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ABSTRACT

Amyloid proteins are associated with various disorders such as Alzheimer's, Parkinson's,
prion diseases, and type 2 diabetes. Each of these illnesses involves a specific amyloid protein or
peptide that misfolds and forms fibrils. Apart from pathological amyloids, there are amyloids that
are considered functional amyloids. Functional amyloids are produced by different organisms, and
in contrast to pathological amyloids, they serve various biological functions. For my MSc. project
| focus on the pathological amyloid-p (Ap) associated with Alzheimer's disease and the functional
amyloid curli. Curli is produced by the foodborne pathogen Salmonella and the commensal
bacteria Escherichia coli. Curli is classified as a functional amyloid because it provides a structural
role in the biofilm extracellular matrix. CsgA and CsgB are the curli structural components. When
CsgA and CsgB reach the cell surface, they change from an unstructured state as secreted proteins
to B-rich structures that assemble into amyloid fibrils at the cell surface. Despite being encoded by
distinct protein sequences, curli fibrils share a common 3D structure with Af. The mechanism of
how AP peptides convert from soluble functional proteins into insoluble amyloid fibrils is not fully
understood. Given that both proteins are naturally amyloidogenic and share a similar structural
fold, the subject of my M.Sc. research is to investigate if Salmonella curli can cross-react with A
peptides. The effects of curli on aggregation and aggregate cytotoxicity of AB(1-42) and AB(1-40)
peptides were investigated by a combination of biophysical (Western blot analysis and kinetic
studies with thioflavin T fluorescence) and cellular assays (cell viability in male and female human
fibroblasts). | demonstrate that curli can physically interact with both AB peptides in vitro. The
biophysical data shows that curli promotes AB(1-42) fibrillization and accelerate the overall
aggregation of AB(1-40) (i.e., oligomers + fibrils). The data with cultured cells shows that AB(1-
42)/curli aggregates are less cytotoxic that Ap(1-42) aggregates. Our results support mounting
evidence that oligomers—as opposed to mature fibrils— are probably the more toxic species of
the peptides. Although we cannot correlate our results to the complex pathology of AD yet, our
findings contribute to evidence that exogenous (sometimes bacterial) amyloids may influence and
cross-react with host amyloids. Moreover, the interactions shown in my work may provide new
insights into the molecular mechanisms of interactions between bacterial amyloids and human

amyloids.
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CHAPTER I. LITERATURE REVIEW AND INTRODUCTION

1.1. AMYLOID PROTEINS

Amyloid proteins are subjects of interest because of their link to several disorders such as
Alzheimer's (AD), Parkinson's (PD), prion diseases and type 2 diabetes (T2D) where a particular
amyloid protein or peptide that misfolds and forms fibrils is directly tied to each illness (Barron,
2017; Benson, 2023). Pathological amyloids are not the only type of amyloids that exist. Artificial
amyloids, which were discovered in the 1990s, are globular proteins that under certain conditions
can form fibrils that are similar to amyloid fibrils (Gustavsson et al., 1991). The latest type of
amyloids discovered are functional amyloids. Functional amyloids are produced by different
organisms and contrary to pathological amyloids, functional amyloids perform diverse biological
functions (Fowler et al., 2007). Although amyloid proteins from different types are encoded by
different sequences, all amyloids have a have a common fibril scaffold (structure), which unites
them all. Therefore, it is critical to comprehend how these proteins aggregate to form fibrils and
what factors are important in defining their function.

1.1.1  Amyloid structure

Pathological and functional amyloids are proteins that form elongated B-sheet-rich fibrils

(Figure 1.1) (Rambaran and Serpell, 2008; Greenwald et al., 2018). The B-sheets made of aligned
B-strands (arrows in Figure 1.1) are highly organized and constitute the so-called cross-p structure.
Observation of the cross-B structure by x-ray diffraction has elucidated a characteristic diffraction
pattern (Sunde et al., 1997). The B-strands are perpendicular to the fibril axis and are 4.7 A apart.
The B-sheets run parallel to the fibril axis and the stacking distance is approximately 10 A (Sunde
etal., 1997; Greenwald et al., 2018).This cross-p structure allows amyloid proteins to bind specific
dyes like Congo Red (CR), Thioflavin T (ThT), and ProteoStat® (Reinke and Gestwicki, 2011;
Navarro and Ventura, 2014; Yakupova et al., 2019). Amyloid fibrils are typically made up of two
to eight filamentous subunits called protofibrils (Cohen et al., 1982). These protofibrils interact
laterally along the fibril axis. Each protofibril has the cross-p structure and can be built up from
two to six B-sheets (Figure 1.1 depicts a protofibril with two -sheets) (Cohen et al., 1982). The
cross-PB structure is strongly ordered and presents an extraordinary stability and resistance to

denaturation and digestion (Rambaran and Serpell, 2008). This stability is due to the interactions



between mated [-sheets that face each other. The tight interface between B-sheets is known as the
“steric zipper” (Sawaya et al., 2021). The steric zipper favours amyloid assembly and formation

of B-sheet hydrogen bonds (Sawaya et al., 2021).

4 Inter-B-strand distance
I 47 A

Fibril axis

i

_ Inter-B-sheet distance
10 A

Protofibril

Fibril

Figure 1.1. Characteristic cross-p structure in amyloid protein fibrils. The B-strands in each
B-sheets are separated by 4.7 A. The cross-B-sheet structure is arranged by B-sheets running
parallel to the fibril axis and associated at a distance of 10 A. Adapted from(Harada et al., 2018).
Created with BioRender.com.

The large variety of protein sequences capable of producing amyloid fibrils at first looked
incompatible with the uniform morphology of the fibrils. Recent developments have made it
possible to obtain amyloid structures with great resolution and provide some answers.
Experimental techniques including cryogenic electron microscopy (cryo-EM) and solid-state
nuclear magnetic resonance (sSNMR) spectroscopy have provided the first comprehensive
structural models of amyloid assembly in vitro from peptide fragments or full-length polypeptides
(Benzinger et al., 1998; Balbach et al., 2000; Balbach et al., 2002; Jaroniec et al., 2002; Nelson et
al., 2005). Studies highlighted the significance of p-stacking, amide ladders, and salt bridges in
maintaining the cross-p structure. For example, amyloids almost always assemble under the same
architecture called parallel in-register intermolecular p-sheet (PIRIBS) scaffold, although they

have no amino acid homology (Sawaya et al., 2021).

2



The PIRIBS-based core is characterized by a stack of B-loop-f motifs with identical groups
of amino acids aligned along the fibril axis with narrow 4.7 A intervals (Groveman et al., 2014;
Sawaya et al., 2021). As a result, a particular residue of the amyloid can most frequently interact
with an identical residue in the neighbouring layers. This structural aspect may highlight the unique
properties of each residue and how they influence the amyloid fibril assembly (Groveman et al.,
2014; Sawaya et al., 2021). For instance, hydrophobic residues form extensive hydrophobic
patches that run along the fibril axis, whereas charged residues may disturb local structures by
disrupting the attraction between the intermolecular B-sheets and being preferentially exposed to
the solvent. This characteristic also explains why a single mutation has a significant impact on the
amyloid structure and its characteristics (Groveman et al., 2014; Sawaya et al., 2021). It is
hypothesized that the in-register amyloids have lower free energies than native conformations
(Baldwin et al., 2011). The in-register alignment is thermodynamically favoured by the hydrogen
bonds that connect the amyloid backbones (Baldwin et al., 2011; Sawaya et al., 2021). Roterman
et al. (2017) described the in-register amyloids as "ribbon-like micelles" with exposed
hydrophobicity at the stacked ends which allows for limitless extension. Proteins are more prone
to aggregation when their hydrophobic -sheets are exposed on the molecular surface (Richardson
and Richardson, 2002). Proteins that are physiologically soluble and rich in B-sheets have
structural characteristics that prevent their solvent-facing -sheets from unwanted interactions and
aggregation with other molecules (Richardson and Richardson, 2002).

Although most amyloid fibrils are confined to the same PIRIBS scaffold newer studies have
exhibited the diversity of amyloid conformations, including the occurrence of polymorphism
(which will be discussed later), wherein a single polypeptide chain may fold into numerous unique
amyloid structures (Heise et al., 2005; Paravastu et al., 2008b; Fitzpatrick et al., 2017; Sawaya et
al., 2021; Caughey et al., 2022; Li and Liu, 2022). As a result, differences in structural
conformations may characterize the function or pathogenesis of an amyloid protein.

1.1.2  Amyloid polymerization

Amyloids polymerize into fibrils through a self-assembly process from soluble
monomers/oligomers to insoluble amyloid fibrils (ladanza et al., 2018). The nucleation-dependent
polymerization model is the most widely recognized amyloid aggregation model (Jarrett and

Lansbury, 1993). In this model, the fibrillation process generates a sigmoidal kinetic curve with

3



three stages. The first stage is the lag phase. This stage is followed by the growth phase, also known

as elongation phase. Finally, the last stage is the stationary or plateau phase (Figure 1.2) (Arosio
etal., 2015).

= Fibrils
' Stationary phase

100 —
5
c Fibril fragmentation
o :
= 75 | Protofibrils
o
g
(=]
[=)]
< -
° 50 — Elongation
g phase
S
c Monomers
o
(3]
o 25 .
o Secondary nucleation
0 Lag phase ! Nucleus

| I | L

Time
Figure 1.2. Nucleation-dependent polymerization model of amyloid fibril formation. In the
lag phase monomers form the critical nucleus and primary nucleation occurs. In the elongation
phase, the nucleus interacts with monomers and oligomers to create prefibrillar structures that will
later become protofibrils. In the stationary phase, protofibrils assemble into mature amyloid fibrils.
Finally, secondary nucleation occurs when preformed fibrils fragmentate and autocatalyze
nucleation. Created with BioRender.com.

During the lag phase, a phenomenon known as primary nucleation occurs (Auer, 2014;
Arosio et al., 2015). During this stage a critical nucleus consisting of monomeric subunits is
created. This small aggregate is sufficiently stable for growth, adding more monomers in a
monomer aggregation process that prevails over monomer dissociation (Arosio et al., 2015; Lee
and Terentjev, 2017). This results in the elongation phase, where interactions between nucleus,
monomers and oligomers lead to the formation of pre-fibrillar structures that will grow and form
protofibrils. Protofibrils are more stable and make the assembly process more favorable, resulting

into an exponential growth. Finally, in the plateau or stationary phase, monomer concentration



reaches the equilibrium and the protofibrils assemble into mature amyloid fibrils. Mature amyloid
fibrils can fragment and produce several catalytic subunits (new nucleus). This fibril assisted
nucleation is the so-called “secondary nucleation” (Almeida and Brito, 2020).

1.1.3  Experimental approaches to study amyloids

Since amyloid fibrils are insoluble and non-crystallizable it is difficult to understand their
structure and folding process. When studying amyloid proteins, the most common probe for
observing amyloid fibril formation is thioflavin T (ThT). This benzothiazole dye has been used
since 1959 (Vassar and Culling, 1959) and notwithstanding current concerns over its usage as an
amyloid-specific probe, it is still considered one of the “gold standards” for identifying and
analyzing amyloid fibril formation in vivo and in vitro.

ThT emits a strong fluorescence signal at around 482 nm when excited at 450 nm when
applied to molecules containing B-sheet-rich deposits, such as the cross- sheet quaternary
structure of amyloid fibrils (Figure 1.1) (LeVine, 1993; Nilsson, 2004). While the exact
mechanism of interaction between ThT and amyloid fibrils is still unknown, the most accepted
theory proposes that ThT intercalates within the exposed side-chain grooves that are parallel to the
fibril axis (Figure 1.3) (Krebs et al., 2005; Hawe et al., 2008; Biancalana et al., 2009). It has been
proposed that the smallest binding location for ThT on the fibril surface is four consecutive p-
strands (Figure 1.3) (Biancalana et al., 2009; Wu et al., 2009).

Thioflavin T

AN NS
e =
e
AN AN

Hil

Figure 1.3. ThT-amyloid fibril binding. Proposed ThT-amyloid fibril biding mechanism. ThT
binds the side-chain grooves that are parallel to the fibril axis. The minimal binding site is four -
strands. Adapated from (Biancalana and Koide, 2010). Created with BioRender.com.
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Fluorescence from the amyloid-ThT complex allows assessment of amyloid fibril
production as a function of amyloid fibril length and quantity since there is a stoichiometric and
saturable interaction between ThT and amyloid fibrils (Bolder et al., 2007). Thus, ThT is simply
added to samples containing fibril structures at a concentration greater than the number of possible
ThT-fibril binding sites, and ThT fluorescence emission is measured at ~490 nm with excitation
at ~440 nm (Naiki et al., 1989). The ThT fluorescence assay has two variations: the in situ real-
time ThT assay, in which fibril formation is performed in the presence of ThT, allowing for real-
time monitoring of fibrillation kinetics; and the single time-point dilution ThT assay, in which
samples of a fibril-forming polypeptide are diluted into buffered solutions of ThT, allowing for
simpler single time-point readings (Gade Malmos et al., 2017).

Aninsitu ThT assay is the most appealing option when experimental conditions to examine
the fibrillization of a specific amyloid protein have been properly selected. This allows for real-
time monitoring of several samples in 96 or 386 well plates throughout the incubation time.
However, many practical issues need to be addressed to lessen the chance of being deceived by
findings from a subpar ThT assay.

1.2 FUNCTIONAL AMYLOIDS

There are amyloids that possess physiological roles for the cells, these amyloids are called
“functional amyloids” and can be found in fungi, mammals, and bacteria (Table 1.1) (Otzen and
Riek, 2019). There are many functional amyloids, including those listed in Table 1.1. Here, we
will focus on curli, which is produced by Salmonella enterica and Escherichia coli.

Table 1.1. Some functional amyloids.

Organism Amyloid protein  Function Reference
Mammals Pmell7 Pigmentation of skin (Maji et al., 2009)
Mammals Peptide hormones Hormone storage and (Maji et al., 2009)
release
Drosophila Orb2 Long-term memory (White-Grindley et al.,
2014)
Fungi Class | Surface adherence, spore  (Piscitelli et al., 2017)
hydrophobins development and
invasion



Candida albicans

Saccharomyces

cerevisiae

E. coli/ S. enterica

Bacillus subtilis /

B. cereus

Streptomyces spp.

Pseudomonas spp.

Staphylococcus
aureus and S.
epidermidis
Streptococcus
mutans

1.2.1 Curli

Als5p

Flocculins Flo11p

and Flolp

curli

TasA

chaplins/rodlins

FapC

Phenol-Soluble
Modulins (PSMs)

P1

Cell-cell aggregation and

cell-substrate adhesion
Cellular aggregation and
biofilm-like mat
formation

Biofilm formation, main
component of
extracellular matrix
Antibacterial activity.
Formation of
hydrophobic biofilms.
Spore component
Formation of aerial
hyphae and surface
tension

Biofilm formation and
surface hydrophobicity
Biofilm formation and

regulation

Found in dental plaque
and involved in biofilm

formation

(Chan and Lipke, 2014)

(Chan et al., 2016)

(Chapman et al., 2002)

(Romero et al., 2010)

(Willey et al., 2006; Di
Berardo et al., 2008)

(Dueholm et al., 2010;
Dueholm et al., 2013)
(Schwartz et al., 2012;
Wu et al., 2018)

(Oli et al., 2012)

Enteric bacteria, like non-pathogenic and human and animal pathogenic E. coli and

Salmonella enterica serovars produce the fibrillar amyloid protein curli. Since its discovery in the

late 1980s, curli has been linked to several physiological and pathogenic functions (Collinson et
al., 1996; Romling et al., 1998; Chapman et al., 2002; Tursi and Tukel, 2018). These extracellular

fibrils participate in surface and cell-cell interactions that promote host colonization and biofilm

formation to shield bacteria from physical and chemical stressors (Collinson et al., 1996; Romling
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etal., 1998; Chapman et al., 2002; Tursi and Tukel, 2018). Cell aggregation and bacterial adhesion
to surfaces are both facilitated by curli fibrils, which are also a crucial component of the
extracellular matrix (ECM) needed to create mature biofilms (Collinson et al., 1996; Rémling et
al., 1998; Chapman et al., 2002; Solomon et al., 2005; Tursi and Tikel, 2018). In a biofilm,
bacterial cells represent only 10% of the components. The other 90% is constituted by the ECM
which contains lipids, polysaccharides, DNA and proteins (Flemming and Wingender, 2010).
Curli fibrils constitute 85% of the ECM in biofilms (McCrate et al., 2013). Due to their
interactions with a variety of host proteins, including contact-phase and extracellular matrix
proteins, which are thought to help bacteria spread through the host, curli fibrils are recognized as
key virulence factors (Sjobring et al., 1994; Ben Nasr et al., 1996; Herwald et al., 1998; Olseén et
al., 2002; Dueholm et al., 2012; Nhu et al., 2018). Curli fibrils are considered as pathogen-
associated molecular patterns (PAMPs) because they are recognized by toll-like receptors which
activate the innate immune system is activated (Tursi and Tkel, 2018; Miller et al., 2021).
1.2.1.1 Curli biogenesis

Curli-specific genes (csg) clustered in the operons csgBAC and csgDEFG, are responsible
for encoding the accessory proteins involved in the structure and assembly of curli in both bacterial
species, E. coli and Salmonella (Figure 1.4) (Romling et al., 1998; Bhoite et al., 2019). Indeed,
curli genes in E. coli and Salmonella are highly conserved and can be complemented (Rémling et
al., 1998). The sequence similarities at the amino acid level are higher than the homologies for
most functionally and sequentially related fimbrial genes, with 86% for the major subunit CsgA,
100% for the nucleator CsgB, 96% for the transcriptional regulator CsgD and 99% for the secretion
pore CsgG (Romling et al., 1998). Curli biogenesis has been termed the Type V111 secretion system
(T8SS) (Bhoite et al., 2019), here CsgD promotes the transcription of the csgBAC operon (Romling
et al., 1998; Evans et al., 2015).



