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Abstract

Amyloid diseases are a group of protein misfolding disorders characterised by the
formation of highly ordered filamentous assemblies known aglcgan fibrils.
Soluble aggregation intermediates whose formation precedes that of mature fibrils

are commonly considered the major source of toxicity in amyloid diseases.

Oligomer toxicity has often led to mature amyloid fibrils being referred to as inert
end products of aggregation. Recent evidermavever has shown that fibrils
themselves are capable of facilitating toxicity by a variety of mechanisms. One such
pr ot eminc, r obg | o) bak bean stjowwn to form amyloid fibrils that bind to
liposome membranes causing deformations and disruption in a pH dependent

manner.

In this thesis, the vitrome ¢ h a n i gnrilwil-irmdcedbmembrane disruption are
explored to elucidate why reducing the pH from 7.4 to 6.4 leads to an enhancement
in fibril memhkrane disruption. A combination of chemical kinetics, NMR and
liposome dyeelease assays show that at both pH valoesnbrane disruption is
mediated through the shedding of soluble species induced upon diluting fibrils
formed at low pH into either buffeFibril depolymerisation at pH 6.4 leads to the
persistence of membraetive nornative species, whereas depolymerisation at pH
7.4 is driven rapidly to membraseactive native monomer. Further analysis reveals
that these nomative species are struchlly disordered, spherical particles that

display significant surfacexposed hydrophobicity.

The observed ptdependent formation of oligomers shed during depolymerisation is

likely to play an important role in mediating cellular effects upon incubatidh wi

fibrils. Consistent with this, chemical crekssking of fibrils and ceincubating

fibrils with Hsp7/G1 A pr event s t he ohdilpile &t pothepHi7d4 at i on of
and 6.4in vitro and reduces met abol i comdfierii ect s assc
depolymerisatin. The results suggest that kinetically stabilising fibrils to prevent

molecular shedding could be a means of helping to remedy aragsatiated

toxicity.
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Introduction

INTRODUCTION

1.1 Forethought

Amyloid diseases are axpandingclass of disorders typically characterised by the
formation of protein aggregates defined by their gd#oxic-function (11 4). The
ubiquity of amyloid diseasesare increasing as the onset rofiny are linked to
ageng. With an ageingpopulation worldwidethe prevalence of amyloid diseases is

setto increasgb).

The relationship between amyloid and ageing is complex, althoughikielig to be
related to the dowregulation of proteostatic mechanisms commonly associated
with ageing; as the proteostatic capacity decreases, the deposition of specifisprotei
into amyloid assemblies increases, which upon meeting a critical aggregate
concentrationthreshold, leads to the manifestation of pathological feat{fie®).

Not all amybid disorders are agelated however, familial variants associated with
early-onset phenotypes often carry mutations within amyloidogenic polypeptide
sequences that accelerate amyloid aggregd€ioh3). Early-onset phenotypes can
also be the result of mutations that render proteins responsible for processing and
clearing amyloidogenic precursors significantlyp@red in comparison with their
wild-type {wvt) counterparts(14i 17). These features add weight to the amyloid
aggregate toxic gaiof-functionhypothesis in mediating diseased hence has been

the focusof intenseresearch activity for more than two decale).

The ubiquity of amyloid diseas€¢seeTable1.11 for some weHknown examples)

with around 50 known disordecsirrentlyclassified by amyloid depositioii9), and

the common biochemical and biophysical signatures of amyloid aggregation, to
which you shall be introduced, led to initial efforts to identify a unifying cytotoxic
entity amongst many of these disea&¥ 21) Hitherto, it has become increasingly

clear that a single pathological event does not underlie the compthamems of
cytotoxicity associated with amyloid dis
perhaps the best known amyloid disease, a vast array of aggregates have been
characterisedn vitro and display varying degrees of toxicity vivo, via highly

diverse cellular mechanisn{82 25). The reality is thatin vivo, an ensemble of
structures are just as likely to form than any individual species predominating, thus

creatinga complex etwork of pathological cascadesich require intervention to
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inhibit disease progression. Therefore, a paradigm shift in the approach to tackling
and classifying amyloid diseases is required; instead of the development of
therapeutic strategies focusing on pacifying a single cytotoxic entity, the array of
amyloid stuctures, and other genetic abnormalities, that contribute to disease

progression must be elucidateefore effective therapies can be developed.

With this in mind, this thesis presents work towards our attempts to understand the
complex mechanismthat underpin amyloid fibritmediated toxicity by using the

mo d e | p-microgbulin. Thaditional theories have often cast amyloid fibrils
as inert endstage products of amyloid assembly, whose contribution towards
toxicity is negligible(26i 28). By using a range of biochemical, biggical and cell
biological assays, | hope this-dlepth investigation, along with other recently
published studies, will help to establish the roleaofyloid fibrils in an array of

processes critical to the muficeted nature of amyloid diseases.

Table 1.11 A selection of diseases associated with amyloid formation

Precursor protein Disease

Neurodegenerative diseases

Usynuclein Parkinsonds d
Amyloid precursor protein (APP) Al zhei mer 6s d
PolyQ-expandeduntingtin Huntingtonos

Prion protein Spongiform encephalopathies
Superoxide dismutase 1, TR Amyotrophic lateral sclerosis
Transthyretin mutants Familial amyloid polyneuropathy

Systemic amyloidosis

bom Dialysis related amyloidosis
Immunoglobulinlight chain Amyloid light chain (AL) amyloidosis
Lysozyme Lysozyme amyloidosis
wt Transthyretin Senile systemic amyloidosis

Localised amyloidosis
Islet Amyloid polypeptide Type |l diabetes mellitus

Insulin Injection localisecamyloidosis
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1.2 Protein folding in the cell

Proteins are the chief mediators thife majority of cellular processes and are
therefore ofcritical importance to understanding the fundamental principles of life.
From an essenti#ool kit of 20 aminaacids, avastnumber ofpolypeptidesequences

can be derivetvhose rangef functions is diverse, including processes suddNA
replication cargo transport, ATP synthesis, muscle contraction, light sensing, smell,
digestionand so onIn order to carryout their encoded functionshe majority of
proteinsmust obtain a native fold. It has long been known that the information
encoded within a polypepke sequence can be sufficient tbhe folding of a protein

to its native functional statg29). However, the study of protein folding is perhaps
the last paradigm of ZDcentury biology that remains to be fully chartered. Even in
the age of computer assisted experimental design and analysis, correctly predicting
the fold of an existing polypeptide sequence, or predicting the fold of a novel
sequence,si not a trivial exerciseThis is because polypeptide sequences have
evolved to encode a vast array of different characteristics; folds, functions, lengths
and dynamic behaviour§heseimpede our ability to spot trends within sequence
motifs that determia not pst threedimensional structure but functiof30). The
ability to designin silico polypeptide sequencesdfully recapitulate thgrediced
structure and functiotherefore remains a significant challengée serendipitous
acquistion of mutations that lead to novel or altered functionsivo occludes the

composition of aeneralisedet of rules fode novagorotein desigr{31, 32)

