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Abstract

Al zhei mer 6s di sease i s t he mo s t common neur od

histopathological hallmark is the presence of extracellular plagues, primarily composed of

Amyl oi d b Reawbt) ffiinbdriinigs.suggest Ab fibril polymorph
clinical presentat iMoesveroht AhzbBEe|l measgnsiciedc 5 @aasens a
fibrillar aggregateknown as Lewy bodies cl| assi cally assoceareed with P:

found inup to 60% oA | z h e idisease iddsviduals.

Using a set ofin vitro bi oc hemi c al and cellul ar approaches, t
pol ymor pisynslain dggregaton and Lewy belike formation isinvestigatedhere.

Struct ur alsglawy de i polymadphsfdimedn vitro were used as models to study

the effect of pol ymor synuckinfibrdlar aggrégatioralbwas fouhdy t o i ndu.
that in vitro, there is a pH dependency on the c®@sse di ngy noufcl @i n by Ab fib
polymorphs. Fluorescence polarization and thioflavin T fluorescéumetics showed that

al though bi ssdyinnuge | beei t nwsemnodcut#t pH 75, iit is only &t pH 4.5 that

the fibrill asymgglreigmtcan bé HeseeeéNotablytteed by Ab i
molecular mechanism of cresseding was found to be governed by surfazaalysedecondary

nucl eati on. Fur t h e4ssynucléiracrosseaded fitirils mevealed diffe@ricest he U

in their curcumin fluorescence, denoting distinct structural arrangements.

Cellular analysis revealethat whilst not causing cell death, incubatisith the Ab f i br i |
polymorpts differentially induced the formation of insoluble GERsynuclein puncta
Furthermore, Ab fibrils col ocal staneedolysosomalci di ¢ ¢ 0 m|

degradati on wsgnobbernvnedofnhometdic samples in the p

Taken together thesesuls poselysosomesasa site ofU-synucleincrosss e edi ng by Ab fi bri
and suggest polymorphism malay a role in the exterdf cellular crossseeding highlighting

the i mportance of speci &yncleinindseaseact i ons bet ween A
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1. Introduction

1.1.Al zhei mer 6s di sease

About 20 to 40 million people are estimated todugrently living with dementia with the
incidencedoubling every 20 years worldwidBallard et al., 201)] with an estimated cost of one
trillion US dollars as of 201@eTureand Dickson, 2019 Thereforethere is gressingneed to

find a cure as well a® develop effective therags to treat the disease.

Al zhei merds di sease i s t hkefinitivesiagnosiowasforalomgause of d
time onlypossiblepostmortem, but new techniquéke functional magnetic resonance imaging

(fMRI), positron emission tomography (PET) aodrebrospinal fluid analysitiave enablg
physiciangoidentify Al z hei mer 6 s i (8chdtanyvetah,Ol6 ubj ect s

Al z hei me r ié mthabgicallydharaeterized by the presenceirdoluble proteinaceous

aggregatedn the brainjhamely extracellulaamyloid plaques anthtraneuronaheurofibrillary

tangles. Neuropathologically, xdracelldar accumulation of abnormamyloid-b, from here
onwardscalledhoccurs in the brain of (Sekdej2000Thss wi t h Al zh
accumulatiorieads to the formation of amyloid plaquesmmonlyknown as senile plaques or

neuritic plaques  Aléquesgalso presentctivatedmicroglia, apolipoprotein E (ApoE)|%-

macroglobulin, interleukirl and 6, among other proteins and compon@ital et al., 2006

Classification of amyloid plaques has beperformedrespective to their appearance and

capability to be stained by amyloid dyes, such as Congo red, Thioflavin S or T (ThS ¢WkthT)

et al.,, 2006 Xu et al., 202D Fibrillar plagues and densered plaques arkarge, spherical

structureghat aresurrounded by dystrophic neurites, reactive astrocytes and micriididlar

plagqueshave a centr al ma dhatleadfto afklter rimi.ln dontrask dngen s i on s
cored plagues have a c¢ompa cdlypxkedAdHavéverbdbth sur rounde
of these plaques are strongly stained by Congo red andXith8t al., 202D A third type of

plague that does not possess @entifiable substructureknown as diffuse plaques, has been

identified in both Alzheimer's disease and aged braiifside plaqueswhich are often olesved

in association with microgliggresent mostly nofibrillar Ab , a s hamogenousl takelled

by anttA b a n t,iardara riotest@ined b€ongo Redand present weak or absent reactivity

for ThS(Selkoe, 2000Xu et al., 202D (Selkoe, 200 Simultaneouslyirregular intracellular

build-up of hyperphosphorylated tduangl es occurs in individuals wit

which leads to the formation aturofibrillary tanglegSelkoe, 1999



The spread ofheseproten accumulations, neurofibrillary tau tangles and amyloid plaques,
occursin specific patternshrough the brainseemingly in and independent wayeach other
(Braak and Braak, 199Ballard et al., 201)1 The stages of propagation for amyloid burbawe

been thoroughly described Byaak and Braak (199&nd clasgied asStages A, B and @-igure

1.1). Stage A is demarcated by amyloid plaques confined to portions in the isocortex, particularly
in basal portions in temporal, frontal and occipital lobe. In Stage B, accumulation progressively
increases in the isocardl regions as well as part of the hippocampus, until all isocortical areas

and the hippocampus are affec{ethge CYBraak and Braak, 1991

Figure 1.1. Braak stages of Bdeposition

Deposition of senile plaques, mainly compose
represented as increasing shades of fpagk Initial confinement to basal portions of the
isocortex gives way to spreading through the frontal and temporal lobes, affecting the
hippocampus and ultimately appearing in all areas of the isocortex. AdaptedBraak and

Braak, 199].

Classically, Al zheimerés disease patients, p
of close to 8 years on average after diagnSihmidt et al., 2001 However, some cases of

Al zhei merdéds di sease somofwhe aymptomms and egnitivte elecliper e s e
(Drummond et al., 2017Schmidt et al., 2001 This heterogeneity of symptom presentation
makes it a difficult task to categorise liut two main types, sporadic Alzheimer's disease and
familial Alzheimer's disease, commonly encompass significant differences in the age ahdnset
genetic predispositiofMurphy ard LeVine, 2010. Familial cases account for orllgss than 5%

of thetotalcase f Al zhei mer ds di sease and commonly p
severe symptom@allard et al., 201;1Gessel et al., 201 Murphy and LeVine, 2010

The diversityof clinical presentations, includingpgnitive and biomarkers profiles, as well as
disease progression rates are the probable outcome of an array of biologic causes that all converge

on a common finatliseasgpathway. Evidence of thihas been shown by proteomic analysis of



amyloid plagues of the commonly usalzheimer's diseaseouse models, where a diversity in

Ab deposit morphology as well as distinct insolub
the different mice modeXu etal.,202DThe di ver sity of Ab forms in the:
to thevariations ineachstraird backgroundsuch aghe promotes used in the transgene vector

constructs, the mutationepr o mot e A fandsoexpressibn obther proteinmutans

observed in familial cases of Alzheimer's disease. The following sections describe the main

mol ecul ar commonalities that are observed in Al :

pathogenicity of the disease.

1.1.1.Amyloid precursor protein and the amyloid pathway

Amyloid senileplaques arenainlyc o mp o s e d q fonfAibb rfiilblra rl celsamdms of AD
protein degradation produc{Selkoe and Hardy, 2016elkoe, 1999 Ab is the proteolytic
product of the cleavage of the amyloid precursor pro#&ftPy), a protein that has 8 isoforms that
range in in length from 69870 amino acids (Figure 1.2). Three regitlase been identified
independentlyn vitro. The E1 region is formed by thet’rminal domain and a copper binding
domain(Wang and Ha, 2004The Nterminal domain is a highly charged basic domain that binds
to heparin and other glycosaminoglycatttcontains 9 shoifi-strands and [+helix (Rossjohn

et al., 1999 Thecopper binding domaiis a cysteineich region that is implicated in binding
and reduction of coppdBarnham et al., 2003The second region, E2, is formed by the core
domainof APP, which corresponds to residues 388 and lies adjaceto the /A sequenceThe

E2 region is known to havegher affinity to glycosaminoglycans than thaédminal domairof
APP. In solution, the isolated E2 regifumms an antiparallel dimer, where thetsrminal of one
monomer packs against thet€minal of the second monomexrf E2 (Wang and Ha, 2004
Lastly,the transmembrane domain is the anchor to the cell membrane and contaiterthimél
fraction of Ab (Nadezhdin et al., 20}1
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Figure 1.2. Amyloid precursorprotein structure domains.

Four molecular domains have been identified independently in the amyloid precursor protein:
The Nterminal domain (PDB1MWPB) and the copper binding domain (PDB: 10Widym the

E1 region the core domairor E2 region(PDB: 1RW§ and the transmembrane domgPDB:
2LLM).

APP is processed in the tra@®lgi network and transported to the cell surface or to the
endosomal compartments via clathcmated vesicles. At the cell surface, APP is cleaved via
several secretases, and two distinct processing pashheawye been describé®'Brien and

Wong, 201}

The nona my | o i d-segretase pathvwiFigure 1.3 A) in which theUsecretase enzyme
initially cleaves APP in the middle of the extracelluladipphobic region that encompassds A
releases a soluble fragment named SAPRs a consequence of this cleavage, there is no
production of & by this pathwayNhan et al., 2005 The U-secretase cleavage of APP generates

a carboxyterminal fragment (CTH)at is83 residues londWilkins and Swerdlow, 2007 - 2
Secretase cleaves CTF83 resulting in generation of the p3 peptide that is released into the
extracellular space, as well as the APP intracellular domain (A(CBYw et al., 201,00'Brien

and Wong, 2011 The sAP®peptide, observed as a component of the CSF, has bezibdds

as neurotrophic factor, and has been implicated in memory consolidation by increasing long term
potentiation in mice models of Al zhei merdés d
been described for the 3 kDa long p3 peptide. Howetierp3 peptide has been implicated in
neurotoxicity as it is often found as a component of senile plaques. The AICD fragment is thought
to be translocated into the nucleus, where it promotes gene expression and activation of genes. It
has recently beemiplicated in the activation of GSBb, a protein that phosphorylates tau, and
therefore may contri but e(Nhaoetadl.]20)Bei mer 6s di s e
The amyloidogenic pathwagf APP (Figure 1.3B) begins with the action db-secretaseor

BACE1 enzymeThiscleavesAPP into a 99 amino acid peptidermed Gterminal fragment 99,

that containsthe hydrophobicAb  r e(GHow et al., 2010 After this cleavage the release of

sAPFb occurs which as sAPBis commonlyfound in the CSF and has neurotrophic effects in



the central nervous syste(@NS) (Nhan et al., 2015 The APP cleavageby b-secretases
followed bythat ofo-secretasewhichhas cleavage sitésthe middle of the APP transmembrane.
o-Secretaseanitiates endoproteolysis at the region encompassiigs or Abs, which is then
shortened bysequentialcleavagesevery 34 amino acids(ChavezGutierrez et al., 2032
Ultimately, the39-42 residue longA bpeptide is releaseito the extracellular spacandthe

AICD fragmentto the intracellular spacg'Brien and Wong2011). The mainsitesof cleavage

of b-secretase-secretase (Figure 1.3 C) occur atressduef | anki ng the AbB region,
after V40 or A42(O'Brien and Wong, 20)1However, i has been noted that the cleavage by
bothb ando-secretase enzymes are not restricted to a specific site, but rather they have multiple
cleavage sites that generatie peptides of different lengths, denoted ateNninal or Gterminal
truncations of & (Arber et al., 2019

Mutations to the enzymes involved in the amyloidogenic pathway, as well as mutations in APP

have been observed in individu@dhtanigal.e20lFnti ng f ami

A B

sAPPa sAPPB

B-secretase

&
a-secretase y-secretase
B 1
‘8 Wg . : |
[F83 %D APP CTF99 %D

APP CTF83

Non-amyloydogenic pathway Amyloydogenic pathway
C
B a YaoYa2
\/ Y \AJ
APP.EVKM VIVITLVMLKKQ..APP
N-terminal C-terminal

Figure 1.3. The nonamyloidogenic and amyloidogenic pathways.

Inthenomra my | oi dogeni c pat hway ( Agcretash Miichieleaseasai t i al | y ¢

solubl e APP f r ag mextracellularsspae Uhe -@immal dragrhehtethat

remains bound to the membiarmtase gntymd; BB releasesa t hen cl e
p3 fragment into the extracellular space and an intracellular APP fragment (AICD) into the
cytoplasm. In the amgli dogeni ¢ pat hway (B), APP goees through
secr et as@etaserenzymes, at different sites than in theanmyoidogenicpathway.

F i r ssecretasb cleaves APP. In this case, theer@inal fragment (CTF99) bound to the

membrme contains the region encompasssecetaseAb. Ab i s
and is released into the extr acesdetraidseapurplepace. Th
arrowercrlktase ( b-beoretasea(greco avpws)agfall it m or f |l anki ng th
region(red box) Adapted from (O'Brien and Wong, 2011).

e
e



1.12Fami | i al Al zhei mer 6s di sease

FamilialAl zhei mer 6s di sease, 0 repreésantdes% ofthe tdtal dabez h e i n
(Arber et al., 201P Several genesnd gene mutations are implicateddiominantly nherited

Al z hei me rpétwlogy(Ded wenandeDickson, 2019The APPgene, encodingPP,was

the first to be discoverdd be involved in the disease andtationsAPP are thought to account

for less than 0.1% of all cas€&anzi, 1999. Other genesyhosemutations are thought to lead to
degeneration, arpresenilin 1(PSENJ) encoding for BENL protein the catalytic centre af-
secretas@and PSEN2encoding for the 8EN enhancer 2 protejin p a r t-sewetasetptotein 2
complex formatbn (Selkoe, 1999 Mutations in these genes lead to the increased secretidn of A

in the brain, and enhancement of the extracellular concentration arejafign into plaques

(Thal et al., 2006

How these mutations and other genethdlogyid act o
described below.

1.1.2.1APP mutations

I n familial Al z hei n\eR fallsviththiresidueste3, oru tt ahtei cAnbs rt
in sitesadjacenttothe Nor Gt e r mi ni of the Ab Ie-geuretase, whe
secretaseccurin the amyloidogenic pathwayHatami et al., 2017 Close to 30 mutations have

been described withithe APP fragment that encompasséds, A and 14 mut ati on
defined at s i-seceetasercleavagehsii€hiti and Mogsom 2037

The mutations of APP that fall within the ADb
kineticsinvitra ThT fl uorescence analysis of 11 of
these AD var i ang dstind pgagredationf kinetics, dis@ayed rifferent ThT
endpoint fluorescence, and in general acceleration of aggregation occurred compared to wildtype

( WT) Ab40 (Hat ami et al ., 2017) . Exampl es o
mutation, knownd pr omote the el ongation phase of Af

del etion (@pE22 AD), which has been i mplicate
al., 2017); the APP E693G mutation (E22G Ab)
protofibril formati on; t he APP A692G mutat i c
cl osesetcd elase cleavage and observed in some

(Gessel et al., 2012).

APP overexpression is observed in Down syndramdéviduals. Trisomy of chromosome 21,
where the APP gene is found, is observed in these individualstrifiisation results in APP

overexpression,andleadseaca r | y br ain Ab deposition and pl



in their late 2040O'Brien and Wong, 20)1In addition to an increase in amyloid burden, an

emergence of dementia symptoms, aside from lifelong intellectual impairment, is observed from

theageof 40 in~55%o0f Down syndrome individual§.he development of demgain this group

seens to follow early onsefAlzheimer's disesase e ur opat hol ogi cal changes, as
plagues changes in hippocampal volume and cerebral glucose metabatsmbserved,

compared to peopl e with DdementiagBallargeta.r20de who di d n

1.1.2.2PSEN mutations

More than 150 mutations have been describedPSEN1and PSEN2genes in Familial
Al z hei me r(@avezbutiarrezeesak, @12).

T h esecvetase enzyme complex (Figure 1.4) is formed by 4 discrete protein regions: 1) PSENL1,
t he cat al ysecretase bonpiex that fvorks throwgtecognition motif (residues 433
435),a YD (residues 258 and 257) and GxD (residues3883cleavage sites. 2) Nicastrin, a type

1 glycoprotein, composed by a large extracellular domain and a-R#&&thicting transmembrane

site. 3) the PSEN enhancer ®in, a hairpin membrane protein directly adjacent to PSEN
formed by 2 transmembrane with endoproteolysis activity related to P&&tiNation. 4) The
anterior pharynx defectivé, a 7 transmembrane protein complex that stably associates with
PSENL through a GxG motif, important in the assembly of the com(Bax et al., 2015Tolia

and De Strooper, 2009

Mut ations in PSEN1 observed in people diagnosed wi
the carboxypeptidase activity ofsecretase, leading to longeib Aragments being released

(ChavezGutierrez et al., 20)2Two mutational hotspots have been identified in PSEN1, located

at the inner core of the structural subunits, and that modulate the cleaving activity of the complex

in vitro. The first one affects residues in transmembrane domaiBsafd altering anthe second

hotspot is located at the inner core of transmembrane domai®s @ose to the catalytic site,

where D257and D385 a(Bai et al., 201p

Analysis of i PSCb6bs derived from Al zP8ENMmer 6s di see¢
(Y115H, M139V and R278l) revealed an increase in the w@ti&bisAbso and Abaz:Abag by

immune assay and masgectrometry. At the same time, they noted that theldeof PSEN1

expression were variable depending on B®&EN1mutation, suggesting that partial loss of

function, lack of PSEN1 maturation or reduced catalytic activity are directly involved in the
generation of (Arlmenegad,200b pepti des



Figure 1.4. o-secretase complex molecular structure.

T h esecretase complex (PDB: 5A63) is formed by nicastrin in green, PSEN enhancer 2 in
yellow, PSENL1 in blue, and pharytxA in purple. The catalytic residues D257 and D385 in
PSEN are coloured in cyan.