Soluble CsgA ?&
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Amyloid curli fiber

CsgB @

CsgF

V.

CsgG

CsgE
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csgF csgE csgD =l - csgA -

Figure 1.4. Curli biogenesis by the Type VIII Secretion System. CsgD promotes transcription
of the csgBAC operon. (A) CsgA is translocated into the periplasm where it interacts with (B) the
chaperone, CsgC, to keep its soluble, not polymerized state. (C) CsgE, will eventually help
transport CsgA to the CsgG secretion channel. (D) Outside the cell, CsgA begins fibril formation
due to the nucleation action of CsgB. A diagram of the two curli operons, csgBAC and csgDEFG,
is shown in the bottom. Adapted from (Blanco et al., 2012). Created with BioRender.com.

CsgA, the major curli subunit, is translocated to the periplasm by the SecYEG complex
(Figure 1.4 A) (Van Gerven et al., 2015). Once there, CsgA stays in a soluble, unstructured,
depolymerized form because of the chaperone protein CsgC (Figure 1.4 B) (Evans et al., 2015).
In the periplasm, this unfolded CsgA interacts with CsgE that eventually helps to transport it to
the CsgG secretion channel (Figure 1.4 C) (Van Gerven et al., 2015; Klein et al., 2018). CsgE is
also thought to play an important role in the prevention of non-specific substrate secretion after
capping the CsgG translocation pore (Klein et al., 2018). In the extracellular space, CsgA begins
fibril formation and elongation due to the nucleation action of the CsgB protein (Figure 1.4 D)
(Van Gerven et al., 2015; Klein et al., 2018). The fibrilization process also depends on the CsgF
protein that forms a complex with CsgG and constitutes a bridge between the pore and the growing

curli fibers. CsgF is also thought to coordinate the nucleating role of CsgB (Van Gerven et al.,



2015; Klein et al., 2018; Bhoite et al., 2019). Outside of the cell, the subunits that composed curli
self-assemble and form amyloid fibers (Sunde and Blake, 1997).

Curli gene expression regulation is incredibly intricate and responsive to a variety of
environmental factors (Gerstel and Rémling, 2003). Growth at temperatures below 30°C was one
of the first circumstances identified as promoting curli gene expression (Rémling et al., 1998;
Bordeau and Felden, 2014). Indeed, curli expression works best at temperatures below 30°C for
most of the E. coli and Salmonella strains. However, the ability of numerous clinical E. coli
bacteria, particularly sepsis isolates, to express curli at 37°C has been reported (Bian et al., 2000).

1.2.1.2 Curli structure

Curli fibrils are unbranched, abundant in B-sheets, and resistant to protease digestion
(Collinson et al., 1991; Collinson et al., 1993). Curli induces a red shift when combined with CR
(Klunk et al., 1999) and a 10- to 20-fold increase in fluorescence when combined with ThT
(LeVine, 1999). These two dyes are known to bind amyloids. The preserved cross-strand structure,
in which condensed B-sheets are stacked parallel to the fibrils axis and individual B-strands are
perpendicular to the fibre axis, is the distinguishing feature of amyloid fibrils (Sunde et al., 1997).

CsgA is the primary curli subunit. An N-terminal of 22 amino acids (N22) needed for
secretion and a C-terminal amyloid core domain make up the mature CsgA protein (Figure 1.5)
(Collinson et al., 1999; Robinson et al., 2006; Shewmaker et al., 2009). The CsgA sequence
contains five imperfect repeats (R1 through R5) (Figure 1.5 A and B) (Cherny et al., 2005; Wang
et al., 2007). Each repeating unit consists of a Ser-X5-GIn-X-Gly-X-Gly-Asn-X-Ala-X3-GIn
(Figure 1.5 A) (Cherny et al., 2005; Wang et al., 2007; Sleutel et al., 2023). These repeat
components create strands 1 and 2 as well as the connecting loop, or arc (Figure 1.5) (Cherny et
al., 2005; Wang et al., 2007; Sleutel et al., 2023). As a result, the residues indicated as Arc 1 and
Arc 2 in Figure 1.5 A map onto the outward facing surface residues of the strand-arc-strand motif
that constitutes a single curli repeat, whereas the residues of motif a and motif b (Figure 1.5 A)
map onto the inward facing steric zipper residues. After motif b, the last four to five residues, X-
G-X-X-(X), create a second arc that links motif b to motif a from the next repeat resulting in what
is called a “B-solenoid” structure (Figure 1.5 B) (Sleutel et al., 2023). In this structure the
repeating units align their Ser and GIn and, GIn and Asn residues in stacks that help stabilize the

amyloid fold, thorough polar zippers which are ladders of sidechain hydrogen bonds (Figure 1.5
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C) (Cherny et al., 2005; Wang et al., 2007; Sleutel et al., 2023). Curli presents a PIRIBS fibril
scaffold where repeats align in parallel and residues in a repeat register (hydrogen-bonds) with
identical sidechain residues stacked along the length of the fibril (Sawaya et al., 2021). As
previously discussed, PIRIBS geometry is known to be abundant in several eukaryotic and
pathological amyloids (Michelitsch and Weissman, 2000).
A) B)
GVVPQYGGGGNHGGGGNNSGPN E—_7
SELNIYQYGGGNSALALQTDARN
R | SDLTITQHGGGNGADVGQSDD c :
SSIDLTQRGFGNSATLDQWNGKN <-3_7

Rt | SEMTVKQFGGGNGAAVDQTASN g <“7

RS | SSVNVTQVGFGNNATAHQY

Motifa Arc1l Motifb Arc2

C) Motif b
Strand 2

Arc 2 @ @

Arc 1

Motif a
Strand 1

Figure 1.5. CsgA sequence and predicted structure. A) CsgA has an N-terminal of 22 amino
acids (N22) and five repeat units each with a proposed (3 strand-arc-f strand-arc fold. B. The five
repeating units come together to form a "3 solenoid” fold (side view). C) Ser, Gln, and Asn
residues (boxes in A) line up in stacks that maintain the amyloid structure. Created with
BioRender.com.
1.2.1.3 Curli production inside the host

Curli fibrils are a major component of biofilms (Solomon et al., 2005). Biofilms are a
collection of bacteria that is enclosed in a self-produced, three-dimensional extracellular matrix
and attached to a biotic or abiotic surface (Hall-Stoodley et al., 2004). When resources are low and
conditions such as temperature, osmolarity, and oxygen availability are unstable, bacteria are
protected by the biofilm (Hall-Stoodley et al., 2004). Additionally, the biofilm hinders the host's
immune system and harmful substances like antibiotics from entering (Sharma et al., 2019).

Several researchers first questioned whether curli/biofilm formation was feasible in vivo due

to the lack of substantial csgD expression at 37°C (Normark et al., 1998; Romling et al., 2003;
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White et al., 2008). Biofilms are essential for microbial survival in the environment (Fazeli-Nasab
et al., 2022). Biofilms create a stable habitat for bacteria. Several studies have hypothesized that
the ability to form a biofilm is a conserved trait that allows bacteria like Salmonella or E. coli to
persistently colonize sites both inside and outside of the host, ultimately conferring them an
evolutionary advantage during the cycle of infection and transmission(Figure 1.6) (Romling et al.,
2003; MacKenzie et al., 2017; MacKenzie et al., 2019). For instance, variations in temperature,
shifts in the availability of nutrients, and exposure to harsh or harmful substances are just a few of
the triggers that can cause planktonic Salmonella to enter a biofilm state (Figure 1.6) (De Oliveira

et al., 2014; Paytubi et al., 2017; Gonzélez et al., 2019).

-
)
>
Humans ingest planktonic
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Salmonella biofilms in the environment

Figure 1.6. Suggested transition of planktonic Salmonella into a biofilm as an evolutionary
advantage during the cycle of infection and transmission. Created with BioRender.com.

Increasing evidence suggest that curli is expressed in vivo. Salmonella biofilm formation
containing curli was observed within the cecum of chickens (Sheffield et al., 2009; El Hag et al.,
2017). For S. Typhimurium and S. Pullorum, the ability to build biofilms helps the bacteria
overcome colonization resistance and establish long-lasting asymptomatic infection in chickens
(Sheffield et al., 2009; El Hag et al., 2017). Formation of biofilms and detection of CsgA (the
major curli subunit) in the Caenorhabditis elegans (C. elegans) gut colonized by S. Typhimurium
were associated with increased bacterial persistence (Desai et al., 2019). Similarly, S.
Typhimurium orally infected mice exhibit curli expression in the cecum and colon (Miller et al.,
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2020). In humans, anti-CsgA antibodies have been detected in blood cultures from sepsis patients
(Bian et al., 2000). E. coli is usually engaged in sepsis pathogenesis (Ananias and Yano, 2008).
All these finding suggest that curli genes may be expressed to some extent during human infection.

Additionally, systemic exposure to curli is thought to be facilitated by its innate capacity to
bind fibronectin, plasminogen, and tissue type plasminogen activator (Sjébring et al., 1994;
Hammar et al., 1995). Tissue breakage occurs when plasminogen is activated (Castellino and
Ploplis, 2005). This raises the possibility of a mechanism promoting bacterial spread. Curli also
binds to host fibrinogen and bradykinin (Ben Nasr et al., 1996; Olsean et al., 2002). Bradykinin
leads to a variety of biological effects such as decreasing blood pressure, reducing oxidative stress,
and enhancing permeability of the blood-brain barrier (BBB) (Raymond et al., 1986; Rodriguez-
Masso et al., 2021).

1.3 AMYLOID PROTEINS AND NEURODEGENERATIVE DISEASES

Neurodegenerative diseases (NDs) are illnesses involving degeneration of the brain.
Commonly, they begin with a loss of mental or physical function and steadily intensify until
disablement or death. Even while it is not well understood how these diseases develop and how
they spread, amyloid proteins have been linked to several NDs (Soto, 2003; Soto and Pritzkow,
2018). The common pattern that appears in all these NDs is an aberrant propensity for specific
amyloid proteins unique to each disorder to aggregate because of misfolding (Table 1.2) (Soto,
2003; Soto and Pritzkow, 2018). In 2021, over 55 million people in the world were suffering from
an ND and 10 million new cases are reported each year, with Alzheimer's disease representing the
majority of them (60-70%) (Greenblat, 2021).

Table 1.2 Some amyloid proteins and their associated neurodegenerative disease.

DISEASE AMYLOID PROTEIN
Alzheimer’s disease Amyloid beta (AP)
Parkinson’s disease Alpha-synuclein (a-syn)
Amyotrophic lateral sclerosis (ALS) Superoxide dismutase

Transmissible  spongiform encephalopathies Cellular prion protein (PrP) imprinted by the

(TSE), a.k.a. Prion diseases infectious prion protein (PrP%)
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1.3.1  Alzheimer’s disease

Alzheimer’s disease is the most prevalent neurodegenerative condition associated with
aging, which has a complicated, multiple, irreversible aetiology (Thies and Bleiler, 2012). AD is
manifested as a pronounced amnestic cognitive impairment. Non-amnestic cognitive impairment
can also occur but it less frequent. Short-term memory issues are the most typical way that AD
manifests, although other symptoms include trouble with speaking, visuospatial processing, and
executive skills (Knopman et al., 2021).

Most AD patients (95%) have the disease's late-onset (LOAD) variant, in which symptoms
first appear in their mid-60s or later. On the other hand, when symptoms start showing before age
65, patients are diagnosed as having early-onset AD (EOAD) (Mendez, 2017). While LOAD is
sporadic, EOAD can be either familial or sporadic (Knopman et al., 2021).

1.3.1.1 Risk factors

AD has been associated with a complex interplay of age, genetics, conditions, and lifestyle
risk factors. The major risk factor for AD is age. Studies have shown that the percentage of people
with AD dramatically increases with age (Harman, 2006; Hebert et al., 2010; Knopman et al.,
2021). Ages between 65-74 represent only 5%, whereas those between ages of 75 and 84, account
for 13.1%. At age 85 or more, the prevalence is between 30% and 40% (Jeremic et al., 2021; Rajan
etal., 2021).

Additionally, numerous genes that raise the risk of Alzheimer's disease have been reported
(Tanzi, 2012; Van Cauwenberghe et al., 2016; Knopman et al., 2021; Bellenguez et al., 2022).
Particularly, the influence of the APOE gen on the risk of developing LOAD. Apolipoprotein E is
a protein that carries cholesterol in the bloodstream and is created according to the APOE blueprint.
There are six APOE allele pairs: €2/€2, €2/€3, €2/€4, €3/e3, and €4/e4. Having the €3 pair does not
make someone more or less likely to develop AD. The €2 pair has a lower risk compared to the €3
pair. However, one copy of the €4 form increases the AD risk by around three times compared to
two copies of the €3 form, and two copies of the €4 form increases the risk by eight to twelve times
(Liu etal., 2013; Loy et al., 2014; Michaelson, 2014).

In EOAD, only 1% of cases are due to common, fully penetrant mutations in three distinct
genes APP, PSEN1, and PSEN2 (Cruchaga et al., 2012; Loy et al., 2014; Bellenguez et al., 2022).

These genes produce the protein amyloid precursor protein (APP) (on chromosome 21) and, the
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enzymes presenilin (PSEN) PSEN1 (on chromosome 14), and PSEN2 (on chromosome 1) that
generate AP peptides (Cruchaga et al., 2012). Those who have trisomy 21 (Down's syndrome)
carry three copies of the APP thus almost all adults over 40 with Down’s syndrome develop AD
(Doran et al., 2017).

Studies have shown that there are sex-specific differences in AD susceptibility, age of onset,
and symptom development (Li and Singh, 2014; Laws et al., 2018; Yu et al., 2020). It has been
noted that prevalence is typically higher in women, however, the incidence is not higher,
suggesting that both sexes are equally susceptible (Li and Singh, 2014; Dumitrescu et al., 2019;
Wang et al., 2020b).

Conditions like diabetes mellitus, hypertension, obesity, and low HDL cholesterol, hearing loss,
traumatic brain injury are linked to an elevated risk of AD (Livingston et al., 2020). Low
educational attainment, increased dietary fat, lack of physical activity, alcohol misuse, smoking
and other aspects of lifestyle are modifiable risk factors for AD development (Scarmeas et al.,
2009; Xu et al., 2015; Delpak and Talebi, 2020).

1.3.1.2 Hypotheses for the Progression of Alzheimer’s Disease

Even though AD has been a major area of study for many years, the process that leads to
AD remains unclear. The amyloid cascade hypothesis and the phosphorylation of the tau protein
hypothesis are the two etiological ideas that have received the most support from the scientific
community (Murphy and LeVine, 2010). The amyloid cascade hypothesis proposes that the
neurodegenerative process in AD is caused by the formation and accumulation of deposits of Ap
peptides, which have negative effects on synaptic plasticity and neuronal functioning (Hardy and
Higgins, 1992; Korczyn, 2008).

1.3.1.2.1 The amyloid cascade hypothesis

This hypothesis is focused on the human protein APP. This single domain transmembrane
protein is present in various types of neurons and glial cells (Murphy and LeVine, 2010). The
breakdown of APP produces AP peptides. APP is fragmented by the endoproteases, a-, 3- and y-
secretases. The protein can be cleaved in an amyloidogenic and a non-amyloidogenic form (Figure
1.7) (Murphy and LeVine, 2010; Lu et al., 2013; VVan Cauwenberghe et al., 2016; Michaels et al.,
2020).
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Figure 1.7. Amyloidogenic and non-amyloidogenic processing of APP. In the non-
amyloidogenic pathway, APP is cleaved by a- and y-secretases. Cleavage by B- and y-secretases
results in the amyloidogenic pathway. The amyloidogenic pathway generates AP peptides. AP(1-
40) is the most abundant isoform whereas AP(1-42) is more hydrophobic, more neurotoxic, and
more prone to aggregation which favours the amyloid self-assembly process and plaque formation
in the brain. *Ap peptide length varies between 37-44 amino acids. Created with BioRender.com.

1.3.1.2.1.1 Non-amyloidogenic pathway
Physiologically, APP is most often cleaved by a -secretase (non-amyloidogenic process in
Figure 1.7) (Murphy and LeVine, 2010; Lu et al., 2013; VVan Cauwenberghe et al., 2016; Michaels
et al., 2020). The result of this cleavage is a soluble fragment known as APPsa that stays in the
extracellular space. The APPsa fragment has been shown to control neuronal excitability, enhance
synaptic plasticity, learning, and memory, as well as improve neurons' resistance to oxidative and
metabolic stress (Gertsik et al., 2014; Nhan et al., 2015; Folch et al., 2018; Ribari¢, 2018)

1.3.1.2.1.2 Amyloidogenic pathway
In the amyloidogenic pathway APP is cleaved by B- and y-secretases (Murphy and LeVine,
2010; Lu et al., 2013; Van Cauwenberghe et al., 2016; Michaels et al., 2020). First, -secretase
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cuts APP and produces a membrane-tethered, intracellular C-terminal portion of 99 amino acids
(CTFpB or C99) and a short, soluble APPs B fragment. Later, C99 is non-precisely cut by vy -
secretase, resulting in the production of extracellular AB peptides of different sizes. AP peptide
length varies between 37-44 amino acids (Figure 1.7) (Murphy and LeVine, 2010; Lu et al., 2013;
Van Cauwenberghe et al., 2016; Michaels et al., 2020). AB(1-40) is the most abundant peptide,
representing 80-90% of the total AP pool. The longer peptide, AB(1-42), is more hydrophobic and
this favours the amyloid self-assembly process, shifting from a monomeric form to a B-sheet
structure susceptible to aggregate and deposit in the brain (Figure 1.7) (Murphy and LeVine, 2010).
1.3.1.3 Treatment

Despite significant financial and research commitments, the supply of AD medications on
the market is limited. Only four approved drugs—donepezil, rivastigmine, galantamine, and
memantine—were offered for the symptomatic management of AD for more than 20 years
(Abeysinghe et al., 2020).Donepezil, rivastigmine and, galantamine are acetylcholinesterase
inhibitors. Inhibiting acetylcholine catabolism in synaptic clefts enhances neurotransmission
(Abeysinghe et al., 2020). On the other hand, memantine, is an antagonist of the N-methyl D-
aspartate receptor (NMDAR) ion channel. It controls the amount of Ca?* that enters neurons and
prevents glutamate from causing excitotoxicity (Abeysinghe et al., 2020; Wang et al., 2021b). In
patients with known stages of AD, these medications are tolerated and reduce the progression of
neurological symptoms, such as cognition, emotion, awareness, irritability, and delusion, but they
do not have the power to reverse the disease (Wang et al., 2021b).

