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Abstract

Al zhei mer 6s disease (AD) is the most ¢comm
amyl oid b (Ab) p e pHhalimdrkofthadiseaasecOtharmyoidagénics | s
proteins like Transthyretin (TTR) and human Cystatin C (hCC) can modulate the

agg e gat i dheseavio pratéinare proposed to play a ratethe pathophysiology

of AD as theyarefound caedeposited in amyloid deposits in the brains of AD patients,

most notablyat the cell surface. Animal models and cell line assays showed pretect
rolesfor TTR and hCG mdguaciends tt oAxbi ci ty, and Ab fi
through interaction with TTR and hCC.

This study investigated thmechanisnof invitroi nt er acti on of TTR wi't
of WT TTR to inbnbit Abef pbeskehcsabdf Ab bi
than in the presence of ntemding surfaces. Then, the interaction between different TTR
mutants with different multimeric stabili:
TTRs with less stable tamers andinfoldedmonomer s are the best
fibrillisation. Analysing thehi of | avin T curves of AD agagr
TTRs andheinteractionof TTRswi t h di f ferent forms of Ab s
between the two protes occursmainly throughbinding toearly nucleating species of

A brather than to thenonomer.

The dosedependeni nhi bi ti on o fandAtepromoidnrof dmbrphsust i o n
aggregates by hC®@erevalidated However, the pevious suggestion of simpheonomer

to monomer i nter act wasmotdoefitmedinstead, A propesedd h CC
hCC binding to olwagsoppoetedibyhe obsereetdCCeirgeraction A b
with different aggregat ed swasfanddoshealeds Ab. T
effective inhibitor compared to WT monomer, indingtthat the active site could be the
hydrophobic loop involved indimerisation angrotease inhibition. This interpretation

was supported, as mutation of hydrophobic residues in the active gidicantly
reduced the intensity of hCC to inhibit AF¢

We showed that these two proteins are main
withtheear y aggr e gat e dsometfarnuaf aligpmedsiis ibis knodvithag
oigomer s ar e r es p oimivo thd petenfiabof thesdefiwo proteins to bet y

used as natural modulators is supported by this study.
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Chapter 1: Introduction
Background
There are a growing number of human diseases, known as amyloid diseases, which are
identified by the deposition of protein agggates in the bod\Westermarket al, 1990,
Dobson, 2002, Horwich, 2002, Westermaatk al, 2002) Al zhei mgAD) s di s
(Selkoe and &henk, 2003a) Par ki ns ¢Lany sand d.ozane, al898)prion
diseasegPrusiner, 1998, Collinge, 200Aanhd Hunt n gt o n 6 fPerudzi 1OWpre e
among these diseases. Most of these diseases aomsatediseaseanda s t he wor | d
population gets older these diseaaesbecoming more prevalerA| z hei mer s i s
most common cae of dementiagnestimatedt6.8million people worldwideavere living
with dementia in 2015yith 9.9 million new cases per year (Alzheimers.co.uk). For that
reason understanding the cause and developing new drugs for amyloid diseases

important.

Amyloid diseasesre identifiedby the deposition of amyloidibril in affected tissues.
Amyloid fibril s are formedhrough conformationathangeand aggregation of normally
soluble proteins to insoluble, highly ordered and typically highly stableip depsits
(Fandrich, 2012a)Vhereas in the past, each disease was usually associated with one
amyloidforming protein, current data suggest the involvement of multiple amyloid
forming proteins in the pathophysiologytbk amyloiddiseaseln vitro, the aggregation
behaviour of different proteins has been characteresadnsivelybut the effect of

i ndi vidual proteins on each Inootdéréodedetop aggr e
novel waysfor targeting amyloid forration for therapeutic purposes, we need a better
understanding of natural protection mechanigosuring in the body.An increasing
number of studies suggeamyloid aggregatiofis perturbedoy other amyloid proteins
under physiological conditiond.i and Buxbaum, 2011)As we search for a cure, the
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purpose of this project is to studiwothe ne

other amyloidogenic proteinsansthyretirand cystatin C.

1. 1. Classification of Amyloid

An increasing number of proteins have biamd toform amyloid deposits ithehuman
body. At least 31 proteghave been recognized to form extracellular amyloid plaques,
and some otherare found to form intracellular amyloids wehe they form fibrillike
intracellular depositéTable 11) (Sipeet al, 2014) The majority of deposited amylad
are extracellular and may be found in an organ or throughout all the (Bquk/ and
Cohen, 2000, Dobson, 2004)he amounof deposited amyloid is hugely variable from
nearly undetectable to kilograms found in the case of systemytoidoss (Dobson,
2004) Most amyloid protein mutangse associatedith induced fibril formation because

of native state destabilisation, therefore increasing the steady state catimemtf the
partially unfolded species. Amyloidogenic diseases loarcategorizednto different
groups according to deposition site and affected organs. Three main groups of
amyloidogenic diseases can be classifiedrneurodegenerative systemic amglasis
where amyloid deposition oca&im multiple organs, nomeurodegenerative localised
amyloidosis wherethe amyloid deposition is localised in only one organ, and
neurodegenerative amyloidogenic diseases wherdepesitionis confined only tahe

bran (Chiti and Dobson, 2006a)

Amyloidogenic | Precursor protein | Disease Systemic | Target organs
protein or
localized
AL Immunoglobulin Systemic amyloid light S, L All organs except CNS
light chain chain amyloidosis
Nodular amyloidosis
AH Immunoglobtin Immunoglobulin heavy S, L All organs except CNS
heavy chain chain associate
amyloidosis (Eulitz et
al., 1990)




AA (Apo) Serum| AA amyloidosis All organs except CNS
amyloid A
ATTR Transthyretin, wild| Senile systemid Heart mainly in male
type amyloidosis Ligaments,
Tenosynovium
Transthyretin, Familial amyloid PNS, ANS, heart, eye
variants polyneuropathy, leptomen
Familial amyloid
cardiomyopathy
Ab2M b2-Microglobulin, Haemodalysisrelated Musclo-skeletal system
wild type amyloidosis
b2-Microglobulin, Familial systemic ANS
variant amyloidosis (Stoppini
and Bellotti, 2015)
AApoAI ApolipoproteinA I, | Herediery  systemic Heart, liver, kidney,
variants amyloidosis PNS, testis, larynx G-
terminal variants), skin
(C-terminalvariants)
AApoAll Apolipoprotein A Kidney
I, variants
AApoAIV Apolipoprotein A Kidney medulla ang
IV, wild type systemic
AGel Gelsolin, variants | Herediery  systemic PNA, cornea
amyloidosis
ALys Lysozyme, variants| Herediery  systemic Kidney
amyloidosis
ALECT2 Leukocyte Leukocyte chemotacti Kidney, primarily
chemotactic facter| factor amyloidosis
2 (Bensoret al,, 2008)
AFib Fi br i nog el Hereditry renal Kidney, primarily
variants amyloidosis
ACys Cystatin C, variants| Herediery cystatin ¢ PNA, skin
amyloid angiopathy
ABri ABriPP, variants Familial British/Dutch CNS
amyloidosis
Adan ADanPP, variants | Familial Danish CNS
dementia (Holton et
al., 2002)
Ab Ab pr|Al z h e iDisemged CNS
precursor, wild type
Ab pr
precursor, variant
APrP Prion protein,wild- | CreutzfeldtJakob CJD, fatal insomnia
type disease
Prion protein| GerstmannStrassler
variants Schneikersyndrome
Fatalfamilial insomnia
Bovine spongiform
encephalopaty
ACal (Pro)calcitonin Medullary carcinom3 C-cell thyroid tumors
of the thyroid
AIAPP Islet Amyloid | Type 2 Diabetes Islet of Langerhans,
Polypeptide Insulinomas




AANF Atrial Natruritic | Atrial amyloid L Cardiac atria
factor
APro Aprolactin Ageing pituitary glad | L Pituitary
amyloidosis polycarcinomas aging
pituitary
Alns Insulin Injectionlocalized L latrogenic, local
amyloidosis injection
ASPC Lung Surfactant Pulmonary  alveolal L Lung
Protein proteinosis
(Gustafsson et al,
1999)
AGal7 Galectin 7 Skin amyloidosis L Skin
ACor Corneodensomin | Cornified efithelia, | L Cornified epithelia, Hair
hair follicles follicles
amyloidosis
AMed Lactadherin Aortic medial amyloid | L Senile aortic, Media
AKer Keratoepithelin Lattice corneal L Corneahereditry
dystrophy
AlLac Lactoferrin Corneal amyloidosis | L Cornea
AOAAP Odontogenic L Odontogenic tumors
Ameloblast
Associated Protein
ASeml Semenogelin 1 L Vesiculaseminalis
Enf Enfurvitide L latrogenic

Table 1.1. The amyloidogenic proteins aramyloidrelated diseasesmainly adapted from
(Sander<t al, 2009, Sipest al, 2014)

1.2.A1l z h e idieeased s

Al zhei mer 6 s di sstammneon (ads® 9f demaen(Ritinbeet alnia®15)

The probability of being diagnosed with AD over the afé5 is 6%(Burns and lliffe,
2009) andthis figure increases to 50% over the age ofiBéne et al, 200§. Although

AD diagnosisis basedon specific criteria, currently the only accurate technique of
diagnosis is posmnortem autopsy. Advancements in the magnetic resonance imaging
(MRI) and/or single photonemission computed tomography (SPECT) imaging
techniques will improve diagnosis and allow pemptomatic identification of AD

(Coimbraet al, 2006)

The presence of extracellular amyloid plaques and intracellular neurofibrillary tangles

(NFT) in the brain is om of the characteristic features of ABnnaert and De Strooper,
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2002) Amyl oid plaques cont ai n péptide,whidtse most |
neurofibrillary tanglesare formedfrom hyperphosphorylatedau protein. Besides the
deposition of plaques and tangles, theregeadualdecline in cognitive abilityCaughey

and Lansbury, 2003 he pyramidal neurons of the third and fourth layers of the cerebral
cortex are most susceptibleltssin AD, andenlarging éthe ventricleswidening of the

sulci andthinning of the cortical gyniesults ina completeloss of grey mattefDenget

al., 2001) The molecular basfort he connecti on Ieelanden AD
neurotoxicity is not well understoddnnaert and De Strooper, 200R)is believed that

Ab is involved in various toxic activities such as apoptosis, generation whlsd
complement activatiortalcium homeostasis disruption and pleeeformation in the cell
membrangSmall et al, 2001, Beniloveet al, 2012) The prominent hypothesis is that

t he ol i gomer ithetdxiogpeuniss resgonsidlé foraegeneration.

There are two types of ADateonset (sporadic), which accounts for the majority (90%)
of the cases, arghrly-onset (familial), whichs usuallycaused by mutation that either
causes ovVer puwmodncredssits tendemdy to Aoiibril s (Caughey and
Lansbury, 2003)The gesetlin-1 gene encodes for one of the enzymesponsibldgor
theA b p eqgeavage Fom its precursor, mutations in this gene leaalsitwrease in
bothbrain andextracelldar concentratio s o(ScheAifieet al, 1996) Polymorphisms
are also noticed in the preseniinPS2)geneencoding an enzyme which is responsible
for thefurtherd own st r eam pr. bldationsin theyenefdr thefamyloid
precursor protein (APP)itselfdd t o over pr o dwan diaMbcrafgesb ot h  /
int he ADb ppoduptibn spgeetsirfAncolio et al, 1999, KumaiSinghet al, 2000)
These polymgshisms can also be linked to cerebral amyloid angiopathy (GAdlate-

onset AD(Yamadaet al, 1997, Yamada, 2000powns syndrome patientsbovethe



fourth decadenormallydevelop AD; this is most possibly bersg of thechromosome 21

trisomy which houssthe APP genéCaughey and Lansbury, 2003)

Amyloid-b ( Ab) is a short peptide generated
clekavage The ADb fragments are ditd4B8 amine actds i n
(Benilova et al, 2012) however A 4o a n d 142afe the most commofragments
(Jarrettet al, 1993)  1Aofis present at higher levels comparedAtda.4> (ratio 10:1)
(Kupersteinet al, 2010) wherethe latter isthe mat toxic form of the eptide(Storey

and Cappai, 1999Although studies show thatligomerisation of these differentA b
alloforms occus by different assembly pathway there is enough evidence to prove
formation ofsimilar intermediates by both peptidathoughat differentconcentrations

of thepeptide(Bitan et al, 2003) The peptides areery hydrophobic, particularly the-C

terminal and catral cluster(residues 1-21) (Serpell, 200Q)

The amyloid cascade hypotheéitardy, 1997, 1999, Sisode&t al, 2001, Annaert and
De Strooper, 200roposes hat t he a mwardmipaticubaits@ggredaied e |,
are the cawe of all of t h e Al z h e i npathophysiolahy isctuding ethe
characteristic hyperphosphorylation of tau proteins andctimesequenformation of

intracellular tangles.

1. 3. The qructure of amyloid

Despite the differences in the amino acid sequericthe native forns of amyloid
precursor proteins, the deposited amylididil s exhibit simlar basic structural features
(Serpellet al, 1995, Sundeet al, 1997, Serpelet al, 2000) and similar toxicity

meclansms (Makin and Serpell, 2005)For example, amyloid beta peptide {4®

residues) which is the AS%elkdeandBehenk 2003b) s e a s

and a>3000 residue huntingtiwhich istheHu nt i ngt on 6 s ,famsnela s e

6
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fibrils. Furthermore, structurally different proteins varying from theéballt et r amer i
transthyretirin senilesygemic amyloidosiso smalla-helical prion proteinn Creuzfeld

Jacob diseag@ahnet al, 2000) alsoform similarfibril s.

Actually, it appears that nearly all proteins cassemble t@amyloid fibrils in vitro,
suggeshg that amyloid is a model structure that proteins will adopt when subjected to
certain conditiongGuijarroet al, 1998, Chitiet al, 1999, Dobson, 1999, Fandriebhal,
2001) However, gen in the absence of accessory components, proteiasselimbly into
amyloid canstill occurin vitro (Dobson, 2004)implying amore subtleole, probably
analogus to molecular chaperes in the folding of theprotein(Thomaset al, 1995,

Reveszt al, 2003)

Early electron microscopic investigations showed that amyloid fibrilsiabeanching
andstraight, withadiameteiof 70-120 A (Shirahama and Cohen, 196@ndformed from
severalprotofibrils arrangedn parallel Amyloid fibril s have a specificcrossb st r uct ur
formed by an o-strgnadsthasrenderpendicudar to fitwil axis. It is

believed that théibril is stabilised vighydrogen bndingfrom main chain mteractions

(Makin et al, 2005) explairing not only theamyloid fibrilsdcommonstructure btialso

the processy which any protein can makébrils when it is exposed to theorrect

conditions(Fandrichet al, 2001)

Because amyloidibril s areheterogaeeous large and insoluble, is difficult to gather
structural informéion applying conventional techniques likeray crystallographynd
NMR (Serpell, 200Q) However, biophysical techniques suchXasay diffractionand
solid-state NMR (ssNMR) can be adopted to great effect, in combination with other
techniques like electron microscopy, linttproteolysis and hydrogedeuterium (H/D)

exchange to evolve structural informatieading toimprovements in structural models.



1. 4. Atomic-level structural determination

1. 4. 1.X-Ray Fibre Diffraction

X-ray fibre diffraction provided th&ey structuraldetails on the amyloidibril s (Blake
and Serpell, 1996 ibre diffractioncreatesliagnostic reflectiogin two positionsstrong
meridional reflections of 4.7A correspato repeated intestrand hydrogen bond spacing
b et we e rshedtshatong fihébril axis whilst weaker equatorial reflections 10 A
created from electron densitdue tointersheet interactiongertical to the fibril axis,
which ischaracteristiof acrossb s t r(figure LLI)(6eddet al, 1968, Blake and
Serpell, 1996)Further structural information cdoe obtainedhrough usingvell-aligned
fibril preparations, information like helical pitch/helical repeating unit, premieeall
appearances, dimensions and evenetkisienceof a hydratedibril core (Blake and
Serpell, 1996, McDonalet al, 2012) Howevet fibril diffraction can only disclose these
molecular features in exceptially appropriatesituationgStubbs, 1999, Chandrasekaran

and Stubbs, 2006)

Based on the fact that all amyldiithril s demonstrate the same diffraction patténe
Acr-sstr uct wasgaposedEidgueell.2). Accordingtot hi s model
sheets run parallel tihe fibril axisand theircomporent b-strands are perpendicular to
the axisof the fibril (Blake and Serpell, 1996, Sundtal, 1997, Makin and Serpell,

2005) T h e c¢r o s swaborgmnally notcadno sillefibrils (Geddeset al, 1968)



4.7 A

Figure 1.1. X-ray fibril diffraction from aligned islet amyloid polypeptide (IAPP) fibrils ,
showing the positions of the 4.7 A meridional and agijmately 10 A equatorial reflection
inacrosh p at kea fram(Makinand Serpell, 2005)

1.4.2.Microscopy Techniques

Transmission electron microscopy (TEM) aatbmic force microscopy (AFMare
useful techniques not only for identification of amylbiatil s, butarealsousedo explore
oligomer formation and fibdiisation by discontinuous and continuous meth@tgure
1.2 A) (Goldsburyet al, 1999) Improvemerg in reattime AFM techniques could
provide some excitingnsights into the fibrilisation mechanism.Mass per unit length
(MPL) measurements can be performed applgimerificscanning transmission electron
microscopy (STEM) which ismployedto calculate the spacestiveen repeating units
in amyloidfibril (Wall et al, 2008) Thus thesecalculatons hae been conducted om
number of amyloid fibril -forming proteins andplay a maor part in the structural

modelling of amyloidibril s (Petkovaet al, 2002a)



Fibre
Axis

Figure 1.2. Amyloid Fibril Structure . (A)Elec t r on mi cr ogr aph 04
amyloid fibrils. (B) Model of the cros® f i br i | S t r u cstrandserunning
perpendicular to the fibril axis, with intstrand hydrogen bonds in the direction of the fil
axis. Adapted by ProPeter Artymiuk fron{Sundeet al, 1997)

1.4.3.Cryo-electron microscopy

The threedimensional structure of amyloid fibrils can be revealed by -etgotron
microscopy, by averaging several sections of EM imajeamyloid fibril. Oyo-EM
investigationshaveshown that fibrils are madef filamentous subunit structures named
protofilaments. Twisting of protofilaments around one another along the axis of the fibril
gives a helical appearand&oldsburyet al, 2000, Serpell, 2000, Jimenetal, 2002)

Cryo-EM examinations verifiedthecrecbs model , as striati ons ca
across thdibril with a 4.7 A repeat iffibrils produ@df r o m Aibs) ($empéll and

Smith, 2000a)This observation also confirms thaethstrands are in direct register and

run perpendicular to thdibril axis. Microscopy is particularly beneficial for

characterizing common species within a mixture as the different structural faraiies ¢
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be investigatethdividudly. This technique halseen used to study fibrils formed by the

SH3 domain of phosphatidylinosit8B-kinase(Jimenezt al, 1999)  1A0bSerpell and

Smith, 2000b)insulin (Figure 1.3 AXJimenezt al, 2002)  amacroddobulin(White

etal, 2000)Mor e recently, a high resol uts on st

fibrils (Figure 1.3 B).

T
LTI

Fibril axis
>

C domain P domain

Lys 28 ‘Alsp G2|3 -
Figure 1.3. Cryo-EM reconstructions of amyloid fibrils. (A) Insulin protofilaments within &
mature amyloid fibril wherethe four protofiaments are coloured separateligken from
(Jimenezt al, 2002) B) Top; crasssectional view of the Ck&M reconstruction (rendered
5A°, down; best f it sstperimposed en eledranWengitgken framf
(Schmidtet al, 2015)
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1.4.4.Hydrogen-deuterium exchange (HX)

HX is an effective technique that can be used to resolve the secondary structure and
solvent accessibility of single protein chains within the fibritee proton exchange rate
between the amide and the solvent deuterated water can be measured by tigisetechn
Faster rateof proton exchange happen between the exterior amide protons and solvent
deuterons compadto amides involved in hydrogen bonds or tag hidderwithin the

protein structure The latter amides are thigrotected from exchanggBai et al,, 1993,

Scholtz and Robertson, 1995, Englaneteal, 1996, Raschke and Marqusee, 1998)e
magnitude of amide proton resistance to exchange can be evaluated and indicated as a
protection factor which coetates with the regions protected by the structure of the fibril.
This canbe considerably helpful in identifying which residua® involved in the

formation ofthe hydrogenbond i.e. secondargtructure

Successful conjugation of HX with NMR spectrosgbasbeen performedAs deuterons

are invisible to 1H NMR (i.e. proton NMR) experiment, the decrease in the intensity of
amide proton peaks can be detected. Quantitative estimation of the exchange lvate can
achievedoy monitoring weakened resonancesbéliing of protein witht>N can provide
residuespecific information from an assigned 2D transverse relaxation optimised
spectroscopy- heteronuclear single quantum coherercélMR (TROSY HSQC)
spectrum(Pervushiret al, 1997) which displays a single peak for each amide proton in

the protein.

Basically, HX is accomplished omhe intact fibril, then the fibril is dissociated and
unfolded to monomrs by adding dimethyl sulfoxide (DMS@) trap the hydrogen
exchange state of the amid@#is approach formed the basis of investigating amyloid

fibrils from the HET-s prion protein(Ritter et al, 2005) -fmi&oglobulin (Hoshinoet
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al., 2002, Yamaguchet al, 2004) a 10 r es i d (lgpelétnla200Reant of
SH3 domairn{Carullaet al, 2005)andcystatinB (Morganet al, 2008) HX hasalsobeen
applied to study the dynamic nature of the amyldidril, as dissociation and +e
associationratesof the molecules with thébril are detected(Carulla et al, 2005,

Sanchezt al, 2011)

HX can alsdbe combinedvith mass spectrometry (MS). Changes in the mass of protein
can be detected ateuterationoccurs. HXMS has been empl oyed on
identify the protected regions within both the precursor states and the amyloid core

(Kheterpalet al, 2000, Nettletoret al, 2000, Kheterpatt al, 2003)

1. 4. 5.Limited proteolysis

Similar to HX, limited proteolysis can be used to identify the accessible regions of the
amyloidfibril (Hubbard, 1998)The amyloidibril sare subjectetb proteolyticenzymes
thenproteolytic products are investigateth MS to find theregionswhich are protected

and therefore construa model ofthe fibril structure.Regionsthatare exposedn the
outside of the amyloid fibril are in contact with proteases and accordingly can be quickly
hydrolysed, however, regions within tfileril G secondary structure are not accessible to

proteolysis and allow the protectfibril core to be determined.

Limted ppt eol ysi s has been employed tosanal ys
fibril. The data collected indicate that the first ten residues from ttegriinal region are
not involved in the amyloid fibril core(Kheterpalet al, 2001) SH3 domain analysis
showedthatintermediates ithe fibrillisation pathway are lesslfled than the native form

of the proteinfPolverno de Lauretet al, 2003a)
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Limited proteolysis has been used to obtain structural informatidibfdis in several
systems i jucpeptide(Kmetgrpaketal, 2001) -syhuclein(Miake et al,
2002) HET-s (Balguerieet al, 2003, de Lauretet al, 2003) Ure2p(Baxaet al, 2003)
P13-SH3 (Polverino de Lauretet al, 2003b)b o v i -laatalbuthin(de Lauretoet al,
2005) -mi&oglobulin(Myerset al, 2006) lysozyme(Frareet al, 2006)and cystatin

B (Daviset al, 2015).

1. 4. 6.Solid-state nuclear magneticresonancespectroscopy

Solid-state NMR (ssNMR) spectroscojy now acceptedas a powerful technique to
provide insight into the atomic level of amyloid fibril structufiéhe insolubility of
amyloid fibrils makes itdifficult to reveal its structure by solution state NNIRaito and

Kawamura, 2007)

Solid-state NMR (ssNMR) provigshigh-resolutioninformation which is nobbtairable
applying other techniques. A range of different sSNMR technichessbeen tili sed
which arebasicallyvery similar to thoseisedin the solution Labelling strategies have
been developetb label residues selectivelyith >N and*3C andminimize the number

of peaksobtainedin each spectrum. This labelling allows measurements of distance
constrais between specific residues, which proviigailson secondary, tertiary and
quaternary structures as well as dynamic datam theseameasurementsa structural

model can be developed.

sANMR has been used to resolve the structure optime+-forming domainof the HEFs
proteindescribing deft-h a n d-sotenoidl model, which was the first theorized model
of what is thought to baninfectious fibrillar statédWasmetet al, 2008) Otherstructure

of fibrils includetransthyretin(Correiaet al, 2006)a n d -mior@globulin(lwataet al,
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2006)and of <course the dif fig(Fgurd 1.4%Petkovaett ur e s

al., 2002b)

Figure14.St ruct ur al m.o fibel &s resdivedtbh SISNMFbResidues 1 8 are
thought to bdully disordered andre omitted Adapted from(Petkovaet al, 2002b)

1. 5. Amyloid probing

Amyloid identification is performed through displaying characteristic propeati¢ise

time ofbinding to somespecificdyes, most notably @go red and thioflavii (ThT).

1. 5.1.Congored
Congo red staining is one of theostvaluable diagnostic methods in clinical practice for
thedetection and screening of amyloid. Upon staining with Congo red, fibrils display the
characteristic pirdorange colour by light microspy and exhibit a characteristic green
birefringence when observed un@asrosspolarized lightmicroscopgElghetanyet al,
1989, Sipe and Cohen, 2000, Makin and Serpell, 2aD&pending on its polarization,
the light splits into two rays when it passes throagpecifictype of material. This is

birefringence,which will only happenwhen the structure is anisotropic. When the
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amyloid fibril is bound to Congo red, the observed birefringence is evidence of the
presence o submicroscopicordered structur@Glenneret al, 1972) It is proposed that
these changes originate fraime molecular alignment of the dye upon binding to the
exposed specific epitopen the fibril. It is believed that binding is specific and

associative, either vithee x t e nsheetdor ifiteralation(Wolfe et al, 2010)

1. 5. 2.Thioflavin T (ThT)

Specific binding betweethe benzothiazole dye ThT and amylaiibrils lead to a
dramatic increase in fluorescence intgnef ThT spectra. The ThT excitation maximum

iIs 385 nm and emission is 44%, when it is unbound. Upon interaction with amyloid
fibril s, it exhibits a different excitation maximum of 450 nm and enhanced emission of
482 nm. The resutig shift from ThT bnding to amyloidfibrils can be measured over
time to monitor amyloid fibtlisation in solution(LeVine, 1993, Sipe and Cohen, 2000,

Khuranaet al, 2005, Makin and Serpell, 2005)

1. 6. Definition s of amyloid structures
1. 6. 1.Amyloid fibril

Amyloid fibril s areunbranched|ong proteinfibril s with diametersof 2-20 nmand a
length of several micrometregKodali and Wetzel, 2007, Fandrich, 20124myloid
fibril s are usuallformed of 26 protofilaments and can be flat or tveidtaround each
other toform obviousfibril constrictions afixed intervals,calledcrossovers. The helicity
of fibrils is often lefthanded, withfew exceptiongFandrich, 2012b)Despite the fact
that amyloidfibril toxicity is not yet confirmedhowever,they shouldbe investigated
because they are tough with extensive hydrogen bontheggforemay depositand
remaininside thecells fora proonged period of tme and are suggested to act as toxic
oligomer andprotofibril reservois (Harperet al, 1997, Walslet al, 1997, Benilovaet
al., 2012) The amyloidibril ability to act as a reservoir species is recommendedlise
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of its dynamic nature which exhibiextensive, but slow molecular recycling by which
the proteinconstituentsof afibril dissociate and rassociate oveiCarullaet al, 2005,
Sanchezet al, 2011) Therebre, studying amyloidfibril structure as one of the
therapeutic targets is importaloy which stabilisation or ablation dibril s can reduce

harmfullevels of toxic species.

1. 6. 2.Protofilament

Protofilaments are single strands which together form matuasdoidfibril s.

1. 6. 3.Amyloid intermediates

Amyloid intermediatesan be categorized into differegtoups including protofibrils,
annular aggregatesligomers (Fandrich, 2012a) a n-derivédbdiffusible ligands
(ADDLs) (Figure 1.5) It is thought that darge number of different species and
subspecies are present which emtlassification of diverse intermediates complicated.
The study of these intermediatssery difficult because of their transient heterogeneous
nature. The investigation of soluble oligomeric species is highpprtantasthey are

propo®dto be tle toxic speciegLansbury, 1999)

1. 6. 3.1. Protofibril s

Protofibrils can be differentiated from oligorseby their elongated, filamentous
structures. They ateelievedto represent latetage intermediate speciedieformation

of amyloid fibrils. They are characteristically thinner (< 10 nm), shorter (< 400 nm in
length) and more curdecompared to mature fibrils. Protofibrils are nagtily ordered

and do not exhibit amyloid fibrils periodic symmetifheyusually havealower affinity

for ThT and CR dyesompared tanaturefibrils b ut st i | | encempass
sheet structuras showrby CD, FTIR, and xay fibre diffraction (Fandrich, 2012a)

St abi | i s &y applying acspecifidgrotofibril antibody (B10AP)allowed the
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observationoh i g h | e v e |-sheetcstructurey \phiclt veete sHotwy SSNMR to
S ur r o u psttands expanding from residues2band 36386 (Scheidtet al, 2011)
thisis a smallenumber of residues than maturefibril s butis consistent with the idea

of protofibrils representing a precursor to the fibrils.

1. 6. 3.2. Annular aggregates

Annular aggregatemaintain a donulike appearance confining a cemtchannel, which

is assumed to be filled with wat@rashuelet al, 2002) Some amyloidogenic proteins,

| i k endBdynuclein variantshave beeshownto make ringlike aggregatef_ashuel

et al, 2002, Caughey and Lansbury, 2Q0BXploring the detailed molecular structures
of these samples difficult because ofhe high levels of heterogeneity, yet because of
their similarity to pore forming toxins it has been segfgd that these spece®gable to
penetrate the cell membrane and disrupt its integrity and consedeaitiyocell death

(Caughey and Lansbury, 2003, Butterfield and Lashuel, 2010, Fandrich, 2012a)

1. 6. 3.3. Oligomers

Thetermé o | i g cdenieedféor ons t he Greek ol i gos meaning
that this terminology is preferabler thedescription osmall assemblies with few units,

l' i ke di mer and tri mer sfibrillanaxg g reendargadosagdg t h e
Fandrich, 2011jor biggermultimeric speciesHowever, intheamyloid field oligomer

is anumbrellaterm used to describe asyructureargerthan monomer which lsaanon

fibrillar morphology. Low and high molecular weight oligomers are algsedin the

literature to describe neiibril lar structuresSoluble oligomeric intermediates form both

on and offpathway to amyloidibril formation Forexamplef r om t he thebe pept i
can incude dimers, small multimers-@@mers)all the wayup to several megBalton

large macromolecular structur@$aass and Selkoe, 2007)
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It is accepted that anmyid fibrils possess a characteristic c)rbss st r uct ur e h o
similar commonstructural conformation has not yet been found for oligorfieasdrich,
2012a) While different oligomeric species shlatb o t +sheeb and random coil
conformations characteristic secondary structuoan be remarkably differefiabicht

et al, 2007, Campioniet al, 2010, Sandbergt al, 2010) Nonetheless oligomer
preparationsrbm different polypeptidefound to be recognized by the same oligomer
specific antibodies such as Afdayedet al, 2003)and these oligomers exhibit similar
effects inthemetabolic assaysf cells (Bucciantiniet al, 2002) indicatingthe presence

of common structural properties. Oligomers are hidf@ierogonouswith variability in

size and structure happening within the same sample, or from different premaration
(Glabe, 2008) Because ofheir transient, dynamic properties, oligomeric species usually

aggregate further and grow to more mature fofframdrich, 2012a)

1. 6. 3.4. A bderived diffusible ligands (ADDLS).
ADDLs are highly or deueabtids dheyate foenediforn g o me r s
multiple units of trimers, tetramers, or 12mersDILs are highly nerotoxic

(Lambertet al, 1998)

1. 6. 4. Amorphous aggregate

Accumuhtion of protein molecules without a defined structural characteristics detectable
by electron microscopy, while it is possible that structurecceuist at the molecular

level.

1. 6. 5.Amyloid fibril seed

Seeds are small amylaiitbril fragments usually deloped through sonication of mature
fibril s. Kineticaly stable protein molecules might be induced to aggregate upon addition
of seeds, the aggregatimsually occurthrough growth of the seed its€iKodali and

Wetzel, D07)
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Figure 1. 5. Amyloid Fibrils, Protofibrils and Oligomeric Structures

EM and AFM images of structures formed laynyloidformingpr ot ei ns . (
oligomers (B) Annul ar -sirucleinlprotafibriteand thiCk@ature
fibrils (D) Mat ur e Ab a myBaxolindet dl,i20l1){A| D),
(Lashuelet al, 2002)(B) and(Koo et al, 1999)(C).

