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Abstract.

Polypeptides share the capacity to assemble into fibrillar aggregates with generic properties even
though they can be otherwise unrelated in sequence or structure. Moreover, the relevance of
peptide aggregation in amyloidogenic diseases brings it into the focus of interdisciplinary bio-
physical research. Advances have been made toward unraveling the structural characteristics of
the fibrillar end-states using truncated segments of amyloidogenic proteins and peptides. How-
ever, detailed experimental knowledge of primary aggregates, soluble and nonfibrillar oligomers
and the course of events in initial peptide assembly is still limited. Such low molecular weight
oligomers are described to be transient and polymorphic intermediates in the self-assembly
process to highly ordered amyloid fibers and were additionally found to exhibit a profound
cytotoxicity.

In this thesis, computer simulations are used to reveal common principles for the primary
aggregation stages of small peptide segments from the tau protein, insulin, the islet amyloid
peptide and α-synuclein. Starting from multiple peptide monomers the events of primary aggre-
gate formation are analyzed in atomistic detail from the first diffusional encounter of peptides
to contact formation and conformational reorganization of the initially formed aggregates.

The structural fluctuations of the aggregates are studied with a novel methodological frame-
work to describe and unveil the critical variables that govern the processes of biomolecular
peptide aggregation. The observed intermediates are structurally heterogeneous and early ag-
gregate formation is likely under kinetic control. Mapping the conformational spectra attained
by the diverse ensemble of small, oligomeric structures on collective coordinates highlights sim-
ilarities and differences between the aggregates from several sequences. Qualitative evidence is
provided that the early, polymorphic oligomers feature similar self-complementary sheet packing
characteristics as it is proposed for fibrillar and crystalline aggregates. Furthermore, a 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. To elucidate the influence of external factors on the
aggregation process simulations of model peptide aggregation in the vicinity of DMPC bilayers
are carried out. Altogether the view is emphasized that solvent interactions at various stages
of the aggregation process play a dominant role.

As an important prerequisite for this work different empirical models used in atomistic simu-
lations have been validated by conducting a systematic study of secondary structure propensity
in current molecular dynamics (MD) force fields.
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Chapter 1

Introduction

The conformational states attainable to a newly synthesized polypeptide chain are governed by
the underlying free-energy landscape of the system (Fig. 1.1) [1–5], ultimately determined by
the sum of entropic and enthalpic contributions in a given environment.

The common folding paradigms assert that for small globular proteins the native fold rep-
resents a thermodynamically stable and kinetically accessible state. The native basin is de-
generate and the ensemble of conformations at the global minimum of free-energy [3, 6–9],
where the competition of energetically either favorable or unfavorable interactions determines
the degree of frustration in the energy landscape. The current understanding of polypeptide
folding behavior in terms of statistical ensembles highlights the existence of a substantial het-
erogeneity of states [1, 3, 10, 11]. The conformational possibilities and multiplicity of folding
routes are governed by the large number of weak non-covalent interactions present in biological
heteropolymers such as proteins [1, 3, 7, 12]. The intrinsic bonding capabilities of a particular
polypeptide are usually satisfied with intramolecular interactions and therefore determine the
interplay between amino acid sequence and structure [12]. More recently, it has been realized
that a biologically relevant view of protein conformational ensembles has to capture the com-
plexity of (functional) conformational change beyond the native state and must also include
protein misfolding and oligomerization [9,11,13]. It has been proposed that the intermolecular
interactions of the invariant polypeptide backbone result in an alternative generic conforma-
tional state, known as amyloid, competing with the configurational tendencies of an isolated
polypeptide chain (Fig. 1.1) [4,11,12,14–18]. Exposure of hydrophobic epitopes and regions of
unstructured polypeptide backbone, as found in partially folded or misfolded states, is among
the accepted causes of amyloidogenic aggregation [4, 11, 19, 20]. Often associated with the
irreversible formation of this particular class of β-sheet aggregate structures is a toxic gain of
function in vivo [4, 18,21,22].
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1.1 Amyloidogenic protein and peptide aggregation

Figure 1.1: Energy landscape illustration of protein folding and aggregation. The pur-
ple regime of intramolecular contacts highlights the multitude of conformations available to a
single polypeptide chain. The energy landscape ’funnels’ to the native state. The regime of
intermolecular contacts (pink) is characterized by an increased ruggedness and mutiple deep
minima. Polypeptide aggregates may explore amorphous aggregate or amyloid fibril confor-
mations. Transient oligomeric aggregates can emerge as on- or off-pathway intermediates of
amyloid fibril formation. Figure adapted from [11].

1.1 Amyloidogenic protein and peptide aggregation

Amyloid fibrils. Many natural polypeptide chains are able to form amyloid fibrils in vivo or
in vitro [4, 14, 18, 23–33]. Current definitions of amyloid or amyloid fibrils can differ consid-
erably depending on whether they are used in a biophysical or physiological context [34–37].
To circumvent confusion of terms, a structure based definition of amyloid fibrils and other
polypeptide aggregates [35] will be used in the following. Regardless of the sequence or na-
tive fold, amyloid fibrils can be defined as self-assembled, elongated and unbranched (fibrillar)
polypeptide aggregates with cross-β conformation (see Figure 1.2) [28, 32, 38]. The cross-β
architecture, as revealed by X-ray fiber diffraction data, is described as stacked β-strands that
run perpendicular to the fibril axis and exhibit extensive hydrogen bonding along the length of
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1.1 Amyloidogenic protein and peptide aggregation

the fibril [39–42]. To this end, Aβ [43–45], amylin [46], fungal prion [47], and PrP peptide [48]
fibrils have been characterized by the application of solid-state NMR (ssNMR) [49] and all of
them were found to be composed of in-register parallel β-sheets. Most notably, an in-register
parallel β-sheet potentially maximizes favorable interactions between hydrophobic, as well as
polar side chains by aligning the residues with themselves. Amyloid fibrils are polymorphic
structures and a wide range from thin, straight fibrils to wider, striated, twisted ribbons have
been observed [31,43,44,50,51].

Analyses of experimentally observed aggregation kinetics suggest different mechanistic
explanations for possible pathways and rate-limiting steps of amyloid fibril formation [52–56].
Recent reports suggest that there may be similarities in the assembly mechanism of
amyloidogenic peptides and proteins, as the overall growth process exhibits the characteristics
of a nucleated growth [52, 53, 57, 58]. In essence, the amyloidogenic self-association of
peptides or proteins will initially populate high energy states, in which the sampled state of
highest energy is termed the nucleus. Once the critical nucleus forms, either by addition of
further assembly units or by stabilization through conformational change, the cooperative fibril
formation process will be downhill in free-energy [29]. Nevertheless, it has not been possible
to directly probe the nucleation event so far, thus leaving the details of the process not well
understood.

Amyloidosis - a conformational disease. A number of human pathologies is
associated with the deposition and accumulation of stable, ordered, filamentous aggregates
of a specific protein or peptide in a variety of organs and tissues [59, 60]. These include
neurodegenerative diseases like Alzheimer’s disease (AD), Parkinson’s disease (PD) and
Huntington’s disease (HD), type 2 diabetes, dialysis-related amyloidosis and familial systemic
amyloidosis. Prion proteins that cause transmissible spongiform encephalopathies (TSEs) also
form amyloid fibrils [61, 62]. The self-propagating variations in the molecular structure of
amyloid fibrils and amyloid-like aggregates are believed to be responsible for multiple strains
of mammalian prions and yeast prion phenotypes [31].

Oligomers and nonfibrillar aggregates. Recently, evidence has accumulated
suggesting that, instead of mature amyloid fibers, soluble oligomers are the more pathogenic
species and primary causative agents of several types of amyloid diseases [4,63–70]. Oligomers
were found to exhibit high levels of cytotoxicity in cell cultures and also have been found to
localize in human tissue [64, 71]. Furthermore, the presence of oligomers correlates better
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1.1 Amyloidogenic protein and peptide aggregation

Figure 1.2: Structure of amyloid fibrils. Electron micrograph of long, unbranched Aβ(1-40)
fibrils with characteristic twist. Twist crossovers at regular distances are indicated by white
arrow heads (A). Schematic representation of fibrils composed of 2, 3 and 4 protofilaments
(B). Left-handed fibril chirality of Aβ(1-40) amyloid fibrils observed with transmission electron
microscopy (TEM) after platinum side shadowing (C). On the left: Schematic representation of
cross-β sheets architecture in a fibril. The black arrow indicates the orientation of the fibril main
axis, backbone hydrogen bonds are represented by dashed lines. On the right: The typical fiber
diffraction pattern with a meridional reflection at 4.7Å (black dashed box) and an equatorial
reflection at 6-11Å (white dashed box), which correspond to the repetitive spacings of main
chain and side chain atoms in the protofilament structure, respectively (D). Figure adapted
from [18] and [35].

with the pathological changes than the insoluble fibrillar deposits do [72]. This indicates a
possible origin for the relation between amyloid formation and cellular toxicity, namely the
disruption of membrane integrity by oligomeric species. Several possible modes of membrane
pertubations offer an explanation for cellular stress, e.g. through loss of chemical potential
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1.2 Model systems for the investigation of amyloidogenesis

and compartmentalization [13, 70, 73]. In addition, exposure or association with membranes
was also found to be correlated with an increased rate of amyloid formation, leading to highly
structured fibrillar states [74,75]. A variety of morphologies have been described for oligomers,
which are usually observed during the incubation of amyloidogenic peptide solutions. These
include prefibrillar and fibrillar oligomers, annular protofibrils, among others [56, 63,65–68,71].
Molecular weights of the oligomeric precursor state are reported to span a range from a few
ten to hundreds of kDa, corresponding from dimeric to multimeric aggregates, respectively.
However, it is difficult to obtain the biochemical properties as well as structural information of
the oligomeric species in experiments. Most notably the investigations are hindered by the
transient, polymorphic, and noncrystalline behavior of the oligomers [66, 71, 76]. Nevertheless,
several studies report that: (a) amyloid oligomers contain β-sheet rich structures [77, 78];
(b) oligomeric states are often heterogeneous and different sizes of the oligomers coexist
in solution [79]; (c) antibodies recognize common structural features of oligomers formed
from different amyloidogenic proteins [64]. Furthermore, given their qualitatively different
morphologies from the characteristic appearance in TEM and AFM images, oligomeric
precursor states and amyloid fibrils are surprisingly similar in molecular conformation and
supramolecular structure [29, 67, 80]. In addition, crystal structures of peptide macrocyclics in
an oligomeric (tetrameric) form were reported recently [81], providing additional structural
constraints on this particular aggregation state. An interesting finding was that except for the
observed sheet-to-sheet packing, they share most structural features of the fibrillar forms [82].

1.2 Model systems for the investigation of amyloidogen-
esis

To understand the properties of amyloid fibrils and to obtain a mechanistic interpretation of the
multi-staged aggregation process detailed knowledge of the molecular structures of the involved
species is inevitable. Studying structures of amyloid cross-β spines at atomistic detail has
been impeded by their inherently noncrystalline and insoluble nature, as well as their assembly
from high-molecular-weight units [4]. Therefore, standard experimental approaches to structure
determination of amyloid fibrils formed by natural proteins are not applicable or provide only
limited information. In order to permit the study and systematically dissect the structural,
physical, and chemical properties of the complex in vivo aggregation process small in vitro model
systems were devised [83–90]. This approach helped to develop an understanding of the more
general phenomenon of amyloid deposition by a controlled experimental access to the individual
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1.2 Model systems for the investigation of amyloidogenesis

contributions and delicate balance of interactions [90]. The use and biophysical characterization
of model peptides for amyloidogenesis is motivated furthermore by the advantage to investigate
sequence determinants and rationally study e.g. mutational effects on fibril formation [21, 85,
87].

Moreover, computational approaches have identified consensus aggregation-prone sequence
motifs of amyloidogenic proteins, therefore leading to the idea that the amyloidogenicity of a
sequence can be strongly localized [17, 89, 91, 92]. Indeed, experimental evidence is compiling
that protein unfolding is necessary but not sufficient to promote aggregation. Furthermore,
it was found that specific short stretches in a sequence can trigger self-assembly and mediate
amyloid formation [92–96]. From experiments on amyloidogenic peptide segments many critical
observations regarding the energetics and molecular structures of these systems have been
derived [90,97,98]. Therefore, one can argue that short model peptides should be more suitable
than full-length proteins to investigate those elements in sequences that favor aggregation.

Combined, these experimental findings underscore the notion of amyloid fibril formation
being a universal property of the peptide backbone that depends on external factors and
is modulated by sequence characteristics [4, 16, 21, 75, 99]. Structure based analysis of
amyloidogenic sequence signatures predicted short segments and showed that hexapeptides
are able to form amyloid-like fibrils [84, 88,100]. The ability of these segments to even force a
globular, non-fibrillizing protein into the amyloid state was demonstrated [101].

Steric zipper peptides. Crystal structures for a growing number of such mini-
mal peptide sequences provided insight into what could be the general spine organization of
amyloid fibrils [82,100,102–104]. A common motif, called a steric zipper, was revealed in all of
the crystalline structures. The atomic structures show pairs of elongated β-sheets with parallel
or antiparallel strand alignment. They are interdigitated such that a high complementarity
packing of the side chains is achieved, leading to a tight and dry interface. Despite their
fundamental similarity, the structures vary in their basic steric zipper motif. Alternative
β-sheet packing arrangements of the same segment, as well as distinct β-sheets, built from
different segments of a protein, have been found. It has been argued that this can help to
understand the observed polymorphism of amyloid structures on a molecular basis [102]. It
has been shown that crystalline and fibrillar amyloid polymorphs share fundamental structural
characteristics such as the cross-β diffraction pattern [18, 82, 103–105]. Furthermore, seeding
experiments with crystals from fibril-forming short peptides reduce the lag time for the growth
of the full-length parent protein fibrils [82, 88]. Nevertheless, the degree of order in the
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1.2 Model systems for the investigation of amyloidogenesis

Figure 1.3: Steric zipper structures of peptide segments from fibril-forming proteins.
Representative steric zipper, pair-of-sheets structures for prion Sup35 (class 1), protein tau
(class 1) and insulin (class 7) are shown. The dry interface is between the two sheets, showing
the front sheet in silver and the rear sheet in purple. Oxygen atoms are depicted in red
and nitrogen atoms in blue, respectively. The steric zipper structures fall in different classes
(annotated in parentheses) according to packing orientation of the sheets, as well as their
strands. Figure adapted from [82] and [100].

crystalline conformations may not entirely represent those in the amyloid fibrils (e.g. the
prominent twist in the fibrilar β-sheet arrangement), as indicated by ssNMR measurements on
various crystals and fibrils [103–105]. Although crystals and fibrils often grow together in the
same solution [82], the crystallization conditions usually involve several chemical additives to
promote crystal formation.

Studying small peptides as simplified model systems for amyloidogenic protein aggregation
has led to insights into the underlying universal features of fibril formation and provided high-
resolution structures of the fibrillar state.

Theory and computation have facilitated the current understanding of the fundamental
biophysical aspects and molecular events in the early stages of amyloidogenic peptide ag-
gregation [106, 107]. Using small peptide fragments and experimentally aquired structural
knowledge computer simulation techniques have provided insight into several questions raised,
concerning conformational dynamics and thermodynamics of amyloidogenic peptides as well

7



1.2 Model systems for the investigation of amyloidogenesis

as aggregation kinetics of oligomeric structures [106, 108–127]. MD simulations appear to
be particular suited to probe the formation of oligomeric species in atomistic detail and in-
form on the transition pathways between them, on timescales still not amenable to experi-
ment. For example, based on simulations of Aβ16−22 peptides [124] a dock-lock mechanism
has been proposed to explain the commonly implied nucleated growth process of oligomers
and fibrils [52, 53, 57, 128]. The authors provide elaborate insight on how monomeric peptides
add (dock) to preformed amyloid seed structures in a diffusion-limited process and integrate
(lock) by undergoing a substantial conformational conversion [118,124,129–131]. Furthermore,
the properties of small multimeric aggregates (dimers to decamers) of various amyloidogenic
peptide sequences have been studied by atomistic simulations and described as partially or-
dered, nematic structures, which are subject to rapid fluctuations and large conformational
rearrangements [106, 108, 111, 115, 120, 121, 131–133]. The obtained oligomer ensembles were
distinct from the monomeric form [108, 115, 130, 134] due to conformational changes associ-
ated with an emerging β-sheet structure. These structural transitions come to the expense of
intra-peptide interactions [108, 120, 126] and are accompanied by the desolvation of nonpolar
surface [106,108,114,126].
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1.3 Aims and organization of the thesis

1.3 Aims and organization of the thesis

The present thesis is concerned with the spontaneous aggregation process of short peptides
studied by means of atomistic molecular dynamics (MD) simulations. The principal goal of
this work is to characterize the aggregation behavior of so-called steric zipper peptides as a
model system for biomolecular aggregation at atomistic detail. This thesis furthermore aims at
unveiling the energetic and structural determinants which drive the formation of amyloidogenic
peptide assemblies and stabilize the formed aggregates. More specifically, the work focuses
on aggregation-prone peptide segments from the tau protein (with the sequence: VQIVYK),
insulin (VEALYL), α-synuclein (GVATVA) and the islet amyloid peptide (NNFGAIL) in order
to elucidate the key interactions and mechanistic pathways in the primary aggregation phase as
well as in the oligomer formation process.

The thesis is organized in the following way: The principles of molecular dynamics simu-
lations are described in Chapter 2. In addition, methods to derive observables relevant to the
work are introduced briefly.

Chapter 3 deals with the validation of different empirical models used in atomistic simu-
lations by investigating the formation propensity of dominant secondary structure elements of
popular MD force fields. The systematic study of the relative stabilities of helical and extended
conformations in various model peptides has been conducted as a prerequisite for the further
work since secondary structure formation has particular relevance for simulations of intermolec-
ular protein and peptide interactions. Consequently, the question of which force field to choose
is one of the most important factors in an MD study of peptide aggregation.

Chapter 4 addresses several aspects of steric zipper peptide oligomerization. Novel mapping
techniques are presented and employed to reveal the conformational states as well as dynamics
and assembly pathways of spontaneous model peptide aggregation. The first part focuses on the
initial stage of aggregation, the second part is dedicated to the reorganization dynamics within
the oligomeric aggregate states. First, the association and β-sheet formation of the VQIVYK
and VEALYL peptides are monitored in multiple simulations, in each case starting from 10
separated monomers with random initial conformations. A detailed analysis of the structure
and dynamics of the early oligomerization process is presented. Specifically it was investigated if
and how intermediates, which were found along the aggregation pathway, affect the structural
evolution of larger oligomers. The second part of chapter 4 deals with the assembly and
structural ordering of tau, insulin and α-synuclein peptide oligomers on the microsecond time
scale. The three different peptide systems were probed for common driving forces and structural
determinants of the aggregation process.

9



1.3 Aims and organization of the thesis

Here, crystalline conformations of steric zipper peptides serve as an excellent reference for the
amyloid fibril cross-β spine organization. Hence, a particular aspect of this study was to provide
qualitative evidence to which extent early oligomers resemble the proposed fibrillar end-states
of amyloidogenic aggregation. The evaluation of the individual energetic contributions of the
various intermolecular interactions provide a rational understanding of the forces driving the
oligomerization and reveal the molecular basis of the peptide self-assembly process.

Chapter 5 shows that simulations of model peptide aggregation in the vicinity of DMPC
bilayers help to elucidate the possible influence of external factors on the aggregation process.
Preliminary results and discussions are presented.

A comprehensive overview of the main conclusions of the thesis and future perspectives are
summarized in chapter 6.
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Chapter 2

Theory and Concepts

The present thesis is concerned with the application of molecular dynamics (MD) simulations.
These are used to study the spontaneous (and induced) aggregation of short, amyloidogenic
model peptides. The following chapter outlines the principles and approximations of the gen-
eral simulation methodology. In addition, the methods, used to derive observables from MD
simulations, are briefly introduced.

2.1 Principles and approximations of MD simulations

MD is a deterministic simulation method to describe the dynamics of many-particle systems.
Governed by the system Hamiltonian, an MD simulation generates a statistical amount (ensem-
ble) of configurations, i.e. coordinates and velocities of all particles in the system [135, 136].
The theoretical study of biomolecular systems with MD simulations allows for obtaining detailed
information, e.g. atomic fluctuations and conformational changes, which are not readily acces-
sible otherwise. This has been an integral part of the successful application of MD simulations
in the past and continues to facilitate the understanding and interpretation of experimental
data [137–141]. Recently, large macromolecular systems such as the ribosome [142] or viral
capsids [143] have been studied with MD simulations. Moreover, folding simulations of smaller
systems in the 100 µs and ms time scale have been performed [141,144,145].

2.1.1 Approximations

Classical MD simulations rest on the validity of the following three approximations [136]:
(1) the separation of electronic and nuclear degrees of freedom (Born-Oppenheimer approxi-
mation), (2) the assumptions that the nuclear motions can be described by classical Newtonian
dynamics, and (3) the application of a classical potential energy function (force field). Con-
versely, these assumptions give rise to certain limitations of the MD method, which will be
discussed in more detail in 2.1.2.

11



2.1 Principles and approximations of MD simulations

(1) Born-Oppenheimer approximation

Solving the time-dependent Schrödinger equation is required to describe the dynamics of a
physical system of many particles in an exact, quantum-mechanical manner.

i~
∂

∂t
ψ(r,R) = Hψ(r,R)

Where H denotes the Hamiltonian of the system, ~ the Planck constant divided by 2π and ψ
the wave function with r and R being the Cartesian position vectors of the nuclei and electrons,
respectively.

However, evaluating the interactions of larger molecules on this level of theory is not feasible.
To simplify the task, in a first good approximation one can make use of the fact that electron
dynamics are much faster than the dynamics of the nuclei, because of their orders of magnitude
lower mass. Therefore, the relaxation of the electrons within the ground state is fast with
respect to the nuclear motion. The Born-Oppenheimer approximation [146] then states that
the total wave function can be separated into the nuclear ψn and the electronic wave function
ψe,

ψ(r,R) = ψn(r)ψe;r(R).

The electronic wave function ψe;r(R) no longer depends on the motions of the nuclei. Thus,
the dynamics of the electrons are described by the time-independent Schrödinger equation for
given positions of the nuclei r = (r1, ..., rN). The nuclear dynamics are influenced by the
electronic degrees of freedom in the form of a potential energy surface Ve(r).

(2) Classical description of nuclear dynamics

From the gradient of this potential energy surface, the force on particle i is obtained as function
of the configuration rN .

−∇Ve(r1, ..., rN) = mi
d2

dt2
ri

The classical description of the nuclear motions in the potential by Newton’s second law is the
second principal approximation of MD simulations.

Fi = miai

Knowledge of the force Fi, which is exerted on particle i with mass mi, then gives the accel-
eration ai of the particle in the system.

12



2.1 Principles and approximations of MD simulations

(3) Force field

Still further simplification is necessary for sufficient computational efficiency such that Ve(r) is
approximated by a sum of simple potential energy terms [137,147].

V (r) = Vbonded(r) + Vnonbonded(r)

=
∑

bonds i

ki
2 (bi − bi,0)2

+
∑

angles i

fi
2 (ρi − ρi,0)2

+
∑

dihedrals i

Vi
2 [1 + cos(nϕi − ϕi,0)]

+
∑

impropers i
κi(ξi − ξi,0)2

+
∑

pairs i,j
4εij

[(
σij
rij

)12
−
(
σij
rij

)6]
+ qiqj

4πε0εrrij

This level of abstraction is often based on physicochemical knowledge [12]. Here, the parti-
cles are described as spherically symmetric point masses with a partial charge, connected into
molecules through covalent bonds. The interactions between the particles is split in two contri-
butions, namely bonded (Vbonded) and nonbonded (Vnonbonded) interactions. A graphical abstract
of the individual components is shown in Figure 2.1.

Bonds describe the connectivity and the bond stretching is modeled using squared harmonic
potentials. Bending of bond angles is represented using harmonic potentials as well. The
dihedral angle torsional potentials consists of cosine functions with periodicity n, where barriers
between different conformers are defined by a potential Vi. Finally, improper dihedrals are
important for the structural invariance of specific geometries. To keep for example chiral
tetrahedral groups or planar groups in the correct conformation, these additional dihedral-angle
potentials are used. Van der Waals interactions, the attractive dispersion interactions between
atoms, as well as the short-range repulsion due to the Pauli principle are described via a Lennard-
Jones type potential and are part of the nonbonded interactions. Since also interactions between
the partial charges qi of the particles have to be considered, electrostatic interactions are treated
according to Coulomb’s law. All nonbonded interactions are pair-additive and centro-symmetric,
i.e. they depend only on distance.
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2.1 Principles and approximations of MD simulations

Figure 2.1: Potential energy terms of classical force fields. The illustration depicts the
individual potential energy terms of a typical biomolecular force field with empirical energy
functions. Schematic represenations of interaction type and potential form are given for bond
stretching, bond angle bending, bond torsions, van der Waals forces and electrostatics, respec-
tively. Figure adapted from [137].
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2.1.2 Classical biomolecular force fields

MD simulations make use of simple functional forms to calculate conformation-energy
relationships at an atomistic level of detail for a molecular species of interest. The entity of
both, the interaction energy functions and the set of parameters to be included, is then termed
a force field. Force fields have been developed for a wide range of molecular systems. From
the various force fields commonly applied to the different classes of biomolecules (proteins,
nucleic acids, lipids and carbohydrates); we will briefly introduce aspects of protein and
lipid force fields, as they are most relevant to this thesis. There exists exhaustive literature
on empirical force fields for simulations of biological macromolecules covering applications,
improvements and future perspectives on the subject matter [137–139,147–153].

Force field variants and philosophy of parameterization. The majority of
currently used biomolecular force fields has common terms for their potential energy functions.
For simulations around room temperature and therefore close to the minimum-energy or
equilibrium values, these so called Class 1 force fields adequately and successfully describe
the behavior of canonical biomolecules. Among others, the most popular Class 1 force
fields used today are in alphabetical order: AMBER (Assisted Model Building with Energy
Refinement) [154–156], CHARMM (Chemistry at Harvard Molecular Mechanics) [157, 158],
GROMOS (GROningen MOlecular Simulation) [159–162] and OPLS (Optimized Potentials
for Liquid Simulations) [163, 164]. The various force fields differ in their philosophy of how
to specify and calibrate the set of parameters for the functional formulation of the bonded
and nonbonded interactions [148]. Thus, considerable differences in the parameter values are
possible. This has implications on the applicability of a given force field to a certain problem
at hand. Usually, a combination of experimental data and high level QM calculations on small
molecules is used to derive the force field parameters. In contrast to approaches where mostly
QM target data was used for the optimization [155], GROMOS force fields, which were mostly
used in this thesis, rely heavily on condensed phase experimental data. Furthermore, they
are united atom force fields and treat only the heavy atoms and polar hydrogens explicitly.
Hydrogen atoms bound to aliphatic carbon atoms are treated implicitly and the nonbonded
parameters of these carbon atoms adjusted accordingly. Current AMBER, CHARMM and
OPLS force field generations are using all-atom representations of the simulation systems.

Most of the above mentioned force field variants do not contain parameters for lipid and
detergent molecules. In particular the structure and dynamics of lipid bilayers represent a signifi-
cant challenge for empirical force fields because of their complex phase behavior at physiological
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temperature and the absence of high-resolution experimental data for the force field calibration.
Due to their long hydrocarbon chains, lipid molecules feature a large number of aliphatic hy-
drogens. Employing a united-atom model therefore leads to a significant gain in computational
performance. Accordingly, a large number of MD studies is using united atom models, such as
the one by Berger et al. [165].

Since the pioneering MD simulation on BPTI in 1977 [166], studies of protein and peptide
dynamics have found widespread application and are a routinely performed task [137].
Moreover, the different models of AMBER, CHARMM, GROMOS96 and OPLS protein force
fields seem to have reached converging results for small globular proteins. Improved agreement
with experimental solution state data, as well as low deviations from the crystal structures are
reportedly achieved [167,168].