The generation of AD drugs has been focused on targeting Ap and tau proteins. The main
methods include suppressing tau phosphorylation, inhibiting Ap generation, inhibiting Af and tau
aggregation, using active immunotherapy methods, such as vaccinations and, clearing the disease
using monoclonal antibodies (mAbs) (Sevigny et al., 2016; Tatulian, 2022). Aducanumab is a
mADb against aggregated Ap and was the first medicine with the potential to treat AD. Aducanumab
was authorized by the US Food and Drug Administration (FDA) in June 2021(Dhillon, 2021).
More recently, lecanebab, another mAb, that binds with to AP soluble protofibrils has
demonstrated promise for those with AD in early stages. In a phase 3 clinical trial, lecanebab
slowed cognitive decline in people with early AD by 27%. Lecanebab is under review by the FDA

and is expected to become available in late 2023 (van Dyck et al., 2023).
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1.4 PRION AND PRION-LIKE MECHANISMS IN NDs

The idea of an infectious protein, or prion, was put forth by Stanley B. Prusiner and his team
(1996). In contrast to typical infectious agents like bacteria or viruses, prions are a misfolded
version of the prion protein (PrP), a normal cellular protein found in the brain. The pathogenic,
isoform of this protein is known as PrPS¢, while the normal cellular form is known as PrP€. PrP®
changes into the infectious form when it interacts with PrPS¢, which causes a conformational shift.
The cycle is repeated by the newly created harmful proteins in a self-sustaining loop, escalating
the toxicity and finally killing the cell or impairing its function (Prusiner, 1996; Prusiner, 1998).

In the brain, these misfolded prions have a predisposition to congregate and form amyloid
fibrils, which ultimately cause neurodegeneration and prion diseases, also referred to as
transmissible spongiform encephalopathies (TSEs) (Prusiner, 1996; Prusiner, 1998). TSEs,
include well-known examples like scrapie in sheep, bovine spongiform encephalopathy (BSE) or
"mad cow disease"” in cattle, Creutzfeldt-Jakob disease (CJD) in people, and chronic wasting
disease (CWD) in deer and elk, among others. These illnesses can develop suddenly, inheritably,
or as a result of contact with contaminated tissues (Prusiner, 1996; Prusiner, 1998).

Prions constitute a unique way of transmission because all that is required for them to spread
is a structural change in a normal protein induced from a misfolded protein. Because prions defy
accepted notions of infectious agents and have ramifications for public health and food safety,
their peculiar properties continue to interest researchers. In fact, several studies have shown that a
number of NDs can be experimentally transmitted through a prion-like mechanism in a variety of
cellular and animal models of various diseases (Soto, 2012; Goedert, 2015; Walker and Jucker,
2015). Studies employing AB (Meyer-Luehmann et al., 2006; Bolmont et al., 2007; Eisele et al.,
2010; Morales et al., 2012), tau (Bolmont et al., 2007; Frost et al., 2009; Guo and Lee, 2011), and
a-syn (Desplats et al., 2009; Hansen et al., 2011) have demonstrated that exposure to tissue
homogenates from patients with NDs or transgenic mouse models rich in protein aggregates causes
the generation of disease pathophysiology in the recipient cellular or animal models. Furthermore,
pathological induction has been shown to cause a disease even in not genetically predisposed
animals more analogous to infectious prions (Luk et al., 2012a; Guo et al., 2016). Depleting the
inoculum of protein aggregates can diminish pathological induction (Meyer-Luehmann et al., 2006;
Desplats et al., 2009; Frost et al., 2009; Eisele et al., 2010; Guo and Lee, 2011; Hansen et al.,
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2011; Luk et al., 2012b; Morales et al., 2012). However, transmission using tissue homogenates
generally has a higher efficiency than transmission using isolated proteins, indicating that other
cellular cofactors may be involved in the pathogenic induction (Supattapone, 2014). These results

suggest that primary proteins involved in NDs share characteristics of prions as infectious agents.

15 AMYLOID POLYMORPHISM: CONFORMATIONAL STRAINS AND
THEIR RELEVANCE IN NDs

Although most amyloid fibrils adopt the basic PIRIBS scaffold, individual amyloids can adopt
a wide range of different shapes known as polymorphs or conformational strains. In contrast to the
more common 3-dimensional folds of globular and membrane proteins, amyloids flatten into 2-
dimensions exposing the amides in their backbone to the maximum amount of hydrogen-bonding
or "stacking" with neighbouring chains that are identical (Sawaya et al., 2021). The length of the
fibril is determined by the stacking of thousands of identical flat protein molecules (Sawaya et al.,
2021).

In prion diseases, PrP%° can self-replicate in different "conformational strains" with gives the
protein aggregates a structural variability that can result in different pathologies (Collinge and
Clarke, 2007; Barron, 2017; Morales, 2017; Caughey et al., 2022). These prion strains are
comparable to different strains of common pathogens (Morales, 2017). Studies have revealed the
presence of different two-dimensional folds that make different conformational strains for AB, tau,
and a-syn (Lu et al., 2013; Tycko, 2015; Li and Liu, 2022). These findings might explain the
significant heterogeneity of AD and PD, as well as the different tauopathies and synucleinopathies.
In fact, at least seven different diseases are linked to the buildup of tau and AP aggregates,
including AD, frontotemporal dementia, progressive supranuclear palsy, corticobasal degeneration,
argyrophilic grain disease, and chronic traumatic encephalopathy, as well as three associated with
the deposition of a-syn, such as PD, multiple system atrophy, and Lewy body dementia (Williams,
2006; Goedert et al., 2017). Similar to how different prion diseases are triggered by different prion
strains, different tauopathies and synucleinopathies can be identified by their clinical signs, their
pathology specific to certain brain regions, their preference for accumulating in particular cell
types, and/or their distinctive morphological and biophysical characteristics, toxicity, and seeding
ability (Williams, 2006; Goedert et al., 2017; Melki, 2018).
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A study identified 18 distinct tau strains which showed to have unique biochemical and
biological characteristics in cell culture (Kaufman et al., 2016). These strains were administered
to transgenic mice, which led to the development of strain-specific intracellular tau aggregates in
various cell types and parts of the brain that propagated at various rates (Kaufman et al., 2016).
These findings highlight the significance of these conformational strains, suggesting that different
tau strains can result in a variety of neuropathological manifestations, some of which are similar
to those seen in human tauopathies. Similarly, Sanders et al. (2014) isolated different tau strains
from 29 patients who had five different tauopathies and showed that different tauopathies are
linked to specific conformational strains.

It has also been demonstrated that a-syn assembles in various structures resulting in diverse
histopathological and behavioural abnormalities (Stefanis, 2012; Bousset et al., 2013; Goedert et
al., 2017). Comparably, AP deposits can adopt various structural strains which could help to
explain the apparent heterogeneity in the brains of AD patients (Petkova et al., 2005; Paravastu et
al., 2008b; Lu et al., 2013; Wang et al., 2020a). The ability of AP to aggregate into various
conformations has been demonstrated by studies using electron microscopy, atomic force
microscopy, and solid-state nuclear magnetic resonance (Goldsbury et al., 2005; Petkova et al.,
2005; Elkins et al., 2016). High-resolution structural analyses show that different experimental
setups can produce synthetic AP aggregates significantly diverse in structure (Goldsbury et al.,
2005; Petkova et al., 2005; Elkins et al., 2016). Following numerous iterations of self-propagation
in vitro, different AP strains were able to faithfully template their structure using monomeric Ap
peptides as seeds (Goldsbury et al., 2005; Petkova et al., 2005; Elkins et al., 2016). Similar to this,
seeding experiments using AP aggregates extracted from brains who had a variety of
clinicopathological AD symptoms produced structurally unique synthetic A fibrils (Stohr et al.,
2012; Scherpelz et al., 2016). More recently, Ghosh et al. (2021) investigated whether structures
of AP fibrils from cerebral tissue of nondemented elderly subjects differ from structures from AD
patients. They found statistically significant differences findings offering more evidence of the

existence of biologically significant A strains.
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1.6 SPECIES BARRIER IN PRION AND PRION-LIKE DISEASES

The capacity of some prions to spread between species was used to prove that prion diseases
can be contagious and to enable the development of effective experimental models in lab animals
like mice and hamsters. For instance, misfolded prion protein from hamsters can change normal
proteins from mice into new infectious forms of prion and BSE has been proven to pass to people
(Castilla et al., 2008; Manson and Diack, 2016). Usually, the process is most effective when spread
between members of the same or closely related species. Scrapie may be spread from sheep to
goats but cannot be spread to either chimps or humans (Afanasieva et al., 2011). CJD, on the other
hand, can be spread both between humans and from humans to chimpanzees (Afanasieva et al.,
2011). Although the spread of prion diseases across some species is feasible, the "species barrier"”
phenomenon occurs when prion diseases that are fully contagious within the same mammalian or
yeast species spread poorly or not at all between species.

The specific molecular mechanisms driving these interspecies barriers remain unknown due
to a paucity of high-resolution structural data on the prion protein and prion-like proteins. In the
next section we will discuss the most important factors contributing to permissibility of different
amyloids to cross the species barrier.

1.6.1 Crossing the species barrier: factors contributing to permissibility

The major factors contributing to the species barrier are the sequences of the two prion
proteins and the protein variant (polymorph) (Edskes et al., 2009). Transgenic mice expressing the
deer or elk PrP sequences have been shown to be effectively infected by deer or elk prions, whereas
wild-type mice are not affected (Browning et al., 2004). The prion transmission barrier is not
always symmetric. In some circumstances, prions cannot be passed from one species to another,
yet the barrier is absent or very weak the other way around. For instance, when Syrian hamsters
were infected with prion material taken from mice, pathological symptoms began to manifest, yet
when Syrian hamsters were infected with infectious material from mice, no pathological symptoms
appeared (Kimberlin et al., 1987; Kocisko et al., 1995).

The efficiency of interspecies prion transmission declines as the fundamental structures of
the proteins varies (Edskes et al., 2009).. However, one prion protein may misfold into a variety
of infectious conformations, and these variations in "strain conformation” can change the

specificity of infection. The structural fold between different proteins can be very similar despite
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limited amino acid sequence homology. For example, various Saccharomyces species produce the
nitrogen regulatory proteins Ure2, which can form prions named [URE3]. Species barriers for
[URES3]s rely on the prion strain. One [URE3] prion strain of species A may transmit with 100%
effectiveness to species B, but another strain may transmit with 0% efficiency between the same
two species (Edskes et al., 2009).

The explanation for these events is that each sequence includes a variety of potential strains
(polymorphs). While a wide overlap of polymorphs suggests a low barrier, a limited overlap of
polymorphs between the donor and recipient results in a high species barrier. This model predicts
that a particular strain shared by the donor and receiver could thus overcome a high species barrier
(Collinge and Clarke, 2007).

1.7 AMYLOID SEEDING AND CROSS-SEEDING

With the evidence of prions crossing the species barrier, the possibility that amyloid proteins
involved in different prion-like diseases doing the same thing has been studied (Ren et al., 2019;
Subedi et al., 2022). Amyloid proteins have the ability of seeding protein aggregation, which gives
them the innate capacity to disseminate the misfolding and aggregation process (amyloid self-
assembly) (homologous seeding in Figure 1.8) in a way analogous to infectious prions (Soto et
al., 2006; Soto, 2012; ladanza et al., 2018). Although, misfolded aggregates may also elongate by
integrating different amyloid proteins if they have a strong structural complementarity (Ren et al.,
2019; Subedi et al., 2022). This process is called heterologous seeding or cross-seeding (Figure
1.8) (O'Nuallain et al., 2004; Dubey et al., 2014; Anand et al., 2017; Anand et al., 2018; Tavassoly
et al., 2018). Cross-seeding has been identified as a crucial biological process and occurs when
different amyloid proteins operate as nucleators for others (Harper and Lansbury, 1997; Dubey et
al., 2014; Anand et al., 2017; Anand et al., 2018; Tavassoly et al., 2018; Ren et al., 2019).

22



Addition of
heterologous
seeds

Addition of
homologous‘
seeds

A

No seeds

Aggregation

Time
Figure 1.8. Amyloid seeding and cross-seeding. Amyloid fibrils are formed by the nucleation
dependant polymerization model (black curve). Addition of preformed seeds leads to a shorter lag
phase and a faster aggregation. Seeds can be identical (homologous) leading to “amyloid seeding”
which is more efficient than when seeds come from a different (heterologous) protein causing, i.e.,
“cross-seeding”. Created with BioRender.com.

Cross-seeding may offer an explanation for a number of observations in various diseases, such
as, the simultaneous presence of different misfolded proteins in one disease; the coexistence of
multiple protein misfolding diseases in one person; the epidemiological finding that one protein
misfolding disease may be a risk factor for the development of a second one; and the exacerbation
of clinical features when multiple misfolded protein aggregates accumulate (Morales et al., 2010;
Ren et al., 2019; Subedi et al., 2022). For instance, several in vitro studies have investigated the
interactions between AP and other human amyloid proteins linked to human illness. It has been
shown that a-synuclein (Ono et al., 2012; Chia et al., 2017) (associated with PD), protein A (AA)
(Rising et al., 2021) (associated with amyloidosis), and human islet amyloid polypeptide (Hu et
al., 2015) (associated with type 2 diabetes) can accelerate A aggregation.

Recently, the cross-seeding hypothesis has gone beyond disease-associated proteins to using
functional amyloids (Chiti and Dobson, 2006; Fowler et al., 2007; Javed et al., 2020; Koloteva-
Levine et al., 2021) or non-amyloid protein fibers (Ono et al., 2014). The potential for protein
misfolding and aggregation leading to NDs to be initiated through cross-seeding with functional
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amyloids is an emerging area of investigation. For instance, Javed et al. (2020) showed that FapC
produced by Pseudomonas aeruginosa, can seed Ap and increase its toxicity in in vitro and in vivo
settings. Most of these cross-seeding studies have revealed that the inclusion of different amyloid
proteins accelerates AB aggregation in vitro (Chiti and Dobson, 2006; Fowler et al., 2007; Ono et
al., 2014; Javed et al., 2020; Koloteva-Levine et al., 2021). As a result, there is thought to be a
possible link between other amyloid exposure and the start of AD disease.

Relevant for my work, several studies have proven the cross-seeding ability of the bacterial
amyloid curli. Lundmark et al. (2005) revealed that curli from E. coli exerts amyloid-accelerating
properties for protein A in murine amyloidosis. Curli was also found to promote the aggregation
of PD related protein, a-syn in Aged Fischer 344 Rats and the nematode, C. elegans (Chen et al.,
2016). Curli serves as a catalytic agent for Semen Enhancers of Viral Infection (SEVI) synthesis
from prostatic acid phosphatase (PAP248-286) (Hartman et al., 2013). PAP248-286 facilitates
HIV infection if it is in the form of amyloid aggregates known as SEVIs. Although monomeric
PAP248-286 aggregates relatively slowly in isolation. Resulting SEVI fibrils that were nucleated
with curli retain the capacity to promote HIV infection (Hartman et al., 2013). The ability of curli
to interact with proteins with different sequences suggest that its seeding specificity is relaxed, and
it may seed and facilitate the aggregation of other amyloidogenic proteins.

1.7.1  Implications of cross-seeding in NDs: AD as a particular example

Currently there are no effective therapies or cures for NDs. Specifically, efforts to create
medications or nonpharmacological methods to prevent, halt, or slow down AD have failed. AD
is one of the disorders with the lowest percentage of medication development success. Ninety nine
percent of therapeutic drug candidates are abandoned after providing no clinical effect (Sevigny
et al., 2016; Cummings et al., 2019; Vaz and Silvestre, 2020).

Since AD is characterized by the development AB aggregates, traditionally they have been a
focus of therapeutic action (Hardy and Higgins, 1992). However, it has been challenging to
pinpoint the precise causes of protein aggregation, which is a dynamic process that involves the
development of intermediate structures as well as the dissociation of mature fibrils (Arosio et al.,
2015; Lee and Terentjev, 2017; Almeida and Brito, 2020). The field has also evolved showing that
that soluble aggregation intermediates, often known as oligomers, constitute the most toxic agents
in AD and recent research on strain diversity, prion-like behaviour, and molecular interactions
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between various amyloidogenic proteins has revealed both novel treatment targets and possibly
unforeseen challenges (Bitan et al., 2003; Kayed et al., 2003a; Haass and Selkoe, 2007; Sengupta
et al., 2016; Sardar Sinha et al., 2018).