1. 7. Transformation to the amyloid-forming competent

State

It has been shown that even ramyloidogenic proteins can form fibrils under
destabilising condition§~andrichet al, 2001) this haggivenriseto the hypothesis that
amyloid fibril formation is a potential shared by all proteins and that this is not only
restrictedto diseaseassociated amyloid protein&uijarro et al, 1998) However,
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amyloid peptides and proteins which aggregate promptly, prinesgyireunstructured
conformations in their normal biolagl state(Chiti et al, 2003) and consequently
becomemoreliable to form partially unfolded intermediates which is a key triggering
event in amyloidogenes(Kelly, 1998, Calamagt al, 2005, Chiti and Dobson, 2006a)
Amyloid protein if not natively unstructuredecomes partially unfolded before amyloid
formation. Similar tofibril formation, partial unfoldings also foundin amorphous
aggregation. lis believedhat amorphouaggregations drivenby interactions between
exposedydrophobic interiors of thgrotein(Ohnishi and Takano, 200B8utin amyloids
further stabilization happes as a result of morespecific interactions between
complementary sections of the polypeptide chains. The protéiefally folded state is
therefore not directly transformed iraaamyloidfibril . The lack ofnteractions between
side chairs or its destabilization, for instance because of changes in the conditions
mutationscan causea risein unfolded or partially folded protein, and accordingly
increases subjection of hydrophobic amino acids anddhmally hiddenmain chain®

the solven{Dobson, 2003)Thecrucialdriving forcefor the formation ofamyloid isthe
need of partially unfolded protein to bury the exposed hydrophobic residues and find an
alternative energetically favourable conformation that is kinetically accessibjeecific
conditions (Chiti and Dobson, 2006b)he idea of partially unfolded conformations
having a major effect in amyloidogenesis @sfrom the fact that less stable mutant
versions of amylidogenic proteins are more aggregation prone coadpaiththeir wild-
type counterpartéHurle et al, 1994, Abrahamson, 1996, Boathal, 1997, Weiet al,
1998, Kadet al, 2001) Furthermore, native state biBzation by ligand binding
decreasefibril formation(Petersoret al, 1998, Chitiet al, 2001, Hammarstroret al,

2003)
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1. 8. Mechanism offibril formation

Amyloidogenic proteins are differerin terms of both amino acid sequence and
conformation However they all form similar amyloid structures through similar
mechanismgGlabe, 2006) Amyloidogenesis followed by thioflavii assaysand other
kinetic methods exhibit three major steps with typical sigmoidal kinetics. The first step is
the lag phase, verelittle fibril is produced, followed by an exponential growth phase,
and finally ends up with an equilibrium plateau phase. The protein species populated
the lag phase are not well characterized. The existersda@phas®nits ownindicates

the multistep naturef the process. However, when combined with the observation that
the lag phase can significantly reducebercompletely removed byhe addition of
0seeds 6, a nucl eated gr ¢wherathematedimitng stepm c an
relies on the presena&f a rare possibly stochastically created nucl@eigure 1.6)
(Hortschanskyet al, 2005) The infrequency of the nucleus cha explained byits
productionnot beingthermodynamically favourable where the resultant intermolecular
interactions cannot exceed thesaciationentropy. The simplest description of the
exponential phase is that monomeddition is becoming more favourable
thermodynamically by intensifying intermolecular interactions amtweighing the
entropic barrier (Jarrett and Lansbury Jr., 1993pther researchers correlated the
exponential phase withbril fragmentation and introduction of new growifigril ends
(Kodali and Wetzel, 2007)Others still suggestadheringof the oligomersto form
protofibrils, which are short bead@dril s, followed bymaturefibril s forming either by

a conformational chraye or protofibril association.
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thermodynamic equilibrium

Amount of Aggregate

&lag time —

tme

Figure 1.6. Typical Fibrilisation Kinetics . Amyloid fibril (aggregate) formation tygally

follows a kinetic profile of a nucleatietlependent process which exhibits a lag phase follc
by an exponential growth period and subsequent thermodynamic equilibrium (solid lin
a high concentration or very favourable environmental comditioucleation is so rapid no I
phase is observed (dashed line). The addition of a nucleus or seed eliminates the nt

step and therefore also ablates the lag phBsgram from(Jarrett and Lansbury.Ji993)

1. 9. Kinetic models

There are four conspicuous models of amyloid formafkigure 1.7) the latesione
nucleated conformational conversiontegrate theslements of the other thrékelly,

2000, Sericet al, 2000)

The first model is known aemplated assemblyin which an amyloidogenic (Astate)
preassemble to form aucleus thenbind to a solublenonamyloidogenic(S-state)
peptide, causing a rateniting structural conversion in the latterlltaved by peptide
addition to the end of growing amylditril (Griffith, 1967) This modeimplies adirect
change in thdag phasewith a change insoluble protein encentration, but thébril

elongatiorratewill stayunaltered Theaddition of seed shud reduce théagtime.
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The second model immonomer-directed conversionand predics that a monomeric
peptidewill adopt an amyloitompetent conformation (Atate) This species will induce
transformation of further monomeric peptides which initiates aggregation and
fibrilisation. This modebuggestshat the addition of seed will natterthefibrillisation

rate orshorterthe lag time, as the rateniting step @curs with the transformation of the

soluble proteir(Prusiner, 1982)

The third model isnucleated polymerisation. This paradigm assumes thaticleus
formation happes through association of soluble amyleimbmpetent specieghen
addition of theassemblycompetentmonomers to thaucleusleads to fibril formation
An equilibrium between both amyleicbmpetent and amyloithcompetent protein
specieccur, with theequilibrium greatly favouring the incompetent specigsus the
process is ratémited by the amount of amyloitompetent species associatedeate
a nucleus. In thisnodel high levels of soluble protein will increase the ratefibfil
assembly and shorten the lag tifdarrett and Lansbury, 1993 vitro assembly of
amyloid fibrils usually have a lag phase befaerapid growth phase. In many
circumstances preformed aggregate addition reduces the lag phabeisvkhown as
0 s e e (Dohsan,2003)In addition to amyloidibril formation, the nucleation model
is also common among a number of wetlefined processes, such as protein
crystallisation, actirpolymerisationand microtubule associatiqdarrett and Lansbury,

1993)

The fourth model isnucleated conformational conversionwhich suggests that
formation of nucleiis enhanced byconformational rearrangements efructurally
dynamic oligomersThese oligomerfiave nota defined quaternary structure, but it is

thought that they might have a micelilke structure.The formed nuclei interact with
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other structurally flexible oligomeythen generate a group of subunits which eimer
add onto tk end of the fibribr associate with similar structur@$his model explains the
often observedow level concentration dependenaed suggests that higher molecular
weight complexes fored by oligomersat higherprotein concentrationgre assembty
incompetent. This model can also explain why higbencentratios of seedproduce
sometimesninimal rate enhancements, because the oligomer concentration isgimit

notfibril ends(Serioet al, 2000)

The discovey of secondary processes which involiree generation of new nuclei
suggests thate nucleation process greatlydetermined bythe aggregateproduced
during the assembly reactiqBuell et al, 2014) These seandary processesvolves
fragmentation and secondary nucleation. When a critical concentration is achieved, the
fibrillar structuresact as a catalytic surface fibre formationof newnuclei andcausesa

rapid generation of toxic oligomeric species antyloid fibrils in a secondary nucleation
event (Cohenet al, 2013) Amyloid fibril fragmentation increases the number of
available elongation sites for soluble protein attachneimg onfurther productionof

fibrils (Xue et al, 2009) Fibril fragmentation can causg negative concentration
dependence, as fragmentatignenhanced by low concentrationtherefore the seed
concentrationncreasegBernacki and Murphy, 2009, Xwet al, 2009) As the amyloid
assembly mechanism is intrinsically complex and heterogeneous, it is hard to find a
concrete or general model to describe aggregation. Most models rely on nucheation
seedhg is a characteristic feature of most amyloids. Howeveargisedby (Bernacki

and Murphy, 2009)these models camnly clearly be differentiated with a&complete set

of data, not only on the disappearance of monomer, but also on quantity and size

distribution of intermediate aggregates andahmunt of fibrillar structure.
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Templated Assembly (TA)

°o - ‘ ‘

A-State Nucleus S State Conversion Coincident with Assembly

Monomer-Directed Conversion (MDC)

° o © e <:: !, &5

A-State Monomer S State Monomer  Conversion & Release Assembly

C. Nucleated Polymerization (NP)
& / o & ,\-::iji:f-
S and A-States A-State Nucleus A-State Stabilized by Interaction with Nucleus|
D.

Nucleated Conformational Conversion (NCC)

Figure 1.7. Models of Fibril Formation. Proposed models for amyloidogenic peet
conversion into amyloid fibrils. Jagged circles represent solubkgat8) protein, smoot
circles represent amyloicompetent (Astate) protein which takes a similar structure to -
adopted in amyloid fibrils and open circles represent potentiabooational heterogeneity i
A) templated assembly, B) monorvdirected conversion, C) nucleated polymerisation an:

nucleated conformational conversidiigure taken frontKelly, 2000)
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1.100A1 zhei mer 6s di sease and rel at
1. 10. 1.Transthyretin (TTR)

Transthyretin(formerly known agpre-albumin is a homotetrameric protein made up of
127aminoacid ubuni t s. The TT-Rheet, mostottheuesiduesiexxceptma i n |
ten Nterminal and five @ er mi n a l resi du e-strams, withasmalo | v ed
helix and small loops connecting théRigure 1.8\) (Blakeet al, 1971) The monomer

is composed of two fots t r a nsteetd, anboutesheetand an inner sheet. While the

dimer forms by etensive hydrogen bonding between two monomers, the tetramer

assembles largely through hydrophobic interact{®fanilton and Benson, 2001)

TTR is producedn the liver and choroigllexusand its function is to transport thyroid
hormone and retinol via the retinol binding protein (RBfamilton and Benson, 20Q1)
Thyroxin and RBP imd the TTR tetramer necompetitively(Raghu and Sivakumar,
2004) thyroxin bindgthe tetramer pockéRichardson, 2007byhile RBP binds residues

in the loop betweethestrand€E and HMonaco, 2000§Figure 18B). Theconcentration

of TTR in plasma is around 3.16 Mwith a range of & ¢ M however although it
constitutes 25% oferebrospinalluid (CSF) total proteins, the TTR concentration is 18
ti mes | ess i nwitharange®fD.48 MReisnar dhd Roethjd 983,
Herbertet al, 1986) TTR plays an important role in the body: in serum, TTR normally
binds and transports 30% of RBP and2lBs of thyroxin(Richardson, 2007aput it
transports 80% of thyroxin in the central nervous sygtdamilton and Benson, 20Q1)
and thus serves as a major thyroxin transporter tiAdrgroxin is importantfor the
development of the nervous system, and influences mood and codBitineret al,
2008) TTR gene silencing in mice leads to a behavioural deficit and neuropathological

changes in the braifBuxbaum and Reixach, 200Bilencing of the RBP gene in mice
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leads to cortical and hippocampal neuronal loss, some degree of gliosis and a major

reduction in neroblast proliferatior{Buxbaumet al, 2014)

Figure 1.8. X-ray structure of Transthyretin. TTR is a homotetrameric protein. The conte
between the dimers form two hydrophobic pockets whenmxity binds. A)The monomer
structure of TTR with the sheets colour coded and laltleimonomer is composed of tv
four stranded-sheets (DAGH and CBEF). B)heresidues involved in thyroxin binding a
coloured in orange and residues involved in retinobinig protein coloured in red.he
structurs made using Pymol (DeLano, UK).

1. 10. 1. 1TTR amyloidosis

TTR is one ofthe approximately 30 known amyloidogenic proteingild-type TTR is
normally stable at neutral pH, but acidic conditions facilitate tetramer dissociation to
monomer andconsequentformation of fibrils. Several mutants that form fibrils at
physiological pH havalsobeen discoveref(Lashuelet al, 1998) There arecurrently

124 TTR naturally occurring mutants listed in the amyloid protein mutations databa

28



(http://www.amyloidosismutations.com/mattr.php last accessed on March 26, 2016).

Crystallographic data shows that most of the amyloidogenic TTR variants retain their
normal tetramericstructures(Hornberg et al, 2000) and function. Thus, it is the
increasedendeng of the mutant to dissociate and misfold, not their incapacity to fold
and functiory that results in disease through a gaintoxic function mechanism
(Hammarstrorret al, 2001, Sousat al, 2001, Reixaclet al, 2004) Wild-type TTR is

the precursor of Senile Systemic Amyloidosis (SAEstermarlet al, 1990)whereas
mutants are responsible for Familiamyloid Polyneuropathy (FAP)Saraivaet al,

1984) and Familial Amyloidotic Cardiomyopathy (FAQJianget al, 2001) These
diseasesare characterizethy the deposition of agggated WT TTR or variants in
extracellular tissues. The deposition occurs throughout the body (SSA) or in specific
organs, like peripheral nervous system (FAP) or heart (FAC). 8feats 25% of the
population above 80 years of agal thisnvolvesamylad deposition in the heart causing
congestive heart failure. With FAC, cardiac involvemenidceable whereasn FAP
deposition of amyloid ithe peripherainenous systenis more prominent(Miller et al,

2004)

1.10.1.2T TR and AD

The first suggestion of a r ewavexaalebyr el at i
(Schwarzmart al, 1994) who showed that TTRysa major constituerdf theCSF, can
sequester A bwas followedby $everad animgl model studies further
supporting this interaction. G@x pr essi on of TTR and Ab | ow
deposits in muscle and controlled abnormal motilityCaenorbiditis elegans(Link,

1995) It has also been shown that levels of TTR expression increased 8 fold in Tg2576
transgenic mice ovexpressing the Swedish mutation of APP (APPg&dein and

Johnson, 2002)and unilateral arT TR antibody infusion inthe brains of Tg2576
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transgenic mic&riggeredA b r el at ed pat hol -ingogedhemispheer ed t
(Steinet al, 2004) A later study showed that a hemizygous deletion of the TTR gene in
ceAPPswe/PSE9t r ansgeni c mice | ed to the el eva
acceleration of its deposition inghorain(Choi et al, 2007) Buxbaumet al. (2008)

observed cognitive and behavioural improvement in progeny from human TTR

expressing mice crossed with APPsw mice. Callecte | vy t hese finding:

ability to sequester ADb and protect cell s
Cel | l ine experiments also show TTR&6s pr
Physi ol ogi cal |l evel s of TTR pr edapaptotied neu

changegqGiuntaet al, 2005) It has been shown that TTR abolishes apoptosis and cell
death caused by Ab t oxi c(Costaetal, 2008fandmearine ne ur o
cortical neuronal culturg¥anget al, 2013b) Suwbstoichiometric concentrations of TTR
significantly r est or edapoptiiclkffeatsiinaniring corticgl a n d
neurors (Liu et al, 2009) and human SKBY5Y neuroblastoma cells, probably by

redci ng Abbés tendency t oliaalg20ll)y e cytotoxi c

Although there is evidence for a direct interaction betw&ém-TTR a n d Ab,
contradictory results were achieved regarding which species of TTR am’Ab wer e
interacting when different methodologiesere used In general, methodologies
depending on immobilizing one of the proteins like surface plasmon resonance (SPR) and
ELI SA show that TTR t egCostatrale20@8)withipreferental | f or
bindingof TTRtetrmer s t o Ab aggr eg a (DaandMunpayn2020p Ab n
andfibrils (Yanget al, 2013a) Using the samenethodologyMurphy and colleagues

showed that TTR monomer bi nd more strongl y tetramersAb mon

(Du and Murphy, 2010)n contrast, and more accurately, liquid phase NMR experiments
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showed that only TTR tetramers bind to AE¢
effect of TTR mdsatomEhis suggesis thatbl TR mobomerd play a
differentrole by binding o a | ar ger AD s pe ®iaggsegatiofld pr e Vv €

et al, 2013a)

It has been suggested thatthecocubati on of wil d t yigake and
to atriggering of tetramer dissociatiorhich exposes the hydrophobic inner sheet of the
TTR monomer and c o agregatiogyangdtyl, 2018ahim dopparts A b
of this, it was found that kineticallynust abl e tetramers are be
aggregation than highly kinetically stable tetram@iiset al, 2013a) Solution NMR

assays suggest that the TTR tetramer pocket which is also the thyroxin bindirgy sit

i nvolved in ABADbbDDNCd refiegtivewised thiestesis occupied by

small moleculegLi et al, 2013a) This result is consistent with the binding site identified
through peptide arraynd site-directedmutagenesis assagidu et al, 2012, Chcet al,
2014)(Figure1.9). Thioflavin T assay$aveshown that the TTR monomer is a greater

i nhi bitor of inAifo. Howeber HSIQC NMReassys failed to show TTR
monomer binding to Ab monomer s. It can be
aggregation through binding to larger oligomers and suppress any further aggregation of

Ab t o ma(kietalf2018a)i | s
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Figure 1.9.The crystal structure of tetrameric TTR with the Ab binding sites.The residues
coloured in red are showed chemical shifts upbnsgbinding investigated by NMILi et al,

2013a) the residues found to bind tdAletected by peptide array are coloured in Hieet

al., 2012) and the residues showed binding inhbstiudies are coloured in purple. The cry:s
structure by(Klabundeet al, 2000) The structure made by usiRgmol (DeLangUK).

The TTR equilibrium greatly favours tetramewvivoand TTR tetramer is in edildrium

with only a small population of momer in the bodyBuxbaumet al, 2012) The
concentration of TTR tetramer is 0:2%uM in human CSBnd3-5uM in human serum

much higher than the monomBased oraWT TTR Kassociatiordf 1.1X 1F*M3, the TTR

monomer concentratio(Hurshman Babbest al, 2008) is predictedto be~25 nM n
CSFand~46nM in serumconsistentith thedeteced TTR monomer concentratidn

human serun5-10nM) (Sekijimaet al, 2001) The ADb monomer <conce

human brain is irthe high picomolar to low nanomolar rang€irrito et al, 2003,
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Buxbaumet al, 2008, Mooreet al, 2012) Thus, thein vivo concentration of TTR
monomer may be present in excess comparéddo h o we v e r conceéntrationa b s o |
of TTR tetramer is mucligher. Based on the above facts, it seems that binding of
tetrameric TTR to Ab monoigtkemainnaechdnisrpafs si bl

i nhi bition ofinwa fibrillogenesis

1. 10. 2Human Cystatin C

CystatinCisal s o k ntoave(Hocavealded al, 1967)and was initially identified

in the CSF before beingpbserve in all body fluids and tissuéBobek and Levine, 1992,
Turk et al, 2008) Cystatin C is an inhibitor of papalike cysteine protease inhibitors
which include some of the cathepsins (cathepsin B and D) in humans, which are required
for protein degradation during protein turno(€urk et al, 2000) Different neurological
diseases which haueen relatedo uncontrolled proteolysis happen when the balance
between active proteases and theitbitbrsis disturbedNakamureet al, 1991) As well

as its main protease inhibiticactivity, cystatin C has a diverse range of biological
functions, includingregulationof the inflammatory respong@/arfelet al, 1987, Bobek

and Levine, 1992)cell growth and proliferatioSun, 1989, Taverat al, 1992) and
astrocytic differentiation during mouse brain developm@aimada et al, 2004)
Cystatin C expression is also enhanced in patients with epi{@pyn et al, 2010c)
Cystatin C is a brauspecific protein as the bulk of cystatin present in CSF is produced
by the choroid plexuéTu et al, 1992)and, unlike other protein constituents, its normal
CSF concentration is five times higher thasenum indicating gpossible importantle

in the brain(Grubb, 1992)

1. 10. 2. 1Cystatin C amyloidosis

Cystatin C was recognise@ an amyloidogenicprotein causing dominantly inherited

disorder known as hereditary cystatin C amyloid angiopathy (HCQ&ahenet al,
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1983) This disease isystemic since immunchistochemical assays have detected
amyloid depositof cystatin Cin diverse tissuescluding the brain, spleen, salivary
glands, and the skifAbrahamson and Grubb, 1994)s cystatin Cis foundin all body
fluids, so it systemic deposition is expectetbwever, the highest plaque burden is found
in brain arteries andarterioles, causing vessel watllickening and causing brain
haemorrhagéPalsdottiret al, 2006) This diseases normallyfoundin 20 to40 year old

Icelandic individuals.

The cystatin C variant (L68Q) causdee thereditary cystatin C amyloid angiopathy
(HCCAA) disease(Ghiso et al, 1986a) Although the mutatin does not directly
participae in amyloid-formationinteractions, it destabilises the monoraed malkesit
moresusceptibleto dimerisation. L68Q hC@ similarly effectivein inhibiting cathepsin

B with similar equilibrium constants for dissociation (KdsWT hCC, suggesting that
the mutantis able tofold into theright conformation; the dissimilarities are in their
propensity tadimeriseand form aggregatgg\brahamson and Grubb, 19948oth hCC
dimers and monomers are foundtlire bloodplasma of patients with thdiseasevhen
only monomericspeciesare detectedn healthy individualgPalsdottiret al, 2006) The
existence of inactive dimerin CSFcaused adecreasedn the total cysteine protease
inhibition capacity, thiscould causecerebral haemorrhages in HCCA®Rlafssonet al.,
1990) Despitethe L68Q mutation, the variadetectedn HCCAA amyloid depositalso
has an Nierminal truncation of 1@mino acid when compared taormalhCC (Grubb
and Lofberg, 1985, Ghiset al, 1986b) It is suggested thdeucocyte elastases

responsible fothis truncationAbrahamsoret al, 1991)
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1.10.2.2Cystatin C and AD

The link between hCC and ABas initially proposedeause of their cdocalisation in
amyloid plagues. Human immunohistochemical investigations demonstrated that hCC is
mainly detected in amyloid deposits encircling blood vesants less frequently in
parenchymal deposi{®enget al, 2001, Sastreet al, 2004b) Co-localisation of hCC
andb-APP havebeen detectethside bothmouse neuroblastoma N2a cells and human
embryonic kidney HEK293 cellell culture assays show intracellular localisation of

h CC aAP® in both mouse neuroblastoma N2a cells and human embryonic kidney

HEK293 cellsCol ocal i sati on of hCC with ADb has
transgenic miceoverexpressinghuman APP(Tizon et al, 2010a) Cystatin C ce
|l ocalization with AD i s ntbetcor@afamyloidenileni t e d

a

plaguesi n br ai ns of patients w (hehedit®ryposmbiat sy n

haemorrhage with amyloidosis Dutch type), intracranial haemorrhage, cerebral
infarction,and of elderlyndividualswithout any neurological disordé@vlaruyameet al,

1990, Vinterset al, 199D, Itohet al, 1993, Haamt al, 1994, Levyet al, 2001) Studies

were performed to reveal whetheC@ coe x i st s wi t h fio®&or sokiblea my | o

hCC trapped ofibril lBuddies AnlEEISIA basad stddy found hCC included

i n cr ddils in A fatio of 1:100 in amyloid plaques isolated from caieiood
vessel{Nagaiet al, 1998) Cystatin C was fountbbes ol ubl e i n fi bril
isolated in leptomeningeakesselsn another case of sporadic CAA (cerdkamyloid
angiopathyYMaruyamaet al, 1992) One interpretation is that hCC depositisrdriven

by Ab d ¢ltphetal, 1993pamd leads to an increased local concentration of hCC
and this leads to cerebrahdmorrhagéKaur and Levy, 2012)Despite thgtthe main

depositecamyloidogenigroteinin HCCAA is hCC. However A b -depositiorhas not
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been confirmed using differeahttA b a n t (Vibterski ak $990a, Haan and Roos,

1992)

hCClevelsarefoundto beincreasedn susceptiblgarts of the human bra{enget al,
2001)and inanimal models, indicating a physiological response to the dipa#isglogy

by whichhCC expressions increasedSteinhoffet al, 2001) Transgenic mice studies
demonstrated that overexpressing hCC to
in transgenic mice expressitige Swedish mutant APKaeseret al, 2007b, Miet al,

20074)

1. 10. 2. 3Genetic studies

Gendic sudies reveahn association between AD and hCC at the genetic level. The
Cystatin Cgene CST3, is located on chromosome (2brahamsoret al, 1989, Saitoh
et al, 1989) studiesshow a link between CST3 gohorphism and an increased risk of
AD (Crawfordet al, 2000, Bertranet al, 2007) A reduction in hCC levels hdsen
observeds a result oh mutationin which threoninesubstituts foralanine at position

2. This leads to a reduced signal peptiddeavageand impaired secretiofTizon et al,
2010a) such polymorphsm increags the risk of AD for homozygousndividuals
(Seleniceet al, 2007a) Late onset AD is also relatéolother polymorphisms including
the CST3 +7&/A mutation(Crawfordet al, 2000)or the CST3 157 G/C polymorphism
(Finckhet al, 2000) However, some studies have failed to prove the link bet@&ar8
polymorphismand AD in a German coho(Dodel et al, 2002) a Dutch ample with
early onset AD(Roks et al, 2001) Japanese AD patien{daruyamaet al, 2001) a
Finnish populatior{Helisalmiet al, 2009)and inearly onset AD familiegParfitt et al,
1993) Other researchers have found a connection between AD andC$i&

polymorphism AD in Caucasian populationst oot in Asian populationfHuaet al,
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2012) including ChineséWanget al, 2008) Many of these findings r@ difficult to
reprodue, probably due to the diversity of different risk factors associated with AD
which lead to considerabtdfficulties in selecting control¢Bertram and Tanzi, 2008)
However, thes@eneticstudies withaccumulatecevidencs on physiologicalroles of
hCC in animal and cell line models of AD aeddence®n biochemicalinteractons of

h CC wi ttésttubdmodets strengthen Huggestegrotective role fohCC in AD.

1. 10. 2. 4Mechanisms of neuroprotection

Cystatin C can protect neuronal cells through different mechanisms meaning there could
be direct and indirect roles f hCC in Al zheimeroés di sease.
include cysteine protease inhibition, inducing autophagy and enhancing neurogenesis,
while a direct mechanism exists through interaction vt and inhibition of its

aggregation.

1. Inhibition of cyseine proteasesThe balance between cathepsins and hCC as an
inhibitor is important for neuronal health. The inhibitory effect of cystatin C against
cathepsin Bvas investigatetly knocking out the cystatin C gene in mice. This resulted
in an inceased céiepsin B activitySunet al, 2008) In a separate study, it wakown

that cathepsin B and D activity decreased, and neuropathological synwpoengscued

by overexpressingystatin C in cystatin B knocked ontice (Kaur et al, 2010)

2. Induction of autophagy:Using different methodologiest was revealed that hCC
enhances autophagy in cells under basal conditions, and induces autophagic activation in
cells subjectedo oxidative stress and nutritional deprivatiffizon et al, 2010c)
Autophagy is lysosomal degradation of cytoplasmic components. It is essema@ifad

cell growth and survivallt is importantfor destrution and removal of undesirable
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contents such as misfolded protein, aberrant protein aggregates, dysfunctional organelles

and invading pathgens(Lamark and Johansen, 2012)

3. Protection byneurogenesiLystatin C can also adjustgtiferation of cell{Sun, 1989
Taveraet al, 1992) Levelsof both cystatin C mRNA and proteare elevatedin the
dentate gyrus and hippocampus rats experiencing status epilepticusduced
epileptogenesis and acute hippocampal inj#sonica et al, 2001, Lukasiuket al,
2002) Theincrease inhCC expression and prominent neurogenesis ataservedto
occur at the same tinfParentt al, 1997, Nairismaggt al, 2004) Additiondly, in hCC
knodkout mice, the basal level of neurogenesis in theade gyrus was reduceuhd
newborn granule cell proliferation and migration in the dentate gyrus were impaired
(Pirttila and Pitkanen, 20063upportincanhCC role in neurogenesishus,induction of

neurogenesimight beanother mechanism of neuroprotectearhancedy hCC

4.Protecti on b yligometeationiandiamydi oyfo rAH -f or mat i on

ELISA was used as one of the fitathniquego investigae the hCQnteractionwith A b
(Sastreet al, 2004a) This revealedhigh-affinity binding between two proteins at
physiological pH ad temperature, with a dissociation constard) (il the nanomolar
range.Only 5nM of a monoclonal antibody 6E10 was needed to bk binding to

Ab. This antibody s pe-t7 (the Ntarhidalyegidniofntlles t o
peptide), proposing th&iCC alsabindin this region A concentration dependenoéthe

binding of hCC to Ab was first investigate

Further investigation by Sastret al. (2004a) using electron microscopy showed
inhibitono f Ab f i br i | i wvoimacbricemtratioftigpentieGh@nner.
Directandsulst oi chi ometri ¢ bi n dvasrsupgebtehichéeeétn h CC

r educ e d foAnatiorf.Selbnicaetlal. (2007b)suggest thathein vitro formation of
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protofibrils and oligomers of Ab, .Thiscl udir
finding could have i mportant i mplications

i n AD. The hCC bi ndi ng-etclosioAdnronategsaphy (8EC ct e d
and immunoprecipitatiornwith aone to one equimolar complex observed by the authors.

The concerned speci@ss not resolvetty the chromatography used which makes the

results somewhat ambiguow3espite thisthe authorsuggestdthat hG(C and Ab r ea
rapidly to formhigh-affinity one to one molar complexes, involving theédminal region

of ADb i n (Selereceaetnl, 20d78)KVgen the mixturavas incubatedor longer,

theinitial complexeshal e s s t endency than the monomer i
such as ADDLs, protofibrils or evdiibril s. Rather larger, amorphous aggregates
assembledvithout the structural characteristics of the preceding species and precipitate

from solution.

1.10. 3.Neuroserpin

Neuroserpin is a member of the serine protease inhibitor (serpin) superfamily
(Osterwalderet al, 1996)and itsmainfunction is the inhibition of tissue plasminogen
activator (tPA)(Miranda and Lomas, 2006).ow levels of tPA are produced within the
CNS and are believed to contribute to the development of synaptic plaatidigarning

and memoryYepes and Lawrence, 2004euroserpimwas initially foundin neurons of

the central and peripheral nervous system, and then in other organs like kidney, testis,

pancreas and hedHastingset al, 1997)

1. 10. 3. 1Neuroserpin amyloidosis

Four different neuroserpiwariants(Ser49Pro, Ser52ArdHis338Argand Gly392Glu)
havebeen foundn humangDaviset al, 1999, Davist al, 2002) Neuroserpin mutants

polymerise spontaneously and form inclusion bodies in neurons causing an inclusion
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body dementia which is called dAfamili al

bodi eso (FENIB).

1.10.3.2Neur oserpin and AD

Recently, neurosenp has been reported as another protein associated with extracellular

Ab plagques in the br ai nbeernfdundhtbe ppripiteriyand t s . N
wi t hi n t h dKinghbrnep dl,2006a¢eurosepin specifically interacts with

Ab t o f or mcompleinth ibd hn aA by -Sheet A of eutosemin. bThe
dissociation constant for the neuroserpib ¢ oxnsEl0+&nM (Chiouet al, 2009)

Prei ncubation of neuroserpin with Ab irre\
against serine protease (tPA). Formation of horhopers at elevated temperatures

through loop sheet polymerisation is a distinctive character of the serine superfamily
(Figure 1.10) The Nterminal and middle part fragments but not the @ r mi n a | of
also inhibit neuroserpin loop shgatlymerisation suggesting that the-términal and
middleparts of Ab are involved in theityntera
in both cell culture andh anin vivodrosophilamodel, supporting a neuroprotective role

for neuroserpin in ADA fibrillisation assay where fibril formation is detected using
Thioflavin T fluorescence showed nédby appa
neuroserpin, however electron microscopic inspection showed that different species of
aggregatevereformed (short amorphous aggregates) and so it is suggested these are off

pathway nortoxic aggregate@~igure 111) (Kinghornet al, 2006b)

Other studies have found an indirect role for neuroserpin regarding the accumulation of
Ab i n the brain. It has been found that [
through activation of inactive plasminogen to plasmin which consequently éspt

Ab mo n o mibnl s5Selkoe,2001, Melchaet al, 2003, Medinaet al, 2005) The
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activity of plasmin(Ledesmaet al, 2000)andtPA areboth remarkably diminiséd, while

neuroserpin levels significantly increased in the brain of AD comparaedematched

control brains(Fabbro and Seeds, 2009igh levels of neuroserpin can inhibit tPA

activity through the tPAleuroserpin complex formation in the AD braéissue(Fabbro

and Seeds, 2009Andconsequentlyy nhi bit Ab <c¢cl earance. Furth
studies showed that knocking out the neuroserpin gene resdésreased levels of brain

A b(Fabbreetal, 2011)whi ch al so confirm a negative ro

disease

Figure 1.10. Model of a domain-swappedserpin polymer. Both sheet 5A and the reacti

centre loop (RCL) insert into the-gheet of another serpin mononf€amasakiet al, 2008).

Figure L11.TEM of neur pamixturps. Mo n o miebn;id,veas ikcbbated at .
mg/ml for 1 h at pH 7.4 and 37 °C in the abseticandd) or presence of 12 UM neurosery.
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(cande). Samples were diluted 1:1 with buffer and placed directly onto the electrmsnopy
grid (b andc) or centrifuged at 10,000¢for 10 min, and the pellet placed on the gdaitd
€). The morphology of the resulting protein species was examined by transmission €
mi ¢ r o s cu@ipopbatedArbthe absence of neuroserpimésd amyloid fibrils b andd),

whereas cé n ¢ u b a {4dandnneutoerpin abolished fibril formation and promoted
formation of smaller species &nde). Scale bay 100 nm(Kinghornet al, 2006b)

1. 10. 4 Albumin

Serum albumin reduction with age is one of the kn@unrisk factors. Human serum

albumin (HSA)has been found bound to 85 % of Ab i n(Bidrtdetbab d pl a s
1996, Kuoet al, 2000b)with a Kd of 510 uM and with a 1:ktoichiometry(Kuo et al,

2000a) HSA concenttionin blood serum is 640 pNCarter and Ho, 1994yhich is the

highest among akerumproteins However its concentratioris muchlower in CSF at

only 3 uM, which is comparable to levels of TTR angtatin C(Stevenst al, 1979) It

is suggestethat the decreasddSA levelin the CSF results in a diminished availability

for A bbinding, andthis could explainthe presence e x t r ac el | ulodyrin Ab pl

the brain, instead of peripheral tiss¢8sanyon and Viles, 2012a)

It is stildl a subject of controversy as t
Some researchers have demons tKuaetag 800Ga,h at HS
Rozgaet al, 2007) Stanyon and Viles (20128)uggest ed t hat HSA 1 ni
monomers and small oligomers of less tlfige monomers. Another study employing

biotin | abelling and i mmobilized AD polyn
monomer in addition to iimmoiblbiltiizoaghtiwAfb Asbe ec
(Bohrmannet al, 1999) However, results obtained through a series of STD NMR

experi ments on Ab and HSA binding showed

monomers and filiis (Milojevic et al, 2007, Milojevicet al, 2009, Milojevicet al,
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2014) It is well knownthat HSA binds to many hydrophobic molecules, especially
pharmaceuticals and endogenous fatty af@ter and Ho, 1994)The hydrophobic

pockets of HSA have been described throtighinvestigation othe crystal struatre of

HSA bound to fatty acid&€Curryet al, 1998) hemin(Zunszairet al, 2003)and bilirubin

(Vander Jagt and Garcia, 198Which might be the pocket where the hydrophobic C
terminal p alt hias alsd beefs propbsedtlthishydrophobic madscsiich as
cholesterol(Penget al, 2008)and phar maceuti cal sdtccHBApet e
(Bohrmannet al, 1999) Recent studies have found tha
through multiple binding sites, distributed evenly across the threenalbdomains

(Milojevic and Melacini, 2011)

Since HSAIis not observedithin amyloid plagus in brainof AD patients, it is believed

that it does not interact or become incorporatéalthe plaques. However, Thioflavin T
experiments showed that a micromolar human CSF concentration of HSA significantly
elongates the lag phase and the bulk ofipcedibril b y b o1tioh n A dyAvériants

in vitro (Stanyon and Viles, 2012b) Gi ven t he fact that a | ar¢
bound to H3\, it is hypothesized thatthereplate nt of pl asma al bumi n
l evel s in the CSF analeabletarossheboodbaain bagrierAb p e |
(Mackic et al, 1998) Promising results have been obtained in pha¢Bdadaet al,

2009) and phase Lttt clinical trials t hroug!

