerable progress in characteriz-
ing the fibrillar end-states, it is still difficult to gain
the biochemical and precise structural information
for the oligomeric species in experiments. Hetero-
geneous oligomeric aggregates of different sizes are
usually observed during the incubation of amyloi-
dogenic peptide solutions® and discussed as either
on-3132 or off-pathway®>* intermediates to the
fibrils. Pre-fibrillar and fibrillar oligomers as well as
annular protofibrils have been described among a
variety of morphologies.>*>” However, thorough
investigations are hindered by either the transient or
polymorphic_and non-crystalline behavior of the
oligomers.*®*>% Critical observations regarding the
structural properties of oligomeric aggregates have
been derived recently from experiments on short
amyloidogenic peptides.”***>

Although some key aspects are not entirely
understood, several studies report on the general
consent that: (a) Given their qualitatively different
morphologies from the characteristic appearance in
transmission electron and atomic force microscopic
images, oligomeric precursor states and amyloid
fibrils are surprisingly similar in molecular confor-
mation and supramolecular structure.>**4 (b)
Specific binding to antibodies alludes to common
structural features shared by oligomers from differ-
ent amyloidogenic proteins.?”4> (c) The oligomeric
aggregates assume P-sheet-rich conformations. >
(d) Soluble amyloid intermediates are established as
the primary pathogenic agents in several types of
neurological amyloid diseases.”"**3>747

In addition, computational studies have facilitated
the current understanding of molecular determinants
and events in the early stages of amyloidogenic
peptide aggregation. Molecular dynamics (MD)
simulations appear to be particularly suited to probe
the formation of oligomeric species in atomistic detail,
unraveling the transition pathways on timescales not
amenable to experiments. The properties of small
multimeric aggregates (dimers to decamers) of
various amyloidogenic peptide sequences have been
studied by atomistic simulations and described as
partially ordered, nematic structures, which are
subject to rapid fluctuations and large conformational
rearrangements.**>**° The obtained oligomer en-
sembles are described as distinct from the monomeric
form**°**” due to the conformational changes asso-
ciated with emerging P-sheet structure.4*°¢ These
structural transitions were found to be accompanied
by a loss of intra-peptide interactions and conforma-
tional entropy.552 The desolvation of nonpolar
surface and formation of inter-peptide backbone
hydrogen bonds was found concomitantly.”**%°
Dynamical reorganization via sliding, reptation or
flipping of individual strands as opposed to repeated
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dissociation and annealing has been observed in
simulations *******° and has found experimental
validation.®" Furthermore, the initial stages of assem-
bly are reported to be likely under kinetic control, and
a multiplicity of association and interconversion
pathways gives rise to polymorphic aggregate
structures.>096263 In the context of the clearly very
complex underlying free-energy landscape, the prom-
inent and crucial role of water in the aggregation
process has been highlighted. **>"~>%646°

Here, we perform unbiased, atomistic simula-
tions of steric zipper peptide oligomerization in
explicit solvent as model systems for amyloido-
genic aggregation. The studied peptides are short
segments identified from the fibril-forming proteins
tau (3°6VQIVYK311, referred to as PHF6), 1524 insulin
("*VEALYLY, referred to as IB12)>'"° and a-synu-
clein (*'"GVATVA®®, referred to as AS51)." They
have been found to be essential in fibril formation of
the full-length proteins and adopt p-strand confor-
mations in the fibrillar aggregate structures,
respectively.'>?*%%%” Moreover, the hexa-peptides
PHF6, IB12 and AS51 were shown to spontaneously
polymerize in solution, yielding amyloid-like fibrils,
microcrystals or both. " Fibrillization assays of these
peptides monitored with, for example, ThT fluores-
cence measurements, show a common lag time and
imply a typical nucleation-dependent growth
process. 1566,68,69

The aim of this work is to facilitate the under-
standing of the early events in spontaneous peptide
oligomerization on a molecular level. To directly
assess the multifaceted conformational ensemble of
oligomers and the sampled structural transitions,
we presented a novel mapping technique. Key
structural elements of the spontaneously assembled
oligomeric states are compared with the known
X-ray crystallography structures of various amyloido-
genic peptides, thereby contributing to the structural
and dynamical characterization of low-molecular-
weight peptide oligomers. Furthermore, addressed
are the following questions: What drives the initially
monomeric peptides to form oligomeric assemblies?
What determines their subsequent structural ordering
and stabilizes the formed aggregates? The comparison
of aggregation pathways and structures of different
peptide sequences and concentrations allows for
insight into possible common mechanistic steps in
amyloidogenic peptide aggregation.

Results

Spontaneous aggregation of steric zipper
peptides results in B-sheet-rich decamers

Multiple unbiased MD simulations for the PHF®6,
IB12 and AS51 peptide systems were initiated from

randomized and fully dispersed monomeric confor-
mations (M10, see Table 3). Visual inspection of the
PHF6, IB12 and AS51 simulation trajectories sug-
gested common characteristics in the aggregation
process. Regardless of sequence, a successive asso-
ciation of all 10 peptide chains as well as a gradual
increase in PB-sheet structure was found. While the
onset of B-sheet formation was fast, usually within
10 ns, fluctuations in the content of p-sheet
conformations of the decameric peptide aggregates
were observed on the microsecond timescale (Fig. 1).
In contrast to the PHF6 and AS51 simulations, a
near-monotonical increase of p-sheet conformation
was found for all IB12 trajectories (Fig. 1b). The most
abundant IB12 peptide aggregate conformers were
found to have a B-sheet content of around 65%, as
seen from a combined histogram of all simulations
(Fig. 1d). The overall fraction of such p-sheet-rich
IB12 structures was more than four times higher
compared to PHF6 and three times as high as for the
AS51 aggregates (they sampled mostly a content of
40-50%). The set of independent PHF6 simulations
showed large variations with respect to the level of
B-sheet content (Fig. 1la). Notably, a significant
proportion of PHF6 peptides were found with a
low or without any R-sheet content in several
simulations. Multiple AS51 simulations displayed
a substantial, repeated loss and recovery of B-sheet
structure, resulting in a high standard deviation for
the R-sheet content (Fig. 1c).

The PHF6, IB12 and AS51 peptide chains associ-
ated in general to fairly ordered structures, as the
increase in P-sheet structure with simulation time
indicates. Nevertheless, as shown below, the 10
chains populated a multitude of different aggregate
configuration types and heterogeneous topologies
throughout the simulations, respectively.

Mapping peptide aggregates onto collective
coordinates yields direct insight into common
association pathways and diversity of structures

It is not straightforward to characterize the
process of peptide oligomerization comprehensively
using just one observable (e.g., the B-sheet content).
In fact, multiple metrics are necessary to discrimi-
nate the aggregate conformation ensembles in a
meaningful way or to examine specific structural
properties. Although every chosen observable might
provide its own information content, it is often not
possible to compare them simultaneously. Yet
another complication is the need to define or select
the most suitable observable in the first place.

Here, we present a collective coordinate approach
to describe the oligomeric structures and their
transitions sampled in the different aggregation
simulations (see Fig. 2 and Methods for a detailed
description). In order to probe amyloidogenic {3-
aggregation adequately, we chose 25 observables as
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topological, structural and energetic descriptors of
the sampled configurations. Through the use of this
set of measures instead of the Cartesian coordinates,
it is possible to apply a dimensionality reduction
step using principal component analysis (PCA). The
first three eigenvectors of the covariance matrix
constructed from the observable data then represent
a newly identified basis for the subsequent analysis.
Thereafter, all the configurations from the simula-
tions were projected onto these collective coordi-
nates to obtain a low-dimensional representation of

the sampled phase space and hence to identify
underlying collective trends.

The projections of the combined simulation data
for the PHF6, IB12 and AS51 peptide systems are
shown in Fig. 3, where each sphere represents a
simulation configuration snapshot. The mapping
procedure discriminates structures with different
features, therefore allowing the direct assessment of
the multimeric aggregates found along the aggre-
gation pathway. From each projection map, the
common structural and energetic properties can be

(a) Calculating observables from MD configurations
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Fig. 2. Schematic representation of the collective coordinate mapping procedure. First, from multiple independent
simulations, a set of observables (topological, structural and energetic descriptors) is calculated. Subsequently, a matrix is
built, where each row represents the different observable values for a given MD conformation. A PCA on this
multi-dimensional data set yields collective coordinates (first three eigenvectors of the covariance matrix with the largest
eigenvalues) onto which the original data set can be projected. The resulting low-dimensional representation of the full data
set allows a direct and intuitive mapping of the conformational ensembles, that is, the aggregation configuration space.
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read directly together with the associated oligomer
structures and configurations. A visual inspection of
the representative structures in the various regions
of the projections indicates that, for all three peptide
systems, the first collective coordinate (EV1) maps
the conformational conversion from monomers to
oligomeric aggregates (i.e., the general association
state). Starting from initially dispersed peptides (“S”
in Fig. 3), we observed a rapid and concerted change
in several observables as the 10 peptide chains
began to collide and aggregate with one another.
The corresponding sampling along EV1 of the
projections in the collective coordinate space as a
function of simulation time is shown in Fig. SI,
indicating a convergence within 100 ns. The inter-
peptide atom contacts as well as the molecular
surface burial increased, while the number of
solvent molecules in contact with the peptides
decreased. Seen from an energetic point of view,
the first collective coordinate coincides with favor-
able coulombic inter-peptide main chain interac-
tions, whereas those with solvent get less favorable.
The same holds for the van der Waals interactions of
the side chains between the peptides (increase) and
interactions with water (decrease). The change in the
other observables was explained to a smaller extent
by the first collective coordinate.