My MSc. research is focused on the potential cross-seeding between AP and the bacterial
amyloid curli. As many proteins develop amyloid-like misfolded aggregates as a normal biological
function (Fowler et al., 2006; Fowler et al., 2007; Dueholm et al., 2010; Evans et al., 2018; Jain
and Chapman, 2019; Ren et al., 2019), cross-seeding with bacterial functional amyloids may play
a significant but as-yet-unknown role in the development of protein misfolding diseases, like AD.
It is fundamental to understand the effects that one type of protein would have on the aggregation
propensity and characteristics of other proteins present in its environment.

Particularly, curli fibrils and AP fibrils share similar 3D structures, which involves their -
sheets engaging in hydrogen bonds that form a steric zipper along the fibril axis (Perov et al., 2019;
Sewell et al., 2020). The fibrils of these two proteins share the PIRIBS scaffold (Paravastu et al.,
2008a; Sleutel et al., 2023). This suggests that common structural features between curli and Ap
peptides are shared at the molecular level.

Our team has previously shown that curli is synthesized inside the body during murine
Salmonella infection (Miller et al., 2020). In this animal model, and in human infections, S.
Typhimurium can cross the intestinal epithelium. Curli genes are shared between Salmonella and
E. coli and are functionally interchangeable (Romling et al., 1998). E. coli is a known commensal
of the human gut. Curli fibrils are also highly immunogenic (Tukel et al., 2010; Gallo et al., 2015).
Curli is recognized by eukaryotic toll like receptors 1 and 2 (TLR1-TLR2), and CD14 (Tursi and
Tikel, 2018; Miller et al., 2021). Activation of the innate immune system leads to an increase in
PI3K expression and enhances inflammation (Tursi and Tukel, 2018; Miller et al., 2021).
Inflammation of the gastrointestinal (Gl) tract leads to an increase in intestinal permeability, and
consequently facilitate leakage of molecules, like curli, which likely promotes a systemic exposure
to curli (Miller et al., 2021).

In AD, the aggregation and accumulation of AP plaques between neurons are one of the
hallmarks of the disease. The GI tract also exhibits Ap accumulation in humans and mice and a
growing body of evidence suggests that peripheral Ap (e.g. gut derived AB) could contribute to

the formation of AP plaques in the brain (Cintron et al., 2015; Sun et al., 2020; Kauwe and Tracy,
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2021; Lametal., 2021; Qian et al., 2022; Jin et al., 2023).These observations have brought forward
the possibility that curli and amyloidogenic proteins of the host, like peripheral Ap could interact
which may have implications for understanding the underlying mechanisms involved in the

development and progression of AD and shed light to new therapeutic strategies.
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CHAPTER 2. RATIONALE, HYPOTHESIS AND OBJECTIVES

2.1 RATIONALE AND HYPOTHESIS

Amyloid cross-seeding may contribute to the pathology of several proteinopathies. AD is
characterized by the development AP aggregates. However, it has been challenging to pinpoint the
precise causes of AB aggregation. For my MSc. research, we wonder if a bacterial amyloid like
curli was able to promote AB misfolding. Curli fibrils and AP fibrils share similar 3D structures.
Curli is synthesized in the gut during murine Salmonella infection and the Gl tract also exhibits
AP accumulation. These observations have brought forward the possibility that curli and
amyloidogenic proteins of the host, like peripheral Af could interact.

| hypothesised that curli produced by Salmonella can physically interact with and influence

the polymerization and toxicity of AP peptides associated with Alzheimer’s disease.

2.2 OBJECTIVES
My MSc. research was organized into three Objectives:
1. To optimize in vitro AP aggregation assays.
2. To examine if curli and A peptides interact in vitro.

3. To determine whether curli influences the toxicity of Af peptides in mammalian cell lines.



CHAPTER 3. OPTIMIZING THE METHODOLOGY TO STUDY AGGREGATION OF
ApB PEPTIDES in vitro

3.1 ABSTRACT

There are several disorders that are connected to the self-assembly of peptides and proteins
into amyloid fibrils. AP peptides are associated with Alzheimer’s disease and are one of the most
researched examples. However, regulating AB aggregation and producing repeatable findings is
particularly challenging. Here, we studied three different factors that are known to influence Ap
aggregation, 1) Ap pre-treatment for preparation of monomeric Ap, 2) the pH and composition of
the aggregation buffer and, 3) temperature. We combined western blot analysis of SDS-PAGE and
the gold standard technique for amyloid aggregation, the Thioflavin T assay to optimize
aggregation conditions of AP peptides according to our research interests and offer advice for

similar research.

3.2 INTRODUCTION

Due to its connection with AD, Ap is likely the amyloidogenic peptide that has been studied
the most. The amyloid cascade hypothesis was proposed as the underlying process behind the AD
model saying that the aggregation process of Ap into fibrils was the main etiological agent of the
disease (Hardy and Higgins, 1992). At the same time, it was discovered that Ap was formed during
normal cellular metabolism demonstrating that Ap is not just produced by AD patients (Haass et
al., 1992).

Amyloid aggregation is a heterogeneous process with several concurrently feasible routes and
structures (Arosio et al., 2015). Therefore, even minutely changing circumstances can result in
significant modifications to the kinetics, contents, and morphologies of the produced aggregates
(Hellstrand et al., 2010). Hence, it is not unexpected to see structural heterogeneity in high-
resolution AB(1-40) and AB(1-42) fibrils when aggregation conditions are distinct (Luhrs et al.,
2005; Morinaga et al., 2010; Lindberg et al., 2015; Tycko, 2015; Xiao et al., 2015; Wang et al.,
2020a).

When studying AP aggregation, the preparation of the peptide sample is critical. Starting with
a fully monomeric AP solution is the ideal strategy to optimise reproducibility since existence of

pre-aggregates, regardless of its kind, can have significant effects (Foley and Raskatov, 2020).
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Thus, it is necessary to accomplish monomerization of the peptide and subsequently store these
monomers under nonaggregating circumstances before starting any experiments. Conditions to
achieve this include treatment and storage with organic solvent at high pH, or the use of chaotropic
substances (Fezoui et al., 2000).

Numerous methods to making homogeneous preparations of monomeric A are described in
the literature, however, their efficacy varies and frequently depends on the source of the peptide
(recombinant expressed and in-house purified, chemically synthetized, etc.) (Fezoui et al., 2000;
Broersen et al., 2011; Stine et al., 2011; Ryan et al., 2013). Here, we study the preparation of
monomeric AP peptides using 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) and a combination of
HFIP and dimethyl sulfoxide (DMSO). We compare both pre-treatments on their efficacy to make
a homogeneous monomeric Ap. Samples were characterized by Western blot analysis of SDS-
PAGE, a technique commonly used to identify SDS-stable Ap assemblies (Lambert et al., 1998;
Walsh et al., 2000; Dahlgren et al., 2002; Pryor et al., 2012) and by Thioflavin T (ThT) assay
(Khurana et al., 2005; Biancalana and Koide, 2010; Freire et al., 2014; Xue et al., 2017). In
addition, we used the ThT assay to monitor AB(1-42) fibril formation and examine the impact of
other two aspects that are known to affect aggregation kinetics, buffer/pH and temperature. This
with the objective of optimizing ThT assay conditions to obtain meaningful, reliable, and

reproducible Kinetic data.

3.3 MATERIALS AND METHODS
3.3.1 Peptides and Antibodies

Synthetic AP(1-42) (cat#: 4014447) was obtained from Bachem Americas, Inc.
Lyophilized peptide was stored in their original packaging at -20 °C until use.

The anti-p-amyloid antibody [clone 6E10: targets residues 1-16 of the AP peptide: cat#
803016] was obtained from BiolLegend. The NIR-labeled secondary antibody used to probe the
primary anti--amyloid antibody was Amersham™ CyDye™ 800 Goat-Anti-Mouse from Cytiva.
3.3.2 HFIP pre-treatment

Prior to resuspension, the AB(1-42) vial was centrifuged to force the lyophilized peptide
to the bottom of the tube and prevent loss of any material when opening it. The peptide (1 mg) was

resuspended in ice-cold 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP-Sigma-Aldrich) and vortexed at

29



low speed. HFIP is volatile and evaporates quickly. Using ice-cold HFIP reduces the evaporation
rate which facilitates aliquoting. The resulting solution (2 mg/mL) was aliquoted and stored at -
80 °C until use. HFIP was allowed to evaporate in the fume hood by opening the tube’s lid for at
least 1 h or until no liquid is observed. The resulting clear peptide film was resuspended in
aggregation buffer (1X PBS pH 7.4) to the desired concentration.
3.3.3 HFIP/DMSO pre-treatment

HFIP-treated aliquots were lyophilized for 24 h. The lyophilized aliquots were stored at -
80 °C until use. The dry film was initially resuspended in DMSO (5 mM final concentration) prior
to addition of aggregation buffer to the desired concentration.
3.3.4 Western Blot analysis of SDS-PAGE

HFIP- and HFIP/DMSO- treated AB(1-42) were resuspended to 0.2 mg/mL (40 uM) in
aggregation buffer (1X PBS pH 7.4). Immediately after resuspension, samples (10 pL) were
resolved by SDS-PAGE using 4 to 12% Tris-Glycine Novex™ gels and SDS running buffer.

After gel electrophoresis, proteins in the gels were transferred to nitrocellulose membranes
using the iBlot2 system (Thermo Fisher). Membranes were incubated for 1 h while shaking at
room temperature in TBS containing 5% (w/v) non-fat dry milk (blocking buffer). Blots were
probed with the 6E10 antibody (1:4000 dilution) overnight (4°C), while shaking. Membranes were
washed with TBS three times for 5 min, 15 min, and 5 min with shaking. Membranes were probed
with the Amersham™ CyDye™ 800 Goat-Anti-Mouse NIR-labeled secondary antibody (Cytiva)
in TBS (5% skim milk) (1:10,000) for 90 min at room temperature, shaking and protected from
light. Membranes were washed prior imaging in a LI-COR Odyssey CLx.
3.3.5 ThT aggregation assay

HFIP- and HFIP/DMSO-treated AB(1-42) were resuspended to 0.05 mg/mL (10 uM) in
aggregation buffer (1X PBS pH 7.4). Immediately after resuspension, samples were characterized
by ThT assay. A 50 uM ThT waorking solution (in aggregation buffer) was made from a 10 mM
Thioflavin T (ThT, Sigma) stock solution (in distilled water) previously filtered through a 0.2 um
filter. The samples were loaded in triplicate into three wells in a Costar® 96-well, clear-flat
bottomed, black polystyrene plate (Corning). Each reaction consisted of 40 pL peptide (final
concentration of 0.02 mg/mL, i.e., 4 uM), 40 uL aggregation buffer and 20 uL ThT (10 uM). The

plate was subsequently sealed with a clear optical adhesive film and ThT fluorescence was
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measured every 10 min using a FLUOstar Omega plate reader (BMG Labtech) at 25 °C. An
excitation filter of 440 nm and an emission of 480 nm were used(Naiki et al., 1989). The average
fluorescence measured control wells containing only 10 uM ThT solution was subtracted from all
test measurements.

3.3.6 Effects of buffer on aggregation Kinetics

Published work was reviewed that included ThT fluorescence measurements of A
aggregation and for which aggregation conditions (especially the aggregation buffer) were given.
20 mM sodium phosphate buffer pH 7.0 (Klug et al., 2003; Krdl et al., 2021), 50 mM potassium
phosphate buffer pH 7.3 (Perov et al., 2019), 10 mM MES buffer pH 5.5 (Burdick et al., 1992),
1X PBS buffer pH 7.4 (Thakur et al., 2011; Vadukul et al., 2020; Quartey et al., 2021) and 20 mM
Tris Buffer pH 8.0 (Vestergaard et al., 2008; Coalier et al., 2013; Prakash et al., 2019) were
selected to assess the effects of buffer and pH on AP aggregation kinetics.

HFIP-treated AB(1-42) was resuspended in the five different aggregation buffers and samples
were characterized by ThT assay as previously described. Briefly, aggregation reactions were
composed of 0.02 mg/mL (4 uM) HFIP-treated AB(1-42) and 10 uM Thioflavin T (ThT)
resuspended in the different aggregation buffers. Reactions (100 pL) were prepared in 96-well
optical clear-bottomed plates. The plate was sealed and incubated in a FLUOstar Omega plate
reader (BMG Labtech) at 25 °C for 24-40 h. ThT fluorescence was measured every 10 min (450 nm
excitation, 480 nm emission).

3.3.7 Effects of temperature on aggregation kinetics

HFIP-treated AB(1-42) was resuspended to 0.05 mg/mL (10 uM) in aggregation buffer (20
mM Tris Buffer pH 8.0). Immediately after resuspension, samples were characterized by ThT
assay as described above. The aggregation kinetics were assessed at 25 °C and 37 °C.

3.4 RESULTS
3.4.1 AP peptide pre-treatment

Western blot analysis of SDS-PAGE revealed that HFIP pre-treatment yielded Ap(1-42)
dimers, trimers, and tetramers (Figure 3.1 A, lane 1). Although HFIP/DMSO-treated samples
showed the same dimer, trimer, and tetramer bands, smearing above 35 kDa was also observed

(Figure 3.1 A, lane 2). Thus, large oligomeric species were present immediately after resuspension
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of HFIP/DMSO-treated samples. The initial ThT fluorescence value (t= 0 h) in reference
fluorescence units (RFU) for HFIP/DMSO-treated samples was higher (~10,000 RFU) than in
HFIP-treated samples (~2,000 RFU) (Figure 3.1 B). The ThT data was consistent with the Western
blot analysis suggesting that immediately after resuspension those oligomeric species observed in
the western blot for the HFIP/DMSO-treatment are the species that are causing the increase in the

initial ThT fluorescence value.
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Figure 3.1. Analysis of AB pre-treatments for the formation of monomeric Ap(1-42). A)
Representative Western blots of HFIP- (lane 1) and HFIP/DMSO-treated (lane 2) AP(1-42)
incubated for O h, separated by SDS-PAGE and probed with the anti Ap antibody, 6E10. B)
Aggregation kinetics of HFIP (purple curve)- and HFIP/DMSO-treated (blue curve) AB(1-42)
measured by ThT fluorescence. HFIP/DMSO-treated APB(1-42) starts with a higher fluorescence
compared to HFIP-treated AB(1-42).

3.4.2 Effects of buffer and pH on aggregation Kinetics of Ap

Changes in the aggregation kinetics of AB(1-42) due to different buffers were assessed
using the ThT assay (Figure 3.2). The curves were normalized to the Max ThT fluorescence (RFU).
All buffers produced sigmoidal curves with clear lag, elongation, and plateau stages except for 10
mM MES buffer pH 5.5. The resulting curve using MES buffer started with a high RFU value that
gradually dropped within the first five hours (red curve in Figure 3.2). 20 mM sodium phosphate
buffer pH 7.0 and 50 mM potassium phosphate buffer pH 7.3 showed similar aggregation curves
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(blue and yellow curves in Figure 3.2), with a brief lag phase (less than one hour) and fast
elongation phases with an almost vertical slope. The use of 1X PBS buffer pH 7.4 increased the
lag phase to approximately three hours, along with a longer elongation phase and later plateau
stage (at ~15 hours) (purple curve in Figure 3.2). The clearest sigmoidal curve was observed in
20 mM Tris Buffer pH 8.0 (black curve in Figure 3.2). This curve showed the expected sigmoidal
shape with a long lag phase of approximately 12 hours and the beginning of the plateau phase was
observed after 25 hours from the beginning of the experiment.

.

20 mM sodium phosphate buffer pH 7.0

* 10 mM MES buffer pH 5.5
+ 20 mM Tris Buffer pH 8.0
« 1XPBS buffer pH 7.4

Normalized RFU

Figure 3.2. Effect of buffer on the aggregation kinetics of AB(1-42). Changes in the aggregation
kinetics of AB(1-42) due to different buffers and pHs using the ThT fluorescence assay at 25 °C.

We also wanted to study how different buffers affected the aggregation of the shorter
peptide, AB(1-40), thus an analogous approach was followed. We decided to exclude MES buffer
because of the odd curve shape for AB(1-42), as well as Tris buffer because of the delayed
aggregation time; AB(1-40) aggregates slower than AB(1-42) (Snyder et al., 1994; Batzli and Love,
2015). Snyder et al. (1994) reported that at pHs above 7.4, aggregation of AB(1-40) could take
days. Waiting a long period of time to collect AP(1-40) data would not be feasible. The curves in
Figure 3.3 for AP(1-40) aggregation support our previous observations with AB(1-42) where
incubation of the peptide in buffers with higher pHs affects nucleation and results in longer lag

phases.
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Figure 3.3. Effect of buffer on the aggregation kinetics of AB(1-40). Changes in the aggregation
kinetics of AB(1-40) due to different buffers and pHs using the ThT fluorescence assay at 25 °C.

Based on the results above, we decided to use 20 mM Tris Buffer pH 8.0 for AB(1-42)
experiments, and 1X PBS buffer pH 7.4 for AB(1-40). For studying A and curli interactions, we
thought it would be beneficial to have a long and well-defined lag phase to easily observe changes

in the aggregation curves.

3.4.3 Effects of temperature on aggregation kinetics of Ap

We explored the aggregation kinetics of the AB(1-42) peptide at two different temperatures,
25 and 37 °C, using the ThT assay. The curves were normalized to the Max ThT fluorescence
(RFU). We observed a temperature-dependence in the aggregation kinetics of Ap(1-42) (Figure
3.4), with an increase in the overall rate of fibril production and recognizable alterations in the
reaction's time course at 37 °C. At 37 °C, the sigmoidal-like kinetic traces were lost, there was an
almost complete absence of a lag phase, and a drastic increase in the sharpness of the transition to
the plateau phase. The loss of a lag phase by increasing the temperature from 25 to 37 °C led us

to select 25 °C as the working temperature for further AB(1-42) aggregation experiments.
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Figure 3.4. Effect of temperature on the aggregation kinetics of AB(1-42). ThT fluorescence
assay was used to monitor AB(1-42) fibril formation at 37 and 25 °C.

