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ABSTRACT

Amyloid proteinsareassociagd with various disorders such as Alzheimer's, Parkinson's,
prion diseases, and typaliabetes. Each of these illnesses involves a specific amyloid protein or
peptide thamisfoldsand forms fibrils. Apart from pathological amyloidlsere areamyloids that
are considerefiinctional amyloidsFunctional amyloids are produdey different organisms, and
in contrast to pathological amyloids, they serve various biological funcionsy MSc. project
| focus onthepathologicabmyloidb ( Ab) as s oc i agdsehsandthe funcdohat h ei me
amyloid curli Curli is produced by the foodborne pathog8almonellaand the commensal
bacterigEscherichia coliCurli is classified as functional amyloid becaustprovidesa 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 surfsspite being encoded by
distinct proteinsequencesj r I i f i bril s share a. Tleomechemismo8 D st r
how Ab peptides convert f r olableanwyloidflbrilses ndtiwllyct i o n
understoodGiven that both proteins are naturally amyloidogenic and share a similar structural
fold, the subject of my Mbc researchs to investigatef Salmonellacurli can crosgeactwith Ab
peptidesTheef f ect s of curli on aggr egadliadrb(la0)d aggr
peptides werenvestigated by a combination of biophysic#dsternblot analysis and kinetic
studies with thioflavin T fluorescence) and cellular assasls\(iability in male and female human
fibroblasts).| demonstratehat curli canphysicallyinteract withboth Ab peptidesin vitro. The
biophysical data leows that curli promotes A b €42) fibrillization and accelerate theverall
aggr egat i-40)fi.e. @liigomard | fibrils) The data with cultured cells shows tiab ¢ 1
42)/curli aggregates are less cytotoxic thab (42) aggregates. Our results support mounting
evidence that oligomedsas opposed to mature fibds are probably the more toxic species of
the peptidesAlthough we cannot correlate our resultglie complex pathology of ARet, our
findings contribute to evidence that exogenous (sometimes bacterial) amyloids may influence and
crossreact withhostamyloids.Moreover, he interactionshownin my work may provide new
insights into the molecular mechanisms of interactions between bacterial amyloids and human

amyloids.
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CHAPTER | LITERATURE REVIEW AND INTRODUCTION

1.1. AMYLOID PROTEINS

Amyloid proteins are subjesbf interestbecause of theilink to severaldisorderssuch as
Alzheimer's(AD), Parkinson'sPD), prion diseaseandtype 2 diabeteqT2D) where gparticular
amyloid protein or peptide that misfolds afams fibrilsis directly tied to each illneg8arron,
2017; Benson, 2023Pathological amyloids are not thaly type of amyloidshat exist Artificial
amyloids which were discoverdin the 1990sare globular proteins thahder certain conditions
can formfibrils that are similar tamyloid fibrils (Gustavssoret al, 1991) The latest type of
amyloids discovered araurictional amyloids Functional amyloidsare produced by different
organisms and contrary to pathological amylofdactionalamyloidsperform diverse biological
functions(Fowler et al, 2007) Although amyloid proteingrom different typesare encoded by
different sequencesll amyloids have ahave a common fibril scaffol(structure) which unites
themall. Therefore, it is dtical to comprehend how these proteing@gateto form fibrils and
what factors are important in defining their function.

1.1.1  Amyloid structure

Pathological and functionahgyloids are proteins thérm elongated-sheetrich fibrils

(Figure 1.1) (Rambaran and Serpell, 2008; Greenvaldl, 2018) T 4dsheetstmadef aligned
b-strands (arrows iRigure 1.1) are hghly organized and constitufee so-calledcrossb st r uct ur €
Observation of the crods s t r u crayudiffr&ctiob lyas etucidated characteristic diffraction
pattern(Sundeet al, 1997) T 4steand® are perpendicular to the fibril axis and are 4.7 A apart.
Th e-sheetsun parallel to the fibril axiand the stacking distanteapproximatelyl0 A (Sunde
etal, 1997; Greenwaldt al, 2018).Thiscrossb st ructure all ows amyl oi d
dyes like Congo Re¢CR), Thioflavin T (ThT), and ProteoSfa(Reinke and Gestwicki, 2011;
Navarro and Ventura, 2014; Yakupastaal, 2019) Amyloid fibrils aretypically made up of two
to eightfilamentous subunitsalled proofibrils (Cohenet al, 1982) These protofibrils interact
laterally along the fibril axis. Each protofibril has the c)bss st r uct ur e and can &
t wo t shedsifigure.ldepi ct s a pr o-sheetsfCbherietlal, 1982} The t wo b
crossb structure is strongly ordered and presen

denaturation and digestigRambaran and Serpell, 2008his stability is due to the interactions



between matel-sheets that face each other. The tight interface betivsbrets is knowas the
Aster i ¢Sawayaet pl.e202d) The steric zipper favoumyloid assembly and formation

of b-sheethydrogen bonds(Sawayaet al, 2021)

4 Inter-B-strand distance
I 47 A

i

Fibril axis
_ Inter-B-sheet distance
10A
Protofibril
Fibril
Figure 1.1. Characteristiccrossb st ruct ur e 1 n a mylestidds ipgacht ei n

b-sheets are separated by 4.7 A. The ebessh e e t Struct ufrskeetd rannirgr r ang
parallel to the fibril axis and associated at a distance of 10 A. Adapte(Havadaet al., 2018)
Created with BioRender.com.

The large variety of protein sequences capable of producing amyloid fibriistdbdked
incompatible with the uniform morphologyf the fibrils Recent developments have made it
possible to obtainamyloid structures with great resolutioand provide some answers
Experimental techniques includingyogenic electron microscopycryo-EM) and solid-state
nuclear magnetic resonance (ssNM$&Yectroscopyhave provided e first comprehensive
structural modelsf amyloid assendl in vitro from peptide fragments or fuléngth polypeptides
(Benzingeret al, 1998; Balbak et al, 2000; Balbaclet al, 2002; Jaronieet al, 2002; Nelsoret
al., 2005) Studieshighlighted the significance di-stacking amide laddersand salt bridges in
maintaining the crosb structure For example, amyloiddraost always assemblenderthe same
architecture callegbarallel inregisterintermolecularb-sheet(PIRIBS) scaffold, although they

have no amino acid homolog$awayeet al, 2021)

2



ThePIRIBSbased core is cha-logpbt et 2é€d lwyta sdea

of amino acids aligned along the fibril axis with narrow 4.iikrvals(Grovemaret al, 2014;
Sawayeet al, 2021) As a resulta particular residue of the amyloid carost frequently interact
with anidenticalresidue irthe neighbouring layer$his structural aspect may highlight the unique
properties of each residue anow they influence the amyloid fibril asseml§fgrovemaret al,

2014; Sawayeet al, 2021) For instance, hydrophobic residues form extensive hydrophobic
patches that rualong thefibril axis, whereas charged residues may disturb local structures by
disrupting the attraction between timermolecularb-shees and beingpreferentially exposed to

the solventThis characteristic also explains why a single mutation has a significant impact on the
amyloid structure andts characteristicfGrovemanet al, 2014; Sawayat al, 2021) It is
hypothesized that the -register amyloids have lower free energies than native conformations
(Baldwinet al, 2011) The inregister alignment is thermodynamically favoured by the hydrogen
bonds that connect the amyloid backbofedwin et al, 2011; Sawayat al, 2021) Roterman

et al. (2017) described the Hnegister amyloids as "ribbeike micelles" with exposed
hydrophobicity at the stacked ends which allows for limitless extenBroteins are morprone

to aggregation when their hydrophobisheets are exposed on the molecular sufRichardson

and Richardson, 2002Proteins that are physiologically soluble and richbisheets have
structural characteristics thatevent theisolventfacingb-sheetdrom unwanted interaains and
aggregation with other molecul@ichardson and Richardson, 2002)

Although most amyloid fibrils are confined to the same PIRIBS scaffelder studies have
exhibited the diversity of rayloid corformations, including the occurrence of polymorphism
(which will be discussetater), wherein a single polypeptide chain niald into numerous unique
amyloid structureg¢Heiseet al, 2005; Paravastet al, 2008b; Fitzpatriclet al, 2017; Sawayat
al., 2021; Caugheyet al, 2022; Li and Liu, 2022)As a result,differences in structural
conformatiors may charactere the functionor pathogenesisf an amyloid protein.

1.1.2 Amyloid polymerization

Amyloids polymerize into fibrils through a selsembly pcess from soluble
monomers/oligomers to insoluble amyloid fib(ladanzeet al, 2018) The nucleatiordependent
polymerization model is the most widely recamgd amyloid aggregation mod@&larrett and

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

3



threestagesThe first stage is the lag pa$his stage is folloed by the growth phase, also known

aselongation phasé-inally, the last stage ithe stationary or plateau phagegure 1.2) (Arosio
et al, 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 | B
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 prestoataures that will

later become protofibrils. In the stationary phasetgdibrils 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 ¢&aers 2014;
Arosio et al, 2015) During this stage a critical nucleus consisting of monomeric subunits is
created. This small aggregate is sufficiently stdblegrowth, adding more monomers in a
monomer aggregation process that prevails over monomer disso¢matismo et al, 2015; Lee
and Terentjev, 2017)his results inthe elongation phaswhereinteractions between nucleus,
monomers and oligomers letmlthe formation of prdibrillar structures that will grow and form
protofibrils. Protofibrils are more stable and make the assembly process more favesaitiag

into an exponentialrgwth. Finally, in the plateau or stationary phase, monomer concentration
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reacheghe equilibrium and the protofibrils assemble into mature amyloid fillviggure amyloid
fibrils can fragmentand produce several catalytic subunits (new nucleus). Thié d&sisted
nucleationistheoc al | ed @ s e c o rAIneidayandButg, PORA t i on o

1.1.3 Experimental approaches to study amyloids

Since anyloid fibrils are insoluble andon-crystallizableit is difficult to understand their
structure and folding procesg¥/hen studying amyloid proteins, the most common probe for
observing amyloid fibril formation is thioflavin T (ThT). Thiznzothiazole dybasbeen used
since 1959Vassar and Culling, 195@nd notwithstandingurrent concerns over its usage as an
amyloids peci fic probe, it is stildl considered ol
analyzing amyloid fibril formatiomn vivo andin vitro.

ThT emits a strong fluorescence signal at around 482 nm when excited at 450 nm when
applied to molecules containing-sheetrich deposits, such as the crdissheet 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 unkndmenmost accepted
theory proposes that ThT intercalates within the expsisieethain grooves that aparallel to the
fibril axis (Figure 1.3) (Krebset al, 2005; Haweet al, 2008; Biancalanat al, 2009) It hasbeen
proposed that the smallest binding location ThT on the fibril surfacas four consecutive-
strandqFigure 1.3) (Biancalanat al, 2009; Wuet 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
bindstheside hai n grooves that are parallel to the
strands. Adapated fro(Biancalam and Koide, 2010 Created with BioRender.com.
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Fluorescence from the amyleichT complex allows assessment of amyloid fibril
production as a function of amyloid fibril length and quantity since there is a stoichiometric and
saturable interaction beter ThT and amyloid fibril§Bolderet al, 2007) Thus, ThT issimply
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%t nm with excitation
at~440 nm(Naiki et al, 1989) The ThT fluorescence assay has two variationsintisgu real
time ThT assay, in which fibril formation is performed in the presence of ThT, allowing fer real
time monitoring of fibrillation kinetics; and th&ngle timepoint dilution ThT assay, in which
samples of a fibriforming polypeptide are diluted into buffered solutions of ThT, allowing for
simpler single timgooint readinggGade Malmost al, 2017)

Anin situThT assay is the most appealing option wégperimental condition® examine
the fibrillization of a specifiamyloid proteinhave been properlgele¢ed. Thisallows forreat
time monitoring of several samples1 96 or 386 well plates throughout the incubation time.
However many practical issuaseed to bexddressedio lessen the chance of being deceived by
findings from a subpar Thassay

1.2 FUNCTIONAL AMYLOIDS

There are amyloids thabssess physiological roles for the celiese amyloids are called
Afunctional amyl oi ds,mamanalsindbaxteria(bable flp(Qtzedand n f u n
Riek, 2019) Thereare manyfunctional amyloidsincluding thosdisted in Table 11. Here, we
will focus on curli, which is produced 8almonellaentericaandEschericha 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  (Maiji et al, 2009)
release
Drosophila Orb2 Longterm memory (White-Grindley et al,
2014)
Fungi Class | Surface adheren¢spore (Piscitelliet al, 2017)
hydrophobins development and
invasion



Candida albicans

Saccharomyces

cerevisiae

E. coli/ S.enterica

Bacillus subtilis /

B. cereus

Sreptomyces spp.

Pseudomonas spp.