Remaining challenges. The quality of the force fields along with their proper
implementation may be considered the most important determinant of the accuracy of an MD
simulation aside from the sampling problem [149, 169]. Judgment of force field quality is
furthermore mainly drawn from the ability to reproduce or predict experimentally accessible
properties. Despite the steadily increasing timescales accessible to classical simulations, the
obtained results will likely continue to be affected by the choice of force field, solvation model
and electrostatic interaction treatment method. Although significant progress has been made,
a consensus force field that e.g. provides a correct balance of protein secondary structures is
still elusive [167, 170, 171]. An important remaining issue along those lines is the treatment
of the conformational energies associated with the torsional degrees of freedom. The latest
efforts to improve the accuracy of the popular and commonly used protein force fields
AMBER [155, 156, 167, 172], CHARMM [158], GROMOS96 [161] and OPLS [164] focused
on refining parameters for the torsional potentials of the polypeptide backbone in order to
balance the conformational equilibrium between extended and helical structures. Ultimately,
the accuracy of a classical force field on the one hand is determined by the compromise
to apply simple energy functions, which allow easy and consistent parameterization and
have low computational demand at the same time. For example, the accurate description
of chemical bond formation and breaking is not possible with harmonic functions for bond
stretching. Furthermore, the classical formulation does not represent electronic reorganizations
or quantum effects at very low temperatures [135]. In this regard, polarizable force fields,
which explicitly include electronic polarization are considered a major improvement to treat
nonbonded interactions in biomolecules in the foreseeable future [173].
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2.2 Integrating the equations of motion

In MD simulations the potential energy function of the atomic positions is solved by numerical
integration of Newton’s equations of motion [135,136]. The equations of motion are determin-
istic, in the sense that from a set of initial coordinates and an initial distribution of velocities a
trajectory can be calculated that predicts the state of the system (positions, velocities and ac-
celerations of the particles) at all other times. The required initial coordinates may be obtained
from structures of biomolecules, which were solved experimentally by X-ray crystallography or
NMR spectroscopy.

There has been a development of numerous specific MD integration algorithms most im-
portantly aimed at computational efficiency and high accuracy (conservation of energy and mo-
mentum). The mathematically equivalent Verlet-type algorithms (the Verlet, velocity-Verlet,
and the leap-frog algorithm) are the most commonly used in classical MD today [174]. The
integration in GROMACS [175–177] is performed using the leap-frog algorithm [178] and can
be summarized in the following scheme.

v
(
t+ ∆t

2

)
= v

(
t− ∆t

2

)
+ F(t)

m
∆t

r(t+ ∆t) = r(t) + v
(
t+ ∆t

2

)
∆t

Here ∆t denotes the time step, r(t) the particle’s coordinate vector and v(t) the respective
velocities.

2.2.1 Time step, constraints and virtual sites

Integration time step. The integration time step size depends on the type of propagation
algorithm, as well as the steepness of the potential. The maximal time step is in general in-
versely proportional to the frequency of the fastest degree of freedom present in the system.
For an accurate and stable propagation, the value of the time step must be an order of mag-
nitude smaller than the fastest motion. Exceeding this length of the time step will lead to a
rapid accumulation of errors in the numerical integration and will ultimately break down the
propagation, as indicated by a drift in the total energy.

The dynamics of complex biomolecular systems take place on different time scales at
physiological temperature [9, 179]. The fastest motions proceed on a femtosecond time scale,
e.g. intra-molecular fluctuations of bonds, as well as angular and torsional oscillations.
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Side chain rotations or loop and domain motions occur on a picosecond and nano- to
millisecond time scale, respectively. The biologically relevant conformational changes of
biomolecules happen mostly on longer time scales, which range from at least several
nanoseconds to often beyond even seconds [9].

Constrained bond dynamics. The fast bond vibrations require a small integra-
tion step size and thereby severely limit the accessible simulation time. A common way to
alleviate this problem is to apply constraint algorithms, like SHAKE [180] or LINCS (LINear
Constraint Solver) [181, 182] that implement geometric (holonomic) constraints, while
advancing the particle coordinates. Replacing bonds with constraints is a usual procedure in
simulations with the GROMACS software package, i.e. fixing the distances between bonded
atoms to their equilibrium values. Thereby, the bond vibrations are removed and an increased
time step of up to 2 fs can be applied. Furthermore, it has been argued that a constraint is a
more faithful representation of the quantum-mechanical ground state of the bond-stretching
vibration than the description in terms of a harmonic oscillator [183].

Virtual interaction sites. Most of the fastest motions in a biomolecular simula-
tion necessarily involve hydrogen atoms because of their small mass. After constraining all
bond-lengths, the next shortest oscillation period in a simulation is therefore the hydrogen
bond-angle vibration with 13 fs [179].

Yet another way to achieve an effective increase of the integration time step is thus to define
all hydrogen atoms as virtual interaction sites. The virtual site’s position is reconstructed from
three predefined and nearby heavy atoms that have a fixed orientation with respect to each other,
thereby removing all internal high-frequency degrees of freedom. Since only the heavy atom
positions are integrated, all forces acting on the hydrogen atom will be redistributed over these
particular atoms. However, a slightly different virtual site construction approach is required
for hydroxyl or amine groups, since there the rotational freedom has to be persevered. By
disregarding these very fast oscillations, the next shortest periods are around 20 fs, which in turn
allow for a maximum time step of 5 fs, while still integrating with reasonable accuracy [175,179].

Note that for the popular explicit solvent models (SPC [184], TIP3P [185], TIP4P [186]) a
completely rigid valence geometry is used as a good approximation, therefore the libration of
the water molecule with a frequency of 28 fs corresponds to the fastest degree of freedom [179].
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2.2.2 Ensembles and temperature

The MD algorithm presented so far describes the dynamics of an isolated system solving New-
ton’s equation of motion and therefore should in principle generate a constant NVE (parti-
cle number, volume, energy) or microcanonical ensemble of conformations [136]. However,
biomolecular processes occur in systems which are in thermal (T) and mechanical (P for pres-
sure) equilibrium with their environment. Consequently, the sampling of canonical (NVT) or
isothermal-isobaric (NPT) ensembles is more suitable. In order to achieve these thermodynamic
conditions in the simulation system, the solution of the equations of motion has to be modified.

Algorithms for constant temperature MD are called thermostats. Several approaches of
temperature control have been presented, while each of them has certain advantages, some of
them are more sophisticated and rigorous than others [187–190]. The Berendsen thermostat
[187] affects the heat flow by rescaling all particle velocities to adjust the instantaneous kinetic
energy of the system to the desired temperature. However, the weak coupling (first-order
kinetics) to an external heat bath with given reference temperature suppresses the fluctuations
of the kinetic energy and therefore does not generate proper canonical ensembles [191]. The
velocity rescaling thermostat [188] is similar to the Berendsen thermostat in the sense that it
imposes an exponential relaxation of temperature deviations on the system and will not produce
oscillations. At the same time this algorithm generates a correct ensemble, while an additional
stochastic term ensures that the correct kinetic energy distribution is obtained.

For constant pressure MD similar algorithms have been developed, such as the weak coupling
scheme of Berendsen [187] but they will not be discussed here.
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2.3 Trajectory analysis methods

2.3.1 Principal Component Analysis

The basic ideas of principal component analysis (PCA) [192] and its application to conforma-
tional ensembles of biomolecules are shortly reviewed here.

Mathematically, PCA is defined as an orthogonal linear transformation that re-expresses a
set of data in a new coordinate system such that the greatest variance by any projection of the
data lies on a linear combination of the original coordinate basis. These principal components
are orthogonal to each other and describe the data successively best. Most importantly, PCA
can be used for dimensionality reduction in a data set since it retains those aspects of the
data that contribute most to its variance. Therefore, PCA is valuable to identify patterns in
high-dimensional data sets and able to reveal a hidden underlying structure, as well as trends
or highlight similarities and differences, if present. Consequently, PCA has found widespread
applications in various fields, for example neuroscience, data compression, pattern recognition,
data visualization, and image processing [193].

Briefly, when a PCA is performed the covariance matrix for a set of data with given di-
mensions n is constructed and diagonalized. This is done by calculating the covariance value
between any two dimensions in the data set, after the mean from each of the data dimensions
was subtracted.

Cn×n = (ci,j, ci,j = cov (dimi, dimj))

Solving the eigenvalue problem for C yields a set of n eigenvalues and eigenvectors, where the
eigenvector with the highest eigenvalue is the first principal component of the data set. These
perpendicular eigenvectors can now be used to re-express the data.

PCA has been shown to be particularly suited for the theoretical description of collective
motions of internal protein dynamics [194, 195]. That is, the detection of relevant degrees
of freedom of biomolecules from trajectories or structure ensembles obtained e.g with MD
simulations or experimental structure determination techniques. Termed as quasi-harmonic
analysis, PCA was first applied to protein dynamics in order to estimate the configurational
entropy of macromolecules [196]. Later, PCA-based analysis has shown that protein dynamics
are governed by a few collective degrees of freedom, covering most of the positional fluctuations
in the sampled configurational space [194, 197]. It was found that as much as 90% of the
atomic displacement occurs along only a small subset (5-10%) of collective motions of one
or various parts of the biomolecule under investigation [194]. Furthermore, it was shown that
these essential degrees of freedom or motions also describe most of the functional dynamics of
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proteins [194, 197]. However, one should keep in mind that PCA by construction only takes
linear correlations between atomic displacements into account, potentially overlooking nonlinear
correlations.

In the following I will sketch the formalism of a PCA applied to an ensemble of protein struc-
tures, e.g. derived from an MD simulation trajectory. For a general derivation and detailed
mathematical treatment of PCA I refer to [193,194,198,199]. Applying PCA to a structure en-
semble of a biomolecule can be regarded as a multi-dimensional linear least squares fit procedure
in configuration space. As a first step, the overall rotation and translation of each configuration
of the ensemble has to be removed, since one is only interested in the internal dynamics. There-
fore, a superposition of every configuration of the ensemble to a common reference structure
is carried out. The Cartesian coordinate vector x ∈ R3N then describes members of the fitted
structure ensemble for a molecule consisting of N atoms. The construction and diagonalization
of the variance-covariance matrix of positional fluctuations of the atoms then reads as follows.

C = 〈(x− 〈x〉) (x− 〈x〉)T 〉

Here 〈x〉 denotes the ensemble average of x. The principal components are retrieved by
transforming the symmetric matrix C ∈ R3N×R3N by an orthogonal coordinate transformation
T into a diagonal matrix Λ, in which the eigenvalues λi of C enter as the diagonal elements.

Λ = T TCT or C = TΛT T

Consequently, the ith column of T then contains the normalized eigenvectors (principal com-
ponent) µi of C corresponding to the eigenvalues λi. Then the original configurations of the
structural ensemble can be projected onto each of the principal components to yield the principal
coordinates pi.

pi = µi · (x− 〈x〉)

The contribution of each principal component to the total fluctuation can now be read from the
mean square positional fluctuation along the respective eigenvectors. Accordingly, the variance
〈p2
i 〉 equals the eigenvalue λi.
For visualization purposes one can transform these projections back to the cartesian coor-

dinate space.
xpi = pi · µi + 〈x〉
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2.3.2 Secondary structure and assignment

The peptide backbone of each amino acid residue has three conformational degrees of freedom,
namely the main chain torsions ω (peptide bond), ϕ (C-N-Cα-C) and ψ (N-Cα-C-N). The
planarity of the peptide bond (partial double bond character) restricts ω to 180 degrees. For a
cis peptide bond in proline residues one can find also 0 degrees. The accessible conformational
space even for a small protein will therefore be enormously large, let alone for proteins of tens
or even hundreds of residues [2].

However, the local (secondary) structure of the peptide main chain is very ordered in the
folded state and organized in repeating patterns [12]. This is due to a tight local packing and the
extensive hydrogen bond formation between (intra-)backbone donor (NH) and acceptor (C=O)
atoms. The different amino acid propensities for certain secondary structure conformations
indicate the important role of the side chains in defining the regular secondary structure motifs
(e.g. β-sheets are rich in valine, isoleucine and poor in glycine and proline) [200].

As in many other biological processes, the main structural changes in peptide folding
and self-association occur on the level of secondary structure, with a particular prevalence of
β-sheet conformations in the latter case [4, 201]. Given the atomic coordinates of a protein or
peptide structure one seeks to obtain a consistent assignment of secondary structure elements
in an automated fashion. I therefore briefly review the basic principles of the two popular
assignment methods DSSP [202] and STRIDE [203], which were used for secondary structure
classification in this thesis.

DSSP (Dictionary of Secondary Structure of Proteins). The DSSP algo-
rithm [202] assigns secondary structure elements purely based on calculations of
backbone-backbone hydrogen bond energetics. The hydrogen bond coulomb energy E is
approximated by the term

E = q1q2

{ 1
rON

+ 1
rCH
− 1
rOH
− 1
rCN

}
· f,

where the partial charges q1 = 0.42, q2 = 0.20 and the constant f = 1390 kJ/mol. To identify
a hydrogen bond, a cutoff with an energy E of less than -2.1 kJ/mol is applied.

Eight types of secondary structure are recognized by DSSP depending on the pattern
of hydrogen bonds. A repetitive sequence of hydrogen bonds in which the donor residue is
three, four, or five residues later in the backbone define a 310-, α- and π-helix, respectively.
Hydrogen bond pairs in β-sheet structures are classified as parallel and antiparallel bridges;
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extended (repeating) sets of hydrogen bond pairs of the same type are equivalent to a β-sheet.
Remaining types are turn (featuring a hydrogen bond typical of a helix) and bend motifs for a
region of high curvature.

STRIDE (STRuctural IDEntification). The assignment of individual secondary
structural elements in STRIDE [203] are based on a more complex expression of hydrogen
bond energy and in addition to DSSP, on empirical ϕ-ψ torsional angle criteria.

The term for the total hydrogen bond energy Ehb reads

Ehb = Er · Et · Ep,

with Er being a distance-dependent 8-6 potential similar to a Lennard-Jones potential with
optimal distances of 3 Å (NO) for the backbone hydrogen bond. Et and Ep are angular
dependent factors, which define the optimized hydrogen bond geometry. The terminal residues
are assigned with secondary structure through reliance on torsional angles. The individual
secondary structural elements are mapped into the same classes (helix, sheet, coil) as those
reported by DSSP.
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Chapter 3

Secondary structure propensities in peptide
folding simulations: A systematic comparison of
molecular mechanics interaction schemes

• D. Matthes and B. L. de Groot, Biophys. J. 2009, 97, 599-608.

Summary

A systematic study directed toward the secondary structure propensity and sampling behavior
in peptide folding simulations with eight different molecular dynamics force field variants in
explicit solvent is presented. It reports on the combinational result of force field, water model,
and electrostatic interaction schemes and compare to available experimental characterization
of five studied model peptides in terms of reproduced structure and dynamics. The total
simulation time exceeded 18 µs and included simulations that started from both folded and
extended conformations. Despite remaining sampling issues, a number of distinct trends in the
folding behavior of the peptides emerged. Pronounced differences in the propensity of finding
prominent secondary structure motifs in the different applied force fields suggest that problems
point in particular to the balance of the relative stabilities of helical and extended conformations.
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3.1 Introduction

Molecular dynamics (MD) simulations are routinely utilized to study the folding dynamics of
peptides and small proteins as well as biomolecular aggregation. The critical constituents of such
molecular mechanics studies are the validity of the underlying physical models together with the
assumptions of classical dynamics and a sufficient sampling of the conformational space. In order
to verify and validate simulation results, a careful comparison of the simulation outcome directly
to experimental data is mandatory (e.g., obtained by NMR, CD or infrared spectroscopy) [204].
Comprehensive reports on applications, improvements and remaining challenges of empirical
force field based simulation methods, the choice of water model and electrostatic interaction
schemes to study biomolecular systems have been discussed in the literature [147–152].

Within the framework of MD force fields, particular importance is directed to the consistent
and proper parameterization of the atomistic interactions, with the functional formulation of the
bonded and nonbonded forces often similar among nonpolarizable MD schemes. The latest ef-
forts to improve the accuracy of the popular and commonly used force fields AMBER [155,156],
CHARMM [158], GROMOS96 [161] and OPLS [164] mainly focused on refining parameters for
the torsional potentials of the protein backbone in order to balance the conformational equilib-
rium between extended and helical structures.

A recent comparative study using selected variants of the AMBER, CHARMM, GROMOS96
and OPLS force fields reported on converging results for folded proteins between the different
compared models. It was suggested that there is an apparent consensus view of protein dynamics
[168]. In that study simulations of relatively short lengths were performed and the natively folded
state was used as starting point, possibly biasing the results [168].

For folding simulations such a systematic test has not been carried out so far, although
with growing computer power several approaches towards the in silico folding problem
for peptides and small proteins, both using an implicit or explicit representation of the
solvent environment, have been presented [108, 205–210]. Given an efficient sampling of
conformational space and access to sufficient simulation timescales, one should expect to
sample conformational ensembles close to the natively most populated states in solution,
even when starting from peptide conformations away from the native structure. Hence, the
application of biomolecular simulations offers the unique opportunity to study and predict
complex processes in detail that underlie the protein folding thermodynamics and kinetics. For
instance, the early events of peptide and protein folding, marked by established and stabilized
secondary structure motifs [201].
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A realistic preferential formation and representation of secondary structure is
therefore a critical prerequisite for the successful study of in silico folding and aggregation.
Thus the question of overall peptide folding representation in different force fields prompted
us to investigate the folding behavior and secondary structure formation at the microsecond
timescale of a number of prototypic peptides in different MD force fields.

Here, the results of peptide folding and secondary structure formation for five
model peptides (two β-hairpins, two α-helical peptides and the Trp-cage) in five state of the
art force fields and different schemes for calculating electrostatic interactions are presented.
Extensive MD simulations in explicit water, starting from both extended and prefolded
structures are presented that address the folding thermodynamics and sampling characteristics
of the different interaction schemes.

3.2 Methods

Model peptides

MD simulations of five isolated peptides were performed, which adopt different well-defined,
stable secondary or tertiary structures in solution (Table 3.1). The chosen peptides are
considered as minimalistic model systems to probe the different force fields for either α-helical
or β-sheet folding propensity.

Chignolin. The 10 residue β-hairpin peptide Chignolin was designed by statisti-
cal considerations [211] and characterized by nuclear magnetic resonance (NMR) and circular
dichroism (CD) experiments in solution. The molar fraction of folded peptide at 300 K
was determined to approximately 60 %. Chignolin was also subject of numerous computa-
tional studies and the NMR-structure was reproduced by MD from the extended state [212–214].

Mbh12. The sequence for the Mbh12 peptide stems from a combinatorial ap-
proach to de novo design a stable β-hairpin fold in a linear peptide [91]. CD and NMR
experiments identified a percentage of β-hairpin structure higher than 66% at 278 K.

Trp-cage (Tc5b). The Trp-cage is a 20 residue peptide designed and first char-
acterized by Neidigh et al. [215]. The sequence was optimized by mutation and folds into a
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compact structure consisting of a N-terminal α-helix, a 310-helix and a hydrophobic core
formed by Trp, Tyr and Pro residues. The Tc5b mutant used in this study was found to
be folded to > 95 % in aqueous solution and melts at 315 K as determined by CD and
NMR [215]. The Trp-cage is considered a model system for folding simulations, displaying
two-state folding properties and a folding time in the microsecond regime [216]. Tc5b has
been thoroughly studied by molecular dynamics and numerous reports of folding simulations
since then have contributed to the understanding of structural features, which govern fold
stabilization and facilitation of the fast folding [207,209,217,218].

Fs21. Originally designed by Lockhart et al. to asses electrostatic interactions in
α-helices, the 21 residue polyalanine peptide Fs-NH2 became a popular model system
for helix-coil transition and is well studied, both experimentally [219–223] and by MD
simulations [210,224–227]. Based on CD spectra signatures the peptide was reported to be >
90 % helical in aqueous solution at 273 K [219]. Controversial data is available concerning
the melting temperature. The melting point was reported at 308 K [219] and 303 K [221]
in studies using CD, while infrared spectroscopy experiments observed a larger melting
temperature of 334 K, but cannot distinguish between α- and 310-helix [220]. Note that
depending on the experimental setup different N-terminal capping groups were used.

Agd1 (de novo). It was decided to include another helical peptide and con-
structed a short peptide sequence with a high helical propensity using the AGADIR prediction
algorithm [201], which is based on the empirical analysis of experimental data. A 13 amino
acids long peptide sequence (here termed Agd1) was derived, whose predicted helical content
with protected N- and C-termini under conditions of pH 7 and 300 K is calculated to be 50 %.

Table 3.1: Experimental characterization of the model peptides.

Peptide Secondary structure Experimental Reference
(Experimental conditions) technique

Chignolin β-hairpin: 60 % (300 K, pH 5.5) CD & NMR Honda et al. [211]
Mbh12 β-hairpin: 66 ± 4 % (278 K, pH 5) CD & NMR Pastor et al. [91]
Trp-cage α-helix: 30 % (300 K, pH 7) CD & NMR Neidigh et al. [215]
Fs21 α-helix: 90 % (Fs-NH2, 273 K, pH 7) CD Lockhart et al. [219]

α-helix: 55 % (278 K) Raman Asher et al. [222,223]
α-helix: 50 % (MABA-Fs-NH2, 300 K, pH 7) CD Thompson et al. [221]
helical: 68 % (300 K, pH 7) AGADIR prediction algorithm [201]

Agd1 helical: 50 % (300 K, pH 7) AGADIR prediction algorithm [201]
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Setup and simulation procedure

The simulations were categorized according to the name of the peptide and the starting model.
An overview of the simulated peptide systems is given in Table 3.2.

Table 3.2: Summary of performed simulations with the respective number of residues (Nres)
and the expected net charge in water at neutral pH (Ncha) for each model peptide.

Peptide Sequence Simulation Starting Simulation
(Nres/Ncha) name structure length [ns]

Chignolin NH+
3 -GYDPETGTWG-CO−

2 CHI extended 8 x 250
(10/2-) CHI.REF β-hairpin 8 x 250

(PDB: 1uao)
Mbh12 NH+

3 -RGKWTYNGITYEGR-CO−
2 MBH extended 8 x 250

(14/2+) MBH.REF β-hairpin 8 x 250
(PDB: 1k43)

Trp-cage NH+
3 -NLYIQWLKDGGPSSGRPPPS-CO−

2 TC5B.REF α-helix/turn 8 x 250
(Tc5b) (20/1-) (PDB: 1l2y) 8 x 3 x 30
Fs21 Ace-A5[AAARA]3A-NME FS21 extended 8 x 250

(21/3+) FS21.REF α-helix 8 x 250
Agd1 Ace-EVLMKVLMEIYLK-NH2 AGD1 extended 8 x 250
(de novo) (13/0) AGD1.REF α-helix 8 x 250

To overcome limited sampling and possible bias imposed by the starting structure, each
peptide was simulated starting from both a folded and an unfolded (extended) conformation.
The initially extended structures were obtained by constructing the respective peptide chain
with PyMOL [228] by imposing an all-trans geometry to every backbone dihedral. The folded
conformations were either obtained from the Protein Data Bank (first model of the respective
NMR-ensembles) 1uao (Chignolin); 1k43 (Mbh12); 1l2y (Tc5b) or in case of the helical
peptides (Fs21, Agd1) by building an α-helical conformation. The Fs21 and Agd1 peptides were
capped with acetyl groups at the N-terminus. To cap the C-terminal site, N-methyl- (NME)
and amino groups were used, respectively. The terminal residues of the Chignolin and Mbh12
peptides were considered charged. The protonation state of the peptides was according to the
one in solution at pH 7, counter-ions (Na+, Cl−) were added to adjust for excess charges. The
MD simulations of the respective peptide monomers and subsequent analysis were carried out
using the GROMACS software package (version 3.3.1) [175, 176,229]. Each of the production
runs after equilibration was 250 ns long. In case of the Tc5b peptide, three additional 30 ns
runs per force field were carried out.
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Force field settings. The focus was on the comparsion of force field variants as
implemented in the GROMACS simulation software suite: GROMOS96 43A1 [159, 160],
GROMOS96 53A6 [161, 162], OPLS-AA/L [163, 164], AMBER03 (ff03) [155] and
AMBER99SB (ff99SB) [154,156]. The input parameters were chosen according to the original
publications of the developers to ensure a systematic comparison between the tested force
fields.

The AMBER99SB force field (ff99SB) [156] is based on the AMBER99 force field [154],
with new parameters for backbone dihedrals to achieve a better balance of secondary structure
elements. The AMBER03 force field (ff03) [155] is also a variant of the AMBER99 potential with
rederived charges and main-chain torsion potentials, introducing unique main-chain charges for
each amino acid. The OPLS-AA/L force field (OPLS) [163] was parameterized for liquid state
thermodynamics and later improved by refitting the torsion/backbone parameters from quantum
chemical calculations [164]. The GROMOS96 (G96) united atom force field is continuously
improved and refined. Popular examples are the G96 43A1 [159, 160] and the G96 53A6 force
field [161, 162], with the latter being the newest parameter set with adjusted partial charges
to better reproduce hydration free enthalpies in water. All simulations were carried out using
electrostatic schemes as originally used for development and in addition, the Particle Mesh
Ewald (PME) [230,231] method for comparison.

The long-range and slowly decaying coulomb potential still poses the most challenging
problem to solve in MD simulations, both in terms of accuracy and computational effort.
Several methods have been introduced to make the calculation of the nonbonded interactions
in biomolecular systems feasible. Cutoff methods simply neglect the contributions from the
electrostatic interactions beyond a certain cutoff distance. Satisfactory accuracy without
making severe errors is not expected, even for large cutoff distances. With the continuum
based reaction-field (RF) [232] approach, charge-charge interactions are calculated explicitly
within a sphere of a given radius and beyond by assuming a homogeneous medium with a
certain dielectric constant. The PME method derives the electrostatic forces in a periodic
system by splitting the potential into two separate summation terms. These terms describe
the short-range (direct space)and long-range (reciprocal space) part of the coulomb potential.
Both rapidly converge and therefore can be truncated at a cutoff without losing much
accuracy. For an efficient calculation of the long-range part, the continuous charge positions
are substituted by a mesh-based charge density that a fast fourier transformation can be used
to perform the necessary transformation to reciprocal space.
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3.2 Methods

The MD simulations for each peptide system were performed using eight combi-
nations of force fields, water models and methods for treating the long-range electrostatic
interactions. The cutoff distances for the nonbonded interactions which were used with the
different force fields are summarized in Table 3.3.

Table 3.3: Force field setting and treatment of nonbonded interactions.

System Force field Electrostatic scheme VdW scheme Water model
ff03-PME AMBER03 [155] PME (1.0 nm) Cutoff (0.8 nm) TIP3P
ff99SB-PME AMBER99SB [156] PME (1.0 nm) Cutoff (0.8 nm) TIP3P
43A1-RF GROMOS96 43A1 [159,160] Reaction-Field (1.4 nm) Cutoff (1.4 nm) SPC
43A1-PME GROMOS96 43A1 PME (0.9 nm) Cutoff (1.4 nm) SPC
53A6-RF GROMOS96 53A6 [161,162] Reaction-Field (1.4 nm) Cutoff (1.4 nm) SPC
53A6-PME GROMOS96 53A6 PME (0.9 nm) Cutoff (1.4 nm) SPC
OPLS-Cutoff OPLS-AA/L [163,164] Cutoff (1.4 nm) Cutoff (1.4 nm) TIP4P
OPLS-PME OPLS-AA/L PME (0.9 nm) Cutoff (1.4 nm) TIP4P

All simulations were carried out with electrostatic schemes as originally used for force field
development. In addition, the Particle Mesh Ewald (PME) [230] method was used for compari-
son, as it is nowadays common practice to apply PME in conjunction with force fields like OPLS
and GROMOS96 (G96) originally designed using cutoff and reaction-field (RF) [232], respec-
tively. In this study the electrostatic interactions with PME were calculated with a grid spacing
of 0.12 nm. The relative tolerance at the cutoff was set at 10−6, electrostatic interactions for a
distance smaller than the real space cutoff were calculated explicitly. For the calculations with
reaction-field (G96 force fields) the relative dielectric permittivity outside the cutoff sphere was
set to ε=54 (SPC water) [233].

To set up the simulation system, each peptide was placed in a periodic truncated octahedral
box solvated with explicit water. The distance between solute and box was chosen to be at
least 1.5 nm on all sides.

The SPC water model [184] was used for the simulations with the G96 43A1/53A6 force
fields, the TIP4P solvent model [186] was applied when using the OPLS-AA/L force field and
TIP3P [185] for AMBER03 and AMBER99SB. The system was subsequently energy minimized
using steepest descent. Initial velocities were taken from a Maxwell distribution at 300 K.
Rigid bond constraints were chosen, providing a reasonable representation of the covalent bond
geometry of the studied timescales [183]. All protein bonds were constrained with the SHAKE
algorithm [180] for simulations with G96 43A1/53A6 and OPLS-AA/L, and LINCS [181] when
using AMBER03 and AMBER99SB.

An integration time step of 2 fs was chosen. Water was constrained using SETTLE [234].
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Neighbor lists for nonbonded interactions were updated every 5 steps for the G96 and OPLS, and
every 10 steps for simulations with the AMBER force fields. Berendsen coupling algorithms [187]
were applied to the simulation system. The temperature was kept constant by weakly (τ=0.1 ps)
coupling the system to a temperature bath of 300 K. Likewise, the pressure was kept constant
by coupling the system to a pressure bath of 1 bar (τ=1 ps).

Analysis

For assessment of secondary structure type and content, the DSSP definition introduced by
Kabsch and Sander [202] was used. The data was averaged over both simulations starting from
the extended and the reference structure. The first 10 % of the 250 ns and the first 50 % for
the 30 ns runs of each trajectory were omitted to reduce the bias of the respective starting model.