1.13Sporadic Al zhei merdés disease

The majorivof cases of Al zhei mer 6s di sdendnare geaetice due
factors,as opposed tdominati nher i t ed genes (LippaEtalmioppiltisl Al z
alsocommon to findpeople, notiving with dementia burdened withamyloid deposits in the
neocortex, allocortex, grey nuclei andsperior fossa structu@hal et al., 200Rwhich reveals

the difficulty determininghe disease and the necessity for additional biomarkers for this task

Il ndi viduals with sporadic Al zhei merdéds diseas
less severity of pathology @Adeposits), compared familial casegLippa et al., 1996 The
histopathological markers, including neuronal losb, Aa nd t a yrendas phe@mie tni o n
both typeqLippa et al., 1996 Sporadic cases have been suggested to be related to a decrease in
degradation of A by neprilysin, aplasma membrane bound metalloprotease that degrades
peptides extracellularlgMurphy and LeVine, 2010 and insulin degrading enzyni€hal et al.,

2000 The strongest risk factor for | ate onset
of the APOEg e n e, and its frequency is increased
patients, compared to a 13.7% frequency in the general pigpweadridwide(Liu, C.C. et al.,

2013. Inthesamemannef8 0 % of fami | i al cases ofAPOElzhei m
allele(Corder et al., 1993



1.1.3.1Apolipoprotein E U genotype

The Apolipoprotein E (40E), is a~34 kDa lipoprotein involved n lipid metabolism, lipid
transport and cholesterol mediation in a variety of cell types. ICM®, ApoE synthesizd in
astrocytes delivers cholesterol to new®ia ApoE receptorfiu, C.C. et al., 201,3Palta et al.,

2020. The APOE gene is polymorphic, existing 48, U &ind % and resultingn six different
genotypes. Three different isoforms of the ApoE that differ in the residues 112 and 158: ApoE2
has a C112 and C158, ApoE3 shows a C112 and a R158, and ApoE4 has an R112 and R158.
These residue differences result in different binding s for Ab (Liu, C.C. et al., 2013

Loss of function in neuroprotection and gain of function in neurotoxicity seems to be the

mechani sm of pathogenesis in Alzheimerds disease.
senile plaque loadppears to occur in an Apagoform dependent manner, where the presence

of U4 shows t helNhariegah,@&)% pl aque | oad

Al t hough it is stildl not clear how the ApoE U4
pathogenicity, an involvement in Ab cl earance dy
bi ndi n g thought té\lie the main caus€onsistent with thisApoE3 isoform, and not

ApoE4 ist he protein isoform with(Yanh, & S.teiag, 198t Dbinding
One of the routes of <c¢clearance of AD occurs by r
cells and involves | i pi da tnguaptakdtprough céllismfdceng t o AD
receptors. Adeces e i n efficiency in clearance of ADbD by Ap

increased pathogenicifiziu, C.C. et al., 2013

1.14Bi omar ker s of Al zhei mer 6s di sease

The levels of A in different fluids, as well as tau levelssecretaséevels have been sought as
indicators of ear |y s (Zaterbeg and Blenndw, 200)2lndeer 6 s di s e a
physiologicalhealthyc ondi t i ons, t he . &8s thoughtfto bmelmOpamek r i ¢ AD
under pathological conditions a shiftcurs,wherdoy t he per c e s isangreased f Ab
(Pauwelsetal.,20})2 wi th ratios 4:6 and 3:.intcsamylodul ati ng t h
fibrils and modulating oligomer formatio(Pauwels et al.,, 2012Zoltowska et al., 2016

Biochemical changes in the brain are reflected in the CSF composifiarongentration in the

CSF is found in the | ow nanomolar range for Dboth
patients(Mattsson et al., 20Q9It has been found thatbd has a synthesis and clearance rate of

6. 7% and 7.6% per h auwith a 6/8% and @% per howe tlearancearate i s AD
compared to the total amountobA f ound i n t he CS(Bateménetale 206t hy i ndi vi
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Mawuenyega et al., 20lAn Al zhei mer 6 s di sease, the cl ear al
reduced to 5. 38&8n¢ebd. AgMdwoehyegaetalh 2010

Abpconcentration is reduced in the CSF of Al
individuals (Mattsson et al., 2009 A multicentre study showed that patients who developed

Al zhei mer 6 s dimedaagevdisandhe ESFI(356\pg/mL, range fromB&74

pg/mL), compared to patients with other mild cognitive impairments (579 pg/mL, ranging from
121-1420 pg/mL) and to healthy controls (675 pg/mL, ranging fromI&87 pg/mL). Variation

inthe CSi omar ker | evels was accounted to each
between tested groups the differences were consi@attsson et al., 200%etterberg and

Blennow, 2013 A similar trend was observed ansmall cohort study, where a reduction in the
average concentrationob¥i n t he CSF was observed in Al zhe

to healthy age matched contrgdawuenyega et al., 20L0Analysis by ELISA assay of CSF

(@)

samples from healthy controls and Al zhei mer
of Ab4z of ~500 pg/mL for healthy controls and ~200 pg/mLfot z hei mer 6s di seas
contrast, the averagebsyconcentration for both groups was000 pg/mL(Mawuenyega et al.,

2010.

Plasmalevelsof B ar e reported to be on the | ow nano
and are thought to also reflect changes in t|
(Ovod et al.,, 2007  Aflasma levels were reported as ~244 pg/mL for Alzheimer disease
individual, and ~276 pg/mL for healthy controls. Lower levels but a similar trend was observed
forsmo Abvher e Al zhei mer6s patients showeas ~13
(Janelidze et al., 20)6

CSF biomarkers of Al zhei mer 6s 4o 5 eAltealson ot 0]
solubleoligomericaggregates of both peptid@doltta et al., 2013Savage et al., 2014Known

to be metastable and polydisperse struct(fgsko, 2014, the generation of conformation

specific antibodies has enabled the characterisation of oligomers in the CSF. It has been found

t hat ADb ewleilgsomaere li ncreased in Al zheimer 6s di
aged matched controls (0.52 pg/mL) when assayed by E(38¥®age et al., 2014

1.2.Amyl oi d b

Havingdiscussedilzheimer disease progression, characterisation and diagnosis with afocus
senile plagueshts sectionwill provide an overviewof the main molecular component of senile

p |l a q u.etsassembly into fibrils anpathogenicity
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Abis an intrinsicaly disordered peptide that is the proteolytic product of APP cleavage by

secretaseAD is released into the extracellular space in the brain, where is known to aggregate

and form highly condensed plaqug¥Brien and Wong, 2031 The A is found as a 39 43

residues peptide, with an average mass of ~4.5 kDa. Fheed8 i d u e p(Biguteil.B),ds, AD

the most abundant form, accounMurphgandlLeVvine,80% of AD
2010. The other major formisthe 42e pt i d e 44 wehih iglthoeght fofbmore toxic, as

it forms fibril s mpobmere hydraplibbid and thetefara mokebprone to

aggregate, due to the presence of the last two hydrophobic residues, alanine and isoleucine

(Selkoe, 1999

Residues 28 in Ab contain the hydrophilic region, where 46% of residues are charged. In
contrast, residues 240/42 comprise the -@€rminal region, comprised of hydrophobic residues
(Hou et al., 2004 Monomeric 4 has been found to have an absence of-defihed secondary

or tertiary structuregHou et al., 2004 although recent NMR studies have foulafli, to be
partially folded in 50 mMsodium chloride(NaCl) at pH 7.3, where a centrithelix forms
between residues 428 (Figurel.3). The dynamic N and-@rminal regions were found to come

in contact the helix and a resemblance between thistAicture to slet amyloid polypeptide

(IAPP) has been suggestédivekanandan et al., 20L1Molecular dynamics studies have
determined that bothf#, and Abs, are formed by 5 independent folding units connected by four
turns, or peptids egment s i n which there i(¥ang, M.vaedr s al i n t
Teplow, 2008. The probability of presenting structured region, observedas & r a nhelix,or U
increases in regions adjacent to residue21L.7 It was also found that thet€minalregion in

Aba, is more stable and structured compared ban.ASpecifically,residues 3€B6 were found to

have a higher likelihood to presenb-atructure in ., than in Ao, and residues 380 have a

5% likelihood ofb-structure in A4, compared to n®-structure in Ao (Yang, M. and Teplow,

2008.
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B

AB,, DAEFRHDSGY EVHHQKLVFF AEDVGSNKGA IIGLMVGGVV
AB,, DAEFRHDSGY EVHHQKLVFF AEDVGSNKGA IIGLMVGGVV IA

Mutations: T N GAN
G
Q
K

Figure 1.5. A faio monomer structure and sequence.

The NMR d@noriomesslr LAt ur e ( A) s h o-hetix bétvieen rgsiduess e n ¢ «
12-23 (bright orange), flanked by a dynamic N ante@ninal fragments (light yellow) that come

i n contact smintdh, peptide sequanees @BHshow that six of the most studied
AP Ab mut ant s -fielxlrebionwDeroted ane the lcedandit A2T mutation, Tottori

D7N mutati on, FIl emish A21G mutati on, Os aka
E22Q mutation, Italian E22K mutation and lowa D23N mutation.

As for other proteins implicated in neurodegeneratiéfp, is subject to postranslational
modifications, such as phosphorylation, truncatidsiquination and pyroglutamatigbeissring,
2014). The majority ofposttranslational modifications appear to affect théekininal region of
Ab and are also thought that accelerate the rate of aggregatfoh bf vitro analysis of post
translationally modified A4 variants showed ifferent fibril morphologies. In particular,
phosphorylation to S8 of B shows a twefold fibril structure that has accelerated seeded
fibrillation kinetics as well as portrays higher toxicity compared to the wildtyie (iMu, Z.W.

et al., 201%

1.2.1.Amyloid structure and assembly

A major hi stopathol ogi cal h adf b mambéer ofother Al z h
neurodegenerative diseases is tlseurrence of insoluble proteinaceous aggregates, known as
amyloid deposit¢Chiti and Dobson, 2037
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The process of amyloi@rmationin human diseasavolves protein misfolding. This leads to the
aggregation of proteins into amyloid fibrils, inherently reypstalline insoluble material thé
5-15 nm in diameter (Tycko, 2014. Amyloid fibrils are highly ordered assemblies that
characteristically contain crofs st r uct ur e ss.h efrt rsgrandgsetiuet faps theb
fibrils run perpendicular to the fibril growth directioand are linked together through hydrogen
bonds with a4.7i 4.8 A inter-strand distance betweeh & -shbes (Figure 16) (Adamcik and
Mezzenga, 2018Tycko, 2013.

Cross B-sheet structure

...... 4.8 A
Inter-strand
/N C | o distance
0
>
[0}
5
[

-7

10-12 A
Intersheet
distance

Figure 1.6. Cr o sskeetfstructure.

The c-sheeag cfhi t e ct ur estrands thad mrf perpeadiculdslyto the fibril axis.

The distanc-=straideisdvé e8  hewbi |l e t heshesteipasoundt i on bet w
10i 12 A. Adapted from (Adamcik and Mezzenga, 2018).

Amyloid fibril formation is defined by a nucleation dependent polymerisation proddss.
polymerisation reaction begins by the formation of nuclei by monomers that are partially or
completely disorderedChiti and Dobson, 2037 Amyloid formation canthenoccur through
elongation of monomers into fibrils, where the misfolded monomers are added to one another
following the path of the fibril length, anultimately creating larger insoluble amyloidal
structuregFigurel.7 A). Amyloid fibril formation can also occur through a secondary nucleation
pathway, where a combination of both monomeric and aggregated species meradtierehe
preformed aggmgated structurects asa catalyst for the formation of a secondary multimer
(Linse, 2017.
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Figure 1.7. Amyloid fibril formation and kinetics.

Amyloid fibril formation and kineticA) Misfolded or partially folded peptides form nuclei in the

early stages of amyloid fibril formation. Nuclei growth is characterised by molecular
rearrangements occurring as small soluble aggregates and oligomers form. Stabilization as well

as increasec ompactness of t he mo l-sheetuférraation and fibuilc t u r €
formation progresses. B) Amyloid fibril formation is observed as a sigmoidal curve and is
represented in terms aggregate concentration during the time elapsed since the fdeegtion

The kinetics are denoted by a lag phase, where nuclei and soluble aggregatésrémimet al.,

2015, a growth or elongation phase, where fibrils are generated and a plateau at the endpoint

of the reaction. Adapted frof€hiti and Dobson, 207

One of the first assemblies formed during the amyloid cascade are oligohhese are
aggregates formed by two or more monomers together, and generally include structures that
contain up to 20 monomers, althougbt mestricted to a specific humber of monomers.
Nonetheless, the structure they form is different from that observed in fibrils, as well as possessing
a slower rate of growth to theg&rosio et al., 201p Another species formed during the early
stages of the amyloid cascade aretqfibrils. These are solublatermediateaggregatesthat
undergo structural rearrangements that can lead to the formation of a nucleus for fibril. They
p 0 s s-sheet striictures that demonstrate the progressive order of segments in the peptide within
the soluble aggregaf&heterpal et al., 2006

The kinetics of fibril formation generally shows a sigmoidal c§Amsio et al., 201p(Figure

1.7 B), in which misfolded monomers aggregate into nuclei, small and large oligomers and other
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soluble aggregates during the lag phase, then fisritation where turnover into amyloid forms

occurs by primary or secondary nucleation during an exponential growth phase until fibril

aggregate formation reaches a plateau, where a steady state of monomer at the endpoint of the
reaction.Fibrillar amyloid structures can be identified biyeir filamentous morphologgt this

point. Fibril formation is usually monitored by Thioflavin T or S kineticsnnvitro assays, as

these dyes, and ot her s | nsheetgChitiangDoltlsom2aply r ed, bi nd

The energy landscape pfoteins (Figurel.8), theoretically defined and visualized as a funnel,

sees the unfolded monomer at the top of it, where entropy and free energy are high, whereas the
rest of the proteins conformational states (the oligomers, soluble aggregates and fibrillar
assemblies) getitketically trapped in other individual peaks as they travel dbilrthe energy
landscape. It is generally agreed that amyloid fibrils are the most stable thermodynamic state in

the energy landscag@damcik and Mezzenga, 201Bycko, 2014.

oz

unfolded %

folding
intermediates

Energy

partilly
misfolded

amorphous
state aggregates

amyloid
fibrils

Figure 1.8. The energy landscape of protein folding and aggregation.
The different protein conformers fall into different wells oféhergy landscape. Amyloid filril
Adapted from (Adamcik and Mezzenga, 2018)
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1.2.2.Ab fibril structure and polymorphism

Fibrils are the endpoint of protein aggregatidncko, 2014. In disease ftey represent the failure

of nati vepaotriowaey in fiicolnd i rofgexpasard of Aydrephobihresiduegis u | t
the misfolded or partially folded protedmd interactions between thelm particular non-specific
interactions between exposed residues on the misfolded piede€limo the previously described

nuclei and initiatehe amyloid cascad@damcik and Mezzenga, 201 8termonomer and inter

fibril interactions vary between proteins or peptides, but can also differ within a protein, a
consequence of the diversity of interactions taking place between misfolded pfiaigimza et

al., 2018. All these interactions consequently produceylai fibril polymorphs, or structural
varieties of fibrils of the same peptide sequence. Amyloid polymorphism is observed in
neurodegenerative diseases. As mentioned previously, point mutations can generate peptides that
aggregate faster, as well as havieiological effect, such as a more severe cognitive impairment
and toxicity to cellgladanza et al., 20}8

A wide range ofn vitro studies have shownbXibril polymorphism. Ab fibrils, generated from
synthetic or recombinant peptide vitro, have revealed thataviationin growth conditions

produce significant, reproducible alterations to the fibrillar molecular structures. In the case of

A Qo (Table 1.1), growing fibrils in quiescent conditions producesf@dmolecular structure
(Paravastu et al., 20p8whereas agitative conditions are known to genertdd2fibrillar
structures. Differences have alsobeenobsenfed br i | s of phgthgipresentgl at e
a unigue masperlength, a measurement that reveals the amount of peptides within @©-<ross
repeat, that establisheditasatfve | d structure with di stig nct
fibril polymorphs (Figure B A) (Petkova et al., 2005

It has also been noted that small changes in the peptide seqliableel(.3) such as a deletion

or point mutation, as is the case fdb.AE22p &M D23N, render diffenet fibril structures
fromthatof thaVT Ab  ( F i 99BN In e case ohbs,D23N, in the same sample, the structure

of two polymorphs could be determined i-n t he
sheets (D23MNp), and another with antipdrd esheet$(D23M) that appeared to be a transient
conformation (Figure 9.B) (Qiang et al., 2012Tycko, 2014.

The difference in structures duegy fibdls(gable wt h ¢
1.2), as it has been observed that acididitmms (Gremer et al., 20)7roduce significantly
different fibrils that dispy the Gterminal of the monomer deeply buried within the core of the

fibril, compared to basic or neutral grown fibrils where this is not observed (Figu@).1.

Fibril structures h a v sefibrislderieed foommexnvivodleheimendmi n e d

disease and Lewy body disease brain (Table 1.4). In their study, Lu et al. (2013) were able to
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determinead ol d mol e c ul aoffibrils that had leen generateld aftérfseeding with

brain extracts from Lewy body disease individuals (Figu&Ll) . I n ceofibtls ast, ADb
extractedfrom meningeal tissuevascular amyloid depositsom Al z hei mer 6ases di sease
showed a distinctive twipld structure, with a particular outward doublesRapedKollmer et

al., 2019. These fibrils differ fromin vitro generated fibrils in that both thet€minal and N

terminal regions present and outward bend that leaves them sekgo#ed. In oppositig in

vitro generated fibrils tend to have a protectetéfninal region located within the fibril core and

an Nterminal region that is solvesmixposed.



18

(2LMN/2LMO) (2LMP/2LMQ)
)

B E22A D23N-p
(2MVX) \

C H 2 H7.4
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Figure 1.9.Mo |l ecul ar s tfibribpolymorphs.s of AD

Schematic of fibril gtirbctluseGd) ibrmiitdibrigtBg A b &
(C) and ex vi ve(DeTwofeld ovIoldareangeneats were bbserved for the

2A, 3Q and phosphorylated S8 (p$8) b r i lsf |1 WT i Afs wERI@tpanpaAbl | el
p) and antiparallel (D23Na) D23N presented-fold to 3fold molecular structures and were

distinct from the structures observed in the WT fibrils. The structures of ex vivo derived fibrils of
Abgenerated by s e@vihlLewy bodydisease brain (ex vivofderived) showed

a particular 3fold structure. In contrast, fibrils extracted directly from vascular amyloid deposits
from Al zhei mer 6s di sease b readshaped moxphologyvP®Bs s h o

are stated in brackets.
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Tablel.l1.Mo | ec ul
A fao phosphoSer8 ADb

2A 3Q pS8
(Petkova et al., 2005 (Paravastu et al., 2008 (Hu, Z.W. et al., 2019

PDB 2LMN/2LMO 2LMP/2LMQ 60C9

Morphology 2-fold, striated ribbons  3-fold, twisted fibrils (g ijelal StTEe [ara
morphology

210 €M pepti 50 &M pepti
" o sodium phosphate buffer, sodium phosphate pH 7.4
Conditions 210 pephile in 10 mM pH 7.4. Quiescently growr  0.01% NaN3 a87°C.

they were sodium phosphate, 0.01% % : :
with intermittent Seeded quiescently to
formed (v/v) NaN3 pH 7.5 sonication (once per hour fresh monomer for 8
for 9 days) generations
Peptide type synthetic synthetic synthetic
Type of experiment based experiment based experiment based
structure structural model structural model structural model
'\é't‘?mgrgf 13C and 15N ssNMR,  13C and 15N ssNMR, 13C ssNMR, TEM, ThT
L TEM, STEM TEM, STEM kinetics
determination
Residues
assigned in residues 10 40 residues 10 40 residues 1 40
structure
N-terminal unstructured Nerminal unstructured Nerminal ~ dynamic Nterminal
order (residues 110) (residues 110) (residues 17)
twist period . 120 ++ 20 between
no resolvable twist . . -
(nm) minima and max perioc
width (nm) 5.5+ 0.5 At max pfrc')"d: 8.0+ 8.5
Mass-per
length Max at 21.4 Max at 26+ 2 Max at 19.5
(kDa/nm)
p-strand residues 122 and residues 12 and 30 residues 92, 1722
location residues 3€B6 39 and 3139
Type of beta in register parallel in register parallel in register parallel from
sheet structure 9 P 9 P residue 939
Fibril core residues 2810 residues 2910 residues 3139

BV2 cells incubated with
0.01-5>M fibrils and

Cortex neurons from rats ~ Cortex neurons from rats  compared to 2A fibrils.
incubated with 1&/ 5 ¢ N incubated with 1&/5>M Analysis after a 24
sonicated fibrils for 48. sonicated fibrils for 48. incubation showed that
Observed >50% neurona Observed >80% neurona MTT reduction was
death by cell count death by cell count inhibited (~20%60%

compared to vehicle compared to vehicle decrease) in cells
control control incubated with pS8 Ao

froma0.01:5 ¢ M
concentration.