(http://grifols.com/a/web/uk/viewnewst/new/grifolsachievegenyearsof-research

into-alzheimerslast accessed on 17/February /16).
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1. 10. 5.Prion (PrPC)

Prionis a ubiquitously expressed cell surface glycoprotein with its highest concentration

in the brain. The cellar prion protein has recentlyeen recognizeds a cell surface
receptorfor &/ o | i (Zbomand lsiu, 2013)aurenet al.(2009)found that prionis

abletoo nt ervene in Ab oligomer toxiciprion. They
with high affinity and specificity. They
oligomersarecapable of halting LTP in cultured hippocampal slices, howeveratftest

is not observed in slices without PrPC receptors or when recepeascupied with an
antibody.Thissuiggesst hat LTP i s specifically suppr es
PrPC.Laurenet al.(2009) then atmpted to test whethan vivo, PrPC is crucial to the
ability of ADb to ahhewysdr cagead tti ven-ARBerrcitd on
gene with mice encodinthe PrPC gene or nofThey,f ound t hat mi ce col
plaques but lacking PrPC denstrated no detectable impairment of spatial learning and
memory, while the AD transgene mice with PrPC developed considerable deficits in
spatial learning and memory, suggesting that PrPC is specifically needed for the toxicity

of nat ur al | ythebrairtDeletioni anatysisAabtilay binding(Laurenet al,

2009) and surface plasom resonanc€Chenet al, 2010) experiments identified two
specific binding sites ofN-térfminatahdithg otheeis s o n
close to middle part of the protein and both are rich in positively charged basic residues.
Deletion of either part significantly reducedh e bi nding affinity f
suggesting that bothartsact together to rendéigh-affinity binding to oligomerg¢Chen

et al, 2010, Biasinet al, 2012)

The PrPC role in mediwati mqgeAbi ohiedomgr ot d
findings RobertoMalinos® gr oup de mo n & nhat reeédeddo rt-imcfaged Pr P C

synaptic toxicity. The Ab medi wildgpeanssy napt i
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prnp-1- mouse slices(Kesselset al, 2010) Forloni and his team found that PrP
expressing and PrPC knoeokit mice were equally susceptible to cognitive impairmen

when they injected with Ab oligomers into
not necess ar ynediabed cognitive gmhirmentBade@ucciet al, 2010) yet

they have verified nanomolar affiniy bi ndi ng bet ween %Her ol i go
researchers found conflicting results on
Overexpression or ablation &RNPin AD model transgenic mice was shown not to

prevent impairment of synaptic plasticityrefurones in the hippocamp({3alellaet al,

2010) nor improve abnormal neurone activity or improve cognitlysfunction(Cisse

etal, 2011) Theserasl t s i ndi cate that ADb CtThewideci ty i
variation in results may be due to the use of different preparationsandntréions of

Ab, and dfferentmouwsemodefs anckll lines(Freiret al, 2011) Perhaps the

Ab ol igomers used ar-iadeperdenadarhage batfare noafousd n g |
in vivo,and hence were not isolated in the AD brain extracts uséérey et al, 2011)

Alter nati vel vy, perhaps Ab requires PrPC fo

observed in AD patients, for example, prevention of LTP.

Despite the controversial results found by different researchers on the role of PrPC as a
medi at or of Aty therd aregquocordlicts on tva end poirtgh-affinity
bi nding between Pr PC and-médatedsyhapty toxioety s and

The challenge remaining to researchers is to make the two ends meet.

1. 11. Sugars andPolysaccharides

1. 11. 1.Simple sugars

Sugar molecules interact with peptides and proteins using their hydroshuafiaice to

form contacts witthydrophobic pokets of proteinsas well ashydrogenbonds. It has
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been proposed th#itis characteristits crucial tobinding amyloidogeic proteins(Fung
et al, 2005) Lessmobilesugar moleculeare likely toform more stable and stronger H
bonds with amyloid proteins and consequently stabifisesoluble forms gbrotein and

prevent fibrillogenesis.

In contrast, ame carbohydrates enhance fibrillogenesis by inductiorudieation(Kim

et al, 2001)or mature fibril formatior{(Yanget al, 1999. Indeed, i hasbeen showihat
glucose enhances nucleatamdseeding otheamyloidA b p efibrillagehesiswhile
galactose and maltosmhanceamyloid fibril formation(Funget al, 2009. In contrast,

other disaccharides have been showpraventproteinunfolding and inhibit amyloid

fibril formation. These disaccharides include sucrose, maltitol, turanose, cellobiose and
trehalosgTanakaet al, 2005) The moseffectiveof these disaccharides is trehalose, it

is a simple disaccharide composed of two glucose molecules binding togethughthr

U ,-101 linkage(Liu et al, 2005) It hasbeen showrihat trehalose is effective against
protein éenaturation by heat shock and might be able to prevent denatured protein from
aggregatior{Singer and Lindquist, 1998nsulin aggregation can loelayed or inhibited

by Trehalos€Aroraet al, 2004) Oral administration of trehalose reduced brain atrophy
by decreasing polyglutamine aggregates and inicrg#selifespanof atransgenic mouse
model of Huntington's diseag€anakaet al, 2004) Trehaloseefficiently redued A b

aggregatiorand toxcity in human neuroblastoma cell lin@su et al,, 2005)

Other simple saccharides such as sucrose@@ s e Ab protein stabild@i
its fibrillogenesis(Fung et al, 2005) This showsthat carbolidrates with similar
molecular weight have different effects on amylofdril formation according to their

pattern of potential Hhondng.
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1.11. 2.Glucose metabolism

Themostenergydemanding organ in the bodthebrainand glucosés themainenergy
sourceused bythe brainto generate théTP it requiresto function (Hoyer, 1998)
Anumber ofin vivo studieshave thereforéocused on the relationship between glucose
metabolism and AD. Thendothelial cells lining cerebral blood vessais responsible
for transporting glucose across the bldwdin barrier(BBB), yet constitutedess than
1% of braincells Theyarehigh inGLUT1, a specifigorotein transporter that aids glucose

to pass the BBB anenhtesthe brain(Harik et al, 1990)

A substantial decrease of glucose metabolism in affected areas of the brain is one of the
evidentf eat ures of Al zhei merds di seas(PET) Appl y
with 2-[F-18]-fluoro-2-deoxyD-glucose asa label shows a gradualdecrease in brain
glucose metabolism and flow in association with the dementia severity. Interestingly,
regional brain glucose hypometabolismas shown not only in patientsbut also in
younger family members with familial AD in a preclinical phdmdore the onsebf

disease (Perani, 1999) indicaing a causal involvement in theisease process.
Subsequentlythe depletionsin the endothelial GLUT1 transporter weskownin the

brains of AD patients, suggesting that reduced utilization of glucose vessilof the
deficiencyin glucose trarpgort across the BBBHarik et al, 1990, Mooradiaret al,

1997) However, the effecof the endothelial GLUT1 transportegeductions on brain
performance andisease progress remained unresolved for over twenty yWarkler et

al (2015 started to answer this questiemploying GLUT1 gene deficit mic8l¢2at/i

mice). They showed th&lc2alhaploinsufficiencyin the braingivesrise toadecline in
vascular length, blood flow and glucose uptakéh age and to an increase in BBB
permeability. With ageingSlc2atdeficent mice alsalisplay evidence of cortex and

hippocampus neurodegeneration. These findirggealedan unpredicted impact of
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deficiency in endothelial GLUT1 on the brain and its vessels tlagls ® brain

dysfunctionand neurodegeneration.

Therefore(Winkler et al, 2015) investigated the effecif the brain GLUT1 deficiency

on AD pathologyby crossingSlc2athaploinsufficient mice with mice overexpress

the amyloid precursor protein containing the Swedsltation APPSwmice) They
found that the endothelial GLUT1 reduction noticed in AD could potentially work
synergistically with AD pathology to intensify its detrimental effects on the brain and

stimulate tle developmenbf dementia.

One explanation of threduced brain glucose metabolism is that the hypometabolism is

the outcome of diminished neuronal activity and accordinglgepletion in energy
expenditure. However, an alternative explanatiauld bethat the reduction in GLUT1

could decreaseglucosept ake and restrain the brainbds ¢
neuronal activity and, eventually, bring on neurodegenerdtie la Monte and Tong,

2014)

GLUT1 has been investigated as a potemsiedetfor thedevelopnent ofnew thergeutic
interventionsaimed atrestoring GLUT1 leveldor the relief of brain dysfunction and

damage in AD. To begin to address this possibiltinkler et al. (2015) conducted

adenovial gene trarfer in APPSwmice deficient inSlc2al They discovered that
GLUT1 restoration in the hippocampus notab

new therapeutic approaches for this devagianeurodegenerative disease.

1. 11. 3.Polysaccharides
Extensive investigatiomto amyloid diseas# tissueshas confirmed the presence af

large amount of polysaccharid|dong with amyloid proteins in the deposits. The
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deposited polysaccharidese mainly glycosaminoglycans (GAG#$jeparan sulphate
(HS) is among the mostommony depositedGAGS, beingobserved ina number of
amyl oid di seases including Al zhei merds di s

andprion-relateddiseasegSnowet al, 1990, Younget al, 1992)

Recent studies propose that @& can enhance misfolding through favouring the
formation ofb-sheet rich intermediates by polypeptides, and accordingly iresrdaes
number of nucleation seeds. Furthermore, GAGs can act as a template for amyloid
assembly. GAGs can also interfere wathyloid formationin its late stages by promoting
lateral association of small fibrils affording insoaility and avoiding proteolysis

(McLaurinet al, 1999, Ancsin, 2003)

In vitro studies further disclosetelink between GAGs and amyloid formation. Heparan
sulphatehas been shown tagger fibril formation bytheA b p eip itro (Castilloet

al., 1997, Castilleet al, 1999, McLauriret al, 1999) The interaction of GAGs with both

Ab pept isdaensd 14AHere investigated to reveal their effect on peptide
confamation and fibril formationln the presence of heparin, the transitiorthafA b
peptidefrom randomc o i | to amyheetdopgsniac ciblqackiat ed,
adopt i-shget @nfofnation. This stimulatiois followed by amyloid fibril
formato n, i ndi castnucleagon is Brdadnced Bhese resoittgiouslysuggest

that GAGs affect amyloid fibril formation ahe very early stages. The crucial part of
GAGs whichenhanceA b f i br i | f ophategits completeiresnoval baegins u |
a full disappearance olfie enhancing effec{Castilloet al, 1999, ValleDelgadoet al,

2010)

It has been suggested that surface HS megdihtenternalization and toxicity effects of

A b(Sandwallet al, 2010) Theseauthors showed that H8eficient cells were unable to

49



i nternal iveres LAtbstaamd i al | y r e ©Ovesekpaeasionoft o AD
heparanase i n c el todscityaFurdhiermodeehbparin addidon © dellsA b

bl o c kigothterAdhisatorand i nhi bi ted Ab toxicity.

Low-molecularweight heparins (LMWHSs) can prevetnhe formation o f -pldied

structue and inhibit fibril formation(Bergamaschinet al, 2009, Arigaet al, 2010)
Scholefieldet al. (2003)showed that heparincan also inhibithe activityo f -sebretase

activity in neuronsi.e., t-$ite APBcleaving enzyme 1 (BACH), whose activity is
essenti al for the product (Walehetalf, 1997hT&e a my | o
ability of heparin to interfere witb ot h  Ab production and fi bri
possible role of heparin in a therapeutic apprd@srgamaschinet al, 2009, Arigaet

al., 2010)

1. 12.Lipids

Postmortem brain tissue investigations showbtchemical alterations of lipid
composition as a first clueo al i nk bet ween Al zheimeros a
Subsequentlya closerlink was buit when the e4 allele of th&po lipoproteinE (APOE)

gene wagonfirmedas agenetic risk factor for AQ(Corderet al, 1993, Bertram and

Tanzi, 2008) APOE encodes a ~3da protein that acts as an important cholesterol
metabolisnregulatorin the brain. It mediates the lipoprotein particle uptake in the brain
throughthe very lowdensity family lipoprotein receptor and ledensity lipoprotein

(LDL) receptosrelatedprotein (LRP)(Bu, 2009, Kimet al, 2009) Dataon the binding,

cl earance and modul at edallele a APOB Bup@oditsrokeimat i or
the pathology o f Al z hdseaseeMori@sver, the role of cholesterol ithe
pathophysiologp f Al zhei mer 6 s i s epdemigogisalspuge@Bu,t ed by

2009, Kim et al, 2009)
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Its now welkknown that most of the lipidhatmodul at e Al zhedosoer 6s
through different mechanisms which das summarizedsfollows: firstly, they control

the movement and activity ashembranebound enzymes like APPBACE1 and the
presenilins. Secoihy, Axers its effect on cell membranes by direct and indirect
mechanisms whichs responsible forthe manifestationof Alzheimeits pathology.
Thirdly, Il i pi ds @ g@ropensity to eggregatd &nd mada its pathogenic

potential

1. 12. 1 Role d cholesterol metabolism ad transport in
amyloidogenesis.

The most cholesteraontaining organ in the body the brainwhich containsas much
as 25% of thevhole cholesteropresent in the bodyCholesterol is a fundamental factor
of cell membranes anglays a critical role in neuronal function and plasti¢Ryrieger,
2003) Nearly all of the brain cholesterol is acquired frowhe novobiosynthesisrather
than plasma, since the blddatain barrier blocks angignificant traffic betweenbrain
and plasma lipoprotein@Oietschy and Turley, @1, Vanceet al, 2005) Excepions
include the cholesterol oxidisation products, -Bydroxycholestrol and 24
Shydroxycholestero{Papassotiropoulost al, 2000)which can cross the blobdrain
barrier. Thedaily exchangeate ofcholesterobetweenthe brain and periphery is less
than 1%.Accordingly, it has to be supposed thae braincholesterol homeostasis
mainly, but notentirdy independent ofhe choleserol lewel in the blood(Dietsdhy and

Turley, 2001)

Longtudinal, populationbasedstudies reveal that cholesterol levelorrelate with
developing AD inlater lifetime and hypercholesterolemia is an early risk factor for the
development of amyloid pathagy (Kivipelto et al, 2001) Animal model studiesising

rabbits fed a cholestere¢nriched diet exhibited a progressively miitdmoderateto-
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severe intracellular accumul at i on of (Spanksueh al] a00% | e d A
Furthermoregcerebral amyloid concentratistbecomeelevated in APP transgenic mice

fed onacholesterolenricheddiet (Refoloet al, 2001, Shieet al, 2002)

Studiesin which de novosynthesis of cholester@ repressedby pharmacological drugs

further justifies the vital role of cholesterol iAPP processing. Cholesterol synthesis
inhibitors were capable of dimsting extracellular and intracellular concentrations of

A h2a n d 14p@ptides in mixed cortical neurons and primary cultures of hippocampal
neuronsinvivob cerebr ospinal and bsaani dusdbbptidles genat
were reduced in guirepigs treated with high doses of simvastaiminhibitor of de
novocholesterokynthesigFassbendegt al, 2001) Similar results were obtained when
cholesterolwas depletedfrom the membrane by physical exttion with cyclodettin

(Fassbendest al, 2001)

Cells convert excess free cholesterol to cholesteryl essingthe enzyme acyl CoA:
cholesterohcyltransferasé (ACAT1) (Changet al, 2010)Ab r el ease i n cul
is enhanced by increasing leveai$ choleseryl esters, while inhibition of ACAT1 by

drugs causedreductioni n b ot h chol est e(Pyglieli and Kawacs, and A
2001, HutterPaieret al, 2004) In a mouse model of ADb ot h Ab pat hol oc¢
cognitive impairment were reduté®y genetic ablation of ACATBrylevaet al, 2010)

However, ablation of ACAT alsaases the concentration ofoxysterol, 24(S)
hydroxycholesterol which complicadinterpretation and propesa possible role of this

cholesterol metabdé in decreasing amyloidogene@hattacharyya and Kovacs, 2010,
Brylevaet al, 2010) One presumed mechanism compatible with these results is that the
excessive free brain cholesterol evolving from ACAT1 ablation can be changed to 24(S)

hydroxycholesterol and then travel across the blbaan barrier to reach the periphery,
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thus causingdwered brain cholesterol levels. Conclusively, these findings suggest that
the equilibrium between free cholesterol and cholesterol esters is an essential parameter
controlling amyloidogenesis However the molecular mechanism underlying this

relationshipis unclear(Bhattacharyya and Kovacs, 2010)

1.12.2.Rol e of sphingolipids in Ab prod
Besides cholesterol, sipigolipids including ceramide, sphingomyelin and
glycosphingolipids (GSLs) plagome critical roles in cell function associated with

normal as well as diseased stgdtéannun and Obeid, 2008, Posse de Chaves ar@h8jp

2010) Ceramide is a major component in sphingoligidtabolismand itis usedas a

backbone for developing GSLs and sphingomyelin via the addition of sugars or
phosphocholia at the hydroxyl group, respectively. GSLs and Sphingomyelin are
plentiful in the brain, and gangliosides, which are GSLs containing sialic acids, are the

main constituents of neuronal membranes.

Initial reportsrevealthat ceramide concentrations are increased at the earliest clinically
recognizable stage of AD, conceivably dreging neuronal death by oxidative stress
induction. However, independently of its contribution xidative cell deatl{He et al,

2010) ceramide also modulates BACHfediated processing of APP. The mechanism
appears to be associatadth the enhancement of BACEL stability in cefgspbablyby

the generation of ceramigmriched pl€orms(Puglielli et al, 2003)

Sphingolipids also directly participate in the metabolism of APP. Inhibition of the enzyme
(sphingomyelinase) that favours the sphingomyelin conversion to ceramide, and the
resuling sphingomyelinaccumulaton, decr eases Asb oseaaaset i on
inhibition. Sphingomyelinase activity enhancemisrdlso observeth cells harbouring

FAD mutations in PS1, further suggestiagimportant rolefor sphingolipidsin AD
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(Grimmet al, 2005) Howevercompletesuppression aphingolipid biosynthesis causes
an incregayeodiurctAbn, whsrémainstuhaecttdeComséquenmtf A Db
sphingosine addition restores tmermal ratio of A h.ao t 0 1.4 Buggesting that

sphingolipids c anseaetas¢Sawvamuraetamd084) | at or of o

Finally,theAb V 3 ddmairohas been identified as a spbimd-binding sequence
(Fantiniet al, 2002) andsuggestsaA b a f f i Hike sphingblipid ancdichalesterol

rich regions of cell ul ar me mbr anes, wi t h
internalization and intracellular sorting, all of which can affect its pathogenic capability

(Zhanget al, 2009)

Al toget her, these studies d e msecredaser and e t h
BACE1 activities as wel/l as Ab micr odoma
research is required to ddeithe mechanistic details and to verify these lg@gendent

modelsin vivo (Di Paolo and Kim, 2011)

1. 12. 3.0ther lipid changes in AD brains

During AD pathogenesisalong with the mentionedmo d i y c, aimé otimes lipid
changesoccur. Brain autopsy samples from AD patients showed a selective and
significant reductionin ethanolamine plasmalogens (PLsncentrationsrelative to
phosphatidyl ethanolamineThese changeshappen neither in Par ki merom 0 s

Hunt i sdgeasditsberget al, 1995, Wellset al, 1995, Guaret al, 1999)

At a very early stagm AD, asubstantiatiecreaeup to 40 mol% in PL content in white
matterand 10 mol%in grey matterwas observed alread@ncedementias at asevere
stage up to 30 mol% in grey matter wasalso noed However, the importance of PL

reduction in AD is not well uerstood.It can beassociated with synapse loss and
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neurodegeneration since thecreasen PL might causenstability of the membrane
(Ginsberget al, 1998) This reductionmight be explainedoy the elevaed oxidative
damage in the AD braicausecdbyAb a ¢ ¢ u ifAlbérsaaand Beal, 2000, Bassett and
Montine, 2003)whereA b i t sheehidentifiedas an oxidant speci¢Bavis, 1996,
Markesbery and Carney,999) Indeed, asignificant decreaséas been noticed in
ethanolamine PL content of cultured embryonic rat brain oligodendrocytes treated with
A b(Chenget al, 2003) In addition, reactive oxygen species (ROS)an affect PLs
through theiwvinyl-etherbond that makes thesusceptibleto oxidation. Oxidative stress

in AD creaesROSand accordingly RO#ediated degradan may deplete Pi(Han,

2005)

1. 13.Membrane surfaces

Investigatios intomembranestimulated fibrillogenesis Iva been motivatety various
important medical and physiologicgliestionssuchasthe cytotoxic effect of amyloid
aggregtesexerted at the cell membranes rather tharthia bulk (Williams et al, 2011)
Recent findings haveveakdthe role of surfaces in favourimgdisfavauringdisfavoring
theaggregatiomprocess and imcreasinghe rateof formationof nuclei (Saniet al,, 2011,
Burke et al, 2013) The coriormational state of the protein and its aggregates may be

determined by ifferent physicochemical properties of surfag@schaet al, 2012)

Fresh ADb i nter act idoferentcompasitonsihave revealed thagthec | e s
membr ane hydrophobicity and surface char ge
themembranesvariousstudies havehown that anionic phospholipids which formost

of the membraneonstituentare responsible for the enhancement of fibril formatibn.

was notedthat A h-40 is preferably bound taegativelychargedlipids of complex

membranes and negativatharged phosphatidylglycerol membranes compared to
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neutally charged membrane@Villiams and Serpell, 2011)T he degrige of
fibrillisation increases upon association with anionic lipids (PA, PS, PI, PIP, PIP2, and
CL), in contrat with to the neutral (cholesteraterebrosides, and diacylglycerol) and
zwitterionic lipids (PC, PE, and SM), and phosphate group lacking anipmis (Knight

and Miranker, 2004)

The phospholipids headroup chargesave been proposed tmntributeto the A b
association to thenembrandghroughe | ect rost ati ¢ i nt egoedacti ons
1-palmitoy} 2-oleoyl-snglycero3-phospherac(1-glycerol) (POPGJs stronger than for
1-palmitoyl2-oleoyksn-glycera3-phosphocholinéPOPC)Kremer and Murphy, @03),

confirming theideathat the headjroupsmodeiate binding. Furthermorea 50i 100%

greater mass adsorptiovas detectethetweenA f-soand POPG compead with A f.40

mass adsorption to POR@embranest seemghat, whilst POPC binding desnot lead

to aggregation of thé\ b peptide, POPG liposomes considerably boaggregatio

(Williams and Serpell, 2011)

Several studies support thatvitro formationof amyloidfibril s is not only induced by
anionic phospholipid containing membranes, ibatlso enhanced by bilays composed

of phospholipid (PC and PH)ixedwith cholesterol ogangliosidesand the commonly
named Otaiding tholesterol and sphingomyelin. Therefore, it does not appear
possible toaccreditthe abilityto enhanceprotein fibrillisation tospeific lipid classes

Yet, it is believed thathe chemical properties of the bilayeonstituent$avea capacity

to determirethe extent and mode of these proteins binding to the membranes, in favouring
the aggregatiorprone conformation of the proteirHowever the molecular details of

interactions between protein and lipids whicadi¢o the transformation of protein into
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aggregatedtructures may differ remarkablgcordingo the structural characteristics of

the investigatepeptides oproteins.

twas s hown t ha tsolgdnsewsto hydrapholiosuréaées wab not followed

by further aggregation, while adsorption on hydrophobic surfaces embaned
conformational changes and aggrega(i®araivaet al, 2010) AFM imaging and single

mol ecul e fluorescence tracking werasal so &
fibril formation following oligomer formation and adsorption on substrates covered with
polymers of different hydrophobicity. Results confirmtht only weakly adsorbed

peptides with enough mobility enhance peptides to interact and start salbiolhi at
several orders of magni t udbhanihmulk8henet@loncentr
2012) In summary, consistent with other works on lipid membranes, it was demonstrated

that surface favoured fibrilation, was crucially dependent on the physical properfies o

the polymer covered surfaces.

One dayfibrilli sed A h-40 adsorption displayed small variations in the kinetics of
membrane binding compared to frestb The fibrillar A baffinity to neutrally charged
membranes is higher than its affinftyr negativelychargedmembranes. Hydrophobic
forces were argued tde more influential regarding fibrillar A b adsorption on
membranes, although the electrostatic forces were noticed to be more important regarding
freshA bbinding to membranegd.in et al, 2007) Generdly, proteinrecruitment cate
favoredvia interactiorof surfacechargswith the amino acid residue$sopposite charge,
accordinglyincreasing proteirconcentration at the interfag&iacomelli and Norde,

2005)

Amyloid fibril formation is a multistep process which can be modulatea tymber of

different factors, specifically bypid-proteininteractions. Fibril form@on in a membrane
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environment cafe enhancethrough some principal factors including firsnhancing
structural transformation in proteins to form partially folded conformation. Second: local
concentration of protein increasas onbinding to the memanes. Third: orientation of

the bound proteimto aggregation favouring direction. Fourth: influencing the membrane

boundprotein nucleation propensity.

A Bmembrane interactions and permeation

The amyloid oligomers amphipathic nature has been proposedntoibute to the
membranes insertion and penetration capacity, adsorbing to the membrane surfaces, or
possibly act as cepenetrating peptided.ansbury and Lashuel, 2006)hree different

modds have been suggestetbr Ab  me mlindueed texicity. The first modelis
carpeting of the peptide on one side of the membrane suridteh causesmall
molecules to leakagthroughcreating an asymmetrigressure between the two sides
(Hebda and Miranker, 2009)he carpet model wasiggestdto explaintheinexistence

of thelag phaseand exponential rather than sigmoidal leakage kinetics in hIAPP and

mouse IAPFnduced LUVpermeatior(Engelet al, 2008)

The secondproposedmodel for amyloidmediaed toxicity is stable pores and ion
channels formation. Ca2+ channels formation in lipid bilayers was suggested in AD
cytotoxicity ast h e 1.s0falisorption into planar phosphatidylserine bilayers created
channels thaprodued linear curreritvoltage relationships in synetrical solutions
(Arispe et al, 1993) Direct observation of channels by AFShowedan 8§12 nm
doughnutshapedstructure with a2 nm internal pore diameter that extends 1 nm above

the surface othebilayer(Lin et al, 2001)

The third model suggested is based on the deteligerdgffect of amyloidgenicpeptides

on lipid membranes. The peptide electrostatidaligract with phospholipid headroup
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or membrane surfaceeceptors which accompanied by peptide alignment to the
hydrophilic surfaceof the phospholipid head groups. The hydrophobic residues of the
peptide orients towards the hydrophobic core of the membrane, and consequently the
membrane disintegrate by bilayer curvatdisruption(Shai, 1999)The detergent effect

arises from the surfactant like propertiesof the amphiphilic peptidewhich causesa
decreasen membrane surface tensionhis reduction led to theemovalof lipid and
membranedhining whenit happes on one side oformation of holes in the membrane

bilayerwhenboth sidesre affecteqHebda and Miranker, 2009)

The amyloid forming peptides associated cytotoxicity mightempirely linked to only
one mechanism but more possibly to a collectiome€haimsms Each mechanism may
be involvedat a specific stage amyloidormation The carpehg and detergent models
may only happenwhile the peptide is ints monomeric or small oligomerigha® and
causes nonspecific membrane permeation; the formafioon channels or amyloid
induced pores mightappernthrough specific recepteof amyloid inducedpermeation

(Williams and Serpell, 2011)

1.14. Aims of thisstudy

The initial aim of this study was to investigate the interactions between both Transthyretin
(TTR) and human Cystatin qiICC)wi t h A b The stpdies ot the interaction of

TTR andAb s h o w adictorgresualts on the binding and iibition intensityof TTR

against Ab usi ng di fferent met hodol ogi es. Stu
immobilized showed strong binding of TTR to nearly all formsA@® however the

solution based studies showed a weak binding between thprotgns In chapter 3
conditionsvereo pt i mi zed for fibrillisation of Ab |

and nonrbinding) surfaces. Thatensity of WT TTR for inhibition oAbs-4-fibrillisation
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were investigatednd compareih the presence of these twifferent surfacedn chapter

4, in order to study the details of TTR ir
with different stabilities of their tetramers and monomers were developedheand t
inhibitory effectcompared toNT TTR. The interactio of WT and mutant TTRs with

di fferent Structur es 0 figi# less aggregationaprosey i n v
however, it is more abundaintvivo. The ability of WT TTR and some mutants to inhibit

A B-sofibrillisation is also considered.

Previous stdy found monomer to monomer interaction betwe€& land A f however

previous work in our group showed that this is not the case. Ingsteagsuggestedhat

hCC binds to oligomericA band inhibitionof fibrillisation occus as binding disfavowsr
thefibrillisation pathwayIn chapter 5we @nfirm the dose dependeniceibition of A b

fibrillisation by hCC andinvestigate thenonomermonomer interacbin between the two

proteins indifferent buffer conditions to the previous studyhe hCC binding to
aggreghed ADb structures were further suppor
monitoring the disappearance of both Ab a
NMRexperiments I n order to find the binding int
residues througput thehCC structure were mutated tiaine and their inhibitory effect

on Ab ¢ omp ar.AdE. dlocconWminaht rGtein was qurified along with

hCC purification and It was interfering
fibrillisation. In chapter 6, theE. li contaninant protein was sequenced byass
spectrometry and identified as glutamate/aspartate binding protein. Then, its inhibitory
effect on Ab aggregation were investigat:

microscopy.
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Chapter two: Materials and Methods

This chapter covers the details of common experimental procedures used throughout the
research work presented. Further details of materials and methods of specific experiments

are found in relevant chapter.

2.1. Buffers and Ragents

All chemicals and reagents were purchased from, Sigjldiach, Fisher Scientific or

Mel ford, unl ess stated otherwise. Dei oni s
all experiments was from Elga Purelab 611 Classic UVF. Buffers were prepared
accordingto the protocol described {$ambrooket al, 1989)and filteredthrough a 0.2

em filter. Final concentr afwavaddedas stahdawr 2 |

to all buffers, except those used for bacterial growth and unless otherwise stated.

2.2. Growth Media and Solutions

2.2.1. Luria-Bertani Media

Taken from(Sambroolet al, 1989) For each litre of deionised water, the daling was

added:

bactotryptone (Oxoid Itd, UK) 10g
yeast extract (Oxoid) 59
NaCl (Melford) 10 g

The pH of media was adjusted to 7.0 and made up to 1L prior sterilisation by autoclaving,
then antibiotics added after the media had cooled. {&{# was required, 28 g Nutrient

agar (Oxoid Ltd, UK) was made up to 1L and autoclaved.
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2.2.2. Minimal media

Per litre of deionized water:

NaHPO4 69
KH2PO4 39
NacCl 05¢g

The volume made up to 1L after adjusting pH to 7.4 and sterilized by autaglavi

The following were added to the media directly before use (per litre):

trace elements 650 ¢l (autoclaved)

glucose 39 (filter sterilized)

10 mg/ml thiamine 0.1 ml (filter sterilized)

0.5 mg/ml (NH)2SQu 2ml (filter sterilized)

1 M MgSQ 1mi (autoclaved)

1 M CaCbp 0.1ml (auoclaved and added last)

The flask was swirled immediately to disperse precipitate; if precipitate did not disperse

then the preparation was discarded.

Trace elements

Per 100 ml deionised water:

CaCb.2H0 550 mg
CuSQ.5H0 40 mg
CoCh.6H0 45 mg
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H3BO4 40 mg

Kl 26 mg
MnSQu.H20 140 mg
NaM004.2H,0 26 mg
ZnSQ.H20 220 mg

The above components were added to 70 ml of deionised water and the pH adjusted to

8.0 before adding:

EDTA 500 mg
The pH was again adjusted to 8.0 before adding:

FeESQu.7H0 375 mg

The solution was made up to 100 ml with deionised water before autoclaving.

2.2.3.2X TY media

Per litre of deionised water the following was added:

Bactotryptone (Oxoid Itd, UK) 169
Yeast extract (OxoidUK) 10g
NaCl 59

The pH was adjusted to 7.2 and the volume made up to 1 litre. Media was transferred into
conical flasks and sterilised by autoclaving. Antibiotics were added after the media had

cooled.
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2.2.4. Antibiotic Stock Solutions

Ampicillin (Melford, UK): stock salition (1000x) was produced by dissolving ampicillin
sodium salt in water at a concentration of 100 mg/ml and thendtkeitised with a 0.2
em syringe filter s-20°CAuhti repededs vehenwhey were gently r e d

thawed and addedtogrowthe di a t o a f i nal concentration

2.2.5. Isopropyl-b-D-galactosidase (IPTG)

IPTG (Melford): stock solution (1 M) was prepared by dissolving 120 mg/ml in water,
and 0. 2stenlised.i Hreshesalution (or aliquots storee@fC and thawedn ice)
was added to growth media to a final concentration of 1, 1.5 or 2 mM to induce protein

overexpression.

2.3. DNA Manipulation

2.3.1. Bacterial strains and expression system

Transthyretin and variants; wild type TTR previously cloned into the pMMHa
expression system, was provided by Gareth Morgan (Scripps Research Institute,
California, USA).Expression was carried outischerichia colBL21/DE3 strain. Site
directed mutagenesis was carried out on the wild type plasmid to produce the variants.

Thre pMMHa pl asmid cont a-lactssnasa)rggne.ci | | i n r esi

Human cystatin ¢ and variants;wild type hCC previously cloned into the pIN-ompA
periplasmic expression system was provided by Dr. Adham Elshawaidhe. Expression was
carried out inE. cdi BL21/DE3 strain for which an efficient purification had been
establishedElshawaihde, 2012 he rare codons found in genes for human proteins had
been removed previously to allow expression in this straindBiéeted mutagenesis was

carried out on th wild type plasmid to produce the variants.
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2.3.2. Competent cells

Escherichia colcells of the XL10 blue (Novagen) straiwere used for plasmid minipreps
and BL21/DES3 strain were used for protein purificasioGompetentcells were made

using the folloving protocol.

The desired strain &. colicells from glycerol stock were plated onto LB agar and grown
overnight at 37°C. Five ml of LB media inocwddtby a single colony, which was grown
overnight at 37AC, 200 rpm. 10 ml of LB w
and grown at 37°C, 200 rpm until its OD600 reached 0.6. The cells warglepn by
centrifugation, the supernatant was discaydeel cells resuspended in 3.3 ml RF1 buffer

(30 mM KCHCO,, 100 mM RbCI, 10 mM Cagl50 mM MnClk, 15% glycerol, pH 5.8)

and incubated on ice for 30 minutes. The cells were pelleted again, the supernatant was
discarded and the cells were resuspendedmi RF2 buffer (10 mM MOPS, 10 mM

RbCIl, 75 mM CaCl 15% glycerol, pH 6.5). After incubating on ice for a further 30
minut es, the cells were divided into 100

immediatelyor stored at80°C until needed.

2.3.3. Preparation of plasmid DNA

Plasmid DNA was extracted arpurified from overnight grown cell cultures using
Ql Aprep Spin Miniprep kits (Qiagen), accc

Plasmid was eluted with MilliQ water or T+, pH 8.5 and stored a20°C.