Nuclear Overhauser Enhancement (NOE). The NOE distance restraint sets
for Chignolin, Mbh12 and Tc5b (available from the PDB) were used to calculate ensemble
sum-averaged violations (r−6) of NOE distances in the MD ensembles. The violations were
calculated based on a set of 250 conformations (one snapshot per ns) taken from each
trajectory, respectively. To account for the different representations of the peptides in the used
force fields, each of the 250 representative structures was converted to a OPLS topology with
the pdb2gmx program prior to analysis, adding explicit proton positions to aliphatic carbon
atoms.

Principal Component Analysis (PCA). The PCA [194] was carried out over
the combined trajectories starting from different initial structures (extended and reference) for
each peptide in each force field test setting. The covariance matrix of atomic displacement
was calculated and diagonalized for the coordinates of main-chain and Cβ atoms. All
structures were superimposed to the respective reference conformation prior to analysis.

3.3 Results

3.3.1 Structural properties

The conformations sampled during the simulations were compared to experimental data from
CD and NMR measurements.
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3.3 Results

Figure 3.1: RMSD to reference structures. RMSD of the main-chain and Cβ atoms with
respect to the NMR reference structure as function of the simulation time for Chignolin, Mbh12
and Tc5b. RMSD curves for the simulations CHI (A), CHI.REF (B), MBH (C) , MBH.REF
(D), TC5B.REF - 250 ns (E) and TC5B.REF - 30 ns (F) were smoothed.

Root Mean-Square Deviation (RMSD). An analysis of the root mean-square
deviations (RMSD) for the peptides with experimentally determined native state (Chignolin,
Mbh12 and Tc5b) was performed. Fig. 3.1 shows the RMSD for the main-chain and Cβ atom
coordinates of these three peptides to the respective NMR reference structure as function of
simulation time. A low RMSD (< 0.2 nm) denotes a conformational state which is close to
the one observed in the experiment.
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The focus will be on the RMSDs for the β-hairpin-peptides (Chignolin, Mbh12). For the
simulations starting from the folded reference state of Chignolin (CHI.REF), only small structural
deviations over the total range of simulation time in most of the different force fields were found,
indicating a stable fold. Particularly low deviations from the reference structure are found with
ff99SB, OPLS-PME for the CHI.REF simulations. The hairpin structure is partly lost for the
simulations with ff03, 43A1 as well as OPLS-Cutoff. Different results were obtained for the
simulations started from an extended peptide chain (CHI). The Chignolin peptide is folded to
a structure very close to the experimentally determined one, for example with the ff99SB and
ff03, respectively (Fig. 3.1A and 3.1B). A high structural stability from the prefolded state
and fast sampling towards the reference therefore led to the overall smallest RMSDs in both
AMBER force fields, irrespective of the initial configuration. Also in all G96 simulations the
correct folded state was adopted (Fig. 3.1A and 3.1B). The OPLS force fields with both PME
or cutoff, however did not sample the folded configuration within 250 ns. This is in contrast to
the result that the hairpin structure was found to be stable for the combination of OPLS and
PME.

A different scenario arises from the simulations starting from the extended chain of the
Mbh12 peptide (MBH). Hairpin formation took place rather fast in all studied G96 and
OPLS force field variants. The peptide conformations were also stable from the reference
structure for these force fields. The MBH simulations in both AMBER force fields, however,
did not sample stable hairpin structures, and the folded state was only transiently visited.
Instead, partly α-helical conformations were sampled, which resulted in large RMSDs.
Interestingly, this was also observed in the simulations starting from the NMR reference
structure. The hairpin peptide did not unfold in any of the other MBH.REF simulations
(Fig. 3.1C and 3.1D). The Tc5b simulations were started only from the reference NMR
structure in the different force field variants. In addition to one simulation of 250 ns, three
independent runs of 30 ns were conducted in order to check for statistical significance of
the results (Fig. 3.1E and 3.1F). Reproducible low RMSDs of around 0.12 nm were found
for the structural ensembles captured by the ff99SB force field. In contrast, large RMSDs
were observed in the simulations using the G96 force fields. Furthermore, substantial un-
folding events occurred already within the first 30 ns in most of the G96 trajectories (Fig. 3.1F).

Nuclear Overhauser Enhancement (NOE). An additional structural compari-
son to experimental data for both β-hairpin peptides and the Trp-cage can be drawn based
on NOEs between proton pairs or groups of protons obtained from NMR experiments.
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Table 3.4: Sum of NOE distance violations as ensemble average over 250 structures.

System sum of NOE violations [nm]
CHI CHI.REF MBH MBH.REF TC5B.REF

ff03-PME 0.99 0.72 7.83 3.87 3.10
ff99SB-PME 0.66 0.64 7.61 1.17 1.95
43A1-RF 1.30 1.17 3.04 1.16 6.09
43A1-PME 0.83 0.59 9.19 1.05 4.54
53A6-RF 0.98 0.72 7.09 0.83 7.25
53A6-PME 2.69 0.67 1.22 0.87 10.03
OPLS-Cutoff 5.32 1.34 10.27 1.11 3.21
OPLS-PME 12.04 0.61 5.29 0.95 2.73

Measured NOEs are usually translated into proton-proton distance ranges. Exceeding the
upper limit of such a distance range was counted as NOE violation. For the studied peptides
the NOE restraints included short-range restraints between atoms on neighboring residues
and intra-residual atoms, medium- and long-range restraints. The violations as an ensemble
averaged sum were determined. Results are shown in Table 3.4. As a consequence of slow or
incomplete sampling towards the native structure, in general a larger total violation for the
simulated ensembles starting from the extended conformations was found, as compared to the
simulations starting from the prefolded state.

From the calculated interproton distances marginal deviations were observed from the
experimental structures for all hairpin peptides with the 53A6-PME and the 43A1-RF force
field variants, irrespective of the peptide’s starting conformation. Except for the 53A6-PME,
all force fields showed rather large structural deviations for the Mbh12 peptide when starting
from the extended state. The partially helical Trp-cage, however, is not represented correctly
in any of the G96 force fields, especially the 53A6 versions yielded large NOE violations. The
ff99SB force field showed fewest violations of distance restraints for the Trp-cage simulations
with an ensemble sum-average of less than 2 nm, corresponding to a stable fold over the
simulated 250 ns (Table 3.4). This is in line with low values of summed NOE violations found
with ff99SB, OPLS-PME and to some extent with ff03 for both, hairpin and helical peptides,
in trajectories starting from the NMR reference structure (Table 3.4).

Secondary structure propensity. The average populations of various secondary
structure elements were calculated as listed for the individual simulations in Table 3.5, 3.6 and
3.7. Each listed fraction represents a mean over 450 ns for the peptides Chignolin, Mbh12,
Fs21 and Agd1 and 270 ns for the Tc5b in each specified force field configuration, respectively.

The highest fractional population of turn and β-sheet conformations were found in the
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Table 3.5: Averaged secondary structure content obtained from a DSSP analysis of the hairpin
peptide simulation.

System α-helix 310-helix β-sheet β-bridge turn
CHI MBH CHI MBH CHI MBH CHI MBH CHI MBH

ff03-PME 0.0 5.6 0.2 3.7 23.0 0.8 5.3 0.5 33.4 12.6
ff99SB-PME 0.0 0.4 0.1 0.9 26.2 16.9 5.9 1.3 37.1 14.5
43A1-RF 0.4 0.0 0.1 0.2 10.8 27.2 7.0 2.6 18.0 4.8
43A1-PME 0.1 0.0 0.3 0.1 8.8 45.9 0.3 2.1 22.6 10.1
53A6-RF 0.1 0.0 0.1 0.1 19.6 37.6 4.7 2.0 25.7 8.1
53A6-PME 0.0 0.0 0.2 0.0 15.5 34.3 4.6 2.0 24.7 5.1
OPLS-Cutoff 0.0 0.0 1.9 0.0 1.7 27.0 2.1 1.4 15.8 14.0
OPLS-PME 0.0 0.0 0.0 0.0 11.6 32.3 3.6 3.0 18.6 5.7

Table 3.6: Averaged secondary structure content (α-, 310- and π-helix) obtained from a DSSP
analysis of the helical peptide simulation.

System α-helix 310-helix π-helix
TC5B FS21 AGD1 TC5B FS21 AGD1 TC5B FS21 AGD1

ff03-PME 33.8 74.4 32.5 15.0 0.8 9.2 0.0 0.0 0.0
ff99SB-PME 34.2 0.6 5.7 15.1 2.5 6.8 0.0 0.0 0.0
43A1-RF 26.8 7.8 25.7 0.4 0.6 0.0 0.2 0.3 20.0
43A1-PME 25.9 16.8 3.6 0.1 0.3 0.1 0.0 0.0 25.8
53A6-RF 7.1 0.3 2.7 0.3 0.1 0.1 0.1 0.0 1.8
53A6-PME 3.6 0.1 0.3 0.0 0.0 0.0 0.5 0.0 0.1
OPLS-Cutoff 22.5 14.5 14.0 1.2 4.5 4.6 0.0 0.0 0.1
OPLS-PME 20.7 13.4 2.7 1.7 3.2 4.3 0.0 0.1 0.0

simulations of the hairpin peptides with ff99SB, ff03 for Chignolin and with 43A1-PME, both
53A6 sets and OPLS-PME for Mbh12 (Table 3.5). These results are compatible with stable
hairpin-structures, as found in solution. A significantly low presence of extended β-structures is
observed in the conformational ensembles produced by OPLS used with cutoff for the Chignolin
peptide. The same is true for the simulations of Mbh12 with ff03. Moreover, in ff03 a noteable
extent of α- and 310-helix structures was sampled instead, which was not found for the other
hairpin peptides and appears to be in contrast to the experimental observations. The secondary
structure analysis of the helical peptides yielded a picture with larger differences between the
occupied populations (Table 3.6 and 3.7).

Several differences in the secondary structure content for Tc5b (Trp-cage) were observed
in the various tested force fields. The highest helical propensity was obtained with ff99SB and
ff03. Both force fields yield the same percentage of α- and 310-helix, preserving the content of
the reference state. In contrast, the 43A1 and OPLS force fields sampled no or only very few
310-helix structures, but maintained α-helical structures. A low occurrence of helical content
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Figure 3.2: Content of helical secondary structure. Percentage of α-helical segments
present in the trajectories of Fs21 and Agd1 peptides as function of simulation time. Helical
content curves for the simulations FS21 (A), FS21.REF (B), AGD1 (C) and AGD1.REF (D)
were smoothed.

is found with the 53A6 force field variants, which also sampled the overall highest amount of
β-structures for the Trp-cage among all tested force fields.

The content of α-helical conformations in the simulations was identified as a function of
time (Fig. 3.2) to better assess the representation of the mainly helical peptides which were also
simulated from the extended conformation (Fs21 and Agd1). In the respective combinations of
force field and electrostatic scheme a distinct trend with a marked difference between the two
different initial conformations for the Fs21 peptide was observed (Fig. 3.2A and 3.2B). Starting
from the completely α-helical reference state of Fs21 the helix content in all systems except for
the simulations with ff03 and OPLS-PME vanished rapidly (Fig. 3.2A). Moreover, the helical
content was found to be substantially higher with ff03 than in any of the other force fields.
The Fs21 peptide did not visit any helical conformation with ff99SB, but rather sampled coil
structures. The simulations with 43A1 showed a tendency to nonlocal β-bridge/sheet contacts
between the terminal sites of the peptide. The preference of coil and extended structures over
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Table 3.7: Averaged secondary structure content (β-sheet/-bridge and turn) obtained from a
DSSP analysis of the helical peptide simulation.

System β-sheet/-bridge turn
TC5B FS21 AGD1 TC5B FS21 AGD1

ff03-PME 0.0 0.0 0.0 9.9 4.7 14.0
ff99SB-PME 0.0 8.7 0.2 10.4 8.1 10.4
43A1-RF 3.1 14.2 3.6 15.6 10.0 8.4
43A1-PME 3.5 16.6 2.9 9.8 7.7 12.6
53A6-RF 5.4 18.4 3.5 5.3 5.4 7.8
53A6-PME 9.7 36.3 16.1 4.3 5.2 3.2
OPLS-Cutoff 0.2 3.4 0.0 17.9 13.3 18.7
OPLS-PME 0.2 4.3 6.4 19.9 12.6 11.9

helical ones was less pronounced when the reaction-field approach for electrostatics was used.
Most notable for the simulations of Fs21 is an observed loss or complete absence of helical
content in most of the G96 simulations. Particularly low fractions of α-helix and a preferential
conversion to extended conformations were found when using the 53A6 force field, regardless
of the applied model for electrostatic treatment and starting structure. In fact β-sheet was the
predominant secondary structure for the Fs21 peptide with 53A6-PME. Here, the whole peptide
was readily folded into stable hairpin-like structures.

Starting from the extended conformation the formation of an α-helix took place only in the
simulations with the ff03, OPLS-Cutoff and transiently with the 43A1-RF force field (Fig. 3.2
B). Sampling from the extended peptide chain did not converge within 250 ns with OPLS-PME.
The comparison to the experimental findings (Table 3.1) indicate that for the conditions used
in the simulations close to the melting temperature of the Fs21 peptide around 300 K, neither a
high helicity, as found with ff03 nor the completely extended structures sampled with the G96
force fields are reasonable. Rather a helical content of around 50 % would be consistent with
the available CD data, therefore suggesting that only the FS21.REF simulation with OPLS and
PME is reasonably well in line with the helical content found in the experiment.

The relative preference towards a certain secondary structure element is less distinct for the
Agd1 peptide in the different force fields, although the overall trends are similar to the results
obtained for Fs21 (Fig. 3.2C and 3.2D ). Helix formation proceeded fast with ff03, while no helix
formation and fast unfolding of the helix were observed with the 53A6 force field. Both 43A1
force fields preserved the most helical content starting from the reference state of the Agd1
peptide. Also, a significant amount of π-helix is observed, especially in combination with PME
which was not observed in simulations with other force fields or any of the other peptides. The
repeated interconversion of α- to the π-helix can be seen as oscillation in the helical content plot
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(Fig. 3.2D). The helical content predicted with AGADIR for Agd1 (50 % at 300 K) matched
best with the ff03 and 43A1 simulations, while it was underestimated with all other remaining
force fields.

In general, for simulations where force fields with different methods for the electrostatic
interactions are used, distinct variations are observed. Particularly, the balance between the
sampling of α-helix and β-sheet is affected. As can be seen from the analysis, the OPLS force
field populates more sheet and less helix in all simulations with PME than with a simple cutoff
for the electrostatics. For the 53A6 force field the relative populations of α-helix and β-
sheet are similarly affected. The differences are less distinct and systematic for the 43A1 model.

Backbone dihedral analysis. To further assess these discrepancies a dihedral
analysis was performed, obtaining more direct information on the adopted local backbone
conformations. It was chosen to evaluate the torsional sampling of alanine residues, which are
only present in Fs21 among the tested model peptides, and glycine and proline, as these are
the most abundant in the simulated model peptide sequences. Histogram analysis was used to
calculate normalized density plots of dihedral pairs (ϕ/ψ) over all trajectories produced by
each force field, respectively. A qualitative comparison for occupancy and relative sampling
of ϕ/ψ dihedral pairs was made. The major low-energy regions in the Ramachandran plot,
which are characteristic for prominent secondary structure elements are are shown in Fig. 3.3:
right-handed α-helix (αR: -70◦ ± 30◦, -50◦ ± 30◦), left-handed α-helix (αL: +50 ± 30◦,
+50◦ ± 30◦), polyproline II (PPII: -70◦ ± 30◦, +150◦ ± 30◦) and extended β basin (β: -150◦

± 30◦, +150◦ ± 30◦) [235–237]. For the alanine aminoacids of the Fs21 peptide all force fields
sampled the principal regions, except for ff03, where the αL basin is not visited and the β
region only to very small extent (Fig. 3.4). The αL basin is visited most with the ff99SB force
field and the relative ϕ/ψ distributions are comparable to the Ramachandran map obtained
from statistical analysis of alanine backbone conformations in 500 high-resolution protein
structures (Fig. 3.3) [237]. In the OPLS trajectories similar favorable regions were sampled,
except for the dihedral pairs in the range of -125◦ ± 30◦, +75◦ ± 30◦, which are not present
in the ff99SB data. In all simulations carried out with the GROMOS96 force fields, the αL is
visible as a broad feature over a large ψ range. The β and PPII regions appear as four dense
states, which are particularly high populated in 53A6 and deviate from the empirical dihedral
distribution from protein structure validation [237].

The histogram plots for the achiral glycine residues are asymmetric because of the influence
of chiral centers in neighboring residues, and left-handed helix regions are therefore more densly
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Figure 3.3: PDB dihedral angle statistics. Normalized ϕ/ψ histogram plot for alanine,
glycine and proline residues obtained from a dihedral analysis of 500 high-resolution protein
structures [237].

Figure 3.4: Dihedral angle distribution for alanine residues. Normalized ϕ/ψ histogram
plot for alanine residues obtained in the simulations with the various force fields.

populated. Moreover, a large number of dihedral pairs is allowed without the steric hindrance of
a Cβ, compared to all other amino acids. Markedly, the extended β- and αL-regions are strongly
sampled in the OPLS simulations, but within a very narrow range of ϕ-values (Fig. 3.5). In
contrast, for all GROMOS96 trajectories a very broad sampling of ϕ/ψ pairs in the glycine
Ramachandran plots was found, which are decomposed in several basins and deviate from
empirical distributions obtained from a dihedral statistics as derived from the protein data bank
(Fig. 3.3) [237]. For proline residues the conformational preferences are restricted to the αR
and the PPII regions due to steric constraints. Here, the obtained normalized Ramachandran
plots are more similar among the compared force fields (Fig. 3.6). The occupancy of the PPII
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Figure 3.5: Dihedral angle distribution for glycine residues. Normalized ϕ/ψ histogram
plot for glycine residues obtained in the simulations with the various force fields.

region is high for all simulations conducted with the GROMOS96 and OPLS force fields. A
more balanced relative sampling is found with ff03 and ff99SB, which is in agreement with the
empirical PDB statistics for proline residues (Fig. 3.3) [237].

Figure 3.6: Dihedral angle distribution for proline residues. Normalized ϕ/ψ histogram
plot for proline residues obtained in the simulations with the various force fields.

In summary, the results hightlight the preferential and relative sampling of extended versus
helical structures for the model peptides particular in the simulations carried out with the G96
53A6 force field. The apparent differences in structural representation of the polyalanine peptide
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Figure 3.7: Projection of Chignolin conformations onto principal component space.
Comparison of the conformational space sampled in the simulations of the Chignolin peptide
with ff03 (A), ff99SB (B), 43A1-RF (C), 43A1-PME (D), 53A6-RF (E), 53A6-PME (F), OPLS-
Cutoff (G) and OPLS-PME (H). The individual trajectories were projected onto the first two
common eigenvectors obtained from the principal component analysis (PCA) of the combined
simulation runs for each force field, respectively. The location of the NMR reference structure
and the completely extended starting conformation is indicated by a dot. Snapshots from each
trajectory are shown with open circles.

Fs21 indicated that it might prove insightful to examine the backbone conformations in terms
of sampled distributions of torsion angles ϕ (C-N-Cα-C) and ψ (N-Cα-C-N).

3.3.2 Sampling properties

The conformational space explored by the peptides in each simulation was quantified using PCA
(see Methods). Figs. 3.7 and 3.8 show the projections of the trajectories onto the plane spanned
by the first two common eigenvectors obtained from the PCA for the two hairpin peptides,
respectively. The covered area in the projections represents the sampled conformational space in
the given force field and with respect to the reference structure. Each point is a low dimensional
representation of a conformation sampled in the trajectory.

The PCA projections of the Chignolin peptide simulations with the different force fields
shown in Fig. 3.7 exhibit mostly overlaying phase space regions close to the reference structure.
This denotes that the folded state was successfully found from the extended structure. Starting
from the prefolded hairpin structure of Chignolin, mostly conformations close to the reference
structure were sampled, compatible to a stable hairpin in solution. Interestingly, irrespective
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Figure 3.8: Projection of Mbh12 conformations onto principal component space. Con-
formational space sampled in the simulations of the Mbh12 peptide. Projections of the NMR
reference structure, extended starting conformation and snapshots from each trajectory are
denoted according to Fig. 3.7.

of the initial structure almost the same conformational space is sampled by the ff99SB force
field, indicative of a converged ensemble. Both independent trajectories (CHI and CHI.REF)
cover the same area in the projection close to the NMR reference state (Fig. 3.7B). For ff03,
43A1-RF and 43A1-PME strongly overlapping areas in the projections of the simulations were
found, irrespective of the starting conformations as well (Fig. 3.7A, Fig. 3.7C and Fig. 3.7D).
The 53A6 force field variants also found stable structures of the Chignolin peptide, sampling
regions close to the reference (Fig. 3.7E and 3.7F). In particular, the conformational space
around the NMR reference was sampled exhaustively with 53A6-PME for both initial conditions,
corresponding to the lowest averaged RMSDs and sum-averaged NOE distance violations among
all tested force fields (Fig. 3.7F). The overall trends of the conformational sampling in the
simulations of Chignolin with OPLS-PME (Fig. 3.7H) and OPLS-Cutoff (Fig. 3.7G) are similar.
The simulation ensembles, when started from the extended hairpin peptide (CHI) do not contain
defined structures close to the reference state. A broad area corresponding to predominantly
unfolded conformations was sampled with only few structures approaching the reference state.
The explored conformational space in the CHI.REF simulations, however, was only very small
and close to the reference. This substantial difference in the extent of visited phase space results
in well separated regions for the simulations with the different initial structures, especially with
OPLS-PME (Fig. 3.7H).

The PCA of the trajectories for Mbh12 yielded a more non-uniform picture concerning the
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sampling behavior of different force fields. For ff03 both trajectories of the hairpin peptide
sampled the same regions of conformational space in the PCA projection, as seen before in the
case of Chignolin. Most of the structures did not match with the NMR reference (Fig. 3.8A).
This is in line with the observation that the Mbh12 hairpin was least stable in ff03 among all
force fields. Fig. 3.8B shows an overlay of sampled phase space for both production runs with
ff99SB, with structural ensembles close to the reference. A refolding event of the hairpin during
the MBH.REF simulation resulted in a stable off-register structure, which is observed as strongly
sampled sub-state. As shown in Fig. 3.8F the simulations of Mbh12 carried out with 53A6-
PME yielded nearly identical conformational ensembles in the projection, extensively populating
conformations close to the NMR reference state. In contrast, the sampled conformational space
in the MBH and MBH.REF trajectories are separated for all other force fields. The 43A1-RF
simulation starting from the extended peptide chain populated several sub-states in the PCA
projection en-route to hairpin formation (Fig. 3.8C). Markedly separated areas were found when
comparing this projection to the one obtained from the 43A1-PME trajectories (Fig. 3.8D). The
projected simulation ensemble of Mbh12 with 53A6-RF were, contrary to one obtained with
53A6-PME, separated. The explored conformational space in the MBH simulation with the
53A6-RF force field appears very small and dense (Fig. 3.8E). The projections of the OPLS
trajectories resemble the ones of the Chignolin peptide. The simulations from the extended
chain (MBH) sampled mainly two states, which are separated in conformational space from the
reference. Starting from the hairpin (MBH.REF), mostly folded conformations were gauged
during the simulation as shown in Fig. 3.8G and 3.8H.

Pronounced differences in conformational space sampling could also be found among the
probed force fields for the simulations of the Trp-cage. The PCA projections are shown in
Fig. 3.9.

In the PCA projections only one broadly and densely sampled area was found for all four
ff99SB simulations, which is explained by only minor conformational changes (Fig. 3.9B). In
the projections of the trajectories obtained with both OPLS force field variants are mainly two
visited states visible (see Fig. 3.9G and 3.9H). A transition path to a more populated cluster
of structures away from the reference was seen. The use of PME apparently decreased the
frequency of larger conformational transitions, as only the 250 ns long TC5B.REF simulation
with OPLS-PME visited this phase region (Fig. 3.9H). In the Tc5b simulations with ff03, four
states are sampled. One of them is exclusively visited in the 30 ns long TC5B.REF.3 simulation
(Fig. 3.9A, red point cloud), which also showed an increased RMSD over the last 15 ns. The
simulations of the Trp-cage with the G96 force fields showed a overall similar trend in the PCA
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Figure 3.9: Projection of Trp-cage conformations onto principal component space.
Conformational space sampled in the simulations of the Trp-cage (Tc5b). The reference struc-
ture is indicated by the dark-red dot. Snapshots from the 250 ns trajectory are shown with
orange open circles (TC5B.REF). Conformtations of the three 30 ns simulations are depicted
by green (TC5B.REF.1), dark-blue (TC5B.REF.2) and orange-red circles (TC5B.REF.3).

projections (Fig. 3.9C-3.9F). Although partially conformations close to the reference structure
were visited, the simulations quickly explored different areas of the phase space, with most of
them distinct from the NMR reference state. The projected conformational space is decomposed
in many states and different for each of the four simulations. Moreover, the conformations with
very little native contacts were already sampled within 30 ns in most of the cases, as indicated
by the several short runs. In particular, conformational ensembles of the Trp-cage for both
53A6 variants evolved around the reference structure as a diffuse cloud of points (Fig. 3.9E and
3.9F).

3.4 Discussion

As seen from the NOE and PCA analysis, most of the simulations starting from the extended
and folded structure showed differences in the sampled conformational ensembles indicating
incomplete convergence. The only exceptions are the simulations with both tested AMBER force
fields, in which the conformational space was quickly explored and did not critically dependent
on the initial structure. The ff03 force field compared favorably to available experimental data
in most of the simulations carried out. The only exceptions are a particular high percentage
of helical content for the polyalanine peptide Fs21 and the unfolding of the Mbh12 hairpin,
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indicating a slight preference of helix over extended β-sheet conformations with ff03. This is in
line with the results from Hornak et al. [156] for trialanine peptides and is known from previous
AMBER force fields [226,238].

A fast sampling towards the reference state of the Chignolin peptide and particularly low
RMSDs for the Trp-cage were found for the ff99SB force field. The analysis of secondary
structure content and the low interproton distance violations suggest that the simulations with
ff99SB agree well to available experimental data. The content of α-helix for the mainly helical
peptides (Fs21, Agd1) was likely underestimated. The GROMOS96 force fields revealed an
underestimation of propensity for sampling α-helical conformations in the simulations. While
the results for the 43A1 version were well balanced for most of the model peptides, a significant
disparity was the considerable amount of π-helix, which was not found in the other force fields.
Different methods for electrostatics (RF, PME) in conjunction with the 43A1 force field were
found to have little effect on the folding characteristics of the model peptides. The simulations
using PME, showed a slightly better structural representation, but sampling might be more
efficient with the reaction-field approach [239]. With the 53A6 force field variants β-sheet
formation was most abundant and persistent, when comparing the results from all simulations.
The structural representation of the hairpin peptides was in very close agreement with NOE
data. Preformed α-helical conformations were, however, least stable with 53A6 in all helical
model peptides. Moreover, using PME appears to favor extended conformations even more. In
accordance with the present results, reproducible unfolding of α-helical peptides was reported
recently by Cao et al. in a study presenting refined terms of conformational backbone description
for 53A6 [240]. Another study also found reduced structural variety and less covered phase space
in the simulations with 53A6 compared to earlier GROMOS96 variants, which was suggested
to be due to the increased partial charges on the backbone carbonyls and amides [161,241].

The combination of OPLS force field and PME for electrostatics provided superior results
compared to the OPLS with a straight cutoff, and most of the other force field models, when
representing the folded state. However, the chosen initial conformations affected the sampled
structural ensembles considerably. A dependence on the initial conditions especially for the
OPLS force field was apparent suggesting slower conformational sampling than observed in the
other studied force fields. The sampling differences between the different force fields indicate
a different roughness of the respective energy landscapes, affecting the convergence of the
simulations. For the helical peptides the least overall concurrent sampled secondary structure
with the different force fields was found, as the helical systems were simulated near their melting
temperature. In this regime small shifts in the free energy involve large changes in the population
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of folded and unfolded conformations and thus slightly different melting temperatures in the
different force fields might contribute to the found pronounced differences in sampled helical
propensity among the simulations. In the large set of simulations presented here, the CHARMM
force field [157,158] was not included, still lacking a validated port for the GROMACS software
package. Assessing the performance of the CHARMM force field in the context of the discussed
simulation results would be an interesting aspect to address in future studies.

