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Abstract
Coarse-Grained Molecular Dynamics Simulations
of Peptide Aggregation on Surfaces
by

Herbert Alexander Morriss-Andrews

Protein aggregation involves self-assembly of normally soluble proteins or
peptides into supramolecular structures. This process is particularly important
due to its involvement in several amyloid diseases, such as Parkinson’s, Alzheimer’s,
and Type II diabetes. Several fibrillization mechanisms have been proposed, in-
cluding a condensation-ordering mechanism where ordered fibril structures emerge
from disordered oligomers and a dock-lock mechanism where a growing fibril in-
duces attached polypeptides to organize individually into fibril-compatible con-
formations.

We present a series of computational studies using a coarse-grained peptide
aggregate model that exhibits a rich diversity of structures: amorphous/disordered
aggregates, beta-barrels, multi-layered fibrils, and aggregates of mixed type. Our
model has a tunable backbone stiffness that governs the propensity to form fibrils
in bulk solution. In this work, we investigate how this S-sheet propensity couples
with the properties of a surface template to influence the mechanism of aggrega-
tion. Here, we focus on peptide aggregation in the presence of three templates: a
solid surface, the surface of a pre-existing aggregate seed, and a lipid bilayer.

Aggregation on solid hydrophilic or hydrophobic surfaces frequently occurs
in many experimental setups. We find that the solid surface strongly biases
toward the formation of fibrillar aggregates. Peptide-peptide interactions and

surface attraction couple cooperatively on a solid surface to influence the bind-
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ing /aggregation transition. Aggregation and binding occur almost simultaneously
since the surface’s crystal symmetry enforces a preferred direction of bound fibril
growth, thus accelerating the process.

Seeding peptides with compatible aggregates removes the nucleation bar-
rier for aggregation. We find that the aggregation mechanism is strongly de-
pendent on the [-sheet propensity of both the seed and bulk peptides. Addi-
tionally, bulk peptides that exhibit polymorphism can have multiple pathways to
aggregation depending on which class of aggregate they initially form. We find
that a fibrillar seed can induce amorphous-prone peptides into fibrillar structures
via a condensation-ordering mechanism, thus sequestering potentially cytotoxic
oligomers into a more inert form.

We simulate aggregation on lipid bilayers in an effort to approximate the
complexity of the cellular milieu. While aggregation in vivo would occur in the
presence of membrane surfaces, few simulation studies have been conducted on
this combined system due to its computational complexity. We have determined
that a membrane surface, like a crystal surface, biases toward fibrillar aggregates.
However, membrane undulations disturb multi-layered fibrils into non-planar S-
sheet structures, such as S-barrels. The presence of fibrils on the membrane also
affects its fluid properties, creating a hexagonally packed lipid ordering underneath
the fibrils, locally increasing its bending modulus and aligning lipid tilt to the
orientation of the peptides. Thus peptide aggregation and membrane fluidity
affect each other’s structure and dynamics.

The key general features of a surface that control its modulation of peptide
aggregation are its structural order and fluidity. An ordered, rigid template biases
more strongly toward fibrillar structures and restricts the set of aggregation path-

ways and morphologies. The dynamic nature of a fluid surface biases less toward
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fibrils and enhances the range of aggregation dynamics.
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Chapter 1

Introduction

1.1 Coarse-Graining

This work involves molecular dynamics simulations of biomolecules, specifically
peptides and membranes, using coarse-grained models. Coarse-graining is a tech-
nique of representing a high resolution model with a simpler, less detailed one
known as the coarse-grained (CG) model. Examples of coarse-grained models are
shown in Fig. [T, including the widely used MARTINI model. In biomolecu-
lar simulations, the high resolution model is frequently an all atom or atomistic
model, meaning that all atoms in the molecule are explicitly represented. This
procedure is depicted in the third and forth panel of Fig. [.]], showing how one can
take an atomistic representation of a polypeptide and unite the atoms into a CG
model. Popular classical atomistic force fields include CHARMM [}, AMBER [f],
and OPLS-AA [f]. Coarse-grained representations of biomolecules typically com-
bine several atoms into a single rigid unit (almost always spherical, with occasional
exceptions [[]). Also, some models go beyond combining atoms and represent the

entire molecule as a unit, such as the rod-like model [f] in panel 1 of Fig. [.L]. The
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Figure 1.1: Hierarchy of coarse-grained models. Rod-like model of Vacha adapted
from reference [fJ], our phenomenological 3-bead model [[]], systematic coarse-
graining by MS-CG of polyglutamine adapted from reference [f], and the MAR-
TINT peptide and water model [{].
structural similarity between amyloid fibrils composed of different peptides seems
to imply a degree of universality in the mechanism of fibril formation [fj], lending
support to the use of simplified peptide models that omit some molecular details
of the peptide, yet retain the essential physical elements governing aggregation.
The primary computational hurdle with molecular simulations is the neces-
sity of computing interaction forces between all pairs of molecules (such interac-
tions are known as pair potentials). This operation scales as the number of atoms
squared. For systems involving many atoms, it requires considerable sampling
time, making coarse-graining essential. Protein aggregation is an important pro-
cess where the CPU time required to capture the entire process from monomer
to aggregate is prohibitive with atomistic simulations. This is due to it spanning

long time scales and involving many molecules, as seen in Fig. [
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Figure 1.2: Depicts the time scales necessary for various biomolecular processes,
with increasing complexity. Protein aggregation is especially difficult to sample
due to the involvment of many protein molecules and the extreme time scales
necessary to capture the process.



Below we explain the biological relevance of protein aggregation, introduce
our peptide model, and discuss some recent developments in computer simulations

(contrasting all atom and coarse-grained models) of aggregation.

1.2 Proteins

Proteins play a vital role in an organism, most notably the catalysis of metabolic
reactions. The three dimensional structure a protein adopts is necessary to its
function. The majority of proteins are not random walk polymers (known as
random coils) but have a specific structure, or fold, as seen in “Protein folding”
of Fig. [.2.

Protein structure is divided into four categories. Primary structure refers
to the amino acid sequence, which is the chemical sequence of the polypeptide
as manufactured by the ribosome during protein assembly. Secondary structure
refers to short length scale ordering of the protein, such as turns, a-helices, and
[-sheets, depicted in Fig. [.2 The tertiary structure is the fold of the protein
(Fig. [[3, bottom right), or the spacial arrangement of the protein’s secondary
structure. Quaternary structure refers to the ordered assembly of multiple proteins
into complexes.

The cell relies on a constant concentration of biologically active proteins in
order to function. When proteins do not fold properly, the cell activates a so-
phisticated machinery of chaperones and proteasomes to assist folding or degrade
incorrectly folded proteins. When a severe imbalance of incorrectly versus cor-
rectly folded proteins occurs, the cell’s defense mechanism is overwhelmed, and
proteins begin self-assembling into large, supramolecular structures [[1]. This ag-

gregation process has been linked to disease (see Fig. [.J). Alzheimers Disease,
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Figure 1.3: A depiction of four important amyloid diseases involving the formation
of plaques of protein/peptide aggregates, adapted from reference [[J).
Parkinsons Disease, and Type II Diabetes, are just three of over 40 amyloid dis-
eases characterized by clinically observed deposits of protein aggregates known
as amyloid fibrils [[J]. While mature fibrils have long been suspected to cause
amyloid diseases, it is now becoming apparent that smaller aggregates may also
lead to detrimental effects of aggregation on the cell. Possible mechanisms include
cell membrane damage by small oligomers (by creating ion pores, or mechanically
deforming the membrane), or through the disabling interaction of oligomers with
healthy proteins [[J]. The kinetics of aggregation can be described, in most cases,
as a classical nucleation-growth process, with a lag phase where oligomers form,
with fibril growth following nucleus formation [[4].

However, other mechanisms have been proposed [[3] and much remains un-
known about the nature of oligomers and the pathways to aggregation. Addi-
tionally, aggregation is especially sensitive to experimental conditions [[[q, [7] and

amino acid sequence [@, [§R1]. Even for a single sequence, peptide aggregates



can exhibit polymorphism [PZ-BI]. Changes in solvent, or mechanical agitation,
for instance, can lead to alternate aggregation pathways and resulting aggregate
morphologies [0, B23-B4].

This becomes profoundly important when considering aggregate toxicity
[7, B3, B4, BQ], which is found to be negatively correlated with aggregate struc-
tural stability and positively correlated with hydrophobic exposure. Additionally,
cytotoxicity has been demonstrated for pre-fibrillar assemblies of proteins not as-
sociated with aggregation diseases [B3-B7. Fibrils are, therefore, typically less
toxic than unstable, pre-fibrillar oligomers B, B§HI0]. This suggests that stabi-
lizing the fibrillar form of an aggregate may reduce toxicity.

Some peptides have the capability to aggregate into both fibrillar and amor-
phous structures [[II]]. While polymorphism is often the result of environmental
factors and mechanical agitation of the sample, this is not always the case: some
experimental samples yield aggregates with various morphologies under the same
external conditions [P3-£7, BJ. Polymorphism has been shown to result from
kinetic effects and the morphology of different seeds (pre-formed template fibrils)
present in solution [[7, B3, Bd]. Hence, kinetic barriers between different mor-
phologies are sufficiently high that a given structure, which may not necessarily
be the most thermodynamically stable one, can persist in solution.

Amyloid fibrils can be imaged by electron microscopy and atomic force mi-
croscopy, bind to dyes such as Congo Red and Thioflavin T that are specific to
-sheet structure, and have a characteristic cross- X-ray diffraction pattern [[I].
This cross-§ spine structure is found to be common among numerous types of
amyloid fibrils, with two [-sheets pressed against each other with interdigitating
side chains [[[]. Examples of these structures can be seen in Fig. [[4. The core se-

quence of this cross-3 spine is very small, only a few residues long, and is observed
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Figure 1.4: Cross sections of the core sequence of cross- spine aggregates,
adapted from Sawaya et al. [

to form the backbone of a large class of amyloid fibrils.

The principal challenges in simulating the aggregation process are the asso-
ciated time and length scales (Fig. [.3). With this in mind, the choice of protein
model and simulation technique must be taken with care. Simulating the earliest
stages of aggregation (monomers up to perhaps tetramers) can be performed with
atomistically detailed protein models in explicit solvent (using enhanced sampling
techniques). Likewise, simulating the end-product of aggregation, starting from
structural coordinates from solid state NMR data, can readily be performed in the
same detailed manner. However, in order to simulate the aggregation process it-
self, from monomers to large aggregates, one must be willing to sacrifice atomistic
details and invoke coarse-grained models, such as those depicted in Fig. [.3.

The concentration required for aggregation in the bulk is on the order of
micromolar [[[9], however, some proteins aggregate in the cell at concentrations
in the nanomolar range [p(]. An explanation for this phenomena is that aggre-
gation is mediated in the cell through interactions with other moieties, in par-
ticular biomolecular surfaces in the cell. These surfaces could remodel proteins
into aggregation-prone forms, increase the local protein concentration on the cell

surface, and serve as templates for aggregation. Confinement to two dimensions
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Figure 1.5: An overview of the contributions of atomistic and coarse-grained
modeling to the study of protein aggregation. The lower panel emphasizes that
atomistic simulations, with present computational resources, are limited to small
oligomers, and pre-formed aggregates. Examples are drawn from the assembly of
hIAPP peptides, with monomers and small oligomers shown on the left-hand side,
and with fibrils shown on the right-hand side. Images adapted from references [[fI4-
f7. The upper panel highlights the ability of our coarse-grained peptide model
to cover the full spectrum of aggregates, and illustrates different pathways that
the peptides can adopt as they self-assemble into fibrils. This image was adapted
from reference [[g].



Figure 1.6: Shows the cross section of a double layered fibril using our model. Its
cross section is that of a steric zipper with interdigitated hydrophobic residues.

increases peptide collision probability [B], accelerating aggregation compared to
bulk conditions [FZ-54], and surface tethering can lower the entropy cost to form

an ordered state [pJ).

1.3 Our Peptide Model

We employ a coarse-grained peptide model developed by Bellesia and Shea [[].
It is designed to mimic a twisted cross-g structure of amyloid fibrils [Fg]. Multi-

ple layers stack together into a dry steric zipper with interdigitating hydrophobic
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Figure 1.7: A phase diagram depicting the various morphologies observed with
our peptide model in the bulk, from reference [57.

residues between sheets, as seen in Fig. .. Analogous [-sheet stacking is com-
monly observed in the core of a wide range of amyloid fibrils (Fig. [.4 and [[]).

The most important feature of our peptide model is how it encapsulates a
rich diversity of aggregate morphologies into a single tunable parameter with a
clear physical interpretation: the chiral rigidity (/) of the peptide backbone.
This parameter is the resistance exhibited by the peptide to twisting angles past
its optimal right-handed chirality. This chiral preference gives rise to a preferred
left-handed twist of fibrillar aggregates in the bulk.

Note that our peptide model does not use the full spectrum of amino acids,
but rather reduces them to four basic types: hydrophobic, hydrophilic, cationic,

and anionic. We consider only short sequences of alternating hydrophobic-hydrophilic

10



side chains, with oppositely charged residues at the ends. Thus our chiral param-
eter is effectively tuning sequence.

The behavior of this aggregation model in the bulk has been well charac-
terized by Bellesia and Shea [[], B, B§. The phase diagram of the aggregate
morphology as a function of chiral rigidity and temperature is shown in Fig. [[.7.
One can observe that the system undergoes an order-disorder transition by either
raising the temperature or decreasing the chiral parameter. We sometimes refer
to this parameter as the system’s [-sheet propensity, given that we tend to ob-
serve (-sheet-rich structures at high values of K, and amorphous aggregates at
low values.

As a model system, our peptides qualitatively agree very well with experi-
mental observations. It is remarkable that so coarse-grained a peptide can yield
known peptide morphologies such as -barrels and twisted fibrils. Kinetics where
fibrillar order emerged through rearrangement of disordered oligomers, seen in
several experimental studies [[J], were observed for our model [pg]. The forma-
tion of the [-barrel structure was found to exist sometimes on- and sometimes
off-pathway in the kinetics [Bg], concurring with experimental findings [I2, Bg].

Below we provide an overview of theoretical and computational approaches
to protein aggregation [I§, f9, p0]. We begin by discussing atomistic simulations
of the early and late stages of aggregation, after which we discuss coarse-grained
models as a means of bridging these two regimes (Fig. [.§). Finally, we conclude
with new directions in the simulation of protein aggregation, with a focus on

incorporating cellular elements into the modeling.
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Figure 1.8: Sequences of the aggregating human hIAPP and the non-aggregating
rat rTTAPP peptides.

1.4 Atomistic Simulations of Monomers, Small
Oligomers, and Mature Fibrils

Monomers are the starting point of aggregation, yet they are surprisingly difficult
to study experimentally. The reason for this is that aggregation occurs under con-
ditions of high concentration, making it difficult to isolate the behavior of a single
molecule. In the case of globular proteins (nonaggregating and spherically struc-
tured), it is not the native protein (for which the structure is well characterized)
that aggregates, but rather a destabilized aggregate-prone state. In the case of
natively unfolded proteins, the protein populates a host of interconverting confor-
mations, making it nearly impossible to resolve a single structure in experiment,
particularly with traditional ensemble averaging techniques. The same holds true
for small oligomers, being another diverse and transient species.

Simulations, on the other hand, are uniquely positioned to study the be-
havior of single molecules. Assuming the force fields are adequate (a subject of
contention), one can characterize the structures of monomeric and small oligomeric
species using enhanced sampling techniques. Methods such as replica exchange
molecular dynamics (Chapter P.4) [BI] and metadynamics [p3] have been instru-
mental in yielding early aggregate structural information.

The success of an atomistic force field is in its ability to capture the struc-
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ture and kinetics of a specific system. In contrast to our phenomenological peptide
model (introduced in Section [[.) of a generic hydrophobic-hydrophilic peptide,
atomistic models strive for a high degree of chemical specificity. Thus in this
section we will introduce a specific peptide, which has a number of interesting fea-
tures with respect to aggregation propensity, as an example to demonstrate the
successes and limitations of atomistic simulations. The Islet Amyloid Polypeptide
(IAPP, or Amylin) is 37 residues long and is co-secreted with insulin by the pan-
creatic islet beta-cells. This peptide has a normal function in glucose regulation,
but in cases where it is over-expressed the peptide aggregates into amyloid fibrils.
The aggregation process (possibly through the interaction of small oligomers with
membranes) is linked to Type II Diabetes [p3, f4]. The IAPP peptide can be
found in several species, from fish to humans, differing by just a few amino acid
substitutions. Such point mutations lead to dramatically different aggregation
propensities of the peptides. For instance, while the cat and human forms aggre-
gate quite readily, the pig and rat forms do not spontaneously self-assemble into
amyloid fibrils. The sequences of the aggregating human IAPP (hIAPP) and of
the non-aggregating rat IAPP (rIAPP) are shown in Fig. [.§ Circular dichroism
experiments indicate that IAPP is a random coil, but a secondary chemical shift
analysis of NMR spectra reveals that this peptide, while primarily unstructured,
can adopt some helical structure, particularly in the N-terminal region [63, B4.
Despite this region being a conserved sequence in all IAPP species, the extent of
helical structure was found experimentally to be higher in the non-aggregating
rat IAPP variant than in the highly aggregating human variant, implying a co-
operative interaction. Simulations are ideal to probe the conformations of these
intrinsically disordered peptides and identify whether aggregate-prone conforma-

tions can be detected in the amyloidogenic sequences. Computational studies
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differ in the protein force field, the solvent model (explicit or implicit), and the
simulation protocol (replica exchange molecular dynamics simulations, metady-
namics, or long, constant temperature molecular dynamics simulations). Simula-
tions of IAPP monomers all report that the peptides are natively disordered (no
single predominant fold as would be the case in a globular protein), and detect
marked differences in the monomeric structures adopted by aggregating and non-
aggregating IAPP variants. These studies led to the suggestion that hIAPP can
populate two conformational families (bottom left panel of Fig. [L5]): an aggregate-
competent family (hairpin) and a physiological family (helix-coil) that binds to
the membrane and is responsible for the normal role of IAPP as a hormone.

Atomistic simulations, though expected to be the most detailed and precise
of classical simulation protocols, do not all give consistent results from force field to
force field. The extent of hairpin structure observed varies significantly between
force fields. In particular, simulations by Winter (OPLS-AA/L /SPC/E) [B7]
and Mittal (ff03w/ TIP4P/2005) [6Y] show hardly any S-sheet content, with the
peptides instead forming coil and helical conformations. These simulations would
suggest a mechanism by which the helical portion of the peptide is responsible for
initiating aggregation. This viewpoint is supported by a number of experimental
observations that point to transient increased helicity upon aggregation, and the
fact that adding helical-inducing agents (such as HFIP) increases aggregation rates
b9

The first thing to consider regarding these differences is that, sampling issues
aside, the force fields were optimized for globular folded proteins, rather than
intrinsically disordered proteins, and may over-stabilize secondary structure in
unfolded states. More modern force fields, such as the ff03w used by Mittal,

have been tweaked to correct for this, but we still have no definitive answer as to
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which force field is most correct. A second lesson is that monomer simulations
may not be sufficient to determine how aggregation proceeds, as they do not
capture the cooperative interactions resulting from inter-peptide conformations.
Simulations in the Shea and de Pablo groups have shown that hIAPP can adopt a
variety of dimer conformations, and that the formation of dimers can remodel the
monomeric structure [[[4, [0]. A diverse set of dimers was observed in simulations,
including dimers of hairpins with interfaces consistent with the aggregation hot
spots determined experimentally by Kapurniotu and co-workers [71]], as well as
dimers that resemble the strand-loop-strand morphology of the fibril [/J].

We stress that force fields are still works in progress, that monomeric stud-
ies can at best suggest a possible mechanism for aggregation, but that studies of
larger oligomers must be performed. We are not yet at the stage where we can sim-
ulate large assemblies de novo atomistically, and we will introduce coarse-graining
techniques in subsequent sections. But first, we turn to atomistic simulations of
fibrils.

Fibrils, the end-products of aggregation, are difficult to study experimen-
tally because they are a large, insoluble, non-crystalline species. Low resolution
structural information can be gleaned from TEM and AFM, but perhaps the best
way to obtain atomistic information is from solid state NMR. Using a number of
constraints including chemical shifts and inter /intramolecular dipole-dipole cou-
pling, detailed coordinates for fibril structures have been obtained. An important
advance has been the determination of a strand-loop-strand motif, predicted com-
putationally by the group of Nussinov [[[J], and observed by solid state NMR [[]]
in the context of agitated fibrils of the Alzheimer Amyloid-5 peptide. This motif
was later found to be common not only in polymorphs of the Alzheimer Amyloid-

[ peptide and its familial mutant, but also for amyloid fibrils of other peptides
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.

As for most amyloid fibrils, TAPP amyloid morphology depends critically on
sample preparation (quiescent versus agitated, buffer conditions, etc.). This poly-
morphism has been detected in electron microscopy studies, revealing fibrils with
ribbon structures, as well as left-handed twisted structures [[3]. Simulations have
contributed to our understanding of fibril morphology in a number of ways. First,
in the computational determination and refinement of structures from experimen-
tal data. For instance, new computational algorithms became necessary to derive
structural information from ESR spectroscopy experiments [[(]. The models that
emerged from these studies showed that the §-strands of the twisted polymorph
had an in-register parallel arrangement, with a pronounced strand stagger and a
helical twist resulting from monomer stacking.

Molecular dynamics simulations play a role not only in refining NMR struc-
tures, but also in exploring alternate fibril morphologies, as well as cross-seeding
[. Simulations have shown that the protofibrils can stack in different ways,
with different interfaces, and with more than just two subunits [E4, 7, [§. A
symmetric triangular arrangement is remarkably stable [[I7]. This structure, yet
to be observed experimentally, is reminiscent of the 3-fold symmetric structure of
quiescently grown AS40 fibrils, solved by solid state NMR, [[9. It is possible that
this arrangement, along with the strand-loop-strand motif, constitutes a general
pattern for many amyloid peptides. Two hIAPP morphologies from simulations
are shown on the lower right of Fig. [[.7.

Additionally, molecular dynamics simulations can provide important insights
into the dynamical properties of fibrils. Indeed, solid state NMR samples are
mostly dehydrated and experiments are performed at low temperatures. Solvating

the resulting structure and running simulations at ambient temperature gives
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insights into the stability and flexibility of the structures. In the case of hIAPP,
the peptides forming the protofilament are tightly arranged, and the loop region is
mostly dry. This is in sharp contrast to protofilaments of the Alzheimer Amyloid-
£40 and 42 peptides, which have the same overall topology, but expose loop regions
that permit channels of water [Bd, BIJ.

1.4.1 Coarse-Grained Models of Protein Aggregation

In the previous paragraphs, we highlighted examples of detailed atomistic sim-
ulations of the early and late stages of aggregation. Missing are all the crucial
intermediate steps between small oligomers and mature fibrils. Several important
issues such as the detailed pathways of aggregation have so far eluded experi-
mental capability. Furthermore, with present day computational resources, these
questions cannot be answered with atomistically detailed models. A viable alter-
native are coarse-grained (CG) models, the insights of which are the focus of this
section.

Coarse-graining involves simplification of the peptide sequence and interac-
tions. This procedure comes with a trade-off of accuracy versus computational
efficiency, and should depend on the smallest important length scale of the sys-
tem of study. In practice, however, it is non-trivial to determine a priori to what
extent small coarse-grained length scales affect the physics of aggregation.

A wide range of CG models with different resolutions and parameterization
schemes have been introduced in recent years. Fig. [L]] summarizes the main
classes of CG models, from basic phenomenological models to more sophisticated
ones parameterized from atomistic or experimental data.

The most highly coarse-grained models represent each peptide as a single
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unit. Examples include the cuboid model of Muthukumar [B7], the tube model
of Auer [B3, B4, the rod-like model of Vacha (shown in Fig. [L]) [{], and the
orientable stick model of Irback [BY. These models sacrifice sequence-level reso-
lution, but allow the simulation of up to an impressive 10° peptides. A slightly
higher resolution model involves coarse-graining over atomic length scales, for in-
stance, with one or more beads per residue. These models can be on- or off-lattice,
phenomenological, or parameterized more explicitly from atomistic or experimen-
tal data. In a lattice model, the permitted atomic coordinates of the molecule
are constrained to a grid. Examples of lattice phenomenological models include
the one-bead per residue model of Li [Bg, B7], the two-bead model of Bolhuis [Rg],
and the multi-bead model of Frenkel [BY. Off-lattice phenomenological models
include the two-bead Caflisch model [PQ, PJ] and our three-bead peptide model
[, b7, b (shown in Fig. [[1)). Phenomenological models are not meant to repro-
duce a peptide sequence, but rather to elucidate the important physical properties
that govern peptide self-assembly. They typically consist of a backbone and of
hydrophobic and hydrophilic side chain beads, rather than the full array of amino
acids. Instead of parameterizing each bead to a specific amino acid, average in-
teraction energies are obtained. The aim of these models is to explore interaction
space, and the energetic parameters are varied to mimic the aggregation propen-
sities of different amino acid compositions.