Even sowe have learnmuchover the last 50 years about how proteins obtain their
three dimensional structures. Principally, obtaining the nativeiriolitro requires a

fully synthesised polypeptide to traverse a downhill energy landscape to reach a low
energy Onat i (38)(Fgue If.2b).rTmagpontaneods folding activity

is largelyinaccessible to the majority of proteins within the delwever and is
exacerbated by the hugely crowded cellular environr(@ht In responsethe cell

has developed a catalogue of proteingiown as molecular chaperoneshose
predominant function is to promote the cotrémding of polypeptide sequences.
Wherevermrotein folding takes place, such as the endoplasmic reticulum (ER) or the
cytosol, a wealth of cellular resourcesdedicated to guidg a variety of client

proteins tareachthefunctional, foldednativestate.
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Free energy 4G (/mol)

Figure 1.21 Free energy landscape depictimgdealised view of downhill prote
folding. A fully synthesised, unfolded polypeptide chain (black lines)
spontaneously to a low energy well that is theveastate. Adapted froif33)

Obtaining a native state is not the only means of controlling protein aativttye

cell. Other phenomena can equally affect protein structure and function in addition to
posttranslational misfolding. These processes are often critical for tuning protein
activity and are therefore tightIlOye coordi na
sud regulatory process is time, affetent proteinsare required for distinct periods

of a cel |Some, duchfaecollagers éxist for the entire lifespan of the cell.
Others, such as HiEa, exist for minuteg(35, 36) The regulated haHife of a

protein is a necessary feature of a cell being able to tune its chemistry in response to
the envionment. Therefore, the existencetloé functionalnative statenust also be

tightly regulatedemporally In addition, poteins undergo a library of differenbgk
translationamodifications which Hect function, structuralstability and turnover of
proteins(37). Some proteinalsorequire assembly into higher order macromolecular
machinesfor function and folding. Mst if not all, also undergo extensive
modificatiors during ageing which, left unchecked can have damaging

consequences for the fodahd functionof a protein(38).

These limited examples begin to il the inherent plasticity of proteiirsvivo
and the subsequent importanceceflular monitoring of proteinfolding throughout
the lifetime ofthe cell. Giventhe unique featuresf individual proteins,tiis perhaps
surprising thatlamaging protein rsfolding events do not take place more frequently
than they doIn order tominimise the aberrant misfolding of proteinsr the

accumulation of redundant or agddmaged speciethe cell hasalsodeveloped a
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myriad of protein quality contratetworkstha ensurethe migolded protein burden

is maintainedat levels that are safe ftre health of thentireproteomg39).

The turnover of proteins isot restricted to those #t have aged or outlived their
function. Processes of regulated turnover begih monitoring of protein folding

even befoe thefull synthesis of polypeptide has taken pladgp to 300 proteins

have been characterised as participants in the process of translation, with many of
these involved in controlling translation rates and correct folding of the nascent
polypeptide chia during synthesis(40). Both of these processes aegually
important infacilitating a protein to redt and maintain its native fold.ranslation

rates are tempered by the sequeeiof the polypeptide being synthesised #mel
correspondingnRNA codors used The rate of translation is often slowed during the
synthesis of hydrophobic stretches of amino acids. Slowing translation affords more
time for chaperones to bind and mask aggtion prone sequencas they emerge

from the ribosomé41). For other proteins, the rate of translation can be increased or
decreased to ensure a greater percentage of folding of the nascent chain towards a
native state(42, 43) This is especially true for the synthesis of enzymes, where
translation rates can impact upibre efficiencies ofdownstreamcatalyticprocesses

(44).

The rate of translation of mMRNA into individual polypeets is therefore an
important step for determining the folding outcome of a protein, but there are
processes that affect the global translation netwakole-scale control of protein
translation isusually initiated through the induction of particularess responses
These responses atesigned to afford theell additional time to redress proteostatic
imbalance when a critical protemisfolding threshold has been exceedexamples

of these so called stress responses inchigeinduction of translain inhibition
through the unfolded protein response (UPR) or after acute heat @%ck6) In

both, the general strategy of preventing the synthesis of new proteins enables the cell
to concentrate resources towards redressing the inggalirsg event of proteostatic
imbalance. Only once the cell has overcome such stresses will translation be re
initiated. The induction of stress responses are therefore rapid and involve concerted
activities of a large array of different proteirior exampe, the UPR is initiated

upon sensing of terminally misfolded secretory proteins within the lumen of the ER.
Terminal misfolding of proteins in the ER can be sensed via a variety of different

5
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mechanisms. Distinctbut integrated signalling pathways sens&R protein
misfolding and transduce signals to the cytosol via transmembrane sensors in order
to shut down translation through phosphorylation of translation initiation regulatory
factorelFa (47,48) Shutt i ng dcapvdepensiantaranglaiondnitidian

is coupled to increased translation of UPR mRNAs such as the transcription factor
(TF) ATF4 (49, 50) ATF-4 and other UPR upegulated TFs increase the
expression of genes designed to alleviate ER stress. Only once the ER misfolded
protein burden has recoveredtie UP R &6 s wi t ched oréifitidtedand tr ans|
Translation is similarlyaffected upon acute heat shock which is most commonly
associated with protein misfolding in the cytoddpon induction of the heat shock
responseHsp40 and Hsp70 chaperones, proteins that have evolved to adsist pro
folding, are redistributed from nascent chaiemerging from ribosonsan order to
catalyse the refolding of stress induced unfolded sequébtedn boththesecases,

the reduction in translation prevents the production of aberrantly folded proteins

which otherwise would lead to a catastroptricteinmisfolding event.