3.5 Conclusion

Peptide folding with MD simulations is inherently dependent on the accuracy of the applied
force field. The observed similarities between different force fields support the consensus view of
biomolecular dynamics [168], but remaining differences emphasize the importance of continuous
force field development and refinement. The folding behavior of various peptide sequences in
different MD force fields revealed significant and systematic differences in the stability and
formation propensity of dominant secondary structure elements. The observations suggest that
in particular the relative stabilities of helical and extended conformations depend on a subtle
balance of force field parameters. In addition, indications for different sampling characteristics
of the respective force fields were found, affecting both the kinetics and convergence of the
simulations. It is likely that the discussed deviations in the structural representations are less
critical in protein simulations, when starting from the folded native state. However, a significant
bias for peptide and protein simulations on long timescales is expected [210]. This also indicates
the relevance for simulations of folding intermediates, natively unfolded proteins, and studies
on peptide aggregation. Concerning the treatment of electrostatics, it is nowadays common
practice to apply PME for biomolecular simulations. However, care is required when employing
PME in conjunction with force fields and water models which were originally developed using
cutoff or reaction-field (OPLS, GROMOS96) [148]. In terms of secondary structure propensities,
the peptides studied here revealed a tendency towards sampling β-hairpin structures when
employing PME combined with the OPLS and GROMOS96 force fields.

In summary, for folding studies a force field bias can not be excluded and from the current
perspective there is no single best fit solution for peptide folding simulations with today’s
nonpolarizable force fields. Rather a multiple force field or consensus approach is suggested:
if computationally feasible to simulate, using more than one suitable force field to address the
particular question at hand, and whenever possible, to compare the simulation results to direct
experimental data.
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Chapter 4

Conformational dynamics, assembly pathways
and driving forces of steric zipper peptide
oligomerization
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Summary

The process of protein misfolding and self-assembly into various, polymorphic aggregates is asso-
ciated with a number of important neurodegenerative diseases. Only recently, crystal structures
of several short peptides have provided detailed structural insights into β-sheet rich aggregates,
known as amyloid fibrils. Knowledge about early events of the formation and interconversion
of small oligomeric states, an inevitable step in the cascade of peptide self-assembly, however,
remains still limited.

Molecular dynamics simulations in explicit solvent have been employed to study the sponta-
neous aggregation process of steric zipper peptides from the tau protein, insulin and α-synuclein
in atomistic detail on the microsecond timescale. Starting from separated chains with random
conformations, a rapid formation of structurally heterogeneous, β-sheet rich oligomers, emerg-
ing from multiple bimolecular association steps and diverse assembly pathways was found.

The study provides evidence that aggregate intermediates as small as dimers can be kineti-
cally trapped and thus affect the structural evolution of larger oligomers. Alternative aggregate
structures are found for both peptide sequences in the different independent simulations, some of
which feature characteristics of the known steric zipper conformation (e.g. β-sheet bilayers with
a dry interface). The final aggregates interconvert with topologically distinct oligomeric states
exclusively via internal rearrangements. The peptide oligomerization was analyzed through the
perspective of a minimal oligomer, i.e. the dimer. Thereby all observed multimeric aggregates
can be consistently mapped onto a space of reduced dimensionality. The conformational map-
ping reveals heterogeneous association and reorganization dynamics which are governed by the
characteristics of peptide sequence and oligomer size.

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 β-sheets are mainly driven by optimized inter-peptide
interactions in the collapsed state. A mapping technique based on collective coordinates is em-
ployed to highlight similarities and differences in the conformational ensemble of small oligomer
structures. Elucidating the dynamical and polymorphic β-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-β motif found in the fibrillar or crystalline
states.
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4.1 Mapping conformational dynamics and pathways of
steric zipper peptide oligomerization

4.1.1 Introduction

The assembly of polypeptides and proteins into β-sheet rich aggregates termed amyloid plaques
and fibrils is known to be associated with several severe diseases in vivo [4,29,59,242,243]. The
morphology and molecular structure of mature amyloid fibrils have been investigated extensively
in vitro as many polypeptide chains form fibrillar aggregates with cross-β conformation [35].
The application of a wide range of different diffraction and spectroscopy techniques [43,45,47,
55, 244–247] has helped to elucidate various aspects of fibril architecture and has confirmed
molecular polymorphism on several structural levels of filament organization [35,43,51,66,248].
However, the mechanistic details and underlying energetics of amyloid fibril formation and the
appreciable multitude of conformational states, starting from entities as small as monomers
are not well understood [29, 56, 59, 242]. Specifically, the initial and early stages, marked
by the population of various soluble oligomeric species still await a consistent and unified
description [53, 54, 56, 66, 67]. Recent advances in the field have contributed to the discovery
of a rich variety of amyloid precursors and oligomeric states [63–65, 68], yet the structurally
heterogeneous and transient nature of these aggregates still does not permit precise experimental
characterization.

Analyses of experimentally observed aggregation kinetics suggest different mechanistic ex-
planations for possible pathways and rate-limiting steps of amyloid fibril formation [52–56].
But it has not been possible to directly probe the nucleation event in amyloid aggregation so
far. While it remains controversial if all observed types of oligomers are indeed on-pathway
intermediates [29,66,67], an increasing amount of experimental evidence points to soluble pro-
tein oligomers as the primary cause of cell impairment and dysfunction in the pathogenesis of
neurodegenerative diseases and various amyloidoses [4, 63–69].

A mechanistic interpretation of the multi-staged aggregation process and a structural char-
acterization of key intermediates therefore pose an essential challenge, also with regard to
the identification and application of therapeutic strategies interfering with nonnative peptide
and protein aggregation. Computer simulation techniques have provided insight into several
raised questions, such as thermodynamics or conformational dynamics of early oligomer forma-
tion [106,108–119] and additionally have made valuable mechanistic propositions [120–127].

In vitro studies established segments of amyloidogenic proteins and de novo designed pep-
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tides as suitable model systems to investigate sequence determinants of fibril formation (e.g.
mutational effects) [83–88]. These short peptides were shown to be capable of forming amyloid-
like fibrils, yet they are sufficiently small to allow systematic and controlled experimental access
to their biophysical properties and to detailed structural models [97, 98]. Recently obtained
crystal structures of such minimal peptide sequences provided insight into what could be the
general spine organization of amyloid fibrils [82, 100, 102–104]. A common steric zipper motif
was revealed for a number of peptides in the crystalline state, where two elongated sheets
of peptide strands are arranged such that a complementarity packing of the side chains leads
to a tight and dry interface. Combined, these experimental findings underscore the notion of
amyloid fibril formation being a universal property of the peptide backbone depending on ex-
ternal factors and modulated by sequence characteristics [4, 16]. Moreover, it was shown that
these specific short stretches can trigger self-assembly and mediate amyloid formation [93,94],
therefore leading to the idea that the amyloidogenicity of a sequence can be strongly localized.
The ability of these segments to even force a globular, non-fibrillizing protein into the amyloid
state was demonstrated [101].

In the present study the structure and dynamics of spontaneously assembled oligomers
for two different steric zipper peptides (PHF6, IB12) was explored using atomistic molecular
dynamics simulations in explicit water.

The PHF6 (306VQIVYK311) peptide is a segment from the microtubule-associated tau pro-
tein and has been shown to be sufficient for in vitro polymerization to filamentous structures
and microcrystals [82, 86, 95, 96]. The PHF6 motif is located in the repeat regions of the
microtubule-binding domain of tau and has been suggested to play a prominent role in the for-
mation of paired helical filaments (PHFs) and is also part of the PHF core composed of cross-β
structure [95, 96, 246]. The natively unfolded and highly soluble full-length protein functions
in assembly and stabilization of microtubules [96] and self-associates into PHFs, when hyper-
phosphorylated [96,246]. Pathological accumulation of such tau aggregates into neurofibrillary
tangles is a characteristic signature of Alzheimer’s disease and other tauopathies [246].

The hexapeptide 12VEALYL17, here referred to as IB12, is a segment from the B chain
of the peptide hormone insulin and has been found to form amyloid-like fibrils, as well as
microcrystalline aggregates with typical cross-β diffraction pattern [82, 88]. The IB12 peptide
is proposed to have importance in full-length insulin misfolding and aggregation [249].
Insulin has been studied as a model system for aggregation and generally under conditions
(elevated temperatures, low pH) which favor the monomeric and partially unfolded
state [250–252]. Fibrillation proceeds via oligomeric, nonnative intermediates, during which
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insulin is subject to major structural alterations from a predominantly α-helical to β-sheet
rich conformation [245, 250–252]. According to several studies [82, 249, 251, 253] critical
intermolecular interactions have been attributed to the IB12 segment of the B chain, which is
also most likely incorporated in the extended β-strands that make up the core region of insulin
fibrils [254, 255].

Here a quantitative description of the spontaneous steric zipper peptide aggrega-
tion and oligomer growth process is presented based on multiple submicrosecond molecular
dynamics simulations. Two different short segments of amyloidogenic proteins are used to
study and unveil the critical variables that govern the kinetics of the initial biomolecular
aggregation stages. From the observed conformational dynamics during the formation of
small oligomers common mechanistic steps at molecular detail are elucidated. In order to do
so, a novel low-dimensional mapping procedure is introduced to visualize the heterogeneous
oligomerization pathways, allowing the identification of common encounter complexes and
intermediates.

4.1.2 Methods

Simulation setup and procedure.

Simulated Systems. An overview of the simulated peptide systems is given in Table 4.1.
The simulations were categorized according to the name of the peptide and the starting
configuration and have a length of 4.8 µs altogether.

Table 4.1: Summary of performed simulations.

system (ID) starting configuration conc. (mM) time (ns/run) no. of sim.
VQIVYK (PHF6) 10 monomeric peptides, random 16.6 300 8
VEALYL (IB12) 10 monomeric peptides, random 16.6 300 8

conc.: peptide concentration.
no. of sim.: number of independent simulations.

Initial conformations. Conformational ensembles containing 1000 peptide struc-
tures each were generated with CONCOORD [256] based on the atomic coordinates of
the PDB crystal structures: 2ON9 (VQIVYK; PHF6) and 2OMQ (VEALYL; IB12) [82],
respectively. Only topological constraints were defined, resulting in random starting

53



4.1 Mapping conformational dynamics and pathways of steric zipper peptide oligomerization

Figure 4.1: Typical starting configu-
ration: A cubic simulation box with
10 monomeric peptides, ions and ex-
plicit water molecules. The peptide
backbones are depicted in cartoon repre-
sentation and side chain atoms as sticks,
sodium and chloride ions as spheres and
water molecules as transparent sticks.

configurations for the simulations. The individual simulations were set up according to
the following protocol: 10 different peptide conformations were randomly chosen from the
pre-generated structure ensemble and placed randomly in position and orientation in a cubic
box (1000 nm3) to result in a concentration of 16.6 mM. This procedure was applied to reduce
the bias from the individual peptide’s starting position and configuration and to ensure a fully
monomeric starting configuration for each of the conducted simulation runs, respectively.

Subsequently all systems were solvated with explicit water molecules. The protonation
state of the peptides was at pH 7 for all simulations of the PHF6 peptides according to
the one in solution. For the IB12 peptide simulations and consistent with experimental
conditions at pH 2.5 [82, 88], the C-terminus and the glutamate side chains were assumed
to be protonated. Counter-ions (Na+, Cl−) were added to yield an appropriate ionic
strengh (0.15 M) and to neutralize the net system charge. After the system preparation
an energy minimization using steepest descent was performed. The simulation systems
were each comprised of roughly 100x103 atoms. A typical simulation box is shown in Figure 4.1.
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MD setup. All MD simulations were carried out using the GROMACS software
package (version 4.0) [175–177]. The Berendsen coupling algorithm [187] was applied to
keep the pressure constant by coupling the system to a pressure bath of 1 bar (τ = 1 ps).
Velocity rescale [188] was applied for temperature coupling to a temperature bath of 310 K.
Initial velocities were taken from a Maxwellian distribution at 310 K. All protein bonds were
constrained with the P-Lincs algorithm [182]. Virtual interaction sites of all hydrogen atoms
were introduced, thereby removing all internal vibrational degrees of freedom. This allowed
us to use an integration time step of 5 fs while maintaining energy conservation [175, 179].
Neighbor lists for nonbonded interactions were updated every 5 steps. For production runs the
GROMOS96 43A1 [159, 160] force field and the SPC water model [184] were used. Water
molecules were constrained using SETTLE [234]. The short-ranged nonbonded interactions,
namely van der Waals and electrostatic 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
(PME) [230, 231] method. The electrostatic interactions with PME were calculated at every
step with a grid spacing of 0.12 nm. The relative tolerance at the cut-off was set at 10−6,
electrostatic interactions for a distance smaller than the real space cut-off were calculated
explicitly.

Analysis

Samples for analysis were taken every 2.5 ps from the collected trajectories.

Definitions of general and β-sheet aggregates. In order to quantitatively
probe the association state of the peptides at any given time a hierarchical classification of
the formed aggregates and their numerous conformations was pursued:
i) Pairwise inter-peptide contact analysis was used to identify the individual aggregates,
defined as general peptide assemblies: Peptides which shared an inter-chain residue contact
were assumed to be within the same aggregate. For any two peptides i, j an inter-chain
contact was considered to be formed if any heavy atom of peptide i was within a distance of
0.45 nm from any heavy atom of peptide j.
ii) To trace not only the general peptide association but also any sort of transition to ordered
species, assemblies of peptides aggregated into intermolecular β-sheets were defined: Any two
peptides which shared two consecutive inter-chain β-sheet contacts as defined by the DSSP
algorithm [202] were considered to constitute a β-sheet aggregate, a subpopulation of the
above considered general peptide aggregates.
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Orientational order parameter P2. The nematic order parameter (P2) of the system yields
information about the extent of alignment and relative orientation of the individual peptides.
A suitable molecular vector (ẑi) was defined, here the unit vector linking the Cα-atoms of the
second to fifth residue of the i-th peptide.

P2 = 1
N

N∑
i=1

3
2
(
ẑi · d̂

)2
− 1

2

The order parameter P2 was calculated using the WORDOM program package [257].

Oligomer decomposition and dimer relabeling. The pathways of PHF6 and
IB12 peptide aggregation were mapped and analyzed through the perspective of a minimal
oligomer, i.e. the peptide dimer. All aggregates consisting of three, four or ten peptides were
separately decomposed into smaller dimeric subsystems based on a minimal distance criterion.
Afterwards, these decomposed structures were consistently relabeled, clustered and transition
pathways between clusters constructed: The decomposition of higher oligomers into dimeric
structures was performed separately for trajectories which contained all trimeric, tetrameric
and decameric aggregates observed in all simulations for both, PHF6 and IB12, peptides. For
each trajectory frame a neighbor list of peptides was generated for each molecule. Peptide A
was added to the neighbor list of peptide B if at least one heavy atom of A and B were less
than 0.45 nm apart. That way all possible combinations of dimers for each molecule and the
molecules in its neighbor list were saved. Only unique dimer combinations were considered
by removing identical and permuted combinations, e.g. dimers AB and BA were treated as
equivalent and hence one of them discarded. Thereby a conformational ensemble of dimeric
structures was obtained, constructed from a specific oligomeric state (trimer, tetramer and
decamer).

Both, the clustering of the dimeric structures and mapping them onto principal components,
requires superposition to a reference structure. In order to fit structures consistently, peptides
forming dimers were labeled such that similar molecules were given the same chain identifier
(ID).

In the first step of this relabeling procedure, peptides in a dimeric structure were assigned
with individual IDs and fit to a reference structure. In the second step, IDs for the peptides
were interchanged and fitting was performed again. Labels that resulted in a lower root mean
square deviation (RMSD) between the dimer of interest and the reference structure were kept.
Main-chain and Cβ atoms were used for fitting and the RMSD calculation. To prevent the
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dependence of labeling on the reference structure, an iterative relabeling scheme was applied.
Initially, relabeling was performed using a peptide dimer built from the respective crystal
structure conformation as a reference. The average structure of the relabeled trajectory was
calculated. The relabeling procedure was repeated using this average structure as a reference.
The cycle was repeated until all structures in the trajectory were labeled identically in two
subsequent iterations.

PCA and k-means clustering. Principal component analysis (PCA) [194] was
carried out over the conformations of the spontaneously formed PHF6 and IB12 dimers,
respectively. The covariance matrix of atomic displacement was constructed and diagonalized
for the coordinates of main-chain and Cβ atoms. All structures were superimposed to the
respective average structure calculated over all the dimer conformations prior to analysis. The
conformational ensemble of spontaneously formed PHF6 and IB12 dimers were projected
onto the first three eigenvectors to obtain a mapping into a space of reduced dimensionality,
respectively.

For the conformational clustering of dimeric structures, coordinates of the main-chain and
Cβ atoms were extracted from each peptide dimer. RMSD values between dimeric structures
were used as a distance measure for k-means clustering. The implementation of the k-means
Hartigan-Wong algorithm [258] in the statistical software package R [259] was used for
clustering. Cluster centers were selected according to the global k-means algorithm [260], the
optimal number of clusters was determined by the Krzhanowski-Lai criterion [261]. Structures
with the lowest RMSD value to the geometrical centers of the clusters were selected as
representatives. The selection of cluster centers and numbers was performed only for the
spontaneously formed dimer conformations of PHF6 and IB12, respectively. The decomposed
trajectories of trimers and tetramers were clustered using these respective cluster centers and
numbers.

Pathway mapping. Transition networks were constructed based on the confor-
mational clustering. Nodes represent clusters and edges the transitions between them.
The size of a node was determined by counting occurrences of a structure in a certain
cluster. Transitions between two clusters were counted if dimer conformations traversed
to another cluster in the subsequent time step (frame). If a dimer conformation
disassembled or formed a larger aggregate for at least one time step, a transition
out of the node (cluster) was counted. If a dimer conformation was formed, a
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Figure 4.2: Illustration of primary PHF6 peptide aggregation events. Snapshots of
conformations observed during the first 80 ns of a representative simulation of PHF6 oligomer-
ization are shown (water and ions omitted for clarity). Starting from the initial state, the 10
monomeric peptides with random conformations rapidly assemble and start to form small sized
aggregates (n ≤ 4) after a short lag time. Towards the end of the simulation an aggregated
phase is observed, characterized by the presence of one single, large oligomer (n = 10).

transition into the node (cluster) was counted. Pathway network construction was per-
formed with Cytoscape [262]. Node and edge sizes were normalized for each network separately.

Visualization. Molecular images in the main text and PCA projections were
rendered using VMD [263] and Tachyon [264]. The pathway networks were visualized using
the Cytoscape package [262].

4.1.3 Results

Secondary structure and topology of spontaneously assembled steric zipper peptide
oligomers. In the present study the primary aggregation events were monitored for the two
different peptides PHF6 and IB12, with eight independent simulations each (see Table 4.1).
The simulations started from 10 separated peptide chains with random conformations, positions
and orientations, respectively (Fig. 4.1). Representative snapshots from one of the PHF6
simulations are shown in Figure 4.2. They illustrate a typical, spontaneous self-assembly into
β-sheet oligomers as frequently observed in the 300 ns simulations.
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A secondary structure content analysis reveals that the peptide aggregation was accompa-
nied by a conversion from random coil to extended β-sheets as the dominant structural motif in
the oligomeric state (Fig. 4.3). As simulation time progresses, a rapidly increasing number of
inter-molecular hydrogen bonds was found, together with the spontaneous formation of β-sheet
rich oligomers. Although β-sheet formation was a general feature, differences in the β-sheet
content were observed for PHF6 and IB12 simulations. While in most of the PHF6 simulations
more than 40% of the high initial random coil content was retained, for the IB12 peptides
a lower coil fraction was found after 300 ns. In the course of the IB12 simulations a near
monotonically increasing β-sheet content was observed (see Fig. 4.3E). On average more than
half of all IB12 peptide residues were found in extended backbone conformation. In contrast,
smaller fractions and larger fluctuations in the amount of β-sheets were observed for the PHF6
aggregates, as shown in Figure 4.3B. One out of the eight PHF6 trajectories even yielded an
almost amorphous decameric peptide aggregate, exhibiting strong disorder.

Nevertheless, the majority of all the observed aggregates did organize in β-sheet rich struc-
tures, although topologically quite diverse (see Fig. 4.3C and 4.3F) when comparing individual
simulations of the same sequence, as well as between the studied PHF6 and IB12 systems.

Among the most frequently sampled motifs in these heterogeneous structures were two
or more opposing smaller β-sheets stacked on top of each other. In addition, mostly single
sheets of two to five strands facing a residual portion of disordered peptide chains were
observed. With all PHF6 or IB12 peptides assembled into a single aggregate, β-sheets with a
perpendicular arrangement, as well as incomplete and distorted barrel-like orientations were
formed transiently. A number of the spontaneously formed decameric peptide aggregates
featured bilayers of well aligned and tightly laminated β-sheets. The resulting dry sheet
interfaces constitute a structural characteristic of steric zipper cross-β spines [82], although
the observed oligomeric aggregates lacked the regular strand arrangement and complete side
chain interdigitation as found in the crystalline conformation. The described conformationally
distinct oligomeric states with their relatively stable β-sheet rich subdomain conformations
were found to interconvert between various forms of β-sheet aggregates. Indeed, most of
the oligomers displayed orientational disorder and were rather dynamic due to an ongoing
intra-sheet and inter-sheet side chain repacking. As a result β-sheets were usually bent and
twisted to some extent. Irregularly congregated sheets and weakly attached edge-strands were
partially prone to break, shift, flip and reform during the simulations.
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Figure 4.3: Analysis of the secondary structure evolution for PHF6 and IB12 oligomer-
ization. The development of secondary structure elements according to DSSP is shown for all
independent PHF6 (A, B) and IB12 (D, E) simulations. For PHF6 oligomerization a substantial
conversion from random coil (A) to extended β-sheet (B) peptide structure is revealed. A set
of representative PHF6 aggregate end-structures (300 ns) are depicted in cartoon representa-
tion, showing disordered, as well as intermediate and ordered β-sheet assemblies consisting of
several stacked β-sheet subdomains (C). The colors encode β-sheet (red), β-bridge (purple),
random coil (green) and bend (yellow) secondary structure elements. The self-association of
IB12 peptides and formation of larger aggregates was accompanied by an almost complete con-
version from random coil (D) to extended β-sheet (E) peptide structure in all simulation runs.
A set of representative IB12 end-structures (300 ns) in cartoon representation shows β-sheet
rich oligomers, which were predominantly composed of bilayers of aligned β-sheets. Barrel-like
conformations with dry β-sheet interfaces were found to a less extent and exhibited residual
disorder (F).

Aggregate and β-sheet size distributions. The aggregate size distribution
evolving during the series of eight independent trajectories per peptide system was followed.
In order to quantitatively probe the aggregation state of the peptides at any given time
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Figure 4.4: Time series and populations of aggregate and β-sheet size distributions.
Averaged populations of general aggregate and β-sheet size n at simulation time t are shown
for PHF6 (A, B) and IB12 (C, D), respectively. Dark-blue, purple and red colors indicate a high
averaged abundance of a particular aggregate or β-sheet size. The normalized aggregate and
β-sheet size probability distributions for two time windows during the spontaneous aggregation
simulations of both peptides are shown (E, F): from t = 0-75 ns, which approximately corre-
sponds to the early association and growth phase, after which the pool of monomers was found
to be depleted in all simulations (E); for t = 0-300 ns, where the distribution was dominated
by the final aggregated phase and mainly characterized by a peptide reorganization process
within the single, large aggregates. At this stage, stable but partially disordered oligomers with
β-sheet subdomains of intermediate size emerged (F).

a hierarchical classification of the formed aggregates and their numerous conformations
according to the criteria of general and β-sheet peptide association was pursued (see
Methods).

The averaged population of a specific aggregate size n at a time t for the PHF6 and
IB12 simulations is depicted in Figure 4.4A and 4.4C, respectively. The spontaneous oligomer
formation was initiated by a rapid clustering of the peptides in all of the simulations. Starting
from monomers, common association states were visited in the early phases of oligomerization.
The peptide molecules were found to be dynamic and reversibly associating and dissociating,
eventually ending up in the decameric state as indicated by the averaged occupations over all
trajectories. The decamer represented a stable aggregation end-product in all simulations, as
no substantial dissociation events of one or more peptides were observed.
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The spontaneous peptide aggregation and oligomer formation process can therefore be
characterized by two principal phases: an early association and growth phase where the assembly
of peptides proceeded rather fast, and an aggregated phase where no further aggregation or
disaggregation events took place, dominated by internal reorganizations.

Aggregates up to trimers were formed on average within a few nanoseconds (Fig. 4.4A
and 4.4C). Higher order oligomers (3 ≤ n ≤ 8) were formed within tens of nanoseconds. In-
terestingly, the IB12 peptide showed a rather uniform distribution of aggregate sizes over time
(indicated by dark blue regions). In contrast, for PHF6 a broad and divergent distribution of
association states was found. The aggregate populations of the individual simulations high-
light the dynamical and complex assembly process into the decamers, suggesting that multiple
assembly pathways exist.

From the computed normalized aggregate size probability distribution (Fig. 4.4E and 4.4F),
it was found that for PHF6 all possible oligomer sizes were populated at some point. For IB12,
odd-numbered aggregate sizes larger than the trimer (n = 5, 7 and 9) were not or only briefly
visited. Furthermore, the spectrum of IB12 peptide aggregate sizes in the association phase
showed a preferential population of 4-, 6- or 8-mers compared to PHF6 simulations.

The early phase of peptide aggregation was most prominently marked by the burial of a
large fraction of hydrophobic solvent accessible surface area (hSAS) in all performed simulation
runs. Half of the initial hSAS was buried upon peptide self-association from monomers into
multimeric assemblies and along with the formation of larger aggregates. This demonstrates
that the initiation of peptide oligomerization was primarily associated with the reduction of
nonpolar peptide surface, predominantly of the side chains. The hSAS values converged around
100 ns for both simulated peptide systems, respectively and displayed only little fluctuation
afterwards.

The onset of β-sheet formation (Fig. 4.4B and 4.4D) was slightly delayed in comparison
to the general peptide assembly, suggesting that β-sheet formation was not the primary driv-
ing force for peptide aggregation. While dimeric or trimeric β-sheets formed relatively fast,
noticeable build-up of β-sheet assemblies composed of up to four or five β-strands took place
on timescales beyond 50 ns (Fig. 4.4E and 4.4F). However, the oligomers did not grow in one
single sheet, as already discussed for representative snapshots from the simulations. They rather
showed a tendency to be composed of at least two smaller sheets stacked on top of each other.
The average size of these ordered subdomains was found to fluctuate strongly - consistent with
frequent formation and breaking of backbone hydrogen bonds, even in the aggregate interior,
reflecting the conformational plasticity of the observed oligomers.
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Figure 4.5: Oligomer formation and
growth proceeds by bimolecular as-
sociations. The scheme highlights all
possible bimolecular reactions up to the
decamer (non-white boxes) and their re-
spective number of occurrence in all of
the PHF6 (A) and IB12 (B) simulations.
The values in the boxes indicate the num-
ber of net association reactions between
aggregates of size N1 and N2 in the
general form: [X]N1

+ [X]N2
→ [X]n;

n = N1 + N2; X = PHF6, IB12 (i.e.
the overall productive oligomer formation
and growth steps).

The aggregated phase started with the emergence of stable, but partially disordered
decamers. All observed oligomeric end-states showed a low nonpolar surface area and compact
arrangements, although the aggregates were still subject to structural fluctuations and reorga-
nizations. This is in accordance with the overall higher abundance of three- and four-stranded
β-sheets (Fig. 4.4F), which was nearly twice as high compared to the initial stages of aggregate
formation. While overall significant fractions of β-sheets composed of up to five strands
were found, the propensity of sampling β-sheet sizes with two to four strands was on av-
erage higher in IB12 (2: 25%, 3: 23% and 4: 19%) versus PHF6 (19%, 17% and 6%) oligomers.

Growth of aggregates proceeds via bimolecular association reactions. To
further quantify and compare the spontaneous aggregation behavior of the PHF6 and IB12
peptide systems, every individual association event in the simulations was traced, starting in
all cases from an ensemble of monomeric conformations. To exclude brief, unreactive collisions
of peptide molecules from the analysis, only association or dissociation of aggregates which
were stable for at least 10 ps were considered.
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It was found that oligomer formation and growth proceeded exclusively by bimolecular
association reactions, no trimolecular or higher order association reactions were observed. The
observed association events thus can be represented in the general form:

[X]N1
+ [X]N2

� [X]n; n = N1 +N2; X = PHF6, IB12.

