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Introduction
Alzheimer’s disease (AD) is a progressive form of neurodegeneration known as dementia,
affecting millions of people worldwide (1). The earliest disease symptom of AD is a decline
in memory capabilities, but as AD pathology spreads throughout the brain, patients
experience behavioural problems, personality changes, and gradually lose their ability to
communicate and recognize others. Eventually AD patients become bedridden and depend
entirely on others for care. In the final disease stage, AD is fatal (2).
The amyloid-beta peptide: a major player in Alzheimer’s disease
The general paradigm states that the primary driver of AD pathology is the amyloid-beta (Aβ)
peptide (3). Aβ is cleaved from the transmembrane amyloid precursor protein (APP) by βand γ-secretase and is released in the extracellular space of the brain as an intrinsically
disordered monomer. In the AD brain, the Aβ monomer aggregates to oligomers and fibrils
that deposit in amyloid plaques (4). Considerable research has been conducted to understand
the Aβ aggregation mechanism and characterize the intermediate species that occur along the
aggregation pathway and their dynamic interplay. The current amyloid cascade hypothesis
suggests that soluble Aβ oligomers are the main toxic agents in AD, causing synapto- and
neurotoxicity that eventually progress in brain deterioration and the associated disease
symptoms (5). However, the dynamic behaviour of Aβ might provide an additional source
for toxicity, as the ongoing aggregation process has also been suggested to be responsible for
AD pathology (6). Nevertheless, although Aβ has been the main target of many therapeutic
strategies (7), AD treatment interventions have not yet been successful in halting or reverting
disease progression, and an effective AD therapy remains to be discovered.
Research objective: studying the dynamic nature of the amyloid-beta peptide
AD therapy development is hampered by the highly dynamic nature of Aβ, in terms of (i) the
intrinsic molecular flexibility of the peptide, (ii) the behaviour of the various Aβ peptides, and
(iii) the dynamics of interactions, as reviewed in chapter 1 (8). First, the Aβ peptide is
characterized by intrinsic disorder or polypeptide backbone flexibility (intramolecular
dynamics). This intrinsic disorder is present in the isolated monomeric peptide, but also in Aβ
aggregation states. Moreover, the in vivo Aβ peptide pool is highly dynamic containing
different Aβ peptides that interact and influence each other’s aggregation and toxic behaviour.
These Aβ peptides vary in length due to heterogeneous γ-secretase cleavage, or contain posttranslational modifications and/or mutations. Finally, the dynamic equilibrium that exists
between different Aβ aggregation species and the interplay with several external factors and
interaction partners (e.g. lipids, membranes, metals, cofactors, enzymes) also contribute to Aβ
dynamics (intermolecular dynamics) and AD pathology.
Understanding Aβ dynamics is crucial to comprehend the molecular mechanisms underlying
the pathophysiology of AD. This will allow a more rational design of therapeutic intervention
strategies to halt the disease progress and neutralize the malignant action of Aβ aggregation.
Following these events in real-time in the human brain is difficult, if not impossible.
Therefore, they are often mimicked in the test tube in research laboratories where information
on Aβ behaviour can be followed in molecular detail using advanced biophysical and
biochemical assays in the course of seconds to hours or days, whereas these processes happen
in patients over a range of years.
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The aim of this doctoral thesis is to investigate the dynamic nature of the Aβ peptide in
the context of AD, by using a biophysical approach complemented with cell culture
studies. The dynamic behaviour of the Aβ peptide is illustrated and considered in all its facets
as described in detail in chapter 1, from intra- to intermolecular dynamics. The research
presented in this thesis provides insights into the effect of (i) genetic variability (chapters 2-4)
and of (ii) external regulating factors (chapters 5-7) on Aβ dynamics, mainly focusing on
aggregation behaviour and structural properties of the Aβ peptide.
Outline of this thesis
Chapter 1, based on extensive literature review, introduces the concept of protein (dis)order
and describes how protein aggregation can result in amyloid-related diseases such as AD. The
second part of this chapter focuses on AD and illustrates the highly dynamic nature of Aβ,
and how this affects its structural and toxic properties in the context of AD.
The heterogeneity and dynamics of the Aβ peptide pool is illustrated in chapter 2 by a
comparative study of the aggregation behaviour of a selection of Aβ peptides occurring in the
human brain (9). Aβ variants included in the analysis were (i) Aβ mutants associated with
early-onset familial AD (FAD) arising from mutations within the Aβ-coding region of the
APP gene, (ii) Aβ peptide lengths originating from heterogeneous γ-secretase cleavage, and
(iii) N-terminally truncated Aβ variants. In addition to naturally occurring peptides, the
aggregation properties of (iv) biotinylated Aβ peptides were also examined. Biotinylation of
Aβ is often used in vitro to facilitate its study, but a systematic verification that the labelling
does not affect Aβ properties has not yet been performed.
Chapter 3 elaborates on the intrinsic molecular flexibility of one of the early-onset FAD Aβ
mutants studied in the previous chapter: the Italian (E22K) Aβ peptide, which is associated
with cerebral amyloid angiopathy (CAA) (10). Wild type and Italian-mutant Aβ aggregation
were monitored and the structural and inflammatory properties of the corresponding fibrils
were investigated in more detail.
Chapter 4 focuses on Apolipoprotein E (ApoE), as the ApoE ε4 allele is one of the most
important genetic risk factors for the development of late-onset AD (11). ApoE mainly occurs
associated with lipids in vivo, but lipid-poor ApoE pools are present in the brain as well, and
the ApoE lipidation status has been reported to influence ApoE functionality and its effect on
Aβ metabolism (12). Therefore, this chapter presents an extensive biophysical
characterization of ApoE, in its lipid-free and lipid-bound form.
Aβ metabolism is also greatly influenced by Aβ-degrading enzymes that are capable of
reducing the amyloid load, such as insulin-degrading enzyme (IDE) (13). Chapter 5
investigates the ability of IDE to cleave different Aβ aggregation species, as these insights
have consequences for protease-based AD therapies.
Next, novel mimetic peptide compounds were designed to inhibit Aβ aggregation using a
structure-based virtual approach. Molecular simulations were conducted to provide insight
into their potential mode of action, and biophysical assays assessed their predicted effect in
vitro (Chapter 6).
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Finally, the parallel that exists between the complexity and dynamics of the “Aβ network”
within AD and the complex architecture of an ecosystem is described in chapter 7, with the
aim of providing a new framework for understanding AD mechanisms and designing more
effective therapeutic strategies.
The closing chapter consists of concluding remarks and gives some perspectives on promising
AD research avenues for the future.
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Chapter 1
Protein aggregation, Alzheimer’s disease, and the amyloid-beta peptide
Parts of this chapter have been published as:
Hubin E, van Nuland N, Broersen K, and Pauwels K (2014).
Transient dynamics of Aβ contribute to toxicity in Alzheimer’s disease.
Cellular and Molecular Life Sciences 71(18), 3507-3521.
Proteins are essential in life as they exert a wide range of vital functions in the cell. Although
most proteins need to adopt a defined three-dimensional structure to perform their function,
growing recognition has emerged in the past decade that (partly) intrinsically disordered
proteins have significant functional roles. Proteins are subject to cellular quality control
processes, and failure of these mechanisms can result in misfolding and protein aggregation,
leading to malfunctioning and human diseases. One major human disorder associated with
protein aggregation is Alzheimer’s disease (AD), which is the leading cause of dementia and
affects millions of people worldwide. The amyloid-beta (Aβ) peptide has been suggested to
be the primary driver of the development and pathogenesis of AD, and converts from an
apparently harmless intrinsically disordered monomer into more ordered and toxic aggregates.
The lack of a cure for AD and the predicted increase in disease prevalence, as a result of its
strong association with increasing age, emphasize the need for the development of an
effective therapy. Gaining more and novel insights into the role of Aβ in AD pathology is
essential for devising more effective strategies to halt or reverse disease progression.
This chapter introduces the concept of protein (dis)order, describes how protein aggregation
can result in amyloid-related diseases, and then focuses on AD. The highly dynamic nature of
the Aβ peptide is illustrated, and how this affects its structural and toxic properties in the
context of AD.
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1.1. The remarkable properties of protein (dis)order
Proteins are the workhorses of life and carry out a variety of tasks ranging from structural
support of cells, to catalysis of biochemical reactions and modulation of communication and
cell signalling (1). Although it was initially thought that proteins must fold into a unique
three-dimensional (3D) structure to perform their function, it has now been recognized that
intrinsically disordered proteins (IDPs), lacking a stable structure in a specific region or
across the entire primary sequence, can also have important functions. Whereas enzymatic
and ligand-binding activities usually require a well-defined 3D structure, disorder is enriched
in proteins exerting key regulatory functions such as signalling, control, and regulation (2-5).
1.1.1. The classical structure-function paradigm
Despite the wide variety of protein structures, they are composed of a subset of 20 building
blocks (amino acids). The linear chain of amino acids, called the protein primary sequence, is
encoded in the deoxyribonucleic acid (DNA) and makes up the primary structure of the
protein. In 1961, Anfinsen and co-workers stated that the protein sequence contains all the
information to fold into a native structure (6). Transition of the primary to the secondary
structure involves the formation of stretches with distinct conformations that depend on the
hydrogen (H)-bonding pattern of backbone amide and carboxyl groups (e.g. α-helix, β-sheet,
random coil, turn). Subsequent folding gives rise to the tertiary structure, the 3D shape of the
protein that is defined by its atomic coordinates. During this process, hydrophobic side chains
tend to be buried in the protein core, while hydrophilic residues are exposed to the aqueous
medium. Moreover, several stabilizing interactions are formed such as disulphide bridges, salt
bridges, and side chain H-bonds. The assembly of multiple protein subunits into one integral
structure is called the quaternary structure (7).
1.1.2. Intrinsically disordered proteins: highly abundant in nature
Although long neglected in the protein field, it has now been recognized that many protein
regions and even entire proteins lack stable secondary and/or tertiary structure in solution, and
exist as highly dynamic ensembles of interconverting conformations. Despite their lack of
stable structure, IDPs exert specific functions. Hence, a reassessment of the classical
structure-function paradigm was necessary to include the phenomenon of intrinsic disorder
(2). Predictors revealed that intrinsic disorder is abundant in nature and increases from
bacteria to archaea to eukaryotes, with 10-45 % of eukaryotic proteins containing significant
disorder (regions of at least 30 residues in length) (8, 9).
Intrinsic disorder is enriched in biological processes such as transcription (regulation), signal
transduction, cell cycle regulation, biogenesis and functioning of organelles (e.g. ribosome,
chromatin), messenger ribonucleic acid (mRNA) processing, and organization and biogenesis
of the cytoskeleton (3-5). The high flexibility of IDPs allows them to interact with different
partners with high specificity and low affinity, and thus to exert multiple functions (10).
Given the crucial roles of IDPs in numerous biological processes, a significant enrichment of
structural disorder was also found in various diseases, including cancer, diabetes, and
cardiovascular diseases (11). Moreover, the open and exposed conformation of IDPs makes
them vulnerable to aggregation. Therefore, many IDPs have been associated with amyloidrelated and neurodegenerative diseases (12).
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1.2. Protein misfolding, aggregation, and amyloid-related diseases
1.2.1. Protein misfolding and aggregation
Some proteins may convert into a structure that differs from their native conformational state,
which is either characterized by a well-defined structure or is (partly) intrinsically disordered,
by acquiring a substantial amount of non-native interactions that affects their overall
architecture and biological function. This is referred to as misfolding (13). Misfolded
conformers typically expose unfolded segments or hydrophobic residues that are normally
shielded in the native conformation. Such patches are prone to aggregation and this can lead
to undesirable interactions with other molecules in the complex and crowded cellular
environment (14). Protein misfolding and aggregation can be induced by stress conditions
(heat, oxidative stress), translational errors, protein mutations, or ageing (15, 16).
1.2.2. Tight regulation of intrinsically disordered proteins
Cells possess quality control machineries (e.g. chaperones, the unfolded protein response) that
monitor and maintain protein homeostasis (15, 17-19). In the case of IDPs, their disordered
nature, high conformational dynamics and flexibility, and sticky binding elements, require
mechanisms to prevent them from aggregation or unwanted interactions with non-native
partners. To prevent aggregation, IDPs are usually characterized by low hydrophobic residue
content, a high net charge, and a low amount of aggregation-promoting regions (20, 21).
Aggregation can also be averted by induced folding of IDPs upon binding to target molecules
or upon interaction with membranes (22). Furthermore, functional misfolding has been
proposed to sequester sticky and interaction-prone elements in IDPs through non-native
intramolecular interactions inside a cage-like structure, that is not, or less, interactive (23).
Finally, the availability of IDPs, i.e. their abundance and residing time in cells, is tightly
regulated through a plethora of mechanisms modulating transcription, translation,
degradation, and post-translational modification of IDPs (24).
1.2.3. When protein quality control fails: amyloid-related diseases
Failure of protein quality control mechanisms, due to their reduced capacity upon ageing or
due to an overwhelming amount of aberrantly folded proteins, can result in disturbance of
protein homeostasis. This can then lead to the accumulation of misfolded or unfolded
proteins, and subsequent protein aggregation (25). Misfolding and protein aggregation are
tightly associated with malfunctioning and diseases (26). Even small impairments in the
quality control mechanisms that regulate protein concentration and solubility in the cell can
lead to disease (27).
Protein aggregation involves the conversion and self-assembly of monomeric proteins into
larger aggregates, that are either amorphous, partly structured, or highly ordered and
insoluble, such as amyloid fibrils (Fig. 1.1) (28). The defining molecular unit of an amyloid
fibril is the cross-β spine that originates from extending β-sheets composed of β-strands that
are arranged perpendicular to the fibre axis (29). Other criteria to define amyloid fibrils
include binding to amyloid-specific dyes such as thioflavin T (ThT), green birefringence upon
binding to Congo red, and their thread-like appearance of a few nanometres in diameter as
observed by transmission electron microscopy (TEM) or atomic force microscopy (AFM)
(30).
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Figure 1.1: Schematic representation of the formation of amyloid fibrils and their associated
morphology/structure. (A) A simplified scheme of the process of protein aggregation, in which a monomeric
peptide/protein is converted into oligomers and highly ordered amyloid fibrils. A dynamic equilibrium exists
between the different aggregation species. (B) TEM image of fibrils composed of the amyloid-β peptide. Fibrils
are typically ~ 10 nm in diameter. The scale bar represents 200 nm. (C) The cross-β spine of amyloid fibrils
consists of β-strands stacked perpendicular to the fibre axis, separated by ~ 4.8 Å, and stabilized by H-bonds
(indicated by dashed lines). The β-strands are organized in β-sheets that are separated by ~ 10 Å and run parallel
to the fibre axis. The β-sheets can be either parallel (as depicted here) or antiparallel, i.e. containing adjacent Hbonded β-strands running in the same or opposite direction, respectively.

Intra- or extracellular accumulation of protein aggregates can lead to the onset and
development of amyloid-related diseases that are classified in two groups: non-neuropathic
amyloidoses and neurodegenerative diseases (Table 1.1) (31). In the first group, an overload
of amyloid deposition in organs or joints, either in a single organ or joint (localized) or in
multiple tissues (systemic), leads to disease symptoms (32). In neurodegenerative diseases,
soluble prefibrillar aggregates, rather than the amyloid deposits, are most likely the main
cause of toxicity and disease pathology (33).
Table 1.1: A subset of human diseases associated with the accumulation of intracellular or extracellular
amyloid deposits, adapted from (31).
Human disease
Neurodegenerative diseases
Alzheimer’s disease
Parkinson’s disease
Spongiform encephalopathies
Huntington’s disease
Dementia with Lewy bodies
Frontotemporal dementia
Systemic non-neuropathic amyloidoses
Amyloid Light-chain amyloidosis
AA amyloidosis
Senile systemic amyloidosis
Hemodialysis-related amyloidosis
Localized non-neuropathic amyloidoses
Type II diabetes
Cataract

Aggregating peptide or protein
Amyloid-β peptide
α-synuclein
Prion protein or fragments
Huntingtin with polyQ expansion
α-synuclein
Tau
Immunoglobulin light chains or fragments
Fragments of serum amyloid A protein
Transthyretin
β2-microglobulin
amylin
γ-crystallin
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In contrast, amyloid formation can also be beneficial, and functional amyloids are found in all
domains of life. They serve many functions ranging from biofilm formation, structural
support, and host attachment, to scaffolding and sequestration of toxic intermediates (34).
However, this chapter will only focus on disease-related amyloid formation.
1.3. Alzheimer’s disease: a progressive neurodegenerative brain disorder
Of all known neurodegenerative diseases, Alzheimer’s disease (AD) is by far the most
prevalent one with a high impact on society. In the following section, several aspects of AD
will be discussed: the disease burden, the major pathological hallmarks and risk factors, and
the current means of diagnosing and treating this disease.
1.3.1. Impact of AD
AD is a progressive neurodegenerative brain disorder and the most common type of dementia,
accounting for approximately 60-80 % of all dementia cases. As dementia has been estimated
to affect 36 million people worldwide (35), AD dramatically influences the lives of millions
of patients and their families, but also imposes an enormous global burden in terms of health
care costs and hospice. Considering the ageing global population and that there is no cure or
prevention available yet, AD incidence has been predicted to nearly triple by 2050 (36).
Dementia is a general term that describes a range of disease symptoms associated with a
decrease in mental ability due to brain dysfunction, severe enough to interfere with daily life.
The most common early symptom associated with AD is the difficulty to remember newly
learned information, as the first brain region to be damaged is the hippocampus, which is the
brain centre responsible for memory and learning. Symptoms increase and aggravate in time
and include memory loss, a decrease of thinking and learning capabilities, personality and
behavioural changes, disorientation, and confusion. In severe or late-stage AD, patients lose
their ability to respond to the environment, to control movement, and several body functions
(e.g. swallowing, reflexes) are impaired. Eventually, AD patients lose their personal identity
and ability to connect to others, and in the final stage AD is fatal (37).
1.3.2. Major histopathological hallmarks of AD
AD targets the brain, which contains a heterogeneous network of an estimated 86 billion
neuronal cells (38, 39). Research is ongoing to create a 3D map of the human brain to fully
understand its structure, processes, and complexity (40). Communication between neurons is
crucial for normal brain functioning. AD causes damage to neurons and subsequent cell death,
disrupting the underlying communication pathways between neurons and leading to brain
atrophy and shrinkage. Processes involved in neuronal cell death include synapto- and
neurotoxicity, inflammation, disruption of calcium homeostasis, and depletion of energy and
growth factors. AD symptoms emerge as a consequence of dying neurons and perturbed nerve
cell communication and depend on the brain region that is affected (41).
Post-mortem examination of AD brains revealed two primary histopathological disease
hallmarks: intracellular neurofibrillary tangles (NFT) and extracellular amyloid plaques (42).
NFTs are composed of hyperphosphorylated tau protein that is misfolded and builds up within
neurons (43), and amyloid plaques mainly consist of the amyloid-beta (Aβ) peptide (44). In
healthy brains, tau and Aβ are produced normally and exist as soluble IDPs (12). Whereas tau
is found in axons and regulates the assembly and stability of microtubules (45), the Aβ
monomer has been suggested to act as a modulator of synaptic activity with neuroprotective
functions (46, 47). This physiological role of Aβ has however not yet been confirmed. In AD
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brains, an imbalance of the activities of protein kinases and phosphatases results in abnormal
hyperphosphorylation of tau, which leads to microtubule disassembly. Free tau molecules
then aggregate and form paired helical filaments (43). On the other hand, imbalance between
Aβ production and clearance leads to abnormal Aβ accumulation and onset of aggregation
(44). The biochemistry of the Aβ peptide and its association with AD pathology will be
discussed in more detail in section 1.4 of this chapter.
Numerous debates have dealt with the question what the primary causative factor is of AD
pathology: tau or Aβ? Thirty years ago, the amyloid cascade hypothesis was launched and
stated that Aβ accumulation is the primary driver of AD pathogenesis and that NFTs deposit
after initial changes in Aβ metabolism and plaque formation (48). Although the initial
hypothesis has been re-evaluated several times during the past decades (49, 50), it remains the
leading hypothesis to explain the pathophysiology of AD (Fig. 1.2). Nevertheless, one of the
alternative views considers tau as the main driving force of AD, as mutations in the gene
encoding tau cause frontotemporal dementia in the absence of Aβ deposition (51). Moreover,
abnormal levels of hyperphosphorylated tau are causative of a group of neurodegenerative
disorders referred to as tauopathies (52). Therefore, tau is also targeted in therapeutic
development for AD (53), albeit considerably less than Aβ. Another alternative view deems
that several AD pathogenic features can be interpreted as amyloid-independent alterations of
synaptic plasticity, endolysosomal trafficking, cell cycle regulation, and neuronal survival
(54).

Figure 1.2: Amyloid cascade hypothesis. Gradual changes in the metabolism of Aβ are thought to initiate the
amyloid cascade, leading to dementia with plaque and tangle formation, i.e. AD. Adapted from (55).
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1.3.3. AD risk factors
Ageing is the most important risk factor for AD. In most cases, the first clinical symptoms do
not appear before the age of 65. In the USA, an estimated one in nine people of the age of 65
years and older have AD, and this prevalence increases to about one-third when the age of 85
is reached (36). Healthy non-demented individuals undergo several cognitive changes during
ageing (e.g. decreased speed of mental processing and reaction, some decline in verbal
fluency and difficulty with naming), but these are benign and static in comparison with the
progressive and functionally significant changes in AD (56). The contribution of ageing to
AD is not yet fully understood, but involves translational errors leading to defective protein
synthesis, less efficient protein quality control machineries, cumulative oxidative damage to
proteins and membranes, and age-related alterations of Aβ metabolism (57).
Family history is the second greatest risk for AD and studies have indicated that genetic
factors are estimated to play a role in at least 80 % of AD cases (58). A few rare mutations
guarantee development of early-onset familial AD (FAD) (< 65 years old). These gene
mutations are transmitted through Mendelian inheritance and are localized in genes encoding
for proteins involved in the production of Aβ: the amyloid precursor protein (APP),
presenilin-1 (PSEN1), and presenilin-2 (PSEN2). Early-onset FAD however only accounts for
less than 2 % of AD cases (58). The current paradigm states that the majority of AD cases,
referred to as late-onset AD (≥ 65 years old), is the result of the complex interplay among
susceptibility genes, environmental factors, and lifestyle contributors, as depicted in fig. 1.3
(59).

Figure 1.3: A non-exhaustive list of factors that have been identified or suggested to modulate AD risk.
Ageing and several gene mutations are the most important risk factors for AD. However, the majority of AD
cases are most likely also influenced by environmental factors, lifestyle, and/or other diseases.

The only gene variant considered to be an established late-onset AD risk factor is APOE
encoding for the lipid carrier Apolipoprotein E (ApoE). ApoE exists as three isoforms
(ApoE2, ApoE3, and ApoE4) and individuals carrying one or two APOE ε4 alleles have an
increased risk of respectively three- and twelvefold of developing AD, compared to nonAPOE ε4 carriers (60). ApoE4 contributes to AD pathogenesis by affecting Aβ aggregation
and clearance, but also by modulating brain lipid metabolism, synaptic functioning through
12
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ApoE receptors, neuroinflammation, and via the generation of neurotoxic ApoE fragments,
impairment of mitochondrial function, and disruption of the cytoskeleton through stimulation
of tau phosphorylation (61-66). However, several other candidate risk genes have been
identified by genome-wide association studies over the past years and await further validation
by functional studies (Table 1.2) (58).
Table 1.2: Early-onset FAD genes, predicted late-onset AD risk genes, and their associated molecular
pathways, adapted from (58).
Gene
APP
PSEN1
PSEN2
APOE
CD33
CLU
CR1
PICALM
BIN1
ABCA7
CD2AP
EPHA1
MS4A6A/MS4A4E
ATXN1

Protein
Amyloid precursor protein
Presenilin-1
Presenilin-2
Apolipoprotein E
CD33 (Siglec 3)
Clusterin
Complement component (3b/4b)
receptor 1
Phosphatidylinositol binding clathrin
assembly molecule
Bridging integrator 1
ATP-binding cassette subfamily A
member 7
CD2-associated protein
EPH receptor A1
Membrane-spanning 4-domains,
subfamily A, members 6A and 4E
Ataxin 1

Associated molecular pathway
Aβ production
Aβ production
Aβ production
Aβ clearance, lipid metabolism
Innate immunity, Aβ degradation
Aβ clearance, innate immunity
Aβ clearance, innate immunity
Aβ production and clearance,
cellular signalling
Aβ production and clearance,
cellular signalling
Lipid metabolism, cellular signalling
Cellular signalling
Cellular signalling, innate immunity
Cellular signalling
Aβ production

1.3.4. Diagnosis and treatment of AD
1.3.4.1. AD diagnosis: a combined effort
In addition to a post-mortem analysis of the brain, AD can be diagnosed with a high certainty
during life by combining the knowledge of the family medical history, a neurological and
physical examination, a mental test, and brain imaging (67).
Brain imaging is used for a variety of roles in AD studies. First, magnetic resonance imaging
(MRI) visualizes the progression of brain atrophy (structural MRI) (68) and probes the
functional integrity of the brain by measuring neuronal activity (functional MRI) (69).
Second, as glucose is the main energy source of the brain, uptake of the glucose analogue
fluoro-deoxy-D-glucose (FDG) is used as a biomarker for impaired brain metabolism and
synaptic activity in AD patients. The fluorine-18 label allows for detection of FDG uptake
with positron emission tomography (PET) (70). Third, PET can quantify brain amyloid load
using Pittsburgh compound-B, a radiotracer specific for fibrillar Aβ (70, 71). Brain imaging is
thus used to facilitate AD diagnosis, determine disease progression, rule out other dementia
causes, and assess the effectiveness of disease-modifying therapies (72).
Another hot topic in the AD research field is the identification of biomarkers in the plasma
and cerebrospinal fluid (CSF) that are capable of diagnosing AD or detecting brain alterations
in an early disease stage, as clinical symptoms only appear on average 10-15 years after
disease onset (73). Low CSF levels of Aβ1-42, the Aβ peptide consisting of 42 amino acids, in
combination with high levels of total tau and phosphorylated tau, are highly predictive
biomarkers for AD (74). Other candidate biomarkers are now under study and are related to
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Aβ metabolism, neuronal and synaptic degeneration, inflammation, and oxidative stress (73).
The relevance of an early diagnosis relies on the prospect that pharmacologic interventions
will likely be more effective in generating clinical benefits if started early in AD progression,
before neurodegeneration is already too advanced. Moreover, biomarkers can provide insights
into early disease mechanisms, which will benefit the development of an effective AD therapy
(73).
1.3.4.2. Current AD drugs temporarily reduce disease symptoms
Current AD treatment is purely symptomatic and aimed at improving the life quality of a
patient. Therapy consists mainly of treating cognitive decline and behavioural symptoms.
Five cholinesterase inhibitors and one N-methyl-D-aspartate (NMDA) receptor antagonist
(memantine) have been approved by the US Food and Drug Administration (FDA) for
treatment of cognitive decline (75). Acetylcholinesterase inhibitors are thought to improve
functioning of the cholinergic system in AD patients by binding to acetylcholinesterase in the
synaptic cleft, preventing it to break down acetylcholine, a neurotransmitter involved in
learning and memory (76). On the other hand, memantine addresses dysfunction in
glutamatergic transmission and reduces calcium-stimulated apoptotic cell death cascades (76).
Behavioural symptoms are most commonly treated with antipsychotics and antidepressants,
although they have not been approved by the FDA for AD treatment (77). The marginal
benefits of current treatment however emphasize the need for the development of a more
effective AD therapy.
1.4. The amyloid-beta peptide: the primary driver of AD pathogenesis
Experimental studies and clinical trials are ongoing in the search for an effective prevention
or treatment of AD (78-80). These studies and trials often target Aβ, which plays a major role
in AD pathogenesis (48). Effective drug development targeting Aβ has however remained
without success and one of the underlying reasons for this is that Aβ can appear in many
different shapes that can interconvert within a dynamic interplay. This finding triggered a vast
exploration of the many conformations the peptide can adopt, as well as the aim to precisely
pinpoint which of these conformations can be claimed as “the toxic species”, such that
specific drug targeting can be employed. To complicate matters even more, a heterogeneous
pool of monomeric Aβ varying in length from 37 to 49 amino acids is produced by proteolytic
cleavage from the transmembrane amyloid precursor protein APP by β- and γ-secretase (81,
82) (Fig. 1.4). Research effort has been mainly focused on the most abundant forms Aβ1-40,
which comprises 40 amino acids, and the longer Aβ1-42, which is C-terminally extended by
two hydrophobic residues and has been found to be more aggregation-prone (83).
Nonetheless, it has recently been discovered that the co-occurrence of peptides varying in
length can affect the neurotoxic and aggregation potential of the total Aβ pool (84-90). It has
also been recognized that particularly small aggregated forms of Aβ are potently toxic, rather
than the mature amyloid fibrils as observed in the brains of AD patients. Therefore, a lot of
research has aimed at understanding the Aβ aggregation mechanism and identifying the
intermediate species that occur along the aggregation pathway (91, 92). The current amyloid
cascade hypothesis suggests that AD-related synapto- and neurotoxicity might be mediated by
soluble Aβ oligomers (55, 93), which have proven notoriously difficult to study in detail in
vivo with the currently available technology. The dynamics, stability, and transient lifetime of
potentially toxic species further hamper the possibility to precisely pinpoint the structural
aspects of toxic Aβ aggregates. Moreover, the dynamic behaviour of aggregation
intermediates may actually provide an important source for toxicity of Aβ as the ongoing
aggregation process has also been suggested to be a culprit for toxicity (86, 94, 95).
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Figure 1.4: Heterogeneity of the in vivo Aβ peptide pool. Sequential proteolysis of the amyloid precursor protein (APP) by β- and γ-secretase gives rise to the carboxyterminal fragment (C99/CTFβ), the APP intracellular domain (AICD), and the Aβ peptide. Aβ alloforms in the in vivo Aβ peptide pool comprise different peptide lengths
due to heterogeneous γ-secretase cleavage, and post-translationally modified Aβ. Aβ alloforms influence each other’s aggregation and toxic behaviour. Moreover, Aβ
dynamics can be modulated by Aβ mutations, interaction partners, and environmental and lifestyle factors.
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The following section describes Aβ peptide dynamics and illustrates how the dynamic nature
of Aβ can influence and contribute to its toxicity. Aβ dynamics are mainly considered on two
levels. First, intramolecular dynamics of Aβ are defined as the intrinsic disorder and
polypeptide backbone flexibility that are present in isolated Aβ monomeric peptides or
aggregation states (section 1.4.1). Second, intermolecular dynamics comprise (i) the interplay
between different Aβ alloforms present in the in vivo Aβ pool and (ii) the dynamic
equilibrium that exists between different Aβ species (section 1.4.2). The term alloform refers
to a distinct form of the Aβ peptide that is commonly treated as a single kind of peptide
species, like Aβ length variants or side chain modifications. Next, several external factors and
interaction partners that can influence Aβ dynamics are addressed in section 1.4.3. Finally,
promising AD therapeutic strategies that target Aβ are presented in section 1.4.4.
1.4.1. Intramolecular Aβ dynamics
The A monomer has a high tendency to self-assemble into large aggregates and fibrils. It is
increasingly recognized that despite the highly packed and ordered state of these aggregates,
they often still contain a significant portion of flexible and intrinsically disordered regions
(96). The intrinsically disordered nature of the A monomer is fairly well documented, but
revealing the intrinsic disorder in oligomers and fibrils has proven more challenging due to
the difficulties in studying this phenomenon. This section reviews the intrinsic disorder that is
present in every Aβ aggregation state, and how it contributes to Aβ-induced toxicity.
1.4.1.1. The intrinsically disordered A monomer
Although one of the pathological hallmarks of AD comprises insoluble Aβ deposits in neuritic
plaques in the brain of AD patients, monomeric Aβ peptides have also been purified and
characterized from brain tissue (97-100). Size exclusion chromatography (SEC) experiments
suggested that the freshly dissolved Aβ peptide eluted as a single low molecular weight
species, consistent with a monomer or dimer (101-103). These low molecular weight Aβ
species were competent to deposit onto pre-existing amyloid in preparations of AD cortex
(102). Translational diffusion measurements by nuclear magnetic resonance (NMR)
techniques conclusively demonstrated that the form of the peptide active in plaque deposition
is a monomer (102). Further NMR data revealed that monomeric Aβ exists in solution as
disordered coils that lack regular α-helical or β-stranded structure (104-106). Despite the
challenging task because of its disordered and amyloidogenic nature, the Aβ monomer is now
well recognized as an IDP (12). This implies that the monomeric Aβ peptide does not display
a unique fold, as would be the case for a typical well-folded protein, but rather comprises a
mixture of rapidly interconverting conformations whereby the polypeptide backbone can
sample the conformational space without any stable and well-defined conformational
ensemble (Fig. 1.5A). Yet, it is possible to bias the ensemble toward distinct secondary
structure elements by changing solution conditions and/or the oxidation state of Met35 within
the Aβ sequence (106-109) (Fig. 1.5B).
Some experimental studies however suggest that Aβ is not entirely a “random coil”. Ion
mobility mass spectrometry (MS) combined with theoretical modelling showed that Aβ1-42 in
aqueous solution adopts both extended chain as well as collapsed coil structures (110).
Limited proteolysis successfully identified structured and disordered regions within Aβ. This
approach revealed a proteolytically resistant decapeptide, Ala21-Ala30, that was found in NMR
studies to form a turn-like structure (111). When the dynamic nature of monomeric Aβ1-40 in
solution was studied using 15N-relaxation experiments, the results revealed structural
propensities that correlated well with the secondary structure segments of the peptide that are
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present in the fibrils, and with the α-helical structure in membrane-mimicking systems (108,
112). NMR studies further revealed subtle differences between Aβ1-40 and Aβ1-42 monomers
with a modest increase in C-terminal rigidity for Aβ1-42 versus Aβ1-40 (113). Various
molecular dynamics (MD) simulations also hinted that intramolecular interaction patterns
occur in Aβ1-42 (104, 114, 115) and that subtle differences exist between the dynamic
behaviours of Aβ1-40 and Aβ1-42 (116, 117).
Experimental results in combination with computational simulations have thus proven very
powerful to shed light on the conformational landscape of IDPs. The emerging picture of Aβ
comprises an IDP that can adapt a variety of collapsed and extended monomeric
conformations and transiently samples long-range intramolecular interactions without
exclusively stabilizing a specific globular fold.

Figure 1.5: Various structures of Aβ that correspond to different experimental conditions and phases in
the aggregation landscape. (A) Four representatives of the structural ensemble of monomeric Aβ1-42 under
aqueous conditions as derived from a combined MD/NMR approach (114). Extended as well as collapsed coil
conformations with secondary structural elements can be observed. (B) Aβ1-40 in presence of 20 mM potassium
phosphate buffer containing 50 mM NaCl at 15 °C (top) (109) and Aβ1-42 in presence of 30 %
hexafluoroisopropanol at 25 °C (bottom) (108) contain an α-helical segment. (C) Fibril polymorphism illustrated
by the structural differences between fibrillar Aβ1-42 (118), D23N Aβ1-40 (119), and (D) the ultrastructure of Aβ140 (120) and brain-derived Aβ1-40 (121).