The phenomenological models described in the previous paragraph are all
capable of generating large fibril assemblies, but they do not provide sequence-
dependent information. Non-phenomenological models are necessary to describe
the properties of a particular sequence. These models can be either high or low
resolution, but they are all parameterized from atomistic or experimental data.

One coarse-graining approach is systematic coarse-graining, a bottom-up method-
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ology for obtaining the optimum coarse-grained potentials to match the behavior
of all atom simulations or experimental data [§, PJ]. Recent versions of this tech-
nique include the relative entropy method developed by Shell [P3], the multiscale
coarse-graining (MS-CG) method developed by Voth et al. [P4], and the iterative
Boltzmann inversion (IBI) method developed by Mller-Plathe et al. [P5]. These
systematic CG methods map from an all atom to a relatively simple 2-3 bead rep-
resentation, not dissimilar in resolution to the phenomenological models described
above (see Fig. [[.] for a polyglutamine mapping used in a MS-CG simulation).
A nice feature of systematic coarse-graining methods is that they eliminate non-
essential degrees of freedom, and allow an analysis of which features are truly
necessary to describe aggregation. However, their primary drawback is that they
already necessitate obtaining good all atom statistics in order to parameterize the
CG model. Additionally, by their nature, these potentials are system specific, and
in principle require reparameterization of all interactions if the system changes in
any way. Nonetheless, these methods are ideal for studying the self-assembly of
many like molecules, since the inter- and intramolecular potentials are typically
obtained from a system of fewer molecules.

High resolution non-phenomenological CG models include the MARTINI
model (Fig. [[.1)) [Pg), the OPEP model [p7], and the PRIME Model [Bg]. The
MARTINI model unites roughly four heavy atoms to a single bead (both in the
protein and water models), and is parameterized to match experimental thermo-
dynamic data. The OPEP model has an all-atom backbone with CG side chains,
and is parameterized from a set of test proteins to predict the lowest energy
structures. The PRIME model has a similar level of resolution to the MARTINI
model and is parameterized via learning algorithms to maximize the energetic gap

between PDB structures and decoys.
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The principal advantage of coarse-graining is to make large scale systems
accessible to computer simulation. These include systems of hundreds of peptides
over tens of microseconds [P9], or high throughput studies of hundreds of sequences
to discover aggregate-prone sequences [[00]. Exploring these time and length
scales reveals new features in the pathways of aggregation. A few consistent
pictures emerge from simulations using different coarse-grained resolutions.

Even the simplest peptide representations (cuboid, rod, and stick models)
capture the sigmoidal kinetics of aggregation observed experimentally [{, B2, BH,
[0IHIO4]. Despite their simplicity, these models shed new light into the origin of
the sigmoidal kinetics, linking it to a two-dimensional nucleation event involving
the formation of at least a two-layered sheet [RF, BY|, consistent with the steric
zipper picture (Figs. [.4 and [[.G)). The phenomenological models of Shea, Caflisch
and Vacha provided further insights into the nucleation process, showing that the
pathways to aggregation depend critically on the nature of the peptides. They
each introduced a parameter in their model to set the aggregation propensity of
the peptide (in our peptide model, for instance, through modulation of backbone
rigidity). Changing this parameter is comparable to introducing a mutation or
altering the solvent conditions. Their simulations showed that peptides with low
[-sheet propensity aggregated via disordered oligomers, from which S-structure
emerged, (a nucleated conformational-conversion model), whereas high-£ sheet
propensity peptides populated N* (aggregate-competent) conformations that as-
sembled directly into ordered [-rich oligomers [B7, BY, P0, PJ]. These two limiting
cases are shown in the upper panel of Fig. [.J. The above coarse-grained simu-
lations, although not sequence specific, provide important insights into possible
aggregation pathways that may become accessible under different experimental

conditions. Indeed, experiments on the SH3 protein have shown that aggrega-
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tion to fibrils can proceed via ordered or disordered aggregates depending on pH
[[. The pH can affect the structures of the peptides (analogous to changing
the flexibility parameter in our coarse-grained model), leading to one pathway
being favored at high pH, and another at low pH. These simulations reconcile the
experimental observation of both structured and unstructured /fluid oligomeric as-
semblies during the fibril formation process [[03-{I0§. The non-phenomenological
models, which probe specific protein sequences, gave insight into the nucleation
mechanism of specific proteins. For instance, the assembly of polyalanine was
shown to proceed via formation of disordered oligomers, in both simulations using
systematic coarse-graining (relative entropy method) [Pg] with molecular dynam-
ics simulations, and the PRIME model with discontinuous molecular dynamics
[M0g.

Coarse-grained models have led to new insights into fibril growth as well.
To study elongation, even more so than nucleation, requires a large number of
peptides. The simplest CG models have been important in elucidating the fibril
elongation process. The cuboid model of Muthukumar [Bg], the tube model of
Auer [B], and the one-bead lattice models of Li [R7], among others, captured a
mechanism for elongation, in which short, less stable protofibrils become peptide
reservoirs furthering growth of the primary fibril. We will show in Chapter ] that
the mechanism of fibril growth, much like the nucleation process described in the
preceding paragraph, depends on the f-strand propensity of the peptide. In the
case of peptides with high (-strand propensity, elongation occurs by addition of
pre-structured N* monomers or small ordered oligomers to the ends of the exist-
ing fibrils, and lateral growth by addition of a pre-formed [-sheet. Peptides with
lower [-strand propensity, on the other hand, bind to the fibril as unstructured

monomers or small oligomers and use the fibril as a template to rearrange their
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structure into a fibril-commensurate structure (dock-lock mechanism [[I0-ITZ)).
As in the case of nucleation, these simulations reconcile many disparate exper-
imental observations regarding fibril growth (including elongation by monomer
addition [[TJ] via a dock-lock mechanism [[[T4], and addition of oligomers to fibril
ends [[[17]), in terms of the nature of the aggregating peptides. Simulations using
the higher resolution PRIME model have shed light into the detailed pathways of
assembly of specific sequences, for instance showing a templated assembly mech-
anism where fibrils elongate by the addition of monomers to the ends, one at a
time, in the case of fragments of the A3 and Tau peptides [[16, [I7. A simulation
of a fragment of the TAPP peptide using the MARTINI model showed that the
fibril growth mechanism was temperature dependent, with elongation dominating
lateral growth at lower temperatures, a preference lost as temperature is increased
1.

Efforts in coarse-graining extend beyond the molecular length scale. Buehler
and co-workers developed a continuum treatment in which the fibril itself is an
elastic chain of beads [[I9]. This level of detail sacrifices an analysis of how an
amyloid fibril’s constituents assemble for the ability to study events that occur on
much longer time and length scales, in this case plaque assembly of up to 240 fib-
rils. Eom et al. have employed a CG normal mode analysis on all atom simulations
to study elastic modes of an hIAPP fibril (bending, torsion, stretching) for var-
ious structural hierarchies (e.g., parallel/antiparallel -sheets) [I2(]. They show
how fibril structure patterns such as a stacked antiparallel S-structure increase
the fibril bending rigidity, and found shear effects necessary to explain the behav-
ior of mechanical rigidity as a function of size. Finally, fibril self-assembly has
been studied using kinetic models that have revealed the importance of secondary

processes, including fibril fragmentation, lateral growth, and monomer-dependent
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nucleation, in determining the experimentally observed kinetic profiles [[21-[24].

1.4.2 Aggregation in the Cellular Milieu

Aggregation in vivo occurs in the complex environment of the cellular milieu, in
the presence of large biomolecular surfaces such as membranes [[3, [25. Such
systems are in general too large for treatment by current atomistic simulations,
and therefore are prime candidates for the development of modern coarse-grained
models. The transition from simulations of aggregation in bulk solution to ag-
gregation on various interfaces is a relatively recent development. It is the next
logical step in attempting to model the full complexity of the in vivo environment.
To this end, CG models have been used to simulate protein aggregation on lipid
vesicles [I24], on small lipid micelles [[27], in the presence of lipid surfactant [[2§],
on a membrane surface [[29] (also see our work in Chapter ), and inside lipid
bilayers [[37-33.

Lipids change the environment of the proteins, affecting their structure. For
instance, Samson et al. showed using a MARTINI model that hydrophobic mis-
match (the size of the protein’s hydrophobic region relative to the thickness of
the membrane’s hydrophobic core) can drive protein aggregation [[33. Likewise,
in Chapter fl, we use a phenomenological model combining a CG peptide amy-
loid model [[, 7| with the Brannigan-Brown CG lipid bilayer model [[34] to show
how the membrane biases peptides to elongated 3-sheet morphologies on the mem-
brane surface, even if they formed amorphous aggregates in the bulk. In turn,
aggregates can alter the structure of a membrane or other lipid assembly. Rather
dramatically, for example, N-BAR aggregates can skew the topology of a spherical

vesicle into a tubular network [[2§]. The hIAPP peptide is known to interact and
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Figure 1.9: The interaction of hIAPP with membranes. First panel: Snapshot
from a coarse-grained MARTINI simulation of the assembly of hTAPP in a mem-
brane. Adapted from reference [[3(]. Second panel: Snapshot of a simulation of
an atomistic model of a pore consisting of five helical hIAPP peptides. Adapted
from reference [[30]. Third panel: Snapshot of a simulation of an atomistic model
of a pore consisting of g-strand-loop-strand hIAPP peptides. Adapted from ref-
erence [[3§.
damage cell membranes, but the mechanism of cytotoxicity remains a matter of
debate. lon-like channels consisting of hIJAPP oligomers have been reported [[37],
as has fibril growth on the surface of membranes, with vesicles visibly distorting in
the process [[3q). Interestingly, the non-toxic and non-fibrillizing rIAPP is equally
capable of forming pores. A two-stage mechanism has been proposed in which hl-
APP oligomers first form channels, followed by fibril growth, both contributing
to toxicity [[33, [37. As described below, simulations can provide insights into
the interactions between the hIAPP peptide and membranes, as well as suggest
structural models for hIAPP ion channels.

Binding and adsorption of hIAPP to model membranes were investigated
by several groups using both atomistic and coarse-grained models [[39HI4]]. To

investigate why rIAPP-membrane oligomers are non-toxic, Karttunen and co-

workers performed a multiscale modeling simulation in which they first used the
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CG MARTINI model to simulate the assembly of 36 hITAPP and 36 rTAPP pep-
tides for 26 us, with the peptides initiated in a helical conformation [[3(]. hIAPP
monomers remained inside the membrane, while rIAPP monomers migrated to the
surface, consistent with experimental observations of differences in orientation of
these two peptides with respect to the membrane [[42, [43]. In addition, the
hIAPP peptides formed much larger oligomers than rTAPP peptides. A snapshot
of a CG hIAPP oligomer is shown on the left hand panel of Fig. [.9. Structures
obtained from the CG models were used to build atomistic models of pentamer
oligomers, which were then simulated for 0.3 us. The hIAPP pentamers resem-
bled barrels and were stable, but lost significant helicity during the course of the

simulation. A snapshot of the hTAPP pentamer is shown in the central panel of

Fig. [.9.

1.5 Concluding Thoughts

We have highlighted some recent advances in simulations of protein aggregation,
from atomistic to coarse-grained simulations, to provide the reader with a con-
text in which to understand our work. Much work remains in the development of
atomistic force fields, enhanced sampling protocols, and new coarse-graining tech-
niques. We hope we have demonstrated the necessity of coarse-grained models in
order to sample the full aggregation process. In Chapter [J we will describe the
force field and geometry of our coarse-grained models which we shall use in the
work from Chapters BHJ. Chapter | will focus on the thermodynamics of peptide
aggregation on a solid surface, showing how the surface biases toward ordered fibril
structures. Chapter f] will describe the initial kinetics of aggregate formation on

the same solid surface, contrasting kinetically trapped states with the equilibrium

25



morphologies computed in Chapter [, and elucidate how the surface guides the
pathways to aggregation. Chapter [ discusses the kinetics of peptide aggregation
on the surface of a pre-formed aggregate seed, giving an analysis of how the seed
modulates aggregation mechanisms such as condensation-ordering and templated
growth. In Chapter § we move to an analysis of aggregation on the surface of
a lipid bilayer. We study how a fluid surface affects aggregation kinetics, and
also how the presence of ordered fibrils affects the membrane fluidity. In all of
these chapters, the primary focus is a study of the effect of various surfaces on the
aggregation of our peptide model, looking for general features of surface-bound
aggregation and contrasting how the specific nature of different surfaces yields

unique aggregation kinetics.
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Chapter 2

Methods

2.1 Peptide Model

2.1.1 Model Geometry

The peptide model we employ for molecular-dynamics studies of peptide aggre-
gation consists of seven residues. It is depicted in Fig. P A coarse-grained
model, it includes twenty-three interaction centers per peptide. It is not intended
to model a specific peptide sequence. Rather it is designed as a simple physi-
cal model to capture the phenomenology of peptide aggregation and to elucidate
which components of the model cause each of the diverse aggregation pathways.

The peptide backbone alternates between two types of interaction centers
(X and Y). Sidegroups are attached to the backbone on the X sites. At the ends
are cationic and anionic groups (C and A), which have respective charges of +e
and —e. The peptide residues are in trans conformations alternating between hy-
drophobic (H) and polar (P) groups. We include terminal groups, or endcaps (E),

which interact with purely repulsive steric potentials with all groups. The residue
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Figure 2.1: Depicts the seven-residue coarse-grained peptide we employ in molec-
ular dynamics simulations of peptide aggregation. The peptide consists of two
backbone interaction centers per residue (X and Y), hydrophobic side chains (H),
polar side chains (P), cationic (C) and anionic (A) side chains with charges +e
and —e respectively, and end caps (E). Typically, in figures of this peptide, we
show only the backbone (X and Y) for simplicity.

sequence used is ECHPHPHAE, except in the work of Chapter fj, where the hy-
drophobic and hydrophilic residues are exchanged: ECPHPHPAE. This sequence
is convenient since it is a short peptide sequence favoring fibrillar alignment, giving
a rich diversity of aggregate morphologies at modest computational expense. Its
packing into a fibril is similar to 5-spine structures observed experimentally (com-

pare Figs. [[§ and [4). While our model does not use explicit water, we account

for some of its effects by the hydrophobic interaction and Langevin dynamics.

2.1.2 Potentials

The energetics of the peptide system consist of pair interactions (both bonded
and nonbonded), three-body angle potentials, and four-body dihedral potentials.

The full Hamiltonian, a functional of all interaction site coordinates, is

H = Ubond + Uangle + Udihedrals + UNB- (21)
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We shall now show these terms in detail.

Bond Length Potential
Ubond = Z LK) (rij — roi)%, (2.2)
bonds
where K5 = 200.0 kcal /mol A—z’ r;; is the bond length between atoms ¢ and j,

and 7g;; = 2.0A.

Angle Potential

Uangle = Z %Ke(zgk) (ezyk - GOijk)27 (23)

angles
where Kyjr) = 40.0 keal/mol rad =2, 0;;1 is the angle between successive atoms
’Lj]{?, GOiXk = 27’(’/3, and GOXYX = T.
Dihedral Angle Potential

Dihedral potentials along the backbone are defined by:

Udihedrals = Y (D cos (3aj) + G cos(aijn)) (2.4)
dihedrals

where D = G = 0.25 kcal/mol, and «;;); is the dihedral angle, which takes the
value of 0 in the cis conformation and 4 in the trans conformation (favored by

this potential). A chiral dihedral term determines the stiffness of the backbone:

Uchiral = Z KX Cos(aijkl + 5)7 (25)

chiral
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where K, is the chiral dihedral stiffness (or S-sheet propensity) and varies from 1
to 2 kcal/mol depending on the simulation, and § = —x /9 breaks chiral symmetry

to favor a right-handed, near-trans conformation.

2.1.3 Nonbonded Interactions

Pairwise nonbonded interactions (both inter- and intra-peptide) are modeled as a

Lennard-Jones potential term plus a Coulomb interaction to include charges:

Tij

Uxg= . {4%- ((035/75)"* = Nij (033/73,)%) + Coo qiqﬂ} . (2.6)
pairs

The sum is over all interaction center pairs 7. The interaction distance pa-
rameter is always o;; = 2.0A with the exception of oxy = 3.0A. Backbone-
backbone and sidechain-sidechain interactions have parameters exx = exy =
eyy = 0.5 keal/mol, ey = 0.3 keal/mol, epp = 0.04 keal/mol, egp = 1.0 kecal /mol
and Co = 16.603 keal /mol e2A. The only charged interaction centers are C and
A with charges +e and —e respectively. We use \;; = 1 generally, with the fol-
lowing exceptions: hydrophobic-polar interactions have Ayp = 0.01, and purely
repulsive interactions (A\;; = 0 and ¢; = 1.0 kcal/mol) occur for backbone-side-
groups (XH, XA, YH, etc.) and interactions involving the end caps (EE, EX,
etc.). The non-Coulombic part of pair interactions between charged groups (AA,

AC, CC) likewise has \;; = 0 and ¢;; = 1.0 kcal /mol.

2.1.4 Peptide-Surface Interactions

In the work of Chapters f§ and [l we conduct simulations of the seven-residue

peptide model on a hydrophobic solid surface, depicted in Fig. .. This surface
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Figure 2.2: Depicts the elements of the model used in Chapters fJ and [ the

peptide, the surface, and the repulsive ceiling potential. The peptide model con-
sists of two backbone interaction centers per residue (X and Y), hydrophobic side

chains (H), polar side chains (P), cationic (C) and anionic (A) side chains with

charges +e and —e respectively, and end caps (E).
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consists of spherical interaction centers arranged in a square lattice of spacing 2A.
The positions of the surface beads are fixed, and interact only with the peptides.
Each hydrophobic residue of a peptide experiences an attractive Lennard-

Jones interaction with each surface bead,

Vi = 4e ((0/7’)12 — (0/7“)6) , (2.7)

mimicking the hydrophobic effect in water. Here r is the separation between a
peptide’s hydrophobic residue and a surface bead. We use varying degrees of
surface attraction. The values e = 0.30, 0.42, and 0.55 kcal/mol are referred to
respectively as weak, medium, and strong surface attractions.

The remaining interaction sites of the peptide (non-hydrophobic), experience

the repulsive terms of the Lennard-Jones potential:
Vi = de(a/r)*2, (2.8)

with the same values of € and ¢ used for the hydrophobic beads in the Lennard-
Jones potential.

In principle, since our simulations use periodic boundary conditions, both
sides of the surface would be exposed to peptide binding. However, we prevent
this anomaly using a repulsive ceiling potential which prevents peptides from
exceeding heights of 50A above the surface (shown in the top of Fig. B2). It is

implemented as a harmonic potential:

celhng Z @ i — 20 % ’ (Zz - ZO)2> (29)

atoms
where O(z) is the Heaviside function (ensuring the potential is only applied when
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zi > 2y), 2z is the z-coordinate of atom i, zy = 50A, and K. = 10 kcal /mol A2

Thus the peptides are bounded between the surface and a 50A ceiling.

2.2 Lipid Model

In Chapter § we combine a variant of a coarse-grained peptide amyloid model
described above with the Brannigan-Brown coarse-grained lipid bilayer model
[[34]. The model is shown in Fig. [[27]. In Chapters f and [] we use the
peptide model to study the effect of backbone rigidity on the kinetics of assembly
and on the morphology of aggregates formed by these peptides in the bulk and in
the presence of a solid surface [[d, B4, B8, [43-I47. The Brannigan-Brown lipid
model was developed as a generic solvent-free coarse-grained model for studying
the biophysics of self-assembling lipid bilayer systems. It has been used extensively
to test and validate various analytical models, exhibiting behavior similar to more
detailed lipid models found in the literature [[34, [48-57.

The peptide potentials are identical to the ones used in Chapters B but
have been converted to the dimensionless units used for the membrane model.
The original potentials can be recovered using the reduced units: ¢ = 7.5A and
Ey = 0.6573 kcal /mol.

The lipid model consists of a head bead, an interfacial bead, and 3 tail
beads. The harmonic bond potentials have stiffness and equilibrium separation
of k, = 9995 Eyo~2 and 7y = 1.00. The harmonic bond angles have stiffness and
equilibrium angle of kg = 7.3 Ey rad™2 and 6, = 7. There is no energetic cost
associated with dihedral rotations.

The pair potentials governing lipid interactions are defined through three
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Figure 2.3: Geometry and interaction between peptides and lipid molecules. A
single lipid is highlighted, with the remaining lipids in the bilayer depicted as
thin green lines. The interaction sites of the peptide are the backbone (X and
Y); polar, hydrophobic, cationic, and anionic side chains (P, H, C, and A); and
the endcaps (E). The interaction sites of the lipid are the head, interface and tail
beads. The polar side chains of the peptide experience an attractive interaction
with the head groups of the lipids. In other images of the peptides we will show
only the XY backbone for clarity.

terms:

Ucore(r) = Ccore(a/r)lza (210)
Unt(r) = —cin(a/7)?, (2.11)
Uair(r) = —cuai(o/r)", (2.12)

where Ceore = 0.4 Ey, iy = 3.0 Ey, and ¢y = 1.0 Ey. The hydrophilic lipid
heads (see Fig. .3) interact with all other lipid sites only through repulsive Uey.

interactions. Interface beads interact with other interface beads through both re-
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pulsive U,,,.. interactions and also the soft attractive U,,; interaction. Tail beads
interact both with other tail beads and with interface beads via a Lennard-Jones
type interaction composed of both U,.,.. and U,,; contributions. Note that U,y
and Uy, are truncated (and employ a force switching function to avoid disconti-
nuities [[4§]) at 20, and U;,,; at 30. Truncation of the otherwise long ranged U,
is an essential component of the interaction introduced to mimic the hydrophobic

effect and should not be viewed as an approximation to a true =2 potential.

Protein-Lipid Interactions

Attraction of the peptides to the bilayer is modeled as a Lennard-Jones interac-
tion of strength e between polar peptide sites and the lipid head beads. We varied
between € = 1.29 E, (weak interaction) and 3.04 E (strong interaction), using an
interaction range of 0;; = 0.530, i.e., Upy = 4€((04;/r)** — (04;/7)°%). Interactions
between other possible lipid-peptide site combinations (e.g., peptide backbone to
interface bead or hydrophobic side chain to tail bead) are purely repulsive, includ-
ing only the r~'2 component of Uy ;. We study a range of attractions between the
membrane and the peptide to mimic lipids with different head groups, as head

group composition has been shown to affect peptide-lipid binding [[53-{I55].

2.3 Langevin Dynamics Implicit Solvent Model

The representation of water in classical molecular dynamics simulations is a chal-
lenging problem. There are several atomistic representations of water, such as
TIP3P [[5§] and SPC/E [[57]. In simulations of protein folding, atomistic repre-
sentations are common because a protein can occupy a sphere that is hardly larger

than the protein itself. Thus one can populate the empty space with water with-

35



out introducing significantly more atoms than are necessary for the protein itself.
The process of fibril formation is altogether different. In these simulations, the
constituent proteins are initialized apart from each other, that is, with significant
gaps between them that would require filling with solvent.

Coarse-grained water models reduce the number of atoms used in pair com-
putations significantly, such as the MARTINI water model which takes advantage
of water’s tetrahedral structure to represent four molecules by a single bead (see
Fig. [[.1). However, even CG water models are prohibitive for larger systems
consisting mostly of solution.

We adopt an implicit solvent model using Langevin dynamics. This model
consists of three components. The first treats water as a thermal bath which
provides random kicks to the system. Particles are kicked every time step in
a random direction with a randomly chosen magnitude (sampled uniformly, for
speed) to guarantee that the system is kept at a target temperature. The second
component is a damping term. This adds a force antiparallel to each particle’s
velocity to account for the solvent viscosity. The third component attempts to
account for the energetic and entropic effects of the water on the proteins. This af-
fects hydrophobic residues of the peptides. In a real system, hydrophobic residues
are not attracted to water, where hydrophilic residues are. The result of this is
that proteins attempt to bury their hydrophobic residues (this is known as the
hydrophobic effect). This effect is entirely lost upon dropping explicit water, and
so to account for it we increase the attractive interaction between hydrophobic
residues.

Implicit solvent models are not as accurate as explicit models, but they

become necessary for systems with an excess of solvent.
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The additional force on particles under Langevin dynamics is

FLangevin = _C'I + V QCkaR(t)a (213)

where ( is the friction coefficient, and R(t) is sampled from a distribution where

(R(t)) = 0 and (R()R()) = 6(t — ).