Toxicity

ar structure c¢har adibriepplym®rphs ¢ s

of
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Table 1.2. Molecular structures characteristics oin vitro generated mutant B4 fibril

polymorphs

PDB

Morphology

Conditions they
were formed

Peptide type

Type of
structure

Method of
structure
determination

Residues
assigned in
structure

N-terminal
order

twist period
(nm)

width (nm)

Mass-per length
(kDa/nm)

b-strand location

Type of beta
sheet structure

Fibril core

Toxicity

ABE22p

Osaka mutation
(Schutz et al., 201p

2MVX

2-fold, cinnamon roHlike
interlaced protofilaments

60 M pepti
sodium phosphate pH 7.4
100 mM NacCl. Grown at
37°C, magnetic stirring at
700 rpm for 80 min

recombinant

experiment based
structural model

13C and 15N ssNMR,
TEM, STEM

resides 40

Max at 21
residues & and 1119

in register parallel

A hoD23N A o D23N
lowa mutation 1
antiparallel
(Qiang et al., 2012

lowa mutation i parallel
(Sgourakis et al., 201p

2MPZ 2LNQ
3- fold, unbundled rough
and irregular twisting 1- fold
100 &M PepPti 150 cM cept i

sodium phosphate pH 7.4
0.01% NaN3. Grown
quiescently at 4°C for 1
week, then 2 min
sonication and seeded int
fresh monomer (8
generatios). 432 000 x g
ultracentrifugation at
endpoint

sodium phosphate pH 7.4
0.01% NaN3. Grown
quiescently at 6°C for 1
week, then 10 min
sonication at 10% cycle
duty and seeding into fres
monomer by 48 periods
at 6°C for 8 generains

synthetic synthetic

experiment based
structural model

experiment based
structural model

13C and 15NsNMR,
TEM, Rosetta model
building

13C ssNMR, TEM

residues 1540 residues 1540

unstructured Nerminal

unstructured Nerminal and residues 370

Max at~27 Max at 9

residues 121 and 3136 residues 1€1 and 3136

in register parallel in registerantiparallel

residues 2910 residues 1810
Primary hippocampal
neurons from rat incubate:
withl-30 €M so
fibrils. Observed >70%
cell death (analysed by
neuronal count) after 48
incubation at 38M
compared taontrol

Primary hippocampal
neurons from rat incubate:
with1-30e M son
fibrils. Reported >60% cel
death (by neuronal count
after 48h incubation at
30>M compared to control
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Table 1.3. Molecular structures characteristics of o fibril polymorphs generated fromex

vivo material
A faz
pH 2 pH 8
(Gremer, et al. 2017) (Colvin, et al. 2016)
PDB 50QV 5KK3
Two Sshaped crosb-
Morphology LS shaped, staggered sheet entitiy with

protofilaments hydrophobic residues

hidden in fibril core

120.5 €M pej
(v/v) acetonitrile, 0.1%
(v/v) TFA in water pH 2

Conditions they
were formed
pH 8.0

recombinant (Met at

recombinant residue 1)

Peptide type

experiment based

Type of structure structure structural model
Method of
structure ErelEt), SR otEy 13C and 15N ssNMR

determination eli{EEIen
Residues assigned

; residues 11 42
in structure

residues 1 42

: unstructured Nerminal

N-terminal order - (1-10)

twist period (nm) - -
width (nm) 7 -

Massper lenght
(kDa/nm)

Max atD48, second at
24.7

residues 1€0, 2632, 35

residues 19 and 1121 36 and 391

b-strand location

Type of beta sheet

in register parallel in register parallel

structure
Fibril core residues 3612
_ PCl2cells. 24 h SH-SY5Y cells, 24
incubation. Sonicated incubation. Tested 10 nM
Toxicity fibrils. Tested03 ¢ M ) ‘

Decrease in >50% MTT

f reduction.
reduction

50 €M pepti:
sodium phosphate, 0.2
mM EDTA, 0.02% NaN3,

Decrease of 280% MTS

pH 7.4
(Walti, et al. 2016)

2NAO

Doublehorseshodike
crossb-sheet entity

30 ¢M peptic
sodium phosphate pH 7.4
100 mM NacCl
ZnCl, grown at 37°C with
350 rpm shaking

recombinant

experiment based
structural model

13C and 15NsNMR,
TEM, STEM

residues 42

part structured and
dynamic Nterminal
(residues 114)

Max at 19

residues 3, 15
18,26.28,36B2 and 3942

in register parallel

residues 1&!2, and and
intramolecular (peptide)
core at residues 134
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Table 1.4. Molecular structures characteristics of i fibril polymorphs generated fromex

vivo material
Ex vivoderived patient 1
(Lu et al., 2013
PDB 2M4J
3-fold molecular structure
Morphology comprised of three cros

units

0.8 mg of synthetic

15N,13Gl a b e lae d
seeded with fibrils from

temporal/parietal lobe
tissue and occipital lobe
tissue from LBD patient.
Buffer: 10 mM phosphate

buffer, pH 7.4

Conditions they
were formed

. synthetic peptide seeded
e BpE with ex vivo material
experiment based
structural model

13C and 15N ssNMR,
TEM, STEM, ThT
Kinetics

Type of structure

Method of
structure
determination

Residues assigned

; residues % 40
in structure

N-terminal order -

twist period (hm) no resolvable twist

width (nm) 7+1nm

Mass-per length
(kDa/nm) 28 + 2 kDa/nm
residues 123, 1819 and

b-strand location 3536

Type of beta sheet

in register parallel
structure gisterp

Fibril core residues 2810

Toxicity -

A ho

Ex vivoderived patient 2 Ex vivo polymorph 1
(Lu et al., 2013 (Kollmer et al., 2019

- 6SHS

C-shaped Zold molecular
3-fold molecular structure structure, with a righhand
fibril twist

Fibril extraction from
vascular amyloid deposits
(meningeal tissue) from
AD cases. Centrifugation
(12 000 xg) in Tris
calcium buffer pH 8
followed by collagenase

digestion (5rg/mL)
overnight at 37°C. Sample
tissue ad occipital lobe was then subjected to a
tissue from AD patient. wash in

Buffer: 10 mM phosphate ethylendiaminetetraacetic
buffer, pH 7.4 acid pH 8 buffer (4°C) anc

centrifuged to then be
subjected to a water wast
(4°C) and centrifugation.
Water wash repeated 9

times

0.8 mg of synthetic
15N,13Gl a b e lae d
seeded with fibrils from
temporal/parietal lobe

synthetic peptide seeded

. . . ex vivo material
with ex vivo material

experiment based

structural model structure
13C and 15N ssNMR,
TEM, STEM, ThT CryoEM
Kinetics
B residues 40
85 + 10 nnbetween
minima and maxima .
periods
SR T 7.4 +£0.4 nm

At min period: 5
29.1 +1.2 kDa/nm -

residues 8B, 10-13, 1519
and 3234

in register parallel in register parallel

- residues 134
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123A0 toxicity

Ab ol i g dooneextsacelutarty and intracellularly and have been detected in cortex brain
sections of both Al zheimerés disease cases and ¢
ranging from4% 5 kDa were more frequently detected in A
different oligomer conformations are observed in dis¢Bs®e et al., 201R It appears that size,

hydropholicity, and conformation of each oligomeric species determines its tofatyed and

LasagnaReeves, 2013 Mechanism of toxicity seems to be related digsruption of cell

membranes by oligomer incorporation, and NMDA&oendent longerm potentiation

disruption(Kayed and LasagrBeeves, 2013

Celluer toxicity has also been observed after incuba
I nhibition of MTT or MTS has been r efibdsted for <ce
(Colvin et al., 2015Gremer et al., 207 Di r ect ¢ o mps@fibril polgymorphs f the AD
revealed a decreased neuronal survival after incubation witpuMIfibrils 3Q compared to 2A
(Paravastuetal.,20p8 A simil ar trend wawerethdbmalehD3 f or mut an
pol ymor ph b e-aheatsrhad al0% dezreaseeit nedvonal survival compared to the
anti par alabfierils. D23 N AD

In vivg AD f i bril pol ymor p hdissnative iclsicalapseseotation®ft e d wi t h
Al zhei mer(@ageaia.s268lHsd n t heir study, Qisdibrilg et al (2C
samples from patients suffering from rapidly progressivezAh e i me r (BAD), dostariera s e

cortical atrophy A z h e i me r (BGA-AD)iarsddypicaleprogressionlAz hei mer(s di sease
AD). ssNMRanalysis of the brain derived fibrils showed that, although fibrillar variation was

inherent within all the samples, single structure was most prominent-A0 and PCAAD,

whereas+AD presented a more pronounced leveRAdi, fibril polymorphism They attributed

this increase in fibril polymorphisrto r-AD's disease phenotypsyhere plaque burdenand

neurodegeneration occuearlier in life and increasest a faster pacthrough aght disease
progressioncompared to-AD. In addition, people diagnosed wittAD have a disease survival

rate of less than 3 years after diagng¢Sishmidt et al., 20%1Drummond et al., 201 Qiang et

al., 2017. It is of note thathe presencef one of theneurotoxicA Ry fibril polymorphs present
inrrADisunobserved in the ot heQangetg.e26)7o0f Al zhei mer 6s

The variety of thes&a b f i br i las welt as the diverseeb#ological impact these have,
observed as cellular toxicity, highlight the fact the seemingly small variations in the physical
conditions generate distinct fibril structures that go on to determine disease progression. In the

nextection a discussion of another neurodegenerati v
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as wel |l as ot her proteins that interact Wi

Al zhei mer 6s di sease.

13.Par ki nsonos dbysweleimmthiassnd ot her

Par ki nsono6sPadiksienassoen 6s di sease wit hMSdheamke nt i a
dementia with Lewy Bodies are synucleinopathies. Theydafmedby t he pr-esenc
synuclein aggregas in the brain.These diseases affect around 5 million peapteldwide

(Lashuel et al.,, 2033 wi t h Par ki nsonods di sease bein

neurodegenerative disease and only surpassed

Parkinsonbds disease is characterized by neu
bradykinesia, tremor and rigidity. iical symptoms are associated to the loss of dopamine in the
nigrostriatal system. Pathology, in the form @ynuclein aggregation and neuronal loss is
mostly observed in the brain, but it can also be distributed through the entire nervous system,

including the peripheral and enteric nervous syst@nsak and Del Tredici, 2008

Lewy bodies are the main intraneuronal lesion in synucleinopathies. They are round inclusions
mainly composed predominantly of insoluble aggregditsinuclein and are commonly
observed in the neocortex and brain stem regi
eventually leads to neuronal loss, specifically, dopaminergic neurons in the substantia nigra pars
compacta, a movement centre in the brain, hence producingdtoe deficiencies observed
(Kotzbauer et al., 2001Like Aband t au i n Al Gsygnudlem aggrégatesdlisptag a s e .
a progressliivieed i chevppsgiotni on pattern related t ¢
bodies are first observed in the dorsal IX/X motorleus in the vagus nerve, expanding into the
anterior olfactory nucleus and then through the brain stem towards the temporal mesocortex and
neocorteXBraak et al., 2003

1.3.1.Usynuclein

H u ma-aynudleinprotein is encoded by tlR®NCAgene located on the long arm of chromosome
at position 21 (4g21Mutations and multiplications of the gene are directly related to familial
forms of synucleopathiesieh as dominant familial parkinsonism, in which the mutations A53T,
A30P and E46K have been identifigcashuel et al., 2013
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Thefull-length formof U-synuclein (Figure 1.0) is 140 amino acid# length (14.5 kD3, while
its common spliced forms have 126 and 112 amino acids, aslableyexon 3 andexon5
respectively. Its amphipathid-terminal region, residues60, contains 6 KTKEGV imperfect
repeats(Dettmer et al., 2005 The Nterminal region is implicated in membrane binding

Resdues 35 to 90 comprise thdon-Amyloid b Component ( N#HaGmentd o mai n

commonly found in senile plagues, and thought to be crucial in the aggregataymiclein.
The Cterminal region appearsonstructuredand is highly dynamic and is thought be

responsible for chaperone activity and contains the sites for the phosphorylation of the protein.

The molecular structure of synuclein bound to an sodium dodecyl sulphate micelle has been
determined by solution NMRUJImer et al., 200p It was found the Nerminal region, responsible
for lipid binding, is formed by 2 curved antiparalléhelices that are linked together through

residues38-44, whereas its ®rminal region appeared highly dynamic.

A140

M1

1 MDVFMKGLSK AKEGVVAAAE KTKQGVAEAA GKTKEGVLYV GSKTKEGVVH

51 GVATVAEKTK EQVTFVGGAV VTGVTAVAQK TVEGAGSIAﬁ ATGFVKKDQL

101 GKNEEGAPQE GILEDMPVDP DNEAYEMPSE EGYQDYEPEA

Figure 1.100.Mo | ecul ar ssynucieio bound ® a mitelleldnd protein sequence.
Structure of the micellbound formU-synuclein (PDB: 1XQ8), determined by solution NMR,
where it arr ang e s -hdliced (im datkwuarplepthat arepseparated bg-h 7 U
residue long linker region that allows it to curve. In contrast, thei@inal region is highly
dynamic. Theeptide sequence shows that the helices are restricted tetérenkhal, as the first

6 KTKVEEGYV imperfect repeats (highlighted in grey). The NAC region is denoted in the peptide
sequence as a black bar between residues 35 and 90, is commonly assoGaidé plaques.

The physiologicat o | e -syhuzleinis Wot fully understoodbut it is thought to be involved in

the maintenance @& supply of synaptic vesicles throughout mature presynaptic vesicles, as this
protein is only detected after synaptievelopment(Kim et al., 2014 In native aqueous
conditions,U-syruclein monomers adopt an unfolded random coiled form which is changed upon
binding to phosphdtiids (into helicesLashuel et al.2013 Beyer, 2006 As wi t h ADb,

syrucleinis subject to podtranslatonal modifications, more commonly nitration (to residues

U
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Y39, Y125,Y133 and Y136) arising from oxidative strdigsglation, acylation, ubiquination, and
phosphorylationwith the latter two thought to be involved in protein deposi(idm et al.,
2014. Phosphorylation and ubiquination are the main astslational modifications of the
protein in pathological conditions and the presence of these modifications is used td}detect
synucleinin Lewy bodies. In particular, phosphorylation at serine 12%sisally present it
synuclein in Lewy bodies. Indeed, it has been estimated that 90%syiuclein found in
dementia with Lewy bodidsrains is phosphorylated, with serine 129 one of the most important
(Brandel et al., 2013Beyer, 200%.

1.3.2.U-ssynuclein fibril structure and polymorphism

As with Ab, Usyruclein has the capacity to form amyloid fibrils via nucleation dependent
assembly This occurswhen nuclei composed of partially misfolded protein,i ¢ h-shéeth b
initiate and produce a change in conformation of the-aggregated form of the protei

Mut ations related to early onset Parkimesonos
aggregati on csympeanfCendayetal. WIFlagmeier et al., 2016

A wide variety of fibrillar structures have been describediforitro generated}synuclein fibrils
(GuerrereFerreira et al., 203&hao et al., 2020&hao et al., 202Qt5un et al., 2020 as well

as derived fronexvivo synucleopathiedHgure 111) (Strohaker et al., 201 %chweighauser et
al., 2020 (Schweighauser et al., 2020 hese polymorphs vary in having a different number of

protofilament folds, as well as variation in protofilament packing and assembly.

In addition, differences in polymorph structure as well as degree of polymorphism, seaens t
correlated with disease type, as different polymorphs have been describdtSAorand
Parkinsonbds disease, and a hi gher (Sirehgkerete o f
al., 2019.
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in vitro - WT
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L38
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Figure L11LPr ot of i | asyneckih foril pofymokphs.

Various mol ec

ul ar fibri

structur essynucdewn,e been

mu t a-synucldlh and ex vivo derivedsynuclein from MSA individuals. Adapted from

(Schweighauser et al., 2020)

1.3.3.U-synuclein toxicity

To x i c i-gynuclemtas been studied in a variety of cell models and animal models. Mice

model s

over expr es sisymgleinndevelapnintracgmida sWihucléin U

aggregategMasliah et al., 2001Giasson et al., 200%Braham and Sidhu, 201CGhen, L. et al.,

2015. Adecreased

presenti n earl vy

| ocomot or

onset

act i vi-sypucldinsmutiohss er v e d

(Grassonkeit al. s 200R&rahamdands Sidaus 20)L0

Mitophagy impairment is also a common feature iis teesyhliclein overexpressing mi¢@hen,

L.etal, 2015 Ex ogenous | y-syaudlanefidrils Wheuldblastoma cell cultures are

reminiscent to priotiike seeding occurs in the formation of Lewy bodieeri et al., 2016

Usynuclein oligomeric populations have been found to impose different degrees of toxicities in

cells(Cremades et al., 2012€hen, SW.etal., 205 Char acteri sati on

of t

synuclein oligomes revealed distinct patterns of cytoplasmic reactive oxygen species in rat

det

W o

n
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midbrain neuronal cultures. In particular, production of reactive oxygen species, a feature
observed in apoptotic cell s, was e-syhualémc ed a
oligomers (166456 0 kDa) that appear to be morskeetst ruc
in addition to less solver@xposed hydrophobic side cha{i@emades et al., 2012

The di st i mynucleid fibfil patymatphsthave also been found to possess different
toxicities. In their study, Zhao et al (2020) found tt@@nM of WT U-synuclein preformed fibrils

induced endogenoud)synucleinaggregation in rat primary cortical neuroaiéer 14 days of
incubation concomitant to a 7.5% increase in LDH release, compared to buffer treated neurons.
Incubation with 100 nm of phobpo Y 3-$/nutlein preformed fibrils produced a higher number
ofs¥Ynucl ein aggregates and an incregymdeh rele
fibrils (Zhao et al., 2020QbSimilarly, Tuttle et al (2012) reported a 20% increase in LDH release

in neurons, compared to buffer, afterandl@ y i n c u b a t-$§yraucleinitiriis. h  WT U

1.34Usynucl ein pathology in Al zheimerds di

Commoncharacteristisb et ween Al z hei mer iGopathiks carebe detineaded.d s
Similarities in histopathological hallmarks and cellular dysfunction have long been obsarved

thee diseased~urthermore~6 0 % o f Al zhei merd6s di sease case
present Lewy body pathology simultaneously to senile plaques and tau protein(idogleauer

et al., 2001 Hamilton, 2000. In addition, Lewy bodies have also been observed in Down
syndrome patients in conjunction td Aenile plaquefKotzbauer et al., 20Q0Belkoe, 199¥. It

has also been reported that individuals diagnosed Rdmentia with Lewy bodiepresent

plagues and neurofibrillary tangles at a -888%6 frequeng, though no correlation has yet been

found between these lesiorfKotzbauer et al., 2001 Proteomic analysis of subtypes of

Al zhei mer6s disease patients has also reveal
plague components. Drummond et al. (2017) showed thabddpmpal sections taken from

rapidly progressive AD patients-fD) presented a significantly different proteome from those
diagnosed with sporadic AD-&D) . I n particular, t hsgnugemesenc
were noted in-AD samples, when comped to SAD samples, noting a relationship between

pathologies but also that differential prognosis occurs by the presence of aggtesjatadiein.