Saphylococcus
aureusand S.
epidermidis
Sreptococcus

mutans

1.2.1 Curli

Als5p

Flocculins Flo11p
and Flolp

curli

TasA

chaplins/rodlins

FapC

PhenoiSoluble
Modulins (PSMs)

P1

Cell-cell aggregation anc (Chan and Lipke, 2014

cell-substrate adhesion
Cellular aggregadn 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 formationand

regulation

Found in dentgblaque
and involved in ofilm

formation

(Chanet al, 2016)

(Chapmaret al, 2002)

(Romeroet al, 2010)

(Willey et al, 2006; Di
Berardoet al, 2008)

(Dueholmet al, 2010;
Dueholmet al, 2013)
(Schwartzet al, 2012;
Wu et al, 2018)

(Oli et al, 2012)

Enteric bacteria, likenonpathogenic and human and animal pathogéniccoli and

Salmonella entericaerovargproduce the fibrillar amyloid protein curkinceits discovery in the

late 1980s, curli rabeen linked to several physiological and pathogémctions(Collinsonet
al., 1996; Romlinget al, 1998; Chapmaat al, 2002; Tursi and Tukel, 2018)hese extracellular

fibrils participate in surface and celll interactions that promote host colonization and biofilm

formationto shield bacteria from physical and chemical streg§€twBinsonet al, 1996; Ranling
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et al, 1998; Chapmaet al, 2002; Tursi and Tukel, 201&}ell aggregation and bacterial adhesion
to sufaces are both facilitated by curli fibrils, which are also a crucial component of the
extracellular matriYECM) needed to create mature biofilif@ollinsonet al, 1996; Romlinget
al., 1998; Chapmaet al, 2002; Solomoret al, 2005; Tursi and Tukel, 2018 a biofilm,
bacterial cellgepresent only 10% of the components. The dddétis constituted byhe ECM
which containdlipids, polysaccharides, DNA and protei(lemming and Wingende£010)
Curli fibrils constitute 85% of the ECM in biofiim@VcCrate et al, 2013) Due to their
interactions with a varietyf host proteinsjncluding contacphase andextracellular matrix
proteinswhich are thought to help bacteria spread through the host, curli fibrils are mstbgsi
key virulence factor§Sjobringet al, 1994; Ben Naset al, 1996; Herwalcet al, 1998; Olseaet
al., 2002; Dueholmet al, 2012; Nhuet al, 2018) Curli fibrils are consideredas pathogen
associated molecular patterns (PAMPBstausehey arerecognked bytoll-like receptorsvhich
activate heinnateimmunesystem is activate@ursi and Tukel, 2018; Milleet al, 2021)
1.2.1.1 Curli biogenesis

Curli-specific genescg clustered in the operonsgBACandcsgDEFG are responsible
for encoding the accessory proteins involved in the structure and assembly of curli in both bacterial
speciesk. coliandSalmonellaFigure 1.4) (Romling et al, 1998; Bhoiteet al, 2019) Indeed,
curli genes irk. coliandSalmonellaare highly conservednd can beomplementedRomling et
al.,, 1998) The sequence similarities at the amino acid levelhigher than the homologies for
most functionally and segntially related fimbrial gesewith 86% for themajor subunit CsgA
1004 for the nucleator CsgB®6% for the transcriptional regulator CsgD and 99% for the secretion
pore CsgGRomlinget al, 1998) Curli biogenesis has been terntbd Type VIl secretion system
(T8SS)(Bhoiteet al, 2019) hereCsgD promotes the transcription of ttegyBACoperon(R6mling
et al, 1998; Evangt al, 2015)



Soluble CsgA ?&
N

Amyloid curli fiber

CsgB @

CsgF

V.

CsgG

CsgE

—

csgF csgE csgh

Figure 1.4. Curli biogenesis by the Type VIII Secretion SystemCsgD promotes transcription

of thecsgBACoperon. (A) CsgAs 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 frailancoet 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 Gervenet al, 2015) Once there, CsgA stays in a soluble, unstructured,
depolymerizd form because of the chaperone protein Céagglife 1.4 B) (Evanset al, 2015)

In the periplasm, this unfolded CsgA interacts with CsgE that eventually helgsms$part it to

the CsgG secretion channgéidure 1.4 C) (Van Gerveret al, 2015; Kleinet al, 2018) CsgE is

also thought to play an importarttle in the prevention of nespecific substrate secretion after
capping the CsgG translocation p@kdein et al, 2018) Inthe extracellular space, CsgA begins

fibril formation and elongation due to the nucleation action of the CsgB prétgar¢ 1.4 D)

(Van Gerveret al, 2015; Kleinet al, 2018) The fibrilizationproces 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 C&yBGervenret al,



2015; Kleinet al, 2018; Bhoiteet al,, 2019) Outside of the cell, the subunits that composed curli
selfassemble and form amyloid fibgfSunde and Blake, 1997)

Curli gene expression regulation is incredibly intricate and responsive to a variety of
environmental factor@Gerstel and Rémling, 2003Browth at temperatures below 30°C woa
of the first circumstances identified as promoting curli gene expreéRiamling et al, 1998;
Bordeau and Felden, 2014hdeed, curli expression works best at temperatures belt@ {80
most of theE. coli and Salmonellastrains. However, the ability of numerous clini&l coli
bacteria, particularly sepsis isolates, to express curli at 37°C has been répiaried al, 2000)

1.2.1.2 Curli structure

Curli fibrils are unbranchedabundant inb-sheets, and resistant to protease digestion
(Collinsonet al, 1991; Collinsoret al., 1993) Curli induces a red shift when combined with CR
(Klunk et al, 1999)and a 10 to 20fold increase influorescence when combined wilthT
(LeVine, 1999) These twalyes are known to biraimyloids. The preserved crosgrand structure,
in which condensef-sheets are stacked parallel to theilsbaxis and individuab-strands are
perpendicular to the fibre axis, is tistinguishing feature of amyloid fitbs (Sundeet al,, 1997)

CsgA is the primary curlsubunit. An Nterminal of 22 amino acids (N22) needed for
secretion and a-@&rminal amyloid core domain make up thature CsgA proteinHigure 1.5)
(Collinson et al, 1999; Robinsoret al, 2006; Shewmakeet al, 2009) The CsgA sequence
contains five imperfect repeats (R1 through ASgre 1.5 A andB) (Chernyet al, 2005; Wang
et al, 2007) Each repeating unit consists of a -8&GIn-X-Gly-X-Gly-Asn-X-Ala-X3-GIn
(Figure 1.5 A) (Chernyet al, 2005; Wanget al, 2007; Sleutekt al, 2023) These repeat
components create strands 1 and 2 as well as the connecting loop,Fagane 1.5) (Chernyet
al., 2005; Wanget al, 2007; Sleuteét al, 2023) As a result, the residues indicated as Arc 1 and
Arc 2 inFigure 1.5 A map onto the outward facing surface residues of thedstnazstrand motif
that constitutes a single curli repeat, whereas the residues of motif a and riaiifire .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 repeatrrgsultvhat
i's cab$eldemoifnd oFigwe It5BY (Sleutelet al, 2023) In this structue the
repeating units align their Ser and GIn and, GIn and Asn residues in stacks that hehe sabili
amyloid fold, thorough polar zippers which are ladders of sidechain hydrogen bagua® (1.5
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C) (Chernyet al, 2005; Wanget al, 2007; Sleutekt al, 2023) Curli presents ®IRIBS fibril
scaffold where repeats align in parallel and residnes repeat register (hydrogé&onds) with
identical sidechain residues stacked along the length of the (BaWwayaet al, 2021) As
previously discussed®?IRIBS geometryis known to be abundant in severalkaryotic and
pathologicalmyloids(Michelitsch and Weissman, 2000)
A) B)
GVVPQYGGGGNHGGGGNNSGPN Z__7
SELNIYQYGGGNSALALQTDARN
R | SDLTITQHGGGNGADVGQSDD ¢ :

R | 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 structured) CsgA has an Merminal of 22 amino
acids (N22) and five repeat units each with a propbsscandarcb strandarc fold. B. The five
repeating units come together to formkasbleno d o f ol d (si de vi ew). C)
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 biofilm(&olomonet al, 2005) Biofilms are a
collection of bacteria that is enclosed in a-petiduced, thregimensional extracellular matrix
and attached to a biotic or abiotic surféidall-Stoodleyet al, 2004) When resources are low and
conditions such as temperature, osmolarity, and oxygen availability are unstable, bacteria are
protected by the biofilnfHall-Stoodleyet al, 2004) Additionally, the biofilm hinders the host's
immune system and harmful substances like antibiotics from en{&ivagmeet al, 2019)

Several researchers first questioned whetleli/biofilm formation was feasibli vivodue

to the lack of substantial csgD expression at 3(NQrmarket al, 1998; Rémlinget al, 2003;
11



White et al, 2008) Biofilms are essential for microbialrvivalin the environmeniFazeliNasab

et al, 2022) Biofilms create astable habitat for bacteria. Several studies have hypa#uesiat

the ability to form a biofilm is a conserved trait that allows bacteriaS&enonellaor E. colito
persistently colonize sites both inside and outside of the host, ultimately conferring them an
evolutionary advantage during the cycle of infection and transm{gsgume 1.6) (Romlinget al,

2003; MacKenzieet al, 2017; MacKenzieet al, 2019) For instance, ariations 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 planktd®amonellao enter a biofilm stat@~igure 1.6) (De Oliveira

et al, 2014; Paytubet al, 2017; Gonzaleet al, 2019)

-
)
&>
Humans ingest planktonic

Salmonella cells Host-environmental
signals

Induce biofilm formation

Tige® &>

Contaminated food and water

4 - 7, 7 \ /”
& S~ @&
Biofilm for long-term
persistence

Salmonella biofilms in the environment

Figure 1.6. Suggested transition of planktonicSalmonellainto a biofilm as anevolutionary
advantage during the cycle of infection and transmissiarCreated with BioRender.com.

Increasing evidence suggest that curli is expresseio. Salmonellabiofilm formation
containing curli was observed within the cecum of chick&meffieldet al, 2009; El Hacet al,
2017) For S Typhimurium andS. Pullorum, the ability to build biofilms helps the bacteria
overcome colomation resistance and establish ldaging asymptomatic infection in chickens
(Sheffieldet al, 2009; El Haget al, 2017) Formation of biofilms and detection GSgA (the
major curli subunit) in th€aenorhabditis elegan€. elegankgut colonized bys. Typhimurium
were associate with increased bacterial persisten{®@esai et al, 2019) Similarly, S
Typhimurium orally infected mice exhibit curli expressiarthe cecum and colofMiller et al,
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2020) In humansanti-CsgA antibodiesiave been detected itobd cultures from sepsis patients
(Bianet al, 2000) E. coliis usually engaged in sepsis pathogen@smnias and Yand008)
All these finding suggest that curli genes magxegressed 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 acti¥8jobring et al, 1994;
Hammaret al, 1995) Tissue breakage occurs whelasminogens ectivated (Castellino and
Ploplis, 2005) Thisraises the possibility of a mechanism promoting bacterial spread.aarli
binds to host fibrinogen and bradykinijiBen Nasret al, 1996; Olsearmt al, 2002) Bradykinin
leads to a variety of biological effiscsuch as decreasing blood pressure, reducing oxidative stress,
and enhancing permeabilitf the bloodbrain barrier (BBBYRaymondet al, 1986; Rodriguez
Massoet al, 2021)

1.3 AMYLOID PROTEINS AND NEURODEGENERATIVE DISEASES

Neurodegenerative diseas@$Ds) are illnesses involving degeneration of the hrain
Commonly, they begin with a loss of mental or physical function and steadily intensify until
disablemenbr death.Even whileit is not well understoodhow these diseases develop and how
they spreadamyloid proteins have been linked to several N®sto, 2003; Soto and Pritzkow,
2018) The common pattern that appears in all these NDs is an mabpropensity for specific
amyloid proteinsunique to each disorder to aggregate becauseisiblding (Table 1.2) (Soto,
2003; Soto and Pritzkow, 2018n 2021 over 55 million people in the world were suffering from
an ND and 10 million new cases are reported each yearAlzitieimer's diseasepresenting the
majority of them (66070%) (Greenblat, 2021)

Table 1.2 Some amyloid proteins and theirassociatecheurodegenerative disease
DISEASE AMYLOID PROTEIN

Al zhei mer 6s di sease Amyl oid beta (AD)
Parkinsonbés disease Alphas y nucisg) n (U
Amyotrophic lateral sclerosis (ALS) Superoxide dismutase

Transmissible spongiform encephalopatl Cellular prion protein (Pf® imprinted by the

(TSE), a.k.aPrion diseases infectious prion protein (Pr®
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1.3.1 Alzheimerd disease

