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Supervisor’s Foreword

It is a great pleasure for me to write this introduction for a truly outstanding Ph.D.
graduate Katrine K. Skeby, who graduated at Aarhus University in November 2014.
Katrine K. Skeby has been involved in research related to obtaining a much
improved understanding of the molecular reason for amyloid diseases and their
possible detection through advanced imaging techniques. This class of diseases is
emerging as a major societal challenge, with Alzheimer’s and Parkinson’s diseases
being the most prominent age-related neurodegenerative disease and diabetes
mellitus type 2 reaching epidemic stages some places around the world. The burden
on people affected by these diseases as well as the health-care systems of society is
enormous; thus, research into the cause of these detrimental diseases is of utmost
importance. So far, the exact cause of the diseases is not known; however, it is
known that somehow otherwise well-functioning proteins and peptides misfold and
form large aggregates that accumulate in different tissues. However, it is generally
thought that it is not the final aggregates that are toxic; rather, it is believed that
smaller intermediate forms, which exhibit cytotoxicity toward the cell membranes
of the affected tissue, brain tissue in Alzheimer’s and Parkinson’s disease, and
pancreatic tissue in diabetes mellitus type 2. Not only is fundamental understanding
at the molecular level of this important class of diseases still rudimentary, but also
the detection and diagnosis of, e.g., Alzheimer’s disease is extremely challenging,
relying mostly on cognitive tests. Only by biopsy of a diseased person, can the
cause of dementia be determined with certainty. However, in recent years, much
research has focused on developing advanced imaging techniques, such as MR or
PET scanning methods, in which a contrast agent that selectively binds the amyloid
deposits is injected and visualized.

The scientific contributions from the Ph.D. work of Katrine K. Skeby address
both aspects described above, the fundamental cause of the disease as well as
modern diagnosis through imaging. She uses advanced computational methods,
such as molecular dynamics simulations and free-energy calculations, to describe
the process studied. Such methods play an important role in modern research of
complex chemical systems, as implied by the Nobel Prize in chemistry in 2013
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given to exactly this field. Katrine K. Skeby has worked in a very competitive area
of expertise dealing with the discovery of a number of molecular mechanisms
related to amyloid disease and detection. Her results include (i) a common binding
mode for protein imaging agents to amyloid protofibrils, (ii) an understanding of the
intermolecular order in fibrils, (iii) an understanding of the initial phases of peptide
interaction with lipid bilayer surrounding a cell, and (iv) understanding of the
self-assembly of protofibrils into more mature fibrillary structures. In all of this
work, Katrine K. Skeby has used the human islet amyloid polypeptide (hIAPP) as a
model system for her simulations. hIAPP is related to the development of diabetes
mellitus type 2, where it forms cytotoxic plaques in the pancreas. She has collab-
orated closely with several experimental groups, providing models that explain
experimental observations. Several studies in the thesis answer difficult questions,
which will advance future research into the properties of amyloid proteins.
Katrine K. Skeby has dealt with an extremely difficult biological subject and has
been able to obtain insight into the molecular mechanisms related to what causes
the behavior of the hIAPP at a level of detail not previously seen.

The thesis is very well written and contains a comprehensive introduction to
amyloid proteins and the computational methods employed. She shows a high
degree of understanding of the experimental literature, which is one of the reasons
for the successful nature of her research, leading to her contributions being pub-
lished in high-impact journals such as J. Am. Chem. Soc. and Biochemistry. The
thesis contains a very valuable review of both experimental and theoretical litera-
ture regarding amyloid diseases. Most importantly, Katrine K. Skeby diligently
describes current structural knowledge in relation to amyloid fibrils, their formation,
and detection. Both in the writing of the thesis and in the research phase, Katrine K.
Skeby has shown excellent maturity as a computational chemist, dramatically
improving the understanding of hIAPP properties and providing important mech-
anistic information that will, no doubt, help others to improve even further the
understanding of the cause and detection of amyloid diseases.

Aarhus C Prof. Birgit Schiett
March 2016
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Amyloid and Amyloid Fibrils

Abstract When proteins do not fold correctly, it can lead to very serious diseases.
One such group of diseases is the amyloid diseases, of which Alzheimer’s disease
(AD), Parkinson’s disease, and type 2 diabetes mellitus (T2DM) are members. The
amyloid diseases are characterized by the aggregation of a specific protein into
amyloid fibrils. During this process, a cytotoxic event occurs which can be a serious
actor in the evolvement of the disease. This thesis is concerned with elucidating the
biological processes concerning amyloid proteins, more specifically, the peptide
hormone human islet amyloid polypeptide (hIAPP), which is involved in glucose
homeostasis and deposits in the pancreas of T2DM patients.

Amyloid proteins are notoriously difficult to study, as the mechanisms governing
their actions have not been perfected during evolution to function robustly. The
aggregation mechanism is controlled by a delicate thermodynamic and kinetic
balance affected by the slightest change in conditions. The rapid aggregation of the
monomer and the insolubility of the fibrils make the proteins difficult to study using
conventional experimental techniques. Therefore, it is imperative to combine
multiple methods to interpret results correctly. Computational studies and molecular
dynamics (MD) simulations in particular have become important tools in the effort
to understand biological mechanisms. The strength of these methods is the high
resolution in time and space, and the ability to specifically design the system setup.

We have exploited these strengths to study the interactions between an amyloid
fibril and amyloid imaging agents. Imaging agents are promising tools for the
detection of amyloid deposits in the brain of AD patients. This could aid in the early
diagnosis as well as evaluation of new treatments. Using MD simulations we have
investigated the binding of 13 different imaging agents to a fibril segment. Using
clustering analysis and binding energy calculations we have identified a common
binding mode for the 13 agents in the surface grooves of the fibril, which are
present on all amyloid fibrils. This information combined with specific knowledge
about the AD amyloid fibril is the building block for the design of highly specific
amyloid imaging agents.

© Springer International Publishing Switzerland 2016 1
K.K. Skeby, Computational Modelling of the Human Islet Amyloid Polypeptide,
Springer Theses, DOI 10.1007/978-3-319-20040-8_1



2 Amyloid and Amyloid Fibrils

We have also used MD simulations to study the interaction between hIAPP and
a phospholipid membrane. At neutral pH, we find that the attraction is mainly
between the N-terminal part of hIAPP and the lipid head-groups. This is due to
positive charges present in the N-terminal part of hIAPP interacting with the anionic
lipids. The C-terminal part of hIAPP is unfolded in the solution phase, making this
part of hIAPP ready for interaction with other peptides. When the pH is lowered to
the value found in the secretory granules storing the peptide hormone prior to
release, His18 becomes protonated. This adds an additional positive charge to the
peptide, causing the C-terminal part of hIAPP to interact with the membrane as
well. This allows the peptide to move deeper into the lipid bilayer. We speculate
that this is the mechanism of aggregation inhibition which is seen at low pH.

As the study of amyloid proteins is so difficult, shorter fragments of the amyloid
peptides are often used as model systems to study aggregation. However, the impli-
cations of using the shorter fragments have not been clarified. We have studied the
aggregation and fibril structure of the SNNFGAILSS fragment from hIAPP with
different capping groups at the peptide termini. These result in different fibril mor-
phologies as shown by electron microscopy. Using MD simulations we have obtained
clues to the mechanisms governing the different physical properties of the peptides
and fibrils. Capping the C-terminus of SNNFGAILSS results in twisted antiparallel
fibrils caused by the repulsion between the N-terminal charges. Capping the
N-terminus as well or removing the C-terminal cap results in flat ribbons which are
due to the compatible peptide termini. Capping only the N-terminus abolishes the
fibrillation, which is caused by incompatibility of the hydrophobic N-terminus with
the anionic C-terminus as well as a lower number of interpeptide hydrogen bonds to
overcome the repulsion. This highlights the importance of choosing the right model
system, and of considering the consequences of modifying the amyloid system.

We have, furthermore, employed a model amyloid system to study amyloid
aggregation using coarse grained MD simulations, where several atoms are grouped
into a single particle, reducing the number of particles in the system. Coarse grained
MD simulations are necessary to study amyloid aggregation computationally, as the
time scale and the system size needed for the process are not currently accessible with
atomistic MD simulations. Using the MARTINI coarse grained model, we have
simulated the aggregation of 27 small amyloid fibril segments and find that the
association primarily occurs at the elongation ends. However, this preference is lost at
higher temperatures, which is an example of the delicate nature of the amyloid
systems. Furthermore, this study highlights some of the challenges still faced by the
community when using coarse grained simulations for studying amyloid aggregation.

Introduction

Proteins are the molecular machines that make cells, organs, and the entire human
body function. They are composed of a sequence of amino acids folded into a
unique three-dimensional structure, which gives the protein a specific function [1].
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However, sometimes proteins do not fold into the proper structure, causing the
protein to be inactive or sometimes even toxic. Some proteins misfold and combine
to form insoluble aggregates termed amyloid, which can lead to a disease state
called amyloidosis. Amyloid disease is the focus of this PhD dissertation; mainly
the two related amyloid diseases, type 2 diabetes mellitus (T2DM) and Alzheimer’s
disease (AD). This chapter describes the current state of knowledge regarding
amyloid and amyloid disease.

Amyloid Disease

Amyloid diseases are characterized by the misfolding of specific peptides and
proteins followed by self-association into highly ordered and insoluble structures
termed amyloid fibrils. More than 40 different amyloid diseases have been char-
acterized, each associated with a specific protein (Table 1) [2].

The amyloid diseases can be divided into three classes dependent on the tissue
localization of the misfolding protein [2]. Diseases in which the amyloid formation
and deposition occurs in the brain tissue are termed neurodegenerative amyloi-
doses, examples of which are AD and Parkinson’s disease. Diseases characterized
by the deposition of amyloid in a localized tissue other than the brain are termed
non-neurodegenerative localized amyloidoses, and include such diseases as T2DM
and cataract. Amyloid diseases in which the deposition of misfolded protein occurs
in multiple tissues in the body are termed non-neurodegenerative systemic amy-
loidoses [2]. The latter type of disease is less known, but includes e.g. hereditary
diseases caused by mutants of lysozyme [2]. Amyloid disease can occur sporadi-
cally, like in most cases of AD. Furthermore, transmissible amyloid diseases are
known, such as spongiform encephalopathies, and other external factors such as
prolonged dialysis treatment can also lead to amyloid disease [2, 3]. Amyloid
diseases have very diverse symptoms; however, they are linked by a common
pathological mechanism, namely the presence of amyloid deposits.

Table 1 Examples of amyloid diseases and associated amyloid peptides [2]

Disease Aggregating protein/peptide No. of
Residues
Alzheimer’s disease Amyloid B 40 or 42
Frontotemporal dementia with | Tau 352-441
Parkinsonism
Spongiform encephalopathies | Prion protein or fragments thereof 253
Parkinson’s disease a-Synuclein 140
Lysozyme amyloidosis Mutants of lysozyme 130
Type 2 diabetes mellitus Islet amyloid polypeptide (hIAPP) (Amylin) | 37
Cataract v-Crystallins Variable
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Amyloid

The term “Amyloid” was first described as such by the German physician and
scientist, Rudolph Virchow, in 1854 [4]. Amyloid means starch-like, and Virchow
named it such due to the starch-like behavior of amyloid containing tissue samples,
which stained blue upon treatment with iodine [4]. Amyloid has since been defined
as “extracellular deposits of protein fibrils with a characteristic appearance in the
electron microscope, a common X-ray diffraction pattern, and affinity for Congo
Red (CR) with concomitant green birefringence.” [S] Amyloid deposits, or plaques,
are composed primarily of protein in the form of amyloid fibrils. Amyloid fibrils
specifically bind the staining agent CR, which then changes optical properties and
absorbance maximum. CR has been used since the 1920s to identify the presence of
amyloid in tissue samples [6]. However, the deposits are not composed solely of
amyloid fibrils; they also contain a high content of other proteins as well as different
lipids, glycosaminoglycans, and heavy metal ions [7]. These other actors are
believed to take part in modulating the fibril formation of amyloid proteins.

Amyloid Fibrils

As the major constituent of amyloid deposits, amyloid fibrils have been the focus of
study for many years. The general atomic structure of amyloid fibrils was first
determined in 1968, and is termed the cross-f structure due to the distinct cross
pattern in X-ray fiber diffraction experiments (Fig. 1a) [8, 9].
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Fig. 1 Structure of amyloid fibrils. a Theoretical X-ray fiber diffraction pattern of a cross-p
structure. b Schematic representation of cross-f fibril structure. ¢ EM image of amyloid fibril. This
image is of fibrils formed by the SNNFGAILSS-NH, peptide fragment studied in Chapter “Effect
of Terminal Capping on Aggregation of Peptide Fragments”
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Fig. 2 Fibril structure. a Schematic representation of cross-p structure. The red line indicates a
surface groove created by the adjacent side chains. b Steric zipper interactions are formed by
interlocking side chains between the two B-sheets. The view is down the long axis of the fibril.
Each layer consists of two antiparallel B-strands. ¢ Two B-sheets twist to form a protofilament.
d Intertwined protofilaments join to form a mature fibril

Peaks around 4.7 A correspond to the regular distance between adjacent strands
in a B-sheet, and peaks at 10-11 A in the perpendicular direction correspond to the
distances between stacked [B-sheets [10]. The basic structure consists of long
[B-sheets composed of peptide monomers with the hydrogen bonds running parallel
to the long axis of the fibril (Figs. 1b and 2a). The long B-sheets assemble to form a
protofilament, which is the smallest structural unit of a fibril (Fig. 2c¢) [2]. The
rope-like supramolecular structure can be seen in electron microscopy (EM) images
(Fig. 1c).

The fibrils can become very long, up to several micrometers, and have a
diameter of around 5-25 nm [11]. The interface between the B-sheets has inter-
locking side chains, termed a steric zipper (Fig. 2b), which excludes water [12].
The protofilaments combine laterally to form the mature fibril (Fig. 2d). The
number of protofilaments in a fibril is usually around 2-6 [2]. Structural poly-
morphism can occur in fibrils formed from the same peptide. This means that fibrils
formed from the same peptide have different supramolecular or molecular assem-
blies. This results in different appearances of the fibrils in EM images. The poly-
morphism can e.g. be a varying number or different packing of the protofilaments. It
is common that different conditions during the fibril formation, e.g. pH or salt
concentration, will lead to varying polymorphisms of the mature fibrils [11].

Structural Studies

The atomic resolution structures of amyloid fibrils have only recently become
available. The X-ray fiber diffraction patterns do not provide detailed structural
information about fibrils, and the traditional methods to determine high-resolution
protein structures, such as X-ray crystallography and liquid state nuclear magnetic
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resonance (NMR) spectroscopy, are not suited for examining amyloid fibrils due to
their insoluble nature and large size [13]. X-ray crystal structures of amyloid fibril
micro-crystals formed by short stretches of amyloid peptides have been determined,
although they do not show the characteristic twist of amyloid fibrils [14—16]. The
lack of fibril twist may be an effect of crystal packing interactions, as has been
suggested based on molecular dynamics (MD) simulations [17]. Amyloid fibrils
are, however, good subjects for solid-state NMR (ss-NMR) spectroscopy, which
has made this the most successful method for determining the structure of amyloid
fibrils [18]. Several structures of fibrils made from human islet amyloid polypeptide
(hIAPP) and from full-length Amyloid B (Ap), the peptides involved in T2DM and
AD, respectively, have been determined [19-24]. Recently, an amyloid fibril
structure seeded with in vivo fibrils from an AD patient was determined [24].
Interestingly, the in vivo fibril does not possess B-sheet structure, but does have the
regular arrangement of the peptide strands perpendicular to the fibril axis. The
surface of amyloid fibrils is characterized by the presence of long surface grooves
created by the repeating pattern of side chains. The chemical properties of the
grooves depend on the neighboring side chains. The B-sheets in these structures are
all parallel, except a recent structure of the Ap Iowa mutant (D23N) which shows
anti-parallel B-sheets [25]. Amyloid fibrils formed by shorter peptides have also
been shown to form anti-parallel arrangement of the B-sheets [26—30].

Amyloid Proteins

The proteins forming amyloid deposits exhibit a diverse range of native structures;
proteins which are natively unfolded, a-helical proteins, 3-sheet proteins, and mixed
o-B-proteins have been observed to form amyloid fibrils in vivo [2]. This suggests
that the ability to form amyloid fibrils is not connected to the native secondary
structure. Furthermore, it has also been found that many proteins not observed to
form amyloid in vivo are able to form amyloid fibrils in vitro [31]. It is simply a
matter of finding the appropriate conditions. This led to the suggestion that the
ability to form amyloid fibrils is a generic property of all peptides and proteins [31].
Since the formation of the cross-p structure only requires the backbone of the
peptide, it is not surprising that all peptides seem able to form amyloid fibrils. The
propensity for fibril formation is, however, dependent on the primary structure of
the protein. It is governed by the balance of hydrophobicity, electrostatics, and
secondary structure propensity of the peptides and proteins [32, 33].

Fibril Formation

The prevailing opinion is that the formation of amyloid fibrils occurs through a
nucleation-dependent mechanism [34, 35]. This type of mechanism is well-known
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from the study of crystal-growth kinetics. The nucleation-dependent mechanism is
evidenced by the sigmoidal curve in a Thioflavin T (ThT) fluorescence experiment
probing the formation of amyloid fibrils from a solution of protein monomers [36].
ThT is an amyloid specific dye which shows orders of magnitude increase in
fluorescence upon binding to amyloid fibrils [37]. The fibril formation process is
composed of three phases; the lag-phase, the elongation-phase, and the stationary-
phase (Fig. 3).

Different processes are dominant during the three phases. During the lag-phase
the dominating process is the formation of monomers into small assemblies
including a possible unfolding of the monomer. It is during this phase that the
critical nucleus is formed [2]. The critical nucleus is the assembly needed to begin
the elongation of the fibril. Once it is formed, the elongation-phase begins. During
this phase the primary event is the elongation of fibrils from the critical nucleus via
the addition of monomers (Fig. 4a). When the concentration of monomer in the
solution approaches the critical concentration (Cc), below which fibril formation
does not occur, the elongation of fibrils slows down, and the stationary-phase
begins. Since the formation of the critical nucleus is the rate-limiting step during the
lag-phase, the addition of fibril seeds from pre-formed fibrils can eliminate this
phase [38].

Another mechanism of fibril formation, termed the double-concerted model, has
been proposed (Fig. 4b) [39]. In this model the elongation of fibrils happens via the
association of two or more oligomers to form the full fibril. This differs from the
nucleation-dependent mechanism in the elongating unit; whereas the elongating
unit in the nucleation-dependent model is the fibril monomer, it is an oligomer in
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Fig. 4 Mechanisms of fibril formation. a Nucleation-dependent fibril formation. In this model, the
monomers assemble into a critical nucleus which is the starting point for fibril formation.
Monomers then add to the end of the elongating unit to form the full fibril. b Double-concerted
fibril formation. The monomers associate to form an oligomer, which then undergoes a
conformational change. The oligomers then assemble to form the full fibril

the double-concerted model. Evidence for this model comes from experiments
showing markedly increased fibril formation rates by a-synuclein under initial
conditions stabilizing a granular oligomer and subsequent agitating conditions [39].

It is likely that not only one mechanism is acting during the formation of
amyloid fibrils. Multiple mechanisms may be acting in parallel or even coopera-
tively. This may be part of the reason for the observed fibril polymorphism as well
as the difficulty in determining fibril formation mechanisms despite intense efforts.

Amyloid Toxicity

The initial theory regarding the toxicity of amyloid was that the presence of
amyloid fibrils was responsible for causing amyloid diseases. This was termed the
amyloid cascade hypothesis [40]. This theory was initially formulated for AD, but
was later also adopted for the other amyloid diseases. However, the hypothesis was
changed when it was realized that soluble oligomeric species of A were much
more toxic to cultured neurons than the mature fibrils [41]. During this time it was
also shown that the amount of amyloid in AD brains did not correlate well with the
progression of the disease [42]; however, the amount of soluble amyloid material in
the brain tissue is correlated to the severity of the disease [43]. Furthermore, it was
shown that amyloid deposition also occurred in the brain of some healthy indi-
viduals [44]. It is now believed that mature amyloid fibrils are a pool of inert protein
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material, possibly arising from cellular protective mechanisms [45]. However, it is
also very likely that the amyloid fibrils are in equilibrium with the soluble aggre-
gates [46].

In the field of amyloid research the most studied disease is AD. Therefore, many
experiments and theories have initially been performed and formulated for AB. The
same experiments have later been performed for many of the other proteins and
peptides linked to amyloid disease [47]. In 2002, this led to the hypothesis that
cytotoxicity is a generic property of all amyloid oligomers [48]. Since then, a large
effort has been put into finding the molecular entities or mechanisms responsible for
the toxicity. Due to the complexity of cellular systems, many of the investigations
have been performed in vitro, and the question is what the biological relevance is of
the species or event in question. Further complicating the matter, the high poly-
morphism in structure and mechanism of the amyloid systems has also resulted in
many different suggestions as to what the toxic species is.

One of the earliest proposed mechanisms was the formation of membrane pores
by aggregating amyloid proteins [49]. This has been supported by observations of
circular or tubular structures in EM and atomic force microscopy (AFM) images of
oligomeric amyloid species [49-51] (Fig. 5), as well as membrane conductivity
[49, 52] and vesicle leakage measurements [53, 54].

Receptor mediated effects of amyloid oligomers have also been proposed to lead
to cell death [55], as well as cellular damage from reactive oxygen species fol-
lowing the interaction of AP with heavy metal ions [56]. However, it is unclear how
this translates to other amyloid proteins as it has been shown that Zn(II) inhibits the
fibril formation of hIAPP [57].

Fig. 5 Ring structures of hIAPP. a EM image. Reprinted with permission from Porat et al. [51]
Biochemistry, 42, 10971. Copyright 2003 American Chemical Society. b AFM image. Reprinted
with permission from Quist et al. [49] PNAS, 102, 10427. Copyright © by the National Academy
of Sciences
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Alzheimer’s Disease

AD is the main cause of dementia, accounting for between 60 and 80 % of
dementia cases [58]. Symptoms of AD include loss of memory functions as the
main indicator and reduction in speech, object recognition, motor activities, and
abstract thinking as accessory symptoms [58]. The pathology of AD includes the
deposition of extracellular AP and intracellular tau in the form of amyloid fibrils.
This results in both the loss of synapses in the brain and neuronal cell damage and
death [58]. It has been shown that the deposition of amyloid aggregates is already
present in the early stages of AD before symptoms are detected [59, 60]. The
precise pathology of AD has not been elucidated, which also means that no cure is
available [2, 9, 61]. Furthermore, symptomatic treatment of the neurodegenerative
amyloid diseases has not been very successful [62].

AD is hard to diagnose, since the neurodegenerative symptoms are similar
between different forms of dementia [58]. Until recently, a positive diagnosis of AD
could only be performed via a brain tissue autopsy of the diseased patient, and the
diagnosis of probable AD was performed via observation of cognitive decline and
elimination of the possibility of other forms of dementia [63, 64]. Recently, a new
guideline for the diagnosis of AD was released by the International Working Group
for New Research Criteria for the Diagnosis of Alzheimer’s Disease [65]. The
guideline includes the presence of an AD biomarker as a criterion in the diagnosis
of AD [65]. Mainly two types of biomarkers exist, reduced levels of AB;_4, and
increased levels of tau protein in the cerebrospinal fluid (CSF), or an increased
retention of an amyloid fibril imaging agent in a positron emission tomography
(PET) scan of the brain [65]. Detection of biomarkers in the CSF is fairly invasive
as it requires the insertion of a needle into the spine of the lower back. Therefore,
detection of biomarkers using non-invasive imaging techniques such as PET or
magnetic resonance imaging (MRI) is an area of intense research. This can help in
the early identification of amyloid diseases, as well as in monitoring the progression
of disease and the effects of disease modifying therapeutics [66].