A multicentre study by Irwin et al. (2017) found that increasing levels of neurofibrillary tangles
and senl e pl aques wer e asywuelein mathadody seoietarld a ahortei g h €
interval from motor symptoms to dementia in Lewy body spectrum disorder patients.
Neuropathological assessmentofpmsdb r t em Al zhei mer 6s di se@ase b

that the mean age at death is significantly different between those presenting Lewy body
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pat hol ogies and those who donot present Lewy bod

patterns, as well as delusions and hallucinations have been reportechtwebsevere in AD
patients who present Lewy body patholdfyyin et al., 2017.

In vitro cell and mice model reports havesdebed the relationship offAandU-synuclein.An

MTT reduction decrease, and hence decrease in cell viability, was reported in neuroblastoma cells
oV er ex psyuigin upgn exposure to fibrils and protofibrilsfofi, (10 pM monomer
equivalent), compared to the untreated mutant fldlisya et al., 2008Coover e X pr e ssi on

of U

synuclein and Ab in a bigenic mouse model has al

aggregates as well as increased neurodegeneration, compared to the single(kastiats et

al.,200). The Dementia and Lewy tlasgenienicecaanodifiedAl z hei mer 6

3X transgenic Al zhei merAPBgent bearm@gthesSwadishcmutatiprt h a t
andthe human tau gene bearing the P301L mutation) that was modified to also express mutant
human Ussynuclein (A53T),presens accelerated cognitive decline in comparisonttie 3X
transgenic Al zh &hissegge@s h dsyraciia s eanblitai progeins might

interact, promoting the acceleratiomdéor enhancement of degenerative pathologies and
cognitive declindKim et al., 2014Clinton et al., 201D

In vitro biochemicalexperiments have also reported the synergism betlksgnuclein and A .

The NAC region often o0bserheterdlogoushseddedonriossq ue s ,
seededby fibrils of Absoby turbidity analysis at pH 7.4 in the presence of &0 NaCland

10% DMSO. The aggregation kinetics of the NAC region was considerably altered by the
presence of 25% (v/v) B fibrils, as a reduction in the lag time was obserfiah et al., 1996

Later reportshowed that fibril formation occurs at a faster pace in the presence preformed fibrils
of sy ns$yhueldinijAdo akbd A b, as well as with the presence of oligomers of the same
mol ecul es, showing t he -synuolansA hsaadAdi (Ony etalf, f e c t
2012.

expr

bet we
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1.4.Project aims

Given the evidence stated here, a relationship betwbeméJ}-synuclein pathology isbserved
in Al zheimerbs disease. The heterogeneity ¢
neurodegeneration, as well as cognitive decline, can be influenced by the occurrence of fibril

polymorphism.
Thus, the aim of this thesis projectistostlls y nucl ei nds aggregation b

Firstly, the producti on o fperfbrenédiThisendl infoivebthrei | | ar
product amd.ofdepAbi des, foll owed by the product
thar specific condition. Characterisation of the fibril polymorphs will be done through

spectroscopy methods.

The second focus of this thesis is to- char:
synuclein by vitro biochemical analysis. Specificgllthe aggregation disynuclein is studied
in the presence of the walkfined fibrillar structures of B in a variety of physical conditions.

The mechani s m -sgnuakein kggregation willslsodé studied.

Lastly,theth r d f ocus is to understand the involven
g ener a t-synuaiein aggreghtion in cells. Lewy belike formation will be studied in a
neurobl astoma cel |l syouwleid. The inv@lvemenvaiidicoxgpnelless s e s

will be studied.
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2. Materials and Methods

2.1.A hoa n d s2Axpression and purification

In order to produce amyloid fibril polymorphs obA and Abs,, used in the analysis of the
i nt er ac tsynoctkein, thé\b h p &p t éxpressedvamdpurified

211 EXx pr es s ivan daeid BsaHerichia coli

Thetransformation oEscherichiecoli (E.coli) BL21 DE3 waslonewith the use of theET-Sac
Ab(Metl-40) or thepET-SacAb(Metl-42) plasmids (provided by Dr Sara Linsencompassing

the MehionineA bresiduesl-40 (Absg) andMethionineA bresiduesl-42 (Abay) respectively

The ATG (Methioning codon is inserted in the beginning of the sequence as a facilitator of
expression of the protein . coli. For the transformation, 50 pl of cells were incubated for 30
minuteson ice with 1.5pl of the vecto€ells were thendmat shockdat 42°C for 45econdsind

left 10 mirutesto recover After this450ul of lysogeny brothLB) media was added and left
incubating for 30 miantesat 37C and shaking. Tlsecells were then plated in a E&jar media
plate containing carbenicillin at a final concentratioof 10Ceg/mL and incubated at 3T

overnight.

A single colony from each overnight plate were inoculated into autoclaved LB 100 mL cultures

containing 10qug/mL carbenicillin and left incubating at 37°C with shaking at 200 rpm until they
reached Gubsequently®dD0. pl of each culture was inoculated into 500 mL LB media
containing10ug/ mL carbenicillin and were |l eft growing
was then perfor med by -DadhibgalaaopytanoSidefiRTGpafinali sopr opy |
concentration of 1 mM. Cells were allowed to grow an additional 4 hours past induction or until

reaching cell plateau. A total of 5.5 L of induced culture was centrifuged for 1iasat 6000

rpm at 4°C(Beckman Coulter JLA 8.1000 RotofJell pelkts were then retrieved and stored at

20°C until needed

2.1.2.Inclusion body isolation
2.1.2.1Inclusion body isolation of Abao

Inclusion body isolation was done followingsaries of centrifugation and sonication cgcés

described beforéWalsh et al., 2009 First, &ll pellets were thawed on i@nd sibsequently

u



32

resuspended and homogenized2n5 mL of 10mM Tris, 1 mMethylenediaminetetraacetic acid
(EDTA), pH 8.5 1mM phenylmethylsdbnyl fluoride (PMSF) and 15 eg/mL DNase by
mechanical stirringat 4°C for 30 mintes The pellet solution was then pulled through &
syringe andsonicated for 30 seconds 22% amplitude(4 watt9 at 4°C. This solution was
centrifuged for 15 mintesat 18000 rpm and 4°@Beckman CoulterJLA-25.50 rotoy and
separated intsupernatanand pellet.The homogenizationsonication and centrifugation steps
were repeated, saving the supernafeadtion G2 for later analysisAfter this, he pellet was
homogenized by mechanical stirrimg8M urea, 10mM Tris, 1mM EDTA, pH 8.5 and sonicated
as before. Thismixturecontdim g t he ADb pepti des utesatl800cpent r i f
and 4°C(Beckman CoulterJLA-25.50 rotoy and separated into supernatacntaining the
inclusion bog isolate(IC), andthe pellet An aliquot of each wasaved for analysiand the IC

sawed for purification

2.1.2.2Inclusion body isolation of Abas2

Inclusion body isolation as performed as describé@iemer et al.2017). First, to lyse the cells

and recover inclusion bodies, the cell pellet was resuspended in 20 mL of 10 mM Tris.HCI, 1 mM
EDTA, pH 8.0 and sonicated for 2 mieson ice at 50% duty cycle until the lysatepapred
homogenous. The lysate was then centrifuged for 2bitesat 18000 r pmlLAat 4eC
25.50 rotor The supernatant was removed, and the pellet was resuspended in 10 mM Tris.HCI, 1
mM EDTA, pH 8.0 sonicated and centrifuged as descriabdve. This sonication and
centrifugation steps were repeated another three times. After the last supernatant was removed,
the remaining pellet was resuspended in 15 mL of 8 M urea or 7 mM NaOH in 10 mM Tris.HCI,

1 mM EDTA, pH 8.0 and was sonicated as déscl above, until the solution became clear. The
solution was then diluted with 10 mL of 10 mM Tris.HCI, 1 mM EDTA, pH 8.0 and filtered
through 0.22 pm Durapore neterile hydrophilic polyvinylidene fluoride (PVDF) filters

(Merck). The solution recoveretter filtering was kept at 4°C until further purification.

2.1.3.Anion exchange chromatographyof Abao

Protein purificationwas done as described (Walsh et al., 2009 subjected to two rounds of

fi b a tanidn @xchange chromatography with the use of a Buchner funnel.25irstl. of Q
Sepharose Fast Flokesin (GE healthcarejvas equilibrated witdt00 mL10 mM Tris, 1 mM
EDTA, pH 8.5. The protein sample was then added to the resin and left rocking forudésat

4°C and subsequently diltered and recovered to go through resin passes. The fractions were

separated, and aliquots were kept for analysis at each step.
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The first fraction recovered consisted of the protein sample that was let to flow tliFd)gihhe

resin was subsequently washed with 50 bBLmM Tris, 1 mM EDTA, pH 8.%ollowed by50

mL 25 mM, 10 mM Tris, 1 mM EDTA, pH 8.5. The peptide was then eluted from the resin with
125mM NacCl in 10mM Tris, 1ImM EDTA, pH 8.5 followed by250mM NaClin 10mM Tris,

1 mM EDTA, pH 8.5in the last elution step. Finally, the resin was washed with Nai@l, 10

mM Tris, 1mM EDTA, pH 8.5followed by 8 M urea, 1 MNaCl in 10mM Tris, 1mM EDTA,

pH 8.5 The collected FT fraction was-parrified in the samenanner. The collected aliquots were
analysed by Tridricine SDSPAGE.

2.1.4.Dialysis and lyophilisation

After the two steps of batch ani@xchange the eluted fractions were dialysed B@anM
ammonium bicarbonate. The eluted protein fractions were placeduiibrated snakskin
tubing and dipped inside 56M ammonium bicarbona@ndchanged 4 times during the course
of the twoday dialysisperiod After this time, theprotein was collected in 5@L falcon tubes
andsnap frozen in dry ice covered in 70%@#t. Lyophilisation waghenperformedin a Heto
Powerdry PL300 for the course of 2 days.

2.1.5.Size exclusion chromatography foA fo purification

The lyophilised protein was 4gurified bysize exclusion chromatography Superdex 75 16/60
column (GE Healthcee) was connected to &&KTA prime pluschromatographlusing a 5 mL
loop andequilibrated with column volume 060 MM ammonium bicarbonatd@hepeptidewas
thensolubilised in50 mM Tris, 7M guanidine HCI, pH 8.5 and centrifuged for 10 otesat
14000 pm at 4°C (Eppendorf 5418rotor). The supernatantvas then injected to the

chromatograpland runfor 180 mirutesat a 2 mL/min flow, collectin@ mL fractions.

The fractions containing th& o peptideweresnapfrozenin dry ice covered in 70%t-OH and
subsequently lyophilizeds mentionedbefore for 48 hThe lyophilised pure protein was stored

at-20°C until use.

Monomeric protein concentration was determined by solubilising one aliquétnmVs Tris, 7
M guanidine pH 8.5and analysinghe absorbance &80 nm wavelengthusing a quartz cuvette
with 10 mm patHength and amsing andextinction coefficient 1490 -1cm-1 (Stewart et al.,

2016. To validate protein purity, protein aliquots were also assigoedmolecular mass
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determination by electrospray ionisatiorass spectrometigt the mass spectrometry facility at

the Faculty of Biological Science at the University of Leeds.

2.1.6.High performance liquid chromatography (HPLC) for A b4z purification

The Abs, peptide was purified from the filtered cell lysate crigepreparative mass directed
HPLC by Dr Martin Walko. For this, dinetex EVO(21.2 x 250 mm¥{18 column was used and

run on an increasinfj0-60% gradient of acetonitrile in water + 0.1% ammonia (v/v). For each
purification run, 0.5 mL of crude lysate wiagected into the column and allowed to run at a flow

rate of20 ml/min over 20minutes Fractions containing thebi; peptide were collected with the

use of the mass directed chromatography software Masshunter by ChemsStation (Agilent) and an
Agilent 6120Quadropold.iquid chromatographynass spectrometrwhich separates the eluents

at a defined m/z. Fractions containing the purified peptide were combined and lyophilised as

mentioned before.

2.2. Ab monomer fluorescent labelling and fibril formation

SEC purifed Abao or Abs, was solubilised in fresh cold 25 mM sodium phosphate pH 7.5 at 0.5
mg/mL final concentration and mixed with ATT&D4 in a 3.5 X molar excess fashion. This was

left rotating on a roller at 4°C for 16 h before quenching the reaction witmBl5Tris. The

peptide was then purified by analytical SEC. For this, an analytical Superdex 75 10/300 GL SEC
column (500 ¢l injection) in 50 mM ammonium
the monomer where pooled and snap frozen in 70% EtOktergnd lyophilised as mentioned

in section2.1.4 Fluorescently labelled monomer was kept20°C until used. To generate
fluorescently labelled fibrils, 1% labelled monomer was added to the reactions mentioned in
Section2.3.

23.Afoa n d 42 Abbl preparation
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23.1.2 A and »Bri)sedding

2A and 3Q fibrils were prepar edgppeptidesn@ImMoi | i si ng

sodium phosphate pH 7.5 to a 0.9 mg/mL concentration and seeding with 2A and 3Q seeds (kindly
provided by Dr Robert Tycko) in a 5% (v/v) ratio, respectively. The fibrils were then left growing
guiescently overnight at room temperature and one cycle of sonication consisting of 5 seconds at
22% amplitude (4vatty followed by 45 seconds off sonicatisras performed the day after. 2A

and 3Q fibrils were then stored at 4°C until used.

To prepare new seeds, 2A and 3Q fibrils (0.9mg /mL, monomer equivalent) were subjected to
three cycles of sonication consisting of 5 seconds at 22% amplitudattg followed by 45

seconds off sonication. Seeds were store@GC until needed.

2.3.2.de novoADbufibril generation

Unseededle novo Ai ,fibrils were formed bysolubilisingthe SEC purified and
lyophilisedAi 4, peptideto a final concentration of 0.9 mg/mL &5 mM sodium phosphateH
7.5. This was themplated onto 8881 Corning 96well plate and incubated for 16 h at 37°C and
600 rpm shaking. ThT fluorescence was monitored describ@d7it After this time, fibrils
were collected and stored at 4°C until needed.

2.3.3.A RQ:fibril generation at pH 2 and pH 8

Fibrils of Abs, were generated as described@remer et al., 2037 at pH 2, and as done in
(Colvin et al., 201} at pH 8. For the formation off: fibrils at pH 2 lyophilised A4, monomer
was solubilised in 30% (v/v) acetonitrile, 0.1ffluoroacetic acid TFA) in water at a 120.5 uM
concentration and was left undisturbed at room teatpes. In contrast, for the formation of
fibrils at pH 8, the lyophilised B« monomer was solubilised in 20 mM sodium phosphate, 0.2
mM EDTA, 0.02% (v/v) NaM at a 50 uM final concentration. The monomer solution was
maintained imuiescent conditions abom temperature. Kinetics of fibril formation was followed
by ThT fluorescence as described in secBd@iland negative stain electron micrographs were
taken for both fibrils after 24 and 8 weeks of incubationibils were kept at room temperature

until used.

2.4. Fibril yields

S
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Insoluble fraction formation was determined after ThT fluorescence kinetic assays. After
collection of samples, a small aliquot of the whole sawgle taken and saved for later analysis.
Sampes werethen centrifugedat 14000 rpm for35 minutesin a benchcentrifuge (Eppendorf

5418 rotor)at room temperature. Fractiongre consecutively separated into supernatanttand
pelletfor lateranalyss. The pellet was resuspended with fresiffer in an equal volume as the
supernatant before SEFSAGE.

2.5. Sodium dodecyl sulphatepolyacrylamide gel electrophoresis (SDS
PAGE)

For SDSPAGE, an equal volume of2 sample buffer§0 mM Tris-HCI pH 6.8,100 mM DTT,

2% (w/v) SDS,0.1 % (w/v) womoplenol blue 10% (v/v)glycerol) was added to the samples.
Samples were then denatured at 100°C for Jutegbefore loading into a 15%/v) acrylamide
Tris-Tricine bufferedgel. Gels were run in Trgricine SDS buffer (National diagnostic) at 30

mA for 30 minutes then at 60 mA at a constant 200 V for 50 ués in a Biorad power gel
chamber. Precision plus protein standard (Biorad, USA) was used as a size marker in all gels.
Gels werestained ininstanBlue (Expedeon) and imaged with a transilluminatogéimus,

Syngene).Intensity of stained protein bands was quantified in Imagpidg the gel analyser

plugin.

2.6. Negative staining Transmission ElectrorMicroscopy (TEM) of fibrils

Imaging by negative staining TEM was done to validate fibril formaton this,10 uL aliquots

of each fibril samplavere adsorbed fot0 seconds on to carbon coated glow discharged copper
grids. They wer¢ghenwashed twice with water and subsequentyr&d with 2% uranyl acetate
for 40 secondsGrids were left to dry at room temperature and stored until ulsedging was
done in a JEOL 1400 electron microscope operating aktYOMicrographs were taken at 5000

X - 15000 X magnificationand captured ith an AMT 2k CCD camera (AMT Corp., MAn the

Astbury BioStructure laboratory at the University of Leeds.

27.Fl uorescence pol afibiilszaant disyuclein s says of



37

Al exafl uor 488 |-symuedin(kiadly providadoby ®r Matt Jatksonyas

solubilisedat a final concentration of 0.05 phdincubated under quiescent conditions in the

presence of 25 ydwW cnioenionmearnidc ilh cr syasleimsgedoroncent r at i
Ab fibril -peaM ynonomep éqaivalén). Samples wéneubated at 25°C in a

Corning 3881 94vell black microplate with transparent bottom (Corniagd the assay was

performed in &LUOstarOptimaplate reader (BMG LABTECHn the Facility of Biomolecular

interactions at the University of Leedfo measurdluorescence polarization, excitation and

emission wavelengths were set at 492 and 520 espectively

2.8. Thioflavin T (ThT) fluorescenceassays

2.8.1ADb fibril formation

For de novoAbyo fibrils, pH 2 Abs andpH 8 Aba4, fibril formation, aliquots of theéndividual
monomers were prepared in the previously specified buffer adding ThT to a final concentration
of 10>M. ThT fluorescence was set up at 480 nm for emissiordd@chm for excitation in
aClariostarBMG Labtechde novaA Qg fibrils were grown aB7°C and 600 rpm, wherepsl 8

and p kfibBls wefe grown quiescently at room temperature.