Even though the physiological function of the Aβ monomer remains obscure, its intrinsic
structural flexibility offers certain advantages: high specificity and low affinity in binding
(mostly exploited in signalling pathways), and high binding promiscuity that is frequently
used by hub proteins in large interaction networks (122). There is a well-established link
between intrinsic polypeptide disorder and functional promiscuity. Protein moonlighting, the
phenomenon of proteins exhibiting more than one unique biological function, is typically
mediated by intrinsically disordered regions in polypeptides (10). As a consequence, as IDPs
can play a role in numerous biological processes, it is not surprising to find some of them
involved in human diseases.
In the case of Aβ, its IDP nature facilitates its interaction with many different binding
partners, including identical and other Aβ alloforms (sections 1.4.2 and 1.4.3). In addition, the
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intrinsic disorder of Aβ also simplifies post-translational modifications because the involved
side chains are readily accessible (section 1.4.2).
1.4.1.2. Intrinsic fibril flexibility might underlie disease progression and phenotype
Aβ fibrils contain high order and rigidity compared to Aβ monomers, but still retain a
considerable amount of disorder in the N-terminal segment (123-126) and are often
polymorphous (127). The inherent disorder of Aβ fibrils and the associated fibril
polymorphism could underlie time-dependent structural changes during ageing in AD (128,
129) and differences in disease progression and phenotype (121).
The dynamic nature of A fibrils
Even though the amyloid fibril state of Aβ has traditionally been viewed as a rigid or semirigid state characterized by the cross- spine (130, 131), part of the peptide in the fibril
conformation is still flexible. This flexibility has been illustrated by solid state and solution
NMR (118, 132-136), electron paramagnetic resonance (EPR) (123), site-directed
mutagenesis (137), limited proteolysis, hydrogen-deuterium exchange (HDX) evaluated by
MS (124-126, 138), and X-ray crystallography (139). These studies suggest a hairpin-like
arrangement of each Aβ monomer stacked within the fibril, consisting of two semi-rigid
organized β-strands linked by a flexible connecting region (Fig. 1.5C and 1.6).

Figure 1.6: Suggested structure of the Aβ monomeric unit in fibrils. The Aβ monomer in fibrils has been
proposed to form a hairpin, consisting of a flexible N-terminal region (grey residues), and two β-strands
connected by a turn region. A stabilizing salt bridge has been suggested to be present in both Aβ1-40 and Aβ1-42
(red dashed line), and the hairpin conformation is further stabilized by hydrophobic interactions (green residues).
Several additional intramolecular contacts have been reported for Aβ1-40 (brown dashed lines) and Aβ1-42 (blue
dashed lines). Adapted from (136).

The hydrophobic C-terminus of Aβ1-42 in fibrils is highly resistant to HDX and forms the
fibril core (118, 135), whereas the C-terminus of Aβ1-40 in fibrils contains slightly more
disorder (120, 134, 138, 140-142). In contrast, the N-terminal segment, which can range from
the first nine to 19 residues depending on the study, remains intrinsically disordered for both
Aβ1-40 and Aβ1-42 fibrils (Table 1.3). This relatively hydrophilic part of the polypeptide chain
is excluded from the H-bonded β-sheet fibril core and remains exposed to the solvent (118,
120, 123-126, 134, 135, 140-142).
Recently, differential scanning calorimetry suggested that thermal denaturation of amyloid
fibrils can occur and that this process can be considered as a reversible equilibrium under
certain experimental conditions, highlighting the dynamic nature of fibrils (143). These
observations illustrate the impact of the various dynamics within the Aβ system.
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Table 1.3: Overview of the variability in secondary structure assignments of Aβ fibrils between different
studies.
Peptide*

Flexible regions
(solvent-exposed)

β-structured regions
(non-exposed)

Method

Ref.

Aβ1-40

N-terminus (Asp1-Gly9)
Tyr10-Glu22
Solid state NMR
(120)
Bend/loop (Asp23-Gly29)
C-terminus (Ala30-Val40)
Aβ1-40
N-terminus (Asp1-Tyr10)
Val12-Val24
Solid state NMR
(132)
Bend (Gly25-Gly29)
C-terminus (Ala30-Val40)
HDX - solution NMR
(134)
Aβ1-40
N-terminus (Asp1-His14)
Gln15-Asp23
C-terminus (Gly37-Val39)
Lys28-Met35
Turn (Ser26-Asn27)
Aβ1-40
N-terminus (Asp1-His14)
Gln15-Ala21
Scanning proline
(140)
C-terminus (Gly37-Val40)
Val24-Lys28
mutagenesis
Turns (Glu22-Asp23, Gly29-Ala30)
Ile31-Val36
Aβ1-40
N-terminus (Asp1-Phe19)
HDX - MS with online
(144)
Phe20-Leu34
C-terminus (Met35-Val40)
proteolysis
Aβ1-40,
N-terminus (Asp1-Tyr10)
His14-Gly38
Site-directed spin
(123)
Aβ1-42
C-terminus (Val40-Ala42)
labelling - EPR
Turn/bend (Asp23-Gly29)
Aβ1-42
N-terminus (Asp1-Leu17)
Val18-Ser26
HDX - solution NMR
(118)
Turn (Asn27-Ala30)
C-terminus (Ile31-Ala42)
Glu11-Gly25
HDX - solution NMR
(135)
Aβ1-42
N-terminus (Asp1-Tyr10)
Bend (Ser26-Asn27)
C-terminus (Lys28-Ala42)
* Aβ fibril structures deposited in the Protein Data Bank: synthetic Aβ1-40 (2LMN, 2LMO, 2LMP, 2LMQ), brain-derived
Aβ1-40 (2M4J), synthetic D23N Aβ1-40 (2LNQ), recombinant Aβ1-42 (2BEG).

The inherent flexibility of Aβ fibrils also allows the internal fibril structure to evolve in time.
Multidimensional infrared spectroscopy revealed that fresh and 4-year-old fibrils were
structurally heterogeneous due to trapped water molecules that perturbed the H-bonding
pattern in time (128). Recently, Nilsson and co-workers revealed conformational
rearrangements during ageing in plaques in the brains of AD mouse models using luminescent
conjugated polythiophenes (129).
Although ignored for a long time, structural disorder in fibrils seems to occur in various
amyloidogenic proteins (e.g. α-synuclein, tau, and multiple prions). Structural disorder in
fibrils has been suggested to stabilize fibril formation by accommodating destabilizing
residues and by limiting the unfavourable entropy associated with the formation of the highly
ordered cross-β spine (96).
A fibrils are polymorphic entities
Overall fibril topology has been studied using cryo-electron microscopy and 3D
reconstruction. In general, Aβ fibrils exhibit multiple distinct morphologies that can differ in
fibril symmetry, width, twist period, and curvature (Fig. 1.5C and D) (127, 145). This
structural diversity is not limited to fibrils composed of the Aβ peptide, but appears to be a
fundamental property of amyloid fibrils (146-148). Inter-sample polymorphism commonly
occurs in vitro in different fibril growth conditions and is subject to pH, temperature,
agitation, and salt-conditions (149, 150). A Darwinian-type “survival of the fittest”
competition allows the type of fibril that is kinetically the most accessible in a given
environment to be the most populated (151). However, Aβ1-40 can also form at least 12
structurally distinct polymorphs under the same solution conditions (intra-sample
polymorphism), indicating that this polymorphism arises from an intrinsic structural
variability (152). Interconversion between fibril polymorphs coexisting in solution can occur,
resulting in the thermodynamically more stable polymorph, as was monitored by solid state
NMR over a period of several weeks for Aβ1-40 (119, 153).
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Amyloid polymorphism can have several molecular origins that are not mutually exclusive
(154-157). First, mass-per-length values obtained from scanning TEM indicate that fibrils can
be composed of one to five protofilaments (the minimal fibrillar entities) (158, 159). Second,
distinct orientations and modes of lateral association of protofilaments and patterns of interresidue interactions determine if protofilaments are oriented side-by-side (132, 160), offset
from one another (154, 155), or wound around a hollow core (157). Third, solid state NMR
demonstrated that agitated (striated) and quiescent (twisted) fibrils differ in the residues
participating in their β-strands and that such variations in the underlying protofilament
substructure can contribute to fibril polymorphism (120, 161). Surprisingly, the Iowa D23N
Aβ1-40 mutant was recently found to form metastable fibrils with an antiparallel β-sheet
arrangement, as opposed to parallel β-sheet wild type fibrils, indicating that a FAD mutation
can have profound effects on fibril structure (Fig. 1.5C) (119).
Hence, although the cross-β spine of Aβ fibrils is a common structural feature, fibrils show a
great variety of structural complexity that appears to be inherent to the dynamic nature of the
Aβ peptide.
Fibril polymorphism might underlie different pathological outcomes
Fibrils can initiate inflammation in brain tissues and microglia and astrocytes in cell culture.
Fibril-induced inflammation leads to the secretion of pro-inflammatory cytokines and the
production of reactive oxygen species (ROS) causing oxidative damage (Fig. 1.7A) (162,
163). Substantial evidence has demonstrated that different fibril morphologies exert different
toxicities in vitro (118, 120, 164-166), although toxic activity of oligomeric Aβ was reported
to exceed that of the fibrillar form multiple times and oligomeric Aβ correlated more strongly
to cognitive impairment as compared to fibrillar Aβ of amyloid plaques (164, 165).

Figure 1.7: A schematic view of the molecular mechanisms suggested for the toxic effect of Aβ fibrils and
oligomers. (A) Aβ fibrils induce oxidative stress and elicit inflammatory reactions. (B) Aβ oligomers have been
suggested to cause cell death via receptor-mediated toxicity, pore formation in cell membranes, membrane
permeabilization, and intracellular Aβ accumulation. Adapted from (167).

Fibril polymorphism could explain why some studies report significant toxicity for Aβ fibrils
whereas others do not, but could also underlie the weak correlation between plaque load and
cognitive impairment. If plaques comprise different fibril polymorphs, different levels of
toxicity could be associated to these amyloid deposits. In this case, the structural diversity of
fibrils may account for differences in disease progression and phenotype as has been
suggested by Tycko and co-workers (121). They reported that Aβ fibrils seeded from human
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brain extracts differed between patients with a different clinical history and neuropathology
(121). Moreover, fibril polymorphism has been linked previously to different phenotypes for
hereditary transthyretin amyloidosis (168). In this regard, the different architectures of wild
type and Iowa D23N Aβ fibrils, composed of parallel and antiparallel β-sheet structure
respectively, could underlie their different pathological outcomes: late-onset AD
characterized by plaques versus early-onset AD associated with cerebral amyloid angiopathy
(CAA).
1.4.1.3. A oligomers: a mishmash of conformations and sizes
Since Aβ plaque load and AD severity could not be correlated (164, 165), increasing evidence
suggests that soluble oligomers play a primary role in AD pathology. Soluble oligomers have
commonly been associated with disease severity, the loss of synapses, and neuronal damage
(55). The low abundance, heterogeneity, and transient nature of Aβ oligomers have hindered
high resolution structural studies. However, it now becomes clear that Aβ oligomers exist in a
broad range of interconverting assemblies varying in size, conformation, and associated
toxicity (169, 170).
Aβ oligomers can cause toxicity by a variety of mechanisms (Fig. 1.7B) (167). To enable AD
drug design, it is essential to establish the key determinants of oligomer toxicity. Several
studies report that neurotoxic activity varies with Aβ oligomer size, with small oligomers,
consisting of less than 14 monomers, being most toxic (171, 172). However, oligomer size is
not sufficient to define toxicity as Aβ oligomers with similar size have been shown to exert
different toxicities (173-175). The underlying peptide conformation also needs to be taken
into account as the interplay between Aβ oligomer size and conformation plays an important
role in toxicity (170). Different Aβ oligomer conformations have been shown to induce
neurotoxicity by distinct mechanisms in human cortical neurons (176). The design of a wellcontrolled study to investigate size and conformational impact on toxicity is notoriously
difficult as different oligomer conformations and sizes are in continuous exchange. However,
studies in which different conformations or sizes have been enriched or stabilized by means of
crosslinking have been performed and careful conclusions can be drawn from such studies.
One possibility to classify oligomers according to their underlying structure is based on
recognition by conformation-dependent antibodies (177-180). Surprisingly, soluble oligomers
of a wide variety of amyloidogenic polypeptides (Aβ, α-synuclein, islet amyloid polypeptide,
polyglutamine, lysozyme, human insulin and prion peptide) react with the oligomer-specific
A11 antibody developed by Glabe and co-workers, suggesting that there has to be a common
structural denominator to their toxic origin. Interestingly, pre-incubation of mouse
hippocampal neurons with the A11 antibody, before treatment with Aβ, rescues them from the
neurotoxic effects induced by Aβ (88). It has been suggested that A11-positive oligomers are
composed of antiparallel β-sheets, based on Fourier transform infrared spectroscopy (FTIR).
This antiparallel β-sheet signature might represent a critical step in perturbation or
permeabilization of cell membranes leading to cell toxicity (181). Later studies using FTIR,
EPR, and X-ray crystallography have also demonstrated that oligomeric species can be
characterized by an antiparallel β-sheet arrangement, while most amyloid fibrils consist of inregister, parallel β-sheets (182-186).
In addition to size and peptide conformation, the intrinsic flexibility of the Aβ oligomer might
also contribute to Aβ-induced toxicity. Several studies have shown that the N-terminus of Aβ
retains a degree of flexibility upon oligomerization and is exposed to the solvent (117, 136,
186, 187). Ahmed and co-workers reported solution NMR measurements of Aβ1-42 pentamers
(136). The authors reported that the loosely packed N-terminal segment of Aβ was defined by
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HDX ratios approaching 1 for residues Asp1-Gly9, indicating high solvent accessibility and
nearly complete exchange within the acquisition time (< 1.5 h). In contrast, the C-terminal
region Val40-Ala42 was less solvent accessible and most likely buried within the centre of the
oligomer. Similar results were obtained for packing of the Aβ peptide within Aβ1-42
dodecamers. Site-directed spin labelling of Aβ1-42 combined with EPR spectroscopy showed
that the N-terminus was loosely packed within the dodecamer, while residues Ile32-Val40
formed a tight core (186). High intrinsic disorder and solvent exposure of hydrophobic
segments have been suggested to be a common feature of highly toxic and soluble aggregates
(173-175, 188). Recent work has shown that the most cytotoxic, oligomeric species of the
Arctic E22G Aβ1-42 mutant interacted more strongly with 1-anilinoaphthalene 8-sulfonate
(ANS), a dye sensitive to exposed hydrophobic patches (188). A higher degree of solventexposed, hydrophobic regions was further shown to lead to a disturbed cellular calcium
homeostasis, likely due to disruption of the cell membrane (175). Moreover, antiparallel βsheet oligomers display faster HDX kinetics compared to fibrils, suggesting a higher intrinsic
disorder/flexibility (181). Oligomers have also been shown to bind with higher affinity and
cause more disruption of synthetic membranes compared to the higher ordered fibrils (189).
These data emphasize the importance of intrinsic disorder and molecular flexibility of Aβ
oligomers to exert their toxic effect.
In conclusion, a re-evaluation of the amyloid cascade hypothesis is required (190). Whereas
earlier hypotheses held one particular oligomer of a predefined size responsible for Aβ
toxicity (99, 191), it is now obvious that a diverse “Aβ oligomeric soup” exists, consisting of
a large variety of rapidly exchangeable polymorphs that differ in size, conformation,
hydrophobicity, solvent exposure, intrinsic disorder (or internal flexibility), and toxicity. The
amyloid cascade hypothesis should take into account that it is possible that the entire dynamic
Aβ oligomeric soup contributes to the heterogeneity of AD progression and phenotype, via
various toxic mechanisms.
1.4.2. Intermolecular Aβ dynamics
As the in vivo Aβ peptide pool is a mix of species influencing one another, one must consider
the dynamics between different Aβ species when regarding Aβ-related toxicity. This mix
comprises various Aβ alloforms, but also contains different Aβ aggregation states that are in
dynamic equilibrium. Studying the behaviour of Aβ peptide mixtures and revealing the
dynamics of interconversion among different aggregate species is crucial in understanding the
toxic effects of Aβ in AD.
1.4.2.1. The in vivo Aβ peptide pool: a cocktail of different interacting species
The large majority of biophysical and cell biological studies investigating the role of Aβ in
AD have focused either on pure Aβ1-40 or Aβ1-42, the two predominant Aβ alloforms present in
the brain (44, 83). However, trace amounts of peptides ranging in length from 37 to 49 amino
acids are also present (192-194) due to the heterogeneous cleavage pattern of APP by γsecretase (81, 82). The in vivo Aβ peptide pool not only contains different Aβ peptide lengths,
but also comprises post-translationally modified Aβ (195) (Fig. 1.4). Aβ peptides can undergo
racemization (196, 197), isomerization (198), phosphorylation (199, 200), oxidation (201,
202), non-enzymatic glycation (203), and pyroglutamylation (204). Post-translational
oxidation of Met35 affects fibril flexibility within Aβ plaques (202). Met35 oxidation has also
been shown to impede the rate of Aβ aggregation in vitro (106), possibly by decreasing the βstrand content of the C-terminal region (205). Furthermore, proteins can become modified by
non-enzymatic glycation upon ageing. Advanced glycation end products (AGEs), found in Aβ
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plaques and in neurons, and their receptor, the receptor for advanced glycation end products
(RAGE), play an important role in AD by contributing to oxidative stress and by triggering
inflammation signalling pathways (203, 206). For other modifications, it remains largely
unknown how they can affect Aβ aggregation dynamics.
Various forms of Aβ co-exist and co-deposit in amyloid fibrils and plaques (99, 203). It has
become clear that biologically relevant mixtures of Aβ alloforms behave in a more complex
manner in vitro than anticipated from their behaviour in isolation, in terms of aggregation
properties and toxicity (84, 85, 88-90). For example, Aβ1-38 and Aβ1-40 exerted little toxicity in
isolation, but were highly toxic to a neuroblastoma cell line when tested in a mixture, whereas
addition of Aβ1-38 to Aβ1-42 had a cytoprotective effect (90).
1.4.2.2. The interactions between different species present during Aβ aggregation
NMR relaxation measurements showed that monomers are constantly binding to and being
released from oligomers and protofibrils in vitro. Estimates showed that approximately 3 % of
the peptide within the oligomer undergoes exchange with free monomer in pseudoequilibrium conditions (207-209).
Mature fibrils can thermodynamically be considered as the most stable aggregation state due
to the high density of intermolecular H-bonding and steric zipper interactions (17). However,
fibrils are not static and irreversible end species, as was the traditional view, but were shown
to continuously dissociate and reassociate through both fibril ends. Aβ1-40 fibrils recycle to a
greater extent than Aβ1-42 fibrils, which could be attributed to a difference in fibril dissolution
rate (210). These findings are consistent with a dynamic model for interpreting plaque
morphology, in which aggregation and disaggregation were proposed to be in steady-state
equilibrium (211). The species involved in the fibril recycling process are however still a
matter of debate. Differential solution NMR isotope labelling experiments revealed that
Aβ1−40 monomers can replace Aβ1-42 on Aβ1-42 aggregates, recycling Aβ1-42 monomers back
into solution (87). Later reports confirmed the constant recycling of Aβ1-40 and Aβ1-42
monomers and competition of binding for the ends of protofibrillar and fibrillar aggregates
(86). However, the accumulation of fibrils might also be associated with the generation of
diffusible lower molecular weight aggregates. This hypothesis is consistent with the
observation of a halo of oligomeric Aβ surrounding senile plaques when analysed by array
tomography (212). Recently, Knowles and co-workers demonstrated that the secondary
nucleation pathway can be a major source of oligomers once the critical concentration of
amyloid fibrils (in the order of 10 nM) has formed (213). Hereby, the surfaces of existing
fibrils catalyse the nucleation of new aggregates from the monomeric state, with a rate
dependent on both the concentration of the monomers and that of the existing fibrils. As the
critical fibril concentration is lower than the aggregate loads present in brains of AD patients,
it is possible that this pathway is active in the brain (213).
1.4.2.3. The dynamic equilibrium potentially contributes to Aβ toxicity
The co-existence of different Aβ aggregate species should be taken into account when
analysing Aβ toxicity studies. For example, fibrils might act as a reservoir of soluble
aggregates that can diffuse and induce toxic effects. The halo of oligomers surrounding senile
plaques co-localized with the loss of excitatory synapses and spine collapse (212), and the
disruption of dendritic spines in the vicinity of plaques is dependent on their distance from
these plaques (214). Moreover, fibrils have been suggested to be destabilized by brain lipids,
reverting into neurotoxic soluble protofibrils (215). Amyloid fibrils can thus be toxic per se
(section 1.4.1.2) or can function as a potential source of neurotoxic oligomeric species (216,
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217). Alternatively, it has also been suggested that the ongoing polymerization process, rather
than a specific and stable aggregate, is responsible for Aβ-related toxicity (94, 95). In
accordance with this hypothesis, crude Aβ1-42 preparations containing a monomeric and
heterogeneous mixture of Aβ1-42 oligomers and protofibrils were more toxic than purified
monomers, protofibrillar fractions, or fibrils. The toxicity of protofibrils was directly linked to
their interaction with monomeric Aβ1-42 and strongly dependent on their ability to convert into
fibrils. Moreover, the ongoing Aβ aggregation process, rather than distinct aggregation states,
elicited alterations in astrocyte metabolic phenotypes (94). Therefore, we postulate that
insights into the dynamic equilibrium between Aβ aggregation species are required to fully
understand Aβ toxicity.
1.4.3. Other players in the game
The dynamic nature of the Aβ peptide allows it to act as a hub protein and interact with many
different partners and environmental factors. Moreover, its properties are modulated by
human lifestyle. In this section, a non-exhaustive list will be given of the interaction partners
and influencing factors that have been studied most. The modulation of Aβ production,
aggregation, and degradation by these factors has been the focus of numerous studies, but less
is known about their effect on Aβ dynamics.
1.4.3.1. Receptor-mediated Aβ clearance and proteolytic Aβ degradation
Aβ is cleared from the brain by two major pathways: receptor-mediated transport across the
blood brain barrier (BBB) and proteolytic degradation (218). First, several multi-ligand cell
surface receptors are responsible for Aβ flux across the brain endothelium (219). Aβ efflux to
the blood stream is exerted by receptors from the low density lipoprotein (LDL) receptor
family, such as the low density lipoprotein receptor-related protein 1 (LRP-1) (220). This Aβ
transfer occurs via direct interaction with receptors or via binding to other receptor ligands
(e.g. ApoE and ApoJ in the case of LRP-1). The process of Aβ influx is regulated by RAGE,
a multi-ligand receptor of the immunoglobin superfamily (221). Aβ interactions with RAGE
amplify neuronal stress and Aβ accumulation, and result in neuroinflammation by stimulating
the expression and secretion of pro-inflammatory cytokines (222). Second, extensive in vitro
and in vivo studies have identified a range of enzymes capable of degrading Aβ (223-225),
with neprilysin (NEP) (226) and insulin-degrading enzyme (IDE) (227) the best characterized
Aβ-degrading proteases (228). Finally, other clearance pathways include bulk flow drainage
of CSF and cellular Aβ uptake by microglia or astrocytes and subsequent degradation (229,
230).
1.4.3.2. Metals
Metals (Cu, Zn, Fe, Al) co-localize with Aβ plaques and induce Aβ toxicity through enhanced
Aβ aggregation and ROS production. In AD brains, a disrupted homeostasis of metal ions
contributes to the imbalance of the production and removal of ROS (231, 232). Aluminium is
known to increase the Aβ brain burden and this might be due to a direct influence upon Aβ
anabolism or to direct or indirect effects on Aβ catabolism (233). Metals have also been
shown to affect Aβ intramolecular dynamics. Binding of zinc to the N-terminus of the Aβ
monomer leads to a decrease in the intrinsic mobility of this region and the formation of a
turn-like conformation in residues Val24-Lys28 promoting aggregation, as shown by 15N
relaxation measurements (234). Copper can also bind to the N-terminus, causing a structural
ordering in this region (235).
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1.4.3.3. Lipids and membranes
There is evidence that membrane composition and properties play a role in Aβ cytotoxicity
(236-239). Interaction of Aβ with membranes can modulate the peptide conformation and
aggregation properties of Aβ (239, 240). Moreover, cholesterol has been suggested to provide
stability to membrane-adjacent lipid rafts and therefore facilitate Aβ cleavage from APP
(241). Proteoglycans, major components of the cell membrane and extracellular matrix in the
central nervous system (CNS), co-localize with Aβ plaques. Proteoglycans have been shown
to directly interact with Aβ, causing an increased aggregation propensity and fibril formation,
and a decreased degradation by microglia (242).
1.4.3.4. Chaperones
Genetic evidence suggests a role for chaperones in AD (243) and the contribution of
chaperones in the context of AD is reviewed in (244). Abundant chaperone levels block
formation of Aβ aggregates as was demonstrated in a Caenorhabditis elegans disease model
(245). In vitro results indicated that heat shock proteins were capable of suppressing the early
stages of aggregation (246).
1.4.3.5. Lifestyle
Recently, the group of Holtzman suggested that sleep abnormalities in life might predispose
an individual to AD (247). They discovered that Aβ levels in the CSF undergo diurnal
fluctuations in humans and that this cycle is disturbed following plaque formation before the
appearance of any cognitive symptoms (248). Using AD mouse models, Holtzman and coworkers determined that Aβ dynamics are affected by perturbation of the orexin signalling
pathway and the sleep-wake cycle. Moreover, chronic sleep restriction lead to an
enhancement of plaque formation (249). A relationship between sleep disturbances and
disease development has also been suggested for Parkinson’s and Huntington’s disease (250).
Another important factor to consider is nutritional diet (251, 252). Several food components
have been suggested to modulate AD risk, but the mechanistic details of their mode of action
remain to be discovered. An increased AD risk has been linked to a diet rich in saturated fatty
acids and a high calorie and alcohol intake. In contrast, flavonoids, fish, methionine-rich
proteins, and vitamins have been suggested to have a beneficial effect in AD development and
can act as antioxidants, anti-inflammatory molecules and metal chelators. Beneficial
nutritional components that have extensively been studied include the polyphenols (-)epigallocatechine gallate (EGCC, green tea), grape seed polyphenolic extract (GSPE, grape
seed), and resveratrol (red wine), and also curcumin and certain vitamins. Deficiency of
vitamin B6 leads to an increased concentration of homocysteine, a risk factor implicated in
vascular mechanisms leading to AD (251, 252).
Furthermore, physical and cognitive exercises have a beneficial effect on AD development,
although studies are required to understand the molecular basis for this phenomenon (253255). Recently, Selkoe and co-workers demonstrated that cognitive exercise induces a
protective effect against Aβ-oligomer induced synaptotoxicity in AD mouse models by
activation of the β2-adrenergic signalling pathway (256).
1.4.4. AD therapy development
As the Aβ peptide is central to AD pathogenesis, it has been the main target of many
therapeutic strategies in the fight against AD. In the following section, the most widely
studied approaches are presented (Fig. 1.8). Concerns generally applicable to all approaches
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mentioned in this section are their efficacy in full-blown AD brains, which already possess a
considerable amyloid load, and their potential undesirable side-effects.
Initially, numerous studies explored the possibility to lower Aβ levels in the brain by
inhibiting or modulating the activity of β- and γ-secretase, the enzymes responsible for the
generation of Aβ from its precursor APP. Initial studies were promising, as β-secretase and γsecretase inhibitors (GSI) reduced Aβ deposition in transgenic APP mice brains. However,
these inhibitors were associated with intolerable and toxic side-effects, due to the fact that
both proteases have many other substrates that play roles in neuronal functioning, cell
maintenance, development, and cell fate (e.g. Notch 1 in the case of y-secretase) (257, 258).
Therefore, more selective inhibitors were developed that only targeted APP (e.g. Notchsparing APP selective GSIs), but these compounds were not effective in humans and did not
result in reduced Aβ levels in the brain (259). Modulators of γ-secretase activity, rather than
inhibitors, are now under development. These modulators have the capability to selectively
decrease Aβ1-42 production with respect to Aβ1-40, or shift the ratios of other Aβ peptide
lengths (260). Differential targeting of γ-secretase complexes, based on their subunit
composition, might also be considered as a viable strategy (82).
Another option to reduce Aβ levels in the brain is depletion of Aβ by immunotherapy, either
actively or passively (261). Active immunization involves administration of a vaccine
containing antigens to induce an immune response that generates antibodies directed against
Aβ. It has the advantage of generating a prolonged antibody response by one or minimal
numbers of administration, but the response can be variable among patients. Passive
immunization consists of the repeated infusion of Aβ-directed antibodies that can be rapidly
cleared if side-effects occur. Aβ immunotherapy has the ability of targeting a variety of
mechanisms and targets, and is considered one of the most promising AD therapeutic
strategies. It remains to be determined which type of immunization gives the best results,
active or passive, and which Aβ species need to be targeted. As soluble aggregates have been
shown to correlate with disease severity and are more toxic than their fibrillar counterparts,
most current strategies target soluble Aβ oligomers and protofibrillar species.
Inhibition of Aβ aggregation is a third possible strategy that has resulted in the development
and testing of numerous compounds (262, 263). The nature of these compounds is versatile
and ranges from peptides and proteins (e.g. molecular chaperones and antibodies), to small
chemical compounds such as polyphenols, anti-inflammatory agents, metal chelators,
tetracyclines, and inorganic and organic nanoparticles. Some compounds interact with the Aβ
monomer and stabilize it in its native conformation, others target soluble and toxic oligomers,
protofibrillar species, or prevent the overall aggregation propensity. Fundamental
understanding of the mechanism of Aβ aggregation and its kinetics are essential for
developing inhibiting compounds (264).
However, as Aβ-based drugs have not yet proven successful, alternative approaches are being
explored that involve targeting other aspects of AD pathology, such as neuroinflammation
(265, 266), oxidative stress (267), and tau (268).
Moreover, as the multifactorial nature of AD is a complicating factor in drug development in
addition to Aβ dynamics, the attention in the field is shifting towards the development of
combination therapies and multi-target directed ligands. Multi-target directed ligands (269)
can simultaneously target and modulate various facets of AD pathology (270-273). These
drugs may then serve as leads for further development as network medicines. Network
medicine aims to understand “the big picture” and offers a platform to understand the
complexity of a disease and all the molecular pathways involved, their interconnections, and
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identify potential treatment strategies. This strategy is not only under development for
targeting AD, but also serves as a framework for tackling other complex diseases, such as
cancers (274, 275).