The commonly observed general association for
the PHF6, IB12 and AS51 peptides resulted in
decameric, fully assembled oligomers as the most
abundant general aggregate configuration type in all
of the individual trajectories. The formed decamers
were found to be stable assemblies as dissociation
events were negligible (AS51) or not observed
(PHF6, 1B12). Note that due to the finite system
size, decameric oligomers could not grow further in
the present setup.

En route to the decamer, intermediate aggregate
sizes ranging from dimers to nonamers were
transiently formed, as previously reported.” The
successive assembly of early and intermediate
configurations proceeded via monomer addition,
as well as condensation of primarily dimeric and
trimeric precursor states.”® Overall, the same asso-
ciation tendency was found for the three different
peptide systems. The simulations suggest that
assembly toward the final oligomeric state occurred
the fastest for AS51. Similar to PHF6, in AS51

simulations, all the aggregate sizes have been
sampled; however, the AS51 aggregates of interme-
diate size (n =3-6) had on average a shorter lifetime,
that is, were consumed more rapidly into larger
oligomers. In addition, AS51 simulations did explore
only a small portion of all the different possible
association types. The temporal evolution of the
aggregate sizes can be appreciated from Fig. S2,
where the average size distributions of PHF6, IB12
and AS51 are shown for two time windows (0-
300 ns; 300 ns, end of sim).

The sequence of events in the oligomerization
process can be understood by looking at the
representative structures and conformations
mapped close to them in Fig. 3. Multiple conforma-
tions for oligomers of intermediate size were
present, such as two- to four-stranded p-sheets in
extended and untwisted conformations (Fig. 3a,
structures 8 and 9; Fig. 3b, 2, 3 and 6; Fig. 3¢, 4 and
5), while others appear bent and collapsed to
compact structures (Fig. 3a, 4-6; Fig. 3b, 1, 2 and 5;
Fig. 3¢, 3). No apparent systematic pattern in strand
alignment and registry was found for the diverse
mixture of extended and collapsed structures of the
different peptide systems.

The individual sampling routes and distribution of
states along the first two collective coordinates in the
projections of the independent PHF6, IB12 and AS51
simulations can be directly inferred from Fig. 3 and
Fig. S1. For example, the PHF6 simulations explored
common regions in the projections but also popu-
lated distinct configurations as seen for the purple-
colored snapshots, which represent mostly collapsed
aggregates without significant {3-sheet content.
These particular conformations diverged very early
from the common sampling routes, suggesting an
alternative aggregation pathway for PHF6. In
multiple simulations, the stepwise assembly of IB12
oligomers was found to proceed as a single p-sheet
up to the pentamer, while larger aggregate sizes
exhibited lateral growth at the already established
sheet surface and eventually R-sandwich structure
formation (Fig. 3b, 5, 6 and 11).

As outlined before, the assembly of stable,
decameric oligomers was observed in all simula-
tions; however, the 3-sheet aggregates sampled by
each sequence, as well as in the independent
trajectories for each peptide system, were different

Fig. 3. Projection of conformational ensembles and representative structures. Shown for (a) PHF6, (b) IB12 and (c) AS51
are all the sampled conformations projected in a three-dimensional collective coordinate space. Each sphere in the
projection represents one trajectory configuration mapped into this space. The color shades encode the different
independent simulations for each of the peptide sequences. The larger spheres marked with “S” indicate the location of
the equilibrated initial configurations for each simulation. Enumerated representative structures for each map are shown
and enclosed by circles with broken outline. Numbers enclosed by small circles point out structures reported in Fig. S3
because of space considerations. Each region of the projection corresponds to a distinct conformational state, as indicated
by the representative structures. Spheres in close spatial proximity in the projection represent configurations with high
structural similarity (see the text for detailed description). The chosen structures are shown in a cartoon drawing. A subset
of side chains is shown in stick representation: PHF6 (Gln, Tyr), IB12 (Glu, Tyr) and AS51 (Thr).
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in topology and abundance. PHF6 and AS51
aggregates were found with very similar types of
B-sheet configurations within the fully assembled,
decameric state. Especially, two- and three-stranded
B-sheets in conjunction with a significant amount of
disordered chains (PHF6>AS51) occurred with a
high probability. The most common sheet topolo-
gies were two P-sheet dimers and six disordered
chains (here written in the following notation: [2x 2 +
6x1]), as well as [3x2+4x1] and [3+2+5x1]. In
contrast, the IB12 decamers were found frequently

(a)
PHF6

sampling density

to be composed of larger four- and five-stranded -
sheets and configuration types such as [5+4+1] and
[4+3+2+1]. Interestingly, the total number of
observed {3-sheet configuration types was roughly
the same for all the peptide systems (PHF6, 24; IB12,
24, AS51, 26). The wealth of distinct conformational
basins in the decameric state for PHF6, IB12 and
AS51 ranged from amorphous to ordered p-sheet
assemblies and can be readily identified within each
projection (Fig. 3a—c). Specifically, the second
collective coordinate (EV2) describes the variance

Fig. 4. Projection of conformational ensembles and their sampling density. The sampled conformations in the (a) PHF6,
(b) IB12 and (c) AS51 trajectories are projected in the same collective coordinate space as in Fig. 3, where each configuration
is represented by a point. The projection is viewed from two different angles, and the sampling density for all simulations is
indicated by a color gradient (red, high; blue, low density). A superposition of the structure ensemble (10 oligomer
conformations) corresponding to the respective region of highest sampling density is shown for each peptide system.
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in B-sheet content (small or large number of 3-sheets
formed) and R-sheet aggregate configuration types
(small or large intact sheets). Most of the decameric
oligomers were found to be either p-sandwich-like
structures (Fig. 3a, 10; Fig. 3¢, 9) or single larger {3-
sheets facing smaller sheets (Fig. 3a, 11; Fig. 3b, 11)
with multiple edge strands exposed to the solvent.
In particular for IB12 and AS51 oligomers, oval B-
sheet as well as bent barrel-like structures (Fig. 3b,
10; Fig. 3¢, 7, 8 and 10) and orthogonal sheets were
frequently sampled (Fig. 3b, 9). Aggregates with
multiple smaller sheets positioned on top of each
other (Fig. 3b, §; Fig. 3¢, 6), globular structures and
amorphous assemblies with no specific packing
order (Fig. 3a, 7) were sampled as well.

In addition to the supramolecular organization of
the individual aggregates, the position and extent of
regular packing of the side chains were a prominent
feature observed for the different oligomer struc-
tures. A coarse but apparent classification of the
side chain packing distribution in the PHF6 and IB12
oligomers could be derived by mapping the
side chain solvent accessibility for all the aggregate
configurations. From this, a preferential packing of
the bulky Tyr residues to the interior (Fig. 3a, 7; Fig.
3b, 9), as well as the accumulation of Tyr residue
side chains on the outside of the oligomeric
aggregates (Fig. 3a, 9 and 10; Fig. 3b, 7, 10 and 11),
was seen. Specifically, for all the decameric PHF6
conformations located in the upper and rightmost
area of the projection in Fig. 3a (purple spheres,
around structure 7), most of the Tyr residues were
found to be strongly desolvated, whereas the GIn
residues were uniformly oriented to the solvent. In
the projection of the IB12 aggregates, a similar
region could be identified (Fig. 3b; orange spheres,

1B12
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around structure 9), where the interior of the
oligomers was found to be occupied mostly by Tyr
residues, whereas the protonated Glu side chains
were exposed on the aggregate surface. Interesting-
ly, IB12 aggregate configurations that cluster around
structure 11 of the projection in Fig. 3b (green
spheres) showed the exact opposite solvent expo-
sure characteristics. The respective oligomer confor-
mations were in all cases stabilized by a transient
hydrogen bonding network between the hydrophil-
ic side chains.

Sampling density identifies prominently visited
aggregate conformations

In order to investigate the prominently visited
structures in each of the aggregate configuration
ensembles, we determined the sampling density in
the full-dimensional observable space using a
k-nearest neighbor (k-NN) approach (see Methods).
Despite the varying sampling routes in the inde-
pendent simulations, the highest densities lie with-
out exception in the ordered region of the decamers,
although the highest density appears more localized
for the IB12 and AS51 peptide systems (Fig. 4). In the
densest sampled regions of the IB12 and AS51
configuration space, oligomers with an established
sheet-to-sheet interface were identified. For AS51, an
almost closed, flat p-barrel-like structure was found,
while IB12 oligomers displayed a buckled p-
sandwich aggregate architecture (Fig. 4). The en-
semble of PHF6 oligomers extracted from the
highest density region was associated with a lower
B-sheet content, compared to the IB12 and AS51
aggregates. Interestingly, the rather distorted and
less compact arrangement of smaller and twisted

EV1

Fig. 5. Projection of IB12 conformational ensembles simulated at different concentrations. Shown are the IB12
conformations sampled at 3.3, 8.3, 16.6 and 83 mM initial concentration and projected in a three-dimensional collective
coordinate space. Each sphere in the projection represents one trajectory configuration mapped into this space. All
conformations from simulations with the same concentration are colored according to the shown scale. For comparison,
the IB12 aggregate conformations from Fig. 3 (16.6 mM) are shown as smaller orange spheres. The gray arrows indicate
sampling along the two prominent aggregation pathways observed: via disordered intermediates (upper arrow; red
spheres) or ordered intermediates (lower arrow; green, yellow and orange spheres).
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B-sheets featured numerous inter-peptide GIn side
chain-to-main chain contacts (Fig. 4a).