Alzheimeb sliseasds the most prevalent neurodegenerative condition associated with
aging which has a complicated, multiple, irreversible aetiolGbyies and Bleiler, 2012AD is
manifestedas a pronounced amnestic cognitive impairmiiptramnestic cognitive impairment
can alsooccurbut it less frequentShortterm memory issues are the most typical way that AD
manifests, although other symptoms include trouble with speaking, visuospatial processing, and
executive skillgKnopmanet al, 2021)

Most AD patients (95%) have the disease'staiget (LOAD) variant, in whichysnptoms
first appear in their mié0s or later. On the other hand, when symptoms start showing before age
65, patients are diagnosed as having eamnlset AD (EOAD)(Mendez, 2017)While LOAD is
sporadic, EOAD can be either familial or spora@oopmanet al, 2021)

1.3.1.1 Risk factors

AD has been associated with a coexphterplay ofage geneticsconditions, andifestyle
risk factors.Themajorrisk factorfor AD is age. Studies have shown that the percentage of people
with AD dramatically increases with agelarman, 2006; Hebest al, 2010; Knopmaret al,
2021) Ages between 634 represent only 5%, whereas those betweendadgésand 84account
for 13.1% At age 8%r more the prevalence is between 30% and 40étemicet al, 2021; Rajan
et al, 2021)

Additionally, numerous genes that raise the risk of Alzheimer's disease have been reported
(Tanzi, 2012; Van Cauwenbergbkeal, 2016; Knopmaret al, 2021; Bellengueet al, 2022)
Particulary, the influence of thAPOEgen on the risk of developing LOAD. Apolipoprotein E is
a protein that carries cholesterol in the bloodstream and is created accordigROEdueprint.
There aresiAPOEa | | el e pairs: U2/ 02, U02/03, U2/U0U4, U3
make someone more or | ess |likely to develop A
pair. However, one copy of the Uihesfcamparedioncr e a
t wo copies of the U3 form, and two copies of t
(Liu et al, 2013; Loyet al, 2014; Michaelson, 2014)

In EOAD, only 1% of caseare due to common, fully penetrant mutations in three distinct
genesAPP, PSEN1 andPSENZCruchagaet al, 2012; Loyet al, 2014; Bellengueet al, 2022)

These genes produce the protamyloid precursoprotein APP) (on chromosome 21) and, the
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enzymespresenilin (PSENPSEN1 (on chromosome 14), and PSEN2 (on chromosome 1) that
generate A peptides(Cruchageet al, 2012) Those who have trisomy 21 (Down's syndrome)
carry three copies of the APP thalsnostall adults over 40 with Down’s syndrordevelop AD
(Doranet al, 2017)

Studies have shown that there seespecific differences in ABusceptibility, age of onset,
and symptom developme(iti and Singh, 2014t awset al, 2018; Yuet al, 2020) It has been
noted thatprevalence is typically higher in womehowever,the incidence is not higher,
suggesting that botbexesare equally susceptiblgi and Singh, 2014; Dumitresat al, 2019;
Wanget al, 2020b)
Conditions likediabetes mellitus, hypertension, obesity, and low HDL cholestegaling loss,
traumatic brain injuryare linked to an elevated risk &D (Livingston et al, 2020) Low
educational attainment, increasedtaig fat, lack of physical activifyalcohol misusesmoking
and other aspects of lifestyle are modifiable risk factors for AD develop{Beatmeast al,
2009; Xuet al, 2015; Delpak and Talebi, 2020)

1.3.1.2 Hypotheses for the Progression oAlzheimerd s Di seas e

Even thoughAD has been a major area of study for many ye¢hesprocess that leads to
AD remains uncleaiThe amyloid cascade hypothesis and the phosphorylation of the tau protein
hypothesis are the two etiological ideas that have received the most support fromertiicsc
community (Murphy and LeVine, @10) The amyloid cascade hypothesis proposes that the
neurodegenerative process in AD is caused by the formation and accumulation of depdsits of
peptides, which have negative effects on synaptic plastingyneuronal functionin(Hardy and
Higgins, 1992; Korczyn, 2008)

1.3.1.2.1 The amyloid cascade hypothesis

This hypothesiss focusedn the humarproteinAPP. This single domairirangsnembrane
proteinis present in variousypes of neurons and glial cellSurphy and LeVine, 2010)The
breakb wn of APP produces Ab peptides.- ABrPd is fr
secretases. The protein can be cleaved in an amyloidogenic and@ylordogenic formKEigure
1.7) (Murphy and LeVine, 2010; Lat al, 2013; Van Cauwenbergle¢ al, 2016; Michael®t al,
2020)
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Figure 1.7. Amyloidogenic and norramyloidogenic processing of APP.In the non

amyl oi dogenic pat hway dseceRReC | 6 a ¢ & gaenvdegetabeg U
results in the amyloidogenic pathwdyh e amy | oi dogeni c pat AW&ye gene
40) is the most ab und@)asmtore hydrophobic, moremewrotoricaand Ab ( 1
more prone to aggregation which favours the amyloidass&mbly process and plaque formation
inthebrain. Ab pepti de | e n g-#dhaminoaacidCreatedonght BioRemder.c8nY.

1.3.1.2.1.1Non-amyloidogenic pathway
Physiologically, APP is most ofterleavedby U-secretase (neamyloidogenic process in
Figure 1.7) (Murphy and LeVine, 2010; Let al, 2013; Van Cauwenbergkeeal, 2016; Michaels
etal,20200) The result of this cleavage staysinthe sol ub
extracellular spac&he APRUfragment has been shown to control neuronal excitability, enhance
synaptic plasticity, learning, and memory, as well as improve neussistance to oxidative and
metabolic stres@Gertsiket al, 2014; Nharet al, 2015; Folcletal, 2018; Ri bari | , 2

1.3.1.2.1.2Amyloidogenic pathway
In the amyloidogenic pathway AR®cleaved byp- a n gsecoetase(Murphy and LeVine,
2010; Luet al, 2013; Van Cauwenberglet al, 2016; Michaelst al, 2020) First, b-secretase
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cuts APP and producesmembrandethered, intracellular @®rminal portion of 99 amino acids
(CTHb or C99) and a short, solubkPPs b fragment. LaterC99 is nonprecisely cut byo -
secretase, resulting in the productioregfracellularA b  p e pftdiffeteatsizesAb pept i de
length varies between 3% aminoacids Figure 1.7) (Murphy and LeVine, 2010; Lat al, 2013;
Van Cauwenberghet al, 2016; Michaelst al, 2020) A® i6 the most abundant peptide,
representing8® 0 % of the total ApADbp4Rpis morehydrephdbicand er p e
this favours the amyloid sef s sembl y process, shi ftimlgegetf rom
structure susceptible to aggregaiel deposit in the bra{frigure 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 limitedOnly four approved dru@sdonepezil, rivastigmine, galantamine, and
memantind were offered for the symptomatic management of AD for more than 20 years
(Abeysingheet al, 2020)Donepezil, rivastigmineand, galantamineare acetylcholinesterase
inhibitors. Inhibiting acetylcholinecatabolismin synaptic clefts enhanseneurotransmission
(Abeysingheet al, 2020) On the other hand, @mantinejs an antagonist of the -ethyl D
aspartate receptor (NMDAR) ion channklcontrols the amount of €&that enters neurons and
prevents glutamate from causing excitotoxi¢®ypeysingheet al, 2020; Wanget al, 2021b) In
patients with known stag of AD, these medications are tolerated and reduce the progression of
neurological symptomsuch asognition emotion awarenesdrritability, and delusion, but they
do not have the power to reverse the dis@a&mnget al, 2021b)

The gereraion of AD drugshas been focused on targetinf #nd tauproteins.The main
methods include suppressing tau phosphorylation, inhibimgeneration, inhibiting\b and tau
aggregation, using active immunotherapy methods, such as vacciraattokeaing the disease
using monoclonal antibodies (mAb&evignyet al, 2016; Tatulian, 2022)Aducanumabis a
mADb against aggregateddandwasthe first medicine with the potentialtieat AD. Aducanumab
was authorized by the US Food and Drug Administration (FDA) in June(RBRbn, 2021)
More recently lecanebap another mAbt h at binds with toha®db sol
demonstrated promise for those wAlD in early stagesln aphase 3 clinical triallecanebab
slowed cognitive decline in people with earlip Ay 27% Lecanebalis under review by the FDA

and is expected to become available in late 2038 Dycket 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 tyjzal infectious agents like bacteria or viruses, prionsaamsfolded
version of the prion protein (PrP), a normal cellular protein found in the brain. The pathogenic,
isoform of this protein is known as FifPwhile thenormal cellulafform is known arF. Pr
changes into the infectious form when it interacts withl*Pihich causes a conformational shift.

The cycle is repeated by the newly created harmful proteins in-austHining loop, escalating
the toxicity and finally killing the cell or ipairing 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 gmibn diseases, also referred to as
transmissible spongifornencephalopathies (TSEgPrusiner, 1996; Prusiner, 1998)SEs,
include weltknown examples like scrapie in sheep, bovine spongiform encephalopathy (BSE) or
"mad cow disease" in cattle, Creutzfeldtkob disease (CJD) in people, and chronic wasting
disease (CWD) in deer and elk, amangers. These illnesses can develop suddertgritably
or as a result of contact with contaminated tisgRessiner, 1996; Prusiner, 1998)

Prions constitute a unique way of transmission because all that is required for them to spread
is a structural changa a normal protein indted from amisfolded protein. Because prions defy
accepted notions of infectious agents and have ramifications for public health and food safety,
their peculiar properties continue to interest researclefact, severalstudies have shown that a
numberof NDs can be experimentally transmitted through a plilkemechanism in a variety of
cellular and animal models of various disea$ssto, 2012; Goedert, 2015; Walker and Jucker,
2015) Studies employing B (MeyerLuehmanret al, 2006; Bolmontt al, 2007; Eiselest al,

2010; Morale%t al, 2012) tau(Bolmontet al, 2007; Froset al, 2009; Guo and Lee, 201B8nd

asyn (Desplatset al, 2009; Hanseret al, 2011) have demonstrated that exposure to tissue
homogenates from patients witlDs or transgenic mouse models rich in protein aggregates causes
the generation of disease pathophysiology in the recipient cellular or animal nkoa#isrmore,
pathological induction has been shown to causkseasesvenin not genetically predisposed
animalsmore analogous to infectious priofiaik et al., 2012a; Gueet al, 2016) Depleting the
inoculum of protein aggregates can girsh pathological inductioMeyerLuehmanret al, 2006;
Desplatset al, 2009; Froset al, 2009; Eiseleet al, 2010; Guo and Lee, 2011; Hanssnal,
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2011; Wik et al, 2012b; Morale®t al, 2012) However, transmission using tissue homogenates
generally has a higher efficiency than transmission using isolated proteins, indicating that other
cellular cdactors may be involved in the pathogenic induc{®uapattapone, 2014Jhese results

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

15 AMYLOID POLYMORPHISM: CONFORMATION AL STRAINS AND
THEIR RELEVANCE IN NDs

Althoughmost amyloid fibrils adophe basidIRIBS scaffold individualamyloidscan adopt
a wide range of different shapasown as polymorphsr conformational strains. kontrast to the
more common dlimensionalolds of globular and membrane proteiamyloids flatten into 2
dimensionexposing themidesn their backbondo the maximum amount of hydrogéonding
or "stacking" with neighbouring chaitisat are identicalSawayaet al, 2021) The lengthof the
fibril is determined by the stacking dbusands oflenticalflat protein molecule§Sawayeet al,
2021)

In prion disease®rP°canself-replicatein different"conformationaktraing with gives the
protein aggregatea structural variability thatanresult indifferent pathologiegCollinge and
Clarke, 2007; Barron, 2017; Morales, 2017; Caugbel, 2022) These prion straingre
comparable to different strains @dmmonpathogengMorales, 2017)Studies have revealelet
presence dfiifferent twedimensional folds that make differes@nformational strains fakb, tau,
and Usyn (Lu et al, 2013; Tycko, 2015; Li and Liu, 2022Jhese findings might explain the
significant heterogeneity of AD and PD, as well as the different tauopatides/naleinopathies
In fact, at least seven different diseaseslinked to the buildup of taand Ab aggregates,
including AD, frontotemporal dementia, progressive supranuclear palsy, corticobasal degeneration,
argyrophilic grain disease, and chronic traumaticephalopathy, as well as thessociated with
the deposition of}syn, such as B, multiple system atrophy, and Lewy body demefwidliams,