2.4 Replica Exchange Molecular Dynamics

Replica exchange molecular dynamics (REMD) [B], also known as parallel temper-
ing when employed with temperature swaps, is an enhanced sampling technique
for MD simulation designed to more quickly sample rough free energy landscapes.
We employ this method in the simulations of Chapter f. The difficulty with typ-
ical molecular dynamics simulations is that at temperatures low compared to the
landscape’s free energy barriers, the system will become trapped in local min-
ima, with the probability of crossing the barrier exponentially suppressed. If the
temperature were higher than the barrier it would cross easily. The idea behind
REMD is to run the system at multiple temperatures in parallel, and then to pe-
riodically allow these parallel replicas to swap temperatures. This way, a replica
that is trapped in a local minimum at the desired temperature could suddenly
find itself running at a higher temperature, cross the free energy barrier, and then
settle back to the desired temperature again.

Of course the goal is to preserve the correct statistics of the averages of all
observables. This is accomplished by correctly assigning the probability of a tem-
perature swap, which means to enforce detailed balance. That is, the probability

of performing a swap operation is proportional to the Boltzmann weight of the
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new state over the old one:
w(X - XYW(X) =wX — X)IW(X'), (2.14)

where the argument X is the state (temperature, position list, momenta list) of
all replicas (X = @,{(Ti,q:,p:)}), w(A — B) is the transition probability of
swapping from state A to B, and W (X) is the Boltzmann weight of state X. Since
the replicas do not interact, the latter is the product of the Boltzmann weight of

each replica:

W =exp (Z BiH (q, pz)) . (2.15)

Consider swapping two replicas, m <> n. This swap will be labeled as the
transition from state X — X’. Since all other replicas are unchanged, we can
consider only m and n terms in Eq. .14.

First we will make the ansatz that we will need to rescale the momenta as

follows:

Pm = Pp, = {/ 75 Pn (2.16)

Thus, the ratio w(X — X')/w(X" — X) can be determined:

wX = X/ wX = X) =

= eXp{_ﬂmH(qm p/n) - ﬁ"H(qm’ p;n)

+BmH (A Prm) + B H (A, Pn) }-
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Note that the form of W(X’) is similar to W (X), but with temperatures 0;

swapped and p rescaled. Breaking energies into kinetic and potential terms:

= exp{—Bn(K(p),) + V(an) — Bu(K(py,) + V(dm))
+B80(K(Pm) + V(am)) + B (K(Prn) + V(dn)) }

— e (Z2K )+ Vian) ) =60 (22K (bw) + Vi)

+B0 (K (Pm) + V(dm)) + B (K(Prn) + V(dn))}-

Here we can see that our choice of momenta rescaling immediately cancels all

kinetic energy terms:

= eXp{_(ﬁn - ﬁm)(v(qm) - V(qn))}

Thus we can choose the following metropolis criterion to decide swap prob-

abilities to satisfy detailed balance:

1 ifA<LO
w(n <> m) = (2.17)

exp(—A) otherwise
where A = (8, — Bm)(V(dm) — V(q,)). This satisfies detailed balance, Eq. P14,
and therefore guarantees that the correct Boltzmann statistics are sampled for
each temperature. We stress, however, that because for a given temperature the

swaps make the trajectory are discontinuous, kinetic information is lost. Only

thermodynamic information is preserved.
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Chapter 3

Thermodynamics of Peptide

Aggregation on a Solid Surface

The formation of peptide aggregates mediated by an attractive surface is investi-
gated using replica exchange molecular dynamics simulations (Chapter P-4) with
a coarse-grained peptide representation (Chapter P.1]). Replica exchange allows
us to study the thermodynamics and equilibrium structures of the system at the
cost of losing kinetic data.

A surface exposes proteins to selective pressures which alter the space of
energetically-accessible conformations, possibly leading to the formation of mis-
folded, aggregation-prone protein conformations. Surface adsorption, both on
biological membranes and on synthetic surfaces [f], [5§HI6Y], can increase the
local concentration of proteins in such a way as to nucleate aggregation. Pro-
tein aggregation in the presence of biological membranes may have a toxic effect
in vivo through the formation of oligomeric species that damage the cell mem-
brane [, [70, [7]]. Understanding in a generic sense under which conditions

certain types of aggregates may form is important for a better understanding of
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aggregation-induced toxicity.

Surfaces play an important role in biomaterial-related aggregation processes
[T, [73. De-novo designed oligopeptides have been shown to assemble into
a diverse set of nanostructures such as (i) fibrillar gels used as scaffolding for
tissue engineering, (ii) nanotubes and nanovescicles with potential application
as drug delivery agents, and (iii) assembled peptide monolayers interacting with
surfaces [[61], [74, [[7]]. Protein-surface interactions are important for integration
of implanted devices or materials with biological tissues [[70, [74], in assembly

of protein-nanomaterial interfaces [[7], and in fabrication of bio-nanostructures

Figure 3.1: These are the main types of bulk aggregate structures: Fi) fibrils,
Be) -barrels, Am) amorphous aggregates. Generally, in the presence of a solid
surface, we do not observe Fi and Be structures in the bulk, although we see some
small, single-layered fibrils occasionally in the bulk near the binding transition
temperature for our surface simulations with a strong surface attraction and stiff
chiral dihedrals.

In this chapter, we use a coarse-grained computational model to probe the
interaction of self-assembling amphiphilic peptides with a solid, uniformly attrac-
tive surface (Fig. B-3). An earlier study focused on the self-assembly of this peptide

model in the bulk (in other words, in the absence of an explicit surface) [p7]. This
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Figure 3.2: Phase plots showing dominant aggregate morphologies observed in
equilibrium within simulated temperature ranges for each parameter set {e, K, }.
Fig. (a) is with K, = 1 kcal/mol and (b) is with K, = 2 kcal/mol. Regions out-
side of the lines are not sampled in our simulations. The data at the bottom of
each panel are from a previous study [p7] with no surface (i.e., in the bulk) and are
shown for comparison. The following abbreviations are used: L1) single layers on
surface, L.2) double layers on surface, L1/Am) single layers with attached amor-
phous aggregates, B1) binding phase: a coexistence state of amorphous aggregates
in the bulk and single- or multi-layered aggregates on the surface, frequently with
large amorphous aggregates attached to them, B2) alternate binding phase: a
coexistence state of peptides scattered individually or part of small aggregates
in the bulk and single-layered aggregates on the surface, Am) amorphous aggre-
gates in bulk, Fi) fibrillar structures in bulk, and Be) -barrel structures in bulk.
Visualizations of these states are shown in Figs. B3 and B.1]
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work showed that chiral rigidity, or intrinsic (-sheet propensity of the peptides
(as determined by the chiral dihedral parameter K, ), played a significant role in
determining aggregate morphology in the bulk. Results from these studies are
summarized at the bottom of each panel in Fig. and in Chapter [[.J. Chirally
stiff peptides (K, = 2 kcal/mol, see Chapter R.1) form twisted, multi-layered fib-
rillar aggregates (Fi) up to temperatures of approximately 318K, then §-barrel-like
structures (Be) up to 327K, and finally amorphous aggregates (Am) above 327K
[F7. Images for these morphologies are shown in Fig. B.]. In the case of chirally
flexible peptides (K, = 1 kcal/mol), on the other hand, bulk aggregates reside in

an amorphous state at all temperatures sampled.

3.1 Methods

Refer to Chapter for the general description of the peptide and surface model.
Each system, or parameter set {¢, K, }, was simulated using replica exchange
molecular dynamics ([p]]] and Chapter P.4) with 30 replicas at varying tempera-
ture. Each simulation was run for 225ns total with each temperature undergoing
3000 replica swaps occurring every 75ps. For each system, a temperature range
was chosen such that the surface binding transition occurred in the middle of
the range. While replica exchange simulations do not provide information on ki-
netic mechanisms of aggregation, they do determine the thermal average behavior
of the system. It should be emphasized that all observations are of equilibrium
structures as a function of temperature, not of time.

Six different Hamiltonians were considered in our simulations, using three
different strengths of surface attraction (¢ = 0.30, 0.42 and 0.55 kcal/mol), and

two values of the chiral dihedral stiffness parameter (K, = 1 and 2 kcal/mol). For
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each simulation, fifty peptides were placed in a simulation box in a randomized
initial configuration. The box had dimensions L, = L, = 200A and L,= 50A. We
used periodic boundary conditions in the x and y directions. In the z direction,
the surface, covering the bottom of the box, prevented the peptides from crossing
the lower boundary, and a ceiling potential (see Chapter R.1]) pushed peptides
whose height exceeded 50A back into the box so that the effective z dimension
was L, = 50A. Thus peptides could not cross the top boundary and interact with

the reverse side of the surface.

3.1.1 Order Parameters

We studied the behavior of several order parameters as a function of temperature
for varying chiral stiffness (K, ) and surface attraction (€). After the system had
sufficiently equilibrated, we computed each order parameter on the last frame of
every 75ps replica swap. The value of an order parameter at a given temperature
is the mean of all computed order parameters at that temperature.

The mean peptide height (z,,) is the average height of the peptides’ hy-
drophobic residues above the plane of the surface. This parameter quantifies the
association/dissociation of the peptides from the surface. When peptides are fully
bound to the surface, the mean height is at a minimum value of z,, = 2A and in
the fully unbound state, the mean height becomes z,, = 25A, which is half the
vertical dimension of the simulation box. The mean peptide height is the order
parameter used to define the transition temperature of the system: the temper-
ature where average height increases most steeply with temperature. Another
order parameter measuring the degree of surface binding is the number of pep-

tides bound to the surface (Ng). This counts the number of peptides whose three
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hydrophobic interaction centers have an average height within 5A of the surface
and a standard deviation less than 1.5A.

We also look at three structural order parameters which are useful in char-
acterizing the structure of aggregated peptides in the bulk [p7]. The number of
contacts (C) counts the contacts between backbones of adjacent peptides. A
contact is counted between X interaction centers (Fig. B.9) in the backbones if the
nearest neighbor X-X distance is less than 3.5A. The orientational order parame-
ter (@) measures the degree of alignment between peptides. It equals 1 when all
peptides are parallel (or antiparallel) and goes to 0 when their orientations are

uncorrelated. It is defined as the largest eigenvalue of the 3 x 3 matrix:

N

1 y
Qap = N Z(?)u,(l)u(ﬁ) — 0ap); (3.1)
i=1

where the sum is over all peptides, «, 5 = x, ¥, z, and the vector u is the normalized
vector from the first to last X interaction center along the backbone. This order
parameter has been used previously in the literature [57, [I0, L80].

The final structural order parameter computed is the connectivity (N¢,)
which counts the number of fibrillar aggregates, where two adjacent peptides are
part of the same aggregate if all of their X backbone interaction centers form
a contact as determined by C}. Ng, takes on a high value of 50 (the number of
peptides in the system) when peptides do not aggregate or aggregate amorphously,

and a minimum value of 1 when all peptides are part of a single fibrillar aggregate.
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Figure 3.3: A visualization of the most common equilibrium phases observed in
our simulations. The following abbreviations are used: L1) single layers on sur-
face, L2) double layers on surface, L1/Am) single layers with attached amorphous
aggregates, B1) binding phase: a coexistence state of amorphous aggregates in the
bulk and single- or multi-layered aggregates on the surface, frequently with large
amorphous aggregates attached to them, B2) alternate binding phase: a coexis-
tence state of peptides scattered individually or part of small aggregates in the
bulk and single-layered aggregates on the surface, and Am) amorphous aggregates
in bulk. The binding phase states B1 and B2 differ by the presence of amorphous
aggregates observed and the existence of multi-layered aggregates in type B1 but
not type B2.
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3.2 Results

3.2.1 Peptides adopt different aggregate structures in the

bulk than on surfaces

We find that peptide aggregation in the presence of an attractive solid surface
leads to formation of aggregate structures that differ from those observed for bulk
aggregation. These results are summarized in Fig. B.9, which shows dominant
aggregate morphologies populated in equilibrium as a function of temperature
for all parameter sets simulated. Remarkably, at temperatures where aggregates
are bound to the surface, the temperature progression of dominant structures
observed is dictated solely by the strength of the surface attraction.

As we lower the temperature, equilibrium states switch from aggregates in
the bulk to aggregates bound to the surface. With the strong surface attraction,
for either chiral stiffness, this phase transition from unbound to bound states
involves the fewest types of aggregate structures. Just below the temperatures
where bulk and bound states coexist, peptides are maximally bound to the sur-
face as a single-layered fibril. Just above these temperatures, they aggregate solely
in the bulk without binding to the surface. The binding phase is a coexistence of
the states above and below, except that peptides in the bulk do not significantly
aggregate. This type of binding phase, seen only for the strong surface attraction,
is denoted B2 (see Fig. B.3). Peptides stay bound to the surface until tempera-
tures are sufficiently high that surface-preferred fibrillar states lose to amorphous
aggregates which are far easier to form in the bulk. This transition happens very
quickly with temperature.

The transitions for medium and weak surface attractions involve more types
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of aggregate structures than for the strong surface attraction. They include resid-
uals of amorphous aggregates below the binding phase in the form of the L1/Am
phase (see Fig. BJ). Also, fibrillar structures at temperatures immediately below
the binding phase are not all single layers: there is a significant presence of double
layers as well. This type of binding phase, seen only for the weak /medium surface
attractions, is denoted B1 (see Fig. B.J). The most striking difference between
weak /medium surface attractions and the strong surface attraction is the exis-
tence of amorphous aggregates in the binding phase of the former but not the
latter.

The progression of dominant aggregate morphologies with temperature does
not depend on the chiral stiffness parameter, unlike in the bulk. As seen from
Fig. B3, the structure progression as temperature is lowered for € = 0.55 kcal /mol
is Am, B2, L1; the equivalent progression for ¢ = 0.30 or 0.42 kcal/mol is Am,
B1, L1/Am, L2, L1. These progressions are qualitatively independent of K,.
However, the transition temperatures between different phases of the progression
are K,-dependent, with transitions occurring at higher temperatures for stiffer
chiral dihedral potentials.

While the temperature progression of dominant aggregate morphologies is
the same for either chiral dihedral stiffness, there are differences in rarer struc-
tures observed, although only with weak surface attraction. In this case, for rigid
(but not flexible) chiral stiffness, we occasionally see small fibrillar aggregates in
the bulk near the binding phase. This is to be expected since we know from bulk
simulations that at this temperature some fibrils are present. We do not observe
this difference between K, = 1 and 2 kcal/mol at higher surface attractions be-
cause their binding phases occur at higher temperatures where bulk simulations

confirm that only amorphous aggregation occurs.
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Figure 3.4: Shows some of the less common (non-dominant) structures observed.
Near the binding transition temperature, we occasionally see small fibrils in the
bulk (a) for stiff dihedrals and weak surface attraction. For the same parameters,
we rarely observe what is nearly a triple-layered aggregate, whose third layer is
malformed (b). This is the closest observed structure to a triple-layered aggregate
and also the closest to a [-barrel.

We do not observe any triple-layered fibrils in any of our simulations. While
in the bulk, peptides where K, = 2 kcal/mol would form triple-layered fibrils (L3)
within the range of approximately 300-310K, surface attraction strongly favors
single or double layers over triple layers. In some cases, we see structures that are
similar to triple layers but they have the property that the third layer is malformed
into a partial §-barrel (Fig. B4 (b)). These structures are observed infrequently
in the L2 or L1/Am phases of K, = 2 kcal/mol (but not observed for 1 kcal/mol)
with weak or medium surface attractions. They are the closest structures observed
to [-barrels in our simulations. The strong surface attraction is too strong to
permit a double-layered phase, so these near-L3 structures are not observed in this

case. The system energetically favors single- or double-layered fibrils to maximize
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contact with the surface. While we do see certain rare fibrillar structures with
rigid dihedrals that are not observed with flexible ones, progressions of dominant
aggregate morphologies are identical.

The fibrillar structures observed on the surface are not entirely the same
as those observed in previous work in the bulk. In bulk simulations, the fibrillar
aggregates twisted along their length (along an axis perpendicular to the peptides
themselves) [B7. This effect, induced by the peptides’ chirality, is not seen on the

surface, which presses the fibrils flat against itself.

3.2.2 Binding transition sharpened by surface attraction

and chiral stiffness
Features of binding transition captured by a single order parameter

The mean height of the peptides above the surface (z,,) quantifies their degree
of binding to the surface. Indeed, as the system is cooled, the average height
undergoes a transition from being unbound from the surface to a bound state (see
Fig. B3 (a)).

For flexible peptides, the transition with a low surface attraction (e =
0.30 kcal/mol) is not as sharply defined. However, increasing either surface attrac-
tion or chiral dihedral stiffness leads to a considerably sharper transition. Sharper
transitions correspond to a more clearly-defined sigmoidal shape, which is indica-
tive of a more cooperative transition. In earlier work, we found that increasing
chiral dihedral stiffness increases the propensity to form ordered [-sheet struc-
tures [p7]. These fit more naturally on a flat surface than a disordered structure
would and, as a result, peptides with a higher §-sheet propensity parameter will

remain bound to the surface at higher temperatures and consequently their transi-
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Figure 3.5: Fig. (a): transition of the average height order parameter, z,,. Units
of e and K, are kcal/mol Fig. (b): shows the heat capacity for two simulations with
the weak surface attraction (e = 0.30 kcal/mol). Only two sets of parameters are
compared for clarity. Fig. (¢): the transition is shown in various order parameters
(described in Section B.1.1) normalized to their maximum value. This simulation is
for e = 0.55 kcal/mol and K, = 1 kcal/mol, but all other values of the parameters
showed similar behavior.
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tion temperatures are higher. Likewise, peptides with a higher surface attraction
have a higher binding transition temperature and a sharper transition. Of the
six data sets in Fig. B (a), the two rightmost (with strongly attractive surfaces)
are sharpest and fall very rapidly from the maximum z,, value into the phase
bound to the surface as temperature is decreased. These correspond to the type
B2 binding phase, where coexistence of free and surface-bound aggregates occurs
without the presence of amorphous or multi-layered aggregates on the surface.
The maximum slopes of the remaining data sets, the four left-most in Fig. (a),
are not as steep. More importantly, these curves are not as perfectly sigmoidal
and do not drop directly to the 2A minimum of the ideal single layer phase below
the transition. This tail corresponds to intermediate phases where amorphous
aggregates exist on top of a layer (Fig. L1/Am) and the formation of double
layers (Fig. L2). Thus the mean height order parameter plots capture the
structural complexity of the transitions (compare Figs. B3 (a) and B2).

The transition also shows identical behavior for seemingly unrelated order
parameters: structural order parameters measuring the degree of order in the
aggregates, and binding order parameters measuring the degree to which peptides
are bound to the surface. All of these parameters give analogous forms for the
transitions. Fig. B.j (¢) plots the transition for one simulation projected onto all
order parameters suitably normalized.

Analogous behavior of different order parameters is indicative of a cooper-
ative transition. The surface binding-unbinding transition happens at the same
temperature and with the same features as the order-disorder transition. Struc-
tural order of the system is completely governed by its attraction to the surface.

The features of the transition are also seen from a plot of the heat capacity

(Fig. B3 (b)). There is a sudden rise in heat capacity centered at the point of
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steepest ascent in plots of the order parameter z,, vs. T (Fig. B3 (a)). The
width of the heat capacity spike corresponds to the width in the jump of the
mean height order parameter, and narrower heat capacity spikes correspond to
sharper transitions in Fig. B (a). Thus sharpness of the peak is indicative of the
level of cooperativity in the transition from bulk amorphous aggregates to a state
with aggregates bound to the surface. Fig. B.J (b) shows that for a given surface

attraction, the chiral stiffness sharpens the transition.

Chiral Stiffness Shifts Transition Temperatures

The transition temperatures, at least for the five sharp transitions (all except
e = 0.30 kcal/mol, K, = 1 kcal/mol), seem to increase linearly as a function of
surface attraction (Fig. B.g). Interestingly, a substantial tuning of chiral dihedral
stiffness appears to have a negligible effect on the slope of this line. Our results
indicate that increasing chiral stiffness from 1 to 2 kcal/mol has the same effect on
the transition temperature as increasing the surface attraction by 0.08 kcal /mol,
as seen in Fig. B.]. We use a number of methods to characterize the location
of the transition: the midpoint of the steepest ascent of the order parameter
(Fig. B (a)), the halfway point where the mean peptide height reaches half its
maximum value, and points of critical behavior in the free energy as a function of
temperature. As the transition becomes more cooperative, these different methods

of identifying the transition temperature converge to the same value.

Low Free Energy Barrier at Transition Temperature

The nature of the transition from bound to unbound aggregates is highly depen-
dent on surface attraction and chiral stiffness. Previous work in bulk aggregation

[p7 showed that the transition was a weak first order transition with two states
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Figure 3.6: A summary of the binding transition temperatures for all parameter
sets. Fig. (a) is for K, = 1 kcal/mol and Fig. (b) is for K, = 2 kcal/mol. Both
plots have the same scale. The “low”, “mid” and “high” transition temperatures
are judged from the bottom, middle and top of the regions of steepest slope in
Fig. B.A (a). These give an idea of the range over which the most rapid transition is
taking place. The “free energy” transition is judged from plots of the free energy,
see Fig. B.§. The “half” transition temperature occurs when the average height is
Zaw = 12.5A, precisely halfway to its maximum averaged value.
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Figure 3.7: Shows the binding transition temperatures for varying surface attrac-
tion. This plot combines data from Figs. B.q A and B, assuming that increasing
K, from 1 to 2 kcal/mol is equivalent to raising € by 0.08 kcal/mol.

separated by a 1 kcal /mol barrier. We also observe this transition with the surface
with the parameters € = 0.42 kcal/mol and K, = 2 kcal/mol (Fig. (a)). How-
ever, for the majority of binding transitions we observe that the state is highly
sensitive to temperature and jumps from one state to another, but not via a clear

first order transition, since at the transition the barrier flattens between the two

states (Fig. (b)).

3.2.3 Isolating Interactions Highlights Aggregation/Binding
Cooperativity

The effects of peptides’ polymer nature can be isolated from their inter-peptide
interactions by removing all interactions between one peptide and another. These
“noninteracting” peptides have a transition that is substantially softer than the
transition for interacting peptides, which demonstrates the degree of cooperativity
between aggregation forces and surface attraction to affect the binding transition.

A comparison between the transitions of the interacting and noninteracting pep-
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Figure 3.8: Plot of the free energy across the transition. The middle profile
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K, = 2 kcal/mol and (b) € = 0.55 kcal/mol and K, = 2 kcal/mol.
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Figure 3.9: Transition of the average height order parameter, with data for the
model with full peptide-peptide interactions (“int”) and a simplified model with
peptide-peptide interactions removed (“no int”). Units of K, are kcal/mol, sup-
pressed in the plot for neatness. These simulations have a surface attraction of

e = 0.55 kecal /mol.
tides is shown in Fig. B.9. Tuning chiral stiffness has no effect on the transition
of noninteracting peptides, which indicates that the increase of the transition
temperature with the chiral stability of the interacting peptides comes entirely
from its cooperative effect with peptide-peptide interactions in stabilizing ordered
fibrillar structures. Therefore, binding of the aggregates to the surface is the co-
operative result of surface attraction, the S-sheet propensity parameter K, and
peptide-peptide interactions.