Concentration dependence of the oligomerization
process

To address the concentration dependence of the
oligomer growth process, we have carried out
additional M10 simulations of the IB12 peptide
system in a range of concentrations above (83 mM)
and below (3.3 mM, 8.3 mM) the initially simulated
16.6 mM (see Table 3). As before, the results are
presented in the form of a collective coordinate
mapping (Fig. 5). The projections clearly show that
the systems with lower IB12 monomer concentra-
tion follow the same sampling routes toward the
oligomeric states of higher order, as discussed above
(16.6 mM, M10 simulations).

The lag time for the formation of decameric
aggregates was found to be prolonged significantly
due to the reduced probability of diffusional
encounter of the peptide aggregates in comparison
to the higher concentrations. No apparent concen-
tration dependence on the stability of the formed
aggregates was observed. In contrast, the highly
saturated simulation systems (83 mM) showed a
prominent excursion via initially isotropic and
amorphous aggregates caused by the near-instan-
taneous collapse of the peptides, resulting from
their small initial separation. For these disordered
oligomer aggregates, a subsequent conformational
transition toward R-strand structure was observed
(Fig. 5).

Opverall, the assembly pathways taken toward the
decameric state were found to depend on the IB12
monomer concentration as sketched by the gray
arrows in Fig. 5. However, the final structures of
each of the simulations approached ordered aggre-
gate conformations with consensus steric-zipper-
like structural features, irrespective of the initial
concentration.

Spontaneously formed aggregates and steric
zipper oligomers converge to similar structures

Some of the observed oligomers have topological
resemblance to a cross-p sheet motif, the basic
structural element of peptides found in the
fibrillar*'” and crystalline states,'>'® which is
characterized by a tightly packed pair of sheets, an
ordered arrangement of strands and interdigitated
side chains. To assess if and to what extent the
spontaneously formed oligomers relate or even
converge to aggregate structures with such an
ideal sheet packing motif, both in terms of structural
and energetic properties, we set up additional
simulations for the PHF6 and IB12 peptide systems
(see Methods). The two starting configurations were
modeled based on the available crystal structure

coordinates: a [-sheet composed of 10 strands
(SH10) with extensive backbone hydrogen bonding
and a planar p-sandwich of two facing p-sheets with
5 strands each (SH5-5), making up a steric zipper
interface. Compared to the single p-sheet, the SH5-5
configuration featured four instead of two edge
strands and less solvent exposed side chain surface
due to the different packing. Note that the strands
were organized in parallel within the PHF6 aggre-
gates, whereas the strands were aligned in antipar-
allel fashion in the case of IB12. The trajectories that
used the crystallographic conformations as initial
structures will be referred to as reference simula-
tions throughout. The configuration ensemble sam-
pled in the reference simulations was investigated
based on the same observables as before and
evaluated together with the data set from the
spontaneously formed oligomers. The low-dimen-
sional projections of the individual structures on the
collective coordinates of the concatenated ensemble
(spontaneous and reference) are shown in Fig. 6a and
b. The collective coordinates (and their components)
did not change significantly compared to Fig. 3, such
that the shape of the projected spontaneous structure
configurations of PHF6 and IB12 was only slightly
altered. The starting structures (“R” in Fig. 6a and b)
and most of the sampled configurations of the
reference simulations appeared in regions not
accessed by the M10 simulations. As expected, the
reference configurations initially clustered around
the regions of the projection corresponding to
decameric oligomers with very high p-sheet content
as well as ordered, intact and large sheets.

In the collective coordinate representation, it can
be seen that the PHF6 and IB12 reference simula-
tions (SH10 and SH5-5) explored the space mostly
along the second and third (perpendicular to the
paper plane) PCA vectors toward the configurations
spontaneously formed in the M10 simulations (Fig.
6a and b). The PHF6 reference structures lost their
initially high p-sheet content and diverged quickly
from aggregate topologies with large sheets and
extended peptide chains. Furthermore, directly
readable from the collective coordinates is a gradual
reduction in nonpolar PHF6 atom contacts with the
solvent. In comparison, through examination of the
sampling of the IB12 reference structures in the
collective coordinate map, in particular a loss in
favorable coulombic interactions between the pep-
tide main chains is found, while van der Waals
interactions among the peptide main chain and
side chain atoms are increased (also partially
described by a higher number of nonpolar atom
contacts). The projections in Fig. 6 and the shown
representative structures clearly illustrate that the
two sets of reference structures relaxed differently in
the explicit solvent environment as well as when
comparing the different independent PHF6 and
IB12 reference simulations. In particular, the single
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Fig. 6. Projection and clustering of spontaneously assembled and reference oligomer ensembles. The sampled
configurations of various trajectories are shown as projections on the collective observable coordinates in (a) for PHF6 and
for (b) IB12. Simulations starting from initially monomeric as well as the modeled, reference conformations are shown
together in this projection. The simulations of the single R-sheets are shown in light gray and silver, and R-sandwich
simulations, in dark-gray spheres. The larger spheres marked with “R” indicate the location of the initial reference
configurations. Representative structures of the reference simulations are shown together with index numbers for each map
as cartoon drawing. Commonly sampled oligomer conformations from spontaneous and reference simulations of (c) PHF6
and (d) IB12 peptides are shown in a projection onto the first two principal components obtained by PCA in Cartesian
coordinate space. In (c), the six conformational clusters identified for PHF6 oligomer structures are shown in different colors,
containing mixed (1, cyan) and conformations from spontaneous (4) and reference (2, 3, 5, 6) simulations only. In the same
way, in (d), the three clusters identified for IB12 oligomers, containing mixed (1, orange) and conformations from
spontaneous (2) and reference (3) simulations only, are shown. The location of the center structures of the three largest clusters
is indicated by a black dot. For each of these clusters, a superposition of the center structures and the nine closest oligomer
conformations are shown in cartoon representation. As before, Gln, Glu and Tyr side chains are shown in stick representation.
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10-stranded PHF6 and IB12 B-sheets evolved toward
different supramolecular organizations as also seen
from the time evolution of the radius of gyration
(Rg) in Fig. S4. The IB12 SH10 state reproducibly
showed a prominent twisting and compactation on
a timescale of 100-300 ns (Fig. 6b, 1-3). Interestingly,
both IB12 SH10 simulations showed a break up
roughly in the middle of the single B-sheet, after
which the oligomer reorganized to more compact
conformations very similar to a B-sandwich,
transiently sampling orthogonal packed p-sheets
(Fig. 6b, 2). In contrast, the observed conformational
rearrangements in the single PHF6 p-sheet were
mostly the result of strand reorientations and an
overall p-sheet twisting (Fig. 6a, 1). The initially
parallel PHF6 strands flipped mainly on the open
edges but also within the R-sheet, after a partial
break up and loss of p-sheet structure occurred. A
stable p-sheet conformation was reformed in one
PHF6 simulation, while in the other, the elongated
sheet structure was only partially recovered and
stabilized by two adjacent chains (Fig. 6a, 1).

Only a small decrease in R, was observed for the
PHF6 and IB12 simulations starting from the SH5-5
configurations. Given the comparable but minor
extent of compactation seen for both PHF6 and IB12
SH5-5 reference simulations, the structural integrity
of the respective oligomeric states differed substan-
tially. The IB12 p-sandwich oligomer twisted from
the planar starting configuration, and a partial
loosening as well as a migration and sliding of
edge strands was observed. However, the tight and
complementary [-sheet interface was essentially
preserved on the microsecond timescale. In the
case of PHF6, a complete disarray of the SH5-5
configuration to a more globular organization of the
oligomer was found (Fig. 6a, 2 and 3), where smaller
sheets are packed together and with the p-strands
rearranged again toward a predominant antiparallel
alignment.

Identification of commonly sampled
conformations and extent of overlap

The projections in Fig. 6a and b reveal a number of
commonly sampled conformational states in the
spontaneous aggregation and in the reference
simulations for PHF6 and IB12 oligomers, respec-
tively. Here, we examine whether conformations
from the M10 simulations access the same configu-
rational states as the SH10 or SH5-5 simulations and
which features these aggregates share. The ensemble
of similar structures from both pools of simulations
was investigated by using a classification scheme,
searching for k-NNs in the space of observable
configurations (see Methods). The number of iden-
tified overlapping structures was found to be 8194
oligomer structures for PHF6 (3.2% of all configu-
rations) and 10,626 in the case of IB12 (6.8%). To

analyze the obtained configurations with high
structural detail, we performed a PCA based on
the corresponding Cartesian structure coordinates
(see Methods). Afterwards, similar conformations
were grouped by applying the k-means clustering
algorithm.

The results are shown in Fig. 6¢ and d. For both
PHF6 and IB12 oligomers, the largest identified
conformational cluster (no. 1; PHF6, cyan and 1B12,
orange) contains structures from the M10, SH5-5 and
SH10 simulations, confirming structural overlap in
Cartesian space. Interestingly, seven out of eight
PHF6 and IB12 simulations from the initially
monomeric state sampled this overlap region (clus-
ter 1). Transitions toward these particular conforma-
tions occurred rapidly, within 150 ns for PHF6 and
within 120 ns for IB12. In Fig. S5, a histogram is
shown, reporting the probability to find PHF6 and
IB12 conformations in cluster 1 at a given time.

The other clusters are identified as dense and
distinctly separated states in the two-dimensional
PCA projection and contain structures from either
the spontaneous or the reference conformational
ensembles. In comparison to IB12, more than one
conformational cluster with only reference struc-
tures was found for PHF6. This can be explained by
the larger structural diversity observed for the
different PHF6 reference simulations, although in
total, fewer overlap conformations were identified
than for IB12.