In Vivo Amyloid Fibril Detection (Imaging)

The first amyloid binding dye was CR (1), which has been used since the 1920s to
stain histological samples for the presence of amyloid fibrils (Chart 1). CR
specifically binds amyloid fibrils followed by a change in optical properties and
absorbance maximum of CR [6]. CR has been reported to affect the fibril formation
process, and can therefore not be used as an in situ detection agent [67-70]. ThT (2)
is the most widely used compound for the detection of amyloid fibrils in vitro and
in situ [37] since ThT only affects the fibril formation process to a minor extent
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Chart 1 Amyloid imaging agents

[71-73]. Since amyloid specific dyes were already available, it is natural that they
have been used as leads in the development of in vivo imaging agents. The
requirements of an imaging agent to be used for the detection of brain amyloid are
rigorous [74]. First and foremost, it should have high affinity and specificity for Ap
fibrils. It should be hydrophobic enough to cross the blood-brain barrier; however,
it should not be so hydrophobic that it has high unspecific binding. Furthermore, the
uptake and clearance of non-bound molecules in the brain should be fast to allow
the possibility for fast detection which is especially important in PET. Pittsburgh
Compound B [75] (HC—PIB) (3) is based on the ThT scaffold, and is one of the
most widely studied compounds in relation to the imaging of AP fibril content in the
brain of AD patients [66]. Recently, a European multicenter collaboration has
demonstrated the applicability of ''C-PIB in the detection of AD [76]. '*F-FDDNP
[77] (4) is another compound which has shown promising abilities to bind amyloid
fibrils specifically, and moreover, discriminate between the different stages of AD
[78]. The stilbene series of compounds also includes some promising and suc-
cessful compounds, such as '®F-AV-45 (Florbetapir) (5) and '*F-BAY94-9172
(Florbetaben) (7), which have both recently been approved by the American Food
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and Drug Administration (FDA) for the use in PET imaging of brain amyloid
content [79, 80]. Furthermore, STB-8 (6) has shown promising properties such as
excellent blood-brain barrier permeation and specific staining of amyloid fibrils in
mouse model studies [81].

Several compounds have been tested in humans and are undergoing clinical
trials, including '"'C-PIB (3), '*F-FDDNP 4), ''C-SB-13 (8), '*F-GE067
(‘®F-Flutemetamol) (9), '|F-BF-227 (10), and '|F-AZD4694 (11) (Chart 1)
[66, 82—84]. Even though many of these imaging agents differ in the central scaffold,
they all contain aromatic moieties, and are elongated and fairly rigid. Due to the
difference in half-lives between ''C (~20 min) and '"®F (~ 110 min), the fluorine
compounds will probably be the future for routine imaging of brain amyloid.

Binding of Imaging Agents

The structural details of the complexes between imaging agents and amyloid fibrils
have been difficult to study due to the insoluble nature of amyloid fibrils, although
some experimental evidence has been obtained. ThT is so far the most studied
compound, and the leading model of ThT binding to amyloid fibrils is the channel
model [37, 85]. In this model ThT is placed parallel to the fibril elongation axis in
the long surface grooves created by the protruding side chains (red line in Fig. 2a).
Based on ss-NMR measurements, ThT has also been suggested to bind parallel to
the B-sheet normal [86]. Dimers binding between the protofilaments (such as
between the two ribbons in Fig. 2d) were suggested to be the fluorescent species.
This theory was based on ThT binding in cavities of different sizes and the sub-
sequent presence or absence of ThT fluorescence [87]. In accordance with several
proposed models of ThT binding, the presence of multiple binding sites for the ThT
series of compounds has been observed [86, 88].

The binding of CR to amyloid fibrils has also been studied. Evidence for binding
parallel to the elongation axis of the fibril analogously to the channel model of ThT
has been observed [89, 90]. The distance between the two anionic charges in CR is
approximately 19 A and was shown to be important for binding to amyloid fibrils
[91, 92]. The approximate distance between five B-strands in a B-sheet is also 19 A,
which provides the opportunity for the negative charges on CR to interact with
positive or polar side chains on strand i and i + 4. Stabilization of the charges was
shown to be crucial for CR binding to the HET-s prion amyloid fibril. A rationally
designed Lys to Ala mutation based on ss-NMR measurements and subsequent
docking calculations eliminated the binding of CR to the fibril [93].

Amyloid binding imaging agents can be divided into three different classes
based on which molecule they compete with for binding on AP fibrils; the CR class,
the ThT class, and the FDDNP class of compounds [91]. The CR and ThT classes
of compounds have been shown to be non-competitive inhibitors with respect to
each other [94]. A distinct binding site for FDDNP has also been observed [95].
The stilbenes have been shown to share the same binding site as ThT [91].
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Several MD simulation studies of ligand binding to various amyloid fibrils have
been performed during recent years. The studies include dyes [96], imaging agents
[97, 98], and potential aggregation inhibitors [99—101]. These studies show that the
investigated amyloid dyes and imaging agents bind in the surface grooves, as was
also proposed from experiments with ThT and CR. The aggregation inhibitors show
some preference for the fibril ends, and may thereby disrupt further elongation of
the fibril.

hIAPP

Type 2 Diabetes Mellitus

T2DM, also called late-onset diabetes, is characterized by an abnormal or missing
response to an elevated blood-glucose level [102]. In normal glucose regulation, an
elevation in blood-glucose, such as after a meal, causes insulin secretion by the
pancreatic B-cells. Insulin then acts on various tissues such as brain, muscle, adi-
pose, and liver tissue, to induce the uptake of glucose from the blood [102].
Reduced ability to respond to insulin induces the production and secretion of
elevated levels of insulin; however, when the [-cells fail to produce sufficient
amounts of insulin, T2DM arises [102]. In diabetic individuals, the response to an
elevated blood-glucose level can be defective for mainly two reasons; a resistance
to insulin by the cells taking up glucose or a B-cell malfunction, which can include
either a reduction in B-cell mass or function [102]. The major hallmark of T2DM is
the deposition of amyloid plaques formed mainly by hIAPP in the islets of
Langerhans in the pancreas [103]. The number of T2DM patients with pancreatic
islet amyloid deposition has been reported to be anywhere from 40 to 100 % [103].
It seems that deposition of islet amyloid is not the main cause of T2DM, but a
delayed event in the pathophysiology of T2DM, which could explain the varying
occurrence of amyloid in T2DM patients [102].

Physiological Role of hIAPP

In 1987 it was discovered by two independent groups that hIAPP is the major
component of islet plaques in T2DM patients [104, 105]. It is a 37-residue peptide
hormone produced and secreted by B-cells in the pancreas [106]. It is stored in
secretory granules along with insulin and secreted upon elevated glucose in the
blood [107]. The physiological function has not been completely elucidated,
although it is clear that hIAPP is involved in maintaining glucose homeostasis,
suppression of glucagon release, and controlling satiety [103, 108]. Some calcitonin
receptors have also been shown to have low affinity for hIAPP. However, this can
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1 10 20 30 37
Human: KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY
Monkey: KCNTATCATQRLANFLVRSSNNFGTILSSTNVGSNTY
Cat: KCNTATCATQRLANFLIRSSNNLGAILSPTNVGSNTY
Rat KCNTATCATQRLANFLVRSSNNLGPVLPPTNVGSNTY

Fig. 6 Peptide sequences of hJAPP and IAPP from several other mammals. Humans, non-human
primates, and cats form islet amyloid in vivo. Rats and mice have identical IAPP sequences, and
do not develop diabetes [111, 112]

be modulated and increased when the calcitonin receptor is co-expressed with and
binds to receptor activating-modifying proteins [109].

hIAPP is translated as a 89-residue pre-pro peptide [110]. A 22-residue signal
peptide is then cleaved to form the 67-residue prolAPP. This peptide is then further
processed to form the 37-residue hIAPP, which has a C-terminal amidation as well
as a disulphide bridge between Cys2 and Cys7 [110]. hIAPP is a member of the
calcitonin related family of peptides, and the sequence of hIAPP can be seen in
Fig. 6 along with the sequence of IAPP from several other species. IAPP from rat
and mouse does not form amyloid fibrils, which has been attributed to the three
Pro-substitutions in the 20-29 residue region. This region has been shown to be
highly important for fibril formation [111].

hIAPP Monomer

hIAPP is a natively disordered peptide. This does not mean that it is a random coil;
it only means that it is not folded into a well-defined globular structure. NMR
experiments have shown that a transient helical structure exists for around 40 % of
the peptide in solution between residues 617, and that stabilization of this helix
leads to acceleration of fibril formation [113]. Furthermore, an X-ray crystal
structure of hIAPP fused to the maltose binding protein showed a helical dimer with
interactions between the two N-terminal helices [114]. Mutations constructed based
on the dimer interface showed that disruption of the interface led to slower
aggregation kinetics, while mutations predicted to stabilize the interface accelerated
the fibril formation [114]. This led to the suggestion that a helical intermediate
exists in the fibril formation pathway [113—-115].

hIAPP Monomer-Membrane Interactions

When bound to a phospholipid membrane hIAPP displays about 39-43 % helical
structure as estimated by circular dichroism (CD) spectroscopy of hIAPP bound to
DOPG (1,2-dioleoyl-sn-glycero-3-phosphatidylglycerol) liposomes or 40-50 %
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Fig. 7 Ensembles of
ss-NMR structures from Patil
et al. [119] (PDB-code:
2KBS8) (blue), and Nanga

et al. [118] (PDB-code: 21.86)
(red). The structures have
been aligned on C, of
residues 1-19

when bound to DOPS (1,2-dioleoyl-sn-glycero-3-phosphatidylserine) large unil-
amellar vesicles [54, 116]. NMR spectroscopy has also provided structural models
of hIAPP,_;o and the full peptide bound to SDS micelles [117-119]. hIAPP_9 is
a-helical with a small kink at the N-terminal disulphide bridge [117]. The
full-length peptide also shows mainly a-helical character with a kink at His18
[118]. An older structure from 2009 did not show the kink at His18, and the
ensemble of low energy structures released in the study revealed flexibility in the
termini of the peptide (Fig. 7) [119]. However, the structure from 2009 was
determined at low pH (4.6) and without the N-terminal amidation.

The more recent structure from 2011 was determined at pH 7.3 and the
N-terminal amidation was present [118]. The ensemble of structures determined in
this study was much more coherent, and did not show much variability (Fig. 7).

Attempts have been made to determine the orientation of the peptide in a
membrane. Using site-directed spin-labeling and electron paramagnetic resonance
(EPR) spectroscopy it was found that residues 9-20 show higher order than the rest
of the peptide [120]. Furthermore, accessibility measurements in the same study
indicated the presence of an amphipathic helix spanning from residues 9-22 [120].
One issue with this study is the 80:20 DOPS:DOPC (1,2-dioleoyl-sn-glycero-
3-phosphatidylcholine) lipid composition of the membranes used, which is too high
a content of anionic (PS) lipids compared to the optimum for fibril formation [116].
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The high anionic lipid content was used to stabilize the monomer conformation,
which questions the usefullness of the results in the context of fibril formation.
Furthermore, spin-labeling is performed by mutating each residue to cysteine and
allowing the thiol group to react with a spin-label, which in this case was the bulky
MTSL (Chart 2).

This drastic change of the peptide is also likely to have an effect on the structure
and position of the peptide in the membrane. Using paramagnetic quenching NMR
experiments, Nanga et al. showed that the burial of hIAPP;_;9 in SDS micelles is
dependent upon the protonation state of His18 [117]. When His18 is deprotonated,
hIAPP,_¢ is buried within the micelle, while protonation of Hisl8 reorients the
peptide to the surface of the micelles. It should be noted though, that a micelle is not
an appropriate mimic for a membrane since the curvature of a micelle is much
higher than a membrane, and this type of curvature is not likely found in cell
membranes. Furthermore, it has been shown that the curvature of the membrane
affects the localization and aggregation properties of hIAPP [121, 122].

hIAPP Oligomers

Determination of the exact cause of hIAPP toxicity will enable the design of
therapeutic strategies. In 1999 it was shown, by adding freshly dissolved hIAPP
monomers or mature fibrils to a f-cell culture, that B-cell toxicity occurred before
amyloid fibrils could be detected [123]. Since then, the search for the cytotoxic
species has been ongoing. However, the study of amyloid intermediates is very
difficult due to the fast aggregation of the peptides. Therefore, the structural
information regarding hIAPP aggregation intermediates is very sparse, and much of
the information is indirect.

It is important to determine which species is present in the experimental mixture,
and also that it is stable. It was shown using light scattering and vesicle permeation
assays that the incubation of various initial hIAPP species with vesicles increased
the permeation of Ca”" over time [124]. It was shown in this study that the insoluble
amyloid fibrils did not show initial permeabilizing activity; however, incubation did
increase the permeabilization, suggesting that the mixture of species is changing
constantly [124]. Porat et al. showed by a colorimetric assay that the permeabilizing
activity for soluble hIAPP was greatest after around 1 h of incubation, and by
transmission electron microscopy (TEM) that a circular oligomeric species was
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present in the mixture (Fig. 5a) [51]. It was then proposed that the membrane
permeabilization occurs through a pore-like mechanism. The pore-like mechanism
was further supported by AFM observations of circular oligomeric species for
several amyloid peptides including hIAPP, AP, and a-synuclein (Fig. 5b) [49].

The size of the oligomeric species, meaning the number of monomers in the
oligomer, varies quite significantly and has been reported to be anywhere between
16 and 500 monomers [123—-126] The detection of hIAPP oligomers in pancreatic
tissue samples has been performed indirectly by the use of an oligomer specific
antibody [127]. This antibody was developed by injecting a rabbit with a molecular
mimic of an A oligomer. It was subsequently shown that the antibody did not react
to AP monomers or mature fibrils [128]. It was also shown that the antibody, termed
All, specifically reacts with oligomers from other amyloidogenic peptides,
including hIAPP [128]. However, problems with using A11 to detect oligomers in
tissue samples have been suggested, as the antibody has also been shown to react
with several proteins with a natively globular fold [129]. Therefore, until it has been
conclusively shown that the antibody is actually reacting to only the oligomer in
pancreatic tissue samples, results obtained using the All antibody should be
handled with care.

Whether the toxic species is on- or off-pathway is a matter of controversy. It was
suggested that the off-pathway species was cytotoxic based on experiments where
Rifampicin inhibited the formation of amyloid fibrils [130]. However, it was later
realized that Rifampicin does not actually inhibit the formation of fibrils; it merely
interferes with the ThT fluorescence assay [131]. This highlights that it is important
to verify the presence or absence of amyloid fibrils by more than one method,
preferably using a direct method like EM or AFM.

Toxicity of Growing Amyloid Fibrils

Recently, it was suggested that hIAPP toxicity is caused by the growing fibrils
during amyloid formation [132]. This was based on observations that changes in
experimental conditions which affected fibril formation rate, such as the addition of
seeds or changing peptide concentration, also affected the leakage from large
unilamellar vesicles in the same manner [132]. Inhibition of fibril formation by
insulin also inhibited vesicle leakage, and cryo-EM images showed the association
of amyloid fibrils with distorted vesicles, which also indicated that the fibrils grow
on the membrane [132]. Lipid extraction from the membrane by the growing fibril
was suggested to be the mechanism by which the growth disrupts the membrane.
This was further supported by the observation that lipids were present in amyloid
fibrils forming in vitro and in amyloid plaques [133, 134]. Support for this
hypothesis also came from MD simulations using a very simple amyloid peptide
model. The simulation revealed the self-assembly of peptides on a lipid vesicle,
which showed leakage of the content upon fibril formation [135].
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What Causes Toxicity?

This is probably the most controversial and studied question in amyloid research at
the moment.

Evidence supporting a toxic oligomer hypothesis has been presented, and so has
evidence for toxicity during amyloid formation. However, one does not rule out the
other. Since the complete fibril formation mechanism has not been elucidated, it is
not possible to rule out the formation of an oligomer during amyloid aggregation,
which would actually constitute a toxic event during the fibril formation. Another
explanation for the multitude of different reports regarding toxicity could be that
multiple mechanisms are occurring simultaneously. This may very well be the case
since amyloid formation is a pathologic event governed by a thermodynamic and
kinetic interplay, and not a physiological mechanism which has been optimized
during evolution. Several other mechanisms besides oligomers and the actual fibril
formation have been suggested as toxic, e.g. endoplasmic reticulum stress,
cholesterol accumulation, islet inflammation, and oxidative stress [136].

hIAPP Fibrils

The stability of amyloid fibrils has made them easier to handle than the monomer or
intermediate forms of hIAPP. However, they are insoluble, making them difficult to
study with traditional methods for structure determination, such as liquid-state
NMR and X-ray crystallography. ss-NMR, however, has been successful in
determining structural models for many amyloid fibrils. A combination of ss-NMR
and restrained Langevin dynamics resulted in a model of an amyloid fibril formed
by full-length hIAPP (Fig. 8) [22].

50 A

Fig. 8 ss-NMR structural model of hIAPP. a The two B-sheet layers are seen in blue and red.
b The fibril seen from the end. Reprinted with permission from Luca et al. [22] Biochemistry, 46,
13505. Copyright 2007 American Chemical Society
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The peptides in this structure form a double layered parallel B-sheet, with resi-
dues 8—17 forming the first sheet (blue), residues 28—37 forming the second sheet
(red), and residues 18-27 forming a loop or bend between the two sheets (Fig. 8).
Based on mass-per-length scanning tunneling electron microscopy (STEM) mea-
surements, the model was constructed with two peptides in each repeating unit,
forming steric zipper interactions between the two units [22]. Another fibril model
of full-length hTAPP was proposed based on EPR spectroscopy and a simulated
annealing protocol [23]. This model also contains two parallel B-sheets spanning
residues 12-19 and 31-36 joined in a hairpin-like double-layer by a loop region
spanning residues 20-30. The differences in the residues spanning the B-sheet
regions in fibril structures could be a manifestation of the different morphologies
seen in EM images of the two structures. The first structure exhibits striated ribbon
morphology [22], and the second shows a twisted morphology [23]. The
hairpin-like structure may be generic for fibril structures formed by long peptides,
and has also been observed for fibrils formed by e.g. Ap and a-synuclein [18].

Residues 20-29 of hIAPP have long been known to be important for fibril
formation, and were originally thought to comprise the fibrillating core of hIAPP
[111]. In the two structural models described above, residues 20-29 are placed in
the loop region between the two B-sheet regions. Recent reports have suggested that
the initial structural feature formed during fibril formation is the turn region [137],
which would explain the importance of these residues.

Structural studies of amyloid fibrils formed from smaller peptide fragments have
also been extensively performed. Smaller fragments of hIAPP can be grown into
microcrystal forms and structurally determined using X-ray crystallography [15].
These fragments usually form a double-layered B-sheet with steric zipper interac-
tions between the two sheets [15].

Conditions Affecting hIAPP Fibril Formation

An important aspect of determining what causes cytotoxicity is elucidating the fibril
formation mechanism and the impact of changes in the environment of the peptide.

Anionic lipids accelerate the formation of amyloid fibrils by reducing the
lag-phase of fibril formation [138]. It was shown by ThT fluorescence measure-
ments of the fibril formation that the maximum acceleration is obtained at a
25 mol% of PS lipids [116]. This correlates with the finding that a high glucose
environment causes an increase in anionic lipid content of the B-cell membrane
[139, 140]. Rat pancreatic islet tumor cells showed an anionic lipid content in
control cells of 16 mol% while the content in the high glucose cells had risen to
21 mol% [139].

The pH of the environment also affects the fibril formation kinetics. Both in the
presence and absence of lipid membranes, a lowering of the pH will inhibit the fibril
formation [141, 142]. The pH of the B-cell secretory granules is around 5.5 [143],
which will significantly inhibit the fibril formation of hIAPP. It is also known that
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insulin inhibits the fibril formation both in the soluble as well as in the crystalline
form found in the secretory granules of the B-cells [144, 145]. The low pH and the
co-localization of hIAPP and insulin in the -cell secretory granules probably serve
to protect hIAPP from aggregating inside the granules.

Several studies have shown that hIAPP most likely inserts into the membrane as
a monomer. This was initially suggested based on an increase in surface tension of a
7:3 mixture of DOPC:DOPS phospholipid monolayer immediately after addition of
a fresh solution of hIAPP or rIAPP to the aqueous phase [146]. The increase in
surface tension when hIAPP interacts with a lipid monolayer suggests that it is
actually inserting, and not just associating with the membrane surface [146]. Quartz
Crystal Microbalance with Dissipation Monitoring experiments also indicate that
soluble hIAPP rapidly binds to a supported lipid bilayer of a 4:1 DOPC:DOPS
mixture after addition to the solution [147]. This study also showed, by
cross-linking parts of the membrane, that aggregation occurs at the fluid parts of the
membrane, and by photo bleaching experiments that addition of soluble hIAPP to a
membrane reduces the fluidity of the membrane [147].

At neutral pH, hIAPP contains two positively charged side chains, Lysl and
Argll, and a positively charged N-terminus. It has been suggested that the initial
interaction between negatively charged lipids and hIAPP is mediated by the posi-
tive charges in the N-terminus of the peptide based on surface tension measure-
ments [146]. The increase in surface tension of a phospholipid monolayer was
independent of the chosen anionic lipid (DOPG or DOPS), and was also inde-
pendent of the presence of the C-terminal 20-37 residues. Furthermore, it was
shown that hIAPP,q »9 affects the surface tension to a much lesser extent, and
therefore does not insert into the monolayer to the same extent as the full peptide
[146]. The fact that an increased salt concentration can slow down the fibril for-
mation in the presence of anionic lipids also points to the importance of electro-
statics in the interaction of hIAPP with the membrane [116]. By performing a
Lys1Glu mutation, it was shown that the fibril formation was accelerated compared
to the wild type protein, and the presence of an anionic lipid membrane did not
accelerate the fibril formation of the mutant to the same extent as the wild type
[138]. The nature of the anionic lipid is not as important as the actual presence of a
negatively charged lipid [122]. The same decrease in lag-time was observed for
both DOPG and DOPS lipids, suggesting that it is the electrostatic interaction that is
important for the aggregation, and not specific interactions [122]. Evidence sug-
gests that the role of the anionic lipid is to both increase the local concentration of
hIAPP and to neutralize the positive charges on hIAPP, allowing the peptides to
interact more closely.

The model membrane systems used for the experiments have been probed, and
the nature of the model was shown to affect the rate of aggregation. Bicelles, which
are disc-like lipid assemblies, and small unilamellar vesicles showed a higher
propensity for accelerating the aggregation than large unilamellar vesicles, sug-
gesting that either the size of the membrane model or the curvature of the mem-
brane is important for fibril formation [122]. A study showing that hIAPP favors
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binding to regions of high curvature in bicelles, also shows that membrane cur-
vature is highly important for hIAPP [121].

MD Studies of hIAPP-Membrane Interactions

MD simulations have proven useful to study the detailed mechanisms of amyloid
fibrils. Since the amyloid peptide systems are so difficult to handle experimentally,
MD simulations are an important contributor to understanding the mechanisms of
amyloid fibril formation.

Zhao et al. set out to describe the membrane pores observed in AFM experi-
ments (Fig. 5b) [49, 148]. They used the amyloid fibril structure formed by the
full-length hIAPP to construct a B-sheet membrane pore composed of hairpin-like
peptide monomers. They found that the peptide monomers assemble into multiple
domains or subunits resembling the AFM images, and they were able to suggest a
possible number of monomers present in one membrane pore [148]. The assump-
tions about the pore structure made in this study are substantial, as no detailed
structural information is available on the secondary structure or the intermolecular
assembly of the membrane permeabilizing species of hIAPP.

Other studies have also made assumptions on the membrane bound species of
hIAPP, however less severe than the abovementioned example [149, 150]. Zhang
et al. used the ss-NMR structure of hIAPP determined at low pH to investigate the
interactions of monomer and dimer hIAPP with a POPG membrane [118, 150]. They
found that electrostatic interactions play an important role in the hIAPP-membrane
interaction, and that the dimer structure perturbed the membrane to a greater extent
than the monomer. The peptide was initially inserted with the N-terminus in the
membrane and was perpendicular to the membrane layer. This is contrary to the
finding by Apostolidou et al. [120] who showed that the N-terminus is located
parallel to the membrane layer. Duan et al. [149] however, simulated the parallel
membrane binding of the wild-type and the Ser20Gly mutant of hIAPP using a
fragment containing residues 1-25. The Ser20Gly mutant is associated with early
on-set of T2DM and is found to have greater amyloidogenic and cytotoxic properties
than wild-type hIAPP [151, 152]. The initial peptide structure was built with
a-helical conformation, and was not an experimentally determined structure. They
found that the Ser20Gly mutant adopts an L-shaped motif, which they speculate is
the reason for the faster aggregation since it is structurally closer to the hairpin-like
motif of hIAPP in the full amyloid fibril than an extended helical structure [149].

The all-atom simulation that is most similar to the common experimental con-
ditions was performed by Jia et al. [153]. They simulated the process of binding of
an hIAPP monomer to a POPG membrane bilayer with different initial orientations
of the peptide above the membrane layer. The initial protein structure was taken
from the ss-NMR study at low pH [119]. They found that the initial attraction
between the membrane and hIAPP was through the N-terminal positive residues,
and that the peptide oriented in a parallel fashion with respect to the membrane
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[153]. A stable helix was present for residues 7-22. The conditions in this study
resembled the conditions used for determining properties of the hIAPP monomer in
experiments. It is common to use a membrane composed of purely anionic lipids;
yet, this has been shown to inhibit the fibril formation [116]. Thus, Jia et al. have
probably probed the conformation of the stable hIAPP monomer, and have not
actually investigated the aggregation prone monomer conformation.