2006; Goedertt al, 2017) Similar to how diferentprion diseases are triggerég 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; Goedest al, 2017; Meki, 2018)
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A study identified18 distinct tau strains lch showed to havanique biochemical and

biological characteristicg cell culture(Kaufmanet al, 2016) These strains were administered
to transgenic mice, which led to the development of sBpetific intracellular tau aggregates in
various cell types and parts of the brain that propagated at variougkatéshanet al, 2016)
These findings highlight the significance of these conformational strains, suggesting that different
tau strains canesult in a variety of neurogatlogical manifestations, some of whiakesimilar
to those seen in human tauopathi8anilarly, Sanderst al. (2014)isolated dferent tau strains
from 29 patients who had five different tauopatheesl showedhat different tauopathies are
linked tospecificconformational strains

It has alsdbeen demonstrated thidisyn asseml@sin various structugsresulting indiverse
histopathological and behavioural abnormalif@tefanis, 2012; Bousset al, 2013; Goedergt
al., 2017) Comparably Ab depositscan adoptvarious structural strainghich could help to
explain the apparent heterogeneityhe brains of ADpatientyPetkoveet al, 2005; Paravastet
al., 2008b; Luet al, 2013; Wanget al., 2020a) The ability of Ab to aggregate into various
conformations has been demonstrated by studies using electron microscopy, atomic force
microscopy, and solidtatenuclear magnetic resance(Goldsburyet al, 2005; Petkovat al,
2005; Elkinset al, 2016) High-resolution structural analyses show that different experimental
setups can produce synthetib Aggregatesignificantly diversan structue (Goldsburyet al,
2005; P&ovaet al, 2005; Elkinset al, 2016) Following numerous iterations of sgifopagation
in vitro, different Ab strainswere able to faithfully template their structure using monomelbic A
peptides as seedlSoldsburyet al, 2005; Petkovat al, 2005; Elkinset al, 2016) Similar to this,
seeding experiments using B\ aggregatesextracted from brainsvho had a variety of
clinicopahological AD symptoms produced structurally unique synthetidibils (Stéhret al,
2012; Scherpelet al, 2016) More recentlyGhoshet al. (2021)investigated whiler structures
of Ab fibrils from cerebral tissue of nondeme
patiens. They found statistically significandifferencesfindings offering more evidence ahe

existence of biologically significantlAstrains.
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1.6 SPECIES BARRIER IN PRION AND PRION-LIKE DISEASES

The capacity ofomeprions to spread between species wsesito prove that prionliseases
can be cotagious and to enable the development of effective experimental models in lab animals
like miceand hamsterd-or instance, misfolded prion protein from hamsters can change normal
proteins frommice into new infectious forms of priand BSE has been proven to pass to people
(Castillaet al, 2008; Manson and Diack, 2018)sually, the process most effectivavhenspread
between members of the same or closely related spé&ciepie may be spread from sheep to
goats but cannot b@iead to either chimps or humgidanasieveaet al, 2011) CJD, on the other
hand, can be spread both between humans and from humans to chimpafareesevaet al,
2011) Although the spread of prion diseases acsossespecia 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.

Thespecific molecular mechanisms driving these interspecies barriers remain unknown due
to a paucity bhigh-resolution structural data on the prion protein and plilanproteins. In the
next section we will discuss the most important factors contributing to peoitiigsof different
amyloids to cross the species batrie

1.6.1 Crossing the speciebarrier: factors contributing to permissibility

The major factorsontributingto the species barrier are the sequences of the two prion
proteinsand theproteinvariant(polymorph)(Edskest al, 2009) Transgenic micexpressing the
deer or elk PrP sequend®sre been shown to be effectively infectedlbgr or elkprions, whereas
wild-type mice are not affectg@rowning et al, 2004) The prion transmissiobarrier is not
always symmetricln 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 mipathological symptoms began to manifgst
when Syrian hamsters were infected with infectious material from mice, no pathological symptoms
appearedKimberlin et al, 1987; Kociskaet al, 1995)

The dficiency of interspecies prion transmission decliasshe fundamentaktructure of
the proteins vaies (Edskeset al, 2009). However, one prion protein may misfold into a variety
of infectious conformations, and these variations in "strain conformation” can change the

specificty of infection.The structural fold between different proteins can be very similar despite
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limited amino acid sequence homologpr exampleyariousSaccharomycespeciegproducethe
nitrogen regulatory proteingre2, which can form prions namefURES3]. Species barriergor
[URES]s rely on the prionstrain One[URE3] prion strainof species A may transmit with 100%
effectiveness to species B, but anotsteainmay transmit with 0% efficiency between the same
two speciegEdskeset al, 2009)

The explanation for these events is that each sequericdes a variety of potentiatrains
(polymorphs) While a wide overlap gbolymorphssuggests a low barrier, a limited overlap of
polymorphsbetween the donor and recipient results in a high species barrier. This model predicts
that a particulastrainshared 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 anmglteid
involved in different priorike diseases doing the same thivas been studig@Renet al, 2019;
Subediet al, 2022) Amyloid proteins have the abilityf seeding protein aggregation, which gives
them the innate capacity to disseminate the misfolding and aggregation process (asifyloid
assembly) (homologous seedingHigure 1.8) in a way analogous to infectious priof&otoet
al., 2006; Soto, 2012; ladaneaal, 2018) Although misfolded aggregates maiso elongatéy
integratingdifferent amyloid proteins if thelyaveastrong structural complementarigenet al,
2019; Subedet al, 2022) This procssis calledheterologous seeding or cresseding (Figure
1.8) (O'Nuallainet al,, 2004; Dubet al, 2014; Ananckt al, 2017; Ananckt al, 2018; Tavassoly
et al, 2018) Crossseeding has beeadentified as a crucial biological processdoccurs when
different amyloid proteins operate as nucleators for offi¢agoer and Lansbury, 1997; Dubety
al., 2014; Arandet al, 2017; Anancet al, 2018; Tavassolgt al, 2018; Reret al, 2019)
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Crossseeding may offean explanationfor a number of observatiomsvarious diseases, such

as, the simultaneous presence of different misfolded proteins in one disease; the coexistence of

multiple protein misfolding diseases one person; the epidemiological finding that pnetein

misfolding diseasenay be a risk factor for the development of a seaoglandthe exacerbation

of clinical features when multiple misfolded protein aggregates accunfilataleset al, 2010;

Renet al, 2019; Subedet al, 2022) For instance, sevarin vitro studies have investigated the

interactions betweenand other human amyloid proteins linked to human illness. It has been
s h o wn -synbciein(Ordet al, 2012; Chiaet al, 2017)(associated with PD), protein A (AA)
(Rising et al, 2021)(assaiated with amyloidosis), and human islet amyloid polypeptitie et

al., 2015)(as®ciated with type 2 diabetes) can accelerdieaggregation.

Recently, the crosseeding hypothesisas gone beyond diseaagsociated proteirts using
functional amyloidgChiti and Dobson, 2006; Fowlet al, 2007; Javeet al, 2020; Koloteva
Levineet al, 2021)or noramyloid protein fibergOnoet d., 2014) The potential for protein

misfolding and aggregation leading to NDs to be initiated through-esesting with functional
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amyloids is an emerging area of investigation. For instalasedet al. (2020)showed that FapC
produced byseudomonas aerugingsaan seed B and increase its toxicity im vitro andin vivo
settings. Mst of theserossseeding studielsave revealechat the inclusion of different amyloid
proteins acceleratespfaggregationn vitro (Chiti and Dobson, 2006; Fowlet al, 2007; Oncet
al., 2014; Javeet al, 2020;KolotevalLevineet al, 2021) As a result, theres thought to be a
possibleink betweenotheramyloidexposure and the start of AD disease.

Relevant for my workseveral studies have proven the creseding ability of the bacterial
amyloid curli.Lundmarket al. (2005)revealed that curli frork. coli exerts amyloieaccelerating
propertiedor proteinA in murineamyloidoss. Curli was also found to promote the aggregation
of PD r el asymidAgedrFischer 844 Ratsl@ne thematodeC. elegangChenet al,

2016) Curli serves as a catalytic agent for Semen Enhancers of Viral Infection (SEVI) sysithes
from prostatic acid phosphatase (PAP248®) (Hartmanet al, 2013) PAP248286 facilitates

HIV infection if it is in the form of amyloid aggregates known as SEVIs. Although monomeric
PAP248286 aggregates relatively slowlyisolation. Resulting SEVI fibrils that were nucleated
with curli retain the capacity to promdtdV infection (Hartmanet al, 2013) The ability of curli

to interact with proteins with different seences suggest that its seeding specificity is relaxed, and
it may seed and facilitate the aggregation of other angdmdic proteins

1.7.1 Implications of crossseeding in NDs: AD as a particular example

Currently there areno effective therapies or curesr fDs. Specifically, &orts 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 drugndidates are abandoned after providing no clinical ef8stigny
et al, 2016; Cummingst al, 2019; Vaz and Silvestre, 2020)

SinceAD is characterized by the developmerti Aggregatedraditionallythey have beea
focus of therapeutic actioHardy and Higgins, 1992However,it has been challenging to
pinpoint the precise causes of protein aggregatidich is a dynamic process that involves the
development of intermediate structures as well as the dissociation of maturdAilmd® et al,

2015; Lee and Terentjev, 2017; Almeida and Brito, 20Pi0¢ field haslsoevolvedshowing that
that soluble aggregation intermediates, often known as oligomers, constitute the most toxic agents
in AD andrecent research on strain diversity, pflik@ behaviour, and molecular interactions
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between various amyloidogenic proteins has revealed both meaement targets and possibly
unforeseen challengéBitanet al, 2003; Kayecet al, 2003a; Haass and Selkoe, 2007; Sengupta
et al, 2016; Sardar Sinhet al, 2018)

My MSc. research idocusedon the potential cross eedi ng bet ween Ab an:
amyloid curli.As many proteins develop amyldide misfolded aggregates as a normal biological
function (Fowleret al, 2006 Fowleret al, 2007; Dueholnet al, 2010; Evanst al, 2018; Jain
and Chapman, 2019; Renhal, 2019) crossseeding with bacterial functional amyloids may play
a significant but agetunknown 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, cur | i fibrils and ADthdirib-br i | s
sheets engaging in hydrogen bonds that form a steric zipper along the fiiHendiget al, 2019;
Sewellet al, 2020) The fibrils of these two proteirghare the PIRIBS scaffol@aravastet al,
2008a; Sleutett al, 2023) This suggest that common structural featurbstween curli and B
peptidesare shared at the molecular leve

Our team hagpreviously shown that curli is synthesized inside the body during murine
Salmonellainfection (Miller et al, 2020) In this animal model, and in human infectioss,
Typhimuriumcancross the intestal epithelium Curli genes are shared betwegamonellaand
E. coliand are functionally interchangealpomlinget al, 1998) E. coliis a known commensal
of the human guCurli fibrils are also highly immunogen{g@tikelet al, 2010; Galleet al, 2015)

Curli is recognized by eukaryotic toll like receptors 1 and 2 (I-IRR2), and CD14(Tursi and
Tukel, 2018; Milleret al, 2021) Activation oftheinnate immuneystem leads to an increase in
PI3K expression ah enhances inflammatiofiTursi and Tukel, 2018; Milleret al, 2021)
Inflammation of the gastrointestinal (Gl) trdeaids to an increase in intestinal permeability, and
consequently facilitate leakage of molecules, like cwitich likely promotesa systemic exposure
to curli (Miller et al, 2021)

In AD, the aggregation and accumulation db plaques between neurons are one of the
hallmarks of the diseas&€he Gl tract also exhibits Aaccumulation in humans and miaed a
growing body of evidence suggests that periphelaledg.gut derived A) could contribute to

the for mat i ®imthedofaifGinbronet bl.a261%;euret al, 2020; Kauwe and Tracy,
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2021; Lamet al, 2021; Qiaret al, 2022; Jiret al, 2023)Theseobservations haveatught forward

the possibility that curli and amyloidogenic proteins of the ,Hibx& peripheral A could interact
which may have implications for understanding the underlying mechanisms involved in the
development and progression of AD and shed lightets therapeutic strategies
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CHAPTER 2.RATIONALE, HYPOTHESIS AND OBJETIVES

2.1 RATIONALE AND HYPOTHESIS

Amyloid crossseeding may contribute to the pathologysekeralproteinopathiesAD is
characterized by thdevelopment A aggregatedHowever,it has been challenging to pinpoint the
precise causes @b aggregationFor my MSc. research, &wonder if a bacterial amyloid like
curli was able to promotetAmisfolding.Cur | i f i bri |l s and Atfuctutes br i | s
Curli is synthesizedh the gutduring murineSalmonellainfection and theGl tractalso exhibits
Ab accumulation These observations have brought forward the possibility that curli and
amyloidogenic proteins of the hp$ike peripheral A could interact.

| hypothesisedhat curli produced bySalmonellacanphysically interact with and influence

the polymerizationandtoxc i ty of Ab peptides associated wi i

2.20BJECTIVES
My MSc. researclwas organized intthree Objectives:
1. TooptimizeinvittoAb aggregati on assays.
2. Toexamineifc ur | i andint&dctinpiteopt i de s
3. Todetermine whethercuilinf | uences the toxicity of ADb p



CHAPTER 3.0PTIMIZING THE METHODOLOGY TO STUDY AGGREGATION OF
Ab PEPTIDES vitro

3.1ABSTRACT

There are several disorders that are connected to thasselbly of peptides amloteins
into amyloid fibrils. A peptidesarea s soci at ed wi t handdreank ef themeosté s d i
researched examplddowever,r egul ati ng Ab aggregation and pr
particularly challengingHere we studied three differg factors that are known to influencé A
aggregationl) Ab pre-treatmenfor preparation ofmonomericA h 2) thepH and composition of
theaggregation buffer and, 3) temperatiMe combinedvesterrblot analysis of SD?AGEand
the gold standard technique for amyloid aggregation, the Thioflavin T assay to optimize
aggregation conditions of lApeptides according to our reseainterests and offer advice for

similar research.