The peptide-surface model can be simplified to zeroth order by considering
a model where the only interaction is between a peptide interaction center and a
surface. While this is clearly a coarser model than even noninteracting peptides,
and definitely a coarser model than fully interacting peptides, we feel that it is
illuminating to compare a peptide surface-model to its most coarse-grained form.
This simplest model for the attraction of peptides to the surface has a Boltzmann

distribution of peptide heights given by a Lennard-Jones attraction of peptides
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Figure 3.10: Plots of the transition in the peptide mean height order parameter,
Zay- Units of € and ep; are kcal/mol, suppressed in the plots for neatness. Fig. (a)
fits simulation results (data points, also in Fig. B.3 (a)) for K, = 1 kcal/mol with
the zeroth order approximation of a peptide-surface interaction (solid or dashed
curves): a Lennard-Jones surface density interacting with a peptide interaction
center. The zeroth order fit chooses a value of ey; such that they cross at the
halfway point of the transition (see Section B.2.7).
zeroth order approximation to simplified results of noninteracting peptide simu-
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lations (where all peptide-peptide interactions are removed).
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to the surface, with a probability density p(z) oc exp(=Upy(z)/kT'). If we coarse-
grain the surface to a surface density x of Lennard-Jones particles, the potential

as a function of height becomes:

Up(z) = drer o (% (9)" - % (5)4) , (3.2)

where ep; and o are the Lennard-Jones well depth and range before coarse-
graining. Using 0 = 2A as in our simulations (so that the limit of z,, as T — 0
is correct), we can get a theoretical prediction for mean peptide height vs. tem-
perature for this zeroth order peptide-surface model shown in Fig. B.I(. An im-
portant point is that although the noninteracting peptide model is much more
finely detailed than this zeroth order model, this detail does not add any qual-
itative features to the transition. The zeroth order model yields only a slightly
softer transition than noninteracting peptides (see Fig. (b)), and the two
models share these features: the transition becomes softer with increasing surface
attraction and the z,, vs. T curves are purely sigmoidal. However, the transitions
with peptide-peptide interactions present (Fig. B.1( (a)) are very poorly fit by the
zeroth order model. The simplified model yields curves dramatically softer that
do not capture the non-sigmoidal behavior or increasing sharpness with surface
attraction that are key features of the fully interacting model. So noninteract-
ing peptides are relatively well modeled by a trivial Boltzmann distribution of
peptide heights, but fully interacting peptides are not. This emphasizes the fact
that the transition only becomes nontrivial when we include all interactions in
the model (especially many-body effects): structural detail from the chiral stiff-
ness parameter K, , aggregation through peptide-peptide interactions and surface

attraction.
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A simple argument shows that in the idealized noninteracting particle case,
the transition temperature will increase linearly with e, as suggested by Fig. B.7.
The transition occurs at a z,, value roughly halfway between the surface and the

upper boundary. So the transition temperature is the solution to

25A
=12.5A = / dz z p Vi (2 ELJ/ka)) (3.3)

where p (Vy;(z; eLs/kT)) is the probability density of z which is a functional
of epy/kyT in the Boltzmann distribution. The solutions to this equation have
€Ly X Tipans- The difference in the non-idealized case is that € vs. T} ang is linear
with a nonzero constant term rather than proportional. This nonzero constant
term suggests interactions other than only surface-peptide attraction affect the
transition temperature, but only by a constant shift (¢f. the shift seen between
Fig. B.4 (a) and (b)). Here we are assuming that 7' is small enough that (z,)
above 25A becomes negligibly populated at the transition temperature. We found

this assumption to be valid for all Hamiltonians we considered.

3.3 Summary and Discussion

We find that the addition of a surface to the computational model of peptide
aggregation in the bulk [p7] has considerable qualitative and quantitative effects
on the transition from disordered to ordered structures as the system is cooled.
The rich diversity of structures observed in bulk aggregation is lost with the
addition of the surface, which strongly favors ordered fibrillar aggregates close to
the surface. Multi-layered aggregates observed in the bulk are limited to two layers

after equilibration on the surface, and [-barrel structures in the bulk are lost.
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Also, chiral dihedral stiffness ceases to have a qualitative effect on the progression
of dominant morphologies observed through the transition. Instead, only the
strength of the surface attraction affects which dominant structures are observed
across the disorder to order transition, which coincides with the peptide binding
transition to the surface.

The nature of the binding transition is strongly dependent on the peptides’
attraction to the surface. To analyze the binding transition, we monitored equi-
librium structures at varying temperature. For strong surface attraction at either
value of chiral stiffness, we observe that the binding transition occurs with a co-
existence of unaggregated peptides in the bulk and single-layered aggregates on
the surface. However, for weak and medium levels of surface attraction there is
a significant degree of amorphous aggregation both in the bulk and attached to
surface-bound fibrils. In addition, we see double layers bound to the surface as
well as single layers, unlike for strong surface attraction.

Quantitatively, chiral dihedral stiffness acts cooperatively with surface at-
traction to affect the transition temperature and transition sharpness, shifting
transition temperatures to higher values as chiral dihedral stiffness increases. This
occurs because increasing chiral dihedral stiffness leads to increased population
of extended [-structured conformations. These include fibrillar conformations
[, [I1)] that are preferred by the surface since they maximize surface-aggregate
contact.

Fig. B (c) shows that transitions defined by the following order parameters
are equivalent: surface binding based order parameters, such as the mean height,
and order parameters based purely on the aggregates’ structural order, such as
the orientational parameter. This equivalence occurs since the structural order

of the peptides is dictated by surface interactions acting cooperatively with the
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chiral stiffness shown to govern structural order in the bulk [B7.

Isolating the effects of various interactions confirms that the binding phase
transition results from cooperativity of S-sheet propensity, surface attraction and
peptide-peptide interactions. We were able to model statistics of the binding of a
single peptide as a point particle in a potential depending only on its mean height
above the surface with good qualitative accuracy. However, this simplification
could not model aggregation of many interacting peptides on the surface, which
stresses the cooperative interaction of peptide-peptide forces with surface attrac-
tion. Thus peptide aggregation couples to its surface attraction in a nontrivial
way.

We find that the presence of the surface heightens propensity for fibrillar
aggregate formation by coupling the peptides’ natural §-sheet propensity to their
surface attraction. Fibrillar aggregates form on the surface at high temperatures
where they form only amorphous aggregates in the bulk. As an example, toxic
species in aggregation diseases could consist of a number of aggregate structures
ranging from small soluble oligomers to mature fibrils [[J]. Our simulations show
that surfaces can alter aggregate morphology, and in this respect hint that surfaces
could either induce or prevent formation of a toxic species. Understanding the
nature of aggregation in the presence of surfaces is a crucial step to understanding

how proteins aggregate in vivo.
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Chapter 4

Kinetics of Peptide Aggregation

on a Solid Surface

Mechanisms of peptide aggregation on hydrophobic surfaces are explored using
molecular dynamics simulations with a coarse-grained peptide representation.
Systems of peptides are studied with varying degrees of backbone rigidity (a mea-
sure of [-sheet propensity) and degrees of attraction between their hydrophobic
residues and the surface.

We showed in Chapter ] that the equilibrated aggregate structures forming
in the bulk differed from the structures that aggregate on the surface. The ag-
gregates underwent a clear binding transition: switching from a state bound to
the surface at low temperatures to a state free in bulk solution at higher temper-
atures. Near the transition temperature, the system had a coexistence phase, or
binding phase, of surface-bound and unbound peptides. By adding the surface,
there emerged two distinct classes of binding phases as a function of temperature.
With a strong surface attraction, the binding phase involved fewer morphologies;

for medium and weak surface attractions, the binding phase involved more inter-
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mediary structures, such as double-layered aggregates, and amorphous aggregates
attached to single-layers. While chiral stiffness increased the binding transition
temperature and sharpness, it did not affect the ordered sequence of equilibrium
structural phases observed by varying the temperature, although it did affect at
what temperatures these transitions occurred.

Here, we compare this work in particular to the thermodynamic calculations
of Chapter [J, where we studied the binding and aggregation transitions observed
by lowering temperature. The sequence of dominant morphologies of these tran-
sitions are found in Fig. B.J. Tmages of the various morphologies along with their
abbreviations are found in Figs. B3 and B} In this chapter, rather than analyz-
ing structures accessible to the system in thermodynamic equilibrium, we study
the mechanisms and pathways of the peptides’ initial binding to the surface. This
enables us to contrast aggregate formation and growth in the bulk with formation
and growth mediated by the surface. It reveals how the aggregation is initiated
kinetically, and by what mechanisms the aggregates approach their final equili-

brated structures.

4.1 Methods

4.1.1 Order Parameters

We calculate several order parameters in this chapter. The mean peptide height
(zay) measures the average height of the peptides’ three hydrophobic residues
above the surface. The orientation (@) is a measure of peptide alignment, equaling
1 when all peptides are in a parallel (or anti-parallel) alignment, and equaling 0

when their orientations are uncorrelated. The equation to describe @) is Eq. B.] and
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it is discussed in the literature [[[I0, [80]. The number of aggregates (IN4) measures
the degree of aggregation by counting distinct aggregates. With our definition,
a lone peptide is counted as a single aggregate, so the number of aggregates has
a maximum value of the number of peptides in the system, and a minimum of
1 when the peptides are fully aggregated. Finally, the mixing parameter (C )
evaluates whether the X interaction centers of adjacent peptides are all within
3.5A of each other, and counts the number of such adjacencies where the two
neighboring peptides are of different types (in this case, a seed peptide and a free
peptide). It measures to what degree peptides of the two types mix with each

other in a fibril.

4.1.2 Simulations

Three types of simulations were conducted. The main type analyzed (see all

of Section [I.7 except for 2.1 and [-2.4) initialized 50 peptides in a dispersed

random initial configuration above the surface in a 20 x 20 x 5 nm?® box, the z
dimension enforced by a ceiling potential and the surface. For each parameter
set and temperature studied, 120 parallel simulations were conducted at random
initial configurations. The simulation time was 180ns, which was sufficient to
observe the metastable states of the initial kinetics.

The simulations were conducted at temperatures corresponding to either
the “low” or “mid” point of the mean peptide height vs. temperature transition,
whose plot is an increasing sigmoidal curve (Fig. B.J (a)). The “low” point of
the transition is at the point below the transition temperature where the sig-
moidal curve changes from being flat to a steep ascent, and the “mid” point of

the transition is the temperature where the slope of mean height vs. temperature
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is steepest. We are mainly concerned with kinetics below the transition tempera-
ture, as the results are more stable with temperature and can be said to represent
the kinetics of aggregation at temperatures where the peptides bind to the surface
in equilibrium, but at temperatures high enough that we see a variety of aggregate
structures.

Six different parameter sets were studied, with the surface attraction vary-
ing from weak to strong (e = 0.30, 0.42, or 0.55 kcal /mol) and the chiral dihedral
stiffness varying between flexible and rigid (K, = 1 or 2 kcal/mol). The tem-
perature was controlled by a Langevin thermostat. The temperatures simulated
below the transition temperature for the flexible dihedrals were 282K, 330K, and
378K, respectively, for the weak, medium, and strong surface attractions. For the
rigid dihedrals, the temperatures simulated were 322K, 364K, and 396K. At the
midpoint in the transition, the temperatures for the flexible dihedrals were 300K,
339K, and 388K; the temperatures for the rigid dihedrals were 330K, 370K, and
406K.

The second type of simulation was a seeding simulation (Section f.2.1]). Here
we used parameters such that only single-layered fibrillar aggregates could form:
e = 0.55 kcal/mol, K, = 1 kcal/mol, and T = 378K; and ¢ = 0.55 kcal/mol,
K, = 2kcal/mol, and T" = 378K. Of the 50 peptides in the system, 15 were
initialized as a single-layered fibril (the seed peptides) on the surface and the
remainder were randomly distributed in the bulk (the free peptides). The intent
of these simulations was to study how the free peptides mix with a fibrillar seed.
We conducted 64 parallel simulations for each parameter set, each for 180ns. The
simulation box was the same as our other simulations.

The third type of simulation was a diffusion simulation (Section [.24), and

it initialized all peptides as a single-layered fibril on the surface. This simulation
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was conducted for fibrils 10, 20, 30, 40, and 50 peptides long. The parameters
used were € = 0.42 kcal/mol, K, =1 kcal/mol, and 7" = 300K. We conducted 200
parallel 180ns simulations for each system size. The simulation box was the same

as our other simulations.

4.2 Results

4.2.1 Formation of a Single Layer
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Figure 4.1: Percentage distribution of structures found at the surface binding
transition temperature. Representative of the morphologies present at the end of
120 parallel 180ns simulations for varying surface attraction (€) and chiral stiffness
(K,). They are weighted by the number of peptides involved in each aggregate
structure. Aggregate phases counted in the graph are: surface-bound single-
to quadruple-layered fibrils (L1-L4), surface-bound layered fibrils with attached
amorphous aggregates (L1/Am), amorphous aggregates in the bulk (Am), and
unaggregated peptides in the bulk (Un). The graphs indicate which phase the
system would equilibrate to with the given set of parameters.

We analyzed the most common structures observed after 180ns of kinetic
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Figure 4.2: Percentage distribution of dominant aggregate phases observed in
a kinetic trap at the end of 120 parallel 180ns simulations for varying surface
attraction (e) and chiral stiffness (K,). They are weighted by the number of
peptides involved in each aggregate structure. Aggregate phases counted in the
graph are: surface-bound single- to quadruple-layered fibrils (L1-L4), surface-
bound layered fibrils with attached amorphous aggregates (L.1/Am), amorphous
aggregates in the bulk (Am), and unaggregated peptides in the bulk (Un). The
graphs indicate which phase the system would equilibrate to with the given set of
parameters (as determined in Chapter [J). All simulations are conducted at the
low point of the binding transition, below the transition temperature.
simulation, comparing these to our previous thermodynamic results from Chapter
B. The comparisons were made at equivalent points in the transition (the “low”
point, below the transition temperature, see Section [EI.9). We compare equi-
librium configurations with the state of the system in its metastable kinetic trap
that forms during the initial kinetics. Similar data for structure distributions at
the transition temperature are shown in Fig. 1]

From Fig. 1.4, we observe a significant population of single-layered fibrils

bound to the surface for all parameter sets, in particular for stronger surface

attractions. Accordingly, we shall first study the formation of single layers in
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Figure 4.3: Depicts the primary methods by which a single layer can form on the
surface. In panel (a), an amorphous aggregate forms in the bulk and then binds to
the surface. Peptides near the bottom lock into place as they align favorably with
the surface, and slowly a fibrillar layer forms. In panel (b), a fibrillar aggregate
forms in the bulk. This fibril lies down on the surface directly. In panel (c),
unaggregated peptides in the bulk land on the surface. When other peptides also
bind to the surface, they will preferentially orient themselves with the first fibril,
and in this way, the initial peptides nucleate fibril formation.

greater detail.

There are three mechanisms by which single layers assemble on the surface,
as seen in Fig. .. In mechanism (a), a condensation-ordering transition, an
amorphous aggregate forms in the bulk and then binds to the surface. Aggregates
near the bottom then align with the surface, eventually forming an ordered fibril.

In mechanism (b), a single-layered fibril forms in the bulk and then lies down onto

the surface. In mechanism (c), individual peptides bind to the surface, and when
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Figure 4.4: Frequency distribution of various kinetic pathways in 30 simulations.
100% means the particular mechanism was observed consistently in each simu-
lation. Abbreviations of pathways on the horizontal axis are as follows: (RES)
peptides release spontaneously from the end of a surface-bound fibril, (AES) pep-
tides add spontaneously to the end of a surface-bound fibril, (In) unaggregated
peptides deposit individually onto the surface, (Am) amorphous aggregates form
in the bulk, (AB) pre-formed amorphous aggregates in the bulk bind to the sur-
face, (Fi) fibrillar aggregates form in the bulk, (FB) pre-formed fibrillar aggregates
in the bulk bind to the surface, (AJ) two surface-bound fibrillar aggregates com-
bine into a single one, and (AS) a surface-bound fibrillar aggregate splits into
two.

a sufficient number of these have formed a small pre-fibril, they nucleate further
fibril growth. The pathway to the formation of single-layered fibrils is affected by
the surface attraction and chiral dihedral stiffness parameters, with some variation
due to randomness. With the weakest surface attraction, we see all three pathways
to some degree. Which of them is dominant depends on the chiral stiffness. With
a high chiral stiffness, mechanism (a) occurs at approximately twice the frequency
of the other two pathways (refer to Fig. [L.4). With the flexible chiral dihedrals,

most single layers form by mechanism (b), though not by a substantial margin.

70



At medium surface attractions, fibrillar aggregates no longer form in the
bulk, so only the pathways of Fig. . (a) and (c) remain accessible. In both these
cases, the dominant pathway to form single-layered fibrils on the surface is by
amorphous aggregates in the bulk (Fig. (a)).

With the strong surface attraction, the dominant pathway for the formation
of single layers is by individual peptide deposition (Fig. (c)). This pathway is
observed more frequently as surface attraction increases. The degree of individual
deposition in the initial kinetics characterizes parameter sets with the sharpest
binding transitions in equilibrium (i.e., the jump in mean peptide height during
the binding transition is steepest). We never observe the pathway of amorphous
aggregates binding to the surface (Fig. (a)) for the strong surface attraction
with the rigid chiral dihedrals, but it is observed in roughly 20% of simulations
for the strong surface attraction, flexible chiral dihedral parameter set (refer to
Fig. f4). After equilibration, amorphous aggregates are no longer present for
either chirality, since their final phases are both of type B2 (refer to Fig. B3),
yet the chiral stiffness affects the pathways accessible to reach this final state by
altering the accessible bulk morphologies of the system.

A striking observation is that peptides rarely insert themselves directly into
the middle of a surface-bound fibrillar aggregate. Rather, a much more dramatic
interaction occurs, the dominant examples of which are seen in Fig. [.5. The layer
needs first to break up to allow the new peptides in.

Figs. [ (a)-(c) show peptide insertion into a clean break in a fibril. A pair
of peptides floating in bulk solution interact with the middle of the aggregate,
causing it to split apart into two pieces, each still bound to the surface. After the
two peptides attach themselves to the end of one piece, the split fibrils close back

together into a single aggregate, with two new peptides in the middle.
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(b) (c)

Figure 4.5: Panels (a)-(c) and (d)-(f) show the two most common ways peptides
can insert themselves into a single-layered aggregate on the surface. Panels (a)-
(c) show peptides inserting into a clean break in the fibril. Panels (d)-(f) show
peptide insertions occurring from an amorphous disruption in the center.
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Figure 4.6: Images of the seeding simulation. Fifteen peptides were initially seeded
as a single-layered fibril (panel (a)). Panel (b) shows a typical final state for the
flexible chiral dihedrals after 180ns, and panel (c) shows the same for rigid chiral
dihedrals. Both cases are simulated with the strong surface attraction. Note
that in panel (b) there are still peptides unaggregated in the bulk. This causes
increased mixing of of the two peptide types as peptides release into the bulk and
re-bind to the fibrils.

Peptides can also interact with the center of the aggregate to cause an amor-
phous disruption in the fibril, in which the inserting peptides become entangled
(as seen in Fig. . (d)-(f)). The “wound” in the center then closes itself, and
the disrupted peptides rearrange back into the aggregate, with the initially free

peptides now in the middle.

Seeding

We conducted an additional study to analyze in greater detail the assembly and
disassembly of single-layered aggregates bound to the surface. The seeding sim-
ulation, described in the Methods Section [[.T.9, initializes some of the peptides
into a fibrillar aggregate on the surface (Fig. [[.§ (a)), and contrasts the fibril layer
formation process for chirally flexible and rigid peptides.

In the final states for flexible peptide fibrils, the 15 seed peptides are typically

broken up into 2-10 pieces, separated by the non-seed peptides; for rigid peptides,
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Figure 4.7: The mean number of contacts between bulk and seed peptides over
time. This plot represents the degree to which the free peptides and seed peptides
mix together in fibrils (mixing parameter defined in Section [L.T.1]).

the initial 15-peptide fibril is rarely broken up (Fig. f.g (b)-(c)). From Fig. 7,
we see that up to an average of one contact between seed and free peptides, the
rate of mixing in the flexible and rigid peptide cases are similar. After this point,
however, we observe that the flexible peptides induce faster mixing of free and
seed peptides in surface-bound fibrillar aggregates.

Most of the ways in which the fibril can assemble or disassemble involve only
a few peptides. A small number of peptides can be added to or removed from
the fibril at the end or the middle. This process can happen spontaneously or via
interactions with other free peptides. Fig. [l.§ illustrates these processes.

Figure [I.9 depicts a breakdown of the most common pathways leading to
mixing of peptides within a fibril. Most common is for the fibril to break up,
either by separating into two fibrils (AS) or by releasing some of its constituents,
typically at the end (Fig. [L§ RES or REI). The separated peptides later integrate
into different aggregates, which is how mixing between free and seed peptides

primarily occurs. Thus mixing is possible despite virtually all peptide exchanges
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Figure 4.8: Explains abbreviations describing fibrillar assembly or disassembly
on the surface. Individual peptides may be added or released from either and
end or the middle of a surface-bound fibril. The additions or releases may be
spontaneous or may be assisted by free peptides in the bulk. The mechanisms are
as follows: (RES) peptides released spontaneously from the end, (REI) peptides
released from the end via interaction with bulk peptides, (AMS) peptides added
spontaneously to the middle of the fibril, (AMI) peptides added to the middle of
the fibril via interaction with bulk peptides, (RMS) peptides released from the
middle of the fibril spontaneously, (RMI) peptides released from the middle of
the fibril via interaction with bulk peptides, (AJ) two fibrillar aggregates join
together, and (AS) two fibrillar aggregates separate. Not shown is AES, which
looks identical to RES, but with the arrow pointing in the opposite direction.
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Figure 4.9: The frequencies of pathways resulting in assembly or disassembly of
fibrillar aggregates on the surface during the seeding simulations. Only those
pathways which increase or decrease mizring between seed and free peptides are
considered. The count is the number of times a pathway was observed within 30
simulations, each lasting 180ns. Abbreviations are explained in Fig. [.§ AES
refers to peptide additions to the end of a fibril.

occurring at the ends of the aggregates.

If the fibrils never break up during the simulation, the maximum number
of additions to the ends of the fibrils (AES) which can increase mixing between
seed and free peptides is two per simulation: one free peptide attaching to each
end of the original seed fibril. Should more than two such AES events occur
that increase the mixing between free and bulk peptides in the fibril, then the
fibril must necessarily break up to expose seed peptides for further additions to
the ends. Two AES events per simulation amount to 60 such events over the
course of 30 simulations. Note that the number of such AES events that increase
mixing for the rigid dihedrals (Fig. [.9) is only slightly higher than 60. Since for
flexible dihedrals there are well over 200 AES events, this confirms how stable
the surface-bound fibrils are with rigid chiral dihedrals compared to the flexible

dihedrals.
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Releases are much rarer for stiffer peptides due to them having a greater
propensity toward [-sheets, hence requiring more energy to separate from the
fibril. This can be seen from Fig. [[.q (b) and (c), where the flexible peptide simu-
lation shows seed peptides released into the bulk, but the rigid peptide simulation
shows all seed peptides are still part of the original seed. The frequency of fibril
separation on the surface (AS) is increased for rigid peptides, caused by there

being more peptides involved in fibrillar aggregates on the surface in this case.

4.2.2 Other Aggregate Structures

Increasing surface attraction causes the single-layered aggregate to dominate the
observed aggregate structures (see Fig. [.9). Therefore, during the initial kinetics
as well as in equilibrium, the surface decreases the diversity of accessible aggregate
structures. Additionally, many of the morphologies accessible at lower surface
attractions are only metastable kinetic traps that do not persist to equilibrium.

However, the diversity of morphologies observed in the initial kinetics is
greater than in equilibrium. These include dominant structures below the binding
temperature, such as triple- and quadruple-layered fibrils (see Fig. [LI0 (b)), /-
barrels (which can bind to the surface, see Fig. [.I( (d)), and multi-layered fibrils
in the bulk (see Fig. Fi). There is a minimal energetic cost to bind multi-
layered fibrils to the surface, untwisting them to conform to the flat surface,
though the energetic benefit of binding to the surface dominates this.

Instead of binding directly to the surface, as in Fig. 1.3, aggregates forming
in the bulk can bind to a surface-bound fibril (see Fig. (a) and (b)). These
are significant pathways leading to the formation of multi-layered fibrils. The

other mechanism is for a multi-layered fibril in the bulk to bind to the surface
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Figure 4.10: Depicts the pathways by which non-single-layered aggregates can
form on the surface. In panel (a), an amorphous aggregate forms in the bulk
first, and then attaches to a single-layered, surface-bound fibril. Peptides near the
bottom lock into place when they align favorably with the initial fibril, and slowly
a second fibrillar layer forms. In panel (b), a fibrillar aggregate forms in the bulk.
This fibril lies down on a surface-bound fibril. In panel (c), a multi-layered fibril
forms in the bulk and binds directly to the surface. In panel (d), several fibrils
attach together in the bulk in a mismatched way. This structure binds to the
surface and the fibrils fold together to form a [-barrel on the surface.
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directly (Fig. [.I0 (c¢)). There is no analogous pathway to Fig. . (c) that forms
multi-layered fibrils. All pathways involve some initial aggregation in the bulk.

If a bulk amorphous aggregate lands on a pre-formed layer, it will form a
double-layered aggregate. We do not observe the formation of triple- or higher-
layered aggregates via this mechanism. If, however, the chiral stiffness and tem-
perature are conducive to fibril formation in the bulk, bulk-formed fibrils can lie
down on the surface or on a pre-formed single layer (see Fig. (b) and (c)).
Double-layered fibrils often form via this pathway, and occasionally higher-layered
aggregates do as well. Since surface-bound triple and quadruple layers can only
assemble from fibrillar aggregates in the bulk, there is a significant qualitative
effect of bulk morphologies on the initial kinetics.