Coarse-grained (CG) MD simulations have been used to study the aggregation of
hIAPP. Xu et al. used the MARTINI force field (FF) [154, 155] to study the
self-assembly of cholesterol, lipids, and hIAPP,_;¢ [156]. However, to use the
MARTINI protein FF successfully, an elastic network model is used to stabilize the
secondary structure of the peptide, because of the missing hydrogen bonds [157]. It
is therefore not possible to see protein conformational changes using this model. Xu
et al. assumed that hTAPP maintains an a-helical conformation during the assembly
process [156]. They find that the presence of cholesterol pushes hIAPP out of the
membrane, while the absence of cholesterol allows the formation of a membrane
pore.

As this chapter summarizes, the knowledge of amyloid proteins is sparse, and a
multitude of hypotheses have been proposed. The coming years will prove
important in the pursuit of understanding amyloid proteins, and eventually of
developing treatments for the diseases.
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Computational Theory

Protein Structure and Function

The relationship between protein structure and function is central for understanding
how the molecular world works. However, determining both can be very difficult
and requires a combination of many different methods, as most methods are focused
on determining either one or the other. X-ray crystallography, EM, and to some
extent NMR spectroscopy are typical methods used to determine the structure of
proteins [1-3]. Function is often coupled to the dynamical properties of the protein,
which can be examined using e.g. Forster resonance energy transfer (FRET),
variants of NMR spectroscopy, and infrared spectroscopy [4]. Each method has a
timescale of which it can provide information ranging from vibrations of individual
atoms on a sub-femtosecond timescale, to protein translation by the ribosome on a
timescale of seconds [5]. Most of the available techniques provide ensemble
properties, and do not report on the dynamics of single proteins.

MD simulation is a computational technique able to provide very high resolution
in time and space which is unmatched by any experimental technique. It basically
provides a three-dimensional movie of how the atoms in a system move relative to
one another. MD is an important complementary technique to experiments, as it can
help explain the mechanisms of molecular processes. In principle, simulation of any
molecular system imaginable is possible, even if it would not be possible to set it up
in practice.

The aim of MD simulations is to determine the motions of atoms in a system.
The time-dependent Schrodinger equation describes the behavior of molecules;
however, solving this is practically infeasible for large molecular assemblies. The
motions of atoms and molecules heavier than the proton are essentially classical.
Therefore, classical mechanics is used in MD to propagate the system based on a
model, termed a FF, describing the energetics of the system [6].
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Force Fields

The relationship between atomic coordinates and energy is defined in a FF. A FF is
composed of a set of functions describing the energy of the interatomic interactions,
e.g. bond stretching or angle bending, as well as an associated set of parameters
determining the strength of these interactions. The parameters can be derived in
various ways, e.g. by fitting to experimental data or quantum mechanical
(QM) calculations. FFs rely on transferability, which means that parameters such as
bond angles and force constants are assumed to be similar for the same chemical
groups in different molecules. This allows fitting parameters to one set of mole-
cules, and applying the parameters to other molecules of similar chemical structure.
Transferability also leads to the concept of atom types. An atom type holds
information about the element, hybridization, and neighboring atoms of a particle,
and is used to define which parameters are used for a specific atom.

Most FFs use the same basic functional to describe the energy, which has not
changed considerably for the commonly used FFs since they were first released [7].
The FF energy (Err) is described as a sum of bonded and non-bonded terms. The
bonded contributions are from the stretch (or bond) energy (Eg,), the bend
(or angle) energy (Epenq), and the torsional energy (Eys). The non-bonded con-
tributions come from the van der Waals (E,4w) and electrostatic energies (E..), and
are usually included for atoms separated by more than two or three bonds. The vdW
energy is usually described by the Lennard-Jones (LJ) potential, and the electro-
static energy is described by the Coulomb potential. The stretch and bend energies
are both described by a harmonic function, whereas the torsional energy is
described by a sum of cosine functions to account for periodicity.

Estr(R) = k‘vtr(R - R0)2 Ehend(e) = khend(g - 90)2

n

Etorx(w) = . [1 + COS(I’ZCU - V)]

2
(B (%)

R R

More terms can be added to the FF for special cases, such as cross terms to
account for the coupling between different types of interactions.

The most commonly used FFs were originally fitted to QM calculations as well
as experimental data from X-ray structures [7]. Recent advances in both experi-
mental and computational ability have made it both feasible and necessary to
reparameterize the FFs to include dynamical experimental data, e.g. from NMR
experiments, in the fitting procedure [7]. Comparative studies have shown that the
older FFs tend to overestimate the stability of a-helical structures [8—10]. The most
recent FFs such as AMBER99SB*—-ILDN [11], CHARMM?22* [11], and

CHARMM36 [12] have refitted torsional parameters providing a better balance
between helix, sheet, and coil. A recent comparative study of multiple protein FFs
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(not including CHARMMS36) showed that the latest FFs are able to reproduce
several structural and dynamical properties of small proteins; however, the tem-
perature dependence of the FFs is still lacking, and the folding mechanisms varies
from FF to FF [10]. It is unclear whether FF improvements are possible using the
current functional, or if it will be necessary to include more sophisticated effects,
such as polarizability, to improve the accuracy of the FFs [7].

Molecular Dynamics Simulation

In conventional MD simulations, each atom in the system is described by one
particle. The energy of the system is described by the FF. It is possible to determine
the force acting on each atom by differentiating the energy with respect to the
atomic positions, and then using Newton’s second law of motion to obtain the
acceleration on the atoms. This allows propagation of the system in time using
classical mechanics. Numerical integration is used to determine the trajectory of the
system, requiring that the time-step of each integration step is very small. The
fastest motions in a system are the bond vibrations, which have frequencies on the
order of 10" s™'. It then follows that the time-step needs to be on the order of 1 fs
to avoid atoms moving too close, which would produce very large forces that would
eventually make the system explode and the simulation crash. This also means that
one billion steps are needed to simulate a single ps.

The starting position of all the atoms in the system must be defined before the
MD simulation can be initiated. For a protein, the coordinates are usually obtained
from an X-ray crystal or NMR structure available from the RCSB Protein Data
Bank (PDB) [13]. Starting velocities are usually assigned to each atom from a
Maxwell-Boltzmann distribution at the simulation temperature (T).

Performing MD simulations on a system of finite size, e.g. in a cubic box,
introduces boundaries to the system. The behavior of molecules close to the
boundary is different from the bulk behavior. Periodic boundary conditions can help
minimize boundary effects, and can be visualized as replicating the system an
infinite number of times in all directions. Imposing the minimum image convention
(i.e. no cutoff can be longer than half the length of the shortest box vector) ensures
that a particle only interacts with the closest image of another particle, and never
with itself. Periodic boundary conditions are also helpful in calculating the elec-
trostatic interactions, as is described below.

MD simulations do not scale well computationally, due to the intrinsic sequential
nature of the simulations, and the fact that all atoms in a simulation interact with
one another through the non-bonded interactions. In principle, the computational
time scales with N2, with N being the number of particles in the system; however,
algorithmic advances in performing Fourier transformations have reduced the
scaling with system size to N In(N), as the long-range electrostatic interactions can
be efficiently evaluated using the particle mesh Ewald method (PME) (see below)
[6, 14].
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The most computationally demanding part of an MD simulation is evaluation of
the forces, and particularly the non-bonded forces. To minimize the number of
evaluations, the vdW interactions can be truncated at a certain cutoff. This is a
reasonable approximation since the vdW energy depends on R~°, and therefore
rapidly becomes negligible as the distance between atoms is increased. Truncation
of the LJ potential can introduce discontinuities in the energy; therefore, a switching
function can be introduced, which reduces the energy smoothly to zero between the
switching distance and the cutoff distance. In itself, truncation does not save much
time, since the distance between all pairs of atoms still has to be calculated.
However, the introduction of a pair-list, which contains the pairs of atoms within a
pair-list radius, can reduce the computation of all interatomic distances to every
10-20 steps. During each step, the distances and non-bonded forces are only cal-
culated between the pairs of atoms included in the pair-list, which are within the
cutoff distance.

The electrostatic potential depends on the distance as Rfl, which means that the
distance where the energy becomes close to zero is large compared to the typical
system size. Therefore, rather than using a cutoff, other means of reducing the
computational time for evaluating the electrostatic forces have been developed, one
of which is the use of Ewald sums [15]. Ewald summation divides the electrostatic
contribution into two parts, the “near”-field and the “far’-field contributions [6].
The “near”-field contribution is the sum of the atomic partial charges and a
screening charge distribution of Gaussian potentials. This screening potential
exactly counters the atomic partial charges and is centered on the atomic positions.
The sum converges quickly because of the screening field, and can therefore be
truncated. The “far”-field contribution derives from a compensating Gaussian
charge distribution which is exactly opposite the screening charge distribution. The
compensating charge distribution converges rapidly in reciprocal space, and can be
evaluated efficiently with Fourier transformation methods. The electrostatic
potential at a point is the sum of the partial charges, the screening charge distri-
bution, and the compensating charge distribution. The success of this method
depends on efficient ways of evaluating the Fourier transformations; PME [14] uses
one such method called Fast Fourier Transformation, which evaluates the trans-
formation in a discrete number of grid points imposed on the system [6].

MD intrinsically samples the microcanonical (NVE) ensemble. Several methods
have been developed to maintain the T and/or pressure (P) (near) constant, allowing
sampling of other ensembles of interest. The isothermal-isobaric (NPT) ensemble is
the most relevant for biomolecular simulations, since this is the condition that most
experiments are performed under. Several algorithms exist for sampling constant T,
and include scaling of the velocities, including coupling to an external heat
bath (Berendsen thermostat); random reassignment of velocities from a Maxwell-
Boltzmann distribution (Anderson thermostat); addition of frictional and random
forces (Langevin dynamics); and extended system methods (Nosé-Hoover ther-
mostat). It should be noted that scaling of the velocities does not strictly sample the
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canonical (NVT) ensemble, as the fluctuations of T are not correct. The same
algorithms can be used for constant P simulations by changing the positions of
particles rather than the velocities.

Recent Advances in MD

Since all atoms in the system are interacting, the calculation cannot be accelerated
by distributing the system to an infinite number of processors; at some point the
communication between the different compute nodes will be slower than the actual
calculation [7]. However, recent advances in hardware, other than an increase in the
number of CPUs, have significantly accelerated the computation of MD trajectories.
Graphics processing units (GPUs) originally developed to accelerate rendering of
graphics for the gaming industry, have proven particularly useful in MD simula-
tions [16]. The most popular MD engines, NAMD, GROMACS, and AMBER,
have already implemented GPUs to calculate the time-consuming non-bonded
forces, providing considerable speed-up of the calculations [17-20]. However, this
approach is only viable up to a limited system size, as the communication between
the GPUs is even worse than between the traditional processors. A more drastic
approach has been taken at D.E. Shaw Research, where a special purpose computer
chip named Anton has been developed specifically for performing MD simulations
[21]. This has allowed simulations to extend into the ms timescale [22].

The current MD simulations being performed have come a long way from the
first MD simulation of a folded protein, bovine pancreatic trypsin inhibitor, in 1977
by McCammon et al., which had a simulation length of 8.8 ps [23]. However, the
amount of data being produced poses a great challenge in terms of handling,
storage, and analysis. Currently, the largest entry in the PDB is an assembly of the
HIV-1 capsid with more than 2 million atoms. It was modeled using all-atom MD
Flexible Fitting to cryo-EM data [24]. The fully solvated system consisted of 64
million atoms, and was simulated for 100 ns, which is the largest all-atom MD
simulation performed to date [25]. Development of new software was needed to
handle both the analysis and the visualization of the large scale system, which
illustrates that it is not just the desire to go bigger, but actual biological problems
that drive the development of new methodologies [26, 27].

Enhanced Sampling Methods

Not everyone has access to a brute force computer such as Anton. It is therefore
necessary to devise new methods to simulate rare events within the timescale that
most scientists can obtain. Enhanced sampling methods have been developed to
encourage the system to explore regions of phase space which are otherwise dif-
ficult to investigate. Some methods require knowledge of both the starting and
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end-point of the process of interest. For example targeted MD explores the con-
formational change of a protein going from one state to another by applying a force
to minimize the root mean square deviation (RMSD) of the initial structure com-
pared to the final structure [28]. Such methods are not helpful when the end-point
structure is not known, and may also move the system along a path, which is not a
physically relevant transition path. Steered MD is an enhanced sampling method
that does not require knowledge of the end-point structure [29]. A force is applied
to one or more atoms while keeping other atoms fixed. This allows e.g. for sim-
ulation of the unbinding of ligands or the unfolding of proteins. While the final
protein structure is not known before the simulation, a preconceived idea about the
direction of change is imposed on the system by the user. This might impose a force
on the system making it explore high energy regions of phase space along the path,
which are not physically relevant. This is partly avoided in metadynamics, where a
history-dependent bias potential is added to the system to discourage it from
revisiting already explored areas of phase space [30]. When a potential energy well
is filled by the history-dependent potential, the system is free to choose any path to
move to another low-energy region of the phase space, which means that the system
is not pushed or pulled towards high energy regions. Collective variables (CVs) are
used to guide the system, and it is therefore important to choose CVs that cover the
important regions of phase space. The advantage of metadynamics is that the phase
space is efficiently explored simultaneously with the evaluation of the free energy
surface. However, it is also more complicated to execute as the choice of CVs is
essential to the success of the simulations, and again, prior knowledge about the
system is often necessary. Accelerated MD (aMD) does not require prior knowl-
edge about the system to enhance the sampling of the system. In aMD the potential
of the low-energy regions of phase space is raised, which effectively lowers the
barriers of transition between minima on the potential energy surface [31]. The
amount that the potential energy surface should be raised needs to be optimized.
A too aggressive approach leaves the risk of obtaining a flat potential energy
surface, which would cause the system to spend a lot of time in regions of phase
space which are not of interest.

CG MD simulation is a separate category of enhanced sampling methods in
which the number of particles in the system is decreased by combining multiple
atoms into a single particle. The main speed-up of these methods does not actually
arise from the reduced number of particles, but from the possibility of longer
time-steps. The MARTINI CG FF is a popular method for simulating biomolecular
systems [32]. It was originally developed for simulating lipid systems, but has been
further developed to include models for proteins and carbohydrates [33, 34].
The MARTINI FF combines approximately four heavy atoms into one CG bead,
which allows the use of a time-step between 20 and 40 ns [35]. Conformational
changes of proteins have proven to be challenging to simulate with MARTINI since
hydrogen bonds are not included explicitly in the model, and the secondary
structure has to be defined in the bead-type [35]. G6 models use the native inter-
actions of the protein combined with a single particle for each residue to investigate
the folding mechanisms of proteins [36]. However, this can thus only be used to
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investigate folding into a conformation which is already known. The kinetics of
amyloid aggregation has been studied using a phenomenological CG model for
which the aggregation propensity can be tuned [37]. A short review and discussion
regarding the use of CG models to investigate amyloid aggregation is given in the
chapter “Coarse Grained Study of Amyloid Protofibril Aggregation”.

Protein-Ligand Binding

A large part of the study of proteins deals with the binding of ligands, e.g. sub-
strates, signaling molecules, or inhibitors, to the protein. Therefore, a large part of
the biomolecular modeling research is also devoted to the study of protein-ligand
complexes. Software devoted to determining the structure of protein-ligand com-
plexes is termed docking software, and usually contains a scoring function to
estimate the strength of the complex [38].

Docking can be used for a variety of applications, from screening of a virtual
library containing many thousands or millions of compounds to determining the
structure and energy of binding of a single molecule. Most docking software
includes flexibility of the ligand, either by generating multiple conformations of the
ligand and then docking each as a rigid molecule, or by introducing flexibility into
the ligand during the docking procedure. However, flexibility of the protein requires
much more computational power, and is not a routine feature. It can be introduced
e.g. by using several protein structures obtained from X-ray, NMR, or MD, or it can
be a feature of the docking software. Another type of protein flexibility can be
introduced using a rotamer library for the side chains in the binding pocket. It is
especially important to incorporate protein flexibility when the target ligand does
not resemble the ligand present in the binding pocket of the protein structure, or if
the protein structure is a model generated based on a structure of a homologous
protein [38].

Sometimes the binding site of a protein target is not known, or the goal is to
develop a novel drug, which does not have to bind in the substrate binding pocket.
Then it becomes necessary to use binding site prediction software, such as Sitemap
[39]. This can be used to determine the location of potential binding pockets, and
score them based on the likelihood of finding a good drug that will bind in the
pocket. Furthermore, Sitemap can also give an idea of which functional groups
should be placed in specific areas of the binding pocket to create a high-affinity
drug.

However, binding site prediction and docking software fails when the binding
site on the protein is not well-defined, such as in amyloid fibrils. First of all, the
structural models of amyloid fibrils are usually based on a combination of NMR
constraints and other biophysical methods, which do not necessarily give much
information on e.g. the side chains of the protein [40]. Secondly, there are no
well-defined binding pockets on the surface of the fibril, only shallow crevices
which are highly exposed to the solvent. It can, therefore, be necessary to use MD
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simulations to investigate possible binding sites of the ligand. A combination of
multiple trajectories and free energy calculations of the resulting protein-ligand
complexes can be highly effective in these cases [41-44].

Free Energy Calculations

Free energy calculations are of great importance in biomolecular modeling as it
allows direct comparison with experiments. The Gibbs free energy is the relevant
quantity when comparing simulations to experiments performed with a constant
number of particles (N), pressure (P), and temperature (T), i.e. in the NPT
ensemble. Unfortunately, the Gibbs free energy is difficult to calculate from MD
simulations, as the higher energy regions of phase-space, which make important
contributions to the free energy, are not sampled very much [45]. Often, the free
energy difference of a reaction, such as the binding energy of a ligand to a protein or
the relative energy of two conformational states, is the important property. The
energy difference is a thermodynamic property, and therefore only depends on the
difference between the two states [45]. This can be computed using rigorous and
accurate methods such as free energy perturbation and thermodynamic integration.
These methods sample a path between the two states, which make them compu-
tationally demanding, and consequently, they can only be performed for small
perturbations [45, 46]. End-point models are alternatives to the more demanding
methods, which only sample the two states of the reaction, and therefore can be
used for a more diverse set of reactions [46].

MM-PBSA

Molecular Mechanics Poisson-Boltzmann Surface Area (MM-PBSA) [47-49] is an
approximate method to determine free energies. Binding free energies (AGpinding)
for the ligand-protein association (L + P — LP) can be evaluated using a ther-
modynamic cycle [49].

AGpinding
Lwlv + Psolv—> soly
L P LP
l _AGmlv l _AGmlv T AG.mlv
AGgu\
Lga,r + P gas —— LP gas
L P LP
AGbinding = _AGsolv - AC;mlv + AGS’GS + AGmlv
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AGy,, is the gas-phase interaction energy and AGg, is the free energy of
moving a molecule or complex from the gas-phase to the solvated state. The
approximation in MM-PBSA lies in determining the energetic components. The
gas-phase interaction energy is divided into enthalpic and entropic contributions.

AGgas = AHgas —TAS ~ AEMM — TASMM

The enthalpy can be approximated as the Molecular Mechanics (MM) energy
(Emm), and the entropy can be approximated using quasi harmonic analysis or
normal-mode analysis [47, 49]. However, methods for calculating the entropy are
computationally expensive and require extensive sampling to reach convergence.
Enmm is extracted directly from the FF, and is therefore a sum of the bonded (stretch,
bend, and torsion) and the non-bonded (vdW and electrostatic) contributions. The
solvation energies are approximated using the PBSA method, which divides the
solvation energy into an electrostatic (Epg) and a non-polar contribution (E.,,) [47].
The electrostatic interaction between the solute and solvent is calculated using a
numerical solution to the Poisson-Boltzmann (PB) equation [47], which is a con-
tinuum solvation approach using a combination of the Poisson equation and a
Boltzmann distribution of ions [45]. The Poisson equation is a second-order dif-
ferential equation that relates the change in electrostatic potential to the dielectric
constant and the charge density. The Boltzmann equation accounts for the distri-
bution of mobile ionic charges in the solvent [45]. The non-polar contribution is
approximately proportional to the surface area (SA) of the solute and can be viewed
as arising from two terms: The vdW interactions between the solute and solvent,
and the cost of forming the solute cavity in the solvent [45].

The MM-PBSA method requires the determination of the MM and solvation
energies of all species of the reaction (L, P, and LP), and the resulting binding free
energy is the difference between the energies of the reactants and products.

AGpinging = Grr — Gp — Gt

Ensembles of structures for calculating the energy can be generated by
explicit-solvent MD simulations, with subsequent removal of the solvent for the
evaluation of the MM-PBSA energy [47]. The ideal situation uses different tra-
jectories to calculate ensemble averages for the complex, protein, and ligand,
respectively. However, using a single trajectory to evaluate all contributions can
minimize the noise from sampling inconsistencies and the error in the FF and
implicit solvation energies [46]. This procedure assumes that the change in structure
and conformational freedom upon association of the complex is negligible [46]. It
should be noted that using the single-trajectory approach eliminates the bonded
contributions to the MM energy. If only relative binding energies of similar ligands
are desired, it is common to neglect the entropic contribution, as it is assumed that
the change in entropy is comparable for all ligands [49, 50].
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Imaging Agent Binding to Amyloid
Protofibrils

Abstract This section is regarding the study entitled “Identification of a Common
Binding Mode for Imaging Agents to Amyloid Fibrils from Molecular Dynamics
Simulations”, which has been published in the Journal of the American Chemical
Society.

Introduction

In this study the binding of 13 different amyloid binding imaging agents (Chart 1)
to an amyloid fibril segment was investigated using MD simulations and free
energy calculations. The binding of imaging agents to amyloid fibrils is of interest
in the context of development of a novel, non-invasive method for diagnosis of AD.
Currently, the guidelines for diagnosis of AD from the International Working
Group for New Research Criteria for the Diagnosis of Alzheimer’s Disease state a
positive test for biomarkers for AD as a criterion [1]. These updated criteria were
only recently released, and were not available when the present study was per-
formed; however, they highlight the continued importance of the development and
understanding of amyloid imaging agents.

The aim of this study is to determine commonalities of binding between the 13
different imaging compounds, as well as investigating which molecular traits are
favorable for binding and which are unfavorable.

Experimental Section

An oligomeric segment of an amyloid fibril was used in this study as a model
system to study the amyloid fibril binding of 13 different imaging compounds
(Chart 1). The oligomeric segment is composed of two layers of antiparallel
B-sheets with ten PB-strands in each (Fig. 1a). Each peptide is a seven-residue
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Chart 1 Imaging agents investigated in the present study. Four classes of imaging agents are
included; the CR group, the ThT group, the styryl group, and the amino-naphtyl group of
compounds. Reprinted with permission from Skeby et al. [2]. Copyright 2013 American Chemical
Society

segment (NFGAILS) from hIAPP (residues 22-28), the structure of which was
determined using ss-NMR spectroscopy (PDB-code: 2KIB) [3].

The fibril used for the ss-NMR measurements was composed of 10-residue
peptide fragments (hIAPP,(_59), of which only the central NFGAIL was isotopically
labeled. hIAPP,(_»4 has been shown to be highly important for fibril formation, and
was originally thought to form the core of the hIAPP amyloid fibril [4, 5]. The
additional serine residue in the final structural model was included to complete the
hydrogen bonding network during the structure calculation. To mimic the presence
of additional residues, all peptides in the MD setup were capped with an acetyl group
or an amino methyl group at the N-terminus or C-terminus, respectively.
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Fig. 1 Amyloid fibril used in the present study viewed from a the side and b the end. The side
chains of the two peptide strands at the end of each sheet (4 in total) have been shown in (b).
Reprinted with permission from Skeby et al. [2]. Copyright 2013 American Chemical Society

Fig. 2 Setups for simulation
A (gray), B (blue), and

C (green). Due to the varying
placement of the ligands in
the initial setups, the sizes of
the simulation box differ
slightly between the setups.
Reprinted with permission
from Skeby et al. [2].
Copyright 2013 American
Chemical Society

Each setup contains one fibril and two ligands. The presence of two ligands
allows greater sampling of the ligand binding process at less computational cost.
Each ligand was placed at opposite sides of the fibril at least 12 A away from any
fibril atom. To eliminate bias due to placement of the ligand at any one surface of
the fibril, three setups for each ligand were prepared in which the ligands were
placed at different locations around the fibril (Fig. 2).

The systems were solvated with TIPS3P [6] water in a cubic box with at least
10 A from any ligand or fibril atom to the edge of the box. The system was
neutralized with either Na* or C1™. Each system was simulated for 20 ns with the
NAMD 2.6 [7] software using the Duan et al. all-atom point-charge FF [8]
(AMBERO3) for the peptides and the general Amber FF [9] (GAFF) for the ligands.
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GAFF was chosen due to the standardized method of generating FF parameters,
which would aid in the generation of FF parameters for the 13 different ligands. For
comparison, three simulations of the fibril without ligands present were also per-
formed for 80 ns each. Details of the generation of ligand FF parameters and of the
MD simulations can be found in the published paper.