We proceeded to assess AP(1-40) aggregation at 37 °C. Although the lag phase was not
affected by either of the two temperatures, we found that at 37 °C the resulting aggregation curves
have a more consistent sigmoidal shape compared to the curves at 25 °C (Figure 3.5). Therefore,
37 °C was selected for further AB(1-40) experiments.
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Figure 3.5. Effect of temperature on the aggregation kinetics of AB(1-40). ThT fluorescence
assay was used to monitor AB(1-40) fibril formation at 37 and 25 °C.

3.5 DISCUSSION

In our study, pre-treatment of AB(1-42) with HFIP resulted in more homogenous peptide

solutions compared to HFIP/DMSO-treated samples. This observation provides the essential
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framework for controlled aggregation experiments. Multiple researchers and commercial suppliers
suggest the use of DMSO to solubilize hydrophobic peptides like AP since it is a highly polar,
water-soluble organic solvent (Shen and Murphy, 1995; Stine et al., 2003). However, detection of
AP(1-42) smearing in western blot analysis demonstrate that HFIP/DMSO pre-treatment fails to
keep the AP(1-42) peptides as monomers. The high ThT fluorescence for HFIP/DMSO-treated
samples confirms the presence of ThT-positive molecules. When ThT binds to amyloid fibrils, it
emits a strong fluorescence signal (Naiki et al., 1989). It has been proposed that ThT binds to four
consecutive B-strands (Biancalana et al., 2009; Wu et al., 2009). This supports the existence of
secondary structures in HFIP/DMSO-treated AB(1-42).

Fluorinated alcohols, such as HFIP and trifluoroethanol, disrupt hydrophobic forces in
aggregated amyloid preparations (Barrow and Zagorski, 1991; Barrow et al., 1992). Numerous
studies have reported that the CD spectra for HFIP-treated AP(1-40) and AB(1-42) show that the
secondary structure is mostly a-helical (50-70%) and random coil (30- 50%), with very little -
sheet (1%) (Barrow and Zagorski, 1991; Barrow et al., 1992; Fezoui and Teplow, 2002; Stine et
al., 2003). According to these CD investigations, our HFIP pre-treatment should eliminate any
pre-existing B-sheet secondary structure, resulting primarily in o-helix and random coil.
Regardless of the limitations of the two techniques that were used in this study, observations on
HFIP pre-treatment make clear that treating the peptide with HFIP yields a more homogeneous
mixture of unaggregated AP species than the HFIP/DMSO pre-treatment.

Changes in buffer composition and pH led to the production of different aggregation curves
for both AP peptides. Differences in Ap aggregation curves under different aggregation buffers
are common and A is not the only amyloid with pH-dependent behavior. The amyloid protein, a-
synuclein has also been reported to be affected by changes in pH (Sarell et al., 2009; Haldar and
Chattopadhyay, 2011). Thus, buffer and pH selection are one of the most important steps in
designing a ThT amyloid aggregation assay. Particularly, pH changes can either accelerate or
decrease AP kinetics by affecting its solubility (Bhowmik et al., 2014). In AD, inflammation often
causes acidic microenvironments (Kinney et al., 2018). Ap fibril formation is pH-sensitive thus
those changes from physiological pH to a pH that is closer to Ap isoelectric point (pl) of 5.3, will
reduce the solubility of Ap and will increase and promote aggregation and the amyloid formation
rate (Hortschansky et al., 2005). MES buffer (pH 5.5) had the closet pH to the AB pl. Therefore,
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AP aggregation might have been extremely favoured in this buffer. This could explain the shape
of the curve that had a high RFU value at the start (detection of A fibrils) and a gradual loss of
fluorescence (insoluble Ap fibrils accumulating at the bottom).

Our results showed that buffers with lower pHs affect nucleation and result in shorter lag
phases. Similar conclusions have been reached by Schiitzmann et al.(2021) who tested a range of
pHs, from 4.8 to 7.6 and showed that AP assembly is accelerated 8,000-fold when using more
acidic pH in vitro. In the study, increasing pH always resulted in an increase in the lag phase and
a reduction of the aggregation rate(2021). Along the same lines, Tian and Viles (2022) showed
that primary nucleation is highly pH dependent whereas secondary nucleation and elongation rates
are independent of pH. Snyder et al. (1994) showed that aggregation is very rapid (seconds) near
the pl of the peptide (pH 5-6), outside of this range (e.g. pH 7.0-7.4), aggregation of AB(1-42)
remains rapid (minutes), whereas aggregation of its shorter counterpart, Ap(1-40) is slow, from
hours to days. Although kinetic parameters were not calculated in this part of my research, our
data agrees with these observations, with higher pH affecting primary nucleation and resulting in
longer lag phases.

lonic strength is another factor that alters AP aggregation by modifying electrostatic
interactions between protein molecules (Zidar and Merzel, 2011; Ziaunys et al., 2021; Wang et al.,
2022). These electrostatic interactions can be shielded by high ionic strength, which is brought on
by elevated ion concentrations, especially salts. This reduces repulsive forces and encourages
protein aggregation. In contrast, environments with low ionic strength cause the shielding effect
to be less effective, resulting in greater electrostatic interactions between charged protein
molecules and a reduction in aggregation (Zidar and Merzel, 2011; Ziaunys et al., 2021; Wang et
al., 2022). lonic strength of sodium and potassium, or chloride ions increase in frontal and parietal
cortex regions up to 25% and 20% in AD compared to healthy individuals (Vitvitsky et al., 2012).
This ion imbalance might contribute to the pathophysiology of AD. Abelein et al. (2016).
investigated how ions modulate AP aggregation and toxicity. They proposed that salt lowers the
free-energy barrier for AB folding to the fibril state, favouring the development of the mature
fibrils (Abelein et al., 2016). Here, we used buffers with similar pH although we observed drastic
differences between them (i.e., 1X PBS pH 7.4, 20 mM sodium phosphate buffer 7.0 and 50mM
potassium phosphate buffer pH 7.3). Considering the buffer composition differences in the
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aggregation curves are likely associated to the different ionic strength of the solutions. However,
it remains to be explored how the buffer constituents influence A morphology.

AP aggregation was found to be dependent upon temperature. Our findings are consistent with
what others have shown (Kusumoto et al., 1998; Ghavami et al., 2013; Batzli and Love, 2015).
Kusumoto et al. (1998) studied the temperature dependence of the AP fibril elongation rate
constant using Quasielastic light scattering (QLS) which allows for simultaneous monitoring of
size and molecular weight of particles in solution. They showed the temporal evolution of the
hydrodynamic radius of AP fibrils incubated between 24 °C and 4 °C. When A was incubated at
24 °C the elongation rate was 18.6 nm/h (Kusumoto et al., 1998). Decreasing the temperature to
20 °C resulted in a decrease in the elongation rate by a factor of 20 (1.0 nm/h) (Kusumoto et al.,
1998). Ghavami et al. (2013) used molecular dynamic (MD) simulation methods and revealed that
the core hydrophobic amyloid backbone of Ap monomers is more available for interactions by
increasing the temperature from 37 to 42 °C. They proceeded to complement their work with
experimental methods, including the ThT aggregation assay (Ghavami et al., 2013). The idea that
the core part of the fibrillation process is more exposed at higher temperatures was further
supported by the finding that the lag time for AP was decreased gradually by increasing the
temperature from 37 to 42 °C (Ghavami et al., 2013). Therefore, rising temperature leads to more

rapid amyloid formation.

3.6 CONCLUSIONS

Taken together, our results define specific conditions for formation of unaggregated Ap
suitable for kinetic experiments in vitro. We conclude that modifiable factors like, aggregation
buffer (pH and ionic strength) and temperature play important roles during Ap aggregation, which
is stimulated by lower pHs, ionic strength and higher temperature. On this basis, comprehension
of how soluble AB folds to form cross-p-sheet rich aggregates and particularly how different
factors, such as temperature, ionic strength, etc. can affect this process is crucial for deciphering
the molecular basis of fibrillogenesis.

Our results provide unique conditions that control the intricate process of Af assembly.
Although we selected different conditions for each peptides —1X PBS pH 7.4 at 37 °C for AB(1-
40) and, 20 mM Tris buffer pH 8.0 at 25 °C for AB(1-42)—we based our decision on using the
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conditions that would ensure getting the most controlled, consisted and reproducible data even if
that meant to use 25 °C and pH 8 for AB(1-42) to delay the aggregation and create an appropriate
time frame for our aggregation kinetics tests. We highlight the importance of characterizing the
amyloid protein that is being used and strategically optimize and define the best conditions to use
in the assays according to the research questions. This implies that detailed information on the
methods that were selected and the reasons why those were selected should be mentioned. As we
also experienced challenge in controlling aggregation and obtaining reproducible findings, we
offer some advice for dealing with the reproducibility problem in AP aggregation studies:

e The monomerization process comes first and is likely the most crucial step. Any pre-
aggregates that will alter the aggregation rate must be monomerized using a meticulous
process. Testing and comparing different solvents and combining different protocols is a
good way to optimize this step.

e The settings of the aggregation experiment as well as any pre-treatments (amounts,
volumes, timings, final concentrations, reagent preparation, buffer recipes, type of plate
reader, protocols, scripts, etc.) should be recorded in as much detail as possible.

e A large number of replicates are necessary to clearly detect outliers. We recommend n = 6
as the minimum.

e Differences across ThT assays that are identical are likely to happen thus, looking for
patterns in aggregation curves might occasionally be more relevant.

e Protein interactions are also increased by increased mixing or agitation; thus, it is best to
avoid vigorous pipetting when preparing samples. Agitation during aggregation is often
used during the assay but if using a highly aggregation-prone protein like Ap(1-42) using

quiescent conditions is advisable.
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CHAPTER 4. THE BACTERIAL AMYLOID CURLI AFFECTS THE AGGREGATION
OF AB(1-40) AND Ap(1-42) DIFFERENTLY AND CHANGES THEIR TOXICITY IN
CELL CULTURE
4.1 ABSTRACT
Salmonella and E. coli make the functional amyloid curli which shares structural similarities

to AP fibrils associated with Alzheimer's disease. In this study we assessed the ability of curli to
influence AP aggregation in vitro. Biophysical methods such as Western blot analysis and
thioflavin T fluorescence for aggregation kinetics were used to evaluate the impact of curli on Ap
aggregation. Additionally, we used human fibroblast cells from donors from both sexes and
different AD susceptibility to measure the toxicity of the aggregates of Ap alone or in combination
with curli. The results showed that curli decreases oligomeric AB(1-42) and might enhance its
aggregation. Additionally, we found that curli promotes the aggregation of AB(1-40) which is
known for its reduced propensity to aggregate by its own. Overall, this study shows that curli, a
bacterial amyloid, can physically interact with pathological amyloids like Ap. However, additional
research is necessary to better understand the underlying mechanisms and the relevance of these
interactions in disease pathology.

4.2 INTRODUCTION

Amyloid proteins have a characteristic cross-f structure and the ability to form fibrils has
historically been linked to the progression and pathogenesis of many neurodegenerative diseases
including Alzheimer's disease, Parkinson's disease, Amyotrophic lateral sclerosis and prion
diseases (Soto, 2003; Soto and Pritzkow, 2018). In such diseases, unique amyloid proteins self-
assembly into toxic conformers like amyloid deposits (Soto, 2003; Soto and Pritzkow, 2018).
Moreover, there are non-neuronal diseases such T2D, cancer, and systemic amyloidosis, where
amyloid aggregation also leaves its mark (Yang-Hartwich et al., 2015; Haque et al., 2017; Benson,
2023). Although these diseases have been a major area of study for many years, the process that
leads to the misfolding of their associated proteins into the amyloid form remains unclear. Not all
amyloids are associated with disease and there are increasing instances where amyloid proteins
play important roles in biological processes in a range of species, from fungi and bacteria to plants,

animals, and mammals (Otzen and Riek, 2019).
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Given that co-aggregation and amyloid cross-seeding have been identified as crucial
biological processes (Dubey et al., 2014; Anand et al., 2017; Anand et al., 2018; Tavassoly et al.,
2018) it is fundamental to understand the effects that aggregation of one type of protein would
have on the aggregation propensity and characteristics of other proteins and metabolites present in
its environment. This has promoted a need to find other possible ways to approach research around
amyloidogenic diseases including the effect of other host amyloid proteins or perhaps a microbial
link including bacterial amyloids. For instance, formation of senile plaques composed of Ap
peptides, particularly the AB(1-42) is a key pathogenic feature of AD (Querfurth and LaFerla,
2010). Several in vitro studies have investigated the interactions between AP and other amyloid
proteins linked to human illness. It has been shown that PD, a-syn (Ono et al., 2012; Chia et al.,
2017); amyloidosis, protein A (AA) (Rising et al., 2021); and T2D, human islet amyloid
polypeptide (hIAPP) (Hu et al., 2015) accelerate AP aggregation. AB cross-seeding research has
gone beyond disease-associated proteins using functional amyloids (Chiti and Dobson, 2006;
Fowler et al., 2007; Javed et al., 2020; Koloteva-Levine et al., 2021) or non-amyloid protein fibers
(Ono et al., 2014). Overall, most of these studies have revealed that the inclusion of different
amyloid proteins accelerates A in vitro aggregation. As a result, there could be a link between
endogenous amyloid exposure and the start of AD disease.

Recent research by our team has shown that the bacterial amyloid curli produced by Salmonella
is synthesized inside the murine intestine during Salmonella infection (Miller et al., 2020). Some
aspects of this infection model are thought to model human gastroenteritis caused by Salmonella,
meaning that curli exposure could also occur in humans. Curli fibers play a fundamental role in
bacterial cell-cell aggregation, which aids in survival and persistence once Salmonella cells exit
the host (Collinson et al., 1993; MacKenzie et al., 2017). Furthermore, the curli genes are shared
between Salmonella and E. coli and are functionally interchangeable (Rémling et al., 1998). E.
coli are common members of the human gut microbiota, which again could mediate curli exposure
in humans. Curli fibrils are also highly immunogenic (Tikel et al., 2010; Gallo et al., 2015) and
interestingly, share a similar 3D structure as AP fibrils (Perov et al., 2019; Sewell et al., 2020).
These observations have brought forward the possibility that curli and amyloidogenic proteins of
the host could interact. Thus, here we investigate the hypothesis that the bacterial amyloid curli

can physically interact with, and influence, AD-related Ap function.
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4.3 MATERIALS AND METHODS
4.3.1 Peptides and Antibodies

Synthetic AP(1-40) (cat#: 4014442), and AP(1-42) (4014447) were obtained from
Bachem Americas, Inc. Disruption of any pre-existing B-sheet structures was performed by
reconstitution of the peptides in ice-cold HFIP (Sigma-Aldrich) to a concentration of 1 mg/mL.
Aliquots of the peptide solution were stored at -80°C. HFIP was evaporated prior to peptide use in
any assay.

The anti AB antibody [clone 6E10: targets residues 1-16 of the AP peptide: cat# 803016]
was obtained from BiolLegend. The primary anti-curli immune serum was prepared according
to(Miller et al., 2020). The NIR-labeled secondary antibodies used to probe the primary anti-p-
amyloid antibody and the anti-curli immune serum were Amersham™ CyDye™ 800 Goat-Anti-
Mouse and CyDye™ 700 Goat-Anti-Rabbit from Cytiva.

4.3.2 Curli purification

Curli purification was performed by a former lab member as described in (Sivaranjani et
al., 2022).

4.3.3 Curli sample preparation

Curli stock solutions were made by weighing out a desired amount of purified curli and
resuspending in distilled water to achieve a final concentration of 1, 2, or 8 mg/mL. Aliquots of
these solutions were used as mature curli samples, making sure to evenly mix the stock and using
wide-bore pipette tips to deliver the required volume. Aliquots were frozen at -80°C for at least 1
h prior lyophilization for 24 h. For depolymerized curli samples, aliquots were removed, and
formic acid was added to >90% v/v and the mixture was frozen at -80°C for at least 1 h prior
lyophilization for 24 h. Lyophilized material for mature and depolymerized curli was stored at -
20°C until use.