Figure 1.8: Schematic view of Aβ-based strategies for AD treatment. Several approaches were or are under
investigation to reduce Aβ levels in the brain or shift the ratios of certain Aβ alloforms (e.g. Aβ1-42: Aβ1-40): (i)
inhibition or modulation of the activities of β- and γ-secretase, (ii) inhibition of Aβ aggregation, and (iii) Aβdirected active or passive immunotherapy.
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Chapter 2
A comparative analysis of the aggregation behaviour of Aβ peptide variants
This chapter has been published as:
Vandersteen A*, Hubin E*, Sarroukh R, De Baets G, Schymkowitz J, Rousseau F,
Subramaniam V, Raussens V, Wenschuh H, Wildemann D, and Broersen K (2012).
A comparative analysis of the aggregation behavior of amyloid-β peptide variants.
FEBS Letters 586(23), 4088-4093.
* Joint first authors, contributed equally to the manuscript.
Aggregated forms of Aβ are hypothesized to act as the primary toxic agents in AD. The in
vivo Aβ peptide pool consists of both C- and N-terminally truncated or mutated peptides, and
the composition thereof significantly determines AD risk. Other variations, such as
biotinylation, are introduced in vitro as molecular tools to aid the understanding of disease
mechanisms. Since these modifications have the potential to alter key aggregation properties
of Aβ, we present a comparative study of the aggregation of a substantial set of the most
common in vivo identified and in vitro produced Aβ peptides.
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2.1. Introduction
2.1. Introduction
Early aggregated forms of Aβ, a peptide which is generated from the transmembrane
precursor APP, have been considered the basis for the development of AD (1, 2). Despite
extensive research, the exact link between Aβ and AD remains elusive. One of the underlying
reasons is the heterogeneity of the Aβ peptide pool in the brain, as APP processing does not
generate a single, well-defined Aβ species. The main cause for peptide heterogeneity stems
from the identification of two main APP processing pathways, termed non-amyloidogenic and
amyloidogenic (Fig. 2.1). The non-amyloidogenic pathway involves APP cleavage by α- and
γ-secretase and generates the p3 peptide, an N-terminally truncated form of Aβ, while the
amyloidogenic pathway releases Aβ by action of β- and γ-secretase (3). Besides the dual
processing of APP generating either p3 or Aβ, the γ-secretase cleavage site is ill-defined
resulting in variation at the C-terminus of these peptides (4, 5). As a result thereof, released
Aβ alloforms vary in length from 37 to 49 amino acids (6, 7). Additional variation is attained
by mutations within the Aβ-coding region of the APP gene. Mutations related to familial AD
(FAD) include the Flemish (Ala21-to-Gly), Dutch (Glu22-to-Gln), Italian (Glu22-to-Lys),
Arctic (Glu22-to-Gly), Iowa (Asp23-to-Asn), and Tottori (Asp7-to-Asn) mutations (8, 9).
Furthermore, an additional source of peptide variation results from the introduction of
biotinylation as a research tool for interaction studies (10-13). All modifications described
above could affect peptide behaviour due to altered aggregation properties. In this study, we
therefore systematically compared the aggregation behaviour of p3 and Aβ peptides resulting
from heterogeneous APP processing, as well as a selection of FAD-associated Aβ mutants
and biotinylated variants.
2.2. Experimental procedures
2.2.1. Aβ and p3 peptide synthesis and purity assessment
Aβ and p3 peptides were chemically synthesized by JPT (JPT Peptide Technologies,
Germany) on preloaded TentaGel® S TRT resins (Rapp Polymer) using an ABI 433A Peptide
Synthesizer (Applied Biosystems). Synthesis was performed using 2-(1H-7-azabenzotriazol1-yl)-1,1,3,3-tetramethyl uronium hexafluorophosphate as an activation reagent and standard
procedures of Fmoc-based solid phase peptide synthesis were applied. Peptides were cleaved
from the resin with trifluoroacetic acid, containing 3 % H2O, 3 % 1,2-ethanedithiol, and 4 %
triisopropylsilane, and purified by preparative high performance liquid chromatography (LC).
The purity and identity of the peptides was assessed by JPT using matrix-assisted laser
desorption/ionization-time of flight mass spectrometry (MALDI-TOF MS, Voyager-DETM,
Perseptive Biosystems) and LC (Agilent Technologies, LC/MSD Trap series 1100). The LC
system was used in combination with a C18 Gemini-NX column (Phenomenex) at a flow rate
of 1 ml/min, and a gradient of 5-95 % acetonitrile was run during a time frame of 6 min.
2.2.2. Peptide solubilization
Peptides were dissolved according to the standard procedure developed and validated in our
laboratory, demonstrated to yield virtually aggregate-free peptide solutions (14). In short, Aβ
peptides were dissolved at a concentration of 1 mg/ml in 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP).
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Figure 2.1: Heterogeneity of the in vivo Aβ peptide pool. Processing of the transmembrane amyloid precursor protein APP can occur via two pathways. (A) The
amyloidogenic pathway consists of APP cleavage by β-secretase, shedding a large part of the ectodomain of APP (sAPPβ) and generating an APP carboxy-terminal
fragment (C99/CTFβ). Subsequent cleavage of C99 by γ-secretase results in the release of Aβ and the APP intracellular domain (AICD). (B) Alternatively, APP can be cut
via the non-amyloidogenic pathway by α-secretase, generating sAPPα and C83/CTF. Cleavage of C83 by γ-secretase liberates the AICD and the p3 peptide. Variability in
the in vivo Aβ peptide pool stems from heterogeneous γ-secretase cleavage, and from mutations within the Aβ-coding region of the APP gene, resulting in Aβ mutants
associated with familial AD and/or CAA.
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HFIP was evaporated using nitrogen gas and the peptide film was redissolved at a peptide
concentration of 1 mg/ml using dimethyl sulfoxide (DMSO). The peptide was separated from
DMSO by elution from a precalibrated HiTrapTM desalting column (GE Healthcare) into a 50
mM Tris pH 7.5 buffer containing 1 mM disodium ethylenediaminetetraacetate (EDTA). The
resulting samples were kept on ice until experiments started with a maximum lag time of 30
min. Peptide concentration was determined using the Coomassie (Bradford) Protein Assay kit
and diluted to 25 µM in 50 mM Tris pH 7.5 buffer containing 1 mM EDTA. Incubation of Aβ
peptides occurred for the given time periods at 25 °C under quiescent conditions.
2.2.3. Determination of peptide fibrillization kinetics using ThT fluorescence
Peptide concentrations were adjusted to 1 μM using 50 mM Tris pH 7.5 buffer containing 1
mM EDTA and a final concentration of 12 μM ThT. The fibrillization kinetics of the various
Aβ preparations were monitored in situ in a Greiner 96-well plate using a FLUOstar OPTIMA
fluorescence plate reader (BMG LABTECH GmbH, Germany) at an excitation wavelength of
440 nm (9 nm bandwidth) and an emission wavelength of 480 nm (20 nm bandwidth).
Fluorescence readings were recorded every 5 min for a period of 20 h. Measurements were
performed as independent triplicates. Recorded values were averaged and background
measurements (buffer containing 12 μM ThT) were subtracted.
2.2.4. TEM imaging of fibril morphology
After 2 weeks of incubation, peptide aliquots (5 μl of a 25 µM solution) were adsorbed to
carbon-coated Formvar 400-mesh copper grids (Agar Scientific) for 1 min. The grids were
blotted, washed, and stained with 1 % (w/v) uranyl acetate. Samples were studied with a
JEM-1400 microscope (JEOL Ltd., Tokyo, Japan) at 80 kV. TEM images are representative
of three independently prepared peptide solutions.
2.2.5. Dot blotting with Aβ oligomer-specific A11 antibody
After 0.5 h of incubation, a volume of 5 μl peptide sample was spotted onto a nitrocellulose
membrane. Membranes were blocked in phosphate-buffered saline containing 0.2 % Tween20 (1 h, 25 °C), and incubated (1 h, 25 C) with primary A11 antibody (Invitrogen), diluted
1:4000 in 100 mM Hepes, pH 7.0 (15). After incubation (0.5 h, 25 C) with a secondary antirabbit-horseradish peroxidase (HRP)-tagged antibody (Promega), diluted 1:5000 in
phosphate-buffered saline containing 0.05 % Tween-20, membranes were visualized using the
ImmobilonTM Western chemiluminescent HRP substrate system. Spots were manually
selected and intensities of the spots were analysed as mean grey values using ImageJ software
(16). Images were background subtracted.
2.2.6. Secondary structure estimation using ATR-FTIR
The peptide solubilization procedure and buffer composition were slightly adapted to obtain
attenuated total reflectance (ATR)-FTIR spectra with sufficient intensity and without
interference due to the presence of EDTA or salts. In short, peptide samples were dissolved in
HFIP at a peptide concentration of 1 mg/ml. HFIP was evaporated using nitrogen gas and the
resulting peptide film was redissolved in 10 mM Tris pH 7.5 at a concentration of 1 mg/ml.
Samples were incubated for 1.5 h at 25 °C under quiescent conditions. ATR-FTIR spectra
were then recorded on an Equinox 55 IR spectrophotometer (Bruker Optics, Ettlingen,
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Germany). Briefly, 2 µg of peptide was spread on the diamond surface (2x2 mm2) of an
internal reflection element and was washed with excess water to eliminate salts. Water was
evaporated under nitrogen flow. Data were processed by subtracting the water vapour
contribution and spectra were baseline corrected. Each IR spectrum represents the mean of
128 repetitions and was recorded at a resolution of 2 cm-1. Spectral intensities were
normalized to the intensity of the major β-structure peak around 1630 cm-1, and were
smoothed at a final resolution of 4 cm-1 by apodization of their Fourier transform by a
Gaussian line. All depicted spectra were deconvolved using a Lorentzian deconvolution factor
with a full width at half height (FWHH) of 20 cm-1 and a Gaussian apodization factor with a
FWHH of 13.33 cm-1, to obtain a resolution enhancement factor of 1.5. Deconvolution
increases the resolution of the spectra in the amide I region which is most sensitive to the
secondary structure of proteins.
Curve fitting was then performed on the non-deconvolved ATR-FTIR spectra to determine
the secondary structure contributions. The proportion of a particular structure is computed to
be the sum of the area of all the fitted bands (having their maximum in the frequency region
where that structure occurs) divided by the area of all the Lorentzian bands (having their
maximum between 1700 and 1600 cm-1). These regions were chosen by the program software
Kinetics, that was developed in the laboratory of Goormaghtigh and co-workers, and were
based on the shape of the most deconvolved spectrum (α-helices and random coil: 1637-1662
cm-1, turn: 1662-1682 cm-1, β-sheet: 1613-1637 cm-1 and 1682-1689 cm-1).
2.2.7. Statistical analysis
The intensities of A11-positive spots were determined using ImageJ software and were further
analysed using the two-tailed unpaired t-test for significance. Significant differences are
denoted * P<0.05.
2.3. Results
We present a comparison of the aggregation profiles of an extensive set of Aβ peptides with
N- or C-terminal variation, FAD-related mutations, and biotinylated forms of Aβ. Peptides
were prepared by solid phase peptide synthesis, and their identity and purity were confirmed
by JPT using MALDI-TOF MS and LC (Fig. 2.2).
2.3.1. C-terminal elongation of Aβ increases aggregation propensity and affects fibril
packing
Aggregation kinetics of various Aβ alloforms were recorded by ThT fluorescence and two
different aggregation profiles could be distinguished. First, “slow” aggregation taking at least
approximately 17 hours to reach plateau values, accompanied by “long” nucleation times (510 h) and high final fluorescence intensity were detected for Aβ1-37, Aβ1-38, and Aβ1-40. In
contrast, Aβ1-42 and Aβ1-43 aggregated rapidly with almost immediate onset, resulting in low
final ThT fluorescence intensity after approximately 7 hours (Fig. 2.3A and B). Differences in
fibril morphology have been related to different affinities and/or accessibilities of the ThT
dye, affecting the extent of ThT fluorescence intensity (17, 18). Accordingly, visualization of
fibrils by TEM indeed revealed morphologically distinct aggregates showing extended
negatively stained fibrils for Aβ1-37, Aβ1-38 and Aβ1-40, and heavily intertwined and dense fibril
networks for Aβ1-42 and Aβ1-43 (Fig. 2.3C).
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Figure 2.2: Identity and purity assessment of the chemically synthesized peptides by MALDI-TOF MS
and LC (insets). The mass spectra display one or two major peaks corresponding to the single or double charged
ion species arising from the full-length monomeric peptide. Insets show the elution of each peptide from a C18
Gemini-NX column in a single peak corresponding to monomeric peptide.
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Figure 2.3: Increased aggregation rate of Aβ alloforms with increasing peptide length. Incubation of Aβ
alloforms occurred for the given time periods at 25 °C under quiescent conditions. (A) Aggregation of Cterminal varying Aβ peptides monitored by ThT fluorescence. (B) ThT fluorescence intensities after 20 h of
incubation. (C) TEM images of Aβ alloforms incubated for 2 weeks. Scale bars represent 100 nm. (D)
Deconvolved ATR-FTIR spectra of Aβ alloforms recorded after 1.5 h of incubation. (E) A11-reactivity of 0.5 h
pre-incubated Aβ alloforms in a dot blot assay. Statistical significance levels are denoted * P<0.05.

Early Aβ aggregation time points, i.e. after 0.5-1.5 h of incubation, have previously been
demonstrated to be enriched for toxic oligomeric species (14). Secondary structure analysis of
these early aggregation species was performed by ATR-FTIR using the amide I absorption
band (1600-1700 cm-1), as this band results from C=O stretch vibrations of peptide linkages
and is most sensitive to changes in H-bonding in proteins (19, 20). IR analysis of early
aggregation species revealed a strong absorption peak around 1630 cm-1, which is indicative
of a β-sheet conformation (Fig. 2.3D). However, Aβ1-42 and Aβ1-43 displayed higher β-sheet
content than the shorter Aβ peptides, which appeared more as a mixture of β-sheet, random
coil, and α-helical secondary structure elements (Table 2.1). Moreover, increasing peptide
length lead to a more pronounced reactivity with the oligomer-specific A11 antibody, as
detected through dot blotting: Aβ1-37, Aβ1-38, and Aβ1-40 showed less oligomer accumulation
after 0.5 h of incubation than Aβ1-42 and Aβ1-43 (Fig. 2.3E).
2.3.2. FAD mutations affect the rate of Aβ fibril elongation to various extents
Familial mutations of Aβ1-42 displayed a short nucleation phase similar to that observed for
wild type (WT) Aβ1-42, but affected the rate of fibril elongation and the final ThT fluorescence
intensity (Fig. 2.4A and B). The slow elongation rate of the D23N mutant coincided with a
relatively low final ThT fluorescence, while the A21G Aβ1-42 mutant aggregated at a higher
rate with an increased final ThT fluorescence intensity compared to WT Aβ1-42. All mutants
of Aβ1-42 predominantly displayed β-sheet structure (Fig. 2.4D, Table 2.1) and formed dense
fibrillar networks, similar to WT peptide (Fig. 2.4C). Oligomerization of the mutated Aβ1-42
peptides showed little variability compared to WT Aβ1−42 after incubation of 0.5 h as seen by
A11-reactivity (Fig. 2.4E), with exception of D23N and A21G Aβ1-42.

47

2.3. Results

Figure 2.4: Several FAD mutations affect aggregation and oligomerization of Aβ1-42. Incubation of FADassociated Aβ mutants occurred for the given time periods at 25 °C under quiescent conditions. (A) Aggregation
of FAD Aβ1-42 mutants monitored by ThT fluorescence. (B) ThT fluorescence intensities after 20 h of
incubation. (C) TEM images of FAD Aβ1-42 mutants incubated for 2 weeks. Scale bars represent 100 nm. (D)
Deconvolved ATR-FTIR spectra of Aβ1-42 mutants recorded after 1.5 h of incubation. (E) A11-reactivity of 0.5 h
pre-incubated mutant Aβ1-42 peptides in a dot blot assay.

2.3.3. Effect of biotinylation on aggregation of Aβ1-40 and Aβ1-42 depends on the
biotinylation site
N- and C-terminal biotinylation of Aβ1-40 increased the lag time of aggregation (Fig. 2.5A)
while decreasing final ThT fluorescence (Fig. 2.5B), without affecting fibril morphology (Fig.
2.5C). Oligomerization of biotinylated Aβ1-40, as probed by A11-reactivity, was unaffected
compared to WT Aβ1-40 (Fig. 2.5E). Structural analysis of the biotinylated peptides by ATRFTIR however revealed absorption differences in the 1680-1640 cm-1 region, which are
indicative of distinct contributions of secondary structure elements (Fig. 2.5D, Table 2.1).
In contrast, biotinylation of Aβ1-42 reduced the aggregation rate of the peptide compared to
WT Aβ1-42 (Fig. 2.5A) without affecting final ThT fluorescence (Fig. 2.5B), fibril morphology
(Fig. 2.5C), and secondary structure content (Fig. 2.5D, Table 2.1). For Aβ1-42, the impact of
biotinylation on oligomerization depended on the location of the modification. C-terminal
biotinylation did not affect A11-reactivity, whereas N-terminal modification strongly
impaired A11-reactivity (Fig. 2.5E).

48

2.3. Results

Figure 2.5: N- and C-terminal biotinylation of Aβ1-40 and Aβ1-42 differentially affect aggregation.
Incubation of biotinylated Aβ mutants occurred for the given time periods at 25 °C under quiescent conditions.
(A) Aggregation of N- and C-terminally biotinylated forms of Aβ1-40 and Aβ1-42 monitored by ThT fluorescence.
(B) ThT fluorescence intensities after 20 h of incubation. (C) TEM images of biotinylated Aβ peptides incubated
for 2 weeks. Scale bars represent 100 nm. (D) Deconvolved ATR-FTIR spectra of biotinylated Aβ peptides
recorded after 1.5 h of incubation. (E) A11-reactivity of 0.5 h pre-incubated biotinylated Aβ peptides in a dot
blot assay. Statistical significance levels are denoted * P<0.05.

2.3.4. N-terminal truncation of Aβ induces rapid onset of aggregation
N-terminally truncated forms of Aβ1-40 and Aβ1-42, p317-40 and p317-42 respectively, were
characterized by rapid onset of aggregation compared to their corresponding full-length
forms, with decreased final ThT fluorescence intensities after 20 h of incubation in the case of
p317-40 (Fig. 2.6A and B). TEM visualization revealed short fibrillar fragments for p317-40,
dissimilar from the long extended networks observed for full-length Aβ1-40 (Fig. 2.6C).
Truncation of Aβ1-42 to p317-42 only slightly affected fibril morphology, resulting in less curly
fibrils (Fig. 2.6C). Structural analysis by ATR-FTIR indicated that p317-40 displayed less βsheet content and more random coil and α-helical content than full-length Aβ1-40. A similar
observation was made for p317-42 compared to Aβ1-42 (Fig. 2.6D, Table 2.1). Oligomerization
of the p3 peptides, as analysed by A11-reactivity, was not significantly affected compared to
their full-length counterparts (Fig. 2.6E).
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Figure 2.6: p3 peptides show pronounced aggregation. Incubation of p3 peptides occurred for the given time
periods at 25 °C under quiescent conditions. (A) Aggregation of p317-40 and p317-42, and their full-length
counterparts, monitored by ThT fluorescence. (B) ThT fluorescence intensities after 20 h of incubation. (C)
TEM images of p3 peptides incubated for 2 weeks. Scale bars represent 100 nm. (D) Deconvolved ATR-FTIR
spectra of p3 peptides recorded after 1.5 h of incubation. (E) A11-reactivity of 0.5 h pre-incubated p3 peptides in
a dot blot assay.
Table 2.1: Estimation of the peptide secondary structure content after 1.5 h of incubation, based on ATRFTIR analysis.
Peptide
Aβ length variants
Aβ1-37
Aβ1-38
Aβ1-40
Aβ1-42
Aβ1-43
FAD Aβ mutants
D7N Aβ1-42
A21G Aβ1-42
E22G Aβ1-42
E22K Aβ1-42
E22Q Aβ1-42
D23N Aβ1-42
Biotinylated Aβ
Biotin-Aβ1-40
Aβ1-40-K-biotin
Biotin-Aβ1-42
Aβ1-42-K-biotin
p3 peptides
p317-40
p317-42
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β-sheet

Secondary structure element (%)
Random coil + α-helix

Turn

36
37
47
55
56

44
43
33
32
28

20
20
20
13
16

55
51
41
45
50
46

30
33
37
39
32
32

15
16
22
16
19
23

34
42
54
44

44
39
34
38

22
19
12
17

39
49

40
34

20
17
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The Aβ peptide pool in the brain contains a high degree of variability, consisting of peptides
with C-terminal variations and N-terminal truncations, and FAD-associated mutations (21).
To elucidate the mechanisms leading to AD, some peptides are additionally modified, e.g.
biotinylated, to enable their investigation in experimental research. We chemically
synthesized Aβ peptide variants to compare their aggregation and oligomerization behaviour
using biophysical techniques. Our observations show that variations in the Aβ sequence have
profound consequences for the propensity of the Aβ peptide to aggregate and oligomerize.
Even though approximately 90 % of the Aβ peptide pool is composed of Aβ1-40 and Aβ1-42, it
has been recognized that Aβ1-37, Aβ1-38, and Aβ1-43 are also present in minor amounts in the
brain and may modulate disease progress (22). It is known that the Aβ1-42 peptide aggregates
at a higher rate than Aβ1-40 (23, 24), but we show that C-terminal extension in general results
in faster aggregation (Fig. 2.3). Furthermore, longer Aβ peptides gradually transform into
mature and densely packed β-sheet rich fibril networks, whereas shorter peptides form more
extended fibrils. We further report that Aβ1-37 and Aβ1-38 generally behave similar to Aβ1-40,
while the behaviour of Aβ1-43 strongly resembles that of Aβ1-42. The dense fibril networks
formed by Aβ1-42 and Aβ1-43 possibly provide less access to, or have a decreased affinity for
the ThT dye, compared to the more extended fibrils of shorter peptides, resulting in a lower
final ThT fluorescence intensity. Alternatively, the denser peptide networks can be more
prone to precipitation in the test tube which would lead to a similar observation.
Most FAD-associated mutations are located in or near the central hydrophobic cluster of the
Aβ peptide, which has been predicted and demonstrated to play an important role in
aggregation. The effect of FAD mutations on Aβ1-42 aggregation has therefore been
investigated in the past (9, 25-28), but no comprehensive study has been reported that directly
compares the majority of the currently known mutants under the same experimental
conditions. Different Aβ preparation methods and experimental conditions have led to
considerable variation in the reported effects of these mutations, as described in the literature.
In our experimental setup, we show that FAD mutations can either slow down or facilitate Aβ
aggregation, yet without affecting overall fibril morphology (Fig. 2.4). The effect on
aggregation rate has been suggested to be dependent on the suitability of the replacing amino
acid to accommodate an amyloidogenic or aggregated structure (25, 29-33). Factors that have
been suggested to modulate aggregation of FAD Aβ mutants are the loss of the electrostatic
repulsion between monomers and the destabilization of the turn region of the peptide (27, 34).
The central hydrophobic region is however not the absolute key in determining aggregation
tendency, as a subset of the FAD mutations in this region has no effect on the aggregation rate
and most likely exert their pathological function through aberrant APP processing or reduced
proteolytic Aβ degradation (35-37).
Upregulation of the α-secretase cleavage pathway initiating the non-amyloidogenic
processing of APP has served as the guiding principle for the generation of various potential
AD-modulating drugs (38). However, we show that complete destruction of the central
aggregation zone by deletion of the first 17 N-terminal amino acids, as naturally occurs by
APP processing via the non-amyloidogenic pathway, does not abolish the aggregating
character of the peptides (Fig. 2.6). This observation is consistent with previous findings (39).
Moreover, p3 peptides have been demonstrated to induce toxicity via an ion channel
mechanism (40). These findings raise doubts about the validity of upregulating the non-
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amyloidogenic pathway, call into question the terminology “non-amyloidogenic”, and
necessitate more research on p3 peptide behaviour.
Biotinylation of Aβ has been applied in several studies (10-13). Our data show that this
modification can affect the onset of aggregation substantially depending on the location of
biotinylation, either N- or C-terminally, but without affecting fibril morphology or oligomer
formation (Fig. 2.5). These observations underline the importance of selecting and validating
the type of labelling required for experiments, without inducing changes in the behaviour of
the peptides that are subject to study.
In this work, we systematically compared the aggregation properties of a wide range of Aβ
peptides. The overall aggregation profile was determined by ThT fluorescence at a
physiologically relevant Aβ concentration of 1 µM (41). Moreover, we attempted to gain
insights into early aggregation events by probing oligomerization of the peptides. We
therefore used A11-reactivity as well as IR-based analysis of secondary structure content of
early aggregation species, which were however not always completely in agreement. This
could be attributed to the polyclonal nature of the A11 antibody (15), that might recognize
more than one conformation. It is however also possible that both methods detect different
oligomeric species, due to the difference in aggregation time points of the measured fractions,
i.e. 0.5 h for dot blotting and 1.5 h for ATR-FTIR measurements.
In conclusion, our results highlight that minor sequential variations profoundly affect the
aggregation of Aβ. Both the central and the C-terminal Aβ region can play a regulating role in
the aggregation process and affect several Aβ properties, including aggregation rate,
secondary structure, and fibril morphology. Further research is required to understand how
these variations influence Aβ toxicity and how they are associated with AD pathology.
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Chapter 3
Distinct β-sheet structures in wild type and Italian-mutant Aβ fibrils:
a possible link to different clinical phenotypes
Parts of this chapter have been submitted to
Proceedings of the National Academy of Sciences of the United States of America.
Hubin E, Deroo S, Kaminski Schierle G, Kaminksi C, Serpell L,
Subramaniam V, van Nuland N, Raussens V, Broersen K, and Sarroukh R.
Most AD cases are late-onset and characterized by the aggregation and deposition of the Aβ
peptide in extracellular plaques in the brain. However, a few rare and hereditary Aβ
mutations, such as the Italian Glu22-to-Lys (E22K) mutation, guarantee development of earlyonset familial AD associated with Aβ deposition in cerebral blood vessel walls, giving rise to
CAA. It remains largely unknown how the Italian mutation results in a different disease
pathology and age of disease onset. Therefore, we investigated the aggregation of wild type
and E22K Aβ1-42 in vitro and structurally characterized the resulting fibrils using a biophysical
approach. This paper reports that E22K Aβ1-42 oligomers and fibrils both display an
antiparallel β-sheet structure, in comparison with the parallel β-sheet structure of wild type
fibrils, characteristic of most amyloid fibrils described in the literature. Moreover, this is the
first study that experimentally demonstrates structural plasticity for Italian-mutant Aβ fibrils
in a pH-dependent manner, in terms of their underlying β-sheet arrangement. These findings
are of interest in the ongoing debate that (i) antiparallel β-sheet structure might represent a
signature for toxicity, which could explain the high toxicity reported for the Italian-mutant,
and that (ii) fibril polymorphism might underlie differences in disease pathology and location
of amyloid deposition (i.e. tropism). We suggest that the in vitro structural differences of wild
type and E22K Aβ1-42 might relate to their in vivo differences, and suggest that the antiparallel
β-sheet structure predisposes the Italian-mutant Aβ peptide to deposit mainly in blood vessel
walls, rather than accumulating in plaques in the brain parenchyma.
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The conversion of a native and functional polypeptide into higher ordered, toxic aggregates,
and eventually into amyloid fibrils, is characteristic of many human proteinopathies (1).
Amyloid fibrils deposit extra- or intracellularly and are implicated in neurodegenerative
disorders and non-neuropathic amyloidoses (2). The defining molecular unit of these amyloid
fibrils is the cross-β spine that originates from extending β-sheets composed of β-strands that
are arranged perpendicular to the fibre axis (3, 4).
However, although the cross-β spine is a common structural feature, amyloid fibrils show a
great variety of structural complexity and can differ in their underlying structure, symmetry,
width, twist period, and curvature (5-7). This structural polymorphism can have several
molecular origins. First, fibril polymorphs can differ in the number of protofilaments (the
minimal fibrillar entities) (7). Second, distinct orientations and modes of lateral association of
protofilaments and patterns of inter-residue interactions determine how protofilaments are
oriented (8-12). Third, variations in the underlying protofilament substructure can contribute
to fibril polymorphism (13, 14). Despite the highly conserved arrangement of fibrils in a
cross-β manner along the elongation axis, fibrils can thus display considerable heterogeneity
and structural polymorphism.
The biological relevance of fibril polymorphism is not yet fully understood, but it is notable
that fibril polymorphism has been reported for several disease-related proteins. Substantial
evidence indicates that different fibril morphologies exert different toxicities in vitro and
could be related to differences in disease pathology and progression in vivo, or could underlie
the preference of amyloid to deposit in specific cellular locations (i.e. tropism) (14-24).
However, the link between fibril polymorphism and clinical subtypes of amyloidoses is still
lacking.
One of the disease-related proteins for which fibril polymorphism has been reported is the Aβ
peptide (25). The Aβ peptide is one of the underlying causes of AD (26, 27), inclusion body
myositis (28), dementia with Lewy bodies (29), and CAA (30-32). CAA is
pathophysiologically related to AD and found with high prevalence in AD patients (80-90 %)
(33).
CAA is a common clinical symptom of early-onset FAD, in which disease symptoms occur
earlier in life compared to the more prevalent sporadic, late-onset AD (34). Several mutations
within the Aβ sequence have been identified that are causative of FAD associated with CAA,
including the Italian E22K, Iowa D23N, Dutch E22Q, Arctic E22G, Flemish A21G, and
Piedmont L34V mutations (35). Whereas Aβ in AD is primarily deposited in the brain
parenchyma, CAA is related to cerebrovascular amyloid deposition (36). Aβ deposition in
vessel walls makes them prone to rupture and narrows their lumina to the point of occlusion,
resulting in secondary lesions associated with CAA, such as intracerebral and subarachnoid
bleeding, multiple infarcts, and periventricular oedema (37).
In this study, we monitored the aggregation of WT and Italian-mutant E22K Aβ1-42 under
different experimental conditions, and structurally characterized the resulting fibrils. We
provide evidence that, under near-physiological conditions, E22K Aβ1-42 spontaneously forms
fibrils comprising stable antiparallel β-sheets, in contrast to WT fibrils that are composed of
parallel β-sheets, similar to most amyloid fibrils described in the literature (38). Moreover, to
the best of our knowledge, this is the first experimental demonstration that the underlying βsheet arrangement of Italian-mutant Aβ fibrils is altered upon a change in pH, and that
interconversion of the corresponding fibril polymorphs occurs.
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These results are interesting in light of the emerging view that (i) antiparallel β-sheet structure
may be of importance in the pathology of AD (6) and that (ii) fibril polymorphism may be
implicated in in vivo differences in terms of disease pathology and age of disease onset. In
addition to the Italian E22K Aβ mutant presented in this work, another CAA-related Aβ
mutant (Iowa D23N) has recently been shown to form antiparallel β-sheet fibrils (39).
Therefore, we suggest that the antiparallel β-sheet signature of Aβ peptides associated with
CAA, containing a mutation in the central turn region, predisposes them to deposit mainly in
blood vessel walls.
3.2. Experimental procedures
3.2.1. Reagents and chemicals
WT Aβ1-42 was purchased from American Peptide Co. (Sunnyvale, CA, USA), E22K and
D23N Aβ1-42 were purchased from JPT (JPT Peptide Technologies, Germany). Primary
sequences of WT and E22K Aβ1-42 peptides are depicted in fig. 3.1A. DMSO, HFIP, pepsin
and ThT were obtained from Sigma-Aldrich (St. Louis, MO, USA). Antibodies (6E10, 4G8,
12F4) were purchased from Covance (Emeryville, CA, USA). HRP-conjugated anti-mouse
and anti-rabbit antibodies were purchased from Millipore (Billerica, MA, USA) and Cell
Signalling Technology (Danvers, MA, USA), respectively. The Supersignal West Pico
Chemiluminescent Substrate and the Enhanced Chemiluminescence (ECL)® Plus Western
Blot detection kit were obtained from Pierce (Biotechnology, Rockford, IL, USA) and GE
Healthcare (Piscataway, NJ, USA), respectively.
3.2.2. Aβ peptide solubilization
Aβ peptides were dissolved in cold HFIP at a concentration of 2 mg/ml and incubated at room
temperature (25 °C) for 1 h. HFIP was evaporated under nitrogen flow and residual HFIP was
removed under vacuum using a Speed Vac (Thermo Savant). Prior to incubation, peptides
were dissolved in DMSO at a final concentration of 2 mM and then immediately diluted to a
final concentration of 100 μM in TBS (Tris-buffered saline: 20 mM Tris/HCl pH 7.4
containing 100 mM NaCl) or in 10 mM HCl pH 2.0. Peptides were incubated at 37 °C under
quiescent conditions. Fibrillar samples were collected by centrifugation for 30 min at 13200
rpm prior to analysis by ATR-FTIR and HDX-MS.
3.2.3. TEM
Aβ samples (5 μl of a 100 µM concentration) were adsorbed to carbon-coated Formvar 400mesh copper grids (Agar Scientific) for 1 min. The grids were washed, blotted, and stained
with 1 % (w/v) uranyl acetate. Samples were studied with a JEM-1400 microscope (JEOL
Ltd., Tokyo, Japan) at 80 kV. Images are representative of three independently prepared Aβ
solutions.
3.2.4. AFM
AFM images were acquired using a VEECO Dimension 3100 atomic force microscope
(Bruker), operated in tapping mode in air by using silicon cantilevers with a resonance
frequency of 325 kHz, a spring constant of 46 Nm-1, and a tip radius of 10 nm (µMASCH,
NSC15/no Al). Images were collected at a scan rate of 1 Hz. Each fibrillar sample (5 µl of a
100 µM concentration) was deposited for 15 min onto freshly cleaved mica surfaces to enable
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adsorption. The samples were rinsed with ultrapure water (5 x 200 µL) and left to dry in air
before imaging.
3.2.5. Dot blot analysis with Aβ-region specific antibodies
Aβ aggregation was monitored by spotting 1 µg of Aβ onto a nitrocellulose membrane at
different Aβ incubation times. Membranes were blocked for 1 h at 4 °C in 5 % non-fat dry
milk in TBS containing Tween-20 and then incubated (24 h, 4 C) with mouse monoclonal
Aβ-region specific antibodies 6E10, 4G8, or 12F4 (all diluted 1:3000 in 0.5 % non-fat dry
milk in TBS containing Tween-20). HRP-conjugated anti-mouse antibody (1:2000 in 0.5 %
non-fat dry milk in TBS containing Tween-20, 4 °C, 1 h) was used as secondary antibody.
Detection was carried out using the Supersignal West Pico Chemiluminescent Substrate and
the ECL® Western blot kit. Images were recorded and analysed using the ImageQuant 400 gel
imager and ImageQuant TL software (GE Healthcare).
3.2.6. Secondary structure and HDX measurements using ATR-FTIR spectroscopy
ATR-FTIR spectra were recorded on an Equinox 55 IR spectrophotometer (Bruker Optics,
Ettlingen, Germany). A quantity of 2 µg of Aβ peptide was spread on the diamond surface
(2x2 mm2) of an internal reflection element and was washed with excess water to eliminate
salts. Residual water was evaporated under nitrogen flow. Each spectrum represents the mean
of 128 repetitions and was recorded at a resolution of 2 cm-1. The ATR-FTIR data were
analysed using Kinetics software (SFMB, Brussels, Belgium) and processed for baseline
correction and subtraction of the water vapour contribution. Spectra were smoothed at a final
resolution of 4 cm-1 by apodization of their Fourier transform by a Gaussian line and
intensities were normalized to the intensity of the major β-structure peak around 1630 cm-1.
All depicted spectra were deconvolved using a Lorentzian deconvolution factor with a FWHH
of 20 cm-1 and a Gaussian apodization factor with a FWHH of 16.67 cm-1, to obtain a
resolution enhancement factor of 1.2. Deconvolution increases the resolution of the spectra in
the amide I region which is most sensitive to the secondary structure of proteins. Next, curve
fitting was performed on the non-deconvolved ATR-FTIR spectra as described in chapter 2,
to determine the secondary structure of both peptides. Finally, HDX experiments using IR
were performed on Aβ fibrils (7 days old) and the decay of the NH-associated amide II band
(1500-1600 cm-1, arising mainly from the N-H bending mode of vibration of the peptide
bond) was used to monitor the exchange of the amide group during a time lapse of 1 h.
Results were analysed as described previously (38).
3.2.7. ThT fluorescence
Aβ fibril formation was probed using ThT fluorescence as described previously (40). Briefly,
5 µM of ThT was freshly dissolved in 50 mM glycine/NaOH pH 8.5 and 4.5 µg of Aβ was
added to 1 ml of ThT solution. The excitation wavelength was set at 450 nm and the ThT
fluorescence emission was recorded at 485 nm or between 460 and 560 nm. All measurements
were recorded on a LS55 fluorimeter (PerkinElmer Instruments) at 25 °C with bandwidths of
5 nm.
3.2.8. X-ray fibre diffraction
Aβ fibrils (8 mg/ml) were aligned between wax-tipped capillaries and allowed to dry in air
(41). The partially aligned fibre was placed on a goniometer head and data were collected
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using a Rigaku rotating anode source (CuKα) and a Saturn 944+ CCD detector. The
diffraction patterns were examined and measured using CLEARER software (42).
3.2.9. FLIM
Fluorescence lifetime imaging microscopy (FLIM) was performed on a home-built confocal
microscopy platform based on a confocal microscope scanning unit (Olympus FluoView 300)
coupled with an Olympus IX70 inverted microscope frame. A 405 nm diode laser was used as
the excitation source and the detection wavelength range was set at 470 nm. Acquisition of
FLIM images was controlled using the software SPMC (Becker & Hickl GmbH, Berlin,
Germany). Results were analysed as described previously (43).
3.2.10. HDX-MS measurements and data analysis
A volume of 25 µl of amyloid fibrils of WT and E22K Aβ1–42, grown for 21 days in TBS (100
μM monomeric concentration), were collected by centrifugation at 13200 rpm for 30 min at 4
°C. A volume of 24 μl of supernatant was removed and the pellet was resuspended with 24 μl
D2O. Labelling was carried out for 15 min at room temperature. Fibril samples were
recovered by centrifugation at 13200 rpm for 30 min at 4 °C. From then, samples and
solutions were held on ice. A volume of 24 μl of D2O supernatant was removed and fibrils
were dissolved in 20.4 μl of 100/0.5 (v:v) H2O/HCOOH containing pepsin (1:5,
enzyme:substrate, w:w). After 20 s, 3.6 μl of 100/0.5 (v:v) MeCN/HCOOH was added
(85/15/0.5 (v:v:v) H2O/MeCN/HCOOH final concentration) allowing fibril dissolution (58).
For HDX on WT and E22K Aβ1–42 monomers, peptides were first dissolved in DMSO at a
concentration of 2 mM, subsequently resuspended in D2O (final concentration: 80 μM), and
exchange was allowed for 45 min. One μl of the exchanged monomeric peptide was added to
20.4 μl of 100/0.5 (v:v) H2O/HCOOH containing pepsin (1:5, enzyme:substrate, w:w). After
20 s, 3.6 μl of 100/0.5 (v:v) MeCN/HCOOH was added (85/15/0.5 (v:v:v)
H2O/MeCN/HCOOH final concentration).
HDX was then evaluated by electrospray ionization-MS (ESI-MS). The deuterium content of
the samples was analysed by ESI-MS on a Q-TOF Ultima API spectrometer
(Waters/Micromass). Samples were electrosprayed from gold-coated glass capillaries
(ThermoFisher). Capillary and cone voltages applied were 1.8 kV and 50 V respectively. The
same dead time (1 min) after mixing in protic solvent was used for all experiments. All
measurements were done in triplicates and mass spectra presented are averages of 20 s
acquisition.
Data analysis of HDX-MS experiments
The fraction of D2O in the pepsin solution, used for monomeric and fibrillar samples, was 4 %
(1 μl D2O for 24 μl H2O). As the labile terminal and side chain hydrogens exchange very
rapidly, even at pH 2.0-3.0, the final measured deuterium content should include an
equilibrium distribution of deuterium into these sites. Because there are 27 and 28 of these
hydrogens in WT and E22K Aβ1-42 respectively, a total of only 1 deuterium (4 % of 27.5)
should be incorporated at these sites for full-length monomeric Aβ, and this is thus not
considered here. The deuterium content of the peptides was determined from the centroid of
the molecular ion isotope peaks as described earlier (44). The measured deuterium content in
each peptide was corrected for back exchange. Back exchange occurs during the pepsin
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processing of samples in solvent that contains exchangeable hydrogens, and during ionization
itself, as previously described (45) and described in equation 3.1.
Dcorr = m – MW + Back Exchange
Back Exchange = MW + N – m100% (Eq. 3.1)
Dcorr is the corrected average number of amide deuterons after incubation in D2O, m is the
measured centroid mass after 45 min of labelling, MW is the measured average molecular
weight in H2O, N is the total number of amide hydrogens in each peptide (exchangeable sites)
and m100% is the measured centroid peptide mass from 100 % deuterated controls. Monomeric
Aβ is expected to be fully deuterated after only 30 min and was used as the control to estimate
the back exchange during the analysis. The back exchange ranged from 12.5 to 37.8 % and
was similar to values reported in other studies (46, 47).
3.2.11. Immune response of THP-1 monocytes to Aβ fibrils
The human monocytic leukemia cell line THP-1 (American Type Culture Collection,
Rockville, Md.) was grown in RPMI 1640 medium supplemented with 10 % fetal bovine
serum and 1 % penicillin/streptomycin. Cells were incubated at 37 °C and 5 % CO2, and
diluted to a cell density of 106 cells per ml in 24-well plates prior to experiments (1 ml/well).
Cells were exposed to a concentration range of WT and E22K Aβ1-42 fibrils (4 days old; 0.1
µM, 1 µM, and 10 µM) for 3 h. Control samples included the bacterial lipopolysaccharide
(LPS, E. coli 0111:B4) as positive control, and medium alone as negative control. Samples
were added to cells in triplicates. Prior to addition of fibrils to cells, peptide samples were
assured to be endotoxin-free using the EndoZyme® recombinant Factor C assay (Hyglos
GmbH, Germany) (section 3.5).
After 3 h of incubation with the samples, cells were harvested for total RNA isolation and
complementary DNA (cDNA) synthesis, and subsequent assessment of gene expression by
real-time quantitative polymerase chain reaction (RT-qPCR). Briefly, cells were centrifuged
for 5 min at 500 g and cell pellets were lyzed with Trizol. Chloroform was added to the lyzed
cells and 15 min of centrifugation (12000 g) at 4 °C resulted in a phase separation. The upper
aqueous phase (containing RNA) was carefully collected without transferring the interphase
(containing DNA) or the lower phase (comprising proteins and lipids). After addition of
ethanol (70 %) to the upper phase, the RNeasy Mini kit (Qiagen) and the RNase free DNase
set (Qiagen) were combined to extract total RNA from every sample and remove DNA
contamination. RNA concentration was determined by measuring absorbance at 260 nm using
a Nanodrop (Thermo Scientific), and purity was assessed on a 1 % agarose gel (20 min,
constant 100 V). RNA was then reverse transcribed to cDNA with the iScript cDNA synthesis
kit (BioRad, USA). Therefore, 200 ng of isolated RNA template (in a total volume of 15 µl)
was mixed with 1 µl reverse transcriptase (RT), 4 µl of iScript reaction mix (containing
oligo(dT) and random hexamer primers), and subjected to PCR (annealing: 5 min at 25 °C,
reverse transcription: 30 min at 42 °C, inactivation of RT: 5 min at 85 °C, hold at 8 °C).
Transcription profiles of genes related to pro-inflammatory cytokines, related enzymes, and
transcription factors, were then determined using qPCR. Reaction samples contained 5 µl
cDNA template, 10 µl SYBR-Green master mix, and primers corresponding to a subset of ten
target genes (Table 3.1). The qPCR was carried out as followed: denaturation for 1.5 min at
95 °C, and then 40 amplification cycles (denaturation: 10 s at 95 °C, annealing: 10 s at 58 °C,
elongation: 15 s at 72 °C). The PCRs of all products were then subjected to a melting curve
analysis to verify the single amplification products. The temperature of the thermal
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cycler was set at 55 °C, and was subsequently increased by incremental steps of 1 °C/5 s. The
comparative CT method was used for analysis of RT-qPCR results and presentation of the
relative mRNA expression values (48). CT values were corrected for the expression of
housekeeping genes glyceraldehyde-3-phosphate dehydrogenase (GADPH) and actin-β chain,
and the negative control containing only medium. Housekeeping genes were chosen for
normalization because they have been shown to be stably expressed. The relative gene
expression is thus defined as a “fold change in expression” relative to housekeeping genes and
the negative control (Equation 3.2).
ΔCT = CT averaged housekeeping genes – CT sample
ΔΔCT = ΔCT gene of interest - ΔCT medium
Relative gene expression = 2∆∆CT (Eq. 3.2)
Table 3.1: Set of primers used in RT-qPCR for quantification of mRNA expression of genes related to
pro-inflammatory cytokines, transcription factors, and related enzymes.
Gene