As one can see from the respective center
structures shown in Fig. 6c and d, the main
difference between clusters concerns the packing
arrangement and size of the 3-sheets. All identified
PHF6 and IB12 oligomers were R-sheet-rich struc-
tures with extended peptide conformations. In
detail, for cluster 1 (mixed) of PHF6, a fairly
irregular and disordered packing was found, with
small and twisted sheets positioned side by side and
on top, while cluster 2 (reference structures only)
showed an orthogonal p-sandwich structure (Fig.
6¢). Finally, cluster 4 (spontaneous structures only)
consists of a large twisted and bent sheet of eight
strands with mixed alignment, facing two disor-
dered peptide chains. The topology of the latter
PHF6 structures is comparable to the respective
spontaneously assembled IB12 oligomers (cluster 2),
showing a similar elongated, twisted sheet with
exposed edge strands and a smaller stabilizing sheet
on the side (Fig. 6d). A preferential burial of Tyr and
simultaneous exposure of Gln and Glu residue side
chains were found for the PHF6 and IB12 oligomers
in cluster 2 (reference structures only) and cluster 1
(mixed). The contrary scenario, where the Tyr
residues point to the solvent, was found for the
IB12 clusters 2 (spontaneous) and 3 (reference).
These findings furthermore suggest that topologi-
cally similar oligomer populations can show quite
different solvent accessibilities on the residue side-
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chain level, similar to what has been reported in Fig.
3a and b.

In summary, it could be deduced that the highest
sampling density of the M10 simulations lies near the
overlap region (Fig. 6). Moreover, it was shown that
spontaneous and reference simulations of PHF6 and
IB12 peptides sampled an ensemble of structures
with the common characteristics of an established
sheet-to-sheet interface. Although spontaneous as-
sembly toward these particular structures was fast,
the formed oligomers as well as the modeled
reference states reorganized considerably through-
out the simulations; therefore, complete convergence
to highly ordered cross-p structures with steric
zipper was not reached.

Elucidating the driving forces of the
oligomerization process

The collective coordinate mapping illustrates that
the interactions of peptide and solvent molecules are
among the most important driving forces underly-
ing the oligomerization process as well as an
important determinant for the conformational dy-
namics in the assembled state. In order to quantify
the peptide—solvent interactions in the spontaneous
aggregation of the PHF6, IB12 and AS51 peptides,
we estimated the free-energy difference of transfer
from the initially monomeric to the assembled
oligomeric state. Similar to protein folding process-
es, where the solvation free energies are lower for
folded than for unfolded conformations,” a prom-
inent reduction is expected for the aggregation
process. Indeed, the computed atomic solvation
free energies”’ decreased by more than half com-
pared to the initial value for all the simulations
starting from monomers.

The relation between the solvation free energy and
the density of sampling in the collective coordinate
space shows an interesting nonlinear behavior
(Fig. 7) for all three peptide systems. The different
degree of correlation apparently arises from the two

400

different aggregation phases, which in turn directly
reflect the observed two principal stages of the
oligomerization process: the assembly from mono-
mers to decamers, where a high correlation of the
solvation free energy with the general assembly was
found, and the subsequent structural transitions
within the aggregated state, which show no appar-
ent correlation.

This suggests that the solvation free energy drives
the peptides together in the initial aggregation phase
but does not play a prominent role in the further
development of the oligomers. A functional mode
analysis”' (FMA, see Methods) was carried out to
examine additional structural determinants and main
forces driving the peptide aggregation. In general, the
FMA attempts to correlate a suitable variable with a
linear combination of a set of observables. Here, we
select the sampling density in aggregate configura-
tion space, that is, the degree of aggregation, as an
indicator for the aggregation progress. The idea of the
FMA approach is then to construct a linear multiple
regression model for the aggregation process based
on the sampling density, as exemplified above in one
dimension for the solvation free energy.

For a model with adequate predictive power, this
allows an assessment of the most prominent factors
that govern the peptide oligomerization on a
molecular level. Motivated by the observed differ-
ence in correlation to the solvation free energy and
corresponding to the fast association to stable
decamers as the predominant species, as well as
convergence along EV1 in the collective coordinate
projections (Fig. 3 and Fig. S1), we chose to split the
analysis. Thus, the peptide association events and the
decameric phase were investigated separately, as
they apparently follow two different mechanisms.

It is important to note that although the analysis is
based on the collective trends in the data of multiple
trajectories, they may not be fully converged.
Therefore, extending the simulations could change
the observed densities, especially in the decameric
phase.
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Fig. 7. Correlation of the solvation free energy to the sampling density. The correlation of the sampling density with the
solvation free energy is shown for each peptide system. Notably, the sampling density in the initial association phase
(black) and the subsequent structural ordering in the decameric state (colored) are correlated to a different extent.
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To distinguish mere descriptors for the aggrega-
tion process (group 1) from putative true driving
forces (group 2), we split the PHF6, IB12 and AS51
FMA models into two separate groups of observ-
ables. In the second group, the pairwise additive
force field energy terms are included, which model
the principal interactions between the molecules
(hydrogen bonds, hydrophobic effect, etc.).

Figure 8a—c depict the FMA models for the
three peptide systems in the association stage. The
predictive power of the FMA models was
assessed by cross-validation, using an indepen-
dent data set not used for model training. The
cross-validation correlation coefficients for the
FMA descriptor models are shown in Table 1.
For the association phase, the diagonal elements
in Table 1 indicate that the created models are
capable of predicting the progress of peptide
assembly for the system used to train the algorithm
(correlation coefficients>0.7). Interestingly, the off-
diagonal correlation coefficients reveal that the
models trained on the data of one peptide system
were able to mutually predict the densities of the
other peptide systems.

After validating the FMA models for the peptide
association phase, we investigated the individual
model components to probe the contributions of
specific interactions to the aggregation mechanism.
In the subsequent analysis, positive coefficient
values indicate that an observable was positively
correlated with the configurational space density of
the peptide aggregates (i.e., the conversion from
monomeric to decameric structures). For the energy
terms, negative regression coefficient values indicate
favorable interactions driving the assembly, that is,
favorable changes in an energy term were negatively
correlated with the density.

In the following, the main findings for the
association process are summarized (Fig. 8d and e).
For example the AS51 FMA model for the association

Table 1. Correlation coefficients for the PHF6, IB12 and
AS51 FMA models of association and ordering in the
decameric phase

PHF6 1B12 AS51

Train Test Train Test Train Test
Association
PHF6 0.74  0.70 0.79 0.77
1B12 0.71 | 0.82 0.77 0.75
AS51 0.60 0.77 | 0.87 0.82
Decamer (weighted)
PHF6 0.74  0.70 0.74 0.76
1B12 0.69 = 0.81 0.78 0.76
AS51 0.70 066 | 0.81 0.80

Row-wise: peptide system used for FMA model building.
Column-wise: peptide system used for FMA model cross-
validation.

phase correctly indicates the aforementioned slightly
faster aggregation to higher-order oligomers, as can
be seen from the stronger influence of CLg (the
assembly to general aggregates) compared to PHF6
and IB12. The oligomerization of all peptide systems
is accompanied by a reduced solvent-accessible
surface area and the preferential burial of hydro-
phobic groups. This is consistent with the finding
that water molecules were excluded from the
peptide aggregate interior upon assembly from the
initially fully solvated monomers and can be seen
from the negative correlation for the number of polar
and nonpolar peptide contacts to water molecules
(Npas, Nnas). While the exchange of solvent
molecules with the peptide surface was on a
picosecond timescale, the total extent of water
release from the peptide hydration layer into the
bulk was in general about 40% in the association
phase and directly correlated with the decrease in the
solvation free energy. The importance of the inter-
action with the solvent molecules for the aggregation
process is illustrated furthermore by the strong
positive correlation between the sampling density
and the formation of large, solvent-inaccessible
interfaces between the peptides (5iMS). The second-
ary structure conversion from predominantly coil
and turn to p-sheet conformations as well as to more
extended peptide chains was found to be correlated
with the peptide association to a similar degree.
Interestingly, neither the polar (P1) nor the nematic
order (P2) of the peptide aggregates was a necessary
component to predict the sampling density in the
association phase, as they have relatively low
correlation for either of the peptide systems.

All the energetic properties concerning the in-
teractions of the peptides with the solvent have
positive regression coefficients, that is, the aggre-
gation process is accompanied by an increasing
energy between the peptides and water. Here, the
coulombic interactions of the water molecules with
the peptide main chain groups (amides and
carbonyls) showed the most prominent loss. The
van der Waals interactions between the water and
peptide side chains were reduced significantly as
well. A concurrent gain in inter-peptide interactions
was found mainly from contributions of coulombic
main chain and van der Waals side chain inter-
actions. These two mostly account for the hydrogen
bond formation and hydrophobic collapse as the
peptides rapidly oligomerize in the early association
phase. In addition, mixed inter-peptide main chain
and side chain interactions were observed frequently
as the peptides formed oligomeric aggregates with a
substantial degree of nonspecific contacts and
disorder. Although not included in the FMA
model analysis because of the large-scale fluctua-
tions, the increase in solvent-solvent interactions
again stresses the important role of the solvent in the
aggregation process.
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The FMA model cross-validation and component
analysis show that common driving forces and
structural determinants are at play in the initial
association stage of all three peptide systems. This
suggests a largely sequence independent mecha-
nism based on the generic physicochemical proper-
ties of the peptide molecules. In comparison, the
correlation coefficients of the FMA models for the
decameric phase were in general substantially
smaller, while the trends in the predictive power
of the models are preserved (AS51>1B12>PHF6, see
Table S1). In particular, the PHF6 sampling density
in the decamer appears to be the most difficult to
predict for any of the three models. The rather poor
predictive power of the PHF6 FMA model suggests
that the sampled aggregate configurations and
structural transitions are not described well by just
a single model, and this is probably due to the less
pronounced gradient in the sampling density, as
also seen from Fig. 4a.