The net associations observed in all PHF6 and IB12 simulations are summarized in
Figure 4.5A and B, respectively. After the initiation step of the pairing of two monomers
and irrespective of the investigated sequence, aggregate growth was found to proceed
heterogeneously, as already seen in the series of time dependent oligomer size distributions
(Fig. 4.4A and 4.4C). However, two principal reaction types according to basic kinetic models
of nonnative protein aggregation could be distinguished [56]: aggregate growth by (chain)
polymerization and condensation. Polymerization type reactions cover additions of one or
more monomers, whereas condensation reactions involve any other aggregate-aggregate
association step that does not directly consume monomers. In the case of PHF6, decameric
oligomers and aggregates of all sizes were found to grow by parallel routes, either by adding
one monomer at a time (first column in Fig. 4.5A; N2 = 1) or through condensation
reactions (N2 ≥ 2). For the IB12 assembly a less diverse set of bimolecular association
reactions and more of a multi-staged process was observed. Here, the mutual fusion of
aggregates (condensation) was the dominant pathway for the formation of larger aggregates.
Especially dimeric or trimeric IB12 aggregates were found to condense preferably, as well
as dimers with tetra-, hexa-, and octamers. These prevalent association reactions were
also reflected in the marginal population of odd-numbered general aggregate sizes for
IB12, in contrast to the PHF6 simulations (Fig. 4.4E). Moreover, smaller fluctuations
and a larger irreversibility was found for IB12 peptide association in comparison to PHF6,
when examining all the individual association and dissociation events. It was found that
the efficient assembly into dimers and trimers leads to a fast and irreversible depletion
of available IB12 monomers. This offers a plausible explanation why IB12 aggregates
larger than heptamers exclusively were found to grow by condensation type reactions.
PHF6 peptides were found to associate less efficiently or to dissociate after transient con-
tact formation, which gave rise to more complex assembly pathways all the way to the decamer.

Conformational properties of oligomeric aggregates with various size. In
order to further access the molecular details of assembly, as well as aggregate structure and
dynamics, several essential features of the spontaneously formed oligomers as a function
of aggregate order n were examined (Fig. 4.6). The analysis was based on all performed
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Figure 4.6: Structural analysis of PHF6 and IB12 oligomers as a function of the
number of peptides contained. Secondary structure propensity according to DSSP based
on all simulations for PHF6 (A) and IB12 (B) aggregates. An increase in β-sheet structure with
aggregate order n was observed for both peptide systems. However, the secondary structure
content observed for aggregates larger than trimers differed significantly for PHF6 with respect
to IB12. The average intra peptide distance between the N- and C-terminal Cα-atoms and the
nematic order P2 is shown for PHF6 (C) and IB12 (D) oligomers. The calculated peptide chain
extension (rend) was normalized to the respective distance in the conformation found in the
crystal structure (rcry). The analysis reveals that the individual PHF6 and IB12 peptide chains
extended with the order of the aggregate n (C and D). The nematic order of the aggregates
decreased generally with size. Large PHF6 oligomers (C) had on average a higher orientational
order compared to IB12 aggregates (D) of the same size, yet they aggregated in less extended
chain conformations.

simulation runs, but oligomer sizes for which statistics were insufficient (less than 50 ns of
cumulative occurrence; PHF6: n = 9; IB12: n = 5, 7 and 9) were excluded.

First of all, certain conformational quantities seem to depend on the aggregate order, but
to a different extent for both investigated peptide systems. This can be seen for the formation
of secondary structure elements as shown in Figure 4.6A and 4.6B. No significant secondary
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structure was found for the peptide monomers, as they adopted predominantly coiled (roughly
80 %) and bend conformations regardless of the sequence. Starting with dimers, a significant
conversion from coil to β-sheet structure was observed. While PHF6 oligomers of intermediate
size maintained the average β-sheet content of the dimeric aggregates (around 25 %), a marked
increase in β-sheet conformations from IB12 dimers to trimers and tetramers was detected. The
decameric aggregates exhibit the highest β-sheet content among all aggregate sizes of both
studied peptide sequences. However, the IB12 decamers showed a higher and more uniform
amount of β-sheet structure in comparison to PHF6 assemblies of this particular size.

In terms of structural content per residue as assigned by DSSP [202], it was found that for
both peptides the central hydrophobic aliphatic residues Ile3 (PHF6) and Ala3 (IB12), as well
as the respective flanking residues have the highest probability to adopt β-sheet conformation.
This feature was conserved from the dimers to the decamers. Interestingly, PHF6 and IB12
peptides sampled extended conformations at position five less frequently, which is in both cases
a tyrosine residue.

It was found that the end-to-end distances of the peptides were shifted gradually towards the
ones of more stretched conformers, as the individual strands organized in larger aggregates (Fig.
4.6C and 4.6D). Especially the IB12 peptide chains were driven to extended conformations due
to the presence of inter-peptide interactions, along with the appreciable change in secondary
structure. This feature was found to be less distinct for PHF6 peptides, consistent with the
persistent sampling of random coil and bend structures.

To asses the alignment order of specific aggregates, the nematic order parameter P2, which
discriminates between uniaxial, ordered or disordered (amorphous) conformations were used
(see Methods). Here P2 values larger than 0.5 indicate the propensity to be in an ordered, well
aligned state. Figures 4.6C and 4.6D show the averaged nematic order of aggregates with size
n. The initially very high orientational order in the spontaneously formed peptide dimers (P2

≈ 0.8) decreased prominently for IB12 trimers and tetramers (P2 ≈ 0.55-0.6), whereas PHF6
tetramers still exhibited high nematic order. The averaged orientational order was lowest in
the IB12 decamers (P2 ≈ 0.35) despite the fact that these aggregates contained the highest
amount of β-sheet structure and sampled highly extended conformations (Fig. 4.6D). This
can be attributed on one hand to the strong fluctuations due to conformational reorganizations
present in all of the aggregates. On the other hand this is due to the degree of disorder caused
by lateral stacking and twisting in the larger β-sheet assemblies.

A mixture of parallel and anti-parallel peptide strand alignments was found
within β-sheets of all sizes for both, PHF6 and IB12 aggregates. Strands aligned
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preferably anti-parallel in IB12 β-sheet dimers, whereas parallel orientations were
more prominent in larger IB12 β-sheet aggregates. A general preference for anti-
parallel orientations was persistently found for PHF6 β-sheets of all observed sizes.
The patterns of peptide strand registry were found to be heterogeneous in both peptide systems.

PHF6 and IB12 peptides form anti-parallel β-sheet dimers. As seen from
the secondary structure analysis, peptide dimers were critical intermediates in PHF6 and
IB12 oligomerization. This particular observation was made with regard to the significant
conversion from random coil to β-sheet structure. Furthermore, peptide dimerization was the
primary step of the aggregation process. It is therefore of interest to investigate the influence
of the specific dimer conformation on the formation of larger oligomeric structures. This was
done by analyzing the relevant participation of dimers in the discussed reaction types and
association pathways. A detailed analysis of the conformational characteristics and dynamics
of the dimeric aggregates was therefore carried out.

A projection of the spontaneously formed PHF6 and IB12 dimers collected from all simu-
lations onto two observables (Rg, RMSD) is shown in Figure 4.7 together with representative
structures of frequently visited conformational states. Overall, both ensembles display a simi-
lar landscape featuring a variety of well-aligned anti-parallel, less ordered parallel, orthogonal,
compact as well as largely unstructured chain conformations.

From the normalized sampling probability for PHF6 dimers in Fig. 4.7A, it was found that one
major and several minor dimer conformations were populated. The statistically most significant
structure was an ordered, anti-parallel β-sheet, which deviates 0.62 nm in RMSD from the
known parallel crystal structure arrangement. Another frequently sampled conformation did
not have extended β-strands, but rather showed disordered, but compact peptide chains, which
were stabilized by an isolated β-bridge (0.53 nm RMSD). Parallel, out-of-register β-sheet dimers
of intermediate order appear at 0.375 nm RMSD. Parallel, in-register dimers were not formed
spontaneously.

Figure 4.7B shows the projection of the spontaneously formed IB12 dimers. An anti-parallel
β-sheet with out-of-register conformation (0.22 nm RMSD) was found as the most abundant
structure. A collapsed, disordered state (0.3 nm RMSD) stabilized by a single backbone hydro-
gen bond pair and contacts of the N-terminal side chains were also found with a high probability.
Disordered or partially ordered, parallel β-sheet structures were sampled as well, but to a smaller
extent. A significant portion of less compact structures with a large radius of gyration was seen
in comparison to PHF6 dimers. A notable finding was the prevalent anti-parallel strand align-
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Figure 4.7: Ensemble of spontaneously formed PHF6 and IB12 peptide dimers. A
projection of the spontaneously formed dimer ensemble as a function of radius of gyration (Rg)
and the Cα root-mean-square deviation (RMSD) to the known crystal structure conformation of
the PHF6 and IB12 peptides (2ON9, 2OMQ) is depicted, respectively. Corresponding alignment
states are schematically highlighted by gray arrows in the upper and lower left part of the
projections. Representative structures for peptide dimers with a normalized probability higher
than 0.3 are shown for PHF6 (left) and IB12 (right) dimers. The normalized frequency of
occurence scale is given on the right.

ment for the dimer conformations of both peptide sequences. The alignment corresponded
well to the native filament pattern of the IB12 crystal structure. However, the spontaneous
aggregation simulations of the PHF6 peptides did not sample the formation of ordered, parallel
dimers, which approached the respective crystalline reference state with a RMSD of less than
0.3 nm.

To systematically test the stability of the fibril-like dimer peptide arrangement a total of
20 short simulations (15 ns) of isolated dimers per peptide sequence was carried out (data
not shown). This particularly addressed the question whether the parallel PHF6 dimer was
structurally stable on the nanosecond timescale. Two exemplary simulations were prolonged
up to 1 µs to probe the dimer dynamics beyond the nanosecond timescale (Fig. 4.8). Two
preformed β-sheets in an ordered, either parallel or anti-parallel arrangement were chosen as
initial conformations and representative dimeric states. One of them was the experimentally
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Figure 4.8: Ensemble of spontaneously formed and isolated PHF6 and IB12 peptide
dimers. Projections of various dimer ensembles as a function of radius of gyration (Rg) and
the Cα root-mean-square deviation (RMSD) to the known crystal structure conformation of
the PHF6 and IB12 peptides (2ON9, 2OMQ) are depicted, respectively. Spontaneously formed
dimers (A - PHF6 and C - IB12) and isolated dimer conformations, which were simulated
additionally on long timescales (B - PHF6 and C - IB12) are shown. The projections of the
isolated dimer conformations were obtained from two 1 µs long simulations, respectively. The
normalized frequency of occurence scale is given on the right.

determined crystal structure conformation, the other one was an ordered β-sheet dimer extracted
from the spontaneous aggregation simulations with opposite strand polarity.

In summary, the ensembles of spontaneously formed PHF6 and IB12 dimer structures were
relatively heterogeneous with predominantly anti-parallel chain conformations. However, from
multiple validation simulations of isolated dimer structures it was found that parallel PHF6 and
IB12 dimers are stable as well. For the isolated anti-parallel IB12 reference dimer structure
only a limited kinetic stability was revealed. The preformed PHF6 and IB12 β-sheet dimer
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conformations can inter-convert between different alignment states on the sub-microsecond
timescale, which is an order of magnitude longer than the average life time of dimers in the
spontaneous aggregation simulations.

In addition to simulations with GROMOS96 43A1, the AMBER99SB and CHARMM27
force fields were included to test the structural properties of preformed and encountering PHF6
and IB12 dimer aggregates. All these force fields are frequently used and have been shown to
perform particularly well in peptide aggregation and folding simulations [115, 121, 171]. The
different molecular mechanics force fields were compared in their ability to characterize and
preserve the isolated dimer structures (data not shown). To that end way the findings for
the simulations of spontaneous peptide aggregation have been evaluated and validated with
a consensus force field approach [171]. In the simulations of preformed, anti-parallel PHF6
dimers, as well as parallel IB12 dimers, a similar behavior and stability in all the tested force
field variants was observed. Therefore it appears that the choice of force field is only a minor
concern with respect to stability of preformed β-sheets.

Conformational mapping on collective coordinates yields distinct confor-
mational states of PHF6 and IB12 dimers. To address the question how the
conformational dynamics of the peptide dimerization plays a role in the selective population
of the anti-parallel conformations and how this can translate to structural features of larger
aggregates, a novel method of conformational mapping is introduced (see Methods).

With a principal component analysis (PCA) collective coordinates were obtained to describe
a peptide aggregate by means of its large-scale structural fluctuations in a space of reduced
dimensionality. Thereby the conformational changes associated to, for example initial peptide
encounter complexes, but also conformational transitions within formed aggregates was deter-
mined. To be able to map multimeric aggregates larger than dimers, oligomeric structures
were described in terms of minimal, dimeric units. The application of a clustering procedure
then allows for a consistent description of conformational distributions and association modes.
With this approach a fundamental challenge is addressed, which is the determination of a way
to analyze the structural aspects of the large and manifold ensemble of multimeric aggregate
conformations sampled in the simulations.

First, the main structural features of the dimeric states as revealed by the PCA and the
conformational clustering will be presented. Figures 4.9A and 4.10A show a three-dimensional
representation of the conformational space of the spontaneously formed PHF6 and IB12 peptide
dimers, projected onto the first three principal components - eigenvectors - EV1, EV2 and EV3,
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Figure 4.9: Mapping of PHF6 aggregate sizes and transitions between individual con-
formational clusters. On the left side of the panel: Visualization of PHF6 dimer conformations
in a three-dimensional principal subspace of collective fluctuations (A). Each dot corresponds
to a structure of the simulation projected on the first three eigenvectors as obtained from a
principal component analysis. The projection is viewed from three different angles. The colors
indicate the assignment of a PHF6 dimer structure to one of six conformational states: A1,
A2, P1, P2, I1, E1. The states were labeled with a capital letter according to the overall
dimer aggrangement within the respective cluster: A - anti-parallel dimer; P - parallel dimer; I
- intermediate ordered or irregular dimer structure, E - encounter complex. Cluster centers are
represented as black spheres, parallel and anti-parallel reference dimer conformations are high-
lighted as magenta spheres. The center structures from each cluster are shown as main-chain
(gray sticks) and Cβ atoms (white spheres), as well as the backbone in a cartoon representa-
tion. The N-terminal Cα atom of each chain is shown in purple. On the right side of the panel:
Transition networks illustrate the net transitions between the clusters as observed for dimers
(B), trimers (C) and tetramers (D). The node colors match the clusters in the projection, the
node size is consistent with the total number of assigned structures. The width and direction
of the node edges corresponds to the number of net transitions. The total transition frequency
between two nodes is color coded according to the gray scale on the top right corner.

respectively. The conformational clusters were labeled according to definitions given in Figures
4.9 and 4.10, respectively.

Surprisingly, the obtained collective coordinates of the PHF6 and IB12 dimer structure
ensembles were found to be similar. From both the projections, one can identify anti-parallel
(cluster A1 and A2) and parallel (cluster P1 and P2) dimer conformations, which are
discriminated along EV1. A twisting mode is described by EV2 and alters the relative chain
orientations, respectively. In the case of the mapped PHF6 dimers (Fig. 4.9A) several dense
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Figure 4.10: Mapping of IB12 aggregate sizes and transitions between individual con-
formational clusters. On the left side of the panel: Visualization of IB12 dimer conformations
in a three-dimensional principal subspace of collective fluctuations (A). Each dot corresponds
to a structure of the simulation projected on the first three eigenvectors as obtained from a
principal component analysis. The projection is viewed from three different angles. The colors
indicate the assignment of an IB12 dimer structure to one of five conformational states: A1,
A2, P1, P2, I1. The states were labeled with a capital letter according to the overall dimer
aggrangement within the respective cluster: A - anti-parallel dimer; P - parallel dimer; I - inter-
mediate ordered or irregular dimer structure. Cluster centers are represented as black spheres,
parallel and anti-parallel reference dimer conformations are highlighted as magenta spheres.
The center structures from each cluster are shown as main-chain (gray sticks) and Cβ atoms
(white spheres), as well as the backbone in a cartoon representation. The N-terminal Cα atom
of each chain is shown in purple. On the right side of the panel: Transition networks illustrate
the net transitions between the clusters as observed for dimers (B), trimers (C) and tetramers
(D). The node colors match the clusters in the projection, the node size is consistent with the
total number of assigned structures. The width and direction of the node edges corresponds to
the number of net transitions. The total transition frequency between two nodes is color coded
according to the gray scale on the top right corner.

regions in cluster A1 and A2, as well as P1 and I1 were evident. Interestingly, the center
structures of cluster A1, I1 and P1 correspond well to the representative ordered anti-parallel,
partially ordered parallel and disordered structures in Figure 4.7A. Especially sparse and
diffuse were the mapped structures along EV3 in the upper part of both projections. Here,
the center of mass distance between the two peptide chains was large, and indeed a chain
separation mode was the one mostly described by the third eigenvector. It can also be seen
that for PHF6 around the reference parallel dimer (magenta sphere in the upper right of
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Figure 4.9A) no sampling density exists. For the mapped conformational space of the IB12
peptide dimers (Fig. 4.10A), an important difference to PHF6 was the identification of only
five clusters as compared to six found for PHF6. Furthermore, less symmetry with respect
to the mapping of the IB12 structures along EV2 was seen. Again, cluster and densely
populated regions matched the prominently sampled states in Figure 4.7B (A1, A2, P1, I1).
In the spontaneous aggregation of IB12 peptides neither fully ordered parallel nor anti-parallel
in-register structures were sampled (magenta spheres in Fig. 4.10A). Averaged structural
features of the spontaneously formed dimers were extracted based on the conformational
clustering and are summarized in Tables 4.2 and 4.3. To compare the distinct structural
properties of the clustered aggregate structures to one another, the hydrogen bond energy
according to Espinosa et al. [265] was calculated and decomposed it into several contributions.
In addition, the hydrophobic solvent accessible surface , radius of gyration and average number
of residues in β-sheet conformation for each cluster were analyzed. The cluster A1 was the
most populated state for the two studied peptides. A1 has the highest amount of β-sheet,
the lowest total hydrogen bond energy for the dimer complex and also the most reduced
hydrophobic surface area, respectively. Inter side chain hydrogen bonds are negligible in the
case of IB12 dimers, while there were substantial energetic contributions for PHF6, especially
in the parallel dimers of cluster P1. To obtain the extent and pattern of inter-peptide
contact formation present in the individual conformational clusters, the average probability of
inter-peptide residue pair contacts was calculated. This was achieved by averaging over all the
structures of a cluster, respectively. The color-coded contact maps are shown in the Fig. 4.11
and 4.12 and reflect the overall arrangement of the peptide chains (alignment, registry) in the
respective conformational cluster. It was found that the central hydrophobic residues formed
contacts with high probability, both in PHF6 (Ile3, Val4) and IB12 (Ala3, Leu4) dimers.
Interestingly, the averaged contact maps for the individual IB12 dimer clusters show that the
hydrophobic C-terminus (Leu6) was involved in many interchain contacts. In the case of PHF6
dimers, fewer contacts were observed involving the C-terminal end, while the Gln2 residue was
found to participate prominently in contact formation (e.g. in cluster A2, P2 and E1).

Kinetics of dimerization are sequence dependent. The obtained ensemble of
spontaneously formed dimer structures cover every step from diffusional encounter of two
peptide molecules to primary contact formation and conformational reorganization of the
initially formed aggregates. In order to analyze the kinetics of dimerization in more detail,
transition networks between the identified clusters of peptide conformations were constructed
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Table 4.2: Averaged structural features of the conformational clusters of the PHF6 dimers.

cluster f Nβ hbEtot hbEamid hbEsc−sc hbEmc−sc hSAS Rg
A1 0.34 2.4 -104.72 -80.26 -2.69 -6.26 9.63 0.671
P1 0.15 1.1 -78.54 -52.40 -3.61 -7.48 9.90 0.667
P2 0.13 1.1 -68.21 -46.94 -1.99 -7.55 9.99 0.668
I1 0.14 1.1 -79.60 -54.46 -1.70 -5.84 9.83 0.655
E1 0.07 1.0 -63.30 -40.80 -1.81 -7.27 10.96 0.832
A2 0.17 0.7 -64.02 -37.78 -1.33 -7.77 10.07 0.677

f: Fraction of dimer structures assigned to this conformational cluster.
Nβ: Number of residues in β-sheet conformation (per chain).
hbEtot: Total hydrogen-bond energy of the dimer complex (kJ/mol).
hbEamid: NH - CO backbone hydrogen-bond energy (kJ/mol).
hbEsc−sc: side chain - side chain hydrogen-bond energy (kJ/mol).
hbEmc−sc: main chain - side chain hydrogen-bond energy (kJ/mol).
hSAS: hydrophobic solvent accessible surface area (nm2).
Rg: Raduis of gyration (nm).

(see Methods). Thereby mechanistic insight into common and alternative pathways was
gained. Here, the focus was on the pathway analysis of assembly into dimers, trimers and
tetramers (Fig. 4.9B-D and 4.10B-D), as these aggregates were involved in the primary
aggregation stage, covered most of the initial association steps and yielded adequate statistics.
First of all the focus will be on the respective dimerization events. From Figure 4.9B it is seen
that encountering PHF6 peptides frequently attached loosely or transiently via structures
similar to E1. This was predominantly facilitated by the contact formation of the N-terminal
Gln2 residue of one peptide to the C-terminal Lys6 of the other (Fig. 4.11). The dimeric
aggregates from this generic encounter complex ensemble (E1) were, however, not stable
and evolved further via two main pathways. Either a sequential zipping up of the extended
peptides to result in A2 type structures or a collapse of the peptide chains towards strongly
disordered I1 conformations was identified. Here, the compaction mainly originated from
the burial of the central hydrophobic parts (Ile3, Val4). Access to the ordered anti-parallel
dimer conformations of cluster A1 was found to be possible from both of these configuration
types and accompanied by increasing backbone hydrogen bond interactions (see Table 4.2).
However, dimer structures from the I1 cluster were found to reorganize predominantly to
parallel dimers (P1, P2).

The IB12 dimer ensemble lacks a discrete encounter complex cluster with well separated
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Table 4.3: Averaged structural features of the conformational clusters of the IB12 dimers.

cluster f Nβ hbEtot hbEamid hbEsc−sc hbEmc−sc hSAS Rg
A1 0.35 2.1 -99.75 -85.55 -0.76 -1.07 9.87 0.644
P1 0.10 0.9 -59.62 -47.42 -0.64 -2.96 10.20 0.674
P2 0.19 0.5 -67.32 -51.70 -0.20 -2.16 10.36 0.718
I1 0.12 1.4 -70.77 -58.26 -0.28 -4.44 10.11 0.663
A2 0.24 1.2 -77.87 -67.35 -0.61 -2.20 10.13 0.660

f: Fraction of dimer structures assigned to this conformational cluster.
Nβ: Number of residues in β-sheet conformation (per chain).
hbEtot: Total hydrogen-bond energy of the dimer complex (kJ/mol).
hbEamid: NH - CO backbone hydrogen-bond energy (kJ/mol).
hbEsc−sc: side chain - side chain hydrogen-bond energy (kJ/mol).
hbEmc−sc: main chain - side chain hydrogen-bond energy (kJ/mol).
hSAS: hydrophobic solvent accessible surface area (nm2).
Rg: Raduis of gyration (nm).

peptide chains, as can be seen in Figure 4.10B. A common first conformational state of peptide
association exists in the disordered, but compact cluster I1 type structures, which were stabilized
by packing interactions of the hydrophobic C-terminal Leu4, Tyr5 and Leu6 residues (Fig. 4.12).
From this pool of conformations transitions to ordered conformations in the large cluster A1
and out-of-register A2 dimers occurred, as well as to the P2 cluster. A direct interconversion
of P1 and P2 structures was not seen, while structure transitions between clusters A1 and A2
were observed with a high frequency.

To summarize the observations made for the dimers so far, the pathway analysis
indicates that the peptide dimerization is facilitated through the formation of specific
key residue contacts between the two strands, respectively. From less directional, early
encounter conformations a general ordering transition with increased backbone hydrogen bond
interactions was observed. Both peptide systems differed in the dynamics and complexity of
association pathways. For IB12 peptides the initial hydrophobic collapse brought the peptide
chains together rapidly. These less ordered dimer conformations are characterized by a large
number of mutual contacts and a significant portion of backbone hydrogen bonds. From there
a reorganization generally took place that further maximized the inter-peptide interactions.
In the case of PHF6, the observed dominant association pathway started from a generic
encounter complex with specific side chain contacts. Here, a sequential gain of interactions
was found, where residue contacts and backbone hydrogen bonds formed throughout the
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Figure 4.11: Residue-Residue
contact map for individual
PHF6 dimer clusters. The
calculation was performed sep-
arately for the dimer structures
of each of the six identified
conformational states shown in
Figure 7. The map is col-
ored by the average occurrence
of inter-peptide residue pairs,
which share at least one heavy
atom contact. The scale is
given on the right top.

molecules in a zipper-like fashion. In addition, a less ordered collapse of peptide chains prior
to conformational rearrangement was found.

Dimeric versus multimeric conformational dynamics. The trimer and
tetramer ensembles were probed through the perspective of dimeric structures to asses the
changes to the dynamical behavior of these higher order oligomers with respect to the actual
dimers (see Methods). Here, more complex dynamics were found, reflected in the different
transition patterns among the conformational cluster types, as well as in and out of the
network (Fig. 4.9C-D and 4.10C-D). In the following a number of mechanistically relevant
findings obtained from these complex transition networks will be expanded on.

For PHF6 it was found that the pathway identified for the dimerization (from cluster E1
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Figure 4.12: Residue-Residue
contact map for individual
IB12 dimer clusters. The
calculation was performed sep-
arately for the dimer structures
of each of the five identified
conformational states shown in
Figure 8. The map is col-
ored by the average occurrence
of inter-peptide residue pairs,
which share at least one heavy
atom contact. The scale is
given on the right top.

to anti-parallel conformers) persisted for trimers and tetramers. Transitions from E1 to parallel
structures (P1, P2) were now seen as well. In particular P2 type conformations were often
found to be prone to rearrange to A2. Ordered anti-parallel dimers (A1, A2) were the largest
conformational ensemble and also dominant end-conformations (exit nodes). However, the
described conformational reorganization and ordering transitions were slower or less often sam-
pled. Evidence comes from a stall at the intermediate locked and partially zipped A2 structures
in the trimer and the collapsed and disordered structures (I1), which were mainly found as the
initial or end-conformations.

In the case of IB12 trimer and tetramer assembly dynamics mainly involved an ordered,
preformed complex (A1), a seed structure onto which incoming peptides collapsed and added up
to in a parallel fashion. The preformed β-sheet dimers acted as suitable templates and parallel
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β-sheets formed easily in many instances. This demonstrates a directional strand assembly
different from the dimerization case. The P2 and P1 clusters were the largest sampled clusters
for the aggregates of order 3 and 4. In the process of accommodating a free monomer or dimer,
the preformed structured oligomer underwent large fluctuations, which is linked to orientational
disordering of the individual peptides (see Fig. 4.6B). This is in line with the sizable population
of the cluster A2, P2 and especially I1. In contrast to the PHF6, rearrangement from parallel
to anti-parallel IB12 alignment states was found and did not involve intermediate structures of
type A2 or I1. This pathway was especially frequently seen in the tetramer. Similarly, reptation
out-of-register transitions to go from A1 to A2 were found. This suggests that the possibility to
transit among different conformation types within an aggregate was dependent on the oligomer
size and characteristics. The increased internal fluctuations of the aggregates and flexibility of
the peptide molecules was more pronounced for IB12 compared to PHF6. A likely reason is
the larger hydrophobic patch in the IB12 sequence, and in turn the larger influence of weak
dispersion interactions on aggregate energetics and dynamics.

4.1.4 Discussion

Oligomer structure and dynamics of association and reorganization are
heterogeneous. The observed early oligomers were found to be partially ordered structures
rather than completely extended peptide chain conformations [108, 113, 115, 124, 266, 267]
and lack a uniform strand registry and alignment. Densely packed oligomers with residual
orientational disorder, but predominantly high β-sheet content were found. Although
topologically quite diverse and heterogeneous structures emerged from the simulations
after 300 ns, some of these aggregates displayed structural characteristics of the crystalline
conformation, namely stacked β-sheet bilayers with steric zipper-like interfaces [82, 100]. The
aggregates were found to grow via multiple and diverse bimolecular association reactions.
The work demonstrates that the formed aggregates are dynamic and undergo substantial
conformational reorganization during the growth and accommodation of monomers and small
intermediates. Moreover, the characterization of multichain configurations by decomposition
and mapping of dimeric structures reveal differences in conformational ensembles of oligomers
of different orders and an assembly process that was heterogeneous at the molecular
level [106,130]. This indicates that association and reorganization pathways are dependent on
the oligomer size and characteristics. The interconversions between many distinct oligomeric
states after the growth stage occurred without full or partial detachment of the peptide strands
from the aggregate. Multiple internal reorganization pathways were found, which involved
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sliding or reptation of individual strands and β-sheet subdomains relative to each other. All
the observed oligomeric states therefore exhibit compact arrangements with a low radius of
gyration [266]. These findings are consistent with a proposed aggregation mechanism that has
been observed in simulations of various amyloidogenic peptides [106, 115, 122, 122, 268] and
has been also found experimentally [55], prevalent at high concentrations.