Final concentration of
primer in qPCR mix (µM)

Sequences of forward (FWD) and reverse (REV)
primers

GADPH

0.1

FWD: TGCACCACCAACTGCTTAGC
REV: GGCATGGACTGTGGTCATGAG

Actin-β chain

0.1

FWD: CTGGAACGGTGAAGGTGACA
REV: AAGGGACTTCCTGTAACAATGCA

Interleukin (IL)-1β

0.1

FWD: GTGGCAATGAGGATGACTTGTTC
REV: TAGTGGTGGTCGGAGATTCGTA

Tumour necrosis
factor-alpha (TNFα)

0.1

FWD: CTGCTGCACTTTGGAGTGAT
REV: AGATGATCTGACTGCCTGGG

IL-6

0.1

FWD: AGCCACTCACCTCTTCAGAAC
REV: GCCTCTTTGCTGCTTTCACAC

IL-8

0.1

FWD: CTGATTTCTGCAGCTCTGTG
REV: GGGTGGAAAGGTTTGGAGTATG

IL-10

0.4

FWD: GTGATGCCCCAAGCTGAGA
REV: CACGGCCTTGCTCTTGTTTT

IL-12p40

0.1

FWD: CTCTGGCAAAACCCTGACC
REV: GCTTAGAACCTCGCCTCCTT

IL-18

0.4

FWD: CTGATTCTGACTGTAGAGATAATG
REV: TTCTCACACTTCACAGAGATAG

Cyclo-oxygenase-2
(COX-2)

0.1

FWD: CAGCACTTCACGCATCAGTT
REV: CGCAGTTTACGCTGTCTAGC

3.3. Results
3.3.1. E22K Aβ1-42 forms fibrils with an antiparallel β-sheet conformation
WT and E22K Aβ1-42 were dissolved in 100 % HFIP to ensure removal of pre-formed
aggregates. After evaporation of HFIP, the aggregation of Aβ was induced by dissolving the
peptide film in TBS buffer pH 7.4 containing 2 % (v/v) DMSO. TEM confirmed the
emergence of heterogeneous oligomeric and prefibrillar species, and subsequently fibril
formation was imaged by TEM and AFM for both WT and E22K Aβ1-42 (Fig. S1 in section
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3.5). Moreover, the accessibility of the C-terminus of both peptides was lost upon aggregation
as assessed by dot blotting with region specific anti-Aβ antibodies (Fig. S2). This is in full
agreement with previous NMR studies showing folding of the C-terminus of the Aβ peptide
into the fibril core (18, 49).
To gain insight into the structural rearrangements occurring during aggregation of the E22K
Aβ1-42 peptide and into the differences with WT Aβ1-42, we monitored the Aβ aggregation
process using ATR-FTIR spectroscopy (Fig. 3.1B and C). The amide I absorption band
(1600-1700 cm-1) was used for IR spectra analysis because this band results from C=O stretch
vibrations of peptide linkages and is most sensitive to changes in H-bonding in proteins (50,
51). Upon aggregation, WT and E22K Aβ1-42 both displayed β-sheet structure, indicated by a
major peak around 1630 cm-1 (Fig. 3.1B and C). The position and width of this peak have
been related to the number of β-strands and the formation of H-bonds (52-54). Both peptides
also showed an additional minor peak around 1695 cm-1 at early aggregation time points (0 h,
24 h). This peak, in conjunction with the major peak, is the signature of an antiparallel
arrangement of β-strands (55-57) and can be attributed to the presence of oligomers (58-62).
Mature fibril formation was marked by a high β-sheet content for both WT and E22K Aβ1-42,
as demonstrated by curve fitting of the amide I region (Table 3.2). However, the structural
rearrangements occurring during the oligomer-to-fibril transformation were different for WT
and E22K Aβ1-42. As demonstrated previously, the oligomer-to-fibril transformation of WT
Aβ1-42 was accompanied by a major change in secondary structure. The antiparallel
contribution associated with the minor peak around 1695 cm-1 disappeared when fibrils were
formed (Fig. 3.1B), indicating reorganization of β-strands from an antiparallel to a parallel
orientation (60). In contrast, in the case of E22K Aβ1-42, the 1695 cm-1 peak persisted in time,
suggesting that Italian-mutant fibrils are composed of antiparallel β-sheets (Fig. 3.1C). A
similar IR spectrum was obtained for Iowa D23N Aβ fibrils, shown previously to contain
antiparallel β-sheets (Fig. S3) (39). The structural differences occurring during aggregation
were quantified by the β-index ratio (defined as the 1695/1630 cm-1 intensity ratio), which has
been shown to be proportional to the percentage of antiparallel arrangement of β-strands in a
β-sheet (55, 58, 60, 61). The β-index ratio of WT Aβ1-42 dropped significantly in time during
the oligomer-to-fibril transformation (0.20  0.01 to 0.03  0.02 after 7 days of incubation),
whereas the E22K β-index ratio retained a high value throughout aggregation (0.21  0.05 to
0.15  0.03 after 7 days) (Fig. 3.1D). High β-index ratios have been reported to be
characteristic for antiparallel β-structured proteins such as avidin, concanavalin A, and
bacterial outer membrane porin F (58, 59). These results suggest that, contrary to most
structures reported previously for amyloid fibrils (8, 9, 18), Italian-mutant Aβ1-42 fibrils
display an antiparallel β-sheet architecture.
To structurally characterize E22K and WT Aβ1-42 fibrils in more depth and to ensure samples
were oligomer-free, fibrillar samples (7 days old) were centrifuged at 13200 rpm for 30 min
and the fibril pellet was resuspended in water prior to IR data collection. Dense amyloid
networks with protruding, negatively stained fibrils were visualized for both preparations
using TEM (Fig. 3.2A). The IR spectrum of the E22K Aβ1-42 fibril pellet still displayed the
minor peak at 1695 cm-1 and a shift in the amide II band region (1500-1600 cm-1) to lower
wavenumbers (Fig. 3.2B), features both corresponding to antiparallel β-sheet structure (60).
As oligomers were removed by the centrifugation procedure, this observation provides
evidence that the antiparallel structural signature detected in the total aggregated E22K Aβ1-42
sample after 7 days of incubation (Fig. 3.1C) can be attributed to E22K Aβ1-42 fibrils, as these
are the main aggregation species at this time point.
62

3.3. Results

Figure 3.1: The Italian E22K Aβ mutation induces formation of antiparallel β-sheet fibrils. (A) The Italian
mutation comprises a Glu-to-Lys switch at residue 22 (E22K) of the Aβ sequence. (B-E) Aggregation of WT and
E22K Aβ1-42 peptide in TBS pH 7.4 at 37 °C was monitored using ATR-FTIR (B-D) and ThT fluorescence (E)
for 7 d. The amide I region (1700-1600 cm-1) of the ATR-FTIR spectra of (B) WT and (C) E22K Aβ1-42 is
depicted and vertical broken lines are shown at 1695 cm-1. Spectral intensities were normalized to the intensity
of the major contribution of β-structure around 1630 cm-1. Spectra were vertically offset for better visualization.
Spectra depicted here were deconvolved using a Lorentzian deconvolution factor with a FWHH of 20 cm-1 and a
Gaussian apodization factor with a FWHH of 16.67 cm-1, to obtain a resolution enhancement factor K = 1.2.
Spectra are representative of at least three independent experiments. (D) The β-index ratio (1695/1630 cm-1
intensity ratio) was calculated on the basis of non-deconvolved ATR-FTIR spectra. Means and error bars have
been calculated on the basis of three independent experiments. (E) ThT fluorescence emission was measured
during aggregation at 485 nm (λex = 450 nm). Intensities were corrected for the ThT fluorescence background.
Means and error bars have been calculated on the basis of three independent experiments.

The distinct underlying conformations of WT and E22K Aβ1-42 fibrils were further marked by
different reactivities with ThT, a dye whose fluorescence emission is largely enhanced upon
binding to amyloid fibrils (40, 63). Whereas WT Aβ1-42 fibrils displayed a high ThT
fluorescence intensity, the reactivity of E22K Aβ1-42 fibrils with ThT was significantly lower
(Fig. 3.1E and 3.2C). Lower levels of ThT fluorescence could be indicative of a lower affinity

63

3.3. Results
of Italian-mutant fibrils for ThT, as shown previously for the Japanese E22Δ Aβ1-39 mutant,
and/or less accessibility of the dye to potential binding sites (64). The distinct structures of
both fibril types also resulted in different intrinsic fluorescence lifetimes, measured using
FLIM (Fig. 3.2D). Intrinsic fluorescence has been proposed to be a generic property of
amyloid structures related to electron delocalization in the H-bonded underlying β-sheet
structure (43, 65). Different orientations of the H-bonding network, i.e. parallel and
antiparallel β-sheet organizations, could possibly underlie differences in electron
delocalization and therefore translate into different intrinsic fluorescence lifetimes.

Figure 3.2: WT and E22K Aβ1-42 fibrils comprise distinct underlying structures. WT and E22K Aβ1-42 fibrils
(depicted in black and red, respectively) were structurally characterized after 7 d of incubation in TBS pH 7.4 at
37 °C. (A) TEM revealed dense networks of negatively stained fibrils for both fibril types. Scale bars represent
500 nm. (B) ATR-FTIR spectra of E22K and WT Aβ1-42 fibrils, harvested after 30 min of centrifugation at 13200
rpm. E22K fibrils displayed an additional peak around 1695 cm-1 (vertical broken line) and a shift in the amide II
band to lower wavenumbers (as depicted by arrows), indicative of an underlying antiparallel β-sheet architecture,
compared to the parallel β-sheet orientation of WT fibrils. Spectral intensities were normalized to the intensity of
the major contribution of β-structure around 1630 cm-1. Spectra were vertically offset for better visualization.
Spectra depicted here were deconvolved using a Lorentzian deconvolution factor with a FWHH of 20 cm-1 and a
Gaussian apodization factor with a FWHH of 16.67 cm-1, to obtain a resolution enhancement factor K = 1.2. (C)
ThT fluorescence emission spectra (λex = 450 nm) corresponding to fibrils in (A). E22K Aβ1-42 fibrils showed
low ThT reactivity, whereas WT fibrils induced a high ThT fluorescence signal. Spectra were corrected for the
ThT fluorescence background. (D) E22K Aβ1-42 fibrils displayed a higher intrinsic fluorescence lifetime than WT
fibrils (λex = 405 nm). Fluorescence lifetimes were corrected for background and are representative of three
independent experiments. (E) X-ray fibre diffraction resulted in the cross-β spine reflections, characteristic of
amyloid fibrils (41), for both fibril types.
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Furthermore, X-ray fibre diffraction revealed that both fibril types displayed meridional (4.7
Å) and equatorial (9.5-9.6 Å) reflections, corresponding to the distance between β-strands
within one β-sheet, and to the distance between β-sheets, respectively (Fig. 3.2E). These
reflections are consistent with the cross-β diffraction pattern that is characteristic for amyloid
fibrils (66). The orientation obtained was however not sufficient to distinguish between
parallel and antiparallel β-sheet structure, but it is difficult to establish antiparallel β-sheet
signatures from X-ray fibre diffraction due to a systematic absence arising from the 21 helix
(67).
Both ATR-FTIR and fluorescence spectroscopy data indicated that WT and E22K Aβ1-42
fibrils contain different β-sheet organizations. Further analysis was therefore performed to
gain more detailed understanding of their structural differences.
3.3.2. The central region is more exposed in E22K Aβ1-42 fibrils than in WT fibrils
HDX patterns of fibrils were measured using ATR-FTIR spectroscopy to gain insight into the
H-bonded β-sheet network. Hydrogen atoms exchange most easily when not involved in Hbonds and/or when they are not buried in the fibril core. Estimates of the secondary structure
contributions, based on analysis of IR spectra (Fig. 3.2B), indicated that E22K Aβ1-42 fibrils
contain slightly less β-sheet and more intrinsic disorder and turn contributions compared to
WT fibrils (Table 3.2). Accordingly, E22K Aβ1-42 fibrils demonstrated a higher HDX ratio
than WT fibrils: (50  5) % of amide hydrogens were exchanged by deuterium compared to
(30  5) % for WT fibrils, during a time lapse of 1 h (Table 3.2). The difference in total HDX
between WT and mutant fibrils corresponds to the backbone of eight amino acids, but the
specific region responsible for this difference cannot be derived from this dataset.
Table 3.2: Distinct HDX and secondary structure contributions for WT and E22K Aβ1-42 fibrils*.
ATR-FTIR

HDX-MS coupled to pepsin proteolysis
Exchanged
amide
protons (%)

Secondary
structure (%)

WT
Aβ1-42
fibrils

E22K
Aβ1-42
fibrils

β-sheet

63

α-helix

11

Random coil

7

Turn

19

β-sheet

58

α-helix

5

Random coil

11

Turn

26

30 ± 5

50 ± 5

β-index
ratio

0.07

0.19

Pepsininduced Aβ
fragments

Exchanged
amide
protons

Protected
NH/total

Protected
NH/total
(%)

[1-19]

14.0 ± 0.5

4/18

22

[20-42]

7.3 ± 0.7

14.7/22

67

[35-42]

3.1 ± 0.5

3.9/7

56

[1-19]

14.3 ± 0.4

3.7/18

20

[20-42]

9.6 ± 0.8

12.4/22

56

[35-42]

3.4 ± 0.3

3.6/7

51

* HDX was determined using ATR-FTIR (during a time lapse of 1 h) and ESI-MS (during a time lapse of 45
min) coupled to pepsin proteolysis. Secondary structure contributions were estimated using ATR-FTIR.
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Additional segmental exchange information of fibrils was therefore revealed using HDX-MS
coupled with pepsin proteolysis. We identified three proteolytic Aβ fragments comprising
residues [1-19], [20-42], and [35-42], covering the whole sequence of the peptide. The mass
spectra of the N-terminal fragment [1-19] and C-terminal fragment [35-42] were similar for
both WT and E22K fibrils after HDX, indicating no difference in deuterium incorporation in
these regions within the time frame of the exchange. In contrast, the mass spectra for the
fragment [20-42] showed that E22K Aβ1-42 fibrils were more exchanged than WT fibrils in
this region as the shift in the spectrum (to higher m/z values), and thus the increase in mass
after deuteration, was more pronounced (Fig. 3.3).
The number of deuterium molecules incorporated in each Aβ fragment was measured and data
were corrected for back exchange. The corrected numbers of backbone amide protons
exchanged after 45 min of incubation in D2O are summarized in table 3.2. For both WT and
E22K Aβ1-42, the N-terminal region [1-19] showed little protection (22 % and 20 %,
respectively) in comparison to the C-terminal region (67 % and 56 %, respectively) which is
in agreement with the dot blotting results (Fig. S2) and data obtained by others using NMR
(18, 49). The deuterium incorporation in regions [1-19] and [35-42] showed no significant
difference between WT and E22K fibrils, as qualitatively observed on the mass spectra (Fig.
3.3). For peptide fragment [20-42], the solvent accessibility data resulted in (9.6  0.8) total
exchanged amide protons for E22K, which is significantly higher than the value obtained for
the WT peptide: (7.3  0.7). Assuming that there is no difference in labelling in peptide [3542], the difference in deuterium incorporation between WT and E22K Aβ1-42 fibrils can thus
be localized to the central region [20-34] of the peptide.

Figure 3.3: The central Aβ region is more exposed in E22K Aβ1-42 fibrils than in WT fibrils. Segmental
HDX information of E22K and WT Aβ1-42 fibrils was revealed by ESI-MS coupled with pepsin proteolysis.
Mass spectra corresponding to E22K and WT Aβ1-42 fibrils are displayed before (grey) and after (black)
deuteration for 45 min. The charge state of each fragment is indicated in each panel. The mass spectra of the Nterminal fragment [1-19] and C-terminal fragment [35-42] were very similar after deuteration for both WT and
E22K indicating no difference in deuterium incorporation in these regions. In contrast, the mass spectra for the
fragment [20-42] showed more exchange for E22K compared to WT Aβ1-42, as seen by the more pronounced
increase in mass after deuteration (indicated by arrows).
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3.3.3. A change in pH reveals different β-sheet conformations for E22K Aβ1-42 fibrils
The antiparallel β-sheet fibrils that have been recently reported for the Iowa D23N Aβ1-40
peptide were suggested to be thermodynamically metastable (39). In contrast, Italian-mutant
fibrils displayed a high β-index ratio up to at least one year of incubation under nearphysiological conditions (TBS pH 7.4) (Fig. S4).
To gain more insight into the interactions that play a role in antiparallel β-sheet formation, we
studied the behaviour of E22K Aβ1-42 under different experimental conditions. Aggregation of
E22K Aβ1-42 was therefore monitored at low pH (10 mM HCl pH 2.0) at 37 °C. It has been
suggested that WT Aβ fibrils are stabilized by a salt bridge between D23 and K28 (14, 18),
whereas a salt bridge between K22 and D23 would be present in E22K Aβ fibrils (68). These
salt bridges would however not occur at low pH due to neutralization of the negative charge
of the D23 side chain (pH < pKa of Glu/Asp), and this might elicit structural changes during
the beginning of the aggregation process. Accordingly, ATR-FTIR analysis revealed a WTlike behaviour for the aggregation of the Italian mutant at pH 2.0 with (i) the β-index ratio
dropping significantly from 0.12  0.01 to 0.06  0.02, indicating a conversion from
antiparallel oligomers to parallel fibrils (Fig. 3.4), (ii) a high reactivity of fibrils with ThT, and
(iii) dense fibril networks as visualized by TEM (Fig. S5). Hence, the E22K Aβ peptide
evolves into the parallel β-sheet fibrillar state at low pH, possibly due to alterations of
electrostatic interactions.
Next, E22K antiparallel fibrils were grown at neutral pH (TBS pH 7.4) and 37 °C, and the
fibril pellet (obtained after centrifugation for 30 min at 13200 rpm) was redissolved in 10 mM
HCl pH 2.0. This pH jump lead to a significant and immediate drop in the β-index ratio from
0.21  0.01 to 0.08  0.01 reaching values corresponding to parallel β-structured fibrils,
indicating that an antiparallel-to-parallel conversion occurred and demonstrating that the
interconversion of fibrils polymorphs is energetically possible (Fig. 3.4).

Figure 3.4: The underlying β-sheet structure of Italian-mutant Aβ1-42 fibrils is pH sensitive. β-index ratios
of E22K Aβ1-42 obtained during aggregation in TBS pH 7.4 (red curve) and in 10 mM HCl pH 2.0 (green curve)
at 37 °C show that antiparallel β-sheet fibrils are formed at neutral pH, while parallel fibrils are formed under
acidic conditions. Moreover, fibrils grown at neutral pH undergo a structural change upon a shift to acidic pH
(antiparallel-to-parallel transition) as seen by the significant drop in β-index ratio (grey curve). β-index ratios are
representative of at least three independent experiments.
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3.3.4. WT and E22K Aβ1-42 fibrils elicit different inflammatory responses in THP-1
monocytes
As the antiparallel β-sheet orientation has been suggested to represent a toxic signature
responsible for the impairment of cellular processes, we tested the toxicity of WT and E22K
Aβ1-42 fibrils in vitro in different cell lines using a range of cell toxicity readouts. We expected
the antiparallel Italian-mutant fibrils formed in vitro to be more toxic to cells compared to
parallel WT fibrils. Unfortunately, the outcome of these assays was not conclusive as
reproducibility problems occurred and internal controls raised doubts on the significance of
the results (data not shown). This may be related to batch-to-batch purity differences of the
peptide manufacturer or cell-related issues (e.g. increase in resistance of cells to Aβ toxicity
with higher cell passage numbers, problem of Aβ peptide uptake).
The biological significance of both fibril types was therefore approached from a different
angle. Amyloid plaques have been associated with inflammatory responses in the brain, and
inflammation is considered an important pathological hallmark of AD. Fibrils have been
shown to initiate inflammation in brain tissues and in cell culture, and induce secretion of proinflammatory cytokines (69). Therefore, the immune response to both fibril types was
measured in THP-1 cells, a human leukemia monocytic cell line resembling primary
monocytes in morphological and differentiation properties and widely used as a model to
study innate immunity (70). Gene expression of inflammation-related cytokines, enzymes,
and transcription factors, was investigated using RT-qPCR.
Exposure of THP-1 monocytes to a concentration range of WT and E22K Aβ1-42 fibrils (0.1 to
10 µM final Aβ concentration) for 3 h at 37 °C resulted in a dose-dependent immune response
to both fibril types with a stronger response in general to WT fibrils for several immune
markers (Fig. 3.5). An Aβ concentration of 10 µM markedly induced mRNA expression of
IL-1β and IL-8. Other expressed markers included TNFα, IL-6, IL-12p40, and very minor
expression of IL-10 and COX-2. In contrast, an Aβ concentration of 0.1 µM was too low to
induce mRNA expression of the studied target genes.

Figure 3.5: Immune response of THP-1 monocytes upon exposure to WT and E22K Aβ1-42 fibrils. Dosedependent increase of mRNA expression of several pro-inflammatory molecules (relative to housekeeping genes
and negative control) after 3 h of incubation of THP-1 monocytes with Aβ fibril samples.
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Antiparallel β-sheet structure: a key organization in amyloid aggregates?
The impact of antiparallel β-sheet structure in the amyloid field is still under debate, but
evidence emerges that this structural signature can be attributed to several toxic intermediates
or off-pathway aggregates of the amyloid formation pathway. Streltsov and co-workers
reported the first crystal structure of oligomers of the p3 fragment, the N-terminally truncated
Aβ variant, and provided evidence for their antiparallel arrangement (71). Later, the research
team of Eisenberg revealed the structure of an off-pathway, cylindrical oligomer of a segment
of the amyloid-forming protein αB crystallin, that resembled a β-barrel composed of six
antiparallel β-strands (72). We and other groups demonstrated that amyloidogenic proteins,
such as Aβ, pass through an antiparallel β-sheet structured state, corresponding to oligomers,
before undergoing a transition in structure to parallel β-sheet fibrils (58-60, 73-75). Recently,
the group of Tycko demonstrated that Aβ1-40, containing the FAD-linked Iowa D23N mutation
and causing CAA, assembled into antiparallel β-sheet structured fibrils that were
thermodynamically metastable and had a ribbon-like appearance (39). As these aggregates
were all described to be transient and toxic, the antiparallel β-sheet arrangement has been
suggested to represent a unique toxic signature (61).
In this study, we report that an antiparallel β-sheet signature is shared by oligomers and fibrils
comprising the Italian E22K Aβ1-42 peptide (Fig. 3.1 and 3.2). The antiparallel β-sheet fibrils
are formed spontaneously under near-physiological conditions and still display a high β-index
ratio after one year of incubation (Fig. S4). The Italian-mutant Aβ peptide can thus potentially
provide a major source of neurotoxicity, either in the form of soluble and diffusible oligomers
that are considered the main toxic agents in AD (76-79), or in its fibrillar form as a trigger of
neuroinflammation (69). One may speculate that its unique structural signature may be linked
to the early-onset and aggressive progression of the associated FAD. Accordingly, the Italian
Aβ mutant shows increased pathogenicity compared to the WT Aβ peptide and is up to
tenfold more toxic to cerebrovascular smooth muscle cells and PC12 cells in vitro (80-82),
supporting its role in CAA.
The Italian Aβ mutant can form antiparallel and parallel β-sheet fibrils
Amyloid fibrils share the cross-β spine motif, but their quaternary arrangement can differ due
to distinct nonpolar interactions, i.e. Van der Waals forces and aromatic packing, and polar
interactions, i.e. electrostatic and H-bonding interactions. It is conceivable that substitution of
a glutamic acid to a lysine at position 22 within the Aβ sequence may profoundly affect the
pattern of interactions that determines its fibrillar structure. The residue at position 22 is part
of the central Aβ region that poses the critical limiting step leading to the formation of the βhairpin, the ordered β-turn-β-structural organization characteristic of Aβ monomers within the
fibril (81, 83, 84). Based on solid state NMR data, Masuda and co-workers suggested
previously that intermolecular β-sheet contacts in E22K Aβ1-42 fibrils are key events driven by
this turn region (68, 85).
The resulted obtained at pH 7.4 in this study give more insight into the possible effects of a
charge alteration in this central Aβ region on fibril structure. First, we demonstrate that the
E22K mutation results in differences in IR spectra and intrinsic fluorescence lifetimes (Fig.
3.1 and 3.2), that reflect distinct H-bonding organizations of WT and E22K Aβ1-42 fibrils, i.e.
parallel and antiparallel β-sheet arrangements, respectively. Second, the E22K mutation most
likely induces changes in the pattern of stabilizing electrostatic interactions, as it can interfere
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with salt bridges that have been suggested to occur within the monomeric unit of the fibrillar
structure, e.g. between D23 and K28 (14, 18), but potentially also between K16 and E22 (14),
and E22 and K28 (86). Differences in electrostatic interactions could underlie the structural
alterations demonstrated for E22K fibrils at different pH values (Fig. 3.4). Third, the E22K
mutation may potentially influence conserved hydrophobic contacts within the monomer unit
composing the fibril, e.g. between F19 and G38 (87), or affect the interdigitation of β-sheets
that is responsible for the steric zipper interface underlying the cross-β spine structure (1).
The steric hindrance induced by the large side chain of K22 may result in changes in the
exposure of side chains to the outer fibril surface and contribute to packing polymorphism.
Accordingly, the E22K mutation induced changes in solvent accessibility around the central
region, as assessed by HDX measurements (Table 3.2, Fig. 3.3).
Furthermore, we provide evidence that structural alterations occur for E22K Aβ fibrils under
different environmental growing conditions. At neutral pH, the antiparallel β-sheet fibrillar
structure is favoured. In contrast, the E22K Aβ1-42 peptide forms fibrils with a parallel β-sheet
arrangement at low pH (Fig. 3.4 and S5). To the best of our knowledge, this is the first
experimental demonstration that a mutated form of the full-length Aβ peptide can form
amyloid fibrils with two different β-sheet structures in a pH-dependent manner. This
structural diversity might be due to neutralization of charges of amino acid side chains
involved in key fibril contacts, as mentioned in the previous paragraph. Moreover, our results
show interconversion of antiparallel-to-parallel β-sheet Italian-mutant fibrils when changing
from neutral to acidic pH conditions. Recently, Tycko and co-workers demonstrated the
evolution of a mixture of two fibril polymorphs of WT Aβ1-40 to the thermodynamically most
stable polymorph (88). It remains to be discovered whether the interconversion of Italianmutant fibril polymorphs demonstrated in this work is due to internal structural
rearrangement, or whether the antiparallel β-sheet fibrils are destabilized upon a decrease in
pH and are rebuilt in a parallel β-sheet arrangement.
A detailed molecular understanding of the intermolecular interactions that dictate the
quaternary structure of Italian-mutant Aβ is still lacking, but the results presented here suggest
that differences in the H-bonding pattern, electrostatic interactions, and balance of multiple
side chain contacts may underlie fibril polymorphism for this Aβ mutant.
Pathophysiological relevance of different β-sheet architectures
Recently, it has been suggested that Aβ fibril polymorphism may have biological significance.
Fibril polymorphism could underlie in vitro differences in neurotoxicity or in vivo differences
in disease pathology and progression in different individuals/cell types and/or types of
amyloidosis (i.e. tropism) (14-24). Recently, the first detailed look at the architecture of
amyloid fibrils from patient brains demonstrated that two AD patients with distinct clinical
histories possessed Aβ fibrils with a different underlying structure (17). Moreover, Prusiner
and co-workers showed that mice inoculated with brain homogenates from an Arctic AD case
exhibited a pathology that could be distinguished from mice inoculated with Swedish or
sporadic AD samples, as seen by differential accumulation of Aβ isoforms and distinct
morphology of cerebrovascular Aβ deposition (89). It now becomes clear that mutations in
the central Aβ region that are linked to CAA, including the Iowa D23N (39) and the Italian
E22K mutation, result in the formation of fibrils with an antiparallel β-sheet structure. We
suggest that this unique structural signature might predispose these Aβ mutants to deposit in
cerebral blood vessels, rather than mainly accumulating in plaques, as seen for the WT Aβ
peptide.
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It remains to be solved how these in vitro observations of structural differences can translate
into differences in vivo, but one possibility is through distinct interactions with receptors
responsible for Aβ clearance across the BBB (Fig. 3.6). Two receptors have been
demonstrated to regulate the transport of the Aβ peptide across the BBB. The RAGE receptor
is thought to be a major transporter of Aβ from the blood circulation into the brain, whereas
LRP-1 mediates Aβ efflux (90, 91). Both receptors are responsible for binding and
internalization of a broad spectrum of structurally unrelated ligands (92, 93). They are
important for the regulation of Aβ levels in the brain and in the circulating Aβ pool, and are
genetically related to FAD and late-onset AD (91, 94-97). Differences between E22K and WT
Aβ1-42 in β-organization of the subunits in fibrils may result in differences in receptor
interactions and associated BBB passage, with E22K Aβ being more efficiently transported to
the blood periphery. This would explain the relation of the Italian Aβ mutant to CAA,
although these suggestions require experimental investigation.

Figure 3.6: Pathophysiological relevance of different β-sheet architectures. RAGE receptor and LRP, two
membrane proteins, have been demonstrated to regulate the transport of Aβ through the BBB. They are
important in the regulation of Aβ levels in the brain and in the circulating Aβ pool, and are therefore relevant in
the context of FAD and AD. First, the RAGE receptor is thought to be a major transporter of Aβ influx from the
blood circulation into the brain and has been related to processes such as inflammation, monocyte migration
through the BBB, proliferation, apoptosis, and autophagy. Second, LRP mediates the efflux of soluble Aβ, or Aβ
complexed with ApoE. The systemic clearance of Aβ in the blood circulation is directed by soluble LRP (sLRP)
and soluble RAGE (sRAGE). Distinct interactions of parallel and antiparallel β-sheet arrangements with
receptors at the BBB may be associated with the difference in pathophysiology between late-onset AD and
CAA-associated FAD.