2.8.2Crossseeding of-synucleinmonomer by Ab fibrils
2.8.1.1Crossseeding at pH 7.5

Monomer i c S Eyuckinkindly pravided by Dr Matt Jackson, Mike Davies and

Sabine Ulamec) was solubilised to a final concentration cfM0n 0.015 mM ThT, 25 mM

sodium phosphate pH 7. 5. It was tohe#dMddeeded with
synuclein seed (kindly rpvided by Mike Davies) at 1%, 5% or 20% final concentration in

triplicates on a Corning 3881 96ell black microplate with transparent bottom (Corning). The

plate was sealed with adhesive film to avoid evaporation and inserted into a Clariostar or Fluosta

OMEGA fluorescence plate reader (BMG Labtech). Kinetics experiments were performed under

constant 600 rpm shaking and kept at 37°C. Fluorescence emission was read with bottom optics

for >60 h, and ThT fluorescence was set up using a 440 + 10 nm fileexdivation and a 470 +

10 nm filter for emission wavelength.
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2.8.1.2Crossseeding at pH 4.5

For analysisofcrosseedi ng at pH 4. 5, -symaletn massdlubiliseiihC p u
0.0.15 mM ThT, 20 mM ammonium acetate, 20 BICI pH 4.5. Fibril seedingoncentration,
plate and plate reader set up was done as described in 28t

2.9. Curcumin binding assay

To assess structural heterogeneity of fibrils, a curcumin binding assay was set up following
(Strohaker et al., 20)9Crossseeded fibrilsformed by7 0  e-$¢ynutlein crosseeded with
20%(viv) Ab T jwere prdpared without ThT as mentioned in se@i8nl.2

A 10 mM curcumin stock was done in DMSO which was then used to prepare 1 mM curcumin in

20 mM ammonium acetate, 20 nMiN&ClpH 4.5. Samples were then prepared by following a 1:6
protein dye ratio and thendded in triplicate on to a black clear bottomed 96 well plate in the
Clariostar and fluorescent emission spectra was measured between 485 and 700 nm. The data was
analysed using Graphpad Prism 6.1.

2.10. Cell culture

2.10.1Recovery of cells from frozen stocks and nataining

FrozenSH-SY5Y-GFRUsynucleincells were retrieved from liquid nitrogen storage and gquick
thawed by placing cryovials in a water bath at 37°C. Cells were then resuspended in full media
composed oDMEM culture medium (Gibco), supplemented lwit0% FBS (Sigma&ldrich),

1% (v/v) GlutaMAX (Gibco), 20 units/ml penicillin, 20 mg/ml streptomycin (R&trep, Gibco)

and grown in 75 cicell culture flasks. Cells were incubated at 37°C, 5%.Qder 24 h,
medium was replaced with fresh full media. Maintain, cells were passaged using a 0.25%

TrypsinEDTA solution (SigmaAldrich) when they reached 80% confluency.

2.10.2Cell stock maintenance (freezing)

Cryo-storage of cells was done to preserve cell lines. Cells were trypsinised, resuspended in full

meda and centrifuged at 100 xg for 5 mias The supernatant was decanted, and cells were



39

resuspended in cold freezing medium composed of full media supplemented with 10% (v/v)
dimethyl sulfoxide (DMSO). Cryovials were filled with 1 ml of cetilution and then placed in
Styrofoam containers to be frozemernight at-80°C. Longterm storagef cells was kept in

liquid nitrogen.

2.11. A fand Abaz fibril polymorph cross-s e e d isyniggleibin cells

SH-SY5Y cells tagged witlGFR-Usyruclein were plaed in individual Fluor®ishes(World
Precision Instrumentsjt 100 000 cells per wedind cultured as above mentionédter 16h, the

cells were incubated with AM 2A Abso, 3Q Abag, de novaAbao, pH 2 Abs, or pH 8 Ab, fibrils

for the course 06 days Thebufferin which fibrils were madwas used as a negative control and

1 & Mynlitlein seeds (provided by Mike Davies) were used as a positive control in the imaging

experiments

2.11.1Cell permeabilisation for insoluble GFP puncta formation analysis

After the recombinant amyloid beta fibrils exposi:
(Sigma) twice, and then washed with 0.2% (w/v) saponin in PBS by quiescently leaving for ten

minutes at room temperature. Thiepdisrupst he cel | membr ane of cell s anc
synucleinGFP to be washed awagells were then rinsed by doing two PBS washes and

subsequently fixed with 4% formaldehyde in PBS. After ten minutes, cells were rinsed twice with

PBS and stairtefor nuclei using 1@g/mL Hoechst stain. Confocal fluorescent microscopy was

then performed with the use of a LSM880 or LSM700 upright microscopes (Zeiss)cking

was done on tiles afx4 images taken at a 40X objective per glass dish, accountirag feast

50 cells per individual tile. Threshold and gain settings were determined per individual

experiment. For each experiment, preliminary manual counting was done. Images were then

processed with the Fiji software and data was analysed @imghPadPrism Version 6.01

software

2.12. Cellular viability assaysa f t er i nc u b.atnido.flofisvi t h AD
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For cell viability assays,atls were plated in 9@ell plates at 1@0O0 cells per well and kept at

37°C and 5% C@ After 16 h, cells were then incubated with 1, 2, and 10 uM (monomer
equivalent) 2A, 3Q ande novaA hof 1 br i | s,  paHibriis foodB h. pftdr egosiré to

Ab fibrils <cel | ul dnlesswtheanisée dtatet gata aralgsisdif @abiktys s e d .
data waslonewith GraphPad Prism Version 6.01 software.

2.12.1ATP assay

For ATP quantification in cells, thé&TPLite (Perkin Elmer)kit was used following the

manufacturer 6 s ATPléte is B ilumiadsdercen assay Haved on the firefly

luciferase enzyme and-IDciferin production of light by the presence of ATP in the media

Following incubation of the cells with fibrils, . o f t he kit ds |l ysis buf
100¢L of media and shaken at 600 rpm for 5 minutes at remnpérature. The substrate reaction

mix containingfirefly luciferase enzyme and-iciferin was then added to the cells. Media was
transferred to a white bottomed-@&ll plate and luminescence was measured FuaStar

Optima (BMG Labtech) plate readerthe Facility of Biomolecular interactions at the University

of Leeds.

2.12.21. DH assay

The Pierce LDH Cytotoxicity Assay Kit (Thermo Scientifislas used to measure LDH release,

a sign of plasma membrane damage incellg,l | owi ng manufacturer 6s i

After fibril incubation, 50cL of media were transferred to a black cleattomed 96well plate

(Prod. No. 3631, Corning) and mixed with the reaction mixture. This was kept at room
temperature for 30 minutes and reaction was subsequently stopped by adtlimme ki t 6s
solution. Absorbance was measured at 490 and 680 nm for the LDH activity assay on a Fluostar
OMEGA fluorescence plate reader plate reader.

2.12.33-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)

reduction assay

After exposur e inoPBSAvias ddded toi each ,well MTOT5 mg/mL final
concentrationThe plates were then incubated for two and a half hours ata8itf6% CQ. Cell

media was then removed from wells d@i uL of dimethyl sulfoxidevas adde@dndincubated
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for 10 mirutesat 37°C Absorbance was measured at 570amd 650 nnin a Clariostar (BMG

Labtech) plate reader

2.13. Live cell imaging ofafter A oa n d . fbls incubation

For the analysis of colocalization between fibrils and lysos@HeSY5Y cells tagged with GFP
Usynuclein were plated in individual FluoroDishes (World Precision Instruments) at 100 000
cells per well and cultured asentioned in sectiof.8.1.1 The cells wer¢henincubated with 1

UM fluorescently labelle@ A 4 Db 3 @, dArfovoA b, p Ha@r A H:filrils séme

kindly provided by Maddie Browrfpr the course o8 and6 days After this time, the cells were
washed with PBS and incubated with warm phenol free full media. Deep red lysotracker (Thermo
Fisher) and Hoechst stain was added to the media to a final concentration of amj 10
respectively. Imaging was then done in [28M700 upright microscope (Zeiss)-sfacking
images taken at a 40 X objective per glass dish, accounting for at least 15 cells per image.
Threshold and gain settings were determined per individual experiment. Images were then
processed with the Fiji sefire and data was analysed ustBgphPad Prism Version 6.01

software

2.14. Cell fractionation

2.14.1 Sequential detergent fractionation of cells incubated with A fibrils

To obser ve dyniclkielevelsircells, sdluble add insoluble cell fractionation was

done foll owing a modi f (Geedertptralg 1992c o | of PHF&s retri

SH-SY5Y cells tagged with GFRJ-synuclein were plated at 100 000 cells per well el

pl ates (Thermo Fi sher ) smamd pifflpaymerphe Gellsfivere 6 days wi
thenlysedandrs uspended in 1% trit on.freeP®t8asenrhibitor c Omp |l et ek
cocktail. They were then sonicated at 40% amplitude for 10 sec (1 sec on, 2 sec off) at 4°C and

centrifuged for 10 miatesat 16 000 x g at 4°C in ahch top centrifuge (5418, Eppendorf). The

supernatant was collected, brought up to 1% (v/v) sarkosyl and left rotating for 1 h at room

temperature. The samples were then ultracentrifuged for 1 h at 100 000 x g at 4°C using a
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Beckmann Coulter Optima Ultrantrifuge, equipped with a TLA100 rotoBupernatant and

pellet were separated, and the pellet wasuspended in 1/3 of the sample supernatant volume.
Total protein concentration was then measured using the DC protein concentration kit (Biorad)
followingt he manuf acturerods instructions. Sampl e
PAGE as described in sectiarb.

2.14.2 Subcellular fractionation and lysosomeisolation

Lysosome isolation was done as describefDiavidson et al., 1990For this, SHSY5Y cells
tagged with GFPUsynuclein were plated and allowed to grow on 175 #tasks until 100%
confluent as established on sectihf.2 These cells (3xT@ells/mL) were then trypsinised and
resuspended in homogenisation buffer consisting of 10 mM triethanolamine, 10 mM acetic acid,
5 mM EDTA, 25 mM sucrose, pHA4. Lysing was done by subjecting celld @passages through
a 10um steel balbearing homogeniser. Cells were then centrifuged at 400 x°§ aida bench
top centrifuge (5418 R, Eppendofy 10 mirutesand the supernatant collectdthe supernatat
wasthenbrought to 9 mL with 27 %ercoll solution in homogenisation buffer. This mixture was
then ultracentrifuged at 23 000 rpm for 1 h &€ 4én an Avanti HC centrifuge using a 70.1 Ti
Fixed angle rotor (Beckman Coulterfhen 500 pL fractions were pooled from the
ultracentrifuged cell lysate and assayed for lkaline phosphatase andUN-
acetylgalactosaminidagBlAGA) enzymeactivities

Once assayedrédctions positive for NAGA wereollectedand ultracentrifuged at 214 000 x g
for 1 hat £C using aBeckmann Coulter Optima Ultracentrifuge, equipped with a TL@rotor.

2.14.2.10-N-acetylgalactosaminidasenzyme(NAGA) assay

To isolate lysosomes after cell fractionation by ultracentrifugation, the detection of the NAGA
enzyme, a lysosomal gigsidase, was done by the addition of substratediBjgtophenytN-
acetytU-D-galactosaminide). First, 2 mM 2dinitrophenyiN-acetytU-D-galactosaminide was
prepared in 100 mM citric acid, 0.2% (v/v) triton, pH 4.5. Al5aliquot was taken from theett
fractions and placed in a clear bottom\@éll plate. Next, 10@L of substrate was added to the
wells and the plate was incubated at 37°C for 3Qute® The reaction was quenched with 100
eL of 200 mM glycine pH 10.3 and absorbance was measuredbatln a Clariostar plate
reader (BMG LabteckiRobbins, 1979Morten et al., 200}/
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2.14.2.2Alk aline phosphataseassay

As a control for the NAGA assay, an alkaline phosphatase assay was set up and done in parallel
for the cell fractions collected after ultracentrifugation. Alkaline phosphatase is a membrane
bound glycoproteifMorten et al., 200}/ andso in this assay acts as a marker of the cell
membrane. For this, 5 mMm#itrophenylphosphate substrate was prepared in 5 mM magnesium
chloride, 10 mM triethanolamine, 10 mM acetic acid, 1 mM EDTA pH 7.4 and kept on ice until
needed. A BL aliquot was t&en from the fractions and placed in a 96 well plate. ThenglLOO

of the prepared substrate was added to the wells and the plate was incubated at 37°C for 30
minutes Absorbance was then measure at 405 nm in a Clariostar plate reader (BMG Labtech)
and dahd was compared to the results from NAGA assay to pool lysosomes after the cell
fractionation.

2.15. Western blotting

After separation of soluble and insoluble fractions of cells that had been incubatedifithil 2\
SDSPAGE and immunoblotting were done to detéksynuclein levels. First, gels were
transferred to a methanol activated PVDF membrane (Am5pore size, Amersham, GE
Healthcare) on a Biorad sewhiy transfer blotter for 1 h at 12 V. The membrane was
consecutively fixed with 4% formaldehyde and then blocked for 1 h at room temperature in 5%
(w/v) milk, 20 mM Tris.HCI, 150 mM NaCl pH 7.2, 0.1% (v/v) tween (FBY Primary antibody
stocks were done in 5% (w/v) milk TBB The antibodies probed were theiaggregated}
synuclein antibody clone 5G4 (1:2000, Merck) and the-@A#PDH antibody (1:1000,
Proteintech group Ing Following blocking, membranes were left incubating at 4°C and rotating
for 16 h, in the primary antibody stock solution previousBde. Antimouse HRP or antiabbit

HRP secondary antibodies were made in TB&L:200Q Cell signalling technology The
membrane was washed twice in FTBSand then left incubating for 1 h at room temperature in
secondary antibody. After this time, tiembrane was washed twice in TFB&nd twice in TBS

and chemiluminescence was detected using the SupersSignal West Pico PLUS substrate (Thermo

Fisher) following the manufacturerds instructions

2.16. Lysosomal degradation

Fibrils, synuclein monomer were mixéogether keeping a 20%/v) seeding concentration in

PCRtubes.Consecutivelylysosomal isolate (0.09 units) were added into the mixture and kept at
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37°C.Aliquotsof 10eL were taken after 4 and 16h of incubation and analysed by SPAGE.
Densitomety analysis was done using ImageJ and Graphpad Prism 6.1.

2.17. Statistical analysis

Statistical analysis was performed us@@mgphpad Prism 6.3Vhere appropriate, ANOVA was
subjectedtopodt o ¢ T wikHelm8 s d dektdosompare everyieanof a sampldo every
other mean.p values<0.05, <0.01<0.001and <0.0001are indicated by (*), (**) (***) and
(****) respectivelyLack of significance was indicated in the text wipef®.05
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3.Afoa n d 42 Abbil polymorph formation

3.1.Introduction

Distinct molecularstructureshave been defined fon ivitro generated fibrilof both 40 and 42
resi due ADb palkltodugdorsthe 2A and 3Qblymerphsof Absgand fibril forms
of A bz generated at pH 2 and pH 8, hierealled pH 2 and pH 8 h:fibrils, respectively. These
fibrils have been comprehensively characteri€dlvin et al., 2015 Gremer et al., 2017
Paravastu et al., 200Betkova et al., 2005andare known tdhavedistinctmolecular structures
making them good modeto examine how fibril polymorphism affectie interactionwith U-

synucleinand itsaggregation.

The 2A and 3Q fibril polymorphs of the B peptide are used in this study as they present a
distinct two-fold striated ribbon structure arttireefold twisted fibrillar forns respectively
(Figure3.1, A and B. They were initially formedrom syntheticAbao peptideunder different
conditions: the 2Ainderagitaion, and quiescently for the 3@hefibril structuraimodel for both
fibril types was generated from chemical shifts freplid state nuclear magnetic resonance
(ssNMR) TEM and scanning transmissi@tectron microscopy (STEM) data. All of these
revealed that they a have an unstructurgeéninal, an in register paralleisheet structure and

5 nm or 8 nm width#or the 2A and 3Q, respectivelPaiavastu et al., 200®etkova et al., 2005

At h isfiloril palpmorphwasusedin this study. Thigde novofibril preparations formed
under agitative conditions, ariths also been noted to have differ&@-*C dipolar assisted
rotational rationalessSNMR spectrm to the one observed for the 2A and,3pecifically for
residues 12 and V24(Madine et al., 2012 However, unseeddibril preparations ar&nownto
containa mixture of fibril structuregPetkova et al., 200%5tewart et al., 2037

Differences in structures have also been observed for fibrilsbgf My work focused on the
fibrils formed at pH 2 and pH 8 (Figurel3C and ), and whose structures were determined by
cryogenic electron microscopy (crig) and ssNMR, respectivelyhesein vitro generated
fibrils have distinct morphologies:f. pH 2 fibrils are formed by staggered protofilaments that
have an LS shaped arrangein@tigure 3.1C), whereas pH 8 fibrils are formed as a dimer from

two Sshaped monomers withe hydrophobic residues hiddentimefibril core (Figure 3.1D).

Both pH 2 and pHS8 fibrils were formed from recombinameptideand as the Mo fibrils

described before, present an in register parbiieet structure and different to theeviously
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describedibrils (Colvin et al., 2016Gremer et al., 20)7Apart from their distinctive shape, the
pH 2 structure differs from the pH 8 in presenting a stineci Nterminal region.

[6h]

Figure 3.1. Abso and Abg; fibril polymorphs.

Molecular fibril structures of the2A (PDB 2LMN2LMO) (A), 3Q (PDB 2LMR2LMQ) (B) Abao
fibrils, and pH 2 (PDBOQV) (C) and pH 8 (PDBKK3) (D) Aba: fibrils. All of these fibrils were
prepared under distinct physical conditiongdgresent different structural properties.

3.2.Expression ofA hoa n d 42 pelptides

The first step in thenvestigaton of the interactionsoe t w e e fibril Adlymorphsand U-
synuclein was the formation of the fibrils. This begins with the production of theeptides
followed by fibril formation and the characterisation of the fibrils
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The methodused for theproductionof both Ab peptideswvas kacterial expressiorThisrequires

the introduction ofa methioningMet) at their N-termini for the promotion of expression and

increase in protein yieldMethionine Ab peptideshavebeenusedextensively andit is known

thatthe Met residue does not significantly alter the aggregation kinetics of eith@roAA f.

when compared to thesiyntheticcounterpart h a t doesnot c o.Intadditiom, t he Me't r
no signficant differencehiave beerobserved in regardher toxic effectto hippocampal rat

neurongWalsh et al., 20091n addition,the 13C-1*C dipolar assisted rotational rationakNMR

specta signalsfrom 2A and 3Q A fibrils prepared MdtionineAbso peptide coincides to the

ones originally reported implying this residue doesiot alter the overall fibrillar structure

(residues 1640) (Stewart et al., 2017

E. coliBL21 DE3cells wereransformed with plasmids encodiaiher the40 or 42residue A
peptide bearing a Met residue at thetérminal Cells were cultured and expression of the
peptideswasinduced with IPTGSDSPAGE of aliquots takebefore and after induction with
IPTG showed tht theA hoandA h; (Figure 32 A and B were indeed expressed in the cells after

4 h of induction

A B
Oh 4h Oh 4h
kDa kDa
250 — 250 —
75 — > T 75 —
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Figure 3.2. A fiwa n d 4 pPeptide expression

BL21 DE3 Ecoli cells were transformed with the A) pET Sac-Wdi plasmid or B) pET Sac

MetAfpl asmi d and grown i n L Basme diebpectively. Cellshe pr oduct
were induced with 0.1 M IPTG forhtbefore harvesting. Samples were taken before and after

inductionand resolved by SBBAGEon a 15% TrisTricine gel
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3.3. Purification of A ho

The presence of contaminants, soluble aggregates-aggregated forms of bothbdy and b4,
peptides can changhe aggregation kinetics, or ultimately alter their fibrillar morphology
rendering a distinct uncharacterized form unsuitable foptmpose of this studgHellstrand et

al., 2010 Meisl et al., 201§ It is therefore necessary to ensure the samples used to prepare fibrils
are pureFigure 3.3 summarizes thdifferent stepsn the methodsisedto purify the Abso and

Ab., peptides. Bottprotocols, anion exchange chromatography followe@&BE for Abao, and

HPLC for Abs,, have successfully puied thesepeptidesfor the production ofibrils and its
structural analysigFinder et al., 20LHoarau et al., 2036Valsh et al., 2009

AB40 Bacterial Inclusion body Anion exchange Size exclusion

expression isolation chromatography chromatography
Bacterial Incl d o
acteria nclusion body S performance
AB42 expression isolation Samplefiltering liquid

chromatography

Figure33.Ex pressi on andaspandiWobkitowt i on of AD
Two different approaches were takemion exchange chromatography aBBCto purify Abao,
andHPLC for A2 purification.