4.3.4 Curli and A co-incubation

After evaporation of HFIP, AP peptides were resuspended to 0.2 mg/mL (40 pM) in
aggregation buffer (1X PBS pH 7.4 for AB(1-40) and, 20 mM Tris buffer pH 8.0 for AB(1-42)).
Curli solutions of were made in separate tubes from a stock solution of mature or depolymerized

curli (1 mg/mL). Aliquots (10 puL) of AP peptide solutions were co-incubated with 10 puL of curli
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solutions (i.e., at 1.0, 0.4, 0.2, and 0.02 mg/mL) for 24 h at 37°C or 25°C for AP (1-40) and AP (1-
42), respectively. For time zero samples, aliquots of AP peptide solution were immediately frozen
at -80°C.
4.3.4.1 Western Blot analysis of SDS-PAGE

SDS-PAGE and Western blot analysis were used to visualize the aggregation of AP peptide
mixtures. Pre-incubated samples were resolved using 4 to 12% bis-Tris NUPAGE™ or Tris-
Glycine Novex™ gels (Thermo Fisher) and, with MES or SDS running buffer, respectively.
Proteins were transferred to 0.2-um nitrocellulose membranes using the iBlot2 system (Thermo
Fisher). Membranes were incubated in TBS containing 5% (w/v) non-fat dry milk (blocking buffer)
for 1 h at room temperature with shaking. Blots were incubated overnight at 4°C with both primary
antibodies, the mouse 6E10 antibody (1:4000 dilution) and the rabbit anti-curli immune serum
(1:1000). Membranes were washed with TBS three times, shaking, for 5 min, 15 min, and 5 min.
Membranes were probed with both Amersham™ CyDye™ 800 Goat-Anti-Mouse and CyDye™
700 Goat-Anti-Rabbit NIR-labeled secondary antibodies (Cytiva) in TBS (5% skim milk)
(1:10,000) for 90 minutes at room temperature, shaking and protected from light. Membranes were
washed prior imaging in a LI-COR Odyssey CLx. Data analysis was performed using the Image
Studio (version 5.2) software.
4.3.5 Amyloid aggregation kinetics: Thioflavin T assay
4.3.5.1 Preparation of ThT assays

A dilution series containing 0.005, 0.05, 0.1 and 0.25 mg/mL of mature or depolymerized
curli was prepared. After HFIP evaporation, AP peptides were resuspended to 0.05 mg/mL (10
pMM) in 1X PBS pH 7.4 for AB(1-40) or 20 mM Tris buffer pH 8.0 for AB(1-42). A 50 uM ThT
working solution was made from a 10 mM Thioflavin T (ThT, Sigma) stock solution previously
filtered through a 0.2 pum filter. The samples were loaded into a Costar® 96-well, clear-flat
bottomed, black polystyrene plate (Corning), from low to high peptide concentration, with 6 wells
per sample. Samples containing peptide and curli consisted of 40 uL peptide (final concentration
of 0.02 mg/mL or 4 uM), 40 pL curli (0.002, 0.02, 0.04 or 0.25 mg/mL) and 20 pL ThT (10 uM).
In control samples, either the curli or the peptide volume were substituted with aggregation buffer.
The plate was subsequently sealed and ThT fluorescence was measured. The whole setup was

repeated at least three times for each peptide and each form of curli.
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4.3.5.2 ThT Assay

ThT fluorescence was measured using a FLUOstar Omega plate reader (BMG Labtech) at
37°C for AB(1-40) or at 25°C for AP(1-42). Fluorescence was measured through the bottom of the
plate using an excitation filter of 440 nm and an emission of 480 nm. Measurements were taken
every 10 min for a total of 20 - 40 hours. The plate was shaken for 5 s before the first cycle. The
fluorescence measured from negative control wells, containing only 10 puM ThT, was subtracted
from all test measurements.
4.3.5.3 Kinetic parameters

Data from the ThT assays were analyzed by non-linear regression to fit the theoretical
Boltzmann sigmoid model using PRISM (Graphpad Software Inc.) according to equation 1

(Cabaleiro-Lago et al., 2008; Khemtemourian et al., 2021):

_ Ymax—Yo
Y=Yt e oF @

were, Yo and Yma are initial and final ThT fluorescence values, t12 is the half-time which is the time
at which the fluorescence is halfway between the initial and the final fluorescence value and Kk is
the slope of the curve.

The lag time can be calculated using equation 2:

lag time = ty/, —% (2)
4.4.7 Cell culture assays
4.4.7.1 Cell Lines and Conditions

The study was carried out on four cell lines derived from human skin fibroblasts with
different APOE genotypes. Male fibroblasts (APOE €2/3 and APOE £3/4) and, female fibroblasts
(APOE €2/3 and APOE ¢4/4) from in-patients with and without metabolic disease were obtained
from the Montreal Children’s Hospital Cell Repository. These cell lines were cultured in high-
glucose Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine
serum at 37 °C in an atmosphere of 5% CO.,. Morphology and confluence of the cells was assessed
daily because high levels of confluency can dramatically affect cell behavior and culture
kinetics(Topman et al., 2011). When cells reached 70% confluency, the medium with cells was
collected and centrifuged at 1000 X g for 5 min. Supernatants were removed, and fresh medium

was added.
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4.4.7.2 Treatment preparation

Curli (mature and depolymerized) and HFIP-treated AB(1-40) were dissolved in 1X PBS
buffer pH 7.4 or 20 mM Tris Buffer pH 8.0 for AB(1-42) to a final stock concentration of 6 mg/mL
for curli, or 0.4 mg/mL (80 uM) for the peptides. Treatments were prepared from curli and peptide
stock solutions. Treatments containing AB(1-40) were incubated at 37 °C for 24 h, whereas
treatments containing AB(1-42) were incubated at room temperature for 24 h.
4.4.7.3 Cell viability

Cells were counted with a Countess™ 3 Automated Cell Counter and seeded in 96-well plates
at 10,000 cells/well. Plates were incubated at 5% CO2, 95% humidity, and 37 °C. One day after
seeding the cells, the old medium was replaced with fresh medium containing the different
treatments (50 pL media + 50 pL treatment). Each group contained six replicates and the whole
set-up was repeated twice. Control wells for background (no cells), untreated cells (vehicle, e.g.,
1:1, media:PBS) and dead cells (lysed cells) were included in each plate. Cells were returned to
the incubator (5% COz2, 95% humidity, and 37 °C) for 24 h.

The mitochondrial metabolic activity based on the MTT conversion assay was used as an
index of cell viability. A stock solution of 5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) was prepared by dissolving MTT in PBS and filtering
through a 0.22 um filter. The MTT working solution (0.5 mg/mL) was made by mixing 1 volume
of stock MTT solution with 9 volumes of high-glucose DMEM containing 1% FBS. After
treatment of cells for 24 h, the experimental media was carefully removed, and the cells were
incubated with 50 pL of the MTT working solution at 37 °C. After 2 h, solubilization of MTT
formazan product was done by addition of 150 pL dimethyl sulfoxide (DMSO) followed by

incubation for 45 min at 36 °C. MTT formazan was quantified by determining the absorbance at

570 nm using a SpectraMax M5 Multi-Mode Microplate Reader (Molecular Devices). After
subtracting the background, the optical densities were expressed as a percentage of the average
OD of the control untreated cells (vehicle, 100% cell viability) and the dead cells (0%).
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45 RESULTS
45.1 Depolymerized curli cross-reacts with AB(1-42) by affecting its aggregation.
Investigation of the aggregation behavior of AB(1-42) with curli was performed by Western
blots probed with the 6E10 and the anti-curli antibodies (Figure 4.1). Control AB(1-42) samples
at time 0 showed two discrete bands of ~8 and ~16 kDa corresponding to AB(1-42) dimers and
tetramers (Figure 4.1 A and B, lane 1) consistent with Western blotting analysis of freshly made
AB(1-42) (Walsh et al., 2000; Sureshbabu et al., 2009). After 24 h incubation, control AB(1-42)
peptide was detected as a smear above 35 kDa (Figure 4.1 A and B, lane 2). Samples mixed with
increasing amounts of depolymerized curli exhibited weaker 6E10 immunoreactivity in the smear
(analysed by densitometry Figure 4.1 C) and no discrete band at ~8 kDa. Moreover, SDS resistant
material was observed to accumulate at the top of the wells (Figure 4.1 A, lanes 3-6). On the
contrary, mixtures of AB(1-42) with mature curli did not exhibit significant differences in the
smear (Figure 4.1 B and C) and the ~8 kDa was still present at all curli concentrations. Curli did
not show any differences with or without the peptide using this technique (Supplementary Figure
1). Thus, depolymerized curli appears to stimulate the aggregation of AB(1-42) but mature curli

does not influence AB(1-42).
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Figure 4.1. Western blot analysis of oligomerization of AB(1-42) peptide after co-incubation
with depolymerized curli or mature curli fibrils. Ap(1-42) peptide was incubated either alone
or with 0.2-10 pg of A) depolymerized curli or B) mature curli. AB oligomerization was monitored
with the 6E10 antibody that targets residues 1-16 of Ap. Quantification in reference fluorescence
units (RFU) of the 6E10 signal in the “large oligomers” section was performed using the Image
Studio software. C) Depolymerized curli significantly reduces large Ap oligomers, while D)
mature curli does not. (n =4-6). ns: p>0.05; *: p: <0.05; **: p<0.01; ***: p <0.001; ****. p <
0.0001 by one-way ANOVA.

We used the thioflavin T assay(Gade Malmos et al., 2017) to further investigate the
interactions between curli and AB(1-42) (Figure 4.2). The aggregation curve shapes for AB(1-42)
displayed a typical sigmoidal shape(LeVine, 1993), with a lag phase at low fluorescence, followed
by a visible elongation phase where fluorescence values started to increase until a plateau was
reached. In the experimental dataset for depolymerized curli, the lag phase for AB(1-42) alone was
considerably shorter than in the mature dataset shifting from ~3h to ~13 h (Figure 4.2 A and B).
Variability in AB experiments is common and strong qualitative findings are considered robust

(Foley and Raskatov, 2020; Faller and Hureau, 2021). The RFU scales were different for the
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depolymerized vs. mature datasets because | had to change the settings of the plate reader when
using mature curli. Mature curli experiments using the same settings as depolymerized curli gave
high RFU values that were above the maximum fluorescence intensity of the instrument. Therefore,
| had to employ a different gain value (1900 for depolymerized vs. 900 for mature curli) to keep
the RFU reads within the range of the instrument. Increasing concentrations of mature curli
increased the starting RFU value (up to ~3000 fold), however, regardless of this increase, the shape
of the curves for AB(1-42)/mature curli mixtures and AB(1-42) were similar (Figure 4.2 B).
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Figure 4.2. Aggregation kinetics of AB(1-42) with depolymerized and mature curli. AB(1-42)
was incubated at 25 °C in the presence or absence of A) depolymerized or B) mature curli (2-150
pg/mL) and aggregation was monitored by Thioflavin T fluorescence. Reference fluorescence
units (RFU) were measured every 10 min for 40 h. (n = 6). Mature and depolymerized curli alone
samples were included but not plotted in these graphs.
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Closer inspection of the curves in Figure 4.2 A showed that two distinct transitions
occurred when the curli concentration was >40 pug/mL as monitored by ThT fluorescence. Figure
4.3 shows the two transitions (1% and 2" transition regions). Analysis of double sigmoidal curves
is done by analyzing each transition independently (Cukalevski et al., 2015b; Braun et al., 2022).
Due to the presence of double sigmoidal curves in our dataset, post-hoc analysis of the curves in
Figure 4.2 A was first done for the second transition (corresponding to the grey region in Figure
4.3).

70000 =—

I ized Curli £
60000— l Depoly
- M ® 150 pg/mL
50000— | Transition d
I o
40000—]
1 :: —sesmavasats | ® 40 pg/mL
o]
T+ %! ® Ap(1-42) alone (20 pg/mL)
> 30000~ 5!
L = :

Time (h)

Figure 4.3. Aggregation curves of mixtures of AB(1-42) with depolymerized curli show a two-
transition aggregation process. Two distinct transitions were observed as monitored by ThT
fluorescence. The 1% transition (shown in the blue region of the graph) occurs within the first 5
hours of the experiment while the 2" transition (shown in the grey region of the graph) occurs
later.

When examining the second transition (grey region in Figure 4.3) we observed that
depolymerized curli increased the Max ThT fluorescence in a dose-dependent manner (Figure 4.4
B). The shape of the second transition in the AB(1-42)/depolymerized curves was similar to the
shape of the aggregation curve of AB(1-42) alone. This was supported by no changes in the slope
of the curves containing curli (Figure 4.4 C). The half-time (t12), as a measure of the elongation

phase was considerably increased by the presence of depolymerized curli (Figure 4.4 D).
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Figure 4.4. Comparing the aggregation kinetics of mixtures of Ap(1-42) and depolymerized
curli in the second transition. A) Solid lines represent the aggregation curves of each mixture fit
to the Boltzmann sigmoid model, after the first transition has occurred (data repeated from Figure
4.3). The curves in (A) were used to compare the kinetic parameters of the mixtures to kinetic
parameters of AP(1-42) alone: B) max ThT fluorescence, C) curve slope, and D) time needed to
reach half of the maximum ThT fluorescence (half-time; t12). Values were compared by one-way
ANOVA: ns: p>0.05; *: p<0.05; **: p<0.01; ***: p <0.001; ****: p <0.0001.
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To better understand the interactions between AB(1-42) and depolymerized curli, we used
the AB(1-42)+40 pg/mL and AB(1-42)+150 pg/mL depolymerized curli curves from Figure 4.3
and plotted them in separate panels along with their pure components (Figure 4.5 A and E).
Typical sigmoidal curves were observed for depolymerized curli alone samples (light pink and
blue curves in Figure 4.5A and E). The 40 pg/mL depolymerized curli curves plateaued at about
the baseline value after ~8h of incubation while the 150 pg/mL depolymerized curli alone curves
plateaued around 10,000 RFU after ~3h of incubation (Figure 4.5A and E). Kinetic parameters
of the first (blue region) and second transition (grey region) were compared to Ap(1-42) and
depolymerized curli alone. Results showed a significant increase in the max ThT fluorescence of
both transitions compared to the pure components (Figure 45 B and F). The max ThT
fluorescence in the second transition was higher than the sum of the max fluorescence of both pure
components suggesting more complex interactions between these two amyloidogenic proteins than
just an increase due to the higher total protein concentration (Figure 4.5B and F). The shape of
the first transition in the two-component curves seemed similar to the shape of the curves from
depolymerized curli alone (Figure 4.5 A and E). Although there was an increase in the slope of
the first transition compared to the slope of curli alone, this value only reached statistical
significance for the 40 pg/mL curves (p=0.0011) and not for the 150 pug/mL (p=0.2521) (Figure
4.5 C and G). No differences were found between the slope of the second transition in the mix and
the slope of AB(1-42) alone curves (Figure 4.5C and G). The ty2 of the first transition was reduced
for the 40 pg/mL curves (p<0.0001) whereas for the 150 pg/mL the value was not different
compared to the curli alone curves (p=0.7109). The presence of depolymerized curli significantly
increased the t1> of the second transition compared to any of the pure components (Figure 4.5 D
and H). These data emphasize that that the second transition observed in the mixed systems has a

longer elongation time than the elongation time of AB(1-42) alone.
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Figure 4.5. Comparing the aggregation kinetics of mixtures of AB(1-42) and depolymerized curli in the first and second
transitions. A) AB(1-42)+40 and E) AB(1-42)+150 pg/mL depolymerized curli curves from Figure 4.3 were plotted along with their
pure component curves. Curves were fitted to the Boltzmann sigmoid model and the pure component curves were used to compare the
kinetic parameters of the 15t and 2" transitions of the mixtures. Values were compared by one-way ANOVA: ns: p > 0.05; *: p < 0.05;
¥ p <0.01; ¥ p <0.001; ****: p <0.0001.



Curves of AB(1-42) with mature curli from Figure 4.2 B were further analyzed including
mature curli alone samples. Pure curli samples showed a flat line throughout all the experimental
window (Figure 4.6). The RFU value for this flat line increased in a dose-dependent manner. This
value was subtracted from their respective concentration containing the AB(1-42) peptide in order
to correct the high starting RFU value and compare to the pure AP(1-42) aggregation curves
(Figure 4.7 A). The resulting curves were fitted to the Boltzmann sigmoid model and Kkinetic
parameters were calculated (Figure 4.7 B-D). Addition of mature curli did not affect any kinetic
parameters except for the max ThT fluorescence at 100 and 150 pg/mL, but at these high
concentrations, the variability within replicates was higher. These results indicate that the data
obtained for AB(1-42)/mature curli mixtures from western blot analysis tie well with observations
from the thioflavin T assay. No interactions were observed when AB(1-42) and mature curli fibrils

were incubated together.

5000 - Matur rli Amoun
@ 150 pg/mL
® 100 pg/mL
4000- Haim
3000+

® AB(1-42) alone (20 pg/mL)
2000 @® 150 pg/mL mat. curli alone
@ 100 pg/mL mat. curli alone
@ 40 yg/mL mat. curli alone
@ 20 pg/mL mat. curli alone

RFU

1000

Time (h)

Figure 4.6. Aggregation kinetics for mixtures of Ap(1-42) and mature curli, and pure
components. Curves from Fig. 4.2 B were averaged, and the coloured scheme was changed for
easier visualization. Pure mature curli samples display a flat line throughout all the experiment (in
blue).
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Figure 4.7. Comparing the aggregation kinetics of mixtures of AB(1-42) and mature curli. A)
Solid lines represent the aggregation curves of each mixture fit to the Boltzmann sigmoid model
(data repeated from Figure 4.2 B). The curves in (A) were used to compare the kinetic parameters
of the mixtures to kinetic parameters of AB(1-42) alone: B) max ThT fluorescence, C) curve slope,
and D) time needed to reach half of the maximum ThT fluorescence (half-time; t1,2). Values were
compared by one-way ANOVA: ns: p > 0.05; *: p < 0.05; **: p<0.01; ***: p<0.001; ****: p <
0.0001.
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45.2 APB(1-40) aggregation is accelerated by depolymerized curli.