3.2INTRODUCTION

Due to its connectiowith AD, Ab is likely the amyloidogenic peptide that has betrdied
the mostTheamyloid cascadbypothesisvasproposed as the underlying procbssind the AD
modelsaying that the aggregation processA\@finto fibrils was the main etiological agent of the
diseas€Hardy and Higgins, 19927t the same time, it was discovered tAatwas formedluring
normal cellular metabolisdemonstrating thaAb is not just produced by AD patienidaasset
al., 1992)

Amyloid agyregation is a heterogeneous process with several concurrently feasible routes and
structureq/Arosio et al, 2015) Therefore, even minutely changing cingstances can result in
significant modifications to the kinetics, contents, and morphologies of the produced aggregates
(Hellstrandet al, 2010) Hence, it is not unexpected to see structural heterogeneity in high
res ol ut-40pand AA B4R) Tibrils when aggregation conditions are distifidihrs et al,

2005; Morinageet al, 2010; Lindberget al, 2015; Tycko, 2015; Xiaet al, 2015; Wanget al,
2020a)

When studying Ab aggregation, the fngwithar at i c
a fully monomeric Ab solution is the ideal st

pre-aggregates, regardless of its kind, can have significant effecksy and Raskatov, 2020)
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Thus, it is necessary to accomplish monomerization of the peptilsudrsequently 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
substance@~ezouiet al, 2000)

Numerous methods to making homogeneous prep:
the literature, howevetheir efficacy varies and frequently depends on the source of the peptide
(recombinant expressed andhause purified, chemicallgyntheized etc.)(Fezouiet al, 2000;
Broersenet al, 2011; Stineet al, 2011; Ryaret al, 2013) Here,we studythe preparation of
monomericA bpeptides using 1,1,1,3,3,3hexafluoroisopropanol (HFIPAnd a combinatio of
HFIP and dimethyl sulfoxide (DMSOyVe compare both preeatments on their efficacy to make
a homogeneous monomeridASamples were characterized Wyestern blot analysis of SDS
PAGE, a technigueommonly usedo identify SDSst ab | e A b(Lambestet ahd99B;e s
Walshet al, 2000; Dahlgreret al, 2002; Pryoret al, 2012)and byThioflavin T (ThT) assay
(Khuranaet al, 2005; Biancalana and Koide, 2010; Fregteal, 2014; Xueet al, 2017) In
addition, we used th€hT assay tanonitor Ab(1-42) fibril formationandexaminethe impactof
othertwo aspectghat are known to affe@ggregation kinetg buffer/pH and temperature. This
with the objective of optimizing ThT assay conditions to obtain meaningful, reliable, and

reproducible kinetic data.

3.3MATERIALS AND METHODS
3.3.1 Peptides and Antibodies
Synt hetlid) (cattb 4014447) was obtained from Bachem Americas, Inc.
Lyophilized peptide was stored in their original packagin@@t’C until use.
The antib-amyloid antibody [clone 6E10: targets residues 8 of t he Ab pept
803016] was obtained fromioLegend.The NIR-labeledsecondary antibgdusedto probe the
primary antib-amyloid antibodywasAmershank CyDyeE 800 GoatAnti-Mousefrom Cytiva.
3.3.2 HFIP pre-treatment
Prior to r es uid4) wahvwas cemrifuged todorcaAtbe(lybphilized péeti
to the bottom of the tube and prevent loss of any material when opening it. The peptide (1 mg) was

resuspended ice-cold 1,1,1,3,3,3hexafluore2-propanol HFIP-SigmaAldrich) and vortexed at
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low speedHFIP is volatile and evaporates quickly. Ugise-cold HFIP reduces the evaporation
rate which facilitates aliquoting he resulting solution (2 mg/mL) was aliquoted and stored at
80 AC until use. HFIP was allowed to feraapor at
least 1 h or until no liquid is observedihe 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 lyophiliaéiduots 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 SDFPAGE

HFIP- and HFIP/DMSOt r e at e4dd2 )Abwelr e resuspended to O.
aggregation buffer (1 X PBS pH 7. 4). | mmedi at
resolved by SDSAGE using 4 to 12% Tri€lycine Novex gels and SDS running buffer.

After gel electrophoresis, proteimsthe gels were transferred to nitrocellulose membranes
using the iBloR system Thermo Fishgr Membranes were incubated for 1 h while shaking at
room temperaturén TBS containing 5% (w/v) nefat dry milk (blocking buffer). Blots were
probed with thédE10 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 Amershafi CyDyeE 800 GoatAnti-MouseNIR-labeledsecondary antibodyCiytiva)
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 €COR Odyssey CLx.
3.3.5 ThT aggregation assay

HFIP- and HFIP/DMS& r e a t 1e4d) wéd resuspendad 0.05 mg/mL(10e M in
aggregation buffer (1X PBS pH 7.4). Immediately after resuspension, samples were characterized
by ThT assayA 50 uM ThT working solutior(in aggregation buffenvas made from a 10 mM
Thioflavin T (ThT, Sigmastock solutior(in distilled water)previously filtered through a 0.2 pm
filter. The samples were loadéd triplicate into three wellsn a Costdf 96-well, clearflat
bottomed, black polystyrene plate (Corningach reactiorconsisted of 40 uL peptidéinal
concentration of 0.02 mg/mL, i.e.g4M, 40 uL aggregation buffeand 20 pL ThT(10 uM). The

plate was subsequently sealetth a clearoptical adhesivefilm and ThT fluorescence was
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measurd every 10 min using a FLUOstar Omegaplate reader(BMG Labtech)at 25 °C. An
excitationfilter of 440nm andanemissionof 480nm wereusedNaiki etal., 1989) Theaverage
fluorescenceneasuredontrol wells containing only 1AM ThT solution was subtracted from all
test measurements.

3.3.6 Effects of buffer on aggregation kinetics

Published work was reviewedthat includel ThT fluorescence measurement$ A b
aggregation antbr whichaggregation conditions (especially the aggregation buffer) were given.
20 mM sodium phosphate buffer pH {klug et al, 2003; Krdlet al, 2021) 50 mM potassium
phosphate buffer pH 7 @erovet al, 2019) 10 mM MES buffer pH 5.%Burdick et al, 1992)
1X PBS buffer pH 7.4Thakuret al, 2011; Vadukuét al, 2020; Quartegt al, 2021)and 20 mM
Tris Buffer pH 8.0(Vestergaarcet al, 200§ Coalieret al, 2013; Prakaslet al, 2019)were
selected to assess the effects of buffer and pAboaggregation kinetics.

HFIP-t r e a t1e4d) was bebuspended in the five different aggregation buffers and samples
were characterized by ThT assay as previously described. Bagfilyegation reactions were
composed of 0.02ng/mL (4 € M HFIP-treated A [§1-42) and 1 @M Thioflavin T (ThT)
resusended inthe different aggregation bufferReactions (10QuL) were prepared in 9@ell
optical cleatbottomed plates. The plate was sealed and incubatedrit@starOmegaplate
readeBMG Labtechat 2 524AC thor ThT f 1 uor esrcye nlcOoe muans (ne5al
excitation, 480 nm emission).

3.3.7 Effects of temperature on aggregation kinetics

HFIP-t r e at ed4d) washrdsuspended 0.05 mg/mL(10 ¢ M in aggregation buffer20
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.

3.4RESULTS
3.4.1 Ab peptide pre-treatment

Western blot analysis of SBISAGE revealed that HFIP pteeatmenty i e | d 64R) Ab ( 1
dimers, trimers, and tetramefBSigure 3.1 A, lane 1).Although HFIP/DMSGtreated samples
showed the samdimer, trimer, and tetramédrands 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/DMSOtreated samplk. The initial ThT fluorescence value (t= 0 hih reference
fluorescence units (RFUpr HFIP/DMSO+treated samples was higher (~10,000 RFU) than in
HFIP-treatedsampleg~2,000 RFY (Figure 3.1 B). TheThT data was consistent with téestern

blot analysis suggesting that immediately after resuspension those oligomeric species observed in
thewesterrblot for theHFIP/DMSO+treatmentare the species thate causing the increase in the

initial ThT fluorescence value.
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Figure 3.1. Anal ysi s -torfeaAbmemnes f or the forddaA)i on of
RepresentativaVestern blots oHFIP- (lane 1) and HFIP/DMSé@reated(lane 2) A b €42)

incubated for 0 h, separated by SBAGE and probed with thanti Ab antibody 6E1Q B)
Aggregationkinetics of HFIP (purple curve) and HFIP/DMSGireated(blue curve)A b €42)

measured by ThT fluoresnce. HFIP/DMSO+treated A(1-42) starts with a higher fluoresece

compared to HFIRreated A(1-42).
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342 Ef fects of buffer and pH on aggregation ki
Changes in the aggregation kinetics di(A42) due to different buffers wemessessed

using theThT assay(Figure 3.2). Thecurves were normalized to the Max ThT fluorescence (RFU).

All buffers produced sigmoidal curves with clear lag, elologatand 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 fiveours (ed curve inFigure 3.2). 20 mM sodiunmphosphate

buffer pH 7.0 and0 mM potassium phosphate buffer pH 3t®dwed similar aggregation curves
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(blue and yellow curves ifrigure 3.2), with a brief lag phase (less than one hour) and fast
elongation phases with an almost vertical slope. The u$X &#BS buffer pH 7.4 increased the
lag phase to@proximatelythreehours dong with a longer elongation phase and later plateau
stage (at-15 hours) (purple curve iRigure 3.2). The clearest sigmoidaurve was observed in
20 mM Tris Buffer pH 8.0flack curve inFigure 3.2). This curve showethe expected sigmoidal
shape witha long lag phase @pproximatelyl2 hours and the beginning of the plateau phasse
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 oAb(1-42).Changes in the aggregation
kinetics of Ab(1-42) due to different buffers and pdsing theThT fluorescenca s say at 25 /

We also wanted to study how differenifters affected the aggregation of the shorter
peptide A b €4Q), thus an analogous approach was followed. We decidexttadeMES buffer
because of th@ dd cur ve s-#2p psewellf agTris busfér pelcause of the delayed
aggregationtime; B(1-40)aggr egat es s42)iSmaeret al, 194 Batzlbahdllove,
2015) Snyderet al. (1994)reported that at pHs above /abgregation oA b ¢4Q) could take
days Waitingalong period oftimé o ¢ o | }4@) data wAuld (ndt be feasible. Thgrves in
Figure 3.3 for Ab €410 ) aggregation support o R) wheree vi o u s
incubation ofthe 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 A(1-40).Changes in the aggregation
kinetics of A (-4D) due to different buffersandpidss i ng t he ThT fl uorescer

Based on the results abowee decidedo use20 mM Tris Buffer pH 8.0 foA b ¢42)
experiments, antiX PBS buffer pH 7.4or A b ¢4Q).For studyingA b a n dnte@ations, we
thought it would be beneficial to hasdong and welbefined lag phase tasilyobserve changes

in the aggregation curves.

343 Ef fects of temperature on aggregation kine
We explored the aggregati@metics of the A(1-42) peptideattwo different temperatures,

25 and37 °C, using theThT assayThe curves were normalized to the Max ThT fluorescence

(RFU). We observed temperaturalependece in the aggregation kinetics Ab(1-42) (Figure

3.4), with an increase in the overall rate of fibril production and reczajsie alterations in the

reaction's timeourse aB7 °C. At 37 °C, thesigmoidatlike kinetic tracesvere lost, there was an

almost complete absence of a lag phase, and a drastic increase in the sharpness of the transition to

the plateau phaseThe loss of a lag phase by increasing the tentyierdrom 25 td37 °Cled us

toselect25°@s t he wor ki ng t e mp2eaggrdgationexpériments.f ur t her
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Figure 3.4. Effect of temperature on the aggregation kinetics of B(1-42). ThT fluorescence
assay was used toonitor Ab(1-42)fibril formationat 37 and 25 °C.

