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“It is impossible to begin to learn that which one thinks one already knows. ”
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RESUME

Les fibres amyloides sont des arrangements supramoléculaires linéaires non ramifiés
résultant de I'autoassemblage organisé de protéines dans des structures quaternaires en
feuillets-p-croisés. Les fibres amyloides ont été initialement associées a différentes
pathologies, bien que des assemblages amyloides présentant des fonctions essentielles
aux processus physiologiques aient été identifiés chez la majorité des organismes
vivants. Parmi les polypeptides associes aux amyloides, il a été démontré que les
hormones peptidiques forment des amyloides a la fois pathologiques et fonctionnels.
En plus de ces deux amyloides biologiques, les formulations peptidiques sont
également sujettes a l'autoassemblage et a I'agrégation, ce qui réduit la stabilité,
I'efficacité et la biosécurité du médicament. La formation d'amyloide par les hormones
peptidiques est donc un domaine d'intérét particulier, mais il demeure difficile de
décrire avec précision en raison de la nature dynamique du processus et de sa
complexité. Actuellement, il existe un besoin urgent non seulement d'améliorer notre
compréhension de la progression par laquelle les amyloides se forment, mais également
de développer de nouvelles approches et de nouveaux outils pour étudier le processus
de formation d'amyloide dans des conditions biologiques incorporant d'autres
biomolécules connues pour co-agréger, tels les glycosaminoglycanes (GAG) et les
phospholipides. L'objectif principal de cette these est de développer des stratégies
innovantes pour étudier les processus et les facteurs affectant I'agrégation des hormones
peptidiques en fibres amyloides. Deux hormones peptidiques ont été utilisés dans cette
étude. Tout d'abord, le pituitary adenylate activating polypeptide (PACAP), un peptide
cationique hautement soluble qui a été postulé pour exister sous forme d’amyloides
réversibles a l'intérieur de granules sécrétoires, a été utilisé pour représenter les
amyloides fonctionnels. Deuxiemement, I’islet amyloid polypeptide (IAPP) dont
I'agrégation et le dépdt pancréatique sont associés au diabete de type 2 a été utilisé
comme modele d'amyloides pathologiques. Trois objectifs spécifiques ont été ciblés :
1) décrire le mécanisme par lequel les GAG stimulent I'autoassemblage du PACAP, 2)
établir des modéles de bicouche lipidique biologiquement pertinents pour évaluer les
perturbations de la membrane plasmique induites par l'autoassemblage de IAPP, et 3)
expliquer les sources de variation expérimentale au cours de la cinétique de
I'assemblage amyloide in vitro. Contrairement aux mécanismes classiques de formation
principalement déduits d'amyloides pathologiques, le PACAP a formé des gouttelettes
denses et separées en phases ou l'autoassemblage a été initié. Ni les gouttelettes, ni les
fibres de PACAP ne se sont révélées cytotoxiques, ce qui appuie I'hypothése
d’amyloide fonctionnel. Ensuite, un nouvel essai a base de FRET a été développé pour
détecter les perturbations membranaires induites par I'lAPP a l'aide de vésicules de
membrane plasmique de cellules eucaryotes, surmontant les limites des modéles
synthétiques traditionnels. Enfin, le test standard sur microplaque souvent utilisé pour
décrire la cinétique de la formation d'amyloide s'est averé hautement sensible aux
conditions expérimentales - la fréquence et le nombre de mesures étaient des sources
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d'agitation confondantes modulant la cinétique. Ces résultats donnent non seulement
un apercu des mécanismes sous-jacents des amyloides physiologiques, mais
fournissent également des outils innovants pour étudier I'amyloidogenése, comblant
I’écart entre les processus biologiques in vivo et I'étude biophysique de I'amyloide in
vitro. Ces approches et les informations tirées de ces travaux s'avérent des contributions
précieuses a I'étude de I'amyloide dans des conditions biologiquement pertinentes.

Mots clés: Islet amyloid polypeptide, pituitary adenylate cyclase activating
polypeptide, érythrocytes, vésicules de membranes plasmiques géantes,
glycosaminoglycanes



ABSTRACT

Amyloid fibrils are linear and unbranched supramolecular arrangements resulting from
the organized self-assembly of proteins into cross-f-sheet quaternary structures.
Historically, amyloid fibrils have been associated with numerous pathological states,
though amyloid assemblies displaying functional properties essential to physiological
processes have been described in most living organisms. Among polypeptides
associated with amyloid fibrils, peptide hormones have been shown to form both
pathological and functional amyloids. In addition to these two biological amyloids,
therapeutic formulations of peptide hormones are also subject to aggregation and/or
amyloid self-assembly, resulting in reduced storage stability, efficacy, and potential
side effects of the drug. Amyloid formation by peptide hormones in these contexts is
an area of particular interest, yet it is challenging to accurately depict due to the
complex and dynamic nature of the process. Currently, there is a dire need to not only
improve the collective understanding of the progression by which amyloid-like
materials form, but also to develop new approaches and tools to study the process of
amyloid formation under biologically relevant conditions incorporating other
biomolecules known to co-aggregate with amyloid — namely, glycosaminoglycans
(GAGsS) and phospholipids. Therefore, the overarching objective of this research thesis
is to develop innovative strategies to study the processes and factors affecting the
aggregation of peptide hormones into amyloid fibrils. Two peptide hormone models
were used in this study. First, the neurohormone pituitary adenylate cyclase activating
polypeptide (PACAP), a highly soluble, cationic peptide which has been postulated to
exist as reversible amyloid fibrils inside secretory granules, was used to represent
functional amyloids. Second, the islet amyloid polypeptide (IAPP) whose aggregation
and pancreatic deposition are associated with type 2 diabetes was used as a model of
pathological amyloids. Accordingly, three specific research aims were targeted: 1) to
describe the mechanism by which GAGs stimulate the self-assembly PACAP under
physiologically relevant conditions, 2) to establish biologically relevant lipid bilayer
models to assess plasma membrane perturbations induced by the self-assembly of
IAPP, and 3) to explain sources of experimental variation during kinetics of amyloid
assembly in vitro. Unlike classical mechanisms of amyloid formation mainly inferred
from pathological amyloids, PACAP formed dense, phase separated droplets where
self-assembly was initiated. Neither the droplets, nor the fibrils of PACAP were found
to be cytotoxic, supporting the functional amyloid hypothesis. Next, a novel FRET
assay was developed to detect membrane perturbations induced by IAPP using
eukaryotic cell plasma membrane vesicles, overcoming the limitations of traditional
synthetic models. Finally, the standard microplate assay often used to describe the
kinetics of amyloid formation was shown to be remarkably sensitive to the
experimental conditions — the frequency and number of measurements were
confounding sources of agitation, accelerating self-assembly. Together, our results not
only offer key insights into the underlying mechanisms of physiological amyloids, but



Xvii

also provide innovative tools to study amyloidogenesis, bridging the gap between
biological processes in vivo and the biophysical study of amyloid in vitro. These
approaches and the information gained from this work will prove to be valuable
contributions to the study of amyloid under biologically relevant conditions.

Keywords: Islet amyloid polypeptide, Pituitary adenylate cyclase activating
polypeptide, erythrocyte, giant plasma membrane vesicles, glycosaminoglycans



CHAPTER I:

INTRODUCTION

1.1  Peptide hormones

1.1.1 Roles and physiological functions

Peptide hormones are important signalling molecules in mammals, involved in a wide
variety of regulatory processes such as energetics (Morton et al., 2006), regulation of
body temperature, and circadian rhythm (Jekely et al., 2018). These peptides are
translated from mRNA as (pre)prohormones, which are then cleaved and undergo post-
translational modifications before storage/secretion under their mature biologically
active isoform. The mature peptide molecules are variable in length, and it is possible
for a single prohormone to produce multiple signalling peptides ranging from several
amino acids to long peptide chains. These peptides are eventually secreted through
secretory vesicles and exert various effects through a signalling cascade after binding
to their cognate receptors at the surface of target cells. As a result, peptide hormones
and their receptors are important targets for pharmacological research and
understanding the pathophysiology behind a multitude of conditions and diseases.
Moreover, an important yet overlooked characteristic of peptide hormones is their

ability to aggregate, or self-assemble, into large, often insoluble, quaternary structures
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(Akter et al., 2016; Jacob et al., 2016; Malmos et al., 2016; Nespovitaya et al., 2016;
Nespovitaya et al., 2017; Otzen and Riek, 2019). This may occur under normal
physiological conditions, under pathological states, and/or under their pharmacological

formulations. .

1.1.2 Aggregation and self-assembly

The aggregation process of peptide hormones needs to be investigated, since it is
associated with fundamental biological processes, occurring both under normal and
pathological states, as well as limiting the formulation of peptide drugs. Numerous
polypeptide aggregates occur in vivo and are closely linked with diseases such as
Alzheimer’s disease, Parkinson’s disease, and type 2 diabetes (Chiti and Dobson,
2017). Alternatively, comparable aggregates appear to be harmless or even necessary
for normal biological functions such as the storage of peptide hormones within
secretory granules (Jacob et al.,, 2016) and Pmell7 fibrils formed during the
biosynthesis of melanin (Fowler et al., 2006). Other peptides with therapeutic
applications, such as calcitonin or insulin, are prone to aggregation due to the high
concentrations present in pharmacological formulations (Zapadka et al., 2017).
Consequently, alternative strategies have been developed to overcome or mediate these
undesirable aggregates. Calcitonin has therapeutic applications when treating
osteoporosis, yet due to the high concentrations injected, it is prone to aggregation
(Itoh-Watanabe et al., 2013). The salmon analog of calcitonin, which displays
dramatically reduced aggregation propensity, is therefore used instead. Similarly,
pramlintide, an artificial peptide analog of the glucomodulatory hormone islet amyloid
polypeptide (IAPP), is used in the treatment of diabetes due to its reduced ability to
aggregate compared to the wildtype sequence (Wang et al., 2014). Another important
example is insulin, a critical drug for individuals afflicted with type 1 diabetes. It may

also aggregate in solution, which commonly occurs in the reservoirs of infusion pumps
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that deliver insulin to an individual, and current research is attempting to provide

solutions to overcome this issue (Li and Leblanc, 2014).

The self-assembly of peptide hormones can lead to a diversity of aggregates, i.e.,
amorphous, or highly ordered, but often the type of aggregates formed are long, linear,
and unbranched fibrillar structures, termed amyloid fibrils. These fibrils are the primary
aggregates of interest in the context of this project, and a variety of peptide hormones

where self-assembly is associated with different processes are summarized in table 1.1.

Table 1.1 Aggregation and self-assembly of peptide hormones into amyloid fibrils .

Peptide hormones Residues Associated disease or Native Reference
process structure
. . Type 1l diabetes Caoetal,
Islet amyloid polypeptide 37 Aggregates in formulations Unstructured 2021
Injection-localized Li and
Insulin 30+21 amyloidosis a-helix Leblanc. 2014
Aggregates in formulations !
Medullary carcinoma of
Calcitonin 32 thyroid Unstructured  10N-\Watanabe
. . etal., 2014
Aggregates in formulations
Atrial natriuretic factor 28 Atrial amyloidosis Unstructured ;/(t)azrgaro etal.,
Medin 50 Aortic medial amyloidosis Unknown (Zlgi\é;es etal,
Prolactin 199 Pituitary prolactinoma a-helix (zlai\g)ne etal,
. Injection-localized (Chiti and
Enfurvitide 36 amyloidosis Unstructured Dabson, 2017)
. a-helix/ (Yamane et
Glucagon 29 In vitro unstructured  al., 2019)
Pltl_utary adenylate _cyclase 38/27 Storage in secretory Unstructured (Maji et al.,
activating polypeptide granules 2009)
Growth hormone 191 Storage in secretory a-helix (Jacob et al.,
granules 2016)
) . Storage in secretory (Nespovitaya
B-endorphin 31 granules Unstructured etal,, 2016)

1.2  Amyloid fibrils

For over a century, amyloid deposits have been detected in individuals afflicted by

various pathological conditions, with one description of clay-like deposits in the liver
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dating back to 1722 (Doyle, 1988). The initial use of the term amyloid (e.g., pertaining
to starches) dates back to the late 1850’s, as it was noticed by Rudolph Virchow that
the deposits in liver reacted to an iodine stain for starch (Doyle, 1988). Since then, the
tissue deposition of amyloids has been found in a variety of different diseases, such as
light-chain amyloidosis , Parkinson’s disease, and type 2 diabetes. Furthermore, in
relatively recent years, various types of non-pathological, “functional”, amyloids have
been described in bacteria, yeast, and mammals (Fowler et al., 2007). Studying amyloid
formation, however, is a challenging endeavor; fibrils are structurally heterogeneous,
pre-fibrillar structures are transient and difficult if not impossible to isolate, and the
entire process is remarkably sensitive to experimental factors (Chiti and Dobson,
2017).

1.2.1 Organization and structure of amyloid fibrils

A tremendous amount of work has been performed studying and describing the
structure of amyloid fibrils (Chiti and Dobson, 2017; ladanza et al., 2018; Otzen and
Riek, 2019; Sciacca et al., 2018; Terakawa et al., 2018). Amyloid fibrils are thread-
like aggregates, ranging from 7 to 13 nm in thickness and able to reach several microns
in length (figure 1.1). The fibrils themselves are typically composed of 2 to 8
protofilaments, often intertwined in a helical bundle, although there have been some
cases where fibrils consisted of a single protofilament (Eisenberg and Sawaya, 2017).
Monomeric units within the fibrils adopt $-strand motifs in the protofilaments, which
results in long parallel or antiparallel 3-sheets. Due to these sheets orienting themselves
perpendicular to the long fibril axis, this quaternary structure is known as the cross-f-
sheet and is the hallmark of amyloid fibrils. In most cases, X-ray diffraction
experiments measure the distances between p-sheets as 10 A and the distances between
B-strands as 4.8 A (Chiti and Dobson, 2017; Eisenberg and Sawaya, 2017).
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Figure 1.1 Hierarchical organization of amyloid fibrils. On the left, a transmission
electron micrograph of amyloid fibrils prepared in vitro showing the mesoscopic
structure. Middle, three-dimensional organisation of two associated protofilaments.
Right, inter-strand and inter-sheet distances of a single protofilament.

Amyloid fibrils are highly resistant to most forms of degradation, or disassembly, as
this quaternary structure is more thermodynamically stable than the native state of the
monomer and often constitutes a thermodynamic endpoint (Chiti and Dobson, 2009).
This is the case for transthyretin, a tetrameric protein associated with several forms of
familial amyloidosis (Bourgault et al., 2011c). Although it must pass through several
energetically unfavourable intermediates or transition states, the resulting fibrils have
a lower free energy than the monomeric structure (Geneste et al., 2015). Frequent
polymorphism is also displayed by in vitro amyloid preparations (Tycko, 2014), which
is described as multiple fibril structures and organizations arising from the same
peptide sequence. This suggests that the amyloid structure is an inherent consequence
of the physicochemical properties of polypeptide chains and does not necessitate
precise residue sequences. For example, due to the nature of the peptide amide bond,
there is a significant possibility to engage in hydrogen bonding laterally between amino
acid residues in sufficient proximity, which is the primary driving force behind the
unique quasi one-dimensional structure of amyloids. (Fitzpatrick et al., 2015).

Although certain morphologies of fibrils can be favoured in laboratory conditions, this



6

can be overcome by using small amounts of pre-formed fibrils as seeds to promote the
formation of the desired morphology (Tycko, 2011). It is important to note that fibrils
prepared in vitro do not match the morphologies of fibrils isolated from patient amyloid
extracts, though synthetic peptides may be seeded with fibrils extracted from patients

to produce comparable structures (Qiang et al., 2017).

1.2.2 Mechanisms of amyloid self-assembly

The mechanisms by which amyloidogenic precursors self-assemble have been a subject
of great interest for several decades. Regardless of the underlying mechanism, amyloid
growth is generally considered to be an exponential process and follows a sigmoidal
growth curve (Kumar et al., 2017). This results in three distinct phases of amyloid
growth, as depicted in figure 1.2A: 1) the nucleation (or lag) phase, where monomers
are in a dynamic state until eventually generating nuclei, 2) the elongation (or
exponential) phase, where the nuclei grow in length and fibrils begin forming, and 3)
the saturation (or equilibrium) phase, where fibril growth eventually depletes sufficient
soluble monomers/oligomers to the point that no more can be incorporated into the
fibrils (Kumar et al., 2017).

Although a variety of mechanisms have been proposed for the known amyloidogenic
polypeptides, they largely fall into three main categories. Nucleated polymerization is
arguably the simplest process by which amyloid may form (Arosio et al., 2015;
Knowles et al., 2009). In this case, monomers are primarily disordered, or have some
exposed disordered region. The rate-limiting step in this model is the formation of
nuclei by monomers during the lag phase, with some [-strand character. These nuclei
are considered the smallest structures capable of initiating amyloid growth, which then
recruit additional disordered, or partially disordered, monomers and fibril growth
continues onwards. An alternative mechanism is the process of conformational

conversion (Fu et al., 2015). In this model, during the lag phase, soluble monomers are
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in a dynamic equilibrium with soluble oligomers that largely retain the same secondary
structure as the monomers. At some point, the oligomers undergo a thermodynamically
unfavorable change in conformation to generate nuclei, which then are able to
incorporate other oligomers, or monomers, through a templating effect. Here, the
process is rate-limited not by the formation of oligomers, but rather by the structural
conversion of oligomers into nuclei (Meisl et al., 2016). Both of these processes are
most often proposed for smaller polypeptides, but for large globular proteins, these
pathways are not accessible unless there is a significant degree of unfolding to expose
the disordered regions to the solvent. Large globular proteins likely undergo a process
of native-like aggregation, where aggregation prone segments are revealed due to local
unfolding or the release of a ligand. These proteins then form aggregates and proceed
to form fibrils, similar to the process of conformational conversion (Chiti and Dobson,
2017). These processes are represented schematically in figure 1.2B (reproduced from
Chiti and Dobson, 2017), which also depicts secondary nucleation. While each of these
models can potentially exist in isolation, alternative pathways are possible, and the
reality is that there is likely a coexistence of more than one process at any given time
(Kumar and Udgaonkar, 2009).

Furthermore, there are secondary processes that may dramatically influence amyloid
formation. Two secondary processes of particular importance are fragmentation and
secondary nucleation. Fragmentation, as the name implies, involves the fracturing of
pre-formed fibrils into smaller segments, whereas secondary nucleation is the process
by which monomers associate to pre-formed fibrils to bypass the rate-limiting steps of
nucleation. While these processes (primary nucleation, secondary nucleation, fibril
elongation, and fragmentation) are difficult to discuss separately in any given system,
a generalized equation can be formulated to describe the overall process. This
mathematical analysis allows for the determination of rate constants, which permits the

mathematical reconstruction of the fibrilization mechanism. This enables the study of
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various perturbations on the amyloid system, such as membrane surfaces, chaperones,

or small molecules (Arosio et al., 2016).
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Figure 1.2 Mechanisms of amyloid self-assembly. A) Kinetic profile of amyloid
formation, showing the three phases of self-assembly. B) Different aggregation
pathways, illustrating the transitions between native, nucleated, and fibril forms.
Secondary processes are included which depict fragmentation and secondary nucleation.
Reproduced in part from Chiti and Dobson, 2017.

1.2.3 Functional amyloids

The stable and highly unique amyloid superstructure does play a functional role in

numerous organisms (Fowler et al., 2007). While most cases of functional amyloid
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were characterized in yeast and bacteria, several interesting forms of functional
amyloid were also discovered in mammals, including humans. Selected examples are
displayed in table 1.2 (Fowler et al., 2006; Otzen and Riek, 2019). Functional amyloids
are grouped by their activities, such as chemical storage, structural roles, information,
loss-of-function, and gain-of-function/signalling (Otzen and Riek, 2019). For example,
Pmell7 forms a structural amyloid scaffold for the biosynthesis of melanin in
melanocytes (Fowler et al., 2006). Additionally, amyloid bodies, or A-bodies, form
within the nucleus as a response to various cell stressors as an adaptive mechanism
(Audas et al., 2016). These functional, protective amyloids are dynamically formed
and reversible, using RNA as a linear polyanion to initiate the phase change from

soluble proteins to insoluble amyloids (Lyons and Anderson, 2016).

Table 1.2 Functional amyloids in mammals.

Classification Example Reference
Pmell17 — Templates biosynthesis of melanin
Structure Amyloid converting motif — sequence which stores Fowler et l., 2006,

proteins as A-bodies in nucleus Audas et al., 2016

Peptide hormones — storage and release of various

Storage h Maji et al, 2009
ormones

Loss of function MBP — inert storage of toxic MSP Soragni et al., 2015

Gain of function RIP1/RIP3 — signalling and cell death Li et al 2012

A particularly interesting example of functional amyloids in humans is the storage of
peptide hormones as amyloid-like deposits within secretory granules. After secretion,
due to changes in pH between granular and extracellular environments, the amyloid-
like aggregates dissociate and release biologically active monomeric peptides (Badtke
et al., 2009; Maji et al., 2009). A further potential utility of this phenomenon is the
sorting of peptide hormones in the Golgi, which may occur due to the nature of the
aggregation process being self-selective. This would imply that newly processed
peptide hormones group together and form granule cores consisting of specific

hormones rather than a mixture. However, due to the observed ability of amyloids to
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cross-seed, it may even be possible for co-aggregates of hormones to occur, resulting
in granules with defined hormone release ratios (Otzen and Riek, 2019). This was
observed under experimental conditions for adrenocorticotropic hormone (ACTH) and
B-endorphin, such that despite not forming amyloid on its own, ACTH did co-aggregate
with B-endorphin to form amyloid-like fibrils (Maji et al., 2009). Both ACTH and f3-
endorphin are processed from the same prohormone and secreted together, further
corroborating this hypothesis. Similarly, the pituitary adenylate cyclase activating
polypeptide (PACAP) is another peptide hormone presumed to be stored as amyloid
inside secretory granules (Maji et al., 2009), and the specifics of PACAP regarding its
physiological roles and aggregation will be addressed below.

1.2.4 Pathological amyloids

While functional amyloids are important, they are nonetheless a more recent area of
research and consequently, the vast majority of work conducted to date concerns the
pathological nature of amyloid. Alzheimer’s disease (Atwood et al., 2002), Parkinson’s
disease (Mehra et al., 2019), and various forms of systemic amyloidosis (Wechalekar
et al., 2016) are all active areas of interest, studying the behaviour of the monomeric

proteins, the corresponding aggregation, and the ensuing pathophysiology.

Table 1. 3 A non-exhaustive list of pathological amyloids in humans.

Peptide or protein Residues Associated disease Reference
Amyloid-p 40/42 Alzheimer’s Yasumoto et al., 2019
a-synuclein 140 Parkinson’s Mehra et al., 2019

Prion protein 208 Creutzfeldt-Jakob Rouvinski et al., 2014
Transthyretin 127 x4 Familial amyloidotic neuropathy Geneste et al., 2015
Serum amyloid A 45-104 AA amyloidosis Aguileraetal., 2014

In the context of peptide hormones, there are also numerous important cases to study.

One such example is the peptide atrial natriuretic factor (ANF) (figure 1.3A). ANF is
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densely stored in secretory granules inside cardiomyocytes as shown in figure 1.3B
(Inagami, 1989) and upon release, enters the bloodstream. Several physiological
responses can be elicited by ANF, primarily directed towards lowering blood pressure.
This is achieved through the regulation of renin secretion, and both uresis and
natriuresis — i.e., the excretion of excess sodium (Inagami, 1989). ANF has been shown
to aggregate, however, and amyloid-rich deposits known as isolated atrial amyloid
(IAA) can be found in the atria of the heart, with the majority of amyloid deposits found
in the extracellular space along the outside of cardiomyocytes (figure 1.3C) (Johansson
and Westermark, 1990). Although heterogenous in composition, the major peptide
constituent within 1AA deposits is the peptide hormone ANF. The presence of 1AA is
a common form of amyloid associated with increased age, appearing in over 80% of
individuals aged 80 years or older, (Louros et al., 2014). IAA deposits are detrimental
to heart function and can increase the risk of congestive heart failure, atrial fibrillation,
and atrial thromboembolism (Louros et al., 2014).

Another important example is the peptide hormone calcitonin (figure 1.3D). Human
calcitonin is secreted by para-follicular cells in the thyroid. Calcitonin primarily acts
on bones, inhibiting resorption and osteoclast activity, though it also decreases the
reabsorption of calcium and other minerals in the kidneys (Srinivasan et al., 2020).
While there is some interest in improving the therapeutic aspects of calcitonin as a
treatment for bone diseases (osteoporosis, Paget’s disease, hypercalcaemia), its
important role in medullary thyroid carcinoma (MTC) needs to be considered. In MTC,
significant amounts of calcitonin-rich fibrillar amyloid aggregates are localized within
the thyroid (Khurana et al., 2004). Fibrils of synthetic calcitonin and amyloid deposits
of calcitonin in MTC are shown below in figure 1.3E and F, respectively. Although a
rare form of thyroid cancer (2-5% of all thyroid cancer cases) (Erickson et al., 2015),
MTC has the ability to spread to surrounding lymph nodes and other organs (Jaber et
al., 2021). Treatment options for MTC are primarily surgical, although in recent years

immune-based therapies appear promising (Vergaro et al., 2022).
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Figure 1.3 Pathological cases of peptide hormone amyloidosis. A) ANF primary
sequence, B) immunogold detection of ANF in cardiomyocyte secretory granules, C)
immunogold detection of ANF fibrils in atrial tissue after necropsy (Kaye et al., 1986).
D) calcitonin primary sequence, E) fibrils formed from calcitonin in vitro, F) Congo red
birefringence of calcitonin aggregates in medullary thyroid carcinoma (Erickson et al.,
2015). G) primary sequence of IAPP, H) fibrils formed from synthetic IAPP in vitro, 1)
Congo Red staining of IAPP amyloid deposits in pancreatic tissue (Westermark et al.,
2011).

Arguably, the most well-known case of pathological peptide hormone aggregation is
IAPP (figure 1.3G). Co-secreted with insulin by the pancreatic islet cells, IAPP has
implications in controlling gastric emptying and satiety (Montane et al., 2012), though
the full function of IAPP is not fully understood (Westermark et al., 2011). 1APP
rapidly assembles into amyloid fibrils under physiological conditions (figure 1.3H).
Aggregates rich in IAPP are found in the vast majority of individuals afflicted with
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type 11 diabetes mellitus (T2D), though can occasionally be found in otherwise healthy
individuals (Westermark et al., 2011). This is detected histologically using the
birefringence of Congo red (CR) (figure 1.31). The presence of amyloid in the pancreas
is associated with reduced B-cell mass and the disturbance of normal cellular function.
It has been observed that the fibrils located inside the amyloid deposits were able to
penetrate deep within the surrounding cells. Additionally, in vitro experiments clearly
demonstrated that IAPP can disrupt the plasma membrane and cause the unregulated
influx of calcium ions — a process which would significantly impair cellular function
(Kawahara et al., 2000; Sciacca et al., 2020). The specific behaviours and mechanisms
by which IAPP aggregates and interacts with plasma membranes will be addressed in

detail below in the corresponding sections.