Analysis of Trajectories

Each trajectory was split into two, one for each ligand, giving 120 ns of simulation
for each ligand. All snapshots in which the fibril and ligand had >20 heavy atom
contacts within 5 A were considered for analysis. A clustering analysis was per-
formed for each ligand trajectory after alignment of the protein C, atoms using the
following clustering algorithm:

1. Combine the two structures with the lowest internal RMSD to initiate a cluster.

2. Find the snapshot with the lowest RMSD relative to the average structure of the
current cluster, and add it to the cluster.

3. The cluster is complete when the snapshot with the lowest RMSD with respect
to the average of the current cluster has an RMSD value above 5 A.

4. Restart from 1. to form a new cluster unless the RMSD between all remaining
pairs of snapshots is >5 A.

The representative structure of a cluster is the snapshot with the lowest RMSD to
the average positions of the atoms in the cluster. Only clusters with more than 1 %
of the total number of snapshots (min. 600 snapshots per cluster) were considered
for further analysis.

The resulting clusters were grouped into binding modes based on the position
and orientation of the ligand on the fibril. The position on the fibril refers to the
different faces of the fibril (Fig. 3). Due to the antiparallel arrangement of the
B-strands, the sides of the fibril (at the peptide termini) have the same physical
and chemical properties. The ends are also similar, and are characterized by the
protrusion of backbone amide groups. However, the two faces of the fibrils are
different, and the properties are determined by the protruding side chains (Fig. 1).
In the following, the face with Phe, Ala, and Leu will be termed the bottom face,
and the face with Asn, Ile, and Ser will be termed the top face. The orientation
refers to what the ligand is parallel with: fibril, peptide strands, or -sheet normal
(Fig. 3).

Furthermore, the MM-PBSA binding energy of all clusters was determined using
the MM-PBSA method as implemented in AMBER11 [10]. The change in entropy
was not considered in the calculation as the assumption that the change in entropy is
the same for similar molecules is a commonly used approximation, which has been
shown to lead to effective ranking of ligands [11]. The details of the calculations
can be found in the published paper.
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(a) (b)Position Top
Orientation

Top

Bottom

Fig. 3 Characterization of binding modes based on the position and orientation of the ligand.
a Surface representation of the fop and bottom faces of the fibril. The top face contains a large
central groove between the Leu side chains, and two minor side grooves. The bottom face has no
extended linear groove as found on the fop; rather, a shallow crevice is seen. b The position of the
ligand refers to the end, side, top, or bottom face of the fibril. The ligand orientation is described by
the ligand axis being parallel with the fibril axis, the peptide strands, or the B-sheet normal, as
indicated by the green arrows. Reprinted with permission from Skeby et al. [2]. Copyright 2013
American Chemical Society

Results

STB-8 will be used as an example to highlight the trends observed for the ensemble
of ligands. The nomenclature for referring to a particular simulation and ligand will
be Compound-Setupy igang, €.g. STB-8-Biig; refers to a simulation with STB-8 and
the trajectory of ligand 1 as sampled in setup B.

The stability of the fibril structure was investigated in three simulations of the
fibril without the presence of a ligand. Two different types of motion were identified
to cause deformations of the fibril compared with the starting conformation. Two
strands at each end of the fibril are not involved in the steric zipper interactions. The
only interactions holding them in place are non-bonded interactions, including the
hydrogen bonds, to the adjoining peptide in the B-sheet. This makes the end strands
very dynamic. In two of the simulations (runl and run3), this causes an increase in
the RMSD of the fibril, which can be seen by measuring the RMSD of the fibril
without the end strands (Fig. 4a). In the third simulation a twist of the fibril beyond
what is observed in the ss-NMR structure causes the RMSD of the fibril to rise
(Fig. 4b). These events are caused by the small size of the fibril and only arise after
~30-50 ns, and should therefore not influence the fibril structure too much during
the 20 ns ligand binding simulations.

The stability of the fibril in the simulations with ligands as measured by the C,
RMSD is comparable to the fibril in the simulations without ligand (Fig. 5a).
The RMSD of the fibril is below 3 A in most of the simulations with ligands, which
could suggest that the ligands may actually have a stabilizing effect on the fibril. In
only two out of 39 simulations the RMSD significantly exceeds 3 A, which is
approximately the value observed in the simulations without ligands at 20 ns. It
occurs before the ligand binds and not as a consequence, which can be realized by
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Fig. 4 a The C, RMSD of the fibril simulations (runl, run2, and run3) without ligand present.
The RMSD is calculated for the entire fibril, as well as for the fibril excluding the two protruding
peptide strands (no ends), and is a running average over 20 ps. b The twist angle of the two
B-sheets of the fibril calculated as a running average over 20 ps. ¢ The twist angle of the B-sheets is
measured as the angle between the B-sheet normals at each end of the fibril. The normal is
measured at the second peptide strand from the end to avoid the fluctuations from the loose
terminal peptides. Reprinted with permission from Skeby et al. [2]. Copyright 2013 American
Chemical Society

comparing the RMSD plots with the contact plots. Additional twist of the fibril and
the flexible end-peptides is also the reason for the fibril flexibility in the ligand
simulations (Fig. 5b).

At least one out of six ligands binds to the fibril for the 13 imaging molecules,
which can be seen by the number of ligand-fibril contacts normalized by the
number of ligand atoms (Fig. 5c¢). The number of molecules that bind for a par-
ticular ligand depends on both the affinity of the ligand for the fibril as well as the
random diffusion of the ligand in the simulation box. The ligands bind to different
locations on the fibril, which leads to various degrees of burial and consequently a
varying number of contacts even for the same ligand. Furthermore, the number of
contacts per heavy atom varies between the ligands; the more hydrophilic ligands
such as CR, FSB, and ThT do not form as many contacts per heavy atom as the
more hydrophobic ligands such as STB-82. Binding of the ligands is a dynamic
process; the ligands do not just stick to the fibril in the first location they encounter,
they move around on the fibril. This can be seen by the changes in the number of
contacts for the individual ligands. Furthermore, some events of unbinding and
binding are observed, e.g. for STB-8-Ci; at 14 ns (dark green in Fig. 5c). These
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Fig. 5 a C, RMSD of the fibril as a function of time in the three simulations (A, B, and C) with
STB-8. The curves are running averages over 20 ps. b The twist of the fB-sheets is a running
average over 20 ps. ¢ Atomic contacts of STB-8 with the fibril within 5 A are plotted for all STB-8
molecules. These are also running averages over 20 ps. Plots for the rest of the ligands can be
found in the SI in the published paper. Reprinted with permission from Skeby et al. [2]. Copyright
2013 American Chemical Society
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Fig. 6 RMSD matrices for STB-8. The fibril is aligned by the Ca atoms to the starting structure,
after which the ligand heavy-atom RMSD is calculated between all pairs of snapshots. A dark
square indicates that the ligand stays in approximately the same binding mode. The numbers in
parenthesis are the number of identified clusters by the clustering analysis. RMSD matrices for the
remaining ligands can be found in the SI in the published paper. Reprinted with permission from
Skeby et al. [2]. Copyright 2013 American Chemical Society

observations suggest that the more stable fibril-ligand complexes are also specific
low-energy complexes and not just sticky encounters.

The fluorescence of ThT has been suggested to arise from an excited dimer
[12, 13]; however, dimerization of ThT is not observed in this study, which is most
likely due to the positive charge on ThT. It is, however, observed in simulations for
other ligands (AV-45-C, FDDNP-A, FDDNP-B, and IMPY-H-A). The ligands
form a dimer before binding to the fibril probably because the ligands are
hydrophobic and aromatic, rendering the interaction in the dimer more favorable
than the interaction with water.

The RMSD matrices of the ligands after alignment of the fibrils show the sta-
bility and dynamics of the ligands on the fibril (Fig. 6). It is evident that the
different ligand trajectories follow different paths. Some ligands find a stable
binding mode quickly (STB-8-Ajz;), while other ligands move on the surface
finding several less stable binding modes (STB-8-Cyi,»). However, even if the
ligand has found a stable binding mode, it is still able to move on the fibril.

This dynamic movement of the ligands on the fibril makes a clustering analysis
necessary to determine uniform ligand-fibril clusters. Several clustering algorithms
were tested before the algorithm outlined in the experimental section was chosen.
This method provides well-defined and spherical clusters, the number of which
correlates well with the appearance of the RMSD matrices (Fig. 6).
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Further visual categorization of the clusters into binding modes was performed based
on the position and orientation of the ligand on the fibril as outlined in the experimental
section (Fig. 3). The top and bottom faces of the fibril are characterized by grooves
created by protruding side chains. Three grooves are present on the top face; a central
groove created by Ile, and two minor side grooves created by Ile on one side and Asp and
Ser on the other. The bottom face has only a single minor groove because the large Phe
side chains are oriented toward the center of the fibril, closing the two grooves that
would otherwise be present; however, the central Ala side chain is small enough that a
single minor hydrophobic groove is created. This pattern of elongated grooves on the
fibril is present on all amyloid fibrils, with the physical-chemical properties of the
grooves determined by the side chains on the adjacent residues. The orientation of
the ligand refers to what the ligand is parallel with; the fibril axis, the peptide strands, or
the B-sheet normal. Binding modes are referred to using the following convention:
Positiongienrion- Binding to the top and bottom faces parallel with the fibril was
further subdivided into two binding modes, one in which the ligand binds in the central
groove, and one where the ligand binds over the side chains.

All four faces of the fibril gave rise to clusters, however, not all orientations were
observed for all faces. The populations of all clusters can be seen in Fig. 7 along
with the energies of the clusters.
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End peptide 7.0% @ 0O o P TZDM
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TOp ;icbie.lchains 16% r O m [» sTB-82
o ’ © sTB-83
TOPp gt - 186%  Ob & OO D & m-I-Stilbene
238% < i
TOP pepuide 13% Rl 2 BAYS4-9172
TOP normal Loo23% b mp> | O FDDNP
Bottom joe, "™ 86% @R o O
Bottom 7y 204% 00 00 Cmso oo
376% <
Bottom ;e 75% | CREIR
Bottom ... 11% L 00

3 30 25 20 15 10 5 0
Binding Energy (kcal/mol)

Fig. 7 Population of the identified binding modes and the estimated free energy of binding of the
individual clusters. The population of a binding mode (including all clusters belonging to each
binding mode) is represented by the fraction of snapshots in the binding mode of the total number
of clustered snapshots which is 271,481. Each point represents the MM-PBSA binding free energy
of a single ligand cluster. Lower energy means a higher binding affinity. Table S2 in the SI of the
published paper contains the data used for creating this figure including standard deviations of the
binding energies. Reprinted with permission from Skeby et al. [2]. Copyright 2013 American
Chemical Society
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groove groove

TOPSp Bottomg,

groove groove

Fig. 8 Example of the Topy,;  and Bottomg,.“ binding modes for STB-8. Reprinted with
permission from Skeby et al. [2]. Copyright 2013 American Chemical Society

Two binding modes have significantly higher populations than the rest; Topf, 7"

and Bottom{,"2", each with populations close to 20 % of all complexes. As can be

seen from Fig. 8, the ligand in these binding modes is parallel with the fibril axis
buried between hydrophobic side chains. Interestingly, no binding occurs in the side
grooves on the top face, which could be speculated to be caused by the hydrophilic

side chains. Binding to the bottom face in two other binding modes, Bottom}il’gfi,"h"ins

and Bottom,,pyige, is also quite populated, which is probably due to the possibility of
favorable n-m interactions with the aromatic Phe side chains in these binding modes

as well as in Bottom; . Contrary to this, the Top,,,u1» TOPpepriae» and Topjie"

binding modes all have neglible populations, which suggests that the top surface
groove is easily accessible and has high affinity for the ligands.

The sides of the fibril are characterized by the hydrophobic capping groups,
which results in quite high populations in the binding modes on this face. The
distribution between the two orientations is even suggesting that no traits are pre-
sent to favor one orientation over the other. This is most likely linked to the
non-specific hydrophobic interactions, which are possible with the capping groups.
It is difficult to judge the relevance of the binding modes on the sides of the fibrils,
as these probably do not have the same properties as an in vivo or in vitro fibril of
the full-length amyloidogenic peptide. The sides of the fibrils of full-length peptides
and proteins are usually described as having flexible N- or C—terminal coils which
cannot be determined with ss-NMR, making it difficult to say much about binding
to the sides of the fibril.

Binding to the ends of the fibril is also not considered highly relevant as the
concentration of fibril ends is expected to be low in the in vivo fibrils. In line with
this, the populations of the end binding modes are not highly populated; however,
there are two quite stable clusters in the End,; binding mode from STB-82 and
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IMPY-H. In these clusters the ligands have pushed in between the two [B-sheets,

resulting in a binding that is similar to both Topf, "™ and Bottomg, " simultane-

ously. To our knowledge, inhibition of fibril formation by STB-82 or IMPY-H has
not been observed, however, this binding mode could possibly be relevant for other
amyloid fibril formation inhibitors. CR is the only molecule included in our study,
which has been shown to influence the fibril formation process, however, inhibition
of amyloid aggregation has been observed for other small molecules [14-17].

Eleven out of the total 13 ligands have the highest number of snapshots to either
the bottom or the top face (Fig. 9). This correlates well with the top and bottom
faces accounting for the highest number of snapshots overall. Based on this, it
seems that the faces with the hydrophobic surface grooves are the most favorable
for the imaging agents. However, these faces also have a larger surface area than the
end and side faces, which could influence the results. It is therefore also important
to consider the energetics of binding.

It is also clear from the MM-PBSA binding energies that the Topf, and

Bottomg, 7 binding modes are the most favorable (Fig. 7). They have no clusters

with binding energies above —10 kcal/mol and they have the highest number of
clusters with binding energies below —15 kcal/mol. The clusters at the ends of the
fibril where the ligand is placed between the two B-sheet layers also have quite low
energies, which is not surprising as they also have a high number of contacts
between the ligand and the fibril (Figure S3, STB-82-Aj;, and IMPY-H-C;,5). The
side faces exhibit quite high binding energies suggesting that the binding on the
side exhibits unspecific interactions and/or is a consequence of the relatively large
surface area. The Topj, " binding mode seems to have slightly lower binding
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Fig. 10 Degrees of burial for all clusters as a function of the binding energy of the cluster. The
burial percentage is calculated as the average ligand surface area that is lost upon association with
the fibril; therefore, a burial of 100 % means that the ligand does not have any solvent accessible
surface. The exact numbers and standard deviations are available in Table S2 in the SI of the
published paper. Reprinted with permission from Skeby et al. [2]. Copyright 2013 American
Chemical Society

energies than the Bottom; 2™ binding mode, even though the Bottomg, " binding

mode has the highest number of snapshots. The three clusters with lowest energy in

Bottomj;giz,’.flve are CR clusters, and as will be described below, the binding of CR is

slightly different from the rest of the ligands.

To understand the underlying mechanisms of what gives rise to the high binding
affinity, the average degree of burial for each cluster has been calculated (Fig. 10).
The degree of burial is determined as the fraction of the surface area of the ligand
that is excluded from water upon contacting the fibril. The total surface area of the
ligand and the buried surface area are calculated from the same trajectory snapshot.
There is a trend towards lower energies for higher burial percentages, which is also
as expected. Many of the clusters with high burial percentages (11 out of 14 with

>60 % buried) are from the Top, 7" and Bottom§, "™ due to the complementarity

of the surface grooves with the linear shape of the ligands. Of the clusters with high
burial and low energies, 6 out of 7 clusters are from the TOpji:;-Z:.?lW, which exem-

plifies that the surface groove on the top face, which is flanked by hydrophobic side
chains, is excellent for binding these imaging agents.
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Fig. 11 Representative structures of the STB-8 clusters, colored by the binding energy of the
cluster. The left figure is a view of the fop layer and the right is a view of the bottom layer. The
representative structure is the structure with the lowest RMSD to the average structure in the
cluster. For clarity, the fibril structure shown is the minimized starting structure. Representative
structures for clusters of the 12 other ligands can be found in Figure S6 in the SI of the published
paper. Reprinted with permission from Skeby et al. [2]. Copyright 2013 American Chemical
Society

The higher affinity of the clusters in the surface grooves becomes obvious when
the representative structure for each cluster is colored by the energy of the cluster
(Fig. 11). The structures in the grooves on the fibril have a stronger color than the
structures binding over the side chains or on the side of the fibril.

We can understand what governs the binding by examining the different con-
tributions to the MM—-PBSA binding energy. The binding energy is a combination
of a solvation term (a polar term, Epg, and a non-polar term, E,.i,) and a term
arising from the non-bonded FF interactions (Eyqw and Egjecqrostatic)- The relative
contributions of each term to the binding energy of each ligand, i.e. the contribution
divided by the total energy, is shown in Fig. 12a, and is a population weighted
average over all clusters for the ligand. The non-bonded interactions are not sur-
prisingly favorable upon binding of the ligands, with the electrostatic interactions
being more favorable for the two double-charged ligands, CR and FSB. The
unfavorable contribution to the binding energy comes from removing the
ligand-water interactions (Epg). The change in this term is larger for the polar
ligands, CR and FSB, as the energetic cost of removing polar and charged mole-
cules from water is larger than for non-polar molecules.

Combining the polar and non-polar contributions to the binding energy allows us
to make some conclusions about which of the two contribute most to the binding
energy (Fig. 12b). The polar contribution to the binding energy falls within a quite
narrow range. The non-polar contribution to the binding energy shows much more
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Fig. 12 a Average relative contribution to the binding energy by the energetic components.
Positive values constitute a favorable contribution to the energy. The gas-phase energetic
contributions are the vdW (E,4w) and electrostatic (Ecjecrostaic) €nergies. The solvation energy is
divided into a polar term (Epg) and a non-polar term (Ecqyiry). b Non-polar (Eyqw + Ecaviry, marked
as green dots) and polar (Epg + Ececostatic; marked as purple dots) contributions to the free energy
of binding (AG, marked with black dots) of all clusters for the 13 ligands. Reprinted with
permission from Skeby et al. [2]. Copyright 2013 American Chemical Society
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Fig. 13 The shortest distance from any hydrogen bond donor or acceptor heavy-atom in CR to
any donor or acceptor heavy-atom in the Ser and Asp side chains of the fibril. Reprinted with
permission from Skeby et al. [2]. Copyright 2013 American Chemical Society

variation, which seems to correlate with the variation in the binding energy. This
correlates well with the observation that the clusters with higher burial percentage,
which provides higher non-polar contact surfaces, have a lower binding energy.
CR has a very low binding energy in almost all clusters due to a highly favorable
non-polar energy contribution, which is most likely due to the large size of CR
(Fig. 12b). When CR binds on the top face of the fibril, it does not position itself
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entirely parallel to the fibril axis; it is positioned diagonally across the surface of the
fibril. This enables the two sulfate groups, one at each end of CR, to hydrogen bond
with the Asp and Ser residues on the sides of the top face (Figure S6). This is seen
for CR-Ayig, and CR-Cyjg, in Fig. 13. When CR binds to the bottom face of the
fibril, the Ser and Asp residues of the bottom B-sheet, the side chains of which are
involved in steric zipper interactions, break the backbone hydrogen bonds to allow
for transient interactions with the CR sulfate groups as seen for CR-Cyg;.

Discussion

Using MD simulations we have investigated the binding of 13 different imaging
agents to a model segment of an amyloid fibril. The fibril contains the necessary
structural elements to make general considerations regarding the amyloid fibril
binding of the imaging agents covered in this study.

Previously, it has been suggested that three types of binding sites for imaging
agents exist on AP amyloid fibrils, each of them characterized by the type of ligand
which binds to it; CR, ThT, or FDDNP [18-20]. The styryl-based compounds such
as AV-45 have been shown to share the same binding site as ThT and analogs [18].
As they share part of the same scaffold structure it is an indication that this is
important for the binding.

We also find that the aromatic and rigid scaffold of the ligands plays an
important role in the binding. Most of the ligands favored binding in the surface
grooves created by the repeating side chains, which is complementary to the
elongated and hydrophobic ligands. Due to the small size of the fibril we could not
distinguish between different binding sites for the different classes of ligands;
however, subtle differences in the binding were observed based on the particular
functionalities of the ligands. E.g. CR binds diagonally on the top surface of the
fibril in order for the sulfate groups on each end of CR to interact with the
hydrophilic Asp and Ser side chains. Previously, the distance between the negative
charges on CR has been shown to be important for the binding affinity to amyloid
fibrils [21]. Further evidence for this relation comes from a combined docking and
mutation study in which the predicted binding of CR to a Lys residue in a prion
(HET-s) amyloid fibril led to the subsequent Lys to Ala mutation which eliminated
the binding [22].

The ThT group of ligands is the most highly studied in relation to the binding to
amyloid fibrils. Multiple binding sites for ThT and analogs on fibrils formed by Af
have been shown to be present; however, no structural information was available
[23]. Structural information was, however, available in a liquid state NMR study,
which showed the presence of two distinct binding modes for ThT binding to
hIAPP fibrils; a high-affinity binding mode and a low-affinity binding mode [24].
Broadening of specific ThT peaks in the spectrum upon binding to the fibril led to
the suggestion of ThT binding perpendicular to the B-sheet surface as in the
Top,pyma binding mode [24]. During certain conditions only a single peak,
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consistent with the deeper binding of ThT in the surface grooves such as in the

Topj,; and Bottom, ™" binding modes, remained in the spectrum [24]. MD

simulations have also previously been used to compare the binding of ThT with
neutral analogs. A study by Wu et al. showed the presence of two binding modes
for ThT and the neutral analog BTA-1 (2-(4’-methylaminophenyl) benzothiazole),

one which is similar to the Topf, 2" and Bottomg, " binding modes, and one

where the ligand is bound to the ends of the fibril segment [25]. As previously
discussed, the end binding mode is most likely an artifact of the small size of the
fibril in the simulation, as both in vivo and in vitro fibrils are much longer.
Another MD study compared the binding of ThT to fibrils formed by A with the
binding of PIB to determine the reasons for the stronger binding of PIB [26]. It was
found that PIB inserts deeper into the surface grooves on the fibril than ThT, most
likely due to the positive charge on ThT [26]. This is consistent with our obser-
vations of the dependence of the binding energy on the degree of burial.
Furthermore, the observation in a QM study that the binding of ThT and analogs is
mainly driven by dispersion effects is consistent with our results showing that the
polar contribution to the binding energy is nearly constant across the ligands, and
that the binding energy is determined by the non-polar energy [27].

The recent FDA approval of two agents ('°F-florbetaben [28] and
'8E_flutemetamol [29]) for the detection of amyloid in brain tissue using PET has
sparked a discussion of the usage of amyloid imaging in the diagnosis of AD
[30, 31]. The usage of the imaging agents was only approved for ruling out a
diagnosis of AD, and not as a positive result for AD diagnosis. This is rooted in
mainly two aspects; a technical aspect and a biological aspect [30]. The biological
limitation is the uncertainty in the causal relationship between the amyloid load and
disease symptoms. The prevailing notion that amyloid in some form is the main
cytotoxic actor leads to the natural derivation that the amyloid load must be an
indicator for the severity of the disease, which is the main reasoning behind the
development of amyloid imaging agents. However, a linear relationship does not
necessarily exist between cytotoxicity and amyloid load, which is an aspect that is
yet to be elucidated. The technical limitation lies in the abilities of the imaging
agents. If these are not specific enough and bind to molecular species besides
amyloid, they are not optimally suited for identifying the presence and location of
amyloid deposits. The in vivo specificity of the amyloid imaging agents is still to be
determined [30], and may actually be the limiting factor in determining whether
amyloid load can be used as an indicator of disease severity.

Conclusion

In this study we have identified a common binding mode for imaging agents to
amyloid fibrils in the surface grooves created by the repeating pattern of side chains
in the cross-f structure. This information can be used as a starting point for the
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development of highly specific imaging agents. However, information about the
fibril to which the imaging agents should bind is necessary to optimize both the
polar and non-polar interactions between the ligand and the fibril. Recently, a
ss—NMR structure of an in vivo fibril formed by AP was released [32, 33], which
could prove to be a huge step in the direction toward the design of highly specific
AP imaging agents.
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Determining the Aggregation Prone
Structure of hIAPP

This section presents the results described in the manuscript entitled
“Conformational Dynamics of the Human Islet Amyloid Polypeptide in a
Membrane Environment: Toward the Aggregation Prone Form”. The study was
initiated during my stay at the University of Illinois, Urbana-Champaign, and was
continued after my return to Aarhus.