We proceededb asses A b €4Q@) aggregation at 37 °@lthough thelag phase was not
affected by either of the two temperatyree found thatat 37 °C the resulting aggregation curves
have a more consistent sigmoidal shape compared to the eti228C Figure 3.5). Therefore,

37UC was sel ect &) expesimersf urt her Ab(1

100

e 25°C
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Figure 3.5. Effect of temperature on the aggregation kinetics of B(1-40). ThT fluorescence
assay was used toonitor Ab(1-40) fibril formationat 37 and 25 °C.

3.5DISCUSSION

In our study, pretreatment ofAb(1-42) with HFIP resulted inmore homogenous peptide

solutionscompared to HFIP/DMS@reated samples. This observatiprovides the essential
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framework for controlled aggregation experimeMasiltiple researcherand commercial suppliers
suggest the use of DMSO to solubilize hydropt
watersoluble organic solverfShen and Murphy, 1995; Stie¢al, 2003) However, detection of
A b (42) smearing irwestern blot analysis demonstrate that HFIP/DMSGti@a&ment fails to
keep (1A peptiles as monomers. The high ThT fluorescence for HFIP/Dixéa@d
samples confirms the presence of Tjdsitive moleculesWhen ThT binds to amyloid fibrils, it
emits a strong fluorescence sig(idaiki et al, 1989) It has been proposed that ThT binds to four
C 0 n s e c-strands(Beancdlanaet al, 2009; Wuet al, 2009) This supports the existence of
secondary structures HiFIP/DMSOtreated A(1-42).
Fluorinated alcohols, such as HFIP and trifluoroethanol, disrupt hydrophobic forces in
aggregated amyloigreparationgBarrow and Zagorski, 1991; Barrost al, 1992) Numerous
studies have reported that the CD spectrdifeiP-t r e at e4d) ) A ba(n#R) shofw (hat the
secondary st r-hetical (567@%)iarsd ramiora toll (B® W%) , wi t h- very
sheet (1%)Barrow and Zagorski, 1991; Barrast al, 1992; Fezoui and Teplow, 2002; Stite
al., 2003) According to these CD investigations, our HFIP-ppeatment should eliminate any
pree x i st-amgetb secondary st r uc t-helixeand ranéomucbilt i ng |
Regardless of the limitatiors the two techniques that were used in this study, observations on
HFIP pretreatment make clear that treating the peptide with HFIP yields a more homogeneous
mi xture of unaggregated AHreatmerd.ci es than the H
Changes in buffecompositon and pH led to the production of different aggregation curves
for both Ab peptidesDifferences in A aggregation curves under different aggregation buffers
arecommonandb i s not t he plddepepderdmplaotl or wi The-amyl oi
synuclein has also been reported to be affected by changes8ap#iet al, 2009; Haldar and
Chattopadhyay, 2011)rhus, buffer and pH seléah are one of the most important steps in
designing a ThT amyloid aggregation assay. Particularlycipkhges can either accelerate or
decrease Bkinetics by affecting its solubilitfBhowmiket al, 2014) In AD, inflammation often
causes acidic microenvironmerftsinney et al, 2018) Ab fibril formation is pHsengive thus
those changes from physiological pH to a pH that is clos&bteoelectric point (pl) of 5.3, will
reduce the solubility oAb and will increase and promote aggregation and the amyloid formation

rate (Hortschanskyet al, 2005) MES buffer (pH 5.5) had the closet pH to thie pl. Therefore,
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Ab a g g r mighthave lsean extremely favoured in this buffnis could explain the shape
of the curve that had a high RFU value at the start (detectiob &bAls) and a gradual loss of
fluorescence (insoluble®fibrils accumulating athe bottom).

Our results showed that buffers with lower pHs affect nucleation and result in shorter lag
phases. Similar conclusions have been reach&thytzmanret al(2021)who tested a range of
pHs, from 4.8 to 7.&nd showd thatAb assembl y i s-foldhwhereusimgrmore e d 8,
acidic pHin vitro. In the study, increasing pH always resulted in an increase in the lag phase and
a reduction of the aggregation r@e21) Along the same lines, Thaand Viles(2022) showed
that primary nucleation is highly pH dependent whereas secondary nucleation and elongation rates
are independent of pkbnyderet al. (1994)showed that aggregation is very rapid (seconds) near
the d of the peptide (pH ), outside of this range (e.g. pH 7/04), aggregation oAb(1-42)
remains rapid (minutes), whereas aggregation of its shorter counté&p@r40) is slow, from
hours to daysAlthough kinetic parameters were not calculatethis part ofmy research, our
data agrees with these observatianigly higher pH affecting primary nucleation and resulting in
longer lag phases

lonic strengthis another factothat altersAb aggregatiorby modifying electrostatic
interactions between protein moleculgglar and Merzel, 2011; Ziaung$ al, 2021; Wanget al,
2022) These electrostatic interams 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 shieldihg effec
to be less effective, resulting in greatelectrostatic interactions between charged protein
molecules and a reduction in aggregatididar and Merzel, 2011; Ziauns al, 2021; Wanget
al., 2022) lonic strength of sodiurandpotassium, or chloride ions increasdrontal and parietal
cortex regions up to 25% and 20% in AD compared to healthy indivi{\id#sky et al, 2012)
This ion imbalance might contribute to the pathophysiologyAdi. Abelein et al. (2016)
investigate howionsmodul at e ADb ag g r Ehgyprojosedcthasal ldwersthex i ci t y
free-energy barrier folAb folding to thefibril state, favouring the development of the mature
fibril s (Abeleinet al, 2016) Here we usedouffers with similar pH althougtve observedirastic
differences between theme(, 1X PBS pH 74, 20 mM sodium phosphate buffer 7.0 and 50mM
potasium phosphatebuffer pH 7.3. Considering the buffecomposition differencesn the
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aggregation curveare likely associated to the different ionic strength of the solutidoswever,

it remains to be explored how thefferc onst i t uent s hologh.l uence Ab mor

Ab aggregation was found to be dependent upon temper@iuréndingsareconsistent with
what dhers have show(Kusumotoet al, 1998; Ghavamet al, 2013; Batzli and Love, 2015)
Kusumotoet al. (1998) studied the temperature dependence of Ahefibril elongation rae
constant using Quasielastic light scattering (QLS) which allows for simultaneous monitoring of
size and molecular weight of particles in solutidhey showed the temporal evolution of the
hydrodynamic radius oA bfibrils incubated between 2€ and 4°C. WhenA bwas incubated at
24 °C the elongation rate was 18.6 nnfKusumotoet al, 1998) Decreasing the temperature to
20 °Cresulted in a decrease in the elongation rate by a factor of 20 (1.0 (Kugomotoet al,
1998) Ghavamiet al.(2013)used molecular dynamic (MD) simulation methods and revealed that
the core hydrophobi ¢c amyis moraavailable forinteragtion®lly A D
increasing the temperature from 37 to 42 T@ey proceeded to complemehkir work with
experimental methods, including the ThT aggregation g&3lagvamiet al, 2013) The ideathat
the core part of the fibrillation process is more exposed at higher temperaasdsrther
supported by the finding thath e | ag t i mereabed graddaby byiacseasidgetite
temperature from 37 to 42 {Ghavamiet al, 2013) Therefore, ising temperature leads to more

rapid amyloid formation

3.6 CONCLUSIONS

Taken together, our results define specific conditions for formation of unaggreghted A
suitable forkinetic experimentdn vitro. We conclude that modifiable factors like, aggregation
buffer (pH and ionic strengtlgndtemperature play important roles durify aggregationwhich
is stimulated by lower pHsonic strength ant@ligher temperature. On this basismprehension
of how solubleAb f ol ds t-bshdetorichnaggeegates and particularly how different
factors, such as temperatui@jic strength, etc. can affect this process is crucial for deciphering
the molecular basis of fibrillogenesis.

Our resllts provideunique conditions that control thatricate process of B assembly.
Although we selected different conditions &achpeptidesd 1X PBS pH 7.4at 37°Cf or -ADb( 1
40) and, 20 mM Tris buffer pH 8& 25°Cf o r -421 (v& based our decision arsing the
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conditions that would ensure getting the most contrpttedsisted and reproducible datzen if

thatmeant to use 25 °and pH 8 forA b ¢42) to delay the aggregation and create an appropriate

time frame forour aggre@tion kinetics testsWe highlight theimportance 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 quesftidns.implies that detailed inforation on the

methods that wergelectedand the reas@why those were selected shouldrbentioned As we

also experienced challenge in controlling aggregation and obtainimgdegible findings we

offer someadvicefor dealing with the reproducibility problemn Ab aggr egati on st

1 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. Tdasg and comparing different solvents and combining different protocols is a
good wayto optimize this step.

1 The settings of the aggregation experiment as well as anyrgatenents (amounts,
volumes, timings, final concentrations, reagent preparatiofierbrdcipes, type of plate
reader, protocols, scripts, etc.) should be recorded in as much detail as possible.

1 A large number of replicatesenecessary to clearly detect outliefée recommend = 6
as the minimum.

91 Differences acros3hT assayshat areidentical are likely to happen thus, looking for
patterndgn aggregation curvemight occasionally be morelevant.

1 Protein interactions are also increased by increased mixiagitation;thus,it is best to
avoid vigorous pipetting when preparing sa@spAgitation during aggregation is often
used during the assay but if using a highly aggreggtione protein like A(1-42) using

guiescent conditions is advisable.
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CHAPTER 4. THE BACTERIAL AMYLOID CURLI AFFECTS THEAGGREGATION
OF AHQ0L ANBIR2)PKBERERENTLY AND CHANGES THEIR TOXICITY IN
CELL CULTURE
4.1 ABSTRACT
SalmonellaandE. coli makethe functional amyloidcurli which sharestructural similarities

to Ab fibrils associated witllzheimer's diseasén this study we assessed the ability of curli to
influence Ab aggregationin vitro. Biophysical methods such a&estern blot analysis and
thioflavin T fluorescencéor aggregatiorkinetics wereused ¢ evaluate the imget of curli on A
aggregation Additionally, we used human fibroblast cells from donors from both sexes and
different AD susceptibility to measure ttoxicity of theaggregates ok baloneor in combination
with curli. The results showed thatrli decresesoligomeric Ab(1-42) and might enhance its
aggregationAdditionally, we found that curli promotes the aggregation 6{1A40) which is
known for its reduced propensity to aggregate by its. @werall, this studyshows thaturli, a
bacterialamyloid, can physically interact withathological amyloids like B However, additional
research is necessary to better understand the underlying mechanisms and the relevance of these
interactions in disease pathology.

4.2INTRODUCTION

Amyloid proteins have characteristic crods structure and the ability to form fibrils has
historically been linked to the progression and pathogenesis of many neurodegenerative diseases
including Alzheimer's diseasdlarkinson's diseasé@myotrophic lateral sclerosis and prion
diseasegSoto, 2003; Soto and Pritzkow, 2018) such diseases, unique amyloid prueself
assembly into toxic conformers like amyloid depogisto, 2003; Soto and Pritzkow, 2018)
Moreover, there are nemeuronal diseases su@2D, cancer, and systemic amyloidosis, where
amyloid aggregation also leaves its m@fng-Hartwichet al, 2015; Haquet al, 2017; Benson,
2023) Although these diseases haween a major area of study for many ye#rs,process that
leads to the misfolding of their associated proteins into the agnfglon remains uncleaNot 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, anadnammalqOtzen and Riek, 2019)
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Given thatco-aggregation and amyloid cresseding have been identified as crucial

biological processg®ubeyet al, 2014; Anancet al, 2017; Anancet al, 2018; Tavassolgt al,
2018)it is fundamentato understand the effects that aggregation of one type of protein would
have on theggregatiompropensityand characteristiasf other proteins and metabolites present in
its environmentThis 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 bacteial amyloids.For instanceformation of senile plagues o mposed of
peptides, particularly theAb(1-42) is a key pathogenic feature AD (Querfurth and LaFerla,
2010) Severalin vitro studieshave investigated the interactions betwednafd other amyloid
proteins linked to human illnesk has been shown thRD, Usyn(Onoet al, 2012; Chieet al,
2017) amyloidosis protein A (AA) (Rising et al, 2021) and T2D, human islet amyloid
polypeptide (hIAPPJHu et al, 2015)accelerate A aggregéion. Ab crossseedingesearch has
gone beyond diseasassociated proteingsing functional amyloid (Chiti and Dobson, 2006;
Fowleret al, 2007; Javedt al, 2020; Koloteva_evineet al, 2021)or nonrramyloid protein fibers
(Ono et al, 2014) Overall, most othesestudies have revealdfiat the inalsion ofdifferent
amyloid proteinsaccelerate#\b in vitro aggregation. As a result, there could be a link between
endogenous amyloid exposure and the stariibfifease.