We also studied the initial binding kinetics equilibrating to the B2 phase
(refer to Fig. [[]). At the transition temperature for the e = 0.55 kcal/mol, K, =
1 keal /mol parameter set, roughly half of the peptides are involved in amorphous
aggregates, either in the bulk or attached to surface-bound layers during the
initial kinetics. However, these amorphous structures dissipate as the system
equilibrates, since the final equilibrium state has no amorphous aggregation. Thus
while the absence of any amorphous aggregation is a characterization of the B2

equilibrium phase, it does not characterize the initial kinetics leading up to it.

4.2.3 Order Parameter Equilibration Rates Indicate Co-
operativity

In Chapter B, we found that there were cooperative interactions between the
following energetic terms: surface attraction, chiral stiffness, and peptide-peptide

interactions. Cooperativity was found to increase at stronger surface attractions.
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Figure 4.11: Plots of the order parameters of mean height (z,,), number of
aggregates (IN4), and orientation (). The mean height has been normalized
to 26A and the number of aggregates has been normalized to 25. The ori-
entation is as usually defined (normalized to 1). From left to right we have
e = 0.30 kcal/mol, 0.42 kcal/mol, and 0.55 kcal/mol. The top row has K, =
1 kcal/mol and the bottom has K, = 2 kcal/mol. All of these simulations are
conducted at the low point of the binding transition, below the transition tem-
perature.

We now observe how the equilibration rates of various order parameters in the
initial kinetics are indicative of the level of cooperativity of the system.

Three order parameters were tracked over time below the transition temper-
ature (Fig. [.IT). For our equilibrium simulations in Chapter B, order parame-
ters measuring both surface binding and aggregate structure exhibited the same
progression of structures with increasing temperature. However, in this section’s
kinetic simulations, they do not exhibit the same behavior as a function of time.
The rate that the peptides’ mean height above the surface equilibrates is strongly

increased by surface attraction. The rate that the peptides aggregate (minus the

slope of the number of aggregates vs. time) is affected weakly by either dihedral
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Figure 4.12: Shows the isotropic translational friction coefficients for a fibrillar ag-
gregate on the surface. Conducted with € = 0.42 kcal/mol and K, =1 kcal/mol.

stiffness or surface attraction.

Note that the equilibration rates are very different for the three order pa-
rameters plotted in Fig. [[.T1] for low surface attractions, but for strong surface
attractions their rates are similar. The more cooperative transitions are charac-
terized by the matched behavior of the different order parameters.

In the less cooperative transitions, we see that aggregation and binding
occur in the following order: peptide aggregation, orientation alignment (increase
in peptide order), and finally binding to the surface. That is, for weaker surface
attractions, aggregates form in the bulk first. This allows for such pathways as
seen in Fig. [LI0, and confirms that bulk structures have the greatest effect on
aggregation pathways in the least cooperative transitions. Conversely, for the

strong surface attraction, it is rarer to observe the formation of aggregates in the

bulk (refer to Fig. fl.4).
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Figure 4.13: Fibrillar orientation exhibits non-Einstein diffusion behavior. At
long times, the angle the fibrillar aggregate makes with the = axis of the surface
consistently locks to 7 /4. This plot is from the 50-peptide diffusion simulation,
but the results are similar with different numbers of peptides. The parameters
used for this figure are € = 0.42 kcal/mol, K, = 1 kcal/mol, and 7" = 300K.

4.2.4 Diffusion

The kinetic statistics of fibrillar aggregates on the surface is diffusive, as expected.
The diffusion constant is the same along the axis of the fibril and perpendicular to
it, with a friction coefficient proportional to the size of the fibril (i.e., its contact
area with the surface).

The friction coefficient for rotational diffusion, however, is ill-defined, since
the aggregate tends to align itself 7/4 between the x and y axes of the surface, and
the aggregate ceases to diffuse rotationally. A plot of the change in angle squared
({((A6)?)) vs. time is nonlinear and asymptotically levels off as the fibril aligns to
the critical angle. Thus the geometry of a surface can enforce a preferred direction
for fibrillar growth, and fibrils will tend to grow along it. This phenomenon has
also been observed experimentally on graphite, with fibrils growing along angles

matching the crystallographic symmetry of that surface L8]]
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4.3 Summary and Discussion

We analyzed the kinetics of peptide aggregation on a solid surface, which com-
plements our previous work in Chapter | on the equilibrium structures of the
system. In the present chapter, we focus particularly on which metastable ag-
gregate structures appear in the initial binding kinetics, and in what ways these
reflect and differ from known equilibrium structures. We compare results with
varying surface attraction and chiral stiffness not at the same temperatures, but
at equivalent points along their binding transitions as determined by their mean
peptide height vs. temperature profiles.

Chapter fJ used the enhanced sampling technique of replica exchange molecu-
lar dynamics to study the thermodynamics of peptide aggregation in the presence
of a surface. Decreasing equilibration times to within roughly 40ns, this method
allowed us to study the equilibrium structures of the system. However, since
replica exchange simulations lose all kinetic information, we also conducted the
present study in which we simulated the same system with constant temperature
molecular dynamics so as to observe the initial kinetics of peptides binding to the
surface. In these kinetic simulations, in particular for the weak and medium sur-
face attractions, the system was still caught in significant metastable kinetic traps
after 180ns of simulation time. This is not a problem with this work; its purpose
was to observe the initial kinetics, as we have already analyzed the equilibrium
structures. However, the slow equilibration of constant temperature molecular
dynamics simulations validates our prior use of the replica exchange method to
study equilibrium structures in such a complex system.

As observed experimentally [[8THI8F], we find that the surface affects the

nature of peptide aggregates. For our system, the surface strongly increases the
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propensity of single-layered S-sheet fibrils bound to the surface. We find that
there are three mechanisms by which such a layer can form: (a) by a bulk-formed
amorphous aggregate binding to the surface and peptides near the bottom sub-
sequently re-orienting into a fibril (a condensation-ordering transition), (b) by a
bulk-formed single-layered fibril lying down flat on the surface, and (c¢) by peptides
binding individually to the surface and nucleating fibril formation by individual
peptide deposition. Peptides with a stiffer chiral backbone prefer mechanism (b)
over (a), and stronger surface attractions prefer mechanism (c) over (a) and (b).

Growth of fibrils on the surface usually occurs via interactions with the ends
of the fibril. When a peptide does insert into the middle of a fibril, typically the
fibril breaks in the middle first, and the new peptide attaches to the end of one of
the pieces before the fibril reforms. If peptides in the fibril tend to mix or shuffle
their order, we find this to be caused by fibrillar instability, which is known for
this peptide model to be higher with more flexible chiral dihedrals [F7].

The population of non-single-layered aggregates decreases with stronger sur-
face attractions, and many of these are only metastable and do not persist to
equilibrium. Multi-layered fibrils form in a manner similar to single-layered fibril
growth mechanisms. Often, though, instead of a bulk-formed aggregate binding
directly to the surface, they bind instead to a pre-formed single-layered fibril. Here
the types of structures accessible in the bulk significantly affect the subsequent
surface-bound morphologies, since a maximum of two layers can assemble from a
bulk-formed amorphous aggregate, but bulk-formed fibrillar aggregates are seen
to form up to quadruple-layered surface-bound fibrils.

A feature observed previously in the equilibrium simulations is that the
qualitative progression of dominant morphologies with temperature depends only

on the surface attraction and not on the chiral stiffness. In particular, there
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were two classes of binding phases near the transition temperature: one where
there was a significant degree of amorphous aggregation (for weak and medium
surface attractions), and another with no amorphous aggregation at all (for strong
surface attractions). However, we find that in the initial kinetics leading up to the
second class of binding phase, amorphous aggregates do form, the degree of which
is strongly correlated with the flexibility of the chiral dihedrals in the peptide
backbone.

The strongest surface attractions have the greatest degree of cooperativity
between the surface attraction, chiral stiffness, and peptide-peptide interactions.
In the kinetics, we find that the most cooperative parameter sets are characterized
by the individual deposition of peptides onto the surface without aggregating in
bulk solution. When we track order parameters measuring surface binding, degree
of peptide aggregation, and fibrillar order of the aggregates over time, we note that
the equilibration rates of these order parameters converge for the most cooperative
transitions. For the least cooperative transitions, we find that aggregation occurs
first, then fibrillar alignment, and lastly binding to the surface.

We analyzed the diffusion of a single layer on the surface, and found that the
aggregate diffuses isotropically along its axis and in the perpendicular direction.
However, the rotation of the fibril is not diffusive, but rather the alignment locks
to orientations +7/4 from the axes of the grid of the surface. Similar behavior is
seen with fibrils of the A peptide on graphite, which form along lines separated
by 27/3, matching its crystallographic symmetry [[[8]].

While it is possible to study the roles of various interactions in peptide ag-
gregation on surfaces using molecular simulations with atomistic detail [I87-9q],
these studies are limited to a very small number of peptides (or a single pep-

tide). Moreover, the coarse-grained simulations presented in this chapter provide
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detailed mechanistic information regarding aggregation on surfaces at time scales
and at a level of resolution not readily accessible experimentally. Hence coarse-
graining [B3, Bd, P§, [[97, [99] is an invaluable complement to atomistic simulations

and experiments for probing aggregation both in the bulk and on surfaces.
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Chapter 5

Seeded Peptide Aggregation

We are concerned here with the process of seeded peptide aggregation, where
the system is initialized with a pre-formed aggregate, as depicted in Fig. p.1].
Systems which are not initialized with an aggregate seed exhibit a lag phase
prior to nucleation, as seen in Fig. (.. A pre-formed seed can bypass the initial
nucleation event, and thus the lag phase, required to initiate the aggregation
process. A seeding simulation is ideal to study the growth mechanism of the fibril
following the initial aggregation event. Seeded aggregation can also be thought of
as aggregation on a surface, as the seed acts as a surface for the bulk peptides to
template onto.

It has been found that polypeptides of one type can be used to seed fibrillar
growth of a similar polypeptide [0, 1, P9, [99R04), differing by either small
mutations or in length. However, altering the sequence of the monomers from
that of the fibrillar seed results in decreased efficiency of fibril formation [0}, B1].
In fact, co-aggregation between different peptide sequences is rare, and in general
will only occur for very similar sequences. However, recent experimental evidence

suggests that AS40 and AB42 mutually affect each other’s aggregation kinetics
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Figure 5.1: A depiction of seeded aggregation. The system is initialized with a
pre-formed aggregate (three-layered fibril shown in dark blue) and the remainder
of the peptides unaggregated in the bulk (shown in light green). The simulation
box, with periodic boundary conditions, is also depicted.
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Figure 5.2: The sigmoidal kinetics characteristic of a lag phase observed in un-
seeded peptide aggregation in simulations by Bellesia et al., using the same peptide
aggregation from this work [5§]. The graph plots the orientation parameter () as
a function of time for peptides with varying stiffness parameters, K, = 1.25,2.00,
and 3.00 kcal /mol.

through co-aggregation [[[99]. This is particularly relevant to biomedicine in light
of the fact that small changes in the ratio of A542:A 540 have a dramatic effect on
neurotoxicity [B0H, R0g]. Surprisingly, experiments have shown that peptides can
aggregate in very small concentrations with peptides of an unrelated sequence by
means of stabilizing interactions involving the peptide backbone, with potential
applications in novel nanomaterials [P07]. Changing the morphology of the peptide
seed also results in fibrillar elongation with distinct efficiencies [R0g].

In this chapter, the effect of seeds in templating the morphology of peptide
aggregates is examined using molecular dynamics simulations and the coarse-
grained peptide representation described in Chapter P-J. Particular attention is
paid to contrasting how the [-sheet propensity of both seed and bulk peptides

affects the kinetics of aggregate merging and growth. And in cases of intermediate

B-sheet propensity, we can determine the roll of polymorphism in guiding fibrillar
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growth.

5.1 Methods

5.1.1 Simulations

Of the 54 peptides in the system, 27 (the seed peptides) were initialized into an ag-
gregate seed, while the remaining 27 (the free peptides) were randomly distributed
within the (10nm)? periodic simulation box. Some simulations had an amorphous
seed aggregate, comprising flexible peptides (K, = 1.00 kcal/mol); others had a
fibrillar seed aggregate, comprising rigid peptides (K, = 2.00 kcal/mol). For each
type of seed aggregate, we considered free peptides with one of the following chi-
ral dihedral stiffnesses: K, = 1.00,1.25,1.50, or 2.00 kcal/mol. For each of these
eight parameter sets, 52 parallel simulations were conducted with randomized free
peptide initial conditions. Simulations ran at a temperature of 305K for 500ns.
Additionally, we conducted 40 parallel simulations for rigid free peptides with a

[-barrel seed aggregate (see Figs. and p.4).

5.1.2 Order Parameters

In our analysis, we shall be concerned with three order parameters. For each sys-
tem, the order parameter is calculated as the average over the parallel simulations,
and is time-dependent. First is the orientation (@), which is a measure of peptide
alignment, normalized to 1 when all peptides are in a parallel (or anti-parallel)
alignment, and equaling 0 when their orientations are uncorrelated. The exact
form of @ is Eq. BJ] and it is found in the literature [B§, [I0, [80]. Second is

the number of fibrillar contacts (C}). For each pair of adjacent peptides where no
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X interaction center on one peptide is farther than 3.5A from an X interaction
center on the other, one contact is counted. That is, it counts the pairs of pep-
tides that are neighbors in the same fibril. Third is the nearest neighbor mixing
(N¢s) which counts how well the free and seed peptides are mixed together in the
combined aggregate. For each peptide in the simulation, Ny, determines whether
the peptide nearest to it is a free or seed peptide. If the nearest peptide is of
the opposite type, then Ny, is incremented by 1. Note that this definition of the
mixing is not biased to amorphous or fibrillar aggregates (unlike the mixing from

Chapter f] where we studied seeding only for fibrillar aggregates).

5.2 Results

The pathways for the different systems are shown in Figs. p.G-5.14. The seed aggre-
gate is represented in dark blue, and the free peptides in light green. The large red
arrows depict the dominant pathways, and the smaller green arrows depict lesser
visited ones. The dynamics of the peptides and oligomers are diffusion-dominated
until they collide and stick to other peptides. This sticking is reversible, although
the general trend is to aggregation. From the thermodynamic study of the model
in Chapter [}, we know that the structure will fluctuate out of an aggregated state.
However, the time scale on which we are simulating here captures the initial ag-
gregation kinetics but is not intended to represent the thermodynamics of the
equilibrium state. Hence the final states shown here are only final for the initial
process of aggregate formation.

Although the mechanisms observed by varying the §-sheet propensity of the
peptide seed and the free peptides are diverse, the initial pathways can always be

broken down into the following steps: (i) the free peptides diffuse in the bulk and
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attach individually to the seed (e.g., Fig. -§ B); (ii) the free peptides diffuse and
aggregate among themselves (e.g., Fig. p.g C); (iii) the free peptide aggregates
collide with the seed (e.g., Fig. p-4 D); and (iv) the free aggregates merge with
the seed and begin to rearrange in a way dependent on the dihedral stiffness of
both the free and seed peptides (e.g., Fig. p.6 E-G). In the letterings of Figs. p.6-
b.14, A corresponds to the initial configuration, and B-E correspond to steps (i)
through (iv). We now discuss the ways in which the pathways of four illustrative

case systems are distinct.

5.2.1 Case 1: Homogeneous Seeding and Aggregation: Fib-
ril Seed (K, = 2 kcal/mol) and Free Peptides of High

(-Sheet Propensity (K, =2 kcal/mol)

The first case we consider is a homogeneous seeding simulation, where both the
seed and the free peptides are of the same type (same K, ). In this case, the
seed is a three-layered fibril consisting of rigid K, = 2 kcal/mol peptides. In
the bulk, peptides with K, = 2 kcal/mol assemble readily into fibrils via the
initial formation of ordered small S-sheet oligomers. This case is representative
of fibril elongation for peptides with high 3-sheet propensity. The most common
fibrillar growth pathways are shown in Fig. f.§. In step (i), the free peptides’
high chiral stiffness holds them in a state favoring attachment to the fibril without
rearrangement. Hence these peptides favor a direct-lock mechanism, also known as
the 1-step fast deposition mechanism [FY], which differs from the 2-step dock-lock
mechanism [[[T], in that docking and locking occur simultaneously with no
structural rearrangement of the peptides. However, sometimes the stiff peptides

will need to rotate and diffuse along the fibril before finding a suitable spot to
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lock on. The direct-lock mechanism is also observed with stiff free peptides and a
p-barrel seed (Fig. p.I(). We note that in step (ii), the free peptides form small
ordered [-sheet oligomers (Fig. p-§ C). In step (iii) the free sheet locks onto the
seed simply by aligning to its orientation. Once they align, they immediately
form an energetically stable configuration (known as the N* conformation), so the
free peptides tend not to mix with the seed. This is analogous to the direct-lock
mechanism seen for individual monomers in step (i), and also similar to the seeded
growth mechanism seen by Hall et al. [RIQ]. A lesser, yet interesting, pathway
involves the initial formation of a S-barrel in the bulk (Fig. .6 C2) that attaches
to the seed and then unrolls to form a new layer on the seed. The seed can
thus grow both longitudinally and laterally, analogous to the growth of a S-spine
discussed in Chapter [.2 It shows little mixing between the original seed peptides

(blue) and the bulk peptides (green).

5.2.2 Case 2: Heterogeneous Seeding and Aggregation:
Fibril Seed (K, = 2 kcal/mol) with Flexible Peptides
(K, =1 kcal/mol)

The second case that we consider is the interaction of peptides with low [-sheet
propensity (flexible peptides, K, = 1 kcal/mol) with a fibril seed made from rigid
peptides (K, = 2 kcal/mol). In the bulk, the flexible peptides do not make fibrils
but rather populate amorphous, disordered structures. Snapshots of representa-
tive configurations along the main aggregation pathways are shown in Fig. p.7.
Interestingly, the major species at the end of the simulations is a multi-layered
fibril. Hence, even though the free peptides preferentially adopt amorphous struc-

tures on their own, the fibril seed can serve as a template for additional fibrillar
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growth.

The mechanism of fibril growth from the fibrillar seed is dramatically dif-
ferent from the case considered above in which the free peptides were rigid. Step
(i) is a typical dock-lock mechanism, where the free peptides bind to the seed
and then straighten out to lock onto the fibril. The small disordered (amorphous)
oligomers formed in step (ii) attach to the fibril seed in step (iii). An amorphous
aggregate is highly entropic and dynamic, and therefore able to disrupt the sta-
bility of the fibrillar seed at the interface between the fibril seed and amorphous
aggregate, seen most dramatically in Fig. f.7 E. In this pathway, since amorphous
aggregates readily absorb other aggregates into themselves, the free peptides mix
to a high degree with the seed peptides (Fig. (e)), although the peptides may
still re-form [(-sheet structures via a condensation-ordering transition after the
initial disruption (Fig. p-7 G). The end-result is a multi-layered fibril that shows
significant mixing of the original (blue) fibril and the flexible (green) peptides.

In this system, highly-flexible peptides that in seedless aggregation condi-
tions form unstable, amorphous aggregates with high hydrophobic exposure are
incorporated into stable fibrillar aggregates that are less prone to interact with

membranes and are potentially less cytotoxic.

5.2.3 Case 3: Heterogeneous Seeding and Aggregation:
Fibril Seed (K, = 2 kcal/mol and Free Peptides with

Intermediate $-Sheet Propensity (K, = 1.5 kcal/mol)

Perhaps the most interesting case corresponds to the one where the free peptides
have moderate flexibility. In the bulk, these peptides aggregate to form a range

of structures, including fibrils, S-barrels, and amorphous aggregates. We consider
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here a fibril seed.

Fig. p.§ shows representative conformations along the aggregation pathways.
What is immediately apparent is that there is a much larger diversity of path-
ways, with more complex branching. This is due to the fact that peptides with
intermediate flexibility exhibit a larger diversity of structures and therefore have
a broader spectrum of interactions with the seed. One of the major end-products
involves the formation of a poorly-mixed, ordered four-layered fibril (5.§ F), very
much like the one seen in case 1 (homogeneous seeding of rigid peptides). The
growth mechanism parallels that of case 1, with either individual peptides, or
small [-sheet oligomers attaching to the fibril. A second dominant pathway re-
sults in the formation of what is predominantly a four-layered fibril, but contains
a [-barrel (Fig. F2). The Fig. p.§ E—F2 pathway occurs when the free pep-
tides of the E state have a less ordered alignment than in the E—F pathway. As
a consequence of this, there is a higher degree of mixing in the F2 state than the
F state. Similarly, the determining factor of whether the Fig. B—C or B—C2
branch is taken is whether the free peptides initially form ordered or disordered

oligomers before binding to the seed.

5.2.4 Case 4: Heterogeneous Seeding and Aggregation:
Amorphous Seed (K, =1 kcal/mol) with Rigid Pep-
tides (K, = 2 kcal/mol)

The final case that we consider is “opposite” to case 2. This system has an

amorphous seed made of flexible peptides, with rigid free peptides in the bulk

(see Fig. p.9). The initial stages of aggregation involve the embedding of a single

peptide (step (i)), or of a small 5-sheet (step (ii)) into the amorphous seed. These
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absorbed peptides subsequently organize into [-sheet-rich structures, inducing
the seed peptides to order with them. While the case with a rigid fibril and
flexible free peptides leads primarily to the formation of mixed, yet ordered, multi-
layered fibrils, the present case typically results in the formation of well-mixed,
but only partially ordered, fibrils. The most common end-product (structure G in
Fig. b.9) has a well-mixed triple-layered fibril, to which is attached an amorphous,
mixed aggregate. It is important to note that the proportion of flexible and rigid
peptides is the same in cases 2 and 4, but that the initial conformation (flexible
amorphous seed versus rigid fibril seed) dictates the final configuration. This is
another example of kinetic trapping (as occurs in experiment and in vivo), since

the equilibrium structure must be the same in both cases.

5.2.5 Mixing Order Parameter Differentiates Aggregation

Mechanism

The pathway diagrams shown in Figs. p.6-p.j illustrate that the kinetics and the
degree of mixing between seeds and free peptides are governed by the interplay of
the (§-sheet propensities of both the seed and free peptides. In order to quantify
the formation of the aggregates and the degree of mixing we analyze a number
of order parameters as a function of time (Fig. [.3). We consider parameters
representing the orientation (alignment of the peptides), the number of fibrillar
contacts, and the degree of mixing. The left hand plots correspond to amorphous
seeds, while the right hand plots are for fibrillar seeds.

Case 1, which involves a direct-lock mechanism of fibril-fibril attachment,
has accelerated fibril growth compared to other mechanisms. The trajectories are

characterized by a rapid initial fibrillar alignment, a high number of fibrillar con-
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Figure 5.3: Plots of three order parameters vs. time, or the aggregation kinetics:
(a-b) orientation parameter, (c-d) fibrillar contacts, and (e-f) nearest neighbor
mixing (cf. a [-barrel seed, Fig. p-4). Panels on the left have amorphous seeds,
while panels on the right have fibrillar seeds. Data for varying free peptide chiral
stiffness shown as colored lines. A small subset of these data are represented as
black symbols to help distinguish the four sets in each panel by means other than
color. The rate of increase of fibrillar order (measured by panels (a-d)) correlates
with the chiral stiffness of either the seed or fibril, which is expected since we
know that K, is a measure of the 3-sheet propensity. Mixing anti-correlates with
free peptide chiral stiffness for fibrillar seeds, but is not strongly affected by free
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Figure 5.4: Plots of three order parameters vs. time for a -barrel seed and rigid
peptides (K, = 2 kcal/mol): (a) orientation parameter, (b) fibrillar contacts, and
(¢) nearest neighbor mixing. Compare to Fig. p.3. The similarity of this case to
that of a fibrillar seed with rigid free peptides is due to them both using the same
direct-lock mechanism.
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tacts, and a minimal degree of mixing between seed and free peptides (Fig.
(b), (d), and (f)). In particular, the peptide orientation vs. time curve increases
linearly (no lag phase) until it sharply saturates at its maximum orientation, cor-
responding to the free peptides locking onto the seed until all free peptides have
done so. The same behavior was observed for rigid free peptides with a §-barrel
seed (see Fig. p.10), which also aggregates by the direct-lock mechanism. Orien-
tation vs. time curves for other parameter sets are strikingly different, increasing
smoothly without any noticeable transition.