These are onlg fewof the mechanisms that have evolved to keepdéll safe from
the consequences of proteimisfolding Others includ chaperonanediated
autophagy, lysosomemediated degradation,ubiquitindependent proteasomal
degradation of cytosolic proteins, retranslocation of terminally misfolded
proteins fran the ER, cedranslational ubiquitin tagging of proteins for degradation,
juxtanuclear positioning of membrabeund misfolded protein clusters, formation
of insoluble cytosolic inclusion@nd nuclear shuttling of proteins for degradation
Together, thesdorm complex communicative networkbat ensurethe general
health of the proteomeis maintained (52159) (Figure 1.22). These
compartmentalized defence mechanisms can also involve signalling between
different cells(60).
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Figure 1.22 Integrated protein quality control mechanisms within the c8lhe cell ha
developed a myriad of compartments and processes to alleviate protein mis
Terminally misfolded proteins can be degraded through the ubiquitin proteasome sy:
forming cytosolic p body inclusions that sequester into IPOD for uagal degradation
chaperoné mediated autophagy in the lysosome (CMA). Proteins can also be ub
tagged for degradation during translation, or rétamslocated from the ER (ERAD)
proteasomal degradation. P bodies can also position themgglyggxtanuclear inclusiol
(JUNQ), where they can undergo chaperassisted refolding or be degraded.

The array of resources dedicated to maintaining specialised protein fumctios
cell is not only an indicator of the importance of obtainifignd naintaining) the
native fold but also of preventing misfolding events from accumulati@gnetic
abnormalities that perturb the folding landscapea single proteincan manifest in
significant metabolicefectsleading to disorders such as lysosomalasjerdisease
(61). Perhaps the most wdthown lossof-function protein misfolding disease is

cystic fibrosis, where mutatis within the CFTR chloride ion channel prevent



Introduction

correct protein foldingMany of theclinical features of cystic fibrosis are the result
of this single protein misfolding ever(62). These diseaseshelp illustrate the

biological impact ofncorrectprotein folding.

In addition to losof-function protein misfoldingdisorders, ltere are also an
expanding class of protein misfolding diseases that are more typically characterised
by a gainof-toxic function of misfolded protein aggregates. These diseases, known
as amyloid, are unique in that disease progression islhtme due to the aberrant
activity of proteins that can adopt toxic conformatidhs2, 4) Amyloid disorders

are commonly associated with ageing due to the decline in protein homeostasis that
allows the accwmulation of diseaseassociated protein@nd their subsequent

0 mi s f artodtightlygp@icked and highly orderednacromolecular assemblies.
The formation of these species can be thought of as taking place within a partitioned
energy landscape not normadlgcessible within a healthy cellulenvironment63)
(Figure 1.23). The assembly of amyloid isriden by the formation of interas
opposed to intranolecular contacts thatsually define protein folding.t is the
formation of these species that is oftes@ciated wittwithin the onset oamyloid
disease, and not the loss of the native function of the misfolded pradasithe case

for the protein misfolding diseases discussed above.
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Figure 1.23 The alternative folding landscape of amyloidogenic aggre:
Amyloidogenic precursors can be partitioned within a separate energy landscap
dominated by intermolecular contacts that drive amyloidmétion. Proteins ci
transition to the amyloid landscape via a patrtially folded conformation that leads
exposure of aggregation prone sequences. Molecular chaperones have evolved 1
to the prolonged exposure of aggregajiwane sequences (g protein folding t
prevent amyloid formation taking place Adapted fr{@®8).
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1.3 AmyloidT A beginners guide

The term amyloid is actually a misnomeriginally coined due to the unusual
capacity of tissue deposits to develop a lmoieur upon binding to an iodine stain in

the presence of sulphuric adié¥). This property was described over 150 years ago
in the first documented cases of amyloid diseases, with the name giving reference to
the starcHike behaviour of the deposits characteristic of the disease. It has
henceforth been estadited that this starelike behaviour of amyloidn vivois due

to the associated carbohydra(gb/cosaminoglycans (GAGs}hat bind tightly to
amyloid assemblie¢3). Although it is now a welknown fact that deposits are
overwhelmingly composed of protein, the term amyloid has remained very much in
use(65).

1.3.1 Generic features of amyloid fibrils

All amyloid assemblies sharecammonset of characteristics. This is despite the
largescale sequence heterogeneity ashyloid precursors. The ability of a wide
range of sequences to form amyldads also raised intriguing questions as to
whether theamyloid fold is theoretically accessible frommostany polypeptide
sequencd4, 66, 67) These generic featurese alsoused to ascertain whether a
newly describedaggregate is an amyloid or not. Chief among these properties are the
long, unbranched filamentous structures seamugbserving amyloid fibrils using
techniques such asgransmissionelectron microscopy (EM) or atomic force
microscopy(AFM) (Figure 1.31a). The coref the amyloid fibril is typically rich in
bsheet, wthaeds ard grranfed perpendicularly to the length of the fibril
axis in a highly ordered fashioRigure 1.31b). This arrangement, known as crfiss

is often diagnosed by the conservedray fibre diffraction pattern observed for a
large subset of fibril type§68). Two scattering arcs are usually seen, ~4.8A
meridonal reflections and10 A equatorial reflections, which arise from the highly
regular molecular spacings of intsah e estrandbpacking and the intsheet
distance of two individual units that typically associate to generate the final fibril
architecturg68, 69)(Figure 1.31c). The core igrequentlyarranged in a parallel4in
regi ster a r -strands arewdowend &ghtly bybneighbouring segments
through side chain and backbone hydrogen bonds. Protruding side chains tend to
inter-digitate between two sheets to form a selmplementing, dry interfac€&0,

71). This vast hydrogen bonding network is thoudgbtbe responsible for the

9
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remarkable thermodynamic stability of amyloid fibrils, which make them looked

upon favourablyas materials withithe nanotechnology indust(y2i 76).

150 nm
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Figure 1.31 The generic morphological features of amyloid fibrilsmyloid fibrils exhibit
a classic, unbranched filamentous morphology as viewed by EM (a) and AFM (b, s
1pm). (b) Xray crystal structure of the steric zipper motif of an amyloid fibril ¢@09. (c)
The X-ray fibril diffraction pattern of TTR(108.15) amyloid fibrils. Red and white arrc
indicate the meridonal and equatorial scattering arcs ctegly (69). (d) Amyloid fibrils
formed afteran initial lag phase bind and enhance the fluorescence of ThT. (e) Con
red/green birefringence exhibited under polarised light upon binding am{8ad (f)
Amyloid fibrils composed of a range of precursor sequences bind the monoclon

antibody. Monomer controls are in gré30).
Amyloid fibrils also tend to display conserved tinctorial properties, including

exhibiting red/green birefringence under polarised light upon binding the dye Congo
Red (77, 78) binding and increasing the fluorescentopgerties of aromatic
compounds such as Thioflavin (¥9) and they usually contain a conformational
epitope recognised by the monoclonal W01 antib¢g8ly, 81) (Figure 1.31d-f).