Introduction

This study investigates the initial events in hJAPP-membrane binding, the inter-
actions of hIAPP with a mixed anionic-zwitterionic lipid membrane bilayer, and the
influence of changes in pH on hIAPP.

Simulating a membrane binding event using a conventional all-atom membrane
poses a sampling problem as the diffusion of lipids in the membrane is very slow.
Insertion of peptides in the membrane requires the displacement of lipids; therefore,
investigating how hIAPP binds to the membrane using a conventional membrane
would require a lot of simulation time to obtain adequate sampling.

To overcome some of the challenges involved in simulations of membrane-peptide/
protein association, the highly mobile membrane mimetic (HMMM) model has been
developed [1]. This model uses short-tail lipids to represent the lipid head-groups
and the first part of the hydrophobic center of the membrane. An organic solvent,
dichloroethane (DCLE), is used to represent the hydrophobic core of the membrane.
This model has the same hydrophobic/hydrophilic profile as a conventional membrane
bilayer, but has the advantage of faster lipid diffusion, which enables faster association
of proteins with membranes, and has been used to successfully simulate the membrane
insertion of the GLA domain of the human coagulation factor VII [1].

© Springer International Publishing Switzerland 2016 63
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In this study, we have used the HMMM model to simulate the association of
hIAPP with a mixed divalerylphosphatidylcholine:divalerylphosphatidylserine
(DVPC:DVPS) lipid membrane.

Experimental Section

The protein structure of hIAPP is a ss-NMR structure which contains all 37 residues
(PDB-code: 2L.86) [2]. It was determined at pH 7.3 and has an amidated C-terminus
as is also the case for the physiological form of hIAPP. Three forms of the protein
were prepared, one for each protonation state of His18; 6 (HSD), € (HSE), and the
positively charged (HSP) form. In the following, a particular peptide form will be
referred to as HSD, HSE, or HSP, and the neutral His18 peptides will be referred to
collectively as HSD/E. The overall charge of the protein is +3 for HSD/E, and +4 for
HSP. To sample the neutral and charged His18 forms equally, two, two, and four
systems were set up for HSD, HSE, and HSP, respectively. The initial orientation of
the protein with respect to the membrane was also varied; in the A-orientation the
side chain of His18 is pointing up, in the B-orientation the protein has been rotated
180° around the y-axis leaving the side chain of His18 pointing toward the mem-
brane. The protein was placed at least 12 A from the lipid membrane.

Simulations were performed with both the full-length peptide (hIAPP_3-) as well
as two peptide fragments; hIAPP,_;o and hIAPP,,_3;, containing residues 1-19
and 20-37, respectively (Table 1). Eight simulations were also performed with
hIAPP;_,9, since it contains His18, while only four simulations were performed with
hIAPP;(_37. hIAPP;_;9 was capped with an amino-methyl group at the C-terminus,
and hIAPP,_3; was capped with an acetyl group at the N-terminus. The simulations
with hIAPP,_3; were run for 100 ns each, while the peptide fragment simulations
were run for 50 ns each.

Table 1 Overview of the all-atom MD simulations of hIAPP and fragments thereof

Peptide His18 Replicas Membrane (lipids) Simulation time (ns)
hIAPP,_y9 His(3)/(g) 4 (2/2) HMMM (36) 50
hIAPP,_,9 His(+) 4 HMMM (36) 50
hIAPP,q 37 — 4 HMMM (36) 50
hIAPP, 3, His(3)/(g) 4 (2/2) HMMM (49) 100
hIAPP,_3, His(+) 4 HMMM (49) 100
hIAPP,_3, His(8)/(g) 6 (3/3) - 50
hIAPP, 5, His(+) 4 - 50
hIAPP, 3, His(8)/(¢) 2 (1/1) DOPC/DOPS (49) 20
hIAPP,_3, His(+) 2 DOPC/DOPS (49) 20

The peptide sequence is indicated in the first column with the protonation state of His18 indicated
in the second column. The numbers in parenthesis in column three indicate the number of replicas
for (8/e) protonation of His18. The membrane column indicates the membrane as well as the
number of lipids in each leaflet, and the final column indicates the simulation time for each replica
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In order to compare the membrane bound peptide structure with the hIAPP;_3;
monomer structure in solution, three simulations of each of the neutral Hisl8
peptides, and four simulations of the HSP peptide in solution were also performed.
Each of these simulations was run for 50 ns (Table 1).

The lipid bilayer is modeled as the HMMM and is composed of a central
hydrophobic phase of DCLE, which is separated from water by a 70:30 mixture of
two types of short-tailed lipids, zwitterionic DVPC and anionic DVPS (Fig. 1) [1].

This ratio was chosen to match multiple conditions; the lipid composition of most
hIAPP-membrane experiments; the lipid composition of the islet B-cell membrane;
and the optimum lipid composition for acceleration of hIAPP aggregation [3, 4].
Both the upper and lower leaflet is composed of 49 lipids for the systems with
hIAPP,_3,, and 36 lipids for the systems with hIAPP,_;9 and hIAPP,q_3;. The lipids
were initially placed in a 7 X 7 or 6 X 6 grid for each leaflet, with random orien-
tation around the z-axis. The initial grid position of the DVPC and DVPS lipids was
chosen randomly. The separation of the phosphates in the lipid head-groups of the
two leaflets can be tuned by the amount of DCLE included between the leaflets. The
separation was set to 38 A to mimic the average bilayer thickness of DOPC and
DOPS membranes [5]. The C-1 of the lipid tails were constrained in the z-direction
using a weak harmonic potential with a force constant of 0.05 kcal/mol - A? to
ensure that the short-tail lipids did not fluctuate extensively perpendicular to the

Fig. 1 The simulation setup
is composed of one hIAPP
peptide shown in dark green
placed at least 12 A above the
lipid bilayer. The lipid bilayer
is composed of a central
hydrophobic core of DCLE
shown in purple and gray,
between two layers of DVPC
and DVPS lipids shown in
pink colors at the interface
between DCLE and water.
The system is neutralized with
Na* shown in dark gray.
Adapted with permission
from Skeby et al.
Biochemistry (2016) 10.1021/
acs.biochem.5b00507.
Copyright 2016 American
Chemical Society
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membrane compared to a membrane composed of long-tail lipids. The systems were
solvated with TIP3P [6] water and neutralized with Na*.

Prior to incorporation of the protein in the system, the membrane was minimized
for 1000 steps and equilibrated for 1 ns using the same simulation procedure as the
production runs explained below. The protein was incorporated by placing it in the
water phase above the equilibrated membrane, and removing overlapping water
molecules within 1.0 A of the protein. Three or four Na* ions were removed to
neutralize the system, depending on the protonation state of His18, giving a final
Na™ concentration of 0.10-0.12 M.

All systems were simulated in NAMD 2.9 using the CHARMM?22* FF [7] for
the protein, while the CHARMM36 FF [§] was used to simulate the lipids. Initially,
the systems were minimized for 10,000 steps. Then, a short 10 ps equilibration of
water was performed in the NVT ensemble while keeping everything but water and
ions fixed. Finally, production runs were performed keeping the x-y area fixed to
ensure an area per lipid approximately 8 % larger than the average 68 A? for DOPC
and DOPS lipids [5]. This procedure has been employed previously [9], and enables
the protein to insert into the bilayer without creating too much surface tension. The
sides (x and y direction) of the simulation box was 51.4 A for the 36
lipids/leaflet-bilayer and 60 A for the 49 lipids/leaflet-bilayer, leaving a final area
per lipid of ~73.5 A% A time-step of 2 fs was used while constraining all bonds to
hydrogen. The temperature was held constant at 310 K using a Langevin thermostat
with a damping coefficient of 0.5 ps~'. A Nosé-Hoover Langevin piston was used
to keep the pressure constant at 1 atm with an oscillation period of 200 fs and a
damping coefficient of 200 fs. Periodic boundary conditions were employed to
reduce boundary effects, and PME with a grid-size of 1 A was used to handle the
electrostatic interactions in the system [10—12]. The non-bonded interactions were
cut off at 12 A with a switching function working from 10 A. The pair-list con-
tained pairs of atoms within 13.5 A and was updated every 40 fs. The non-bonded
interactions were calculated every 2 fs, and the full-electrostatics were calculated
every 4 fs.

To probe the stability of the resulting membrane bound peptide species, the
full-tail lipids were grown in four of the hIAPP,_3;;-HMMM systems (Table 1). The
four systems were HSD(A), HSE(A), HSP(A1) and HSP(B2), and were chosen
based on the peptide structure at 100 ns. HSD(A) and HSP(A 1) were representative
for the overall simulations, while HSE(A) and HSP(B2) were outlying structures.
To keep the existing interaction between the protein and the lipids, the coordinates
of the atoms of the short-tail lipids were retained. A random DOPS or DOPC lipid
from a pre-equilibrated membrane was chosen, and the head-group and the first five
atoms of the lipid tail were aligned with an existing short-tail lipid. The missing
atom coordinates were then adopted from the pre-equilibrated full-tail lipid. This
procedure was repeated for each lipid in the system. The system was then mini-
mized for 10,000 steps, which was followed by an equilibration of the newly added
atoms along with water, keeping the protein as well as the lipid head-groups and
first five atoms of the tails fixed. The systems were then simulated without con-
straints in the NPT ensemble for 20 ns each.
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Results

The simulations of hIAPP binding to the membrane bilayer are presented below.
The focus will be on the simulations of the full-length peptide (hIAPP,_3;) bound to
the HMMM membrane, which will be compared to the remaining MD simulations
where it is relevant.

In the following, each peptide will be referred to as e.g. hIAPP,_,o, and specific
simulations will be referred to as e.g. hIAPP,_3;-HSP(A1).

hIAPP Binding to the Membrane

Binding to the membrane occurs within the first 20 ns for the hIAPP, ;9 and
hIAPP,_s3; peptides (Fig. 2). Subsequently, none of the peptides dissociate from the
membrane within the simulation time. Therefore, all analyses have been performed
on the remaining 30 or 80 ns of simulation, to ensure that binding has occurred, and
to be able to do a straightforward comparison between the different simulations.
Four of the hIAPP,_3; peptides have His18 in a neutral configuration (HSD/E), and
four of the setups have a positively charged His18 (HSP). During the final half of
the hIAPP,_3; simulations, the hIAPP,_3,-HSP peptides are moving slightly deeper
into the membrane than the hIAPP; ;;-HSD/E peptides. The hIAPP,,_3; peptide

Fig. 2 Minimum
z-coordinate of the protein
heavy atoms for a the
hIAPP,_,¢ peptides, b the
hIAPP,_3; peptides, and ¢ the
hIAPP,,_3; peptides. The
lighter colors represent
individual peptides while the
darker colors represent the
average. The black horizontal
line represents the average
position of the lipid phosphate
layer. Adapted with
permission from Skeby et al.
Biochemistry (2016) 10.1021/
acs.biochem.5b00507.
Copyright 2016 American
Chemical Society
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contacts the membrane, but quickly moves away again (Fig. 2c). It is clear that
hIAPP,,_3; does not have affinity for the membrane, and that the interaction
between the peptide and the membrane is a diffusional encounter due to the limited
space in the simulation box. The behavior of the full peptide as well as the peptide
fragments is in accordance with surface pressure experiments revealing that
hIAPP,_3; and hIAPP,_¢ inserts into the head-group region of 70:30 DOPC:DOPS
phospholipid monolayers, while hIAPP,,_3; does not [13].

The N-terminus of hIAPP, 3; binds to the membrane first for both the
hIAPP,_3;,-HSD/E and the hIAPP,_3,-HSP peptides (Fig. 3). This can probably
be attributed to the positive charges present in this part of the peptide. Lysl
carries two positive charges, one at the N-terminus, and one on the side chain
amino group. Argll also carries a positive charge. The hIAPP,_3,-HSD/E pep-
tides have a loose interaction of the C-terminal part of the peptide with the
membrane; it contacts the membrane occasionally, but does not stay there. The
hIAPP,_3;;,-HSP peptides have a close interaction of the C-terminus with the
membrane, which is most likely a result of the positive Hisl8 interacting
favorably with the anionic lipids, which then pulls the rest of the peptide closer to
the membrane. The hIAPP,_3,-HSP(B2) peptide does not interact as closely with
the membrane as the other hIAPP,_3;-HSP peptides (Appendix A). However, it is
possible that this is due to a sampling issue and that the peptide would also bind
to the membrane in a similar fashion as the other three hIAPP;_3;,-HSP peptides
if the simulation was extended.

The average positions of the side chain center of masses during the final 80 ns of
the hIAPP,_3; simulations highlights the differences in membrane position and
orientation of the hIAPP,_3; peptides in the membrane (Fig. 4). Both peptides have
an average horizontal orientation with respect to the membrane. It is clear that the
hIAPP,_3;-HSP peptides, except hIAPP,_3;;-HSP(B2), have more of the peptide

Residue

Time (ns)

Fig. 3 The z-coordinate of the center of mass of each residue side chain for two representative
hIAPP, 3; simulations, a hIAPP, 3;-HSD(A) and b hIAPP; 3;-HSP(A1). Plots for all the
simulations can be found in Appendix A. The center of the membrane is at z=0 A and the
average position of the phosphates is at z = 18 A. Data points with z > 40 A are the same color as
z =40 A. Adapted with permission from Skeby et al. Biochemistry (2016) 10.1021/acs.biochem.
5b00507. Copyright 2016 American Chemical Society
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Fig. 4 Average z-coordinate of the peptide side chain center of mass during the final 80 ns of the
hIAPP, 3; simulations. The horizontal dashed line represents the average position of the
phosphates, and the vertical dashed lines are the positive residues. Adapted with permission from
Skeby et al. Biochemistry (2016) 10.1021/acs.biochem.5b00507. Copyright 2016 American
Chemical Society

positioned closer to the membrane than the hIAPP,_3;;-HSD/E peptides.
Furthermore, the rotation of the helical structure in the N-terminus of the peptide is
inverted for the two peptide types. The hIAPP,_3;,-HSD/E peptides have approxi-
mately every 3—4 residues, including the positively charged residues, pointing
downward so that these can interact with the anionic lipids. The inverse situation
exists for the hIAPP;_3;-HSP peptides, which have the positive residues pointing
upward, as this peptide is buried deeper in the head-group region, and the positive
residues are interacting with the anionic head-groups as well as the solvent. This
trace is characteristic of an a-helix oriented parallel with a membrane bilayer.
The horizontal orientation observed for both peptides, as well as the rotation of
the hIAPP,_3;,-HSP peptides, is consistent with accessibility measurements of
hIAPP bound to an 80 % anionic membrane [14]. It is unexpected that the
experimental rotation matches the hIAPP,_3,-HSP peptide; since the measurements
were performed at neutral pH, we would expect the rotation of the hIAPP_3;-
HSD/E peptides to match the experiments. However, the lipid membrane in the
accessibility experiments has a very high content of anionic lipids. The free form of
histidine normally has a pK, around 6, making the protonation state highly sus-
ceptible to changes in the immediate environment. The high anionic lipid content
may shift the pK, value of His18 upwards and make His18 protonated, providing
the possibility of a favorable interaction between His18 and the anionic lipids.
The final snapshot of the representative hIAPP,_3;-HSD(A) and hIAPP,_3,-HSP
(A1) simulations illustrates the difference in the positions of the peptides in the
membrane (Fig. 5). hIAPP,_3;-HSP(A1) has displaced the short tail lipids and is
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(b)

Fig. 5 Final snapshot of a hJAPP,_3;-HSD(A) and b hIAPP,_3;-HSP(A1). The lipids are shown
in red colors, DCLE is shown in gray and purple, and the protein is shown in dark green. The final
frame of all hIAPP,_3; peptides bound to the HMMM membrane can be found in Appendix B.
Adapted with permission from Skeby et al. Biochemistry (2016) 10.1021/acs.biochem.5b00507.
Copyright 2016 American Chemical Society

interacting with the DCLE, while hIAPP,_3;-HSD(A) has only inserted the three
N-terminal residues between the lipids, and the rest of the N-terminal part of
hIAPP,_3;,-HSD(A) is binding on top of the membrane. The C-terminus of the
hIAPP,_3,-HSP(A1) peptide is associated closely with the lipids, while the
C-terminus of hIAPP;_3,-HSD(A) is positioned in the solvent and not interacting
with the membrane.

hIAPP Conformation and Dynamics

The conformation of the peptide changes significantly during the simulations
(Fig. 6). This is not surprising as the starting structure is a ss-NMR structure of the
peptide bound to an SDS micelle, whereas in these simulations the micelle is not
present, and the peptide is initially placed in the water phase. The RMSD values of
the HMMM bound hIAPP,_,4 and hIAPP, 3, fragments plateau around 4-6 A.
The RMSD of HMMM-bound hIAPP,_3; is even higher and plateaus around 8 A
(Fig. 6e). This is mostly arising from the C-terminal part of the peptide (Fig. 6d), as
the first 19 residues of the HMMM bound hIAPP;_3; have a much lower RMSD
around 4 A (Fig. 6¢). The RMSD values of the HMMM bound hIAPP;_3; and the
solvated peptide are quite similar; however, the RMSD of the first 19 residues of
hIAPP;_3; in solution (Fig. 6g) is higher than when the peptide is bound to the
membrane. This suggests that the membrane stabilizes the structure in the
N-terminal part of hIAPP,_3;, which is consistent with EPR experiments showing
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stabilization of residues 9-20 upon membrane binding [14]. Furthermore, the high
RMSD of both the free and membrane bound peptide suggests that both structures
are different from the SDS bound peptide structure.

hIAPP is a natively-disordered peptide in solution. When it binds to a phos-
pholipid membrane the amount of a-helix structure increases, however, hIAPP still
does not fold into a well-defined structure [15]. This suggests that hIAPP should be
very dynamic. The amount of flexibility in a protein is usually measured by the per
residue root mean squared fluctuation (RMSF), which requires a structural align-
ment of the protein. A good structural alignment of different conformations of a
protein requires that the ensemble is homogenous. However, hIAPP is too disor-
dered to perform a good alignment (Fig. 7).

Therefore, an alternative measure of the protein flexibility is required. It is
possible to look at the RMSF of the backbone torsion angles; however, this also
poses a problem. Calculating the RMSF requires determining the average of a
periodic quantity, which depends highly on the choice of origin. The solution is to
convert the angles to Cartesian coordinates, and determine the arithmetic average in
a two-dimensional coordinate system. The angle of the vector from the origin to the
geometrical average is then the mean angle (Fig. 8a) [16].

The failure to produce a good alignment of the protein as well as the high RMSD
value is already a good indicator that the peptide is very flexible, but we need to
examine the RMSF to determine variations in flexibility over the peptide sequence.
The torsional RMSF (Fig. 8) shows that most of the flexibility is in the C-terminal
part of the peptide. This is in accordance with EPR measurements reporting on the
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Fig. 7 Structural alignment of the hIAPP;_3,-HSD(A) peptide. All structures were aligned to the
starting structure based on C, atoms of the first 19 residues. The peptide is colored by sequence
with the N-terminus colored red and the C-terminus colored blue. Structural alignments of all the
hIAPP,_3; peptides bound to the HMMM membrane can be found in Appendix C. Adapted with

permission from Skeby et al. Biochemistry (2016) 10.1021/acs.biochem.5b00507. Copyright 2016
American Chemical Society
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Fig. 8 (a) Determination of the mean angle. All angles are plotted on a unit circle, and the
geometrical average is determined (blue dot). The mean is then the angle of the vector from the
origin to the geometrical average. (b) Torsional RMSF of the hIAPP,_3; HMMM backbone ® and
¥ angles. Only the final 80 ns of each simulation are included in the analysis. The vertical line
shows the divide between the 19 N-terminal residues and the 18 C-terminal residues. Adapted with

permission from Skeby et al. Biochemistry (2016) 10.1021/acs.biochem.5b00507. Copyright 2016
American Chemical Society
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mobility of each residue when the peptide is bound to the membrane, which shows
that the C-terminal part of hIAPP;_3; is more flexible than the N-terminal part [14].

The variations in the peptide flexibility of the different simulation setups may
provide a clue to the mechanism of inhibition of fibril formation by lower pH and
acceleration of fibril formation by the membrane. We have therefore looked at the
differences in RMSF for the different simulation setups (Fig. 9). The torsional
RMSF difference between the two protonation states of the hIAPP,_3; peptides
bound to the HMMM membrane confirms what we can see from Fig. 8, that
hIAPP;_3,-HSP is not as dynamic as hIAPP;_3;,-HSD/E (Fig. 9a). This trend is also
present to some extent when the peptide is not bound to the membrane, however,
not nearly as pronounced as for the membrane bound peptides (Fig. 9d).
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Fig. 9 Torsional RMSF differences. If the difference is positive, the top peptide is most flexible,
whereas if the difference is negative, the bottom peptide is most flexible. a The difference between
HMMM bound hIAPP,_37-HSD/E and HMMM bound hIAPP;_3;-HSP shows the effect of
protonating His18. b The difference between HMMM bound hIAPP;_3,-HSP and hIAPP,_3,-HSP
in solution shows the effect of the membrane on the hIAPP;_3;,-HSP peptide. ¢ The difference
between HMMM bound hIAPP,_3;-HSD/E and hIAPP,_3,-HSD/E in solution shows the effect of
the membrane on the hIAPP,_3,-HSD/E peptide. d The difference between the hIAPP,_3;-HSD/E
and hIAPP, 3;-HSP, both in solution, shows the effect of low pH on the free peptide. Only the
final 80 ns of simulation were used for the analysis. The vertical line shows the divide between the
19 N-terminal residues and the 18 C-terminal residues. Adapted with permission from Skeby et al.
Biochemistry (2016) 10.1021/acs.biochem.5b00507. Copyright 2016 American Chemical Society
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The effect of the membrane varies significantly depending on the protonation
state of His18 (Fig. 9b, ¢). The membrane serves to reduce the flexibility of the
hIAPP,_3;-HSP peptide (Fig. 9b). The entire hIAPP,_3,-HSP peptide binds to the
membrane, and is therefore not as disordered as the peptide in solution. For
the hIAPP,_3,-HSD/E peptides, the effect on the N-terminus and C-terminus are
opposing; the N-terminus is stabilized by the membrane, while the C-terminus
becomes more dynamic when the peptide is bound to the membrane (Fig. 9c). This
is a consequence of the affinity of the N-terminus for the membrane and the lack of
affinity of the C-terminus for the membrane. When the N-terminus binds to the
membrane, it releases the C-terminus from the interaction with the N-terminus
leaving it more flexible.

The membrane bound structure of hIAPP,_3; is of high interest, as it may
provide clues to the initial events in fibril formation as well as the origin of hIAPP
toxicity. A highly popular technique to investigate the membrane bound structure is
CD spectroscopy, which can determine the amount of secondary structure elements
in a protein or peptide. It is possible to determine the amount of secondary structure
in the simulations using STRIDE, which evaluates the type of secondary structure
based on the backbone dihedral angles as well as the hydrogen bonding pattern
(Table 2) [17]. The amount of helical structure is lower at neutral pH than at low
pH, which is consistent with CD experiments of hIAPP;_3; in the presence of a
70:30 DOPC:DOPS membrane [18]. The amount of helical structure in hIAPP_3;
was determined using CD spectroscopy to be 39-43 % when bound to 100 %
DOPG liposomes [19], and between 42 and 50 % when bound to large unilamellar
vesicles composed of a 75:25 mixture of DOPC:DOPS [20]. The amount of helical
structure in the simulations is lower than the experimentally measured amount,
which can have several explanations. First, the helical content of hIAPP,_3; in
buffer was estimated to be ~10 % [19]; thus, the peptide may have unfolded
somewhat before binding to the membrane. Second, in spite of the high flexibility
of hIAPP and the fast dynamics of the HMMM, it is quite possible that equilibrium
has not yet been reached in the simulations. Finally, the estimation of helical
structure from CD experiments is based on the assumption that the signal in the

Table 2 Fraction of secondary structure during the simulations

Peptide His18 Membrane (lipids) Helix (%) B (%) Coil (%)
hIAPP,_3, HSD/E HMMM (49) 28 2 70
hIAPP, 5, HSP HMMM (49) 45 0 55
hIAPP, 3, HSD/E - 24 0 75
hIAPP,_3, HSP - 29 0 70
hIAPP,_,9 HSD/E HMMM (36) 23 0 77
hIAPP,_;o HSP HMMM (36) 19 0 81
hIAPP 3, - HMMM (36) 6 1 93

The helical content comprises both a-, 3;(-, and n-helices; B-structure comprises isolated -bridges
and larger B-sheet structures; and coil comprises coil and turn structure. The first 20 ns of each
simulation were excluded from the analysis
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far-UV region of wavelengths only originates from the amide bonds, which may not
be entirely the case as both aromatic side chains and disulphide bonds can con-
tribute to this region of the spectrum [21].