Moreover, RAGE receptor and LRP-1 are implicated in the innate immune system, and
promote the secretion of pro-inflammatory cytokines (90). The extent to which the immune
system is involved in the pathogenesis of neurodegenerative diseases such as AD is not yet
clear, but aggregate deposits induce chronic inflammatory reactions (69, 98-102).
71

3.4. Discussion
Inflammatory cascades in AD and FAD are known to trigger different cell dysfunctions and
pathogenic processes (99, 100, 103). Accordingly, we revealed differences in the
inflammatory response of THP-1 monocytes to WT and E22K Aβ1-42 fibrils (Fig. 3.5).
Distinct interactions of β-sheet arrangements with these receptors may thus also be associated
with the difference in pathophysiology between late-onset AD and CAA-associated FAD.
However, the results in fig. 3.5 are preliminary, and future experiments are required to
establish a full inflammatory profile for both fibril types and understand which signalling
pathways and cascades are affected. Furthermore, these experiments should be extended to
include other cell types, such as microglia and astrocytes, as they are abundant in the brain
and play important roles in neuroinflammation (104-106).
In conclusion, the Italian-mutant Aβ peptide forms oligomers and fibrils in vitro that share the
antiparallel β-sheet organization. Our results are particularly interesting in light of the
ongoing debate that suggests that the antiparallel β-sheet structure might provide the
potential detrimental toxic effect of Aβ. Moreover, this is the first study that experimentally
demonstrates structural plasticity for E22K Aβ fibrils. The structural differences and different
inflammation profiles of WT and E22K Aβ fibrils occurring in vitro might be implicated in
their in vivo differences: WT and E22K Aβ deposition in extracellular plaques and cerebral
blood vessel walls, respectively, and associated with late- and early-onset AD, respectively.
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Figure S1: WT and E22K Aβ1-42 fibrils display similar morphologies. (A) The aggregation of WT and E22K
Aβ1-42 at 37 ˚C was monitored using TEM. At early Aβ aggregation time points only spherical oligomeric and
small thread-like prefibrillar species were detected for both peptides. WT and E22K Aβ1-42 then evolved into
dense fibril networks. Scale bars represent 500 nm. (B) AFM characterization of both fibril types after 7 d of
incubation at 37 °C. Overall, WT Aβ1-42 fibrils appear to be slightly more twisted compared to E22K Aβ1-42
fibrils.
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Figure S2: The Aβ peptide C-terminus becomes inaccessible for antibody detection upon fibril formation.
Aggregation of WT and E22K Aβ1-42 at 37 ˚C was monitored using dot blotting with three Aβ region-specific
monoclonal antibodies (6E10, 4G8, 12F4). Detection with region-specific antibodies was comparable for both
peptides, with the C-terminus of the Aβ peptide becoming inaccessible upon fibril formation.

Figure S3: ATR-FTIR analysis confirms that the Iowa D23N Aβ1-42 mutant forms antiparallel β-sheet
fibrils. WT, E22K, and D23N Aβ1-42 fibrils (depicted in black, red, and green, respectively) were structurally
characterized after 7 d of incubation in TBS pH 7.4 at 37 °C. Fibrils were harvested by centrifugation (30 min at
13200 rpm) prior to IR measurements. E22K and D23N fibrils displayed an additional peak around 1695 cm-1
(vertical dashed line) and a shift in the amide II band to lower wavenumbers (as depicted by arrows), indicative
of an underlying antiparallel β-sheet architecture. In contrast, WT fibrils were marked by a parallel orientation of
β-sheets. Spectral intensities were normalized to the intensity of the major contribution of β-structure around
1630 cm-1. Spectra depicted here were deconvolved using a Lorentzian deconvolution factor with a FWHH of 20
cm-1 and a Gaussian apodization factor with a FWHH of 16.67 cm-1, to obtain a resolution enhancement factor
K = 1.2.
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Figure S4: Evolution of β-index ratios of WT and E22K Aβ1-42 fibrils. The structural properties of (A) WT
and (B) E22K Aβ1-42 fibrils were monitored using ATR-FTIR during 1 year. Spectral intensities were normalized
to the intensity of the major contribution of β-structure around 1630 cm-1. Spectra were vertically offset for
better visualization. Spectra depicted here were deconvolved using a Lorentzian deconvolution factor with a
FWHH of 20 cm-1 and a Gaussian apodization factor with a FWHH of 16.67 cm-1, to obtain a resolution
enhancement factor K = 1.2. The β-index ratio (1695/1630 cm-1 intensity ratio) was calculated on the basis of
non-deconvolved ATR-FTIR spectra.
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Figure S5: Aggregation of WT and E22K Aβ1-42 under acidic conditions. Aggregation of WT and E22K
Aβ1-42 peptide was carried out in 10 mM HCl pH 2.0 at 37 °C. (A) ATR-FTIR spectra were deconvolved using a
Lorentzian deconvolution factor with a FWHH of 20 cm-1 and a Gaussian apodization factor with a FWHH of
16.67 cm-1, to obtain a resolution enhancement factor K = 1.2. The β-index ratio (1695/1630 cm-1 intensity ratio)
was calculated on the basis of non-deconvolved ATR-FTIR spectra and β-index ratio values are representative of
at least three independent experiments. (Inset) Secondary structure estimations based on ATR-FTIR analysis.
(B) ThT fluorescence emission was measured during aggregation at 485 nm (λex = 450 nm). Intensities were
corrected for the ThT fluorescence background. Means and error bars have been calculated on basis of three
independent experiments. (C) TEM revealed dense networks of negatively stained fibrils for both peptides. Scale
bars represent 500 nm.
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Assessment of endotoxin levels of Aβ peptide samples

Log of Relative Fluorescence (RFU)

Prior to testing the inflammatory properties of Aβ peptides, it was necessary to ensure
samples were endotoxin-free, as endotoxin traces would interfere with the immune response
assay. The EndoZyme® recombinant Factor C assay (Hyglos GmbH, Germany) was used to
quantify the LPS level of peptide samples. This assay is based on LPS-induced activation of
recombinant Factor C, the LPS receptor of the blood clotting cascade of horseshoe crab.
Addition of a fluorogenic substrate to the assay mix results in substrate cleavage by activated
Factor C and an increase in fluorescence. LPS levels are expressed in EU units, with 1 EU
equalling approximately 100 pg/ml of LPS. In short, a serial dilution of LPS standards (0.005
EU/ml to 5 EU/ml) and 50 µM solutions of monomeric WT and E22K Aβ1-42 peptides were
tested in duplicates in endotoxin-free water in a 96-well plate (100 µl sample/well).
Subsequently, 100 µl assay reagent (containing recombinant Factor C and the fluorogenic
substrate) was added to each well, and the fluorescent signal was measured at the beginning
of the incubation and after 90 min of incubation at 37 °C, using a FLUOstar Omega plate
reader (BMG Labtech, Ortenberg, Germany). The excitation and emission wavelengths were
set at 380 and 440 nm, respectively, with bandwidths of 9 and 20 nm, respectively. Plotting of
the standard LPS curve (Fig. S6), and subsequent linear regression, allowed for the
calculation of the endotoxin levels of both peptides (Equation S1). LPS levels of WT and
E22K Aβ1-42 peptides equalled 0.003 EU/ml and 0.001 EU/ml, respectively, and were lower
than the permitted threshold for usage in an immune response assay.
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Figure S6: Standard curve of the EndoZyme® assay. LPS standard concentrations are plotted against their
corresponding relative fluorescence signal. The logarithm of the fluorescence signal is proportional to the
logarithm of the endotoxin concentration, and is linear in the 0.005-50 EU/ml range.

Log (EU/ml) = 0.8593 × Log RFU + 3.4948
with RFU = Fluorescence averaged, t = 90 min - Fluorescence averaged, t = 0 min
Log (RFU) =

Log (

EU
) - 3.4948
ml
0.8593

EU
(Log ( ml ) - 3.4948

RFU = 10

0.8593

(Eq. S1)
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Chapter 4
ApoE associated with reconstituted HDL-like particles is protected from aggregation
This chapter has been submitted to Biophysical Journal.
Hubin E, Verghese PB, van Nuland N, and Broersen K.
The APOE genotype determines AD susceptibility, with the APOE ε4 allele being an
established risk factor for late-onset AD. This discovery resulted in the development of ApoEbased therapeutics for AD aimed at modulating the levels and lipidation status of ApoE. The
ApoE lipidation status has been reported to impact Aβ metabolism, in particular Aβ
aggregation and clearance. However, the details of how lipidation affects ApoE behaviour
remain to be fully elucidated. In this study, we prepared lipid-free and lipid-bound ApoE
particles, mimicking the high density lipoprotein (HDL) particles found in vivo, for all three
isoforms (ApoE2, ApoE3, and ApoE4) and biophysically characterized them. We report that
lipid-free ApoE in solution has the tendency to aggregate in vitro (ApoE4 > ApoE3 > ApoE2)
under near-physiological conditions, and that aggregation is impeded by lipidation of ApoE.
Although the latter has been suggested previously, to the best of our knowledge, this is the
first study that provides experimental evidence for this hypothesis for all ApoE isoforms using
physiological HDL-like particles. Moreover, previous studies have reported that ApoE4 in the
CNS is less associated with lipids than the other ApoE isoforms, and that ApoE aggregates
are toxic to neuronal cells. Therefore, these findings might explain the higher AD risk
associated with ApoE4, and highlight the importance of the ApoE lipidation status in the
context of AD pathology.
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4.1. Introduction
Lipids require specialized carriers that transport them through the body, known as
apolipoproteins. Apolipoproteins facilitate lipid solubilization and serve as ligands for
lipoprotein receptors that mediate cellular lipid uptake and play a role in cell signalling (1).
ApoE is one of the most studied members of this protein family, as the APOE genotype has
been linked to several neurological disorders, with a strong association to AD (2, 3). ApoE is
produced in abundance in the human brain by astrocytes, in less extent by macrophages and
stressed neurons, and is the principal lipid transporter in the CSF (4).
ApoE exists as three isoforms: ApoE2, ApoE3, and ApoE4 (Table 4.1) (5). The APOE ε4
allele is the most important genetic risk factor for development of late-onset AD. People
carrying one or two copies of the APOE ε4 allele have respectively about three- and
twelvefold more risk of acquiring AD than non-APOE ε4 carriers (6). In contrast, the APOE
ε2 allele is protective (7). ApoE was initially found to co-localize with Aβ plaques in the AD
brain (8). Substantial evidence exists that ApoE contributes to AD pathogenesis by
modulating Aβ aggregation and clearance, and by regulating brain lipid metabolism and
synaptic functioning through ApoE receptors such as those of the LDL receptor family (9-12).
Proposed Aβ-independent roles for ApoE4 in AD include generation of neurotoxic ApoE
fragments, impairment of mitochondrial function, and disruption of the cytoskeleton through
stimulation of tau phosphorylation (13).
Table 4.1: Prevalence of ApoE isoforms and their key differences, adapted from (14).
ApoE
isoform

ApoE2
ApoE3
ApoE4

Average
allelic
frequency
(%)
7
78
15

Amino acid variation
(residues)
112
Cys
Cys
Arg

158
Cys
Arg
Arg

Lipoproteinbinding
preferences

Associated disorders

HDL
HDL
VLDL, LDL

Type III hyperlipoproteinemia
Unknown
AD, other neurological
disorders, atherosclerosis

Although the ApoE isoforms only differ by their amino acid compositions at positions 112
and 158 (15), these changes have profound effects on the structure and lipoprotein-binding
preferences of the isoforms (16, 17). ApoE consists of two structural domains linked by a
flexible hinge region (Fig. 4.1). Whereas the N- and C-terminal domains interact in ApoE4,
this interaction does not occur to the same extent in ApoE2 and ApoE3 (14). The N-terminal
receptor-binding domain is an extended four-helix bundle and is responsible for binding to the
LDL and related receptors upon lipidation. The C-terminal domain of ApoE comprises several
amphipathic α-helices and contains the lipid-binding region that is capable of binding
different types of lipids (e.g. cholesterol, phospholipids, fatty acids) and lipoproteins,
including LDLs, very low density lipoproteins (VLDLs), and high density lipoproteins
(HDLs).
ApoE in the human brain is mainly synthesized by and secreted from astrocytes to generate
ApoE-containing HDL-like particles. It has been suggested that astrocyte-secreted HDL
particles are discoidal in shape, but the conformation adopted by ApoE in the lipid complexes
remains controversial (17).
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Figure 4.1: ApoE contains two domains connected by a flexible hinge region. The N-terminal domain
comprises the receptor-binding region, whereas the C-terminal domain includes the major lipid-binding region.
Adapted from (10).

The mechanistic link between ApoE and AD has been the subject of numerous studies and
debates, but it has become clear that the lipidation status of ApoE plays an important role. For
the most part, biologically active ApoE is associated with lipids and the ApoE lipidation
status has been reported to impact Aβ metabolism, i.e. Aβ aggregation and deposition (18-21),
and clearance (22-24). For example, enhanced expression of lipidated ApoE in AD mouse
models, through activation of liver X receptors or through overexpression of the ATP-binding
cassette A that is responsible for ApoE lipidation, stimulates Aβ clearance (22, 25). Therefore,
modulators of ApoE secretion and lipidation are being explored as potential drugs for AD
therapy (21, 26, 27).
Studying ApoE behaviour in its lipid-free and lipid-bound state is thus of great importance to
enhance our understanding of its functioning in the context of AD pathology. In this study, we
therefore produced all three ApoE isoforms in their lipidated and non-lipidated forms, and
systematically characterized and compared them by a range of biophysical techniques. The
lipidation procedure was carefully selected to mimic in vivo discoidal HDL-like ApoE
particles with a physiological lipid composition consisting of phospholipid and un-esterified
cholesterol (28, 29). Our results confirm the previously reported tendency of lipid-free ApoE
to self-assemble in solution (30-33) and provide experimental evidence that lipidation protects
ApoE from aggregation.
4.2. Experimental procedures
4.2.1. Preparation of HDL-like ApoE particles
Preparation of reconstituted ApoE. Lyophilized recombinant human ApoE (Leinco
Technologies, Inc., St Louis, USA) was resuspended to a concentration of 1 mg/ml in
Dulbecco’s phosphate-buffered saline (DPBS, Gibco) pH 7.4 containing 0.05 mM
dithiothreitol.
Liposome preparation. 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC, Avanti
Lipids) and un-esterified cholesterol (Avanti Lipids) were mixed in a glass vial at a molar
ratio of 90:5 and dried under a constant nitrogen gas stream. This ratio was selected to mimic
the physiological lipid composition of HDL-like ApoE particles (28, 29). Lipids were
resuspended in PBS at a concentration of 5 µg lipids/µl PBS. The solution was mixed
thoroughly in a vortex mixer and intermittently for 5-10 min (with 1-2 min intervals) to
generate liposomes. Complete hydration of liposomes was accomplished by incubating the
solution at room temperature for 30 min and occasional vortex mixing.
ApoE lipidation. Lipids can be added directly to ApoE but lipidated particles will be more
homogeneous when using the sodium cholate dialysis method (34). Therefore, sodium cholate
(50 mg/ml, Sigma-Aldrich) was slowly titrated into the liposome solution (2-3 volumes of
sodium cholate for 1 volume of lipids). The solution turbidity cleared after 5 min of gentle
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vortex mixing (1 min interval) and the preparation was kept at room temperature for 30-60
min. Reconstituted ApoE was then added to the liposome preparation
(ApoE:POPC:cholesterol, molar ratio of 1:90:5) and mixed gently for 5-10 min (1-2 min
interval). The solution was kept at room temperature for 1 h and dialysed (10 kDa cut-off
membrane) against PBS for 4 h at room temperature (to promote removal of detergents),
followed by 60-72 h at 4 °C. After dialysis, samples were analysed by gel filtration
chromatography (Superdex 200 10/300 GL) and non-denaturing (native) polyacrylamide gel
electrophoresis (PAGE). ApoE concentrations were determined by absorbance measurements
at 280 nm using an extinction coefficient of 44460 M-1 cm-1 (35). Samples were diluted in
PBS to 0.1 mg/ml prior to further analysis. All lipoprotein samples were prepared using the
same lipid-cholesterol suspension and the procedure was performed in parallel. Samples were
stored at 4 °C.
4.2.2. TEM imaging of lipid-free and lipid-bound ApoE
A staining procedure was adapted to assess the formation of HDL-like ApoE particles with
TEM (36). Briefly, grids (carbon-coated Formvar 400-mesh copper grids, AgarScientific)
were glow discharged prior to sample application. Lipidated ApoE (2 µl of a 0.1 mg/ml
sample) was spotted and incubated on the grids for 2 min at room temperature. The grids were
subsequently blotted, washed (3 x 2 s, in ultrapure water), and stained with 1 % (w/v) uranyl
acetate (2 x 2 min). For imaging of lipid-free ApoE, samples were spotted and incubated on
grids for 30 s, blotted, washed (1 x 5 s), and stained with 1 % uranyl acetate (1 x 30 s).
Samples were studied with a JEM-1400 microscope (JEOL Ltd., Tokyo, Japan) at 80 kV.
4.2.3. Native PAGE
Lipoprotein particle formation was assessed by native PAGE. Equal amounts of ApoE
isoforms (3 µg) were mixed with the Novex® Tris-Glycine Native Sample Buffer (1:1) to
obtain a final volume of 15 µl, and loaded on a 4-20 % Tris-glycine gel (Invitrogen). The gel
was run at 100 V for 16 h at 4 °C. Sample migration was assessed using the NativeMarkTM
Unstained protein standard (Life Technologies).
4.2.4. FFF-MALS
For each fractionation, a volume of 10 µl ApoE (0.1 mg/ml) was injected in an Eclipse
asymmetrical flow field flow fractionation (FFF) system (Wyatt Technology), and the flow
rate out of the channel was maintained at 1 ml/min. Fractionated samples were analysed with
multi-angle light scattering (MALS) using the DAWN HELEOS system (Wyatt Technology),
an ultraviolet (UV) detector, and an Optilab rEX refractive index detector (Wyatt
Technology) connected to the Eclipse system. The MALS system was equipped with a laser
operating at 658 nm and measurements were taken at 14.4 °, 25.9 °, 34.8 °, 42.8 °, 51.5 °,
60.0 °, 69.3 °, 79.7 °, 90.0 °, 100.3 °, 110.7 °, 121.2 °, 132.2 °, 142.5 °, 152.5 °, and 163.3 °,
with reference to the axis of the incident beam. Astra V software (version 5.3.4.14) was used
for data acquisition and correction for inter-detector delay and band broadening.
4.2.5. Dynamic light scattering
Lipid-free and lipid-bound ApoE (0.1 mg/ml in PBS) were analysed using dynamic light
scattering (DLS). DLS experiments were conducted with a DynaPro DLS plate reader (Wyatt
Technology) at 25 °C and at a scattering angle of 158 °. Data were analysed using
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Dynamics® software (Wyatt Technology) and represent the averages of 15 acquisitions (10
s/acquisition).
4.2.6. Circular dichroism
ApoE isoforms (0.1 mg/ml in PBS) in the absence and presence of lipids were placed in a
quartz cuvette with an optical path of 0.1 cm. Far-UV circular dichroism (CD) spectra were
recorded in a Jasco J-715 spectropolarimeter at 25 °C. The wavelength range was set from
260 to 190 nm with 0.2 nm resolution, 8.0 s response time, and 1.0 nm bandwidth. Data were
collected as averages of 8 scans at a scanning speed of 50 nm/min. Spectra were corrected by
subtracting the buffer baseline. Measurements were performed as independent duplicates.
Data are presented as the mean residue ellipticity (MRE, in deg cm2 dmol-1). Secondary
structure content was estimated using CDSSTR software and the normalized root meansquare deviation (NRMSD) is displayed as a measure of correspondence between the
experimental and calculated reference spectra (37, 38).
4.2.7. Intrinsic tryptophan fluorescence
Emission fluorescence spectra of lipidated and non-lipidated ApoE isoforms (0.1 mg/ml in
PBS) were measured using a LS 55 spectrometer (PerkinElmer) at 25 °C. The excitation
wavelength was set to 280 nm (5 nm bandwidth) and the emission intensity was scanned from
300 to 450 nm (5 nm bandwidth) at a scan speed of 100 nm/min. Spectra were corrected for
buffer and represent averages of 8 scans. Measurements were performed as independent
duplicates.
4.3. Results
Astrocyte-secreted ApoE in the brain is predominantly associated with cholesterol and
phospholipid-rich HDL-like complexes (28, 29). Therefore, HDL-like ApoE particles were
prepared using POPC and un-esterified cholesterol, in a 1:90:5 molar ratio
(ApoE:POPC:cholesterol), using the sodium cholate dialysis method described previously
(34). The lipidation procedure was assessed by TEM and revealed discoidal lipidated ApoE
particles (Fig. 4.2).

Figure 4.2: Assessment of the formation of HDL-like discoidal ApoE particles with TEM. The majority of
the discoidal ApoE particles are visualized from their top/bottom, but some can also be seen from a lateral
perspective (indicated by arrows). The scale bars represent 200 nm.
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The sodium cholate procedure resulted in a heterogeneous population of lipid-bound ApoE
particles consisting of three fractions, as shown by FFF-MALS (Fig. 4.3). FFF is a high
resolution separation technique that consists of a velocity gradient inside a channel that
separates particles based on their size. Smaller particles will be more rapidly transported
through the channel than larger ones and will elute first, as opposed to size exclusion
chromatography. This heterogeneity detected for lipidated ApoE particles is consistent with
previous studies reporting different sizes for ApoE-containing lipoproteins secreted by
astrocytes from transgenic mice expressing human ApoE, and in CSF of human subjects (29,
39, 40).
Next, ApoE isoforms in their lipid-free and lipid-bound state were characterized using FFFMALS, native PAGE, and DLS. The first particles to elute from the FFF channel were the
HDL-like ApoE particles, and not the lipid-free ApoE isoforms, as detected by differential
refractive index analysis (Fig. 4.3A), MALS (Fig. 4.3B), and UV absorbance (Fig. 4.3C).
Whereas lipid-free ApoE was eluted around 15 min, lipidated ApoE particles displayed
shorter retention times, i.e. between 12-14 min. This result indicates that the size of lipidated
ApoE, and more specific the hydrodynamic radius, is smaller than that of lipid-free ApoE.
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Figure 4.3: The heterogeneous composition of HDL-like ApoE particles. Lipid-free and HDL-like ApoE
particles (0.1 mg/ml in PBS) were separated by FFF and their composition was compared by their (A)
differential refractive index, (B) intensity of differential light scattering, and (C) UV absorbance at 215 nm.

Accordingly, native PAGE revealed that lipid-bound ApoE migrated further in the 4-20 %
Tris-glycine gel than lipid-free ApoE (Fig. 4.4A). Moreover, estimations of the hydrodynamic
radii by DLS confirmed that lipidated ApoE, regardless of the ApoE isoform, was smaller
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than lipid-free ApoE (Fig. 4.4B). Together, these results suggest that lipid-free ApoE has the
tendency to aggregate in solution, whereas lipidation is capable of impeding this behaviour.
This tendency is isoform-dependent, with the most pronounced aggregation for ApoE4,
followed by ApoE3 and ApoE2 (Fig. 4.4).

Figure 4.4: Lipidation impedes aggregation of ApoE. Migration patterns and size distributions of lipid-free
and HDL-like ApoE particles (0.1 mg/ml in PBS) were obtained by native PAGE and DLS, respectively. (A)
Lipidated ApoE migrates further in a 4-20 % Tris-glycine gel compared to lipid-free ApoE (M: NativeMarkTM
Unstained protein standard). (B) The hydrodynamic radius of lipidated ApoE is smaller than that of lipid-free
ApoE.

The aggregation of lipid-free ApoE was visualized by TEM and revealed amorphous
aggregates (Fig. 4.5).

Figure 4.5: Lipid-free ApoE self-assembles into amorphous aggregates. Lipid-free ApoE aggregates
displayed an amorphous morphology, similar for all three isoforms, as assessed by TEM. Lipid-free ApoE4
aggregates are depicted. (B) An enlarged image of lipid-free ApoE4 aggregates. The scale bars represent 200
nm.
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To assess the effect of lipidation on secondary structure content of ApoE, CD measurements
were performed. Lipid-free as well as lipid-bound ApoE displayed a predominant α-helical
structural signature, characterized by two minima around 208 nm and 222 nm. Lipid-free and
lipidated ApoE displayed approximately 60 % α-helicity (Fig. 4.6), which corresponds to
values reported previously (41). The mean residue ellipticity was however slightly increased
in the lipidated ApoE state with a small gain of α-helicity and loss of β-sheet structure (Fig.
4.6). However, taken into account an approximate error of 5 % in the measurements, the
overall effect of lipidation on the secondary structure of ApoE was minor.
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Figure 4.6: Effect of lipidation on the secondary structure of ApoE. The secondary structure content of lipidfree and HDL-like ApoE particles (0.1 mg/ml in PBS) was studied by CD. CD reveals a predominant α-helical
structural signature for all samples characterized by double minima around 208 nm and 222 nm. Secondary
structure content of each sample was estimated using CDSSTR software (40, 41). The goodness of fit of the
experimental CD data with the reference data is indicated by the NRMSD value.

In contrast, more pronounced differences could be observed in terms of tertiary structure,
when lipid-free and lipid-bound ApoE were compared by their intrinsic Trp fluorescence.
ApoE has seven Trp residues: four are located in the N-terminal domain and three are situated
in the C-terminal lipid-binding domain. ApoE particles displayed a marked blue shift in their
fluorescence maximum upon lipidation (Fig. 4.7). We attribute this blue shift to tertiary
structural alterations in the vicinity of the Trp residues resulting in an increased hydrophobic
environment.
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Figure 4.7: Effect of lipidation on the tertiary structure of ApoE. (A) Intrinsic Trp fluorescence emission
spectra (λex = 280 nm) corresponding to lipid-free and HDL-like ApoE particles (0.1 mg/ml in PBS). (B) The
maximum of the Trp fluorescence emission spectrum of lipidated ApoE is blue-shifted compared to that of lipidfree ApoE. Statistical significance of the results was established by P-values using unpaired two-tailed t-tests,
with * P < 0.05.

4.4. Discussion
ApoE has been reported to self-assemble (30-33) and the hypothesis has been raised that the
amphipathic α-helical structure of ApoE is stabilized upon lipid binding, which may protect it
from amyloidogenic folding pathways (33). We provide experimental evidence that lipidation
indeed impedes aggregation of ApoE, by comparing lipid-free ApoE and HDL-like discoidal
ApoE particles of all three ApoE isoforms using a biophysical approach.
Our results show that lipid-free ApoE has the tendency to self-assemble, with ApoE4 having
the highest aggregation propensity, followed by ApoE3 and ApoE2 (Fig. 4.3 to 4.5). This is in
accordance with previous observations that provide evidence that ApoE oligomerizes through
a monomer-dimer-tetramer association process (31), and can aggregate further from tetramers
to higher molecular weight aggregates (30, 32). These aggregates displayed an α-helical
structure (33), in accordance with our results (Fig. 4.6). Moreover, the ApoE aggregation rate
was previously shown to be isoform-dependent (ApoE4 > ApoE3 > ApoE2), which was
attributed to differences in conformational stability of the ApoE N-terminal region, with a
decreased stability resulting in a higher aggregation rate (33). Not only ApoE, but also other
apolipoproteins including ApoA-I, ApoA-II, and ApoB100 display low conformational
stability and have the tendency to self-assemble (42).
Despite the importance of the stability of the N-terminus, several studies have appointed the
C-terminus as the main determinant of ApoE self-assembly (32, 43-46). The C-terminus of
ApoE comprises amphipathic α-helices and exposes a large, hydrophobic surface (14).
Moreover, the C-terminal fragment ApoE216-299 forms aggregates in vitro (46). Fan and coworkers showed that mutations of hydrophobic residues in this region completely abolished
self-assembly and rendered ApoE into its monomeric form (45). Furthermore, CD and
sedimentation equilibrium analysis of the lipid-free ApoE C-terminal domain revealed an
intermolecular coiled-coil helix formation that promotes ApoE dimerization and subsequent
tetramerization (47).
As the lipid-binding region of ApoE is situated in the C-terminal region of ApoE, it was
hypothesized that there might be a link between ApoE self-assembly and its lipid-binding
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properties (48, 49). This was confirmed by the observation that mutations abolishing
aggregation resulted in increased formation of lipoprotein particles (48). Furthermore, high
affinity binding to phospholipid vesicles required dissociation of ApoE oligomers to
monomers (49).
Accordingly, we provide experimental evidence that lipidation impedes ApoE self-assembly
into amorphous aggregates, as ApoE bound to lipids is smaller than when alone in solution,
based on its hydrodynamic radius and migration properties (Fig. 4.3 to 4.5). Lipidation has
minor effects on the secondary structure of ApoE, with the main contribution still arising from
α-helices (Fig. 4.6), but elicits tertiary structural alterations in the vicinity of Trp residues
(Fig. 4.7). This observation is consistent with the general consensus that ApoE undergoes a
lipid binding-induced conformational rearrangement (17). It has been suggested that lipidation
might stabilize the amphipathic α-helical structure of ApoE and protect it against aggregation
(33). This is not a property solely applicable to ApoE, but also to other apolipoproteins that
contain a large proportion of amphipathic α-helices and display low conformational stability
in the absence of lipids (42).
Although ApoE mostly occurs in its lipid-bound form in plasma and CSF, there are lipid-poor
reservoirs that are vulnerable to aggregation: e.g. ApoE synthesized by macrophages and
neurons in stress conditions (33). In particular, ApoE4 appears to be less lipidated than
ApoE2 and ApoE3 (50). The higher propensity of lipid-free ApoE4 in solution to aggregate
compared to other ApoE isoforms as shown by our data, and its ability to form aggregates that
are toxic to neuronal cells (33), might therefore underlie its association with AD.
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Chapter 5
Insights into insulin-degrading enzyme-mediated cleavage of the Aβ peptide
This chapter has been submitted to FEBS Letters.
Hubin E, Rozenski J, van Nuland N, and Broersen K.
An impairment of Aβ clearance can underlie the accumulation of the Aβ peptide in amyloid
plaques in the brain and result in AD. One major pathway involved in removal of Aβ in the
brain is proteolytic degradation by enzymes such as IDE. Upregulating the activity of IDE by
small-molecule activators is currently being assessed as a potential therapeutic strategy for
AD. However, a full understanding of the degrading capacity of IDE is required to unravel the
possible therapeutic potential of IDE in AD treatment. It is generally accepted that IDE
degrades the monomeric Aβ peptide, but little is known about the capability of IDE to cleave
Aβ aggregates, in particular Aβ oligomers that have been suggested to be the primary toxic
agents in AD. Using a biophysical approach, we studied IDE-mediated degradation of
different Aβ aggregation states in vitro. Our findings show that Aβ1-40 and Aβ1-42 monomers
are cleaved at multiple and similar sites by IDE, and that the efficiency of IDE-mediated Aβ
degradation decreases with prolonged Aβ aggregation. We identify Met35-Val36 as a novel
IDE cleavage site in the Aβ sequence and show that Aβ fragments resulting from IDEmediated cleavage are aggregation-prone. The aggregative and potentially toxic behaviour of
Aβ fragments generated upon cleavage by IDE must be taken into account in the design of
IDE-based therapeutic strategies for AD.
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AD patients generally show a decreased clearance of the Aβ peptide compared to healthy
control subjects (1). The impairment of Aβ clearance, in some cases combined with an
increased Aβ production, results in assembly of Aβ into aggregated forms (2). Therefore,
lowering the Aβ burden by increasing Aβ clearance provides a promising avenue for AD
treatment.
Clearance of Aβ in the human brain is predominantly mediated by two pathways: receptormediated Aβ transport across the BBB, and cleavage by Aβ-degrading enzymes (3). Many
proteases have been reported to cleave Aβ in vivo or in vitro, including insulin-degrading
enzyme (IDE), neprilysin (NEP), endothelin-converting enzyme, angiotensin-converting
enzyme, and matrix metallo-endopeptidase-9 (MMP-9) (4-7).
In this chapter, we will focus on IDE, a Zn2+-metalloendopeptidase, for which a link with AD
has been proven through numerous studies. First, Bertram and co-workers identified a genetic
linkage of AD to chromosome 10 in the region to which IDE is mapped (8), and several single
nucleotide polymorphisms within the IDE gene are associated with AD (9). Second, IDE
effectively degrades synthetic Aβ in vitro (10, 11) and overexpression of IDE in cultured cells
resulted in a marked reduction in Aβ levels (12). Third, rat and mouse models deficient for
IDE displayed increased levels of Aβ (13, 14), whereas IDE overexpression improved AD
pathology and resulted in significant reduction of total amyloid burden and an improved
survival rate (15).
In addition to the Aβ peptide, IDE degrades a wide range of other substrates including insulin,
amylin, glucagon, insulin-like growth factors, and transforming growth factor-alpha. Amino
acid sequence comparisons of these substrates revealed no significant similarity between
them. However, they share the ability to form amyloid fibrils under physiological conditions
and it has been suggested that IDE selects its substrates on their ability to adopt a β-sheet
conformation upon interaction (16, 17).
In view of the development of IDE-based therapies for AD, a full comprehension of the Aβdegrading capacity of IDE is required. It has previously been reported that IDE is capable of
degrading monomeric Aβ (10, 18-20), but the ability of IDE to cleave Aβ aggregates such as
oligomers, suggested to be the primary toxic species in AD (21), and fibrils, is less welldocumented in the literature. To extend our understanding of IDE activity, we therefore
monitored and characterized IDE-mediated cleavage of Aβ in vitro using biophysical
techniques, at different time points during the Aβ aggregation process.
5.2. Experimental procedures
5.2.1. Aβ peptide solubilization
Aβ1-40, Aβ1-42, and 15N-labeled Aβ peptides (RPeptide) were dissolved according to the
standard procedure developed and validated in our laboratory (22). In short, Aβ peptides were
dissolved in HFIP. HFIP was evaporated using nitrogen gas and the peptide film was
redissolved using DMSO. The peptide was separated from DMSO by elution from a
HiTrapTM desalting column (GE Healthcare) into the appropriate filtered buffer (ThT
fluorescence measurements: PBS pH 7.4, ESI-MS: 100 mM NH4HCO3 pH 7.4, NMR: 50 mM
phosphate buffer pH 6.8 containing 50 mM NaCl). The resulting samples were kept on ice
until experiments started with a maximum lag time of 30 min. Peptide concentration was
determined using the Coomassie (Bradford) Protein Assay kit and diluted to the required final
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concentration: 10 µM for ThT/ESI-MS measurements and 45 µM for NMR experiments.
Aggregation of Aβ peptides occurred at 37 °C under quiescent conditions.
5.2.2. IDE-mediated Aβ degradation
IDE (R&D Systems) was added to Aβ samples at a final concentration of 36 nM at the
beginning of the aggregation process, after 3 h, and after 21 h and later. Under these
conditions but in the absence of IDE, samples comprise mainly Aβ monomers (0 h),
oligomers (3 h), and (proto)fibrils (21 h and later), as demonstrated in (22). IDE-mediated
cleavage of Aβ was monitored by ThT fluorescence, ESI-MS, and solution NMR.
5.2.3. ThT fluorescence to monitor IDE-mediated cleavage of the Aβ peptide
The fibrillization kinetics of Aβ preparations were monitored in situ by measuring
fluorescence of ThT (12 µM) at 37 °C in a Greiner 96-well plate using a FLUOstar OPTIMA
fluorescence plate reader (BMG LABTECH GmbH, Germany) at an excitation wavelength of
440 nm (9 nm bandwidth) and an emission wavelength of 480 nm (20 nm bandwidth).
Fluorescence readings were recorded every 5 min for a period of 46 h. Recorded values were
averaged and background measurements (buffer containing ThT with or without IDE) were
subtracted.
5.2.4. Identification of generated Aβ fragments upon IDE cleavage using ESI-MS
ESI-MS was used to identify Aβ fragments generated by IDE (23). Positive-ion mass spectra
were recorded on an orthogonal acceleration quadrupole time-of-flight mass spectrometer
(Synapt G2 HDMS, Waters, Milford, MA) equipped with a standard electrospray probe (Zspray) and controlled by a datasystem running MassLynx 3.4 (Micromass, Manchester, UK),
which was also used for spectra analysis and peptide fragment identification. Samples were
diluted 1:10 in acetonitrile:water (1:1) prior to immediate infusion using a syringe pump with
a flow rate of 5 μl/min. Cone voltage was set to 30 V, capillary voltage was 3 kV. Scan time
was set to 4.9 s with an inter-scan time of 0.1 s. At least ten spectra were acquired and
averaged.
5.2.5. Solution NMR spectroscopy as a tool to monitor Aβ aggregation and IDEmediated degradation
Prior to incubation, 50 µl D2O was added to 15N-labeled Aβ (45 µM final concentration) to
reach a final volume of 550 µl. The 2D 1H-15N heteronuclear single quantum correlation
spectroscopy (HSQC) experiments were conducted at 37 °C with a Varian NMR Direct-Drive
System 800 MHz spectrometer equipped with a salt tolerance triple-resonance PFG-Z cold
probe. Data were processed using NMRPipe (24) and analysed using NMRView (25).
5.3. Results
5.3.1. Aβ aggregation state determines susceptibility for degradation by IDE
The ability of IDE to cleave different aggregation states of Aβ1-40 and Aβ1-42 was assessed by
ThT fluorescence (Fig. 5.1). In the absence of IDE, Aβ1-40 aggregation was marked by a
strong increase in ThT fluorescence, indicative for fibril formation. In contrast, addition of
IDE to monomeric Aβ1-40 prevented fibril formation, as the ThT background signal did not
increase, showing that IDE is capable of degrading Aβ1-40 monomers into fragments that do
not form ThT-positive aggregates upon prolonged incubation (Fig. 5.1A). IDE addition at
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later Aβ aggregation time points, enriched in oligomers (3 h) or (proto)fibrils (21 h) (22),
induced a partial decrease in ThT fluorescence. This partial decrease suggests (i) degradation
of ThT-positive Aβ1-40 aggregates by IDE, or (ii) degradation of monomers in solution that are
in dynamic equilibrium with ThT-positive aggregates, causing dissociation of ThT-positive
aggregates to restore this equilibrium. The cleavage of Aβ1-42 by IDE showed many
similarities with the observations for Aβ1-40 and was characterized by a strong inhibition of
Aβ1-42 fibril formation when IDE was added at the beginning of the aggregation process, and
by a drop in ThT fluorescence when IDE was added at later aggregation time points (Fig.
5.1B). However, the decrease in ThT fluorescence upon addition of IDE to the aggregated
Aβ1-42 sample was less pronounced than for Aβ1-40. These results suggest that ThT-positive
aggregates, both of Aβ1-40 and Aβ1-42, are at least partially resistant to IDE-induced cleavage.
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Figure 5.1: Aβ aggregation state determines susceptibility for IDE-mediated degradation. Aggregation of
10 µM (A) Aβ1-40 and (B) Aβ1-42 was monitored by ThT fluorescence. IDE (36 nM) was added to the Aβ sample
at the beginning of the Aβ aggregation process (sample comprising mainly Aβ monomers), after 3 h (enriched in
oligomers), and after 21 h (enriched in (proto)fibrils).