331l ncl usion body isolation and @anion exc

Ab forms insoluble aggregasan inclusion bodies in bacterial expression systéihais| et al.,

2016 Walsh et al.,, 2000To puri fy the Ab peptides form
sonication cycles are performed This method is known to remove nucleic acids and proteins
weaklyassociatedo inclusion bodiegHoarau et al., 20)6Inclusion bodies were homogenized

in 8 M urea andsolubilisation wadollowed bya sonication and centrifugatistep
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Induction IB isolation Anion exchange

kDa Oh 4h 1 S2 IB FT W1 W2 E1 E2 E3

250—
75—

37_
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15—
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Figure 3.4. SDSPAGE gel ofinduction, inclusion body isolation an@nion-exchange batch
purification of A fo.

Purification by anion exchange was dohg harvestingcells by centrifugationafter 4 h of
induction with IPTG The isolation ofinclusion bodieswas performedby a sonication and
centrifugationcycleof the cell pelletSupernatantgrom this processvere collected (S1 and S2)
Inclusion bodies we homogenizdin 8 M urea, followed bysonication and centrifugatiogiB).
This last sample wasdded toQ-Seplaroseresin, and anion exchange was run in batch mode,
where fractions for the flow through (FT), wash 1 and 2 (W1 and W2) and elution (E23)E2,
were collectedThe calculated moleculameight of theA b peptidewith an Nterminal Met
residueis 4461.05Da andcorresponds to a barat ~5 kDa inthe15% Tristricine gel.

After inclusion body solubilisationhe next step gfurification of Absowasbatch anion exchange
chromatographyFor this the Q-Sepharoseresin andhe homogenized inclusion bpdolution
weremixed in aBuchner funnelallowed toequilibrate andelution of the peptideff the resin
was donewith theaddtion of 125 mMNacCl in the buffer before the systerwaswashed and
regeneratedor the purification of the flow through SDSPAGE analysisof aliquots taken at
different points during tls process showed thAtfo was elutedat this NaCl concentrationbut
thatanion exchange alone wast effective in eliminating all impuritiedanes E1- E3, Figure
3.4), and that a additionalpurification step isyecessary.
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3.3.2Size exclusion chromatography{SEC) of Abaso

Following thelyophilisation of aniorexchange purified Buo, the peptide was subjected tBS

which has beedemonstratetb result inrhomogeneous monomeridoAWalsh et al., 2009

Fractions Fractions
50 100 - 105 mL 200 - 220 mL
kDa
*
404 } ——
—

304 —
3
3 —
£

20 - —

15—
10-
0 50 100 150 200 250 300 5—— w— ce— — “ b
volume (mL) — T N —

- Anion exchanged AB,, sample

Figure 3.5. Protein purification SECo f sofdptide

The elution (E1-E5) fractions collected from the anion exchange batch purification were
subjected t6SEC A) After equilibration of aSuperdex 75 16/60 column in 50mM ammonium
bicarbonate the peptidesample in 50 mM Tris pH 8.5, 7 M guanidice.H@sinjected into the

systen. The SECtrace (mAU, absorbance at 280 nm)howed t hat geldedmer i c
fractions collected around 20825 mL(*). B) Samples collected from SEC were analysed by
SDSPAGE on a 15% Tridricine gel Samples collected between 2005 mL corresporat to

Mo n 0 me K iardd wedyevealedas a single band of5 kDa demonstratedhe efficient
purification of Abso through this methad

The SEC trace showed one prominent peak eluting between 200 and 225 mL and a smaller eluting
~100 mL (Figure & A). Sampes of the fractions collected were analysed by $B&E (Figure

3.5 B), showing a single band a5 kDa on the fractions collected between -2@88 mL,
corresponding té\bso. Massspectrometry analysis diese sampleshowed a mass of ~84 Da

(Figure 3.6), consistent witlthe predided Met-A ho of 4461.05Da. Some preparations of the
peptide presentegery low abundant ion adducts and a possible valine cleguagieict butthis

did nothave an effect on fibril formamn. A total of ~2-3 mg/L of Abs weretypically obtained

usingthis method of purification.
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Figure 3.6. Mass spectrometry spectra of purifiechf peptide

Deconvoluted mss spectrometngpectrumof Abs, after being purified by size exclusion
chromatographyMass spectrometry analysis was done by electrospray ionisation at the Mass
spectrometry facility at the University of Leeds. Samples submitted showed ad#@sDa,
which corresponds to trexpected mass of MAb4o (4461.05Da). The presence of low abundant
metal ion adductso Met-Abso (4484 D3 as well as a possiblet-Absgvaline cleavage product
(4343Da) were observed.

3.4.Purification of Aba2

For the purification of A, the approacktatedoy Yoo et al(2018)was followed.The inclusion
body preparationis first filtered through a PVB membranebefore performing preparative
HPLC,andtypically results in digh yield ofpeptide (mgs pditre of bacterial cultureandtakes

lesstime whencompared to the method used fdi.fpurification

3.4.1Inclusion body isolation of Aba>

In contrast to the By cell lysis and inclusion bodgreparationthis method uses 5 cycles of
centrifugation and sonication befofiétering: four to remove weakly bound impurities by
pelleting and a last one to solubilise inclusion bodggsinitial Abs, peptide preparations were

done by homogenizatiori mclusion diesin 8 M urea, but switched to 7 mM sodium hydroxide
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in later preparations of the peptide as ttusicentratiorwas found to be better fahe HPLC

column(method improved by Dr Martin Walko)

Unfortunately, a slighloss of Ab., is observedduring the 2to 4" centrifugation cycles, as the
band corresponding tob% is observablén thesupernatant fraction§igure 37, S2S4, ~5kDa).
This however did natesult ina pronouncediecrease in thital yield of protein obtained.

IB isolation

kDa CP S1 Ss2 sS3 s4a B

~ pmmp —

250 —

75 —

37 —
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10 —

2 : ABa42
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Figure 3.7. Isolationof A b, peptidefrom inclusion bodies.

Inducedcells were harvested by centrifugation (CP) and lysed by sonication. Four cycles of
sonicationand centrifugationwere done (S54)to isolate inclusion bodiednclusionbodes
were then solubilised tthe addition o8 M urea(IB). Samples were analysed by SBSGEon

a 15% TrisTricine gel.

3.4.2HPLC purification of Abaz

The solubilized inclusion body solution obtained from the centrifugasiolation cycleswas

passed througla hydrophilic PVDF syringe filter before preparative HPLEor this aC18
columnwas used and a gradientdf - 60% gradient of acetonitriwas un to elute the peptide
(methodkindly performed by Dr Martin Walko)rhreewell resolvedpeaks were observed in the
HPLC trace of the filtered inclusion body soluti@ffigure 3.8, A) A run of the purifiedpeptide

resulted in the elution of a single peatk- 3.5 minutes(Figure 38, B), corresponding to the first

peak observed in the HPLC trace of the crude soluB®@SPAGE analysis othe purified
peptiderevealed a single band& kDg consi st ent Ma(Figure3®é)nomer i c
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Figure 3.8.HPLC s p e c t rsgpeptde puifibation.

For purification a Kinetex EVO C18, 21.2x250 mm column using &60% gradient of
acetonitrile in water with 0.1% ammonia and run at 20 ml/min over 2@tesnLC trace(mAU,
210 nm of IB solutionafter preparative HPLEA) andthepurified peptide (Bshow that the first
eluted peak(*) of the IB solutioncorresponds to B, Samples collected at this time were
combined|yophilisedand stored for later use.

A IB isolation B
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Figure 3.9. SDSPAGE of HPLC purified Abs2 and high-resolution massspectrometry.
Samplescollected through the purificatioprocesswere analysed by SBRAGE Samples
correspond tahe cell pellet (CP), the inclusion body isolation centrifugation stepssé31the
solubilized insoluble bodiedefore (IBUF) and after (IBF) being filtered and theHPLC
purified Abs,, which is a single band on the gel of ~5 kB3 Deconvolutednass spectrum of
Abs,. Mass spectrometrgonfirms that the observed masstofi, with an Niterminal methionine
corresponds tdhe expectedl645.29Da mass Metal ion adducts were observed taralow
abundance after purification (4672.5 and 4698.3 Da).
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Massspectrometry analysis the purified peptidshowed a mass o#644 Da, consistent with
the calculated4645.29 Da Met-A A, mass(Figure 3.9, B) Low abundantion adducts were
observed for somA h; preparations bulid not alter fibril formationAll A bs, HPLC collected
fractions were combined, lyophilised and store@@tC until peptide use\ total of~6.5 mgper
litre of bacterial culturef purified peptide were obtained.

3.5. Fibril production

3512 A an d «»fb@polrborph seeding

Elongation of fibris from seeds or shorter fibrils is a commuoathod to make amyloifibril s
and bypasséebe nucleatiorstep of fibril assemblgnd allows the intrinsic molecular structure of
the seed/fibril to be propagated through generatjdnssio et al., 201p This is observed by a
reduction in the lag time arttie more rapid entrinto the elongation phase the aggregation
kinetics of amyloidal peptideKinetic analyss of the seeding of th&bs monomer by 2A and
3Q fibrils by monitoring ThT fluorescenceshowedan acceleratedrate of fibril formation
compared to the unseeded monofégure 310) and a reduction in the haifnes of the seeded

reactions compared to the monomer on its own (Table 3.1).

A B
2A Ay, fibril self-seeding 3Q Ay, fibril self-seeding
125- 125+
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Figure 3.10. 2A and 3Q fibril seeding

Fibril seedingof the 2A and 3Q By, fibril polymorphswas monitored by ThT fluorescenéer

this Abso monomer 100 eM) was resuspended in 25 mM sodium phosphate pH 8.5 and seeded at
1 and 9% (v/v) with 2A (A) or 3Q (B) fibrilsThe seeding of monomer bypasses the nucleation
process and reaches the growth phase at a much faster rate, as atldivdsg for the molecular
structure of the fibril tde propagatethrough generation€Experiment done in triplicates (Mean
+S.D.).
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Table3l.Hal f ti mes of the ki ngfiorilseedingeacti on of 2A and
Half-time (h)
2A 3Q monomer
1% seeding| 3.97£0.08 2.5+0.13 -
5% seeding| 2.97 £0.58 25+0.19 -
monomer - - 6.4+£0.86h

3.5.2de novoADbu fibril generation

The unseeded f iaptermddhezeiasda mpedibril preparatibnwas onitored
by ThT fluorescencgFigure 311). The kg time wascalculatedfollowing the fitting of the
experimental data to a sigmoidal function @ ©6F¥p A @DPQO 065 , where the lag
time is defined a® 0g PICQ(Arosio et al., 2015 The monomer showealcalculated

lag time of 6.2h at thisconcentration, anglateau was reached within 10 h of incubation under
the conditions before mentionedhd reaction was stopped after 24 h of incubagiod fibrils
were collected to be analysed BgM (Figure 3.B).

Ap 49 de novo growth

1251

100+ 0 APy

O buffer

751

normalized ThT FI (%)

time (h)
Figure 3.11 ThT kinetic analysis of thainseeded de novAbao fibril generation.
de novdibril formation (100eM) exhibited a calculated lag time €6 h andplateauingoccurred
after ~10 hof incubation at 37°C and 600 rpshaking Experiment done in triplicates (Mean
S.D)
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The lag time for theeaction of the unseeddé novaAbaofibril preparatiorbearingan exogenous
initiating methionine residudepend on the concentration, buffer and temperature in which the
fibrils where formedReports using similar conditions as this sthdye been found to be between
20 mirutesand6 h (Walsh et al., 2008Bunce et al., 20)9consistent to what was obsenrezte

3.5.3Characterisation of fibrillation of A Qo

After fibril formation, fibril yields weredeterminedor the fibril preparationsThis consisted of
the sedimentation of théfils by centrifugation, separation of the supernatanpafidt fractions
and subsequent SEFAGE analysigFigure3.12, A). 80% of Abswasin the pellet fraction
for all of the Abs fibril preparationsconfirming the formation of insoluble materiaultiple
comparison analysis showed no significant differemcénsoluble material formation between
these fibrils(Figure 312, B).

To confirm fibril formation in the 2A, 3Q andde novoA R fibril preparations, negative stain
TEM imaging was performed (Figure 3)1 Although analysis of fibrils throughhis method
confirmed that fibrils had formed successfully for each of the fibril polymorphs, it was not
possible to distinguish the twist observed e t3Q structure by this techniqudowever,
structuraldifferences have been observed by solid state NMR spectroscopy for fibrils produced
by elongation of 2A and 3Q fibrils from see@®aravastu et al., 200Betkova et al., 2005as

well as by GAG binding analysis between the fibril polymorphs, in which a specific binding sites
for GAGs were revealed as well as distinct binding affinities for both the 2A an(Vé(@ine et

al., 2012. 13C-1*C dipolar assisted rotational rationale ssNMR spectra obtained for preparations
of 2A and 3Qfibrils produced in house have been reported to be consistent with the published
structural model§Stewart et al., 2037
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Figure 3.12. Fibril yields of the Ao fibril polymorphs.

The Ao fibril polymorphs formed were subjected to centrifugation at 14000 (mom
temperature, Eppendorf 5418 rotdgr 35 minutesand subsequent separation of the pellet and
supernatant fractionsd) SDSPAGE analysiswas donén a 15 % Tristricine gelfor the whole
(W), supernatant (S) and pellet (P) samples of the three fibril polymor@ssésdibril yields.

B) Densitometric quantification of the fibril yields showtkdt for the 3 polymorphs81-92% of

the sample remained in the pellet, confirmingitis®luble fraction formation after seeding with
2A or 3Q seeds, or de noo fibril formation.

2A AB4o

Figure 3.13. Electron micrographs of the Bo fibril polymorphs.
Negative stailTEM wasperformed on each of tti#oril preparations Scalebar is500 nm



58

Assessmenbf fibril polymorphism has beeevaluatedby analysis of curcumin dye binding
Heterogeneity ofibrils from brain derivedJsynuclein amplificationfomP ar ki nson 6 s
and MSA patientshas beerevaluatedthrough curcumindye binding Structural differences
observed asmission spectrashifts, betweenin vitro generated fibrils and brauherived
amplificatiors, has been notedLau et al., 2020Strohaker et al., 20)9Preliminaryanalysisof
Abyo fibril preparationsausing this method did notdemonstratespecta that weresignificantly
different between th@A, 3Q andde novdibril preparationsipon binding curcumin (Figui& 14,
A), although minor visual differensean be observetiowever two-way ANOVA of the mean
curcumin fluorescencespectra (Tukey correctd) demonstrated statisticallysignificant
differencesfor the three M40 polymorphsin their binding capability to curcumin (FiguBel4,
B), provingto bea possible method wiscernbetweerthe molecular structures of thdao fibrils.
Similarly, oneway ANOVA of the raw endpoint ThT fluorescen¢gigure 3.5) showed a
significant difference of the 2A with 3Q aml# novofibrils, but not betweenle novoand 3Q
fibrils suggesting differences available ThTbindingsites, and structural morphologi@able
3.2). Differences inThT fluorescence intensitiesave been reported faVT U-synucleinfibrils
whencompared tits disease associatshglepoint mutation A30P and A53Fsynuclein fibrils
as well as fotksynuclein fibrils crosseeded withigher fibrils from the A30P or A53TSidhu
etal., 2018

A 40 polymorphs

8000+

6000

4000

curcumin Fl

2000

normalized curcumin FI

500 550 600 650 700 N

b (nm)

— 2AABgofibril  — 3Q AP 4 fibril — de novo A 4 fibril

Figure 3.14. Curcumin dye binding to A4 polymorphs.

Analysis of the fluorescence spectrum of the 2A, 3Q and de bevaepan birding to curcumin
appearedio be different between the fibril polymorphs, however significance was not reached.
B) In comparison, meanurcuminfluorescege intensity revealed to be significantly different
between the three fibril polymorpfiBukey multiple comparisong** p<0.0007).
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Figure 3.15. Endpoint ThT fluorescence of the By polymorphs
EndpointThT fluorescence intensities of 5% seeded 2A and 3Q fibrils and deAbgvformed
fibrils were significantly different (Tukey multiple comparison test, * p<0.05, ** p<0.005).

Table3.2. Significant differences of curcumin and ThT fluorescence observed between g A
fibril preparations.

Significant

difference
Curcumin ThT
2A Abs. 3. A Yes Yes
3Q Abyo vs. de novo Abyo Yes No
de novo Abao vs. 2A Abyo Yes Yes

3.5.4A RQ:fibril generation at pH 2 and pH 8

Aba fibrils used in this study were formed as describe@alvin etal (2016) and Gremeet al
(2017) using buffers at pH 2 and pH 8, at room temperatureuadérquiescent conditions.
Fibrillation was followed by ThT fluorescence analysis for 100 hiboil$ formed at pH 2 (Figure
3.16, A) and until plateau occurred for pH 8 fibrils (Figure 3.16, B). Differences were observed
in each of thé i b haif-im&ss(Table3.3) and heir calculated lag timesere 15.3h and 0.73 h,

for pH 2 and pH 8 fibrilstespectively.

To confirm fibril formation, rgative stain TEM imaging waserformedfor thetwo A . fibril

preparationgFigure 3.8, C and D). Although some visual differences can be observed between
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the fibrils, e.g. roundeshaped like pH 2brils compared to pH & RQfibrils, analysis of mean

ThT fluorescence intensity (Figure 3.1r8vealed thathe pH 8 showed a significantly higher
fluorescence.

A B
AB 4, pH 2 fibril growth AB 4, pH 8 fibril growth
125+ 125-
& 100 & 1001
L 75 -
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N S
s i ®
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25 r r r r . 25 r T T 1
0 20 40 60 80 100 0.0 0.5 1.0 1.5 2.0
Time (h) Time (h)
-e- buffer -o- buffer
- 120.5 uM AB 4, - 50 UM AB 4,
C D

Figure 3.16. Fibril s of Abs, grown atpH 2 and pH 8.

Analysis of Thkineticsof pH 2(A) and pH 8(B) fibrils of Abs, showeda lag time of 0.3 h for
the A, fibrils formedat pH 8 (50 eM) and 1536 h for the fibrils formedat pH 2 (120.5¢M).
Negative stairmTEM of the samples after 24dif incubation revealed the formation fitbrils (C,
pH 2, D pH 8) Scale bar is 500 nnExperiment done in duplicates (Me#&rs.D.)

Table 3.3. Half times of Abs fibrils formed at pH 2 and pH 8.
Half time (h)
p H 242fiBrib 15.6 £ 0.23
pH 8fiBrib 0.78 + 0.005




Endpoint ThT FI

Figure 3.17. Endpoint ThT fluorescence of By, fibrils.