The aggregation behavior of AB(1-40) with curli was studied using Western blots probed
with the anti-Ap and anti-curli antibodies (Figure 4.8 and Figure 4.9). Control AB(1-40) samples
at time 0 showed two discrete bands of ~4 and ~8 kDa corresponding to AB(1-40) monomers and
dimers (arrows each panel in Figure 4.8 and Figure 4.9). AB(1-40) monomers and dimers were
still observed even after 24 h when mixed with either mature or depolymerized curli. When using
depolymerized curli, the aggregation was monitored at different timepoints (6, 8, 12, 18, 24 h)
(Figure 4.8 A-E). Co-incubation of AB(1-40) with depolymerized curli for 6 h resulted in the
formation of 6E10-positive insoluble material that accumulated at the top of the wells (Figure 4.8
A). This material was absent at 6 h when AB(1-40) was incubated alone (lane 2 in Figure 4.8 A).
There was increased accumulation of insoluble AP(1-40) material in wells containing
depolymerized curli after 8 and 12 h of co-incubation (Figure 4.8 B and C). In contrast, insoluble
material was only present in the AB(1-40) alone wells after 12 h (Figure 4.8 C). Our data indicated
that depolymerized curli accelerates AB(1-40) fibril formation. For the mixtures of AB(1-40) and
mature curli, all appeared similar to AB(1-40) alone (Figure 4.9). Like with AB(1-42), these data
suggested that mature curli fibrils only had a minor, possibly non-specific, effect on Ap(1-40)

aggregation.
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Figure 4.8. Western blot analysis of oligomerization of Ap(1-40) peptide after co-incubation
with depolymerized curli. 2 pg of AB(1-40) peptide were incubated either alone (lanes 1 and 2)
or with 10, 4, 2 and 0.2 ug of depolymerized curli (lanes 3-6) for A) 6 h, B) 8 h, C 12 h, D) 18 h
or E) 24 h. Presence of insoluble material at the top of the wells was observed in samples
containing depolymerized curli as early as 6 h of co-incubation (red box). AB oligomerization was
detected with the 6E10 mouse monoclonal antibody that targets residues 1-16 of A, followed by
fluorophore-conjugated 800RD Goat-Anti-Mouse 1gG secondary antibody.
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Figure 4.9. Western blot analysis of oligomerization of AB(1-40) peptide after co-incubation
with mature curli fibrils. 2 png of AB(1-40) peptide were incubated either alone (lanes 1 and 2)
or with 0.2-10 pg of mature curli (lanes 3-6) for 24 h. A oligomerization was monitored with the
6E10 mouse monoclonal antibody that targets residues 1-16 of AP, followed by fluorophore-
conjugated 800RD Goat-Anti-Mouse IgG secondary antibody.

The interactions between AB(1-40) with curli were studied using the ThT assay (Figure
4.10). The aggregation curve for AB(1-40) alone depicted a long lag phase (12-14 h) with a
relatively low fluorescence intensity, followed by a rapid growth phase until it plateaued after 16-
18 h from the beginning of the experiment (black curves in Figure 4.10). Addition of
depolymerized curli reduced the lag phase in a dose-dependent manner (Figure 4.10 A). As for
mature curli, plate reader settings were adjusted as done for AB(1-42)/mature curli. This change
made the RFU scales different for each dataset (Figure 4.10). In line with observations in our
previous experiments with mature curli, the starting RFU value of AB(1-40)/mature curli samples
increased, specially at the highest concentration of curli (150 pg/mL). Although, mature curli did
not seem to affect the overall shape of the curve nor the time of the lag phase (Figure 4.10 B).

57



A)

250000+ Depolymerized Curli Amount
: ® 150 pg/mL
200000 ® 40 pg/mL
® 20 pug/mL
150000
E ® Ap(1-40) alone (20 pg/mL)
(4
100000
50000
0

T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20 22

Time (h)

B)

Mature Curli Amount

4000-

® 150 pg/mL
® 40 pg/mL
® 20 ug/mL

@ Ap(1-40) alone (20 pg/mL)

L L L L L L L L L
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Time (h)

Figure 4.10. Aggregation kinetics of Ap(1-40) with depolymerized or mature curli. Ap(1-40)
was incubated at 37 °C in the presence or absence of A) depolymerized or B) mature curli (2-150
pg/mL) and aggregation was monitored by Thioflavin T fluorescence. Reference fluorescence
units (RFU) were measured every 10 min (n = 6). Mature and depolymerized curli alone samples
were included but not plotted in these graphs.
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A double sigmoidal transition was also observed in the mixture with the highest
concentration of depolymerized curli (150 ug/mL). We separated these curves from figure Figure
4.10 A and plotted them in a new graph (Figure 4.11 A) for better visualization. Analysis of each
transition in these curves was performed and kinetic parameters were compared with the kinetic
parameters of the pure components. The first transition plateaued at around 10,000 RFU after ~1.5
h from the beginning of the experiment and curves of 150 pug/mL depolymerized curli alone
showed a similar behaviour (light blue curves in Figure 4.11 A). In fact, there were no changes in
any of the kinetic parameters between the first transition in the mixture and curli alone (Figure
4.11 B-D). These data suggest that the first transition that is observed in the mixture likely
corresponds to the aggregation of curli while the second transition indicates the aggregation of
AB(1-40). The second transition occurs earlier than the single transition in the AB(1-40) pure
sample. This suggests that depolymerized curli accelerates AB(1-40) oligomerization, measured

as a statistically significant shorter half-time (Figure 4.11 A and D).
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Figure 4.11. Comparing the aggregation kinetics of mixtures of Ap(1-40) and depolymerized
curli in the first and second transitions. A) AB(1-40)+150 pg/mL depolymerized curli curves
from Figure 4.10 A were plotted along with their pure component curves. Curves were fitted to
the Boltzmann sigmoid model and the pure component curves were used to compare the kinetic
parameters of the 1%t and 2" transitions of the mixture. Values were compared by one-way
ANOVA: ns: p>0.05; *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001.
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The rest of the curves in Figure 4.10 A were fitted to the Boltzmann sigmoid model, and
kinetic parameters were obtained (Figure 4.12). A dose-dependent reduction in the half-time was
evident (Figure 4.12 D). The time of the lag phase was calculated using equation 2 and the results
indicate that depolymerized curli can interact with AB(1-40) and it catalyzes primary nucleation
by reducing the lag time (Figure 4.12 E).
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Figure 4.12. Comparing the aggregation kinetics of mixtures of Ap(1-40) and depolymerized
curli in the second transition. A) Solid lines represent the aggregation curves of each mixture fit
to the Boltzmann sigmoid model, after the first transition has occurred (data repeated from Figure
4.10 A). The curves in (A) were used to compare the kinetic parameters of the mixtures to kinetic
parameters of AB(1-40) alone: B) max ThT fluorescence, C) curve slope D) time needed to reach
half of the maximum ThT fluorescence (half-time; t12), and E) lag time. Values were compared
by one-way ANOVA: ns: p > 0.05; *: p <0.05; **: p<0.01; ***: p <0.001; ****: p <0.0001.
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The A (1-40)/mature curli curves in Figure 4.10 B were fitted to the Boltzmann sigmoid
model, and kinetic parameters were obtained (Figure 4.13). However, addition of mature curli did
not affect any kinetic parameters (Figure 4.13 B-D). This indicates that mature curli does not

influence the polymerization of AB(1-40).
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Figure 4.13. Comparing the aggregation Kinetics of mixtures of AP(1-40) and mature
curli. A) Solid lines represent the aggregation curves of each mixture fit to the Boltzmann sigmoid
model (data repeated from Figure 4.10 B). The curves in (A) were used to compare the kinetic
parameters of the mixtures to kinetic parameters of AB(1-40) alone: B) max ThT fluorescence, C)
curve slope, and D) time needed to reach half of the maximum ThT fluorescence (half-time; tu).
Values were compared by one-way ANOVA: ns: p > 0.05; *: p < 0.05; **: p < 0.01; ***: p <
0.001; ****: p <0.0001.
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45.3 Depolymerized curli seems to rescue cell viability loss due to AB(1-42) in

APOE ¢4-positive human fibroblasts.

Previous research has shown that Ap peptides, particularly AB(1-42), can be toxic to
mammalian cell lines(Pike et al., 1993; Vadukul et al., 2017). We examined the effect of AP
peptides, with or without incubation with curli, on the viability of four human fibroblast cell lines
from female and male donors that differed in their APOE &4 status, a risk allele for late-onset
AD(Nyarko et al., 2018). Cell viability was monitored by measuring changes in mitochondrial
respiration, using an MTT conversion assay. Treatment with AB(1-42) alone for 24 h significantly
decreased cell viability in all four cell lines (black bars in Figure 4.14). Depolymerized curli also
reduced viability in male and female APOE e4-negative and in female APOE &4-positive
fibroblasts (Figure 4.14, pink bars). Male APOE e4-positive fibroblasts were not significantly
affected by depolymerized curli (Figure 4.14 A, pink bars). The combination of depolymerized
curli and AB(1-42) improved cell viability in male and female APOE e4-positive cell lines, as
compared to AB(1-42) alone (Figure 4.14 A and B). However, this effect was less pronounced in
female fibroblasts (p=0.0282 and p=0.0331) compared to male fibroblasts (p<0.0001). In contrast,
the combination did not have a significant effect on the APOE &4-negative cell lines, as compared

to AB(1-42) alone (Figure 4.14 C and D).
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Figure 4.14. Cell viability after AB(1-42) and depolymerized curli treatment. MTT conversion
used as a reflection of cell viability of A) Male APOE e4-positive, B) female APOE &4-positive,
C) male APOE e4-negative and D) female APOE &4-negative fibroblast cultures that were treated

(24 h) with concentrations of dep. curli alone, Ap(1-42) alone or as indicated
along the X-axis (labels are in mg/mL). Significance was determined by two-way ANOVA with

Tukey’s multiple comparisons test (n = 6). *:p<0.05; **:p<0.01; ***:p<0.001;

*xx* p<0.0001.
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We also examined the effects of Ap(1-42)/mature curli mixtures. Mature curli on its own

decreases cell viability in all cell lines (blue bars in Figure 4.15). The effect of the co-treatments
was not different than the AB(1-42) or their corresponding mature curli alone effects (purple bars

in Figure 4.15).
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Figure 4.15. Cell viability after AB(1-42) and mature curli treatment. MTT conversion used
as a reflection of cell viability of A) Male APOE &4-positive, B) female APOE e4-positive, C)
male APOE &e4-negative and D) female APOE e4-negative fibroblast cultures that were treated
(24 h) with concentrations of mat. curli alone, AB(1-42) alone or mat. curli + AB(1-42) as
indicated along the X-axis (labels are in mg/mL). Significance was determined by two-way
ANOVA with Tukey’s multiple comparisons test (n = 6). *: p <0.05; **: p<0.01; ***: p<0.001;
**xk: p<0.0001.
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454 Cell viability loss due to AB(1-40) in human fibroblasts is not affected by

depolymerized or mature curli.
Changes in cell viability were also examined for the Ap(1-40) peptide and depolymerized

curli (Figure 4.16). ApP(1-40) affected all cell lines by significantly decreasing viability.
Depolymerized curli exerted a significant effect in the APOE e4-negative fibroblasts only (Figure

4.16 C and D). The effects seen in the co-treatments did not differ from the effect of AB(1-40)

(orange bars in Figure 4.16).
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Figure 4.16. Cell viability after AB(1-40) and depolymerized curli treatment. MTT conversion
used as a reflection of cell viability of A) Male APOE e4-positive, B) female APOE &4-positive,
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C) male APOE ¢4-negative and D) female APOE &4-negative fibroblast cultures that were treated

(24 h) with concentrations of dep. curli alone, Ap(1-40) alone or as indicated
along the X-axis (labels are in mg/mL). Significance was determined by two-way ANOVA with
Tukey’s multiple comparisons test (n = 6). *:p<0.05; **:p<0.01; ***:p<0.001;

**** p<0.0001.

As previously observed, mature curli negatively impacted all cell lines (blue bars in Figure
4.17). However, the mixtures with AB(1-40) exerted effects that were not significantly different

that effects of the pure components (purple bars in Figure 4.17).
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Figure 4.17. Cell viability after AB(1-40) and mature curli treatment. MTT conversion used
as a reflection of cell viability of A) Male APOE e4-positive, B) female APOE e4-positive, C)
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male APOE e4-negative and D) female APOE e4-negative fibroblast cultures that were treated
(24 h) with concentrations of mat. curli alone, AB(1-40) alone or mat. curli + AB(1-40) as
indicated along the X-axis (labels are in mg/mL). Significance was determined by two-way
ANOVA with Tukey’s multiple comparisons test (n=6). *: p <0.05; **: p<0.01; ***: p<0.001;
**xk p<0.0001.

4.6 DISCUSSION

To our knowledge my thesis is the first research studying the physical interactions between
the bacterial amyloid curli and Ap peptides associated with AD. Previous research has shown that
the aggregation of the PD-associated amyloid protein, a-Syn increases in brain neurons of aged
rats and muscle cells in nematodes after exposure to curli-producing bacteria (Chen et al., 2016).
Another study found that curli fibrils can cause neuroinflammation and contribute to
neurodegenerative processes using genome-wide screening in a C. elegans model (Wang et al.,
2021a). However, these studies have only found correlations between the addition of the bacterial
amyloid and neuroinflammation, neuronal cell death or disease pathology, but the exact
mechanism of why this occurs, or how curli could modulate host-amyloid aggregation remains to
be elucidated. Here, | showed that curli can physically interact with Af peptides at the protein-
protein interaction level.

Our biophysical analysis revealed that depolymerized curli reduces oligomeric AB(1-42).
This observation first led us to hypothesize that curli was exerting an inhibitory effect on the
peptide’s aggregation. However, we noticed the presence of SDS-resistant material at the top of
the wells in the mixed samples which was absent in the AB(1-42) control. Such material has been
previously characterized as fibrillar content (Cerf et al., 2009). A fibrils are insoluble
and resistant to degradation. Quantification of the fibrillar content in the Western blots is difficult
to perform and therefore was not done because the fibrils that remain at the top of the well are
probably underestimated by this technique. Nevertheless, neither small nor large oligomers were
the major species in the mixed samples.

ThT exhibits affinity towards various amyloid fibrils, regardless of their unique amino acid
sequences (Biancalana and Koide, 2010). Thus, ThT binds to a shared structural characteristic

among fibrils, and can be correlated with the fibril content. Studies have shown a connection
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between dye binding and the existence of the cross-p structure found in amyloid fibrils (LeVine,
1995; Khemtemourian et al., 2021). Our data showed that depolymerized curli increases the max
ThT fluorescence of the AB(1-42) aggregation curves. Although it might seem clear that the
increase in the ThT fluorescence would be associated to the increase in the total amyloid protein,
the cumulative ThT fluorescence of the two pure proteins was lower than the fluorescence in the
mixed systems. It is known that different fibril structures can differentially bind ThT (Lindberg et
al., 2015); therefore the change in ThT may correlate with the number of fibrils or reflect a change
in the morphology of the fibrils caused by depolymerized curli.

We showed that the effects of depolymerized curli are different on Ap(1-40). When combined
with the shorter alloform, depolymerized curli accelerates the aggregation of AB(1-40). Sarroukh
et al. characterized the aggregation of AB(1-40) by bis—Tris SDS-PAGE and 6E10 monoclonal
antibody recognition at different timepoints (Sarroukh et al., 2011). In their study, Ap(1-40) was
mostly present as monomers at the beginning of the aggregation process. A diverse collection of
oligomers resulted from further aggregation, with dimers and trimers being the predominant
species (Sarroukh et al., 2011). Continued aggregation of AB(1-40) caused the creation of species
with an extraordinarily high molecular weight, which stayed in the stacking gel and were
equivalent to fibrils (Sarroukh et al., 2011). This is because the oligomeric content concurrently
and gradually decreases during incubation, most likely turning into fibrils (Sarroukh et al., 2011).
The stages of AP(1-40) aggregation reported by Sarroukh et al. (2010) agreed with our
observations, but most importantly these stages happen earlier in co-incubated samples. This effect
was further confirmed when we looked at the ThT data. Addition of depolymerized curli leads to
acceleration of AB(1-40) fibril formation seen as a shorter lag phase. This indicates that there is an
interaction at the primary nucleation level which favours the aggregation of AB(1-40). Thus, the
catalytic effect of depolymerized curli on AB(1-40) is evident. Previous studies have suggested
that in multispecies aggregation the formation of a co-nuclei usually favours and affects the protein
with the lowest primary nucleation rate (Cukalevski et al., 2015a; Meisl et al., 2022). Meisl et al.
(2022) found that the aggregation mechanism of all disease-associated amyloid proteins including

APB(1-40) and AB(1-42) is dominated by secondary processes (secondary nucleation and fibril

69



fragmentation) rather than primary nucleation which is the pathway that dominates curli
aggregation. This could explain why curli catalyzes the formation of a co-nuclei that go on to form
AB(1-40) fibrils.

In this work, it remains unclear the type of interactions between AP and curli. Interactions
and cross-reactivity between amyloidogenic proteins are mainly classified in cross-catalysis and
co-aggregation processes (Bondarev et al., 2018; Braun et al., 2022; Murakami and Ono, 2022;
Subedi et al., 2022). The cross-catalysis process leads to the formation of mainly pure fibrils. In
co-aggregation, the formed fibrils are heterogeneous. Both Ap/depolymerized curli systems
produced two-step aggregation curves. This type of curves have been previously reported for
APB(1-40)/AB(1-42) mixtures (Cukalevski et al., 2015a). Cukalevski et al. (2015a). used isotope
labels in mass spectrometry and NMR spectroscopy to confirm that AB(1-40)/AB(1-42) monomer
mixtures produce homomolecular fibrils and that each sigmoid curve indicates the presence of
separate aggregation eventsOther work suggested that AP(1-40)/AB(1-42) systems may
experience some AB(1-40)/AB(1-42) monomer exchange (Jan et al., 2008). Thus, fibrils formed
under binary systems may have some degree of heterogenicity. After examining the aggregation
curves of pure proteins, we speculate that at the beginning of the reaction the process is dominated
by curli aggregation which corresponds to the first transition, followed by AP aggregation (i.e.,
second transition). However, further research is required to fully comprehend the action
mechanism of depolymerized curli and its effects on the structure and toxicity of the final
aggregates.