5.3.2. Aβ degradation by IDE results in multiple fragments
To investigate which fragments are formed upon IDE-mediated cleavage of Aβ, the cleavage
patterns of Aβ1-40 and Aβ1-42 by IDE were determined using ESI-MS. First, our results show
that monomeric Aβ1-40 and Aβ1-42 are cleaved at multiple and similar sites (Fig. 5.2 and Fig.
S1 in section 5.5). Moreover, one Aβ peptide can be cleaved by IDE at least twice, since
fragments Aβ14-28, Aβ15-28, and Aβ20-28 were detected.
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Figure 5.2: IDE-mediated cleavage of monomeric Aβ results in multiple fragments. Assignment of ion
peaks detected by ESI-MS associated with monomeric Aβ1-40 (10 µM) in (A) absence and (B) presence of 36 nM
IDE, after 15 min of incubation at 37 °C. (C) Overview of the detected Aβ1-40 and Aβ1-42 sites susceptible to IDE
proteolysis.
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Second, and consistent with ThT fluorescence data, IDE addition to aggregated Aβ resulted in
similar fragments compared to addition of IDE to monomeric Aβ, but there was a
considerable amount of non-degraded Aβ peptide left in the sample (Fig. 5.3).

Figure 5.3: Longer incubation times of Aβ prior to IDE addition result in a decrease in susceptibility of Aβ
for IDE-mediated cleavage. Assignment of Aβ1-40 fragments detected by ESI-MS. IDE (36 nM) was added to
an Aβ1-40 (10 µM) buffered solution at (A) t = 0 h and (B) t = 24 h of the aggregation process, and incubated for 1
h at 37 °C. Samples were centrifuged for 15 min at 13200 rpm prior to ESI-MS analysis and the data depicted
here correspond to the soluble fractions.

102

5.3. Results
This can be seen in fig. 5.3B by the higher intensities of the ion peaks corresponding to fulllength Aβ (Aβ3+ at m/z 1443.0, Aβ4+ at m/z 1083.3) compared to the most intense generated
fragment Aβ20-40 (Aβ20-402+ at m/z 1017.5).
5.3.3. Generated Aβ fragments are aggregation-prone
The properties of the obtained fragments upon IDE-mediated cleavage of Aβ have not yet
been explored. ThT fluorescence data indicated that no ThT-positive aggregates were formed
from the Aβ fragments obtained upon IDE-induced cleavage of monomeric Aβ (Fig. 5.1).
However, ThT fluorescence intensity may not provide the most sensitive read-out to detect
small quantities of aggregation, possibly formed only by a specific subset of fragments.
Hence, to further characterize IDE-mediated Aβ cleavage and to reveal whether Aβ fragments
resulting from IDE action were prone to aggregation, the IDE-mediated degradation of 15Nlabeled Aβ was monitored by solution NMR spectroscopy, and 1H-15N HSQC spectra were
acquired at 37 °C.
Fig. 5.4 shows that 15N-labeled Aβ1-40 aggregation was accompanied by a systematic decrease
of all peak intensities in time as only early Aβ aggregation states are detectable by solution
NMR, whereas the resonances broaden and signal intensities decrease due to long rotational
correlation times when aggregation ensues (26). However, after 40 h of incubation of Aβ1-40 at
37 °C, some residual signal intensity was still present. This is in agreement with previous
studies showing a decrease in intensity for the backbone amides until a dynamic equilibrium
is established between monomers and higher ordered aggregates (27, 28).

Figure 5.4: Decrease in 1H-15N HSQC signal intensity upon aggregation of Aβ1-40. Peak assignments of the
1
H-15N HSQC spectrum of Aβ1-40 were transferred from previous studies (28-30).

Next, addition of IDE to the aggregated Aβ sample resulted in reappearance of the peak
intensities and changes in chemical shifts of some peaks (Fig. 5.5 and S2). Several new peaks
emerged, and other peaks were shifted or split in comparison with the original spectrum.
These findings reflect changes in the local environment of certain amino acids, most likely
because different Aβ fragments were generated by IDE. However, it should be noted that
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longer pre-incubation of the Aβ peptide, resulting in maturation of fibrils, was not
accompanied by reappearance of the spectrum after addition of IDE (Fig. S3).
The NMR signal in fig. 5.5 eventually disappeared in time, as seen by comparing the peak
intensities after 30 h, 36 h, and 72 h of incubation of the sample with IDE. This suggests that
the generated Aβ fragments aggregate themselves or stick to larger remaining aggregates in
the sample. This hypothesis is in accordance with ESI-MS results that revealed the presence
of Aβ fragments in the sample pellet after prolonged incubation, demonstrating their tendency
to aggregate (Fig. 5.6).
In vivo, several Aβ-degrading enzymes with different Aβ-degrading capacities exist. It is thus
possible that Aβ aggregates that have not or only partially been degraded by IDE are sensitive
to yet other known enzymes with Aβ-degrading activity. We tested this hypothesis by adding
a second Aβ-degrading enzyme, i.e. NEP, to the aggregated Aβ sample that had first been
subjected to IDE. We found that NEP addition resulted in the appearance of new peaks and
shifting/splitting of other peaks (Fig. S2).

Figure 5.5: Aggregation and cleavage of Aβ1-40 monitored by solution NMR spectroscopy. The 1H-15N
HSQC signal of aggregated Aβ1-40 (45 µM, 20 h at 37 °C, depicted in black) is altered upon addition of IDE (36
nM) and reveals new peaks, and shifting and splitting of original peaks. However, the signal intensity decays in
time, indicating that the generated fragments also aggregate, or stick to larger aggregates still present in the
sample.
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Figure 5.6: Aβ fragments aggregate in time and are detected in the pellet of the Aβ1-40-IDE sample. IDE
(36 nM) was added to aggregated Aβ1-40 (10 µM), that was pre-incubated for 24 h at 37 °C, and ESI-MS spectra
of the pellet fractions (obtained after 15 min of centrifugation at 13200 rpm) were obtained after (A) 1 h and (B)
24 h of incubation with IDE. Whereas the pellet fraction only displayed ion peaks corresponding to full-length
Aβ1-40 after 1 h of IDE incubation, cleavage fragments were observed in the pellet after 48 h of incubation,
indicating that generated Aβ fragments aggregate in time.
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IDE has the ability to cleave Aβ intra- and extracellularly and may prove valuable as a target
to upregulate Aβ clearance in impaired AD patients (31-33). Therefore, drug compounds are
under development that can modulate IDE activity to enhance Aβ degradation in AD patients
(34-36). However, to fully comprehend the therapeutic potential of IDE, it is necessary to
have insight into its degrading capacity. IDE cleaves monomeric Aβ (6), but the ability of IDE
to cleave Aβ oligomers, considered the main toxic species in AD (21), or fibrils, is not wellknown. In this study, we therefore monitored IDE-mediated cleavage of Aβ in vitro, at
different time points during its aggregation, to gain more insight into the potential therapeutic
utility of IDE in AD.
Degradation of various Aβ aggregated species was initially assessed by monitoring changes in
ThT fluorescence, as this is a commonly used reporter dye for fibril formation (37). Fig. 5.1
shows that Aβ monomers are efficiently cleaved by IDE, and that IDE prevents formation of
ThT-positive aggregates within the time frame of the measurements. This is in agreement
with previous studies demonstrating IDE-mediated cleavage of Aβ monomers (10, 18-20).
Moreover, cleavage fragments were identified by ESI-MS and demonstrated that Aβ1-40 and
Aβ1-42 monomers are cleaved at similar sites (Fig. 5.2). As one of the roles of IDE is to
completely inactivate hormones (38), this could explain why it cleaves its substrates at
multiple sites, to ensure elimination of any residual activity by fragments. Several cleavage
sites within the Aβ sequence were previously reported by others, whereas our data confirm the
recently discovered cleavage sites Gly33-Leu34 and Leu34-Met35 (18, 20, 39). Moreover, we
report Met35-Val36 to be a novel cleavage site that has not yet been identified. As Aβ
fragments are aggregation-prone (Fig. 5.5 and 5.6) and may have neurotoxic effects (20, 40),
the properties of these newly identified cleavage fragments (Aβ1-35, Aβ36-40/42) must be further
elucidated, as they may have consequences for protease-based AD therapies.
Second, ThT fluorescence data suggest that not only Aβ monomers are being cleaved, but also
larger ThT-positive aggregates (Fig. 5.1) although cleavage is less pronounced with prolonged
Aβ aggregation (Fig. 5.3). Thus, it can be speculated that increasing fibril maturity correlates
with a decreased propensity to IDE-induced cleavage. The crystal structure of IDE resembles
a clamshell, with a large internal chamber formed from two bowl-shaped halves connected by
a flexible linker. IDE engulfs and degrades its substrates within this catalytic chamber whose
size is limited to accommodate only relatively small peptides, i.e. consisting of maximally 70
amino acids (41-43). Therefore, IDE has been suggested to exclusively degrade monomeric
Aβ, because oligomeric and fibrillar forms of Aβ are too large to completely fit into this
catalytic chamber (17, 41-43). Binding of monomeric Aβ to a β-strand of IDE, located at the
“door” of the chamber, results in formation of an intermolecular antiparallel β-sheet and
stabilization of the internal chamber, and subsequent cleavage (42). This might explain the
selectivity of IDE for amyloidogenic substrates.
To gain more insight into our findings with ThT fluorescence, we assessed Aβ degradation
using solution NMR spectroscopy, which has the advantage that only small species, i.e. Aβ
monomers and early oligomers, are NMR detectable. Accordingly, aggregation of 15N-labeled
Aβ was accompanied by a decrease in the signal intensity of the 1H-15N HSQC spectrum (Fig.
5.4). Subsequent addition of IDE to aggregated Aβ resulted in reappearance and alteration of
the spectrum, indicating that Aβ cleavage occurred and that fragments were formed (Fig. 5.5).
However, in light of the findings derived from the structural IDE studies mentioned above,
the species that were cleaved by IDE are most likely Aβ monomers in dynamic equilibrium
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with NMR-invisible aggregates, and not the aggregates themselves. Previous studies using
solution NMR demonstrated that Aβ monomers are constantly binding to and being released
from oligomers (27) and protofibrils (28). Accordingly, the monotonic decrease in ThT
fluorescence depicted in fig. 5.1 upon addition of IDE to ThT-positive Aβ aggregates may be
explained by the degradation of residual Aβ monomers in solution that exist in equilibrium
with ThT-positive aggregates. Aβ monomer cleavage by IDE would disturb this dynamic
equilibrium, forcing ThT-positive Aβ aggregates to dissociate to restore the equilibrium. This
hypothesis is however highly speculative, and should be validated by future experiments.
Furthermore, although HDX-MS revealed that Aβ molecules making up fibrils are also
continuously recycled (44), peak intensities did not reappear after IDE addition to mature
fibrils (Fig. S3). However, combining proteases capable of degrading different Aβ
aggregation species at distinct cellular locations, such as IDE, NEP, and MMP-9, might hold
therapeutic potential for AD treatment (Fig. S2).
In summary, we show that Aβ monomers are cleaved at multiple sites by IDE, and we report a
new Aβ cleavage site: Met35-Val36. The generated Aβ fragments, that are aggregation-prone,
must be further investigated to unravel their aggregation properties in more detail, and to
reveal if they possess neurotoxic properties, as this will have consequences for IDE-based
therapeutic strategies for AD.
5.5. Supplementary information

Figure S1: IDE-mediated cleavage of monomeric Aβ1-42 results in multiple fragments. Assignment of ion
peaks detected by ESI-MS associated with monomeric Aβ1-42 (10 µM) in the presence of 36 nM IDE, after 1 h of
incubation at 37 °C.
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Figure S2: Aβ1-42 cleavage by IDE and NEP monitored by solution NMR. Addition of IDE (36 nM) to
aggregated Aβ1-42 (45 µM, 6 h at 37 °C) reveals new peaks in the 1H-15N HSQC spectrum, and shifting and
splitting of original peaks (corresponding to monomeric Aβ1-42, depicted in black). Subsequent addition of NEP
(36 nM), another well-known Aβ-degrading enzyme capable of degrading Aβ monomers and oligomers (6),
resulted in additional peak shifting and emergence of new peaks. This observation indicates that combination
therapy, based on the distinct degrading capacities of different proteases, might have therapeutic utility.

Figure S3: Addition of IDE to 24 h pre-incubated Aβ1-42 does not result in NMR-detectable Aβ1-42 cleavage.
The 1H-15N HSQC signal intensity of monomeric Aβ1-42 (45 µM) decreased and disappeared during aggregation
at 37 °C. The spectrum corresponding to the 6 h Aβ aggregation time point is displayed as a reference (residual
peaks are indicated by arrows). IDE addition (36 nM) after 24 h of pre-incubation of Aβ1-42 did not result in
reappearance of the spectrum.
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Chapter 6
New peptidomimetic inhibitors of Aβ aggregation:
molecular guidance for rational drug design
This chapter has been submitted to European Journal of Medicinal Chemistry.
Barrera E, Andujar S.A., Hubin E, Broersen K, Méndez L,
Delpiccolo C, Masman M.F., Rodriguez A.M., and Enriz D.R.
The incidence of AD is expected to nearly triple by 2050 if no effective therapy becomes
available. A primary role in AD pathology has been assigned to the Aβ peptide, which
aggregates from what appears to be a harmless intrinsically disordered monomer into higher
ordered and toxic aggregates. Therefore, several drug development strategies aim to interfere
with the self-assembly of Aβ. In this study, a new series of low molecular weight
peptidomimetics was designed, possessing a significant Aβ anti-aggregation effect. These
potential β-sheet breakers were designed by structure-based virtual screening based on a
previously reported lead structure resembling the central region of the Aβ sequence. Potential
binding sites of the compounds to an Aβ1-42 pentamer model were obtained by docking
analysis, and extensive MD simulations in explicit water provided insights into the dynamic
behaviour of these complexes. Alterations in the structure of the Aβ1-42 pentamer in presence
of the potential β-sheet breakers were identified, including: (i) destruction of the regular
helical twist, and (ii) loss of a stabilizing hydrophobic interaction in the β1 region (Val18Ser26) of the Aβ peptide. The predicted inhibitory effect of the newly designed compounds on
oligomer and fibril formation was validated using a range of biophysical assays. In
conclusion, we report novel compounds that interfere with Aβ aggregation and highlight that
combining docking and MD simulations can serve as a guiding principle in the design of new
anti-aggregation compounds and in the elucidation of the mechanistic details of their mode of
action.

Author contributions:
This chapter is part of a more extensive study designed by Enriz D.R. and co-workers, who
chemically synthesized a range of compounds with potential Aβ anti-aggregation properties.
Masman M.F. designed the molecular modelling study and executed the computational
simulations. Hubin E and Broersen K performed the biophysical experiments (presented in
section 6.3.2: Biophysical assessment of compound activities).
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Current AD drugs only alleviate disease symptoms with limited therapeutic effect. In the
absence of effective drugs and with the ageing global population, the incidence of AD is
expected to rise rapidly over the coming years. The discovery of disease-modifying
therapeutics that can halt or ultimately reverse AD progression is thus vital. The most widely
accepted theory regarding the aetiology of AD is known as the amyloid cascade hypothesis,
which features the Aβ peptide as the central pathological agent (1). Although the
characteristic lesions of AD are plaques consisting of fibrillar Aβ, the most toxic forms of Aβ
are generally believed to be soluble oligomers (2). Therefore, several therapeutic approaches
targeting Aβ are under development which include reducing Aβ levels by modulating β- and
γ-secretase activities (3, 4), increasing the Aβ clearance rate (5), and inhibiting the selfassembly of Aβ (6).
Numerous studies exploring the mechanism of Aβ aggregation have been ongoing for several
decades, leading to the identification of a variety of inhibitors targeting the self-assembly of
Aβ. These compounds include short peptides, proteins, and small chemical compounds (6).
With respect to peptide inhibitors, a pioneering effort by Ghanta and co-workers demonstrated
the possibility to use short peptides related to protein self-recognition regions as a viable
strategy for the development of new Aβ anti-aggregation ligands (7). Tjernberg and coworkers synthesized a series of short peptides derived from Aβ and identified the Aβ16-20 core
region (KLVFF) as one of the nucleation sites in Aβ (8). They observed that the KLVFF
peptide could bind to full-length Aβ and prevent its self-assembly into β-sheet amyloid fibrils.
These results indicated that peptide-based self-recognition regions have potential to inhibit the
aggregation of amyloidogenic proteins by acting as β-sheet breakers. Several studies
expanded upon these original findings (9, 10). Soto and co-workers designed and synthesized
three β-sheet breaker peptides based on the central region Aβ17-20. These peptides inhibited
aggregation and disassembled amyloid fibrils in vitro, and prevented Aβ-induced
neurotoxicity in cells (11, 12). Moreover, treatment with these peptides inhibited neuronal cell
death, brain inflammation, and memory impairment in transgenic AD mouse models, and
displayed low toxicity, low immunogenicity, high solubility, and reasonably high BBB
permeability (13). Unfortunately, their bioavailability was poor as they were rapidly degraded
by proteolytic enzymes due to their peptidic nature, imposing serious limitations for their
therapeutic use (14). Next, Chen and co-workers reported small peptidomimetics (based on
the LPFFD sequence) with similar abilities to inhibit and reverse Aβ aggregation, but with
potentially better drug-like properties in terms of biological stability and membrane
permeability (15). These compounds were selected for high solubility and low molecular
weight. Among these molecules, BSBM6 (referred to as compound 1 in this chapter)
possessed a significant anti-aggregation effect and appeared as one of the best candidates for
further studies (Fig. 6.1). This compound has been suggested to interfere with electrostatic
interactions during aggregation and to destabilize the Aβ fibril H-bonding network (15).
However, several questions remain regarding the molecular mechanism of the inhibitory
mode of action of this compound.
Computational studies
A growing number of theoretical molecular simulation studies have been conducted to
analyse the interactions of Aβ with anti-aggregation molecules, including docking analysis
and MD simulations (16-18). All these efforts have revealed several strengths and limitations
of the current techniques (19). The main limitations in using docking analysis to identify
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binding modes of compounds against a receptor structure are the requirements for a high
quality receptor structure and minimal structural changes upon ligand binding. This makes
docking challenging in the context of Aβ aggregation, as the nature of Aβ is highly dynamic,
which makes the choice of the right target structure or set of structures difficult. Moreover,
these structures have not yet been fully unravelled. Another challenge associated with docking
in general is the scoring and refinement of docked conformations (20). In contrast, MD
simulations provide a molecular-level view of a system as it evolves over time, making them
particularly useful in studying Aβ and its interactions with small molecules (19). Since Aβ
adopts a variety of structures along the aggregation pathway (21), MD simulations can be
used to examine how these different structures may interact with therapeutic anti-aggregation
compounds. MD simulations however require considerably more computational expense
compared to docking analysis (19). Lemkul and Bevan reported a comprehensive review
about the role of molecular simulations in the development of inhibitors of Aβ peptide
aggregation and indicated that “combining docking and MD provides the most efficient and
informative means of assessment of candidate molecules” (19). Limitations imposed by
docking (target rigidity and sampling) are overcome by MD, whereas limitations associated
with MD (computational expense) are complemented by docking.
In this study, we report a possible mechanism of action for the peptidomimetic compound 1
(BSBM6), previously reported to be a potent inhibitor of Aβ aggregation (15). Mechanistic
insights were obtained by combining docking and MD simulations of the interactions between
this compound and a structural model of an Aβ1-42 penta-oligomer designed by Masman and
co-workers (22). In a second step, these insights were used to design new compounds with
inhibitory effects on Aβ self-assembly by a structure-based virtual screening. Predicted antiaggregation activities of these compounds were assessed in vitro using a range of biophysical
techniques.

Figure 6.1: Chemical structure of the β-sheet breaker peptidomimetic B6MS6 (compound 1), developed by
Chen and co-workers based on the Lipinski rules (15).

6.2. Experimental procedures
6.2.1. Chemical compounds
Compounds 3 (Nα-Boc-Nε-Cbz-L-lysine N-hydroxysuccinimide ester), 4 (Nα-Fmoc-Nε-Z-Llysine), 5 (Nα,Nε-Di-Z-L-lysine), and 6 (Nα,Nε-Di-Z-L-lysine hydroxysuccinimide ester)
were purchased at Sigma-Aldrich with a minimal purity of 98 %. All compounds were
dissolved in DMSO prior to experiments.
6.2.2. Preparation of Aβ peptide and compounds
Aβ1-42 (rPeptide) was dissolved according to the standard procedure developed and validated
in our laboratory (23). In short, Aβ1-42 was dissolved in HFIP. HFIP was evaporated using
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nitrogen gas and the peptide film was redissolved using DMSO. The peptide was separated
from DMSO by elution from a HiTrapTM desalting column (GE Healthcare) into a PBS buffer.
The resulting samples were kept on ice until experiments started with a maximum lag time of
30 min. Peptide concentration was determined using absorbance at 280 nm and an extinction
coefficient of 1490 M-1 cm-1, and corrected to 25 µM in PBS. Aβ peptides were incubated
under quiescent conditions at 37 ˚C, in the absence or presence of a compound. The
compound concentrations ranged from 0 to 100 µM in DMSO (final DMSO concentration in
the samples was 5 %).
6.2.3. ThT fluorescence
After 7 days of incubation, a volume of 50 µl incubated Aβ/compound sample was mixed
with 12 µM ThT and incubated for 10 min at room temperature. The extent of aggregation
was determined using a Varian Cary Eclipse fluorimeter upon excitation at a wavelength of
450 nm, while recording the emission spectrum at a wavelength range from 470 to 560 nm
(bandwidths of 9 nm and 20 nm, respectively). Measurements were performed as independent
triplicates. Recorded values were averaged and background measurements (buffer containing
12 µM ThT with or without compound) were subtracted.
6.2.4. TEM
After 7 days of incubation, samples (5 µl) were adsorbed to carbon-coated Formvar 400-mesh
copper grids (Agar Scientific) for 1 min. The grids were blotted, washed, and stained with 2
% (w/v) phosphatidic acid. Grids were imaged with a JEM-1400 microscope (JEOL Ltd.,
Tokyo, Japan) at 80 kV. TEM images are representative of three independently prepared
sample solutions.
6.2.5. Dot blotting with Aβ oligomer-specific A11 antibody
After 1.5 h of incubation, a volume of 5 µl sample was spotted onto a nitrocellulose
membrane. Membranes were blocked in phosphate-buffered saline containing 0.2 % Tween20 (1 h, 25 ˚C), and incubated overnight at 4 ˚C with the primary oligomer-recognizing A11
antibody (Invitrogen), diluted 1:4000 in 100 mM Hepes, pH 7.0 (24). After incubation (0.5 h,
25 ˚C) with a secondary anti-rabbit-HRP-tagged antibody (Promega), diluted 1:8000 in
phosphate-buffered saline containing 0.05 % Tween-20, membranes were visualized using the
ImmobilonTM Western chemiluminescent HRP substrate system. The procedure was repeated
to detect total Aβ present in the samples using anti-amyloid precursor protein mouse
monoclonal antibody DE2B4 (Abcam) by first blocking the membrane for 1 h at 25 ˚C in
phosphate-buffered saline containing 0.05 % Tween-20 and 5 % milk, followed by overnight
incubation at 4˚C in 1:20000 diluted DE2B4 in phosphate-buffered saline containing 0.05 %
Tween-20 and 5 % milk. Goat anti-mouse-HRP-tagged antibody was used as secondary
antibody and membranes were visualized using the ImmobilonTM Western chemiluminescent
HRP substrate.
6.2.6. Docking analysis and MD simulations
The full-length pentameric aggregate Aβ1-42 model developed by Masman and co-workers
was used as a target system (22). The simulations presented in this chapter were designed and
performed by Masman M.F. In short, Gasteiger charges were assigned for all compounds, and
nonpolar hydrogen atoms were merged. All torsions were allowed to rotate during docking.
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The grid dimensions were 50x50x50 points along the x-, y-, and z-axes, with points separated
by 1 Å. The grid was chosen to be sufficiently large to cover the whole system (blind docking
method). The value of exhaustiveness of search was 400 and the number of poses collected
was 10. All graphic manipulations and visualizations were performed by means of AutoDock
Tools 1.5.4 (25) and ligand docking with Autodock Vina 1.1.1 (26). A total of ten different
binding modes were obtained in every docking calculation and these were ranked according to
their binding free energies ΔG (expressed in kcal mol-1). The best binding modes obtained for
each compound in the docking calculations were used as initial complexes of a 10 ns MD
simulation. The purpose of this procedure was to generate side chain relaxation and improve
the ligand-protein interactions. The coordinates were saved every 2 ps. MD simulations were
performed using the GROMACS 4.5.3 package of programs (27), with the GROMOS 96 53a6
force field (28). The N-terminus of each peptide was protonated and the C-terminus was
deprotonated and given zwitterionic conditions. All other amino acids were assigned their
canonical state at physiological pH. The system was placed in a dodecahedric box of simple
point charge water, including neutralizing counter-ions. The simulations were run under
normal temperature and pressure (NPT) conditions, using the V-rescale coupling algorithm
for keeping the temperature constant (T = 310 K, τT = 0.1 ps) and the Parrinello-Rahman
barostate to isotropically regulate pressure (P = 1 bar, τP = 2.0 ps). The LINCS algorithm was
used to constrain the lengths of H-containing bonds, the waters were restrained using the
SETTLE algorithm. The time step for the simulations was 0.002 ps and the compressibility
was 4.5 x 10-5 bar-1. Van der Waals forces were treated using a 1.4 nm cut-off. Long-range
electrostatic forces were treated using the particle mesh Ewald method. For the molecular
mechanics/generalized born surface area (MM-GBSA) methodology, snapshots were taken at
10 ps time intervals from the corresponding last 1000 ps MD trajectories, and the explicit
water molecules were removed from the snapshots. Once the binding site was determined,
longer MD simulations reaching 200 ns overall simulation time were carried out. Post MD
analysis was also carried out using the GROMACS 4.5.3 package of programs.
6.3. Results
6.3.1. Mechanistic insights into the anti-aggregation activity of peptidomimetic B6MS6
using molecular simulations
Despite experimental observations of B6MS6 (compound 1) activity described previously
(15), many questions remained concerning the interactions between Aβ and compound 1 on a
molecular level: (i) what is the Aβ-binding site of compound 1, (ii) which physicochemical
factors control its binding, and (iii) does compound binding induce changes in the Aβ peptide
structure? Answering these questions will be important to broaden our mechanistic
understanding of how this compound might prevent Aβ fibril formation and will help in the
design of new anti-aggregation agents.
Computer simulations, such as MD, are well suited to provide molecular-level details of
binding interactions. For MD simulations, the Aβ1-42 pentamer model reported previously was
used (22). Compound 1 was docked into the Aβ1-42 pentamer using the program Autodock
Vina. Calculations were performed using the blind docking strategy, where the possible
binding sites were obtained by scanning the entire surface of the pentameric peptide target
(29). Four distinct binding sites were identified (indicated as I–IV in fig. 6.2). Site I was
located in the polar, disordered and highly flexible region of the Aβ1-42 peptide, site II
corresponded to the top site of the pentamer, where an incoming monomer may take position
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during oligomerization, whereas sites III and IV were located at the β1 site of the Aβ peptide,
consisting of residues Val18-Ser26.
To determine the most likely site of attachment for compound 1, at first relatively short MD
simulations (10 ns sampling time) were performed to calculate the relative binding free
energies ΔG of each complex, using the MM/GBSA method. Structural snapshots collected
throughout the short MD simulations were used to estimate the ΔG values of compound 1Aβ1-42 pentamer interactions. The type III complex revealed the lowest ΔG, indicating that this
is the strongest binding mode compared to the other three detected binding sites (Fig. 6.2).
Taken into account these initial results, a central role for the type III arrangement was
identified. However, a more detailed analysis of potential structural alterations elicited in the
Aβ1-42 pentamer upon interaction with compound 1 was required, as these insights would be
useful in the design of new inhibiting compounds. All further evaluations were therefore
restricted to type III complexes, characterized by binding of compound 1 to the central
hydrophobic core of the Aβ1-42 pentamer.

Figure 6.2: Potential binding modes of drug compound 1 to the Aβ1-42 pentamer model described
previously (22), and the corresponding calculated binding free energies ΔG. The blind docking strategy
identified four potential binding pockets of compound 1 in the Aβ1-42 pentamer model, depicted as [I-IV].
Binding free energies ΔG (expressed in units of kcal mol-1) were estimated using the MM/GBSA method.

To explore the dynamic behaviour of the type III complex, more extensive MD simulations
were carried out in explicit water (200 ns sampling time). Initial and final structures obtained
from the MD simulations were compared for the Aβ1-42 pentamer in absence and presence of
compound 1. Results indicated that only minor changes occurred within the time frame of 200
ns in the Aβ1-42 pentameric structure in the absence of compound 1, with the pentameric
structure being slightly more compact or "tight" in comparison to its initial structure (Fig.
6.3A). In contrast, significant changes occurred for the complex with compound 1, mainly in
the plane-parallel organization of individual β-sheets and a trend towards the formation of a
more twisted arrangement became apparent (Fig. 6.3B). This distortion in structure might
perturb fibril formation (22).
Compound 1 disrupts the β-sheet structure of the Aβ1-42 pentamer by altering key stabilizing
interactions
Hence, to further decipher the effect of compound 1 on the structure of the Aβ1-42 pentamer,
attention was focused on the β-helix motif that was suggested previously to be present in the
β2 region (residues Ile31-Ala42) of the Aβ1-42 pentamer model. Masman and co-workers
identified this β-helix motif as a crucial stabilizing element in the aggregation process and a
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potential target for anti-amyloid drug design (22). The β-helix is a plausible structural motif
for amyloid fibrils, as it is predominantly composed of β-sheet structure with the proper crossβ orientation (30). This type of structure enables the H-bonding between the β-strands to be
extended over the total length of the amyloid fibrils, thereby accounting for their
characteristic rigidity and stability. The twist of the β-helix motif can be quantified by the
dihedral angle δ, defined by residues Ala42X, Val36X and Val36X-1, Ala42X-1, where x stands
for the number of the peptide chain (Fig. 6.4A).

Figure 6.3: Assessment of the dynamic behaviour of the type III complex of compound 1 with pentameric
Aβ1-42 using MD simulations. Initial (red) and final (blue) structural snapshots (side view) were obtained using
MD simulations (200 ns sampling time, in explicit water) for pentameric Aβ1-42 in (A) absence and (B) presence
of compound 1. Compound 1 inserts in the pentamer core and distorts the pentamer structure. The carboxyl
group of compound 1 is marked as a yellow circle.

Positions of the Cα atoms of these residues (depicted as spheres in fig. 6.4A) determine the
value of δ, which was estimated previously to be in the order of -10 ° (22). Dihedral angles δ
were computed for the Aβ1-42 pentamer in absence and presence of compound 1. The δ-value
for Aβ1-42 alone appeared to be slightly above the -10° base line, with a rather homogeneous
trend for all various pairs of peptide chains A-E (Fig. 6.4B). However, the complex with
compound 1 showed significant deviations with respect to δ, defined between chains D and E
(Fig. 6.4C). The sudden change to a value of about -100/-110 ° occurring after approximately
60 ns of MD simulations is indicative of the disruption of the β-helix structure.
In a next step, the impact of compound 1 on the inter-strand salt bridge formation between
residues Asp23X - Lys28X+1 was analysed (Fig. 6.5), as this has been suggested to be an
important stabilizing interaction in fibril formation (31). After approximately 150 ns of
sampling time, the distance between the charged moieties of chains B and C increased to
approximately 1.5 Å in the presence of compound 1 (Fig. 6.5B). The increased distance
between both chains persisted for much of the remaining simulation time, in comparison with
the results obtained for the Aβ1-42 pentamer alone, where the salt bridge distance persisted at a
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distance of approximately 1 Å throughout the MD simulations (Fig. 6.5A). However, the
distance of 1.5 Å is still small enough to accommodate the formation of a salt bridge between
residues Asp23X and Lys28X+1, indicating that compound 1 most likely does not prevent this
interaction.