EndpointThT fluorescence intensitiestbkpH 2 and pH 8A b, formed fibrils were significantly
different Experiment done in duplicates (MeanS.D., Tukey multiple comparison test, *
p<0.05).

3.6. Discussion

Here, methods of purification for thebdyand Abs, peptides and fibril preparation werealuated
The purification protocols used were quick and efficient in the production ofAfttand Ab.,
peptidesAlthough both methods are relatively affordable and can be easily scabatl/aptages
of HPLC overanion exchange and SEC purification are noted, as thetdimerify the peptide
decreased from 3 weeks to 1 wemkd purified peptide yieldvas double HPLC has been
proposed aosteffectivemethod of purificatiorthat renderdigh-quality recombinanproteins
(Dammers et al., 201%Varner et al., 20%, Yoo et al., 2018

After validation of peptide purity by mass spectrometry and -8BSE, fibril formation was
performed anderified through fluorescence spectroscdppchemical and imaging techniques.
ThT fluoresceneanalysisandfibril yields of the Abs and Aba fibril polymorphswas consistent
with b-sheet andnsoluble materiaformation Kinetic ThT analysis showed thalateauing
occurred within 24 h foall Abso or Aba; fibril growth However, noted differences iralf times
andlag times are seen betwegs novoADbaso, pH 8and pH 2 A4, (Tables 3.2 and 3.33howing

6 h, 0.73 h and 151ag times, respectively
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Confirmation of fibrillation after seeded (2A and 3@4) or de novo(de NnovoAbag, pH 2 Aba,

pH 8 Abay) fibril formation was done by and TEM imaging, although no specific differences were
distinguishable through this techniqdéde inability to discernthe fibril twist present in the 3Q
Aby fibril preparatiors has been noted in the past, howetéras also been confirmebat the
dipolar assisted rotational rationasNMR spectra correspond to the ones originally published

regardless of thisaveat(Stewart etl., 2017.

Nevertheless,variation in curcumin fluorescence wasbservedbetween thethree Abaso
polymorphs a dye recently used to observe polymorphism of brain deiriveitto generated)
synuclein fibrils(Strohaker et al., 20)Differencesb e t w e ewith 2 Q& ssdeaavd sean
ThT fluorescencéntensity were alsonoted but not betweerd Q6 s deanowid snean ThT
fluorescence intensityn the same manner, arked significant differences inthe mean ThT
fluorescencentensitieswere observedetweenthe Ab.; fibrils formed at pH 2 and pH 8t is
known that pHcaninfluencethe fluorescent speet of organic compoursdHope et al., 2016

and theréore caution should be takemhen assessing thed Aba; fibrils through this methad

ssNMR analysis of the interaction between curcumin abg #brils showed that curcumin
interacts with resi dudéMasudaztal,20iMoldcilar @hamiosf t h e
simulations and docking of curcumin td@A fibrils (PDB 2MXU) showed that bindingccurred

through contacts of the aromatic rings of the molecule to residues ¥2Q of the first and

secom monomerof the fibril, as well as residues 13234 of the fourth and fifth monomer of the

fibril, in a nondisruptive way(Jakubowski et al., 2020These sites correspond to the most

commonb-st rand | ocations in the Ab fibri/l struc:

Curcumin fluorescence intensity variations between the fibril polymorphs roightr due to
differences in the number bfstrands and the position they adopt in the fibril structure of the
distinct polymorphs (i.e. exposed in some structures, or hidden within the fibril core and
inaccessible to the fluorescent probe/molecule). Differences in Thilefioence intensity might

be accounted by the same reason, as ThT binds parallel to the fibril axis, between the fibril
strands(Krebs et al., 2006and preferentially interacting with channels formed by aromatic
residuesn the sde chaingBiancalana and Koide, 2010validation of these results could be
done with the use of other structutakchniques, as well as other molecular probes. Fibril
polymorphism has recently been evaluated withmihescent conjugated oligoand
polythiophenesThese molecules are thought to possess the same binding site as Congo red, but
in contrast to it, are knawto have awistable thiophene backbotteat upon restriction different
emission profileis observed(Fandrich et al., 2038 This feature can be seen as aptical

fingerprintof a specific moleculand proven useful tool for fibril polymorphism characterisation.
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Hence, these results suggest the presence of variation in structoi@ineations, observed
through binding site availability for curcumin and ThT, in thBsdfibril types, but further
investigation is required for the validation of all 5 fibril types.

In the following chaptex the A bfibril preparatios formedhere will be usedo study ther

interactionwith purified U-synucleinin vitro as well as in cells.



64

4. Cross-seeding analysis ot-synucleinfibril formation by
Ab fd bril

4.1.Introduction

A growing body of evidence highlights the overldgpathologies in neurodegenerative diseases.
Usynuclein is an intrinsically disordered protein that is involved in the maintenance and supply

of synaptic vesicles for neurotransmitter release and synaptic plagtiagtiiuel et al., 2013
Spillantini and Goedert, 2018 Par ki nsonods di sease and ot h
characterised by the deposition of intraneuronal inclusions of misfaldgduckin (Spillantini

et al., 199Y. However, it is known thaa r e g i-sgnocleio, fencainpassing residues- G5,

also known as the neamyloidb-c o mponent , or NAC region, is ¢
i n Al z hei nilevohigsand dNielsce, 204 ®urtig et al., 2000Jensen et al., 19R7This
interactioiynbel welmamsadldeeAb furt her i nvestigat

pathology and Lewy body spectrum disorders. Inetiospective studylrwin et al. (2017)
examing symptons, onset, genetic and neuropathologifesdturesin a cohort ofAl z hei mer 6
disease casesith autopsyc o n f i rsyneckkinophthyTheyfound that increasing levels of
neurofibrillary tangles, composed of tau tangéesl neuriticA bplagueswere associatedith a

higher degree of Usyruclein pathology after assessment by immunohistochemistry and
assignment of a semiquantitative global cortical score for burden of Lewy bodies and Lewy
neuritegIrwin et al., 2017Hurtig et al., 2000 Assessment of A z h e i patientsdssrevealed

that the mean age at deatbcurs at a younger age in those cases gvheented_ewy body
patholagy when compared tthose who i@l not present Lewy body depositipadditionally the
presence of Lewy body wassociatedvith having at least onaPOE ! allele, a risk factor for

Al zhei mer(@sngetal.s20fbs e

Amyloid fibrils can act as seeds that initiate the polymerisation of monomers. Typically,
homologous seeding leads to a reductiothe lagtime and haltimes of the aggregation reaction
when assessed by ThT binding kinetic asq@yssio et al., 201 However, the interaction
between misfolded proteins of different sequences can occur in d{$4asdes et al.2013.
Examples of heterologous seeding, or cieesding, between amyloidogenic proteins have been
described extensivelfGuo et al., 2013Sarell et al., 20L,3WatanabaNakayama et al., 2020
Young et al., 201) Moreover, the crostalk betweerf}synuclein and A has been describea

vivo models(Masliah et al., 2001 where the caverexpression of humansynuclein and the
APP protein in mice led to the generation of higher okigynuclein oligomeric species, as well

as a higher number of Lewy botlige inclusions in the cortex of mickn vitro, U-synuclein fibrils
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are known to act as catalysts db Aggregation at neutral p¢€Chia et al., 2017 Crossseednhg
of-s¥Ynuclein monomer by Ab infiirofOnoétal., 2812 mtherl so been d
study, Ono et a l-syfudei fi®il) fornsation eceuds attatiaatér raté in the

presencegbr ef or med f i bgydwsc laghir manieh Bnalysingcrogseeding

with Thioflavin S (ThS) binding kinetics. In their experiments, the presence of oligomers and
fibrils, whethes utAde yyhlwlein, eromotedotihe aggbg at i-on of U
synucl ein monomer and fibril f or magtain@m. Abl n addit
monomerwerecross e e d e d b ysyniicleibfibrilslahd @areseriied a reducedtlage when

compared to fdredpddBoenersied AD

Co-aggregation of}synuclein and A monomers has also been descrilveditro. In their ThT
kinetic bindingexperiments, Koppen and collaboratifsppen et al., 202®bserved a reduction

in the lag time of}s y n u © hggrégatidkineticsi n t he pr ensoromerieA hgahd 1 & M
pyrogl ut a-#2monamers&dnpaed to wseeded wildype (WT) Usynuclein (55

€ M at neutral pHFibril formation was confirmed by immurgold TEM, but the presence of a
specific mophology of fibril was not possible to discern through this method, nor were the
presence of ecpolymers, or fibrils formed by bothffandU-synuclein. Differing evidence of this
interaction has been noted by Chia et al. (2017). In their study, they abteavéehdl-synuclein
monomer (0.1 1 molar equivalents) acted as an inhibitor & 2aggregation, whereas the
synuclein seeds accelerated the rate of aggregation oftaenénomer at pH 8. These events
are suggested to occur by timhibition of binding between misfolded monomeri®sAto the
surface of newly formed fibrils of &b y mo n o-syeucléinandipede the catalysis of
formation of new nuclei in its surface, otherwise known as secondary nucleatibrsyNaclein

aggreation was observed within the time analysed.

The crossnteraction betweer\b and U-ssynuclein is emphasised in these previous studies,

nonethelesshe molecular mechanism by whichthey ner gi st i ¢ -sgricfeieand bet ween
A bfibrils occursin pathdogy hasyet to be fully characterised. Moreover, it is still unknown

whet her different Uspuclpirodggregationpchdifferipgrentents.tHere,

making use of t hsgandd.JfAiebrreinit pfriebprairl a-sghudeitsb, t he ef f

aggregation is analysedimvitro biochemical assays.

42Bi ndi ng of Adynuéldinbmoriorhes at pHn7dt U

Aninvitrof l uor escence pol arization assayasufiMhs set up t

prepar atsynoaesm monomerUkindly provided by Dr Matt Jackson). Fluorescence
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polarization is based on the random tumbling of particles in solution and the pagtis 6 s i z e .
the fluorescent dye in the labelled molecule is excited, only those particles oriented within the
same range of where polarized light was applied will be able to emit polarized light. The larger
the particle is, the slower the tumbling itsha solution and the higher the possibility of emitting

light with respect of the polarization plafdontagnaro et al., 200&ossi and Taylor, 20)1For

this assay, Alexd 8 8 |l abel |l edsymamcdmmé mi ca n@ynuosinnweme r i ¢
incubated with0.51 0 OM ( mo n o me ry filrrigpolymorahs & PBS)at pA 7.4, If

binding occurs between the small fluoresdgéaynuclen monomer and the@ibrils an increase

in polarized light, or polarization value, would be apparent.

Figure 4.1. U-synucleinshortfibrils (seeds
Usynuclein fibrils (seeds) were formed by 48 h ofisfj at 37°C on a heat plate. These method
renders fibrils of an average length®® nm Scale bar 500 nm.

After 10 minutes of incubation at room temperature, fluorescence polarization was measured. An
increase in fluorescenpmlarization was observed as the concentratiorbad f#oril preparations

or Usynuclein~50 nm long short fibrils kindly provided by Mike Davies (Figure 4.1), from here
onwards referred as seeds, increased (Figure 4.2). On the other hand, the inciitretiabelled
Usynuclein with 0.5 5 OM of t he 4uit nooreseltrini acsignfiant increase of
fluorescence polarizati on ssifginbarli.l sTsymeckrd dtaot

monomer, but this binding was not significantlyfelient between the @ fibril preparations.
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Figure42.Bi ndi ng of ABb f i bsynucleinmpandmgrmor phs wi t h U
Fluorescence polarization assay wa Sofiilet up to
preparatisgms céaednUmo symunleim mononér wasNMcubated with 0.05

e M -syhuclein monomehlexa 488 and increasing concentrations of either 2A (A), 3Q (B) or

de nowfd bAG | p r e p a-syaucléiroshos fib(il &d) .Arbdrioraer Were used as
controls. An increase in fluorescemtbalsgpol arizati o
increasing concentratiesryqnn,ucd &g age snoinrognefi. ndinn g otna r
monomer did not present a signiitt increase in fluorescence polarization. For all fibril

polymorphs the experiment was done in duplicdies3, mean + SEM).

fal}

4.3.Analysis of crosss e e d i nsgy noufc | i n maoofioimatpH by AD
75

Previous experiments have shotke crossseeding ® U-synuclein monomeby A hipa n d 42 A b

fibrils at pH 74 (Ono et al., 201R a pH present in the cerebrospinal fl(ldesseter and Siesjo,

1971). However,the impact of fibril polymorphism on croseeding has not been described to

date. To analyse if the extentofcras® e di ng i s di f f eofibelpreparatibns,b et ween t h
ThT fluorescence kinetics analysis was performed. For this 2086 (v/v) of the 2A, 3Q ode

novoA hof i br i | prepar at i o+syuclirmoaomerdmi excubatedat 7 OM U
under agitative conditions for a 70h period in 25
synucl esiynn uvacnide iUn -symieeih sekds atild2®06 (Wv) were set up in parallel

as controls. The experimental datas fitted to a sigmoidal functiord w 07 p

A@DPQo 04 ,wherethelagtimeisdefinedds 05 pI¢Arosio et al., 201p

Aggregasiyomcodfei @ monomer o c-synucleiresdeds, absetvdias pr esenc e
an increase in AT fluorescence intensity, whilst the unseeded monomer did not exhibit in an

increase in fluorescence intensity over the timescale analysed (Figure 4.3, A, C &hd E).
synucleinbdés rate of aggregat i onUsymaclein selcr eased wh
increased. No lag time was observed in the 20% and 5% (v/v3emsdied reactions and the

calculated haltimes (Table 4.1) confirms that aggregation rate is faster for thelBphuclein
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seeded sample, followed by the 5% and%ynuclein seeded sanegl In marked contrast, the
addi ti on of 4palymorphe {Figurede8 B,ACband F) resulted in no increase in
fluorescence intensity and thus it can be concluded there was no aggregation into amyloid, at least
over 70 h under these conditions.

After the ThT kinetic assay at pH 7.5, samples were subjected to a sedimentation assay, whereby
samples were centrifuged for 35 miasat 14000 rpnfroom temperature, Eppendorf 5418 rotor)

and further analysed by SEFSAGE. The formation of insoluble pelletethterial was observed

and quantified by densitometry for the unseeded andsesetledU-synuclein aggregation
reactions (Figur e 4. -dyhucleinremaihed ie thaisnperaatadt &attiomse a ¢
and less than 5% became insoluble (Figurédaad B). Contrary to this, the sedéeded reaction
showed t hat -syhueleimmag irsalublé and pelfeteddn the 5% (v/v) and 20% (v/v)
selfseeded reactions, althougB0% of the sample could still be observed in the supernatant
(Figure 4.4,C and D). The 1% (v/v) sefeeded reaction showed th&t 0 % o f-synude®m U

was insoluble.

Different results were observed for the samples incubated \iithfiBrils. SDSPAGE showed

that most of thé}synuclein remained in the supernatant fraction after centrifugation (Figure 4.5
A, C and E). Densitometric quantification of the fibril yields (Figure 4.5 B, D and F) confirmed
that < 10% of thé}synuclein was in the pellet fraction for these sampledgewitne other~90%

was observed in the supernatant fraction. Bisgnuclein observed in the pellet could be residual
Usynuclein soluble protein in the pellet fraction, as a similar percentage was in the pellet fraction

in the unseeded-synuclein sample.
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7.5.

ThT kinetic an al-symdem (70 {M) anth %o (A),r5% €C ahak 20%v)JE)
Usynuclein seeded reactions was done at pH 7.5 for 70 h. In parallel, ThT kinetics were followed
f or -dyrueeindross e e d e d s polyrhonphs/2A, 3Q ate novo in a 1% (B), 5% (D) or

20% (F) @/v) rati o. No increase in fluorescence
synucl ein, wéyeuclenassed a dllcconoegtratidns reduced or abolished the lag
time. No increase in fluorescence intigsvas observed for any of the samples incubated with

A b fibrils. The experiment was dora least induplicatesfor all conditions(N = 3, Mean *

S.D.

ntens
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Table4.1 .Half-times ofthe U-synuclein aggregation reaction after adding 1%, 5% or 20%
(v/v) Ussynuclein seed

Half-time (h)
Usynucl ei n mesynocheia seed+ 393107
Usynucl ei n mesynochaia seed+ 27+0.1
Usynucl ei n mo-syounienrseed 15

A unseeded
a-synuclein
— 125=
kDa w ) P
200 —— s g 100+
p— o 754
75 —— w—— 8
50 —— W— £ 504
37 —— — g
5 254
25 — —— &
20 —— — o
15 — a— " . -a-synuclein
10 — S é‘{b
5 — - ‘9°Q
2 —— —
[ a-synuclein monomer
a-synuclein a-synuclein a-synuclein
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[ a-synuclein monomer + 1% a-synuclein seed
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Bl o-synuclein monomer + 20% a.-synuclein seed

Figure 4.4. Fibril yields and densitometry of unseeded and sele e d-syducldih samples

from the ThT kinetic assay of seleeding of at pH 7.5.

After 70 h of i necsynbckein mononmme ( AP  ssyndckeik manamerU
incubated with 1%(v/v), 5% (v/v) or 20% (v/v) U-synuclein seed (C), were centrifuged and
separated into pellet (P) and supernatant (S) fractions, whilst keeping an aliquot of the whole (W)
sample. SD®AGE analysis was #m done usinga 15 % Trisr i ci ne gel -For t
synucl ei n, -symzlsin renmihed in the supkrnatant fraction, and a small fraction
appeared to pellet. As for the 1%, 5% and 2(9%) seltseeded samples, the pellet contained
most of tie -syhuclein. Densitometric quantification of the fibril yields (B and D) confirmed that
~10%-soyfnult| ei n was seen i-synucléiresanpled. Foethe 1% self t h e
seeded, half of the sample formed insoluble material >89 of thesample was insoluble for

the 5% and 20%v/v) seltseeded The experiment was dored least induplicatesfor all
conditions(N = 3,Mean = S.D.
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Figure 4.5. Fibril yields and densitometry ofamples from the ThT kinetic assay of cress
seedi my nafcl @i n  mofibrd preparatidny at pMF.5.

Af t er 70 h -syfucldinmonoreadampbes incubdted with(t86, 5% (v/v) or 20%
vv2A (A), 3 Q ( C)aofibrit prepagatiom wereocenfrifiged afvdseparated into
pellet (P) and supernatant (S) fractions, keeping an aliquot of the whole (W) sampleASES
analysis was thendoneinal5% fris i ci ne gel . It wassymdlesier ved t hat
remainedinths uper nat ant f r a fibtil ipreparations terndined insdiuble a8 b
they were only observed in the pellet fraction after centrifugation. Densitometric quantification
of the fibril yields (B, D and F) confirmed that ~800 % o f-synudeia inthe samples co

i ncubat e daofibrlstramaineti ie theAsbluble fraction in all creseeded sample$he
experiment was dora least induplicatesfor all conditions(N = 3, Mean + S.D.
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Negative stain transmission electron microscopy (TEM) of the samples after ThT kinetic analysis
at pH 7.5 showed the presence of fibrils iniksynuclein seeded sample (Figure 4.6). In contrast,
the unseedettsynuclein sample (Figure 4.6) and thieyniclein monomer incubated with the
different fibril preparations of Buo fibrils at different concentrations (Figure 4.7) exhibited large
amorphous aggregates. Although it is not possible to confirm through TEM, the presence of
fibrillar material in theJ-synuclein samples incubated wittbA fibrils could be attributed to the

Abuo fibrils, as it was observed thabs remained insoluble in the fibril yields (Figure 4.5). It is
also noted that there was an absence of fibrils in the 20%d@/mpvosample, ht this could be

due to fibrils not attaching to the grid.