AP, especially AB(1-42) has been shown to exert cytotoxicity contributing to synaptic
dysfunction, neuronal loss, and cognitive impairment (Kayed et al., 2003b; Selkoe, 2008; Vadukul
et al., 2017; Shahnawaz et al., 2021). AB(1-42) cytotoxic action is thought to be related to its
capacity to self-assemble into oligomers and amyloid fibrils (Kayed et al., 2003b; Shahnawaz et
al., 2021). Our cell culture assays confirmed that 24-h-incubated AB(1-42) promoted a significant
loss of cell viability in all the human fibroblast cell lines used in this work, independent of their
APOE genotype. Interestingly, in APOE &4-positive fibroblast cultures, addition of depolymerized

curli recues AB(1-42)-mediated mitochondrial dysfunction but has no obvious effect on APOE &4-
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negative fibroblasts. The €4 allele of the lipid transport protein in the plasma, apolipoprotein E
(ApoE), is a known genetic risk factor for AD (Corder et al., 1994; Raber et al., 1998; Liu et al.,
2013; Michaelson, 2014; Nyarko et al., 2018; Quartey et al., 2021). Humans have three primary
apoE isoforms that vary at two residues: apoE2 (Cys112, Cys158), apoE3 (Cys112, Arg158), and
apoE4 (Argl112, Arg158). A dose-dependent risk for AD and an earlier beginning of the illness are
linked to inheriting one or two copies of the 4 allele (Corder et al., 1994; Raber et al., 1998; Liu
et al., 2013; Michaelson, 2014; Nyarko et al., 2018; Quartey et al., 2021). ApoE isoforms affect
the production, clearance, and cytoxicity of given oligomers and fibrils in various ways (Drouet et
al., 2001; Lauderback et al., 2002; Butterfield and Boyd-Kimball, 2004; Yao et al., 2004). Cell-
death pathways have been found to be differently modulated by apoE/AB complexes (Drouet et
al., 2001; Lauderback et al., 2002; Butterfield and Boyd-Kimball, 2004; Yao et al., 2004). Our
findings suggest that cells with an altered genotype, such as APOE &e4-positive fibroblasts, are
more vulnerable to the effects caused by amyloid exposure.

At this stage of understanding, it could be possible that the loss of MTT conversion in the
APB(1-42) treatment group is associated to the large oligomeric species which are absent in Ap(1-
42)/ depolymerized curli treatments. It is well acknowledged that increased synthesis of Ap(1-42)
results in AP oligomers and fibrils, which eventually contribute to cell death (Kayed et al., 2003b;
Shahnawaz et al., 2021). Although fibrillar forms of Ap have been demonstrated to be hazardous,
new research suggests that soluble, oligomeric, and non-fibrillar forms of AP are more dangerous
than mature fibrils (Walsh et al., 2000; Haass and Selkoe, 2007; Walsh and Selkoe, 2007; Selkoe,
2008; Jin et al., 2011). Therefore, our data suggest that depolymerized curli might be mitigating
MTT conversion loss by reducing oligomeric AB(1-42). However, the actual mechanism
underlying these cytotoxic effects needs to be defined and morphological differences need to be
confirmed.

Our cell culture assays using the shorter peptide AB(1-40) revealed that this peptide also
triggers mitochondrial dysfunction and the 4POE ¢4 status also seems to play an important role
especially in male cultures. Our observations agree with other reports of AB(1-40)-mediated
toxicity (Abe and Saito, 1999; Tang and Zhang, 2001; Ramsden et al., 2002; Ronicke et al., 2008)

as well as genotype and sex differences (Drouet et al., 2001; Lauderback et al., 2002; Butterfield
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and Boyd-Kimball, 2004; Yao et al., 2004; Lennol et al., 2021). Ramsden et al. (2002) studied the
effects of aggregated and unaggregated forms AP(1-40) on cultured rat cortical neurons. They
found that aggregated AB(1-40) induced apoptotic cell death, as confirmed by MTT and TUNEL
assays, while the unaggregated form had no neurotoxic effect(Ramsden et al., 2002). These effects
were associated to a disruption in the Ca?* homeostasis by aggregated Ap(1-40) (Ramsden et al.,
2002). Although our biophysical data suggests that depolymerized curli is promoting AB(1-40)
aggregation, we did not see any differences between APB(1-40) alone vs. the co-incubated
treatments in our functional data. However, an apparent limitation of the methodology we used is
that the differences in the biophysical profiles were incubation-time-dependant. Therefore, a
differently approach with a shorter pre-incubation of the treatments or even a set of different pre-
incubation times could be considered for future reference.

Various studies have demonstrated that fibril surfaces can catalyze secondary nucleation by
increasing the number of templating fibril ends to which soluble precursors (i.e., monomers) are
introduced (Ruschak and Miranker, 2007; Cohen et al., 2013; Buell et al., 2014; Cohen et al., 2015)
and that processes, such as fibril fragmentation, can also enhance aggregation (Xue et al., 2008).
However, addition of mature curli fibrils to any of the AP peptides did not show any significant
changes in any of our tests. A possible explanation of why we did not observe any effects using
mature curli fibrils is that fibril-catalyzed processes are highly specific events (Cukalevski et al.,
2015a). Therefore, mature curli fibrils are incapable of catalyzing AB polymerization. These
observations were reflected in our MTT assays were co-treatment with mature curli did not cause
differences in the effects seen with ApB(1-42) or AB(1-40).

My thesis shows that curli can physically interact with AP peptides in vitro and that this
bacterial amyloid can affect the aggregation kinetics of the peptides. However, the interactions
between AP peptides and curli are likely far more complicated than suggested herein. Thus,
whether what we observed here with our functional assays plays a role in AD progression and
pathology is something we cannot correlate, and years of further research are needed to explore

this aspect.
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4.7 CONCLUSIONS

In this study, we showed that the bacterial amyloid curli can physically interact with AD-
related AP peptides and induce an effect on their aggregation kinetics. Using Western blotting with
the anti-Ap antibody (6E10) and anti-curli immune serum, we screened for AP and curli
oligomerization after co-incubation. We also used the widely employed ThT assay for measuring
fibril formation and found that although differently the aggregation of both AB(1-40) and AB(1-
42) is highly sensitive to the presence of depolymerized but not mature curli fibrils.

Depolymerized curli exerts a significant kinetic modulation on the shorter alloform AB(1-40).
Depolymerized curli accelerate the aggregation of AB(1-40) by reducing the lag time. Our
functional assays using human fibroblasts did not show any toxicity differences between AB(1-40)
and ApP(1-40)+depolymerized curli treatments however, this could be due to non-optimal
experimental conditions and, perhaps, a different experimental design should be used to further
study these interactions.

Additionally, we showed that depolymerized curli reduces oligomeric AB(1-42) in a dose-
dependent manner and likely promotes aggregation which may be associated with the reduced
toxicity observed in APOE e4-positive fibroblast cultures treated with co-incubated samples vs.
AP(1-42) alone. However, the exact conformational species mediating these effects were not
characterized and imaging techniques to assess fibril morphology are needed.

Using the ThT assay we identified biphasic aggregation curves in both depolymerized
curli+Ap(1-40) and depolymerized curli+Ap(1-42) systems. These biphasic curves suggest that
separate aggregation processes are occurring at different time-points and more in-depth analysis is
required to determine whether curli co-aggregates with the peptides and gets integrated into the
final fibril or if aggregation occurs independently and separate homomolecular fibrils are formed.

We found that mature curli fibrils do not affect AB aggregation and we did not observe any
functional differences. Thus, depolymerized curli, likely the curli’s major subunit CsgA, is a
significant factor in curli-Ap interactions. Finally, our study highlights significant implications for
the influence of the APOE risk genotype and sex which warrants further studies to unveil the

mechanisms underlying sex and risk factor differences in vivo.
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Overall, the interactions of curli and AP peptides in vitro were examined in this thesis. The
work in this thesis supports previous findings that bacterial amyloids may influence pathological
amyloids. Therefore, further research using a combination of in vitro and in vivo models is crucial
to expanding the knowledge regarding how bacterial amyloids like curli can affect the
conformational states of pathological amyloids like AB and provide additional functional links

between fibril morphology, genotype, and sex mediating pathology.
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CHAPTER 5: THESIS SUMMARY, LIMITATIONS AND FUTURE DIRECTIONS

5.1 Thesis Summary

The goal of my M.Sc. research was to assess whether the bacterial amyloid curli and AB
peptides could physically interact in vitro. In the past few years, an increasing amount of attention
has been paid to the study of bacterial amyloids and how they could relate to neurodegenerative
diseases, including AD (Friedland and Chapman, 2017; Jain and Chapman, 2019; Sampson et al.,
2020). Curli fibres, which are formed by Salmonella and E. coli are bacterial amyloids that
resemble the 3D structure AP fibrils associated with Alzheimer's disease (Perov et al., 2019;
Sleutel et al., 2023). A recent study found that curli fibrils can cause neuroinflammation and
contribute to neurodegenerative processes using genome-wide screening in a C. elegans model
(Wang et al., 2021a). These findings have given rise to intriguing hypothesis regarding the part
that bacteria and their components play in host neurodegeneration.

While research exploring the potential interactions between bacterial amyloids and
pathological amyloids has provided valuable insights (Lundmark et al., 2005; Hartman et al., 2013;
Chen et al., 2016; Javed et al., 2020; Miller et al., 2021; Wang et al., 2021a), there is still a lack
of comprehensive understanding regarding the precise mechanisms governing the interactions
between bacterial and pathological amyloids. Thus, here | used an in vitro approach to determine
if curli could physically influence the aggregation kinetics of Ap peptides.

Reproducibility in research using AP peptides is a significant issue (Foley and Raskatov,
2020; Faller and Hureau, 2021). Sample variability, assay variability, methodological differences
and lack of standardization contribute to the difficulty of reproducing results. These challenges
hinder the comparison and replication of findings across different studies. To address these issues
and efficiently work with the A peptides, | developed an optimized protocol and found the most
appropriate conditions to work with the AP peptides (Objective 1 for this thesis, presented in
Chapter 3).

Then, | focused my work in proving whether curli could interact and influence AP
aggregation. I compared polymerization Western blots and ThT aggregation curves of AP peptides
to other samples containing the same amount of peptide but different amounts of curli (Objective
2 for this thesis, presented in Chapter 4). | showed that the bacterial amyloid curli can interact with

75



and affect AP aggregation. Figure 5.1 shows a summary of the biophysical interactions between

curli and AP peptides using the ThT assay.
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Figure 5.1. Summary of the biophysical interactions between depolymerized curli and AB

peptides using the ThT aggregation assay. Representative Kinetic aggregation curves showing

the effects of depolymerized curli on the aggregation curves on A peptides (in black) as observed
with the ThT aggregation assay. The black curves show the expected behaviour if the two peptides
were to aggregate alone, the blue curves show the behaviour if AB is co-incubated with
depolymerized curli. For AB(1-40), depolymerized curli shifts the aggregation curves to the left
reducing the lag time. For AB(1-42), depolymerized curli increases the amplitudes of the curve
reaching a higher max ThT fluorescence. Mature curli fibrils were excluded from this schematic

since they did not affect Ap aggregation.
The interactions between curli and amyloid beta peptides raised intriguing questions about
their role in neurodegenerative diseases and the potential contribution of curli to AD pathology.

Therefore, | decided to study the functional implications of these interactions using human
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fibroblasts cultures and the MTT assay to assess for cell viability after treatment with 24 h-pre-
incubated samples (Objective 3 for this thesis, presented in Chapter 4).

The work in my thesis adds credence to previous studies showing that pathological amyloids
may be influenced by bacterial amyloids. However, further investigation is needed to fully
understand the mechanisms underlying the interactions between curli and Ap peptides. Expanding
our understanding of how pathological amyloids like AB can be affected by bacterial amyloids like
curli and how this affects Ap oligomerization and fibrillization pathways is crucial for developing

therapeutic strategies that mitigate the neurotoxic effects of AP aggregates in Alzheimer's disease.

5.1 Limitations of this work

While we have published an established protocol for purification of curli fibrils (Sivaranjani
et al., 2022), one important limitation in my thesis is that | employed curli fibrils to obtain
depolymerized curli in order to mimic CsgA. Although, purification of CsgA is possible (Zhou et
al., 2013), we opted against this method due to its inherent complexities. The CsgA purification
process requires several days, yields low amounts of purified CsgA, and the protein has a limited
shelf life of only one day. Although our chosen approach sought to imitate CsgA, we cannot say
how closely the resultant depolymerized material resembles the native CsgA structure. Moreover,
we decided to use mature fibrils as a control because we did not observe any interaction with them
but the addition of other protein (s) as a control should be considered to assess the specificity of
the interactions shown in my thesis.

Another major limitation of my work is that all the experiments were conducted in vitro.
While in vitro studies allow for controlled experimental conditions, they may not accurately reflect
the complex interactions that occur in the human body. The absence of biological systems and
physiological factors in this study may limit the generalizability of the findings to in vivo situations.
To comprehend the significance of the interactions between curli and AB in disease development
and potential treatment implications, further investigation of these interactions in an in vivo model
is required. Our lab has recently acquired experience with the nematode C. elegans. Therefore,
using C. elegans as an in vivo model may be a useful way to learn more about the biological effects
and potential implications of the interaction between these two proteins. Genetic manipulation
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techniques can be employed to generate C. elegans strains expressing curli or A peptides. With
the use of this model system, it is possible to investigate the behavioural, pathogenic, and
molecular aspects of curli-Ap interactions as well as any potential implications for AD and other
neurodegenerative disorders.

The techniques employed in my thesis project (Thioflavin T assay and Western blots)
provide valuable information about the aggregation and detection of amyloid structures but have
their own limitations. The thioflavin T assay primarily detects the presence of amyloid fibrils but
does not capture the conformational changes (amyloid polymorphisms), subtle interactions
between AP peptides and curli fibrils or which of the two proteins is aggregating. Similarly,
Western blot analysis is limited in its ability to provide detailed insights into the molecular
interactions between these two entities. To support conclusions and gain more information,
orthogonal methods such as CD spectroscopy, DLS, TEM, and Fourier transform infrared
spectroscopy (FTIR) could be applied. However, the nature of the proteins we used in this study
gave us a limited number of feasible techniques.

Finally, this study focused primarily on the physical interactions between AP peptides and
curli fibrils. Although we explored the functional consequences of these interactions using the
MTT assay to assess cell viability based on mitochondrial dysfunction of human fibroblasts,
understanding how these interactions affect other cellular processes, such, inflammation, calcium
homeostasis, cell membrane integrity, ROS production, etc., would provide a more comprehensive

understanding of their implications in disease progression and mechanisms of action.

5.2 Future directions

While my thesis provides insights into the interactions between curli and AP peptides it also
raises several important questions for future research. One of the most intriguing questions is to
elucidate the type of interactions and cross-reactivity between these two amyloidogenic proteins.
At this point, we cannot say whether the interactions lead to the formation of homomolecular fibrils,
composed of a single protein type, or mixed fibrils, which combine both proteins. This is an avenue
that should be explored. Using techniques like High-Performance Liquid Chromatography-Mass
Spectrometry (HPLC-MS), selectively labelling each protein with two fluorophores, or NMR
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solution with curli or the AP isotope labelled we could distinguish between the two proteins and
clarify if there is some level of co-aggregation or if the aggregation processes occur separately.

Amyloid proteins exhibit remarkable polymorphisms, resulting in diverse fibril structures
and conformations (Heise et al., 2005; Paravastu et al., 2008b; Fitzpatrick et al., 2017; Sawaya et
al., 2021; Caughey et al., 2022; Li and Liu, 2022). To advance our comprehension of curli-Ap
interactions, it is imperative to further characterize these fibrils. Using advanced imaging
techniques such as Cryo-EM or AFM can offer high-resolution structural information, allowing us
to elucidate the polymorphic states, structural variations, and dynamics of these amyloid
aggregates.

In my work, | examined the cytotoxic effects of the produced fibrils using the MTT assay as
a measure of cell viability. However, examining alternative cell culture assays can offer deeper
insights into the molecular processes behind the interactions between AB and curli. For example,
we could complement our findings with cell proliferation assays to measure changes in
proliferation rates or cell cycle progression, cell imaging to evaluate changes in cell morphology
and differentiation, and immunofluorescence staining to investigate the localization and
distribution of the fibrils within the cells.

Considering that amyloid fibrils are associated with oxidative stress and inflammation
(Kinney et al., 2018), quantifying reactive oxygen species (ROS) production and measuring pro-
inflammatory cytokines (e.g., IL-1, IL-6, TNF-alpha) in cell culture supernatants can provide
valuable data.

Additionally, given that my study focused on Salmonella curli, future research within the
White lab should investigate whether the interactions observed extend to E. coli curli. As E. coli
is a member of the human gut microbiota, exploring the potential interactions with E. coli curli
can broaden the scope of understanding as well going beyond the imposed restriction of having a

Salmonella infection to be potentially exposed to curli.
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APPENDIX

Curli aggregation assessed by Western blot
Blotted membranes were simultaneously probed with the 6E10 anti-Ap antibody and anti-curli

immune serum as primary antibody and two fluorescent labelled secondary antibodies with

different spectrum wavelength with allowed us to assess curli and AB aggregation on the same

membrane. Supplementary Figure 1 shows representative blots of curli aggregation in the four

experimental settings.
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Supplementary Figure 1. Representative Western blot analysis of depolymerized and mature
curli fibrils after co-incubation with Ap(1-40) or AB(1-42). 2 ug of AP peptides were incubated
with 0.2-10 pg of depolymerized curli (A and C) or mature curli (B and D). Curli was monitored
with in-house anti-curli immune serum, followed by fluorophore-conjugated 700RD Goat-Anti-

Rabbit 1gG secondary antibody. (Li-Cor Biosciences).
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