Figure 6.4: Effect of compound 1 on the dihedral angle δ, a parameter used to quantify the twist of the βhelix motif. (A) Schematic of the dihedral angle δ, introduced by Masman and co-workers (22), to describe the
anticipated β-helix structure found in the Aβ1-42 pentamer (top view along the axis of the β-helix). The value of δ
is defined by the position of four Cα atoms of residues Ala42x, Val36x, Val36x-1 and Ala42x-1 (depicted as
spheres), on two adjacent chains of the Aβ1-42 pentamer (with x comprising chains A to E). Dihedral angles δ are
displayed for (B) the Aβ1-42 pentamer alone, and (C) in presence of compound 1 as a function of MD simulation
time.

Figure 6.5: Effect of compound 1 on inter-strand salt bridge formation. (A) The inter-chain salt bridge
distance between residues Asp23x and Lys28x+1, as observed during 200 ns of MD simulations of the Aβ1-42
pentamer in the absence of compound 1. (B) The inter-chain salt bridge distance between residues Asp23x and
Lys28x+1 of the Aβ1-42 pentamer in presence of compound 1, as observed during 200 ns of MD simulations.

118

6.3. Results
Compound 1 affects the overall structure of the Aβ1-42 pentamer
The effect of compound 1 on the structure of the Aβ1-42 pentamer in close proximity of its
binding site was evaluated by measuring the distances between the different chains in the β1
region (Val18-Ser26). The distance between chains B and C was significantly increased after
150 ns of simulation in presence of compound 1 (Fig. 6.6A and B). Next, the distances
between the different chains in areas remote from the binding site were evaluated. The
presence of compound 1 induced a significant increase in the distance between the two outer
chains (D and E) in the β2 region (Ile31-Ala42) (Fig. 6.6D), while the remainder of the
distances between the chains were similar to those observed for the Aβ42 pentamer alone (Fig.
6.6C).

Figure 6.6: Compound 1 affects Aβ1-42 pentamer structure in proximity of its binding site (β1 region) and
in areas more remote (β2 region). (A-B) Average inter-chain distances of the mass centres of the Cα atoms in
the β1 region of the Aβ1-42 pentamer in the (A) absence and (B) presence of compound 1, in function of MD
simulation time. (C-D) Average inter-chain distances of the mass centres of the Cα atoms in the β2 region of the
Aβ1-42 pentamer in the (C) absence and (D) presence of compound 1, in function of MD simulation time.
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6.3.2. Design and experimental testing of new anti-aggregation peptidomimetics
Structure-based virtual screening of new compounds with potential inhibitory activity on Aβ
aggregation
In a next step, we aimed to identify new compounds, structurally similar to compound 1. A
structure-based virtual screening was performed using the NCI database to select the best
candidate structures that were then purchased or chemically synthesized (Fig. 6.7). Next, we
experimentally assessed their inhibitory effect on Aβ aggregation using a biophysical
approach.

Figure 6.7: Structural features of the synthesized peptidomimetics, designed by structure-based virtual
selection to possess Aβ anti-aggregation activity. Abbreviations: Su, succinimide; Fmoc,
fluorenylmethyloxycarbonyl; Cbz, carbonylbenzynoxy; Boc, ter-butyloxycarbonyl; 4-NHMe-Bz, 4methylaminobenzoyl.

The selected compounds possessed a lysine backbone, in contrast to compound 1 which has a
homolysine core. These compounds showed additional variation in three parts of the molecule
as depicted in fig. 6.7: (i) the α-amino group, (ii) the α-carboxyl group, and (iii) the ε-amino
group. Simulations suggested that insertion of compounds in the Aβ pentamer core was a
crucial event for anti-aggregation activity, and this appeared to be associated with the
presence of a hydroxysuccinimide ester.
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The binding mode of these compounds was investigated using docking analysis, with the
same procedure as described previously. Only compounds that showed the β1 portion as the
preferential zone to form the complex with the Aβ1-42 pentamer (type III complexation) were
taken into account. The simulations for the new compounds showed different behaviours
ranging from similar to compound 1 (noticeably affecting the pentameric structure of Aβ1-42),
to intermediate or no significant effect on Aβ structure. In the following section, only the MD
simulations results obtained for four compounds are discussed, which are representative of the
entire series: two compounds that induced the most noticeable structural changes (compounds
3 and 6), and two compounds that did not affect the pentameric Aβ1-42 structure (compounds 4
and 5).
The MD results obtained for compounds 3 and 6 were comparable to those observed for
compound 1. Both peptidomimetics deeply inserted in the core of the Aβ1-42 pentamer (Fig.
6.8A and B). In contrast, compounds 4 and 5 were excluded from the core of the Aβ1-42
pentamer at the end of the 200 ns simulation (Fig. 6.8C and D). One of the main differences
between both compound types is that compounds 3 and 6 contain a hydroxysuccinimide ester,
whereas compounds 4 and 5 do not (Fig. 6.7). We suggest that the presence of this ester might
facilitate the insertion process of the compound in the Aβ1-42 pentamer structure.

Figure 6.8: Compounds 3 and 6 insert in the Aβ1-42 pentamer core, in comparison with the expelled
compounds 4 and 5. Lateral spatial view of complexes between the Aβ1-42 pentamer and (A) compound 3, (B)
compound 6, (C) compound 4, and (D) compound 5, after 200 ns of MD simulations.

From these simulations, it was hypothesized that compounds 4 and 5 would be marginally
effective in modulating aggregation behaviour of Aβ1-42, whereas compounds 3 and 6 were
expected to inhibit Aβ1-42 aggregation.
Biophysical assessment of compound activities
To experimentally address the computational results, the activities of these four compounds,
representative of the entire series, were determined using a range of biophysical assays. To
assess the Aβ anti-aggregation activities of the representative compounds, Aβ1-42 fibril
formation (25 µM Aβ concentration) after 7 days of incubation at 37 °C, in the presence and
absence of different compound concentrations, was measured using ThT fluorescence. ThT is
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a dye commonly used to detect fibril formation, as its fluorescence emission is largely
enhanced upon binding to amyloid fibrils (32). Aβ1-42 fibril formation was significantly
inhibited in a dose-dependent manner by compounds 3 and 6, as seen by decreased ThT
fluorescence intensities with increasing compound concentration (Fig. 6.9A and B).
Compounds 3 and 6 were maximally active at a concentration of 100 µM. In contrast, the
presence of compound 5, which is also representative for compound 4, did not affect ThTreactivity of Aβ1-42 (Fig. 6.9C).

Figure 6.9: Aβ1-42 fibril formation is affected in a dose-dependent manner by compounds 3 and 6. Fibril
formation of 25 M Aβ1-42, incubated in the absence and presence of compounds at 37 ˚C for 7 d, was monitored
using ThT fluorescence intensity at 485 nm (λex = 450 nm): (A) compound 3, (B) compound 6, and (C)
compound 5 (which is representative for compound 4). Values represent results of three independent replicates
for active compounds 3 and 6. Statistical significance of the results in (A) and (B) was established using paired
two-tailed t-tests. Statistical significance levels were * P < 0.05, and ** P < 0.005.

Accordingly, TEM revealed networks of intertwined and negatively stained fibrils for samples
containing Aβ1-42 and one of the non-inhibitory compounds 4 and 5 (Fig. 6.10). For Aβ1-42
incubated in presence of compound 3, less fibrils were detected compared to Aβ1-42 alone, and
no fibrils were seen for Aβ1-42 incubated in presence of 100 µM of compound 6, indicating its
anti-aggregating effect (Fig. 6.10). However, it should be taken into consideration that TEM
cannot be exclusively used as a quantitative method for fibril formation.
As a final assessment, the effect of compounds on the formation of oligomeric Aβ1-42 was
determined. Soluble oligomeric Aβ has been suggested previously to be the main responsible
for the neurotoxic response and cognitive defects observed in AD patients (2). Therefore, dot
blot analysis was performed with the anti-amyloid precursor protein antibody DE2B4, for
detection of the total amount of Aβ present, and with the oligomer-specific A11 antibody,
developed by Glabe and co-workers (24). Samples were blotted after 1.5 h of incubation at 37
°C. In the absence of anti-aggregation compounds, a high A11 response is expected at this
time point as it has been shown previously that this corresponds to a toxic Aβ oligomerenriched fraction (23). Consistently, high dot blot intensities (and thus high reactivity with
DE2B4 and A11 antibodies) were recorded for Aβ1-42 in presence of the inactive compounds 4
and 5. Compounds 3 and 6 however inhibited oligomerization from 100 µM and higher, as
demonstrated by the lack of reactivity with DE2B4 and A11 antibodies at these concentrations
(Fig. 6.11).
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Figure 6.10: TEM visualization of the effect of compounds on Aβ1-42 fibril formation. Images were obtained
from 25 M Aβ42 incubated in the absence or presence of compounds 3 to 6 at 37 ˚C for 7 d. Scale bars represent
500 nm.

Figure 6.11: Dot blot analysis of the effect of compounds on Aβ1-42 oligomer formation. Images were
obtained from 25 M Aβ1-42 incubated in presence of compounds 3 to 6 at 37 °C for 1.5 h. Dot blot analysis was
performed with the anti-amyloid precursor protein antibody DE2B4, for detection of the total amount of Aβ1-42
present, and with the oligomer-specific A11 antibody.

123

6.4. Discussion
6.4. Discussion
We report a new series of peptidomimetics capable of interfering with Aβ aggregation and/or
Aβ oligomerization. Among the new compounds tested, compounds 3 and 6 displayed the
strongest activities, both in MD simulations and docking studies, as well as in biophysical
assays. These compounds were obtained through a molecular modelling study which allowed
a structure-based virtual selection of the most promising compounds. By combining docking
analysis with MD simulations, we report a generally applicable procedure to evaluate the
binding process of ligands interacting with an Aβ1-42 pentameric model, while providing a
detailed picture for the binding mechanism of these ligands at the molecular level and their
potential anti-aggregating mechanistic mode of action. Alterations in the structure of the
Aβ1−42 pentamer model elicited by compound 1 have been identified by computational
simulations. These include: (i) destruction of the regular β-helical twist, and (ii) loss of a
stabilizing hydrophobic interaction in the β1 region of the Aβ peptide. Moreover, insertion of
the compound in the core of the Aβ pentamer is required for exerting its Aβ anti-aggregation
effect and this depends on the chemical composition of the compound, in particular on the
presence of a hydroxysuccinimide ester group.
Monitoring Aβ1-42 aggregation by ThT fluorescence and TEM revealed that fibril formation
was significantly decreased in presence of compounds 3 and 6, whereas dot blot analysis
demonstrated a decrease of the formation of soluble oligomers, suggested previously to be the
primary pathological species causing cognitive decline in AD (2).
Taking this into account, our results provide information which may be helpful in obtaining a
better understanding of the mode of action of these ligands, and of their potential to disrupt
Aβ1-42 aggregation at a molecular level. It should however be emphasized that MD
simulations performed here treat only a very short time span and therefore only take into
account the beginning of the interaction of the peptidomimetics with the Aβ pentamer. In
contrast, the biophysical assays used in this study measure pronounced continuous changes
and alterations that may involve conformational changes that are not yet visible with MD
simulations. However, changes in the degrees of freedom of both partners (drug compound
and Aβ pentamer) during the earliest binding events can thus potentially have a large impact
on the overall aggregation process.
In conclusion, our results show that the combination of docking and MD simulations is a
valuable approach to identify molecules with potent Aβ anti-aggregation activity, and to
understand the minimum structural requirements for their binding. We suggest that this
combined methodology can serve as a guide in the design of new Aβ self-assembly inhibitors.
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Chapter 7
Can ecosystem management provide a framework for Alzheimer’s disease therapy?
This chapter has been submitted to Trends in Molecular Medicine.
Hubin E, Vanschoenwinkel B, Broersen K, Koedam N, and Pauwels K.
AD is a progressive neurodegenerative brain disorder that involves a plethora of molecular
pathways. In the context of therapeutic treatment, the Aβ peptide constitutes an interesting
research avenue as Aβ has been suggested to be a primary driver of AD pathology. The highly
dynamic and complex nature of the Aβ network inspired us to think about Aβ in AD in terms
of the complexity of an ecosystem. Here, we explore the potential merits of an ecosystem
paradigm as a novel way to consider AD and Aβ dynamics in particular. In addition to
stimulating cross-disciplinary thinking by comparing the Aβ network to an ecosystem, the
approach presented here may be valuable for educational purposes as it offers a more
convenient and tangible way to illustrate and understand the molecular phenomena that occur
in the brain. Moreover, as ecosystem management relies on the total analysis of relationships
between elements in an ecosystem, it can be opportune to implement lessons that can be
learned from successful ecosystem management with the aim to prevent or remediate AD. We
therefore propose that combining network medicine with general ecosystem management
principles is a new and holistic approach to unravel AD mechanisms and design successful
therapies.
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AD, the most common form of dementia, affects the brain and causes severe memory loss and
behavioural changes. The main hallmarks of the disease are the formation of amyloid plaques
and the generation of neurofibrillary tangles, which ultimately result in neuronal dysfunction
and neuronal cell death (1). This phenomenon of protein aggregation is a feature shared by
many neurodegenerative diseases.
It has been suggested that aggregation of the Aβ peptide into insoluble fibrils plays a role in
the development and pathogenesis of AD (2). Post-mortem brain analysis of AD patients
typically shows accumulation of Aβ plaques in the brain extracellular space. However, no
clear correlation was found between plaque load and disease severity, shifting the attention to
soluble Aβ oligomeric species (3) and the ongoing aggregation process (4) as the main
culprits for toxicity in AD.
Several drug discovery strategies have therefore been directed at interfering with Aβ
production, aggregation, clearance, and toxicity (5). Despite some promising drug candidates,
clinical trials have been unsuccessful due to a lack of efficacy or safety issues (6, 7). Current
treatment is still limited to the alleviation of disease symptoms without the arrest or reversion
of the underlying disorder. This lack of success reflects the general failure to fully
comprehend amyloid deposition and its dynamics. As various biochemical pathways are
affected in AD, it is conceivable that targeting one disease pathway might overall have a
negligible effect as other disease mechanisms and pathways could still play a dominant role.
In most AD cases, Aβ accumulation is the result of the interplay between certain susceptibility
genes, environmental factors, and lifestyle contributors (8). Moreover, the in vivo Aβ peptide
pool is highly diverse with multiple Aβ variants (alloforms) interacting and influencing each
other’s behaviour, and as such it can influence disease outcome (Box 1). In addition to the
imbalance between Aβ production and clearance, AD pathology also includes neuronal
degeneration, an impaired microvasculature, a dysfunctional BBB, neuroinflammation,
mitochondrial deterioration, oxidative stress, cytoskeletal disintegration, and epigenetic
changes (9). Although the amyloid cascade hypothesis is still influential to explain the
pathophysiology of AD, alternative views consider tau as the main driving force of AD (10)
or deem that several pathogenic features of AD can be interpreted as amyloid-independent
alterations of synaptic plasticity, endolysosomal trafficking, cell cycle regulation, and
neuronal survival (11). Another hypothesis suggests that AD results from accelerated neural
damage and cognitive decline in the vulnerable, aged brain due to microvascular failure and
decreased angiogenesis (12). Therefore, it is essential that drug development strategies fully
address the multifactorial nature of AD and the complexity of the behaviour of Aβ in this
disease (13). Developing these new therapeutic strategies is indispensable as AD incidence
has been predicted to nearly triple by 2050 if no cure becomes available (14).
In an effort to approach the behaviour of Aβ in AD from a different angle, and considering the
complexity and involvement (but not exclusively) of Aβ in AD, we postulate that a similar
complexity can be observed in ecosystems1, which can be defined as networks of interactions
among species and their environment (15). In ecosystems, the relative abundance of the
component species is continuously moulded by environmental conditions affecting the

1

Ecosystem: a dynamic and complex system comprising plant, animal, and microorganism communities with
their nonliving environment interacting as a functional unit (15).
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relative population growth of species, priority effects2, i.e. order of emergence or arrival of
species (16), as well as biotic interactions among species (17). As a result, community
structure may change over time and the resulting trajectories may lead to different equilibria
or oscillations which, in turn, will determine the functions and services provided by the
system (e.g. in terms of productivity3, efficiency of biochemical cycles, resistance against
invasive species) (18). Similarly, the temporal dynamics in the composition of Aβ species
may also be governed by inter- and intra-species interactions and changes in environmental
conditions, and priority effects (e.g. shifts in the Aβ1-42:Aβ1-40 ratio or in the occurrence of
other alloforms). (19). The endpoint of the evolution of a complex system may be
deterministic (e.g. the formation of plaques in AD, eutrophication of a lake), but the route to
get there may not be. For instance, not all patients with amyloid plaques have similar
symptoms (20). There could also be different endpoints, some of which may be preferable
over others, e.g. clear versus turbid water states in shallow lakes (Fig. 7.1). Finally, the
stochastic nature of community trajectories should be investigated as order of arrival (priority
effects) or small initial deviations followed by positive feedbacks could reduce the
predictability of responses (18). Based on these insights from ecosystem ecology, we
postulate that a better knowledge of the interplay between the drivers that determine variation
in the temporal trajectories of Aβ species, minimizing or avoiding trajectories that are
associated with toxicity, may render AD treatment more effective.
Box 1: Use of the term ‘Aβ alloform’.
An Aβ alloform is defined as a distinct form of the Aβ peptide that is commonly treated as a
single kind of peptide species. This includes the different Aβ peptide length variants and posttranslational side chain modifications. First, heterogeneous γ-secretase cleavage results in Aβ
peptides of various lengths ranging from 37 to 49 amino acids (21). Second, Aβ peptides can
undergo post-translational side chain modifications including racemization, isomerization,
phosphorylation, oxidation, non-enzymatic glycation, and pyroglutamylation (19). Mass
spectrometry (in combination with immunoprecipitation) is the most frequently used method
to gain insight into the composition of the Aβ peptide pool in the brain. As Aβ alloform
mixtures behave in a more complex manner than when studied in isolation in terms of
aggregation behaviour, dynamics, and toxic properties (22-25), interactions among Aβ
alloforms should be considered when designing new therapeutic AD strategies.
We showcase some of the commonalities between Aβ in AD and ecological principles (Fig.
7.2, Table 7.1). This chapter explores the parallel that exists between the complexity of the
molecular interactions of Aβ within AD and the complex architecture of direct and indirect
interactions in ecosystems. We propose that insights from ecology, community assembly
theory, and ecosystem management principles in particular (Box 2), might provide us with
novel insights into AD pathogenesis and could serve as a guiding principle for innovative
therapy design.
2

Priority effect: this phenomenon occurs when species that arrive first in a community significantly affect the
establishment, growth, or reproduction of species arriving later, and thus affect community functioning. Hence,
the future development of the community may depend on its past recruitment history and on the persistence of
established residents (16).
3
Productivity: rate of conversion of resources into biomass, usually expressed in units of mass per unit area
(volume) per unit time.
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Moreover, the framework presented here provides an additional opportunity to establish a
dialogue between researchers, industrial partners, and the lay public (patients and caretakers)
by using observable and familiar macroscopic events in ecosystems as proxies for molecular
and cellular events in AD.

Figure 7.1: Ecosystem management principles may be useful to develop novel AD therapies. (A) Shallow
lakes can typically be in one of two contrasting equilibrium states: a clear state with submerged macrophytes or a
turbid state dominated by phytoplankton. If the nutrient loading (e.g. P, N) of the lake exceeds a critical value,
eutrophication may cause a switch from the clear to the turbid state that is generally considered as undesirable,
because plant communities and rich fish fauna disappear and biodiversity decreases. In many cases, nutrient
reduction, i.e. decreasing the nutrient load, is unsufficient to restore a non-vegetated turbid shallow lake to a
clear vegetated state. Additional measures are then required for restoration, such as food web management, i.e.
removal/alteration of a part of the fish stock (biomanipulation), alteration of the water level, and sediment
removal. Various models have been designed that simulate the behaviour of shallow lakes and can be useful for
ecosystem management, as they indicate which measures are required to improve lake transparency (26). (B) Aβ
immunotherapy has not yet proven successful in the treatment of AD. Anti-amyloid treatment only after
dementia develops may be too little and too late to affect the clinical course of the disease. Similar to successful
ecosystem management, multiple measures may be required to prevent or remediate AD.

Box 2: Use of the term ‘Ecosystem management’.
We define ecosystem management as the management of abiotic factors and/or biotic
interactions in a natural environment of interacting species to maximize ecosystem services.
Ecosystem services are the direct and indirect contributions of ecosystems to human wellbeing (27). When natural resource management is applied to the whole ecosystem, rather than
to a single species, it is termed ecosystem management (Fig. 7.1A). The fundamental
objective of ecosystem management is long-term stability. In this context, manipulative
experiments that aim to push an ecosystem into another state and ecological models that
incorporate multiple stable states and alternative trajectories to capture the complex dynamics
of ecosystems, play an important role (15).
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Ecosystems can be perceived at different levels in the context of AD: the brain, the
extracellular space, or specific subcellular compartments (e.g. mitochondria). The choice of
ecosystem boundaries will define the subset of “species” and interactions to include in our
analysis. Here, we consider the human brain as an ecosystem (Fig. 7.2, Table 7.1).
Biogeochemical cycles that move chemical substances (e.g. water, carbon-rich compounds,
etc.) through the biotic and abiotic compartments of an ecosystem, are critical for life. These
molecules may be recycled or accumulated in a sink/reservoir, such as different ecosystem
compartments species, tissues, or biomass (15). Similarly, there is a flow of Aβ throughout
the lifespan of an individual. The production of Aβ is a physiological process that occurs
mainly in neuronal cells and has been suggested to be essential for normal synaptic activity
(28). There is a tight regulation of Aβ production with its clearance that occurs via receptormediated transfer across the BBB or via enzymatic proteolysis (29). Whereas aberrations in
biogeochemical cycles can alter the structure and functioning of natural and managed
ecosystems (30), an imbalance between Aβ production and clearance can result in Aβ
accumulation in plaques throughout the brain (31).
An ecosystem can contain many different species communities. Similarly, the Aβ monomeric
peptide pool in the brain contains multiple Aβ variants, including different peptide lengths
and post-translational side chain modifications. We collectively refer to all these Aβ variants
as Aβ alloforms (Box 1). In addition to the diversity of Aβ species described above, several
Aβ mutants have been linked to the familial type of AD that occurs at early age, defined as
before the age of 65 (32). Taking Aβ peptide pool diversity into account, a parallel can thus be
seen with variation in the relative abundance of species in ecological communities or in the
relative abundance of genotypes in populations. In both cases, interactions occur between
entities that differ in the effects they have on overall ecosystem functioning.
Similar to the interactions that occur between species in an ecosystem (15), the in vivo Aβ
peptide pool is a complex mixture of Aβ species influencing one another. It has now been
recognized that the composition of this pool, rather than the absolute Aβ quantity, plays a
prominent role in disease outcome as different Aβ alloforms can influence each other’s
aggregation behaviour and toxic properties (22-25). For example, shifts in the Aβ1-42:Aβ1-40
ratio can modulate the formation of neurotoxic oligomers (22). Minor traces of Aβ1-38 can
render Aβ1-40 toxic to a neuroblastoma cell line, whilst exerting a cytoprotective effect on
Aβ1−42 (24). Moreover, the interplay between different Aβ aggregation states must also be
considered, as they exist in a dynamic equilibrium, and it has been suggested that the ongoing
aggregation, rather than a specific toxic entity, is responsible for Aβ-related toxicity (4).
Moreover, the inherently dynamic character of the Aβ network (19) is in agreement with the
observation that ecosystems are dynamic entities (15).
Not only interactions among species are defined as part of an ecosystem, but also interactions
with the abiotic environment (15). Environmental stressors can change the temporal
trajectories of ecosystems resulting in unfavourable ecosystem states such as turbid ponds
(Fig. 7.1A), bleached coral reefs, or nutrient-exhausted soils (33).
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Figure 7.2: A schematic comparison of the A flux in the context of AD and the carbon flux in an ecosystem. The A peptide is considered a central player in AD
and can be depicted in a network of many interacting molecules. Influences of the environment and an individual’s lifestyle can also contribute to disease outcome. The
commonalities between the Aβ network and the complexity of an ecosystem reveal a conceptual framework that can lead to the development of more efficient AD
therapeutic strategies.
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Moreover, in response to environmental stimuli, epigenetic4 changes may occur that can
affect ecologically important traits (34). Similarly, mounting evidence shows that
environmental factors influence AD and Aβ properties. Air pollution has been shown to
accelerate Aβ accumulation and induce oxidative stress (35). Metals (Cu, Zn, Fe, Al) colocalize with Aβ plaques and induce Aβ toxicity through enhanced Aβ aggregation and
production of ROS (36). Stress or exposure to environmental toxins can also induce
epigenetic changes related to memory and learning. In this regard, exposure to lead (Pb) early
in life has been demonstrated to upregulate genes involved in AD late in life in primates,
through mechanisms involving DNA methylation and histone acetylation (37). Overexposure
to metals, either via drinking water, food, or the environment, can thus potentially have
profound effects. Furthermore, as epigenetic changes are potentially reversible, they may
provide targets for the development of new therapies (38).
Another important driver of ecosystem dynamics is the human impact (15). The behaviour of
humans can affect ecosystems in numerous ways, e.g. by pollution, deforestation and overfishery, but also by replanting and sustainable energy usage. Likewise, human lifestyle has
been suggested to be associated with AD development and Aβ properties. Several food
components have been suggested to be potent inhibitors of Aβ aggregation or to act as antiinflammatory molecules or antioxidants (39). Moreover, prolonged cognitive and physical
exercise have been shown to have a positive effect on the rate of cognitive decline (40). In
contrast, severe brain injury (41) and diabetes (42) are important risk factors for AD
development. Certain discrepancies should however be noted. In the case of AD, lifestyle
affects the state of the individual itself, whereas in the case of an ecosystem, humans impact
the whole system around them, which however ultimately may also translate into an altered
state of the individual (e.g. air pollution may cause asthma).
Ecosystems are often not stable over time and may evolve from one equilibrium to another or
experience regular cycles. This process is driven by birth and death rates (demography),
colonization dynamics, extinction, and priority effects. Likewise, temporal changes in the
brain associated with ageing are the most important risk factor for AD development (temporal
heterogeneity). Ageing is associated with translational errors leading to defective protein
synthesis, with less efficient protein quality control machineries, and with cumulative
oxidative damage to proteins and membranes. However, the contribution of ageing to AD is
highly complex and still not yet fully understood (43).
Furthermore, spatial heterogeneity and associated variation in the exchange of energy,
species, and genotypes among habitat patches5 or among ecosystem sub-compartments is
central to the functioning of ecosystems (44). The arrival of particular species can have
disproportionately negative impacts on ecosystem functioning, which is referred to as the
invasive species concept (45).

4
Epigenetics: the acquired and heritable modifications on DNA that regulate the expression and function of
genes without affecting the DNA nucleotide sequence, including DNA (hydroxyl)methylation and histone
modifications. Epigenetic changes are considered as a mechanism by which the environment can interact with
the genome (34).
5
Patch: a relatively homogeneous subunit of an ecosystem or a spatially defined unit delineating a single
ecosystem (e.g. a lake). Some ecosystems can be viewed as a mosaic of different patches, illustrating their spatial
heterogeneity. Other ecosystems exist as discrete patches that may interact with the surrounding landscape
matrix as well as with distant patches via dispersal and exchange of energy and matter (44).

133

7.3. Ecosystem management as a guiding principle for AD therapy design
Likewise, spatial heterogeneity exists in the Aβ network as different brain microenvironments
can be identified in an AD patient. AD affects some brain regions more than others and
different brain regions can accumulate different amounts of Aβ (46). The invasive species
concept in ecology can be compared to the effects related to particularly damaging variants of
molecules in certain brain compartments (e.g. due to an increased Aβ1-42:Aβ1-40 ratio).
Finally, there is evidence that thresholds occur in ecosystems and have important effects on
ecosystem services (47). An ecological threshold is the point where abrupt changes in an
ecosystem property or in an environmental driver produce large responses in the ecosystem. It
has been suggested that ecosystems can exist in alternative stable states (48), but given
enough disturbance can be pushed over the hill (threshold) to another state. Similarly, an
asymptomatic phase in AD takes place in which the first pathological events occur without
affecting the cognitive ability of the patient. At a critical point in time (threshold), a
conversion takes place to mild cognitive impairment and later to AD (49).
7.3. Ecosystem management as a guiding principle for AD therapy design
In the past decades, significant progress has been made in understanding AD mechanisms.
However, numerous clinical trials have not yet resulted in an effective AD treatment. Hence,
there is an urgent need for innovative approaches to AD drug design and it is crucial to
understand the complex relationship between different molecular compounds and events that
are involved in AD.
As AD is complex and multifactorial, we should not focus on one disease component or
pathway, but rather approach the disease from a broader perspective. Network medicine6 has
been suggested earlier to offer a platform for studying both disease complexity (identifying
disease factors and pathways) and the interdependencies between the different players (50),
and multi-target drug ligands are being developed that target multiple key components in AD
(51). Future research and implementation of these compounds in clinical trials will reveal
their potential success in the fight against AD.
We have highlighted here that the behaviour of Aβ in AD shows many similarities with a
complex ecosystem (Fig. 7.2, Table 7.1). Other disease contributing factors (e.g. tau) have
been left out for simplicity, but need to be taken into account in this paradigm in the future.
We want to raise the awareness that ecosystem management principles may pave the way for
new insights into disease mechanisms and AD remediation and/or prevention.
A number of ecosystem management principles and paradigms may be useful to develop
novel therapies. Promising paradigms include the notion that complex systems can exist in
alternative stable states, stabilized by feedback mechanisms, and the fact that management
can help to stimulate that certain favourable equilibria can be reached (Fig. 7.1). Additional
information about temporal dynamics and alternative trajectories in complex systems can be
generated by models. For instance, age-structured population models (52) developed in
ecology may help to understand the development of molecules from precursors and how this
can be modified by changing environmental conditions. Time series data combined with trials
that alternate the order of treatments/introduction of interactors in a complex system, can help
6

Network medicine: an integrated study of genomics, transcriptomics, proteomics, metabolomics, phenomics,
and environmental perturbations, such as pharmacological intervention or pathogenic infection, for the purpose
of understanding human disease and how to cure it (50).
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to assess to what extent history matters in determining the deterministic outcome of species or
molecule interactions (53).
Moreover, all risk factors of AD that can potentially be modified must be identified, so that
interventions can take place before the pathologic burden and accumulated neurodegeneration
is irreversible. In ecosystems, early warning signs for regime shifts provide a tool for the
improvement of ecosystem management and serve as an indicator for the implementation of
preventive actions to avoid undesirable transitions in ecosystems (54, 55). For example,
microbial-based monitoring programmes have been applied in the Neuse River Estuary in the
USA to formulate and validate water quality models aimed at predicting nutrient-productivity
and algal bloom thresholds. In this context, there are indications that an impending regime
shift is often announced by rapid fluctuations between the current state and a potential future
stable state. For instance, clear shallow lakes may first become turbid for brief periods of time
before they shift to a permanent turbid state. Likewise, we need to identify thresholds and
monitor the “flickering” of AD biomarkers in time-lapse experiments. The currently used CSF
biomarkers reflect the core pathological features of AD and include total tau,
hyperphosphorylated tau, and Aβ1-42. Since the pathologic processes of AD start decades
before the first symptoms, these biomarkers may provide means of early disease detection or
identification of the risk for developing AD. In addition, biomarkers might prove valuable in
monitoring the effect of anti-AD drugs (56). In this way, the biochemical trajectories via
which the disease manifests itself could be monitored, and controlled interventions can be
made possible. This strategy is similar to how ecosystem management has been successfully
applied in e.g. shallow lake restoration, where the status and nutrient loading of the lake is
continuously monitored (26).
In summary, we would like to stimulate out-of-the-box thinking and propose that combining
network medicine with general ecosystem management principles could be a new and holistic
approach to better understand AD pathology and design successful therapies. In-depth studies
by combining the expertise of both researchers in the AD field and ecologists, and openminded cross-disciplinary dialogues, may provide insight into the success potential of this
ecosystem-based approach and its translation into concrete solutions in the clinical setting. In
addition to the potential of our proposed approach to the AD field, we hypothesize that this
may also impact treatment perspectives of other multifactorial neurodegenerative diseases,
such as Parkinson’s disease.
Box 3: Outstanding questions and future perspectives
1. Since ecosystem management relies on the total analysis of relationships between various
elements in an ecosystem, lessons learned from successful ecosystem management might
improve strategies to prevent or remediate AD. Similar to the combined set of measures
necessary for the successful restoration of shallow lakes (Fig. 7.1A), remediation/prevention
of AD may require interventions at the level of multiple disease pathways and factors (Fig.
7.1B). A recent study describes the design of a small molecule compound that targets and
modulates various pathological facets of AD, by integrating elements for Aβ aggregation
control, metal chelation, ROS regulation, and antioxidant activity (57). This work is an
important step towards multi-target treatment of AD, and further optimization and clinical
testing of multi-target ligands will reveal their efficacy in the future.
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Box 3 (continued): Outstanding questions and future perspectives
2. An evaluation is required to determine to what extent our analogy holds true for all aspects
of disease and ecosystem management, as certain fundamental differences should not be
overlooked. For example, contrary to species, molecules (such as Aβ) are typically not selfreplicating entities. Their dynamics and turnover are determined by the surrounding tissue that
produces them, rather than by differential reproductive success, migration, and mortality, as
would be the case for species in an ecosystem.
3. The diagnostic guidelines of AD have recently been updated to include CSF biomarkers.
Biomarkers however cannot only be used for early detection of disease development and
tracking of disease progression, but also hold promise for more effective therapeutic
interventions before amyloid pathology is already widespread. Ultimately, the use of
biomarkers might allow for interventions tailored to the individual, i.e. personalized medicine
(56). Hence, the search for new biomarkers continues, in particular blood biomarkers, as
blood samples are easier and cheaper to collect than performing a lumbar puncture procedure.
Recently, a small scale study identified a biomarker panel consisting of ten lipids from
peripheral blood with an AD prediction accuracy of 90 % in the preclinical stage (58).
4. Multiple disease-associated mutations have been identified in the past (59) and much can
be learned from individuals who possess genetic risk factor(s) and develop AD at an early
age. Genome-wide association studies can also identify potential protective factors. Recently,
the coding mutation A673T in the APP gene has been reported to protect against AD and
cognitive decline in the elderly without AD, by reducing Aβ deposition and pathology (60).
Further research into this and other potential protective factors is required to fully
comprehend their implications for therapy development.

Table 7.1: Approaching Aβ in AD from an ecological point of view.
General ecosystem descriptors, adapted from (15)

The Aβ peptide as a central player in AD

Ecosystems can be defined by the network of We consider the Aβ network in the context of AD.
interactions among organisms, and between organisms
and their environment.
The scale of an ecosystem depends on the question In AD, several ecosystems can be considered: the
being asked.
brain, but also the extracellular or intracellular space,
or
specific
subcellular
compartments
(e.g.
mitochondria).
The overall ecosystem structure is controlled by Examples of external factors that regulate Aβ
external factors (e.g. climate, time, biota) that are not properties include ageing (the major risk factor for
themselves influenced by the ecosystem.
AD), exposure to certain substances (e.g. metals) and a
patient’s lifestyle.
Ecosystems are dynamic entities.
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The Aβ network is highly dynamic. Intramolecular
dynamics of Aβ comprise the intrinsic disorder and
polypeptide backbone flexibility present in isolated Aβ
monomeric peptides and aggregation states. The
interplay between different Aβ alloforms in the in vivo
Aβ peptide pool and the dynamic equilibrium that
exists between different Aβ species are referred to as
intermolecular Aβ dynamics.
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Table 7.1 (continued): Approaching Aβ in AD from an ecological point of view.
General ecosystem descriptors, adapted from (15)

The Aβ peptide as a central player in AD

Ecosystems in similar environments that are located in The brain consists of microenvironments that do not all
different parts of the world can have very different contain the same amount of Aβ. There is also
characteristics simply because they contain different considerable patient-to-patient variability.
species.
The introduction of non-native species to the A shift in Aβ1-42:Aβ1-40 ratio or occurrence of other
ecosystem can cause substantial shifts in ecosystem alloforms can have profound effects on Aβ-related
function.
toxicity. This knowledge can be useful for drug
development strategies.
Human activities have an increasing impact on Human lifestyle (e.g. diet, cognitive and physical
virtually all the processes that govern ecosystem exercise) or intervention (therapy) can modulate AD
properties.
development and progression.
Ecosystem processes are driven by the number of
species in an ecosystem, the exact nature of each
individual species, and their relative abundances. Many
effects of species on ecosystems are indirect and not
easily predicted.