1.3 Islet amyloid polypeptide (IAPP)

1.3.1 Physiological role and function

IAPP was first discovered in 1986 and identified as the main proteinaceous component
contributing to the lesions found in pancreatic samples described over a century earlier
(Opie, 1901). This 37-residue peptide hormone derives from the cleavage of an 89-
residue precursor, preprolAPP, and the further processes of the corresponding 67-
residue prohormone, prolAPP, by carboxypeptidase E and prohormone convertase
(Westermark et al., 2011) in the Golgi and secretory granules of pancreatic p-cells.
IAPP undergoes two post-translational modifications necessary for its full biological
activity: C-terminal amidation, and the formation of a disulfide bridge between
residues Cys-2 and Cys-7 (Young et al., 1996). IAPP is found in all mammals so far
and the primary sequence is generally well conserved, yet several substitutions at key
positions may alter the physicochemical and biological properties of the peptide
significantly. For example, human IAPP is well-known for its ability to aggregate and

form amyloid fibrils whereas IAPP sequence from rodents can not form fibrils under
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physiological conditions (figure 1. 4A). Notable substitutions include multiple prolines
in the region between residues 20 — 29, a segment of the peptide recognised for its

important role in initiating the aggregation (Westermark et al., 1990).

IAPP is a member of the calcitonin family and consequently shares significant
homology with calcitonin, calcitonin gene-related polypeptide, and adrenomedullin
(Akter et al., 2016). Although a relatively hydrophobic polypeptide, IAPP contains a
few cationic residues and typically has an overall charge of +2 to +4, depending on pH.
Despite being an intrinsically disordered peptide (IDP), IAPP does possess a slight
degree of a-helical conformation in solution and is not a pure random coil per se
(Williamson et al., 2009; Williamson and Miranker, 2007). In the presence of
phospholipid bilayers, however, IAPP adopts a helix-kink-helix structure, with the first
a-helix occurring between residues 5 — 17, and the second a-helix between residues 20
— 27 (figure 1. 4A) (Nanga et al., 2011).

IAPP exerts a diverse array of biological effects as a peptide hormone, though it is
primarily associated with the regulation of satiation, gastric emptying, and inhibiting
glucagon secretion (Lutz, 2010; Montane et al., 2012; Westermark et al., 2011). As
with other peptide hormones (e.g., secretin, calcitonin), IAPP activates multiple G-
protein coupled receptors (GPCRs) found across a variety of cell types (Hay et al.,
2015). Despite exhibiting some minor activity with calcitonin receptors, IAPP binds
with significantly higher affinity to the AMY1, AMY2, and AMY 3 receptors. These
receptors are fundamentally calcitonin receptors with a single additional
transmembrane domain termed the “receptor activity-modulating protein” (RAMP)
(Christopoulos et al., 1999; Muff et al., 1999) (figure 1. 4B). With these receptors,
IAPP exhibits such a high affinity that it can induce signalling even at the low
picomolar concentrations found circulating in the plasma (Akter et al., 2016; Hay et
al., 2015).
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Figure 1. 4 Sequences of IAPP and calcitonin, and their associated receptors. A) Primary
sequences of human IAPP, rat IAPP with substituted residues highlighted in red, and
human calcitonin. B) Schematic representation of calcitonin and |APP receptor systems,
showing RAMPs and biologically active conformation of IAPP in the inset, obtained
from Nanga et al., 2011.

1.3.2 Storage, aggregation, and self-assembly

While the plasma levels of IAPP are in the low picomolar range, inside secretory
granules of the pancreatic B-cells the concentrations are up to low millimolar levels
(Hay et al., 2015). This results in a dramatic concentration gradient for IAPP, starting
from high storage concentrations and decreasing after secretion into the extracellular
space, until finally reaching the lowest concentrations in the circulating plasma. IAPP
is not the only peptide inside B-cell secretory granules; it is stored in an approximately
1:100 ratio with insulin. Both IAPP and insulin are prone to aggregation and are each
sufficiently concentrated that intragranular aggregation could occur yet does not. This
iIs most often explained by several contributing factors such as the acidic pH, the
presence of Zn?*, and the competitive aggregation inhibition between the two peptides
(Klaips et al., 2018; Wiltzius et al., 2009).
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IAPP readily aggregates to form amyloid deposits in the extracellular space, and these
deposits are present around islet cells for the vast majority of patients with type 2
diabetes (Milardi et al., 2021; Westermark et al., 2011). The role of these amyloid
deposits in type 2 diabetes pathophysiology is not entirely understood, though it is
suspected that the aggregation process of IAPP plays an important part. Interestingly,
there are also epidemiological links between IAPP and other protein aggregation
pathologies such as Alzheimer’s and Parkinson’s diseases (Hu et al., 2007; Peila et al.,
2002). Patients presenting with type 2 diabetes exhibited a roughly two-fold increased
risk for developing dementia in the Rotterdam study (Ott et al., 1996). Furthermore, a
new type of diabetes has been recently proposed, termed “type 3 diabetes” or
“Alzheimer’s disease-associated insulin resistance” and “brain phenotype diabetes”
(Raimundo et al., 2020; Stanciu et al., 2020). There appears to be an important
relationship between IAPP and Alzheimer’s disease (AD) since IAPP has been found
in AD brain tissue extracts (Bharadwaj et al., 2020; O'Nuallain et al., 2004) and in vitro
experiments demonstrated the ability of IAPP and the AD-associated peptide, amyloid-
B (AP), to accelerate aggregation and amyloid formation. Although a clear link between
IAPP aggregation and pancreatic cell death has been found, the precise mechanisms by
which this occurs remain elusive and various hypotheses are possible.

A number of intermediate structures are occupied by IAPP during its transition from
the monomeric to the aggregated state, many of which are short-lived and dynamic.
The resulting structures of the amyloid fibrils formed from IAPP are, by definition,
cross-B-sheets; consequently, the monomeric peptide — which is natively unstructured
— must undergo significant folding to be packed into the cross-f-sheet arrangement.
The process of IAPP self-assembly results in multiple fibril morphologies, likely
occurring from the competition between thermodynamic stability and reaction kinetics
(Luca et al., 2007). The actual supramolecular structures of amyloid fibrils may vary
significantly, such as in terms of the number of twists, diameter, or length

(vandenAkker et al., 2011). The first structure proposed for fibrillar IAPP was
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determined by solid-state nuclear magnetic resonance spectroscopy (SSNMR) (Luca et
al., 2007). To obtain this structure, however, fibrils were prepared under unique
conditions, favouring a certain morphology described as the striated ribbon. In more
recent years, fibril structures for synthetic IAPP (among other polypeptides) have been
proposed using cryo-electron microscopy (Cao et al., 2020; Roder et al., 2020).
Additionally, in a particularly interesting case, fibrils were prepared from synthetic
IAPP, seeded with pancreatic amyloid extracts from patients with diabetes. The cryo-
electron microscopy structures obtained from this seeded preparation demonstrated
multiple different fibril morphologies arising from the arrangements of the
protofilament cores, likely representing the fibrillar structure of pathological IAPP
fibrils (Cao et al., 2021).

1.3.3 Mechanisms of cytotoxicity

The cytotoxicity associated with the tissue deposition of amyloid fibrils is likely
multifactorial. Reports of various mechanisms are present in the literature, ranging
from biophysical models and in vitro studies, all the way to in vivo observations. Much
of the early work studying amyloid-associated cytotoxicity was centered around the
fibrils themselves. These large aggregates can be present in significant amounts and
directly lead to organ failure or tissue dysfunction. However, for most amyloid peptides
and proteins, it is currently suspected that the mechanisms of cytotoxicity occur
through multiple overlapping pathways (Abedini and Schmidt, 2013). This is the case
for IAPP, where increasing evidence suggests that the fibrils themselves are markedly
less damaging to pancreatic B-cells than pre-fibrillar structures (oligomers, protofibrils,
etc.) (Abedini et al., 2016b; Akter et al., 2016). Mechanisms involved in IAPP-
associated cytotoxicity can be divided into two categories: non-receptor based
mechanisms where IAPP aggregation directly disrupts the cellular integrity, and
receptor-mediated mechanisms where soluble pre-fibrillar IAPP species binds cell

surface receptors and triggers apoptotic pathways (Abedini and Schmidt, 2013).
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Receptor-mediated mechanisms of IAPP-induced B-cell toxicity involve generating
oxidative stress, the production of cytokines, and the activation of signalling cascades
leading to apoptosis. It was demonstrated with cultured islet cells that IAPP activated
the pro-apoptotic cJUN N-terminal kinase pathway. In pancreatic islet cells, the cJUN
N-terminal kinase pathway has also been observed to be upregulated in response to
endogenous |APP aggregates (Subramanian et al., 2012). Similarly, the interaction of
IAPP aggregates with the FAS receptor leads to the activation of caspase-3 signalling.
Interestingly, using Fas knockout, B-cells were protected from 1APP toxicity (Park et
al., 2012). Additionally, toxic aggregates of IAPP are able to activate the
inflammasome — multiprotein caspase-activating complexes, implicated in metabolic
diseases. The triggering of such signalling cascades by IAPP leads to the production of
cytokines such as interleukin-1p (Masters et al., 2010). IAPP may also play a role in
autophagy dysfunction. Autophagy is an important cellular process to destroy and
recycle damaged cellular materials. In cases where IAPP is overexpressed, however,
before the onset of hyperglycemia, autophagy can be impaired. Consequently, this
reduced capacity to handle misfolded or aggregated proteins further facilitates the
aggregation of IAPP, leading to many of the other described processes (Morita et al.,
2011; Rivera et al., 2011). Somewhat more recently, the interactions of receptors for
advanced glycation end-products (RAGE) with 1APP aggregates have been explored
and offers another potential cytotoxic pathway (Abedini et al., 2018). Nonetheless, the
vast majority of mechanisms explaining IAPP associated cytotoxicity revolve around
the direct, physical disruption of cell phospholipid bilayers and consequently, this will

be the main process addressed throughout the relevant sections of this research thesis.
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Figure 1.5 Proposed mechanisms of IAPP-induced membrane damage. Multiple
processes are suspected to occur which lead to the destabilization of the plasma
membrane and consequently cell death. Several mechanisms are illustrated here:
carpeting of the peptide on the membrane surface, lipid extraction of the nascent fibrils,
and the formation of amyloid pores.

Due to its aggregation, IAPP also exerts non-receptor mediated cytotoxic activity
involving the non-specific permeabilization of plasma and mitochondrial membranes.
Necessarily, a loss of integrity in these regions results in cellular dysfunction and
eventually, cell death. As illustrated in figure 1.5, monomeric IAPP may adhere to the
membrane surface and form protofibrillar aggregates that would insert into the bilayer
and form a transmembrane pore. Such pores can be formed from soluble IAPP
aggregates as well. Finally, membrane bound IAPP may continue to aggregate on the
bilayer surface, resulting in the extraction of lipids from the membrane. Membrane
permeabilization through mechanisms such as these results in increased Ca?* influx and
consequently mitochondrial dysfunction, and the production of reactive oxygen species
(Schubert et al., 1995).
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One criticism of the membrane permeabilization studies of IAPP is that these are
generally conducted using synthetic model membranes, whose composition does not
reflect that of biological membranes. In many such cases, excessive amounts of anionic
phospholipids are used, and it is uncommon for cholesterol and gangliosides to be
incorporated into synthetic models, all of which are present in cell plasma membranes
(Abedini and Schmidt, 2013; Sciacca et al., 2018). Additionally, there is a notable lack
of literature addressing the other differences between plasma membranes and synthetic

bilayers, such as the role of the cytoskeleton and glycocalyx during perturbations.

1.4 Pituitary adenylate cyclase activating polypeptide (PACAP)

1.4.1 Physiological role and function

PACAP is a neuropeptide, which was first isolated from ovine hypothalamus extracts
in 1989. It exists in two isoforms: a 38-residue polypeptide, and a C-terminal truncated
27-residue polypeptide (Hirabayashi et al., 2018). PACAP has a high degree of
sequence homology with vasoactive intestinal polypeptide (VIP) and glucagon and is
a member of the VIP/glucagon/secretin superfamily (figure 1.6A). Both the 38 and 27
residue isoforms are highly conserved sequences among species, with identical forms
of PACAP38 and PACAP27 found in all mammals, and only several minor
substitutions in non-mammals (e.g., tunicates) (Rudecki and Gray, 2016). PACAP is
synthesized from the 176 residue preproPACAP, where the first 25 residues are cleaved
by signal proteases to produce a signal peptide (1 — 25) and proPACAP (26 — 176). The
proPACAP is further cleaved into a large peptide fragment (26 — 79), a small peptide
fragment (82 — 129), and the c-terminal peptides PACAP38 (132 — 170) and PACAP27
(132 — 159) by peptidylglycine and o-amidating monooxygenases, respectively,
resulting in C-terminal amidation of PACAP (Hirabayashi et al., 2018). Both isoforms
have similar, sub-nanomolar affinity for the GPCR PACL, and also act on the shared
GPCRs VPAC1 and VPAC2 with VIP (figure 1.6B) (Rudecki and Gray, 2016).
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PACAP27 and PACAP38 are both intrinsically disordered peptides, though it has been
shown that each isoform of PACAP can adopt an a-helical structure to become
biologically active (Bourgault et al., 2009; Tchoumi Neree et al., 2014). Interestingly,
PACL is one of the most highly spliced receptors known to date, and PACAP is
involved in a wide range of biological processes such as the response to fear, post-
traumatic stress disorder, obesity, migraines, Parkinson’s disease, and potentially AD
(Tan and Waschek, 2011; Waschek, 2013). Furthermore, PACAP plays a critical role
in the adaptation to psychogenic and metabolic stress by means of regulating the
hypothalamic-pituitary-adrenal axis and sympathetic nervous system, respectively
(Eiden, 2013; Ferguson et al., 2013; Mustafa, 2013; Stroth et al., 2011).

With its role as a sort of master regulator, and its ability to act both on the central and
peripheral nervous system, there is a great deal of interest in studying PACAP in a
pathophysiological context. Not only has increased PACAP expression been observed
in individuals with migraine headaches, but infusions of PACAP were able to induce
migraines as well (Markovics et al., 2012; Tuka et al., 2013). Conversely, reduced
PACAP expression was observed during autoimmune and neurodegenerative diseases
such as Alzheimer’s, Parkinson’s, multiple sclerosis, schizophrenia, and traumatic
brain injury (Han et al., 2014; Rudecki and Gray, 2016). Outside of the brain, however,
PACAP has notable roles in the pancreas, as both PAC1 and VPAC1/2 receptors are
expressed in pancreatic o/f} cells (Portela-Gomes et al., 2003). There is, furthermore,
some indication that PACAP is expressed by pancreatic cells themselves, as
immunoreactivity demonstrated that PACAP was localized within secretory granules
of glucagon and insulin. Sustained insulin secretion during increased demand is also
maintained by PACAP, which protects against oxidative stress and regulates p-cell

proliferation/apoptosis (Sakurai et al., 2011; Yamada et al., 2004).
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Figure 1.6 PACAP and related peptide sequences and receptor activities. A) Primary
sequences of PACAP isoforms and related peptides. B) Schematic representation of
PACAP and VIP receptor system.

1.4.2 Storage, aggregation, and self-assembly

In 2009, a study published in Science proposed that PACAP, among a large number of
other peptide hormones, was stored in secretory granules as insoluble fibrils (Maji et
al., 2009). Furthermore, it was demonstrated that such aggregates were reversible and
able to release monomeric peptide units. The aggregates were considered to be a new
form of functional amyloid fibrils which conferred an energetically favourable storage
system inside of secretory granules. Since the high concentrations of peptide hormone
were stored in an insoluble state, no osmotic gradient was created and consequently,
no energy required to store such large amounts. Upon secretion of the hormones into
the extracellular space, the change in pH from acidic (pH 5.5 inside the granules) to
slightly alkaline (pH 7.4 in the interstitial fluid) induced the disassembly of the fibrils,
releasing the peptide hormones back into solution (Maji et al., 2009; Nespovitaya et
al., 2016). Further supporting this hypothesis, several co-factors present in the secretary
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granules have been identified to favour amyloid fibril formation in peptide hormones:
metal ions, such as zinc (Jacob et al., 2016), peptide-peptide coaggregation
(Ranganathan et al., 2012), and glycosaminoglycans (GAGs) (Jha et al., 2013; Malmos
et al., 2016; Mehra et al., 2018). PACAP itself is a cationic peptide and contains a
sequence of amino acids that follows the heparin binding motif XBBXBX, where B
represents a basic residue and X represents any other residue (figure 1.6A). The
relationship between polypeptides and GAGs has already been explored to a significant
degree in the context of amyloid formation (Aguilera et al., 2014; Bazar and Jelinek,
2010; Corlin et al., 2010; De Carufel et al., 2013; Jha et al., 2013; Madine et al., 2013;
Neree et al., 2015; Rullo et al., 2011; Solomon et al., 2011; Tchoumi Neree et al.,
2014), though in this work, particular importance is placed on the mechanisms by
which GAGs induce the fibrillar aggregation of the otherwise highly soluble and non-

aggregating PACAP.

1.5  Biological cofactors in amyloid formation

Although the major constituents of amyloid deposits are of proteinaceous nature,
significant amounts of other biological molecules are present, such as metal ions, lipids,
and glycosaminoglycans (Nguyen et al., 2015). Each of these cofactors plays an
important role in amyloid pathophysiology and the fibrilization process. These
cofactors can either facilitate or impede the fibrilization of amyloidogenic peptides.
Interestingly, certain co-factors, such as metal ions, display divergent effects on
amyloid self-assembly depending on the peptide in question. For example, zinc (I1) is
able to both prevent and promote the fibrilization of different peptide hormones, such
as preventing the formation of IAPP fibrils inside secretory granules (Salamekh et al.,
2011), yet favouring the formation of fibrils from the growth hormone inside of
secretory granules (Jacob et al., 2016) and with human prolactin (Christensen et al.,
2016).



24

Linear polyanions, such as GAGs and RNAs, have demonstrated a persistent ability to
promote and/or to accelerate fibrilization of peptide hormones. For example, a large
number of the peptides studied in the original work proposing the storage of peptide
hormones as amyloid were only able to form dense fibrils in the presence of low
molecular weight fractions of heparin (Maji et al., 2009). Similarly, in the case of a
peptide fragment from the phospholamban protein, the addition of GAGs immediately
induced the formation of fibrillar aggregates while the peptide remained soluble under
control conditions (Madine et al., 2013). This was even described specifically for the
hormone B-endorphin, where the structural role of heparin was demonstrated during
fibril growth and the reversibility of said fibrils (Nespovitaya et al., 2016; Nespovitaya
etal., 2017). Moreover, it is important to note that at certain concentrations, GAGs are
actually able to do the reverse and prevent the aggregation of peptides (Bazar and
Jelinek, 2010). Arguably the two most studied cofactors, however, are lipids and
GAGs. Therefore, most of the ensuing work will be devoted to the roles of these two

biomolecules and the importance of each one in the amyloidogenic process.

Table 1.4 Biological cofactors found in amyloid deposits in vivo

Cofactor Example Reference
. Zinc (1) (Khemtemourian et al., 2021)
Metal ions
Copper (I1) (Crooks et al., 2020)
. Heat shock proteins (Wentink et al., 2019)
Proteins . . 4
Apolipoprotein E (Chargé et al., 1996)
. RNA (Audas et al., 2016)
Polyanions .
Glycosaminoglycans (Young et al., 1992)
o Cholesterol (Caillon et al., 2014)
Lipids - -
Anionic phospholipids (Zhang et al., 2017)

1.5.1 Glycosaminoglycans

GAGs are long, linear anionic polysaccharides, which are found on the outer leaflet of

plasma membranes, or as major structural components of the extracellular matrix
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(ECM) (Papy-Garcia et al., 2011). Important biopolymers, GAGs play essential roles
in cellular differentiation, proliferation, migration, and survival through their
interactions with cytokines, growth factors, or other heparin binding proteins (Maiza et
al., 2018). The polysaccharide chains of GAGs are composed of up to 200 disaccharide
building blocks, able to reach sizes of approximately 100 kDa. Depending on the
disaccharide units, GAGs can be classified into four subfamilies, with each having
distinct physicochemical properties (charge, degree of sulfation, etc.): heparan sulfate
(HS), chondroitin sulfate (CS), keratan sulfate (KS), and hyaluronic acid (HA) (figure
1.7A) (Papy-Garcia et al., 2011). Interestingly, KS are the only GAGs to incorporate
galactose in the disaccharide units. GAGs can be found in two forms: free/soluble
GAGs or bound to a protein core resulting in the formation of a proteoglycan (Gandhi
and Mancera, 2008). HS and CS chains are bound to the proteoglycan core by O-
linkages with serine residues, while KS chains can be found with both O- and N-
linkages to Ser/Thr or Asn residues, respectively (Maiza et al., 2018; Papy-Garcia et
al., 2011).

The biosynthesis of GAGs is complex, and results in a diverse array of final
polysaccharide structures. Firstly, in the endoplasmic reticulum, xylosyltransferases
join a xylose-containing tetrasaccharide (Xyl-Gal-Gal-GIcA) to a Ser residue on the
proteoglycan core (Persson et al., 2018). Secondly, the process is then initiated with
either specific transferases for GICNAc or GalNAc. Thirdly, disaccharide units are
added to elongate the growing polysaccharide chains, and sulfate groups are added at
acetyl or hydroxyl moieties by sulfotransferases. Fourthly, the proteoglycans are then
transported from the Golgi to the cell surface/extracellular matrix (Li and Kusche-
Gullberg, 2016). Finally, further processing at this stage is still possible, such that
oligosaccharides can be liberated through enzymatic cleavage. It is important to note
that in the ECM, growth factors and cytokines can be stored in a bound state with GAGs
(Jin et al., 2021). While the types of GAGs in the ECM are varied (HS, CS, KS, HA),

those found on the plasma membrane of cells are primarily HS proteoglycans (HSPGs)
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(figure 1.7). Another type of GAG, heparin, is expressed in mast cells and is the most
highly sulfated form of GAGs. Isolated heparin (approximately 2.7 sulfate groups per
disaccharide unit) is often used in in vitro experiments to represent the most densely
charged segments of HSPGs (averaging 1 sulfate group per disaccharide) (lannuzzi et
al., 2015; Quittot et al., 2017b).

While GAGs have numerous physiological roles that are well defined, they are also
important players in the more enigmatic processes of protein aggregation and amyloid
formation. Indeed, virtually all intra- and extra-cellular insoluble proteinaceous
deposits from patients contained significant amounts of GAGs (Ancsin, 2003). In these
extracts, GAGs appeared to be an integral component of the aggregates and
consequently initiated a wealth of research on the roles GAGs played in amyloid
disorders (table 1.5). Generally, in vitro experiments demonstrated that GAGs such as
heparin, HS, and CS accelerated the process by which monomeric proteins/peptides
form amyloid fibrils (Quittot et al., 2017b). This acceleration is dependent on the chain
length, or the degree of polymerization (dp) and smaller chains (dp <4) exhibit minimal
effects on fibrilization (Jha et al., 2011). At longer chain lengths, however, (6 < dp <
18), fibrilization is markedly accelerated. Beyond this length (dp >>> 18) a plateau is
reached, and under certain conditions can even discourage fibrilization (Jha et al.,
2011). It is thus far suspected that shorter chain lengths of GAGs (i.e., dp < 4) are
incapable of binding multiple peptide monomers and therefore unable to sufficiently
increase the local concentration of peptide, thereby accelerating the self-assembly
process. Similarly, the relative GAG-to-protein molar ratios have been demonstrated
in vitro to be an important variable in determining the role that GAGs play during
fibrilization. Lower GAGs:peptide molar ratios (< 1:1) displayed the ability to
accelerate fibrilization, whereas high molar ratios once again impeded fibrilization
(Bazar and Jelinek, 2010; Mehra et al., 2018). This was explained as the peptides being
too dispersed among GAGs, such that insufficient numbers of peptide monomers were

in close enough proximity on the same GAG chain. Research has also described the
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importance of sulfation in this process, such that higher degrees of sulfation increase
the binding affinity for proteins and accelerate the process of fibrilization, while non-
sulfated GAGs such as HA or N-acetylated heparin did not favour fibrilization despite
maintaining the same overall anionic charge (Aguilera et al., 2014; Bourgault et al.,
2011c).

Several groups have analyzed the mechanisms by which GAGs modulate amyloid fibril
formation, and four different mechanisms have been postulated using HS/heparin with
a variety of amyloidogenic proteins and peptides (Maiza et al., 2018). Firstly, HS may
promote the folding of proteins/peptides into amyloid-competent precursors (Schultz
et al., 2017; Xu and Esko, 2014). Secondly, HS may act as a molecular platform for
monomer self-assembly, increasing local concentrations and therefore monomer unit
density around the polysaccharide chain (McLaurin et al., 1999; Rouvinski et al.,
2014). Thirdly, HS may act as a platform for oligomer self-assembly by stabilizing
transient pre-fibrillar species (Rodriguez et al., 2017; Snow et al., 1994). Fourthly, HS
may act as a platform allowing for post-translational modifications of the
protein/peptide, which can favour aggregation (Sepulveda-Diaz et al., 2015).
Additionally, the presence of HS/heparin also catalyses the lateral aggregation of
assembled fibrils, thereby decreasing the solubility and increasing the resistance to
proteolysis (Maiza et al., 2018). These mechanisms have been proposed by studying
the aggregation of amyloidogenic peptides — typically associated with diseases. To
date, there exists substantially less information regarding the mechanisms by which
GAGs induce the formation of amyloid in peptides with comparatively low

amyloidogenicity.
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Figure 1.7 Chemical structures of disaccharides and GAGs. Top: Chemical structures of
the disaccharide building blocks used in each type of GAGs. Bottom: schematic
representation of soluble GAGs (HA) and proteoglycans incorporating CS, HS, and DS.
Reproduced in part from Gandhi and Mancera, 2008.

Much research has been done to study the role of GAGs in amyloid-associated

pathologies. Consequently, the majority of experiments use proteins such as Af

(Alzheimer’s), IAPP (type 2 diabetes), a-synuclein (Parkinson’s), or prion related
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protein, PrP (Creutzfeldt-Jakob). There is, however, another potential role of GAGs in
the formation of amyloid, which is not associated with pathological states. As first
proposed in 2009, there is a high likelihood that GAGs can stimulate the formation of
functional amyloids within secretory granules as a form of high-density peptide
hormone storage. While certain peptide hormones are capable of aggregating on their
own, others are highly soluble and stable species yet, in the presence of GAGs, these

too can form amyloid. Essentially all mechanistic studies conducted to date have

focused on the role of GAGs in pathological rather than functional amyloid.