10
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Many of these properties as conserved between amyloid fibrils is@ateioand
those which are formed from the same precursor sequengiro (82). These
similarities make amyloid fibril§ormedin vitro an invaluableool for elucidating
fundamental processes that underlie amyloid formation and mechanisms of amyloid

associated toxicity.

1.3.2 Structural heterogeneityof amyloid fibrils at the macroscopic level

Although theabovefeatures are required for an aggredatbe defined aamyloid

as the number dfnown diseasesn which insoluble assemblies form increasss,

does the polymorphism within theesulting fibril architecture. The definition of

amyloid has become looser in order to encompass fibril polymorphs that exhibit

large degrees of heterogeneity from these classical amyloid prop@rfies3)

These fibril types -Brkedof aed daspkedy Oan
pathological and biophysical features that one expects from a true ansylotdas

the presence of the crebs s [§84i B6¢ Amyloid-like fibrils include those formed

as intracellular inclusionr in vitro, as traditionally amyloid is a term assded

with the extracellular deposition of insoluble, highly ordered aggre¢ht#s, 85)

Amyloid polymorphisms can be observed at the level of secondary stracidiaee

not restricted to structuréleterogeneity observdzbtween assemblies composed of
different precursors. Fibrilsomposedrom thesame precursdravebeen show to
exhibit entirely different packing arrangements within the fibril cBar.examplein
addition to the parallel #negister cros® ar r ay d e sAbys fibrilsehdve a b o v e
been shown tdorm out-of-register parallel crossb cores or entirely antiparallel
crossb ar c h (87 8¢ Thesekargescale polymorphismshave beenmost
frequently describedwithin amyloid fibrils composed osmaller pepdes (70, 88,

90i 92), but polymorphisns are still observed in fibrils formed from longer
amyloidogenicprecursorsequence$87, 93 97). Numerous factors, including ionic
strength and pH influence the final fibril archdcture Therefore assembly
conditions can promote the formation of entirely distinct fibril morphologies which
often, but not always, retain the classical hallmarks of amyl@8& 104)
Polymorphisms have also been observed within fibril populations grown in identical

solutionconditions(87, 91)

11
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Structural polymorphismef amyloid fibrils formed from the samgrecursorcan

significantly influencethe biophysical properties of amyloid assemb{&3, 94, 98,

105 112) The consequences of proptigg a distinct polymorph caalsomanifest

in unigue biological activities. For one such exampdaf i br i I | ar pol ymor phs
synuclein t he <causati ve age mpdssese entirdyadisinctn s on 6 s d
seeding capacitiem vivo (108) Seeding is the process by which amyloid fibrils

catdyse the aggregation of soluble pools of the amyloidogenic preci$soilarly,

di stsyoucUein O0strainsodé were shown to induc:
of not justendogenous}synuclein but alsoof pathological tau inclusiongl08)

Different fibrillar polymorphs found to predomiat e wi t hi n t he brains of
patients have also been suggested as a possible explafoatie difference in

disease progression between suffe(@ds3) The difference in seeding capacity can

have dramatic consequences for the propaga
enhancing or repressing the progression of the dis&dkether tle predominant

fibril morphology popagating within patients of Alh ei mer 6 s di sease can b
serotype the severity of disease is now being investigéldd®) Amyloid

polymorphism maythereforebe an importantletermirant ofthe aggressiveness of

disease, which adds an additional layer of complexity towards treating amyloid

disorders. The variety of pathalgical mechanisms associated with amyloid
polymorphismss further compoundebly the newly emerging phenomenon of co

polymerisation, or crosseeding, of distinct precursors and by the ability of familial

variantsof precursorgo favourcertainpolymorphsover anothe(87, 90, 114119).

Nevertheless, mstamyloid and amyloidike structures exhibia parallel, inregister,

crossb  c. dlre greatest degree of heterogeneity is present at the quaterr,

where protefilaments can arrange into aarray of higherorder assembliesThe

ability to build atomic models of amyloid fibrils has only become a reality within the

last decade. fAis is primarilydue to advances in structural techniques like eryo
electronmicroscopyand solidstate NMR(120) These techniques have helped to

reveal differences in parallelntiparalle] a n d-helibal crosbh arrays t hat ca
arrange to generate structures that differ significabtly still retain the majority of

the classical amyloid characteristics as described af@ke91, 92, 95, 97, 113,

120 125) A selection of amyloid fikl atomic models are shown Figurel.32.

12
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Figure 1.32 The structural polymorphisms within amyloid fibril§. a )  -$oferoic
arrangement of the H& amyloidlike fibril core solved by soligstate NMR(121). (b)
Cryo-EM-derived electron density map woft-b,m fibrils formed at pH 2.0(92). The
fibril is composed of 6 protofilaments arranged in two badéeaarrays as seen frc
thetopd own Vvi ew. (c) St r u cytibrila shownm evith yfilone
containing twefold or threefold symmetry(95, 97) Models were derived using-
NMR. (d) M o-syeutlen anfiyloid fibi detived from s&MR and HDX
NMR (125) Each tricoloured f i |-symeantmoriomse
arranged in a parallel iregister array. (e) Polymphism of TTR (105L15) peptide
derived amyloid fibrils seen to propagate in identical solution conditions. Below
crosssectional view of the fibril core®1)

\
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1.3.3 Exploiting the crossb f o | d i fanctionaltamytoie

While the formatiom of amyloid is most often associated with disease, there has been

a significant increase in thiiscoveryo f 6 f un ct i .dranatibndl araytoigd oi d s
are normally soluble proteinshat adopt an alternative conformation in order to
exhibit altered function. Functional amyloids were first described in yeast, and are
perhaps moreommonlyknown as prionsThe conversion o$oluble proteis into

insoluble and inheritable amylcidke fibresis an established epigenetic mechanism

of phenotypic mheritance though the adoption of an altered protein conformation
(126) The cytoplasmic inheanhce of amyloidike aggregated priongn yeast

normally provides a selective advantage for the cells in which they are propagated
(127)

Yeast prions contain a priaetermining domain that is dispensable for the function
of the O0solubledéd domai n. The ipyoplikec a l physic
domainsvary and include regulatorgontrol of transcriptionor translation of
particular subsets of genes. For example, the yeast prion Ure2p expressed in
Saccharomyces cerevisjae a transcriptional repressor Gfn3, a protein involved

in nitrogen catabolism. When nitrogen sources are rich soluble Ure2p segspres
GIn3 transcription (128). Under conditions where nitrogen sources becoming
limiting, however, Ure2p forns amyloidlike fibrils, thus preventing the
transcriptional repression @In3 to allow the hostto exploit alternative nitrogen
sources. n a second weknown examplen yeast the formation of amyloidike

fibrils from Sup35takes placén particular strains db.cerevisiaeSup35 sequestered

into insoluble amyloidike assemblies reduces the efficiencyghbbal translation
termination. Rducing the efficiency of translation terminatipromotesphenotypic
diversity by allowing the expression of previously untapped biological ¢b2@,

130). Although thesuggestion these mechanisms of epigenetic inheritance were once
a laboratory artefact, more recent examples have determined the existence of
epigenetic prions in a variety of wild yeast straifibe formation of priongonfer
selective advantagesithin a wide range of environmentaonditions (131 133).