Hydrophobic character of peptide and β-sheet content of aggregates are
correlated. The assembly and ordering dynamics of the early oligomers are likely governed
by the burial of hydrophobic side chains and intermolecular hydrogen bonding. The peptide
self-assembly was found to be primarily accompanied by the desolvation of hydrophobic parts
of the molecules. This is in line with the observations from various experimental and theoretical
studies on low molecular weight oligomers [53, 106,108,114,124,125,131,266,269,270].

From both investigated peptide sequences, IB12 is the more hydrophobic, featuring a
patch of adjacent hydrophobic residues. Interestingly, a decreased proportion of orientationally
well-aligned IB12 peptide aggregates was found, while the amount of β-sheet structure was
increased with respect to PHF6 aggregates of all observed sizes [114, 133]. At the same time
it was observed that the mutual association of smaller aggregates (condensation) was the
preferred growth pathway for larger IB12 oligomers. Here, an elevated level of backbone
hydrogen bonding is directly correlated with a marked increase in hydrophobic burial, as well
as the onset and magnitude of single β-sheet formation and β-sheet stacking. The critical
importance of nonpolar surface burial in peptide self-assembly has been specifically at-
tributed to single β-sheet layer stability and the lateral lamination of β-sheet [47,119,270–272].

Kinetics impact the primary steps of amyloidogenic peptide assembly.
The structural characteristics of the spontaneously assembled aggregates were probed and a
rich variety of intermediates observed. A striking observation was the preferential anti-parallel
inter-strand orientation in both the PHF6 and IB12 dimers, which could be directly traced
back to key residue interactions in commonly observed encounter complexes, respectively. It is
suggested that basic features like the β-strand alignment (parallel vs. anti-parallel) can be
kinetically determined at the early stages of assembly for aggregates as small as dimers [123].

In Fig. 4.8 the projections of the spontaneously formed dimers together with the isolated
dimers are shown, which were additionally simulated on long timescales. The conformational
distributions are comparable for the different PHF6 ensembles, whereas the IB12 ensembles
differ substantially. The isolated IB12 dimers that were allowed to relax for 1 µs, were mainly
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parallel in contrast to the spontaneously formed anti-parallel ones. It was concluded that kinetic
trapping was in particular relevant for the described anti-parallel IB12 dimer formation, which
was in turn mainly driven by a hydrophobic effect. As seen from the transition networks and
in the isolated dimer simulations, the two alignment states can inter-convert in the dimer
nevertheless, as the barriers separating these states are rather small. For larger aggregates this
interconversion is limited to edge strands. Hence, the non-equilibrium situation in the present
study did not allow for structural relaxation of the spontaneously formed aggregates. The
rapid oligomer growth therefore is the main factor for the observed kinetic control of dimer
interfaces. Preformed β-sheet dimers were found to be involved in the addition of isolated
monomeric peptides in solution, as well as in the growth of larger aggregates. Do therefore
kinetically trapped small aggregates determine the structural evolution of larger oligomers, as
the presence of a number of alternative end-structures in the decamers suggest?

To answer this question it was investigated if the preferentially anti-parallel strand align-
ment was also observed in the higher order oligomers due to kinetic trapping. Various dimer
ensembles were compared and the projections of combined dimers obtained by decomposing
trimer, tetramer and decamer aggregates into dimers are shown (see Fig. 4.13).

The decomposed multimeric PHF6 aggregates display a similar landscape to the spon-
taneously formed ’true’ dimers. In the case of IB12, a mixed strand alignment pattern for
trimers, tetramers and decamers is observed, which is different from the mainly anti-parallel
’true’ dimers, but also not the same as found for isolated, relaxed dimers. In fact, the results
support the idea that a structure can be selected kinetically during early stages of assembly,
where the nucleation barrier and hence production rate determines the abundance of the differ-
ent aggregate morphologies and structural forms [117,127]. This suggests that a rich structural
heterogeneity or polymorphism on the dimer level can translate to the ensemble of oligomer
conformations [106, 267], even at concentrations far below to the one investigated here [123].
Experimental evidence shows that alternative states of peptides in the condensed phase encom-
pass a broad and diverse spectrum of oligomers and protofibrils, which themselves are polymor-
phic [66, 269]. Additionally, polymorphic forms of mature amyloid fibrils are well documented
and can originate from variations in filament architecture and organization [35, 43,248].

The study of short amyloidogenic peptides supports the notion that alternative packing
schemes of highly ordered steric zipper conformations in the crystal structures and fibrils serve
as a basis for molecular polymorphism [82, 102–104, 119, 269]. A different strand alignment
pattern in the simulations of spontaneously assembled PHF6 and IB12 oligomers was found
than experimentally determined in the x-ray structures by Nelson and co-workers [82],
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Figure 4.13: Ensemble of PHF6 and IB12 peptide dimers derived from different ag-
gregation states. Projections of various dimer ensembles as a function of radius of gyration
(Rg) and the Cα root-mean-square deviation (RMSD) to the known crystal structure conforma-
tion of the PHF6 and IB12 peptides (2ON9, 2OMQ) are depicted, respectively. Spontaneously
formed dimers (A - PHF6 and E - IB12) and ensemble of trimers, tetramers and decamers (B,
C, D - PHF6 and F, G, H - IB12) are shown, respectively. Ensembles of higher order oligomers
were obtained by decomposition of the respective multimer into dimers (see Methods). The
normalized frequency of occurence scale is given on the right.

although the peptide concentration and pH are in accord with the crystallization conditions.
It is assumed that the protonation state of the C-terminus primarily affects the direction of
strand alignment in the short steric zipper peptides. Since only static protonation states are
considered throughout the simulations, a strong influence on PHF6 and IB12 peptide assembly
is expected. As a result, the aggregate conformations might be strongly affected by a dominant
electrostatic effect of the termini. That is because the anti-parallel/in-register state was
associated with the strongest attraction between the charged terminal residues. It is suggested
that the packing of these peptides in the crystal is determined by a delicate balance of different
factors [106, 119] (e.g. electrostatic contacts between symmetry mates, presence of solvent
and counter ions), which implies alternative or co-existing β-sheet bilayer conformers of similar
stability. Furthermore, possible hierarchical or sequential assembly scenarios [104,119,273] can
also affect the steric zipper structure selection and therefore render an extrapolation from the
early oligomers in the simulations to the crystalline or fibrillar end-product challenging. It is
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important to note that the present findings, however, do not rule out that the spine architecture
of VQIVYK and VEALYL fibrils may resemble the steric zipper motifs identified by x-ray
microcrystallography [82]. The spontaneously formed oligomers sample essential structural
features of the steric zipper conformation: stacked β-sheets with a dry interface, displaying
tight side chain interdigitation. It is therefore conceivable that the observed the struc-
tural transitions at the decamer level are indicative of on-pathway sampling to the mature fibrils.

Spontaneous oligomer formation occurs fast. The various spontaneously
formed multimeric aggregates demonstrate that, the initially monomeric peptide molecules
interact without encountering any major barriers. Furthermore, it was seen that stable PHF6
and IB12 oligomer formation by association of smaller intermediates and remaining free
monomers progressed rapidly, leading in all cases to one big aggregate. This indicates a fast
oligomer growth up to a size of 10 peptide chains. This suggests that the primary aggregation
and pre-nucleation stage is primarily an energetically downhill process. A recent Monte Carlo
study on AcPHF6 oligomerization reports a similar scenario [116]. There the nucleation of a
fibril competent species for further growth was not required until aggregates became larger
than at least decamers.

The early and dynamic oligomers of minimal steric zipper peptides observed in the study
were found to be pre-structured and did not condense in a fluctuating micelle-like arrangement,
which are held together mainly by weak dispersion interactions as proposed for assemblies
of longer peptides [52, 53, 80]. The conformational reorganizations necessary to access the
highly ordered fibrillar state with a sterically complementary β-sheet interface mainly concern
the peptide strand alignment and repacking of the side chains. The nucleation of a growth-
competent steric zipper oligomer species might therefore be strongly disfavored by entropic
arguments, thereby explaining the gap between the fast oligomerization as observed here and
the known slow kinetics of in vitro fibril formation. This work has been focused on the primary
aggregation events. The oligomeric end-states of the simulations show interesting structural
reorganization dynamics that warrants further analysis. This will be the subject of a following
study.

4.1.5 Conclusion

Atomistic MD simulations of the unbiased spontaneous aggregation process of PHF6 and IB12
steric zipper peptides from unstructured monomers to β-sheet rich oligomeric assemblies have
been presented. The current study and detailed analyses of eight independent simulations
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for a total combined time of 2.4 µs per peptide system highlights several findings that in
particular address the course of primary events in peptide assembly. First, a rapid formation of
a heterogeneous ensemble of β-sheet rich oligomer structures was observed, where kinetically
trapped aggregate intermediates affected the structural evolution of larger assemblies. Second,
oligomerization was found to proceed via a combination of polymerization and condensation
mechanisms. Finally, it was revealed that the observed diverse association and reorganization
dynamics are governed by the characteristics of peptide sequence and oligomer size.

A thorough characterization of the heterogeneity in molecular dynamics and structures of
the low molecular weight oligomers may hold the key to understand the profound differences
in macroscopic fibril growth kinetics [52, 273–275] and the observed rich structural diversity
of aggregate states [80, 102–104, 248, 269]. Specifically, one may speculate that the structural
relations between crystalline and fibrillar polymorphs of amyloidgenic peptides may be only
resolved by tracing and determining the characteristics of the oligomeric conformational states
from which either of the species originate.
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4.2 Driving forces and structural determinants of steric
zipper peptide oligomer formation elucidated by
atomistic simulations.

4.2.1 Introduction

The deposition and accumulation of stable, filamentous aggregates of a specific protein or
peptide in a variety of tissues are known to be associated with a number of human patholo-
gies [59]. These aggregates are generally termed amyloid fibrils [62] and formed by many
natural polypeptides [18, 33]. In addition, truncated parts of such protein sequences [88, 100]
and de novo designed peptides [21,90] were 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 [11, 16–18, 21, 276]. Regardless of the sequence or native fold,
the commonly formed amyloid fibrils are defined as self-assembled, elongated and unbranched
(fibrillar) polypeptide aggregates with a cross-β conformation [32]. The cross-β architecture,
as revealed by X-ray fiber diffraction, is described as stacked β-strands that run perpendicular
to the fiber axis with extensive hydrogen bonding along the length of the fiber [41]. Moreover,
a growing number of crystal structures of short model peptide sequences revealed a common
steric zipper motif [82, 100,102,104, 105]. The atomic structures of the crystalline conformers
show pairs of elongated β-sheets with parallel or anti-parallel strand alignment. The oppos-
ing 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-propagating amyloid structures on a molecular basis [102]. It has been shown that
crystalline and fibrillar amyloid polymorphs share structural characteristics such as the cross-β
diffraction pattern and therefore offer a plausible paradigm for the general spine organization of
amyloid fibrils [18, 82, 104, 105]. 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
various crystals and fibrils [104,105]. Exposure of hydrophobic epitopes and regions of unstruc-
tured polypeptide backbone, such as found in partially folded or misfolded states, is among the
accepted causes of amyloidogenic aggregation [4, 11, 19], which is the irreversible formation of
the β-sheet-rich amyloid structures [4,18,21]. Consensus aggregation-prone sequence patterns
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of amyloidogenic proteins have been identified, and they demonstrate that protein unfolding is
necessary but not sufficient to promote aggregation [17,91,92]. In fact, experimental evidence
is accumulating that short amyloidogenic signatures in natural protein sequences can facilitate
self-assembly [92,94,95]. The multi-staged aggregation process is canonically described as the
conversion of isolated peptide monomers in solution to soluble oligomeric assemblies, and the
final, fibrillar aggregates via a nucleated growth process [52, 53]. 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 [277–279]. In order to obtain and under-
stand the full picture, detailed knowledge of the molecular structures of the involved species
is indispensable. Despite the considerable progress in characterizing the fibrillar end-states, it
is still difficult to obtain the biochemical and precise structural information for the oligomeric
species in experiments. Heterogeneous oligomeric aggregates of different sizes are usually ob-
served during the incubation of amyloidogenic peptide solutions [79] and discussed as either
on- [252, 280] or off-pathway [67, 281] intermediates to the fibrils. Pre-fibrillar and fibrillar
oligomers, as well as annular protofibrils have been described among a variety of morpholo-
gies [63, 66, 67, 72]. However, thorough investigations are hindered by either the transient or
polymorphic, and non-crystalline behavior of the oligomers [66, 76, 278]. Critical observations
regarding the structural properties of oligomeric aggregates have been derived recently from ex-
periments on short amyloidogenic peptides [90,132,270,282,283]. 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 surpris-
ingly similar in molecular conformation and supramolecular structure [29, 67, 80]. (b) Specific
binding to antibodies alludes to common structural features shared by oligomers from different
amyloidogenic proteins [72, 284]. (c) The oligomeric aggregates assume β-sheet-rich confor-
mations [77,279]. (d) Soluble amyloid intermediates are established as the primary pathogenic
agents in several types of neurological amyloid diseases [4,63,66,67,70,72]. In addition, compu-
tational studies have facilitated the current understanding of molecular determinants and events
in the early stages of amyloidogenic peptide aggregation. Molecular dynamics (MD) simula-
tions 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 pep-
tide sequences have been studied by atomistic simulations and described as partially ordered,
nematic structures, which are subject to rapid fluctuations and large conformational rearrange-
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ments [106, 108, 115, 120, 124, 129, 131–133, 270, 285]. The obtained oligomer ensembles are
described as distinct from the monomeric form [108,115,130] due to the conformational changes
associated with emerging β-sheet structure [124,129]. These structural transitions were found
to be accompanied by a loss of intra-peptide interactions and conformational entropy [108,120].
The desolvation of nonpolar surface and formation of inter-peptide backbone hydrogen bonds
was found concomitantly [106, 108, 286, 287]. Dynamical reorganization via sliding, reptation
or flipping of individual strands as opposed to repeated dissociation and annealing has been
observed in simulations [106, 115, 122, 285] and has found experimental validation [55]. Fur-
thermore, the initial stages of assembly are reported to be likely under kinetic control, and a
multiplicity of association and interconversion pathways gives rise to polymorphic aggregate
structures [123,127,285,287]. In the context of the clearly very complex underlying free-energy
landscape, the prominent and crucial role of water in the aggregation process has been high-
lighted [130,270,286–289].

Here, we perform unbiased, atomistic simulations of steric zipper peptide oligomerization
in explicit solvent as model systems for amyloidogenic aggregation. The studied peptides are
short segments identified from the fibril-forming proteins tau (306VQIVYK311, referred to as
PHF6) [82,95], insulin (12VEALYL17, referred to as IB12) [82,88] and α-synuclein (51GVATVA56,
referred to as AS51) [82]. They have been found to be essential in fibril formation of the
full-length proteins and adopt β-strand conformations in the fibrillar aggregate structures, re-
spectively [33, 82, 95, 101, 255]. Moreover, the hexa-peptides PHF6, IB12 and AS51 were
shown to spontaneously polymerize in solution, yielding amyloid-like fibrils, microcrystals or
both [82]. Fibrillization assays of these peptides monitored with, for example, ThT-fluorescence
measurements, show a common lag-time and imply a typical nucleation-dependent growth pro-
cess [82, 255, 290, 291]. The aim of this work is to facilitate the understanding 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, a
novel mapping technique is presented. Key structural elements of the spontaneously assem-
bled oligomeric states are compared with the known X-ray crystallography structures of various
amyloidogenic 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.
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4.2.2 Methods

Simulation setup and procedure.

MD Simulations. All MD simulations were carried out using the GROMACS software
package (version 4.0) [177]. The Berendsen coupling algorithm [187] was applied to keep the
pressure constant by coupling the system to a pressure bath of 1 bar (τ = 1 ps). Velocity
rescale [188] 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 [182]. All the hydrogens were replaced by virtual
interaction sites, and therefore, all internal vibrational degrees of freedom of the hydrogen
atoms were removed [175, 179]. 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 [159] force field and the SPC water model [184] were used. Water molecules were
constrained using SETTLE [234]. The short-ranged van der Waals and electrostatic
interactions were cutoff at 1.4 nm and 0.9 nm, respectively. All simulations were carried out
using periodic boundary conditions (PBC) and the Particle Mesh Ewald (PME) [230, 231]
method. The electrostatic interactions with PME were calculated at every step with a grid
spacing of 0.12 nm. The relative tolerance at the cut-off was set to 10−6.

Simulation Setup and Procedure. An overview of the simulated peptide sys-
tems, simulation lengths and sampling intervals (subscript) is given in Table 4.4. The
simulations were labeled according to the name (sequence) of the peptide and the starting
configuration. The total simulation time of all trajectories adds up to 42 µs for this study.

The individual simulations (M10) with 10 initially monomeric PHF6 (VQIVYK), IB12
(VEALYL), AS51 (GVATVA) and mutant peptides (GVATVA, GVAVTA, GVTTVA, GVATFA,
GAATAA) were set up according to the protocol described in Ref. [285]: 1000 distinct peptide
conformations were pre-generated with CONCOORD [256]. From this structure ensemble,
10 peptide structures were chosen at random and in random position and orientation in a
cubic box (1000 nm3) 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 different peptide concentrations (3.3, 8.3 and 83 mM) were realized by
adjusting the box size (5000, 2000, 200 nm3).
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Table 4.4: Summary of performed simulations and initial conformations.

Sequence System ID Starting peptide #Trj Simulation time (µs) and
configuration sampling interval (ps, subscript)

VQIVYK M10 random, 8 2.50 50, 2.15 50, 2.01 50, 2.00 50,
(PHF6) monomeric configuration 1.75 400, 0.65 50, 0.33 50, 0.31 50

SH10 β-sheet, parallel strands 2 0.70 50, 0.50 50
SH5-5 β-sandwich, parallel strands 1 1.00 50

VEALYL M10 random, 8 1.92 50, 1.80 500, 1.80 500, 1.48 50,
(IB12) monomeric configuration 0.36 50, 0.32 50, 0.30 50, 0.30 50

M10 (3.3 mM) 1 0.17 50
M10 (8.3 mM) 2 0.39 50, 0.37 50
M10 (83 mM) 3 1.00 50, 0.50 50, 0.50 50
SH10 β-sheet, anti-parallel strands 2 1.00 50, 0.75 50
SH5-5 β-sandwich, anti-parallel strands 1 1.03 50

GVATVA M10 random, 4 2.44 500, 2.00 500, 1.87 500, 1.77 50
(AS51) monomeric configuration
GVATAV M10 random, 1 1.25 50
GVAVTA M10 monomeric configuration 1 1.25 50
GVTTVA M10 1 1.25 50
GVATFA M10 1 1.25 50
GAATAA M10 1 1.25 50

For the initial configuration of the reference simulations, the atomic coordinates of the
crystal structures PDB ID: 2ON9 (PHF6: VQIVYK) and PDB ID: 2OMQ (IB12: VEALYL) [82]
were used to model the ordered steric zipper aggregate conformations (SH5-5: two 5-stranded
β-sheets in a sandwich and SH10: single, 10-stranded β-sheet). The peptide concentration and
box size matched the ones of the M10 aggregation setup. There were no crystalline coordinates
available for the GVATVA peptide [82]. Subsequently, 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 [82, 88]. Counter-ions (Na+, Cl−)
were added to yield an appropriate ionic strength (150 mM) and to neutralize the net system
charge. The simulation systems comprised roughly 100000 atoms. After the system preparation
an energy minimization using steepest descent was performed.
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Analysis

From the individual simulation trajectories, samples were taken for analysis every 50, 400 or
500 ps (Table 4.4). After pooling all independent simulations, the resulting total number of
collected configurations was for PHF6: M10, 203351; SH5-5 and SH10, 45699; for IB12:
M10, 100851; SH5-5 and SH10, 55604; M10 (3.3 mM). 3401; M10 (8.3 mM), 15202; M10
(83 mM), 40003 and for AS51: M10, 47960.

Mapping the aggregation dynamics by projections onto collective coordi-
nates. The used mapping procedure enables us to describe an initially high dimensional
problem in a reduced (low dimensional) collective coordinate space. The re-expression 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 col-
lective 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 encompass diverse metrics that adequately capture the topological (i),
structural (ii) and energetic (iii) properties of amyloidogenic β-aggregation. Some of
them are established descriptors for simulated peptide assembly and were used in previous
studies [131,133]. 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, a specific notation was used. The aggregation state was expressed in terms of a
Connectivity Length (cl) [133,292]. 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.

cl =
k∑
x=1

√
nx CL =

(
1− cl −

√
N

N −
√
N

)
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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 aggregates. 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 β-
sheets were defined as follows: two peptides that share two consecutive inter-chain β-sheet
contacts as defined by the DSSP definition [202] are counted within the same aggregate. The
identified β-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
β-sheet aggregates according to β-sheet contacts (CLs). Instructive descriptors for different
orientational properties of the system are the polar (P1) and the nematic (P2) order parameters,
commonly 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 [124, 131]. A suitable molecular vector (ẑi) was defined, here the unit
vector linking the Cα-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 β-sheet propensities. The
polarity of the system is described by P1, distinguishing between parallel, anti-parallel or mixed
strand (molecular vector) orientations.

P1 = 1
N

N∑
i=1

3
2 ẑi · d̂ P2 = 1

N

N∑
i=1

3
2
(
ẑi · d̂

)2
− 1

2

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 [257]. (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 hydrophobic) if the absolute value of the partial charge
was below 0.2. Otherwise this atom was defined as polar. A contact was considered formed
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if any heavy atom was within a cut-off 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 atoms of
either polar or nonpolar type in contact with solvent molecules was calculated. The cut-off
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, 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 [202] was used. The populations of various secondary structure elements
were calculated (random coil, β-sheet, β-bridge, bend, turn) for the individual simulations as
a function of simulation time. (10): Random-coil content (Cc); (11): β-sheet content (Bsc);
(12): β-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 Cα-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, ten 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
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Figure 4.14: PCA eigenvalue spectra of the collective coordinate mapping. The eigen-
value spectra for the different observable data sets on which the PCA was carried out: starting
from initially monomeric peptide conformations (A) (see Fig. 4.17 and Fig. 4.21); considering
also the simulations with modeled reference structures (B) (Fig. 4.24). The insets illustrate the
cumulative variance explained by the eigenvectors.

(z-scored) prior to further analysis. Each set of a given observable (x) was normalized
separately, such that the mean (µ) was set to 0 and the standard deviation (σ) to unity.

z = x− µ
σ

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
principal component analysis (PCA). The PCA involved the diagonalization of the covariance
matrix of the data set composed of the 25 described observables. The dimensionality
reduction of the observable data was done by projecting the sets onto its respective principal
components (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 [259]. The
subspace of the first three eigenvectors typically accounts for more than 55% of the variance
(see Fig. 4.14).
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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, a step-wise approach
was chosen. 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
identification of the structures from the ensemble overlap regions. For each point
in the observable data set, k-nearest neighbors were identified employing the k-NN
algorithm [293,294] implemented in R [259]. Hereby the number of points for the classification
are chosen such that N (number of neighbors) equals the square root of the number of
samples in the data set (NPHF6: 499 and NIB12: 395). Each point was assigned a label of
that ensemble (spontaneous or reference), the more members of which there were among its
k-nearest neighbors. 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 10626 for IB12 were found,respectively.

PCA and clustering of conformations from the overlap region. The identi-
fied 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 [285] 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 equivalent conformations. The reference structure for relabeling was chosen to
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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 Cβ 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 Cβ atoms. Projections onto the first 100 principal components
were used for the k-means clustering, following the results of Ding and He [295] showing
that principal components are the solutions for the k-means clustering problem. K-means
clustering was performed using the Hartigan-Wong algorithm [258] as implemented in R [259].
The Krzhanowski-Lai criterion [261] was used to choose the number of conformational clus-
ters and the global k-means algorithm [260] was used to determine 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-nearest neighbors (k-NN) method was
used. For each data point the distance to k-nearest-neighbors was calculated [296]. 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, the functional mode analysis (FMA) [297] using the partial
least squares (PLS) algorithm [298, 299] was employed. 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 [300] (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.
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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, an additional model was built 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. 4.27, were built from the full
data sets, respectively. To estimate the quality of the built FMA models, the correlation
coefficients for both, the training and testing parts, were calculated for the FMA models based
on the descriptor observables. In order to avoid overfitting, the number of components for
the FMA model construction was selected 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 [297] model, where the contribution of each observable parameter was weighted
according to its variance in the data set at hand. This approach allowed 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.

4.2.3 Results

Spontaneous aggregation of steric zipper peptides results in β-sheet rich decamers.
Multiple unbiased MD simulations for the PHF6, IB12 and AS51 peptide systems were initiated
from randomized and fully dispersed monomeric conformations (M10, see Table 4.4). Visual in-
spection of the PHF6, IB12 and AS51 simulation trajectories suggested common characteristics
in the aggregation process. Regardless of sequence, a successive association of all 10 peptide
chains as well as a gradual increase in β-sheet structure was found. While the onset of β-sheet
formation was fast, usually within 10 ns, fluctuations in the content of β-sheet conformations
of the decameric peptide aggregates were observed on the microsecond timescale (Fig. 4.15).

In contrast to the PHF6 and AS51 simulations, a near-monotonical increase of β-sheet
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Figure 4.15: Time dependence and probability of β-sheet structure content. The change
in β-sheet conformation with simulation time is shown on a log scale for the PHF6 (A), IB12
(B) and AS51 (C) trajectories. The normalized abundance of a certain β-sheet content is given
as histogram (D). The colors match the shades of the individual time traces for PHF6 (purple),
IB12 (green), AS51 (blue).

conformation was found for all IB12 trajectories (Fig. 4.15B). The most abundant IB12 peptide
aggregate conformers were found to have a β-sheet content of around 65%, as seen from
a combined histogram of all simulations (Fig. 4.15D). The overall fraction of such β-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 β-sheet
content (Fig. 4.15A). Notably, a significant proportion of PHF6 peptides were found with a
low or without any β-sheet content in several simulations. Multiple AS51 simulations displayed
a substantial, repeated loss and recovery of β-sheet structure, resulting in a high standard
deviation for the β-sheet content (Fig. 4.15C).

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

Mapping peptide aggregates onto collective coordinates yields immediate
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 β-sheet content). In fact, multiple metrics are necessary to
discriminate the aggregate conformation ensembles in a meaningful way or to examine specific
structural properties. Although every chosen observable might provide its own information
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Figure 4.16: Schematic 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.

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
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their transitions sampled in the different aggregation simulations (see Fig. 4.16 and the Methods
section for a detailed description). In order to probe amyloidogenic β-aggregation adequately,
25 observables were chosen as 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 represents
a newly identified basis for the subsequent analysis. Thereafter, all the configurations from
the simulations were projected onto these collective coordinates 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 sys-
tems are shown in Fig. 4.17, 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 aggregation pathway. From
each projection map the common structural and energetic properties can be read directly to-
gether 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. 4.17), a rapid and concerted change in several observables was
observed as the ten 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. 4.18, 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 favorable coulombic inter-peptide main chain
interactions, 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 as-
semblies as dissociation events were negligible (AS51) or not observed (PHF6, IB12). Note
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Figure 4.17: Projection of conformational ensembles and representative structures.
Shown for PHF6 (A), IB12 (B) and AS51 (C), 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.

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
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Figure 4.18: Time evolution in the collective coordinate space along EV1 and EV2. The
displacement along EV1 and EV2 in the projections of the collective coordinate space is shown
as a function of simulation time (log scale) for the PHF6, IB12 and AS51 M10 trajectories.
The colors match the shades of the individual time traces for PHF6 (purple), IB12 (green),
AS51 (blue).

were transiently formed, as previously reported [285]. The successive assembly of early and
intermediate configurations proceeded via monomer addition, as well as condensation of pri-
marily dimeric and trimeric precursor states [285]. Overall, the same association 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 intermediate 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. 4.20, 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
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Figure 4.19: Representative structures of projected conformational ensembles. The
chosen representative structures are shown in cartoon representation and enclosed by circles.
The different colors and index numbers encode the location of the respective structures in the
same way as in Fig. 4.17. A subset of residue side chains is shown in stick representation,
namely: PHF6 (Gln, Tyr), IB12 (Glu, Tyr) and AS51 (Thr).

representative structures and conformations mapped close to them in Fig. 4.17.
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Figure 4.20: Aggregate size distributions. The normalized aggregate size probability distri-
butions are shown for the PHF6, IB12 and AS51 simulations. Analysis was carried out for two
time windows: 0-300 ns (left); 300 ns to the respective end of the simulations (right).