Table 1.5 Known peptides and proteins which have been shown to form amyloid in the
presence of GAGs. Peptides with intrinsic amyloidogenicity that form amyloid
regardless of the presence of GAGs are denoted with (+) while those that require GAGs
are denoted with (-). Certain peptides are able to form amyloid under particular
conditions on their own, which are labelled (+/-) (Quittot et al., 2017b).

Polypeptide Amyloidogenecity Associated pathology Reference

hIAPP + Type 1l diabetes mellitus (De Carufel et al., 2013)
Amyloid-B + Alzheimer’s disease (Brunden et al., 1993)
a-synuclein + Parkinson’s disease (Holmes et al., 2013)
ANF + Isolated atrial amyloidosis (Millucci et al., 2011)
Medin + Aortic medial amyloidosis (Madine and Middleton, 2010)
sCT +- Therapeutic (Malmos et al., 2016)
hCT + Thyroid medullary carcinoma (Itoh-Watanabe et al., 2013)
VIP - None (Maji et al., 2009)
rIAPP +/- None (Wang and Raleigh, 2014)
PLB(1-23) - None (Madine et al., 2013)
B-endorphin - None (Nespovitaya et al., 2016)
Somatostatin +- None (Anoop et al., 2014)
PrP (106-126) + Fatal familial insomnia (Bazar and Jelinek, 2010)
Gelsolin + Finnish-type familial (Solomon et al., 2011)

amyloidosis

Transthyretin +- Familial amyloidosis (Bourgault et al., 2011c)
B-2-microglobulin + Dialysis-related amyloidosis (Corlin et al., 2010)
Serum amyloid A +/- Rheumatoid arthritis (Egashira et al., 2011)
Apomyoglobin +/- None (Vilasi et al., 2011)
Tau protein + Alzheimer’s disease (Luo et al., 2013)
Acylphosphatase - None (Motamedi-Shad et al., 2009)
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1.5.2 Membrane lipids

Lipids have a longstanding association with amyloid formation. In pathological cases,
patient extracts commonly contain a variety of lipids localized within the amyloid
plaques. Moreover, several of the prevailing hypotheses, which describe the associated
cytotoxicity of amyloids, are directly linked to the disruption of cell membranes. It is
important to note that the plasma membrane is the nearest source of lipids for
extracellular amyloid formation, and therefore it is not surprising that within a variety
of amyloid deposits, both cholesterol and sphingomyelin are detectable (Gellermann et
al., 2005). The role of lipids, and correspondingly lipid bilayers, in amyloid formation
Is complex, however, and is therefore an important area to understand in the context of

amyloids.

Lipids are composed of a long hydrophobic chain with a hydrophilic headgroup,
allowing them to form bilayers, which act as a barrier between cellular compartments
(Kusumi et al., 2011). Membrane lipids are divided into three classes: 1)
glycerophospholipids (figure 1.8A), composed of two hydrophobic fatty acyl chains
(sn-1 and sn-2), a glycerol backbone, and a phosphatidyl head group with a variable
moiety. The sn-1 chain is typically a saturated fatty acid while the sn-2 chain contains
most of the unsaturations. 2) Sphingolipids (figure 1.8B), composed of a sphingoid
base which may vary in the hydroxylation/unsaturation, an N-acyl chain and a
phosphatidyl head group. The N-acyl chain in sphingolipids is normally saturated and
longer than the acyl chains in glycerophospholipids. 3) Sterols (figure 1.8C) represent
the third class of lipid, primarily cholesterol in mammalian cells (Harayama and
Riezman, 2018).

Structural differences in cell membranes arise from the chemical and compositional
diversity of lipids (Harayama and Riezman, 2018). For example, at the subcellular level
the endoplasmic reticulum contains less cholesterol and more unsaturated fatty acyl
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chains than the plasma membrane. Similarly, other organelles may contain specific
lipids, such as cardiolipin in the mitochondria, or lysobisphosphatidic acid found in late
endosomes. Even further differences can be found at the sub-organellar level, such as
a pronounced asymmetry between the outer and inner leaflets of the plasma membrane,
where phosphatidylserine lipids are localized almost exclusively in the inner leaflet
under normal conditions (Bretscher and Raff, 1975). Another example in the plasma
membrane comes from the complex formation of rafts, where certain lipids and
membrane proteins form phase-separated segments within the bilayer (Kalappurakkal
et al., 2020).

Models such as liposomes, micelles, and monolayers have been essential tools to study
the behaviour of amyloidogenic peptides in the presence of lipids (figure 1.8D). Due
to the amphiphilic nature of lipids, they rapidly self-assemble in aqueous solution, and
depending on the length of the acyl chains and the nature of the polar headgroups, adopt
different three-dimensional structures. Shorter lipids, fatty acids, and detergents will
form micelles spontaneously, which will remain in a dynamic equilibrium strongly in
favour of the assembled structure; however, a small amount of non-assembled material
will remain in solution. Phospholipids generally self-assemble into multilamellar
vesicles (MLVs) spontaneously. MLVs are large structures, typically on the order of 1
um in diameter, composed of multiple hydrated bilayers. Liposomes are prepared by
extruding MLVs through a porous membrane, thereby stripping away the larger outer
bilayers. Common preparations of liposomes are in the range of 50 — 200 nm in
diameter, since for larger diameter liposomes the extrusion process becomes less
efficient and some amount of MLVs remains (Lasic, 1988). The preparation of planar
monolayers is less robust, however, and highly sensitive to impurities or contaminants
(Diociaiuti et al., 2016). Nonetheless, it is routinely achieved in the Langmuir-Blodgett
approach. Most of the literature is centered around liposomes, however, since they

allow for the analysis of a vast range of experimental conditions, including the role of
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lipid chain length, surface charge, vesicle size, lipid composition (Sciacca et al., 2018;

Terakawa et al., 2018).
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Figure 1.8 Lipid structures, composition, and model membranes. A) Representative
structure of glycerophospholipids showing the head group (green), glycerol backbone
(red), and acyl chains (blue). Common head groups and acyl chains are illustrated on the
right. B) Representative structure of sphingolipids, with the variable head group (green) ,
N-acyl chain (blue), and variable sphingoid base (red). C) Representative structure of
sterols showing hydroxyl head group (green), fused rings section (red), and the
hydrocarbon tail (blue). D) Typical sources of model membranes to study amyloid
biophysics, showing liposomes, micelles, and monolayers. Reproduced in part from

Harayama and Riezman, 2018.

Liposomes are the primary model system employed to study amyloidogenic peptide-

lipid interactions, having been used for structural and mechanistic studies of amyloid

fibrils, and the corresponding membrane damage (Haya et al., 2020; Naito et al., 2018;

Yamane et al.,, 2019). Dye-leakage experiments, where a fluorescent dye is

encapsulated within liposomes and its passage across the bilayer can be detected, are a
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high-throughput and valuable method to detect membrane perturbations during
amyloid formation (Sciacca et al., 2020).

Significantly smaller than liposomes, micelles are still useful tools to study membrane-
mimicking environments and the interplay between lipids and amyloidogenic peptides.
Micelles have been used to induce structural changes in peptides and to stabilize pre-
fibrillar species (Serra-Batiste et al., 2016). Monolayers (and planar bilayers) are
particularly useful when attempting to detect the forces and pressures involved during
the insertion of a peptide into the membrane (Thakur et al., 2011). While the versatility
and general simplicity of these model membranes has been essential to advance the
collective understanding of the complex processes by which amyloid interacts with
lipids, there is an increasing interest in developing more accurate models to better

reflect the heterogeneous composition of biological membranes.

The organization of the plasma membrane is highly complex and dynamic, with various
sub-structures and regions. The first model proposed in the 1970’s of the plasma
membrane was the fluid mosaic model, where it was postulated that lipids and proteins
were free to diffuse laterally throughout the bilayer (Singer and Nicolson, 1972). Since,
the model has been refined and while lipids and proteins may diffuse laterally, it was
also observed that a second, much slower diffusion was taking place. This led to the
patchwork quilt model (Kusumi et al., 2012; Kusumi et al., 2011), where membrane
lipids would separate into various patches based on their biophysical properties (Figure
1. 9). Within these patches, diffusion was quick; however, at the junction between two
patches, diffusion was far less favourable and considerably slower. Further research
described networks of membrane proteins anchoring into the actin filaments, which
restricted the motions of transmembrane proteins (e.g., ion channels, GPCRs, etc.)
(Kusumi et al., 2011). Interestingly, while transmembrane proteins in nucleated cells
retain significant lateral mobility within the bilayer, this is not the case in erythrocytes.
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Figure 1. 9 Composition and structure of the plasma membrane. A non-exhaustive
illustration depicting the myriad of non-lipid components found in, or associated with,
the plasma membrane in typical eukaryotic cells.

Within the context of amyloid formation, a great deal of interest has revolved around
the plasma membrane, although other biological membranes, such as the mitochondrial
membrane, are also of interest (Ludtmann et al., 2018). In fact, a significant number of
current hypotheses regarding amyloid-associated cytotoxicity revolve around the
disruption of phospholipid bilayers, with most of the supporting biophysical work
being carried out using artificial bilayers (Sciacca et al., 2018). Currently, it is
hypothesized that amyloid fibril formation occurring around phospholipid bilayers is
in close contact with the bilayer surface. As the monomeric protein/peptide subunits
assemble into pre-fibrillar species such as oligomers and/or protofibrils, several
possible interactions with the bilayer may occur. Oligomers/protofibrils may insert
themselves into the membrane, creating transmembrane pores, or channels, which
result in the uncontrolled passage of solutes across the membrane. Additionally, further
aggregation and carpeting of the oligomers/protofibrils at the membrane surface may
lead to the removal of lipids by the increasingly hydrophobic aggregates, which would
then result in lipid-containing amyloid fibrils (Caillon et al., 2013; Cao et al., 2013a;
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Sasahara, 2018; Sciacca et al., 2016; Sciacca et al., 2020). Of course, lipid bilayers also
exert an effect on the process of amyloid fibril growth. In virtually all known cases, the
presence of anionic phospholipid head groups such as phosphatidylserine (PS) or
phosphatidylglycerol (PG) in synthetic bilayers accelerates fibrillogenesis compared to
neutrally charged head groups such as phosphatidylcholine (PC),
phosphatidylethanolamine (PE), and sphingomyelin (SM). (Christensen and Schiott,
2019; Terakawa et al., 2018; Walsh et al., 2014).

1.6 Research problems and objectives

Despite the progress made in the last two decades to better understand the molecular
basis of amyloidogenic processes, several important questions remain. These gaps in
the collective understanding notably stem from the complex and dynamic nature of
amyloid formation, a lack of tools to study amyloid in biological environments, and
often irreproducible or highly variable results when investigating the kinetics and

thermodynamics of amyloid formation.

It is hypothesized, therefore, that since the amyloidogenic process is highly sensitive
to a wide variety of factors and implicated in normal biological processes as well as
pathological states, new tools and models will be beneficial to improve the quality of

data obtained from in vitro biophysical characterizations.

The overarching objective of this research thesis is to uncover innovative biophysical
strategies and approaches to study the process and factors affecting the aggregation of
peptide hormones into amyloid fibrils. Toward this goal, three specific objectives will
be addressed using PACAP and IAPP as models of peptide hormones:
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1. Elucidate the mechanism by which glycosaminoglycans stimulate the self-
assembly of the soluble peptide hormone PACAP under physiologically
relevant conditions.

2. Develop and establish biologically relevant lipid bilayer model systems to study
plasma membrane perturbation induce by the pathological amyloid self-
assembly of IAPP.

3. Investigate causes of experimental variation during kinetics of amyloid

formation in vitro and improve assay reproducibility.
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2.1 Abstract

Amyloids are polypeptide supramolecular assemblies that have been historically
associated with numerous pathologies. Nonetheless, recent studies have identified
many amyloid structures that accomplish vital physiological functions. Interestingly,
amyloid fibrils, either pathological or functional, have been reported to be consistently
associated with other biomolecules such as RNA and glycosaminoglycans (GAGS).
These linear polyanions, RNA and GAGs, have also demonstrated an inherent ability
to accelerate and/or to promote amyloid formation. GAGs, including heparan sulfate,
are highly charged polysaccharides that may have essential roles in the storage of
peptide hormones in the form of amyloids. In this study, we evaluated the ability of
sulfated GAGs to promote the self-assembly of the peptide (neuro)hormone PACAP27
and investigated the secondary and quaternary conformational transitions associated
with the amyloidogenic process. PACAP27 readily self-assembled into insoluble, o-
helix-rich globular particulates in the presence of sulfated GAGs, which gradually
condensed and disappeared as non-toxic B-sheet-rich amyloid fibrils are formed. By
designing a PACAP27 derivative for which helical folding was hindered, we observed
that the a-helix-to-f-sheet conformational transition within the amorphous particulates
constitutes the rate-limiting step to primary nucleation events. The proposed
mechanism of GAG-induced self-assembly within insoluble particulates appears to be
fundamentally different from usual amyloidogenic systems, which commonly
implicates the formation of soluble pre-fibrillar proteospecies. Overall, this study
provides new insights into the mechanistic details involved in the formation of
functional amyloids catalyzed by polyanions, such as the assembly of nuclear amyloid

bodies and the storage of peptide hormones.
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2.2 Introduction

Amyloid fibrils are well-ordered protein assemblies characterized by a cross-p-sheet
quaternary structure organisation (Eisenberg and Sawaya, 2017; Tycko, 2014). The
aggregation and tissue deposition of numerous endogenous proteins as insoluble
amyloid fibrils have been originally associated with a variety of human diseases, such
as Alzheimer’s disease, Parkinson’s disease, type II diabetes mellitus and systemic
familial amyloidosis (Chiti and Dobson, 2017). In these pathological deposits, the
fibrillar protein core is ubiquitously associated  with different non-fibrillar
biomolecules, including proteins (Bellotti and Chiti, 2008; Kisilevsky, 2000; Pepys and
Hirschfield, 2003), metals (Alexandrescu, 2005), lipids (Gellermann et al., 2005), and
glycosaminoglycans (GAGSs) (Ancsin, 2003). GAGs are well known to accelerate the
in vitro formation of amyloid fibrils from amyloid disease-related polypeptides such as
transthyretin (Bourgault et al., 2011c), islet amyloid polypeptide (De Carufel et al.,
2013), gelsolin (Solomon et al., 2011), a-synuclein (Cohlberg et al., 2002), and
amyloid-p (Castillo et al., 1998). Interestingly, GAGs were also shown to induce the
amyloid self-assembly of numerous natively poorly amyloidogenic proteins, including
apomyoglobin, B-microglobulin as well as short hydrophilic peptides (Borysik et al.,
2007; Madine et al., 2013; Vilasi et al., 2011). One important example of GAGs-
induced fibril formation is in the context of peptide hormones, which were revealed to
be stored as amyloid-like assemblies in the secretory granules (Maji et al., 2009). In
fact, functional amyloids have been documented in various organisms, such as in the
formation of bacterial biofilms (Chapman et al., 2002), the adhesion and coat formation
in fungi (Mackay et al., 2001), as structural components in egg shells in insects and
fish (Iconomidou et al., 2000), and as a scaffolding system during melanin biosynthesis
in humans (Fowler et al., 2006). Another form of functional amyloid in humans is as a
response to cellular stressors, whereby non-coding RNA (ncRNA) facilitates a
reversible aggregation of cytosolic proteins into phase-separated amyloid bodies
(Audas et al., 2016). Thus, GAGs and ncRNAs both demonstrate the ability to induce
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amyloid formation in otherwise soluble proteins, which has been attributed to the
polyanionic nature of these biomolecules. The implications of biological polyanions,
such as GAGs, in the formation of amyloid assembly are far-reaching and may lead to

a better understanding of the amyloidogenic process.

GAGs are primary constituents of the extracellular matrix and are found on the outer
leaflet of the plasma membrane as components of proteoglycans (Theocharis et al.,
2016). These linear unbranched polysaccharides composed of repeating disaccharide
units have anionic charges in the form of carboxylate and sulfate ions. GAGs play
crucial physiological roles as structural components in the extracellular matrix (ECM)
and in cell differentiation, morphogenesis, and migration (Theocharis et al., 2016).
Whereas it is well-known that GAGs strongly associate with polypeptides harboring a
heparin-binding domain, such as cytokines and growth factors (Cardin and Weintraub,
1989; Gandhi and Mancera, 2008), there is growing interest in investigating the nature
of peptide-GAGs interaction in the context of amyloid fibril formation (Quittot et al.,
2017b). It has been reported that the type of GAGs (heparin, chondroitin sulfate,
hyaluronic acid) can exert different effects on amyloid self-assembly (Borysik et al.,
2007; Dharmadana et al., 2018; Takase et al., 2016). This has largely been attributed
to the degree of sulfation of the polysaccharide, with less sulfated GAGs being
generally less effective at promoting fibrillisation (Bourgault et al., 2011c). Clear
evidence exists that even in vitro, GAGs are incorporated into the mature fibril structure
and are not simply acting as catalytic bystanders (Nespovitaya et al., 2017). Structural
similarities between different amyloid-GAG complexes, such as GAGs bound
longitudinally along the fibril axis for fibril assembled from AP or salmon calcitonin,
have suggested similar mechanisms of self-assembly (Malmos et al., 2016; Stewart et
al., 2016; Stewart et al., 2017). Additionally, there has been progress made on the
mechanisms by which GAGs exert their amyloidogenic effect, using proteins whose
aggregation is associated with pathologies (Bourgault et al., 2011c; Solomon et al.,

2011; Vilasi et al., 2011). Transthyretin and gelsolin have been proposed to aggregate
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into oligomeric intermediates, which then bind to GAGs, increasing local
concentrations and formation of larger aggregates through quaternary conformational
conversion (Bourgault et al., 2011c; Solomon et al., 2011). In contrast, although the
distinction between GAGs binding monomeric or oligomeric species was not made in
the case of apomyoglobin, it was proposed that GAGs may act as templates for the
fibril assembly and increase the local concentration of the protein (Vilasi et al., 2011).

Despite extensive interest in understanding the mechanisms behind GAG-promoted
amyloidogenesis of peptides with low intrinsic amyloidogenicity, this process has not
yet been characterised in sufficient detail. Consequently, the present study focuses on
elucidating the mechanisms by which short non-amyloidogenic disordered proteins,
such as peptide hormones, convert from a soluble state into an amyloid-like
conformation in the presence of GAGs. The 27-residue pituitary adenylate cyclase-
activating polypeptide (PACAP27) was used as a model peptide hormone to investigate
this process. It has been previously proposed from biological and biophysical
characterization that this peptide neurohormone is stored in the secretory granules as
amyloid-like structures (Maji et al., 2009). This study demonstrates that despite having
a low aggregation propensity, PACAP27 readily self-assembles into an amyloid
structure in the presence of GAGs under physiologically relevant conditions. Our
results suggest that the mechanism responsible for the self-assembly of PACAP27
involved concerted secondary and quaternary conformational conversions, in which
amyloid nuclei are formed subsequently to the binding of the peptide on the sulfated
GAG-scaffold.
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2.3 Materials and methods

2.3.1 Material.

Thioflavin T, low molecular-weight heparin (LMWH), un-fractionated heparin (HEP),
8-anilino-1-naphthalenesulfonic acid (ANS) and all other chemicals were purchased
from Sigma-Aldrich. 1,1,1-3,3,3 hexafluoroisopropanol (HFIP) was purchased from
Oakwood chemicals.

2.3.2 Peptide Synthesis and Purification.

Peptides were synthesized on rink amide resin using a Tribute peptide synthesizer
(Protein Technologies) by standard Fmoc chemistry, as previously described (Nguyen
et al., 2017). After cleavage from the solid support, crude peptides were precipitated
and washed with diethyl ether, recovered by vacuum filtration, and dissolved in
distilled water before being lyophilized. Peptides were purified by reverse-phase high
performance liquid chromatography (RP-HPLC) on a preparative Luna C18 column
(250mm x 21.2 mm, 5 um, 100 A, Phenomenex) with a linear gradient of acetonitrile
(ACN) in TFA/H20 (0.06% v/v). Collected fractions were analyzed by analytical RP-
HPLC using a Kinatex EVO C18 column (150 mm x 4.6 mm, 3.6 pm, Phenomenex)
and mass-verified by electrospray ionization time-of-flight mass spectrometry (ESI-
TOF MS). Fractions containing the peptide of interest at 95% purity or greater as
measured by RP-HPLC were pooled and lyophilized. To ensure that peptides were
monomeric, each peptide was dissolved in HFIP at 1 mg/mL and sonicated for 30
minutes. The HFIP solution was then filtered through a 0.22 um PVDF filter and
lyophilized. Peptides were stored dry at -20 °C.
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2.3.3 Amyloid Fibril Formation.

Stock solutions were prepared by dissolving peptides at 4 mg/mL (1.27 mM) and
LMWH at 4 mg/mL (0.8 mM) in mannitol buffer (D-mannitol 5% w/v, NaN3z 0.01%
w/v, pH 6.0) and diluted to the required experimental concentrations, based on a
previously reported protocol (Maji et al., 2009). A total of 600 uL of solution was used
in 1.5 mL microcentrifuge tubes, which were incubated at 37°C with longitudinal
rotation (50 rpm). At various time of incubation, aliquots were taken and diluted with
19 volumes of nanopure water. These solutions were subsequently analyzed by
fluorescence spectroscopy, circular dichroism spectroscopy, atomic force microscopy,

and transmission electron microscopy.

2.3.4 Kinetics of Amyloid Self-Assembly.

Lyophilized and monomerized peptides were dissolved at 2.54 mM in mannitol buffer
containing 20 uM thioflavin-T (ThT). GAGs were dissolved to 1.6 mM (8 mg/mL
LMWH; 27.2 mg/mL heparin) stock in the same mannitol buffer containing ThT.
These solutions were diluted to relevant experimental concentrations with mannitol
buffer containing 20 uM ThT, and the stock GAG solution was added to the peptide
solution immediately before the initiation of the experiment. Assays were conducted in
corning polystyrene microplates (96 wells, 100 pL/well, non-treated surface, black
walls with clear bottom) sealed with silicone lids. Measurements were performed at
37 °C using an M1000 Pro plate reader (Tecan) taken at 10-minute intervals (10
seconds of linear agitation between each read; 2 mm amplitude, 168 rpm). Amyloid
formation was monitored by ThT fluorescence (Aexcitation = 440 nm, Aemission = 485 nm),
and data were fitted with a Boltzmann sigmoidal function where tso is the time to half-
maximum intensity, k is the apparent first-order rate constant, and Fo, Fmax are the

minimum and maximum fluorescence intensities, respectively).
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The lag phase (tiag) was defined as the time before detectable amyloid formed and was

calculated from the sigmoidal model as: tiag = tso — 2K.
2.3.5 Fluorescence Spectroscopy.

All spectra were recorded using a Horiba spectrofluorimeter. ANS and ThT were used
as fluorogenic probes to follow aggregation and/or the formation of amyloid fibrils.
ThT or ANS was added to the sample at a final concentration of 20 uM and 40 uM,
respectively. ThT emission was measured with excitation at 440 nm and detected
between 450 — 550 nm, while ANS emission was measured between 385 — 585 nm
after excitation at 370 nm. All spectra were blank-subtracted with the corresponding

peptide-free solution and normalized.
2.3.6 Circular Dichroism Spectroscopy.

Far-ultraviolet circular dichroism (CD) spectra were recorded at room temperature
using a J-810 CD spectrometer (Jasco, Easton, MD, USA). Spectra were recorded from
260 to 190 nm and were blank-subtracted. All data was collected in 2 mm path length

quartz cuvettes and converted to mean residue ellipticity (MRE):

MRW (g - mol™1) x CD (deg)
10 x £ (cm) X C (g - mL™1)

MRE (deg - cm? - dmol™1) =

Where MRW = mean residue weight, CD = circular dichroism signal, £ = path length,
C = concentration. For 1,1,1-trifluoroethanol (TFE) titrations, peptides were dissolved

in water with increasing amounts of TFE to obtain a final peptide concentration of 50
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MM. Peptide/TFE solutions were analyzed by far UV CD spectroscopy (190-260 nm)

using a 2 mm quartz cuvette.

2.3.7 Atomic Force Microscopy.

Acetic acid was added to samples at a final concentration of 1% (v/v). Samples were
immediately applied to freshly cleaved mica discs and left to stand for 2 minutes. The
mica was blotted dry with filter paper and washed twice with nanopure water, blotted
dry between washings. The washed mica was allowed to dry completely (24h) before
imaging. Mica were analyzed with a Veeco-Bruker Multimode AFM in ScanAsyst
mode with a silicon tip (2 — 12 nm tip radius, 0.4 N/m force constant) on a nitride
cantilever. Images were taken at a scan rate of 0.488 Hz and 1024 samples/line.

2.3.8 Transmission Electron Microscopy.

Samples were applied to a glow-discharged carbon film on a 400-mesh copper grid and
left to stand for 1 minute. The grid was then blotted with filter paper and the sample
immediately negatively stained with uranyl-formate (1.5% w/v). The stain was left to
stand for 1 minute before being blotted dry and the grid set aside to dry completely
(24h) before analysis. Sample grids were analysed on a FEI Tecnai 12 BioTwin system
at 120 kV, and images were captured with a AMT XR80C CCD camera system.

2.3.9 Dynamic Light Scattering.

Undiluted samples were analyzed with a Malvern Zetasizer unit (75 pL in plastic
Sarstedt cuvettes) for a total of 30 acquisitions per sample (3 x 10 runs) after a 20-
second period of equilibration. Representative distributions were selected, and data was
extracted from Zetasizer software (average particle size, polydispersity index).
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2.3.10 Heparin affinity chromatography.

Lyophilized peptides were dissolved in water at a concentration of 0.5 mg/mL and
filtered through 0.22 um syringe filters. 500 uL of peptide solution was injected on a 1
mL heparin column (GE HiTrap). Peptides were eluted at a flow rate of 0.5 mL/min

using a linear gradient of NaCl, from 0 to 2 M, and detected by absorbance at 280 nm.

2.3.11 Monomer quantification by analytical HPLC.

Stock solutions were prepared as described above. After 0 and 24 hours incubation,
100 puL were recovered and centrifuged at room temperature at 16 000g for 30 min to
remove insoluble aggregates and fibrils. The supernatants were analyzed by RP-HPLC
with a linear gradient (20 — 60%) of acetonitrile in TFA/H20 (0.06% v/v) on a Kinatex

EVO C18 column (150 mm x 4.6 mm, 3.6 um, Phenomenex) at a flow rate of 1 ml/min.