The rapid conversion of soluble proteins into pHitie aggregates and backn bea

fluid process, allowing # yeast to optimise its proteome in response to
environmental triggers. In many ways inheritance and persistence of a prionogenic

trait is a mechanism of adaptive mem¢tg4) (Figure 1.33).
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Figure 1.33 Prionbased epigenetic inheritance of phenotypic tra8tarting from the tc
left, yeast cells lacking the inherited prion state are favoured under condit
Spontaneous processes confer a selective advantage upon prion formation. The pi
is especially favoured under condition A, thus prion irtedricells dominate. T
metastability of the prion state means a small pool will convert back to the prion n
which upon changing back to condition B isfagoured, thus ensuring the yeast thr
under both conditions. Inspired frafh34).

In addition to yeast prionseveral high profileexamples of functional amyloiih
more complexeukaryotesare beginning to emerge. In mammals, peptidic hormones
have been foundo be stored in highconcentrations as amyloid fibrils within
secretory ganules of the endocrine systgi85) Mammalian ayloid-like fibrils
composed of RNA and RNAinding proteinswere recently discovereth vivo
localised within cell nucle (135138) The sequestration of such biological
molecules into highly dynamibeterogeneousssemblies is thought to provide a
mechanism for the control of gene expression in response to environmental changes.
Sequestering these protein:RN#omplexesinto amyloid assemblieprovides a
means of compartmentalisation witholetpresence of a lipid membrane, thus
allowing for complex dissolution to take place rapidly in order dffect an
immediatebiological responseAmyloid fibrils are not lhe only type of aggregate
deemed to be a functional amyloid. Drosophila melanogasteamyloidlike
oligomers composed from the cytoplasmic polyadenylatiement binding protein
Orb2 have been implicated in the persistence and maintenance of longdsronym
(139, 140) These are just a selection of functional amyloids twsitinue to be
discovered and cladied. Additional examples from an array of organisicen be

found in thefollowing reference$141i 145)
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1.3.4 Formation of diseas@ssaiated amyloidogenic species

The previous sections have described the generic and heterogeneous features of
pathogenic amyloid fibrils and also the emerging concept of functional amyloid, but
how daesamyloidform? The majorityof amyloidogenic proteins gplay nucleation
dependent growth kinetias vitro (146 149), whereby a lag phasea dynamic
equilibrium of soluble oligomeric species foeth from a partially or fully
unstructured monomeric conformatienprecedes an exponential growth phase
where monomers and oligomers are rapidly consumed via laamiem of templated
elongation at the nucleating particle enéfgggre 1.34a). This primary nucleation
process can be readily monitored through Tihiorescence. The lag phase of
amyloid fibril assembly can be bypassed by the addition of preformed seeds, or
fibrils (Figure 1.34a1 black dashed li@). Exhibiting a capacity to seed is another
defining characteristic of an amyloid. The nucleating partidash adibrils, can
multiply through secondary nucleation processes to further increase the rate of
elongation (99, 150, 151) The most common secondary nucleation pathway is
through fibril fragmatation, where additional fibril ends are generated to increase
the elongation rate via the more rapid consumption of fibril subufiigsife 1.34b).

In a conventional ThT fluorescence experiment, the increased contribution of
secondary nucleation pathwayswards amyloid formatiomanifests itself by a
steeper transition from the lag to the stationary phiggue 1.34b). Additional

mechanisms of secondary nucleation will be discussed in greater detdil kXer

This overview of how amyloid formation procedadshe most simplistic andeneric
mechanisnfor describingthe aggregation ahanyamyloidogenic precurserThere

are however,considerable differences within aggregation landscapes, sughads
may be theatelimiting step of amyloid formatiorf146, 153, 154)This can either

be the formation of an energetically unfavourable nucleating particle, the
conformational conversion of an existing aliger, or even the dissociation of stable
native complexes to release the aggreggtiame precursor in a process known as
downhill polymerisation(146, 153, 154) Each parametesf the aggregation kinetic
profile, such as the length of the lag phase, the rate of elongation and the final fibril
yield, are highly dependentn the precursor sequenas well as thesolution
conditionsused to promoteggregationn vitro (99, 155, 156)
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Much effort has been afforded to decipher the mechanisms of amyloid formation and
to elucidae the structural properties of soluble species that form within the lag phase
(Figure 1.34a). Reasons for this are twold; firstly, understanding the initial events
that promote amyloid formation would mean that the fundameptatesses
underlying aggregation can be targeted therapeutic intervention, and secondly,
soluble species that form during the lag phase of amyloid fibril formationtheot
aggregation endtage productsare purported to be the primary source of
cytotoxicity in a wide range of amyloid disordgisee next Section)n addition,
especially for proteins with defined native structutee fundamental processes that
drive the conformational conversion of a metastable, soluble, natively folded protein
into a partially folded, amyloidompetent states a question of fundamental intrigue
within the amyloid field that remains to be fully underst¢bsle 162).
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Figure 1.34 The amyloid aggregation cascadé¢a) Typical Th’
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1.3.5Amyloid-b oligomer toxicity: a case study

As just mentioned the gzies purported to be the most cytotoxic are those that form
during the lag phase of amyloid assembly. Initially, the general consensus was that
oligomers derived from amyloidogeniprecursors display conservedructural
characteristicsindicating a potetial generic toxicity mechanism. This was part

due to two pioneering studies performed between 2003 which showedthat
sequences derived from proteins known to be involved in amyloid djsalase

with several that were mowere able to form gies that caused toxicity in cultured
cells (20, 21) Between them, these studies indicated that solupézies are
typically sphericalin origin, ranging from10 i 70 nm in size and displaya
conserved All antibody binding epitope. Importantly, these species were
significantly more cytotoxic than their fibrillar counterparémd toxicity could be
prevented by préncubating oligomers with the A1l antibody prior to addition to
cells (21). These studies paved the way for the hypotheses of amyloid yotkiait
largely persists today; oligomers are toxubile fibrils are essentially inert.