In order to probe the formation of particular
ordered aggregates in the decameric phase featuring
cross-p characteristics, we built an additional FMA
model on the basis of a weighted sampling density.
Oligomeric aggregates with high nematic order (P2)
and B-sheet content, which are presumably similar
to fibrillar p-sandwich aggregates, therefore re-
ceived a higher weight prior to the FMA [weighting
factor: exp(P2-Bsc)]. From the newly obtained
weighted sampling density (Fig. S6), a striking
result is the more localized density for PHF6 and
IB12, while the AS51 sampling density remains
virtually unchanged. This is due to the very small
fraction of AS51 structures that fulfill both of the
structural order criteria. Common for all the three
peptide systems, the structural ordering in the
initially collapsed decameric peptide assemblies
was found to be positively correlated with the
sheet configuration type of the aggregates (CLs, -
sheet aggregation to large sheets) (Fig. 8h—j). The
common features of the most probable ordered
oligomeric states were found to be the favorable
interactions between coulombic inter-peptide
main chain atoms (extensive hydrogen bonding),
as well as van der Waals interactions from tight
inter-peptide side chain packing. In detail, the
ordering in the decameric phase was accompanied
by an increase in B-sheet structure (Bsc) and peptide
chain extension (Ext), while formation of extended
B-strands occurs at the expense of any other
secondary structure elements (coil, bend, turn).
The conformational dynamics in the assembled
state are governed by subtle, sequence-dependent
differences as already seen in the different mapped
structure ensembles. For example, the formation of
B-sheets was found to be less prominent in the AS51
oligomers, whereas the sampling density in the
configurational space was found to be positively
correlated with the p-bridge content (Bbc). This is

also expressed in the smaller correlation of the
sampling density to the CLs observable and
explained by the prominent occurence of closed,
barrel-like sheet structures with low nematic order
(P2). Moreover, there were notable contributions
from interactions between main chain and
side chain atoms, which stabilized the AS51 aggre-
gates, opposed to a decrease in these quantities for
PHF6 (coulombic) and IB12 (van der Waals)
aggregates. The observed decrease in coulombic
interactions between the peptide main chain and
side chains in the PHF6 decamers is due to the
reduced number of Gln side chain hydrogen bonds
to the backbone, thus offering an explanation for the
structural stability of oligomer structures with only
small B-sheet content and their slow conversion to
more ordered ones. The loss of these nonspecific
interactions allowed for the growth of double-layer
sheets with interdigitated side chains. The structural
ordering in IB12 oligomers occurred mainly by
orientational reorganizations to parallel pairs of
sheets, hence explaining the high correlation with
P2. Therefore, a more efficient packing of adjacent -
sheets was achieved, leading to a larger interface
burial (§iMS) and a slightly higher solvent contact.
These sheet rearrangements are indicative of transi-
tions to IB12 oligomer structures with a dry and wet
sheet interface, as well as solvent-exposed edge
strands. While the loss in van der Waals peptide side
chain-to-solvent interactions was commonly found
to decrease further for the decameric states of PHF6,
IB12 and AS51, this was not the case for the
coulombic part, which was favorable for the
aggregate ordering of the more hydrophilic PHF6
and IB12 peptides.

Overall, a picture emerges where a hydrophobic
solvent effect appears to drive the initial clustering
of the peptides into collapsed and partially ordered
aggregates. This is followed by a phase of structural
ordering in the fully assembled state, primarily
characterized by a further buildup of p-sheets and,
in particular, by the formation of dry inter-sheet
interfaces. The FMA results corroborate the obtained
structural information on the respective oligomer
structures and rationalize the energetic contribu-
tions and sequence-dependent differences on a
molecular level.

Effect of mutations on oligomer topology and
aggregate order

Based on the analysis on structural determinants
and driving forces underlying the primary aggrega-
tion steps, we hypothesize that a mutational study
might give additional insight into the aggregation
mechanism of amyloidogenic peptide model sys-
tems. Several mutations were chosen to probe the
residue-specific effect on the interactions driving the
formation of ordered, P-sheet-rich aggregates,
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similar to what has been done previously in hexa-
peptide fibrillization assays.“?>7? In particular, we
tested the impact of side chain mutations on the
aggregation kinetics and sheet-to-sheet packing
organization in steric zipper peptide oligomers.
The AS51 peptide (GVATVA) was selected for the
mutations since it aggregates into oligomers with
the least stabilization through p-sandwich structure-
like interfaces and therefore is considered a suitable
candidate for the predictions to directly test our
simulation hypothesis.

In this context, exchanging Val, Ala and Thr
residues in neighboring positions in the peptides
should not affect the p-strand formation propensity
strongly, whereas shifting Ala and Val residue side
chains to the same side of the strand might lead to
different sheet interfaces upon assembly (GVATAYV,
GVAVTA). Introducing an additional site with
hydrogen bonding capability (Ala3Thr) should
increase disordered inter-strand main chain-to-side
chain interactions (GVTTVA). The presence of
additional Ala residues is expected to reduce the
inter-strand side chain stabilizing contacts, on the
one hand leading to more random-coil conforma-
tions and on the other, weaker inter-sheet packing
interactions (GAATAA). In contrast, a mutation to
Phe at position 5 is predicted to have a high 3-sheet
propensity and the potential to form a large number
of inter-peptide interactions. However, replacing
Val5 with the bulky and strongly hydrophobic Phe
residue might alter the initial assembly of the
oligomers as well as the otherwise sterically less
demanding sheet interface to a large extent
(GVATFA).

The spontaneous oligomerization was studied for
each peptide mutant with an additional 1. 25-us-
long simulation. Indeed, a number of predicted
effects take place upon mutation, illustrated by the
set of preliminary results summarized in Table 2 and
the representative oligomer structures shown in Fig.
S7. As expected for the GVTTVA peptide, ordering
transitions were impeded by strong main chain-to-
side chain interactions, such that the oligomer
structures were mainly composed of dimer subunits
packed together. The GAATAA peptide aggregates

were indeed found to be mostly disordered, with a
low p-sheet content and additionally no apparent
interface formation. In stark contrast, the interior of
the B-sheet-rich GVATFA decamers was found to be
occluded by the introduced Phe side chains. The
sheet topology in these oligomers was rather wedge
shaped and did not resemble a p-sandwich. The
interface characteristics in GVATAV and GVAVTA,
in comparison to the GVATVA peptide aggregates,
emphasize the subtle effects of side chain comple-
mentarity in small p-sheet oligomers. While the
GVAVTA oligomers formed two orthogonal and
stably packed {3-sheets, the GVATAV decamers had
in addition to a high R-sheet content also a high
nematic order. This was found to be due to the
parallel arrangement of the sheets with defined
inter-sheet interface, leading to weaker main chain-
to-side chain contacts and a high average number of
exposed edge strands. We conclude that these
mutations therefore also offer an attractive means
to probe the aggregation kinetics of such peptides
experimentally.

Discussion

The application of a collective coordinate map-
ping allowed for the detailed characterization of the
diverse conformational ensembles for the simulated
oligomerization process of three steric zipper pep-
tides. This mapping procedure enabled the visual-
ization of the structural inter-relationships of the
sampled multimeric aggregates and thus provided
a comprehensive overview of the global trends in
the large-scale molecular changes accompanying the
studied assembly process. At the same time, the
discriminative power of the mapping allows a direct
identification of appropriate reaction coordinates for
the projection of high-dimensional configuration
spaces.”374

The investigation of the oligomerization process
and the underlying driving forces revealed two
principal phases and illustrates the delicate balance
between inter-peptide and peptide-solvent as well
as solvent-solvent interactions. The first step, the

Table 2. Summary of structural and energetic properties for the AS51 peptide mutant simulations

SYStem B_SheEt P2 Ecoul +vdw MC Ecoul +vdw SC Ecoul +vdw MC-SC
GVATVA 0.44+0.11 0.26+0.07 -806+80 -208+17 -349+54
GVATAV 0.46+0.11 0.49+0.11 -859+69 -192+19 -269+27
GVAVTA 0.55+0.09 0.22+0.06 -817+65 -207+14 -360+40
GVTTVA 0.30+0.09 0.22+0.07 -920+66 -237+26 -402+51
GVATFA 0.53+0.13 0.41+0.09 -798+66 -330+22 -361+33
GAATAA 0.30+£0.11 0.34+0.11 -916+87 -118+13 -296+33

Mutations in the AS51 peptide are indicated in boldface. The average and standard deviation were calculated for various observables
over a 500-ns interval for each simulation (0.75-1.25 ps): p-sheet content, orientational order P2 and the sum of several coulombic and
van der Waals potential energy terms (Ecoul +vaw) describing the interactions. Abbreviations and description of the observables are given

in Methods.
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association from monomers to oligomers, was
commonly found to be correlated with the reduction
in solvation free energy, leading to a hydrophobic
collapse of the peptides and minimized peptide
surface area in the aggregates. The primary cause of
the loss in peptide-solvent interactions was deter-
mined to be the poor solvation properties of water
for the polypeptide backbone and a hydrophobic
dewetting of the peptide side chains. A similar
preference of peptide-peptide over peptide-solvent
interfaces has been discussed for the aggregation of
strongly hydrophilic polyglutamine chains.””” In
addition to a gain in water—water hydrogen bonds,
the release of water molecules into bulk solvent is
postulated as a universal driving force to further
facilitate the aggregation process by an increase in
solvent entropy,>!57¢ opposing the loss of confor-
mational entropy in the peptide aggregates.