2.3.12 Cellular Assays.

HIC2 (cardiomyocyte cell line) cells were seeded in black-wall, clear-bottom 96-well
plates (tissue culture-treated) at a density of 5 000 cells/well (100 pL/well) in high
glucose (4.5 g/L) Dulbecco's Modified Eagle's Medium (DMEM) supplemented with
10% FBS, 4 mM L-glutamine, 100 U/ml penicillin, 100pg/ml streptomycin and 1 mM
sodium pyruvate. After 48 h incubation at 37 °C in 5% CO., cells were treated by the
direct addition of 50 uLL of monomeric peptides, aggregates, or amyloids. Monomeric
PACAP27, aggregates, amyloid fibrils, and LMWH were prepared as described above
in D-mannitol (5% w/v) without NaNs and subsequently diluted to the necessary
concentrations. For islet amyloid polypeptide (IAPP), solutions were prepared at 3x
the final concentrations and solubilized in 20 mM Tris (pH 7.4). Cells were incubated
for 24 h and cellular viability was measured using the resazurin reduction assay. Cell

viability (in percent) was calculated from the ratio of the fluorescence of the treated
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sample to the control cells (vehicle treated). Data (in percentage) for 3 lots of peptides
were averaged and were expressed as the mean = S.E.M. Results were analysed using
the Student’s t-test and the statistical difference (between buffer and sample) was

established at P < 0.01. Statistical analysis was performed using Prism 6.0.

2.4 Results and discussion

2.4.1 PACAP27 readily self-assembles into non-toxic amyloid fibrils in the
presence of sulfated GAGs.

PACAP27 is a cationic 27-residue peptide hormone, which stimulates adenylyl cyclase
activity in various cells and tissues through the activation of specific G protein-coupled
receptors (Vaudry et al.,, 2009). PACAP27 is part of the secretin/VIP/GHRH
superfamily and has no known link to protein aggregation pathologies. Computational
predictions for the ability of PACAP27 to aggregate were made using AGGRESCAN
(Conchillo-Solé et al., 2007), CamSol (Sormanni et al., 2017; Sormanni et al., 2015),
and TANGO (Fernandez-Escamilla et al., 2004; Linding et al., 2004; Rousseau et al.,
2006) (figure s2.1). For comparison, the same analysis was conducted using two
peptides with high intrinsic amyloidogenicity, human islet amyloid polypeptide
(h1APP) and amyloid-B1-40 (APao), and another peptide hormone resistant to amyloid
formation, salmon calcitonin (sCT). These analyses were in agreement with the known
tendency of hIAPP and AP4o to aggregate and correctly identified the putative f-sheet
regions in the fibril structures (Luca et al., 2007). sCT was also predicted to have
aggregation-prone segments by AGGRESCAN and CamSol, despite being resistance
to amyloid formation (Malmos et al., 2016; Tycko, 2016). Predictions for PACAP27
indicated a potential aggregation segment at the C-terminal domain. This is most likely
due to the presence of a patch of hydrophobic residues (Tyr-Leu-Ala-Ala-Val-Leu)
from position 22 to 27.
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The incubation of peptide hormones with sulfated GAGs has been consistently shown
to yield amyloid-like materials under physiologically relevant conditions (Madine et
al., 2013; Maji et al., 2009; Vilasi et al., 2011). To understand the underlying
mechanisms behind this process, PACAP27 and low molecular weight heparin
(LMWH) were used as peptide and GAG models, respectively. The structure of heparin
and the peptide sequence are given in figure 2.1a and b, respectively. Based on
previously established protocols (Madine et al., 2013; Maji et al., 2009; Malmos et al.,
2016; Nespovitaya et al., 2016; Nespovitaya et al., 2017), PACAP27 (635 uM in 5%
w/v D-mannitol with 0.01% NaN3, pH 6) was incubated in presence, or in absence, of
400 uM LMWH at 37 °C under constant longitudinal rotation (50 rpm) for 24h. The
amyloid-sensitive dye ThT (Naiki et al., 1989; Sebastiao et al., 2017), showed no
increase of fluorescence signal when the peptide was incubated in the absence of
LMWH (figure 2.1c) and CD spectroscopy revealed that PACAP27 remained in a
random coiled conformation (figure 2.1d). PACAP27 is mainly unstructured in
aqueous solution, although it exhibits a high propensity to adopt an a-helix in
membrane-mimicking environment (Bourgault et al., 2011a). In sharp contrast,
incubation of PACAP27 with LMWH for 24 h led to a drastic increase of ThT
fluorescence (figure 2.1c), indicative of a cross-[-sheet quaternary structure. The CD
spectrum was characterized with a maximum at 195 nm and a minimum at 218 nm
(figure 2.1d), typical of amyloid fibrils rich in B-sheets. By AFM imaging, well-defined
fibrils were observed for the peptide incubated with LMWH, with fibril lengths ranging
between 0.5 to 2 um and heights in the low nanometer range (figure 2.1e), which
correspond well with previously described amyloid (Madine et al., 2013; Maji et al.,
2009; Nespovitaya et al., 2016; Nespovitaya et al., 2017). No amyloid was detected by
ThT, CD, and AFM in absence of LMWH, even when PACAP27 was incubated for

over one week (figure s2.2).
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Figure 2.1 PACAP27 assembled into amyloid fibrils in the presence of LMWH. (a)
Structure of heparin composed of glucuronic acid linked to glucosamine disaccharide
repeating subunit. (b) Sequence of PACAP27 with amidated C-terminal. (c) ThT
fluorescence of PACAP27 (635 UM) after 24 h incubation in presence, or in absence, of
LMWH (400 uM). (d) CD spectra showing changes to PACAP27 secondary structure
after 24 h incubation with, or without, LMWH. (¢) AFM images of PACAP27 after 24
h incubation alone (top left) or in presence of LMWH (lower panel), scale bar = 1 um.
Representative height profiles for transverse (red) and longitudinal (green) sections of
fibrils.

Since amyloids are historically associated with pathological states, the cytotoxicity of
PACAP27 fibrils was evaluated by measuring the metabolic activity of H9C2
cardiomyocytes upon treatments. Cardiomyocytes are commonly used to evaluate the
toxicity of amyloidogenic proteins and are known to be sensitive to toxic pre-amyloid
aggregates (Bourgault et al., 2011b). PACAP27, either monomeric or assembled in
presence of LMWH, was found to be non-toxic to cardiomyocytes (Figure S2. 3). In
contrast, amyloid fibrils assembled for 24 h from the highly amyloidogenic peptide
IAPP demonstrated noticeable toxicity at 50 puM, while the monomeric IAPP (dead
control) was highly toxic. Taken together, these results highlight that the poorly
aggregation prone PACAP27 readily forms non-toxic amyloid in the presence of
LMWH.
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2.4.2 Amyloid self-assembly is sensitive to GAG concentration and ionic strength.

Although the ability of GAGs to promote amyloid formation has been recognized for
over two decades (Quittot et al., 2017b), the mechanisms behind this process remain
partially elusive. To further characterize GAGs-induced PACAP27 self-assembly, we
monitored amyloid formation using ThT fluorescence over time under different
conditions in a microplate assay format. PACAP27 (635 uM in 5% w/v D-mannitol
with 0.01% NaNs, pH 6) was incubated in the absence or presence of LMWH (5 kDa
average MW), or unfractionated heparin (HEP, 17 kDa average MW). Amyloid
assembly is rate-limited by the formation of nuclei, i.e., oligomeric species capable of
initiating fibril growth. During the kinetics of amyloid self-assembly, this delay is
ascribed as the lag phase (tiag), or nucleation phase. Incubation of PACAP27 with
LMWH resulted in a longer lag phase compared to the HEP aggregation mixture (9.1
hvs 6.8 h, respectively), and a lower ThT fluorescence intensity at the end point (figure
2.2a, table s2. 1). This is in agreement with the previously described direct correlation
between GAG length and rate of fibrillisation (Jha et al., 2011). Despite the apparent
enhanced ability of HEP to induce amyloid formation compared to LMWH, the
heterogeneous chain length of HEP makes it difficult to accurately describe the
intermolecular interactions. Therefore, LMWH was selected as the model to further

investigate GAG-promoted PACAP27 amyloid self-assembly.
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Figure 2.2 Kinetics of PACAP27 amyloid self-assembly are sensitive to GAG chain
length and concentration. (a) ThT-fluorescence kinetics of PACAP27 amyloid formation
in presence of heparin (HEP; 400 uM) and LMWH (400 uM). (b) ThT-fluorescence
kinetics of PACAP27 in the presence of varying LMWH concentrations. (a,b) Data from
at least three separate experiments performed in triplicate were averaged and fitted to a
sigmoidal curve when possible (R?> 0.95), indicated by a solid line. (c) Lag times (tiag)
and maximum fluorescence values (Fmax) for the fitted curves in (b).

There is a critical interplay between the relative concentration of sulfated GAGs and
their ability to promote or accelerate amyloid assembly (Bazar and Jelinek, 2010; Jha
et al., 2011) It was found that the GAG:peptide molar ratio drastically modulated the
self-assembly kinetics of prion-derived peptides (Bazar and Jelinek, 2010). Here, a
similar trend was observed for PACAP27, where no fibrilisation took place below a
threshold of 100 puM (molar ratio of 1:6.25 (LMWH:PACAP27)), followed by
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increasingly longer lag phases as the concentration of LMWH increased (Figure 2.2b
and c, table s2. 1). This could be explained by the peptide requiring a minimum number
of intermolecular interactions to initiate primary nucleation. As the relative
concentration of LMWH increases, the peptide is likely more distributed among the
LMWH molecules, thereby reducing the potential for self-assembly by decreasing the
number of peptide-peptide encounters (Bazar and Jelinek, 2010). This is in agreement
with the model proposing that GAGs accelerate fibril formation by increasing the local
concentration of polypeptides, although this mechanism remains to be confirmed for

non-amyloidogenic peptides, such as PACAP27.

Due to the anionic nature of GAGs, it is likely that electrostatic forces drive GAG-
induced amyloid formation. This was first evaluated by varying the ionic strength in
the self-assembly kinetics assay (figure 2.3a, table s2. 1). It was observed by ThT
fluorescence that under low to moderate salt concentrations (50 to 150 mM NacCl), the
kinetics of self-assembly were slowed down compared to low ionic strength (0 mM
NaCl). Increasing NaCl concentration up to 500 mM further slowed the amyloidogenic
process, although it did not completely halt it. To further examine the importance of
ionic interactions, the pH was varied from highly acidic (pH 2) to highly alkaline (pH
12) to identify the interactions necessary for nucleation. GAGs-induced self-assembly
persisted among a wide range of pH values and only under highly acidic conditions
(pH of 2) was the process disturbed (Figure 2.3b). This is likely attributed to the
protonation of the carboxylate (pKa between 3.1 and 3.4) and/or partial protonation of
the sulfate groups (pKa between 0.5 and 1.9) on LMWH (Remko et al., 2013), which
would prevent ionic interactions necessary for fibril formation and/or PACAP27
binding. In contrast, at pH values above the pKa of Lys side chain amines (pKa =11),
no changes in lag phase relative to milder pH values (pH 6, 7.4, 8.5) were observed.
Overall, these data suggest that GAG-promoted amyloid formation is highly favourable

and resistant to perturbation across a wide range of conditions.
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Figure 2.3 Roles of electrostatic interactions in GAG-promoted amyloid assembly. (a)
ThT-fluorescence kinetics of PACAP27 with LMWH in the presence of increasing NaCl
concentrations. (b) ThT-fluorescence kinetics of PACAP27 with LMWH at different pH
and buffers (pH 12 = NaOH; pH 8.5 = 20 mM Tris-HCI; pH 7.4 = 20 mM PO4, pH 6.0
= 5% w/v D-mannitol; pH 2 = HCI). (a,b) Data from at least three separate experiments
performed in triplicate were averaged and fitted to a sigmoidal curve when possible (R?
> 0.95), indicated by a solid line.

2.4.3 PACAP27 rapidly forms large spherical aggregates rich in a-helix in presence
of GAGs.

The available literature on amyloid self-assembly, which is mainly associated with
pathological amyloids, describes the process of fibril formation as initiating from
soluble oligomeric species (i.e. nuclei). In sharp contrast, mixing PACAP27 with
LMWH immediately resulted in highly turbid suspensions of particles that precipitated.
This solution remained partially turbid after the 24 h incubation period (figure s2.4a).
Previous research studying the formation of amyloid fibrils has described large
variations in ThT microplate assay kinetics (Sebastiao et al., 2017). To improve
experimental reproducibility, the self-assembly of PACAP27 was studied instead in 1.5
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mL centrifuge tubes under constant longitudinal rotation. We therefore sought to
characterise the secondary structural transition and the changes in the mesoscopic
morphology during self-assembly by periodically sampling the incubation mixture and
analysing the aliquots by CD spectroscopy, fluorophore binding (ThT and ANS) and
TEM. PACAP27 incubated alone remained soluble and did not aggregate over time as
detected by ThT and ANS fluorescence (figure 2.4a and b). Furthermore, no structural
changes were observed by CD; the peptide remained disordered regardless of the
incubation time (figure 2.4c). Conversely, immediately after mixing the peptide with
LMWH (Oh; dead time of 3 minutes), the CD spectrum of PACAP27 presented two
minima at 208 nm and 222 nm, indicative of the presence of an a-helical secondary
structure. The ability of sulfated GAGs to induce secondary conformational conversion
upon peptide binding has already been shown for numerous polypeptides, including
cell-penetrating peptides (Bechara et al., 2013; Tchoumi Neree et al., 2014),
amyloidogenic peptides (De Carufel et al., 2015; Marek et al., 2012), peptide hormones
(Maji et al., 2009; Quittot et al., 2017a), as well as the lytic peptide melittin (Klocek
and Seelig, 2008). The initial mixture (0 h) induced a small increase of ThT and ANS
fluorescence in comparison to the peptide alone (figure 2.4a and b). However, the
relative hydrophobicity (ANS binding) and the presence of cross-p-sheet quaternary
structure (ThT binding) compared with amyloid fibrils (24 h) remained very low (figure
2.4d). Upon mixing with LMWH, the formation of large spherical aggregates, or
particulates could be observed by TEM (figure 2.4e) and DLS revealed heterogeneous

size distributions (figure s2.4b).

Considering the key role of ionic interactions for GAGs-induced amyloid formation, it
is likely that these aggregates are formed from large clusters of PACAP27 and LMWH
that gathered through a dense network of electrostatic interactions. LMWH has an
average MW of 5 kDa and a corresponding average chain length of approximately 8
disaccharides. Heparin has an average sulfate content of 2.7 groups per disaccharide

(Shriver et al., 2012), representing 21.6 sulfate groups per LMWH molecule. Other
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anionic functional groups on GAGs, such as carboxylates, have not demonstrated the
same ability to accelerate amyloid fibril formation (Borysik et al., 2007; Bourgault et
al., 2011c). It is helpful to consider the equivalent concentration in terms of sulfate
groups relative to the number of cationic groups on each peptide (3 Lys, 2 Arg, 1 His,
and the terminal primary amine) at pH 6. Therefore, under these experimental
conditions (635 uM peptide, 400 uM LMWH) the charge ratio was approximately two
sulfate groups per cationic group (8.6 mM SOs", 4.4 mM cation). The excess negative
charge may ensure total charge neutralisation of PACAP27, overcoming any potential
inter-peptide charge repulsion, allowing aggregation to proceed. The spherical
aggregates formed spontaneously were very distinct from pre-fibrillar soluble
oligomers, and closely resembled the description of protein particulates (Krebs et al.,
2007). We evaluated if these large spherical aggregates were cytotoxic, as previously
reported for soluble oligomeric species of IAPP (Abedini et al., 2016b; Quittot et al.,
2018). Interestingly, the particulates formed immediately after solubilisation of
PACAP27 in presence of LMWH were practically non-toxic to cardiomycocytes, with
a slight significant reduction of cell viability at 100 uM. This observation further
highlights the differences in the physicochemical and structural properties between
GAG-peptide large supramolecular assemblies and oligomeric proteospecies of
amyloidogenic polypeptides. After 2 h incubation, no significant changes to either ThT
or ANS fluorescence could be detected while an increase in the a-helix signal intensity
was observed on the CD spectra. By TEM, the spherical aggregates appeared to be
more condensed in comparison to those observed at 0 h. Interestingly after 5 h
incubation, fibrillar structures branching out from these spherical aggregates were
observed. By CD spectroscopy, this 5 h mixture showed a profile indicative of a
mixture of helical and -sheet structure. This mixture of fibrillar structures and dense

spherical aggregates
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LMWH. (c) CD spectra of PACAP27 incubated alone. (d) CD spectra of PACAP27
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incubated in presence of LMWH. (e) TEM images of PACAP27 incubated in presence
of LMWH. Scale bar = 100 nm.

showed an increased hydrophobicity by ANS binding and a moderate degree of ThT
fluorescence, indicative of an amyloid-like morphology. After 24 hours incubation,
PACAP27 adopted a secondary structure rich in B-sheets and a network of fibrillar
assemblies was observed by TEM. These B-sheet fibrils yielded strong ThT
fluorescence and had more hydrophobic sites than the proteospecies assembled after 5
h incubation. Observations by TEM imaging agreed with the size distributions and the

calculated average size values from DLS measurements (figure s2.4).

It is likely that the prompt formation of large PACAP27-LMWH aggregates
incorporated a certain degree of hydration and over time, the water was slowly
excluded from the droplet core resulting in denser, less hydrated particulates (figure
2.4¢e). We hypothesized that as the aggregates became increasingly hydrophobic, the
peptide reached sufficiently elevated local concentrations and was able to self-
assemble into amyloid fibrils using LMWH as a scaffold, as previously described
(Nespovitaya et al., 2017). Amyloid fibrils appeared to grow outward from these
particulates. Consequently, it is unclear whether the increase in hydrophobicity
detected by ANS binding arises from the conformational rearrangements within the
aggregates, or simply from the appearance of hydrophobic folds in the growing
amyloid fibrils. To address this question and the roles of a-helical intermediates, a
PACAP27 derivative was designed.

2.4.4 Inhibiting GAG-induced helical folding of PACAP.

The common description of amyloidogenesis involves conformational changes
occurring within soluble species. For GAG-induced PACAP27 self-assembly, an
intriguing observation was the prompt appearance of an a-helical intermediate within

insoluble particulates, prior to the secondary conformational transitions into amyloid
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B-sheet-rich structure. The presence of helical intermediates in amyloidogenic
pathways has been the subject of previous studies with disease-related intrinsically
disordered peptides (Abedini et al., 2016a; Abedini and Raleigh, 2009; De Carufel et
al., 2015). Nevertheless, whether these helical structures are on- or off-pathway to
amyloid formation remains an important unsolved question. To study the implications
of the helical intermediates in amyloid formation promoted by polyanions, we designed
a helically-frustrated variant of PACAP27 by substituting a pair of adjacent residues
by their corresponding D-enantiomers (dd-PACAP27). This modification is known to
disrupt helical conformation without affecting the hydrophobicity and the net charge
of the peptide, as the primary sequence remains identical (Quittot et al., 2017a).
According to PACAP27 helical secondary structure adopted in presence of DPC
micelles, which spans from position 7 to 26 (Bourgault et al., 2009), residues GIn-16
and Met-17 were substituted by their D- enantiomers (figure 2.5a). To initially validate
that this modification actually precluded the capacity of PACAP27 to fold into a-helix,
we compared the ability of PACAP27 and dd-PACAP27 to adopt a-helix in presence
of trifluoroethanol (TFE), a potent helix-inducer (Shiraki et al., 1995). TFE-titration
by CD spectroscopy revealed the reduced ability of this analog to switch into a well-
defined helix (figure 2.5b). For instance, at 15% TFE (v/v), the native peptide adopted
a well-defined helical structure, while dd-PACAP27 remained disordered (figure 2.5c).
Moreover, upon the addition of 400 uM LMWH, dd-PACAP27 displayed
predominantly a disordered conformation whereas PACAP27 adopted a helical
secondary structure (figure 2.5d). To validate that these differences were not simply
related to a lower affinity of dd-PACAP27 for LMWH, both peptides were analysed
by heparin-affinity chromatography using a NaCl gradient. Although WT PACAP27
eluted with a slightly wider peak, there was no difference in the NaCl concentration
(0.6 M) required to elute both peptides from the heparin column (figure s2.5a).
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Figure 2.5 Preventing PACAP27 helical folding. (a) Primary sequence and DPC-
micelles secondary structure of PACAP27 showing the positions of the D-enantiomer
substituted residues in green and the cationic residues in blue. (b) CD signal at 222 nm
during TFE titration of WT PACAP27 and dd-PACAP27. (c) Far-UV CD spectra of WT
PACAP and dd-PACAP27 in 15% TFE (v/v). (d) CD spectra of WT PACAP and dd-
PACAP27 in absence (solid lines) and in presence of 400 uM LMWH (dashed lines).
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Broadening of the elution peak of WT PACAP27 was not due to impurities, as both
peptides were over 95% pure, as measured by RP-HPLC (figure s2.5b). Furthermore,
solutions of native PACAP27 and dd-PACAP27 (635 uM in 5% w/v D-mannitol) were
respectively mixed with 2 mg/mL LMWH and either immediately centrifuged at 16
000g for 20 minutes (O h) or incubated for 24 h and then centrifuged (24 h).
Supernatants were collected and analysed by RP-HPLC to verify if any peptide
remained in solution. Both supernatants had no detectable amount of peptide,
indicating that virtually all monomeric peptides were rapidly incorporated into the
particulates, with no detectable peptide being released after amyloid formation (figure
s2.5¢c). These results indicated that despite the reduced ability of dd-PACAP27 to adopt

a helical conformation, binding and association to LMWH was not perturbed.

2.4.5 Inhibiting helical folding accelerates GAGs-mediated amyloid assembly.

Next, we evaluated the impact of hindering PACAP27 helical folding on GAGs-
mediated amyloid formation. In absence of LMWH and as observed for the WT
peptide, dd-PACAP27 remained in a random coil conformation and no indication of
self-assembly was reported by ThT and ANS fluorescence (figure 2.6). In presence of
LMWH, dd-PACAP27 assembled into well-defined amyloid assemblies. Interestingly,
amyloid formation appeared to occur significantly faster for dd-PACAP27 than its WT
counterpart, as indicated by the presence of [-sheet-rich CD spectra, fibrillar
morphology by TEM as well as ThT and ANS fluorescence (figure 2.6b-e vs figure
2.4b-e). As observed for WT PACAP27, dd-PACAP27 solution instantaneously
became turbid upon the addition of LMWH. However, after 24h the solution was
significantly less turbid (figure s2.6a). This was particularly interesting because the
mature fibrils appeared morphologically identical at the mesoscopic level and
displayed similar ThT and ANS binding. One notable difference between dd-
PACAP27 and native PACAP27 was that the early aggregates formed at time 0 h
responded differently to the hydrophobic probe ANS. Whereas PACAP27 aggregates
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responded at 30% of the final intensity (24 h; amyloid fibrils), dd-PACAP27 early
aggregates exhibited 60% of the ANS fluorescence intensity of the final assemblies (24
h). These early aggregates also differed in their polydispersity; dd-PACAP27 aggregate
sizes being noticeably more homogeneous, as measured by DLS (figure s2.6).
Furthermore, the number of hydrophobic regions of dd-PACAP27 aggregates remained
constant over the first 5 hours of incubation in presence of LMWH. This contrast with
the changes in hydrophobicity measured during WT PACAP27 aggregation,
suggesting that the increase in hydrophobicity over time most likely arises from
modifications within the amorphous aggregate and not from the growth of amyloid
fibrils. In addition, a further distinction was the evolution of the particle sizes, as
observed both by TEM imaging and DLS. Whereas native PACAP27 particulates
shrank during the first two hours, dd-PACAP27 particulates grew larger immediately
from the start (figure s2.6d). The fibrillar morphology observed by TEM after 24h
incubation of dd-PACAP27 was similar to native PACAP27 assemblies (figure 2.6e vs
figure 2.4e). These observations suggest that a-helix intermediates are off-pathway to
amyloid formation or that the same mesoscopic structure could be obtained regardless
of the assembly pathways. Interestingly, when either dd-PACAP27 or WT PACAP27
were incubated with LMWH in the presence of 150 mM NaCl, no helical conformation
was observed by CD spectroscopy (figure s2.7), most likely related to the less tight
binding of the peptide on the sulfated GAGs. Under these conditions, the peptide
aggregates remained ThT-negative and in a random coil conformation before
conversion into ThT-positive and B-sheet-rich structures (figure s2.7). This observation
further demonstrates that the formation of helical intermediates is not a prerequisite for

GAG-induced amyloid formation.
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Figure 2.6 Effects of preventing PACAP helical folding on GAG-induced amyloid
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Structural and morphological changes appeared to occur significantly faster when o-
helical folding is impeded in the case of dd-PACAP27. Thus, the kinetics of dd-
PACAP27 amyloid self-assembly was measured by ThT fluorescence to validate these
observations (Error! Reference source not found.). As ThT fluorescence increased
rapidly (dead time of 60 seconds), the lag-phase was too short for the fluorescence data
to be appropriately fitted by a standard sigmoidal function. In amyloid fibril formation
in homogenous solutions, i.e., in absence of co- factors such as GAGs, the lag-phase is
ascribed to primary nucleation, which involves the assembly of oligomers capable of
initiating protofilament growth. Primary nucleation is commonly considered as the
rate-limiting step of the amyloidogenic process and can be overcome by providing the
reaction with pre-formed nucleation sites in the form of “seeds”, i.e., small amounts of
mature amyloid fibrils. The reduced ability of dd-PACAP27 to fold into a-helix
drastically abridged the time necessary for primary nucleation. Thus, we compared the
kinetics of dd-PACAP27 self-assembly with seeded fibril growth of WT peptide
(Error! Reference source not found.). A small amount of pre-formed PACAP27
amyloid fibrils (2.5% (mol/mol)) obtained after a 24h incubation period was added to
the aggregation mixture, providing a nucleation site at the onset of the reaction,
overcoming the rate-limiting step. The seeded fibril kinetics was closely similar to the
one of dd-PACAP27, indicating that inhibiting GAG-induced helical folding
dramatically reduces the time required for primary nucleation. When the seeded
assembly reaction was performed in absence of LMWH, no seeding effect was
observed (figure s2.8). This result further emphasizes the low aggregation propensity

of PACAP27 and the necessary role of sulfated GAGs for amyloid formation.
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Figure 2.7 Preventing the formation of helical intermediates hastens GAG-induced
amyloid formation. ThT-fluorescence kinetics of dd-PACAP27 with LMWH and seeded
kinetics of WT PACAP27 (seeded with pre-formed amyloid fibrils 2.5% (mol/mol)).
Data from at least three separate experiments performed in triplicate were averaged and
fitted to a sigmoidal curve, when possible (R? > 0.95), indicated by a solid line.

2.4.6 Mechanisms of GAG-mediated amyloid formation of non-amyloidogenic

peptides.