Multiple conformations for oligomers of intermediate size were present, such as
two- to four-stranded β-sheets in extended and untwisted conformations (Fig. 4.17A,
structures 8 and 9; Fig. 4.17B, 2,3 and 6; Fig. 4.17C, 4 and 5), while others appear bent and
collapsed to compact structures (Fig. 4.17A, 4-6; Fig. 4.17B, 1,2 and 5; Fig. 4.17C, 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 coor-
dinates in the projections of the independent PHF6, IB12 and AS51 simulations can be directly
inferred from Fig. 4.17 and Fig. 4.18. For example, the PHF6 simulations explored common
regions in the projections, but also populated distinct configurations as seen for the purple
colored snapshots, which represent mostly collapsed aggregates without significant β-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 β-sheet up to the pentamer,
while larger aggregate sizes exhibited lateral growth at the already established sheet surface
and eventually β-sandwich structure formation (Fig. 4.17B, 5, 6 and 11).

As outlined before, the assembly of stable, decameric oligomers was observed in all simula-
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tions, however, the β-sheet aggregates sampled by each sequence, as well as in the independent
trajectories for each peptide system, were different in topology and abundance. PHF6 and
AS51 aggregates were found with very similar types of β-sheet configurations within the fully
assembled, decameric state. Especially, two- and three-stranded β-sheets in conjunction with a
significant amount of disordered chains (PHF6 > AS51) occurred with a high probability. The
most common sheet topologies were two β-sheet dimers and six disordered chains (here written
in the following notation: [2x2+6x1]), as well as [3x2+4x1] and [3+2+5x1]. In contrast, the
IB12 decamers were found frequently to be composed of larger, four- and five-stranded β-sheets,
and configuration types such as [5+4+1] and [4+3+2+1]. Interestingly, the total number of
observed β-sheet configuration types were 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 β-sheet assemblies and can be
readily identified within each projection (Fig. 4.17A-C). Specifically, the second collective co-
ordinate (EV2) describes the variance in β-sheet content (small or large number of β-sheets
formed) and β-sheet aggregate configuration types (small or large, intact sheets). Most of
the decameric oligomers were found to be either β-sandwich-like structures (Fig. 4.17A, 10;
Fig. 4.17C, 9) or single, larger β-sheets facing smaller sheets (Fig. 4.17A, 11; Fig. 4.17B, 11)
with multiple edge strands exposed to the solvent. In particular for IB12 and AS51 oligomers,
oval β-sheet as well as bent barrel-like structures (Fig. 4.17B, 10; Fig. 4.17C, 7,8 and 10) and
orthogonal sheets were frequently sampled (Fig. 4.17B, 9). Aggregates with multiple smaller
sheets positioned on top of each other (Fig. 4.17B, 8; Fig. 4.17C, 6), globular structures and
amorphous assemblies with no specific packing order (Fig. 4.17A, 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 was a prominent feature observed for
the different oligomer structures. 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. 4.17A, 7; Fig. 4.17B, 9), as
well as the accumulation of Tyr residue side chains on the outside of the oligomeric
aggregates (Fig. 4.17A, 9 and 10; Fig. 4.17B, 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. 4.17A (purple spheres, around structure 7), most of the Tyr residues
were found to be strongly desolvated, whereas the Gln residues were uniformly oriented to
the solvent. In the projection of the IB12 aggregates a similar region could be identified
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(Fig. 4.17b; orange spheres, 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. Interestingly, IB12 aggregate configurations that
cluster around structure 11 of the projection in Fig. 4.17B (green spheres) showed the exact
opposite solvent exposure characteristics. The respective oligomer conformations were in
all cases stabilized by a transient hydrogen bonding network between the hydrophillic side chains.

Sampling density identifies prominently visited aggregate conformations.
In order to investigate the prominently visited structures in each of the aggregate configuration
ensembles, the sampling density in the full-dimensional observable space was determined using
a k-nearest neighbor (k-NN) approach (see Methods). Despite the varying sampling routes
in the independent simulations, the highest densities lie without exception in the ordered
region of the decamers, although the highest density appears more localized for the IB12 and
AS51 peptide systems (Fig. 4.21). 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 β-barrel-like structure was found, while IB12 oligomers displayed
a buckled β-sandwich aggregate architecture (Fig. 4.21). The ensemble of PHF6 oligomers
extracted from the highest density region was associated with a lower β-sheet content,
compared to the IB12 and AS51 aggregates. Interestingly, the rather distorted and less
compact arrangement of smaller and twisted β-sheets featured numerous inter-peptide Gln
side chain to main chain contacts (Fig. 4.21A).

Concentration dependence of the oligomerization process. To address the
concentration dependence of the oligomer growth process, 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 have been carried out (see Table 4.4). As before,
the results are presented in the form of a collective coordinate mapping (Fig. 4.22). The
projections clearly show that the systems with lower IB12 monomer concentration 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 sig-
nificantly due to the reduced probability of diffusional encounter of the peptide aggregates in
comparison to the higher concentrations. No apparent concentration dependence on the stabil-
ity of the formed aggregates was observed. In contrast, the highly saturated simulation systems
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Figure 4.21: Projection of conformational ensembles and their sampling density. The
sampled conformations in the PHF6 (A), IB12 (B) and AS51 (C) trajectories are projected in the
same collective coordinates space, as before 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) is shown for each peptide system, corresponding to the
respective region of highest sampling density.

(83 mM) showed a prominent excursion via initially isotropic and amorphous aggregates caused
by the near instantaneous collapse of the peptides, resulting from their small initial separa-
tion. For these disordered oligomer aggregates a subsequent conformational transition toward
β-strand structure was observed (Fig. 4.22).

Overall, 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. 4.22. However, the
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Figure 4.22: Projection of IB12 conformational ensembles simulated at different con-
centrations. 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. 4.17 (16.6 mM) are shown as smaller
orange spheres. The gray arrows indicate sampling along the two prominent aggregation path-
ways observed: via disordered intermediates (upper arrow; red spheres) or ordered intermediates
(lower arrow; green, yellow and orange spheres).

final structures of each of the simulations approached ordered aggregate 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-β sheet motif, the basic structural element of peptides found in the fibrillar [18, 105]
and crystalline states [82, 104], which is characterized by an 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, additional
simulations were set up for the PHF6 and IB12 peptide systems (see Methods). The two
starting configurations were modeled based on the available crystal structure coordinates: a
β-sheet composed of 10 strands (SH10) with extensive backbone hydrogen bonding and a
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planar β-sandwich of two facing β-sheets with 5 strands each (SH5-5), making up a steric
zipper interface. Compared to the single β-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 aggregates, whereas
the strands were aligned in anti-parallel fashion in the case of IB12. The trajectories that
used the crystallographic conformations as initial structures will be referred to as reference
simulations throughout. The configuration ensemble sampled 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 dimensional projections of the
individual structures on the collective coordinates of the concatenated ensemble (spontaneous
and reference) are shown in Fig. 4.24A and Fig. 4.24B. The collective coordinates (and
their components) did not change significantly compared to Fig. 4.17, such that the shape
of the projected spontaneous structure configurations of PHF6 and IB12 was only slightly
altered. The starting structures (’R’ in Fig. 4.24A and Fig. 4.24B) 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 β-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
simulations (SH10 and SH5-5) explored the space mostly along the second and third (perpen-
dicular to the paper plane) PCA vectors toward the configurations spontaneously formed in
the M10 simulations (Fig. 4.24A and Fig. 4.24B). The PHF6 reference structures lost their
initially high β-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 peptide 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. 4.24 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 partic-
ular, the single 10-stranded PHF6 and IB12 β-sheets evolved toward different supramolecular
organizations as also seen from the time evolution of the radius of gyration (Rg) in Fig. 4.23.
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Figure 4.23: Time evolution of the radius of gyration for the single and double layer
sheet oligomers. Time evolution of the radius of gyration is shown for the differently modeled
reference oligomers: single β-sheet (SH10) and β-sandwich (SH5-5). Various representative
structures are shown and illustrate the observed conformational changes with simulation time.
The peptide backbone is rendered as cartoon and shown in purple (PHF6) and green color
(IB12), respectively. A subset of side chains is depicted in stick representation: PHF6 (Gln,
Tyr) and IB12 (Glu, Tyr). Representative structures are shown for the different initial conditions.

The IB12 SH10 state reproducibly showed a prominent twisting and compactation on a time
scale of 100-300 ns (Fig. 4.24B, 1-3). Interestingly, both IB12 SH10 simulations showed a break
up roughly in the middle of the single β-sheet, after which the oligomer reorganized to more
compact conformations very similar to a β-sandwich, transiently sampling orthogonal packed
β-sheets (Fig. 4.24B, 2). In contrast, the observed conformational rearrangements in the single
PHF6 β-sheet were mostly the result of strand reorientations and a overall β-sheet twisting
(Fig. 4.24A, 1). The initially parallel PHF6 strands flipped mainly on the open edges but also
within the β-sheet, after a partial break up and loss of β-sheet structure occurred. A stable
β-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. 4.24A,
1).

Only a small decrease in Rg 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 substantially. The IB12 β-sandwich
oligomer twisted from the planar starting configuration and a partial loosening as well
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as a migration and sliding of edge strands was observed. However, the tight and
complementary β-sheet interface was essentially preserved on the microsecond time scale.
In the case of PHF6, a complete disarray of the SH5-5 configuration to a more globular
organization of the oligomer was found (Fig. 4.24A, 2 and 3), where smaller sheets are packed
together and with the β-strands rearranged again toward a predominant anti-parallel alignment.

Identification of commonly sampled conformations and extent of overlap.
The projections in Fig. 4.24A and 4.24B suggest a number of commonly sampled
conformational states in the spontaneous aggregation and in the reference simulations for
PHF6 and IB12 oligomers, respectively. The simulations of the single β-sheets are shown
in light gray and silver, β-sandwich simulations in dark gray spheres, respectively. The
larger spheres marked with ’R’ indicate the location of the initial reference configurations.
Representative structures of the reference simulations are shown for each map as cartoon
drawing. Here we examine whether conformations from the [10x1] simulations access the same
configurational states as the [10] or [5+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-nearest neighbors in the space of observable
configurations (see Methods). The number of identified overlapping structures was found to
be: 8194 oligomer structures for PHF6 (3.2% of all configurations) and 10626 in the case
of IB12 (6.8%). To analyze the obtained configurations with high structural detail, a PCA
based on the corresponding cartesian structure coordinates was performed (see Methods).
Afterwards, similar conformations were grouped by applying the k-means clustering algorithm.

The results are shown in Fig. 4.24C and 4.24D. Here, commonly sampled oligomer confor-
mations from spontaneous and reference simulations are shown in a projection onto the first two
principal components obtained by PCA in cartesian coordinate space. 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
(4.24C). In the same way, in (4.24D) the three clusters identified for IB12 oligomers, contain-
ing mixed (1, orange), and conformations from spontaneous (2), and reference (3) simulations
only are shown (4.24D). 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, respectively.

For both, PHF6 and IB12 simulations, the largest identified conformational cluster (no. 1;

110



4.2 Driving forces and structural determinants of steric zipper peptide oligomer formation elucidated
by atomistic simulations.

Figure 4.24: Projection and clustering of spontaneously assembled and reference
oligomer ensembles.

PHF6: cyan and IB12: orange) contains decameric structures from the M10, SH5-5 and SH10
simulations. In each case more than one trajectory contributed significantly to the number of
structures in the cluster, confirming structural overlap in cartesian space (Fig. 4.24). From the
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Figure 4.25: Sampling of over-
lap oligomer conformations.
The sampling probability of the
mixed conformational cluster 1 in
Fig. 4.24 for PHF6 (cyan) and IB12
(orange) is shown as a function
of simulation time. The analysis
was carried out over the pool of
all 8 simulations with initially sep-
arated peptides and with a block
average over 50 ns. The asterisk
and open circle symbols indicate
the first sampling in the different
independent simulations (7 out of
8) for PHF6 and IB12, respectively.

initially monomeric state, 7 out of 8 PHF6 and IB12 trajectories sampled this overlap region
(cluster no. 1). In Fig. 4.25 a histogram is shown, reporting the probability to find PHF6 and
IB12 conformations in cluster 1 at a given time. Interestingly, transitions toward these particular
conformations occurred rapidly, within 150 ns for PHF6 and within 120 ns for IB12.

The other clusters are identified as dense and distinctly separated states in the 2D PCA
projection and comprise structures from either the spontaneous or the reference conformational
ensembles. In comparison to IB12, more than one conformational cluster with only reference
structures 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. 4.24C and 4.24D, the
main difference between clusters concerns the packing arrangement and size of the β-sheets.
All identified PHF6 and IB12 oligomers were β-sheet-rich structures 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 β-sandwich structure (Fig. 4.24C). Finally,
cluster 4 (spontaneous structures only) consists of a large twisted and bent sheet of eight strands
with mixed alignment, facing two disordered 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. 4.24D). A preferential burial of Tyr and simultaneous exposure of Gln
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and Glu residue side chains was 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 cluster 2 (spontaneous) and 3 (reference). These findings
furthermore suggest that topologically similar oligomer populations can show quite different
solvent accessibilities on the residue side chain level, similar to what has been reported in
Fig. 4.17A and Fig. 4.17B.

In summary, it could be deduced that the highest sampling density of the M10 simulations
lies near the overlap region (Fig. 4.24). 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
assembly toward these particular structures was fast, the formed oligomers as well as the
modeled reference states reorganized considerably throughout the simulations, therefore
complete convergence to highly ordered cross-β structures with steric zipper was not reached.

Elucidating the driving forces of the oligomerization process. The collec-
tive coordinate mapping illustrates that the interactions of peptide and solvent molecules are
among the most important driving forces underlying the oligomerization process as well as
an important determinant for the conformational dynamics in the assembled state. In order
to quantify the peptide-solvent interactions in the spontaneous aggregation of the PHF6,
IB12 and AS51 peptides, the free-energy difference of transfer from the initially monomeric
to the assembled oligomeric state was estimated. Similar to protein folding processes, where
the solvation free-energies are lower for folded than for unfolded conformations [300], a
prominent reduction is expected for the aggregation process. Indeed, the computed atomic
solvation free-energies [300] decreased by more than half compared 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. 4.26) for all three peptide sys-
tems. The different degree of correlation apparently arises from the two different aggregation
phases, which in turn directly reflect the observed two principal stages of the oligomerization
process: the assembly from monomers to decamers, where a high correlation of the solva-
tion free-energy with the general assembly was found and the subsequent structural transitions
within the aggregated state, which show no apparent correlation. This suggests that the solva-
tion 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 [297]
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Figure 4.26: Correlation of the solvation free-energy to the sampling density. The
correlation of the sampling density with solvation free-energy is shown for each peptide sys-
tem. Notably, the sampling density in the initial association phase (black) and the subsequent
structural ordering in the decameric state (colored) is correlated to a different extent.

(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 configuration space, i.e. the degree of aggregation, as an indicator for the aggre-
gation 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
difference 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. 4.17 and 4.18), 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 trajecotries, they may not be fully converged.
Therefore, extending the simulations could change the observed densities, especially in the
decameric phase.

To distinguish mere descriptors for the aggregation process (group 1) from putative true
driving forces (group 2) the PHF6, IB12 and AS51 FMA models were split into two separate
groups of observables. 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 4.27A-C depict the FMA models for the three peptide systems in the association

114



4.2 Driving forces and structural determinants of steric zipper peptide oligomer formation elucidated
by atomistic simulations.

Figure 4.27: Functional mode analysis elucidates the aggregation driving forces. FMA
models were built to predict the sampling densities in the aggregate configuration space of the
(A; H) PHF6, (B; I) IB12 and (C; J) AS51 peptide systems, both for the peptide association
(left) and the structural ordering in the decameric phase (right), respectively. The observables
in terms of aggregate descriptors (D; F) and energetic components (E; G) were evaluated
separately and had either positive or negative regression coefficients with the increase in the
sampling density.

stage. Abbreviations and description of the observables are given in the Methods section.
The respective models were built on the full simulation data available, whereas in a second

step an iterative procedure was applied to test and cross-validate them against a completely
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independent set of data (see Methods). Here, the predictive power of the FMA models was
assessed by cross-validation, using an independent data set not used for model training. The
contribution of each observable parameter to the changes in sampling density was analyzed
using an ensemble weighted FMA [297] model. The cross-validation correlation coefficients for
the FMA descriptor models are shown in Table 4.5. For the association phase the diagonal
elements in Table 4.5 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.

Table 4.5: Correlation coefficients for the PHF6, IB12 and AS51 FMA models of
association and ordering in the decameric phase.

Association PHF6 IB12 AS51
Train Test Train Test Train Test

PHF6 0.74 0.74 0.79 0.76
IB12 0.71 0.81 0.82 0.77
AS51 0.60 0.77 0.88 0.87
Decamer PHF6 IB12 AS51
(weighted) Train Test Train Test Train Test
PHF6 0.74 0.74 0.74 0.76
IB12 0.69 0.81 0.81 0.76
AS51 0.70 0.66 0.81 0.81

Row-wise: Sampling density of the peptide system used for FMA model building.
Column-wise: Sampling density of the peptide system used for FMA model validation.

After validating the FMA models for the peptide association phase, the individual model
components were investigated to probe the contributions of specific interactions to the ag-
gregation mechanism. In the subsequent analysis, positive coefficient values indicate that an
observable was positively correlated with the configurational space density of the peptide ag-
gregates (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. 4.27D
and 4.27E). For example the AS51 FMA model for the association phase correctly indicates the
aforementioned slightly faster aggregation to higher-order oligomers, as can be seen from the
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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 hydrophobic 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 interaction 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 (SiMS). The secondary
structure conversion from predominantly coil and turn to β-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 components 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 interactions of the peptides with the solvent
have positive regression coefficients, i.e. the aggregation process is accompanied by an increas-
ing 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 promi-
nent 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 interactions. 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 aggre-
gates with a substantial degree of nonspecific contacts and disorder. Although not included in
the FMA model analysis because of the large-scale fluctuations, the increase in solvent-solvent
interactions again stresses the important role of the solvent in the aggregation process.

The FMA model cross-validation and component analysis shows that common driving forces
and structural determinants are at play in the initial association stage of all three peptide sys-
tems. This suggests a largely sequence independent mechanism based on the generic physico-
chemical properties of the peptide molecules.
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Table 4.6: Correlation coefficients for the PHF6, IB12 and AS51 FMA models of the
decameric phase.

Decamer PHF6 IB12 AS51
Train Test Train Test Train Test

PHF6 0.49 0.49 0.43 0.76
IB12 0.44 0.69 0.69 0.71
AS51 0.47 0.40 0.78 0.77

Row-wise: Sampling density of the peptide system used for FMA model building.
Column-wise: Sampling density of the peptide system used for FMA model validation.

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 > IB12 > PHF6, see Table 4.6). 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. 4.21A.

In order to probe the formation of particular ordered aggregates in the decameric phase
featuring cross-β characteristics, an additional FMA model was built on the basis of a weighted
sampling density. Oligomeric aggregates with high nematic order (P2) and β-sheet content,
which are presumably similar to fibrillar β-sandwich aggregates, therefore received a higher
weight prior to the FMA (weighting factor: exp(P2·Bsc)). From the newly obtained, weighted
sampling density (Fig. 4.28) 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 which 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 aggre-
gates (CLs, β-sheet aggregation to large sheets) (Fig. 4.27H-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 β-sheet structure (Bsc) and peptide chain
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Figure 4.28: Projection of conformational ensembles and sampling density. The sampled
conformations in the PHF6 (A), IB12 (B) and AS51 (C) trajectories are projected in the same
collective coordinates space, as before 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).

extension (Ext), while formation of extended β-strands occurs at the expense of any other sec-
ondary 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 β-sheets was found to be less
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prominent in the AS51 oligomers, whereas the sampling density in the configurational space
was found to be positively correlated with the β-bridge content (Bbc). This is also expressed
in the smaller correlation of the sampling density to the CLs observable and explained by the
prominent sampling of closed, barrel-like sheet structures with low nematic order (P2). More-
over, there were notable contributions from interactions between main chain and side chain
atoms, which stabilized the AS51 aggregates, 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 ex-
planation for the structural stability of oligomer structures with only small β-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. Thereby a more efficient packing of adjacent
β-sheets was achieved, leading to a larger interface burial (SiMS) and a slightly higher solvent
contact. These sheet rearrangement are indicative of transitions 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 fur-
ther 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 build-up of β-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 contributions and sequence dependent differences on a
molecular level.

Effect of mutations on oligomer topology and conformational order.
Based on the analysis of structural determinants and driving forces underlying the primary

aggregation steps we hypothesize that a mutational study might give additional insight in
the aggregation mechanism of amyloidogenic peptide model systems. Several mutations were
chosen to probe the residue specific effect on the interactions driving the formation of ordered,
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β-sheet-rich aggregates, similar to what has been done previously in hexa-peptide fibrilization
assays [87,270]. 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 β-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 β-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 (GVATAV,
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 conformations and on the other hand weaker
inter-sheet packing interactions (GAATAA). In contrast, a mutation to Phe at position 5 is
predicted to have a high β-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).

Table 4.7: Summary of structural and energetic properties for the AS51 peptide mu-
tant simulations.

System β-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 µs): β-sheet content, orientational order P2 and the sum of several coulombic and
van der Waals potential energy terms (Ecoul+vdW ) describing the interactions. Abbreviations
and description of the observables are given in the Methods section.

The spontaneous oligomerization was studied for each peptide mutant with an additional
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Figure 4.29: Representative structures of mutantional study. Representative oligomer
structures for each AS51 peptide mutant simulation with the highest nematic order, as well as
β-sheet content extracted from the last 500 ns. The peptide backbone is rendered as cartoon
and shown in dark gray. A subset of side chains is depicted in transparent sphere representation:
Thr (magenta) and Phe (brown).

1.25 µs long simulation. Indeed, a number of predicted effects take place upon mutation, illus-
trated by the set of preliminary results summarized in Table 4.7 and the representative oligomer
structures shown in Fig 4.29. 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 β-sheet content and additionally no apparent
interface formation. In stark contrast, the interior of the β-sheet-rich GVATFA decamers was
found to be occluded by the introduced Phe side chains. The sheet topology in these oligomers
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were rather wedge-shaped and did not resemble a β-sandwich. The interface characteristics in
the GVATAV and GVAVTA, in comparison to the GVATVA peptide aggregates, emphasize the
subtle effects of side chain complementarity in small β-sheet oligomers. While the GVAVTA
oligomers formed two orthogonal and stably packed β-sheets, the GVATAV decamers had in
addition to a high β-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.

4.2.4 Discussion

The application of a collective coordinate mapping allowed for the detailed characterization
of the diverse conformational ensembles for the simulated oligomerization process of three
steric zipper peptides. This mapping procedure enabled the visualization 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
[301,302].

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 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 determined 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 [90, 303]. 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 [120, 289, 304], opposing the loss of
conformational entropy in the peptide aggregates.

The observed concurrent increase in inter-peptide interactions is in accordance with previous
simulations, where the partitioning of the residue side chains from the aqueous phase preceded
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the inter-peptide hydrogen bond formation [123]. 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 Gln 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 β-sheet structure. In line with previous findings
[303], we observe that the condensed peptide aggregates with dry interior, where peptides are
primarily solvated by other chains, promote the backbone-driven β-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 β-sheets and further optimized inter-sheet packing through interdigitating
side chains. Although multiple sampling routes, involving the presences of various intermediate
conformations [285], 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 (β-sheet size and packing). For the hydrophobic and less bulky AS51 peptide,
the largest fluctuation in β-sheet content and a more continuous hydrogen bonding pattern
were found. Hence, the conformational characteristics of the most abundant AS51 aggregates
were mostly β-barrel-like structures with a dry interior. In contrast to AS51, the PHF6 and
IB12 peptides spontaneously formed frayed and twisted β-sandwich oligomers with a significant
amount of solvent-exposed edge strands.

Some of the observed oligomers achieved a close structural resemblance to the basic cross-β
element proposed for the fibrils [82, 105]. However, they were not fully ordered compared to
the steric zipper motif in the crystalline state, which displays two planar β-sheets positioned
face-to-face [82]. In particular, the high polar and nematic β-strand order remains an important
difference to the established interfaces for 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, tetrameric assembly unit of
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macrocyclic peptides [81]. There, β-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 oligomers and fibrils [81, 283], 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 [52, 53, 277] is proposed to proceed
by replicating the principal zipper structure via addition of β-strands [81, 124, 129, 130]. In
our simulations, the reference IB12 cross-β oligomers with the crystal packing were at most
metastable for the studied size of 10 chains, and relaxed to conformations similar to the spon-
taneously 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 [305]. Thus, the presence of po-
lar and aromatic residues likely provides a stronger contribution than hydrophobic ones to the
interface stability of opposing β-sheets in small oligomeric aggregates [133,286,305]. This was
confirmed by our simulations of the AS51 peptide mutants, which showed an overall enhanced
propensity to sample stably packed β-sheets when a Phe residue side chain was introduced
into the sequence. The preferential anti-parallel strand alignment as often observed for short
peptides [270, 285, 287], offers an additional explanation for the destabilization and distortion
of the all-parallel PHF6 steric zipper motif due to the less favorable intra-sheet interactions.

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 propensity with no particular bias toward β-sheet formation [171]. (2) This force field
is known to spontaneously sample amyloid-like β-strand structures [124, 285, 306], consistent
with experimental findings [307] and to stabilize preformed pairs of cross-β sheets [129, 308].
(3) The GROMOS96 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, Ile) and aromatic (Tyr) amino acids [309], 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 amyloid state is not entirely determined by sequence [43] and
thus hinders the straightforward identification of the sequence-specific driving forces [16, 91,
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92, 277]. The partitioning into multiple aggregation pathways, where the formed oligomers
exhibit different extents of β-sheet secondary structure, is proposed to be kinetic in nature
[123,127,285], as experimentally determined, for example, Aβ [72,284,310] and PrP oligomer-
ization [279]. The promiscuous polymorphism found for amyloid aggregates [43,104,105] may
also be explained by the thermodynamic selection of the most stable steric zipper motif in the
nucleus [119, 277]. 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 sim-
ulations [120] and experiments [53, 277]. 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 conversion step occurs in
the oligomeric state directed by specific structural predilections of sheet packing interactions
and is largely independent of the monomer concentration [53,277,310–312].

The overall registry and alignment of the individual strands were found to be of less im-
portance in the initial association phase for the small steric zipper peptides. This lack of
homogeneous strand patterning in the β-sheet structure of early oligomers 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 dependent on the sequence. In this context, it is expected that
the formation of ordered pre-nucleation intermediates with intra- and inter-sheet β-structure
elements similar to to the fibrillar state critically depend on the steric complementarity of the
sheet interfaces in the oligomeric species, that is the the fine detail of matching and properly
packed side chains [81,276,287].

The observed structural ordering and conformational 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 [304, 313] and thus might govern the
formation of the high-energy nucleus. The oligomer topologies with sheet pairing angles very
different from parallel β-sandwich structures might be indicative of off-pathway oligomers [81].
For these aggregates the expected height of the nucleation barrier to a cross-β 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 β-sheet structure as determined
by experiments [290,291,310]. Similar effects could origin from the found positional 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
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local free-energy minima with significant barriers to amyloid formation, although single amino
acid mutations that increase the rate of disease progression often increase the rate of amyloid
formation [278].

Finally, the oligomerization of larger peptides and full-length proteins might obey similar
principles but usually needs to be accompanied by a substantial change or loss of intra-peptide
interactions. Moreover, aggregation is facilitated by transient misfolding or unfolding events of
particular aggregation-prone segments, which populate amyloid-competent conformers, such as
hairpin motifs or intra-molecular β-strand stacks in natively disordered peptides [106,132,284,
314] or accessible self-complementary stretches on protein surfaces [92,94,101]. 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 incorporate and accommodate residues into the β-strands [255,315].

4.2.5 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 aggregation process were characterized by two distinct phases and the conformational
conversions from random assembly to β-sheet oligomers resembled the previously proposed
condensation-ordering mechanism. As a first step, the peptides assembled via various interme-
diates to partially ordered aggregates, thereby creating desolvated interfaces between the chains.
In a second step, sequence-dependent conformational reorganizations toward β-sheet-rich struc-
tures took place in the collapsed oligomeric state. The kinetics and stability of aggregates with
β-sandwich structure motifs were found to exhibit a profound dependence on the hydrophobic
character, steric constraints 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 characteristics as it is proposed for
the fibrillar aggregation end-states.

The elucidation of the energetic and structural determinants of amyloidogenic aggrega-
tion 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, an thorough understanding of the dynamical transitions between the canonically de-
fined 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 order-
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ing process was observed, mainly driven by extensive backbone hydrogen bond formation and
β-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 [316]. Therefore, the view is emphasized that biomolecular aggregation of peptides
and proteins is governed by the fine chemical details of peptide-solvent interactions and
water-structure at various stages of the self-assembly process [106,108,120,130,289,304,313].
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Chapter 5

Effect of phospholipid membranes on the
self-assembly process of model peptide
aggregates

Summary

The influence of a phospholipid bilayer on the primary steps of peptide aggregate self-assembly
for two model peptides, α-synuclein and the islet amyloid peptide, has been studied and com-
pared to a situation with peptides in aqueous solution.