2.3.4. Transformation

200 ¢l c o mpheatweerdt ommelilcse and transferred to
plasmid DNA was added and incubated for 30 minutes on ice. Cells werghloe&ed

for 90 s at 42AC in a water bath and incub
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media was addkand the cells were incubated at 37°C, 200 rpm for 90 minutes. 2, 20 and
200 ¢l of cells were plated onto selecti

ampicillin) and grown overnight at 37°C.

2.3.5. Quantification of DNA Concentration

UV-Vis Spectrophotometer; The concentrations of plasmids and oligonucleotide primer
solutions were estimated using the optical density at 260 nm, where an absorbance
reading of 1 is equi val ent to a nucleot
contamination of plasmidrpparations were calculated usingsdywn{A2go nmratio. DNA

samples considered free of contamination, if this value was greater than 2. Absorbance

readings were taken with a Varian CaryBi0o UV-Vis spectrophotometer.

Nanodrop Spectrophotometer;the spettophotometer cleaned, initialized and blanked
byloadingt2 el of deionized water. DNA concentr
sample on lower optic surface and lowering the lever arm to trap the sample between both
optical surfaces and concentratiore a s u r e d Absmbancegréadings were taken

with a Thermo Nanodrop spectrophotometer.

2.3.6. Site Directed Mutagenesis

Sitedirected mutagenesis (SDM) for TTR and hCC genes were performed using
QuikChang® Il mutagenesis kit (Stratagene). The fallag protocol used for producing

all the mutants and the manual can be referred to for more details.
PCR reaction mixture prepared as follow:

5 pl 10x reaction bufferl00 mM KCI, 100 mM (NH)2SQs, 200 mM TrisHCI pH 8.8,
20 mM MgSQ, 1 % Triton® %100, 1mg/ml nucleasdree BSA.

30 ng plasmid template.
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1 pl dNTP mixture.

1pl Pfu Turbo DNA polymerase was added to the reaction.

125 ng of each forward and reverse primer containing the desired mutation

then final volume made up to a 50 pl with sterilisetbdised water.

PCR was then performed in a Techne Progene thermocycler, using 18 cycles of:

30 seconds at 95°C (melting)
1 minute at 55°C (annealing)
9 minutes at 68°C (extension).

Reaction mixtures were subsequently digested with Dpn1 restricttmmeclease for 1

hour to selectively digest methylated template DNA. Plasmid DNA was transformed into
competent XL1Blue E.coli cells and plated onto selective {dgar, containing the
relevant antibiotic. Colonies which grew on the selective agar wensgreernight and

the plasmid extracted as described previously. The primers were designed using the

Stratagene QuikChan§®rimer Design Program.

2.3.7. DNA Sequenceing

Wild type TTR Plasmid and its mutants produced by-ditected mutagenesis were
sequenced to confirm the correct identity by the Core Genomic Facility, University of
Sheffield. Wild type hCC Plasmid and its mutants produced bylseted mutagenesis
were sequenced to confirm the correct identity by GABIGtech, Germany Sequences

were aligned and analysed using Finch TV Version 1.4.0 (Geospiza, Inc) and the basic
local alignment search tool (BLAST) available on the NCBI website

(http://blast.nchi.nim.nih.gov/bl2.seq/vast2.cgdj.
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2 4. Protein Expression and Purification

24.1. Expression and Purification of Transthyretin

24.1.1. Overexpression

Single colonies of freshly transformé&d coli BL21/DE3 were used to inoculate 50 ml
starter culture of LB media, and inculdtevernight at 37°C, 250 rpm. 6 ml of the starter
culture was used to inoculate 0.6 I|itre
incubated at 37°C with 250 rpm shaking until éreached 0.6.Cultures were then

induced with IPTG to a final coratration of 2 mM and incubated for a further 19 hours.

24.2.2. Cell Harvesting

Harvesting of induced cells were performed by centrifugation at 10 000 rpm, 4°C for 10
minutes. The growth media was discarded, and the cell pellets resuspended in 25 mM
Tris buffer, 2 mM EDTA, 0.1% (v/v) Triton XL0O, pH 7.5. Cell resuspensions were

directly frozen at80C.

24.2.3. Cell Lysis

Cell resuspension were lysed by two cycles of freabawy by freezing at80°C and
thawing at 60°C in a water bath, and then sonicatete for 4 x 30 seconds, operating
at maximum intensity and allowing one minute rest between sonication cytles.
suspension was centrifuged at 15 000 rpm, 4°C for 15 mintitesspellet was discarded

and the supernatant used for purification.

24.2.4. Purification

Thevolume ofsupernatant was measured by a measuring cylinder and S8nainium
sulphate were added, then centrifuged at 18000 rpm for 20 minutes to precipitate

contaminant proteins. The pellet discarded and TTR precipitated by adolit@dPb6
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ammonium sulphate. The pellet resuspended in a minimal volume of 5 mM Tris buffer,
pH 8.0, and desalted by overnight dialysis against 5L of 5 mM Tris buffer, pH 8.0 at 4°C.
The desalted protein solution heated at 60°C for 30 min in order to paéeiput

contaminating proteins.

The mixture centrifuged at 15000 rpm for 15 minutes and the supernatant was loaded
onto a 100 ml €epharose (Pharmacia) temchange column at 2 ml/min, equilibrated
with 5 mM Tris buffer, pH 8.0.The column was washeuth the same Tris buffer until

the ODgo Of the eluent stabilisedBound protein was eluted with 400 ml total volume
0.200.35 M NaCl gradient employing 25mM Tris buffer, pH 8.0. Eluent was collected

in 8 ml fractions and fractions containing TTR wereoled and Precipitated with

ammonium sulfate (90%) and store as a pellet at 4°C.

24.2. Expression and Purification of HumanCystatin C

24.2.1. Over-expression

5 ml of LB broth inoculated with a single colony Bf coli BL21 (DE3). Culture was
grown overnght at 37°C and used to inoculate 100 ml of LB broth for overnight at 37°C.
10 ml of starter culture was used to inoculate 600 ml of M9 minimal media. The total
growth was 4.8 litres. Cultures were grown at 37°C with shaking at 220 r.p.m. Cell growth
was bllowed by measuring the QB, and expression cultures were induced with IPTG
to a final concentration of 0.75 mM when gbreached 0.4 0.6 and growth continued

for 6 hours after induction.

2.4.2.2. Periplasmic Extraction

Induced cells were harvestbg centrifugation at 10,000 rpm at 4°C for 10 minutes and

the pellets resuspended in 20% sucrose, 0.2 M Tris pH 8.0. The suspension was
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centrifuged at 20,000 rpm at 20 °C for 15 minutes. Cold EDTA solutiom\{2, pH 8.0

was used to rsuspend pellets. ienylmethylsulphonyl fluoride (PMSF) was added
immediately to give a final concentration of 1 mM. Thesuspended sample was
centrifuged at 20,000 at 4 °C for 15 minutes. The supernatant was recovered and protease
inhibitors (EDTAfree, 1 tablet per 50mlI0.1 mg/ml DNase and 20 mM MgGlere

added. The sample was dialysed into cold 10 mM sodium phosphate buffer pH 7.0 to

remove small molecules.

2.4.2.3. Cation Exchange Chromatography

100 ml SPSepharose (Pharmacia) cation exchange column had been ratgalilvith

cold 10 mM sodium phosphate buffer pH 7.0, and cold periplasmic extract was loaded at
a rate of 2 ml/min. The column was washed with 10 mM sodium phosphate pH 7.0 until
Axgo Of the eluent stabilized. Elution of hCC has been performed using 18adMm
phosphate buffer pH 7.0, 0.2 M NaCl, and 5 ml fractions collected. Any remaining bound
protein was eluted with sodium phosphate buffer pH 7.0, 1 M NaCl. Fractions were

analysed by SD®AGE and those containing hCC were pooled and stor@D4E.

24.2.4. SizeExclusion Chromatography

The fractions containing hCC were pooled and concentrated to less than 10 ml using an
Amicon ultrafiltration stirredcell device in conjunction with a Millipore regenerated
cellulose membrane with a molecular weightoff of 10,000 Da and filtered using a 0.2

em filter. Super dKygel@litabion cokimn (406 ml) eguiileraded e
with 10 mM sodium phosphate buffer (pH 6b@fore loading of the sampl&he column

had been run at a rate of 3 ml/mindath ml fractions collected applying 0.1 M NaCl.
Phosphate buffggH 6. The fractions were analysed using SBXSGE and any containing

hCC were pooled. The average yield of cystatin C wasrp per litre of cell growth.
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2.5. Protein procedures

25.1. Electrophoresis

SDSPAGE (polyacrylamide gel electrophoresis on proteins denatured using sodium
dodecyl sulphate) was accomplished using a BioRad Mini Protean Il apparatus, according
to the method of Laemmli (197nddescribed in Sambroadt al (1989). A staking

gel (4% acrylamide, trisiCl pH 6.8) was cast above a resolving gel (16% acrylamide,
tris-HCI pH 8.8), with a ratio of acrylamide to kaerylamide of 37.5:1. The running
buffer was trisglycine pH 8.6. Al buffers contained 0.1% SDS. Thansples wes loaded

in 50 mM trisHCI, pH 6.8, containing 20% glycerol, 0.2% bromophenol blue. Proteins

were incubated at 90°C for 5 minutes to reduce any disulphide bonds.

A standard of low molecular weight proteins (Sigma) was run alongside the samples.
Neuroserpimuns an apparent molecular weight of 46 kDiae gels were run at a constant
voltage of 180 V for around 55 minutes, until the loading dye approached the edge of the
gel. After removing the gel from its glass plates, it was stained -®rhaurs with
Coonassie Blue (in 10% acetic acid, 45% water, 45% methanol), then destained with the
same solvent until the bands were visilllee gels were scanned with an Epson Imagejet

scanner.

25.2. SDSPAGE buffers and markers

SDSPAGE buffers:

4 x stacking gel buffe 0.5 M Tris/HCI, 0.4 % (w/v) SDS, pH 6.8
4 x resolving gel buffer 1.5 M Tris/HCI, 0.4 % (w/v) SDS, pH 6.8

Running buffer 25 mM Tris/HCI, 0.19 M glycine, 0.1 % (w/v) SDS, pH 8.3

71



Loading buffer 50 mM Tris/HCI, 100 mM DTT, 2 %wl/v) SDS, 0.1 %
(w/v) Bromophenol blue, 10 % (v/v) glycerol

Stain 0.4 % (w/v) Coomassie blue R, 8 % (v/v) acetic acid, 46 % (v/v)
methanol

Destain 10 % (v/v) acetic acid, 30 % (v/v) methanol

16 % resolving gel Lower buffer 2.5 mL

40 % (w/v) acrylamide/Bis (29:1) 4 mL

dH:0 3.5mL

10 % (w/v) APS 100 €L

TEMED 10 L
4 % stacking gel  Upper buffer 2.5 mL

40 % (w/v) acrylamide/Bis (29:1) 1.125 mL

dH,0 6.4 mL
10 % (w/v) APS 110 elL
TEMED 11 elL

TEMED and Acrylamide solutions were purchased fromBaal.

Molecular Weight Marker

Bio-Rad prestained broad range molecular weight markers were used with the typical

mass values stated below:

Myosin 200 000 Da
drgalactosidase 116 250 Da
Bovine serum lumin 86 000 Da
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Ovalbumin 51 000 Da
Carbonic anhydrase 37 000 Da
Soybean trypsin inhibitor 29 000 Da
Lysozyme 19 700 Da

Aprotinin 7 000 Da

2.5.3. Protein concentration and buffer exchange

Large volumes of protein sdlans were concentrated and using an Amicon ultrafiltration

stirred cell conjugated with an appropriate Millipore 10kDa MWCO filter. Vivaspin
centrifugal concentrators (Vivacience) with 8L0kDa MWCO were used to concentrate
small er volumes (010 ml) of protein solut.i
using Vivaspin concentrators, or by dialysis against the desired buffer using Spectra/Por

dialysis tubing or dialysisassettes with 10kDa MWCO Gpectrum labs, USA

2.5.4. Determination of protein concentration

The protein concentratisnveredetermined by measuring UV absorption spectra at 280
nm on a Cary spectrophotometer, and analysed using CaryJWisoftware. The

concentrations were determined by using the Beenbert Law:

A = ¢ x | x U

Absorbance = concentration x pathlength x molar extinction coefficient

The ransthyretin tetramer has a molar extinction coefficient of 7k66@n1*, hCC has
a molar extinction coefficient of 1109@1.cnmt, andW106A hCCvariant has a mota

extinction coefficient of 5558 1.cmt. Thesev al ues were cal cul at ed
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sequences using t he AHRtp:/ovébRxpasporodcgi t o o |

bin/protparam/protparam

2.6. Analytical Size Exclusion Chromatography

The purity of the protein samples asanalysed by size exclusion higihessure liquid
chromatography (SEEGPLC). 26180 &l sampl es were anal ysed
column GE Healthcare, UKwith a Perkin Elmer Series 200 HPLC system equipped

with a UV-visible absorbance detectffferkin Elmer, UK) The OD ofthe eluentwas

monitored at Okso. Specific HPLC experimentge discussed further in the appropriate

chapters.

2.7. Spectroscopic Techniques

2.7.1. Fluorescence Spectroscopy

Thioflavin T fluorescence measurements were taken Bluostar Omega plateeader
(BMG Labtech, UK). The spectra were recorded at {pomts with an excitation
wavelength of 442 nm and an emission wavelength of 482 nm. Further details on specific

fluorescence experiments are provided in the relevant chapters.

2.7.2. Nuclear Magnetic Resonance (NMR)

NMR spectra were recorded on Bruker DRX&pameters operating at 500, 600 or 800
MHz controlled using XWinNMR (Bruker) and NMR data was processed using Felix

(Accelrys). Experiments are discussed in further detail in the appropriate chapter.

2.7.3. Transmission Electron Microscopy (TEM)
Carboncoated copper grids (Agar Scientific) were gitdgcharged with 2x 20 second
pulses using a Cressington 208 gldischarge unit. Samples were adsorbed on a freshly

glow-discharged grid for 1 minute atitenblotted.Each gid was washed shortly in two
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dropsof water and two drops of 0.75% uranyl formate and blotted between each wash,;
thegrid was held in the final drop of 0.75% uranyl formate for 30 seconds and dried with
gentle vacuum suction after blotting. A Philips €0 electron microscope, operating

at 100 kV and equipped with a 1024 x 1024 pixel Gatan CCD camera, was used to record

micrographs.

2.8. Ab peptide Manipulati on
281Preparation of Monomeric AD

1 mg aliquots of Hexafluoroisopropanol (HFIP) (HFIB a polar, volatile, organic
solvent used to dissolve paggregated peptides) r eat ed recombi nant A
purchased from rPeptd(Georgia, USA) and stored-20°C. To prevent condensation
upon opening, each closed vial was allowed to equilibrate at room temperature for 10
minutes before dissolution. A 1 mg/ml solution was produced by adding 1 ml of cold
HFIP to the lyophilised geide and complete dissolution was ensured by sonication for
10 minutes in a DECON Ultrasonics sonicator bath (Sussex, UK). 0.1 mg aliquots were
produced by transferring 0.1ml of the clear solution into sterile roentrifuge tubes. A
nitrogen stream wagsed to remove excess HFIP and any remaining traces were then

removed by lyophilisation. The lyophilised aliquots of peptide were stored as thin clear

films at-20°C.
282.Ab Fi bril Formati on
Each 0.1 mg aliquotof HFiPr eat ed AD was all owed to equi

before the addition of 20 ¢l DMSO themept i de
sonicated for 10 minutes before being further aliquoted depgratinthe number of

experiments being performed. Phosphate buffered saline (PBS) (50 mM
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NaeHPQJ/NaH.PQi, 150mM NaCl, 2mM Nah| pH 7. 4) c dcioftaaniTni ng
was addedtoDMS@ i ssol ved Ab aliquots, then 100
well plates (Corning)which wereeither polystyrene (3694) or PEG treated @hamding

3686) These werdncubated in a Biotech Omega fluorescence plate reader (BMG
Labtech, UK) at 37°C witlkitherdouble orbital shaking at 100 r.p.m for only 10 seconds
before eaclheading(minimal shaking) or continuowuble orbitashaking at 300 r.p.m.
(continuous shaking) Each condition was replicated 5 times and each experiment
repeated at least 3 times. The mean of these replicates was plotted and standard errors of
the mea were shown. The excitation wavelength was 440 nm and fluorescence emission

was measured at 485 nm every 5 minutes.
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Chapter Three: Transthyre t i n and AD i nt er a

presence of different surfaces

3.1Introduction

AccumulationofAb pepti de aggregates into eigstracel

thehal | mar k of Al Adusabemoé othrsamydoidegene preteins have
been found cedeposited in these plaquesedent findings suggest the involvement of
thesepr ot ei ns i n the plaques and in the
Transthyretins one of the amyloidogenic proteins thatve been found within amyloid
plagus al ong with ADb.

Transthyretin and AbD

Transthyretin (TTR) is a homotetrameric protein of 127 amino acid subunits. In the
serum, the 55KDa homotetramer is in equilibrium with a small proportion of monomer

(Buxbaumet al., 2012) Transthyretin is one of several proteins which have been found

inside Al zhei merdéds plaques along with Ab.

S e g u e s(Bchwarzmabet al, 1994) This findng was followed by several studies

using either animal models or cell cult@gsaysvhich further supported this interaction

and showed TTR6s pr ot ect ilvvdroswdieskhentshowerlg ai n s

a direct inhibitory effect of wildypeand mut ant TTRs on ADb agg

there is clear evidence for the interaction betweerWITR  a nimdvitrédtudies give
contradictory results regarding the binding affinity between the two proteins. In general,
methodologies depending on imhlising one of the proteins like surface plasmon
resonance (SPR) and ELISA measuredpaok28nM (Costaet al, 2008) However,

liquid phase experiments (ITC) showed thet& be 24 uM in solutioifLi et al, 2013a)

a difference of 3 ordersf magnitude.

77



Binding of Ab to surfaces has been sugges:
sheetl i ke deposits of A Bike structuges an priica haee been d  mi
observed by AFMKowalewski and Holtzman, 1999\eutron reflectometry applied to

show the formation of dengeb f i | ms on <cati oni(Rocheetal,hydr op
2005) Garaiet al. (2008 andMorinagaet al. (2010)found that polypropylene was an
effective cat al ys tis Shenetalt(2082)f oguoirde guchitads o nA bo f
tightly on the polystyren@S)surface and loosely on the polyethylglycate (PEG) surface,
however it fibrillisesfaster on the loosely bound surfaces better than tightly bound ones.

The thickness of the film detected by Rocha was 2 nm which is nearly twice the
hydrodynamic radius or gyratiamadiuso f A b mo n o mdMassietral, 2001, ut i on
Raffa and Rauk, 2007, Nag al, 2011) Thus, it is likely that these films might Beb

monol ayers. Given the fact that Ab has a
solution phase experi menstur,f akfes wialnld 4 thiel
interactions with other proteins can therefore be affected. The observation of both the
deposition of films of Ab on hydrophobic s
supports the i dea t Istgréene @l nucleate in this epvironment. b i n d
Work carried out by my colleague Alex Taylor during the writing of this thesis has
suggested that the fibril yield reflects t
(Taylor, MSc thesis, 2016 and manustiippreparation). He observed the relationship

bet ween the initial Ab monomer concentra
thioflavin T ti mecieancemdratidng (FigureaBil.). Hachf setefr e n t
data was independently fitted taetbquation:

WX ([0 Joi XY D) T " s,

where®is the yield wis the volume of reaction mixture) Jo is monomer concentration,

kg+ is the elongation rate constant, &gdis the disaggregation rate constédnt.is the

78



maximum packing capacity and is the surface area. Using tbentercept of these
graphs, a reaction volume of 100 ¢, and
concent r adisappaaredooisurfakd binding and therefore the mean packing
densitywere deteted. The observed difference in theintercept between nelpinding

(treated with PEGxand untreategolystyrene (PS)plates wassignificant (compare

Figures 3.1A and B)uggesng that tight binding wagactuallyoccurring on untreated
(PS)plates. The likely packing densities and corresponding intermolecular spacings for
idealised square at t i c e mo noWee caculaed. Given bt the effective

di ameter of a random coi l (RC) Ab monomer

spa&ings are consistent with the formation of tightly packed monolayers of structured or

parti al | y 14500 exposet polysyceneAinfaces.

A B
- 15-12-15
5 16-12-15 (&) -+ D4.12.15
16-12-15 (B) = 07-12-15
- T 230218 . -
3 ; % 26-02-16
= + 02-03-16 =
3 J g
;-]
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=
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i
[ 5 0 15 v : 2 4 by # "
[AP1-azlo (M) [A P4 .a2do (N1

Figure 3.1.The effect of plate type on the fluorescence intensity change, measured in
early plateau phase A) shows the r el atsconoestfatiop anc
fluorescence intensity chdPE@G)ewhile B)yshows tthe
equivalent experiments in untreaf@f)plates (Adapted from Taylor, 2016).

The efficiencyot he TTR binding and inhibition of A
in the absence of a detailed characterisation of the inhibition of fibril formation in the
presence of different surfaces. This chapter is a study to further investigate binding

afini ty and inhibition of Ab fibrillisatio
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surfaces, widely used for the vitros t u d i e.swhether fér biophysical analysis,

cell assays or ELISA. Polystyrene (reated or binding) and polyethylglycate (PEG

treated (norbinding) microplates were used to show the influence of these two surfaces

on TTR binding and Ab fibrillisation inhib

molecules are shown in Figure 3.2.

CH2N /CHz\ /CHz\ /

5668 W~

polystyrene polyethyl glycol

Figure 3.2. The stuctures of polystyrene (PS) and polyethyl glycol (PEG)The highly

hydrophobic nature d?Sand more hydrophilic nature of PEG.

3.2.Materials and Methods
Preparation of monomerid f fibrillisation and EM were performed as described in

chapter 2.

32L.Addi tion of TTRs to AD
TTR stocks were kept in PBS (50 mM &P Qw/NaHPQy, 150mM NacCl, 2mM Nap|

pH 7.4) at-20 AC. TTR stocks were thawed at room temperature, then filtered through
100KD filters to remove any aggregated structures. TTR solutions wardiiuted by
adding PBS to the correct final concentr a:
to prevent the peptide from forming low molecular weight species before the addition of
TTR. 100 ¢l of t he mi x t-well platesaadsincubdtesim a dd e

minimal shaking conditionas previously mentiondad section 2.8.2
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3.3.Results

3.3.1. Ab Fibrillisation

A R.s-fibril formation was monitored using thioflavin T fluorescence. Thioflavin T is an
amyloid-specific dye that displays aaracteristicshift of its emission spectruras it

binds to mature amyloid fibrils, and thus al®whe timedependent monitoring of
fibrillisation. The dye binds only to mature fibrils, but not to monomers, oligomeric
intermediates or protf i bri Il s. The AD fibrillisation r
assays (Figure 3.3) are consistent with the nucleagpendent elongation model of

amyloid assembly (Chapter 1; section 1.9). They exhibit a characteristic sigmoidal curve

with an initid lag phase in which the amount of amyloid proteins turned into fibrils is not
detectable, an exponential growth phase in which fibril cotnagon increases rapidly

and eentually, a final equilibrium phase when most soluble proteins are converted into

fibrils (Leeetal., 2007)

Our aim was to use physiological conditions regarding pH, ionic strength and
temperatur e. Salt accelerates adhektapit omot e
weakens electrostatic forces and as the hydrophobic interaction becomes it@ntiom

driving force (Lin et al, 2008) it enhances aggregation. Higher temperatures also
accel erate WDbIffaad,0lB)gatHiogoure 3. 3 shaws t he
fibrillisation under our optimised conditions. In both polystyrene an@-B&ated plates

the general features of the fibrillisation reaction are preserved but the reaction is
noticeably faster in the PEtBeated plates. Most inhibition studies to date have compared

these data usingotvalues because of their greater reprodudibi t vy . From the ¢/

curves, the half timedg) or the time for miegrowth phase when the fluorescence reaches
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its 50% value was determined. Theft or  Ab f i br i 1412% GGandil.8h
+ 0.15hrs in the polystyrene and PEG plates, eetipely.

The morphology ofproducedA h.s. fibrils was analysed usingansmission electron
microscopy. Electron micrographsAfa-s. fibril isation reactioni the presence ¢fEG

and PS platesurfacesafter 24 hours are shown in Figure 3.3c & d respelst The

curyv

formation of mature fibrils confirmed in all of the samples. The fibrils are long, straight

and unbranched. Little structunzriationswere betweeithe two differenfreparations

were observed

%1000 x1000
60 a) 40 b)

S s TTTTTT

w
S

30

Fluorescence (a. u.)
[ -
(=] (=}
Fluorescence (a. u.)

25

20

0 2 4 6 3 10 12 0 3 6 9 12 15 18 21

Figure3.3.Thi of l avin T cur v e safibrilishtioEiMPSiamlPg&E@atenA f-
s2fibrilisation curves with error bars displaying the standard error of the mean (SEM) to ¢
an indication of the spread of the dataigindicated as a large redosp . 1@ in PEEGhand
b) 14ibn pol ystyrene pl ates. El ectron mic
c) 1AB11OM) i n t heihB&prgsdncetofeolystgdne plate. The scale |

are indicated.
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3.3.2. Additionof WT-T TR t o i4fibrdlisatioh reaction

Thioflavin T time -course

The ki n eitsifirilisationfwerdnfionitored in the presence of different molar
concentrationsf WT-TTR i n the standard conditions de
42 concentrabn of 11 puM, and shown in Figure 3.4. In the PEG plates, different
concentrations of TTR were tested ranging from 22 uM (twice the stoichiometric
concentr ad)i oono olif O (11 times | esslovhan ¢t
levels of WFT TR ()1 &dM not appear to have any eff
curves showing a similagt Equimolar (11puM) and lower concentrations (4puM) of WT

TTR produced an increased ih a concentratioldependent manner, although the effect

is very small. Surprisigly, higher concentrationsof W TR (22 e M) do not
have a greater effect than ssqfuiAm|l aggr(edal
(see Table 3.1.).

I n the polystyr emecongehtratiore of ,11 &M, vith xiecent A D
concerrations of TTRs were tested ranging from 11 uM (stoichiometric concentration of

A Q.42 to 1 OM (11 times | esig). Nebraequimdldne c on
concentrations (9uM) of WATTR were able to completely suppress thioflavin T
fluorescence, sugpsting a complete inhibition of fibril formation. Smaller ratios of WT

TTR (2, 4 and 7.5 €M) | engthened the Ab fi
manner, producing changes # far more significant than for the PEG treated plates.

Low conentrationsof WITTR (1 €M) do not appear to ha

aggregation with the curves showing simikartd the control reaction.
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WT Normalizedtso (hrs) Amplitude (as a fraction o
TTR control fluorescence)
conc | PEG Polystyene PEG Polystyrene
(e M) p> 0.05* p> 0.05*

Mean+sem p<0.01* Mean+sem p<0.01*
0 1.331)+0.15| n. a. 3.6(1)+£0.6 | n.a. n. a. n. a.
1 0.95+0.19 |0.2n.s 1.1+ 013 0.15n.s. | 1.1+ 0.06 |1.22+0.23
2 n.d. n.d. 1.7+0.5 0.007** n.d. 1.53+0.29
4 1.1+0.15 0.08n.s. | 2.1+0.5 0.006** 12+ 01 [158+x04
7 n.d. n.d. 2.95+0.8 0.045** n.d. 1.9+0.45
11 1.32+0.33 | 0.80n.s. |n.d. n.d. 1.07 £0.12| n.d.
22 1.3+0.42 n.s. n.d. n.d. 1.29+0.42| n.d.

n. a = not applicable, ns. = non-significant, n.d. = no data

Table 3.1.Normalisedtsoa nd a mp |l i t u d esfibribisatiore ia thd pecesenca @ WT

TTR in PEG and PS microplates 11 pM of A h.42 and in the presence of different
concentrations of WATTR with standard eors ofmean (sem). The significant differences were
calculated using t test and those with p< 0.05 (n. s.), p> 0.05 (*) and p> 0.01 (**) are indicated.

At the end of the reaction (after reaching plateau), in the PEG plates, the amplitude of
thioflavin T signal vas slightly higher in the presence of the different concentrations of
TTR. However, in the polystyrene plates, the amplitude was slightly higher in the
presence of (1uM) of TTR than in its absence and significantly higher in the presence of
(2,4 and 7.5 M) of TTR (Figure 3.4D). Only in the polystyrene plates could the reaction

be supressed completely and no fibrils observed even after months of incubation
suggesting the reaction is unable to proceed under these conditions. The increase in
thioflavin T fluorescence at lower TTR could not be attributed to the independent
formation of TTR amyloid because, when incubated alone in these conditions, WT TTR

does not form fibrils and there is no increasthinflavin T fluorescence.
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Figure 3.4Thi of | avi n Tairctherpresersce af WT TR in both PS and PEG plates
Each colour coded |Iine represents a dif
TTR, brown; 2 uM TTRyellow; 4 uM, green; 7.5 uM, ocean; 9 uM, purple, 1¥;black, and
22 pM; red), with SEM bars representing 3 different experimenis. 1./Aviith WT-TTR in
PEG mi cr o p4wvth WT-TAR in pobystyren microplate. c¢) normalizeg &nd d)
amplitude val ue s ispovighldiéfardntaconeatrationsoof WHI TRe in RHSES
(red) and polystyrene (orange) plates, with error bars showing the sem.

Electron Microscopy

While the thioflavin T fluorescence <chang
formation differently in the presence of PEG andysityrene microplates, direct
observation of the morphology of the structures was still necessary to ctimbffavin

T results. TEM wagmployed toinvestigatehe morphology of the structures produced

at the end of the i nofeduiatldar ncenodtionflbhpyM)ai t h e
WT-TTR in both PEG and polystyrene microplates. Figure 3.5 shows representative
examples of electron micrographs of these different preparations after 24 hours. In PEG

microplates, along with mature fibrils, only smathounts of amorphous aggregates also
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formed, however in the polystyrene microplates large amounts of amorphous aggregates

were found with very small amounts of fibrils observed in some images.

Figure 3.5. El e ct fs0mthempresence a eqaimpdias conoentratiois o
WT-TTR after 24 hrs. a) in PEGandb) in polystyrene microplates. The scale bars are indici

3.3.Discussion

Sever al studi es have suggested an inter
Transthyretin is one ahe amyloidogenic proteins found-deposited in the plaques.

Animal model and cell line studies suggest a protective role for TTR in the
pathophysiology of ADIn vitro analyses of direct interactions also suggest that sub
stoichiometric concentrations® TR i nhi bit Ab fibrillisati ol
I n order to study TTR interaction with AD
for Ab fibrillisation in both polystyrene
in this study ADb ag, prbiarcthed, thioflavng pasiyweamglad st r

fibrils and the aggregation kinetics follow a typical sigmoidal shape with a lag time,

86



growth phase and then plateau. This pattern fits with a nucleation dependant mechanism

of aggregation whichisacharact i st i ¢ of ADb aggrie@-dibitson. |
atoof1.33t0.15hrs. These results are oobtdirgdenr ent f
polystyrene plates where the aggregation rate is slowersothaltie is about.2 + 0.6

hrs. However, its consistent with theof or A b a g ¢Meisl et alt2016)mThep y

found atsoof 0.7 hr forA fa42 incubated in 96 well black polystyrene coated with PEG,

in 20 mM sodium phosphate, 200 mM EDTA, 2mM NapH 7.4 The differences in the
aggregation rate in both plates are most |
with the differens ur f aces. As previously mentioned,
nucleation on hydrophobic surfaces is walpported in the literature. My lab colleague

Al ex Tayl or found evidence for the for mat
polystyrenenhi ch enhances Ab nucl eati on. However
l i kely to accelerate Ab nucleation and a:
presumably because the nuclei can easily come off the surface to the solution and start
aggregatonThe accel eration of nucleation throuq
been suggested as the local concentration increases upon binding and loose binding
allows mobility of the peptide and the ability to aggred&teenet al, 2012)

I n an attempt to study the bindinifereatnd i nh
surfaces, thioflavin T experiments were performed using PEG and polystyrene
microplates. Results obtained in this study show that the intensity of VIRTto inhibit

Ab fibrillisation is significant]| yreneower
surfaces. In the presence of polystyrene plates low concentrations of TTR significantly
lengthenedthegof t he ADb fibrillisation and slight
were sufficient to compl et e thyprasendeiofPEG ADb |

surface even twice the equimolar concentration off WTR does na4& i nhil
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fibrillisation. Electron microscopy showed no difference between the morphology of

fibrils formed in the presence of an equimolar amount of TTR after 24nhthe PEG

pl at es, suggesting no inhibition in Ab fi
near equi molar concentration of TTR preve
polystyrene plates, and large amounts of amorphous aggregates weredalisstead.

The results obtained in the presence of PEG disagreed with previous studies suggesting

A R4 fibrillisation can be inhibited by sustoichiometric amounts of TTR.i et al.
(2013a)found the completenih i b i t iieby 3gf WTATBR. Our results imply
strongly that TTRfibdisaton a thdse concentnations wihen A is

i mmobilized on a slfofms atghtly boond manaayer amtihe | e Al
polystyrene surface, itgritling to the PE@reated plate is very weak suggesting it can

only nucleate Ab aggregation without for mi
This interpretation is supported by sol ut
monomers: the Kf or TTR tetr ameis 24pM (hidet al,g201Bap AD
However,the Kf or TTR biipids ngudc Atbr onger (28 nh
immobilized as shown by ELISA based studi€sstaet al, 2008)

Ab forms a monol ayer on t he nudeatibraachappenf t he
faster than it would otherwise occur in solution. The binding occurs on the monolayer
surface which enhances nucleation and formation of larger aggregates and then fibrils.

Our results imply that disturbance of this layer by TTR pm&venucleation from

occurring. On the other hand, nuclei and solution monomer can directly form fibrils as

well but this may be extremely slow. It has been found that elimination of bdifuadr

interfaces or reactive soldajuid interfaces can extendu ¢ | e a t jsodonextentled A b

periods of timgGaraiet al, 2008, Morinagat al, 2010)and presumably the critical
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concentration for primary nucl eation may
polystyreneand/or air water interface.