Subsequentlyit has become obvious that whole arrays of soluble species are capable
of forming within the lag phase, most of which display varying degrees of toxicity
(Figure 1.35). These species can be broadly characterized dgphar or fibrillar,

which is a reflection on their gross morphology. In shpréefibrillar oligomers
(PFO) tend to display the Addinding epitope, while fibrillar oligomers (FO) bind

an OC antibody163) The OC antibody also recognizes the mature amyloid fibril,
thus suggesting FOs may be structurally reminiscent of the mature amyloid fibril.
Within each class of oligomer, however, there exists a high degree of stfuctu

heterogeneity, even for oligomers compoBed the same precursor sequence.

The best examples of oligomer heterogenariging from a single precursecome

from investigations performed onbApeptides. This is largely due to the volume of

research péormed on these sequencegse totheirassoci ati on with Al zh
disease. Within the lag phase db Amyloid assembly, species ranging from dimers

to Al zhei mer 6s Der i ved?24mers) hauesbeeh temrtediogands ( A
form and cause toxicitwhen applied ectopically to cellular modeikdiseasg23,

164, 165) In betweenthe array of differenspecies that have beelassified include

trimers, 56mers, low number oligomers (LNOs), globulomers (12mers),
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amylospheroids (APSDs), 856 oligomers, annular protofibrilsAbgo.42 mixed
oligos and transglutaminasar®luced oligomer$21, 23, 166174). Interestingly, all

of these oligomer prepations have been shown itthibit long-term potentiation
(LTP) in hippocampal brain slices, a process thought to mediate the decline in
cognitive function in Al zheimeros patien
APSDs) have been shown to bind with varying degrees of affinity the A11 antibody
and are preduainantly spherical in character. This is whémte similaritiesbetween
distinct speciegnd, as the different species contain varying degrees of unstructured
and/or parallelor anti-parallel b-sheet content, awell as being either on or off
pathway towadls mature amyloid fibril formatiof25, 175) The formation of each
speciesin vitro also generatea range of 1) stoichiometries, especially for larger
aggregatese(g. granular protofibrils), and 2) conformations for smaller offes
example, dimers)The dynamism, range of stoichiometries and transient nature of

oligomers hagfor the most pajtprecluded their atomitevel characterization.

Although the toxic effects obligomers are undeniable, with several having been

i solated from the brai nl73, iL76,s1d7@thesticer Al z h e
variety of species that form within the aggregation landscape make targeting
oligomerc species as a therapeutic strategy in any amyloid disorder highly
challenging. This is further complicated by the ability of species to readily
interconvert between different structures and the potentiakistenceof different
speciedn vivo (Figure 1.35) (25). The multiple A-derived peptide fragments that

are known to ceaggregate with full length Byy4, also significantly increases
oligomer heterogeneit 53, 167, 178)In addition, as mentioned previously, there

is another lass of oligomers that have also been shown to induce cellular defects.
Theseoligomers, known as FOs, share a greater degree of structural homology to
mature amyloid fibrils. The structural similaritie§ FOs and fibrils such as the
appearance of crogs architectue, suggests FOs may form atelastages of the

aggregation landscag24, 179)

Despite this section detailing bAderived oligoners, heterogeneity isobserved
within all amyloidogenic cascadgincluding a-synuclein the causative agent in
Par ki nson ¢80 187) Oligaansre composed o&-synuclein are also

dynamic.A recent study showed that oligoraéormed of a-synuclein were able to
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interconvert between two structurally distingpes(188) The formation of a more

tightly-packed, protease resistant oligomer led to an increase in the generation of

reactive oygen speciesinneuroina key f eature ofiwhi&erki nsonods
less compact oligomers were relatively innocu89). Similar differences are seen

for oligomers composed of HyBN, a yeast protein, which can form two structurally

similar, but distinct aggregate pools. Conversely to what was foundfsynuclein,

Hyp-FN oligomers that have a higher degree of structural flexibility and enhanced

surface rdrophobicity were more cytotoxic than their rigid counterpdr@®).

Native state

soluble intermediates

Figure 1.35 Conformational and stoichiometric plasticity of soluble intermediat
amyloid fibril assembly.An array of species have been isolateditro, which may be o
or off-pathway to amyloid fibril formation. Different coloured oligomers represent a
subunit conformations as well as heterogeneous stoichiometries. Each species ce
toxicity via independent mechanisms, while several magxist at any one time. Fibr
may also act as reservoirs of soluble intermediates/o (dashed lines).

1.3.6Mechanisms of toxicityof soluble amyloidogenic species

In general there are two mamechanism®f amyloidmediated toxicity. The first,
which has been primarily linked to amyloid deposited extracellularly, is through
membrane disruptiol91i 193) The ability of amyloid to disrupt membranes has
been a consistent theme irrespectofe precursor identity. Moreoveramyloid
membrane interactions have been well documebpéidin vitro and in cellular and
animal models of amyloid diseas€k70, 184, 194197) Despitethe conserved
affinity of amyloid for membranes, the mechanisms that lead to membrane
disruption are quite divers@-igure 1.37). Poreforming oligomers have been
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identified for a rage of different amyloid$198). Oligomeric pores that pfierm in
solution and embed within the lipid bilayer causevitro membrane disfution
and/or calcium influx at the plasma membrgRegure 1.3.7) (190, 199, 20Q)For
other amyloidogenic proteins, such as hIARPn d-synuclein, unstructured,
hydrophobic monomers embed within the lipid bilayer where amyloid formation
proceedgFigure 1.3.%3) (201 203). Embedding within the lipid bilayer can lead to

a conformational conversion of the precursor protein into an amgtorbetent
state. The growth of amyloid aggregates at the membrane surface damages
membrane integrityleadng to disruption(201, 204) Similar nucleation events at
the membranesurface have been shown to generate memiaetive pores as
opposed to fibrils,of hIAPP (196, 205) The formation of pores within the
membraneas opposed to pifermation in solutionhas been proposed induce a
greater degree of membrane disrupt{d3) RecentX-ray crystallographic studies
have elucidated the structure of a potentially gorening oligomer composed of a
fragment of the amyloidogenib-crystallin (Figure 1.36). The oligomer exhibited
many of the properties of other oligomeric species, including binding to the All
antibody and causing toxicity in cell models. The crystallographictsire revealed

the oligomer to be formed from 6 antiparallelstrang (known as cylindrin)
offering intriguing insights into how poif®rming oligomers may induce membrane
disruption(206).