Recent research by our team has shihanhthe bacterial amyloid curli produced®gimonella
is synthesized inside the murine intestine duSagmonellainfection (Miller et al, 2020) Some
aspects of this infection modeleathought to model human gastroenteritis cause8abyonella
meaning that curli exposure could also occur in humans. Curli fibers play a fundamental role in
bacterial celicell aggregation, which aids in survival and persistence 8atmonellacells ext
the host(Collinsonet al, 1993; MacKenziet al, 2017) Furthermore, the curli genes are shared
betweenSalmonellaand E. coli and are functionally interchangealffRomling et al, 1998) E.
coliarecommon members dfiehuman gut microbiotavhich agaircould mediate curli exposure
in humansCurli fibrils arealso highly immunogeni€Tukel et al, 2010; Gallcet al, 2015)and
interestingly, share a similar 3D structure dsfirils (Perovet al, 2019; Sewelkt al, 2020)
These obswations have brought forward the possibility that curli and amyloidogenic proteins of
the host could interacThus, here we investigatlke hypothesis thdahe bacterialamyloid curli

canphysically interactvith, and influence, ABr el at ed AD functi on.
41



4.3MATERIALS AND METHODS
4.3.1 Peptides and Antibodies

Synt hetid@) Ap¢Cat #: 4 01142) 44024347) weare dbtaired (rdm
Bachem Americas, Inc. Disruption of any fmex i s tsheetgstruftures was performed by
reconstitution of the peptides ice-cold HFIP (SigmaAldrich) to a concentration of mg/mL
Aliquots of he peptidesolution werestored at80°C.HFIP was evaporated prior to peptide use in
any assay.

TheantAb anti body [cl oneillGEDO: tthar At pempe 3 ide
was obtained from BioLegend. The primary antrli immune serum was prepared according
to(Miller et al, 2020) The NIR-labeledsecondary antibodies used to probe the primarybanti
amyloid antibody and the anturli immune serum were Amersh&mCyDyeE 800 GoatAnti-
Mouse and CyDye 700 GoatAnti-Rabbitfrom Cytiva.

4.3.2 Curli purification

Curli purification waspefformedby a former lab membexs described ifSivaranjaniet
al., 2022)

4.3.3 Curli sample preparation

Curli stock solutions were made leighing out a desired amount of purified curli and
resuspending in distilled watey achievea final concentratiorof 1, 2,or 8 mg/mL.Aliquots of
these solutions were used aatare curli samplesnaking sure to evenly mix the stock and using
wide-bore pipette tipso deliver the required volum@liquots were frozen aB0°C for at least 1
h prior lyophilization for 24 h. For depolymerized curlingaes, aliquots were removed, and
formic acid was added to >90% v/v ati mixturewasfrozen 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.

434 Cur |l i ad4ndubafidm c o

After evaporation of HFI P, Ab pOpN)indes we
aggregation buffe(l X PBS pH 174.04 famrd , ARO mM Tri si2)buf fer
Curli solutions of were made in separate tubes from a stock solution of mature or depolymerized
cur | i (1 mg/ mL) . Al i quots {ihCudlat eaf wAfl hp €Dt
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solutions(i.e., atl.0, 0.4,0.2,and 0.02mg/mE or 24 h at 37-AC)omnd5A6

42) , respectivel y. For time zero sampl es, al i
at-80°C.
4.3.4.1Western Blot analysis of SDSPAGE

SDSPAGEandWesternbloanal ysi s were used to visuali z:¢

mixtures. Préncubated samples were resolved using 4 to 12%ssNUPAGEE or Tris-
Glycine NoveE gels (Thermo Fishérand with MES or SDS running buffer, respectively.
Proteinswere trangdrredto 0.2 m ni t r oc e | | wsing the iBlod systén(Taarmeos
Fishe). Membranes wern@cubatedn TBS containing 5%w/v) nonfat dry milk (blocking buffer)
for 1 hat room temperature with shakirjots werancubatedvernight aé°C with bdh primary
antibodies the mouse6E10 antibody (1:4000 dilution) and thabbit anticurli 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 Amerskar@yDyeE 800 GoatAnti-Mouse and CyDye
700 GoatAnti-Rabbit NIR-labeledsecondary antibodies (Cy#) 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 tCOR Odyssey CLx. Data analysis was performed using the Image
Studio (version 5.2) software.
4.3.5 Amyloid aggregation kinetics Thioflavin T assay
4.3.5.1Preparation of ThT assays

A dilution seriescontaining0.005, 0.05, 0.1 and 0.25 mg/rEmature or depolymerized
curli was prepared After HFI P evaporation, Ab p@ptides
pM)in1 X PBS pH 74.04H foar 20b(mM Tr i s -4B)uAf50 eM ThpPH 8. O
working solution was made from a 10 mM Thioflavin T (ThT, Sigma) stock solution previously
filtered through a 0.2 um filter. The samples were loaded into a Cd3Bawell, clearflat
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/mLor 4uM), 40 pL curli (0.002, 0.02, 04 or 0.25 mg/mL) and 20 pL ThT (10 pM).
In control samples, either the curli or the peptide volume were substituted with aggregation buffer.
The plate was subsequently sealed and ThT fluorescence was rdedsarevhole setup was

repeated at least thrames for each peptide amach fornof curli.
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4.3.5.2ThT Assay

ThT fluorescence was measured using a FLUOstar Omega plate reader (BMG Labtech) at
37AC fd0) oraad5iCfo r AB)(Fluorescence was measured through the bottom of the
plate using an excit@n filter of 440 nm and an emission of 480 nm. Measurements were taken
every 10 min foa total of20 - 40 hours The plate was shaken for 5 s before the first cyidie.
fluorescence measured from negative control wetiataining only 10 uM ThTwas sibtracted
from all test measurements.
4.3.5.3Kinetic parameters

Datafrom the ThT assaywere analyzed by nelnear regression to fit the theoretical
Boltzmann sigmoidmodel using PRISM (Graphpad Software Inc.) accordingeguation 1
(CabaleireLagoet al, 2008; Khemtemouanet al, 2021)

W W — Q)
were,Yo andyma«are initial and final ThT fluorescence valugg is the halftime which is the time
at which the fluorescenas halfway between the initial and the final fluorescence vaheekis
the slopeof the curve

The lag time can be calculated using equation 2:

a 0Qa ®; - 2
4.4.7 Cell culture assays
4.4.7.1Cell Lines and Conditions

The study was carriedut on four cell lines derived from human skin fibroblasts with
different APOEgenotypes. Male fibroblastAPOEU 2 anBAPOEU 3)/add, female fibroblasts
(APOEU 2 An8APOEU 4)/frdm in-patients with and without metabolic disease wastined

from the Montreal Childrers Hospital Cell Repository. These cell lines were cultured in-high
glucose Dulbeccs Modified Eagles Medium (DMEM) supplemented with 10% fetal bovine
serum at 37C in an atmosphere of 5% Gorphology and confluermcof the cells was assessed
daily becausehigh levels of confluency can dramatically affect cell behavior and culture
kinetic{Topmanet al, 2011) When cellsreached 70% confluency, the medium with cells was
collected and centrifuged at 100@ for 5 min. Supernatants were removed, and fresh medium
was added
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4.4.7.2Treatment preparation

Curli (mature and depolymerized) and HRtPatedAb(1-40) were dissolved in 1X PBS
buffer pH 7.4or 20 mM Tris Buffer pH 8.0or Ab(1-42)to a final stock concentration of 6 mg/mL
for curli, or 0.4 mg/mL (8@M) for the peptides. Treatments were prepared from curli and peptide
stock solutions. Treatments contaigi Ab(1-40) were incubated at 3%C for 24 h, whereas
treatments containingl®1-42) were incubated at room temperature for 24 h.
4.4.7.3Cell viability

Cells were counted with a Count&$8 Automated Cell Counter and seeded im@#l plates
at 10,000 cells/well. Plates were incubated at 5%, ©@8% humidity, and 37C. One day after
seeding the cells, the old medium was replaced with fresh medium containing the different
treatments (5QiL media + 50uL treatment) Each group contained six replicates and the whole
setup was repeated twic€ontrol wells for background (no cells), untreated cells (vehexde,

1:1, media:PBS) and dead cells (lysed cells) were included in each plagew€edl returned to
the incubator (5% C£ 95% humidity, and 37C) 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 -@,5dimethylthiazoi2-yl)-2,5
dipheryltetrazolium bromide (MTT) was prepared by dissolving MTT in PBS and filtering
through a 0.22um filter. The MTT working solution (0.5 mg/mL) was made by mixing 1 volume
of stock MTT solution with 9 volumes of higflucose DMEM containing 1% FBS. After
treatment of cells for 24 h, the experimental media was carefully removed, and the cells were
incubated with 5QuL of the MTT working solution at B°C. After 2 h, solubilization of MTT
formazan product was done by addition of 380 dimethyl sulfoxide (DMSQ followed by

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

570 nm using a SpectraMax M5 Mdllode Microplate Reader (Molecular Devices). After
subtracting the background, the optical densities were exprassggercentage of the average

OD of the control untreated cells (vehicle, 100% cell viability) and the dead cells (0%).
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4.5 RESULTS
4.5.1 Depolymerized curli crossreacts with Ab(1-42) by affecting its aggregation
Investigationoftha g gr egat i o n (142 hitlacuriivwas perfofmedbiVestern
blots probedwith the6E10 and the antiurli antibodies Eigure 4.1). Control Ab(1-42) samples
attime 0 showed two discrete bandsb@ andD16 kDa corresponding tolf1-42) dimers and
tetramersigure 4.1 A andB, lane 1) consistent wittWestern blotting analysis of freshly made
Ab(1-42) (Walshet al, 2000; Sureshbabet al, 2009) After 24 h incubation, contraAb(1-42)
peptidewasdetectedas a smear abodd kDa(Figure 4.1 A andB, lane 2).Samples mixed with
increasing amounts of depolymerized carhibitedwealer 6E10immunoreactivityin the smear
(analysed bylensitometryFigure 4.1 C) and no disate band ab8 kDa. Moreover, SDS resistant
material was observed to accumulate at the top of the (#afjare 4.1 A, lanes 86). On the
contrary, mixtures oAb(1-42) with maturecurli did not exhibit significant differences in the
smear(Figure 4.1 B andC) and theD8 kDa was still present atl curli concentrations. Curli did
not show any differences with or without the peptide usingékisnique Supplementary Figure
1). Thus, depolymerized curli appears to stimulate the aggregatiob(@f4®) but mature curli

doesnot influenceAb(1-42).
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Figure4l.West ern bl ot anal ysi si42) peptidelaitegcoimcebatiorz at i o n

with depolymerized curli or mature curli fibrils. A b {42) peptide vasincubated either alone

orwith02-1 0

with the 6E10 antibody that targets residues @
units (RFU)of the 6E10 signal it h e

0.0001by oneway ANOVA.

We usedthe thioflavin T assgfzade Malmoset al,

P

¢ Ag depofymerized curlior BmaturecuriAb ol i gomer i zat i

o.fQuartihcationin reference fluorescence

Al ar ge
Studio software C) Depolymerized curli significantly reduces largé Aligomers, whileD)
mature curli does notn=4-6).n s :

>

0.

05 ;

ol i gomedusing the lenage i o n

*: p: O 0.05;

2017)to further investigate the

interactions between curli ancdbfL-42) (Figure 4.2). The aggregation curve shapes fn(BA42)

displayed a typical sigmoidal shgpeVine, 1993) with a lag phase at low fluorescence, followed

by a visible elongation phase where fluorescence values started to increase until a plateau was

reachedln theexperimental dataset for depolymerized curli, the lag phaseiidr42) alone was

considerably strter than in the mature dagtshifting from D3h toD13 h(Figure 4.2 A andB).

Variability in Ab experiments is common anttag qualitative findingsre considered robust
(Foley and Raskatov, 2020; Faller and Hureau, 20Ph¢ RFU scaleswere 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 cuixperiments using the same settings as depolymerized curli gave
high RFU values thatere abovéhe maximum fluorescence intensity of the instrument. Therefore,

| had to employ a different gain val(@®00 for depolymerized vs. 900 for mature curli) togkee

the RFU reads within the range of the instrument. Increasing concentrations of mature curli
increased the starting RFU value (up8000 fold), however, regardless of this increase, the shape

of the curves foA f{1-42)Ymature curlimixturesandA [§1-42) were similar Figure 4.2 B).