As the rate of aggregation of Ab i n our
concentration, the increase in lag time agthtthe presence of polystyrene plates cannot

be interpreted as the reagsult of TTR bindir
It is plausible therefore that TTR binds weakly to the monomer or aggregated structure in
the solution and binds much tighter to a
monolayer, causing a delay in the lag time because it delays nucleusdarrdawever,

the fibril formation reaction is more favourable and can drive the species bound to TTR
(because the binding is weak) and the same
can convert to fibrils and the final amplitude will be the samgreater than the control

as t he a nwwhicth wouddf othékvise bind to the surface is disturbed and able

to fibrillise. When the concentration of
completely, the amplitude becomes lower becausarger amount of TTR will be
available at each time point to stay bour
available to form fibrils. When the concentration of TTR is higher, thpathway fibril

reaction will no longer be available and the amorsh aggregation will be more

favourable.
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Chapter Four: Transthyretin

4.1. Introduction

The hall mark of Al zheimero6s disease is th
extracellular amyloid plaques in the brain. This leadsa@meurodegeneration and the
consequent pathol ogy. Whereas in the past
contained only Ab peptides, recent f-inding
forming proteins in the plaques and in the pathoghyso gy of Al zHrei mer 6.
vitrob, t he aggregation behaviour of the Ab pe
the effectofcd eposi t ed proteins on Ab aggregatio
amyloid forming proteins including transtleym, neuroserpin and cystatin C have been
found within amyloid plaques along with Ab
invtroby reducing Ab toxicity, it seems to b
mechanisms to do this, as illstied in Figure 4.1. Perhaps it is unsurprising that nature

has evolved alternative natural mechanisms for the modulation of amyloid formation at
different stages.

Protein binding to Ab monomers prevents
inhibiting fibril formation at the very early stages. Given that the nucleus formation is a

rate limiting step, small decreases in protein concentration can significantly reduce the

rate of fibril formation under some conditions (Jarrett and Lansbury, 1993). Nucleus
stabilisation or restriction of monomer addition may also inhibit fibril formation. Binding

to the surface of fibrils and preventing
secondary nucleation reactions can also limit formation of new fibrils (Cehah,

2015). Other factors might defibrillise mature fibrils into smaller aggregates which are
susceptible to proteolysis (and therefore can be cleared by the body) or remodel on
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pathway oligomeric species to ntwkic aggregates through transientniolealar
collisions (Eichneret al., 2011), thus abolishing the potential for amyloid formation.
Some other modulator acts as a catalystdayisng theformation of nontoxic species
without itself being incorporated into the final productbétterunderstanthg of these
natural mechanisms, and how to mimic them, would lead to the development of a

therapeutic strategy against AD.
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Figure 4. 1. T h e 1.4Pa0d)Differgnda Mdthods of dvibdulaiidn. Schematic

il lTustrating t he ardosamylol fibyils, frontthie ferangitioncof a néckeus
through the production of oligomeric species before the assembly of protofibrils and finally
mature fibrils, demonstrating the presence of both fibrils and oligomers in advanced AD.
Mechanisms for rediicn g 14Adxicity at different points in the aggregation process are
highlighted, including the formation of a 1:1 complex (green), binding to nuclei (red), binding to
oligomers (yellow), dissociation of amyloid (purple) and covering the fibril surtapeetvent the

use of its surface as an aggregation template (brown) (Adapted from Williams, 2015 with

modifications).
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Transthyretin and AD

Transthyretin is one of sever al proteins
pl aques al ong wicdandiituedt fof, the iCSF amd cemeejqgaire st er A
(Schwarzmaret al, 1994. Severalstudies using either anahmodels or cell culture
supportedta T TiRmMtser acti on and protectilvweroabi | it
studies then showed a direct i nhi bitory e
aggregation. Although there is clear evidence for the interaction between WT TTR and
Abinvitrostudis have given contradictory results
TTR are interacting when different methodologies are used. In general, methodologies
depending on immobilising one of the proteins like surface plasmon resonance (SPR) and
ELISA show thatTTR tetramers bind allofr ms o [CostaefAd, 2008) with
preferential bi nding of TTR tbetmoanng®@mesr st o
and Murphy, 2010)nd fibrils (Yang et al, 2013a) However, liquid phase NMR
experiments showed that TTR tetramers but
both TTR tetramers and monomers bind\tb a g g (Lieegah, R04.3Rn)

The efficiency of the inhibitiorremains questionable in the absence of a detailed
characterisation of the inhibition of fibril formation in the liquid phase. This chapter is a
study of the inhibitory effect of WT and
fibrils. To achieve these gts, a number of TTR mutants with different kinetic and
thermodynamic stabilities were chosen and their inhibitory effect against different species

of Ab were investigated and compared to tl

of Ab f i bhagtetrd).i sati on (c
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TTR mutants used in the study

More than 100 natural TTR mutants have been described. Most of these mutants are less
stable as tetramers and more amyloidogenic than tdeype (McCutchenret al, 1995.

Four mutants have been used in this study, 3 natural and 1 model (Figure 4.2). All the
mutants used exhibited a less stable tetramer and monomer to different degrees, except
V122l which has more stable monomers. TTR mutants with unstable tetramebebave
shown to be the best inhibitors of Ab fi bl
unstable tetramers that are effective or unstable monomers. In order to find whether only
unstable tetramers are necessary for inhibition or unstable moresnesell is an
important factor. The available data on the stability of WT TTR and its mutants is often
difficult to compare due to the difficulty in resolving different unfolding and refolding
transitions in this multimeric protein and the different caapeity of folding observed

in different mutants. A summary of the characteristics of the mutants chosen as a result
of their different multimeric stabilities is described below (Table 4.1).

1. S85A, is a model mutant TTR which assembles into less stat@mers (Yangt al.,

2013). S85 is one of the retinol binding residues on the EF loop. CD spectra and
tryptophan fluorescence data show that S85A retains a native enateas secondary

and tertiary structure. In contrast, ANS fluorescence indicatessaof the thyroxine

binding channel in this mutant. S85A assembles into a tetramer but these tetramers are
less stable than their WT counterparts @uwal.,2012). Sizeexclusion chromatography

shows a significant population of monomers a0

2.The V122] TTR variant causes a form of late onset familial amyloid cardiomyopathy.
The V1221 mutant protein is again less stable as a tetramer compared with WT TTR

( gufes= +7 + 1 kcal molé) whereas monomers are at least as stable as for the WT TTR.
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V122| tetramer destabilisation and monomer stability counteract each other to some
extent, leading to the observed similar overall thermodynamic stability of V122l and WT
TTR. At physiological concentrations the amount of unfolded V1221 monomer (0.15 nM)
is 3-fold higher than for WT TTR (0.05 nM). The rate of V122| dissociation-isl@

faster than WT (= 19 h vs. 41 h for WTTR) (Hurshman Babbest al, 2008)

3. V30M is the most common cause of familial amyloid polyneuropathy (FAP) in
heterozygoteg(SanchezRuiz, 2010) The V30M stability is lower than WT and this

perhaps accounts for its greater capacity to inhibit fibrillogeriesist al, 2013a) The

formation of a V30M tetramer happens at a much slower rate than foF MRTty2 is 68

h, compared with 41 h for WT TT@urshman Babbe=t al, 2008) which could enhance
monomeraccumulatior(Jesuset al, 2012) resulting in a higher inhibitory effect against

Ab aggregation. V30M Dahkoatmeorrelative todlvd STRa b i | i
monomer , wiPtdf a3.e® N 0.2 kcal/ medd®@ond com
WT TTR monomer of 5.5 + 0.8 kcal/mol der the same conditiorfslurshman Babbes

et al, 2008)

4. A25T is a mutant which causes central nervous system (CNS)idasyto A25T is

one of the most unstable known tetramers of TTR. The A25T TTR protein exhihits a k

of 5.4 x 10° s?, which equates to a hdlfe (t12) of only 2.1 minutes, 120fbld faster

than that of WT TTR. The A25T tetramer is the least stablall other TTR variant
published to date. The A25T mutation significantly destabilises both the TTR quaternary
and tertiary structure compared with WT and the other Fafants(Sekijimaet al,

2003) A25T mGuRod'Me 1.8 +P.2 kcal mot (M urea)’ andi Munfold = 1.1

kcal mof! (M urea)! (Hurshman Babbest al, 2008) The free energy of monomer
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unfolding of A25T is 2.80 kcal/mol (&= 2M urea), which indicates that the A25T

tertiary structure is less stable than that of WT TTR £3.4 M urea)Sekijimaet al,

2003)

Figure 4.2.The crystal structure of tetrameric TTR with the mutated residuescoloured

and labelled. The struciiadapted fronKlabundeet al, 2000) The structure made by usir
Pymol (DeLano, UK).

Parameters WT V122I V30OM A25T S85A
P Giss (kcal mole 1.5 M Urea vs| Very
h -32.8+2.29 | -256+1.08 | 3M for WT at| aggregation n. a.
1.44 yM [TTR] | prone
Kaiss (ST) 467*105+ | 105+ 2.8%10°+ 5.4*10°
t¥% (min) 2460 (41hrs) | 1140 (19hrs)| 4080 (68hrs) 2.1(4)0 n. a.
@
kass(slrll M_S)y
E;%f(g a( ”bdo 2010 @ | 1.8¥103®) n. a. n. a.
197 8.1*10°@ - 1.9¥107®
Koiss (M3) 1024@ 1018@ Very slow to 0 a. 1016
dissociate
Moss (keal mole™ | 57, 01@ | .15:01@ |n.a n. a. Very unstable
M) monomers,
Chpiss (M) 3.3 Matl4 1.5 M at 1.44 probably
UM @ n.a. UM n.a. unfolded, open
P Gnr (kcal mole!) | -4+0.5@ -5.1+0.2@ | -1.5 -1.8+ 0.2 (at|{door f
M-TTR is stable (M-TTR equivis| low [TTR], 0.7- | binding site
-5.5+0.8 monomers | -3x0.2) 7uM) Or-2.8©
Kur 1.3*10°3 2.0¥10* 8.2*102 5.0*102 n. a.
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mune (kcal mole?

M) -1.4+0.4® -1.6+0.5@ n. a. . a.
Cinunt (M urea) 3.40@ n. a. 2 .a.
®Goverall -48.8 -56.1 n. a. . a.
mole-1)

Koverall 10?7 1028 n. a. .a.

n. a. = not available

Table 4.1.A summary of the charastistics of the WT and mutant TTRs chosen as a result of
their different multimeric stabilitie$) (Hurshman Babbest al, 2008) ® (Jesu<t al, 2012) ©
(Sekijimaet al, 2003)

4.2. Materials and Methods

Ab monomers for thioflavin T experiments \

chapter 2.

4 . 2. 1. Addi tion of TTRs to AD

TTR stocks were kept in PBS (50 mM 4RifeQy/NaHPQy, 150mM NaCl, 2mM Nah

pH 7.4) at-20 AC. TTR stocks were thawed at room temperature, then filtered through
100KD filters to remove any aggregated structurd®k Solutions were then diluted by
adding PBS to the correct final concentr a:
to prevent the peptide from forming low molecular weight species before the addition of
TTR. 100 ¢l of t he 96hatwell plates and iscubiatede3nC° a d d e d

with shaking for 10 seconds before taking readings at 5 minutes intervals

4.2.2. Addition of TTR at different time points

Ab fibrillisation was started as deoscri bed
5 pl aliquots 0220 uM of TTRs were addedto @l of 11 OM Ab-at eac
points to produce a 100 Ol sample of 11 O
buffer was added to the ADb reactions were

left to proceed by incubation of the plate in the plate reader.
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4. 2.3. Purificaeffbilon of fibrillar AD
After one dayo f i ncubat i on, 14 taggegatgs rwere pelletet! byA b

centrifugation at 13, 000 rpm for 20 minutes. The pelleted fractvens resuspended in

2% SDS to dissolve any ndibrous aggregates (amorphous and oligomers). The SDS
re-suspended fibrils were pelleted again, and then washed twiceshgpension in PBS,

to remove any residual SDS. The fibrils were thesugpended im small amount of

phosphate buffer and used dirgctt The concentration of t he
determined by measuring the concenttation
and 29 centrifugation steps and subtracting it from the total monomer concentration of

Ab used at ilisaon (Fhisamethod & fadagted bram Davis, 2013, with

modifications).

4. 2.4. TTRs wffibrikdi ng t o AD

Different molar concentrations of TTRs were incubated with different amounts of
purified Ab fibrils for 20soanitrifuget atd3, @@ 37 A
rpm for 20 minutes to pellet down the fibrils and bound TTR. The concentration of TTR

in supernatant was measured at 280 nm. The percentage of disappeared TTR was
determined by subtraction of the TTR concentration in the supetrfedam the initial

TTR concentration.

4 . 2. 5. Defibrillisation of Ab fibril

Different molar concentrations of TTRs were mixed with different amounts of purified
Ab fibrils. 100M of ThT was added to the r
to microplate wells and incubated af@7or 24 hrs. The ThT fluorescence was recorded

as described in chapter 2.
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4. 2.6. TTR addition to AD seeds
Ab fibrils wer e prpviousiythen gbdl soaisatedfer 8¢ minutesetal

create short fibrils (seeds). The concentration ofseadsw d et er mi ned fr om
monomer concentration used for making the fibrils. The seeds were mixed with different
concentrations of TTR in PBS. Then AbB mon
was added to the plate reader andttheflavin T fluorescence followed as described

previously.

4.2.7. Analytical Size Exclusion Chromatography (SEC)

T h e 14Aabgregatiorwas monitored in both the absence and presence of TTRMgy
sizeexclusion chromatography in PBS on an analytgglfiltration cdumn Superdex

200 (GE HealthcardJK). Theprotein exclusion limitSuperdex columis 1,300 kDa,

with a separation range between 10 and 60
column was run at 0.5ml/minute for lhr. Samples frtmnoflavin T experimats

performed using the plate reader were collected and analysed after 24 hrs from starting

the reaction. The OD was measured at either 280 nm or 230 nm.

4.3. Results
4 . 3. 1. Ab Fibrillisation

A haoa n d 14Ailril formation was monitored using thioffen T fluorescence (Figure

4.3). The Ab fibrillisation reactions moni
the nucleatiordependent elongation model of amyloid assembly (Chapter 1; section 1.9)

but do not show the concentration dependence ichdhe this model. Instead the
polystyrene surface of the microplates drives the reaction in a manner which is dependent

on the available surface area and thus unchanging for all the reactions observed (chapter

3 and Taylomet al.,manuscript in preparation)
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Fluorescence (a. u.)
Fluorescence (a. u.)
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Figure 4.3.Thi of l avin T cur ves adpahdAEMfidmlisations gAr)a p,k
B) 1A fError bars displaying the standard error of the mean (Skiysotand rowntimes are
indicated. C) E My after 24hre of fibailiséiba, DpoEM micfographs o

f i br i | )dfter 24brs ok ibcubation, scale bars are indicated.

Most published studies have extracted only the half tmgsf(or t he AD

reactions. Despite the greater reproducibilityseftso is a mk of the lag time (§g) and

growth time (§rowtn) and these two phases are completely different in their nature. In the
current study we calculated lag time,dnd growth times separately, in order to be able

to show the effect of TTRs on the primarydaecondary nucleation mechanisms and t

f

bri

to be comparable to the | it gytseandgbmewereFr om t

determined. Thaat for aggregation is the time when the initial nuclei of aggregation are

forming, which is calculated here as the time point when the fluemesaeaches 5% of

its final amplitude.= corresponds to the time for mid growth phase and is the time when

the fluorescence reaches its 50% value, this value calculated depending on the lowest and

hi ghest fluorescence p oatiam.tTle §ohnisithie timg framh e
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the start of fibrillisation (or end okg) to the end of fibrillisation (or reaching equilibrium

or plateau), calculated by subtracting ftom the time when the fluorescence reaches

95% of its maximum valuegbwnr e pr esent s the time needed
equilibrium with fibrils. Theggf o rwsoA b br i I I i sati on wens# much
and were 10 + 2.8 hrs and 1.54 = 0.3 hrs, respectively under our standard conditions at
110M pept hdteovalThe Wwés 13. 0 +4Basfbouhd2st whi |
0.6 hrs. Thegowthnf O raovs 4.5 N 0.7 hrs compdhised t o
suggests that nucl eadioonp ae e e n peptitds buldifet ar e r
oncegrowth is under way, both elongation and secondary nucleation events must be
similar.I' t i s worth ment i on irpfirilisatioathe flaotescenbee b e g
is decreasing for about 30 minutes which might be due to the formation efibraums

but thioflavin T positive species which dissolve and then start aggregation to take
fibrillisation pathway.

The morphol ogy o0 fs atnideirsAfiorile® evascirevestigared by
transmission electron microscopy. Electron micrographs showedttate fibrils had

formed in both preparations after 24 hours (Figure 4.3C&D). The fibrils are long, straight

and unbranched. There appeared to be very little structural variation between different

preparations shown throughout this chapter.

4.3.2. Addition o f WT Ti-4& RbriltisationA b

Thioflavin T Time -course

The ki n edtspifirilsationfwerd fionitored in the presence of different molar
ratios of WT TTR in the standard wondit.i
concentration of 11 pMas shown in Figure 4.4. Different concentrations of TTR were
tested ranging from 11 OM {48todjM(blitimeset r i c

| ess than t he ig).d\rac egumotaraconceatrationsf{OuM) bf WT TTR
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were needed to compddy supress thioflavin T fluorescence, suggesting complete
inhibition of fibril formation. Smaller re
time in a concentration dependant manner .
not appear to have a sifjni c an't ef fect on Ab aggregatio
similar fag (1.56 £ 0.12 hrs p= 0.105 nsyp {3.34 + 0.30 hrs p=0.15ns) anght values

(5.84 £ 1.48 hrs p<0.05=0.024*). Intermediate concentrations of WT TTR (2, 4 and 7.5

eM) appear ead stiognhhafvi cant effect on ADb agagr
significant increase ina, tso and frowth in @ concentration dependant manner (Figure 4.4

and table 4.2). Compared with thg,tthe trown did not increase to the same extent,

althowgh it did increase with concentration. Thewin increased by a factor of 122

times the control in the presence dbZ7.5 uM TTR.

Time (normalized)

Fluorescence Intensity (a.u.)

$ o $ » )
S N oS WS A5

WT TTR Concentration

WT TTR Concentration

*10) Figure 4. 4. a) ThT fluorescence time
C OUTr S e 1sditf atedh With WT TTR.
Each colour coded line represents a differ
concentration of T
(OpM control, blue; 1uM TTR, brown; 2 ph
TTR, orange; 4 UM, green; 7.5 uM, ocean
MM, purple), with SEM bars for 3 differer
experiments. b) Thegd (blue), to(green) and
torowth (purple) values represented

" > © ® o histograms for the By42 control and with

WT TTR Concentration different concentrations of WT TTI
normalised, with error bars showing the se
¢) The amplitude of the growth curves in t
presence of different comntrations of WT
TTR normalised to one [@control) withsem
bars.

Amplitude
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WT  TTR | Normalizedtiag(hrs) Normalizedtso (hrs) Normalizedtgrowth (hrs)
conc. (UM) | Meanzx p> 0.05 Meanz p> 0.05* Meanz+ p> 0.05
SEM SEM p<0.01* SEM
1 1.56 +0.12 | 0.105 ns 3.34+0.% | 0.15ns 1.2+0.2 0.024*
3.0£0.9 0.0739ns |53x1.1 0.007** 1.8+0.37 | 0.039*
4 3.2+£0.6 0.0252* 59+1.0 0.006** 21+0.5 0.02*
7.5 6.8+1.35 | 0.0215* 99+17 0.045** 22+04 0.113ns
Table 4.2.The mean oNormalizedtiag, tso and ownv @l ues of Ab fibrill i sa

presence of different concentrations of VWWTR with the calculated standard errors andhjues.

Unexpectedly, at the end of reaction (after reaching plateau), the amplitude of thioflavin
T signal was slightly lgher in the presence of the different concentrations of TTR. The
intensity was slightly higher in the presence of (1uM) of TTR than in its absence and
significantly higher in the presence of (2, 4 and 7.5 pM) of TTR (Figure 4.4 C). The
increase in thioflam T fluorescence could not be attributed to the independent formation
of TTR amyloid because, when incubated alone in these conditions, WT TTR does not
form fibrils and there is no increasetmoflavin T fluorescence. Past a threshold TTR,

A h.42 no longer fibrillises and the amplitude therefore drops to O.

4.3.3. Electron Microscopy
Al t hough the reductions in thioflavin T f

fibril formation, these changes ddualso be due to other factors such as changes in
morphology and production of thioflavin T negative species. TEM was employed to
analyse the morphology of tipgoduceds t r uct ur es at the end of
the presence of a near equimolar @awtration (9uM) of WT TTR. Figure 4.5 shows

representative examples of electron micrographs of these different preparations after 24
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hours. Along with mature fibrils, small amounts of amorphous aggregates also form in
t h e coitrbl samples. The fibrilg@long, straight and unbranched.

Although changes in thioflavin T fluorescence suggest that TTR is completely inhibiting
A h.sfibril production at equimolar concentration of WT TTR, a small number of single
fibrils are present along with large amountsamorphous aggregates. Reestigation

of this reaction mixtures after long periods of time (months) did not show the formation
of large quantities of mature fibrils. Instead a large amount of amorphous aggregate is
present along with small amounts dirfls. In the presence of WT TTR, the most likely
explanation is that an effathway species is formed and further associates to form large

unstructured aggregates. The lack of fibrils even after extended periods of incubation

suggests these species aréamger thermodynamically favoured.

Figure 4.5. Electron micrographs ofA f.4;in the presence and absence of near equimol:
concentrations of WT TTR after 24 hrs.a) A bcontrol (11uM), b)A bin the presencef 9 uM of
WT TTR. The scale bars are indicated.
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434Anal yti cal Size Excl usi onwspeéndr omat
WT TTR

Figure 4.6 shows SEC elution traces of samples obtained from the fibrillisation reactions

of 1A the presence of differemoncentration of wild type TTR after 24hrs of
incubation. There are several peaks observable in addition to the tetrameric TTR peak at

28 min and the small monomeric Ab peak | us
within the separation range forh e c ol umn: although Ab is o
unfolded nature of the monomer means that it behaves more like a 15 KDa globular
protein and is resolvable here. In all reactions, a large peak is observed at the void volume

of the column (13min) and regsents species in excess of 600kDa but that are not filtered

out by the inline filter, which suggests it was smaller than 13 MDa. This peak represents

the aggregated structure | arger than 600 K
aggregates any of them bound to TTR. A further peak at 36.7 mins is representative of

large oligomeric species which adhere to the column and are retarded (Williams, 2014).
DMSO and buffer peaks appeared at 40. 3 an
buffer peakswere har act eri sed by |l oading monomeric
column.

The height of the 13 misconrd eedction comparédo hi g h
reactions in the presence of 4 and 7uM concentrations of TTR, and about twice the height

of the aggregated structure peak in the presence of 1uM WT TTR. This is consistent with
the thioflavin T data which indicates tha
relativdy higher in the presence of the higher concentrations of TTR, and further
comf i rmed that TTR only delays the | ag tin
fibrillisation is started a large amount of fibrils produced at the end. Even in the presence

of near equimolar (9 uM) concentration of TTR, the height of the aggregated sructur

peak was still nearly half of the control.
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—
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Figure 4.6.S E C 0.4 fibAlllsation reactions in the presence of different concentrations

of WTTTR. ( A) SEC el ut iuefibrilpatienfini tHe @resencd of different TTR
concentrations aft 24 hours. The peak at 13 minutes indicates aggregated structures, and the
peak at 28 minutes indicates TTR tetramer. Colours represent diff@rierdoncentations (OpM

control, red; 1uM TTR, green; 4uM, magenta; 7.5uM, orange; 11uM, black), the inSEFR
tetramer peaks. B) Variation of peak heights (absorbance) from incubations with different
amountof WT TTR. Peaks represented are aggregates at 13min (blue), TTR tetramers at 28min
(pur plasmo,noAfer s at 3 8i40ligdmers a 36r7min (dankdyreeh)d
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This supports the EM observation that even in the absence of a thioflavin T signal
increase, there are still some aggregates formed, although the nature of these aggregates
may be amorphous rather than fibrous.

This conclusion is supported to some extent by the presence of a concomitant increase in
the height of peaks from smaller molgar weight species, which elute at 36 min and 38

min respectively and are likely representative of large oligomeric species which adhere

to the column and are retarded (Williams, 2014). It is clear however that there is a large
amount of optical densitpresent in the 13 min peak that is not compensated by an
increase in the 36 and 38 min peaks, so we examined the profiles for evidence ef a TTR

Ab complex. Tetrameric TTR elutes at 28 mi
error of the expected pedke i ght s f or the relative amount
This suggests that, while most of the TTR

aggregated in one form or the other, but at a smaller molecular weight on average.

4.3.5. Additionof mu a nt T T RdibrilisatiorAr®@actions
V122|

The V1221 mutant exhibits a less stable tetramer compared with WT TTR while the
monomers are at least as stable as WT TTR. This mutant exhibits a 2 fold faster rate of
tetramer dissociation compared to Viiid so was used to investigate the efficacy of
folded monomer in inhibiti aqafibrilli$atiom wasmp act
studied wusing thioflavin T fl uonsgweeeence a
fibrillised in PBS in the presence of diféart concentrations of V122I (1, 2, 4, 7.5, 10 and

11uM) (Figure 4.7 A). kg ts0 and trowth Values were calculated for all reactions (Figure

4.7 B). The results show that equimolar amounts of V122| are needed to completely

i nhi bit Ab f iaberratibs of VA22INTAR inceased thg amd the 4o of

Ab fibrillisation in a concentration deper
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c) Figure 4. 7.a) ThT fluorescence data fro
s V122| TTR titration into 11 pM of A4

fibrillisation  reactions with different
concentrations of TTR (OuM control, blus
" 1uM TTR, brown; 2 uM TTR, orange; -
UM, green; 7.5 UM, ocean; 10 uM, grey; :
MM, black), with SEM bars. b) Thead
(blue), to (green) andglown (purple) values
repreented as histograms forbfs. control
o0 p and with different concentrations of V12
TTR normalised, with error bars (sem).
The amplitude of the growth curves in t
presence of different concentrations

Vi22I| TTR, nor mal i

with error bars (sem).

Amplitude

V1221 TTR Concentration

As shownin table 4.3, the normalisedgtincreased in the presence of 1, 2, 4, 7.5 and 10

UM V122l as well as the normalised,tindicating a similar efficacy for inhibition as WT

TTR. However, u n |k fibdls stlligtow in thé preseWtE pf J0Mb

V1221 (Figure 4.7). This result suggests that V122I is slightly less effective compared to

WT TTR.

The amplitude of Ab fibrillisation in the
di fferent for the Ab cont r olionsoovbiRlaThe d wi t
amplitude increased in the presence of 1 uM (1.27 £ 0.13), and 2 uM (1.14 = 0.12) of
V122I. However, in the presence of higher concentrations 4 uM (1.0 £ 0.15), 7.5 uM (0.9
+0.2), 10 uM (0.8 + 0.12) of V122l the amplitude generally dased with the increase

in V122| concentration, indicating that the bulk of fibril produced was different from
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control ADb. As with the WT, the amplitud

concentration of TTR, in this case at 10uM V122I, which is diyghigher than for WT.

V122| Normalizedtiag Normalizedtso Normalizedtgrowth
TTR conc.| Meant p>0.05* Mean+ p>0.05* | Meanz p> 0.05
(M) SEM p<0.01** | SEM p<0.01** | SEM
1 1.5£0.3 | 0.225ns 1.6+ 0.3 | 0.19ns 1.58+ 0.24| 0.125ns
2 2.7+0.9 |0.18ns 2.0+_0.25 | 0.04* 1.6+0.2 | 0.084ns
4 5.2+1.0 | 0.041* 3.3+ 04 | 0.94ns 3.1+0.9 | 0.14ns
7.5 11.7+1.1| 0.002** 6.0+_0.52 | 0.0096** | 2 +0.57 0.22ns
10 16+ 2.0 0.005** 7.5+ 1.8 | 0.042* 4.15+1.0| 0.085ns
Table 4.3 The mean ofid;, tso and trown normalizedvalues of ADb fi bril |l i satio

presence of different concentrations of VEZAIR with the calculated standard errors and p

values.

V30OM

V30M is less stable than wild type transthyretin, perhaps accounting for its greater
capacity to inhibit fibrillagenesiqLi et al, 2013a) The formation of V30M tetramers

also happens at a much slower rate than forNWWR, which will enhance monomer
accumulation (Jesus et al, 2012), resulting in a higher inhibitory edferta i n s t A b
aggregation. However, the lack of stability of the monomer (table 4.1.) may imply that

the predominant species populated apart from the tetramer is an unfolded monomer.

The fibrill i satsveas moaitored lirl the Cpkbsente of differen
concentrations of V30M (0.5, 1, 2, and 2.5uM) (Figure 4.8). The results show that
substoichiometric concentrations (less than 1:4, 2.5 yM) of V30M are enough to
compl etely inhibit ABtrhes less ihdnthé concengrationofn , wil
WT or V122I TTR needed to achieve the same effect. Smaller amounts of V30M TTR

increased thesgand oo f Ab f i brillisation in a concen
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the tagin the presence of 0.5 uM V30M was not significantly increased (table 4.4 in t
presence of 1, 1.5 and 2 uM V30 pM, the lag times were significantly different from the
control. This result shows that V30M is significantly more effective than both WT and

V1221 TTR.
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8 £

5 g

5 g

: £

g =

5

m 0 3 6 9 12 15 18 21 24 27 30 33 36

Time (hrs) V30M TTR Concentration
*1¢) Figure 4. 8. a) ThT fluorescence tim

course of 11 pM A42in the presence ¢
different concentrations of V30M (0.5ul
TTR; red, 1 yM TTR; brown, 1.5 uM
purple, 2 pM; orange, 2.5 pM; black). |
The tag (blue), ko (green) andgtown (purple)
values represented as histograms for
i i i Abis2 control and with different
0 1 2 3 concentrations of V30M TTR normalise
V30M TTR Concentration with respect to the control, with error be
(sem). ¢) The amplitude of the grow
curves in the presence of differe
concentrations of V30M TTR normalised
the ABb control, wi -

1.5

1.0

Amplitude

0.5

0.0

The efect of V30M was greater on thggicompared with its effect on thend growtn

(Figure 4.8.b) and (table 4.4). The increase in growth time was between 1.8 and 2.7 times
the control in the presence of 0.5, 1, 1.5 and 2 uM V30M. However, these ragasover
significantly different from the control. The results so far concur to say that the effect of
TTR on t he f iikisprihcipallysoa the nualeationf phadeband is enhanced

greatly when TTR is unfolded rather than simply dissociated ttomers.
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V30M Normalizedtiag (hrs) Normalizedtsq (hrs) Normalizedtgrowth (hrs)
TTR conc| Meant p> 0.05 Mean+ p>0.05* | Meanz p> 0.05
(M) SEM SEM p<0.01* | SEM
0.5 1.63+ 0.13| 0.024* 1.75+ 0.5 | 0.26ns 2.00.7 0.23ns
1 2.7+0.26 | 0.0037** | 2.16 +0.2 | 0.08* 1903 0.06ns
15 58+1.1 | 0.02* 4814 0.11ns 2.7+0.9 0.19ns
2 9.0+£0.9 |0.0083* |6.9+1.6 |0.044* 2.5+0.83| 0.2ns
Table 4.4.The mean ofiormalizedtiag, tso and townv @l ues of Ab fibrillisa

presence of different concentrations of V3UNIR with the calculated standard errors and p

values.

The ampl i toUidridisatiorf in thebpresence of V30M was also marginally
di f f er en tipéonrol (Rigured& C)AVBhile the yield was higher in the presence
of 0.5 uM V30M, at higher concentrations of the inhibitor, it generally decreased until a

cut-off value of 2uM beyond which no fibrillisation occurs.

A25T

A25T is one of the most unstabledumn tetramers of TTR (Table 4.1) and causes CNS
myloidosis. A25T has a halife (t12) of only 2.1 minutes, with agksof 5.4 x 10° s?,
some 120dold faster than that of WT TTR (Hammarstrom et al, 2002). The A25T
mutation significantly destabilisesoth the TTR quaternary and tertiary structure
compared with WT and the other FAP variants (Sekijima et al., 2003).

11 uM A h-s2was fibrillised in the presence of different concentrations of A25T (0.5, 1,
15, 2, and 2.5uM) (Figure 4.9). Similarly to V30Mhe results show that
substoichiometric concentrations (2.5 uM) of A25T TTR were enough to completely
i nhi bit Ab f-4itnesléss thao thenmricenwation of VT or V122l TTR

needed to achieve the same effect. Smaller ratios of A25T TTRagexteéheidg and to
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of AD

of 2 to 9 times in the presence of 0.5, 1, 1.5 and 2 uM A25T (Figure 4.9 f)adohel

fi

bri

I 1 i sat.i

on in

a 1agWas increased by afdctoro n

4.5). o were increased accordingly to up to 7 tintles control. This result shows that

A25T TTR is far more effective than WT and V122| TTR.
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A25T TTR Concentration

SIlightly
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di

of

fferent

A25T TTR was |

Time (normalized)

Ky & K K X

A25T TTR Concentration

Figure 4.9.a) ThT fluorescence of 11 pl
Aby4; titrated with different concentratior
of A25T (OuM contol, blue; 0.5uM TTR,
red; 1 uM TTR, brown; 1.5 uM, purple;
MM, orange; 2.5 pM, black). b) Theagt
(blue), ko (green) andgtowth (purple) values
represented as histograms for thé.A
control and with different concentrations
A25T TTR normalisedwith respect to the
control. ¢) The amplitude of the grow
curves in the presence of differe
concentrations of A25T TTR normalised
the Ab contr ol Al |

to WT and

ower t han

a | ation mthé e r

t hat

4.5), and it generally decreased with the increase in A25T TTR concentration (Figure 4.9

C).
A25T Normalizedtiag (hrs) Normalizedtso (hrs) Normalizedtgow (hrs)
TTR conc.| Mean+ p> 0.05 Mean+ p>0.05* | Meanz p> 0.05*
(LM) SEM p<0.01** | SEM p<0.01** | SEM
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0.5 2.2+0.42 | 0.16 2.310.1 0.0035** | 2.8+0.3 | 0.04*
1 5.4 £0.7 0.015* 4.3+0.3 0.0042** | 2.7 £+0.43 | 0.048*
1.5 6.8 +0.58 | 0.005** 5.5+0.17 | 0.0001*** | 2.0 + 0.45 | 0.16ns
2 9.17 £1.9 | 0.14ns 7.2+0.7 | 0.06* 3.9+1.17|0.2ns
Table 4.5.The mean ohormalizedtiag, tso and trownv @l ues of AD

presence of different concentrations of AZBTR with the calculated standard errafsmean

and pvalues.

S85A TTR

fibrillisa

S85A is a model mutant TTR with the mutation in the EF loop. This mutant assembles

intolesssth | e

an

11

A b (aagetsalg 2013a)

tetramer s.

The

EF |

oop

has

been s

O Msxwabfibrillised in the presence of different centrations of S85A (0.5, 1,

1.5, 2, and 2.5uM) (Figure 4.10). Similarly to V30M and A25T, the results show that

substoichiometric concentrations (2.5 pM) of S85A TTR were enough to completely

I nhi

bit

AD

fi

br i-4 timesolessnthan thewacentratvoh of M1 ands 3

V122] TTR needed to achieve the same effect. However, smaller ratios of S85A TTR

increased thesgand thedpo f

Ab f i

bril | i

sation

n

a

conce

more effectively compared to A25T and V30M. Thgihcreased by a factor of 4, 6, 8

and 11 times in the presence of 0.5, 1, 1.5 and 2 uM S85A respectively (table 4.6). The

tso increases accordingly between 1.5 and 3.5 times the control as S35A TTR

concentrations rise to 2 uM. This result shows that S85A TTiReidest inhibitor in

terms of increasing thed Even more strikingly than for the other TTRs, the stays

unchanged compared to the control and in the presence of different amounts of S85A.