Figure 1.36 Atomic resolution structure of a toxic amyloidogenic oligoméa) Rollec
out schematic represent at i o-strand brientatoly &
main chain and saliridge mediated hydrogen bonds between strands (yellow an
dashedines). (b) Paired strands form aptirallel dimers that orientate about a thiwéd
axis of symmetry within the cylindrin structure. (c) Side chain positioning withi
cylindrin structure with H bonds shown in yellow. Taken fri206).
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The cylindrin structure is only applicabl® oligomersof sufficiently low order (for
example, hexamers vs. -30mers)that are rich inb-sheetsecondarystructure
However as manyoligomeric species are composed of highly unstructured material
(190) Nevertheless unstructured oligomersstill induce membrane disruption.
Severalmechanismshave beenproposedas to how this may be facilitated. As
unstrictured oligomers can exhibit high degrees of surface exposed hydrophobicity,
it is more entropically favourable for these types of species to embed within the
hydrophobic bilayefFigure 1.3.7). Embedding of a large, bulky protein oligomer is
proposed t@ause membrane thinning, which can cause membranes to become leaky
(2071 210) Membrane leakage has also been proposed to be meiiatew via
receptormediated mechanisms.li@bmershave been showto bind to cell surface
receptors as opposed daectly embedding within the bilayer. Recent experiments
have proposed that PrP acts as a-sgiface receptor for aggregates ob,A
potentially mediated thrah copper bindind211 213) Similar receptomediated
mammaliancell surface interactions have also been proposeddopathological,

but toxic,amyloid assemblies composed from the yeast prion S{(#i35

Figure 1.37 Mechanisms oamyloidmediated membrane disruptiofil) Oligomeric pore
can form due to partial denaturation of the native state of an atoglenic precursor (bl
to red) (2) Partially structured or intrinsically disordered proteins can unc
conformational coversion upon embedding within the bilayerform pores(3) IDPs an
unstructured monomers that interact with the bilayer can also seed the forofatg¥rpore
like aggregatesleading to membranthinning and leakage. (4)Non-pore aggregates ¢
also brm in solution prior to embedding within the bilayer. Eially, aggregates can a
traverse the membranenabling seeding and propagatiortted amyloid

Although membrane interactions have been extensively documient#do and in
cells,in vitro membrane disruption does not always correlate with cytotoxXit@y)
This is not surprising when considering the long inci@batimes over which

amyloid diseases emerge. Sometimes symptoms of disease can take decades to
manifest, which would not be the casedllular membrae integrity were so easily
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compromised. This is not meant ttownlay the importance of amyloitipid
interactions in disease, but just to suggest that the cellular effects mayésubtle

than those observead vitro usingliposomes(197) The majority ofin vitro studies

are performedat protein concentrations that would typically exceed those fogund
vivo, and as aggregation of amyloid is normally a concentration dependent process
(146, 148, 215)the concentration of toxic oligomers are likely to be much higher
vitro. Nevertheless, the formation of ionic pores and oligemembrane
interactionshas been documented at physiologically relevant conceatraitf25,

213). Indeed, apart from the consequences outlined above, anrtigioidnteractions

must take placen vivoin order for the priodike propagation of infectiouamyloid
particles(Figure 1.3.%). For a series of different amyleltke aggregatesincluding

tau, a-synuclein and SOD1, infectious particles are able to transmit from the
endocytic pathway to the cytosol, where they can seed new amyloid forr{@gion
216'218). This must take place through the disruption of cellular membranes
without any immediate congaences for the viability of celldl08, 188, 216, 218,
219). Evidence to support endosomal membrane disruption is supported by the

release otathepsins into the cytosol upon incubation withaggregate§220).

The second mechanism of amyloid toxicity is generally mediated via cytosolic
inclusions through the disruptiorof cellular proteostasisF{gure 1.38). Large
intracellular aggregates have been shown teaggregate with various cellular
factors that lead to a losd-function of the ceaggregated proteinVhich cellular
proteins interact witim inclusions appears to denctionally indiscriminate, with
various cellular pathways affected as a res(#21) An enrichment of proteins
involved in mechanisms of proteostasis aremmonly found enriched with
inclusions however Thesecan include molecular chaperones and factors critical for
ubiquitinrmediated proteasomal degradation. This makes sense, as cytosolic
inclusions are often enriched in ubiquitin, but their increased stability upon
aggregabn means they are not effectively clear&R2 224) What 6s mo r
sequestration of cellular factors by cytosolic inmas does noalwaysmanifest in
obvious metabolic defects until secondary stresses ap@2&) In a study
performed in yeast, cytosolibuntingtin exon 1 (HTT) inclusions werefound
enriched with the molecular chaperone Sislp. Toxicity was not observed until a
secondary, noiamyloidogenic inclusion ofarboxypeptidase YCPY) was formed.
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In the absence of HTT inclusion€§PY aggregates were degradedickly, but
competition for cellular resources upon HTT inclusion formation prevented
clearance oCPY and led to cellular toxicity. Toxicity could be reversed upon -over
expresson of Sislp, which led tthe clearance ofCPY aggregatesbut not HTT
aggregatesThis chaperone competition has also been shown to impede clathrin
mediated endocytosis through the sequestration of intracellular Hsc70. Endocytic
trafficking defects were liserved in the presence of a variety of different cytosolic
inclusions, including those of atax3y SOD1 and HTT (226) Chaperone
competition as a mechanism of amyloid toxicity could well be applicable to all
amyloid diseasedt can dso explain why so many amyloid diseases areratged,;

as mechanisms of proteostadecline,depleted chaperone pools are overwhelmed
by increased aggregate depositioeducing the clearance of misfolded, aged and
nonfunctional proteing6, 7). The reduced clearance of proteins ntlagninduce a

range of cellular defects.

The disruption of endocytic traffickingas outlined abovg226) is especially

pertinent for neurodegenerative amyloid disorders. The correct trafficking of

signalling molecules is fundamental to the maintenafi@@mmunicative neuronal

networks. The disruption of these processes is likely to be a key contributor to the

onset of symptomsSimilar trafficking defects have been observed in models of

Al zhei mer 6 s and .A&gregktéesmfshoveré showd peréud she s

function of PICALM, a scaffold protein required for the correct assembly of clathrin

coated vesiclegl6, 227) In yeastandC.eleganamnodel s of Par&i nsonés d
synuclein cytosolic inclusion formation induced a range of {gsdociated defects

(228, 229) In both instances;orrectingtrafficking defects using small molecules

was able to ablate amyloid toxicity in yeast andPirar ki ns o npatent di sease

amyloid Protein amyloid Protein
aggregallon quality control aggregation  quality control
| S\alf‘ed amyloid deposigi, T
proteostatic proteostatlc
balance |mbalance

Figure 1.38 Proteostatic imbalance as a mechanism of amytaldced cytotoxicity.
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derived induced pluripotent stecells(230'232).