The Aβ peptide pool in the brain is highly diverse and
influences
the
disease
outcome.
Additional
heterogeneity results from the intrinsic structural
flexibility of Aβ (e.g. fibril polymorphism). Aβ species
influence each other’s aggregation, dynamics, and toxic
properties, either direct or indirect.

Classifying ecosystems into ecologically homogeneous Neuropathological characterization of AD severity and
units is an important step towards effective ecosystem disease progression (using Braak staging, positron
management.
emission tomography, magnetic resonance imaging,
genotyping, and biomarkers) can enhance the care for
AD patients and allow for an optimized therapy.
Primary production is the production of organic matter
from inorganic carbon sources (e.g. CO2) through
photosynthesis. The carbon-rich compounds and
nutrients in dead organic matter are broken down by a
group of processes known as decomposition.

The primary production of Aβ originates from the
transmembrane amyloid precursor protein APP by βand γ-secretase proteolysis. A major route of Aβ
degradation is via proteases (e.g. IDE, NEP).

Daily and seasonal variations in the environment can Diurnal Aβ fluctuations depend on the sleep-wake
influence the ecosystem.
cycle.
Ecological theory suggests that in most cases, in order
to coexist, species must have some level of limiting
similarity: they must be different from one another in
some fundamental way, otherwise one species would
competitively exclude the other. Despite this, the
cumulative effect of additional species in an ecosystem
is not linear. The arrival of particular species can have
disproportionately negative impacts on ecosystem
functioning, as illustrated by the invasive species
concept.

Aβ1-40 and Aβ1-42 coexist under pathophysiological
conditions, but their coexistence does not result in a
linear manifestation: their cumulative effect is
exemplified in more complex mixtures composed of
Aβ1-40 and Aβ1-42 whereby a relatively small increase in
Aβ1-42 (e.g. 30 %) confers properties (both biophysical
and cytotoxic traits) that are markedly more similar to
pure Aβ1-42 (100 %) samples.

Ecosystems are typically subject to disturbances that One example of such a disturbance is a traumatic brain
can change ecosystem properties and alter subsequent injury, which increases the risk of developing AD.
dynamics. A disturbance can be defined as "a relatively
discrete event in time and space that alters the structure
of populations, communities, and ecosystems, and
causes changes in resources availability or the physical
environment".
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Table 7.1 (continued): Approaching Aβ in AD from an ecological point of view.
General ecosystem descriptors, adapted from (15)

The Aβ peptide as a central player in AD

Ecosystems can exist in alternative stable states.
Management of abiotic factors and/or biotic
interactions in a natural environment of interacting
species can push an ecosystem to an alternative state to
maximize ecosystem services.

AD treatment can be improved by gaining more and
novel insights into the multifactorial nature of AD and
the dynamic character of Aβ. Network medicine and
design of multi-target drugs are therefore promising
therapeutic avenues for AD. A better knowledge of the
interplay between the drivers that determine variation
in the temporal trajectories of Aβ species, minimizing
or avoiding trajectories associated with toxicity, could
help improve AD treatment.
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Concluding remarks and perspectives
1. Alzheimer’s disease in the twenty-first century
More than a century has passed since Alois Alzheimer first identified the disease now named
after him (1). What was described in 1906 as a syndrome wherein elderly people became
forgetful and child-like, is now recognized as the most common form of dementia affecting
millions of people worldwide. The increasing number of AD patients and the lack of a cure,
combined with the global economic burden, have risen the awareness that AD, and dementia
in general, must be considered as a public health priority (2).
Although it is increasingly evident that AD is a multifactorial disease, extensive research in
the past decades has pointed in the direction of amyloid pathology as a primary driver of AD.
The transition of the intrinsically disordered monomeric Aβ peptide into more structured
aggregates is the crucial conversion from what appears to be a harmless polypeptide into
malignant forms that cause synaptotoxicity and neuronal cell death, which result in the
diagnostic and pathological signs of AD (3, 4).
Due to this central role in AD pathogenesis, Aβ has been the main target of AD drug
development studies. However, although significant progress has been made to gain insight
into disease mechanisms, it is clear that the picture is still incomplete. To date, the Aβ-based
drugs tested in advanced-stage clinical trials in humans have been unsuccessful, mainly due to
a lack of efficacy or intolerable side-effects.
2. The dynamic nature of the Aβ peptide: a disease-contributing factor
It is striking to observe that many proteins involved in human disease are classified as IDPs,
such as Aβ, but also α-synuclein, tau, and multiple prions (5). This raises the question as to
whether their dynamic nature may act as a disease-contributing factor, as opposed to or in
addition to the generally accepted idea that specific sizes or conformations of oligomeric
forms of these proteins induce pathogenesis.
The aim of this doctoral thesis was thus to gain more insight into the dynamic nature of Aβ, as
a better understanding of Aβ dynamics will likely benefit therapeutic strategies for tackling
AD.
The Aβ peptide pool in the brain is highly heterogeneous and dynamic (Chapter 1). Therefore,
it is indispensable that the aggregation and toxic properties of the in vivo occurring Aβ peptide
variants are studied in detail, to assure that rational decisions are made in AD therapy design.
One avenue for fighting AD consists of the upregulation of the non-amyloidogenic pathway at
the expense of the amyloidogenic Aβ-producing pathway (6). Our results however indicate
that the products of the proteolytic activities of α- and γ-secretase, the p3 peptides, are also
aggregation-prone and form fibrils (Chapter 2). Upregulation of the “non-amyloidogenic”
pathway might thus not be the best course to follow. Modulating γ-secretase processing to
shift the balance between different Aβ alloforms (e.g. decreased Aβ1-42:Aβ1-40 ratio) has also
been proposed as a therapeutic strategy (7). This requires an in-depth understanding of the Aβ
peptide pool and the aggregation (Chapter 2) and toxic behaviour of its composing alloforms.
In addition to studying the properties of the different peptides in isolation, it is however also
crucial to study mixtures of different Aβ alloforms to mimic the in vivo situation. Several
studies have reported that mixtures of Aβ alloforms behave in a more complex manner in
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vitro than anticipated from their behaviour in isolation, in terms of aggregation properties and
toxicity (8-12).
Another contributing factor to Aβ heterogeneity is genetic variability within the Aβ-coding
region of the APP gene, resulting in Aβ mutants associated with early-onset FAD (Chapter 1).
FAD mutations not only affect Aβ aggregation properties (Chapter 2), but can also result in
structural alterations. The data presented in chapter 3 show that the Italian E22K Aβ mutant
forms fibrils composed of antiparallel β-sheets, as opposed to parallel β-sheet wild type
fibrils. Moreover, both fibril types give rise to different inflammatory responses in THP-1
monocytes in culture. These results suggest that the observed Aβ fibril polymorphism might
be related to in vivo differences between wild type and Italian-mutant Aβ: late-onset AD
associated mainly with plaques versus early-onset AD associated with CAA. The antiparallel
β-sheet structure might predispose the Italian Aβ mutant to cross the BBB and mainly deposit
in the blood vessels. Although this hypothesis is speculative and requires further
investigation, the CAA-associated Iowa D23N Aβ mutant has recently also been shown to
form antiparallel β-sheet fibrils (13).
The dynamic nature of Aβ allows it to interact with various cellular components, such as
membranes, lipids, and metals, but also ApoE and Aβ-degrading enzymes (Chapter 1).
Understanding the interplay of these components with Aβ has implications for potential AD
treatments. First, modulating the secretion or lipidation status of ApoE isoforms is currently
being explored as a potential treatment, as this can influence the functionality of ApoE and its
effect on Aβ metabolism (14). The data in chapter 4 demonstrate that lipid-free ApoE has the
tendency to aggregate in solution (ApoE4 > ApoE3 > ApoE2), and that ApoE associated with
reconstituted HDL particles is protected from this self-assembly behaviour. The high AD risk
associated with the ApoE4 isoform might arise from its higher propensity to aggregate, in
comparison with ApoE2 and ApoE3, and its capability to form aggregates that are toxic to
neuronal cells (15). Second, another therapeutic strategy under investigation is the
upregulation of Aβ-degrading enzymes such as IDE (16). This requires a full comprehension
of the degrading capabilities of these enzymes and the identification of all their potential
substrates. Our findings show that the capacity of IDE to degrade Aβ is dependent on the Aβ
aggregation state and the dynamic equilibrium between the different Aβ aggregation species
(Chapter 5). IDE contains an internal catalytic chamber spatially limited to the engulfment of
small peptides (17) and cleavage of Aβ is therefore limited to monomers. The Aβ degradation
detected by our analysis at later Aβ aggregation time points must therefore arise from
cleavage of Aβ monomers that are in dynamic equilibrium with higher aggregation species,
forcing these aggregates to dissociate to some extent, to restore this equilibrium.
In conclusion, the dynamic interplay between various components that influence the
heterogeneous Aβ system is a complicating factor and must be taken into account in search
for a more effective AD therapy. The dynamic nature of Aβ and its ability to undergo
conformational changes and aggregation has hampered its study, but promising new
experimental approaches and chemical tools are being developed to address Aβ dynamics
(18). These tools have the major advantage that they can be used directly without the need for
modification of Aβ with additional amino acids, tags, or fluorophores (19, 20), as this can
alter its aggregation properties as demonstrated for biotinylation of Aβ (Chapter 2). Finally,
the research in this thesis was limited to an in vitro approach, but validating the importance of
Aβ dynamics for AD in the in vivo setting should be explored in future work.
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3. Where to go next in AD research?
In addition to the dynamic nature of Aβ, the multifactorial character of AD imposes a major
challenge for AD drug development. Most AD cases are sporadic and are due to a
combination of genetic, environmental, and lifestyle factors. Finding a selective therapeutic
agent has proven challenging as there are so many disease pathways involved.
Gradually, the attention in the AD field is shifting from single-target drugs, such as the
mimetic peptide compounds presented in chapter 6, towards the development of multi-target
ligands and combination therapies. Multi-target drugs not only target Aβ, but simultaneously
address various aspects of AD pathology including neuroinflammation and oxidative stress
(18, 21-23). This approach requires understanding and managing the “big picture”, rather than
focusing on one disease pathway. Multi-target ligands may then serve as leads for further
development as network medicines. Network medicine offers a platform to understand the
complexity of a disease and all the molecular pathways involved, their interconnections, and
identify potential treatment strategies (24, 25).
In chapter 7, we demonstrate that the complexity of the Aβ network in AD shows many
similarities to an ecosystem or society, where minor perturbations might have profound
effects that can result in cataclysmic events. We suggest that the dynamic Aβ “ecosystem” can
be used as a framework to gain more insight into disease mechanisms and support the
development of new and more effective AD treatment. Combining the expertise of AD
researchers (network medicine) and biologists (ecosystem management) may reveal the
success potential of this approach.
Future AD research will however not only seek to hit the right targets with the right drug, but
also to use that drug at the right disease stage (26). A growing body of evidence suggests that
the underlying pathology precedes the onset of clinically detectable AD by a decade or more
(27). By the time a patient is diagnosed and treated, or included in a clinical trial, massive
neuronal loss and widespread pathology is usually already at hand, and this might explain
failure of tested Aβ-based drugs. Therapies need to be applied earlier and be targeted at the
disease mechanisms occurring in the brain at early disease stages (28). Hence, drugs that
failed in clinical trials when tested on mild-to-moderate AD patients, such as Solanezumab
(Eli Lilly) and Gantenerumab (Roche), both passive immunotherapies, are now being initiated
in early mild-to-mild AD patients. If this approach turns out successful, it will however
require better biomarkers that can monitor changes in the brain or blood associated with
disease progression and standardization of diagnostic measurements. Whereas combined
measurements of Aβ and total and phosphorylated tau levels remain the most promising CSF
biomarkers, the search for accurate blood biomarkers continues, as blood samples are easier
and cheaper to collect than performing a lumbar puncture procedure. Recently, a small-scale
study identified a biomarker panel consisting of ten lipids from peripheral blood with an AD
prediction accuracy of 90 % in the preclinical stage (29). Further validation of biomarkers on
large scale is however needed to (i) identify individuals who are most likely to respond to
certain treatments by determining their disease stage and predicting their disease progress, and
to (ii) monitor drug safety and treatment effectiveness. On the long run, the use of biomarkers
could then set the path for personalized medicine in the field of AD.
Finally, if we want to win the fight against AD, the interaction and open dialogue between
researchers in academia, pharmaceutical companies, regulatory organizations, and patients
will be of the utmost importance. Collaboration between these different stakeholders must
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expand further in light of their common goal of bringing new preventive and therapeutic
solutions to AD patients.
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Summary
Protein aggregation has been associated with a wide range of highly debilitating and
increasingly prevalent human diseases, ranging from neurodegenerative disorders to nonneuropathic amyloidoises. One of the most widespread neurodegenerative diseases is
Alzheimer’s disease (AD), which is the leading cause of dementia, affecting millions of
people worldwide and imposing an enormous economic burden in terms of health and hospice
care. AD disrupts the communication between nerve cells in the brain, which becomes
apparent as a gradual loss of memory from the age of 65 years and older in the majority of
AD cases. As AD pathology spreads throughout the brain causing cell death and brain
atrophy, AD patients experience a decline in thinking skills, behavioural problems, and
eventually lose their personal identity and ability to communicate, depending entirely on
others for care.
More than a century has passed since Alois Alzheimer first described the disease now named
after him and significant progress has been made to understand the cellular and molecular
events that are responsible for the progressive dysfunction and death of nerve cells. Despite
extensive testing of numerous drug compounds in clinical trials, there is unfortunately still no
means of halting or reverting AD progression, and current treatment is limited to the
alleviation of disease symptoms. As the number of AD cases has been predicted to nearly
triple by 2050 in the ageing global population, there is a growing and urgent need to find an
effective AD therapy.
Substantial evidence points to the amyloid-beta (Aβ) peptide as a major causative factor in
AD. The Aβ peptide is cleaved from the transmembrane amyloid precursor protein by β- and
γ-secretase. This apparently harmless intrinsically disordered monomeric peptide converts
into higher ordered and toxic aggregates, and eventually into amyloid fibrils that deposit into
extracellular plaques in the brain. Aβ aggregation initiates a cascade of molecular events
culminating in widespread neurodegeneration. The amyloid cascade hypothesis suggests that
synapto- and neurotoxicity in AD is mediated by soluble Aβ oligomers. However, it has
proven difficult to study these aggregates in vivo with the currently available technology, due
to the dynamic nature of the Aβ peptide. The dynamics, stability, and transient lifetime of
potentially toxic species hamper the possibility to precisely pinpoint the structural aspects of
toxic Aβ aggregates. Moreover, the dynamic behaviour of aggregation intermediates may
actually be an important driver of Aβ toxicity as the ongoing aggregation process has also
been suggested to be a culprit for toxicity.
We postulate that the dynamic nature of the Aβ peptide is a complicating factor that
contributes to AD pathogenesis and should be taken into account in therapeutic AD strategies.
The research presented in this doctoral thesis aims to provide more insight into Aβ dynamics.
The influence of genetic variability and external regulating factors on Aβ dynamics, in
particular on the aggregation and structural properties of Aβ, is investigated in vitro using a
biophysical approach complemented with cell culture studies.
The first part of this thesis extensively reviews what has been reported in the literature on Aβ
dynamics, including intra- and intermolecular dynamics (Chapter 1). Intramolecular Aβ
dynamics encompass the intrinsically disordered nature of Aβ and the inherent flexibility of
the polypeptide backbone present in every Aβ aggregation state. Intermolecular Aβ dynamics
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are illustrated by (i) the highly transient and interconverting forms of Aβ, and by (ii) the
variability and interactions within the pool of different Aβ peptide variants in the brain.
Furthermore, the dynamic nature of Aβ allows it to interact with many other molecules that
can modulate Aβ properties. Variability in terms of space (different brain compartments and
patient-to-patient differences) and time (ageing, lifestyle, and circadian rhythm) imposes an
additional facet to the complex and dynamic “Aβ network”.
The second part of this thesis focuses on certain aspects of Aβ dynamics and discusses their
potential impact on AD pathology.
First, the heterogeneity within the in vivo Aβ peptide pool was investigated (Chapter 2). We
monitored the in vitro aggregation of (i) N- and C-terminal varying Aβ peptides, (ii) Aβ
mutants associated with the hereditary familial type of AD (FAD), and (iii) biotinylated Aβ,
as this modified variant is often used in in vitro studies. We demonstrate that minor sequential
variations in the Aβ peptide sequence have profound effects on Aβ aggregation. These
findings are of interest in light of secretase activity-modifying AD therapeutic strategies that
aim to lower Aβ production or alter the ratios between the generated Aβ peptide variants.
In chapter 3, we present the aggregation, structural, and inflammatory properties of the Italian
E22K Aβ mutant that is causative of early-onset FAD associated with cerebral amyloid
angiopathy (CAA). Our findings show that the Italian Aβ mutant forms fibrils containing an
antiparallel β-sheet structure, in comparison to wild type fibrils that consist of parallel βsheets, as do most amyloid fibrils reported in the literature. We suggest that this unique
antiparallel structural signature might explain the clinical differences between the Italian
mutant and wild type Aβ. We suggest that it predisposes the mutant to deposit mainly in the
walls of the brain blood vessels causing CAA, rather than accumulating in amyloid plaques in
the brain parenchyma.
Next, two interaction partners of Aβ were the subject of study: (i) Apolipoprotein E (ApoE)
that exists as three isoforms (ApoE2, ApoE3, and ApoE4) with ApoE4 being an important
risk factor for late-onset AD, and (ii) insulin-degrading enzyme (IDE), one of the proteases in
the brain that is capable of cleaving Aβ. First, we show that lipid-free ApoE in solution
aggregates in vitro, in particular ApoE4, whereas lipidation of ApoE impedes this behaviour
(Chapter 4). Although ApoE is mainly lipidated in the brain, lipid-poor ApoE reservoirs exist
that could lead to the formation of ApoE aggregates. As ApoE4 aggregates have been
reported to be neurotoxic, this might explain the higher AD risk associated with ApoE4, in
comparison with other ApoE isoforms. Second, we provide evidence that the ability of IDE to
degrade Aβ decreases with Aβ aggregation and we identify Met35-Val36 as a novel IDE
cleavage site within the Aβ sequence (Chapter 5). As IDE-induced Aβ fragments are
aggregation-prone, these findings must be considered in therapies that aim to increase Aβ
clearance by upregulating the activity of proteases such as IDE.
Therapeutic strategies capable of interfering with Aβ-induced pathology in AD are the main
focus of the third part of this thesis. The combination of docking analysis and molecular
dynamics simulations allowed for the design of a series of new mimetic peptides possessing
Aβ anti-aggregation properties (Chapter 6). Computer simulations provided mechanistic
insights into their potential mode of action. We demonstrate that insertion of drug compounds
in the core of an Aβ pentamer distorts Aβ structure by destabilizing several molecular
interactions that play a key role in fibril formation. Moreover, we experimentally confirm the
predicted inhibitory effect of these compounds on Aβ aggregation. Finally, as there is a shift
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in attention from single-target drugs to combination therapies that address the multifactorial
nature of AD, we present a novel way of evaluating the complexity of Aβ in AD in chapter 7.
We demonstrate that the dynamic Aβ network displays many similarities with an ecosystem
and suggest that combining network medicine with general ecosystem management principles
is a new and holistic approach to unravel AD mechanisms and potentially design more
successful therapies.
To conclude, the research presented in this doctoral thesis illustrates the dynamic nature of Aβ
and demonstrates that Aβ dynamics add an additional degree of complexity to the role of Aβ
in AD. Fully understanding Aβ dynamics will most likely benefit the development of more
effective AD therapies that can ultimately stop this devastating and widespread disease.

151

152

Samenvatting
Eiwitaggregatie kan gepaard gaan met uiteenlopende en slopende ziekten in de mens, gaande
van neurodegeneratieve ziekten tot lokale en systemische amyloïdoses. Een van de meest
wijdverspreide neurodegeneratieve ziekten is de ziekte van Alzheimer, de belangrijkste
oorzaak van dementie. Deze ziekte treft wereldwijd miljoenen personen en draagt enorme
economische gevolgen met zich mee op vlak van gezondheidszorg en opvang. De ziekte van
Alzheimer verstoort de communicatie tussen zenuwcellen in de hersenen en komt tot uiting
als een gradueel verlies van het geheugenvermogen, in de meeste gevallen vanaf de leeftijd
van 65 jaar of ouder. Verspreiding van de ziekte van Alzheimer doorheen de hersenen leidt tot
celdood en hersenatrofie. Patiënten ervaren daardoor verminderde denkvaardigheden,
gedragsproblemen en verliezen uiteindelijk hun persoonlijke identiteit en het vermogen om te
communiceren, waardoor ze volledig afhankelijk worden van de zorg van anderen.
Het is meer dan een eeuw geleden dat Alois Alzheimer voor het eerst de ziekte beschreef die
later naar hem is vernoemd. Sindsdien is aanzienlijke vooruitgang geboekt in het begrijpen
van de cellulaire en moleculaire gebeurtenissen die verantwoordelijk zijn voor de geleidelijke
disfunctie en dood van zenuwcellen. Er is echter nog geen middel gevonden om de progressie
van de ziekte van Alzheimer te stoppen of terug te draaien, ondanks het uitgebreid testen van
talrijke medicijnen. Aangezien de huidige behandelingswijze enkel ziektesymptomen verlicht,
is er een groeiende en dringende behoefte aan een meer doeltreffende therapie. De
wereldbevolking vergrijst en voorspellingen geven aan dat het aantal gevallen van de ziekte
van Alzheimer bijna zal verdrievoudigen tegen 2050.
Substantieel bewijs wijst het amyloïde-beta (Aβ) peptide aan als een belangrijke oorzaak van
de ziekte van Alzheimer. De enzymen β- en γ-secretase knippen het Aβ peptide uit het
transmembranaire amyloïde precursor eiwit. Dit ogenschijnlijk onschuldige intrinsiek
ongeordend monomere Aβ peptide converteert naar meer geordende en toxische aggregaten,
en uiteindelijk naar amyloïde fibrillen die zich afzetten in extracellulaire plaques in de
hersenen. Aβ aggregatie initieert daarbij een cascade van moleculaire gebeurtenissen die
culmineren in wijdverspreide neurodegeneratie. De amyloïde cascade hypothese suggereert
dat oplosbare Aβ oligomeren verantwoordelijk zijn voor de synapto- en neurotoxiciteit in de
ziekte van Alzheimer. Het dynamische karakter van Aβ maakt het echter moeilijk om deze
aggregaten in vivo te bestuderen met de huidige technologie. De dynamiek, stabiliteit en
beperkte levensduur van potentieel toxische vormen van het peptide belemmeren de precieze
bepaling van de structuur van toxische Aβ aggregaten. Bovendien werd het dynamische
aggregatieproces zelf ook al aangewezen als bron van toxiciteit, in plaats van specifieke
vormen van Aβ.
Wij postuleren dat het dynamische karakter van het Aβ peptide een complicerende factor is
die bijdraagt tot de pathogenese van de ziekte van Alzheimer en die in rekening moet gebracht
worden in therapeutische strategieën. Deze doctoraatsthesis heeft als doel meer inzicht te
bieden in de Aβ dynamiek. De invloed van genetische variabiliteit en extern regulerende
factoren op Aβ dynamiek, in het bijzonder op de aggregatie en structurele eigenschappen van
Aβ, werd in vitro onderzocht met behulp van biofysische technieken en celcultuurstudies.
Het eerste deel van dit proefschrift geeft een uitgebreid overzicht van wat reeds gerapporteerd
is in de literatuur over Aβ dynamiek, met inbegrip van intra- en intermoleculair dynamiek
(Hoofdstuk 1). Intramoleculaire dynamiek omvat de intrinsiek ongeordende aard van Aβ en
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de inherente flexibiliteit van het peptide. Intermoleculaire Aβ dynamiek wordt geïllustreerd
door (i) de transiënte en interconverterende vormen van Aβ, en door (ii) de variabiliteit en
interacties binnen de pool van verschillende Aβ peptide varianten in de hersenen. Bovendien
laat het dynamische karakter Aβ toe om te interageren met andere moleculen die het gedrag
van Aβ kunnen moduleren. Variabiliteit in ruimte (verschillende hersencompartimenten,
verschillen tussen patiënten) en in de tijd (veroudering, levensstijl, circadiaans ritme) geeft
een extra dimensie aan het complexe en dynamische “Aβ netwerk”.
Het tweede deel van dit proefschrift richt zich specifiek op bepaalde aspecten van de Aβ
dynamiek en bespreekt hun potentiële effect op de pathogenese van de ziekte van Alzheimer.
Eerst werd de heterogeniteit binnen de in vivo Aβ peptide pool onderzocht door het bepalen
van het in vitro aggregatiegedrag van (i) N- en C-terminaal variërende Aβ peptiden, van (ii)
Aβ mutanten geassocieerd met de familiale vorm van de ziekte van Alzheimer die op jonge
leeftijd voorkomt, en van (iii) gebiotinyleerd Aβ aangezien deze gemodificeerde variant vaak
gebruikt wordt in in vitro studies (Hoofdstuk 2). We tonen aan dat kleine variaties in de Aβ
sequentie verregaande gevolgen hebben voor Aβ aggregatie. Deze bevindingen zijn van
belang voor therapieën die als doel hebben de activiteit van secretasen te moduleren om Aβ
productie te verlagen of de ratio tussen verschillende gegenereerde Aβ peptide varianten te
wijzigen.
In hoofdstuk 3 presenteren we de aggregatie, structurele en inflammatorische eigenschappen
van de Italiaanse E22K Aβ mutant die de ziekte van Alzheimer veroorzaakt op jonge leeftijd
en gepaard gaat met cerebrale amyloïde angiopathie. De resultaten tonen aan dat de Italiaanse
Aβ mutant fibrillen vormt met een antiparallelle β-sheet structuur, in vergelijking met wild
type fibrillen die opgebouwd zijn uit parallelle β-sheets zoals de meeste amyloïde fibrillen.
We suggereren dat dit unieke structurele kenmerk de mutant aanzet om zich voornamelijk af
te zetten in de wanden van de hersenbloedvaten, in plaats van zich op te hopen in amyloïde
plaques in de hersenparenchym, en dus aan de grondslag ligt van de klinische verschillen
tussen de Italiaanse mutant en wild type Aβ.
Vervolgens waren twee interactiepartners van Aβ het onderwerp van studie: (i)
Apolipoproteïne E (ApoE) dat voorkomt als drie isovormen (ApoE2, ApoE3 en ApoE4) en
waarvan ApoE4 een belangrijke risicofactor is voor de ziekte van Alzheimer op late leeftijd,
en het (ii) insuline-degraderende enzym (IDE), één van de proteasen in de hersenen dat Aβ
knipt. De bevindingen in hoofdstuk 4 tonen aan dat lipide-vrij ApoE in oplossing aggregeert
in vitro, in het bijzonder ApoE4, en dat lipidatie van ApoE dit gedrag belemmert. Ook al is
ApoE voornamelijk gelipideerd in de hersenen, er bestaan lipide-arme ApoE reservoirs die
zouden kunnen leiden tot de vorming van ApoE aggregaten. Aangezien ApoE4 aggregaten
neurotoxisch zijn, kan dit het hoger risico op de ziekte van Alzheimer verklaren dat gepaard
gaat met ApoE4, in vergelijking met andere ApoE isovormen. In hoofdstuk 5 leveren we
bewijs dat het vermogen van IDE om Aβ te degraderen afneemt met Aβ aggregatie. We
identificeren bovendien Met35-Val36 als een nieuwe IDE-knippingssite in de Aβ sequentie.
Aangezien IDE-geïnduceerde Aβ fragmenten zelf ook aggregeren, moeten deze bevindingen
in beschouwing genomen worden in therapieën die de hoeveelheid Aβ in de hersenen trachten
te verlagen door een toename in activiteit van Aβ proteasen zoals IDE.
Het derde deel van deze thesis legt zich toe op therapeutische strategieën die interfereren met
Aβ-geïnduceerde pathologie in de ziekte van Alzheimer. Eerst werd een reeks van nieuwe
peptiden met Aβ anti-aggregatie eigenschappen ontworpen door het combineren van docking
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analyse en simulaties van de moleculaire dynamiek (Hoofdstuk 6). Computersimulaties
brachten mechanistisch inzicht in het potentieel werkingsmechanisme van deze peptiden. De
resultaten tonen aan dat de insertie van deze actieve componenten in de kern van een Aβ
pentameer de structuur van Aβ ontwricht door het destabiliseren van verschillende
moleculaire interacties die een voorname rol spelen in fibrilvorming. We bevestigen
bovendien experimenteel het voorspelde inhiberende effect van deze componenten op Aβ
aggregatie. Tenslotte, aangezien er een verschuiving is van medicijnen die één enkel doel
voor ogen hebben naar combinatietherapieën en medicijnen die het multifactoriële karakter
van de ziekte van Alzheimer aanpakken, presenteren we een nieuwe manier om de
complexiteit van Aβ in de ziekte van Alzheimer te evalueren. We tonen aan dat het
dynamische Aβ netwerk vele gelijkenissen vertoont met een ecosysteem en suggereren dat de
het combineren van netwerk medicijnen en algemene principes uit ecosysteem management
een nieuwe en integrale benadering is om ziektemechanismen van Alzheimer te ontrafelen en
meer succesvolle therapieën te ontwikkelen.
Tot slot, dit proefschrift illustreert het dynamische karakter van Aβ en toont aan dat de Aβ
dynamiek een graad van complexiteit toevoegt aan de rol van Aβ in de ziekte van Alzheimer.
Het volledig begrijpen van deze Aβ dynamiek zal hoogstwaarschijnlijk de ontwikkeling van
meer effectieve therapieën voor de ziekte van Alzheimer ten goede komen, zodat deze
slopende en wijdverspreide ziekte eindelijk tot halt kan geroepen worden.

155

156

Publication list
Journal articles
Vandersteen A*, Hubin E*, Sarroukh R, De Baets G, Schymkowitz J, Rousseau F,
Subramaniam V, Raussens V, Wenschuh H, Wildemann D, and Broersen K. A comparative
analysis of the aggregation behavior of amyloid-β peptide variants (2012). FEBS Letters
586(23), 4088-4093.
* joint first authors
Hubin E, van Nuland N, Broersen K, and Pauwels K. Transient dynamics of Aβ contribute to
toxicity in Alzheimer’s disease. Cellular and Molecular Life Sciences 71(18), 3507-3521.
Hubin E, Deroo S, Kamniski Schierle G, Kamniski C, Serpell L, Subramaniam V, van Nuland
N, Broersen K, Raussens V, and Sarroukh R. Distinct β-sheet structures in wild type and
Italian-mutant Aβ fibrils: a possible link to different clinical phenotypes. Proceedings of the
National Academy of Sciences of the United States of America, under submission.
Hubin E, Verghese PB, van Nuland N, and Broersen K. ApoE associated with HDL-like
particles is protected from self-aggregation. Biophysical Journal, under submission.
Hubin E, Rozenski J, van Nuland N, and Broersen K. Insights into insulin-degrading enzymemediated cleavage of the Aβ peptide. FEBS Letters, under submission.
Barrera E, Andujar SA, Hubin E, Broersen K, Méndez L, Delpiccolo C, Masman MF,
Rodriguez AM, and Enriz DR. New mimetic peptide inhibitors of Aβ aggregation: molecular
guidance for rational drug design. European Journal of Medicinal Chemistry, under
submission.
Hubin E, Vanschoenwinkel B, Broersen K, Koedam N, and Pauwels K. Can ecosystem
management provide a framework for Alzheimer’s disease therapy? Trends in Molecular
Medicine, under submission.
Deroo S, Stengel F, Mohammadi A, Henry N, Hubin E, Krammer E, Prévost M, Aebersold R,
and Raussens V. Chemical crosslinking/mass spectrometry maps the amyloid β peptide
binding region on both apolipoprotein E domains. ACS Chemical Biology, under submission.

Conference contributions (oral presentation)
Hubin E, Sarroukh R, Deroo S, Kaminski Schierle G, Kaminski C, Serpell L, Subramaniam
V, van Nuland N, Raussens V, and Broersen K. Antiparallel -sheet architecture of Italianmutant amyloid- fibrils and their effect on inflammation. VIB seminar, April 2014,
Blankenberge, Belgium.
Hubin E. Brain cells under attack - Alzheimer’s disease (PechaKucha talk). Campustalks #20
International Women’s day, March 2014, Brussels, Belgium.

157

Hubin E, Sarroukh R, Deroo S, Serpell L, Subramaniam V, Raussens V, van Nuland N, and
Broersen K. Antiparallel -sheet architecture of Italian-mutant amyloid- fibrils. TN2
conference on Alzheimer’s disease and related disorders, October 2013, Amsterdam, The
Netherlands
Hubin E, Rozenski J, Subramaniam V, van Nuland N, and Broersen K. Effect of ApoE
isoform and lipidation status on proteolytic clearance of the amyloid-beta peptide. NVMSBSMS International Congress on Mass Spectrometry, March 2012, Rolduc, The Netherlands.

Conference contributions (poster presentation)
Antiparallel -sheet architecture of Italian-mutant amyloid- fibrils. Hubin E, Sarroukh R,
Deroo S, Serpell L, Subramaniam V, van Nuland N, Raussens V, and Broersen, K.
TN2 conference on Alzheimer’s disease and related disorders
October 2013, Amsterdam, The Netherlands
Spetsai Summer School on Protein interactions, assemblies and human disease
September 2013, Spetses, Greece
Elucidation of the proteolytic clearance mechanism of the amyloid-beta peptide by insulindegrading enzyme. Hubin E, Rozenski J, Subramaniam V, Broersen K, and van Nuland N.
Young Belgian Magnetic Resonance Scientist meeting
November 2012, Spa, Belgium
Effect of ApoE isoform and lipidation status on proteolytic clearance of the amyloid-beta
peptide. Hubin E, Rozenski J, Subramaniam V, van Nuland N, and Broersen K.
VIB seminar 2012
April 2012, Blankenberge, Belgium
NVMS-BSMS International Congress on Mass Spectrometry
March 2012, Rolduc, The Netherlands
ApoE, Alzheimer’s disease and Lipoprotein Biology, Keystone symposia
March 2012, Colorado, USA
Annual Dutch meeting on Molecular and Cellular Biophysics
October 2011, Veldhoven, The Netherlands
8th European Biophysics Congress (EBSA)
August 2011, Budapest, Hungary

158