In contrast to the simulations in aqueous solution, we found that aggregate growth did not
occur on the lipid bilayer surface. Upon partitioning of the peptide molecules into the membrane
water interface, the diffusion slowed down, essentially immobilizing the molecules. Moreover, the
conformational fluctuations of the peptide chains were significantly reduced. Although partially
aggregated, the adopted structures on the bilayer surface were not compatible with extended
β-sheet conformations, corroborating the observation of a competition between adsorption on
the model membrane and peptide aggregation in solution. The preliminary data suggests that
the strongly altered kinetics of the aggregation process in comparison to the aqueous phase are
caused by the favorable coulombic interactions of polar parts of the peptides and the lipid head
group region as well as the strong desolvation of the peptide main and side chain atoms on the
bilayer interface. The detailed investigation of these observations is expected to yield further
insight into the interactions of peptide and phospholipid interfaces, as well as their effect on
the early steps of the aggregation process.
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5.1 Introduction

The complex structural and dynamical properties of phospholipid bilayers play a fundamental
role in cells and organelles. Cellular membranes exhibit selective permeability to ions and small
molecules, thereby maintaining chemical and biochemical potentials across different compart-
ments and act as matrices to support embedded peptides and proteins [317].

Many amyloidogenic peptides, such as the beta amyloid peptide (Aβ), α-synuclein and
the islet amyloid polypeptide (IAPP) are soluble in aqueous and membrane environments [13,
70]. Although partially unstructured or unfolded in solution, helix formation is induced upon
membrane binding [74,318].

Membrane exposure or association was also found to be correlated with amyloid formation
suggesting a structural effect on the aggregation process, leading to highly structured fibrillar
aggregates [13]. Furthermore, oligomeric intermediates were reported to localize on biological
membranes [64, 71]. This offers a plausible answer to the question how amyloid formation
and cellular toxicity are related, namely by oligomeric states which may disrupt membrane
integrity. Nevertheless, several possible membrane perturbation scenarios are discussed and all
of them offer an explanation for cellular stress, e.g. through loss of chemical potential and
compartmentalization. Although the exact mechanism and modes of toxicity are still under
debate [13,73], in vitro studies have shown the ability of amyloid intermediates to render model
membranes permeable to ions and dye molecules [13].

As outline above, an important aspect of lipid bilayers is their potential to act as a catalyst
for amyloid formation. Aβ, α-synuclein and IAPP bind readily to lipid bilayers. The timescales
of association to the membrane surface are fast compared to the lag time of the nucleation-
dependent assembly process to peptide fibers [319–322]. It is uniformly and consistently found
that the presence of lipid surfaces dramatically accelerates the conversion to the β-sheet rich
amyloid aggregates. These findings suggest that the organization of intermediate, membrane-
bound states is relevant to stabilize early, oligomeric aggregate species (pre-nucleus), which are
high in energy and therefore unfavorable [29].

In the present study the question is addressed whether a lipid bilayer interface can act
as a mediator for the primary steps of peptide aggregate self-assembly. From the various
types of phospholipids, the most abundant in neural membranes are the ones with zwitterionic
phosphatidylcholine (PC) head groups [323]. To identify the influence of a lipid bilayer, the
spontaneous peptide aggregation process in the absence and presence of a dipalmitoylphos-
phatidylcholine (DMPC) model membrane for two different model peptides (AS51, IA21) was
compared using molecular dynamics simulations.
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The AS51 (51GVATVA56) peptide is one of several segments of α-synuclein which have been
found to be essential in fibril formation [33]. The physiological function of full length α-synuclein
is not fully understood, but likely involves lipid mediated interactions [13, 74,318,322,324]. In
solution, α-synuclein adopts mostly unstructured conformations at neutral pH [74]. It was
shown that insertion of the AS51 segment in the globular protein RNase is sufficient to enforce
and induce the formation of β-sheets and fibrils [101], while deletion of the same segment from
the sequence of α-synuclein renders the peptide incapable of forming fibrils [33]. An increase in
β-sheet structure is correlated with the neurotoxicity of α-synuclein [322,325,326]. In addition,
early onset of familial Parkinson’s disease and an increase in the aggregation propensity was
found for the A53T α-synuclein mutant [327,328].

Human IAPP is associated with type II diabetes, as fibrillar extracellular deposits are found
in pancreatic extracts of nearly all diabetes type II patients. This is furthermore corroborated by
the significant cytotoxicity which IAPP displays to cultured islet cells from the pancreas (where
it is expressed, stored and secreted in vivo) [329–331]. The fibrillar form of the 37-residue long
IAPP has been studied intensively, and several amyloidogenic regions within IAPP have been
identified [46, 50, 332, 333]. One of the segments from the IAPP sequence which was reported
to be capable of forming amyloid-like fibrils and steric zipper microcrystals is the hepta-peptide
IA21 (21NNFGAIL27) [102, 333]. The IA21 segment is also part of the putative spine of the
IAPP fibrils under physiological conditions [83, 334,335].

Both peptides were simulated at a concentration close to the crystallization conditions, in
the presence and absence of a DMPC lipid bilayer.

5.2 Methods

MD Simulation Protocol

All MD simulations were carried out using the GROMACS software package (version 4.5)
[175–177,229]. All protein bonds were constrained with the P-Lincs algorithm [182] and virtual
interaction sites of all hydrogen atoms were introduced, thereby removing all internal vibrational
degrees of freedom [175,179]. Water molecules were constrained using SETTLE [234].

The simulations were run using a 4 fs integration time step. Neighbor lists for
non-bonded interactions were updated every 5 steps. The short-ranged Lennard-Jones
and coulombic interactions were cut-off at 1.4 nm and 0.9 nm, respectively. Electrostatic
interactions for a distance larger than the (real space) cut off were calculated with
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the Particle Mesh Ewald (PME) [230, 231] method at every step with a grid spacing
of 0.12 nm. The relative tolerance at the cut-off was set at 10−6. The simulations
were carried out using periodic boundary conditions. The plane of the DMPC bilayer
defined the xy-plane of the box and the membrane normal the z direction, accordingly.
A semi-isotropic pressure coupling (xy and z) was applied to keep the pressure constant
by coupling the system to a pressure bath of 1 bar (τ = 1 ps). The Berendsen coupling
algorithm [187] was used. Velocity rescale [188] was applied for temperature coupling to a
temperature bath of 323 K. Initial velocities were taken from a Maxwellian distribution at 323 K.

Force field parameters. For the production runs the GROMOS96 45A3 [336]
protein force field and the SPC water model [184] were used. The interactions of
the united-atom DMPC molecules were described by the Berger lipid force field
parameters [165, 337]. The set of nonbonded parameters (ε, σ) for interactions between
protein (GROMOS96 45A3) and lipid (Berger) atoms were derived by applying the standard
combination rules.

Initial Conformations

For each peptide sequence (GVATVA: AS51; NNFGAIL: IA21) conformational ensembles con-
taining 1000 structures were generated with CONCOORD [256]. Only topological constraints
were defined, resulting in random starting configurations.

The individual simulations without the DMPC bilayer were set up according to the protocol
reported in chapter 4. The initial conditions for the simulations with a DMPC bilayer were set
up as follows: 10 peptide conformations were randomly chosen from the pre-generated structure
ensemble and placed in a cubic box randomly in position and orientation (dimensions: 11.5 nm
x 11.5 nm x 11.5 nm; resulting peptide concentration: 16.6 mM). The box contained a pre-
equilibrated, symmetric bilayer patch consisting of 384 DMPC lipids. The peptide molecules
were placed such that they were always more than 2 nm away from either sides of the lipid
bilayer. This procedure was applied to reduce the bias from the individual peptide’s starting
position and configuration and to ensure a fully monomeric starting configuration in each of
the conducted simulation runs. The protonation state for the different systems was according
to a pH of 7. Subsequently, all boxes were solvated with explicit water molecules and counter
ions (Na+, Cl−) were added to yield an appropriate ionic strength (0.05 mM) and to neutralize
the net system charge. After the system preparation, an energy minimization using steepest
descent was performed.

132



5.2 Methods

Simulated Systems

An overview of the simulated peptide systems and the respective simulation lengths is given in
Table 5.1. The AS51 and IA21 peptides were simulated with and without the presence of a
model DMPC bilayer starting with monomeric and random peptide configurations, respectively.
Additionally, one simulation for each sequence was set up with small, preformed peptide aggre-
gates. These spontaneously assembled dimeric and trimeric structures were selected randomly
from prior simulations without DMPC lipids.

Table 5.1: Summary of performed simulations

system no. of molecules simulation
ID peptide / lipid / water time (ns)
AS51.monomer 1 / 0 / 5484 1x1000
AS51.monomeric 10 / 0 / 32869 4x500
AS51-DMPC.monomeric 10 / 384 / 36441 1x500
AS51-DMPC.preformed 10 / 384 / 36429 1x500
IA21.monomer 1 / 0 / 5549 1x1000
IA21.monomeric 10 / 0 / 32646 1x500
IA21-DMPC.monomeric 10 / 384 / 36307 1x500
IA21-DMPC.preformed 10 / 384 / 36310 1x500

Analysis

Samples for analysis were taken every 100 ps from the collected trajectories.

Definitions of general aggregates. In order to quantitatively probe the associ-
ation state of the peptides at any given time, the formed aggregates were classified as follows:
Pairwise inter-peptide contact analysis was used to identify the individual aggregates, defined
as general peptide assemblies: Peptides which shared an inter-chain residue contact were
assumed to be within the same aggregate. For any two peptides i, j an inter-chain contact
was considered to be formed if any heavy atom of peptide i was within a distance of 0.45 nm
from any heavy atom of peptide j.

Root mean square fluctuation (RMSF). The average RMSF of the backbone
and side chain atom positions was calculated for each residue and each of the ten chains, after
fitting to the average structure over all conformations in the trajectory, respectively.
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5.3 Preliminary results and discussion

The spontaneous peptide aggregation in aqueous phase has been described in detail among oth-
ers for the AS51 peptide in chapter 4, therefore the essential differences found in the simulations
with model membrane interface will be reported and discussed here.

Adsorption on DMPC bilayers brings aggregate growth to a halt

In order to measure and compare the aggregation behavior of the lipid bilayer with the aqueous
solution systems, the aggregate size distributions were calculated over time (see Figure 5.1).
From the observed aggregate sizes as well as from a visual inspection of the trajectories, a
clear trend was visible for both the AS51 and IA21 peptide systems. While the ten, initially
monomeric peptides aggregate fast and irreversibly to decameric structures in solution (Fig. 5.1A
and 5.1B), formation of aggregates larger than trimers was not found in the simulations with
a DMPC bilayer (Fig. 5.1C and 5.1D). Here, the peptide molecules initially placed in solution
and at least 2 nm away from the DMPC water interface bound rapidly to the lipids within
10-25 ns of simulation time (Figure 5.2). The diffusive (lateral) motion of the adsorbed and
only partially aggregated molecules was greatly reduced compared to the ones in solution. The
desorption of one or more peptide chains from the interface was not found in the timescale of

Figure 5.1: Aggregate size distributions. Averaged populations of general aggregate size n
at time t are shown for simulations of AS51 and IA21 peptides in solution and near a DMPC
bilayer, respectively. Darkblue, purple and red colors indicate a high averaged abundance of a
particular aggregate size.
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Figure 5.2: Representative structures for peptide aggregation on DMPC bilayers. Se-
lected snapshots of the AS51 and IA21 peptide simulations in the vicinity of a DMPC bilayer are
shown at 0, 5, 50 and 500 ns, respectively (A, C). In addition, a top view on the organization of
peptide aggregates on the bilayer surface at 300 ns for the simulations with preformed aggre-
gates (B, D) is presented. The peptide molecules are drawn as sticks and the peptide backbone
is visualized by a cartoon representation (AS51: magenta; IA21: purple). DMPC molecules are
shown as transparent sticks and the atoms of lipid head group region are shown by transparent
space filling spheres. The lipid atoms are colored in green (carbon), blue (nitrogen) and orange
(oxygen). Water molecules are not shown. Molecular images are rendered using the VMD
graphics software [263].

the simulations. Once the peptides absorbed flat on the DMPC membrane surface, no further
aggregate growth was observed (Figure 5.1). Hence, peptide assembly took place exclusively
in solution, where IA21 aggregated faster (higher abundance of aggregates larger than dimers
and trimers) in comparison to AS51 (Figure 5.2). Starting from preformed aggregates did not
change this behavior (Figure 5.1E and 5.1F). The partitioning of peptide molecules into the
center of the membrane was not observed since this transfer process is probably associated with
high free energy barriers because of the charged termini and polar residues of the peptides [338].
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Figure 5.3: RMSF of backbone and side chain atom positions. The average RMSF for
the AS51 peptide aggregates is shown in the top row: backbone (A) and side chain atoms (B).
The bottom row shows the average RMSF for IA21 backbone (C) side chain atoms (D). Note
that glycine (G4) does not have a side chain heavy atom, therefore no RMSF was calculated.
The blue and orange colored lines match the simulations without, the magenta and purples
lines the simulations with DMPC, respectively.

Structural properties of peptide molecules are altered upon adsorption
to the DMPC lipid bilayer

As can be seen from the representative structures in Figure 5.2, the peptide conformations
in monomeric as well as partially aggregated form are disordered, both in water and at the
interface. Investigating the properties of the peptide molecules in aqueous solution and the
quasi instantly adsorbed ones more closely, revealed a number of important differences.

First, the intra peptide end-to-end distance distribution, a global structural measure, was
found to be significantly sharper for the peptide chains adsorbed to the DMPC bilayer. Second,
the distribution of sampled end-to-end distances peaked around intermediate extensions of the
chains (≈ 1.0-1.3 nm). Larger distances (≥ 1.4 nm) between the peptide’s terminal ends
were only sampled by the fully aggregated structures in solution. Third, in comparison to a free
monomer in solution, which was found in a wide range of different and frequently interconverting
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5.3 Preliminary results and discussion

Figure 5.4: Analysis of β-sheet content. The development of β-sheet secondary structure
elements according to DSSP shown for the all the AS51 (A) and IA21 (B) simulations. Peptide
oligomerization in solution was found to be accompanied with the formation of a substantial
amount of extended β-sheet structure. The prominent adsorption of the peptides to the DMPC
water interface, however did impede β-sheet formation.

conformations, the structures adopted by the adsorbed peptide molecules appear to be even
more restricted in their conformational sampling over the course of the simulations (data not
shown). To further investigate the flexibility of free and adsorbed peptide molecules, the average
RMSF per residue was calculated for backbone and side chain atom positions (Figure 5.3). The
conformational fluctuations were found to be prominently reduced for the adsorbed AS51 and
IA21 peptides, in particular for the polar asparagine and threonine side chains (Fig. 5.3C and
5.3D). From this, one can conclude that the partitioning of individual side chains into the DMPC
head group moieties lead to an overall less fluctuating character of the peptides compared to the
situation in a fully assembled decameric aggregate. In addition, the nonpolar residues retained
more conformational freedom than the polar ones.

Finally, the β-sheet content did not increase or even decreased (for simulations with pre-
formed aggregates) on the DMPC bilayers (Figure 5.4). Instead, mostly coil and to some extent
bend (AS51), as well as turn (IA21) secondary structure was sampled. This observation was in
stark contrast to the simulations of peptides in solution, where β-sheet formation was observed
reproducibly for a 30-70% of all the peptide residues (Figure 5.4).
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Peptide lipid versus peptide peptide association leads to a different
degree of solvent-exposed peptide surface

Peptide adsorption was observed to take place fast and irreversibly, while complete insertion
into the hydrophobic core of the lipid phase was not observed. The above results suggest a
competition between adsorption on the DMPC water interface and peptide self-assembly, as
found in solution.

As reported in chapter 4, peptide aggregation in water was associated with the desolvation
of a large fraction of the nonpolar molecular surface area by sequestering the respective parts
in the interior of the aggregates. However, adsorption of peptides on the surface of the DMPC
lipid bilayer in monomeric or partially aggregated form also resulted in a significant reduction of
hydrophobic solvent accessible surface area (hSAS). A comparison of nonpolar main and side
chain solvation is shown in Figure 5.5 for the simulations with and without DMPC bilayer.

Figure 5.5: Development of hydrophobic solvent accessible surface area. The hSAS of
the AS51 and IA21 main (A, C) and side chain atoms (B, D) is shown as function of simulation
time, respectively.
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Surprisingly, the peptide’s side chains as well as their main chains were much less hydrated
in the case of tight adsorption to the DPMC membrane. Although not assembled into a
decameric oligomer, as found in all simulations without DMPC bilayer, a dramatically decreased
hydrophobic and hydrophilic SAS was observed. Moreover, the decrease in main and side chain
hSAS occurred almost instantly as it coincided with the rapid adsorption of the peptides.

In detail, the strongly hydrophobic AS51 peptides experienced a loss of more than half
of the main chain hSAS compared to the oligomeric aggregate. The side chain hSAS of the
peptides on the DMPC surface was found to be reduced by 25% compared to the oligomeric
aggregates formed in aqueous phase and absence of DMPC bilayer. The IA21 peptide sequence
is amphiphilic, with a hydrophilic N-terminal and a strongly hydrophobic patch at the C-terminal
site. The burial of main and side chain hSAS was found to be very efficient, as the solvent
exposure was reduced by more than 50% compared to the oligomeric aggregates found without
DMPC membrane. The hydrophilic parts of the side chains were almost completely deprived
from contact to the solvent. The solvation free energy as defined by Eisenberg and McLachlan
[300] is an estimate for both of these contributions and showed an overall decrease by 40 and
50 kJ per mol and nm2, for GVATVA and NNFGAIL, respectively.

In general, the hSAS converged faster for the peptide main chain (10-25 ns) compared to
hSAS of the side chain atoms (100-150 ns). Again, no difference between the simulations of
initially monomeric peptides or preformed aggregates was observed.

5.4 Conclusion and outlook

The preferential adsorption to the lipid bilayer surface over peptide aggregate self-assembly was
the key difference observed in the simulations of two model peptides with and without DMPC
model membrane.

In both scenarios, the initial events of peptide adsorption were accompanied by a prominent
reduction of nonpolar solvent accessible surface area. However, the large surface presented
by the DMPC lipids accommodated the peptide side chains seemingly more efficiently than
the small and compact oligomeric aggregates. In particular the partitioning of aliphatic side
chains (Ala, Val, Leu, Ile) to the interfacial region and center of the lipid bilayer is energetically
favorable as indicated by MD simulations with an umbrella sampling protocol [338]. These
findings suggest a competition between peptide aggregate self-assembly and adsorption to the
model membrane. Moreover, the solvent-exposed hydrophobic peptide surface in the presence of
a DMPC bilayer was strongly decreased in comparison to the observed peptide oligomerization
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without a DMPC bilayer. This result confirms the role of hSAS reduction (i.e. the hydrophobic
effect) as a driving force for peptide aggregation.

Polar and charged head groups constitute the interfacial region of the DMPC lipids to the
solvent and exhibited favorable coulombic interactions to the polar peptide residues, as well as
the peptide main chain. Accordingly, the adsorption had profound effects on the structure and
hydration of the peptide molecules. The high affinity binding to the DMPC water interface
decreased the conformational freedom of the polypeptide chains and narrowed the accessible
distribution of conformations. The adsorbed peptides sampled mostly turn and bend states, in
contrast to the elongated, strand-like conformations found in the aggregates without bilayer.
The strong interactions between peptides and bilayer interface precluded extensive inter-peptide
interactions and might explain why adsorption was favored over self-assembly of monomers
and small intermediate aggregate species. Furthermore, the molecular kinetics and rates of
conformational rearrangement of the peptides at the lipid water interface slowed down, relative
to those in water.

All this may cause diverging pathways of peptide aggregation in water and near a phospho-
lipid membrane. The observed peptide lipid interactions should have a concentration-dependent
effect on the aggregation mechanism for early and small multimeric aggregates. At large pep-
tide concentrations little to no effect is expected, since the spontaneous aggregation does
occur in the aqueous phase as reported, even with the membrane interface being saturated by
bound peptides. At very low concentrations the adsorption of monomeric or partially aggre-
gated species to the interface might slow down the aggregation process, by effectively lowering
the peptide concentration in solution even further. The highly favorable binding should hinder
conformational rearrangements resulting in extensive peptide-peptide interactions furthermore.
The effective enhancement of peptide concentration at the water lipid interface might play a
role for peptide aggregation under intermediary concentrations.

Ultimately, the fine interplay between density (ratio of peptide to lipid molecules), orga-
nization and structure of membrane-bound oligomeric aggregates will be crucial for the sub-
sequent assembly to amyloid fibrils [13]. Despite initial efforts in the characterization of the
lipid-catalyzed amyloid formation [13], further efforts, both from the experimental and the
theoretical side are required.

The effect of the lipid head groups and peptide concentration could be further investigated
following our presented computational approach. It would be interesting to compare different
phospholipid types (e.g. anionic PS lipids) in this context [339]. In order to disentangle the
effect of electrostatic interactions completely, it could be also interesting to probe the peptide
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aggregation process on a purely hydrophobic surface e.g. near an octane slab [340]. Lastly, the
question to what extent the properties of the lipid bilayer itself are altered locally or globally
by the absorbed aggregates remains to be studied in more detail. Of particular interest in this
regard could be to test if and to what extent conformational transitions in already assembled
decamers with high β-sheet content occur once they interact with a DMPC bilayer surface, and
in addition, how this affects the conformational properties of the membrane.
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Chapter 6

Summary and Conclusions

The cellular environment is a crowded and dense setting in which peptides and proteins are
subjected to a complex apparatus and network of regulatory mechanisms. The performed
operations include supervision of protein folding, prevention of aggregation, activation of post-
translational modifications, assistance in transport to and initiation of degradation. Failures
in these mechanisms can result in the formation of a variety of harmful proteinaceous assem-
blies, in all likelihood the causative agents of several neurodegenerative disorders subsumed as
amyloidosis.

The primary aggregates, such as low-molecular weight oligomers, and the course of events
in initial peptide assembly free in solution and on membrane interfaces, however, still lack a
detailed characterization. Understanding the molecular basis of nonfibrillar oligomer formation
harbors the potential to decipher an important, yet still obscure part of amyloidogenic pep-
tide and protein aggregation. 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. Although it is not straightforward to establish
a link between the amyloid phenomena in vivo to in vitro studies, significant advances in the
use of model systems have led to the determination of reliable structural models for amyloid
fibril formation. Moreover, concepts and insight from theoretical and simulation studies help to
describe and understand amyloidogenic aggregation on a molecular level.

In the present thesis, the early stages of peptide oligomerization have been studied by means
of MD simulations, as an important complementary tool to experimental studies in order to
understand the main forces and conformational transitions which govern oligomeric aggregate
formation.

Major findings and conclusions of this thesis are summarized in the following.
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6.1 Secondary structure propensities of MD Force Fields

The conformational ensembles obtained with MD simulations of e.g. peptide folding and ag-
gregation are inherently dependent on the accuracy of the applied force field. The study of the
folding behavior of various peptide sequences in different MD force fields revealed significant and
systematic differences in the stability and formation propensity of dominant secondary structure
elements. The observations made suggest that in particular the relative stabilities of helical and
extended conformations depend on a subtle balance of force field parameters. Indications for
different sampling characteristics of the respective force fields, affecting both the kinetics and
convergence of the simulations, were also found. It is likely that the discussed deviations in the
structural representations are less critical in protein simulations, when studying the native state
dynamics.

A particular finding concerns the treatment of electrostatics in biomolecular simulations. It
is a common practice nowadays to apply Particle-Mesh Ewald (PME) methods. However, care
is required when employing PME in conjunction with force fields and water models which were
originally developed using cut-off or reaction-field (OPLS, GROMOS96). In terms of secondary
structure propensities the peptides studied revealed a tendency towards sampling β-hairpin
structures when employing PME combined with the OPLS and GROMOS96 force fields. The
observed similarities between the different force fields support the notion of converging results
for biomolecular systems, but remaining differences emphasize the importance of continuous
force field development and refinement. Thus a force field bias for folding studies can not be
excluded. From the current perspective there is no single best fit solution for peptide folding
simulations with today’s non-polarizable force fields, rather a multiple force field or consensus
approach is suggested: If computationally feasible to simulate, using more than one suitable
force field to address the particular question at hand, and whenever possible, to compare the
simulation results to direct experimental data.

6.2 Conformational dynamics, assembly pathways and
driving forces of steric zipper peptide oligomerization

Atomistic MD simulations of the unbiased spontaneous aggregation process of PHF6, IB12 and
AS51 steric zipper peptides from unstructured monomers to β-sheet rich oligomeric assemblies
have been reported. The detailed analyses of multiple independent simulation runs highlights
several findings which address the course of events in the primary steps of peptide self-assembly
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in particular.
In general the oligomerization was found to take place as a common two-step process akin

to a general condensation-ordering mechanism. First, a rapid formation of a heterogeneous
ensemble of β-sheet rich oligomer structures was observed, where kinetically trapped aggregate
intermediates affect the structural evolution of larger assemblies. The oligomeric precursor
states were found to associate via a combination of polymerization and condensation mech-
anisms governed by the characteristics of peptide sequence and oligomer size. The peptides
assembled to partially ordered aggregates and thereby created desolvated interfaces between the
chains. Second, sequence-dependent conformational reorganizations towards β-sheet-rich struc-
tures took place in the collapsed oligomeric state. The kinetics and stability of aggregates with
β-sandwich structure motifs was found to exhibit a profound dependence on the hydrophobic
character, steric constraints and positioning of the side chains participating in the sheet-to-sheet
interfaces. Furthermore, elucidating the β-sheet oligomer conformations at atomistic detail pro-
vides qualitative evidence that early oligomers feature similar self-complementary sheet packing
characteristics as the fibrillar aggregation end-sates.

The detailed analysis of the forces driving the oligomerization revealed 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 mainly
driven by extensive backbone hydrogen bond formation and lamination of β-sheets.

A thorough characterization of the heterogeneity in molecular dynamics and structures of
the low molecular weight oligomers may hold the key for understanding the profound differences
in macroscopic fibril growth kinetics [52, 273–275] as well as the observed rich structural di-
versity of aggregate states [80,102–104,248,269]. Specifically the structural relations between
crystalline and fibrillar polymorphs of amyloidgenic peptides may be only resolved by tracing
and determining the characteristics of the oligomeric conformational states from which either
of the species originate. The overall dominant solvent effects and the observed conformational
changes in the metastable oligomer species hint at a causal relation, which is also crucial for
other molecular recognition processes such as protein ligand binding and membrane fusion dy-
namics [316, 341]. For these reasons the view is emphasized that biomolecular aggregation of
peptides and proteins is governed by the fine chemical details of peptide-solvent interactions and
water-structure at various stages of the self-assembly process [106,108,120,130,289,304,313].
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6.3 Effect of phospholipid membranes on the
self-assembly process of model peptide aggregates

The influence of a DMPC bilayer on the self-assembly process with two model peptides from
α-synuclein and the islet amyloid peptide has been studied and compared to a situation of
peptides in aqueous solvent only.

A key observation in contrast to the simulations in the aqueous phase was the finding that
peptide aggregate growth did not occur on the membrane surface. Upon adsorption of the
peptide molecules to the DMPC bilayer the diffusion slowed down, essentially immobilizing
the molecules on the surface. Moreover, the conformational fluctuations of the peptide chains
were significantly reduced. Although partially aggregated, the adopted structures on the DMPC
surface were not compatible with extended β-sheet conformations. This finding corroborates the
notion that a competition between adsorption on the model membrane and peptide aggregation
in solution exists. Our preliminary data suggests that the favorable coulombic interactions of
hydrophilic parts of the peptides and the head group region of the lipids as well as the strong
desolvation of the peptide main and side chains are responsible for the strongly altered kinetics
of the aggregation process in the presence of a model membrane surface in comparison to
the situation in aqueous phase. The favorable coulombic interactions of hydrophilic parts of
the peptides and the head group region of the lipids as well as the strong desolvation of the
peptide main and side chains. A detailed investigation of the interactions of the peptides and
phospholipid interfaces is expected to yield further insight into the observed impact on the early
steps of the aggregation process.

The effect of the lipid head group and peptide concentration could be further investigated
following the presented computational approach. It would be interesting to compare different
phospholipid types (e.g. anionic PS lipids) in this context [339]. In order to disentangle the
effect of electrostatic interactions completely, it could be also interesting to probe the peptide
aggregation process on a purely hydrophobic surface, e.g. an octane slab [340]. Last but
not least, the question to what extent the properties of the lipid bilayer itself are altered
locally or globally by the absorbed peptide aggregates remains to be studied in more detail. Of
particular interest in this regard could be to test if and how conformational transitions in already
assembled oligomers with high β-sheet content occur once interacting with a DMPC bilayer,
and, in addition, how the peptide oligomer interaction affects the conformational properties of
the membrane.
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