The amount of B-structure is almost non-existent; however, some is present in
the C-terminus of the membrane bound hIAPP,_3,-HSD/E peptide, which is where
it has been suggested that the fibril formation is initiated (Fig. 10b) [22]. Yet, the
amount is so small that it is difficult to make conclusions based on these simula-
tions. The high fraction of helical structure is present mostly in the N-terminus of
the peptide (Fig. 10a). The region around His18 has a very low degree of helical
content, while the C-terminus has some helical structure with a dip around Ser29.
The effect of the His18 protonation on the membrane bound hIAPP,_3; seems to
increase the amount of helical structure, particularly in the C-terminus. This is
consistent with the reduced flexibility of the hIAPP,_3,-HSP peptide as measured
by the torsional RMSF. Furthermore, if the HMMM bound hIAPP;_;,-HSP peptide
is compared to the solvated hIAPP,_3;-HSP peptide, it is evident that the membrane
also has a stabilizing effect on the helical structure. Furthermore, the membrane
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Fig. 10 a Helical and b B structure propensity of the hIAPP, 3; peptide with and without a
HMMM membrane in the simulation. A value of 100 % indicates that the residue is in a helical or
B-sheet conformation 100 % of the simulation time. The first 20 ns of simulation have not been
included in the calculation. The secondary structure was determined using STRIDE.!” The vertical
line shows the divide between the 19 N-terminal residues and the 18 C-terminal residues. Adapted
with permission from Skeby et al. Biochemistry (2016) 10.1021/acs.biochem.5b00507. Copyright
2016 American Chemical Society
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increases the helical structure in the N-terminus of the hIAPP,_3;-HSD/E peptides,
while the helical content in the C-terminus is decreased. The effect of the membrane
on the helical structure is consistent with the effect on the torsional RMSF;
increased helical structure correlates with decreased flexibility, which makes sense,
as a well-defined structure often means less flexibility. In water, the helical content
of the hIAPP,_3;-HSP versus hIAPP,_3;;-HSD/E peptides is very similar, with a
slight favor for more helical structure in the hIAPP,_3,-HSP peptide, which also
correlates with the changes in flexibility between these peptides.

From EPR experiments, an amphipathic helix was suggested to be present
between residues 9 and 20-22 [14]. This fits reasonably well with the simulations
when the differences in conditions are taken into account. The EPR experiments
were performed with a higher anionic lipid content (20:80 PC:PS) than the simu-
lations (70:30 PC:PS). Higher anionic lipid content has been shown to induce more
helical structure in the peptide [20]. The C-terminus was not observed in the EPR
study to exhibit helical structure; however, the estimation of a helix spanning
residues 9-22 was based on mobility and accessibility measurements, and as the
simulations show, the N-terminus is less flexible than the C-terminus as well as
buried deeper in the membrane [14]. It was therefore not possible to determine if
helical structure was also present in the C-terminus.

hIAPP-Lipid Interactions

The lipid membrane in these simulations is composed of two types of lipids, 70 %
DVPC and 30 % DVPS (Fig. 11). It is well established that the amount of anionic
lipid in the membrane has an influence on the fibril formation kinetics of hIAPP. This
section describes the detailed interactions between hIAPP and the lipids.

Fig. 11 Structure of a DVPC (a) (b)

and b DVPS. C have been
shown in pink colors, O is
red, H is white, N is blue, and
P is yellow
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Fig. 12 Average number of heavy atom contacts within 5 A between the protein and each lipid
type for the last 80 ns of simulation. The numbers have been normalized by the number of lipids
for each type (70 % PC and 30 % PS), and the error bars represent a 95 % confidence interval.
Adapted with permission from Skeby et al. Biochemistry (2016) 10.1021/acs.biochem.5b00507.
Copyright 2016 American Chemical Society

The lipid contact profiles for hIAPP,_3;-HSD/E and hIAPP,_3,-HSP peptides are
quite different (Fig. 12). The hIAPP,_3;,-HSD/E peptides have very little contact
with the lipids for residues 12-37. Two hydrophobic stretches are present in this
region of the peptide, residues 12-17 and residues 23-26, which do not interact
favorably with the hydrophilic head-group region of the membrane. As the hIAPP,_
37-HSD/E peptides are not inserted between the lipids, the unfavorable interaction
between these hydrophobic stretches and the lipids keeps the C-terminus away from
the membrane. Residues 27-37, however, contain many hydrophilic residues,
which allow some favorable contact between this region and the membrane.

The contact profile for the hIAPP,_3;,-HSP peptides is much more evenly dis-
tributed, with peaks around the positively charged residues. This peptide inserts in
the interface between the lipid head-groups and the hydrophobic core region, which
allows the hydrophobic residues to interact with the hydrophobic tails of the lipids
as well as DCLE, while the hydrophilic and charged residues interact with the
hydrophilic head-groups (Fig. 13).

The normalized contact profiles from each residue to the two types of lipids are
very similar for hIAPP,_3;-HSP, with a favor for more contacts with the PS lipids
for the residues near the positively charged residues (Fig. 12b). The normalized
contacts from hIAPP,_3;-HSD/E are most dominating with the PS lipids, which
suggests that the lipids surrounding hIAPP; ;;-HSD/E may be enriched in PS lipids
compared to the overall composition of the membrane. This is in line with the high
affinity of hIAPP for anionic membranes, and that the anionic lipids accelerate the
rate of fibril formation [4, 20].
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Fig. 13 Average heavy atom contacts within 5 A between DCLE and the protein residues for the
last 80 ns of simulation. The error bars represent a 95 % confidence interval. Adapted with
permission from Skeby et al. Biochemistry (2016) 10.1021/acs.biochem.5b00507. Copyright 2016
American Chemical Society

The double-charged Lysl clearly has the highest number of contacts of all
residues to both the phosphatidylcholine (PC) and the PS lipids (Fig. 12).
Furthermore, a peak in the number of contacts to Argl1 is present. The hIAPP;_3;-
HSP peptides also have a greater number of contacts to the lipids from His18,
which is also expected as this residue is charged. Thus, the positively charged
residues have more contacts with the lipids than the rest of the residues, and seem to
be anchoring the peptide to the membrane. The higher number of contacts between
the lipids and the positively charged residues (Fig. 12) supports the hypothesis that
the interaction between hIAPP and the phospholipid membrane is mediated by
electrostatic interactions.

The specific interactions between the peptide and the lipids can be evaluated by
the number of hydrogen bonds. The length of the hydrogen bond was set to be a
maximum of 4 A to allow for the longer ranging interactions of salt bridges [23]
with a maximum 30° deviation from a linear hydrogen bond (Fig. 14). Generally, a
higher number of hydrogen bonds are present with the PS lipids. This is likely a
combination of two aspects: first, the additional negative charge on the PS lipid
gives this lipid a formal charge of —1, while the PC lipid is zwitterionic; and
second, PS lipids have two additional hydrogen bond acceptors and three additional
hydrogen bond donors compared to PC.

The hydrophilic residues beginning with Hisl8 (residues 18-22) of the
hIAPP,_3;,-HSD/E peptides have almost no hydrogen bonds with the lipids. This is
somewhat surprising; however, the hydrophobic residues just before and after in the
peptide sequence (residues 12—17 and 23-27) may be preventing the interaction of
His18 with the lipid head-groups. The number of hydrogen bonds between His18 of
the hIAPP,_3,-HSP peptides is highest to the anionic PS lipid, and the hydrophilic
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Fig. 14 Average number of hydrogen bonds between the two types of lipid and the peptide side
chains for a the hIAPP;_3;,-HSD/E peptides and b the hIAPP;_3;-HSP peptides. The first 20 ns of
simulation have been excluded from the calculation, and the normalization has taken the differing
number of lipids (70 % PC and 30 % PS) into account. The error bars represent a 95 % confidence
interval. Adapted with permission from Skeby et al. Biochemistry (2016) 10.1021/acs.biochem.
5b00507. Copyright 2016 American Chemical Society

residues just following His18 in the peptide sequence also form hydrogen bonds
with both types of lipids.

The high number of hydrogen bonds (which includes salt bridges) between the
positively charged groups on the peptide and the anionic PS lipids compared with
the PC lipids shows that the affinity for anionic membranes does indeed originate
from the favorable electrostatic interactions.

To investigate which groups on the lipid are responsible for the hydrogen bonding
with the peptide, the average number of hydrogen bonds between each acceptor
group on the lipids (Fig. 15a) and the positively charged groups on the peptide was
calculated (Fig. 15b, c). The data was normalized by the number of lipids for each
type (70 % PC and 30 % PS), and PS-head was multiplied by 2, as this group only
contains two hydrogen bond acceptors, while the other groups contain 4. The number
of hydrogen bonds is highest with the lipid groups that are negative and closest to the
solvent, with the PS-head group having the highest number. The number of hydrogen
bonds from the double-charged Lysl1 is, not surprisingly, quite high from both the
terminal charge and the side chain amino group. The number of hydrogen bonds
between Argl1 of the hIAPP,_3,-HSD/E peptides and the PS-head group is also quite
high, while the number is quite low from the same residue to the PS-P and PC-P
groups. Contrary to hIAPP,_3;-HSD/E, Argll and Hisl8 of the hIAPP,_3;,-HSP
peptides have hydrogen bonds to both the PS-head and PS-P groups. This difference
in the hydrogen bonding pattern between the hIAPP,_3;,-HSD/E and hIAPP,_3,-HSP
peptides is a consequence of the level of insertion of the two peptides. As hIAPP,_3;-
HSP inserts deeper between the lipids, Argl1 of the hIAPP,_3,-HSP peptides is able
to interact with the phosphate groups, while Argl1 of the hIAPP,_3,-HSD/E peptides
is not able to do so to the same extent.
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Fig. 15 a Hydrogen bond acceptor groups on the two types of lipids. The oxygen atoms in each
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peptide. This shows the average number of hydrogen bonds for the b hIAPP,_3;-HSD/E peptides
and the ¢ hIAPP, 3;-HSP peptides, between the charged groups in the protein and the lipid
acceptor groups. The average is based on the final 80 ns of simulation. The data was normalized
by the number of lipids for each type (70 % PC and 30 % PS), and PS-head was multiplied by 2,
as this group only contains two hydrogen bond acceptors, while the other groups contain 4

Does the HMMM Influence the Results?

It is imperative to make sure that the use of the HMMM is not affecting the results
of the simulations. We have therefore converted the HMMM in four of the systems
to a DOPC/DOPS membrane by growing the full lipid tails on the existing short
lipids, and extended the simulations by 20 ns. One hIAPP,_3;-HSD and one
hIAPP,_37-HSE simulation was chosen. Since all of the simulations are different
because of the very flexible peptide, and none of the simulations really stand out,
the choice of simulation to extend is arbitrary. Two hIAPP;_3;-HSP simulations
were also chosen to be extended; one that was representative of the hIAPP,_3,-HSP
simulations, hIAPP,_;;-HSP(A1), and the outlier, hJAPP,_;;-HSP(B2), where the
peptide has not inserted between the lipids.

The peptides all stay bound to the membrane. The minimum z-coordinate of the
peptide fluctuates around the level of the phosphates as it also does in the HMMM
simulations (Fig. 16a). The structure of the hIAPP,_3;,-HSD/E peptides changes
from the final structure in the HMMM simulation (Fig. 16b). However, this is not
surprising, as we have seen that this is a very flexible peptide (Fig. 6b, d).

From the alignment of the peptide structures (Fig. 17) it is evident that the
hIAPP,_3;-HSP(A1) peptide, which is embedded in the membrane (Fig. 5b), has a
very stable structure, which is also evident from the RMSD. As it is not pushed out
of the membrane, the inserted structure of the hIAPP,_3;,-HSP peptide is stable, at
least on the timescale of these simulations. The hIAPP;_3,-HSP(B2) peptide does
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Fig. 16 a Minimum z-coordinate and b RMSD for the DOPC/DOPS simulations. The black
horizontal line in (a) indicates the position of the lipid phosphates. Adapted with permission from
Skeby et al. Biochemistry (2016) 10.1021/acs.biochem.5b00507. Copyright 2016 American
Chemical Society

(d)

Fig. 17 Alignment of the peptides using C, atoms of residues 1-19 from the DOPC/DOPS
simulations that were extended from the a hIAPP;_3;;-HSD(A), b hIAPP,_3;-HSE(A), ¢ hIAPP,_
37-HSP(A1), and d hIAPP, 37-HSP(B2) HMMM simulations. The peptides are colored by the
residue number with the N-terminus colored red and the C-terminus colored blue. Adapted with
permission from Skeby et al. Biochemistry (2016) 10.1021/acs.biochem.5b00507. Copyright 2016
American Chemical Society

not insert in the DOPC/DOPS membrane; however, even though it is only attached
to the membrane via the N-terminus and the Lys1 side chain, it does not leave the
membrane.

The structures of the hIAPP,_3;-HSD(A) and hIAPP,_3;,-HSE(A) peptides are
more flexible than the hIAPP,_3,-HSP peptide structures. The flexibility is mainly
in the C-terminal part of the peptides, while the N-terminal part binds to the
membrane in the same manner throughout the DOPC/DOPS simulation. The
flexible behavior of the C-terminus is the same in both membrane models.
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The influence of the HMMM on the binding and structure of hIAPP compared to
a conventional DOPC/DOPS membrane is minimal based on the limited tests
performed here. Although, the greatest confidence in the HMMM simulations
comes from the high agreement of the simulations with the available experimental
data on the membrane bound conformation of hIAPP. Furthermore, previous
demonstration of the ability of the HMMM to self-assemble, to reproduce the
density profile of a conventional membrane, as well as to reproduce the insertion of
the membrane anchor domain of human coagulation factor VII, also provides a high
degree of confidence in the simulations [1].

Discussion

We have investigated the binding of hIAPP to a membrane bilayer. Consistent with
surface pressure experiments, all of the peptides in these simulations containing the
19 N-terminal residues bind to the membrane within the first 20 ns of simulation
[13]. hIAPP,_3; does not bind to the membrane in these simulations, which is
consistent with hIAPP,(_»9 not binding in the surface pressure experiments [13]. In
accordance with EPR experiments, we find that the most persistent structure is
present in the N-terminus while the C-terminus is very disordered [14]. The ori-
entation of the peptide in the simulations is also consistent with EPR experiments if
the differing membrane conditions are taken into account [14]. Furthermore, the
degree of helicity in the structures in these simulations matches that measured in
CD spectroscopy experiments reasonably well [18-20].

The high level of agreement with experiments of these simulations enables the
discussion of possible implications of the results presented here regarding the
mechanism of binding; the membrane bound structure, as well as the effects of pH
and the membrane on the peptide.

Influence of the Membrane on hIAPP

The effect of the membrane on hIAPP depends on the protonation state of His18.
When hIAPP;_3;,-HSD/E binds to the membrane, the N-terminal part of the peptide
is stabilized and anchored to the membrane, while the C-terminal part is disordered
and very flexible. It has already been suggested previously that the acceleration of
hIAPP fibril formation by membranes is caused by an increased local concentration
of hIAPP [14], however, the present simulations suggest an additional accelerating
factor; the unwinding of the C-terminal region. It has been shown that residues 20—
29 are important for fibril formation, and that fibril formation is initiated in this
region [22, 24]. Unwinding of the C-terminal region would expose the backbone
and prime it for interaction with another peptide. Assuming that the unwinding of
the peptide is a rate-limiting step, this would ultimately lead to an acceleration of



Discussion 83

the fibril formation as the unwinding step in the fibril formation mechanism has
been eliminated.

The effect of the membrane on hIAPP,_3;-HSP is different from the effect on
hIAPP,_3,-HSD/E. When hIAPP;_3;-HSP binds to the membrane, not only does the
N-terminus bind to the membrane, but the C-terminus does as well. This could
provide a clue to the inhibiting effect on the fibril formation of high anionic lipid
content in the membrane. As discussed above, a higher content of anionic lipids
could induce the protonation of Hisl18, which would change the structure and
membrane binding of hIAPP from an exposed and dynamic C-terminus to a deeper
buried and rigid structure. This hypothesis could potentially be tested using con-
stant pH simulations [25].

As discussed previously, the acceleration of fibril formation by an anionic
membrane is most likely due partly to the increased local concentration of
hIAPP. However, when the concentration of anionic lipid becomes too high, the
fibril formation is actually inhibited [20]. From these simulations we have seen a
higher affinity of hIAPP for the anionic PS lipids over the PC lipids, which could
hint at an explanation for the inhibition of fibril formation at higher anionic lipid
concentration; it is possible that when the concentration of anionic lipids becomes
higher, the energetic cost of releasing the lipid from the membrane becomes higher,
resulting in slower aggregation. Furthermore, the possible protonation of His18
may also play a role in the inhibition of fibril formation. This is a hypothesis that
needs to be tested with further experiments and/or simulations.

Influence of the Positive His18

hIAPP aggregates slower at low pH [18, 26]. The most likely reason is probably the
increased electrostatic repulsion between the peptides with the added positive
charge on His18 at low pH. Nothing in the present simulations indicate that this
should not be the case, as they do not show any drastic differences in either
structure or stability between the two protonation states of the peptides. It cannot be
supported based on these simulations either, as this would require simulations with
multiple peptides in the setup.

When the peptide is bound to the membrane, however, we do see a difference
between the two peptide protonation states. When hIAPP,_3,-HSD/E is bound to
the membrane, the N-terminus is interacting with the lipids, while the C-terminus is
solvated and not interacting with the membrane. The hIAPP,_3;,-HSP peptide, on
the other hand, binds to the membrane with both the N-terminal and the C-terminal
parts of the peptide. So, at lower pH, the C-terminus is not free to interact with
another peptide, should it encounter any. The electrostatic repulsion probably also
plays a role in the membrane bound situation, however, the effect is likely smaller,
as the anionic lipids serve to screen the charges on the peptide. We therefore
suggest that the inhibiting effect of low pH on the fibril formation could be caused
by two different aspects in the presence and absence of the membrane; the
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electrostatic repulsion is the main actor in solution, while the interaction of the
membrane with the C-terminus of hIAPP,_37-HSP is the main actor when the
peptide is bound to an anionic membrane.

Specific Lipid Interactions

The analysis of the specific interactions between the residues and the two lipid types
has provided possible explanations for the behavior of hIAPP. It is clear that the
early attraction between hIAPP and the membrane is an electrostatic interaction that
is driven by the affinity of the positively charged residues of hIAPP for the anionic
PS lipids, as has also been shown by Infrared Reflection Absorption Spectroscopy
[27]. hIAPP binds to the membrane differently depending on the protonation state
of His18. When His18 is uncharged, the membrane binding is mediated by residues
1-11, while residues 12-37 have very few contacts with the membrane. When
His18 is charged, the C-terminal part is drawn to the membrane, and the entire
peptide is buried deeper within the membrane head-group region. The reason for
the differences in membrane binding between the two peptide protonation states is
the presence of hydrophobic stretches of residues surrounding His18. When His18
is positively charged, the interaction between His18 and the PS lipids is strong
enough to overcome the barrier of pushing the peptide between the lipid
head-groups to allow the favorable interaction of the hydrophobic residues with the
membrane core region. However, when His18 is not positively charged, there is no
attracting interaction to pull the C-terminus to the membrane, and the hydrophobic
residues are pushed away from the membrane.

Conclusion

The binding of hIAPP and fragments thereof to a mixed zwitterionic/anionic
membrane has been investigated using all-atom MD simulations. High agreement
of the simulations with experiments has enabled the detailed discussion of mech-
anisms regarding the influence of pH and membrane on the membrane binding and
fibril formation of hIAPP. However, the hypotheses posed in this work need further
testing through both simulations and experiments. We have initiated further sim-
ulations building on the present work to investigate the association of multiple
hIAPP peptides bound to the membrane. Furthermore, it is our hope that these
simulations and the hypotheses posed here could be the starting point for future
studies concerning the mechanism of hIAPP fibril formation and membrane
disruption.
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Effect of Terminal Capping
on Aggregation of Peptide Fragments

This section summarizes and discusses the results from the submitted manuscript
entitled “The importance of being capped: Terminal capping of an amyloidogenic
peptide affects fibril formation propensity and fibril morphology”. The biophysical
studies were performed by Maria Andreasen; the synthesis of the peptides was
conducted by Erik Holm Nielsen and Heidi Frahm; the microscopy images were
produced by Lasse Hyldgaard Klausen; and I performed the MD simulations. The
manuscript was prepared mainly by Maria Andreasen, however, a substantial part
of the results and discussion was written by me.

Introduction

Studies of amyloid aggregation are often performed using fragments of the full-
length amyloidogenic proteins. This simplification of protein structure reduces the
complexity of the data, and these modifications are justified by the fact that usually
only part of the protein is incorporated into the fibril core. Fragments of the
full-length protein have been extensively used to study aggregation of AP [1-3], the
prion protein [4—6], hIAPP [7-10], huntingtin [11, 12], and transthyretin [13-15].
However, even subtle modifications of the peptide structure can result in changes in
fibril formation properties as has been shown for the hIAPP,_,9 peptide fragment [8,
16]. The effect of changing the terminals of a short peptide has been investigated for
the AP [16-22] fragment, where the free or capped terminals led to two different
fibril morphologies [17]. hIAPP contains a C-terminal amidation in vivo [18], which
has been shown to be important for both aggregation propensity and monomer
structure; removing the C-terminal amidation results in slower aggregation and a
different monomer structure [19-21]. These observations illustrate the importance of
determining the effect of terminal modifications on the amyloidogenic properties.

© Springer International Publishing Switzerland 2016 87
K.K. Skeby, Computational Modelling of the Human Islet Amyloid Polypeptide,
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In this study, we have investigated the effect of different N- and C-terminal modi-
fications on the fibril formation kinetics and fibril morphology using a combination
of biophysical and computational techniques.

Experimental and Computational Methods

We have examined the fibril formation properties of five different capping variants
of the hIAPP,(_»9 peptide (SN) with the sequence SNNFGAILSS (Table 1).

The full details of the peptide synthesis, ThT fibril formation experiments,
Fourier transform infrared (FTIR) spectroscopy, far-UV CD spectroscopy, TEM,
and AFM can be found in the published paper.

A 50 ns MD simulation was performed for each of three SN capping variants;
SN, SN-NH,, and Ac-SN. We only included these three capping variants, since
they show the most dramatic differences in chemical structure, fibril formation
kinetics, and fibril morphology (see experimental results). In our simulations, a
fibril consists of two antiparallel B-sheets with 10 peptide strands in each. The fibril
structure was obtained from a ss-NMR structure of the SN-NH, peptide [22]. This
structure is a double-layer of two [B-sheets with antiparallel arrangement of the
peptide strands, which is probably caused by the N-terminal positive charge.
A fibril structure with parallel B-sheets would place the positive charges solely on
one side of the B-sheet, which is expected not to be energetically favorable. Parallel
[B-sheet structures of fragments from hIAPP have been observed using X-ray micro
crystallography [23, 24]; however, in a microcrystal, the charged peptide termini
pack closely against the termini in the adjacent B-sheet in the crystal lattice, which
provides a balance of the charges. This enables the parallel B-sheet conformation to
be stabilized. To our knowledge, no atomic resolution amyloid fibril structure
composed of peptide fragments in a parallel B-sheet conformation not originating
from a microcrystal has been published. Therefore, the assumption that all capping
variants used in the present simulations form fibrils with antiparallel B-sheets is

Table 1 Overview of the capping variants of the decapeptide SNNFGAILSS used in the present
study

Name Modification Sequence

SN Free N-and C-termini *H;N-SNNFGAILSS-COO™

Ac-SN N-terminal acetylation, free C-terminus H;CNH-SNNFGAILSS—-
COO™

SN-NH, Free N-terminus, C-terminal amidation *H;N-SNNFGAILSS—
CONH,

Ac—SN- N-terminal acetylation, C-terminal H;CNH-SNNFGAILSS-

NH, amidation CONH,

Ac—SN- N-terminal acetylation, C-terminal H;CNH-SNNFGAILSS—

NMe N-methylation CONMe

The terminal capping groups are shown, and the sequence is listed for the fibrillating peptides



Experimental and Computational Methods 89

reasonable. This also allows a more direct comparison of the effect of the capping
groups on the fibril structure.

The ss-NMR fibril structure only contains atomic coordinates for the central
NFGALILS residues since only the hexapeptide NFGAIL was isotopically labeled.
The N-terminal Ser-Asn and C-terminal Ser were constructed using Maestro 9.2
from the 2011 Schrédinger Suite [25], by continuation of the antiparallel B-sheet
conformation of the backbone. The peptide was first extended, after which
N-terminal acetyl- and C-terminal methyl amide capping groups were added. This
structure was used as a template for all the capping variants to ensure the same
starting structure. Each capping variant was created with the psfgen tool for VMD
[26].