+ 20% a-synuclein
seed

monomer

a-synuclein

Figure 46.El ect ron mi cr os c o p ysynuales gnononger and sefeatede e d e d
U-synuclein after ThT kinetics at pH 7.5.

After70 h, ThT kinetic reactions were stopped and samples analysed by negative stain TEM. This
confirmed the absence of fibrils in the unseeded sample, and the presence of fibrils in the 20%
(vIv) selfs e e d-gymucldih sample. Scale bar is 500 nm for theamar and 100 nm for 20%

(v/v) selfseeded sample.
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cross-seeding

1% 5% 20%

2A
AB«w

3Q
A

de novo
ABao

Figure 47.E1l ect ron mi cr ossoyopuyc | iemang inmogn oarfe pllbiilsncubat ed wi
after ThT kinetics at pH 7.5.

After 70 h, ThT kinetic reactiomgere stopped and samples analysed by negative stain TEM. This
confirmed the minimal presence of-syfucldnwithl s i n t he
the 2A, 3Q afibrds atdl® (v/m),d% @/v)@nb 20%(v/v)concentration. Scale bar

is 500 nm.
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As Ono et al (2012) had shown thasynuclein could be crosseeded by both bopa n d 42 A b
fibrils, a crossseeding assay was set up using their experimental conditions. For tlsig] 25
synuclein was incubated with at 10% (v/vip.Afibril preparations at pH 7.4 and 37°C, in the
presence of ThS, dibenzothiazole derivativand homologous compound of ThT (Figure 4.8),

that is commonly used for histological staining dif flaquegRodriguezRodriguez et al., 2010

Wu et al., 200%. As was observed at pH 7.5 with ThT, no increase in fluorescence intensity was
seen after 70h for the unseededynwclein monomer, nor the samples incubated with the A

fibril preparations (Figure 4.9 A). Negative stain TEM showed the presence of amorphous
aggregates in the samples, and the area of the grid analysed did not show the presence of any

fibrillar material,although the presence of th® A f icénnot He excluded.

-~
N'I-
S y \
, N ‘0,8 S S /
N* N / N
| |N+ AN

Thioflavin T Thioflavin S
(ThT) (ThS)

Figure 4.8. Molecular structures of ThT and ThS.
ThT and ThS are widely used amyloid dyes known to bind on the fibril surfgoeowes formed
by side chains (adapted from Wu et al., 2006).

It can therefore be concluded t@ineutralpH h e a g g r esynaclein istcmamwpldid fitils

was promotethyt h e a d d-$ymuclenrseedsf Corversely, those samples incubated with the

A @ fibril preparationsfrom this studydid notcrossseed the aggregation Bfsynuclein into
amyloidfibrils by the endpoint of the experiment (70 Tine crossseeding effct denoted by Ono

et al., (2012), where they use synthetic peptide and pH 7.4 in a ThS reaction, could be due to the

use of Ao fibril polymorphs different to the ones used in this study.
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500+

time (h)
a-synuclein monomer

a-synuclein monomer + 10% 2A
a-synuclein monomer + 10% 3Q

bttt

a-sycunlein monomer + 10% de novo

Figure 49.Crosss eedi ng aswphyslh si of méfibrdsmtepH 7.0y AD

ThS kinetic anadpypcliymarfghkrs 2A,di HQ dsyndclede novo t o
monomer in a 10%v(Vv) crossseeding ratio at pH 7.4, for 70 h (A). No increas@uorescence

intensity was obser ve eynalein, aar the7saniplesf ireubated vith uns e e d e ¢
A o fibrils at all concentrations (Mean + S.D). Negative stain TEM of the endpoint sample of the

10%(v/v) 2A (B), 3Q (C) and de novo (D) cresse@ d-sybuclein samples did not show fibrillar

material Scale baiis 500 nm.

44.Crosss eedi moy naufc I i n  maofiboilenat pH 45y A b

The interaction betweenb, fibrils and thelU-synuclein monomer was also examined at pH 4.5,

another pH of physiogical importance. The lysosome, has a pH of 4.5 in its lumen and contains
proteolytic enzymes involved -Bynuclehgwhicmaeat i on of I
delivered by the autophagic pathwafpdak et al., 201 Usynuclein is known to readily

aggregate into amyloid fibrils at pH-3 (Buell et al., 2014Cho et al., 2000 Large aggregate

internalization has been proposed to occur through phagocytosis and further channelled to the
endolysosomal pathway in HER93 cells(Couceiro et al., 20)5At the same timeA ko and

A h; peptides are suggested to accumulate in lysosomes in differentiated PC12 cells and induce

toxicity (Liu, R.Q. et al., 2010

To determine if crosseeding occurred between the fibril preparationstasghuclein at pH 4.5,
1% - 20% (v/v) 2A, 3Q ode novoA fef i br i | s wer e -sgndcteie shonamer add0o OM U

incubated at 37°C under agitative conditions forts6 As a control, seeededJsynuclein
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aggregation was examined using 1% (v/v), 5% (v/v) or 20% (Wsynuclein seed. ThT

fluorescence was used to monitor amyloid formation.

An increase of ThT fluorescence was observed for the unséesjediclein raction after~30 h

and this plateaued after 50 h of incubation under these conditions (Figure 4.10). Incubation with
1% (v/v), 5% (v/v) or 20% (viIM}synuclein seed increased the rate of aggregatiorsphuclein;

a reduction in the lag time for the 1%esled (v/v) (Figure 4.10 A) and ablation of the lag time

for the 5% (v/v) (Figure 4.10 C) and 20% (v/v) se#feded (Figure 4.10 E) were observed.

For theU-synuclein samples incubated with 1% (v/A.4¥ibrils an increase in ThT fluorescence

was observe and plateauing occurred after 50h, but no difference in the rate of aggregation was
observed compared to the unseedksinuclein (Figure 4.10 B). In contrast the aggregation
appeared to occur more quickly for the 5% (v/v) cieessded samples (Figurel@.D) and a
marked reduction in the lag time as well as half time was observed for the 20% (vigemrded
samples (Figure 4.10 F, Table 4.2).
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a n a ksynscieis (7@pM) anch1&/vL(A), S%(e/d (€)cand20%

(vIv) ( E )syniitlein seeded reactions was done at pH 4.50dr. In parallel, ThT kinetics were
followed for h e -sybuclein cross e e d e d 4 polyrndnphs/2A, 3Q or de novo in a 1¥v)

(B), 5%(v/v) (D) or 20%(v/v) (F) (v/V)
a d d i -sygucldih seed at all concentrations reduced or abolished the lag Tindekinetics

sho

wed an increase

rat

n

0.

f

uorescence
fibril preparations, at all concentrations. No difference in the lag time was observed for the 1%
(viv) crossseeded samples compared to thesue e esgndcleitl The lag time was reduced at

5% (v/v) and 20%(v/v) crossseeding, but no apparent differences were observed between the

TFsyreiclein aggregatddeatier ~20h;

fibril preparations.The experiment was dora least induplicatesfor all conditions(Mean *

S.D.
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Figure 4.11. Lag time comparison of cross e eds g nWc | ei n  magnfibrine r
preparationsat pH 4.5

No significant difference in lag times was observed for the samplessgedsd at a 1%v/v)
concmtration (A) ¢ ompsynuaeth. Howevet, &t a 5@vicsosssegding U
concentration (B) a reduction in lag time was observed for the samplessaedsd with 2A and
de nowas Ae |l | as s a rsynlckis seedelesiyridt reduictiorhin ldg time
was observed in the 200@/Vv) A b fibril crosss e e d e dsynaafeih sedded sample (C). Mean
+ S.D. Significance level after ANOVA with Tukey multiple comparison test: * p<0.05, ***
p<0.001, **** p<0.0001.

Table4.2. Half-times and lagtimes ofthe U-synuclein aggregation reaction after 20% (vAAj)
synuclein seeding and crosseeding with M4 fibrils at pH 4.5.

Half-time (h) Lagtime (h)
Mean + S.D. Mean £ S.D.
monomer 43.69 £ 10.5 40.04£94
10.1 £ 2.66 7.38 £3.28
149+6.5 12.08 + 6.23
10.86+£2.9 8.29 £ 3.23
0.78 £0.42 -

Usynucl ei
Usynucl ei
Usynucl ei
Usynucl ei
Usynucl ei

monomer
monomer
nde nogome r
monomer

> 5 35 OS5 S
+ + + +

ANOVA and multiple comparison of the lag times (Figure 4.11) showed there was no significant
difference between the lag time of the unseedsgnuclein when compared to the samples
incubated with 1%v/v) Abao fibril preparations. In contrast a signifidadecrease in the lag time
was observed for the 5¢/v) 2A andde novocrossseeded samples compared to theseeded

Usynuclein. Multiple comparisons of the lag times showed that all @@% crossseeded

by
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samples were significantly different from the unseddsginuclein reaction (Figure 4.11 C), but

the lag times were not significantly different between theg, Abril polymorphs.

After the ThT kinetic analysis at pH 4.5, insoluble material and fibril formation was analysed by
SDSPAGE and negative stain TEM. A shift from soluble to insoluble material could be seen at
the endpoint of the samples at pH 4.5. Both theedsdl-synuclein (Figure 4.12 A), as well as
U-ssynuclein in the samples incubated with the different concentratidksyofuclein seed (Figure

4.12 C) were pelleted after centrifugation. It was noted86f%6 and~95% of U-synuclein in the
sample was isoluble and observed in the pellet respectively in the unséksigdiclein reaction
(Figure 4.12 B) andl}synuclein seeded reaction (Figure 4.12 D), respectively. Negative stain
TEM of theUsynuclein seeded samples as well as the unseeded samplesaitiempresence

of fibrils (Figure 4.13).

Furthermorel}synuclein in samples that were cresded with Ay fibril preparations (Figure

4.14 A, C and E) formed insoluble material that was pelleted after centrifugation. The pellet
fraction also containe@b.o (~5 kDa) from the fibrils that were introduced at the beginning of the
experiment. Negative stain TEM (Figure 4.15) demonstrated that this insoluble material was in
fact fibrillar material, as mostly fibrils were observed through the whole samplgsadaNo
discernible differences were noted between the fibrils formed from-seesing and self
seeding, mostly because in all samples the fibrils appeared highly clumped. In the same manner,
Aby fibrils could not be distinguished frofd-synuclein fiiils in the crosseeded samples

through this method.
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Figure 4.12. Fibril yields of samples from the ThT kinetic of unseeded and selée e di ng of
synuclein at pH 4.5

After 50h of incubation, the unseedéd y nucl ei n mo n o-syauclein(mdnomex n d
incubated with 1%(Vv/v), 5% (v/v) or 20% (v/v) U-synuclein seed (C), were centrifuged and
separated into pellet (P) and supernatant (S) fractions, whilst keeping an aliquot of the whole (W)

t

sample. SD®AGE analysis was then performedona 15 %frisi ci ne gel . -1 nsol
synuclein was observed on both the unseeded sg/)@ed seeded sampleS)( Densitometric
quantification of the fibril yieldsg and D) confirmed the formatiomf i n s-syhucddin|jas U

~ 90 % o-bynucldéinewaddn the pellet fractioN=3, Mean + S.D.

+1% a-synuclein +5% a-synuclein +20% a-synuclein
unseeded seed seed seed

a-synuclein

Figure 4.13. Electron microscopy imaging of samples after sslfe e d i n-gynuadefn U
monomer at pH4.5.

Negative stain TEM confirmed the presence of fibrils in the unseeded aisdesdid samples
after ThT kinetic assays at pH 4.5. Highly clumped fibrils were visible in all samples. Scale bar
is 500 nm.
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Figure 4.14. Fibril yields of samples from the ThT kinetic assay of cres® e d i syguclein
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cross-seeding

Figure 4.15. Electron microscopy imaging of samples after cremseding ofU-synuclein

Mo n 0 me r4fibrils atAH 4.5.

After ThT kinetic reactions were completed, negative stain TEM confirmed the presence of fibrils
in the samples afterthecresse e di sy naifc l @i n by t heofi®iBatl®8 Q or
(vIv), 5% (viv) and 20%(v/v) concentration. Scale bar is 500 nm.
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Taken together, these results suggest there is a pH dependence in theenlvgsof}synuclein

by dfilfiril preparations. The crosseeding of}synuclein aggregation by the presence bhA

fibril preparationsoccurred at pH 4.5, observed asreduction of the lag time in the ThT
fluorescence. Negative stain TEM confirmed that this aggregation resulted in insoluble fibrillar

material.

These results show that multiple fibril preparation&bfocan crosseedU-synuclein and form
amyloid at pH 4.5, and it is not a phenomenon specific to one fibril type. Howeveisertiag
is not observed at neutral pH.

4.5. U-synuclein monomercrossseeding by s fibrils

The most abundant isoform & in the brain isAbs (Selkoe and Hardy, 2016Aurphy and

LeVine, 2010. However, a closer linkas been establishiedtween the 4Pesidue peptideAbay,

and Al z HisaseMeitaiddset al., 2020 A shift in the ratio of MA.0:Abs2 as well as an

overall increase of By, is observed in plages of mice models bearing familial mutations of the

PSEN1gene(Duff et al., 1996 Kovacs et al., 1996 This increase in the deposition obA

compared to A has also been seen in cases démentia with Lewy bodies, by
immunohistochemistry and immunoblotting analysis on parahippocampal and hippocampal brain
sectiongLippa et al., 1999aMore recent reports have established that the CSF ratimpPao

decreases in Alzheimerods disease |, a characterist

Absz into plaguegHansson et al., 2018liemantsverdriet et al., 2017

Ab, has been found to enharldsynuclein aggregatioin vitro. In their experiment set up at pH
7.5, Masliafet al (2001) reported that the 24 h incubation of recombinant monomeric Hikman
synuclein with high concentrations of synthetic monomefg; §enerated oligomers and high
molecular weight polymers @Esynuclein, observable by western blot. These higher epseies
were not present in the control unseeded samples nor the ones incubatelyvithofeover, in
their ThS fluorescence at pH 7.4 and 37°C, @nal. (2012) found a 67% increase on the growth
rate ofU-synuclein by the presence of 10% (v/V.Afibrils when compared to tHgsynuclein
samples incubated withb, fibrils and the unseeddasynuclein. However, to date, no studies

have examined the effect obfibril polymorphism on the cross seedingld$ynuclein.

Here, by using pH 2 and pH 8bAfibril preparations generatedas describeith Chapter 2))
examinewhether %4, polymorphs can crosseedU-synuclein aggregatio® ThT fluorescence
assay was performed @ksynuclein monomer incubated with 20% (v/v) pH 2 and pH 8 By,

fibrils, at pH 7.5 and pH 4.5. It was observed that at pH 7.5 there was no increase in fluorescence
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intensity after the incubation of tHésynuclein monomer with different concentrations of the
Abafibril preparations (Figure 4.16 A, C and E). Contrary to thiplHat.5 crosseeding of the

Usynuclein aggregation by thebfibrils at 20% (v/v) was observed, with a significant reduction
in the lag time when compared with the unseddegnuclein sample (Figure 4.16 F, Table 4.3).

Multiple comparison ANOVA of the lag times at pH 4.5 did not find significant differences
betwea the samples croseeded with 20% (v/v) pH 2 and pH ®&#Afibrils (Table 4.3, Figure

4.17 C). Surprisingly, the incubation of tBesynuclein monomer with 1% (v/v) of either pH 2 or

pH 8 Abs, fibrils appeared to increase the lag time (Figure 4.17 B)pagh no significant
differences to the unseedédls y nucl ei né6s | ag ti me were obse

comparisons (Figure 4.17 A).

The presence of insoluble material was analysed by separation into supernatant and pellet
fractions by ultracentrifugation, followed by SEPR\GE and densitometry analysis. It was
observed that10% of thel:synuclein in the sample was in the insolublegidiiaction at pH 7.5

after the incubation with pH 2@, fibrils (Figure 4.18 A and C) and pH 8b#: fibrils (Figure

4.18 B and D). However, at pH 4.5, the formation of insollbynuclein is observed for all
samples (Figure 4.19). At pH 4.5;50% of tie Ussynuclein was in the pellet fraction in the
samples crosseeded with 1% pH 2@ (Figure 4.19 C), and less than 40 % of theynuclein

was insoluble in those samples incubated with 1% pH8 & pH 4.5 (Figure 4.19 D).
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Figure 416.Crosss eedi ng aswphyesi ei o f mafibrisratepH 7.5and 450

ThT kinetic anabpeli ymarfghks 2Adi 3Q dyndclede novo to
monomer in a 1%, 5% or 20%/{) crossseeding ratio at pH 7.5 (A, C and E) and pH 4.5 (B, D

and F), for 50 h. At pH 7.5, there was no increase in fluorescence intensity after 70 h for the
unseesymedl eJi n nor t he s ampibiileeparations, nobcaricentation.i t h  ADb

I n contrast, at -syniitleid aggregaten afteru-P08k. geT kinetics $howed an

increase in fluorescence i nt en gfiibtilprephrations,al | t he sa
at all concentrations. Mean + S.D.
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Table4.3. Half-times and lagtimes ofthe U-synuclein aggregation reaction after 20% (vA#)
synuclein seeding and crosseeding with A, fibrils at pH 4.5.

Half-time (h) Lagtime (h)
Mean + S.D. Mean + S.D.
Usynuclein monomer 437+ 105 40+ 9.4
Usynuclein monomer + 20%v/v) pH 2
y AIN) P 127+18 8.7+18
A R
Usynuclein monomer + 20%v/v) pH 8
y ) [ 118+ 3.6 764
A Rz
A B Cc
1% cross-seeding 5% cross-seeding 20% cross-seeding
ok
60 60 60
] 1 o 1 (o]
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Figure 4.17. Lag time comparison of cross e eds g nWc | ei n  magnfibrine r by
preparations at pH 4.5.

No significant difference in lag times was observed for the samplessgeded at a 1%v/v)
and5%(v/iv)concentration (A and BYynucteio iMdpravercala20% t h e

(v/v) crossseeding concentration (C) a reduction in lag time was observed for the samples cross
seeded with both pH 2 and pH 8. Mean + S.D. Significance level after ANGVPuky multiple
comparison test: *** p<0.001.
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Figure 4.18. Fibril yields of samples from the ThT kinetic assay of cresse e d i sygucleih U
mo n 0 me r 4 fibriyprepabations at pH 7.5.

After 70 hof n ¢ u b asyriuagem monbmer samples incubated with 1%, 5% or @D%pH

2 (A) and 4fibHIs viere ce@tjifugédiand separated into pellet (P) and supernatant
(S) fractions, keeping an aliquot of the whole (W) sample-FR&E analysis was ém done in
al5% Trist ricine gel. | 4synueleirs renmibssiretmevsepdrnatartt factionU
Densitometric quantification of the fibril yields (B and D) confirmed thal6% of the sample
remained in the pellet fraction after incubation witth e fibrits. N= 3, mean + S.D.
















































































































































































































