In contrast to a fibrillar seed, a large amorphous seed initially absorbs free
peptides into itself (Fig. E), with any ordering in the merged amorphous
aggregate necessarily subsequent to this (refer to Figs. p.12p.14). This results in
a uniformly high degree of mixing between free and seed peptides for all values
of free peptide chiral stiffness (Fig. p-3 (e)). What changes when the free peptide
chiral stiffness varies is the likelihood of g-sheet structures to form within the
merged amorphous aggregate, with increasing likelihood for higher values of free
peptide K. However, we do not find such significant differences in pathways with
an amorphous seed as a fibrillar seed (i.e., with amorphous seeds, we do not see
such dramatic mechanistic differences as exist between Figs. 5. D and p.q] E).

In previous unseeded studies [p§], we observed a distinct lag phase in the
orientation order parameter for aggregation with all stiffnesses. As seen in Fig.
(a-b), the presence of a seed removes the lag phase, as seen experimentally PTI}-
PTH. For unseeded studies, plots of orientation vs. time are sigmoidal, switching
at a turning point from concave up to concave down. With amorphous seeds, the
seeding plots of orientation ws. time begin before this turning point; however,
with fibrillar seeds, the orientation vs. time plots begin after this turning point,

concave down (Fig. b.d (a-b)). Thus a fibrillar seed initializes the system at
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a point farther along with respect to peptide orientation (a measure of long-
range fibrillar order). Note that order parameters blind to fibrillar order, such as
nearest neighbor mixing (Figs. p-3 (e-f)), do not exhibit this particular qualitative

difference between amorphous and fibrillar seeds.

5.3 Summary and Discussion

Our study of the pathways involved in seeded peptide aggregation focused on
how aggregation pathways differ for amorphous and fibrillar seeds, and how the
[-sheet propensity of the free unaggregated peptides affects the mechanisms of
seeded aggregate growth. All parameter sets exhibit the following common steps
during the initial stages of aggregation: the free peptides diffuse in the bulk and
attach individually to the seed; the free peptides aggregate among themselves;
the free peptide aggregates collide with the seed; and subsequently the aggregates
merge and rearrange in a way dependent on the dihedral stiffness of both the free
and seed peptides. In the bulk diffusion step, if the seed is fibrillar and the free
peptides are flexible (i.e., have a low [-sheet propensity), we observe the well-
known dock-lock mechanism [P09]. A flexible peptide docks onto the fibril, then
diffuses, re-orients, straightens out into the N* conformation [Bd], and locks on
when it finds a suitable attachment point. An individual rigid peptide, on the
other hand, is by default in a state that can immediately lock onto the fibril if
aligned properly. If the seed is amorphous, rather than fibrillar, the seed simply
absorbs free monomers.

The current model does not include explicit water molecules, although this
could influence the four steps described above, in particular the merging step.

The specific behavior is determined by the type of seed and the chiral flexibil-
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ity of the free peptides. For a fibrillar seed and flexible free peptides, the free
peptides form amorphous aggregates, which undergo a generalization of the dock-
lock mechanism: unstructured aggregates dock onto the seed and then undergo
structural reorganizations to align their constituents to the seed, similar to re-
sults from experiment P16 and simulation [R17]. We further note that as part
of the locking process, docking amorphous aggregates disrupt, or fray, the ends
of the fibrillar seed, causing a dramatic mixing between free and seed peptides
after the free peptides lock onto the fibril. Emergence of any fibrillar structures in
the amorphous seed occurs during the rearrangement step. Fibrillar free peptide
aggregates, on the other hand, behave analogously to N* monomers, and attach
to the outside of a seed fibril directly without structural rearrangement. In this
case, peptides mix to a very low degree. Experimentally, the degree of mixing
could in principle be tested by labeling either the seed or the free peptides, e.g.,
through C13 carbonyl labeling of select residues, as in the isotope-edited IR work
of Decatur and co-workers [PT§]. The most complex mechanisms are exhibited by
free peptides of intermediate -sheet propensity. What morphology they initially
form influences the aggregate growth pathway taken.

In one particular system, a fibrillar seed with free peptides with a (-sheet
propensity of K, = 1.25 kcal/mol, we observe a unique mechanism of lateral
growth at the end of a fibril, where parallel layers split apart into a “Y” and the
arms fold back to form an “m” (Fig. p.11 G—H).

We find that an aggregate seed is in some respects analogous to the solid
surface from Chapters fJ and ] as a template for peptide addition. Both cases
have as primary adsorption mechanisms condensation-ordering and direct-locking
to the template. While the final structures of adsorbed free peptide aggregates

are similar, a fibrillar seed, unlike a solid surface, is itself affected by the free
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peptides. On our solid surface, the bottom layer of bound peptides was always a
fibril, and any bound disordered aggregate in the system lay necessarily on top
of a fibrillar bottom layer. In contrast, since a fibrillar aggregate seed can be
partially disrupted by an amorphous free aggregate, the two can bind to each
other without the free peptides creating a fibrillar interface (rather a disordered
interface is made in the seed by the free peptides). The order imposed by a highly
symmetric solid surface simplifies the dynamics of aggregate growth considerably.

Coarse-grained models enable study of aggregation on time and length scales
inaccessible to fully atomistic simulations and can be used to complement and help
interpret experimental studies. They have been successful in elucidating the role
of peptides’ S-sheet propensity in the kinetic pathways of fibrillar growth [P}, RI9],
showing that [-sheet propensity is negatively correlated with a heterogeneity of
elongation pathways, and that it controls accessible growth mechanisms.

Our simulations help rationalize the different aggregate growth mechanisms
proposed in the literature. While peptide aggregation is highly sequence-dependent
[@, L§-R1], the vastness of the space of sequences in comparison to the number of
accessible aggregate morphologies suggests that a more universal property controls
the mechanism of aggregate formation [f]. We find the peptide’s S-sheet propen-
sity to be a crucial determinant of mechanism in aggregate formation. For our
model, we found that the rate free peptides combine with the seed was diffusion-
limited since the rate was virtually unaffected by the type of aggregate seed and
completely unaffected by the S-sheet propensity of free peptides (see Fig. p.3). Ex-
perimentally, it is known that seeding removes the lag phase necessary to nucleate
aggregate growth. Plots of various relevant order parameters confirm that the

lag phase is absent compared to our previous simulations of unseeded aggregation
By
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Figure 5.5: Average number of aggregates in the system wvs. time. Measures the
degree of free peptides docking to the seed by counting distinct aggregates (either
amorphous or fibrillar). With our definition, a lone peptide is counted as a single
aggregate. Thus the number of aggregates has a theoretical maximum value of the
number of peptides in the system, and a minimum of 1 when the free peptides are
fully docked to the seed. The tail from 100ns to 500ns is suppressed. Note that
the number of aggregates counts aggregates of all types, so this measures the rate
peptides clump together, or the docking rate, not the rate ordered fibrils form.
The kinetic process underlying peptide aggregate formation is extremely
important from a biological perspective as different aggregate morphologies exhibit
different levels of toxicity to the cell. It has been shown that cytotoxicity is
considerably higher in energetically unstable oligomeric species than in mature
fibrillar aggregates [BY, B§f0]. Our simulations indicate that it is possible to
sequester peptides with different degrees of [-sheet propensities from solution
into fibrils provided that they are sufficiently close in sequence to co-aggregate.
In particular, highly-flexible peptides that form unstable, amorphous aggregates
with high hydrophobic exposure in the absence of a seed, may become incorporated
into stable fibrillar aggregates when a fibrillar seed is present. Being less prone

to interact with membranes, fibrillar aggregates are potentially less cytotoxic. It

may be possible to control the type of aggregates peptides form by introducing
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seeds of aggregate-compatible peptides with a differing (-sheet propensity into

the system.
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5.4 Pathway Diagrams

Here we show the morphology transitions observed for each system, with the most

common transitions marked by thicker red arrows.
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Figure 5.6: A fibrillar seed with rigid (K, = 2 kcal/mol) free peptides. The
morphologies are as follows: (A) the initial configuration; (B) the free peptides
attach individually to the seed by a direct-lock mechanism; (C) the free peptides
form fibrillar oligomers; (D) fibrils attach to the seed, but are imperfectly aligned;
(E) most fibrils align to the seed, with a few peptides still misaligned; (D3) fibrils
begin to attach directly to the seed, forming a larger fibril; (E3) attached fibrils
shift to form a poorly-mixed quadruple-layer; (C2) free peptides form a [-barrel
structure in the bulk; and (D2) the free S-barrel attaches to the seed, eventually
unrolling to form a new layer on the fibrillar seed (state E3).
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Figure 5.7: A fibrillar seed with flexible (K, = 1 kcal/mol) free peptides. The
morphologies are as follows: (A) the initial configuration; (B) the free peptides
attach individually to the seed by a dock-lock mechanism; (C) free peptides form
amorphous aggregates; (D) free aggregates attach to the seed; (E) the amorphous
aggregate frays the seed and disrupts its fibrillar structure; (F1) an uneven fibrillar
attachment forms within the combined fibril; (F2) a S-barrel structure emerges
from the combined fibril; and (G) peptides even out to form a multi-layered fibril.
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Figure 5.8: A fibrillar seed with free peptides of intermediate stiffness (K, =
1.50 kcal/mol). The morphologies are as follows: (B) the free peptides attach
individually to the seed (typically through a dock-lock mechanism, though direct-
lock is also possible); (C) the free peptides form small fibrils in the bulk; (D) the
free oligomers attach to the seed; (E) all small fibrils have attached, but with
mixed orientations; (F) a multi-layered aggregate forms with free peptides mostly
on the top/bottom/ends, and not well-mixed; (F2) a §-barrel structure forms on
the fibril; (D4) peptides continue to attach to the seed individually while smaller
fibrils attach together to form medium-sized semi-fibrillar aggregates; (E4) the
semi-fibrillar aggregates attach to the seed; (F4) a metastable amorphous blob
forms on the combined aggregate; (C2) free peptides form disordered aggregates;
(D2) disordered aggregates attach to the seed; (E2) free peptides form tangled
masses at the ends of the seed fibril; (D3) a large amorphous aggregate forms
from smaller ones in bulk; (E3) the free peptide aggregate becomes semi-fibrillar
as it attaches to the seed; (F3) a layer-plus-/3-barrel structure forms.
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Figure 5.9: An amorphous seed with rigid (K, = 2 kcal/mol) free peptides. The
morphologies are as follows: (B) the free peptides attach individually to the seed;
(C) the free peptides form small fibrils; (D) the free aggregates attach onto the
seed; (E) the free peptides quickly embed themselves into the amorphous seed;
(F) the free peptides begin to organize into fibrils, causing seed peptides to do the
same; (G) a well-mixed multi-layer fibril forms, though amorphous structures are
still present; (G2) S-barrel structures begin to form in the combined aggregate;
(G3) the combined fibrillar aggregate contorts.
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Figure 5.10: A [-barrel seed with rigid (K, = 2 kcal/mol) free peptides. The
morphologies are as follows: (B) the free peptides attach individually to the seed
by a direct-lock mechanism; (C) the free peptides form fibrillar oligomers; (D)
fibrils attach to the S-barrel seed with varying alignments; (E) most fibrils align to
the seed, forming a new layer on the outside of the S-barrel; (E2) the free peptides
begin to form additional S-barrel structures with the seed; (F2) additional (-
barrel structures collapse into double layers; and (G2) the original S-barrel seed
partially disrupted to form a multi-layered fibril with the free peptides, and some
free peptides form an additional fibrillar layer on the outside of the g-barrel.
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Figure 5.11: A fibrillar seed with free peptides of intermediate stiffness (K, =
1.25 keal/mol). The morphologies are as follows: (B) the free peptides attach
individually to the seed through a dock-lock mechanism; (C1) the free peptides
form small amorphous aggregates in the bulk; (C2) the free peptides form a small
fibrillar aggregates in the bulk; (D) the free oligomers attach to the seed; (E) the
combined aggregate forms a moderately mixed multi-layered fibril; (F) fibrillar
layers shift to form higher layers; (G) fibrillar layers split apart and fold back; (H)
the combined aggregate forms a reticulated fibril; (C3) attached free peptides fray
the fibrillar seed; and (D3) the combined aggregate forms a multi-layered fibril
with amorphous portion at the end.
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Figure 5.12: An amorphous seed with free peptides of intermediate stiffness (K, =
1.50 kcal/mol). The morphologies are as follows: (B) the free peptides attach
individually to the seed; (C) the free peptides form partially-ordered oligomers
in the bulk; (D) the free peptide oligomers combine to form a larger, partially-
ordered aggregate; (E) a large free aggregate attaches to the seed; (F) the free
peptides absorbed into seed; (G) the combined aggregate begins to order; (H)
significant fibrillar structures become visible in the combined aggregate; (I) a (-
barrel begins to form out of fibrillar structures; (J) a significant [-barrel forms;
(D2) the smaller free peptide oligomers attach to the seed; and (E2) the seed
begins to break down the fibrillar oligomers.
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Figure 5.13: An amorphous seed with free peptides of intermediate stiffness (K, =
1.25 kecal/mol). The morphologies are as follows: (B) the free peptides attach
individually to the seed; (C1) the free peptides form large disordered aggregates
in the bulk; (D1) the free peptide aggregates attach to the seed; (E1) the free
peptides are absorbed into the amorphous aggregate; (C2) the free peptides form
fibrillar oligomers in the bulk; (C3) the free peptides form multi-layered fibrils;
(D2) the free peptide fibrils attach to the seed; (E2) the free peptides and seed
merge with considerable fibrillar order; (F1) system forms a (-barrel structure
with [-sheet layers on the outside; and (F2) a tangled, semi-fibrillar combined
aggregate forms.
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Figure 5.14: An amorphous seed with flexible free peptides (K, = 1.00 kcal/mol).
The morphologies are as follows: (B) the free peptides attach individually to the
seed; (C) the free peptides form small disordered aggregates in the bulk; (C2)
the free aggregates adopt a (-sheet structure; (D) the free peptide aggregates
combine to form a larger amorphous aggregate; (E) the free peptide amorphous
aggregate attaches to the seed; (F) the free aggregate and seed combine into a
single disordered aggregate; (G) some fibrillar structure begins to emerge; and
(H) the merged aggregate begins to adopt a partially-f-barrel structure.
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Chapter 6

Kinetics of Peptide Aggregation

on a Membrane

The aggregation of peptides on a lipid bilayer is studied using coarse-grained
molecular dynamics in implicit solvent. We look at how the peptide aggregates
and membrane surface mutually affect each other’s structure and kinetics. The
ability of proteins to aggregate on surfaces has been reported in several experi-

mental studies. Proteins aggregate on both solid surfaces (such as nanoparticles,

teflon, graphite, and mica) [[63, [81), [[84, P20] and biologically-inspired soft sur-

faces (lipid vesicles and lipid bilayers) [F4, P21} R2G]. Interestingly, not only did
aggregates form on surfaces at concentrations where bulk aggregation did not oc-
cur, but the mechanism of fibril formation (when compared to high concentration
bulk aggregation) could differ. The degree of aggregation and the morphology
of the aggregates depend critically on both protein sequence and surface charac-
teristics [P20, P27]. For instance, the Alzheimer Amyloid-5 peptide (AS) formed
twisted amyloid fibrils in the bulk, 5 nm high linear aggregates on hydrophilic
mica, and 1 nm high sheets on hydrophobic graphite [[[84].
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The aggregation of proteins on membranes is a particularly intriguing pro-
cess [p4, [25. Membranes appear to recruit proteins and promote aggregation,
but this very process can ultimately lead to membrane deformation or leakage.
The ensuing cell death may be the basis of neurodegeneration observed in brain-
related amyloid diseases. Proteins can interact with membranes in a variety of
ways (electrostatic binding, non-specific adsorption, anchoring, or partial inser-
tion), and different mechanisms of membrane damage have been proposed [R2§].
The first involves the embedding of monomers or small oligomers into membranes,
creating gateless pores that leak out vital ions [P29, B3Q]. This process has been
observed most notably in the case of AS. The second mechanism involves the
direct fibrillization of proteins on the membrane surface [[36, P31}, P32, which can
damage the membrane [P33], either through a physical distortion of the bilayer,
or through a detergent effect in which growing aggregates recruit lipids, leading
to membrane permeation. Fibrillization on the membrane can be initiated by a
peptide or small oligomer binding to the membrane. An example of this is a-
synuclein, which can bind to lipid head groups, thereby exposing its hydrophobic
residues to solution for further aggregation [R34]. The A53T a-synuclein mutant,
on the other hand, inserts deeply into the membrane, burying its hydrophobic
residues and preventing fibril assembly. Fibril growth on vesicles, and ensuing
damage has been reported in TEM studies of hIAPP, in which large unimolec-
ular vesicles (LUVs) were seen to distort when fibrils grew on the surface [[3@].
The vesicles remained intact when the non-amyloidogenic mIAPP was placed in
solution with the vesicles. A mechanism was proposed in which the monomers of
hIAPP adsorbed on, or partially inserted into, the surface. Interactions with free
monomers or small oligomers in solution promoted aggregation on the surface.

It was suggested that aggregation was favored by the increase in local peptide
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concentration, and possibly aided by structural rearrangements of the peptides
on the surface. In a similar vein, distortion of liposomes was observed in cryo-EM
images in the presence of f2-microglobulin fibrils [£33]. We note that the fibril
and pore formation processes are not mutually exclusive. Some proteins, such as
hIAPP, have been reported to form pores as well as damage membranes through
fibrillization.

Simulations are a very useful complement to experimental studies in that
they provide detailed information about the mechanism of protein adsorption,
insertion, and aggregation on membranes. A range of simulations have been per-
formed in recent years, using atomistic representations of proteins with explicit
or implicit membrane surfaces, MARTINI models, as well as more coarse-grained

models [I[33, [87, [93, [94, [9], P35-25]].

Atomistic simulations provide the most detailed information about protein-

membrane interactions, but because of high computational cost, they have been
restricted to the study of monomeric or small oligomeric systems. Coarse-grained
models, on the other hand, allow the study of much larger systems, over longer
time scales (I8, b0, B51], P53]. Here we use our intermediate resolution coarse-
grained peptide model (Chapter P]). The mechanism of assembly into fibrils de-
pended on the [-sheet propensity of the peptides, with low [-sheet propensity
peptides forming amorphous aggregates, mid [-sheet propensity peptides forming
fibrils via unstructured oligomer intermediates, and high -sheet propensity pep-
tides aggregating directly through ordered (-rich oligomers. Investigations of the
assembly of these peptides on a solid surface (Chapters f-]) showed that the solid
surface gave a significant bias to the formation of -sheet fibrillar aggregates.

In this chapter, we turn to aggregation on a lipid bilayer, a fluid surface of

particular biological relevance. Our membrane model consists of five beads per
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lipid, comprising a hydrophilic head, an interfacial bead, and a three-bead hy-
drophobic tail (see Chapter P.9). The lipids spontaneously assemble into a bilayer
with fluid and elastic properties consistent with experimental values. We contrast
the mechanism of fibrillization on a solid surface to fibril formation on a mem-
brane surface, and highlight how the fluid nature of the membrane leads to new
fibril morphologies, and how these aggregates in turn affect the fluid /elastic prop-

erties of the membrane, including the experimentally relevant bending modulus

21, 31
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6.1 Methods

6.1.1 Simulations

We conducted two sets of simulations: the first to study the kinetics of peptide
aggregation on the membrane, and the second to study the effects of bound peptide
aggregates on the membrane’s elastic properties. In both sets Langevin dynamics
held the temperature at 0.85F,, the temperature for which the membrane model
was optimized. Recall from Chapter that we use reduced units where o =
7.5A and Ey, = 0.6573 kcal/mol. We use a time scale unit 7, corresponding to
3ps of coarse-grained simulation time. Note that dynamics run faster in coarse-
grained time than they would in an all atom system with higher friction [R5J].

We use a time step of 0.0057.

Aggregation Kinetics on a Membrane

In the first simulation set we used six combinations of parameters for peptide
stiffness (flexible to stiff) and hydrophilic surface attraction (weak to strong):
K, =152 or 3.04 Ey and € = 1.29,1.52, or 3.04 Ej. For each parameter set,
we ran 64 simulations. Initial conditions have 35 peptides distributed randomly
in the bulk above a membrane in a state randomly sampled from its fluctuations
about equilibrium. Each lipid monolayer has 324 lipids. The system is contained
in a box that is (18.240)? in the plane of the membrane, and 15.73¢ high. Since
the “reverse” side of the membrane is repulsive to the peptides and the average
head-to-head membrane thickness is roughly 9o, this gives an effective range of 7o
in the z dimension for the peptides to explore, an equivalent space to our previous
work on a solid surface (Chapters B-f]). Note that we have conducted simulations

in both the constant volume and zero surface tension ensemble and do not find
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differences in the dominant aggregation kinetics.
We ran each of these simulations for a time of 275 - 1037, observing the

kinetics of peptide aggregation and binding to the membrane surface.

Effect of Peptide Aggregates on Membrane Elastic Properties

For our second simulation set we analyzed the effect of membrane-bound fibrils
on the elastic properties of the lipid bilayer. The membrane-peptide system was
held at zero average surface tension. We initialized the system with 9 fibrillar
peptide aggregates formed on each side of the membrane (a total of 18 fibrils).
We use a strong surface attraction (e = 3.04 Ej) and stiff peptides (K, = 3.04 Ej).
For this section, our analysis assumes a symmetry between the top and bottom
membrane leaflet. Peptides in different fibrils experienced repulsive potentials so
that the fibrils spread out across the membrane instead of merging. This gives
homogeneity across the surface. We looked at three such systems, where the fibrils
were 4, 8, and 16 peptides in length. Thus the systems contained 72, 144, and
288 peptides in total. Each of these systems contained a bilayer comprising 3200
lipids. For comparison, we conducted an identical simulation containing only the
lipid bilayer and no peptides. We identify these four systems with the number of
peptides per fibril: 0, 4, 8, and 16, respectively making up a 0, 2.5, 5.0, and 10.0%
area fraction of the membrane. Each system had 6 runs, each run 500 - 1037, with

a 170 - 1037 equilibration time before each run.

6.1.2 Order Parameters for Peptides and Membrane

For our analysis we are concerned with three order parameters involving the pep-

tides. These parameters are also used in Chapters J and [i.
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We define the peptide height (z) as the difference between the mean z coor-
dinate of all the peptides’ hydrophilic residues and the mean z coordinate of the
upper leaflet’s head groups at a given time. It is a measure of how unbound the
peptides are from the membrane surface.

The number of fibrillar contacts (C}) is a measure of the degree to which
peptides form fibrils. For each pair of adjacent peptides where no X interaction
center on one peptide is farther than 0.47¢ from an X interaction center on the
other, one contact is counted. That is, it counts the pairs of peptides that are
connected in the same fibril.

The peptide orientation (@) is a measure of peptide alignment. It is nor-
malized to 1 when all peptides are in a parallel (or anti-parallel) alignment, and
equals 0 when their orientations are uncorrelated. See Eq. BJ] for the functional
form of Q).

We consider the same set of membrane properties introduced in prior work
M8, [49], which give a description of both overall membrane shape and orien-
tation of the lipids within the membrane. These properties are discussed and
theoretically motivated in other work [[4§); the presentation here is limited to
defining the properties that are reported later in this chapter. Membrane shape
is quantified by extracting the height fields of the two monolayers, h™")(x, %) and
h®(z,y), and lipid orientation is quantified by extracting the head-to-tail director
vector fields of the two monolayers, n") and n® as diagrammed in Fig. f-]. In
previous work [[4§, [49] Watson et al. demonstrated that the theoretical pre-
dictions for homogeneous lipid bilayers are considerably simplified by looking at
linear combinations of these observables and focusing only on the xy components
of the lipid directors. Although we have few theoretical predictions for the be-

havior of the inhomogeneous peptide-lipid systems studied here, we retain the
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Figure 6.1: A cartoon depicting the quantities directly extracted from simulation
to obtain the membrane height (h), thickness (), and lipid tilt vectors (p, p)
discussed in the text. The simulation box is oriented such that the lipid bilayer
spans the zy plane. The monolayer height fields 2("?)(z, y) (dashed lines) describe
the shape of the two leaflets as defined by the positions of the lipid interface
beads (dark gray circles). The monolayer director vector fields n™?(z,y) are unit
vectors pointing from the interface bead to terminal tail bead along the same lipid
(shown in red); the lipid lengths b2 (2, ) are the distance associated with this
vector if it were not normalized. N2 (z,y) are the unit vector fields normal to
the monolayer height fields. These fields are extracted from simulation data that
involves unevenly spaced discrete points in the xy plane (i.e., the xy coordinates of
the interface beads) via a real-space grid procedure presented in detail in Appendix
C of previous work [[4§.

combinations introduced previously in order to facilitate comparison to control
simulations involving only lipids.