The observed concurrent increase in inter-peptide
interactions is in accordance with previous simula-
tions, where the partitioning of the residue side
chains from the aqueous phase preceded the inter-
peptide hydrogen bond formation.®> Here, the
emerging ensemble of early steric zipper peptide
oligomers was characterized by stable and compact
but only partially ordered aggregate structures, due
to frequently formed inter-peptide main chain-to-
side chain contacts. For the PHF6 peptide system,
this scenario was particularly predominant, as the
GIn side chains function as a good solvent for the
peptide backbone and nonspecific hydrogen bond
formation led to stronger and persisting aggregate
disorder. Moreover, the subsequent conformational
rearrangements in the decameric structures were
marked by the development of more directional,
nonbonded inter-peptide interactions in form of
extensive hydrogen bonds between peptide strands,
resulting in a significant amount of B -sheet struc-
ture. In line with previous findings,”” we observe
that the condensed peptide aggregates with dry
interior, where peptides are primarily solvated by
other chains, promote the backbone-driven 3-sheet
structure formation and contribute to the overall
stability of the aggregates.

The formed decameric structures were subject to
fluctuations on the microsecond timescale, and
despite the rich structural diversity, a notable
finding was the common formation of a dry inter-
sheet interface. The ordered peptide arrangements
originated from stronger inter-strand interactions in
the Pp-sheets and further optimized inter-sheet
packing through interdigitating side chains. Al-
though multiple sampling routes, involving the
presences of various intermediate conformations,”
were taken on the way toward the decamers, the
difference between the ordered PHF6, IB12 and
AS51 oligomers in the decameric phase was mostly
related to the sheet topology (R-sheet size and
packing). For the hydrophobic and less bulky AS51

peptide, the largest fluctuation in -sheet content
and a more continuous hydrogen bonding pattern
were found. Hence, the conformational characteris-
tics of the most abundant AS51 aggregates were
mostly p-barrel-like structures with a dry interior. In
contrast to AS51, the PHF6 and IB12 peptides
spontaneously formed frayed and twisted 3-sand-
wich oligomers with a significant amount of solvent-
exposed edge strands.

Some of the observed oligomers achieved a close
structural resemblance to the basic cross-p element
proposed for the fibrils.>'” However, they were not
fully ordered compared to the steric zipper motif in
the crystalline state, which displays two planar -
sheets positioned face to face.!®> In particular, the
high polar and nematic R-strand order remains an
important difference to the established interfaces
of the small and polymorphic oligomers found here.
Rather, additional degrees of freedom, such as
sheet-to-sheet angle and surface curvature, strand
alignment and residual coil and bend conformations
characterized the oligomeric states. Compelling
evidence for a larger heterogeneity in sheet pairing
arrangements in non-fibrillar aggregates comes
from recent crystal structures of a minimal, tetra—
meric assembly unit of macrocychc peptides.””
There, p-sheet dimers with steric zipper analogous
interfaces were found.

This furthermore supports the notion that the
formation of complementary and dry quaternary
inter-sheet contacts is a common feature of oligo-
mers and fibrils,*>”” thereby extending the view on
the structural organization of oligomers at a pre-
nucleation stage. Further growth of pre-fibrillar
intermediates beyond a critical size™ > is proposed
to proceed by replicating the principal zipper
structure via addition of p-strands.*%5057.77 In our
simulations, the reference IB12 cross-p oligomers
with the crystal packing were at most metastable for
the studied size of 10 chains and relaxed to
conformations similar to the spontaneously formed
ones. Interestingly, the SH5-5 construct of the PHF6
peptide with a purely hydrophobic crystal structure
interface was found not to be stable in our
simulations and by others, where even larger steric
zipper assemblies were probed.”® Thus, the pres-
ence of polar and aromatic residues likely provides a
stronger contribution than hydrophobic ones to the
interface stability of opposing P-sheets in small
oligomeric aggregates.5>5878 This was confirmed by
our simulations of the AS51 peptide mutants, which
showed an overall enhanced propensity to sample
stably packed p-sheets when a Phe residue side
chain was introduced into the sequence. The
preferential antiparallel strand alignment as often
observed for short peptides#?5059 offers an addi-
tional explanation for the destabilization and dis-
tortion of the all-parallel PHF6 steric zipper motif
due to the less favorable intra-sheet interactions.
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The observed aggregation kinetics and obtained
conformational ensembles are inherently dependent
on the accuracy of the applied force field; therefore, a
force field effect cannot be fully excluded. We chose
the GROMOS96 43A1 force field for the current
study for the following reasons: (1) previous
simulations on model peptide folding revealed a
balanced secondary structure propens1ty with no
particular bias toward B-sheet formation.” (2) This
force field is known to spontaneously sample
amyloid-like p-strand structures,*”"® consistent
with experimental findings, 81 and to stabilize pre-
formed pairs of cross-B sheets. 5682 (3) The GRO-
MOS96 force fields are primarily calibrated against
thermodynamic experimental data and therefore
achieve an adequate accuracy for the free energy of
solvation for the neutral analogs of the nonpolar
(Ala, Val, Leu, Tle) and aromatic (Tyr) amino acids,*’
which mainly constitute the hydrophobic peptides
(VQIVYK, VEALYL, GVATVA) investigated here. In
addition, we observed in the present study that
spontaneous and reference simulations converge to
similar conformational ensembles compatible with
the relaxed crystallographic steric zipper structures.

The detailed structure of the amy101d state is not
entirely determined by sequence® and thus hinders
the straightforward 1dent1f1cat10n of the sequence-
specific driving forces.”?"**?” The partitioning into
multiple aggregation pathways, where the formed
oligomers exhibit different extents of B-sheet sec-
ondary structure, is proposed to be kinetic in
nature,””**% as experimentally determined for for
example, AR>*>* and PrP oligomerization.”” The
promiscuous polymorphism found for amyloid
aggregates'”1884 may also be explained by the
thermodynamic selection of the most stable steric
zipper motif in the nucleus.””* The observed initial
hydrophobic collapse of the peptides is an early
event in the oligomerization and therefore not rate
limiting for the nucleation, as deduced from
simulations® and experiments.?**” In line with the
present findings, this might suggest a mechanistic
continuum for amyloidogenic aggregation with the
principal characteristics of a condensation-ordering
mechanism. The determining conformational con-
version step occurs in the oligomeric state directed
by specific structural predilections of sheet packing
interactions and is largely independent of the
monomer concentration. 26:27/858788

The overall registry and alignment of the individ-
ual strands were found to be of less importance in
the initial association phase for the small steric
zipper peptides. This lack of homogeneous strand
patterning in the B-sheet structure of early oligo-
mers may be interesting to probe by solid-state
NMR experiments, in particular since a regular
strand and sheet packing is probably one of the key
requirements for the nucleation and selection of a
particular zipper structure and therefore also de-

pendent on the sequence. In this context, it is
expected that the formation of ordered pre-nucle-
ation intermediates with intra- and inter-sheet p-
structure elements similar to the fibrillar state
critically depends on the steric complementarity of
the sheet interfaces in the oligomeric species, that is,
the fine detail of matching and properly packed side
chains. 125977

The observed structural ordering and conforma-
tional sampling in the ensemble of collapsed peptide
aggregates were not found to correlate well with the
solvation free energy. It has been suggested along
these lines that the surface geometries at the
molecular level influence solvent-mediated forces,
such as dewetting transitions,”*®” and thus might
govern the formation of the high-energy nucleus.
The oligomer topologies with sheet pairing angles
very different from parallel p-sandwich structures
might be indicative of off-pathway oligomers.”” For
these aggregates, the expected height of the nucle-
ation barrier to a cross-B transition state is large.
This would be consistent with the observed lag time
in amyloid formation and the observation that pre-
fibrillar oligomers can acquire significant R-sheet
structure as determined by experiments.®®%%
Similar effects could origin from the found position-
al preference of certain side chains, inside or outside
relative to the oligomer surface. With reference to a
free-energy landscape point of view, it has been
argued that small toxic oligomers must exist as local
free-energy minima with significant barriers to
amyloid formation, although single amino acid
mutations that increase the rate of disease progres:
sion often increase the rate of amyloid formation.®

Finally, the oligomerization of larger peptides and
full-length proteins might obey similar principles
but usually needs to be accompanied by a substan-
tial change or loss of intra-peptide interactions.
Moreover, aggregation is facilitated by transient
misfolding or unfolding events of particular aggre-
gation-prone segments, which populate amyloid
competent conformers, such as hairpin motifs or
intra-molecular B-strand stacks in natively disor-
dered peptides**>*** or accessible self-comple-
mentary stretches on protein surfaces. 222357 Recent
findings furthermore suggest that while oligomer
formation might be facilitated by small segments
and their local properties, the eventual maturation
toward fibrillar structure will involve a remodeling
stage to further 1ncorporate and accommodate
residues into the p-strands.®*”!

Conclusion

In the present work, the oligomerization of three
different amyloidogenic peptide sequences was
studied with atomistic MD simulations in explicit
solvent environment. The initial stages of the
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aggregation process were characterized by two
distinct phases, and the conformational conversions
from random configurations to B-sheet oligomers
resembled the previously proposed condensation-
ordering mechanism. As a first step, the peptides
assembled via various intermediates to partially
ordered aggregates, thereby creating desolvated
interfaces between the chains. In a second step,
sequence-dependent conformational reorganiza-
tions toward p-sheet-rich structures took place in
the collapsed oligomeric state. The kinetics and
stability of aggregates with R-sandwich structure
motifs were found to exhibit a profound depen-
dence on the hydrophobic character, steric con-
straints and positioning of the side chains
participating in the sheet-to-sheet interfaces. This
study furthermore provides qualitative evidence
that early steric zipper peptide oligomers feature
similar self-complementary sheet packing charac-
teristics as it is proposed for the fibrillar aggrega-
tion end-states.