Previous studies have demonstrated that GAGs are incorporated into the mature fibrils
as structural components along the longitudinal axis (Dharmadana et al., 2018; Madine
etal., 2012; Malmos et al., 2016; Nespovitaya et al., 2017; Stewart et al., 2016). Taking
into consideration the results of the present study, we proposed a mechanism describing
GAG-mediated self-assembly (figure 2.8). PACAP27 forms amyloid fibrils in presence
of sulfated GAGs by means of a concerted (supra)molecular conformational
conversion process, as demonstrated by the concurrent transitions in secondary
structure (helix-to-p-sheet) and quaternary structure (fibril growth and increased
hydrophobicity). After the initial particulate formation, both secondary and quaternary
rearrangements are necessary to form amyloid nuclei. Although it is unclear how many
distinct steps are required, it is likely that there is some dynamic exchange between the
LMWH-bound a-helix form and the LMWH-bound B-sheet, which occurs during the

lag phase. We propose that this could occur at the interface between the globular
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particulate and the surrounding water, allowing the formation of amyloid-favouring
hydrophobic regions inside the particulate. The rate-limiting step in the self-assembly
of PACAP27 in the presence of sulfated GAGs is therefore the conformational
rearrangements necessary to convert the spherical aggregates into amyloid fibrils.
Among such possible rearrangements is the adoption of the a-helix motif, which
appears to be an off-pathway intermediate capable of slowing the fibril formation
process. This stands in contrast to the formation pre-fibrillar nuclei in solution, as is

the case of strongly amyloidogenic peptides such as IAPP, Ap and a-synuclein.

Off-pathway, o-helix-rich
insoluble pamculates

34 ﬁ%\

Soluble
monomers
Nucleauon event:
AU and 4° conformational
conversion Insoluble, cross-B-sheet fibrils
with GAGs incorporated

Insoluble particulates, a-helix
and/or B-sheet

ﬁ

Figure 2.8 Schematic representation of GAGs-induced amyloid formation of PACAP27.
Upon addition of sulfated GAGs (black hexagons) to the monomeric random coil peptide
solution, particulates rich in a-helical secondary structure are rapidly formed. The
peptide must undergo conformational changes within these insoluble particulates into
increasingly -sheet-rich structures for nuclei formation, allowing amyloid elongation.
This involves concerted secondary and quaternary conformational conversions. When
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helical folding is inhibited, with d,d-substitution, the formation of a-helix rich particulate
(top pathway) is hindered and amyloid formation is dramatically accelerated.

2.5 Conclusion

The mechanisms by which intrinsically disordered peptide hormones form amyloid
fibrils in presence of GAGs appear to be fundamentally different from the frequently
described nucleated polymerisation of natively amyloidogenic proteins. Where typical
models of amyloid self-assembly describe the dynamic states of soluble pre-fibrillar
species, such as oligomers, this event was not observed in the case of PACAP27 with
LMWH. Rather, the rapid formation of large spherical particulates sequestered the vast
majority of PACAP27 as an off-pathway, somewhat stable intermediate, and no
appreciable amount of the monomeric peptide in the bulk solution was detected. This
initial binding event is largely driven by electrostatic interactions between the LMWH
and the peptide. When considered together with the decrease in particulate size
observed during the early phases of the assembly process, it appears that the initial
stages of fibril formation occur in a dense and somewhat hydrophobic environment.
Furthermore, the a-helical intermediates observed during GAG-mediated amyloid self-
assembly delay primary nucleation, thereby stabilising off-pathway intermediates.
Overall, these findings are important for our understanding of the interplay between
biological linear polyanions (GAGs, RNA) and intrinsically disordered
proteins/peptides in the context of amyloid formation. Recent discoveries, such as the
storage of peptide hormones as amyloid in secretory granules (Maji et al., 2009) as
well as the formation of nuclear amyloid bodies in response to cellular stressors (Audas
et al., 2016), are potentially described by the process highlighted in this work. In both
cases, a mainly disordered polypeptide sequence binds to a linear polyanion, and under
physiological conditions, this binding event leads to the formation of amyloid, or
amyloid-like, assemblies. Notably, these functional amyloids depend on a significant

degree of reversibility, or disassembly, which may be ultimately studied in more
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details, as the mechanistic details of the polyanion-induced amyloid self-assembly

processes are being uncovered.

ASSOCIATED CONTENT

Supporting Information. Figures showing aggregation predictions of PACAP27 and
peptides, extended incubation of PACAP27 with or without LMWH, cellular viability
assays, data of ThT kinetic assays of amyloid fibril formation, binding to sulfated
GAGs, and the formation of heterogeneous and insoluble particles in presence of

LMWH are available free of charge via http//pubs.acs.org.
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Figure S2.1 Aggregation predictions of PACAP27 and various peptides. Computational
predictions for PACAP27 (black), hIAPP (red), salmon calcitonin (sCt; blue), and APao
(green) aggregation-prone regions by AGGRESCAN (a), CamSol (b), and Tango (c).
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termini when possible/necessary.
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Figure S2.2 Extended incubation of PACAP27 with or without LMWH. PACAP27 (635
UM) was incubated alone or with LMWH (400 uM) under standard aggregation
conditions (37 °C, 50 rpm). (a) AFM images of PACAP27 alone (top) and with LMWH
(bottom) showing no fibril formation in the absence of LMWH. (b) ThT fluorescence of
PACAP27 indicated no amyloid formation in the absence of LMWH. (c) No change in
the secondary structure of PACAP27 was observed when the peptide was incubated in
absence of LMWH.
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Figure S2. 3 Cellular viability assays. PACAP27 (625 uM) was incubated with LMWH
(400 uM) to form amyloid fibrils under standard sefl-assembly conditions (37 °C, 50
rpm) for Oh (aggregates) and 24h (fibrils) in 5% D-mannitol, without the addition of
sodium azide. Samples were then diluted to the appropriate corresponding monomeric
peptide concentrations directed applied to H9C2 cardiomyocytes. Monomeric
PACAP27 and LMWH were also evaluated. IAPP fibrils and monomers (50 uM) were
used as positive control of proteotoxicity. Results were analysed using the Student’s t-
test and the statistical difference (between buffer and sample) was established at P <

0.01.



Table S2. 1 Data of ThT kinetic assays of amyloid fibril formation. Sigmoidal curve
fittings were selected based on R? > 0.95, and time to half-max (tso), lag time (tiag),
elongation rate (k), and maximum fluorescence intensity (Fmax) were extracted.

tsp (h) k() fag(h)  Frax (AU)
PACAP27 Fit not possible
+HEP 8.68 0.92 6.8 12 154
+LMWH 11.70 1.30 9.1 7321
— 100 Fit not possible
E& 200 9.40 1.95 5.50 7790
T 400 1.17 1.28 8.61 7705
E 600 13.34 1.21 10.92 7605
= 800 16.38 1.43 13.52 7239
= 0 12.56 0.97 10.62 8407
E 50 27.70 4.12 19.46 5297
§' 150 26.90 10.67 5.56 5267
Z 500 36.19 6.83 2253 3778
2.0 Fit not possible
6.0 13.72 1.26 11.20 9401
74 12.65 0.95 10.75 6454
85 10.30 1.49 7.32 7290
12.0 11.10 0.59 9.92 7054
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Figure S2.4 PACAP27 rapidly forms heterogeneous and insoluble particles in presence
of LMWH. PACAP27 (635 uM) was incubated with LMWH (400 uM) under standard
aggregation conditions (37 °C, 50 rpm). (a) At 0 h and after 24 h incubation, the solution
remained turbid. (b,c) DLS analysis of the solutions at 0 h (b) and 24 h (c), respectively.
(d) Average particle sizes inferred from DLS analysis. () CD and ThT fluorescence
spectra showing amyloid formation in the presence of 150 mM NacCl.
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Figure S2.5 WT PACAP27 and dd-PACAP27 bind to sulfated GAGs with a similar
affinity. (a) Heparin-affinity chromatography of WT and dd-PACAP27 (0.5 mg). The
NaCl gradient (0-2 M) is represented in red. (b) RP-HPLC of peptides demonstrating
purity > 95%. (c) RP-HPLC of supernatants from peptides (635 pM) incubated with
LMWH (400 pM) under standard aggregation conditions (37 °C, 50 rpm) and
centrifuged (16 000g, 20 min) at Oh and 24h.
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Figure S2.6 dd-PACAP27 rapidly forms insoluble particles in presence of LMWH. dd-
PACAP27 (635 uM) was incubated with LMWH (400 uM) under standard aggregation
conditions (37 °C, 50 rpm). (a) At Oh the solution became turbid, though turned mostly
clear after 24h. (b,c) DLS analysis of the solutions at Oh and 24h. (d) Average particle
sizes inferred from DLS analysis.
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Figure S2.7 The presence of 150 mM NaCl prevents the formation of helical
intermediates. WT PACAP27 and dd-PACAP27 (635 uM) were incubated with LMWH
(400 uM) in D-mannitol (5% wi/v, 0.01% NaNs;, 150 mM NaCl) under standard
aggregation conditions over 48 hours. a) ThT fluorescence spectrum of WT PACAP27.
b) Far-UV CD of WT PACAP27. ¢) ThT fluorescence spectrum of dd-PACAP27. d)
Far-UV CD of dd-PACAP27.
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Figure S2.8 ThT-fluorescence kinetics of WT PACAP27 + LMWH and seeded kinetics
of WT PACAP27 + LMWH (seeded with pre-formed amyloid fibrils 2.5% (mol/mol)).
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3.1  Highlights

e |APP induces the clustering of lipid vesicles derived from mammalian cell
plasma membranes.

e Membrane clusters exhibit colocalization between lipid bilayer vesicles.

e Perturbation of cell-derived vesicles induced by IAPP can be detected by FRET.

e FRET signal obtained from damaged cell-derived lipid vesicles can be
kinetically followed using a microplate format.

e Anew assay is reported to investigate cell plasma membrane perturbation under

biologically relevant conditions.
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3.2 Abstract

Numerous pathophysiological conditions are associated with the misfolding and
aggregation of proteins into insoluble amyloid fibrils. The mechanisms by which this
process leads to cellular dysfunction remain elusive, though several hypotheses point
toward the perturbation of the cell plasma membrane by pre-fibrillar intermediates
and/or amyloid growth. However, current models to study membrane perturbations are
largely limited to synthetic lipid vesicles and most of experimental approaches cannot
be transposed to complex cell-derived plasma membrane systems. Herein, vesicles
originating from the plasma membrane of erythrocytes and 3-pancreatic cells were used
to study the perturbations induced by an amyloidogenic peptide, the islet amyloid
polypeptide (IAPP). These biologically relevant lipid vesicles displayed a
characteristic clustering in the presence of the amyloidogenic peptide, which was able
to rupture membranes. By exploiting Forster resonance energy transfer (FRET), a
rapid, simple, and potentially high-throughput assay to detect membrane perturbations
of intact mammalian cell plasma membrane vesicles was implemented. The FRET
kinetics of membrane perturbations closely correlated with the kinetics of thioflavin-T
fluorescence associated with amyloid formation. This novel kinetics assay expands the
toolbox available to study amyloid-associated membrane damage, bridging the gap

between synthetic lipid vesicles and living cells.
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3.3 Introduction

Amyloid-associated pathophysiologies constitute an important class of degenerative
disorders, which involve the accumulation of extracellular fibrillar deposits composed
primarily of proteinaceous materials (Chiti and Dobson, 2017). These amyloid fibrils
are found in a wide variety of disorders; including systemic amyloidosis, Parkinson’s
disease, Alzheimer’s disease, and type II diabetes (ladanza et al., 2018). Although these
fibrils were historically recognised as the causative agent in diseases, increasing
biochemical and pharmacological evidence has shown the low cytotoxicity of well-
defined fibrils, and the high cytotoxicity of pre-fibrillar oligomeric species and/or of
the process of fibrillization (Abedini et al., 2016b; Birol et al., 2018; Ludtmann et al.,
2018; Serra-Batiste et al., 2016; Weise et al., 2010; Yasumoto et al., 2019). Several
cellular mechanisms have been proposed to contribute to the cytotoxic pathways of
amyloidogenic polypeptides, including the generation of reactive oxygen species
(Uttara et al., 2009), autophagy (Salminen et al., 2013), defects in proteasomal
degradation (Jackson and Hewitt, 2016), sequestration of essential proteins (Olzscha et
al., 2011), and disruption of cell membranes (e.g. mitochondrial, endoplasmic
reticulum, and plasma membranes) (Birol et al., 2018; Lu et al., 2018; Quittot et al.,
2021; Sciacca et al., 2018; Yasumoto et al., 2019). Over the last two decades, numerous
studies have investigated the relationship between the process of amyloid formation
and the plasma membrane disruption. Several reports have suggested the formation of
transmembrane pore by oligomeric intermediates, which allows for the unregulated
passive diffusion of solutes through the cell membrane (Birol et al., 2018; Ludtmann
et al., 2018; Sciacca et al., 2012; Serra-Batiste et al., 2016). Alternatively, another
mechanism often described is the detergent-like model, wherein the growing oligomers
and other pre-fibrillar species pull phospholipids out of the plasma membrane (Walsh
et al., 2014). Fibril elongation at the cell surface has also been proposed to induce
plasma membrane disruption via a carpet-like mechanism, whereby

monomeric/oligomeric peptides adhere to the outer leaflet and fibril growth pulls out
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lipids from the bilayer causing large scale damage (Christensen and Schiott, 2019;
Evangelisti et al., 2016; Kotler et al., 2014; Sciacca et al., 2012; Terakawa et al., 2018;
Wakabayashi and Matsuzaki, 2009).

The mechanistic and kinetics of plasma membrane disruption by amyloid-related
assemblies have been mainly investigated using synthetic lipid bilayer models. For
example, multilamellar and unilamellar vesicles composed of lipids such as
phosphatidylcholines, phosphatidylglycerols, phosphatidylserines,
phosphatidylethanolamines, and/or cholesterol in a variety of combinations and molar
ratios, have been abundantly employed (Sciacca et al., 2018). These lipid bilayers are
advantageous owing to their straightforward preparation, uniformity, compatibility
with multiple biophysical analyses, including atomic force microscopy (Quist et al.,
2005) and nuclear magnetic resonance (NMR) spectroscopy (Rajput et al., 2021), and
the ability to readily modulate the lipid composition and corresponding
physicochemical properties (Sciacca et al., 2020; Sciacca et al., 2018; Terakawa et al.,
2018). However, synthetic lipid vesicles are deficient in key biological components
present in, or on, cellular plasma membranes, such as transmembrane and membrane-
anchored cytoskeletal proteins, proteoglycans, and complex glycolipids. Some studies
have used more representative lipid bilayers, such as liposomes incorporating
gangliosides (Amaro et al., 2016; Bucciantini et al., 2020; Christensen and Schiott,
2019; Matsubara et al., 2018), or lipid mixtures extracted from living cells (Lee et al.,
2017; Mrdenovic et al., 2019). Lipids extracted from plasma membranes and
ganglioside-containing vesicles more accurately reflect the complexity and
heterogeneity of eukaryotic cell membranes than conventional synthetic models and
can be prepared in sufficient quantities for mechanistic investigations. Still, these
bilayers are free of any proteins and are deficient of the cytoskeleton, ultimately
altering their response to stressors, such as those associated with amyloid formation.
Moreover, they lack the asymmetry of mammalian cell membranes, where the outer

and inner leaflets are composed of different lipid mixtures and surface architectures.
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To address these limitations, recent works have utilised giant plasma membrane
vesicles (GPMVs), which fully maintain the complex composition of cell plasma
membranes (Birol et al., 2018; Birol et al., 2019; Quittot et al., 2021). However, there
are still no available assays with sufficient throughput capacity to readily interrogate
the kinetics of membrane perturbation of cell-derived vesicles, compared to the
prototypical dye-leakage assays performed with synthetic liposomes (Cao et al., 2013a;
Godin et al., 2019; Hoffmann et al., 2018; Khemtemourian et al., 2021). Thus, there is
an urgent need for the development of novel experimental strategies and approaches to
study the membrane disruption induced by amyloidogenic peptides using biologically

relevant model systems.

In this study, we investigated the usage of physiologically relevant lipid model systems
to implement a novel assay that aims at Kinetically evaluating plasma membrane
perturbations induced by amyloidogenic peptides, i.e. erythrocytes, hemolyzed red
blood cells (RBCs), known as ghosts, and GPMVs. The islet amyloid polypeptide
(IAPP), a 37-residue polypeptide whose extracellular deposition is associated with type
Il diabetes mellitus, was used as a model of amyloidogenic peptide (Nguyen et al.,
2015; Westermark et al., 2011). Ghosts and GPMVs allowed for the study of cell
membrane perturbations through confocal microscopy, fluorescence spectroscopy, and
solid-state (SS) NMR spectroscopy. Furthermore, using two independently labelled
preparations of vesicles, a rapid, sensitive, and simple assay was developed to
efficiently probe the kinetics of membrane disruption under various conditions. This
versatile and potentially high-throughput assay offers key advantages over the
commonly used dye-release assay based on synthetic lipid bilayer systems: biologically

representative lipid compositions, and presence of structural and non-lipid components.
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34 Materials and methods

3.4.1 Peptide synthesis, purification and monomerization

IAPP (KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY) and rat IAPP
(rlAPP; KCNTATCATQRLANFLVRSSNNLGPVLPPTNVGSNTY) were
synthesized on rink amide resin by standard Fmoc chemistry, as previously described
(De Carufel et al., 2015). For fluorescein labeling, an additional residue (Fmoc-Lys-
(Alloc)-OH) was first coupled at the N-terminus of the peptidyl-resin. The Alloc
protecting group was orthogonally removed using palladium (Pd(PPhs))s in the
presence of 24 eq. PhSiH3 in DCM under an argon. After washed, a solution of DMF
containing 3 eq fluorescein isothiocyanate (FITC) and 6 eq triethylamine (TEA) was
added before the mixture was left to react overnight. After cleavage from the solid
support (TFA/EDT/PhOH/H20), crude peptides were precipitated and washed with
diethyl ether, recovered by vacuum filtration, and dissolved in distilled water before
being lyophilized. Peptides were purified by reverse-phase high performance liquid
chromatography (RP-HPLC) on a preparative C18 column with a linear gradient of
acetonitrile (ACN) in H2O/TFA (0.06% v/v). Collected fractions were analyzed by
analytical RP-HPLC and mass-verified by electrospray ionization time-of-flight mass
spectrometry (ESI-TOF MS). Fractions containing the peptide of interest at 95% purity
or higher were pooled and lyophilized. The disulfide bridge between Cys2 and Cys7
was formed by dissolving the peptides in DMSO (1 mg/mL) and agitating the solution
overnight, at room temperature. The resulting solution was re-purified using the
conditions described above and lyophilized. The resulting peptide powder was first
dissolved in HFIP at 1 mg/mL and sonicated for 30 min. The solution was filtered
through a 0.22 um PVDF filter and lyophilized. Peptides were subsequently dissolved
in HFIP (1.5 mg/mL), sonicated for 30 min and the solution was aliquoted and
lyophilized. Peptides were stored dry at -20 °C and used within the next 4 weeks.
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3.4.2 Hemolysis assay of red blood cells

Horse RBCs (100% packed, Cedarlane) were suspended in 20 mM HEPES, 150 mM
NaCl, pH 7.4 buffer and centrifuged at 500xg for 3 min to pellet intact cells. This was
repeated 4 times to remove all cell debris and extracellular hemoglobin, until the
supernatant was clear. Volumes of the viscous, fluid-like RBC pellet were then
collected by micropipette (pipette tips were cut 0.5 cm shorter to increase the diameter
of the opening and accommodate the viscosity of the pellet) and resuspended at 5% v/v
in isotonic buffer. The resulting suspension of RBCs was then combined with peptide
solutions to obtain a final concentration of 2.5% v/v for RBCs with the desired
concentration of peptide. These mixtures were incubated at 37°C and recovered at the
indicated times. Of each mixture, 200 pL was centrifuged to remove intact cells
(500xg, 3 min) and the optical density of the supernatant was measured at 576 nm to
estimate the presence of hemoglobin. This was normalized against a positive control
of 100% membrane disruption, where 50 pL of the incubation mixture was diluted with

50 pL of 0.2% v/v triton-X100.

3.4.3 Quantification of phospholipids

Samples of each preparation were added to glass vials, along with 450 uL H2SO4 (8.9
N) and boiled for 25 min at 220 °C. A standard curve was also prepared (0 — 162.5
nmol Pi). The samples were then cooled,150 puL of 30% H20, was added, and the
samples were boiled again for 30 min at 220 °C. Solutions were transferred to a larger
vial with 3.9 mL H20, 500 upL ascorbic acid (10% w/v) and 500 ul. ammonium
molybdate hexahydrate (2.5% wi/v). This final solution was incubated at 100 °C for 7
min. Samples were then cooled and transferred to a 96-well microplate (200 pL per
well) to measure the optical density at 820 nm. Concentrations were determined for

each membrane preparation using a linear regression (Chen et al., 1956).
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3.4.4 Preparation of ghosts and fluorescent labelling

In 40 mL round bottom centrifuge tubes, 2.5 mL of horse RBCs were suspended in 25
mL of isotonic buffer (20 mM HEPES, 150 mM NaCl, pH 7.4). This suspension was
mixed before being centrifuged (1000xg, 5 min, 4 °C). The supernatant was removed,
the pellet resuspended in 25 mL of isotonic buffer, and the process repeated until the
supernatant was clear, i.e., between 3 to 5 times). Once the clear supernatant was
removed, the RBCs were resuspended in 25 mL of hypotonic buffer (20 mM HEPES,
pH 7.4) and vortexed. Solutions were centrifuged to pellet the ghosts (25,000xg, 45
min, 4 °C). The supernatant was carefully removed, and the resulting viscous, pink
pellet transferred to a new tube, leaving behind a protease-rich deposit known as the
“red button.” This process was repeated as needed, until no visible tint of pink
remained, i.e. between 3 to 5 times. The final white pellet was resuspended in 25 mL
isotonic buffer to seal the membranes and centrifuged (25,000xg, 20 min, 4 °C). The
supernatant was removed, and the pellet was resuspended in 2 mL of isotonic buffer
before being stored at 4 °C and used within the next 3 days. The phospholipid
concentration of the resulting ghost suspension was determined using the colorimetric
assay, based on the assumption that all phosphorus arise from the phospholipids. This
is apparent from the subsequent 3'P NMR experiments (figure s3.1).

Ghosts (100 pL) were diluted 10 times in isotonic buffer (20 mM HEPES, 150 mM
NaCl, pH 7.4) from the concentrated suspension prepared above to reach a final volume
of 1 mL. This suspension was incubated with either FAST-DiO (10 pg/mL) or FAST-
Dil (2 pg/mL) for 1 h at 37°C. The suspension of labelled ghosts was centrifuged
(16,000xg, 15 min) and the supernatant removed to eliminate excess fluorophore. The
pellet was resuspended with 500 pL isotonic buffer and the phospholipid concentration

was measured.
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3.4.5 Preparation of giant plasma membrane vesicles and labelling

INS-1E cells were cultured in RPMI-1640 media supplemented with 10% FBS, 2 mM
L-glutamine, 100 U/mL penicillin, 100 mg/mL streptomycin, 10 mM HEPES, 1 mM
sodium pyruvate, and 50 mM B-mercaptoethanol at 37°C and 5% CO.. Cultures were
allowed to reach confluency in 150 mm tissue culture petri dishes before being washed
twice with Hank’s buffered saline solution (HBSS). Cells were then washed twice with
GPMV buffer (10 mM HEPES, 150 mM NaCl, 2 mM CacCly, pH 7.4). After washing,
the cells were incubated in GPMV buffer supplemented with 2 mM N-ethylmaleimide
(NEM) for 2 h at 37 °C. After incubation, the solution was collected and centrifuged to
remove cell debris (5 min, 500xg). The supernatants were either concentrated directly
using 100K amicon centrifugal filter units or labelled with lipophilic tracers (2 ug/mL
FAST-Dil or 10 pg/mL FAST-DIiO) in separate batches for 45 min. Labelled GPMVs
were then concentrated, and the concentration of phospholipids was determined.
GPMV suspensions were kept at 4 °C for up to 48 h.

3.4.6 Confocal microscopy

For colocalization experiments, suspensions of ghosts and GPMVs were respectively
prepared to reach a total phospholipid concentration of 25 puM, using equal parts of
FAST-DiO and FAST-Dil labelled lipid vesicles. To this suspension, peptide solutions
were added to reach the desired molar ratio (phospholipid:peptide). The samples (500
pL final volume) were left to incubate at room temperature under quiescent conditions.
After incubation, 300 pL of each sample were transferred to an 8-well chambered
microscopy slide and images were acquired using a Nikon confocal microscope
equipped with a 60x oil-immersion lens. For samples where particle diffusion was slow
enough to not impede the resolution, images were acquired as a vertical stack and
represented using a Z-projection to better demonstrate the three-dimensional layering
of the structures formed. To detect ThT or FITC-labelled peptides, FAST-Dil
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membranes were used in combination with either FITC-labelled peptides, or unlabelled
peptides for ThT staining after incubation. Samples were stained with 40 uM ThT prior
to loading the slides. Images were processed, and the Pearson’s correlation coefficients

were calculated using ImageJ.
3.4.7 Transmission electron microscopy

Samples were prepared using ghosts at 12.5 uM phospholipid concentrations in buffer
(20 mM HEPES, 150 mM NaCl, pH 7.4), in presence of 12.5 uM peptide. The samples
were left to incubate for 24 h and were then applied to glow-discharged carbon films
on 300-mesh copper grids. Samples were stained with 1.5 % w/v uranyl formate and
Images acquired using an FEI Tecnai G2 Spirit Twin microscope at 120 kV with a
Gatan Ultrascan 4k x 4k CCD system.

3.4.8 Solid-state nuclear magnetic resonance spectroscopy

To dried peptide aliquots, a suspension of ghosts prepared with a phospholipid
concentration of 125 uM in isotonic buffer (20 mM HEPES, 150 mM NaCl, pH 7.4)
was added and the suspension vortexed. Final peptide concentrations were 125 uM to
obtain a peptide:phospholipid (P/L) ratio of 1:1. Final incubation volumes were 4 mL,
mixed by vortex, and incubated at room temperature for 24 h. After incubation, samples
were centrifuged (16,000xg, 20 min) and the resulting pellet was recovered and loaded
into a 4-mm zirconium oxide rotor for SS-NMR spectroscopy. All SS-NMR
experiments were recorded at 298 K with a 400 MHz wide-bore Bruker Avance 111-HD
spectrometer (Milton, Canada) operating at 400.03 and 161.9 MHz for H and 3P
respectively. Spectra were externally referenced using the single peak of 85%
phosphoric acid, set at 0 ppm. MAS spectra were recorded using a spinning frequency
of 6 kHz and 2k scans were accumulated using a single 90° pulse. Static spectra were

obtained using 26k scans and recorded with a Hahn echo pulse sequence with an
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interpulse delay of 30 us. All spectra were recorded using high-power *H decoupling
(continuous wave or TPPM decoupling for static or MAS spectra, respectively). The
radiofrequency fields applied were 83.33 and 50 kHz for 3!P and *H respectively. For
quantitative analyses of the relative phosphorus content in ghosts and RBCs (figure
S1), the recycling delay was adjusted to 10 s to ensure complete signal relaxation. Data
were collected and processed using Bruker TopSpin software.