These data show that S85A affects only igevtith orly a very small effect on thgrdwh.

112



50000

4

40000

30000

Fluorescence (a. u.)
Time (normalized)

S85A TTR Concentration

o) Figure 4. 1Q a) ThT time courses fo

' fibrillisations of 11 UM Aby.42in the presenct
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TTR, red; 1 uM TTR, brown; 5. uM,

purple; 2 uM, orange; 2.5 uM, black). Erri

bars are sem. b) Thg(blue), to(green) and
0 tgowtn  (purple) values represented

histograms for the By.42 control and with

oot - — — pos different concentrations of S85A TT

$85A TTR Concentration normalised with respect to the goritmwth

error bars (sem). ¢) The amplitude of t

growth curves in the presence of differe

concentrations of S85A TTR normalised

the Ab control, wi t

Amplitude

The amplitude of Ab fibrillisationen the
control in the presence of 0.5 uM of S85A, however it then decreased with increasing

S85A concentration (Fig. 4.10C and table 4.6).

S85A Normalizedtiag (hrs) Normalizedtso (hrs) Normalizedtgrowin (hrs)
TTR conc.| Mean+ p> 0.05* | Meant p>0.05* | Mean+ p> 0.05

(UM) SEM p<0.01** | SEM p<0.01** | SEM

0.5 4.15+1.0 | 0.08 1.5+0.16 | 0.09 0.65 +0.12| 0.09ns

1 6.5 +0.67 | 0.0076** | 2.14 +£0.07| 0.0006*** | 0.9 +0.09 | 0.44ns

1.5 84+1.1 |0.016* 2.80.18 0.0035** | 1.25 +0.25| 0.44ns

2 10.5+1.8| 0.031* 3.5+0.35 | 0.015* 13 x0.21 | 0.27ns

Table 4.6.The mean ohormalizedtiag, tso and gomnv @l ues of Ab fibrillisa

presence of different concentrations of S86PR with the calculated standard errors and p

values.
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4.3.6. Comparing WT and mutant TTRs

tiag, tsoand growtn 0 T 1.A 1D the presence of different concentrations of WT and mutant
TTR were calculated and plotted together to show the difference between the inhibition
intensity of different mutants compared with WT (Figure 4.11).

The ta,go0 f 1A d&ggregation increases in a concentration dependent manner as a result
of the addition of WT and all mutants. Near stoichiometric concentrations of WT and
V1221l were needed to compl et dtimesless(orlybi t A
2.5uM) of V30M, A25T and S85A were needed to do so. S85A was the most effective
mutant for extending the lag time, followed by A25T> V30M> WT> V122I. This result
indicates that, with the exception of V122I, all other mutants were more effective
compared to WT TTR.

Regardhg growth time, the results show that in general the TTRs are not as effective on
growth time as they are on lag time. The order of effectiveness remains the same, however
S85A has no any obvious effect on growth time and is less effective compared with W
and all other mutants. The observes Of aggregation reflect a contribution from both

lag and growth times, with the pattern of inhibition intensity generally the same except

for S85A, which is less effective than A25T and V30M.

"la)

Normalized lag time

1 4 7 10

TTR concentration (uM)
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Normalized ts

1 4 7 10

TTR concentration (uM)

Normalized growth time

1 4 7 10

TTR concentration (UM)

Figure4.11Lag, t50 and g nefilisation in thepsesehoe of TERBWIth respect

to comh(fioh ®HWIbue, iainthe bresence obdifferénbconcentrations of TTR
(RedWT, GreenVv122I, PurpleV30M, OrangeA25T, BlackS85A) with erro bars representing

sem. Values are nor masconsy@ dearwa) Ndimalizeddag®emgdt t o t h

b) Normalised half time 4§). c) Normalised growth timeggwn).
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4 . 3. 7. Addi t iiFRibribdatom TRs t o AD

Thioflavin T Tim e-course

The ki n eiifibrilisationfwerd mmonitored in the presence of different molar
ratios of WT TTR in the standardisgocondit
concentration of 11 uM (Figure 4.12). Different concentrations of WT TTR wetedtes
ranging from 4 OM ( 33 foto®.1puM{~d00tneslessthanr at i c
the concentigratAomolodr Abat i oOrsoalsedlacédmplddd TTR
reduction in thioflavin T fluorescence, suggesting that the fibril formaticonspletely

i nhi bited in the presence of WT TTR. Small
have an ea.fdggregationomth the burves showing significant increaseg,in t

and a delay insb.

15 -

1' 2 3 4
TTR concentration (LM)

Figure 4.12. TTRs inhibit A h.4 fibril formation. WT (green), V122l (red) and V30M (purple)

TTRs increased the aggregatiop { i . e . decreased fibril f or mat
Mo n 0 me f4p noonitédrdd by ThT fluorescence, in a concentration dependent manner within
concentationranges (0i24 e M) . The bl ue ¢afk hidigregationenderh ows

the same conditions in the absence of TTR.
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I n order to investigate different imhibit
40 aggregation and obtain datantp a r a b | a4 two df the nmfutants with different

i nhi bi t or yipdbrillisationtwere wsed. TAebV122] and V30M mutants were
chosen. V122| was the least effective and V30M was the most effective (equally to
A25T). The order of inhibitiof WT and mutants are similar to that of TTRsAM.42,

except that the difference in the inhibitory effect of V1221 with WT is more obvious. The
inhibitory effect of V122l is significantly less than wild type TTR. In the casi Bfso,

the inhibitoryoder i's V30M>WT>V122I| compargd to V3
Compared to WT TTR, a higher concentration of V122| (5 uM) was needed to completely

i n hi h ko fibrill&dsion. Lower concentrations of V122l (1, 2, 4 puM) significantly
lengthened thes¢ of Ab fibrillisation in a concentration dependant manner, however, the
intensity of inhibition was smaller compared to WT and the difference between the effect

of V1221 and WT was significant. V30M was significantly more effective than WT. Only
1.5uMisneededt o compl et el y inlowebdoncenttalionsqOR5,06 A b

and 1uM) extended thesg for much longer time compared to WT TTRgure 4.12).

4.3.8. Addition of TTRs at different time points
In order to reveal whether TTRs bind to already aggaet ed speci es of AD

a d d e d 1.4 aggredabion reactions at different time points and the reaction followed
by ThT fluorescence (Figure 4.13). These time points were chosen to be at the beginning
of the elongation phase or lag time (5 minutesh) d | ater aftesu (1 h

aggregates are formed.
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o Figure 4.13. Addition of TTRs to A f4o
fibrillisation at different time points:
0.50M of differendb
fibrillisation reaction at different time point
(0, 5 minutes and 1hr). The blue cur
repr e signcontrolA(hl pM), violet
represent time zero (0), brown represent T
. - e w addi ti on af t eJ4addtionno
Time (hrs) the buffer and green represent TTR addit
after 1 h pgaddition fofihe buffer a

WT TTR, b) V122I TTR, c) V30OM TTR.
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Fluorescence Intensity (a.u.)
2

The addition of TTRs after both 5 minutes and 1 hour caused differences in their

i nhi bitory effects compared to their addi
capacity ®WT TTR was nullified when added after 5 minutes and 1hr. The ability of the
Vi22l v ar i an aggregatiah enlarkedly dédreased when added after 5
minutes or 1hr. However, its addition after 5 minutes and 1hr were very similar. The
inhibitory effect of V30M mutant reduced when added after 1 hr, however, its addition

after 5 minutes did not reduce its inhibitory effect and was similar to its addition to fresh

Ab. These results indicate that WT affect:
veryearly events. The effect of the V122| mutant on aggregated structures is very small,

whil e V30M can siloisdedies laufnbtéarger onesmal | er AD

4. 3. 9. TTRs and Ab fibrils
4.3.9.1. TTRatbil:mdi ng to AD

The surf ace othlysé&doductiorbaf nelv aggregates thmagh working as

a secondary nucleation template for the formation of new fibrils. Prevention of this
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secondary nucleation process is of particular importance in the prevention of toxic
oligomer production (Coheet al, 2015). In order to investigate the ability of WT and

mutant TTRsto bindtopmma de Ab f i-pperlillest,i ntgh eodfpfdrilF Rs wi t
was measured. TTRs wer e i nc yhfrilsdrdonomert h e gL
equivalents) for 20 minuteg\fter incubation the mixtures were centrifuged at 13, 000

rpm for 20 minutes to pellet the fibrils and any bound TTR. The amount of TTR remaining

in the supernatant was measured and the pelleted fraction of TTR calculated by
subtracting the remaining amnat from the original TTR concentration. The same
concentrations of TTR wer & cenritugetd ant €T(R s ep a
concentrations were checked in the supernatant to be used as controls. A25T showed the
largest fraction of protein epelle t i n g wwifilbrils, fohofwed by V3OM> WT>

S85A> V122| (Table 4.7. and Figure 4.14).

TTRs Decrease in TTH Decrease in TTR The fraction of TTR ce
concentration in TTH concentration in TTRipel | et eiud%w
controls % A .42 mixtures %

WT 0% 8% 8+x1.2%

V122| 5% 7% 2+20.6%

V30M 7% 16% 9+1.4%

A25T 38% 56% 18+3.1%

S85A 2% 8% 6+0.9%

Table 4.7.The mean percentage of the boundgetieted) TTRs in the presence of equimolar

concentrati omdgibrie.f puri fied AD
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Figure 4. 14 Histogram representation of the percentage of TTRsep el | et ed
42 fibril.

4 . 3. 914 8efibrilisdtion by TTRs

Disaggregation of amyloid fibrils is an important step towards its clearance. TTRs can

al t er t Is&ionkibetids antd weifdund evidence on its ability to bind tenpade

fibrils. The ability of WT and mutant TTRs to defibrillise preade ADb f i bri |
investigated applying thioflavin T technique. Equimolar amounts of TTRs were incubated

with purifie d 1.4 fibrils and the thioflavin T signal monitored to detect any changes.
Generally, the addition of TTRs to Ab fi
fluorescence compared to the control. An initial decrease in the Thio T fluorescence
intensityB n ot i ¢ eid control anddinglarhAibthe presence of TTRs, this could

be due teeithertemperature adjustmeat dissociation of the fibrils because of dilution

as the reaction started by adding highly concentrated stock of fibrils to themdadter.

As no significant differences are detectable with TTR compared with in its absence, these

120



results suggest that TTRs do not dissolvefper med mat ure Ab fi bril

an effect on their formation.

600009
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Fluorescence Intensity (a.u.)
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Time(hrs)

Figure 415Thi o T c uwmodedilrillisatibn by BTRs. Thio T curves of (11
MM-monomer equi v ali.gfibtilgin the fbseneercontral (bluk) ai
the presence of equimolar amount of WT TTR (red), V1221 (green), V30M (pu
A25T (black) S85A (orange). The error bars represent (sem).

4.3.9.3.TTRs inhibition of A h-42seeding

It has been shown th&rmation of amyloid fibrilsb y 1.4 bappenby a nucleated
growth mechanism (Evaret al.,1995).In the absence of aaggregate, a nuslishasto
beformed in situ in a process thated a relatively high concentratiarf thepeptideand
significantdead time When an aggregation seed is present due to addition of exogenous
aggregates, the nucleatitme of the reaction is reduced arftetfibril extensiorstepis

more quicklystared (Evanst al.,1995). The addition of WT and mutant TTRs to such
seeded reactions does not extend the lag time, except for A25T which extends the lag

time similarly in the presence and absence of seeds.rd$udt indicate that only the
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A25T variant inhibits the ability of added fibrils to act as seeds for fibril formation,
suggesting that A25T caevent addition of monometisroughbinding to the extension

sites of an amyloid fibriand, probablyhese gesare similarto the binding siteonan in

situ generatechucleus in an unseeded react{@vioodet al, 1996)

/

60000+

40000+

Fluorescence (a.u.)

Time (hrs)

Figure 4. 16.Thiofavin T curves showing the inhibitory effect of WT and A25T TTRs
on seeded react i oAhQmorfonoAds (4fM) withoutl (diue) sardtwit
0. 40MpsAebeds (1 ight blue); 0.40M WT TTF
with (orange) seeds; 0.4 A25T TTR added to Ab mon«
with (light green) seeds.

4.4. Discussion

Several studies have suggested a protective role for TTR in the pathophysiology of AD

and a direct i nteract i olnvitlo datasuggest that JuR

stoichiometric concentrations of TTR

and

nhi

Ab which TTR binds to prevent 1its aggrega

suggested that TTR bied o a |l | f orms of igders and mdnaméri ng f

preferentially to oligomer. However HSQC NMR showed that TTR and specifically the

residues around and including the thyroxine binding pocket of the TTR tetramer bind to
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A h.somonomers. Most of the studies mentioned above have bekeroperme dis0 n  AD
ABswoi s 4 times mor e ab un diaismore aygregdiian prbneai n,
and pathogenic. This study is an attempt t
I n this study, condit i oiusn dveskfibrilisepinorderi zed t
to compare the effect of TTRs on the peptides under similar conditions. Under the
conditions wused in this study both Ab pe
thioflavin T positive amyloid fibrils and the aggregatiomedics follow a typical

sigmoidal shape with a lag time, growth phase and then plateau. This pattern fits with a
nucl eati on dependant mechani sm of aggreg
aggregation. Our ispietheuriore aggreghtioprorecandtexhibitsa A b

lag time of 1.50rs, soof4.2hr s and reaches amsqadkesbtomess af t e
longer to start fibrillisation, with a lag time of 10hrs,sadf 13hrs and then reaches a

plateau after 14.5 hrs. Results obtained big thtudy show that near equimolar
concentrations of WT TTR auébrilisaiendwhittat o cor
34 times | ower concentrati on vwébsillisaionf fi ci e
These results are in agreement with thaseenfKelly and ceworkers (Li et al., 2013)
regarding t he c onyHly8uMeNTITTRh Holwvever,iincthre cuorédnt A b
study, lower concentrations of TTR extended Hi®tA h.sofor longer compared with

the o times found by Kelly and eworkers This is most probably due to the later
addition of TTR to Ab by their group, wh e
addition of TTR instead of our method which is to dissolve the peptide into a solution
already containing TTR. This is validatiey our observation that addition of TTRAdR.

40 after addition of buffer significantly lowers the strength of TTR inhibition, as measured

by the fibrillisation lag time (section 4.3.8).
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4.4.1. The stoichiometry of transthyretin inhibition implies that it binds

to more than just monomeric ADb.
While TTR binding to immobilised ADb is sti

in solution is relatively weak. Thedko f T TR t et r a maolin sdutiom$i ng t ¢
24uM (Lietal,2013a) meaning that only 1/ 3 of TTR &
any particular time in an 11e¢M mixture of
Despite this, equi mol ar concentratihons of
fibrillisation compktely. In addition, under our experimental conditions, the lag time is

not concentration dependent, so binding of
in the | ag time of Ab fibrill i santreaech. At
the tagand ko rather thanggownwh i ch suggests TTR mainly aff
early oligomeric / nucleating species. There are a number of models which can explain
these observations. Inhibition may occur in this way due to the fact that both TTR
tetraner s and monomers can bind to Ab aggrega
may i nhibit Ab aggregation through binding
methods) and enhancing the formation ofmdthway species rather than fibrils. The
observéion of large amounts of amorphous aggregates in EM images in the presence of

TTR further supports this interpretation. Monomers of TTR may also contribute
significantly to this process: at physiological concentrations of TTR, tetramer is in
equilibrium with small but significant amounts of monomer (table 4.1.). TTR monomers

are more effective than tetramers in inhit
Ab aggregates. It has also been suggested
of the TTR tetramer which then leads to an increase in the observed monomer population.
Monomer s subsequently bind t o newl y forrt
fibrillisation. This could explain, why less stable mutants are more effective under our

condtions (4 times more effective). Because this mechanism does not depend on
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i nteractions with the monomeric species of
at | ower than st oi c higoonemersi Tbe impécatioohereie f T T
that these secondary mechanisms may be responsible for the segregation of at least 2/3 of
the Ab mol ecules down alternative pathway:s
A further interpretation of this effect would be surface effects given that we found that

Ab binds t o t hegstyrene micraptates andf formshaenonplayér. This
monol ayer can nucleate Ab aggregati on, h
monol ayer is stronger than to Ab in sol uti

prevents it from nucleatg the fibrillisaion reaction.

4 . 4. 2. Mut ant TTRs exhi bit di fferer
fibrillisation.
A h-42

The 4 variant TTRs compared in this study exhibited two different types of behaviour.
While the inhibitory effect of the V1221 mutant is not signifidgrdifferent from wild

type, other mutants were significantly more effective. Nearly four times less V30M,
A25T and S85A wer e r e ubfiballdatianoconparedpvithe t e | vy
WT and V122l. The S85A mutant was significantly more effectivextending the lag

time of ADb aggregation compared to A25T a
TTR mutants was S85A> A25T>= V30M> V122|>=WT. These results indicate that the
inhibitory capacity of mutants is conversely related to their stabiityy the less stable

mutants acting as the better inhibitors. Even if V1221 tetramer is less stable as tetramer
compared to wileype, this mutant is equally effective or even slightly less. This could

be because V122| has a more stable monomer compen#iter mutants and possibly its
binding site to Ab is not as exposed as o0

wel | as tetramer s. It has been suggested t
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TTR tetramers, indicating that both the digiation of tetramer the unfolded nature of the
monomer are important to inhibit ADb fibril
Costa and coll eagues (2009), found that th
60% of WT TTR binding. However, NMR data have shown that V30Mihonto soluble

A B0 is stronger than WT TTR in solution (Li et al., 2013) and these effects are likely

to dominate our experiments. The stronger inhibitory efficacy of the less stable TTR
mutants (V30M, A25T and S85A) may be due to the increased engpasd therefore
accessibility of their hydrophobic resi due
than one AD mol ecule can fit within the TT
a more open tetrameric structure (Figure 4.2). For examjile,regards to the S85A

mutant, it has been suggested that mutation of S85 to alanine leads to better access of
ot her hydrophobic residues to Ab and conse
is achieved (Du and Mu regdbilses the2 TTR@ejramerbride i d ¢
t hat the increased monomer popul ation cal
fibrillisation may provide a further explanation for théodd greater than WT inhibitory

effect of mutants observed here. The observed Higtaey of M-TTRs even at highly

substochiometric ratios by (et al, 2013) supports this theory.

A R-40

T h e 1afidless aggregation prone and exhibits a much longer lag time compared with
A h.42. Results obtained by this study show that only 3 uMl WI'R were needed to
compl et el yaofibbrilidatiorh This regults is consistent with published daia

et al, 2013a) However in the current study, lower concentrations of TTR extended the
A .40 tso time for longer compared to the times found by (Liet al, 2013). This could

be due to the addition of dbalR2018),rconsiderindhb bef

126



t hat Ab can form smal/l aggregates thwapidly
the addition of TTR to ADb after addition
intensity of TTR inhibition. We found the V122I variant to be less effective at inhibiting

A B4 fibrillisation compared with WT and 5 pM was needed to completely inhib
fibrillisation instead of 3gM. Thiand f i ndi
colleagueg2013), where they found that the V122I mutant was more effective than WT
TTR. This could also be due t o twrhoébuffeat e ad
to Ab befor e aedd,i2018). TAiSINRRes theyWT (nhibition appear far

less efficient as it allows the formation of oligomers that the WT TTR cannot reverse.
Interestingly, we found that V1221 was more effective at lengthenihnge | ag t i me
aggregation when added after 5 minutes or
due to the fact that V122l can also bind
V30M mutant is even more effective, and compared with Wétrand V122I only needs

1.5 OM t o c o mpasbfibrilisatioy foriatiehst 200 hrs. A b

4.4.3. Transthyretin did not reduce the fibril yield once a threshold

concentration is reached

The amplitude of the ThT f reactonseissnoglkelye si gt
to represent the amount of fibril produced during the reaction. The intensity is largely the
same until it reaches a threshold concentration, then no fibrils are observed. This means
that below a certain concentration of TTR,amyld b f i bri Il |l i sati on i
the final yield of fibril remains essentially the same. Once a threshold concentration is
reached, the reaction is prevented from occurring and the amplitude is 0. The fluorescence
amplitude of Ab avasdlightWrhigiemdRd imieasedwithaA\g TTR

concentration. However, for all mutants, the amplitude was higher than the control in the
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presence of lower TTR concentrations and then decreased with further increases in TTR
concentration, indicating apobsi e decrease in the formatio
obvious idea would be that transthyretin may baggregating and contributing directly

to the increase in fluorescence observed. However, thesthesion analysis presented

in section 4.3.4 suggesthis is not true and supports a model where most of the TTR
remains in solution. Another explanation is that the increase in fluorescence does not
represent an increased yield, rather it could be due to TTR enhancing the formation of
morphologically dife r ent ThT positive ADb fibrils wit
However, in the case of higher concentrations of TTR, the same thing is not happening

making this hypothesis less likely.

4. 4. 4 . The nature of the PQDaduamtoh pha

interpreting the mechanism of inhibition of transthyretins?

From our kg, tso and growth Calculations, it would appear that the effect of TTRsyR@t#

is smaller compared with their effect aig &nd is not concentration dependent (i. e. 7.5

UM of WT TTR extends thaa 7-fold, however the same amount of TTR extergtk

by only 2fold compared with the control reaction). The nature of the growth phase is
controversial and in our conditions has only a very shallow concentration dependence on
Ab concentration, i f at all, suggesting t|
phase are not affected by the concentration of monomer. If TTR exerts most of its effect
through monomer binding, then its effect will be to decrease monomer ¢t@ticen

which is therefore unlikely to have a significant effect gowh Given the above
discussions, this seems unlikely.

A simpler explanation would be that, despite the importance of other effects, the main

i mpact of TTRs i egatisnthroughdetaging thé férraatidn of Arbmargt g g r

nuclei rather than by affecting secondary nucleation. The S85A variant is an extreme case
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of this where the effect ogdwin is negligible, in spite of the fact that it had the greatest
impact of all TTRson | ag ti me. The Ab fibril bi ndi
support this: S85A was also the odd one o
fibrils. This would indicate that S85A in
to monomers orery early species not present in the growth phase, and not oligomers or
fibrils. Experi ments performed on TTRs bi
showed that only in the case of A25T mut an
fibrils and neutralise the seeding effect. These results again shows that most TTRs cannot
affect secondary nucleation reactions. As A25T is very unstable and aggregation prone,
addition of fibrils can further destabilise and make it aggregate and precipitatg dur
pelleting, however it was effective in controlling the seeding. This could be due to

i ncrease in monomer population as monomer
Conversely, mutants which had the greatest impact on growth rate were A25T and V30M,

which are most | ikely to be binding to alt

4.4.5. Transthyretin interacts with more than monomers, but does it

interact with fibrils?
The current hypot hesis of Ab fibrillisat:i

plays a ley role in fibrillisation.A h-s>fibrils are not directly toxic themselves. However,
they can helgontinuous generation of toxic oligomeaxs they can provide a catalytic
surface for tls. Consequently the produced oligomesjgecies can grow anfbrm
additional fibrils, which further promoting thgrodudion of more toxic species in a
catalytic cycle Accordingly, te fibrils, play aig rolein thetoxic oligomerby lowering
the kinetic barriers. Because of fhminent roleof the catalytic cycle inhegeneration
of new toxicoligomers identification of inhibitorgo prevent theatalytic activity of the

fibril surfaceswould be of a valuable importance
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To explore the potentiad f t hi s strategy, TTRs were inc
and monitored using ThT fluorescence. The data obtained show that TTRs do not exhibit
any obvious def i bsfibrisiHsveever, cgpellegnf dssagstshowed AD
that a large fraon of the A25T TTR variant proteingoe | | et ed wi th Ab f
could be due to either binding to Ab fib
consequently amorphous aggregate formati on
seeding inhibitl!{ assays show that onl yrpABSrdsultcan i r
woul d support the idea that it binds to ADb
as a secondary nucleation template for the formation of new filBET can inhibit bdt

primary and secondary nucleatigmocesses for generating oligomefgdditionally,

because the targewre the catalytic sites on the fibrils, and does wefpendon

interactions with thenonomersit is posible that eversubstoichiometric ratios of TR

would beefficientto inhibit the catalytic process
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5 ChapterFive:. Human Cystatin C and

5.1.Introduction

The i mportance of human Cystatin C (hCC)
introduction to this thesis. Herere consider available data on the direct interaction of

h CC wiinvitro. Ahe first investigations into the direct interaction between hCC and

Ab revealed a high affinity binding betwe
temperature. ELISA assays revealed a specific, concentration dependant and high affinity
bindingofh CC t o i1han disAHgure 5.1 A)Sastreet al, 2004b) This study

also showed a nanomolap Kor both proteinsThe same study found that hCC inhibited

invitrof i br il f or maiiammd 14A@nd lpromoted tAebformation of
amorphous aggregates rather than mature fibrils (Figure)5TBEM detected that
substoichimetric concentrations 49 ésnhCC ca
fibrils were observed when 3.75 pM hCC was incubatedtwh 2 2 1@ NHoweeber A b

near stoichiometric amounts of hCC were needed to completely inhibit amyloid fibril
formatix 1By OMb h CC fg in a 202l vévhe. AHe binding site

of hCC to the extracellular Wl e r mi n a | regi eped employidgbco wa s n
immunoprecipitation experiments with deletion mutants of APP iandtro binding

assays with GSRA b .

Selenicetal.(2007a) pr obed the eff epADDbdndgro®riladdi t i
preparations using western blotting and gel filtrat{gigure 5.1 B&C) The authors
suggested that the f or mastoligomers detreaked inthe s ma |
presence of hCC, as a decrease imoletculare amou
weight oligomers (988 kDa)wasdetected by SD® A GE w hig>was Adubated

with anequimolar amount of hCC (Figure 5.1B).
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Figure 5. 1. bet ween hC:

idd ®YCELISA Q) Differemt &ancerstrationd of wiltype
(solid line, solid circles), L68Q variant (dashed line, open squares) and urinary hCC |
Il i ne, solid triangles) weler i.Adoatcd awdlle Anti
hCC antibodywas used to detect bound hCC, and the means and standard deviatiol
calculated from three independent experiments (image takenSemineet al. (2004a) (B)

We st er n dJldoligbmers with and withoubCC (taken fronSelenicaet al. (2007a)

SDSPAGE of the oligomeric preparations was analysed using theAdmti mo n o
antibody 6E10. Lanes-@ show different volumes of the supernatants of mixtures in
absence (lanes3) and presence (lanes} of equimolar hCC after 24 h incubatidranes 8

10 represent different vol umes
100 &M has added
the incubation solution with no proteins prese@). The eluion profile of gel filtration of 0.6
nM %5|-labelled hCC (solid circles) and a solution of 0.6 ¥#Rtlabelled hCC in the presenc
of a mo(dpanrsquares)c(takersfrofelénicaatfal. (2007a) The shift

in the peak of radioactivity to a volume thought to correspond to a molecular mass of ~

o f -oligbneers

t o which been and i nci

slight
is explained as the formation of an equimolar complex betiéeabelled hCC (13 kDa) an

A B.40 (4 kDa).D) Electron micrographs of assemblies formed by @2\(1 pg) or (b) A42
(1 pg) incubated with hCC (2 pg). Scale bars represent 100 nm (takenStetreet al.
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(20043.
They also found that the amount of precipitate increased in the presence of hCC: TEM

revealed that this precipitate was mainly composed of amorphous aggregates with few
oligomers and fibrils present. SHCPL C was empl oyed t ors2show
protofibril f @4 wes tincubated with eboth e§ylimolar and 2 x
concentrations of hCC. A sephadexs@ gel filtration column (Amersham) was used to
detect Radidabelled'?1-hCCGA f-40 complex aftefor 35 minutesof incubation of the
two praeins. The radioactive peak of hCC (13 kDa) shifted as seen in Figure 5.1C and
this wasbelieved to resemblea complex with a molecular weight of 17 kDa. a 1:1
compl ex f or mat i 0 nwo@é&DawEhese data @r€ dificaltdo eXphain,
given the insufficient resolution of Sephadex5G@ and the abnormal behaviour of
oligomeric specieduringgel filtration. The nature of any complex formed in solution is

still debatable.

As mentiored above, it has been suggested that there is a single baitdibgtween the
two proteinswith ananomolarangedissociation constant. THeCCbinding halts further

A baggregation tdorm amyloid fibrils, and alternatively diverts the assembly pathway

to the formation of amorphous aggregates.

has beernnvestigaéd through several different methods, however, the struatataills

of this association is no welistablished yet. In our lab, previously the interaction

a

bet ween hCC and amyloid beta peptide (ADb]

Amyloid b fibrillisation time courseds wer ¢
that hCC will inhibit tihe acmentratiagrdeperidenbr i | s
way, requiring a 2:1 molar ratio of hCC t

complete reductionin the intensity of thioflavin T fluorescencavas notced At

equimolar concentrations, a significatdgcreasen thioflavin T fluorescence, but not a
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complete loss, indicates that a small amousinayloid fibiils is still presen{Figure 5.2.
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Figure 5.2. Ab and hCC Dose Dependence

Thioflavin T fluorescence time 0 u r s e s filwilfisatidnbat 11 pM with the addition o
different molar ratios of hCC. Each curve is the average of 5 replivatie®rror bars indicating
the standard error of the mean (SEVhreeseparate experimeihtgeries done at different time

and with different protein stockse showrfor comparison (Adapted from Williams, 2015).

H 1N-HSQCNMR experiments were also performedfe | abel | ed hCC an
find the binding surface dthahCOGCCoi Abi bDt
formation, no chemical shift in amide crgssakswasobservedn *H ®N-HSQCNMR
spectra of hCCu(Kaetey D087 EHsdawaihide, 2012M\ B n-gboth b

in its mononeric and oligomeric forms (Williams, 2015). These data suggest that folded

hCC monomergonotinteractw i t h-42 PAobdomersyet theystill effectively inhibitA b

fibril formation. This was surprising, as it has been shown that hCC tightly binds to
monone r i csaddetermined by ELISfSastreet al, 2004a) It is believed that these

variations could be accounted foy the fact the ELISA experiment is performed on a
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surface, while the NMR experiment is in sadm. This isa strong indication that hCC
binds noAmo n o mer i ¢ sip2e mostepoballyf somé fliorm of thaigomer

(Williams, 2015).

In order toidentify the species in thé& baggregation reaction to which the hCC was

bi nding, h CC fiballisation dtdliffedent tinoe pdinls. These points were

the start of the i niti atelongaiontphase, aAdat thei br i |
pl ateau. Addition of hCC at the start of
elongation phas have alsccausedinhibition of the aggregationand a reduction in

thioflavin T fluorescence intensitjyowever,hCC addition at these points was not as
effective as wherit was added at the start of taggregatiorreaction.This however
indicadesthatR C st i | | h a saggremtior &t thesectimpomts, sugdesting

that the hCC bindingpeciesare still present. The addition of hCC at the plateau shows

no difference in thioflavin T fluorescence compared to the control. This suggests that hCC
needs to be present early on in the reaction to have an effediCfhdoes not dissolve

pref or med mature ADb fibrils, b u fThisrsaggebte r h a s
the interactinlA b s pec i e s aprotofiblillarispedieg presentryaom in the

reaction.

Formation of domawswapped dimers is one of the characteristics of the cystatin
superfamily. As demonstrated by Ekiel & Abraham§b®96) dimerisation of hCC can

be induced by dstabilising the protein using temperature, pH or chemical denaturants.
Dimerisation causes hCC to lose its protease inhibition activity as the active site is
included in tle process. As oligomeric forms of an intracellular homolog of hCC, cystatin

B had been shown t oSkergettal; 2010b) thevabitithof C@y | o1 d
di mers to inhibit Abned Ufdikeimbriomes, the addition olva s a

equimolar concentrations of h@limerhas no effect on the fibril yieJdhut instead caused
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an increase i n | aagsimphbateddn the @almsempeaof eCE&. Thiso AD
suggests a different mechanism of inhibitlmnthe dimer, where it is able to interfere

with the reaction progress but not affect its outcofte notable differencleetween the

inhibitory effect of monomer and dimer gives a strong indication that the region involved

in protease binding is respobk (Williams, 2015). The surface of theonomerand the
dimerarebasicaly similarin all regions of the molecule except for the loops involved in
protease bindindEkiel et al, 1997a) The hydrophobic nature tiis region of the hCC,

which is essential for protease binding, makegypicalsurface for interactions with the

Ab peptide.

Given the above findingh¢ next step in this study was to understand the chemical nature

of the binding site and the bindhg Ab s peci esaminatitdo ofehee r , r
concentration dependence of the hCC inhib
NMR was necessarResiduespecific mutagenesis is a powerful technique in the study

of proteiri protein interactions, allowing @htification of key residues in protéjprotein
interactionsThe unusually hydrophobic nature of the protease binding site suggested that
hydrophobic residues may be key candidat es
describes the biochemical idéitation of the binding interface of hCC with bthrough

mutation of hydrophobic residues to alanine. Thieraction between wiltype and
variant hCC and different species of ADb i
assaysandelectron microsspy techniques. 1D anitH °N-HSQCNMR were used to

monitor fibrillisation timec our s e s 14 avith h@® and detect complex
formation/monomer disappearance. A key part of this work is also to validate/rectify
previous measurements which | show to beec#fid by the presence of & coli
contaminant, with a significant ardimyloid activity (chater 6).