All systems were solvated using the TIPS3P water model [27] in an 86 A cubic
box, allowing at least 13 A from any fibril atom to the edge of the box. The system
was neutralized to a 50 mM concentration of NaCl to match the ionic concentration
of the experiments. All systems were simulated with the CHARMM22* FF [28] in
NAMD 2.9 [29]. This FF was chosen since it has optimized backbone torsional
parameters, allowing a good balance between a-helix, B-sheet, and random coil. The
simulation temperature was kept constant at 310 K using a Langevin thermostat with
a damping constant of 0.5 fs~'. The simulation pressure was kept constant at 1 atm
using a Langevin piston with a piston period of 100 fs, a piston decay time of 50 fs,
and a piston temperature of 310 K. The simulations were run with a 2 fs time-step.
Non-bonded interactions were calculated every 2 fs including atoms within 12 A,
and the full electrostatic interactions were calculated every 4 fs. The non-bonded
interactions were cut off at 12 A with a switching function starting at 10 A. The
pair-list was updated every 40 fs and includes atom pairs within 13.5 A. The systems
were simulated using periodic boundary conditions, and PME [30, 31] was used for
calculating the long-range electrostatic interactions. Bonds to hydrogen were con-
strained using the RATTLE algorithm [32].

All systems were initially minimized for 10,000 steps, after which the water and
ions were equilibrated for 10 ps in the NVT ensemble, keeping the fibril con-
strained. Then, a 1 ns equilibration was performed in the NPT ensemble, and finally
production runs of 50 ns were performed for each system. Snapshots were stored
every 10 ps and were used for analysis.

Results

TEM and AFM images show that the terminal capping affects the fibril morphology.
The SN-NH, peptide forms long twisted fibrils without branching (Fig. 1), con-
sistent with previous reports on the fibril morphology of this peptide [8, 22]. Ac—SN
does not show fibril activity on the microscopy images. The SN, Ac—-SN-NH,, and
Ac-SN-NMe peptides form long, straight fibrils with a tendency towards lateral
bundling.
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Fig. 1 TEM images of fibrils of terminal capping variants of SN. Scale bar equals 200 nm. AFM
images of fibrils of terminal capping variants of SN can be found in the published paper. Reprinted
with permission from Andreasen et al. [8] Biochemistry, 53, 6968. Copyright 2014 American
Chemical Society

The fibril formation of the capping variants of SN was examined using the
amyloid binding fluorescent dye ThT [33]. The terminal capping has a profound
effect on the fibril formation kinetics of SN (Fig. 2). The lag-time is defined as the
time-point when the ThT fluorescence signal has reached 10 % of the maximum
signal intensity. The lag-time is a measure of the fibril formation propensity, and
reflects the time it takes for the peptide to form the critical nucleus needed to initiate
the elongation of the fibril. Based on the lag-times of the fibril formation (Table 2),
the capping variants of the SN peptide can be ranked by increasing lag-times;

Fig. 2 Fibril formation of —e—SN-NH, -=— Ac-SN-NMe DMSO
terminal capping variants of «-SN == Ac-SN-NMe TFA
SN. Normalized ThT i3 --@--Ac-SN 4+~ Ac-SN-NH,

! T T T T T T

fluorescence from triplicate
runs plotted against the time
of incubation. Reprinted with
permission from Andreasen
et al. [8] Biochemistry, 53,
6968. Copyright 2014
American Chemical Society
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Table 2 Lag-times of the fibril formation kinetics of the terminal capping variants of SN

SN capping variant Lagtime (h) Max ThT (A.U.)
SN-NH, 1.6 £ 0.1 597.3 £ 8.7
Ac-SN-NMe (DMSO stock) 1.8 +£04 1410.5 + 78.5
SN 113+ 1.3 144.0 + 28.7
Ac-SN-NH, 283 + 1.6 129.0 + 2.6
Ac-SN N.A. 9.7+ 0.6

The lag-time is defined as the time-point when the ThT fluorescence signal has reached 10 % of
the maximum signal intensity

SN-NH, ~ Ac-SN-NMe < SN < Ac-SN-NH,. Ac-SN is not listed as it does not
display an increase in the ThT fluorescence even after prolonged incubation for up
to 80 h. Due to solubility reasons Ac—SN-NMe was synthesized as a depsipeptide
intermediate, which contains an ester bond between the carboxylic acid of the
backbone and the hydroxyl-group of the adjoining amino acid side chain. The
depsipeptide intermediate rearranges into the normal peptide above pH 7. Besides
dissolving the depsipeptide in DMSO, which was used for the other peptides,
Ac-SN-NMe was also dissolved in TFA, which had been used previously for
depsipeptides, to make sure that DMSO did not have an unexpected effect on the
rearrangement from the ester to the peptide. Ac-SN-NMe in the two different
solvents did not display markedly different fibril formation kinetics.

Besides differences in the lag-time, the capping variants also display differences
in the maximum ThT intensity (ThT,,.x) observed during fibril formation (Table 2).
The ThT,,. is influenced by e.g. fibril morphology, the tendency for lateral bund-
ling, and the amount of fibril material in the sample. SN-NH, and Ac-SN-NMe in
the two stock solutions all display high ThT,,,., while SN and Ac-SN-NH, display
very modest ThT,,,x. The decrease in ThT,,x correlates with the increase in
lag-time, except for SN-NH,, which could be connected to the different morphology
of SN-NH,. The ThT intensity of Ac—SN is indistinguishable from that of ThT in
buffer.

We examined the secondary structure of the fibrils using FTIR and CD spec-
troscopy (Fig. 3). Protein secondary structure elements, such as o-helix, B-sheet,
and random coil, give rise to different CD spectra, and deconvolution of a CD
spectrum enables the determination of the secondary structure content of a sample.
FTIR probes the bond vibrations in a sample, and peaks at specific locations can
indicate the presence of e.g. amyloid or regular B-sheet structure. All fibrillating
peptides display amyloid structure in the FTIR and CD spectra. Furthermore, the
FTIR and CD spectra provide no evidence for B-sheet structure of Ac-SN, and the
deconvolution of the FTIR spectrum shows only a random coil contribution to the
spectrum (Table 3). Clearly, N-terminal acetylation of SN (with a free C-terminus)
abolishes the amyloidogenicity observed for non-capped SN.

All the fibrillating capping variants of SN display amyloid B-sheet components
as the major (55-70 %) contributor to the FTIR spectra and comparable amounts of
B-turn (20-25 %) (Table 3). SN-NH; has a slightly higher level of regular -sheet
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Fig. 3 Secondary structure analysis of the fibrils formed by the terminal capping variants of SN.
a FTIR analysis in the amide I band of the terminal capping variants of SN (not including the
double capped methylated SN from the TFA stock due to the major signal from TFA in the amide I
band). b Far-UV CD analysis of the terminal capping variants of SN. Reprinted with permission
from Andreasen et al. [8] Biochemistry, 53, 6968. Copyright 2014 American Chemical Society

Table 3 Percentages of secondary structural elements of fibrils obtained from deconvolution of
FTIR spectra of fibrils

SN variant Amyloid B-sheet B-sheet B-turn Random Other
SN 67.8 7.7 24.5 - -
Ac-SN - - - 100.0 -
SN-NH, 60.1 19.3 20.6 - -
Ac-SN-NMe 56.0 9.7 25.7 5.0 3.5
Ac-SN-NH, 61.7 11.6 26.7 - -

(and slightly lower levels of B-turn content) than the other fibrillating peptides,
while SN has a higher amyloid -sheet content than the other fibrillating peptides.

The far-UV CD spectra of SN capping variant fibrils seen in Fig. 3b are less
informative with regards to the secondary structural elements. The CD spectrum of
Ac-SN displays very little signal in the far-UV range consistent with the lack of
amyloid structure observed for this capping variant. Despite a positive ThT fibril
formation curve and amyloid B-sheet content in the FTIR spectra, Ac—-SN-NH,
does not display a signal in the far-UV range of the CD spectrum, even though a
clear fibril pellet is visible after centrifugation. The remaining capping variants
(SN-NH,, Ac-SN-NMe, and SN) all display CD spectra indicative of B-sheet
structure with a single minimum at ~218 nm and a positive signal below 210 nm.

We used cross-seeding to examine whether fibril seeds could change the normal
morphology formed by a capping variant. SN monomers can form polymorphic
fibrils. However, seeding with homogeneous fibril seeds abolishes the polymor-
phism and leads to a single fibril morphology [34]. Thus polymorphic tendencies
can be overruled by specific fibril structures.
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Fig. 4 Kinetics of cross-seeding of the capping variants. a Normalized ThT fluorescence for the
cross seeding of the non-fibrillogenic Ac—SN seeded with the various capping variants.
b Normalized ThT fluorescence for the capping variants forming flat fibrils seeded with SN-NH,
that forms twisted fibrils. ¢ Normalized ThT fluorescence for the SN-NH, forming twisted fibrils
seeded with the various capping variants normally forming flat fibrils. Reprinted with permission
from Andreasen et al. [8] Biochemistry, 53, 6968. Copyright 2014 American Chemical Society

Seeding was not able to stimulate fibril formation of the Ac—SN fibril. This is
seen both from the lack of increased ThT fluorescence even after prolonged
incubation (Fig. 4a); the lack of fibrils observed in TEM and AFM images (Fig. 5)
and the lack of amyloid B-sheet signal in the FTIR spectrum (See published paper).
The presence of short fibril fragments in the TEM image obtained for Ac—SN
seeded with preformed fibrils of SN-NH, are most likely the seeds and not
structures formed by Ac—-SN (Fig. 5).

The fibril kinetics for all other capping variants of SN is affected by the presence
of preformed fibril seeds (Fig. 4b—c). Addition of fibril seeds abolishes the lag-time
of fibril formation. The fibril morphology did not change in any of the cross-seeding
experiments, despite the presence of preformed fibril seeds of the other morphology
(Fig. 5).

SN-NHZ w Ac-SN-

2
P .&;._\,, Ac-SN-NH, w ...,‘\
Ac-SN w =
SN—NH2 seeds

Fig. 5 TEM images of the fibrils formed by cross-seeding the terminal capping variants of SN.
Scale bar represents 200 nm. AFM analysis of the fibril morphology formed during cross-seeding
can be found the published manuscript. Reprinted with permission from Andreasen et al. [8]
Biochemistry, 53, 6968. Copyright 2014 American Chemical Society
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The preservation of the morphology of the parent peptide in the presence of
seeds of the opposite morphology contrasts with previous reports for SN. Seeding
has previously led to a homogeneous sample of the same morphology as the initial
fibril seed [34]. Since the lag phase disappears, the seeds have interacted with the
peptide in solution, and have initiated the fibril formation. However, the intrinsi-
cally coded fibril morphology of the peptide in solution overrules the morphology
of the seeds.

For most of the fibrils arising from the cross-seeding, the secondary structure, as
determined by FTIR does not change compared to the non-seeded fibrils, which is
in line with the observations made from the TEM and AFM images. However, the
FTIR spectra of SN-NH, seeded with Ac-SN-NH, and SN seeded with SN-NH,
differ from the FTIR spectra of the unseeded fibrils, even though no change in the
fibril morphology is seen in either TEM or AFM (Fig. 5a). This could indicate a
slightly different packing of the individual peptides when seeds from fibrils with a
different morphology are present, even though it does not lead to a change in fibril
morphology.

To obtain clues to the underlying reasons for the differences in fibril formation
properties between these capping variants, we performed MD simulations of three
of the capping variants (SN, Ac-SN, and SN-NH,). We simulated a fibril con-
sisting of two antiparallel B-sheets with 10 strands in each (Fig. 6).

The C, RMSD relative to the minimized structure of the fibrils quantifies how
much the fibril structure changes from the original conformation during the simu-
lation (Fig. 7a). The SN fibril is the most stable with an RMSD around 3 A, which
is reasonable as this structure is a small part taken from a larger fibril assembly,
making the peptide strands at the fibril termini quite flexible. However, the RMSD
curves for the Ac—SN and SN-NH, did not reach a plateau, suggesting that these
peptides may not have equilibrated completely. Despite this, the present simulations

Fig. 6 Initial structure of the fibril used in the simulations. The fibril is viewed from different
orientations; a top view, b side view, and ¢ view from the fibril end. Reprinted with permission
from Andreasen et al. [8] Biochemistry, 53, 6968. Copyright 2014 American Chemical Society
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Fig. 7 Quantification of the
MD simulations. All traces
are running averages over
200 ps. a The RMSD was
calculated for all C, atoms.

b The number of hydrogen
bonds between the ends of the
peptides was calculated using
the atoms displayed in Fig. 9.
¢ The twist along the fibril
axis is the angle between two
normals defined at each end
of the B-sheets, and is the
average of the two sheets.
Adapted with permission
from Andreasen et al. [8]
Biochemistry, 53, 6968.
Copyright 2014 American
Chemical Society
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do provide clues to the mechanisms governing the differences observed for the
capping variants.

From the fibril structure at the end of the simulation (Fig. 8) it is evident that the
overall cross-f structure has been retained during the simulation. The RMSD of
SN-NH, steadily rises during the simulation and ends around 5 A. This is due to an
observed additional twisting of the fibril (Fig. 7c). The RMSD of Ac-SN is higher
than for the other two peptides, reaching 5.5 A at 30 ns and retains this value for the
remainder of the simulation. This is due, in part, to very flexible peptide strands at
the ends of the fibril which break the B-sheet structure; and in part to the capped
peptide termini on the sides of the B-sheets which fold up to interact with the
hydrophobic side chains on the surface of the fibril (Fig. 8c). In accordance with the
inability of Ac—SN to form fibrils in vitro, this is the most unstable fibril. The time
scale of the MD simulations, however, is too short to observe actual fibril
dissociation.

The optimal hydrogen-bonding pattern for the peptide termini at the sides of the
B-sheet in the antiparallel arrangement present in the 2KIB PDB-structure is
schematically represented in Fig. 9. The possible number of backbone hydrogen
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Fig. 8 The last frame from each MD simulation, shown looking down the fibril axis. Each peptide
is represented in cartoon, and the first and last residue is represented with vdW spheres. Red or
blue color indicates a residue/terminus with a negative or positive charge, respectively. a The
neutral N-termini (gray spheres) of Ac—SN, which are curling up towards the side chains on the
surface of the fibril. b This shows the stability of the SN fibril, which has not changed much from
the beginning of the simulation. ¢ The additional twist of the SN-NH, fibril is evident in this
image

bonds between the termini is two for SN—NH,, while Ac—SN and SN can make one
hydrogen bond for each terminus (Fig. 9). The actual number of hydrogen bonds
between the peptide termini in the simulation can be seen in Fig. 7b. The atoms
depicted in Fig. 9 have been used for the summation, and a hydrogen bond is
estimated to be present if the two hetero atoms are within 4 A of each other, and the
angle between donor atom, hydrogen atom, and acceptor atom deviates less than
30° from the ideal 180°. This means that the side chain from Serl has also been
included in the calculation, since this side chain would most likely also participate
in the hydrogen bonding pattern of the fibril in vitro.

The SN fibril has a very high number of hydrogen bonds, fluctuating around 18,
due to the positive charges on the N-termini and the negative charges on the
C-termini alternating on the side of the B-sheet. These favorable electrostatic

Fig. 9 Possible backbone Ac-SN SN SN-NH,
hydrogen bonding networks i o) . 0 > fo]
in different fibril variants.
Networks are shown as dotted w e J)J\H %\ HSN\‘:)LH%Z\ HaN \J)LH)Q\
lines at the sides of the o ; e : oy :
B-sheets for the Ac—SN, SN, HO 0 HO O HO 0
and SN-NH, capping Ol 4 ©il 10 10
variants. The blue numbers o~ o H,oN
indicate the residue number, \
and the red and blue circles H 0 > o) < 0
indicate a negative and
positive charge, respectively. \WN\J)LH%\ HaN\!)LHA‘ HaN\j)J\H%‘
Reprinted with permission 7 S o

HO HO HO

from Andreasen et al. [8]
Biochemistry, 53, 6968.
Copyright 2014 American
Chemical Society
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interactions keep the fibril stable. The number of hydrogen bonds for the Ac—SN
variant fluctuates around 4 and the number of hydrogen bonds for the SN-NH,
variant fluctuates around 6. While the difference between these two peptides is
small, there are two different reasons for the low number of hydrogen bonds in the
two fibrils. In SN—NH, the additional twisting of this fibril (see below) is probably
the cause. Whereas for Ac—SN, the capped N-termini approach the hydrophobic
side chains on the surface of the fibril, thereby breaking the hydrogen bonding
pattern on the side of the fibril. During the simulation of the Ac—SN fibril (Fig. 8a),
the N—termini with the acetyl capping groups (gray) move away from the negative
charges on the C—termini (red). It is more favorable for the hydrophobic acetyl-cap
to interact with the hydrophobic side chains present on the surface of the fibril than
with the negatively charged C-termini or water. Furthermore, only one hydrogen
bond per peptide terminus is present to keep the N-terminus of Ac—SN in place. The
hydrophobicity of the capping group along with the low number of hydrogen bonds
between the termini disrupts the B-sheet structure. This shows that a fibril composed
of Ac—SN peptides is not stable even for as short a time as 50 ns, and the reason
seems to be that the negative C—terminal carboxylate does not have enough
hydrogen bonding partners to stabilize the cross-f arrangement. This is in accor-
dance with the experimental evidence that this fibril does not form fibrils in vitro.

The differences in fibril morphology between the capping variants can also be
observed in the MD simulations. The twist of the fibrils is calculated as in Fig. 4c in
the chapter “Imaging Agent Binding to Amyloid Protofibrils”. The twist of the SN—
NH, (Figs. 7c and 8c) fibril becomes more pronounced during the simulation,
while the twist of the Ac—SN and SN fibrils stays at ~20° as in the original
ss-NMR structure. This is in accordance with the SN-NH, capping variant being
observed to produce twisted fibrils, while the SN fibril produces flat ribbons. The
twist in the structure is a consequence of the single positive charge of the fibril
being placed at one end of the peptide. The twist allows a greater distance between
the individual charges on the side of the fibril. The peptides with complementary
capping groups (SN, Ac-SN-NH,, and Ac-SN-NMe) at each terminus of the
peptide produce flat fibrils since they have no unfavorable interactions on one side
of the B-sheets which need to be relieved by a twist. The lack of additional twist in
the Ac—SN fibril could be a consequence of the C-termini being able to move away
from one another, since they are not anchored to the same extent by hydrogen
bonds as the N-termini in the SN-NH, fibril.

Discussion

We have shown that modification of the free termini of the amyloidogenic peptide
SNNFGAILSS has profound impact on the fibril formation propensity, kinetics and
morphology. This is manifested both in vitro and in silico, where modification of the
peptide affects the hydrogen bonding network as well as the overall electrostatics.
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Clearly, the termini play a major role in determining peptide self-assembly
properties. Empirical support for this has also been provided by others. In a
comparative study of the fibril formation of non-capped and double-capped Ap
[16-22] (KLVFFAE and Ac-KLVFFAE-NH,) (which admittedly has a higher
level of charged side chains than SNNFGAILSS), Tao and coworkers observed that
the capped version of AP [16-22] formed flat nanotapes while the non-capped
version formed twisted fibrils [17]. The twisted fibrils formed by the non-capped
version of AP [16-22], displayed weaker hydrogen bonding and weaker m-m
stacking of the aromatic residues, both of which are likely due to the twisting of the
B—sheets in the fibrils as compared to the flat B-sheets, which make up the flat
nanotapes. The twist in the -sheets is most likely caused by electrostatic repulsion
of two positive charges at the N-termini or two negative charges at the C-termini, in
experiments conducted at pH 2 or pH 12, respectively. One of the charges is present
on the terminus and one is present on the first or last residue side chain. Capping the
termini of the peptides reduces the electrostatic repulsion and allows for the for-
mation of flat fibrillar structures. The charge on the side chain is still present (in
contrast to SNNFGAILSS); however, since the charge is located at the end of the
side chain and not the backbone, the charges on adjacent residues are able to be
farther apart without disrupting the backbone hydrogen bonding pattern.

The twisted morphology of the SN-NH, peptide shows that if the single charge
is present on the backbone, the ability to form flat fibrils is abolished. The Ac—SN
has a single charge at the C-termini, which, following the previous rationale should
also result in twisted fibril morphology. However, the Ac—SN peptide does not form
fibrils at all, most likely due to the lower number of possible hydrogen bonds which
can be formed between the termini of the peptides. All other variants of SN form
flat ribbon-like fibrils. This correlates with these peptides having complementary
capping groups at the N- and C-termini, i.e. no repulsive charges acting on the fibril
morphology, or a higher possible number of hydrogen bonds keeping the terminus
together in the cross-f§ arrangement.

hIAPP is C-terminally amidated in vivo, and the role of this amidation on the
amyloidogenic behavior of hIAPP has previously been examined. C-terminally
amidated hIAPP fibrillates faster than non-amidated hIAPP, but has a lower
propensity to form cytotoxic species during the fibril formation [35, 36]. This
suggests that even in the full-length hormone, capping of the termini can have a
dramatic effect on the amyloidogenic behavior of a protein.

Conclusion

The simulations in the present study have provided hints to the underlying reasons
for the differences in fibril formation properties of the capping variants. It is obvious
from the present work that slight modifications in the peptide can change the
physical and chemical properties of the peptide greatly, and thereby affect fibril
formation ability, kinetics, and morphology. This has previously been disregarded
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when designing protein fragments as model systems of a full-length protein.
However, this aspect has to be considered in future fibril formation studies using
model peptides. Additionally, knowledge about which factors are involved in fibril
formation kinetics, propensity, and stability is of utmost importance in the pursuit
of treatments for amyloid diseases.

References

10.

11.

12.

13.

14.

15.

. Benzinger TLS, Gregory DM, Burkoth TS, Miller-Auer H, Lynn DG, Botto RE, Meredith SC

(2000) Two-dimensional structure of B-amyloid(10-35) fibrils. Biochemistry 39:3491-3499

. Kirschner DA, Inouye H, Duffy LK, Sinclair A, Lind M, Selkoe DJ (1987) Synthetic peptide

homologous to B protein from alzheimer disease forms amyloid-like fibrils in vitro. Proc Natl
Acad Sci USA 84:6953-6957

. Krysmann M]J, Castelletto V, Kelarakis A, Hamley IW, Hule RA, Pochan DJ (2008)

Self-assembly and hydrogelation of an amyloid peptide fragment. Biochemistry 47:4597-4605

. Brown DR (2000) Prion protein peptides: optimal toxicity and peptide blockade of toxicity.

Mol Cell Neurosci 15:66-78

. Hope J, Shearman MS, Baxter HC, Chong A, Kelly SM, Price NC (1996) Cytotoxicity of

prion protein peptide (PrP'°®"'2%) differs in mechanism from the cytotoxic activity of the
alzheimer’s disease amyloid peptide, AB25-35. Neurodegeneration 5:1-11

. van der Wel PCA, Lewandowski JR, Griffin RG (2007) Solid-state NMR study of amyloid

nanocrystals and fibrils formed by the peptide GNNQQNY from yeast prion protein
Sup35p. J Am Chem Soc 129:5117-5130

. Westermark P, Engstrom U, Johnson KH, Westermark GT, Betsholtz C (1990) Islet amyloid

polypeptide: pinpointing amino acid residues linked to amyloid fibril formation. Proc Natl
Acad Sci USA 87:5036-5040

. Andreasen M, Nielsen SB, Mittag T, Bjerring M, Nielsen JT, Zhang S, Nielsen EH,

Jeppesen M, Christiansen G, Besenbacher F, Dong M, Nielsen NC, Skrydstrup T, Otzen DE
(2012) Modulation of fibrillation of hIAPP core fragments by chemical modification of the
peptide backbone. Biochim Biophys Acta, Proteins Proteomics 1824:274-285

. Tenidis K, Waldner M, Bernhagen J, Fischle W, Bergmann M, Weber M, Merkle ML,

Voelter W, Brunner H, Kapurniotu A (2000) Identification of a penta- and hexapeptide of islet
amyloid polypeptide (IAPP) with amyloidogenic and cytotoxic properties. J Mol Biol
295:1055-1071

Serensen J, Periole X, Skeby KK, Marrink S-J, Schiett B (2011) Protofibrillar assembly
toward the formation of amyloid fibrils. J Phys Chem B 2:2385-2390

Marsh JL, Walker H, Theisen H, Zhu YZ, Fielder T, Purcell J, Thompson LM (2000)
Expanded polyglutamine peptides alone are intrinsically cytotoxic and cause
neurodegeneration in drosophila. Hum Mol Genet 9:13-25

Raspe M, Gillis J, Krol H, Krom S, Bosch K, van Veen H, Reits E (2009) Mimicking
proteasomal release of polyglutamine peptides initiates aggregation and toxicity. J Cell Sci
122:3262-3271

Jarvis JA, Craik DJ, Wilce MCJ (1993) X-ray-diffraction studies of fibrils formed from peptide
fragments of transthyretin. Biochem Biophys Res Commun 192:991-998

Jaroniec CP, MacPhee CE, Astrof NS, Dobson CM, Griffin RG (2002) Molecular
conformation of a peptide fragment of transthyretin in an amyloid fibril. Proc Natl Acad
Sci USA 99:16748-16753

Serensen J, Hamelberg D, Schigtt B, McCammon JA (2007) Comparative MD analysis of the
stability of transthyretin providing insight into the fibrillation mechanism. Biopolymers 86:
73-82



100

16.