3.4.9 Kinetics of fibril formation and lipid vesicle perturbation

For thioflavin-T (ThT) and fluorescence resonance energy transfer (FRET) Kinetics,
lipid vesicles were prepared as described above without labelling (for ThT assays) or
with labelling (for FRET-based assays). In each case, the corresponding vesicles were
prepared at various concentrations ranging from 3.125 to 50 uM phospholipids and
incubated with either IAPP, or rIAPP, at 12.5 uM to reach the desired P/L ratios
(1:0.25, 1:1, 1:4). The peptide concentration was kept constant in Kinetic assays to
facilitate comparisons between different conditions. Microplates were sealed with
silicone covers and measurements were made every 10 min, without any programmed
agitation, at room temperature. ThT assays used 440 nm/485 nm as the
excitation/emission wavelengths, respectively. For FRET assays, samples were excited
using the FAST-DiO wavelength of 485 nm and detected at the emission maximum of
FAST-Dil of 570 nm. ThT and FRET Kkinetics were processed by first normalizing the
intensity relative to the corresponding blank and data were averaged, normalized, and
fit with a sigmoidal curve to extract maximum fluorescence values, slopes (k), and half-
times (ts0). All data processing and statistical analysis (ANOVA, t-test) was done using
GraphPad Prism.
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35 Results

3.5.1 The erythrocyte hemolysis assay can be used to monitor the kinetics of

membrane perturbation induced by IAPP

To expand the usage of lipid vesicles derived from mammalian cells to readily
interrogate the perturbation nature of amyloidogenic polypeptides under
physiologically relevant conditions, we initially targeted RBCs. Erythrocytes can be
obtained in large quantities, are easy to manipulate owing to their robustness, and are
a good model of eukaryotic cell plasma membranes while having virtually no cellular
machinery. Particularly, RBCs contain high concentration (22 mM) of intracellular
hemoglobin (Hb) (Papasouliotis et al., 1999), which can be exploited as a pre-
encapsulated chromophore to perform hemolysis assays. While hemolysis assays have
been abundantly used to study antimicrobial peptides (Chen et al., 2021) and
therapeutic compounds (Gavriilaki et al., 2019), they have been less utilized to evaluate
the kinetics of membrane perturbation associated with amyloid formation (Dubey et
al., 2017; Huang et al., 2009; Kakinen et al., 2018). Accordingly, we first evaluated if
the RBC hemolysis assay can be conveniently implemented to study the kinetics of
membrane perturbation induced by the amyloidogenic peptide IAPP. Isolated RBCs
were treated with IAPP, or the non-amyloidogenic rat analog (rlIAPP) as a control, for
24 h before measuring the release of Hb using standard hemolysis protocol that
involved the separation of intact cells and Hb by centrifugation. In comparison to
human IAPP, rlAPP contains six substitutions that prevent the peptide from
aggregating into fibrils (Middleton et al., 2012). Although rlIAPP has been shown to
readily form oligomers, it is poorly cytotoxic and does not induce significant membrane
leakage (Cao et al., 2013a). Results revealed that an IAPP concentration of 50 uM is
required to significantly detect hemolysis (p > 0.05) after 24 h incubation (figure 1A).
The release of Hb was not observed in the presence of rIAPP, indicating that membrane

leakage is likely associated with the aggregation propensity of the peptide. The effect
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of IAPP on RBC membrane integrity was corroborated using confocal microscopy by
labelling the RBCs with the lipophilic tracer FAST-DiO. RBCs treated for 24 h with
rIAPP remained well dispersed and with defined round shape, whereas treatment with
IAPP resulted in the aggregation of erythrocytes into large amorphous lipid clusters
(figure 1B). Additionally, changes to the morphology of the RBCs were noticeable,
such as regions of high curvature, intense bright spots, and diffusion of the fluorophore
throughout the clusters. Next, the possibility to follow the kinetics of membrane
perturbation induced by IAPP was evaluated by measuring Hb leakage from
erythrocytes after different incubation period with 50 and 100 uM peptide. A sharp
increase of hemolysis was observed for erythrocytes treated with 100 uM IAPP (figure
1C), during the first 4 h of the experiment, followed by a more gradual increase of Hb
release before a plateau was reached after 16 h. In the presence of 50 uM IAPP, a
significant increase of hemolysis was detectable only after 8 h incubation (figure 1D).
In sharp contrast, hemolysis was undetectable for RBCs treated with rlAPP. While the
kinetics of lipid membrane perturbation could be inferred from the Hb release of
erythrocytes, this approach requires demanding experimental manipulation, including
centrifugation steps, which is not suitable for evaluating multiple conditions and/or for
screening a library of membrane-active compounds. Moreover, the discontinuous
measurement of Hb release introduces high experimental variability, and the point-to-
point type measurement can hide irregular, or multiphasic, kinetics. Besides, the
presence of a high concentration of Hb in RBCs could preclude the usage of the
amyloid sensitive dye ThT, as observed here (figure 1E) and as previously reported
(Jayawardena et al., 2017), as well as potentially interfering with number of
biophysical approaches, including SS-NMR (figure s1). Thus, considering that the
isolation of plasma membranes from erythrocytes is straightforward and has been
employed for decades as a way to study membrane proteins (Schwoch and Passow,
1973), we shifted our assay development towards RBC ‘ghosts’.
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Figure 3.1 Hemolysis of erythrocytes induced by IAPP. (A) RBCs were incubated with
increasing concentrations of monomerized peptides for 24 h and extracellular
hemoglobin was measured. (B) RBCs were labelled with FAST-DiO and images were
acquired after 24 h incubation in the presence, or not, of 50 uM rIAPP or 50 uM IAPP.
Scale bars = 5 um. (C-D) Timepoints during hemolysis were recovered for RBCs
incubated with (C)100 uM and (D) 50 uM peptide. (E) ThT fluorescence of IAPP and
rIAPP after 24 h incubation with RBCs.

3.5.2 IAPP amyloid formation is associated with the clustering of erythrocyte

ghosts

RBCs “ghosts”, which are lacking Hb and other intracellular (macro)molecules, were
prepared by rupturing erythrocytes via an osmotic shock. The resulting ghosts have
comparable size, surface, membrane composition and physical properties to
erythrocytes (Kumar et al., 2022; Schwoch and Passow, 1973), and the membrane
asymmetry is preserved. Moreover, they are readily prepared and constitute highly
biologically relevant lipid vesicles. Particularly, the removal of Hb and other cytosolic
compounds, such as phosphorylated metabolites, eliminates potential sources of

interference with biophysical analyses that are common to study amyloid formation,
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such as SS-NMR (figure s1) and ThT fluorescence (figure 1E) (Kumar et al., 2022).
Isolated ghosts were treated for 24h at RT with 12.5 uM of peptide at a 1:1 peptide:lipid
(P/L) molar ratio and amyloid formation and effect on vesicle morphology were
respectively evaluated by ThT fluorescence and electron microscopy. After 24 h
incubation, a ThT positive fluorescence signal was measured for IAPP whereas rIAPP
did not respond any more than the ghost treated with the buffer vehicle (figure 2A). By
TEM, prototypical IAPP amyloid fibrils could be observed around RBC ghosts, which
were significantly smaller in diameter than controls and were grouped together in tight
clusters (figure 1B). Some extracellular vesicles were detected in the buffer-treated
samples, which is consistent with the response of erythrocytes to storage conditions

lacking glucose and ATP (Lauren et al., 2018). Similarly, spherical oligomers were
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Figure 3.2 IAPP amyloid formation is associated with the clustering of erythrocyte
ghosts. (A,B) Ghosts were incubated for 24h at room temperature with either buffer or
peptides at 12.5 uM (1:1 molar ratio of peptide:phospholipid (P/L)). After incubation,
(A) ThT fluorescence was measured using 20 uM ThT and (B) samples were imaged by
TEM. (B) Scale bar for buffer and rIAPP samples is 5 um, whereas for IAPP the scale
baris 1 um.

detected in the ghost samples treated with rlIAPP, yet membrane vesicles remained
dispersed and of similar size and morphology to those treated with buffer. These
observations indicate that IAPP self-assembles into fibrils in the presence of RBC
vesicles, which is associated with their clustering and perturbation, encouraging further

development of a kinetics assay using ghosts.
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3.5.3 Clustering and damage of RBC ghosts induce by IAPP can be visualized by

fluorescence microscopy

The observed clustering and morphological perturbation of RBCs associated with |APP
amyloid formation could be exploited to develop a continuous and high-throughput
fluorescence-based assay to follow lipid membrane perturbation using labelled
vesicles. To do so, ghosts were labelled with either red (FAST-Dil) or green (FAST-
DiO) lipophilic tracers, then combined to generate a suspension of red and green
vesicles, and this mixture was incubated at room temperature in the presence of IAPP,
or rlIAPP, at a 1:1 P/L molar ratio (12.5 uM). When the red- and green-labelled ghosts
were incubated together in the absence of peptide, they remained well dispersed, and
their round shape persisted over the 24 h incubation period (figure 3A). After
incubation with IAPP, the ghosts clustered and a clear colocalization of the two
fluorophores was observed. These effects are absent when the ghosts were treated with
rlIAPP, indicating that peptide aggregation is associated with colocalization, vesicle
clustering and loss of shape. After 1 h treatment with IAPP, the ghosts formed large
clusters that persisted throughout the experiment and no significant differences in
aggregate sizes were observed. Colocalization of the fluorophores was detected at each
timepoint analyzed, though qualitatively appeared to increase with incubation time.
Conversely, rlIAPP-treated ghosts displayed no appreciable changes over incubation

time.
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labelled (FAST-DiO) RBC ghosts, in the presence, or absence, of peptide. Samples were

incubated with a molar ratio of 1:1 (P/L) at room temperature. Scale bars = 5 um. B)

Colocalization values for membrane mixtures obtained using the Pearson’s correlation
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test throughout the incubation time. C) Final colocalization values for the membrane
mixtures incubated with various concentration of peptides.

The colocalization of FAST-DiO and FAST-Dil was quantified using the Pearson
correlation coefficient (PCC) (figure 3B). The PCC lies between -1 for a perfectly
inverse correlation and +1 for a perfectly direct correlation, while a value of 0 indicates
the absence of any correlation (Taylor, 1990). Data were extracted from triplicate
experiments using P/L molar ratios of 1:1. For IAPP, the PCC at 0 h incubation was ~
0.4. After 3to 6 h, the colocalization further increased to a PCC of ~0.6, which persisted
over 24 h. In sharp contrast, treatment with rlAPP induced no significant changes to
either the ghost morphology, spatial distribution, or colocalization measurements,
demonstrating that the effects produced were specific to the amyloidogenic 1APP.
Other P/L molar ratios were studied (figures 3C and S2), and the PCC results obtained
with a 4:1 P/L molar ratio were equivalent to those obtained with a 1:1 ratio. When
reducing the peptide proportion (1:4 P/L molar ratio), the colocalization level was
equivalent to that measured with ghosts treated with rlAPP or the buffer control.
However, at 1:4 molar ratio, IAPP was able to induce membrane clustering, which was

not present for ghosts treated with rlAPP or the buffer (figure S2).

3.5.4 ThT-positive aggregates colocalize with membrane clusters

Clusters of erythrocyte ghosts observed by fluorescence microscopy upon IAPP
treatment appeared as large, immobile aggregates and the lipid bilayers were less
defined, with more diffuse fluorescent labelling compared to control samples; rIAPP
and buffer (figure 3A). Therefore, to verify if IAPP could be located within these lipid
clusters, FAST-Dil labelled ghosts were incubated in presence of FITC-labelled
peptides at a 1:1 P/L molar ratio. The membrane clusters were enriched in IAPP, while
membrane-bound rlIAPP was not detected (figure 4A). PCC values of 0.7 and 0.1 were
respectively determined for ghosts treated with IAPP and rlAPP. The lipid-peptide
clusters obtained with unlabelled IAPP stained positive for ThT (figure 4B), indicating
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that the aggregates are rich in peptides likely gathered as amyloid assemblies, as
observed by TEM (figure 2B). These microscopy images revealed that the lipophilic
tracers are highly diffuse after IAPP exposure, raising questions as to the organization

of the lipid bilayer upon treatment with the amyloidogenic peptide.

A) Buffer IAPP rlAPP

FAST-Dil FITC FAST-Dil FITC FAST-Dil FITC

B)

FAST-Dil ThT FAST-Dil ThT FAST-Dil ThT

Figure 3.4 Clusters of RBC-derived lipid vesicles colocolize with IAPP and are ThT-
positive. A) RBC ghosts labelled with FAST-Dil were incubated with FITC-labelled
peptides for 24 h at room temperature at 1:1 molar ratio of P/L. Numbers in lower left
corners indicate PCC values B) Labelled RBC ghosts were incubated with unlabelled
peptides for 24 h at room temperature, at 1:1 molar ratio of P/L and subsequentially
stained with 40 uM of ThT. A,B) Scale bars =5 pm.

3.5.5 SS-NMR reveals the perturbation of the ghost lipid vesicles induced by IAPP

3P SS-NMR was used to investigate the lipid bilayer organization of erythrocyte
ghosts in the presence of IAPP and rlAPP. Phospholipids contain a 3P nucleus that has

a high gyromagnetic ratio, a 100% natural abundance, and is an excellent reporter of
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both phospholipid headgroup dynamics and lipid phases by SS-NMR (Seelig, 1978).
Due to the lower sensitivity of NMR compared to fluorescence microscopy, ghosts
were incubated at higher phospholipid concentrations (125 uM) with equimolar
peptides (125 uM) for 24 h. The spectra were then recorded under either static or magic
angle spinning (MAS) conditions. As shown in figure 5A, the ghost membranes in
buffer displayed a characteristic powder spectrum for phospholipids in the lamellar
fluid phase under static conditions (Traikia et al., 2000). Spectral simulation allowed
determining the chemical shift anisotropy (CSA) values, corresponding to the spectrum
width. There was an inverse relationship between lipid dynamics and CSA, such that
smaller CSA measurements are indicative of higher lipid dynamics. The CSA values
of ghosts in the presence of buffer or rIAPP were identical (26 ppm); however, a
decrease was observed when the ghosts were treated with IAPP (24 ppm), suggesting
a slight increase in the dynamics of the phospholipid headgroup. This central peak,
which corresponds to approximately 12% of the lipids, could possibly be an indication
of high-curvature regions of the membrane, bound to IAPP. Moreover, the spectrum
showed the appearance of a small peak at approximately 3 ppm. Typically, a central
isotropic peak indicates the presence of small, highly mobile lipid species (e.g.,
micelles). However, this is unlikely to be the case since phospholipids were not
detectable in the supernatant after centrifugation of the ghost-peptide suspensions (data
not shown), moreover, the observed chemical shift (3 ppm) differs from the isotropic
value measured under MAS conditions (figure 5B). This narrow peak could possibly
be an indication of high-curvature regions of the membrane, bound to IAPP (Yang et
al., 2015). A more detailed analysis of this effect is however outside the scope of this

study.
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Figure 3.5 Effect of IAPP on RBC ghost membranes studied by solid-state NMR. A)
Static spectra of ghosts treated with buffer, IAPP, or rlIAPP, for 24 h. Line fitting was
performed using the Bruker Topspin software in SOLA to measure the CSA. Vertical
dashed lines indicate full width of spectra. B) 6 kHz MAS spectra of the same samples.
Dotted lines represent the full width at half max (FWHM) of the control sample to
facilitate comparison. All spectra were recorded at 25 °C.

MAS of the samples allowed for the resolution of two peaks at 0.20 ppm and -0.46
ppm, respectively ascribed to sphingomyelin and phosphatidylcholine head groups
(Kumar et al., 2022). The addition of both peptides broadened the linewidths, with a
more pronounced effect observed for IAPP (figure 5B). Taken with the results from
the static spectra, this suggests that despite being largely intact, there is a noticeable
change in the membrane phospholipids local environment. This could be attributed to
a reduced axial motion of the phospholipids interacting with IAPP aggregates.
Similarly, non-amyloidogenic rlAPP bound to the membrane may slightly interfere
with the axial motion, albeit to a lesser degree than large IAPP aggregates. This agrees

with previous studies reporting the interactions of rIAPP with lipid micelles and
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synthetic liposomes (Nanga et al., 2011; Nanga et al., 2008). According to the literature
using synthetic vesicles at a 1:1 P/L molar ratio (Delgado et al., 2016; Haya et al.,
2020; Korshavn et al., 2017; Lu et al., 2018; Walsh et al., 2014), a more pronounced
effect of IAPP on the bilayer was expected in the SS-NMR experiments. This
discrepancy could be explained by the known resilience of erythrocyte membranes and
their self-healing ability (McNeil and Steinhardt, 2003), reinforcing the importance of

studying lipid membrane perturbation using biologically relevant systems.

3.5.6 The kinetics of ghost lipid membrane perturbation can be measured by Forster

resonance energy transfer

The fluorescence microscopy experiments shown in figure 3 revealed that the
colocalization observed within the lipid membrane clusters increased over incubation
time with the amyloidogenic peptide. Accordingly, we hypothesized that the membrane
clustering, which correlates with the perturbation of lipid bilayer, induced by IAPP
would translate to a Forster resonance energy transfer (FRET) between FAST-DiO and
FAST-Dil dyes that could be easily measured over time, and adaptable to a microplate-
based kinetics assay. Preparations of ghosts respectively labelled with FAST-DiO
(green) and FAST-Dil (red) were mixed, and the FRET signal was measured after
incubation in the presence, or absence, of IAPP. Samples were excited at 460 nm and
the resulting emission spectra, from 490 nm to 660 nm, were collected immediately
after peptide addition (0 h) and after 24 h incubation at room temperature (figure 6A).
The emission signal at 570 nm corresponds to the emission maximum of FAST-Dil,
which remained low in all cases except for the ghosts treated with IAPP. The emission
spectra were normalized relative to the corresponding buffer-treated sample, and the
relative FRET emission spectra are displayed in figure 6B. These results showed that
the fluorescence intensity increases throughout the entire spectrum after 24 h of
incubation, relative to the control. The largest increase, however, is observed at the

FAST-Dil emission maximum of 570 nm, suggesting that the signal does arise from a
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fluorescence energy transfer. The stability of the FRET signal was verified by adding
the detergent triton-X100 to solubilize lipid membranes. Each sample containing triton-
X100 was normalized against the corresponding sample without triton-X100. Ghosts
treated with IAPP for 24 h display relatively similar FRET intensity at 570 nm (0.8-
fold) compared to sample without detergent, while the change in the buffer-treated
sample (1.9-fold) was significantly larger (figure 6C). This suggests that the presence
of IAPP largely prevents the solubilization of the ghost membranes. The emission peak
at ~ 508 nm, which corresponds to the signal from FAST-DiO, increased slightly in the
presence of IAPP. Control experiments showing that ghost suspensions labelled with
only one of the two fluorophores did not lead to an equivalent fluorescence response
are included in the supporting information (figure S3). Altogether, these results indicate
that the mixture of FAST-DiO- and FAST-Dil-labelled ghosts was stable over 24 h and

suitable for FRET experiments.

Kinetics of the FRET signal were obtained by incubating the mixture of FAST-DiO-
and FAST-Dil-labelled ghosts with 12.5 uM IAPP at three different P/L molar ratios
(4:1, 1:1, and 1:4), keeping the peptide concentration constant. These same conditions
were maintained when measuring the ThT response using unlabelled ghosts (figure
6A). Regardless of the P/L molar ratio used, there was a clear FRET signal at 570 nm,
which followed a sigmoidal growth for IAPP, similar to ThT-fluorescence curves. The
maximum fluorescence intensity obtained from the blank-corrected, non-normalized
data showed a decrease in ThT and FRET intensity with increasing phospholipid
concentration (figure 6B), suggesting that peptide aggregation and membrane
disruption processes are less pronounced. The slopes (k) and half-times (tso) were
extracted using the Boltzman sigmoidal equation obtained by fitting the normalized
data, though only differed substantially at the 1:4 ratio where there was a molar excess
of phospholipid relative to the peptide (figure 6C-D). The corresponding experiments
were also carried out using rlAPP as a negative control, and no appreciable response

to ThT and no FRET response were observed (figure S4A). Additionally, control



101

A)
50m=m 00000 Oh, buffer
s | - Oh, IAPP
< 40+ ——  24h, buffer
S 30/ —— 24h,IAPP
x
2
‘B
c
]
E
500 550 600 650
Wavelength (nm)
B)
--=- 0Oh, IAPP
3.0 —— 24h, IAPP
5
L
3
2
7]
c
]
E

500 550 600 650
Wavelength (hm)

C)

— Buffer + ttx
— |IAPP + ttx

Intensity (RFU)
W
[

500 550 600 650
Wavelength (hm)

Figure 3.6 FRET response induced by IAPP upon co-incubation of green- and red-
labelled erythrocyte ghosts. A) Fluorescence emission spectra of mixed FAST-DiO and
FAST-Dil labelled ghosts incubated at room temperature with buffer or IAPP, excited
at 460 nm for FAST-DIiO. B) Normalized fluorescence spectra of ghosts treated with
IAPP relative to buffer-treated ghosts in (A). C) Fluorescence spectra of both buffer and
IAPP-treated ghosts after 24 h incubation, excited at 460 nm for FAST-DiO. The
addition of 0.5%v/v triton-X100 was done after incubation and prior to recording the
spectra, then normalized against the corresponding spectra in the absence of triton-X100.

experiments were carried out to address any potential confounding FRET or ThT
signals. Samples of ghosts were freshly prepared and labelled, and the detergent triton

X-100 (1% v/v) was added to the microplate assay in the absence of any peptide (figure
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S4B). No noticeable changes to the ThT fluorescence or the FRET response were
observed when the membranes were solubilized by the detergent, confirming that the
positive responses observed for the IAPP treated sample are associated with the process
of amyloid formation. Unlike usual leakage assays based on dye-encapsulated synthetic
liposomes, this microplate-based kinetics assay uses cell-derived plasma membrane

that perfectly mimics biological environments.
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Figure 3.7 Monitoring the kinetics of lipid bilayer disruption of erythrocyte ghosts by
FRET. A) ThT and FRET responses of mixtures of labelled RBC ghosts incubated in the
presence of 12.5 uM TAPP and at different P/L molar ratios measured over time. B)
Values for the final fluorescence of each condition relative to the corresponding blank
obtained from the fitting of a sigmoidal curve. C) Values corresponding to the slope (k)
of the normalized data fitted with sigmoidal curves. D) Half-times (tso) obtained from
the normalized data fitted with sigmoidal curves. (B-D) Error bars shown represent the
95% confidence interval. The ratio of 1:0 indicates IAPP incubated in absence of lipid
membranes.

3.5.7 Perturbation and clustering of GPMVs derived from pancreatic cells can be

observed by fluorescent microscopy

The use of erythrocyte ghosts as a model to study plasma membrane perturbation

appears very promising owing to key advantages that include close mimicking of
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mammalian cells, relative low cost, convenience, homogeneous size and morphology,
long shelf life, and potential high throughput. Despite these advantages and owing to
recent studies using GPMVs (Birol et al., 2018; Birol et al., 2019; Quittot et al., 2021),
there was a definitive interest in evaluating whether this FRET-based Kinetic assay can
be transposed to the GPMV model. In this context, we evaluated the use of GPMVs
generated from pancreatic -cells to assess the plasma membrane perturbation induced
by IAPP. INS-1E cells were used to prepare GPMVs, as IAPP amyloid deposits are
found in the islets of Langerhans and correlate closely with the loss of pancreatic -
cells (Milardi et al., 2021). GPMVs were prepared using our recently reported protocol
(Quittot et al., 2021), and were labelled with either FAST-DiO or FAST-Dil. As
described above with ghosts, green and red labelled GPMVs were mixed and incubated
in the presence, or absence, of peptides. After different times of incubation at room
temperature, images were acquired by confocal microscopy. The size distributions of
the GPMVs were noticeably more heterogeneous than what was observed with
erythrocyte ghosts (figure 8 vs figure 3). After 1 h incubation in presence of IAPP, no
appreciable clusters of INS-1E GPMVs were observed (figure 8A). After 3 h of
incubation with 1APP, a clustering of the GPMVs was observed. After 6 and 24 h, the
lipid membrane aggregates were reminiscent of those observed with |APP-treated RBC
ghosts. There was a noticeable colocalization of the fluorophores in these preparations,
which was quantified using the PCC. In contrast, no clustering, or colocalization, was
detected for GPMVs treated with rIAPP throughout the entire incubation time (figure
8B). There was a rapid increase in the colocalization score for IAPP-treated GPMVs,
which reached a plateau after 6 h incubation. In contrast to erythrocyte ghosts, the
perturbations of GPMVs as a function of P/L molar ratio did not change significantly
(figure 8C). Between 3.125 and 50 uM of IAPP, comparable extents of membrane
perturbations were detected (figure S5). Overall, these data demonstrate that the
labelling and analyses established with ghosts are transferrable to GPMVs assembled

from pancreatic cells.
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Figure 3.8 IAPP induces the clustering of GPMVs derived from pancreatic cells and the
perturbation of their lipid bilayer. A) Confocal microscopy images of mixtures of INS-
1E-derived GPMVs respectively labelled with FAST-DiO and FAST-Dil incubated in
the presence or absence of 12.5 uM peptide. B) Colocalization values for GPMV
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mixtures obtained from the Pearson’s correlation test throughout the incubation time. C)
Final colocalization values for the GPMV mixtures incubated with various ratios of P/L
(1:4,1:1, 4:1).