70000 . .
Depolymerized Curli Amount
60000 -] ® 150 pg/mL
50000
@® 40 pg/mL
40000 ® 20 pg/mL
=]
('8
® 30000
® Ap(1-42) alone (20 pg/mL)
20000
10000
0
0 5 10 15 20 25 30 35 40
Time (h)
Mature Curli Amount
@® 150 pg/mL
® 40 pg/mL
® 20 pg/mL

® ApB(1-42) alone (20 pg/mL)

Time (h)

Figure42.Aggr egat i on ki4R2)wehtdépclysnerizdd antl mgtutecurli. A §1-42)
wasincubated at 25 °C in the presence or absenég dépolymerized oB) mature curli (2150
png/mL) and @gregationwas monitoredoy Thioflavin T fluorescenceReference fluorescence
units (RFU)weremeasured every 10 min for 40 (n = 6). Mature and depolymerized curli alone
samples were included but not plotted in these graphs.
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Closer inspection of theurves inFigure 4.2 A showed thatwo distinct transitions
occurred when the curli concentratiora 40 p@/mL as monitoredy ThT fluorescenceFigure
4.3 shows the two transitions{&nd 2 transitionregions) Analysis of double sigmoal curves
is done by analyzing each transition independg@lykalevskiet al, 2015b; Brauret al, 2022)
Due to the presence of double sigmoidal curves in our dapas¢toc analysis othe curves in
Figure 4.2 A wasfirst done for the secondransition(corresponding to the grey regionkigure
4.3).

70000 — | ) )
60000— l Depoly
- M ® 150 pg/mL
50000— | Transition d
I e
40000—]
1 :: —soncaadvasats | ® 40 pg/mL
o]
T+ %! ® Ap(1-42) alone (20 pg/mL)
> 30000~ 5!
L = :

Time (h)

Figure 4.3. Aggregation curves of mixtures oA b ¢42) with depolymerizedcurli show a twe
transition aggregation processTwo distinct transitionsvere observeds monitorecoy ThT
fluorescenceThe 1% transition §hown in the blue region of the graptcurs within the first 5
hours of the experiment while th&%2ransition géhown inthe grey region of the graplccurs
later.

When examining the second transition (grey regiorFigure 4.3) we observed that
depolymerized curli increased the Max ThT fluorescence in adigsendent mannefFigure 4.4
B). The shape of the second transition in #6 ¢42)/depolymerized curvesas similar to the
shapeotheaggr egat i o n-42yalomevitds wad suppdtéd by no changes in the slope
of the curves containing curlFigure 4.4 C). The halftime (1/2), as a measure of the elongation

phase s considerably increased by the presence of depolymerize(Fogulie 4.4 D).
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Figure44. Comparing the aggregat i om2)knddepdlymerized of mi
curli in the secondransition. A) Solid lines represent the aggregation curves of each mixture fit

to the Boltzmann sigmoid model, after the first transition has occurred (data repeated fren Fig

4.3). The curves in (A) were used to compare the kinetic parameters of the mixtures to kinetic
par amet e #2 aland: B)Abx ThT fluorescence, C) curve slope, and D) time needed to
reach half of the maximum ThT fluorescence (tiatfe; t2). Values were compared by oiveay
ANOVA: ns: p > 0.05; *: p O 0.05; **: p O 0.0
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To better understand the interactions betweb(lA412) and depolymerized curlye used
the A b (42140 pg/mL andA b €42)+150 pg/mL depolymerizeaturli curvesfrom Figure 4.3
and plotted themn separate panelslongwith their pure component¢Figure 4.5 A and E).
Typical sigmoidal curves were observed for depolymerized curli alone samples (light pink and
blue curves irFigure 4.5A andE). The 40ug/mL depolymerized curli curves plateaued at about
the baseline value aft&8h of incubation while the 150g/mL depolymerized curli alone curves
plateaued around 10,000 RFU af@3h of incubation Eigure 4.5A andE). Kinetic parameters
of the first (blue region)and second transitiofgrey region\wer e compa#ddndt o AD
depolymerized curli alone. Resuisowed a significant increase in the max ThT fluorescence of
both transitions compared to the pure componekigu(e 4.5 B and F). The max ThT
fluorescence in theesond 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 concentrdigaré 4.5B andF). The shape of
the first transition irthe twacomponent curveseemed similar tthe shape of the curvésom
depolymerized curli alond={gure 4.5 A andE). Although tere was an increase in the slope of
the first transition compared to the slope of curli ajotnés value only reached statistical
significance for the 4Qug/mL curves (p=0.0011) and not for the J&'mL (p=0.2521)Figure
4.5 C andG). No differences were found between the slope of the seconditams the mix and
t he s | o2 alané curkeld{gure 4.5C andG). Thety20f the first transition was reduced
for the 40pg/mL curves (g0.000) whereas for thel50 pg/mL the value was not different
compared to the curli alone curVgs=0.7109. The presence of depolymerized curli significantly
increased thet of the second transition compared to any of the pure compairegise 4.5 D
andH). These data emphasize that that the second transition observed in the mixed systems has a

longer elongation time than the elongation tinhe o A-82 dlone
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Curves ofA b ¢42) with mature curlifrom Figure 4.2 B were further analyzed including
mature curli alone samples. Pure curli samples showed a flat line throughouteaib¢nenental
window (Figure 4.6). The RFU value for this flat line increased in a ddependent manner. This
val ue was subtracted from t heir-42) geptiamortder ve c o
to correct thehigh starting RFU value and compare to the plre ¢42) aggregation curves
(Figure 4.7 A). The resulting curves were fitted to tBeltzmann sigmoidnodel and kinetic
parameters werealculated Figure 4.7 B-D). Addition of mature curli did not affect any kinetic
parameters except for the max ThT fluorescence at 100 anqud/Bfl, but at these high
concentrations, the variability within replicates was highenesgresultsindicate thathe data
obtained forA [{1-42)mature curlimixtures fromwestern blot analysige well with observations
from the thioflavin T assay. No interactions were observed wih-42) and mature curli fibrils

were incubated together.

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

RFU

® 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

1000

Time (h)

Figure 4.6. Aggregation kinetics for mixtures of A b ¢42) and mature curli, and pure
components. Curves from Fig4.2 Bwereaveragedandthe coloured scheme wasangedor
easiewisualization Pure nature curlisamples display a flat line thughou all the experimengin
blue)
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4.5.2 ADb(1-40) aggregationis acceleratel by depolymerized curli

The aggr egat i Ir40)hwithlcualiwasostudied dsingdsternblots probed
with theantiA band anticurli antibodies Figure 4.8 andFigure 4.9). ControlAb(1-40) samples
at time 0 showed two discrete band®dfandD8 kDacorresponding to B(1-40) monomers and
dimers arrowseach panel ifrigure 4.8 andFigure 4.9). Ab(1-40) monomers and dimers were
still observedceven 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, i, 24
(Figure 4.8 A-E). Co-incubation of A(1-40) with depolymerized curli for 6 h resulted in the
formation of 6E1positive insoluble material that accumulated at the top of the (fétjsre 4.8
A). This materialwas abserat 6 h wherAb(1-40) was incubatedlone(lane 2 inFigure 4.8 A).
There was increased accumulation of insolub(1-40) material in wells containing
depolymerized curli after 8 and 12 h otiogubation Figure 4.8 B and C). In contrast, insoluble
material was only present in tAds(1-40) alone wells after 12 l{gure 4.8 C). Our data indicated
that depolymerized curli accelerat&b(1-40) fibril formation. For the mixtures oAb(1-40) and
mature curli, all appeared similar Ad(1-40) alone(Figure 4.9). Like with Ab(1-42), these data
suggestedhat mature curlifibrils only had a minor, possibly nospecific, effect omAb(1-40)

aggregation
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Figure48.West ern bl ot anal ysi si4Q) peptidelaitegcoimcebatiorz at i o n
with depolymerized curli.2 € g @40) péphtide Wvere incubated either alone (lanes 1 and 2)
orwith10,4,2and0 . 2 e€g of depol yaperA) 6zheBi8 hcCul? i D) 18(hl ane s
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 einmubation (red box . A b zdtionasme r
detectedvith the 6E10 mouse monoclonal antibody that targets residle8 1. of Ab, f ol | o
fluorophoreconjugated 800RD Go#nti-Mouse IgG secondary antibody.
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Figure49.West ern bl ot anal ysi si4® peptidelaitegcoimcebatiorz at i o n
with mature curli fibrils. 2 € g @40) p8phide vere incubated either alone (lanes 1 and 2)
orwith0.210 e€g of mat ®)foe24hu rAlbi o(lliagmense r3 zati on was
6E10 mouse monoclonal antibody that targets residee61 of ADb, foll ewed b\
conjugatedBOORD GoatAnti-MouselgG secondary antibody

The interactions betweenbfl-40) with curli were studig using the ThTassy (Figure

4.10). The aggregation curve forbf1-40) alone depicted a long lag phase-{#2h) with a
relatively low fluorescence intensity, followed by a rapid growth phase until it plateaued after 16
18 h from the beginning of theexperiment (black curves ifrigure 4.10). Addition of
depolymerized curli reduced the lag phase in a-dependent manneFigure 4.10 A). As for
mature curli, plate reader settings were adjusted as dodétr42)/mature curli. This change
made the RFU scales different feach dataset~{gure 4.10). In line with observations iour
previous experimentsitthh mature curli, the starting RFU value ob@-40)/mature curli samples
increasedspecially at the highest concentration of curli (£56mL). Although, mature curli did

not seem to affect the overall shape of the curve nor the time laigtiphaseKigure 4.10 B).
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Figure410.Aggr egat i on kd0)wehtdepohsnerzddor Adtyrelcurli. A b €4Q)
wasincubated aB7 °C in the presence or absenceAdfdepolymerized oB) mature curli (2150
pHg/mL) and @gregationwas monitoredoy Thioflavin T fluorescenceReference fluorescence
units (RFU) were measured every 10 rfmr= 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 obseniadthe mixture with the highest
concent ati on of depol y meWeisgparated these dunves fromSidgligueeg / mL )
4.10 A and plotted therm a new graphKigure 4.11 A) for better visualizatiorAnalysis of @ch
transitionin these curves was performed and kinetic parameters were compared kitietloe
parametersf the pure component§hefirst transition plateaued at around 10,000 RFU &iteb
h from the beginning of the experimeand arves of1 5 0 ¢ depolgrberized curli alone
showed a similar behaviour (light blue curve&igure 4.11A). In fact,there were no changes in
any of the kinetic parameters between the first transition in tkeeir@ andcurli alone(Figure
4.11 B-D). Thesedata suggest that the first transition that is observed in thaumaikkely
corresponds to thaggregation oturli while the second transitioindicates the aggregation of

ADb(1-40). The second transition occuesrlier tha the single transition in the {1-40) pure

sampleThissuggests that depol y mé0)aligoreetizatorumedsureda c c el

as astatistically significant shortdralf-time (Figure 4.11 A andD).
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The rest of the curves iigure 4.10 A werefitted to theBoltzmann sigmoid modgand
kinetic parameters were obtain@tgure 4.12). A dosedependenteductionin the half-time was
evident Figure 4.12D). The time of the laghasewvas calculated using equatioma2d he results
indicate that depol y mer-40 andt catalyzetprimarg rudeatiomt er ac
by reducing théag time Figure 4.12E).
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Figure4l12Comparing the aggregat i o#0)&ddegolymeczed of mi

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 freem Fig

4.10 A). The curves in (A) were used to compare the kinetic parameters of the mixtures to kinetic

parane t e r s -40) Blon& B)(mbx ThT fluorescence, C) curve slope D) time needed to reach

half of the maximum ThT fluorescence (haithe; t2), and E) lag timeValues were compared

byoneway ANOVA: ns: p > 0.05; *: p O 0.05; **:
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The Ab (1-40)/mature curli curves iRigure 4.10 B were fitted to the Boltzmann sigmoid
model, and kinetic parameters were obtairkedure 4.13). However, addition of mature curli did
not affect any kinetic parametefiSigure 4.13 B-D). This indicates that mature curli does not

influence the ped.ymerization of ADb(1

Figure 413 Comparing the aggregati on -4® iamdentatures o f
curli. A) Solid linesrepresent the aggregation curves of each mixture fit to the Boltzmann sigmoid
model (data repeated from kig 4.10 B). The curvesn (A) were used to compare the kinetic
parameters of the mixt u-A0patonet B) maxiThT duorescenge,aC) a me t
curve slope, and D) time needed to reach half of the maximum ThT fluorescendar(@ati,).

Values were comparedyloneway ANOVA: ns: p > 0. 05; * o p O
0.001; ****: p O 0.0001.
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