17.

18.

19.

20.

21

22.

23

24.

25.

26.

217.

28

29.

30.

31.

32.

33.

34.

35.

36.

Effect of Terminal Capping on Aggregation ...

Zhang S, Andreasen M, Nielsen JT, Liu L, Nielsen EH, Song J, Ji G, Sun F, Skrydstrup T,
Besenbacher F, Nielsen NC, Otzen DE, Dong M (2013) Coexistence of ribbon and helical
fibrils originating from hIAPP,, 59 revealed by quantitative nanomechanical atomic force
microscopy. Proc Natl Acad Sci USA 110:2798-2803

Tao K, Wang J, Zhou P, Wang C, Xu H, Zhao X, Lu JR (2011) Self-assembly of short
AP(16-22) peptides: effect of terminal capping and the role of electrostatic interaction.
Langmuir 27:2723-2730

Roberts AN, Leighton B, Todd JA, Cockburn D, Schofield PN, Sutton R, Holt S, Boyd Y,
Day AlJ, Foot EA (1989) Molecular and functional characterization of amylin, a peptide
associated with type 2 diabetes mellitus. Proc Natl Acad Sci USA 86:9662-9666

Yonemoto IT, Kroon GJA, Dyson HJ, Balch WE, Kelly JW (2008) Amylin proprotein
processing generates progressively more amyloidogenic peptides that initially sample the
helical state. Biochemistry 47:9900-9910

Nanga RPR, Brender JR, Vivekanandan S, Ramamoorthy A (2011) Structure and membrane
orientation of IAPP in its natively amidated form at physiological pH in a membrane
environment. Biochim Biophys Acta, Biomembr 1808:2337-2342

. Patil SM, Xu S, Sheftic SR, Alexandrescu AT (2009) Dynamic a-helix structure of

micelle-bound human amylin. J Biol Chem 284:11982-11991

Nielsen JT, Bjerring M, Jeppesen MD, Pedersen RO, Pedersen JM, Hein KL, Vosegaard T,
Skrydstrup T, Otzen D, Nielsen NC (2009) Unique identification of supramolecular structures
in amyloid fibrils by solid-state NMR spectroscopy. Angew Chem, Int Ed 48:2118-2121

. Wiltzius JJW, Sievers SA, Sawaya MR, Cascio D, Popov D, Riekel C, Eisenberg D (2008)

Atomic structure of the cross-p spine of islet amyloid polypeptide (amylin). Protein Sci
17:1467-1474

Wiltzius JJW, Landau M, Nelson R, Sawaya MR, Apostol MI, Goldschmidt L, Soriaga AB,
Cascio D, Rajashankar K, Eisenberg D (2009) Molecular mechanisms for protein-encoded
inheritance. Nat Struct Mol Biol 16:973-978

Schrédinger LLC, New York NY (2011) Maestro, version 9.2

Humphrey W, Dalke A, Schulten K (1996) VMD: visual molecular dynamics. J Mol
Graph 14:33-38

Neria E, Fischer S, Karplus M (1996) Simulation of activation free energies in molecular
systems. J Chem Phys 105:1902-1921

. Piana S, Lindorff-Larsen K, Shaw DE (2011) How robust are protein folding simulations with

respect to force field parameterization? Biophys J 100:L47-L49

Phillips JC, Braun R, Wang W, Gumbart J, Tajkhorshid E, Villa E, Chipot C, Skeel RD, Kalé
L, Schulten K (2005) Scalable molecular dynamics with NAMD. J Comput Chem 26
1781-1802

Darden T, York D, Pedersen L (1993) Particle mesh ewald: an N-log(N) method for ewald
sums in large systems. J] Chem Phys 98:10089-10092

Essmann U, Perera L, Berkowitz ML, Darden T, Lee H, Pedersen LG (1995) A smooth
particle mesh ewald method. J Chem Phys 103:8577-8593

Andersen HC (1983) Rattle: a “velocity” version of the shake algorithm for molecular
dynamics calculations. J] Comput Phys 52:24-34

LeVine H (1995) Thioflavine T interaction with amyloid B-sheet structures. Amyloid 2:1-6
Madine J, Jack E, Stockley PG, Radford SE, Serpell LC, Middleton DA (2008) Structural
insights into the polymorphism of amyloid-like fibrils formed by region 20-29 of amylin
revealed by solid-state NMR and X-ray fiber diffraction. ] Am Chem Soc 130:14990-15001
Chen M, Zhao D, Yu Y, Li W, Chen Y, Zhao Y, Li Y (2013) Characterizing the assembly
behaviors of human amylin: a perspective derived from C-terminal variants. Biochim Biophys
Acta, Biomembr 49:1799-1801

Tu L, Serrano A, Zanni M, Raleigh D (2014) Mutational analysis of preamyloid intermediates:
the role of His-Tyr interactions in islet amyloid formation. Biophys J 106:1520-1527



Coarse Grained Study of Amyloid
Protofibril Aggregation

This study is described in the manuscript entitled “Protofibrillar Assembly Toward
the Formation of Amyloid Fibrils”. The study was mainly conducted by Jesper
Serensen. My part was in building the 10-residue fibril fragment from the 7-residue
fibril structure obtained by ss-NMR [1] and performing the all-atom simulations.
Furthermore, 1 participated in the analysis and discussion of the work. The moti-
vation behind the study and the main conclusions will be outlined in this section,
followed by a discussion of the use of CG simulations to investigate amyloid
aggregation.

Introduction

Elucidating the mechanism of amyloid protein aggregation is a step in the direction
toward understanding and ultimately preventing diseases such as AD and T2DM.
Therefore, this is a topic under intense scrutiny, which is unfortunately highly
challenged by the properties of the process itself. Conventional techniques for
studying globular proteins often require high concentration of protein. A solution
with high concentration of amyloid protein, aggregates rapidly, which makes the
study of the actual process very difficult. Computational studies can help in this
regard by simulating the aggregation events at high resolution in both time and
space. However, as of yet, we are still limited in the computational resources that
we have available. Therefore, computational methods and models have been
developed to enable a speed-up of the molecular events. An example of this is
enhanced sampling methods applied to atomistic simulations, which aim to keep the
high resolution in space provided by all-atom FFs. Another approach is using CG
FFs where the number of degrees of freedom in the system has been reduced by a
decreased number of particles.

In this study the CG approach has been used to investigate the process of fibril
formation; in particular, the process of elongation of fibrils from preformed

© Springer International Publishing Switzerland 2016 101
K.K. Skeby, Computational Modelling of the Human Islet Amyloid Polypeptide,
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protofibrils. This was motivated by studies showing the significant increase in
aggregation rate by the use of oligomers as seeds for the formation of amyloid
fibrils [2].

Experimental Section

CG MD simulations were performed of the self-assembly of 27 protofibril frag-
ments. Each fragment consists of two antiparallel B-sheets formed by 10
decapeptide fragments of hIAPP (hIAPP [20-29]; SNNFGAILSS) (Fig. 1a). The
protofibril fragments were placed on a 3 X 3 X 3 grid with initial random orien-
tations (Fig. 1b). The MARTINI CG FF [3, 4] was used to model the system, and
GROMACS 4.0.7 [5] was used to perform the simulations. The system was initially
simulated at three different temperatures (300, 400, and 500 K) for 10 ps*. To
increase statistics at 300 K, an additional 10 simulations of 2 us* were performed.
The asterisk denotes effective time accounting for the speed-up of the dynamics by
the MARTINI FF [3, 6]. The EINeDyn approach [7] was applied to each individual
B-sheet to maintain the secondary structure of the protein, and was calibrated
against all-atom simulations of the fibril. The all-atom simulations were performed
with the AMBERO3 [8] FF with the NAMD 2.7 [9] software. See further details of
the simulations in the published paper.

(a) (b)
Atomistic model Coarse-grained model

Fig. 1 a Atomistic and CG model of the protofibril fragment. b Initial placement of protofibril
fragments in the simulation box. Reprinted with permission from Ref. [10]. Copyright 2011
American Chemical Society
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Fig. 2 Aggregation after 2 ps*. The seemingly random aggregation has elements of ordered
assembly. Reprinted with permission from Ref. [10]. Copyright 2011 American Chemical Society

Results

A visual inspection of the system at 300 K after 2 pus* gives the impression of
random assembly; however, elements of ordered assembly are present (Fig. 2). Two
protofibrils assembling end—to—end is seen twice in the snapshot, and lateral
assembly of two protofibrils at the sides is also observed.

The aggregation of the protofibril segments is followed by the burial percentage,
which is the amount of surface area, which is buried upon association of the
segments (Fig. 3a). Within 2 ps*, the burial percentage reaches a plateau level of
around 35 and 40 % for 300 and 400 K, respectively. The simulation at 500 K
takes longer to reach a plateau of around 60 %. This behavior is representative of
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Fig. 3 a Burial percentage of the three 10 ps* simulations at different temperatures. b The
average burial degree of each protofibril surface during the final 5 pus* of simulation. The error
bars are standard deviations. Reprinted with permission from Ref. [10]. Copyright 2011 American
Chemical Society
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Fig. 4 a Average burial percentage for each face of the fibril for the 27 protofibrils during the last
500 ns* of the ten 2 ps* simulations. b Distribution of burial percentages for the 27 protofibrils
during the last 500 ns* of the ten 2 ps* simulations. Reprinted with permission from Ref. [10].
Copyright 2011 American Chemical Society

the rapid formation of an encounter-complex followed by the slow optimization of
the protein-protein interfaces [11].

Each protofibril has six faces: two ends where elongation of the fibril would
occur; two sides; a Phe face; and a non-Phe face. The average burial percentage of
each face during the final 5 pus* reveals that at 300 K the elongation ends have a
tendency for higher burial than the other faces (Fig. 3b). This trend is lost at higher
temperatures.

To enhance the sampling, ten additional simulations of 2 ps* at 300 K were
performed with different random orientations of the 27 protofibrils. The average
burial during the last 500 ns* is reported in Fig. 4a. During these simulations the
preference for association of the elongation ends is also apparent. The distribution
of the burial (Fig. 4b) shows that the elongation ends have a significant amount of
faces which are more than 60 % buried. The burial of a perfectly matched
end-to-end assembly is 80 %.

The preference for association of the elongation ends seen here suggests a
preference for elongation by protofibril oligomers in this size regime. AFM studies
have shown that lateral growth occurs for oligomers of 23 nm in length before
elongation occurs [12]. This is consistent with the present results, as the protofibril
segments in the simulations are 4.5 nm in length, and therefore should elongate
before lateral growth is initiated. The loss of preferential assembly of the elongation
ends at higher temperatures may be an example of the varying fibril morphologies
that occur with different growth conditions [13].

Discussion

It is important to understand the limitations of the model to be able to understand
and interpret the results. The obvious limitation of the MARTINI CG model is the
inability to change the secondary structure of the protein. This would seem like a
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complication, which could eliminate the use of this model for the study of protein
aggregation. However, it is possible to get insight into the later stages of aggre-
gation when the secondary structure of the protein has already changed to B-sheet.

Another limitation in the MARTINI FF is the lack of directionality of hydrogen
bonds. This creates a problem in forming backbone secondary structures, which is
to some degree compensated for by the preferential interaction of backbone beads
with other backbone beads over solvent when it is involved in secondary structure
[4]. This may have underestimated the elongation at the ends as the
backbone-backbone interactions are not well described.

Studies have indicated that the MARTINI 2.1 FF overestimates the hydropho-
bicity of aromatic residues and underestimates polar and charge interactions [14].
This further supports the notion that the association at the elongation ends might
have been underestimated in the present study. These problems have been
addressed in the newest version of the protein parameters for the MARTINI FF [14]
However, the problem of the missing directional hydrogen bonds still persists,
although investigations into addressing this, e.g. by polarization of the backbone
beads, are being performed [15].

The present study seeks to overcome some of the challenges that experimental
investigation of protein aggregation faces, especially the limitation of resolution in
time and size that experimental techniques are currently capable of achieving.
Using atomic resolution simulations it is possible to examine the initial and final
points in protein aggregation, namely the monomer and fibril structures. The gap in
between can be investigated using coarser models.

Several types of CG models exists, each developed to study a specific aspect of
the fibril formation mechanism (Fig. 5) [16]. The level of coarse graining also
determines the level at which events can be studied. Higher resolution models, such
as the MARTINI model (Fig. 5a) and the OPEP model [17], are parameterized
based on all-atom simulations and experimental data. They rely on transferability

(a) (b) © o e @
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Fig. 5 Levels of coarse graining used in studying protein aggregation. The examples were
assembled with inspiration from Wu et al. [16]. a MARTINI Model. Reprinted with permission
from Ref. [20]. Copyright 2013 Royal Society of Chemistry. b Systematic coarse graining.
Reprinted with permission from Ref. [21]. Copyright 2010 American Chemical Society.
¢ Phenomenological models by Shea et al. [22] (bottom) and Caflisch et al. (fop) Reprinted
from Ref. [23]. d Simple model. Reprinted from Ref. [24]
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meaning that the models can be used for other proteins than were used in the
parameterization. The OPEP model has a united-atom backbone and represents the
side chain as a single CG particle, which enables the directionality of backbone
hydrogen bonds, and thereby also changes in secondary structure. Both the
MARTINI and the OPEP FFs have been used to study aggregation of
hIAPP. The MARTINI FF was used to assemble membrane pore structures of an
a-helical conformation of hIAPP in a lipid membrane, followed by reverse-mapping
of the structure into an all-atom representation [18]. The OPEP FF was used to
study the dimerization of both hIAPP and rIAPP in solution, showing B-sheet
structure in the C-terminus of hJAPP which was not present in rIAPP [19].

Systematic coarse graining attempts to lower the resolution even further while
still retaining sequence information. Specific protein sequences are modeled with
typically 2-3 beads per residue, one backbone bead, and one side chain bead
(Fig. 5b). The parameters for the model are fitted for each system independently.
This requires a lot of atomistic sampling; however, it allows the study of the
interactions between many copies of a single protein, extending the system size
beyond what is possible in both atomistic simulations and the MARTINI and OPEP
models. Investigations of the aggregation of polyglutamine [21] and polyalanine
[25] have been performed with these types of models, and have examined the
fluctuations in structural assemblies as well as the nucleation mechanism.

Phenomenological models typically investigate the underlying aggregation
mechanisms instead of the aggregation of a specific protein or peptide. They have a
low resolution with one or two beads per residue and a tunable parameter to modify
the aggregation propensity of the peptide. Examples include the three-bead model
by Shea et al. [22] and the two-bead model by Caflisch et al. (Fig. 5¢) [23, 26],
which both showed that the aggregation mechanism depends critically on the
aggregation propensity of the peptide. The Caflisch model has further been
extended to also study the aggregation of amyloid peptides in the presence of a lipid
vesicle, showing the disruption of the lipid bilayer and subsequent release of the
vesicle contents [27].

Simplistic models have a very low resolution, representing each peptide as a
single unit, and similar to phenomenological models, simplistic models investigate
the aggregation mechanisms instead of specific proteins (Fig. 5d). Examples of this
type of model are a cuboid model [28], a rod-like model [24], and an orientable
stick model [29], which all reproduce the sigmoidal kinetics profile observed in
simulations.

Conclusion

It is clearly evident that atomistic simulation is not going to reach the time and
length scales required to simulate the full aggregation of amyloid peptides within
the foreseeable future. Using a CG representation of a small oligomeric assembly of
an amyloid protein, we have been able to characterize a small part of the
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aggregation pathway. The current range of CG models available each have
strengths and weaknesses; however, it is clear that multiple levels of coarse graining
are needed to investigate the entire aggregation pathway. Furthermore, a close
collaboration and comparison with experiments is needed to validate the simula-
tions as well as explain the phenomena observed in the experiments. Hopefully, this
will provide valuable insight in the mechanism of amyloid aggregation in the near
future.
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Conclusion and Perspectives

This dissertation is focused on the investigation of biological mechanisms related to
hIAPP. This peptide is involved in T2DM where it misfolds and subsequently
aggregates within the pancreas in the form of amyloid fibrils. The amyloid field of
research spans various length and timescales from the ns/A-scale of ligand binding
to the day/um-scale of mature fibril formation and behavior. We have used com-
putational studies to investigate small segments of this very complex subject.

In AD, AP deposits in the brain tissue as amyloid fibrils. Diagnosis of AD is
complicated and requires distinguishing the disease from other forms of dementia
relying heavily on cognitive evaluation. Establishing a reliable method of biomarker
detection specific for AD could aid greatly in distinguishing AD from other forms of
dementia, in early detection, and in evaluation of treatments. A promising,
non-invasive approach to biomarker detection is the imaging of brain amyloid with
either PET or MRI using an imaging agent selective for Ap amyloid. In the
chapter “Imaging Agent Binding to Amyloid Protofibrils”, the binding of amyloid
imaging agents to an amyloid fibril was investigated using MD simulations. Thirteen
different imaging agents were included in the study, spanning a range of scaffold
structures and attached functional groups. An amyloid fibril segment formed from a
peptide fragment from hIAPP was used as a model fibril, as it contains the char-
acteristics of an amyloid fibril while keeping the size of the system to a minimum.
This enables us to extract common features of binding of imaging agents to amyloid
fibrils from the simulations. We identified a common binding mode for the imaging
agents in the surface grooves on the fibril created by the repeating pattern of side
chains. The affinity of the ligand for a binding site depends on the peptide side chains
as well as the chemical properties of the ligand. Recently, a ss-NMR structure of an
in vivo AP amyloid fibril was determined [1]. This could be a great step in the
direction towards intelligent design of a high-affinity and high-specificity amyloid
ligand, which can be used in the in vivo detection of amyloid.

Amyloid proteins are cytotoxic; however, the precise mechanism of cytotoxicity
has not been elucidated. Several theories exist, including the formation of toxic
oligomers which disrupt the cell membrane during fibril growth. The experimental
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study of cytotoxicity is complicated by the rapid aggregation of the amyloid proteins
making it difficult to isolate single species from the aggregation process. However, it
is established that hIAPP interacts with phospholipid membranes, and anionic
membranes in particular. In the chapter “Determining the Aggregation Prone
Structure of hIAPP”, MD simulations of the interaction between hIAPP and a
phospholipid membrane were presented. The aim of the study was to understand the
initial steps in the process of hIAPP-membrane interaction. Using a highly mobile
membrane model we were able to show that the attraction of the two positively
charged residues (Lys1 and Argl1) and the N-terminal charge with the anionic lipids
was responsible for attracting the N-terminal part of the peptide to the membrane.
The C-terminus was not associated with the membrane, but was unfolded and very
dynamic in the solvent phase. When His18 is protonated, the aggregation of hIAPP
is inhibited. In the solvent, this is most likely due to the electrostatic repulsion
between the positively charged peptides. We showed that the protonation of His18
results in deeper binding of the peptide in the membrane and causes the C-terminus
to be immobilized. This could be the mechanism by which low pH (<6) inhibits the
aggregation when the peptide is bound to the membrane. The differences in mem-
brane binding of the two protonation states of the peptide may be due to two
hydrophobic segments of the peptide sequence flanking His18. They do not interact
favorably with the lipid head-groups. However, when Hisl8 is protonated, the
favorable interaction of this residue with the anionic lipids enables these
hydrophobic residues to cross the head-group region. This allows the favorable
interaction of the hydrophobic residues with the hydrophobic center of the mem-
brane. The hypotheses proposed in this study require further investigation, as we
cannot make conclusions about the aggregation of peptides when we only have a
single peptide in the simulation. Therefore, we have initiated further simulations of
hIAPP aggregation at the membrane, which are built upon the present simulations.

Due to the difficulties of studying amyloid fibrils, model systems are often
employed to simplify systems and possibly make the interpretation of results easier.
An example of this is the use of smaller peptide fragments as model systems for
larger peptides, as these fibrillate with the same kinetics as larger peptides, as well
as form cross-f structures. An example of this is present in this thesis in the
chapter “Imaging Agent Binding to Amyloid Protofibrils”, were an amyloid fibril
segment formed by 7-residue peptide fragments has been used as a model system
for a larger amyloid fibril. However, it is important to consider the effects of using
only a part of the full-length peptide when interpreting the results. In the
chapter “Effect of Terminal Capping on Aggregation of Peptide Fragments”, the
effects of various capping groups on the peptide termini are investigated. This is
relevant as the peptide fragment will often be a sequence extracted from a
full-length amyloid peptide, and not capping the termini will introduce a charge at
each end of the peptide fragment, which is not present at that position in the
full-length peptide. We find that the nature of the capping group changes both the
fibril formation kinetics and the resulting fibril morphology. Capping both termini
or leaving both termini uncapped results in flat fibrils. Capping the N-terminal
abolishes fibril formation, while capping the C-terminus results in twisted fibrils.
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MD simulations provide clues to the reasons for the behavior of the peptides. In the
simulation of a fibril with N-terminal acetyl-caps (Ac—SN), the hydrophobic
acetyl-groups fold up to interact with the hydrophobic side chains, which disrupts
the hydrogen bonding network between the peptide termini. The simulation of the
C-terminally amidated fibril (SN-NH,) reveals that the twisted morphology is
caused by charge repulsion of the N-termini. The results highlight the importance of
choosing a model system with care as amyloid fibrils are a misfolded state, which is
highly susceptible to changes in the environment and peptide sequence.

Aggregation of amyloid fibrils is a process that is difficult to study on a molecular
scale due to the rapid nature of the process. It is therefore necessary to combine the
strengths of different methods to elucidate the mechanism. Atomistic MD simula-
tions are an important complementary technique to experimental studies as they
provide very high resolution at time scales of <1 us, enabling the detailed analysis
of parts of the aggregation process. However, the limitations in sampling speed and
system size necessitate the use of methods such as coarse graining for studying
systems with many peptide monomers. In the chapter” Coarse Grained Study of
Amyloid Protofibril Aggregation”, the study of aggregation of amyloid protofibril
oligomers is presented. Several assembly simulations using the MARTINI FF were
performed of a system composed of 27 protofibrils randomly oriented on a
3 X 3 X 3 grid. The simulations showed a preference for association at the elon-
gation ends, which suggests that elongation is the main aggregation process at the 4.
5 nm-scale of these protofibrils. This preference was lost at higher temperatures
exemplifying the susceptible nature of amyloid proteins. However, these simulations
also highlight some of the challenges that are faced by CG models. The MARTINI
FF does not contain a representation of directional hydrogen bonds, which are highly
important in amyloid fibrils. It is therefore not possible to study conformational
change of secondary structure. This is a situation that the developers of the
MARTINI FF are trying to improve. A discussion in the chapter “Coarse Grained
Study of Amyloid Protofibril Aggregation” of the various types of CG models which
have been used to study amyloid aggregation highlight the importance of the choice
of model for studying a particular part of the aggregation process.

Recent developments in computational speed via the use of e.g. GPUs and
specialized hardware have brought us even further in the pursuit of understanding
the molecular mechanisms of life through computational studies. Although, many
new challenges still lie ahead such as the handling and analysis of the large amounts
of data being produced as a consequence of the increase in sampling ability.
Furthermore, it is possible that we have reached a point where FFs cannot be
improved further by reparameterization, and that different strategies, such as
polarization effects, are needed to overcome some of the limitations currently seen
in the most widely used all-atom FFs. Amyloid aggregation is a perfect example of
a subject where simulation and experiment need and complement each other. We
are still a long way from simulating the entire aggregation process at an atomistic
level, and it is unlikely that this will ever be possible; however, the studies pre-
sented here show how computational studies can complement experimental studies
and provide essential insight within the field of amyloid research.
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Appendix A

The z-coordinate of the center of mass of each residue side chain for the hIAPP, 5,
simulations. The center of the membrane is at z = 0 A and the average position of
the phosphates is at z = 18 A. Data points with z > 40 A are the same color as
z=40A.
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Appendix B

Final snapshot of all hIAPP, 3; peptides bound to the HMMM membrane. The
lipids are shown in red colors, DCLE is shown in gray and purple, and the protein is
shown in dark green.
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Appendix C

Structural alignment of all hIAPP, 37 peptides from simulations with a HMMM. All
structures were aligned to the starting structure based on C, atoms of the first 19
residues. The peptide is colored by sequence with the N-terminus colored red and
the C-terminus colored blue.
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