Establishing the molecular mechanism of how this process works would then allow a
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compari son of -iddulasing eysteénts to aischverrif tbésba general
mechanism foin vivo protection which could be exploited for the identification of a

therapeutic peptide.
Materials and Methods

5.2.1 Monomeric Ab preparation and fi bri

Monomeric ADb prepar at i on onaksays warelpérformedtas o n
described in (Chapter 2), except that two different shaking conditions used. First;
continuous shaking at 300 r.p.m. Second: minimal shaking at 100 r.p.m for only 10

seconds before each reading.
5.2.2 Purification of fibrillar A B-s2fibril

Fibrillar Ab was ©prepared, hCC binding

inhibition assays were performed as described in section (4.2.).
5.2.3. Preparation of hCC Dimer

100 uM hCC in 10 mM sodium phosphate pH 6.0, 100 mM NaCl washatedor 30
minutes at 68 °C, thdonading onto aemipreparativesuperdexX200(GE Healthcareyel
filtration column equilibrateéh 50 mM sodium phosphate pH 7.4, 150 mM N&Ch.ml
fractions were collected artle dimericpeak were collecteand q@antified by measuring

the absorbance at 280 nm, before immediate use in thioflavin T assays.
5.2.4. Nuclear Magnetic Resonance Spectroscopy
Protein preparations

15N-labelled hCC was expressed and purified as described in section 2.4.3. Before the
NMR experiments, the purity and monomeric state of the protein was established through

analysis by mass spectrometry and SHHeLC.
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Lyophilised HFIRPt r e a ttevda sSAbpur chased f rigwasdiRavpd i de.
in 1 ml HFIP and sonicated for 10 minutesanDECON Ultrasonics sonicator bath
(Sussex, UK). The solution was splitinto 0.1 mg aliquots and HFIP was evaporated under

a stream of Bl Samples were lyophilised to remove any residual HFIP and stoi2d at

AC. Mo n ompdor suseqéeht NMR expenents was prepared by dissolving 0.2

mg of HFIRt r e a tiseinl 17@\b of 10 mM NaOH, with sonication for 30 minutes. 50

pl of deuterium oxide (BO) and 340ul of phosphate buffer saline were added to 100 pl

of NaOH d i.sstookl Theefidal carfaset r a t i 1a2masdrbughi o 50 uM

in 50 mM phosphate buffer (NMdPQ/NaHPQy), 150mM NaCl, 2mM Sodium azide.

The pH was adjusted to 7.4 by adding 10 ul of 100 uM HCI and adjusting the final volume
to 500 Ol . The concent measuiing the abdorbaAde at®8Ds q u
nm, and where necessary adjusted to 50 uM by the addition of Phosphate buffer pH 7.4,

10% D»O. A 1DH spectrum was recorded at 330 K.

NMR Spectroscopy.

All NMR spectra described in this chapter were recorded on a BRRErspectrometer
operating at 600 mHz with a cryogenically cooled probe, and controlled using
XWIinNMR (Bruker). Spectra were processed and analysed using Felix 2004 (Accelrys)
with in-house macros. All heteronuclear single quantum coheréité®(-HSQC)
experiments were acquired using 1024 increments in the proton dimension and 512
increments in the nitrogen dimension. The spectral widths of the proton and nitrogen

dimensions were 75071z and 2128.6 Hz respectively.
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H-N HSQC Spectrum of HCC

A backoone assignment for hCC at the required experimamadiitions of 50 mM

phosphate buffer (Na2HPO4/NaH2PO4), pH 7.4, 150mM NaCl, 330 K, has been
determined through salt titration. This assignment was based on a published assignment
for 200 &M hTTETFA pH 7155 278H(Keeley, 2007) In turn, this
assignment was based on a published assig

phosphate pH 6.0, which was recorded at 3qBWel et al, 1997b)
Salt Titration for >N-labelled HCC

The backbone assignment of hCC under the desired experimental conditions, 50 mM
phosphate buffer (NBIPOQ/NaHPQy), pH 7.4, 150mM NacCl, 330 K was determined by
tracking changes in tH&l-°N HSQC spectra as conditions weradyrally changed from

the previously assigned conditiod® mM TrisTFA pH 7.5, 278 KKeeley, 2007) This
assignment was based on a published assig
phosphate pH 6.0, which was recorded at 3QBKel et al, 1997b) The new assignment

was determined in three steps by gradually increasing NaCl concentration, as described
below. A 500 pl sample of 50 mM phosphate buffer ffRQ/NaH.PQy), pH 7.4, was
prepared for NMR by thaddition of 10% [RO. The initial spectrum was recorded once

the sample was equilibrated to 3B3 The assignment of 15 mM T+BFA pH 7.5, 278

K transferred well onto this spectrum. Following this, the sample was removed from the
NMR tube so that the NdConcentration could be increased to 20 mM and 150 mM by
the addition small aliquots of 5M NaCl stock. At each new NaCl concentrationttd-1D

spectrum of the sample was recorded prior to recordintHieN HSQC spectra.
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Tmecour se of wnl abell ed AD

1D time course 50 OM 1.g0ih 50AM phosphate buffer (MdPQy/NaHPQy), pH

7.4, 150mM NaCl, 2mM Sodium azide, was prepared as previously described, and 50 pl

of deuterium oxide (BD) was added to bring the final the final volume to 500 pl. The

con c ent r atsawasguantified Byfimeasuring the absorbance at 280 nm, and where
necessary adjusted to 50 uM by the addition of Phosphate buffer pH 7.4,,00% DD

H spectra were recorded at 15 minufe inte
monomer was followed by the reduction in the overall spectral intensity as a function of

time by comparing to the®time point.
Timecour se of iwwithd*nN-8CCl ed ADb

1D and'H-®N HSQCTime Courses °N-labelled hCC in phosphate buffer salimere

added to moot @marcihd eAe 50 OM of both Ab an
buffer (NaHPQi/NaHPQy), pH 7.4, 150mM NaCl, 2mM Sodium azide and 50 pl of
deuterium oxide (BD) was added to bring the final volume to 500 pl. The 1D and 2D

HSQC spect of the sample were obtained every 85 minutes for 24 hours at 303 K.
Results

5.3.1 Design of Mutations

The fact that dimesation of hCC causes the loss of its inhibitory action implies that the
dimerisation interface is the same interface as for bigdWilliams, 2015). Given the
hydrophobic nature of this site and the
hydrophobic residues with large solvent accessible surfaces were selected from different
parts of hCC andhutated to alanine (Figure 3.3 hree large hydrophobic patches were
identified at the surface of the molecule including the protease binding site, which

containsthddlCC Nt er mi nal , previ ous | ($astieang,l2004bpt e d i |
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A) V50A

Figure 5.3. Crystal surface structure of hCC showing, A) mutated residues, and B)
hydrophaobic residues in red. On the left, view as in A), right, rotated throughld&@es
made using Pymol (Delano, UK).

NMR titration s o f h G&a wd i4#hadrshown that flexibility in this regio
is gained during the titration: peaks (G4, K5, R8, L9, V10, G11, and G12) from re:
at the Nterminal sharpen and increase in intensity (Keeley, 2007). In {teenNnal
region,Proline number 6 (P6) was thus mutated, althoughniot shown in figure 5.2
as the flexible Nerminal does not appear in the crystal structure. As well asf
terminal, residue V57 at the first, then P105 and W106 from the second loop ¢

proteae inhibition active site were selected. A second hydrophobic patch throu
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middle part of the protein was identified and V50 made up a large part of its surf
was chosen. In the third patch, residue L80 fromdhgel loop between strands 3 &
4 was also mutated to Alanine (Figure 5.3.). The total solvent accessible surfa
of hCC is 6819 A and the solvent accessible hydrophobic surface area is 20366\
percentage of solvent accessible surface area of each residue to the totall@c

hydrophobic surface area of the protein was calculated and presented in table £

Mutated Total surface area|  Solvent accessible | % of solvent accessibl
residue (A? surface area (B surface area (B
P6 143* 143 7
V50 96.6 96.6 3.62
V57 95.8 95.8 34
L80 117.8 117.8 7.86
P105 84 84 3.93
W106 166.8 163 8

* P6 residue is not included in the crystal structure, so its surface area calculatédilferrat al. (1987)

Table 5.1.Total surface area and solvent accessible surface area of each mutated
calculated from hCC PDB file in PYMO(BIlakeet al, 1978) The percentage of accessil
surfaces for each residue is calculated with eespgo the total solvent accessit

hydrophobic surface of hCC

5. 3. 2o Fibrilidation

Previously in our lab, the effect of wilype hCC onA h.42 aggregation kinetics was
studied with continuous shaking of the reaction mixture at 300 r.p.m. In this study the
same continuous shaking method was used to reproclutgarable data to those
obtained from the previous study as shaking is known to affect the reaction both in terms
of acceleration of nucleatiqiMorinagaet al, 2010, Leest al, 2012) growth rat§Cohen

et al, 2013)and changem fibril structure(Buttstedtet al, 2013) However, in order to
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produce comparable data to the data obtained in the stublg 6TR effect onA f the
minimal shaking condition was also used as presented in section 3. Fibrillisation curves

under both conditions are shown in figure 5.4 for comparison.

A) 50000 B )
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20000

:
4

g g
g g

Fluorescence Intensity (a.u.)
g

Fluorescence Intensity (a.u.)

12 15 o 3 6 9 12 15 18
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Figure 5.4. Thio T curves and TEM of A R.s fibrillisation in minimal and continuous shaking

conditons Thi of l avin T fluorestébceéel tusuaedovashowiany
incubated at 11 €M in 50 mM sodium pheadep hat e |
at 37 °C eitler with A) continuous shaking at 300 r.p.m.Byminimal shaking at 100 r.p.m. for

only 10 seconds before each reading. The increase in fluorescence intensity at 482 nm was
monitored over several hours. The mean of 3 different experiments with 5 repfrcateeach
experiment was plotte@ andD:Ab f i brils produced during thiof
shaking conditions in 50 mM sodium phosphate pH 7.4, 150 mM NaCl show a similar structural
morphology after 24 hours. Scale bars are indicated.

From theAb growth curves obtained in continuous and minimal shaking conditions, the
lag time (kg), half time (ko) and growth times ¢fowty) were determined (as discussed in

section 4.3) and presented in table 312e t,gand to times are much shatt in the case
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of continuous shaking, probably due to the fact that shaking can cause fragmentation of
the fibrils. Fibril fragmentation can thus accelerate the rate of secondary nucleation. As
amyloid aggregation is an autocatalytic process, monomeri@ddit the ends of
preformed fibrils is more favourable and faster than the formation of new fibrils from the

monomers and, consequently, the aggregation rate depends on the number of fibril ends.

Conditions\Values | tiag (hours) tso (hours) tgrowtn (hOUr9
Continuous shaking | 0.6 + 0.14 1.3+0.23 22+04
Minimal shaking 1.54+£0.3 42+0.2 4.7 +0.7
Table 5.2.The mean and sem @fftso, tgjownv @l ues of Ab fibrillisation

and minimal shaking conditions.

The morphologyo f p r o diw dilwild wefebanalysed by transmission electron
microscopyof thef i br i |l s produced. E | esgfibriilsonnthesmi cr o gt
different conditions after 24 los are presented in figure 32&D. TEM confirmed that

mature fibrilshad formed in all of the samples. The fibrils are long, straight and
unbranched. There appeared to besgpfilordsry | it

produced in these two different preparations.

5.3.3. Addit inaefbrllsdtonhCC t o AD

5.3.3.1. Thioflavin T Time-course

The ki n eipifilaribisationf werd monitored in the presence of different molar
rati os of h C ¢y asstiowntin Fijure 5G NEach éurve is the average of 3

5 different experiments, each experiment witleplicates.
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Figure 5.5. Concentration dependence inhibition ofA f.s> in minimal and continuous

shaking conditions Thioflavin T fluorescence timeourse® f 1Affrillisation at 11 pM with

the addition of different molar ratios of hCC; bliEuM), green (5.5 uM), red (11 puM), black

(13 pM), purple (22 pM), brown (33 pM) and dark blue (44 uM). Each curve is the average of 5
replicates, with error bamsdicating the standard error of the mean (SEM). A) In minimal shaking

and B) Continuous shaking conditions. C) and D) normalized data from A) and B), respectively.

E) The relative amplitude of thioflavaoh T cur
different concentrations of hCC in minimal shaking (green) and continuous shaking (black)
conditions. The error bars represent SEM.
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In minimal shaking conditions slightly higher thaquimolar concentrations of hCC
caused complete inhibition of thiaflin T fluorescence, suggesting complete inhibition

of fibril production. hCC concentrations of 11 uM and 5.5 pM caused a reduction in
thioflavin T fluorescence of 90% and 40% respectively. However, in continuous shaking
conditions, 4 times the equimolaorcentration was needed to completely inh#ib
aggregation (Figures 5.5.B&E). Equimolar concentration of hCC only slightly reduced
the amplitude oA baggregation curves. This suggests that hCC only binds to a subset of

A h.42 species and that these &sshighly populated under shaking conditions

Unl i ke TTR, hCC did not show any effect o]
time courses with the curves showing simikar to and trowth. It was not any increase in

thioflavin T fluorescenceponincubaton of hCCalone,indicating thahCC did not form

fibrils in these conditionsNormalisation of the curves shows that superficially there is

very little difference in either the lag phase or the elongation rate of the reactions under

all conditions (Figures 5.5.C&D).
5.3.3.2. Electron Miaoscopy

In spite of the fact that reductions in thioflavin T fluorescence suggested that hCC was

i nhi bicifibml grodéchion, this reduction in fluorescence intensity could be down

to other factors such dke formation of different Thioflavin T species ahanges in
morphology. TEM was employed to investigate the structural morphology of the
structures formed at tiken the prdsenoefof inhibi®ry i nc uk
concentrations of hCC. Figure 5.6 shows electron micrografphdh.4. after atleast 24

hours of incubation in the presence of inhibitory concentrations of hCC in two different
conditions. | n t hse produses éongcstaight UunbranCh€d, fibriks b
(Figure 5.4.) while in its presence, a large amount of amorphous aggregatdserved

in both conditions (Figure 5.6).
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Figure 5.6. TEM of incubated A h.42in the Presence of hCC

El ectron mi csr@guMaipthespresehce & mhibitory concentrations of h
after atleast 24 hor s . 1.4 theAdresence of 13 uM of hCC in minimal shaking conditi
and Bgin thebpresence of 44 uM of hCC in continuous shaking conditions. The
bars re indicated.

5.3.4. hCC ihffimnedi ng to AD

Equi mol ar amo u mifibrils and Wp iCC iwére ircdbated @t 30°C for 2

hrs. The mixture was centrifuged for 20 minutes at 13,000 rpm-poed | eoffibrild b

and bound hCC. The concentration of thepetieted fraction of hCC was determined by
subtracting the hCC conceation left in the supernatant from the original hCC
concentration at the start. hCC alone was also incubated, spun down and pelleted as a

control.

18% of WT hCCco-pelleedwi t h  tsdfibrils Auggesting that 18% of hCC was

bound i4fibrilsAvhi ch i s nearly a riaxThisresolfis 1: 5
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consistent with 18% disappearance of hCC when incubated with the equimolar amounts

o f 1Adfter 24 hrs and monitored by 8 NMR (section 5.38.4).
5. 3. bedefidibisation by hCC

Equmol ar amounts of hCC we.p#brildandthethemftawnd wi t
T signal monitored. Only a very small reduction in thioflavin T fluorescence is observed

in boththeAb contr ol and in the presencetoof hCC(
temperature adjustment dilution of the fibrils This suggests that WT hCC does not

dissolve prd o r me d ma fibulsgirethe Anbe course of this experiment, but rather

hasan effect on their formation.
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Figure 5.7. A ha2 defibrillisation by WT hCC. Thi of | avi n T  Cikkl
defibrillisation assay, where blue re
buffer and brown is the same amount of purified fibrils in the presence of an equ

amount of moameric WT hCC. The initial decrease is most likely a temperature adjust

5.3.6. Inhibition of seeding

A h.4> seeds were generated by sonication of purified fibrils for 30 minutes. Addition of
10% of these seeds significantly shortened or removeldthgg t i me o fis2mon o me

aggregation. Compared with WT TTR, which had no impact on seeding, addition of
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equimolar amounts of hCC completely inhibited the seeding ettdtas been shown
that formation of amyloid fibrilsb y 14¢ happenby a nucleaté growth mechanism
(Evanset al.,1995) In the absence of aygregate, a nuclehss to beformed in situ in

a process thateed a relatively high concentratiaf the peptide and significardead
time. When an aggregation seed is present due to audtiexogenous aggregates, the
nucleationtime of the reaction is reduced and the fibril extenstepis more quickly
stared(Evanset al.,1995)Low concentration (equitel ar
|l ag ti me of Ab fhigher doricéniraioa of Wd mCC extendecdethe éag
time to what it was in the absence of seeds. This result insitbate VT hCC inhibits the
ability of addedibrils to act as seedsifibril formation only when it ipresent in excess
to seeds. Thisuggest thatdespite WT hC@ ability to bind and presumablgover the

surface of fibrils|it is not very effetive in preventing additon oAb monomer s

extension sites of an amyloid fibril.
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5.3.7. Addition of Dimer

Dimers of hCC were produced and charactdrised their ability toinhibit A b
fibrillisation wasinvestigaed using thioflavin T fluorescence. An investigation into the
effect of cystatin B oramyloid fibril formation by A bsuggeted that tetramers of this
wild-type cystatin completely inhibi bfibrillisation, asshowed by thioflavin T and

TEM, whereas the monomer, dimer and higher oligomeric species do not have this
inhibitory effect (Skergetet al, 2010a) Similarly, it has been found thaton-native
species of transthytie and neuroserpin are more effective inhibitgrsssilly as this

favours exposure of the active binding site (Du and Murphy, 2010, @hialy 2009).

Dimers were produced by heating 50 uM hCC in 50 mM sodium phosphate pH 7.4, 150
mM NaCl at 68°C for30 minutes before purification using a Superdex 200 (GE
Healthcare, UK) size exclusion column in 50 mM sodium phosphate pH 7.4, 150 mM
NaCl. Figure 5.9. shows the change in thioflavin T fluorescence when the hCC dimer
preparation was incubated with 11 uM:> at two different dimer concentrations, 11

UM and 22 pM. Unlike the monomers, the addition of dimer has no effethefinal

yield of fibrils produced. This confirms the previous work by Abigail Williams in our

group (Williams, 2015).
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Figure 5.9. Addition of hCC Dimer t o iAffbrillisation reaction. Molar ratios of 1:2
(brown) an dath hCC ditner ard J1:1 rAdbartra o of Ab wi t

(orange) were incubated and monitored by thioflavin T fluorescence. Eaghistthe averag:
of 4 or 5 replicate reactions with the standard error of the mean indicated by the error t

5.3.8. NMR Spectroscopy

The nature of t he i ntse(Kealeyt200d,kElshasghtden20n h CC
a n d .4AWilliams, 2015) has been investigated by previous lab members thiidugh

15N HSQCtitration experiments. These studies showed that there are no major chemical
shift c h a nigoeosr Mmahisetitrated mto a sample of hCC up 1:1.2
equivalences, despitthe observed nhi bi ti on of Ab fibril f o
experiments were performed in different buffer conditiomshe Thio T experiments

presented heréH-1°N HSQC NMR experiments were performed in 15mM Tris buffer,

pH 7. 4, 278K for hCC and Ab monomer bindi
the peptide during the experiment (Williams, 2015). In order to investigate the interaction

bet ween hCC and Ab in the same buthelter as u
15N HSQC spectrum of hCC was first assigned under these buffer conditions based on

previous assi gnmetitrateslintahGC. t hen t he AD
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5.3.8.1. Assignement of théH >N HSQC of hCC in 50 mM phosphate buffer, pH

7.4, 150mM NacCl.

Previously the'H ®N hCC HSQC spectrum was assigned5nmM TrisTFA, pH 7.5,
with no addedsalt (Keeley, 2007). This spectrum was used to assign hCC spectra in (50
mM phosphate buffer, pH 7.4, 150mM NacCl) by salt titration and tracking the shifts in

the amide paks.

An H N HSQC experiment measures the chemical shift of the nitrogen and amide
proton.This is attainedy modulating each proton signal with the signal of the attached
nitrogen. Employing software to deconvolute the two frequencies can gendvaie a
dimensionabplot of the spectrum with a peak for every amide at the intersection of the
proton and nitrogen chemical shifts. As each amino acid contains a backbone amide, each
peak in théH N HSQC spectrum will correspond to a specific residue witiérprotein
structure. The chemical shift in amide directly correlatedto its local chemical
environment. As a resuiactorsthat alter the chemica&nvironmenof the amide cabe
revealedby changes in théH N HSQC spectral propertyAccordingly, peaks may
show a shift in position or a change in intensiiternatively,they can broaden or fade
away completelyit is important to know which amide, and therefore residue, corresponds
to which peak in the spectrum to allow changes irckignicalenvironment tdoe mapped

onto the protein structurélhis is achievedhrough a process known as resonance
assignmentThe chemical shifts expresseth parts per million (ppm), which accounts

for the field strength at which i measured
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Salt titrati on

Changes in th&H >N HSQC spectrum were successfully tracked as the salt concentration
was increased from 0 to 150 mM. The salt concentration was $ed&@m O to 20 and

then 150mMFigure 5.10. shows the change in chemical shift of each amide’id tfiN

HSQC spectrum. The majority of peaks can be tracked from their position at no salt to
their position at 150 mM NaCl as they showed only very small shifts during the course
of the titration. Intensity changes were also only minor for the majofitgsidues, the
gentle decrease that is observed can be attributed to the minor dilution factor caused by
addition of salt to the samplé&.he distribution of amide peaks corresponds well with the
established assignment in the conditions usefKlegley, 2007)and (Williams, 2015).

As even small changes in the chemical environment are reflected H i HSQC
spectrum, this validates the reproducibility of the sample preparation. There is no
evidence for the characterisghifts in the peakthat areattribued with dimerisation in
either the 1D or 2D spectregnfirming that the protein is in the required monomeric state.
Out of 120 residues, 87 were successfullg, timeshat were excluded were either not

present (prolines), significantly ortappedor very weak
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Figure 5.10. *H-N HSQC spectrum of hCC salt titration. The associated chemical sh
changes observed in thd-"N HSQC spectra of hCC as the NaCl concentration incre
from O (blue) to 150 mM (red positions). The specteaenrecorded at 303K using 50 p
hCC in 50 mM phosphate buffer, pH 7.4, 2 mM sodium azide. F1 represerid

dimension, F2 represents thl dimension.

5.3.8.21H N HSQC Spectrum of hCC

The!H 1D spectrum of 50 uM hCC in 50 mM phosphate bufiét, 7.4 at 303 K shows
a wide dispersion of amide proton resonancesQ(®pm) and wbield aliphatic proton
peaks (below 0 ppm) indicating that hCC is folded. This is reflected fitdthN HSQC
spectrum where the amide chemical shifts are also wekdisg (Figure 5.11).

154



72 [ =
@ &
|-l
76 =
@ __I-h
2
Q- =
39 - 108 L
2 a |
o 109
2 o +
@ (=]
. ==
@ o o @ S
o3 ‘@ 16 B0
-]
Ga @ &
: g9 g
a a (7] I
17 L
g.i 38 i
] |
@ ) o
45 - & L
@ g5 mld
@8 3, »5@30 51 10 F
ﬁ]:@ &g G @ I
& 3 42 2 3
54 L 2 ')
° 4 66 o @ a o1 B
= 21 55 & % LS
@ us@4 S gao ) 0 Dg 2 ~
8 a ] 316 ” 20 @ @ -
%% @ 0 ¢ g L
6 61 T & o etom - i
@99 Bn5 1c1‘9 o a
97 0 +
&l @g&p o © i
il ey
& 64 -
o6 2 L
@ 021 ell:
68 L
o ot 101 &2 57
9”2, 0102 - P L
56 &° N 2
120 s
=] L
103 i
) L
T T T T T T T T T T T T T T T T T T
10 9 8 7 F2 [ppm]

Figure 5.11.*H N HSQC Spectrum of hCC at 303 KAn *H N HSQC spectrum of 5!
eM hCC incubated i n 8504, a6PMmNW? NaCkap303ak, showin

the amide assignment. F1 representskhdimension and F2 represents ¢ dimension.

5.3.8. 3. Titratimn with monomeric AD

A B2 was addeda a monomeric hCC sampléds has been previously observed
(Elshawaihde (2012Williams, 2015) there are only very minor chemical shift changes.

The | ack of chemical shi ft c h a nigzeh€€C) a t e gL
indicates that there is no change in the local chemical environments of any of the residues.
This suggess t hat there is no binding between

conditionsof the two proteins were the same @hange in pH and salt caused artefacts).
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Figure 5.12. Tit tsaArefevencetdPN HE@Speatiurn &PN labklled

50 uM hCC in 50 mM phosphate buffer, pH 7.4, 150 mM NaCl at 303 K (blue) was ow

t he
F2 represents th¢l dimension and F1 represents k¢ dimension.

wi t h spectrum of

5.3.8.4 1D H NMR Time course of the fibrillisation reaction

h C C 1smhassbeee added (slkeoynun re

Measuring the reduction in tHkel

1D NMR

spect r.gpeptiderahdeh@G i t y

over time can give information on the rate of their monomer disappearance, as the

intensity of the spectral signebrresponds to the monomer population. Because NMR is

unabl

| ar ge

e

t o

agg

d et e c t4 nomomer signah mtensity tedluees as it Aobms

regates and hCC monomer sSisgnal
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aggregated structuresD'Hspect r a a4 and kCC wereArécorded separately

and in the mixture over the ti megandch€Qr se o
spectra were subtracted from the mixture spectrum and the reduction indfighel

spectra wasneasured (Figurb.13). In the presence of equimolar amounts (50 uM) of

hCC the i nt aeqnspectruyn wasfreducdddy oAl 52% compared with the

c o nt rie Whiclhwas reduced by 89%. This indicates that in the presence of hCC,
30% mor e 1@ Bamples emaiAtdined monomeric or as small structures and
prevented from going to form large enough aggregates to be invisible by NMR. This
result indicates it hggregatiomdespith€factthatrthe' Nt s AD
HSQC fails to show binding to momee r s 10.f Investigating the hCC 1BH

spectrum showed that during the same time pefi8# of the hCC disappeared in the

mi xture with the Ab compared to 1% in the
mol ecul es b i nd aggrggated aictureb vhile Ahky are forming and
becomingno longer visible to NMR. The rate of the hCiGappearance was simultaneous

with A4 di sappearance further confirmizng t h.
aggregated structures (figure 5.13B). This result vaasistent with the centrifugation

results reported here (section 5.3.4.) and the chromatography results obtained by
(Williams, 2015) where a percentage (10%) of the monomeric hCC was observed to

di sappear dur i n gs preswnabbydotgo anrm a iatgé mokedular

wei ght ¢ o mpdBeththesdateréxpefirbents werperformedat considerably

lower concentrations of protein suggesting this binding is significant at micromolar

concentrations.
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Figure 5.13.Thetme o ur se of monomer disappearan
by IDNMR.A) The percentage of Ab monomer
monomer disappearance in the presence of equimolar amount of hCC (red), ar
di sappear ance iixture{plrge), AOC disapmbardnce @ h@C control (bla
The error bars represent (sem). B) The same data normalized to show simuli
di sappearance of Ab and hCC.

The nature of the species produced in these titrations was verified using TEM and is
shown in figure 5.14 where amorphous aggregates are seen in the presence of hCC

compared with fibrils in the control. This suggest despite that hCC cause larger fraction

of Ab to stay as monomer or small aggreg:
disfavous thef i br i | | i s at i lbydeadpgtd theioamatiorodf amarphous
aggregates.
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Figure 5.14. TEM of 1D'H NMR Time-course samples after 24 hr<€lectron micrograph:
of the ID'H NMRtimec our se exper i meints inaubated ia thé absert
(A) and presence (B) of 50 uM hCC in Phosphate pH 7.4, 150 mM NacCl, 2 mM Sodium.

at 30°C after 24 hours. The scale bars are indicated.

5.3.9. Addition of different hCC mutants

A B.4 fibril formation was monitored irthe presence of hCC mutants employ
thioflavin T fluorescence in minimal shaking conditions. Slightly higher 1
equimolar concentrations of wild type hCC caused a complete reduction in thic
T fluorescence, suggesting complete inhibitmrd 1.4 fibril formation. All other

mutants were less effective compared with wild type hCC. Four times the equ
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concentration of W106A and three times the equimolar concentration of P6A
needed to C 0 mpilsefibrididation. Arauhd twicet he Aduimolar
concentrations of V57A andfibillis&idn. Despie
their large exposed hydrophobic surfaces, L8B0A and P105A mutant were very ¢
to WT hCC. Half mol ar r at i o setoocdnfrmh B
reproducibility of the results obtained with equimolar concentrations of hCC, and

data confirm that the inhibitory pattern is same.

1.25

== WT hCC

1.00 === P6A

. === V50A

== V5T7A
0.75
L30A

== P105A
0.50
== WI106A

Amplitude

0.25

0.00

& a
5.5 11.0 &.D 27.5 33.0 38.5 44.0

e
hCC Concentration (M)

Figure 5.15.A f.42 aggregation in the presencef hCC mutants. Linear regression of th
ampl i tudes of thioflavin T curves of AD

of WT hCC and mutants, as indicated.

The inhibitory order of mutants compared to WT was WT > L80A> P105A> V5
V57A> P6A> W106A.These results indicate tHaydrophobic residues like P6 whic
is located in the unstructuredtrminal region and W106 from the protease inhibit

part of the protein are mostly i nvteel
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active siteregion,V57 andV50, were significaitly less effective than WT, indicatin
a lesser involvement in the inhibition. Interestingly, although V50 is well away
the protease binding site, mutation of this residue does affect inhibition suggesti
second hydrophobic patch may be invalyeeither directly or indirectly, b
destabilising the protease binding siil05, despite its large solvent access
hydrophobic surface and proximity to W106 is not significantly different from the
The last mutated residue, L80, is least involved 1-Akinding suggesting this thir

hydrophobic region is not involved.

5.4 Discussion

5.4.1. hCC inhibition is strongly affected by shaking the fibrilliation reactions
The ki n eilifibrilBsationfwasAnionitored in two different shakingnhtions;
mi ni mal and continuous shaking. The Ab f
shaking conditions. The explanation for this couldtiha shaking acceleraé\ Q.42
nucleation(Morinagaet al, 2010, leeet al, 2012)and fragmentation of the fibrils
(Cohenet al, 2013) Accelerating primary nucleation shorsanh e t jsmeedsAd
start fibrillisation and fibril fragmentation can accelerate the ratecoigkary nucleation.
Amyloid aggregation ian autocatalytic procesghich means that the monomer addition

to the ends of preformed fibril is more favourable and faster than the formation of new
fibrils from the monomers and, consequently, the aggregatterdepends on the number

of fibril ends.

Amyl oid b fibrillisation time courses wit
thesis. We showed that in minimal shaking conditions hCC will inhibiatigoid fibril

f or mat ii102madoncenttabiordependent manner, requiring a 1.3:1 maddio of
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h CC tuie toAnbibit this reaction completelywhere no increase in thioflavin T
fluorescence intensity igleteced. Equimolar concentrations significantly reduced
thioflavin T fluorescence, but nabmpletdy, indicatingthat a considerableveount of

amyloid fibre is still presentnicontinuous shaking conditionsraich higher amount of
hCCisneeded t o c o mpabfibrllisation; 4 tinmeh mdre than eyimolar
concentration was needed. Equimolar concentratamly reduced the anlipude of

thioflavin T sggnal by a small percentage. Thekerences could be due the fact that
shakingeither causesacceleration of nucleation and consequently more hCC will be
needed to prevent growing nuclei or causagmentation and consequsnthore fibril

ends forming more hCQs thenneeded to inhibit enhanced secondary nucleation arising

from the fragmentation. Another explanation is that shaking might cause formation of

di fferent masfphodiolgy wlh i Atdandtiefore stopdram bi nd
fibrillising. Generallyin all conditions, hCC has no measurable effect on the fibrillisation
kinetics of the Ab peptigdeand gprduhneasurenemsa p e i |
showed no significant differences in the presence and the absence of lower than inhibitory
amounts of hCC, however the effect of hCC is purely on the yield of amyloid fibrils. As

in our conditionst h e 1.42Adgregation was not conceation dependanevena small

amount of hCC which escapmhibition will still aggregate at the same ratealarger

amount in the absence of hCC.

It has previously beesuggest d t hat r at i agarendecdliacampletehyC t o A
inhibit the amyloid fibrils formation b y 14 [{Sastreet al, 2004a) However,
substoichiometriconcentratioae of hCC (0.3 €M) have been s
neurobl astoma cell s and r at -ipducedwcallrdgathhi ppo
when i ncub atotAdhsonwutrdsult8fdm miMmal shaking conditiomere

consistent with the above study as near equimolar amount of hCC inhibited fibrillisation
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completely.It has been previously found in our lab thatoagi of 2 : L4 dreCC t O
reqguired to completely i nhi bhasindortiruous or mat
shaking conditions (Williams, 2015). The results obtained in the current stedy w
different from the previous results obtained by (Willia#dg2015), as 4 times more than
anequimolar amount of hC@as requiredte o mp |l et el y i nhiubdert Ab f
similar continuous shaking conditions. This might be due to the impurities in the hCC
batch used by (Williams A, 2015) as sholy SDS PAG and HPLC experiments. This

is explained in detail in chapter 6.

5.4.2 Ab forms amorphous aggregates in the
Observation of the sample by TEM indicated that instead of amyloid fibrils, large
amounts of amorphous aggregates had been prddudehr ough t hewsi ncuba
with near equimolar amounts of WAICC in minimal shaking conditions and 4 times
equimolar concentration in the continuous shaking conditlbispossible that hCC is

stabilising offpathway states and preventing tHaither aggregation to produce mature

fibrils. This result was consistent with the results obtained by Sastre et al. (2004), when

t hey f o uwmtbrmedramarphdu$aggregates in the presence of twice equimolar
amounts of hCC. Studies have showednaarkable reduction in cytotoxicity when hCC

i s i ncub a tkaaberetval,t 2007aA Miet al, 2007b, Tizonet al, 2010a)
demonstrating that the species forming do not exhibit the toxic activity that isredser

with Ab al one.

One of the challenges in this study was variability in the inhibitory efficacy of WT hCC
and variants through different experiments even when the same batch of the inhibitor was
used. This variability could be due to the fact that hQC& il b i t Ab fibrili

through binding to mono nmeagjgregatedl btrudiuees, tke t hr
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oligomers and protofibrils of AbDb. As AbD
results could be obtained in different experiments, wheet pat hway of ADb a
is different fromoneexperiment to another. Another explanation of this variability is that
handl i ng o ftheexpeeimeAibliketytointfroduggai r t o t he ADb: hC
during pipettingthis will e n h a n ¢ e egatibn aadgreduce hCC efficacy to inhibit
aggregation, athe air-water interfaces known tointerfeewi t h  Ab (Garaidteat i or
al., 2008, Morinagat al, 2010) AsthehCC yield was very lowthe probability for the

presence of contaminants was higher, this could be another feagbe variabilities

found in hCCs effects. AR. coliprotein contaminant epurifiy with hCC andwvaslater
foundtohavei nhi bi t ory ef fects on thi&ban beifdundiinl | i s a

chapter 6

5.4.3. Ab and hCC do not bind as monomer s
Previouslyinourlapt he ef fect of Ab!HRBNIHBOE spectnumefn t he
hCC was investigated to look for clues to possible binding. Sites time course of the
interactionwasfollowedin a Tris buffer pH 7 withno addesdltt o keep Ab mono
for a longer time to detect bindingp monomer Despite the inhibit
formation, no shifted amide crepgaks were observed id ®N-HSQC spectra diCC

i ncubated w{WilliamsA2015)alh orderdcegclude the possibility of leuff
interference (effectsyon CC bi ndi ng tHIN-ABQC NMR expesnmenis

were repeated ian identical buffer conditioto thatusedfor thioflavin T experiments.