The elucidation of the energetic and structural
determinants of amyloidogenic aggregation poses
an essential challenge to biophysical studies and still
needs to rely on the study of simplified model
systems. While structural models of short peptides
become more readily available, a thorough under-
standing of the dynamical transitions between the
canonically defined states along the amyloidogenic
aggregation pathway is still missing. Here, we
found that solvent-mediated interactions, such as
the prominent reduction in solvation free energy,
drive the primary peptide oligomerization steps.
After the initial collapse, the onset of an ordering
process was observed, mainly driven by extensive
backbone hydrogen bond formation and (-sheet
lamination.

The overall dominant solvent effects and the
observed conformational changes in the metastable

oligomer species hint at a causal relation, also crucial
for other molecular recognition processes.”” There-
fore, the view is emphasized that biomolecular
aggregation of peptides and proteins is governed by
the fine chemical details of peptide-solvent in-
teractions and water structure at various stages of
the self-assembly process.”!*%+°7/6>76.89

Methods

MD simulations

All MD simulations were carried out using the GRO-
MACS software package (version 4.0).”> The Berendsen
coupling algorithm® was applied to keep the pressure
constant by coupling the system to a pressure bath of 1 bar
(=1 ps). Velocity rescale’ was applied for temperature
coupling to a temperature bath of 310 K. Initial velocities
were sampled from a Maxwellian distribution at 310 K. All
protein bonds were constrained with the P-Lincs
algorithm.”® All the hydrogens were replaced by virtual
interaction sites, and therefore, all internal vibrational
degrees of freedom of the hydrogen atoms were
removed.”””® An integration time step of 5 fs was used.
Neighbor lists for nonbonded interactions were updated
every 5 steps. For production runs, the GROMOS96 43A1%
force field and the SPC water model'® were used. Water
molecules were constrained using SETTLE.'”" The short-
ranged van der Waals and electrostatic interactions were
cut off at 1.4 nm and 0.9 nm, respectively. All simulations
were carried out using periodic boundary conditions and
the Particle Mesh Ewald'**'% method. The electrostatic
interactions with Particle Mesh Ewald were calculated at
every step with a grid spacing of 0.12 nm. The relative
tolerance at the cutoff was set to 10~°.

Simulation setup and procedure

An overview of the simulated peptide systems, simu-
lation lengths and sampling intervals (subscript) is given

Table 3. Summary of performed simulations and initial conformations

Simulation time (us) and sampling

Sequence System ID Starting peptide configuration Trajectory number interval (ps, subscript)
VQIVYK (PHF6) M10 Random, monomeric configuration 8 2.5050, 2.1550, 2.0150, 2.0050,
1.75400, 0.6550, 0.3350, 0.315¢
SH10 B-Sheet, parallel strands 2 0.7050, 0.505¢
SH5-5 p-Sandwich, parallel strands 1 1.005¢
VEALYL (IB12) M10 Random, monomeric configuration 8 1.9250, 1.80500, 1.80500, 1.4850,
0.3650, 0.325, 0.3050, 0.305¢
M10 (3.3 mM) 1 0.175
M10 (8.3 mM) 2 0.3950, 0.375¢
M10 (83 mM) 3 1.0050, 0.5050, 0.505
SH10 B-Sheet, antiparallel strands 2 1.0050, 0.7559
SH5-5 B-Sandwich, antiparallel strands 1 1.0359
GVATVA (AS51) M10 Random, monomeric configuration 4 2.44500, 2.00500, 1.87500, 1.775
GVATAV M10 Random, monomeric configuration 1 1.2559
GVAVTA M10 1 1.255,
GVTTVA M10 1 1.255
GVATFA M10 1 1.255
GAATAA M10 1 1.255,
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in Table 3. The simulations were labeled according to the
name (sequence) of the peptide and the starting configu-
ration. The total simulation time of all trajectories adds up
to 42 ps for this study. The individual simulations (M10)
with 10 initially monomeric PHF6 (VQIVYK), 1B12
(VEALYL), AS51 (GVATVA) and mutant peptides
(GVATVA, GVAVTA, GVTTVA, GVATFA, GAATAA)
were set up according to the protocol described in Ref. 50:
1000 distinct peptide conformations were pre-generated
with CONCOORD.'®™ From this structure ensemble, 10
peptide structures were chosen at random and placed in
random position and orientation in a cubic box (1000 nm?)
to result in a concentration of 16.6 mM if not stated
otherwise. This procedure was applied to ensure a fully
monomeric configuration and to reduce the bias of similar
initial starting structures for each of the conducted
simulation runs. Additional M10 simulations with differ-
ent peptide concentrations (3.3, 8.3 and 83 mM) were
realized by adjusting the box size (5000, 2000, 200 nm?®).
For the initial configuration of the reference simula-
tions, the atomic coordinates of the crystal structures
Protein Data Bank ID: 20N9 (PHF6: VQIVYK) and
Protein Data Bank ID: 20MQ (IB12: VEALYL)" were
used to model the ordered steric zipper aggregate
conformations (SH5-5: two 5-stranded p-sheets in a
sandwich and SHI10: single, 10-stranded P-sheet). The
peptide concentration and box size matched the ones of
the M10 aggregation setup. There were no crgstalline
coordinates available for the GVATVA peptide.'” Subse-
quently, all systems were solvated with explicit water
molecules. The protonation state of the peptides was
according to the one in solution at a pH of 7 for all
simulations of the PHF6, as well as the AS51 peptides. For
the IB12 peptide simulations and according to the
crystallization conditions at pH 2.5, the C-terminus and
glutamate side chains were assumed to be protonated.>'®
Counter-ions (Na*, C17) were added to yield an appro-
priate ionic strength (150 mM) and to neutralize the net
system charge. The simulation systems comprised rough-
ly 100,000 atoms. After the system preparation, an energy
minimization using steepest descent was performed.

Analysis

From the individual simulation trajectories, samples
were taken for analysis every 50, 400 or 500 ps (Table 3).
After pooling all independent simulations, the resulting
total number of collected configurations was for PHF6:
M10, 203,351; SH5-5 and SH10, 45,699; for 1B12: M10,
100,851; SH5-5 and SH10, 55,604; M10 (3.3 mM), 3401;
M10 (8.3 mM), 15202; M10 (83 mM), 40,003; and for AS51:
M10, 47,960.

Mapping the aggregation dynamics by projections
onto collective coordinates

The used mapping procedure enables us to describe an
initially high dimensional problem in a reduced (low
dimensional) collective coordinate space. The reexpression
in terms of collective coordinates (principal components)
preserves the trends and variance of the full-dimensional
data as well as highlights similarities and differences. In
this formulation, one is able to map the multimeric

aggregates found along the aggregation pathway and
discriminate structures with different properties. In
addition, the projection onto collective coordinates allows
for a direct visualization of common sampling routes and
probabilities.

Calculation of observables

A total of 25 different observables were calculated from
the Cartesian coordinates of the configurations sampled
from the individual trajectories. The observables encom-
pass diverse metrics that adequately capture the topolog-
ical (i), structural (ii) and energetic (iii) properties of
amyloidogenic p-aggregation. Some of them are estab-
lished descriptors for simulated peptide assembly and
were used in previous studies.”> A detailed description
is provided below.

(i) Topological properties. To describe the peptide assembly
state at any given time and to ensure that all assemblies
with different multichain topologies and configuration
types are discriminated, we used a specific notation. The
aggregation state was expressed in terms of a connectivity
length (c1).%>1%° The cl was defined to be the sum over the
square roots of the determined individual aggregate sizes,
with k as the total number of aggregates and n as the
number of peptides in aggregate x. A normalized
connectivity length (CL) was used since this can be read
more intuitively, with N=10 for all simulations, which is
also the largest possible aggregate size.

k
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The CL values for the aggregation configuration types
range from 0 for fully monomeric to 1 for the state where all
peptides were found in the same aggregate. A hierarchical
categorization of the peptide aggregate sizes was pursued to
monitor the assembly state of the peptides. General peptide
assemblies or aggregates were defined as follows: pairwise
contact analysis is used to identify the individual aggre-
gates. Peptides that share an inter-chain residue contact are
then counted to be within the same aggregate. For any two
residues i, j, an inter-chain contact is considered formed if
any heavy atom of residue i is within a cutoff of 0.45 nm
from any heavy atom of residue j. Assemblies of peptides
aggregated into intermolecular B-sheets were defined as
follows: two peptides that share two consecutive inter-
chain p-sheet contacts as defined by the DSSP definition'%®
are counted within the same aggregate. The identified p-
sheet aggregates are a subpopulation of the above
considered general aggregates. These two metrics comprise
the first two observables that are considered. (1) Assembly
state of general aggregates according to van der Waals
contacts (CLg); (2) assembly state of p-sheet aggregates
according to B-sheet contacts (CLs). Instructive descriptors
for different orientational properties of the system are the
polar (P1) and the nematic (P2) order parameters, common-
ly used to analyze properties of anisotropic fluids such as
liquid crystals. Several studies highlight the useful and
complementary information of these order parameters in
the context of peptide aggregation.***® A suitable molecular
vector (Z;) was defined, here the unit vector linking the C*
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atoms of residues 2 and 5 of each peptide. The choice was
based on the observation that the terminal residues were not
found to have high p-sheet propensities. The polarity of the
system is described by P1, distinguishing between parallel,
antiparallel or mixed strand (molecular vector) orientations.

1L 3 s - 1& 3, a2 1
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The orientational or nematic order parameter P2 of the
system discriminates between ordered and disordered
peptide conformations: the extent of alignment and relative
orientation of the individual peptides described by their
molecular vector. The order parameter P1 and P2 were
calculated using the Wordom program package.'”” (3) Polar
order (P1); (4) nematic order (P2).