We retain only the zy components of the 3D vectors defined in Fig. [B.J],
n?(z,y) and N2 (z,y), and write these 2D projected vectors as nh?(z,y)
and N2 (z,y), respectively. The monolayer tilt vectors, which quantify lipid

orientation relative to the local surface normal, are defined as
(1,2) _ (12 _ N2 6.1
p 7 (z,y) =n"(z,y) (z,y). (6.1)

The quantities presented in the results section include the second moments of the
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Fourier-space versions of the following fields

A (z,y) + h? (z,y)

hay) = : (6:2)
Hoy) = h(”(x,y)—h;’(x,y)—%o (6.3)
ple.y) = p(l’(:c,y);p(”(x,y) (6.4)
ple.y) = p(”(x,y);p(z’(x,y) (6.5)

These four quantities represent the overall bilayer shape (h), half bilayer thickness
(t), and the symmetric and antisymmetric contributions of lipid tilting across the
two leaflets (p, p). Note that the thickness is measured relative to the average
thickness, o, so that this quantity, like the other membrane properties, has zero

mearn.

122



6.2 Results

6.3 Aggregation on a Fluid Membrane Induces
Different Structures than on a Solid Sur-
facee

Constant temperature molecular dynamics simulations of initially disassembled
peptides in the presence of the membrane were performed as described in the
methods section. Simulations involved peptides with different backbone stiffnesses
K, (B-sheet propensities) and with different interaction strengths e between hy-
drophilic beads and membrane head groups. Both the aggregation pathways and
the structures of the aggregates were monitored.

To describe aggregate structures we adopt a notation of a letter and a num-
ber, the letter to describe the aggregate type and a number to indicate how it
is bound to the surface. The letter convention is: P = individual, unaggregated
peptides; A = amorphous aggregates; F' = fibrillar aggregates; and B = (-barrel
aggregates. Subscripts are: 0 = in the bulk; 1 = bound directly to the membrane;
2 = bound onto a fibrillar bottom layer; and generally n + 1 = bound to an n
structure. Images of these structures are shown in Fig. .2

Fig. .9 depicts observed structures of peptides aggregating on a lipid mem-
brane and marks the pathways where the peptides may transition from one struc-
ture to another. Thicker, colored arrows denote pathways which are characteristic
of (but not exclusive to) a flexible peptide backbone, a stiff peptide backbone, or
a high surface attraction. A high surface attraction trumps the effect of peptide

backbone stiffness. Fig. f-J shows the probability of observing each pathway in
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Dominant pathways for:

flexible peptides =——
stiff peptides

high surface attraction

Figure 6.2: A map of the dominant kinetic pathways. Naming convention: P =
individual, unaggregated peptides; A = amorphous aggregates; F = fibrillar ag-
gregates; and B = [-barrel aggregates. Subscripts: 0 = in the bulk; 1 = bound
directly to the membrane; 2 = bound onto a fibrillar bottom layer. A+F occurs
when an Ag structure lands on an Fj} to form an A,; F+F occurs when an Fj
structure lands on an F} to form an Fy. Pathways characteristic of stiff or flexible
peptides, or of strong surface attractions are marked in the diagram’s legend.

Fig. averaged over 64 simulations, while Fig. (.4 shows the probability of a
particular structure being present at the end of the simulation (¢ = 275 - 1037).
Earlier, in Chapters ] and [, we studied the aggregation of these peptides
in the bulk and in the presence of a solid surface. The most flexible peptide
(K, = 1.52E)) formed primarily amorphous aggregates in the bulk, while the
more rigid peptide (K, = 13.04E)) formed multi-layered fibrils. The presence of a
solid surface dramatically altered the conformations of the aggregates, particularly

in the case of the more flexible peptides, favoring the formation of -sheet fibrils
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Figure 6.3: The probability (out of 100) of observing each transition during
the course of a simulation, weighted by the number of peptides involved in the
transition. Compare to Fig. p.3. The probabilities are averaged over all simula-
tions at the given values of K, and e. The left column is for flexible dihedrals
(K, = 1.52E)), and the right column is for rigid dihedrals (K, = 3.04E;). The
rows are, descending, ¢ = 1.29,1.52, and 3.04 E, (weak to strong attraction).
Dominant pathways for each system have been bolded.

on the surface. The membrane studied here has an equally important effect on

the formation of aggregates.

Compared to peptide aggregation on a solid surface, aggregation of our pep-
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Figure 6.4: Probability of observing a given structure at the end of a kinetic
simulation, weighted by the number of peptides composing the structure. The
probability is averaged over all simulations. Structures are defined in Fig. (.3,

except for “Vert”, which refers to a small, vertical fibril orthogonal to the bound
fibril (see Fig. b.9 (a)). F3 is a bound triple-layer.

126



(a) (b)

Figure 6.5: Additional structures observed in the simulations. Panel (a) depicts a
vertical fibril attached to an F} bound fibril, but orthogonal to it. Panel (b) depicts
the undulations that the membrane induces in an F} fibril. Panel (c¢) depicts the
frequent way F7 fibrils do not align on the membrane, but instead jam together.
Panel (d) depics a §-barrel aggregate bound to the surface, a morphology found
to be significantly more common to an undulating membrane than a solid surface.

tide model on a lipid membrane exhibits a number of similarities and differences.
Starting with similarities, the initial deposition of aggregates onto the mem-

brane is highly analogous to the initial deposition onto a solid surface. For low to

127



moderate surface attraction, the pathway is primarily determined by the peptide
backbone stiffness. Stiff peptides readily form fibrils in the bulk and deposit di-
rectly as a single layer onto the surface; flexible peptides form disordered oligomers
that land on the surface while the peptides closest to the surface spontaneously
rearrange into a fibril via a nucleation mechanism. For a strong surface attrac-
tion, peptides are not given time to aggregate, instead depositing immediately
onto the surface, where they diffuse and come into contact with other deposited
peptides and begin to form a fibrillar layer. In this case, the membrane actively
remodels the structure of each flexible peptide individually from its monomeric
bent shape to an extended aggregate-prone conformation, sometimes referred to
as an N* conformation [F9], on the surface. This pathway for a strong surface
attraction in particular is essentially identical to the pathway on a solid surface
(Py — Py — F7, seen in Fig. (e) and (f)).

Another similarity is the general bias of strong surface attraction to struc-
tures maximizing contact between the peptides and the lipid head groups (namely
Fy structures), as seen in Fig. .4 Structures more weakly bound to the surface
(in this case A, By, and F,) appear predominantly in low and moderate surface
attractions.

The most significant difference we observe is in the allowed /disallowed struc-
tures on a lipid membrane compared to a solid surface. For example, the S-barrel
on the membrane (By) replaces the triple-layered fibril on the solid surface (F3)
as the primary weakly bound [-sheet structure (Fig. p.J (d)). The rarity of I}
structures on the membrane is partly a result of the fact that the lipid head
groups interact with the hydrophilic residues of the peptide, while the solid sur-
face previously considered interacted with the hydrophobic peptide beads. This

means that on the membrane the third layer is formed by hydrophilic-hydrophilic
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contacts instead of the stronger hydrophobic-hydrophobic contacts on the solid
surface. However, the prevalence of S-barrel structures on a fluid membrane and
their scarcity on a solid surface suggest that it is the membrane itself which en-
courages f3-barrel structures. Instead of stacking into even, flat layers, membrane
undulations kick the peptides up, turning upper layers into S-barrels. Note that
[B-barrels form after landing on the membrane, not in the bulk. Our simulations
cannot unambiguously determine if these structures are present in equilibrium,
but they are at the very least a long-lived kinetically trapped state.

The vertical mini-fibril is a structure uniquely observed on the membrane,
seen in Fig. 6.9 (a), which also results from membrane undulations kicking up
peptides from a fibril. We can clearly see the bottom layer of this fibril conforming
to these undulations in (a) and (b).

A peculiarity of aggregation on solid surfaces discussed in Chapter [ is the
alignment of the bound fibrils to directions determined by the crystallographic
symmetry of the surface, also seen experimentally [[8]]. In this section, using a
lipid membrane, the surface is fluid and therefore has no crystallographic symme-
try, and no preferred directions of fibril formation. Thus while on the solid surface
fibrils quickly aligned and merged, on the membrane they do not. Instead, they
tend to squeeze together without aligning, as in Fig. (c). These sort of jams

did not appear on the solid surface.
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6.4 Cooperativity of Peptide Binding and Ag-
gregation Seen on Solid Surface Absent in
the Presence of a Membrane

For aggregation on a membrane, an analysis of the equilibration of height, fibrillar
contacts, and orientation over time shows behavior distinct from aggregation on
a solid surface.

On the solid surface, order parameters associated with fibrillar aggregation
and order parameters associated with peptide binding equilibrated at the same
rate at the highest surface attraction with stiff peptides (50007 relaxation time).
This is not the case with the membrane. Peptide binding (z) has a 63007 decay
time for this system, but the number of fibrillar contacts (C) has a 170007 decay
time, and the orientation (Q) a 350007 decay time.

Thus the cooperativity between fibril formation and aggregate binding, ob-
served for on a solid surface, is not exhibited on the membrane. The trend of
convergence of time scales is still present, though not to such a degree. At the
lowest energy parameter set (weakly attractive surface with flexible peptides) ori-
entation relaxation takes roughly 500% longer than binding, while at the highest
energy parameter set (strongly attractive surface with stiff peptides) the increase
is reduced to 450%, which is not a dramatic reduction. It is interesting that for
the highest energy parameter set this discrepancy between a fluid membrane and
a solid surface exists despite the final state (F}) and the pathway the aggregates

take to reach it (Py-P;-F}) being qualitatively identical.

130



T T T T T T T T
(a) | |
’é . .
£
< KR -
Ry %oy z %,
o TS 4 1 -
c ' LT l.n-l.lll.llllulllnlln". *," , ".l.ul...“.,"“."""""““‘
'“““IIlllI|||IIIIllIIIIIIIIllllIIIlIlIIIIl|_| 05 l”““lll"IIIIIIlll|IIIIlllllllllllllllllll_l
0 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
time (1000 1) time (1000 1)
25 T T T T T T T T 25 T T T T T T T T
(c) (d)
20 b 1 20+ .
%) wwpetanunus?as
5 15 4 15 sl
8 ““",,\\uun‘:“!ll.\ul‘uili 1
E “.\\H\IIII‘ ““1|‘l
g8 10F X {1 10t i
5 5 -
0 1 1 1 1 1 1 1 1 0 1 1 1
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
time (1000 1) time (1000 1)
1 T T T T T T T T
(e)
0.8 - _
S AT
2 06 pe TR
g \||H“,.,‘,‘“g“l‘ W
o
5]
0 1 1 1 1 1 1 1 1 0 1 1 1 1 ] ] 1 1
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
time (1000 T) time (1000 t)

Figure 6.6: Depicts three aggregation order parameters (see methods section) ver-
sus time. The three data sets in each panel represent varying surface attractions.
A legend for all panels is shown in panel (b). The left column is for flexible dihe-
drals (K, = 1.52Ep), and the right column is for rigid dihedrals (K, = 3.04E)).
The rows represent the different order parameters: height (z), contacts (Cy), and
orientation (Q).
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There are two reasons why on a fluid membrane fibrillar alignment is much
slower than binding. First, the diffusion time scale is a bottleneck for fibrillar
alignment. This was not the case on a solid surface: the ordered pattern of the
surface enforced fibrillar alignment, speeding this process drastically. Second,
membrane fluctuations disrupt fibrillar structures, so they take longer to form.

At lower surface attraction on a solid surface, the difference in orientation
relaxation rate for stiff and flexible peptides is small. On a membrane, however,
increasing the stiffness considerably decreases the relaxation time from 3380007
to 840007. Similarly, the binding relaxation time is decreased from 560007 to
300007 and the fibrillar contact formation time from 2350007 to 540007. This is
consistent with the general trend that on a fluid membrane the surface attraction
is far less dominant in determining pathway than on a solid surface. As expected,
systems with a higher [-sheet propensity from fibrillar structures faster, and bind
more quickly to the membrane.

It is interesting to observe that a decrease in the time scale of fibrillar contact
formation does not necessarily result in a greater number of fibrillar contacts at
the end of the simulation (see Fig. .6 (d)). At high surface attractions the fluid
membrane is more prone to “jams” (Fig. (c)), whereas a solid surface guides
the fibrils to form along lines of crystal symmetry, maximizing the number of
fibrillar contacts. At a lower surface attraction, though the contacts form more
slowly, peptides have a greater chance to aggregate in the bulk before reaching

the surface, which maximizes fibril size.
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6.5 Peptide Aggregates Damp Thermal Mem-
brane Fluctuations and Slightly Increase Mem-
brane Bending Rigidity

A suggested mechanism of cell death resulting from aggregation is a deformation
of the membrane by the growing aggregates. Indeed, TEM and Cryo-EM studies
show significant distortion of vesicles when fibrils grow on their surfaces. It is also
known that amyloid formation (but not single A5 monomers) lowers membrane
fluidity 226, and a computational study showed that even a single A5 monomer
perturbed lipid ordering [P37].

Here, we examine how small fibrillar aggregates can affect membrane ma-
terial properties and long-wavelength fluctuations. We performed simulations, as
described in the methods section, in which we bound 18 (or zero) fibrillar peptide
aggregates distributed over both sides of a 3200-lipid membrane. We used three
such systems with different fibril sizes: 4, 8, or 16 peptides, respectively taking
up 2.5, 5.0, and 10.0% of the membrane area.

The most visible effect the fibrils have on the membrane is on lipid packing,
as shown in Fig. p.7. Fibrils cause the lipids directly under them to align into
a regular lattice structure. This packing is driven by the attraction between
hydrophilic residues and lipid head groups; the close-packing of the lipid head
groups maximizes the number of lipids under the fibrils. Lipids beneath a fibril
pack at a 60% higher density than they do in the free membrane. This effect is
analogous to what was seen in Chapter lff involving fibrils on a solid surface, where
fibrils locked in a particular orientation relative to the crystal symmetry. In the

membrane case, the fibrils force the surface into this optimal packing rather than
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Figure 6.7: Local ordering of membrane head groups under a bound fibril. The
original ordered head groups are colored black in the left panel, and the right
panel shows the positions of these head groups at a time 24 - 1037 later. Note that
the right panel displays similar head group ordering as in the left, but the ordered
lipids have exchanged with lipids from the surrounding disordered phase.

the surface reorienting the fibrils. On the membrane, this lattice structure quickly
deteriorates away from the fibrils and does not seed a global phase transition of
the bilayer (at least for the coverages and temperatures we have studied). These
results are consistent with experimental evidence suggesting that amyloid proteins
enhance lipid packing [P3]].

It is worth mentioning that although the lipids beneath fibrils temporarily
adopt an ordered structure, these lipids rapidly exchange with those in the fluid
phase. This exchange occurs on a time scale on the order of 10-1037 (see Fig. [.1).
A weak effective attraction of fibrils through the bilayer is revealed by studying
positional correlations across the two leaflets. For the system with the highest fibril
coverage (10% coverage, with 16-peptide fibrils), the positional overlap of peptides
between the top and bottom leaflets is statistically 3 times higher than expected for
randomly distributed coverage (3% of the membrane area is sandwiched between
fibrils in the top and bottom leaflets as opposed to the 1% expected if the two

leaflets were completely independent). Since the peptides can not directly interact
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across the bilayer, the interaction is lipid-mediated and is presumably related to
the increased lipid packing density under the fibrils.

As introduced in the methods section, we have analyzed fluctuations in bi-
layer shape (h), bilayer thickness (t), and the lipid tilting (p). These real-space
fields are functions of the xy position on the membrane, but we employ a Fourier
analysis because of the periodic geometry and translational invariance of the sys-
tem. Further, theoretical predictions and a detailed simulation analysis exist [[4]]
for the Fourier variables in the case of a homogeneous lipid bilayer (devoid of any
fibrils) and it seems natural to adopt this convention here for comparison purposes.

We use the following Fourier convention for an arbitrary function g(x,y):

1

9a = 7 /L 29(x,y)6‘iq'rdxdy (6.6)

1 -
g(z,y) = ZE gqe'?
q

with allowed g vectors ¢ = 2m(n, m)/L, where n and m are integers. The sim-
ulation box size is L x L and the integral in Eq. p.f covers the entire box. Fig.
.8 displays the power spectra of the various membrane order parameters. The
vector fields p and p have been decomposed into their longitudinal (||, curl free)
and transverse (L, divergence free) components.

Inspection of the plots of Fig. p.§ reveals that the fibrils affect membrane
behavior. The most visible effect is seen in the thickness fluctuations, where the
fluctuations decrease with increasing fibril coverage. This is consistent with the
fibril-induced lipid ordering and condensation seen in Fig. .. The solid-like
regions beneath the fibrils would be expected to exhibit a higher compressibil-
ity modulus than the surrounding regions and this would damp fluctuations in

the area/lipid, and (via lipid volume incompressibility) reduce the fluctuations
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Figure 6.8: Power spectra for membrane observables as a function of the
wavenumber, ¢. “Fibril coverage” indicates what fraction of the membrane area
the fibrils occupy. Panel (a) depicts fluctuations in the membrane height, or un-
dulations; (b) depicts the thickness, or peristaltic modes; (c¢)-(f) depict the four
components of fluctuations lipid tilting (see methods section). Error bars for
(e)-(f) are smaller than the symbols and are not explicitly indicated.

in bilayer thickness, just as our results suggest. The bilayer area compressibility
modulus (as measured via area fluctuations of the simulation box [54]) increases

approximately linearly with fibril area fraction: from k, = 17 - 1072°.J/nm? for
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Figure 6.9: Panel (a) shows the probability density of lipid tilt magnitude, con-
trasting lipid tilt underneath the fibrils and the free lipid tilt in the bulk mem-
brane. In the bulk membrane, this looks like P(p) oc pexp(—cp?), and under-
neath the fibrils P(p) o pexp(—c(p — po)?). We have determined ¢ = 0.0208A2,
¢ = 0.0222A% and p, = 1.7A. P(p) is inset. Panel (b) depicts the orientation
probability density of the angle a lipid tilt makes with its nearest peptide for all
lipids underneath fibrils. The tilt angle is measured clockwise, looking into the
membrane, with the peptide axis at 0.

the free membrane [[4§ to k, = 29 - 107%*°J/nm? at 10% coverage. On similar
grounds, one might have naively expected the fluctuations in lipid tilt to decrease
with increasing fibril coverage, however just the opposite trend is seen. In an
effort to understand this effect, we analyzed the lipid tilt in real space and iden-
tified a correlation between lipid tilt and fibril position. The average length of
the monolayer tilt vector |p?)| was found to be 6.5A for fibril associated lipids,
which is longer than that for non-associated lipids (6.1A) by 6%. However, the
fluctuations in tilt were found to be 6% smaller in regions beneath the fibrils than
away from the fibrils. Further, the probability distribution for tilt magnitude is
well approximated by assuming a harmonic potential energy function, with pre-
ferred orientation normal to the bilayer plane away from the fibrils and preferred
orientation offset from normal under the fibrils (Fig. (a)). The energetic cost

for excursion from the preferred tilt magnitude is higher for the fibril associated
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lipids than non-associated lipids. This data suggests that lipids underneath the
fibrils have a tendency to align with each other in an orientation tilted away from
the surface normal. The bias for a specific tilt direction relative to the fibril axis
is slight (Fig. p-9 (b)), but there is a small tendency for the lipids to align with
the peptide axis, i.e., perpendicular to the axis of the fibril. We thus interpret the
enhanced long-wavelength fluctuations of the tilt variables in Fig. p.§ as result-
ing from the spatially varying local preferred tilt direction imposed by the fibrils.
The short wavelength tilt fluctuations of the fibrillar systems are actually slightly
diminished relative to the lipid-only case, which agrees with the observation that
the local fluctuations in lipid tilt are reduced under the fibrils as the lipids locally
align.

The preceding paragraph suggests that the physics associated with lipid
tilting in the fibril-decorated case is qualitatively different from that for a homo-
geneous lipid system. It would be ill advised to attempt to interpret our tilt results
within the theoretical framework of the free membrane [[4g], which presumes a
homogeneous membrane surface. It may, however, be worthwhile to interpret the
undulation data within this theory; over sufficiently long length-scales one would
imagine that the membrane is behaving as a homogeneous sheet with effective
elastic properties. Membrane height fluctuations are related to the membrane
bending modulus, K, 59, B56], as ¢ — 0 by the relation (|hq|*) — kT /K.q*,
which provides a good fit to the long wavelength modes of our simulations over
all considered fibril coverages. However, our (|hq|?) data shows no effect of fibrils
on the low ¢ modes of the membrane within the statistical uncertainty of the
simulations. The implication is that the fibrils have a negligible effect on the
bending rigidity of the composite membrane. This conclusion is consistent with

the prediction for the expected effective bending modulus for a membrane with
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area fraction ¢ of regions of enhanced rigidity [257, P59

1 1-
_1-2, 2
Koeyr Ko

, 6.7
Koy (6.7)

where K¢ represents the bending modulus for a homogeneous lipid sheet, K¢y
the bending modulus for the fibril covered regions and K.z the effective bending
modulus for the fibril-decorated sheet. Prior analyses of our lipid model suggest
Ko ~35-1072° J [TZ3fI57]. In the limiting case scenario involving absolutely rigid
fibrillar regions (K¢, = 00) at 10% coverage, Eq. p.7 would predict Keerr = 39-
1072 J, which would be very difficult to distinguish from a bare membrane using
the thermal fluctuation approach. At smaller area fractions and/or for less rigid
fibrillar regions the effect is even smaller. Using the local bending rigidity analysis
technique of Khelashvili et. al. [259], we were able to estimate Ko = 321072 J
and Koy = 45-10720 J, which leads to K.pp = 331072 J at 10% fibril coverage.
Such a small change in bending rigidity is not expected to be observable in the
undulation spectrum. So, despite the fact that fibrillar regions exhibit bending
stiffness ~ 50% higher than that of the surrounding membrane, the relatively low
fibril coverage leads to bending behavior that is largely unchanged from that of
a homogeneous lipid bilayer. Note that while Eq. predicts that systems with
a higher fibril coverage would potentially increase K.ss to the point of observing
measurable differences, higher coverages were observed to promote aggregation of
the fibrils, breaking the isotropy of the system and rendering Eq. .7 (and the

entire homogeneous elastic theory) invalid.
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6.6 Summary and Discussion

Membranes have essential roles in vivo, from holding cytoplasmic material in the
cell interior to active roles in ion transport and cell signalling. Maintaining the
integrity of the lipid bilayer is crucial for cell viability, however, membrane sur-
faces can act as catalysts for protein and peptide aggregation [R60], a process that
can potentially damage the membrane. Protein aggregates have been reported to
affect cell membrane structure via peptide insertion and pore formation, or by me-
chanical deformation from fibril growth at the membrane surface. A wide range of
proteins (including a-synuclein [B61], the Alzheimer AS peptide [B3], IAPP [p2],
and lysozyme [B3]]]) bind to and fibrillize on several model lipid bilayer systems,
including membranes composed of anionic phospholipids, mixed-membranes in-
volving neutral and zwitterionic lipids, as well as on membranes involving lipid
rafts of cholesterol and sphingomyelin [p2, b3, P69]. The degree of fibrillization is
specified by peptide sequence and bilayer composition [227].

In this chapter, we investigated the aggregation of peptides on the surface
of a lipid bilayer using coarse-grained models. We analyzed the pathways and
aggregate structures as a function of peptide backbone rigidity (a measure of (-
sheet propensity), and as a function of interaction strength between the peptide
and the lipid head groups. The latter parameter was modulated to mimic the
variable membrane-peptide interaction strengths observed experimentally, a factor
of the nature of the head groups and membrane composition [[54, [55. We
focused here on peptide-membrane parameters that led to fibrillization on the
surface, rather than insertion of the peptide into the lipid bilayer. This type of
fibrillization has been observed for certain lipid compositions, e.g., for lysozyme

which interacts primarily with the polar region of the membrane and does not

140



easily penetrate into the membrane’s hydrophobic core 23T, PGJ].

Our simulations showed that the peptides aggregated readily on the surface,
and that the surface induced formation of -sheet structure. For both flexible
and rigid peptides, the membrane draws them to the surface, increasing their
local concentration (spatial crowding or confinement), and favoring inter-peptide
interactions. Once bound, the peptides diffuse on the surface to form larger ag-
gregates. We observe oligomers diffusing on the surface and coming together, as
well as (for high surface attraction) monomers diffusing and adding at the end
of a growing fibril. The last scenario is reminiscent of recent experimental work
on the Amyloid-3 peptide on PEGs and on supported bilayers, showing through
single molecule fluorescence the addition of monomeric peptides to fibril ends.
These studies indicated fibril growth required mobile peptides, and that fibril for-
mation was hampered on highly attractive surfaces that bound too strongly to
the peptides and reduced their diffusivity [P2]], P24). An important result from
our simulations is that peptides that formed only amorphous aggregates in the
bulk were able to form ordered [3-sheet structure on the membrane surface. This
highlights the importance of considering cellular factors when studying aggrega-
tion. Indeed, the flexible peptides in a dilute in vitro context would be labelled
as non-amyloidogenic, but become amyloidogenic in an in vivo milieu with mem-
branes present. Since aggregation morphology is linked to toxicity, this distinction
becomes important, particularly in the design of structure-specific aggregation in-
hibitors.