Next, GPMVs labelled with FAST-Dil were incubated with FITC-labelled peptides at
a 1:1 molar ratio to locate IAPP and rIAPP relative to the lipid membranes. Confocal
images of the different preparations showed that there was a significant positive
correlation between the labelled GPMVs and FITC-1APP, with a PCC of 0.52 (figure
9A). In sharp contrast, no significant colocalization could be observed for the non-
amyloidogenic rlIAPP. This is likely explained by the fact that rIAPP forms primarily
small oligomers, not large fibrils (Lu et al., 2018), which did not lead to the formation
of large detectable bright spots around the GPMV surface. Subsequently, FAST-Dil
labelled GPMVs were incubated in the presence of unlabelled peptides (1:1 P/L molar
ratio), to determine if these clusters were enriched in aggregates with a cross-p-sheet
quaternary structure, as observed for RBC ghosts. For IAPP, large ThT-positive areas
were observed around the membrane clusters, whereas no ThT-positive response was
detected for rlIAPP (figure 9B), in agreement with the data obtained using erythrocyte
ghosts. Additionally, both FITC-IAPP and ThT signals were virtually undetectable
outside of the lipid membrane clusters. These data indicate that IAPP is interacting with
the p-cell-derived plasma membrane and likely folds into an amyloid quaternary

organization, as observed for erythrocyte ghosts.
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Figure 3.9 IAPP deposits within lipid GPMV clusters. A) GPMVs labelled with FAST-
Dil (red) were incubated at 12.5 uM phospholipid concentration with 12.5 uM FITC-
labelled peptides, or buffer, for 24 h at room temperature. Numbers in the lower left
corner indicate PCC values between FAST-Dil and FITC. B) GPMVs at 12.5 uM
phospholipid concentration, labelled with FAST-Dil were incubated in the presence or
absence of 12.5 uM unlabelled peptides at room temperature for 24 h before being
stained with 40 uM ThT. A,B) Scale bars = 5 um.

3.5.8 Kinetics of lipid membrane perturbation of GPMVs derived from pancreatic

B-cells

Considering that the labelling of GPMVs allowed the observation of the formation of
lipid clusters induced by IAPP (figure 8), FRET-based kinetic assays were performed.
Mixtures of FAST-DIiO and FAST-Dil fluorescently labelled GPMVs were treated
with 12.5 uM IAPP under different P/L molar ratios and the FRET Kinetics were
compared with the kinetics obtained from a ThT assay using unlabelled GPMVs. The
kinetics of the FRET response correlated closely with the ThT signal (figure 9),
indicative of an aggregation-associated disruption of the plasma membrane by IAPP.
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In contrast to RBC ghosts, a significant FRET response was observed at lower P/L
molar ratio (1:4), and the overlap of the ThT and FRET curves was particularly
noticeable. The extracted kinetic parameters show that despite some minor changes in
the ThT curves, the FRET curves remained relatively stable with slight, yet statistically
non-significant, changes in k or tso, indicating that the elongation rate and nucleation
of the aggregation process remained the same. No positive ThT or FRET response was
detected for GPMVs treated with the non-amyloidogenic rlAPP (figure S6). The FRET

kinetics of lipid membrane clustering induced by IAPP were closely similar in RBC
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Figure 3.10 FRET signal can be followed in a microplate assay to correlate loss of
GPMV membrane integrity with amyloid formation. A) Kinetics by FRET and ThT
using 12.5 pM IAPP with GPMVs at 3.125, 12.5, and 50 uM phospholipid
concentrations (P/L ratios of 4:1, 1:1, and 1:4). B) Maximum fluorescence values
obtained from the fitting of a sigmoidal curve to kinetic data, relative to the blank.
Normalized data were used to fit sigmoidal curves and to obtain C) the slopes (k) and D)
the half times (ts0). The ratio of 1:0 represents IAPP incubated in absence of GPMVSs. B-
D) Error bars represent the 95% confidence interval.

ghosts and GPMVs, with the only difference observed in the half-times (tso), with

statistically significant differences at 1:4 P/L molar ratio (p < 0.05). Particularly, for

both GPMVs and ghosts, the absence of any positive FRET response in presence of
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rlIAPP indicates that the FRET signal is due to the membrane-perturbating activity of
IAPP.

3.6 Discussion

In this study, we harnessed physiologically relevant model systems to study plasma
membrane perturbations induced by IAPP: erythrocytes, RBC ghosts, and GPMVs
derived from B-pancreatic cells. Whereas these systems have been employed in recent
studies to describe some aspects of amyloid-associated cytotoxicity (Birol et al., 2018;
Birol etal., 2019; Huang et al., 2009; Quittot et al., 2021; Schlamadinger and Miranker,
2014; Singer and Dewji, 2006), their usage has been somewhat limited and most
research regarding membrane perturbation induced by amyloidogenic polypeptides is
still conducted with synthetic lipid vesicles, which lack the complexity of cellular
membranes. Consequently, the development of bioanalytical tools and assays remains
vital to bridge the gap between entirely synthetic model systems and living organisms.
Herein, the combination of two independently labelled preparations of RBC ghosts, or
GPMVs, led to the development of a simple microplate-based assay to probe the
kinetics of lipid bilayer perturbations induced by membrane-active compounds under

biologically relevant conditions.

While RBC ghosts and INS-1E GPMVs constitute advanced lipid bilayer models to
study perturbations of the cell plasma membrane, each model presents distinct
advantages and limitations. Whereas RBCs are amenable to study membrane disruption
using the hemolysis assay, this assay is experimentally demanding and poorly
adaptable to high throughput. Moreover, the pores and/or perturbations must be
sufficient large to allow the release of Hb, and it is possible that less important
perturbations, such as the formation of small-diameter transmembrane pores, remain
undetected. To address this potential limitation, smaller fluorophores could be
encapsulated into RBC ghosts, as the calcein-based release assay for synthetic vesicles.
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Since RBCs can be easily obtained in large quantities, membrane interactions can be
investigated at a molecular level by SS-NMR — a powerful approach that is generally
limited to model membranes (Warnet et al., 2015). Interestingly, RBC ghosts have
been recently labelled with deuterated fatty acids to study changes in membrane
dynamics in the presence of antimicrobial peptides (Kumar et al., 2022). This approach
could be applied to study the interaction with amyloidogenic peptides, including IAPP.
RBC ghosts are representative of the cell plasma membranes found in mammalian
organisms and the presence of a glycocalyx is an important aspect to evaluate the
impact of the extracellular matrix in peptide-membrane interactions. There was an
obvious interest to evaluate if the FRET-based assay implemented with erythrocytes
could be transposed to GPMVs derived from cells originating from the tissues where
the amyloid deposits are normally found. While the preparation of GPMVs from
cultured cells is relatively straightforward, the vesicle populations are less
homogeneous, and the final yield of vesicles obtained was substantially lower
compared to ghosts. Nonetheless, GPMVs have the advantage of retaining the
components of cell plasma membrane, and consequently the surfaces encountered by

extracellular amyloid-related proteospecies.

Considering the overall results, two main parameters considerably differed from those
previously reported with prototypical synthetic model membrane systems. First, the
P/L molar ratios required to observe membrane perturbations, ranging from 4:1 to 1:4
(P/L), were markedly lower than those typically used with model vesicles composed
of synthetic lipids, which range from 1:10 to 1:100 (Bera et al., 2020; Divakara et al.,
2019; Sciacca et al., 2020). In fact, the P/L molar ratios required to observe a FRET
response in the kinetic assays corresponded better with those used in recent works
employing vesicles derived from plasma membrane (Birol et al., 2018; Quittot et al.,
2021). Secondly, in the microplate-based experiments, the membrane perturbations of
RBC ghosts and GPMVs detected by FRET were noticeably delayed compared to most

previous works based on dye leakage from synthetic anionic LUVs (De Carufel et al.,
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2015; Godin et al., 2019; Nguyen et al., 2021). Moreover, the leakage kinetics of
synthetic LUVs with encapsulated fluorophores are often lacking a defined lag phase,
although the corresponding kinetics of self-assembly measured by ThT display a
definite lag phase (Sciacca et al., 2016; Zhang et al., 2018). These differences in the
kinetics of perturbation between synthetic LUVs and cell-derived plasma membrane
vesicles could be related to the nature of the FRET-based approach being less sensitive
to small-scale perturbations compared to dye leakage, including the formation of

transmembrane pores by oligomers.

The discrepancies in term of P/L molar ratios and kinetics of perturbation between
synthetic LUVs and vesicles from cell plasma membrane are likely associated with
differences in lipid composition, in size and curvature of the vesicles, and/or with the
presence of non-lipidic components. For instance, it is known that the composition of
synthetic liposomes dramatically modulates the effects of membrane-active
polypeptides (Sciacca et al., 2018; Scollo et al., 2018; Terakawa et al., 2018).
Particularly, it has been shown that liposomes rich in phospholipids with anionic head
groups are more prone to IAPP and AB-peptide mediated membrane damage than
liposomes composed of zwitterionic phospholipids (Sciacca et al., 2018). Plasma
membrane of erythrocytes and of rat INS-1 pancreatic cells are mostly composed of
zwitterionic  phosphatidylcholine (between 45 to 55% of total lipids) and
phosphatidylethanolamine (22%), whereas lipids with an anionic head are less
abundant, such as 4% for phosphatidylserine (Kumar et al., 2022; MacDonald et al.,
2008). In addition, the distribution of charged lipid headgroups in mammalian cells is
asymmetrical, with the majority of anionic phospholipid headgroups located in the
membrane inner leaflet. It is also important to consider that the presence of sulfated
proteoglycans on the cell surface ensures that the outer leaflet of the mammalian
plasma membrane is negatively charged. In this view, numerous studies have shown
that sulfated glycosaminoglycans promote amyloid formation and are implicated in the

tissue deposition of insoluble protein aggregates (Bourgault et al., 2011c; Christensen
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et al., 2016; De Carufel et al., 2013; lannuzzi et al., 2015; Mehra et al., 2018; Quittot
etal., 2017b; Sebastiao et al., 2019), further emphasizing the importance of conducting
such studies with lipid vesicles derived from living cells. Likewise, phospholipid acyl
chain length also plays an important role in determining membrane permeability and
leakage, as observed with liposomes composed of longer acyl chain phospholipids
being more resistant to leakage than their counterparts composed of shorter chains (Cao
et al., 2013a; Sciacca et al., 2020; Scollo et al., 2018).

Although the scope of the present work was principally focused on the development of
a novel membrane perturbation assay using biologically relevant lipid vesicles, some
mechanistic observations could be inferred. First, IAPP induced the clustering of cell
plasma membrane vesicles into large and dense lipidic aggregates, a phenomenon
closely related with amyloid formation. Second, lipids originating from different
vesicles within these clusters are in proximity, leading to the observed FRET signal.
Third, this FRET response induced by IAPP amyloid formation is not entirely lost when
a detergent is added into the peptide-membrane mixtures, suggesting that some of the
lipids remain tightly bound within, or around, the assembled amyloid fibrils. Fourth, a
close correlation was observed between the kinetics of membrane perturbation (FRET
signal) and IAPP amyloid formation (ThT signal). Overall, while these observations
do not exclude the formation of transmembrane pore by oligomeric intermediates, they
suggest that IAPP fibril growth constitutes a major contribution to lipid vesicle

perturbation, likely through a carpet-like mechanism.

3.7 Conclusion

Owing to their ease of use, synthetic phospholipid bilayers have been the workhorse to
study amyloid-associated membrane perturbations over the last decades, although they
do not accurately depict the complexity of the cell plasma membrane. Here, model

membrane systems were generated from mammalian cells to obtain lipid bilayer
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vesicles, which retain the heterogeneous compositions and properties of living cells.
Particularly, a novel binary labelling protocol supported the use of these biologically
derived lipid vesicles to study the kinetics of membrane perturbation through
fluorophore colocalization and FRET-based assays. In conjunction with ThT-binding
assays to monitor peptide self-assembly, this approach has the potential to be applied
to mechanistic studies of membrane damage, allowing for the rapid investigation of
multiple conditions. Especially, this approach constitutes a novel tool that will support
the mechanistic studies of plasma membrane perturbations, not only limited to amyloid
disorders, but also regarding antimicrobial and lytic peptides, and membrane-active
pharmacological drugs.
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3.8 Supporting information
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Figure S3.13P MAS NMR to correlate RBC phospholipid concentration with that of
ghosts. Samples were acquired under quantitative conditions with sufficient time
between acquisitions to allow for complete signal relaxation (10 s), for 512 scans at 298
K with a spinning speed of 6 kHz.
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Figure S3.2 Representative images from confocal microscopy of ghost mixtures treated
with 1APP or rlAPP at different ratios of peptide:phospholipid. Ghosts were labelled
with either FAST-DiO or FAST-Dil and combined to obtain a final phospholipid
concentration of 12.5 uM. Samples were incubated at room temperature for 24 h with
IAPP or rIAPP at 50, 12.5, or 3.125 uM to obtain the desired molar ratios (4:1, 1:1, and
1:4, respectively). Scale bars = 5 um.
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Figure S3.3 Fluorescence spectra of ghosts in control conditions for FRET experiments.
Ghosts were prepared and labelled with either FAST-DiO or FAST-Dil. Suspensions of
labelled ghosts were incubated with buffer or IAPP for 0 and 24 h, then loaded into a 1
cm quartz cuvette and excited at either the FAST-DiO or the FAST-Dil wavelength (460
and 549 nm, respectively). A) Mixture of FAST-DiO and FAST-Dil labelled ghosts
excited at 549 nm. B) FAST-DiO labelled ghosts excited at 460 and 549 nm. C) FAST-
Dil labelled ghosts excited at 460 and 549 nm. Note different scales in axes.
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Figure S3.4 Thioflavin-T and FRET kinetics of rIAPP and ghosts. A) Ghosts were
prepared and labelled with FAST-DiO or FAST-Dil for FRET measurements. Equal
parts FAST-DIO and FAST-Dil labelled ghosts were used, and phospholipid
concentrations were adjusted to obtain the desired peptide:lipid ratios while the
concentration of rIAPP was held constant at 12.5 pM. For ThT measurements,
unlabelled ghost suspensions were used at the same ratios with 12.5 pM rTAPP and 20
uM ThT. B) Baseline measurements for ghosts solubilized with triton-X100 (1% w/v)
under the same conditions as A).
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Figure S3.5 Representative confocal images of GPMVs treated with varying
concentrations of 1APP or rlAPP. GPMVs were labelled with either FAST-DiO or
FAST-Dil and combined to obtain a final phospholipid concentration of 12.5 pM.
Samples were incubated at room temperature for 24 h with IAPP or rlAPP at 50, 12.5,
or 3.125 uM to obtain the desired molar ratios (4:1, 1:1, and 1:4, respectively). Scale
bars =5 um.
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Figure S3.6 Thioflavin-T and FRET Kkinetics of rlIAPP and GPMVs. GPMVs were
prepared and labelled with FAST-DiO or FAST-Dil for FRET measurements. Equal
parts FAST-DiO and FAST-Dil labelled GPMVs were used, and phospholipid
concentrations were adjusted to obtain the desired peptide:lipid ratios while the
concentration of rIAPP was held constant at 12.5 pM. For ThT measurements,
unlabelled GPMVs were used at the same ratios with 12.5uM rIAPP and 20 uM ThT.
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4.1 Abstract

The most frequent method to monitor amyloid formation relies on the fluorescence of
thioflavin T (ThT). The present study reports a novel factor of irreproducibility in ThT
Kinetic assays performed in microplate. Discrepancies among kinetics of amyloid
assembly, performed under quiescent conditions, were associated with the frequency
of fluorescence measurement. Evaluating self-assembly of the islet amyloid
polypeptide at short intervals hastened its fibrillization. This observation was
confirmed by transmission electron microscopy, circular dichroism spectroscopy and
8-anilino-1-naphthalenesulfonic acid fluorescence. This effect, attributed to agitation
during microplate displacements between fluorescence measurements, reinforces the

importance of a better standardization in amyloid formation assays.
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4.2 Introduction

Aggregation and tissue deposition of proteins into the form of amyloid fibrils are
intrinsically associated with pathological states, including Alzheimer’s disecase,
transthyretin amyloidosis and type Il diabetes (Chiti and Dobson, 2006). The causative
association between amyloid formation and the pathogenesis has been demonstrated
by compelling genetic and pharmacological evidences (Chiti and Dobson, 2006).
Nonetheless, therapeutic strategies to arrest protein aggregation and cell degeneration
are still sparse. Thus, the identification of pharmaceutical inhibitors of amyloid
formation is an active area of research. Moreover, understanding the molecular details
of amyloid assembly is critical for the rational design of inhibitors. Therefore,
evaluation of amyloid formation in vitro is important from both a mechanistic and a
pharmaceutical perspective. The most commonly used approach to study kinetic of
amyloid formation is the time-course measurement of thioflavin T (ThT) fluorescence
(Biancalana and Koide, 2010). ThT is a benzothiazole dye that exhibits a strong
increase of its fluorescence quantum yield and a shift of its excitation spectrum upon
binding to cross-B-sheet quaternary structure of amyloids (LeVine, 1993; Naiki et al.,
1989; Wolfe et al., 2010). Since the first study reporting over 50 years ago that ThT
detects amyloids in ex vivo tissues (Vassar and Culling, 1959), the ThT kinetic assay
has become widespread for the mechanistic study of fibrillization (Ban et al., 2003;
Naiki et al., 1989). Particularly, this assay can be performed in a microplate, allowing
for high-throughput screening of amyloid modulators (Hebda et al., 2014; Nguyen et
al., 2016).

While fibrillization Kinetic assays are important for the development of
pharmaceuticals and mechanistic studies, polypeptide self-assembly is notoriously
sensitive to numerous parameters, including concentration (Brender et al., 2015),
temperature (Brender et al., 2015), buffer (De Carufel et al., 2013), surfaces (Murray

et al., 2013), air-liquid interface (Jean et al., 2012), exogenous compounds
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(Alexandrescu, 2005; Hudson et al., 2009; Quittot et al., 2017b) and agitation (Batzli
and Love, 2015). Accordingly, comparison of ThT kinetic assays between studies is
particularly problematic owing to small differences in experimental conditions. We
recently noticed that even when all these parameters are carefully maintained constant,
discrepancies among kinetics of amyloid formation monitored by ThT fluorescence in
microplates were still observed. These differences were associated with the frequency
at which fluorescence is measured. Strikingly, intervals of ThT fluorescence
measurement during amyloid assays performed under quiescent conditions vary
significantly between studies (Benilova et al., 2014; Bourgault et al., 2011c; De
Carufel et al., 2013; Horvath and Wittung-Stafshede, 2016; Ryan et al., 2012) and the
effect of this unstandardized, most often unreported, parameter has not been addressed
so far. In this study, by using the islet amyloid polypeptide (IAPP), we depicted how
amyloid formation is modulated by the measurement frequency in microplate.

4.3 Results and discussion

IAPP is a 37-residue peptide hormone whose deposition into the pancreatic islets is
associated with type-1l diabetes (Nguyen et al.,, 2015). Due to its high
amyloidogenicity, amyloid assembly of IAPP under quiescent conditions occurs within
a few hours, as observed by ThT fluorescence (De Carufel et al., 2015). To specifically
probe the effect of the frequency at which ThT fluorescence is measured on the
fibrillization kinetic, the fluorescence of ThT was measured using intervals between 30
sec to 1 h (for detailed materials and methods, please consult the supporting
information). As shown in figure 4.1A, decreasing the interval between each
measurement hastened amyloid assembly; i.e. a shorter lag-phase is observed at 0.5-
min and 1-min intervals compared to 60 min. The times to reach half the maximum
ThT fluorescence (tso) were obtained by fitting the data to a Boltzmann sigmoidal and
were used to calculate the lag-time (tiag). Both tso and tiag increased proportionally with

the measurement interval (figure 4.1B) . In contrast, ThT fluorescence intensities at the
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plateau were not considerably different, except for the 60-min interval (figure 4.1B).
We also confirmed this effect with a different microplate spectrophotometer (figure
s4.1). Moreover, this effect persisted throughout a wide range of peptide concentrations
(figure s4.2).

We next verified whether the differences in the fibrillization kinetics under quiescent
conditions as a function of measurement interval correspond to actual IAPP
conformational transition. An amyloid assembly experiment in microplate and in
presence of ThT was performed and at specific times, samples were analyzed by
circular dichroism (CD) spectroscopy and transmission electron microscopy (TEM).
When fluorescence was measured every 10 min, the random coil-to-p-sheet secondary
conformational conversion associated with amyloid formation occurred after 5h
incubation (figure 4.1C). By TEM, no fibrils were observed after 3 h incubation
whereas upon 5 h and 24 h incubation, fibrillar aggregates were detected (figure 4.1D).
In sharp contrast, when fluorescence was measured every 1 min, the change in
secondary structure was noticeable after 3 h (figure 4.1E) and the presence of fibrillar
assemblies was confirmed by TEM (figure 4.1F). Interestingly, the morphology of the
mature fibrils obtained after 24 h incubation was similar under both paradigms; i.e. 1-

min and 10-min reading intervals.

According to studies showing that photoirradiation of ThT causes fragmentation of
amyloid fibrils (Ozawa et al., 2009; Yagi et al., 2010), we initially suspected that a
similar mechanism involving ThT photodegradation could be implicated in these
observations. To investigate whether or not ThT was directly involved in this effect,
the concentration of ThT was initially varied by five orders of magnitude. By reducing
the amount of ThT present in solution, any potential reactive intermediates generated



124

A) 5 6000 0.5min  —— 10 min B) 154 === t50(h) 8000
< —— 30 min m— tag(h) E;
[ —— 60 min m—  Plateau Height (AU) 6000 T
2 4000 —~ 10 c
g o £ g
? P 4000 §
g £ 3
6 2000 E 5 [}
3 2000 @
w ]
e >
£
= 0 - —— T — c
0 4 8 12 16 20 24 05 1.0 50 10.0 30.0 60.0
Time (h) Measurement interval (min)
—_ 10 min
C) T 5.0x10°
g
S 0 s
& -5.0x10°
£
O -1.0x10*
x
té“ -1.5x10*
= .2.0x10*
E -2.5x10*
2 200 220 240 260
A (nm)
E) T 5.0¢10° F) i 1 min
g |
£ i
E 0 o
% :
o -5.0x10° y
E 1.0x10*
x ¢
D -1.5x10* / L\ L
o \ -
<, -2.0x10¢ F al.
-
'g -2.5x10* ﬁn«:‘.m& o o
=3

200 220 240 260
A (nm)

Figure 4.1 Frequent ThT fluorescence measurements accelerate amyloid formation. A)
Kinetics of amyloid formation of TAPP (25 uM) measured by ThT fluorescence, with
measurements taken every 0.5, 1, 5, 10, 30 and 60 mins. B) Kinetic parameters obtained
from Boltzmann sigmoidal fit. C,E) Circular dichroism spectra of samples taken from
microplate assays showing changes in secondary structure for measurements taken at
10-min (C) and 1-min (E) intervals. D,F) TEM images of samples taken from the
microplate assays (in presence of 20 uM ThT) with 10-min (D) and 1-min (F)
measurement intervals. Scale bar: 200 nm.

by fluorescence measurement would have also been reduced. No differences were
observed (figure 4.2A, figure 4.2B and figure s4.3). We then investigated if this effect
could be related to an increase of local temperature around the ThT-fibril interface.
Thus, assays were performed at 24°C and 30°C and variations between temperatures

were negligible (figure 4.2C). To confirm that ThT excitation played no role in the
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alteration of fibrillization kinetics, the ThT was replaced by the hydrophobic-probe 8-
anilino-1-naphthalenesulfonic acid (ANS). Strikingly, changing measurement intervals

also altered the fibrillization measured by ANS fluorescence (figure 4.2D).

An additional variable that had to be considered was the movement of the microplate
between the measurements of each well. Indeed, although the present assay was
performed under quiescent conditions (no agitation before each read), plate readers
move the microplate between each well-measurement. To evaluate this parameter, we
compared the kinetics of amyloid assembly (10-min interval) under two paradigms; 3
wells were read vs the entire plate (96 wells). In both cases, samples from the same 3
wells were used for the analysis (wells A10 to Al2). Strikingly, there was a clear
difference between the Kinetics obtained from 3-well and 96-well measurements
(figure 4.2E). The same effect was observed with the amyloid-beta peptide APi-s0
(figure s4.4).This indicates that the slight displacements of the microplate accelerated
fibrillization and that kinetics of assembly is sensitive to the number of samples read.
This hypothesis was confirmed by comparing the fibrillization kinetics using 10-min
and 1-min measurement intervals in a cuvette instead of a microplate, with the cuvette
holder fixed in the spectrofluorimeter. The results showed no difference between both
paradigms in the cuvette (figure 4.2F). Although agitation has been abundantly shown
to be a critical factor in amyloid formation (Batzli and Love, 2015), it was always used
intentionally. The present data demonstrate a level of sensitivity not previously
discussed and have implications on research relying on ThT assays to monitor
fibrillization Kinetics. The process of amyloid formation in vitro appears to be
remarkably sensitive to agitation and the slight displacement of a microplate inside of
a spectrophotometer is sufficient to significantly alter the kinetics of fibrillization. This
finding offers a novel perspective regarding the reproducibility issues in amyloid

formation assay. In
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Figure 4.2 Increasing the number of microplate wells measured hastens amyloid
formation. A,B) Fibrillization kinetics of hIAPP (25uM) with different ThT
concentrations with measurements taken at 10-min (A) and 1-min (B) intervals. C)
Effect of temperature on the kinetics of IAPP self-assembly. D) Kinetics of amyloid
formation of IAPP (12.5 uM) measured by ANS fluorescence, with measurements taken
every 0.5, 1, 5, 10, 30 and 60 mins. E) Fibrillization kinetics comparing measurements
taken from 3 wells and 96 wells. F) Kinetics of IAPP (100 uM) self-assembly measured
by ThT fluorescence in a cuvette with measurements taken at 10-min and 1-min
intervals.

particular, care should be taken when comparing results obtained from quiescent fibril
formation on the benchtop with what may not actually be quiescent measurements in a
microplate reader. This study emphasizes that amyloid assembly is very sensitive to
environmental factors and reinforces the importance of a better standardization in
experimental procedures, including measurement intervals and the number of samples

per microplate.

Appendix A. Supplementary data

Materials and Methods as well as supplementary data related to this article can be
found at: http://dx.doi.org/10.1016/].ab.2017.01.001
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4.4 Supporting information

4.4.1 Materials and methods

Peptide synthesis and sample preparation

IAPP was synthesized on a Tribute peptide synthesizer (Protein Technologies) using
Fmoc chemistry and a 2-(6-chloro-1-H-benzotriazole-1-yl)-1,1,3,3-
tetramethylaminium hexafluorophosphate (HCTU) coupling strategy, as previously
described (De Carufel et al., 2015). Oxazolidine pseudoproline dipeptide derivatives
were incorporated to facilitate the synthesis (Abedini and Raleigh, 2005). After
cleavage, crude peptides were purified by reverse-phase high performance liquid
chromatography (RP-HPLC). Collected fractions were analyzed by analytical RP-
HPLC using an Aeris peptide XB C18 column (Phenomenex) and by ‘time of flight’
mass spectrometry using a LC/MS-TOF (Agilent). Fractions corresponding to the
desired peptide with purity higher than 95% were pooled and lyophilized. Disulfide
bond formation between Cys-2 and Cys-7 was achieved by dimethyl sulfoxide
(DMSO) oxidation under mild agitation overnight. Peptides were repurified by RP-
HPLC as described above. ABi-40 was purchased from DG Peptides and purety and
identity was assessed by LC-MS-TOF. Aliquots of monomerized IAPP and Af1.40 Were
prepared by dissolving the pure peptide in hexafluoro-2-propanol (HFIP) to a
concentration of 1 mg/mL. The solution was sonicated for 30 min and filtered through
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a 0.22 um hydrophilic PVDF filter before being lyophilized. The lyophilized peptide
was solubilized for a second time in HFIP, sonicated for 30 min and the solution was
aliquoted and IAPP was lyophilized while AB1-40 aliquots were evaporated under N>
gas. Monomerized IAPP and Api-40 Samples were kept dried at -80°C until used, but
not for longer than 4 weeks.