No significant chemical shifts iany of theamide crosgpeaks were observed A °N-

HSQC spectra of hGCTitrationocasbtawee dimilarita phevioish

results obtained in our lab confirming no complesfation between monomeric hCC

and AD. However, this result was inconsi s
formation of a higkaffinity complex betweethe two proteingsinvestigaed by ELISA
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(Sastreet d., 20044a) It is believed that the inconsitenay these results could laieto

the factthat the ELISA experiment is carried out on a surface, whereas the NMR
experiment is in solution. A similar variation has bedtowed in experiments with
transthyréin, indicating solidphase binding assays may not be entirely consistent with
binding characteristics or inhibition of fibril formation observed in the ligphdsgLi et

al., 2013b) We havealso foundvariatiors in the inhibitory effect of transthyretom A b

fibrillisation in the presence of different surfaces (chapter 3).

IDHNMR s pect r asandhCo werehinvestipated to monitor the reduction

in the amount of monomer over the time period of 24lhms. t {uxecon#ob89% 6

monomers disappeared compate®2% in the presence of equimolar amsuithCC.

The hCC spectral signal intensity4a4# educe.
compared to 1% has Thismdcatashhatdh@@dacesatfe fodnation

of | arge s tsandtdausese arlger Abracti on of ADb to
small aggregates. Despite thtteH °N-HSQC faist 0 s how hCC 1di ndi n¢
monomers, the simultaneoussuwheéss thag phGCabindhnc e
t o .Adbggregated struct ur e s asi8%ohh€C disappean o f
compar ed t Qs & théosarmef timéd Be results are consistent with the
chromatography results obtained by (Williams, 2015) as a page (10%) of the
monomeri c hCC was observed t o Thissuggesieee ar du

thathCCformsa | ar ge mol ecul ar awei ght compl ex wi
5.4.4. Does 1k@b@s?ind to AD

I n order t o i den t{sispayes thdtiateracta with hGE, tlefinhillitdre AD
was addelfli boi AB. The hCC iipfibildandthe ftacton t h pu
of hCC caopelleted with fibrils by centrifugation was measured. Nearly 20% of the hCC
co-pelleted with the equimolar arant of fibrils (calculated as monomer equivalent). This
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result showshat hCC bind and cover the surface @ flbrils in 1 to 5 molar ratiof
hCC tip Abespi te h CCuysdibrils,adoinngc utboa ttihoen Aobf h CC
42 fibrils and monitoing the fibril disaggregation applying thioflavin T did not show
di sagagr e gafbrilg at leastfin thé ime course of the thioflavin T experiment.
Addition of a large amount of hCC was needéal inhibit seeding ofthe A k.42
fibrillisation readion. Presumably, hCC can only cover the surface of the fibrils as
showed by cepelleting assays, however, it is not active in inhibition of elongation of the
seeds from the end®verall, results so far suggest that WT hCC can bind and cover the
surface ofibrils and preventA .42 monomerdrom staring aggregation usinthefibril
surface as a templat8imilar behaviour by asther amyloidogenic protein hdseen
suggested. Brichogs an amyloidogenic proteirdomain which is also found higly
concentrated i\ bamyloid plages n the brainlt have beershowed thaBrichoscan

bind to A h-42 fibrils without defibrillising, however, it can prevetite use othe fibre
surface as a secondary nucleation templateh&fiormation of new fibrilgCohenet al,

2015) These findings suggest a different rdehCC andBrichosin preventing amyloid

plaque formation in the brain bygwrenting secondary nucleation.
5.4.5. The hCC interface

The dfferent forms of hCC were also investigatedt@nms of their inhibitory activity.

The addition ofan equimolar concentration f hCC di mes aggregation he AD
reaction has no effect on the thioflavin T fluorescence changes, showing no decrease in
fibril yi el d s incubatgd danr teedpregernce ok BCC monomer. This

reinforced the view that the dimer interfacerngcial to the inhibitory activity of hCC.

I n order to find the Dbigmpatofibrdgs orsfilorils,fseverad o f t
hydrophobic residueshosenfrom 3 identified hydrphobic patches were mutated to
ad ani ne. Mut at ed h Gg Sibrillisaionenhiliitiens In e@edionflp r ADb
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corresponohg to the dimer interface the P6 residue from the unstructurgeriinal

region of hCC and another residu&106 from the active site of protease inhibitor
significantly reduced the hCC inhibitoryfe€t. V57A in region 1, from the active site

and V50A from the second part also reduce
degree. L80 exhilsta large accessible hydrophobic surface area, however it did not
significantly reduaédi bhe ARBC®$ bablithisi $ gt it @
loopd site of hCC is not involved in the bindinghe P105 residue waalsounaffected

by hCGb shibitory action despite its large solvent accessible hydrophobic surface and

its proximity to the most affeetl W106region this could be due to the direction of the

P105 hydrophobic surface which is away from the binding site. These results together
suggest thatthe N-terminal unstructured part and residues with large accessible
hydrophobic surface areas lodhta or close to the active site and the hydrophobic

surface facing outward are effectively aiving in the hCC binding té h.s2> aggregated

structures.

A potential modeldr this system could be tha€C is binding to an aggregated structure

of ADb as t heinthiesudylahdgpreausowors in aue ldb strongly suggest

t hat hCC bi n dsotharthamaenacner RresumnablyAtltis binding happen
through its Nterminal unstructured part and residues with large accessible hydrophobic
surface areas located in the active site as the results from mutant hCCs suggest. Our
results suggest that the stoichiomatfythe binding is about 1 hCC molecule3do 5
ABhsomonomers in the aggregat ed issaggregatedur e .
structures diverting the assembly pathway and causing the formation of amorphous non
toxic aggregates and this is consistent with previous studies, in which hC@nis &h

cause the production of amorphous aggregates antbrmnto the cell{Sastreet al,

20043a)
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Chapter Six: Variability in the observed activity of
recombinant cystat i-lsolatbnofGLTAD f |

an active inhibitor from E. Coli periplasm

As mentioned in chapter YT hCC showed inconsistent results to fireviousstudy
regarding the concentration WT hCC needed for inhibitiorand the reproducibility of
the data. Variable results were aibied using either the same batch of hCC or hCC from
different purification prepsTheam of this chapter is to investigate the reasons behind
this inconsistency in detail anctharacterisean active contaminatinginhibitor protein

from theEscherichia calperiplasm.

6.1. Materials and Methods

Forpuri fication of hCC, preparation of AbDb

chapter 2.

6.1.1. hCC Re-purification

Previously in outtab, the hCC was purified by periplasmic extraction through applying
osmotic shock by 20% sucrose, then loading otatton exdhangechromatography

column, andinally, gel filtration. The same purification methegsused in this study,
however, the observed hCC inhibitory acti
hCC samples from different purification prejis.order towork out the reasons behind

these inconsistencies in the hCC inhibitp act i on o n hé&gurifiedih®6CG i | | i s
was repurified by different methodologie$he techniges used for rpurification were

anion exchange chromatography, hydrophobic interaathromatography (HIC), and

size exclusion higipressure liquid chromatography (SEPLC).
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6.1.1.1. Anion exchange chromatography

The purified hCC was further purified using anion exchange chromatography. The hCC
buffer exchanged to 10mM phosphate buffer ppiaghd loaded at a rate of 2 ml/min into

the 100 ml @Sepharose column equilibrated with the saméer. The column was
washed with10 mM sodium phosphate pH 9.0 untibg of the eluent stabilizedlhe

hCC was eluted using 10 mM sodium phosphate buff¢r9.9, 0.2 M NaCl, and 5 ml
fractions collectedAny remaining bound proteiwas elutedwith sodium phosphate
buffer pH 9.0, 1 M NaCl. Fractions were analysed by $FI2&E and those containing

hCC were pooled and stored-20°C.

6.1.1.2. Hydrophobic interaction chromatography (HIC)
As repurification with anion exchange chromatography was not successful in separating
the contaminants from hCC-parrificationusing ahydrophobic interactionsolumn was
performed using RESOURCE ETH (GE Healthcare, UK¢ppckedvi t h SOURCEE
15ETH, which arerigid, monodisperse 15 pum beads made of polystyrene/divinyl

benzene.

6.1.1.3. Sizeexclusion highpressure liquid chromatography (SEGHPLC)

The purified hCCwas further purifiedby size exclusion highressure liquid
chromatography(SEGHPLC). An analytical Superdex 200 (10/300) column (GE
Healthcare, UKWwasequilibrated with 50mM phosphate buffer pH 7.0, 200mM NacCl.
1 8 0 samplesof concentrated hC@ere loadedn the column with a Perkin Elmer
Series 200 HPLC system (Perkin Elmer, UK) equipped with avidWle absorbance
detector. The OD of eluent monitdrat280nm The columnwasrun at 0.5ml/min and

the 0.5ml fractions of the eluted peaksre collectedn eppendortubes.
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The Superdex column has a protein exclusion limit of 1,300 kDa, with a separation range

between 10 and 600 kDa, and a matrix of ctvdsed agarose and dextran.

6.1.2. Nuclear Magnetic Resonance Spectroscopy

I5N-labelled GLTI was expressed and purifiasl well ast®N hCC. Before the NMR
experiments, the purity of the protein was established through analysis b ABS

and SECHPLC.

6.1.21.'1HNHSQC NMR f or usadnd'iN&GLTI ed AD
14 "N HSQC experimestwereperformedfor>™N GL Tl i n the absence

addi ng ADb mo n Arimarcencent@mtiorGdf 30l uM of each protein was
achieved in50 mM phosphate buffer (Na2HPO4/NaM24), pH 7.4, 150mM NacCl,
2mM Sodium azide, and 50 pl (10%) of deuterium oxidgQPadded to bring the final

volume to 500 plThe experimerst wereperformed at 330 K.

6.1.221DHNMRtime-cour se of wpwitaBNeGLTIed AD
I5N-labelled GLTIin phosphate buffer salinewasd d e d t o mootomchievei ¢ A D

50 OM of both Ab and GL TIHROiINaRLRY),mM7.9H hosph
150mM NacCl, 2mM Sodium azide and 50 pl of deuterium oxidgd{(added to bring
the final volume to 500 piA 1D 'H spectrumof the samplavasobtained every 2hrs for

24 hours at 303 K.

6.2.Results

6.2.1. Purification -elution profiles

The hCC sample used throughout this study was purified from three different purification

prepsatdifferenttimes. The elution profiles and SBBAGE from each pre[s presented
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(Figures 6.1, 6.26.3. The yield from the first and second prep Wag, it was 12 mgs
per litre of growth. The third prep yieldedmuchhigher amount of hCGhreemgsper
litre of growth. The higher yield caused tpeductionof pureg hCC, as the amount of
contaminant became relatively lower. The first step of hCC purification amam
exchange chromatography. Some other contaminants welaitea with hCCform the
SRseplarosecolumn and only a single peak walssened (see figure 6.1.However,
more than one protein appeared in SBSGE in all fractions. The fractions from the
peakwere identifiedby SDSPAGE and fractions (21) whichcontainedhCC and less

contaminant were pooled together and concentragigu) afurtherstep of purification

B)

[ 19ppeT-1
61T
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GLTI(G1K)—> s
25K—> -

Figure 6.1.Elution profile and SDSPAGE from loading periplasmic extract onto SRsepharoseA)
showing ceelution of hCC and GLTI as a single peak from fraction number 9 tB)ISDSPAGE of the

fractions 915 from the SRsepharose

The most abundant contaminant was a protein with an apparent MW of 37KD wdsc
later identified as a periplasmi€. oli protein; Aspartate/ Glutamate binding prott
(GLTI) (section 6.2.5)

The next step of purification was theading of the ceeluted fractions from the SF
sepharosecolumn onto the gel filtration column. As hCC is smaller than all of

contaminantshatco-elute from SPsepharosét eluteslater from the gel filtration caimn.
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hCC eluted at fractioB1-38while the periplasmi&. oli protein (GLTI)wasmosty eluted

from fraction 2528. Fractions 338 were poled together and kept at 8°C.
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Figure 6.2. The elution profile and SDS PAGEs of $ and 2" hCC purification prep. A) The elution
profile of hCC gel filtration and B) SDBAGE of the eluted fractions from first (B) and second
purification prep of hCC after gel filtration (final step of purificaf), showing hCC and GLTI proteins.

The hCC yield from the third purification prep was much higher compared to the first and
second one. The yiefdom 5L of brothwas 13mgfrom third prep compared to onlys

from the first and second one. The higbtpm yield from the second prep led to obtaining
more pure sample as the amount of contaminant was relatively lower, figure 6.3. Fractions
pooled were 4816 andthe SDSPAGE suggestednly very small amounts of epurified

proteins.
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Figure 6.3.The elution profile and SDS PAGE of 3 hCC purification prep . A) The elution profile
from the gel filtration of hCC and B) SDEAGE of the eluted fractiofiom thethird purification prep
of WT hCC after gefilt ration(final step of purification), showing hCC and GLTI proteins.

6.2.2. Re-purifying hCC and GLTI

6.2.2.1. Anion exchange chromatography
Because the iselectric poins of both hCC (8.7) and GLTI (8.5) akery similar, this

technigue was unsuccessful in separating both ipsotdBoth proteins were eluted

together as two overlapped peaks whichsdrewn in figure 6.4.
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Figure 6.4. Elution profile of hCC re-purification with anion exchange chromatography using
Q-sepharoseapplying pH 9. Both hCC and the contaminamereelutedas two overlapping peaks.

6.2.2.2.Hydrophobic interaction chromatography (HIC)
Both hCC and GLTI are abundant in hydrophobic residédthough a chemically

distinct methodologyHIC did not efficiently separatihe two proteinsin thioflavin T
experimentsthe effect of hCC before therfterpurification onthe Resource ETH column

showed no difference imhibitory efficiencyo n . Affbrillisation (Figure 6.5.

35000

30000

250004,

Fluorescence (a.u.)

20000

0 2 4 6 8 10 12 14

Time (hrs)

Figure 6.5.Thi of | avi n T isedibrilisators in theopreseAck of repurified hCC by
Resource ETHB | uezscADt r ol , gr een: edubmolaramountlofenorpurifieds
hCC, orange andlack  :A:0n the presence afquimolaramount of hCC from the first and seco

parts of overlapped peaks, respectively.
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6.2.2.3. Size exclusion highkpressure liquid chromatography (SEGHPLC)

hCCwas further purifiedy size exclusion higpressire liquid chromatography (SEC
HPLC). An analytical Superdex 200 column was a good choicegorifyy concentrated
hCC without losinga significant amourdf the proteinand the two proteins were clearly
separated and recoverddhe E. mli periplasmic cataminant (GLTI) was eluted at 15.5
ml and hCC eluted at 17.5 iifdigure 6.7 A) The middle part of both peak®re collected

as pure proteins.

6.23. Addi ti on oifsFibrilidation o AD

Thioflavin T Time -course

The ki neidfibdlisation fvas Abnitored in the presence of different molar ratios
of h C Ci4t as shéwm in Figure 6.@cach bar represents the amplitudetha
thioflavin T curve of Ab..42 fibrilisation in the presence of equimoland half equimolar
amount of hCC in experiments, each experiment Witkplicates. hCC sam@eised
from all the different prepshowedinconsistent results compared with previous results
and eve between different prepgmpure hCCsamplesexhibit the greater inhibitory
action, pure hCC fom the third prep was showto beless effective on Be.s.
fibrillisation: up to3 timesthe equimolarconcentration otheless pure (first and second
preps)hCC(Figure 6.6 A&B)and4 timestheequimolar concentratioof thepure (third
prep)samplewere needed toomplete inhibitioro f L.Afibrillisation as monitored by
thioflavin T fluorescence (figure 6.6 his contrasts with 2-fold excessn the pevious
results obtained by (Willias) 2015). The results obtainedminimal shaking conditions
(red bars in figure 6.6yere more consistent among different experiments using the same
hCC sample antetween different prepsdicating that continuous shak (blue bars)

is also one of the reasons behind these inconsistetesgitethe presencef various

amounts otontaminant irdifferenthCC preps.
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Figure 6.6 Amplitude o f Ab fibrillisati onWIchCC.vTaesx akig
represent different experiments and y axis igétegtiveamplitude ofA Bfibrillisation curvesin the

presence of equimolar (solid bars) or half equimolar (empty bars) concentrati€®S. ditte blue
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bar charts represent continucslsakingand red ones represent minimal shaking conditidhs.
hCC sample useduringthe study was from 3 different purificatiqgmeps first prep (A), seconc
prep (B) and third prep (C). Showing the inconsisyebetween different experiments. In graph
the bar charts labelled with-prified with Qsepharose to represent purified hCC with ca
exchange chromatography and bar charts labelled witluniéed with Resource ETH represe
purified hCC with lydrophobic interaction chromatograpfiyie dates of the experiments are shc

to allow evaluation of the effect of sample age on the results obtained.

6.2.4. Purification of GLTI

GLTI co-purified with hCC through periplasmic extraction, cation exchange and size
exclusion chromatography (FPL@)s reported in section 6.2.2.GLTI separated from
hCC through another round of size exclusion using analytical Hiep€rdexX200colum,
figure 6.7 A The GLTlwas elutedat 15.5 ml (3Iminutes) SDSPAGE of thecollected

0.5 ml fractionsis shown in Figure 6.7 CThe purestfractions were collectednd
analysed bHPLC-SEC (Figure 6.7 Band used for thioflavin T and NMR experiments.

A)

B)
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©)

GLTI
31.2K

25K

Figure 6.7.SEC-HPLC Elution profile and SDS-PAGE of hCC and GLTI. A) Elution profile

of the mixture of hCC and GLTI from size exclusion (HPLC), showing the peaks from

and hCC, GLTI eluted at 15.1ml (31 mins) &@iC at 18ml (36 mins). B) Elution profil¢
of the HPLC purified GLTI and hCGhowingthe peaks from GLTI (blue) and hCC (blacl
C) SDSPAGE of the eluted fractiorferm GLTI purification by HPLC.

6.2.5. Characterisation of GLTI

Mass spectrometry

Purified GLTI and®N GLTI wereinvestigated by mass spectromeffie size of GLTI
was 31,170.5 Biton. This mass was differenin thetheoreticaimass of GLTI without
the first 22 amino acidsignal peptide (31229D wherit280 residugs®>N GLTI was
31525 Dalton, but the protegontains377 nitrogen atoms, which theoretically should be
31607D. hese differences might be dueatmutation in the protein likenutationof a K

or Qto A or D to G aa small part of the sequence dit matchthetheoreticasequence:
specificallyresidues number 24046 (KDDPQFK)(see next sectionMinor peaks of

other contaminantaere also observed
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Figure 6.8.Mass spectrometry results of purifiedA) GLTI which is 31170 D, and BN GLTI
which is 31525 D.

Sequencing

Purified GLTIwascharacterisetly mass spectrometryhe protein identied byPeptide

mass fingerprintingin which the proteins digested by proteolytic enzymes, then the

masses of the produced peptides are comparedi&dahase of predicted masses that

created fromthe digestion of known proteins. If a significant number of produced

peptides masses matched the protein sequence in the refesgrtbis indicates that the
protein was present in the original sample. @aBof 121 peptides which generated from

the enzymatic digestion of the protein sample were unique to (FidJure 6.9) 84% of

the GLTI sequencevasidentified and if we exclude the first 22 signal peptide amino

acids, the percentage of coverage wouldabéhigh as 95%Tlhe percentage coverage
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https://en.wikipedia.org/wiki/Peptide_mass_fingerprinting
https://en.wikipedia.org/wiki/Peptide_mass_fingerprinting

refers to the percentage of found peptides matched to database peptides. The higher the

coveragdhe greatethe probability of the presence of particular protein.

A)
[ Accession] Description | Score | Coverage | Protein Unique Peptides|Peptided PSMs | AAs [MW [kDa] |
P37902 Glutamate/aspartate periplasmic-binding protein 0§ 29799.63  84.11 1 118 121 730 302 334

POA911 Quter membrane protein A OS=Escherichia coli 015 2111.19  40.46
P76341 5-hydroxyisourate hydrolase OS=Escherichia coli (st  1775.63  64.23
POAFG1 Transcription termination/antitermination protein Nu 1773.70  72.38
Q8X9X2  Uncharacterized protein YncE OS=Escherichia coli O 1294.75 58.92
A7ZV18 Elongation factor P OS=Escherichia coli 0139:H28 (¢« 1180.77  52.66

24 24 70 346 37.2
25 25 65 137 15.5
181 20.5
18 18 35 353 38.6
20 20 53 188 20.6
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B)
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Figure 6.9 Mass Spec Results of GLTI CharacterisationA) List of the proteins identifiec
in the sample. B) The sequence of GLTI (including first 22 signal peptide) with ider
regions highlighted in green.

6.2.6. Background information on GLTI

The periplasmic coaminantwasidentified asthe a&partateglutamatebinding protein
(GLTI). GLTI is anE. Coli periplasmic protein which binds both glutamate 0.8
pM) and aspartate @<= 1.2pM) (Willis and Furlong, 1975akith only one binding site

is indicatedoer molecule of protein.

GLTI belongs to the DEBP family of binding proteins. DEBP is one of the constituents
of ATP-binding cassette (ABC) transport systeifhese systas transport solutes across

membranes through coupling ATP hydrolysis. These systems include a periplasmic
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binding protein(PBP), an integral membrane protein, and two cytoplasmic nucleotide
binding domains that hydrolyze ATP. The periplasmic protein, like GLTI, is responsible
for ligand capture and then passds @transmembrane protein foahsport into the cell.

At the timeof bindingto their ligands, th®©EBPsexhibitsaremarkableconformational
change thaénhanceghe formation of a complex withcorrespnding membranéound
component of the transport syst¢Bunet al, 1998)

Periplasmic glutamate/aspartate binding protein was first purnetidentified from
Escherichia coliK12 (Willis and Furlong, 1975b)A DEBP from Shigella flexneri
(sfDEBP)has more recently beeeported which is almost identidal the E. coliDEBP

(GLTI) in amino acid sequence. The only difference is that a nonessential residue (Val5)
in GLTI, is replaced with an Alanine in sfDEBPIu et al, 2008) The E. coli DEBP
(GLTI) structure is not solved yet. However, its similaritySbigella flexneriDEBP
(sfDEBP) can provide information on its possible structure and role.

DEBP structures consist of two asymmetric domains, and the two domains are similarly
folded. Two antiparallel strands link the two domains together. The ligand binding site
located at the intersection of two domains. The centre of each domain consist ef a five
stranded beta s hheleesFigue.llcAynded by12 U
The DEBP proteininding to ligands is achieved by hydrogen bonding and salt bridges
between the side chains and the main chain of the DEBP protein and the ligand molecules.
Hydrogen bonds form between the side chains of Afg24, Se72, Arg75, Ser90,
His164 Thr92 and Thrl4@nd the ligand. The side chains of Arg75, Arg90 and Asp 182
and the main chain carbonyl oxygen of Ser90 form salt bridges with the glu{&nae

al., 2008)
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Figure 6.10The crystal structure of Shigella flexneriDEBP (sfDEBP).A) cartoon structure
Domai ns | and |1 are col or ed -ggrandislthatveonaet
domains | and Il are colored blue. The bound glutamate molecule is shown-asdsaitk
model Adapted fronfHu et al, 2008) B) the surface structure of sSfDEBP with the hydrophc

residue coloured in reddrawn using pdb code 2VHA using Pymol).

6.27. 1l nt eracti omnabdecGL™Ween AD

6.2.71.Thi of | avigandGLT6 f AD
The ki n edtsifiloridisationf wer@ easureth the presence of different molar

ratios of GLTI in the standard condib ns de s cr i be diseoncedtratienr , wi t
of 11 uM, as shown in Figure 6.1Each curve is the average of 5 replicates with error

bars displaying the standard error of the mean (SEM) to give an indication of the spread

of the data. Different caentrations of GLTI were tested ranging from 5 pM (half the
concentr as)i dro df. 28b OM (8 ti mes hsdHsalf t han
equimolar concentrations of GLTI caused a complete reduction in thioflavin T

fluorescene. In the presenaaf 3.75 UM GLTI the intensity of the thioflavin T curve is
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about 17 %.;control¢utves suggbsting that the amount of fibeiing produced
was significantly less than in the absence of GLTI. GLTI concentrations of 2.5 uM and

1.25 uM caused redtions in thioflavin T fluorescence of 40% and 30% respectively.

250000
- - ] I ] Il AP: GLTI (1:0.0)
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Figure6. 12. Dose Dependence of t heyspfibnllisatibni A)c
Thioflavin T fluorescence time o u r s e & filwilfisatidrbat 11 pM with the addition c
different molar ratios of GLTI. Each curve is the average of 5 replicates, with error bars ind
the standard error of the mean (SEMight separate experiments halween doneat different
times and with differenprotein stocks, the data summarized in two graBh3he amplitude of
Thioflavin T curve in the presence of different concentration§lof 1, normalied tothe A .42

control.

6.2.7.2. Electron Microscopy
Although changes in thioflavin T fluescence suggested that GLTI inhil#t$.42 fibril

productionthis reduction in intensity could be attributed to other factors such as changes

in morphology or the production afternative species which also bind thioflavin T. TEM
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was used to study the structural morphology of the structures produced at the end of the

i ncub at isinthe prdsenéemf half equimolar concentration of GEigure 6.12

shows electron microgrphs of equi mol arfsacddGhTdietheasanzet i on s
conditions after at | east 24 haapraucesf i nct
fibrils. In its presence, large amount of amorphous aggregateerved with some curly

structures isseen.

A B.42 Control

A A4+ GLTI

(1: 0.5)

Figure 6.13.T EM mi cr o g riaandGLTIaffer 2Afyxssof A) ADb cont
aggregation. B) Ab aggregation reaction

6.2.7.3.NMR Spectrosopy

6.2.7.3.1. *H >N HSQC Spectrum of GLTI
TheH spectrum of 50 uM GLTI in 50 mM phosphate buffer, pH 7.4 at 303 K shows a

wide dispersion of amide proton resonance&6pm) indicating that GLTik folded

This is reflectedn theH ®N HSQC spectrum where tlaenide chemical shifts are also
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well dispersed (Figure 6.1)3 Out of 280residues, 220 were observed, 12 are prolines,
the rest of the peaKd8) were eithemnot present, very weak or significantly overlapped.
The peaksvere dispersethetween 611 ppm indcating proper folding of the protein.

A h-s2 was hen titratedto the GLTIto achieve equimolar concentration. Tié 1°N

HSQC for'™>N GLTI has nobeen assigneget, so the observed residas not identified
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Figure 6.14 H 15N HSQC Spectrum of®N GLTI at 303 K. An *H >N HSQC spectrur
of 50 €M GLTI i ncubated in 50 mM Pho:

showing the amide peaks. F1 represents'thedimension and F2 represents thbl

dimension.
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6.2.7.3.2. Ti

trat.i

on witih monomeric AD

Figure 6.14 shows an overlay of a referentid >N HSQC spectraverlaid with the

spectrum thatwere obtainedafter addition of monomerid®N-labelled GLTI with

unl

abel

| ed

1moBeaause théH ¢°N IAIQC is not assigned yet and the

intensity of the pakswasnot uniform, itwas difficult to find theamide chemicashifts.

However there weresomeshifts in the position of somef theresiduesand some other

residues were completely disappeared
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Figure 6.15. Titration of *H >N GL T I

wab. A referede spectrum &N labelled 50

MM GLTI in 50 mM phosphate buffer, pH 7.4, NaCl 150 mM at 303 K (blu&3 overlaid
with theH >N HSQCspectruno f 1.AHave been added (shown in red). F2 represent

H dimension and F1 represents th¢ dimension.
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6.2.7.3.3. 1D H NMR Time-course of GLTI wi t ha2 A b

IDIHNMR can monitor t hemahonera guing the time coerseo f A f
of Ab a gagthelirdeasityi obthre spectra reduces with the reduction of the amount

of the monomer. 1D NMR spectratotal of 12, were obtained over 24 hours, with each
experiment | asting 2 hours and 8 minutes.
42 Spectrum intensity in the absence and presence of GLTI. Teesua ct i o a2 Of t h «
spectra from the GLTI andl f-42 mixture was not possible because of the change in the
position ofthepeaks.t i s cl ear therefore that I arge
42 or bothare occurringT h e 1.4Acbntrol (Figure 6.15) showei’% reduction in the

intensity of itsspectrum ove4 hrs at 37°Cndicatingthata significant r act i.on of .

42 monomergarticipatein the formation of lege aggregated structures

1009
801
60

409

Monomer %

201

0 4 8 12 16 20 24

Time (hrs)

Figure 6.15Th e i nt e ms 1D 1 NMR spe&tium over the time coursef 24 hrs
50 OM 1pih phdsphate buffer, pH 7.4 and temperaturdC3The reduction happens
the monomers form large structures.
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6.3. Discussion and Future work

Confirmation of existing datand further characterisation of the inhibition Afb
fibrillisation by WT hCC meant working with purer hCC samplds the current study
attemptsto replicaé the same results as the pregictudywere confrontedwith some
issueslnconsistent resultsere obtainedegarding the amount 6fCCrequiredto inhibit

A h.s-fibrillisation completely Unlike the previous studyhe current studgemonstrates

that twice equimolar concentration is not enough to completely inhibit the formation of
amyl oi d fiplinthie same dontinududé shaking conditiohiso, the thioflavin

T data obtained from different experiments using either the same batch of hCC or hCC
from different purification preps were variabls the amplitude of thioflavin Gurves

was variable through using different experiments.

Trying to wok out the reasons behind these inconsistencies and keeping the possibility
of contaminants in mind, some different purification strategies like repurifying through
hydroplobic interaction chromatography ande-purifying by aion exchange
chromatography atpH 9. These techniquesvere unsuccessful irresolving the
inconsistency issues #&sey failed to separate the contaminant and the hCC, probably
because of similaiso-electricpoint and similar abundande hydrophobic residues in
both proteins. Sizexclusion chromatography ingy an analyticalsuperdexX200 olumn

was successful iseparatig an E. oli priplasmicprotein which showean inhibitory

e f f e c ta4fibriflisatfoh at amuch lower stoichiometric concentration compated
hCC.

These differences could laeie tothe factthatthe amount of contaminant present was
differentbetween the various purification preps, as the contamnhed ®me ability to

i nhi hafibrillidabion Shakingmight also be another reason for theonsistency,

asshakingleadsto an increase ina p e ¢ i e1$ aggregatésfihat hCi€ less able to
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bind (chapter 5)Non-shaking conditions produced more astent results and hCC was

more efficient.

Thioflavin Te x per i ment s p esif ther presedce #BLTH $howadbthat

GLTIc an i nifittrillisationAabamuch lower molar concentration compared to

hCC. The stoichiometrg f 1 : 0 .1.4:%LTbwas sifficientto completely inhibit

A R fibrillisation. The structure of GLTI has nbéen solveget, howeverthe structure

of thehomologusShigellaDEBP protein hamany hydrophobic patchéBigure 6.10B)

These hydrophobic patches couldtbe hi nd GLTI 6s alpandintibt t o b i
it s f i br i L4 bindsatd hydrapholacssurfAcbs. Another explanation of this
inhibition activity could be down to the ability @LTI to bindto both glduamae and
aspartatevery tighty. The Ab1.42 structure includes 3 aspartic esahd 3 glutamic acsl

(D1, E3, D7, E12, E23, and D24ndGLTI maybind to oneor more of these residues

with sufficient affinity toinhibit the peptiddrom aggregatiorespeciallyif it bindsto the

ones which tke part in the fibril structur@-igure 13.)

Observation of the sample by TEM indicated that instead of amyloid fileiige
amounts of amorphous aggregates hadp been
with GLTI. It is possible that GLTI is stdlsing off-pathway states and preventing their
further aggregation to produce mature fibrils.

TheH N NMR HSQC spectrum of GLTI has nioéen assignegreviously. TheH 1N

HSQC spectrum of the GLTWwas measwd We observedchemical shiftsin some

resdues andhcomplete disappearance of sootkerpeaksBecause of thiack of GLTI

HSQC assignmenit is very difficult to find any clue on which interface and residues of

t he GLTI 14 FuuteworibastAdd be perfor med tipthd i nd t

GLTI bindsto andto identifyresidues obothGLTI andA f-42 which form the interface
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In an attempt to assessthe @  a.& moAdmer disappearance in the presence of GLTI

a 1D'H NMR time coursavasperformed. In the case tfe A h-42 controlthe intensity

of the spectra was reduced by 87% in 24 hrs, suggesting thatradbign of monomers

were forminglarger @ygregates not visible by NMRince tiemical shiftchangs were
observed, s ubtspactdrombd h eiofarfmGhTeémixtube was difficult

andt h e r aiienononfier dis&ppearance in the presence of GLTI wadathiced

here The largeconformational changes which occur in this family of proteins on substrate
binding suggest that similanraoevents may be
Further analysis will be required to understand the nature of interaction sites. The first
step towards thigoal is developing an overexpression systemGLTI to producea
sufficient amount of the proteiin *H >N HSQC assignment woulthen provide the

ability to identify tshe binding sites of (
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Chapter Seven: Final Conclusions and Future Work

The initial aim of this project was to r e
peptide and the proteins, transthyretin and human cystatin C (hCC). Both TTR and hCC
have been found inside and in the wgheri phe
Al z hei mer (Dengetal,2@04&)sAaimal models and cell assay experiments

suggest a protective role for these two amyloidogenic proteins in the pathophysiology of

Al z h e i(Ste;et @ls 2004, Tizoret al, 2010b) Direct interactions beteen these
proteins and t he A bn vgreysihg tatlmiquesabdsedneostinons t u d
the immobilisation of one of the proteifSastreet al, 2004b, Selenicat al, 2007b,

Costaet al, 2008, Du and Miphy, 2010) However, the details of the direct interactions

in solution were unknown. The main aim of this project was to study the details of the
directinvitroi nt er acti ons bet ween these proteins
The deposi ti ontsnodeatianon ydrophobid sorfacgesigveeipported

in the literaturgdKowalewski and Holtzman, 1999, Rocéal, 2005, Shewet al, 2012)

In our lab, we found evidence fdhe formation of a tightly bouncthono | ay e of A
on the surface of polystyrene microplates. We also found that both polystyrene (PS) and
pol yet hyl gl ycate (PEG) S u r Hosvever,sthe éoosh a n c e
bi nding of ADbD on PEG i s | i k edgationtmorethamc el er
the polystyrene plate, presumably because the nuclei can easily come off the surface to

the solution and start aggregation.

Il nhibition of Ab firbillisation by TTR o0ccCc
Previous reports suggested that TTR tetramersbiod Ab monomers i n s

i nhi bition mainly happen (Codaetalu2gads, Lietialn di ng t
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