(ii) Structural properties. A heavy-atom contact analysis
was used to calculate the total number of inter-strand
contacts present between either polar or nonpolar peptide
atoms. An atom was considered nonpolar (or hydropho-
bic) if the absolute value of the partial charge was below
0.2. Otherwise, this atom was defined as polar. A contact
was considered formed if any heavy-atom was within a
cutoff of 0.45 nm from any other heavy-atom of the same
type (polar/polar) of any other strand. (5) Total number of
polar atom contacts (Npa); (6) total number of nonpolar
atom contacts (Nna). (7) Solvent-inaccessible molecular
surface (SiMS). The total SiMS area was calculated using a
solvent probe radius of 1.0 nm. Similar to the above
described atom contact analysis, the sum of all peptide
heavy-atom of either polar or nonpolar type in contact
with solvent molecules was calculated. The cutoff criterion
was chosen to be 0.35 nm, reflecting the approximate
contact distance of atoms on the peptide surface to the
water molecules of the first solvation shell. (8) Total
number of polar atom contacts to the solvent (Npas), that
is, the number of water molecules in contact with polar
peptide atoms; (9) total number of nonpolar atom contacts
to the solvent (Nnas). For an assessment of secondary
structure type and content, the DSSP definition introduced
by Kabsch and Sander'*® was used. The populations of
various secondary structure elements were calculated
(random coil, R-sheet, B-bridge, bend, turn) for the
individual simulations as a function of simulation time.
(10) Random-coil content (Cc); (11) B-sheet content (Bsc);
(12) p-bridge content (Bbc); (13) bend content (Bc); (14)
turn content (Tc). (15) Average peptide chain extension
(Ext). The peptide extension was calculated by averaging
the cumulative intra-peptide distances between the N-
and C-terminal C* atoms of each of the 10 chains.

(iii) Energetic properties. The sum of the potential energy
terms of different groups of atoms was calculated to
identify their contributions to the assembly process. The
short- and long-range van der Waals, as well as short-
range electrostatic interaction energies of the force field,
were considered separately. In total, 10 potential energy
terms were analyzed. (16) Sum of coulombic inter-main
chain interactions (Inter-mc-Ecoul); (17) sum of van der
Waals inter-main chain interactions (Inter-mc-EvdW); (18)
sum of coulombic inter-side chain interactions (Inter-sc-
Ecoul); (19) sum of van der Waals inter-side chain

interactions (Inter-sc-EvdW); (20) sum of coulombic
intra-main chain interactions (Intra-mc-Ecoul); (21) sum
of van der Waals intra-main chain interactions (Intra-mc-
EvdW); (22) sum of coulombic main-chain interactions
with the solvent (Sol-mc-Ecoul); (23) sum of van der Waals
main-chain interactions with the solvent (Sol-mc-EvdW);
(24) sum of coulombic side chain interactions with
the solvent (Sol-sc-Ecoul); (25) sum of van der Waals
side chain interactions with the solvent (Sol-sc-EvdW).

Dimensionality reduction and projection of the observable
data

The obtained observable data sets were concatenated
(see below for details) and normalized (z-scored) prior to
further analysis. Each set of a given observable (x) was
normalized separately, such that the mean (1) was set to
0 and the standard deviation (o), to unity.

X - p
o

This preprocessing step was carried out to circumvent
issues when comparing observables with different units
and dimensions, which might otherwise affect the
outcome of the subsequent PCA. The PCA involved the
diagonalization of the covariance matrix of the data set
composed of the 25 described observables. The dimen-
sionality reduction of the observable data was done by
projecting the sets onto its respective principal compo-
nents (the first three eigenvectors of the covariance
matrix). PCA was performed for the 25-dimensional
observable data sets of the PHF6, IB12 and AS51 peptide
simulations separately if not stated otherwise, using the
statistical software package R.'” The subspace of the first
three eigenvectors typically accounts for more than 55% of
the variance (see Fig. S8).

Estimating the extent of overlap between mapped
ensembles and identification of conformations
from the overlap region

To examine whether the M10 and SH5-5 as well as SH10
simulations access the same configurational states as
described by the various observables, we chose a stepwise
approach. Firstly, the extent of overlap in the multi-
dimensional observable space was determined. Secondly,
the characteristics of the overlapping states were analyzed.

Identification of the overlap region

The observable data sets obtained from M10, SH5-5 and
SH10 simulations were concatenated for the PHF6 and
IB12 systems, respectively. On the concatenated data sets,
PCA was performed, and subsequently, a projection onto
the first three eigenvectors of the covariance matrix was
carried out.

Determining the extent of overlap between the point
clouds of spontaneous (M10) and reference (SH5-5 and
SH10) simulations in the multi-dimensional observable
configuration space was approached as a classification
problem, whose solution also allowed the direct identifi-
cation of the structures from the ensemble overlap regions.
For each point in the observable data set, k-NNs were
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identified employing the k-NN algorithm'*"'? imple-
mented in R.1%8 Hereby the number of points for the
classification is chosen such that N (number of neighbors)
equals the square root of the number of samples in the data
set (Npure: 499 and Nigi2: 395). Each point was assigned a
label of that ensemble (spontaneous or reference), the more
members of which there were among its k-NNs. All those
points of the data set that were assigned to the ensemble
different from which they originally belonged to were
considered to be in the overlap region of the two ensemble
of points. For every point identified in this way, the closest
point from the other ensemble not yet in the list of
structures from the overlap region was added to the list.
With this approach, 8194 nearest-neighbor conformations
from the spontaneous and reference point clouds of PHF6
simulations and 10,626 for IB12 were found.

PCA and clustering of conformations from the overlap region

The identified data points from the overlapping regions
of the ensembles were mapped back to their Cartesian
coordinates. Since all the points correspond to decameric
oligomers, a relabeling procedure described in Ref. 50 was
performed in order to reduce permutation redundancy of
the aggregates. The redundancy arises due to permutation
of the labels (chain identifiers) in structures with equiv-
alent conformations. The reference structure for relabeling
was chosen to be the one closest to the center of the
overlapping region in the observable space. In every step
of the relabeling procedure 10! label permutations were
tested. For each permutation, a fitting of the main chain
and C" atoms onto the reference structure was performed.
The labeling that yielded the smallest RMSD to the
reference structure was assigned to the aggregate.

Subsequently, a conformational clustering was carried
out. PCA was performed using the Cartesian coordinates
of the relabeled and superimposed structures, after a least-
squares fit onto the main chain and C* atoms. Projections
onto the first 100 principal components were used for the k-
means clustering, following the results of Ding and He
showing that principal components are the solutions for
the k-means clustering problem."'! k-Means clustering was
performed using the Hartigan-Wong algorithm!!? as
implemented in R.'” The Krzanowski-Lai criterion'"”
was used to choose the number of conformational clusters,
and the global k-means algorithm''* was used to deter-
mine the respective cluster centers.

FMA analysis with partial least squares

Calculation of sampling density as external variable for the
aggregation progress

For the density estimate in the full 25-dimensional
observable configuration space, again the k-NNs method
was used. For each data point, the distance to k-NNs was
calculated.'”® Distances for all k-NN were summed up
and inverted to yield a measure for the density for each
data point. Densities for the PHF6, IB12 and AS51 M10
simulations were calculated from concatenated and
commonly z-scored observable data set. The number of
nearest-neighbors to be considered for the k-NN distance
calculations was selected to be 593, which was the square
root of the total number of data points in the concatenated
set of PHF6, IB12 and AS51 configurations.

FMA model building and cross-validation

In order to elucidate the main forces driving the
aggregation process, we employed the FMA”' using the
partial least squares algorithm. ™"

FMA is a technique to construct a linear multiple
regression model, which maximizes the correlation between
the observables and an external variable while at the same
time maximizing the variances in both the variable and the
observables. Here, 28 independent observables grouped
into descriptors (1) and energetic properties (2) were used to
predict the sampling density in the configuration space. In
addition to the 25 described observables, the solvation free
energy as defined by Eisenberg and McLachlan” (dGSol)
and the sum of coulombic as well as van der Waals main
chain-to-side chain interactions (Inter-mc-sc-Ecoul and
Inter-mc-sc-EvdW) were used.

For each peptide system, PHF6, IB12 and AS51, a separate
FMA model was built for the association and the decameric
phase. In order to probe the formation of ordered aggregates
in the decameric phase, we built an additional model where
the sampling density was weighted by the factor
exp(P2-Bsc) prior to the FMA. A cross-validation procedure
was applied to estimate the predictive power of each FMA
model. Every data set was divided into eight equal parts.
One part at a time was left aside for the cross-validation,
while an FMA model was built on the rest of the data. This
process was repeated such that each part of the data set was
used for the cross-validation once. The predicted FMA
models were concatenated, yielding a completely cross-
validated data set. The final FMA vectors, as well as the
training sets in Fig. 8, were built from the full data sets,
respectively. To estimate the quality of the built FMA
models, we calculated the correlation coefficients for both
the training and testing parts for the FMA models based on
the descriptor observables. In order to avoid overfitting, we
selected the number of components for the FMA model
construction such that, with a further increase in the number
of components (8), only minor changes in the correlation
coefficient for the testing data set were observed.

Regression coefficients of the ensemble-weighted FMA
model

The influence of the observables on the changes in
sampling density was analyzed using an ensemble-
weighted FMA”" model, where the contribution of each
observable parameter was weighted according to its
variance in the data set at hand. This approach allowed
us to investigate which of the observed aggregate features
positively or negatively contributed to the sampling
density in the observable configuration space, that is, the
peptide aggregation.
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