We contrasted the aggregation pathways to those observed in binding to a
solid, rather than fluid, surface. Our findings show several key similarities and
differences between binding to a membrane and a solid surface, as summarized

below.
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Similarities were found in the pathway trends for aggregation. As in the
solid surface case, increasing the peptide-surface attraction strongly favors the
individual direct-deposition of peptides onto the surface, giving rise to single-
layered fibrillar aggregates. In the case of high surface attraction, the flexible,
bent-shaped monomers individually remodeled on the surface to adopt [-strand
(aggregate-prone N*) conformations, while in the case of mid-surface attraction,
the amorphous oligomers bind to the surface and use it as a template to rearrange
into [-sheet structures.

However, we observe several key differences on the membrane. Our sim-
ulations show that membrane oscillations have several unique effects on bound
aggregates, such as reversibility of kinetics, whereas on a solid surface the dynam-
ics of structure transitions exhibited far less mobility. While undulations of a fluid
membrane kick bound fibrils up to form S-barrels, a solid surface favors structures
aligned in its plane, maintaining a much stronger correlation between layers, up
to quadruple-layered fibrils, which are never seen on our membrane model.

A significant difference between a membrane and a crystal surface is that
the latter is anisotropic, having preferred directions related to its crystallographic
symmetry. The orientation of bound fibrils aligns to these directions. This results
in all the peptides in the system assembling into a single long fibril. A membrane
surface is isotropic in thermal average. Thus peptides forming on the membrane
have no preferred direction, and therefore, on the time scales we have simulated,
we see several fibrils in random orientations jammed together rather than a single
fibril with one orientation. On a solid surface, the direct-deposition mechanism
was associated with the cooperativity of peptides binding to the surface, aggregat-
ing, and aligning into a fibril. The time scales of these three mechanisms converged

for the direct-deposition pathway. On our fluid membrane this cooperativity is
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not observed, instead, aggregation and alignment mechanisms are bottlenecked
by slower spatial and angular diffusion of the membrane-bound peptides.
Finally, we find that while the fluid membrane affects the formation of ag-
gregate structures, the resulting rigid fibril structure in turn influences membrane
structure and properties. In fibril-associated regions of the membrane, the bend-
ing modulus is locally increased by about fifty percent compared to unassociated
regions. Thus a fibril-coated membrane will have a slightly higher resistance to
a nonzero curvature. Peristaltic modes (fluctuations in membrane thickness) are
markedly damped by fibrils, a damping that increases as larger fibrils are placed
on the membrane. We find that lipid tilt fluctuations are also damped by the
presence of fibrils, as lipids adopt a preferred non-zero tilt in the vicinity of fibrils.
However, the effect of this local tilt ordering over long wavelengths is to enhance
tilt fluctuations as the fibrils and associated tilted lipids undergo translational
and rotational diffusion. Lipids under the fibrils close-pack into a hexagonal lat-
tice to maximize the number of attractive interactions between lipid head groups
and peptide hydrophilic residues. Overall, the fluid membrane results in slightly
less ordered peptide aggregate structures and an enhanced mobility of structure
transitions in comparison with aggregation on a crystal surface. In contrast, or-
dered fibrils that form on the membrane yield a modest increase to the bilayer’s

structural order and generally damp its dynamics on a local length scale.
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Chapter 7

Conclusions

For this work, we have analyzed how the presence of various surfaces modulates
peptide aggregation using a coarse-grained phenomenological model. We contrast
aggregation pathways and morphologies on different template surfaces to behavior
in bulk solution [[], f7, p§. Our coarse-grained peptide model uses three beads
per residue, one for the side chain and two for the backbone. In the bulk it ex-
hibits two principal fibril growth mechanisms: a direct templating of peptides onto
the growing fibril and a condensation-ordering mechanism where fibrils sponta-
neously order from disordered oligomers (Fig. [ top panel). Peptides bury their
hydrophobic residues by forming multi-layered fibrils in a characteristic interdig-
itated steric zipper pattern (Figs. [.4 and [L.6]).

Aggregation in vivo occurs in the complex cellular environment, known as
the cellular milieu. However, most computational studies of the process are con-
ducted in bulk solution to reduce complexity. In this work, we have endeavored to
understand the effect of various templates, both biomolecular and solid materials,
on peptide aggregation. The interplay between membranes and aggregates is cru-

cially relevant in light of its association with amyloid diseases such as Alzheimer’s
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and Parkinson’s disease. The potential cytotoxicity of membrane-bound fibrils is
not fully understood, although the damage an unstructured oligomer can do to
a membrane is better known [, B§HIJ]. For fluid templates, we have studied
the effect of bound aggregates on the structure and mechanical properties of the

surface.

Fibril B-Barrel

Solid Surface Membrane

, 1'0'

uz/pwz

Y77 lll”

Figure 7.1: Shows how various surfaces act as a template for fibril formation.
Surfaces, shown in dark blue, include a three-layered fibril, a S-barrel aggregate,
a crystalline surface, and a lipid bilayer.

Our results show that surfaces with a high degree of structural order and
rigidity drive formation of ordered fibrillar aggregate morphologies by acting as

templates on which the fibrils can adsorb. Images of such surface templating are
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shown in Fig. [[]J]. The effectiveness of a surface as a template depends on several
factors. A solid surface is an excellent template due to its flatness and rigidity.
The fluidity of templates such as a membrane or fibrillar seed inhibits the kinetics
of fibrillization when compared to a solid surface. In particular, the undulations
of a fluid membrane were found to prevent the formation of four-layered fibrils,
instead generating non-horizontal S-sheet structures, such as §-barrels (Fig. p.9
(a) and (d)).

Additionally, the in-plane fluidity of the membrane leaves no preferred direc-
tions for fibril orientation. In contrast, a solid surface grows fibrils along its lines of
crystallographic symmetry [[8]]. This reduces the time scale for fibril rotational
diffusion and results in the convergence of the time scales for peptide-surface bind-
ing, peptide alignment, and fibril growth in the limit of a highly attractive surface.
This cooperativity of the binding and aggregation kinetics is a key feature of solid
surfaces, and is not observed in fluid membranes where the diffusion time of fibrils
on the surface bottlenecks fibril growth. This results in the frequent lack of fibril
alignment, as seen in Fig. .3 (c).

However, it should be noted that compared to aggregation in the bulk, all
surfaces we simulated enhanced the formation of ordered fibrils, with the solid
surface giving the strongest bias. The exception to this is the amorphous seed
aggregate from Chapter ], although this is not truly a surface, since the peptides
absorbed into, rather than adsorbed on, the amorphous seed.

For fluid surfaces, peptide adsorption alters the kinetics of the template as
well. This is seen most dramatically when amorphous-prone aggregates bind to a
fibrillar seed (Fig. p-7). A bound amorphous aggregate pulls seed peptides away
from the fibril and into itself. However, once the concentration of fibril-prone

seed peptides is sufficiently high in the amorphous aggregate, the ordered (-sheet
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structure reasserts itself, suggesting that cytotoxic amorphous-prone aggregates
can be sequestered into an ordered fibril if they come in contact with an aggregate-
compatible fibril.

Further effects of aggregates on the template surface are demonstrated in
Chapter [6.5. Fibrils, to a modest extent, damp membrane undulations underneath
the fibrils, locally increasing the membrane’s bending modulus. Fluctuations in
lipid tilt are also locally damped as the tilt vectors slightly align in the direction of
the peptides. The most significant effect on the membrane is the in-plane order-
ing of lipids. Lipids underneath fibrils locally adopt a hexagonal close-packing to
maximize the attractive interactions between the lipid head groups and the pep-
tides. This phenomenon is complementary to what is observed on a solid surface,
where the surface reorients fibrils for optimal packing between surface beads and
peptide side chains.

We find in general that when an aggregate adsorbs onto a surface, there
is a transfer of order from the more ordered object to the less ordered one. For
example, a highly ordered surface induces the aggregates to become more ordered,
and a fluid surface becomes more ordered when in contact with an ordered fibril.
Regardless, a template with a high enough surface tension to maintain a two di-
mensional binding interface increases the effective (-sheet propensity of adsorbed
aggregates. However, the effects we observe of bound fibrils on a membrane are
generally local to the fibril’s position, suggesting that the presence of fibrils on
a membrane surface in equilibrium would not cause a global disruption of the

bilayer.
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Appendix A

Hydrophobic Collapse of a

Homopolymer

In this section, we discuss related work we have done in collaboration with Vale-
ria Molinero and Bin Song at the University of Utah. It addresses one necessary
shortcoming of our work in other chapters, namely, our use of an implicit sol-
vent model with Langevin dynamics. As mentioned in Chapter 2.3, the process
of fibrillization occurs in a system where peptides are separated by considerable
volume; in other words, the system consists mostly of solvent. Since the com-
putational cost of filling the volume with explicit water molecules is prohibitive,
we turned to Langevin implicit solvent, which scales linearly with the number of
peptide atoms instead of quadratically with the solvent volume.

A question that arises from this, however, is how well does implicit solvent
capture the hydrophobic effect? To answer this, we conducted a study contrasting
our implicit water model with an explicit coarse-grained water model and another
popular implicit water force field known as a desolvation potential [264]. The

system under consideration is the hydrophobic collapse of a poly-alkane chain.
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A.1 Methods

A.1.1 Polymer Model

We study two types of poly-alkane chains. The first is representative of methane
(denoted throughout as M). We employ a Lennard-Jones potential between methane
beads, with ¢ = 0.34 kcal/mol and o = 4.08A. The second is a generic model of
a less hydrophobic polymer, referred to as the “neutral” polymer (denoted N).
Its Lennard-Jones potential has e = 0.091 kcal/mol and o = 3.95A. The pair
potentials between alkane beads are depicted by the solid red curves of Fig. [A]].

The interaction between alkane beads and water molecules is likewise repre-
sented by a Lennard-Jones potential. For the methane model, ¢ = 0.24 kcal /mol
and o = 4.05A; for the neutral model, € = 0.10 kcal/mol and o = 3.17A.

Bond potentials are harmonic (V' = $k(r — r9)?). For methane polymers,
the spring constant is k;, = 20 kcal/mol A=2 and the equilibrium bond distance is
ro = 2A. For N polymers, k;, = 60 keal /mol A=2 and 7y = 1.54A.

The angles are constrained by a harmonic angle potential (V = 1kq(6—6)?).
In the methane model, k) = 20 kcal/mol rad=2 and 6, = 109°. In the neutral
model, ky = 124.2 kcal /mol rad=2 and 6, = 114°.

For the neutral (N) polymers, we set out to mimic the TraPPE potential
[E69 of poly-hydrocarbon chains. Thus we impose angle and dihedral potentials
for N polymers, with the 1-4 pair interaction turned off. The methane (M) system
has a higher hydrophobicity than the N polymers. We did not include a dihedral
potential for methane polymers, and 1-4 pair interactions are enabled. The di-
hedral potential for N polymers is: V = K cos(¢) + 3 K> cos(2¢) + 1 K3 cos(3¢),

where K; = 1.41 kecal/mol, Ky = 0.27 kcal/mol, and K3 = 3.14 kcal /mol.
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A.1.2 Explicit CG Water Model

The explicit water model we use is known as the mW model, developed by Mo-
linero and Moore [R6d]. It is a single bead model with no hydrogens or elec-
trostatic interactions, but is capable of capturing the tetrahedral arrangement of
water molecules through short-range anisotropic potentials with two- and three-
body terms. This water model has been shown to reproduce experimental data
pertaining to a number of water-mediated processes, including methane hydration
(unpublished result) and methane-pair association [P67]. The mW model’s ability
to capture the essential elements of the hydrophobic effect is due in large part to
its accurate representation of water structure (namely density, radial, and angu-
lar distribution functions). For a more detailed description of the interaction, see

reference [R66].

A.1.3 Implicit Desolvation Potential

We use Langevin dynamics to capture the thermal motions and viscosity from the
solvent. We compute the pair potential between two CG alkane particles by sim-
ulating the pair in explicit mW water. The implicit water potential is computed
from the explicit water free energy of separation of the two particles (subtracting
off the entropy proportional to the separation to avoid double counting). This
implicitly accounts for the energetic and entropic contributions of solution to the
separation between a pair of alkanes. A qualitative feature of this potential is the
solvent separation minima. Two particles experience a global minimum at close
separation, a second minimum when they are separated by a distance of one water
molecule (the first solvent separated pair), and so forth. See the green curve of

Fig. AJ. The pair interaction is computed as a tabulated potential rather than a
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Figure A.1: Shows the pair potentials for (A) methane polymers and (B) neutral
polymers. Implicit DP is the implicit water desolvation potential obtained by the
free energy of separation computed for the system in explicit water (using the
vacuum/explicit water potential), and Implicit LJ is the implicit water potential
corresponding to the primary well of the desolvation potential.

A.1.4 Implicit Lennard-Jones Potential

Finally, we ignore the solvent separated minima of the desolvation potential and
fit the primary well to a Lennard-Jones interaction. For the methane model, we
found € = 0.60 kcal /mol and o = 4.08A; for the neutral model, e = 0.16 kcal /mol

and o = 2.93A. These interactions are shown as blue curves in Fig. K1)
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A.1.5 Simulations

For the methane system, we ran simulations for polymer lengths of 10, 20, 30, 40,
50, and 60 beads using four different models: explicit mW water, a desolvation
potential, a Lennard-Jones approximation to the primary well, and vacuum sim-
ulations (explicit water modulo water). We also conducted simulations of poly-N
chains of 20, 30, and 60 beads with the same solvent models.

The temperature for all systems was set at 300K, using a Nose-Hoover
thermostat for the explicit water system, and Langevin dynamics for the implicit
water systems and vacuum simulations. We used a time step of 10fs.

We employed umbrella sampling with respect to the radius of gyration to
efficiently sample high free energy barriers. We conducted approximately 5 um-
brella samples per system in addition to an unbiased run. Each simulation was
400ns. The spring constant on the umbrella samples was 1 kcal /mol.

Note that we conducted umbrella sampling for all systems except for chain
lengths 20, 40, and 50 of the explicit water model for the methane system. These
exceptions were a single unbiased 400ns run, used only for the computation of (R,)

and not for computation of the free energy, which would require more sampling.

A.2 Results

In this section we compare the free energy of alkane chains in mW water, vacuum,

and implicit water.
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A.2.1 Neutral Polymers

Fig. shows the free energy of collapse of the N system in explicit water, with
the desolvation potential, with a Lennard-Jones potential, and in vacuum. The
three polymers are 20, 30, and 60 peptides long. The most striking feature is
the similarity between explicit water and vacuum simulations, in contrast to the
deviations between implicit and explicit water results. Fig. also shows that
as the length of the polymer increases, N polymers both in vacuum and explicit
water become increasingly stable in the collapsed state. Solvation of 30N and
60N slightly stabilizes the extended state compared to vacuum simulations, which
capture the relative stability of the two states of 20N. In a study of TraPPE alkane
chains, Ferguson et al. found that solvent did not affect the free energy profiles
of chains shorter than 20 units [R6§]. The authors projected that free energy of

longer chains in vacuum and in water would diverge, as demonstrated in Fig. [A.2.
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Figure A.2: Free energy of collapse of collapse of N-polymer system under the
four different solvent models. Chain lengths of (a) 20, (b) 30, and (c) 60. Lower
radius of gyration (R,) represents a higher degree of polymer collapse.

The desolvation and Lennard-Jones potentials failed to reproduce the ex-

plicit water free energy profiles for N polymers in water. As these implicit water
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potentials are more hydrophobic than the vacuum model, we expect a shift favor-
ing the collapsed state. For the 20N polymer, both implicit solvent models favor a
collapsed state, while the explicit water model favors an uncollapsed state. Still,
the two states exist at roughly the same radii of gyration in all models. For 30N,
both implicit water models perform miserably at reproducing a balance between
collapsed and uncollapsed states, the implicit models being much too collapsed. It
is interesting that for all chain lengths, the Lennard-Jones potential does slightly
better at reproducing the correct uncollapsed state. Both implicit models cor-
rectly exhibit the tendency to collapse as chain length increases, however, they
greatly overestimate this effect. It is known that longer chain length favors the
collapsed state. Asis shown in Fig. (¢), 60N is predominantly collapsed. How-
ever, implicit water models exclude extended states, which are present (though
rare) in explicit water simulations.

We find that neither the desolvation potential nor its derived LJ potential
reproduces a correct distribution of the chain’s radius of gyration, even qualita-

tively.

A.2.2 Methane Polymers

From the previous section, both implicit solvent models are a poor match to our
alkane chain in explicit water, while the vacuum potential performs remarkably.
This section discusses how these implicit water models fare for a peptide with
stronger hydrophobic interactions (poly-M), in which water is expected to play a
more significant role.

Fig. [A:3 depicts the potential of mean force with respect to radius of gyration

for 10-, 20-, 30-, and 60mers of poly-M for each solvation method. In explicit
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Figure A.3: Free energy of collapse of collapse of N-polymer system under the
four different solvent models. Chain lengths of (a) 10, (b) 20, (c¢) 30, and (d) 60.
A smaller radius of gyration (R,) represents a higher degree of polymer collapse.

solvent, the M-polymer favors a compact state for large chains (a single well is
seen for the 20mer, 30mer, and 60mer in Figs. (b), (c), and (d), black curve),
but populates both extended and compact conformations for short chains (as seen
by the double well for the 10mer, with the compact state marginally favored by
0.28 kcal/mol, Fig. (a)). Approximating the explicit solvent by a desolvation
potential has a substantial effect on the state of collapse of hydrophobic polymers.
The desolvation potential incorrectly predicts that longer polymers exist solely in
extended states, without even a metastable compact state (Fig. A3, green curve).
The 10mer, on the other hand, favors extremely compact states, with a single
stable state at a radius of gyration more compact than seen for the polymer in
mW water.

Interestingly, further coarsening of the desolvation potential into the single-
well Lennard-Jones potential restores the qualitative behavior of collapse found
in the explicit water model, particularly for the longer chains. For all three poly-
mer lengths, a Lennard-Jones interaction gives a much closer match to explicit
water than the desolvation potential does. More strikingly, even with these more

hydrophobic polymers, the vacuum model outperforms the implicit water model
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at capturing 7, of the collapsed state, though the vacuum model does little to
stabilize more extended states. The main difference between LJ and vacuum is
the R, of the collapsed state. However, by horizontally shifting the LJ free energy

profile to that of vacuum results the two models overlap.
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Figure A.4: Dependence of average radius of gyration (for poly-M) with polymer
length for all three pair interaction models.

The behavior of the polymer in different solvent models is further highlighted
in Fig. A4, where we show the dependence of the average radius of gyration with
chain length. The desolvation potential scales roughly as R, oc N°? which is
very nearly the behavior of a perfectly rigid chain (R, oc N). The explicit water
and Lennard-Jones models both exhibit a dependence of roughly R, oc N/3, the
expected behavior of a polymer in poor solvent.

One might predict that the desolvation potential would fare better than

the simple Lennard-Jones potential, as the former captures more of the physical
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features seen in the M-M association PMF in explicit water (Fig. [A]]). However,
as seen in both the PMF and R, plots, the desolvation potential does poorly for
long chain lengths, producing expanded conformations rather than the compact
conformations seen in explicit solvent. In the case of the short polymer, the
desolvation potential showed greater collapse than the explicit water model. It
is also the only system for which the Lennard-Jones model better matched the

desolvation potential than it matched the explicit water model.
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Figure A.5: Typical renders of our methane polymer system, contrasting the
polymer states for the three different interactions: coarse-grained explicit water
(mW), the polymer in vacuum, a desolvation potential in implicit water (DP),
and a Lennard-Jones interaction in implicit water (L-J). The top row is a 10mer,
and the bottom row is a 30mer.

This is understood by studying the polymer conformations for the desol-
vation potential, shown in Fig. [A.J. On short length scales, the polymer forms
coils, sampling the desolvation potential’s primary well. At longer length scales,

the entire chain cannot collapse without having pairs in the high energy region
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of the desolvation barrier. We see highly positive potential energies for 30mers
in the collapsed state, making the collapsed state effectively forbidden under the
desolvation potential. Thus the polymer becomes locally collapsed, but globally
extended. The Lennard-Jones potential lacks the desolvation barrier, and there-
fore longer polymers collapse completely. The desolvation barrier exists because
a lone pair of hydrophobes can separate to allow a water molecule between them,
and this is energetically favorable. However, inside the hydrophobic core of a poly-
mer, there is no water available, making a desolvation barrier unphysical in this
region. Our polymers in explicit water are completely collapsed, such that water
molecules do not insert between parts of the chain. The desolvation potential,
designed to model the thermodynamics of a pair of molecules in implicit water,
fails when employed to model the thermodynamics of a chain.

The interaction between beads in the explicit solvent model is Lennard-
Jones, though the interaction strength is lower than our implicit solvent models
by about 60%. The vacuum simulations, therefore, can be thought of as Lennard-
Jones interactions in implicit water. Thus, in both the methane and N chain,
we found Lennard-Jones models which exhibited similar behavior to the explicit
water models they were derived from. We conjecture that, for a given polymer
system, one could find some implicit solvent Lennard-Jones model that adequately
reproduces the free energy of polymer collapse in explicit water. However, we find
no means to select the correct Lennard-Jones parameters without simulating the
entire peptide chain in explicit water. We have shown here that deriving implicit
water potentials from the free energy of a reduced system (pair of beads) in water
will fail for a polymer made of these beads. We also caution that once an optimal
set of Lennard-Jones parameters is found, it would be system and temperature

specific.
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A.3 Summary and Discussion

We have employed coarse-grained molecular dynamics simulations to study the
collapse of two homopolymers: poly-methane (poly-M) and a more weakly attrac-
tive “neutral” polymer (poly-N). We contrasted their behavior in explicit water to
various implicit solvent representations. For explicit water simulations, we used
the coarse-grained (1-bead) mW water model, which reproduces the structure of
water using a 3-body interaction. Our implicit water simulations used a desolva-
tion potential (DP), a Lennard-Jones potential (LJ) capturing the primary well
of DP, and vacuum which is simply the explicit solvent model without water.

The primary result of our work is that the desolvation potential, parameter-
ized to the free energy of separation of two alkanes in explicit water, completely
fails to reproduce the correct behavior of polymer collapse, either qualitatively or
quantitatively. The desolvation potential has several local minima corresponding
an alkane pair separated by n water molecules. This becomes unphysical for n > 0
in a collapsed polymer containing no internal water molecules, artificially forcing
the polymer into an extended state. This issue is especially pronounced in poly-
M, where we have computed the local maximum in the free energy of separation
between n = 0 and n = 1 to be greater than that of infinitely separated methanes.
While accurate for a pair of methanes, it fails for a polymer, since in a collapsed
polymer, enough pairs of methanes are at a distance corresponding to this free
energy maximum as to prohibit the collapsed state in the DP model, despite its
prevalence in explicit water.

The Lennard-Jones implicit solvent, which fits to the first minimum of the
desolvation potential, captures polymer collapse significantly better. Qualita-

tively, the states of the polymer under the LJ implicit solvent look very similar
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to those of mW explicit water, whereas the polymers under the DP potential are
much too extended. Using LJ, the free energy profiles of the radius of gyration
are relatively similar to explicit water simulations, although LJ does notably over-
estimate the degree of polymer collapse. Computing the mean radius of gyration
as a function of chain length reveals that both the LJ system and the explicit
water system behave as a collapsed chain in poor solvent (R, oc N 1/3) while the
DP system acts like an extended rod (R, o N%). What is most striking is how
accurately the free energy profiles of polymer collapse are reproduced by simply
removing the water without altering the intra-polymer potentials (vacuum). The
radius of gyration of the collapsed state is reproduced almost perfectly, though
like the LJ potential, it overestimates the degree of polymer collapse.

Since both the LJ interactions and the vacuum simulations use a single-
well Lennard-Jones interaction between the peptides, we conclude that to mimic
polymer collapse using implicit solvent, it may be better to keep a Lennard-
Jones interaction between the polymer beads (as we did in Chapters fJ-f]) than
to attempt to capture the solvent effect using a multi-well desolvation potential
derived from the free energy of separation of a pair of the polymer beads, which
introduces spurious unfavorable water interactions when the polymer beads are

closely packed.
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