Kinetics of amyloid assembly

Monomerized IAPP was solubilized at 50 uM in tris-HCI (20 mM, pH 7.4) and
sonicated for 3 minutes. The peptide solution was then diluted to 25, 12.5, and 6.25 uM
with tris-HC1 and ThT was added for a final concentration of 20 uM. Monomerized
AP1-40 was solubilized in DMSO, then diluted to 50 uM with a final concentration of
1% DMSO. This stock solution was then diluted to 25, 12.5, and 6.25 pM with
phosphate buffer (20 mM, pH 7.4). For AB1-40, assays were carried out with 100 pL
volumes in triplicate in sealed 96-well microplates (Corning, black walled, clear
bottomed, non-treated surface). Using an M1000 Pro Tecan plate reader, the microplate
was incubated at 37 °C with 5 seconds of agitation (linear shaking, 2 mm amplitude,
654 rpm) immediately prior to each measurement. For IAPP, assays were carried out
with 100 pL volumes in triplicate in sealed 96-well microplate under quiescent
conditions (Corning, black walled, clear bottomed, non-binding surface). Using an
M1000 Pro plate reader (Tecan), the microplate was agitated for 5 seconds (linear
shaking, 2 mm amplitude, 654 rpm) and the fibrillisation kinetics were performed at
24 °C, unless specified. Amyloid formation was monitored by thioflavin T fluorescence
(Aexcitation = 440 nm, Aemission = 485 nm) with measurements taken from the bottom of
the plate every 0.5, 1, 5, 10, 30, or 60 minutes under quiescent conditions. ThT Kinetics
assays were also conducted on a Molecular Devices Spectramax i3 plate reader under
the same conditions. Kinetic data from triplicates were averaged and fitted with a

Boltzmann sigmoidal curve where tso is the time to half-maximum intensity, k is the
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apparent first-order rate constant and Fo and Fmax are the minimum and maximum

fluorescence intensities, respectively.

F_F0+(Fmax_F0)
N —(t—kfso)

1+e

The lag time (tiag) Was defined as the time before the any detectable amyloid forms, and

was calculated from the sigmoidal model as: t;,, = tso — 2k.

Circular dichroism spectroscopy

Far-ultraviolet circular dichroism (CD) spectra were recorded at room temperature
using a Jasco J-810 CD spectrometer (Jasco, Easton, MD, USA). All spectra were
measured from 260 to 190 nm and were corrected by subtracting the appropriate blank
solution (buffer with ThT). All data was collected in 2 mm path length quartz cuvettes

and converted to mean residue ellipticity (MRE):

MRE (deg - cm? - dmol™1)
Mean residue weight (g - mol™) x CD signal (deg)

10 x path length (cm) X peptide concentration (g - mL™1)
Transmission electron microscopy

Samples, taken from microplate wells (25 uM 1APP; 20 mM tris-HCl and 20 uM ThT),
were applied to a glow-discharged carbon film on a 400-mesh copper grid and left to
stand for 1 minute. The grid was then blotted with filter paper and the sample
immediately negatively stained with uranyl-formate (1.5% w/v). The stain was left to
stand for 1 minute before being blotted dry and the grid set aside to dry completely
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(24h) before analysis. Sample grids were analyzed on a FEI Tecnai 12 BioTwin system
at 120 kV, and images were captured with a AMT XR80C CCD camera system.

4.4.2 Supplementary figures
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Figure S4.1 Reducing measurement interval during fibrillisation kinetics accelerates the
response in ThT fluorescence regardless of plate reader model. Using a different
microplate reader (Molecular Devices, Spectramax M2) yielded the same shortening of
lag phase as the time between measurements was reduced from 10-min to 1-min
intervals.
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Figure S4.2 Reducing measurement interval during fibrillization kinetics accelerates the
response in ThT fluorescence across a range of peptide concentrations. IAPP was tested
at different concentrations (6.25, 12.5, 25 uM) with fluorescence measured at A) 10-min
and B) 1-min intervals in non-binding microplate. The same shortening of lag-phase
during the fibrillization kinetics was observed for all three concentrations.
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Figure S4.3 Lag time and tso from fibrillization Kinetics (obtained from Figure 2). A,B)
Fibrillization kinetics of IAPP (25uM) with different ThT concentrations with
measurements taken at 10-min (A) and 1-min (B) intervals. C) Effect of temperature on
the kinetics of IAPP self-assembly. D) Kinetics of amyloid formation of IAPP (12.5 uM)
measured by ANS fluorescence, with measurements taken every 0.5, 1, 5, 10, 30 and 60
mins. E) Fibrillization kinetics comparing measurements taken from 3 wells and 96
wells. F) Kinetics of IAPP (100 uM) self-assembly measured by ThT fluorescence in a
cuvette with measurements taken at 10-min and 1-min intervals.
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Figure S4.4 Increasing the number of wells measured accelerates the formation of
amyloid fibrils of APi4. APis0 amyloid assembly was evaluated at peptide
concentrations of A) 25 pM and B) 12.5 pM in the presence of 20 uM ThT with
measurements taken every 10 minutes with 5 seconds of agitation (linear shaking) before
each read. Similar to IAPP, increasing the number of wells measured noticeably reduced
the lag-phase during AP1-4 fibrillization.



CHAPTER V:

DISCUSSION

The self-assembly of peptide hormones is a complex process which occurs within a
multitude of different contexts, ranging from heterogeneous amyloid deposits in vivo
to simple amorphous aggregates in vitro. Regardless of where such aggregates are
forming, there is a dire need to advance the current state of knowledge behind the
aggregation process. An improved understanding behind this fundamental property of
peptide hormones, and virtually all peptides or proteins for that matter, has broad
implications in drug design and formulation, disease progression and treatment, as well
as physiological functions. Furthermore, the work done on peptide hormones is likely
transferrable to other aggregation-prone peptides, such as amyloid-f and a-synuclein,
which aggregate in a similar manner. Throughout this thesis, peptide hormone
aggregation was studied in both functional and pathological contexts. Mechanistic
aspects of the processes which drive self-assembly were addressed, contributing to the
overall scientific understanding of peptide hormone aggregation. Finally,
improvements to standard experimental approaches used to study such processes were

proposed.

In this context, this thesis aimed to uncover innovative biophysical strategies and
approaches to study the process and factors affecting the aggregation of peptide
hormones into amyloid fibrils. This overarching goal was attained, as testified by the

publication of three separate manuscripts in renowned peer-reviewed journals for the
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field. First, a new mechanism was proposed by which amyloid forms due to the
interaction of a soluble peptide hormone, PACAP, and a linear polyanion, heparin, and
the role of phase separation was demonstrated under conditions closely replicating
those found within the physiological environment of secretory granules. Next, plasma
membrane vesicles were exploited using a novel fluorescent labelling approach to
study changes and damage to membranes by induced by IAPP, typically ascribed to an
important source of the associated cytotoxicity of pancreatic cells during T2D in a mid-
to high-throughput assay format. Finally, the ubiquitous use of microplate assays to
follow amyloid growth result in a wide range of kinetic behaviours of 1APP in the
literature. We discovered that the number of measurements, as well as intervals
between measurements, may dramatically alter the kinetic profile of self-assembly. It
demonstrated to be such that the self-assembly process is remarkably sensitive to even
little sources of agitation, and the movements of the sample within the microplate
reader are sufficient to accelerate the process. In the following sections, the results
obtained during this thesis will be examined in the context of the relevant literature,
primarily divided into two axes: 1) the roles of lipid bilayers and GAGs as co-factors
during the self-assembly of peptide hormones, and 2) experimental approaches to study
the biophysical process associated with amyloid formation.

5.1  Lipid bilayers and GAGs as co-factors during peptide hormone aggregation

5.1.1 Phase transitions during the process of amyloid formation

Despite amyloid being insoluble fibrils, which arise from soluble monomers and
oligomers, the phase transition of the process is often not addressed. This is, however,
a crucial aspect to consider when discussing the physiological and pathological roles
of amyloids. As peptide hormones are stored as densely packed amyloid-like states
inside secretory granules, higher concentrations can be attained than if the hormones
were required to remain soluble (Maji et al., 2009). Additionally, for high
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concentrations of soluble molecules, an osmotic gradient would need to be maintained
through ion pumps. This implies, therefore, that the insolubility of amyloid fibrils may
act as an evolutionary advantage by lowering the cellular energy requirements (Maji et
al., 2009; Nespovitaya et al., 2016). The caveat is that this solid material must be
reversible enough to liberate biologically active, soluble monomers on demand. This
so far appears to be the case where peptide hormones are stored reversibly as insoluble
amyloid-like states inside of secretory granules, yet upon release, the aggregates are
disassembled by chaperones and/or environmental changes (e.g., pH) to produce active

monomers (Maji et al., 2009).

The findings in Chapter Il support the presence of insoluble fibrils formed from
PACAP, a soluble peptide hormone, in the presence of GAGs, but an intermediate state
was also described. PACAP was able to remain soluble for long durations and at
elevated concentrations, mimicking those found in secretory granules. However, a
liquid-liquid phase separation immediately occurred upon the addition of the highly
anionic biopolymer, heparin. This was observed macroscopically as the formation of
demixed white particulates, which rapidly settled in the absence of agitation and were
easily pelleted via centrifugation. Microscopically, these particulates were spherical
and decreased in size as the amyloid fibrils formed, suggesting that they were
composed of the soluble peptide. HPLC analysis of supernatants showed that virtually
no soluble peptide remained. A mechanism was proposed, whereby amyloid formation
Is initiated within the dense particulates in a water-depleted environment, rather than
from soluble oligomers as most of the current mechanisms for pathological amyloid

suggest.

Additional experiments could be performed to refine the proposed mechanism. For
example, the notion of functional amyloid in secretory granules relies on a certain
reversibility of the amyloid, which was not addressed in the course of this research

thesis. Therefore, experiments could be performed to validate the capacity to release
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monomers (Anoop et al., 2014; Maji et al., 2009; Nespovitaya et al., 2016). Although
it would be unlikely that any type of structural rearrangement or assembly may occur
in a solid state, fluorescence recovery after photobleaching (FRAP) experiments could
be done to confirm that these spherical particles were liquid. In FRAP, a powerful laser
Is used to photobleach an area of the phase-separated liquid droplet. Then, due to
fluidity and mixing within the droplet, fluorescence to that area is restored over time,
as recently demonstrated (Pytowski et al., 2020). Other spectroscopic approaches could
also be employed, such as solution NMR that can detect the presence of fluids but not
solids, provided that the quantity of such species is sufficiently elevated. Therefore, as
insoluble amyloid is formed, it would be expected to see a decrease in NMR signal
from the peptide if it is in a fluid-like state (Hoffmann et al., 2018). If this is not possible
due to the peptide being in a gel-like state, then another potential use of NMR would
be to measure the signal relaxation of 3C-labelled PACAP in the monomeric,
particulate, and fibrillar states. Solids and solid-like materials undergo faster relaxation
in NMR environments than liquid-like materials (Hellstrand et al., 2013; Rajput et al.,
2021).

5.1.2 Composition and complexity in models of lipid membranes

The interactions between amyloidogenic peptides and lipid membranes have been
studied for decades, but the types and composition of model membranes used to study
such interactions varies considerably. The majority of the work reported in the
literature uses liposomes, prepared from a binary mixture of synthetic phospholipids,
which is then extruded to obtain LUVs. It has been repeatedly observed that
phospholipids with anionic head groups (e.g., PG, PS) accelerate the amyloidogenic
process, whereas zwitterionic head groups (e.g., PC, PE, SM) exert far less of an effect.
As a result, many studies prepare LUVs with disproportionate amounts of anionic
phospholipids, on the order of 20 to 50 %mol, while mammalian cell membranes

typically contain 2 to 10 %mol (Zhang et al., 2017). Furthermore, in mammalian cells,
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the anionic phospholipids are primarily localized In the inner leaflet of the bilayer,
while in LUVs the distribution is equal between the two leaflets (Harayama and
Riezman, 2018). Necessarily, this implies that any peptide in the presence of such
anionic LUVs will encounter considerably more anionic phospholipids than would be
possible under biological conditions. Cholesterol is abundant in mammalian cell
membranes and most often absent in the model systems selected to study
amyloidogenic peptide-membrane interactions. Cholesterol rigidifies fluid membranes
and even using simple two-lipid model LUVs, the presence of cholesterol has a drastic
effect in reducing peptide-induced disruptions (Sciacca et al., 2016; Walsh et al.,
2014). The remaining plasma membrane components — extracellular matrix and
cytoskeleton — also likely stabilize the membrane. As a result, plasma membranes are
more resistant to amyloid-associated damage than liposomes, as demonstrated in
Chapter I11 using both ghosts and GPMVs. Both of these models required significantly
higher peptide:phospholipid ratios to detect significant disruption of the bilayer — on
the order of 10-fold higher levels of monomeric peptide. Additionally, while ghosts
retain the asymmetry of the inner and outer membrane leaflets (Gordesky and
Marinetti, 1973), GPMVs have been observed to flip significant amounts of the anionic
PS to the outer leaflet (Kelly et al., 2009). This offers one potential explanation as to
why the colocalization of the lipophilic tracers occurred at lower peptide:phospholipid
ratios for GPMVs than for ghosts.

A significant portion of the literature describes plasma membrane perturbation
associated with the process of amyloid formation . The mechanisms by which amyloid
disrupts the membrane, however, are still a subject of debate. Typically, such
interactions are viewed as either the formation of transmembrane pores by pre-fibrillar
oligomers, or a carpeting/detergent-like mechanism by which oligomers/pre-fibrillar
species are hydrophobic enough to partially solubilize the lipid bilayer, which results
in lipids becoming incorporated into the amyloid fibrils (Gellermann et al., 2005;
Hellstrand et al., 2013; Sciacca et al., 2018; Westermark et al., 2011). In reality, it is
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possible to conceive that both of these processes occur, something which has been
proposed using model membranes (Sasahara, 2018). As addressed in Chapter 111, one
improvement to the models used would be the encapsulation of a fluorophore to detect
small-scale membrane perturbations. Although not the primary purpose of the work,
results obtained in Chapter 11l correspond well with a carpeting mechanism where
IAPP covers the membrane surface and the ensuing fibril growth damages the lipid
membranes. These mechanisms have been investigated due to the low intrinsic
cytotoxicity of most fully formed amyloid fibrils, although in some cases it is likely
that the sheer mass of extracellular deposits can result in tissue damage or organ
dysfunction as with systemic amyloidosis, where kilograms of amyloid proteinaceous

materials are found (Knowles et al., 2014).

A common limitation in the literature is the difficulty in reconciling amyloidogenicity,
membrane perturbation in model systems, and cytotoxicity (Cao et al., 2013a). This
was one of the primary factors that motivated the work in Chapter I11. Potentially, these
discrepancies may simply be a result of insufficiently representative model membranes
— the lack of polyanions, cytoskeleton, and lipid distribution or composition. Future
work could exploit recent sSNMR experiments to further explore the peptide-
membrane interactions between amyloidogenic peptide hormones and plasma
membranes. One example is the incorporation of deuterated fatty acids to probe the
membrane fluidity, which has so far been done with antimicrobial peptides (Kumar et
al., 2022). Similarly, to answer the question of which polar headgroups interact more
strongly with the peptide, two-dimensional experiments such recoupling of the
chemical shift anisotropy would be able to distinguish changes in the 3P headgroup
organization (Warschawski et al., 2018). Of course, detecting structural changes of
IAPP would also prove useful in understanding its membrane interactions. The
possibility must be acknowledged, however, that the disagreements between
cytotoxicity and membrane perturbation arise from something else altogether, and in

that case, it is important to consider other mechanisms responsible for cell death in the



140

context of IAPP amyloidogenesis. This concept has been proposed previously,
suggesting that multiple mechanisms of cytotoxicity not only exist, but occur
simultaneously (Abedini et al., 2018; Abedini and Schmidt, 2013; Cao et al., 2013b).
One such example is the perturbation of the plasma and mitochondrial membranes
which in turn leads to the accumulation of reactive oxygen species, increased

intracellular Ca?*, and stress to the endoplasmic reticulum.

There is also evidence that pre-fibrillar forms of IAPP bind to RAGE, a receptor which
recognizes patterns and is involved in various inflammatory conditions, including T2D.
It was concluded that soluble, pre-fibrillar species lead to the upregulation of RAGE
expression and to B-cell death via apoptosis, whereas fully formed fibrils did not
(Abedini et al., 2018). This strongly supports the oligomer hypothesis and may explain,
at least in part, the issue with attempting to directly translate membrane perturbation to
cytotoxicity. Since IAPP toxicity is increased by inflammation, and IAPP binding to
RAGE generates an inflammatory response, it is entirely possible that the initiation of
B-cell death occurs as a result from RAGE binding. The loss of B-cells in the pancreas
could be further exacerbated through the other commonly described, non-receptor

mediated mechanisms, namely perturbation of the plasma membrane.
5.2  Experimental approaches to study amyloid formation
5.2.1 Agitation during the in vitro self-assembly process

While a sizeable amount of the literature is centered around describing the pathological
nature of amyloid, an abundant body of work describes amyloid formation in vitro. It
is already well known that various experimental conditions can alter the aggregation
and self-assembly of peptides into amyloid fibrils. This has been observed for pH, salt,
peptide concentration, temperature, and agitation (Batzli and Love, 2015). In fact,

agitation is a primary driver of amyloidogenesis in vitro for a variety of peptides,
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ranging from canonical disease-related peptides such as linear oscillations for AP
(Bharadwaj et al., 2020; Sciacca et al., 2012) to the longitudinal rotation more recently
described for amyloid fibrils formed by peptide hormones (Anoop et al., 2014; Maji et
al., 2009; Mehra et al., 2018).

Agitation can be applied in two general ways: i) turbulent mixing, which increases the
contact between air and water interfaces, and ii) shear, which applies horizontal forces
upon the solution resulting in mixing (Batzli and Love, 2015). In each case, the number
of molecular collisions is increased, thus raising the probability of a nucleation event
occurring. Turbulent mixing is likely the primary driving force in the initiation of
aggregation, since shear forces alone were not found to accelerate the nucleation
process. Shear, however, is capable of accelerating the fibrilization process at low
forces, and at higher forces can result in the breakup of larger aggregates, leading to
increased secondary nucleation sites while simultaneously resulting in shorter fibril
lengths (Hill et al., 2006). It was further observed that in certain cases, sufficient shear
forces could also result in increased air-water contact and in turn, accelerate nucleation.
Considering the results obtained in Chapter 1V, the increased agitation induced by the
number of measurements did not decrease the final ThT fluorescence values,
suggesting that a comparable number of ThT binding sites were available regardless of
the amount of agitation. Furthermore, the shortening of the nucleation phase and
increased rate of elongation (i.e., slope) suggest that there are primarily turbulent forces

associated with measurements made in typical microplate reader ThT assays.

5.2.2 Addressing the limitations in current methods used to amdyloid self-assembly

In general, studying the behaviour of aggregating peptides is challenging due to the
heterogeneous and dynamic nature of the samples. As other co-factors are added, such
as GAGs, membranes, crowding agents, and salts, the selection of experimental

techniques becomes increasingly limited. The use of co-factors is becoming ever more
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important, however, to accurately depict the corresponding biological processes in
vivo. Ultimately, it is imperative to select a variety of experimental approaches that
may overcome potential limitations such as sample quantity, acquisition time, detection
of the desired material, and labelling possibilities. For example, AFM and transmission
TEM are commonly used to study amyloid fibril morphology (Heerde et al., 2022;
Nguyen et al., 2021). These approaches are generally fast and require no labelling,
although samples must be dried. Confocal microscopy is a powerful tool to detect large
aggregates, and fluorescent labelling permits the detection of only a desired region of
the sample. The resolution of confocal microscopy is considerably lower than AFM
and TEM, however. This can be overcome to some degree using modern super
resolution microscopy, which has been used to acquire images of real-time fibril
growth and the incorporation of GAGs into amyloid fibrils using appropriate
combinations of fluorescently labelled sampled (Nespovitaya et al., 2017). The use of
super-resolution microscopy could potentially also shed light on the inner workings
and dynamics of the phase-separated droplets witnessed during the self-assembly of
PACAP.

Spectroscopic approaches provide molecular-level information on the supramolecular
and atomic structure of peptide hormone aggregates, in addition to their interactions
with other biological structures such as GAGs, lipids, and proteins. NMR is a powerful
tool in this regard since it does not require adding tags onto the peptide, thus ensuring
that a sample will behave as it should in vivo. NMR can be used to detect both soluble
and insoluble species along the aggregation pathway, to probe membrane damage, and
to measure distances and dynamics. Typically, to improve the relatively insensitive
nature of NMR, peptides incorporating *3C and '°N isotopes are preferred, though
directly measuring the signal from protons has been accomplished (Nguyen et al.,
2021; Yamane et al., 2019). One particularly impressive example detected and
characterized oligomers of the AP polypeptide (Kotler et al., 2015). While A is not a

peptide hormone, it is of comparable size and prepared synthetically in a similar fashion



143

as many of the peptide hormones used in in vitro experiments, indicating that such an
approach would be feasible for peptide hormones as well. This could equally be probed
by ssNMR using 3C and N isotopically labelled IAPP and comparing the changes in
chemical shifts between the theoretical values for a random coil and those obtained
experimentally. While this has been done previously in the literature (Loquet et al.,
2018), synthetic models were used and, considering the important differences observed
in the experiments on ghosts or GPMVs, it would be a worthwhile endeavor to study

those structural changes in the presence of plasma membranes.

Another spectroscopic approach commonly employed is CD, which offers a relatively
simple and rapid way to detect changes in secondary structure using circular polarized
light. Since amyloid fibrils are formed from cross-p-sheets and most peptide hormones
are disordered or a-helical, there is a clear shift in CD signal during self-assembly
(Caillon et al., 2013; Hoffmann et al., 2018; Khemtemourian et al., 2021). CD is
particularly sensitive to high salt concentrations and a variety of macromolecules;
therefore, samples must be relatively simple in composition. In this case, the model
membranes proposed in Chapter Il prove to be unsuitable and result in excessive

background noise due to the presence of membrane proteins and salts.

Fluorescence spectroscopy is a common technique to detect aggregation, using an
assortment of chromophores. ThT is typically used, although CR birefringence has
historically been the gold standard. CR can also be detected through UV-vis absorbance
and fluorescence spectroscopy (Birol et al., 2019), though this occurs less frequently
than ThT-binding fluorescence assays. Other approaches use ANS, which responds to
hydrophobic domains (Lu et al., 2018), and pyrene can be applied to determine the
critical aggregation concentration of a peptide (Zottig et al., 2021). A somewhat more
recent approach used the fluorescent biarsenical hairpin (FIAsH) probe to study the
aggregation kinetics of IAPP (Quittot et al., 2018). It has been shown that this method

can be applied to several peptides, by adding a double cysteine motif which, during
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aggregation binds to FIAsH with a second double cysteine motif and renders it
fluorescent. Interestingly, IAPP has an intrinsic double cysteine motif (Cys2, Cys7)
and responds to FIAsH without the need for an external tag. This could potentially be
exploited for other peptides containing such double cysteine motifs, for example,
calcitonin. In many cases, the fluorescence is monitored in a microplate over time as a
kinetic experiment (Chiti and Dobson, 2017; Korshavn et al., 2017; Kumar et al.,
2017), after which important properties such as the nucleation time, elongation rate,
and even the overall mechanism can be determined from the fitting of a sigmoidal curve
to the data (Meisl et al., 2016). The principal findings from Chapter IV are therefore
essential to ensure an accurate representation of the aggregation kinetics, particularly
since the results were shown to be transferrable between different amyloidogenic

peptides.

5.3  Conclusions and perspectives

Amyloid remains to this day a complex and challenging biomaterial to accurately
study, due to the highly dynamic and sensitive process by which it forms, and the
morphological heterogeneity of the mature fibrils. The work performed throughout this
thesis has resulted in several key findings that could ultimately contribute to the body
of scientific literature describing peptide hormone aggregation, and amyloid-associated
pathophysiology. Specifically, this thesis describes commonly overlooked variables to
improve the reliability of in vitro experiments, presents a simple and efficient assay to
detect time-resolved membrane perturbations during peptide aggregation using intact
plasma membranes, and defines a novel mechanism behind the biological process of
peptide hormone storage as amyloid. The impacts of this work are wide reaching and
potentially provide an avenue to reconcile the differences observed during

amyloidogenesis in laboratory and in biological/clinical settings.
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The notion that peptide hormones self-assemble inside secretory granules in a phase-
separated state is entirely new and describes the mechanism behind a newly discovered
physiological form of amyloid. The process appears to be fundamentally different from
what is generally proposed to occur among pathologically associated amyloid, even for
peptide hormones of similar lengths. Important questions should be addressed in future
work regarding the nature of pathological and functional amyloids, notably concerning
the relationship between self-assembly mechanisms and pathology. It would be
particularly interesting to compare other functional forms of amyloid and determine
whether the role of phase separation is critical for all functional amyloids. For example,
this appears to be an important aspect in nuclear amyloid bodies formed by the Von
Hippel Lindau protein in the presence of low-complexity domains of non-coding
MRNA (Audas et al., 2016).

The limitations to the current model lipid membrane systems employed in the vast
majority of biophysical studies were addressed through the development of a new
experimental approach to enable the rapid throughput of samples to test various
conditions of amyloid formation using vesicles derived from mammalian plasma
membrane. The final FRET assay proposed here and the biologically relevant
membranes themselves have important applications, for instance interpreting the
effects of and screening for fibrilization inhibitors or comparing the importance of

membrane perturbations with expected cytotoxicity.

Finally, the sensitivity of the ubiquitously employed ThT microplate assay was
addressed by examining an often-unreported variable: measurement frequency. We
demonstrated that the frequency of measurements made during microplate reader
experiments provide sufficient agitation to significantly alter the self-assembly kinetics
of IAPP, and of the peptide AB. These results have aided in improving assay
consistency in the Bourgault lab and have the possibility to improve experimental

reliability in other labs as well. These results demonstrate that the exact same number
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of measurements must be made to accurately compare kinetic data from two datasets.
Ultimately, these results also demonstrate how sensitive the amyloidogenic process is
to agitation and indicate a dire need for published protocols to provide as much detail

as possible to assist in the replication of the work carried out.
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