Disruption of cellular homeostess is not only restricted to the sequestration of
cytosolic chaperones. Ovexpression of aggregatipone PrP¢ in the ER

attenuates translation through activation of UPR in mice. Restoring translation by
inhibiting phosphor yinsetof Brif-induded aell de@hl) del a
without reducing Pr¥” aggregatior(233) PrP° aggregates are proposed to mediate

toxicity by preventing the synthesis of critical cellular proteins to replace those that

have been turned ovéR33) Translation daenuation as a mechanism of amyloid

toxicity has also been observed for other aggregéi®d, 235) Irrespective of

whether mediated by translation attenuation or chaperone competition, amyloid
toxicity in both of these instances is mediated through the disruption of critical

cellular pathways leading to a loss in camication of functional proteins.

1.3.7Amyloid fibrils T inert end products d aggregation?

The cytosolic inclusionmentioned in Section 1.3.6 are often insoluble in nature and
candisplaymorphologicafeaturessimilar tothose observed iamyloid fibrils. This
observation raises questions regarding whether amyloid fibrils are truly{28gror
whether they contribute towards toxicityia mechanismssuch as chaperone
compettion. Several anyloid fibrils have been shown to interact withrange of
molecular chaperoneas vitro (221, 236239) For example, he interaction of A
amyloid fibrils with ATRindependent chaperonkas beershown to redce the rate
at which fibril subunits exchange with soluble spe¢%7, 238) The reduced rate
of subunit exchangapon chaperone bindinfustrates the functionalelevance of
amyloid fibril:chaperone interactionsTherefore, myloid fibrils deposited
extracellularly as well as intracellular inclusiossich as those described aboveay
mediateelements othaperone competitiebased toxicity through the sequestat

and inhibition of chaperone function.

Can amyloid fibrils illicit toxicity via other mechanisMdAs mentioned above,
amyloid fibrils exhibit dynamidehaviour postormation by subnit exchange with
material that remains soluble under fibril growth dibions. Can tk extent tavhich
soluble speciesexchange with fibrils be modulated in order to increase the
concentration of potentially membranetive soluble speciem solution (Figure

1.3.9)? For functional amyloid, théormation of (some) amyloid provides a means
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of membrandree compartmentalization to guress protein function under certain
conditions. The dissolution of these amyloid assemblies upon encountering specific
environmental triggers allows resolubilised gein to mediate a rapid biological
response.(136 138). Similarly, amyloid fibrils composed of peptidic hormones
dissolute into functional, soluble units upon encountering different physiological
conditions once trafficked and releas® into the extracellular environmerfi35,
240). There are several monecent examples describing tmele of dynamic
amyloid formation, including controlling the ability of yeast to acquire facultative
multi-cellularity, and higher order assembly of metabolic enzymesfilsmentous
assembliesn response to pH induced station (133, 241) In the latter, asembly

into insoluble filamentsnactivates the enzymes to avoid excessive consumption of

cellular resources when nutrient supplies are deficient.

As mentioned, the dynamic to@e of pathologicahmyloid fibrils is an established

fact A study in 2005 was the first to document such activity in fibrils assembled
from an SH3 domain. Using NMR and hydrogen exchange mass spectrometry,
Carulla et al revealed that exchange withinfthel was dominated by a mechanism

of dissociation and rassociation of soluble species in solution at an exchange rate
of 1x10*s' (242) Similar observations were subsequently made for fibrils
composed of A and a-synuclein, where dissociating species for the latter were
cytotoxic oligomerg188, 243) Although the reported exchange rates are relatively
slow (complete exchange of subunits over a time scale of weekshange of
soluble species was only invegted under the conditions employed for fibril
growth. The exchange of species may be accelerated by subtle changes in solution
conditions, a situation that is likely to be reflectimevivo, as extracellular amyloid
fibrils can beroutinely trafficked toenvironments that are distinct from those in
which they form(188, 216218, 220, 244246).

In addition toamyloid fibrils acting as reservairfor cytotoxic oligomerg(Figure

1.3.9) the fibril surface has been shown to be an important driving force in the
propagation ofcytotoxic speciegFigure 1.39d). Ab amyloid fibrils were recently
shown to increase the pool of soluble intermediates when incubated in the lag phase
of amyloid fibril formation through a mechanism of surfaicelucedcorformational
conversion of monomeric precursors to an amytmthpetent staté151, 152)
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Secondary nucleation processes such as these illustrate the pathological potential of

amyloid fibrils in driving theformationof toxic species immyloid disorers.

Figure 1.39 Mechanisms of amyloid fibrimediated toxicity. (a) Amyloid fibrils have
been shown to interact directly with, apdrturb, the architecture of membrane bila)
WAmyl oid fibrils composed of Ab hav
upon interacting with membraneg&) Fibrils composed of a range of amyloidogt
precursors are also dynamic, with sultsigixchanging with soluble material under st
conditions.(d) Fibril surfaces have also been shown to be important catalytic surfa
the propagtion of cytotoxic oligomers

As for soluble intermediates of amyloid assembly, mature amyloid fibrils have also

been reported to mediate membrane disruptioritro (Figure 1.39). This has been

shown for f i bisynucleinocHT yhere &bdls were shown to bind

to unilamellar vesicles of a variety of different compositi(#%7) The bi-ndi ng
synuclein to synthetic vesicles is coincident with calcein-r@y@ase from the

vesicular interior.Plasma rembrane(PM) disruption was also observed upthe

addi t i-gymuclein fibriléto cells asevidenced by an increase in intracellular

calcium levelg248) Calcium influx into thecytosol is associated with, among other

things, the onset of apoptosiM disruption was also shown for fibrils composed of

the yeast prion Sup35. In this instance, PM disruption is modulated by the presence

of GM-1 expression at the cell surfa¢@14) This shows that fibriinduced PM

disruption canalso be receptomediated. PMnteractions havelso been reported

for fibrilaras sembl i es of LAM, iwhinoohd eil ;d wde Al z he
(194). As previously mentioned, disruption of LTP is thought to be the driving force
behind cognitive decl idisease nA fp-miducdetNiPls wi t
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disruption is independent of PrP, the purported cellular receptor farasgsemblies
o f , sufgesting that fibrinduced LTP disruptioin this instance isnediated by
direct bindingbetween fibrilar assemblieandthe lipid bilayer(212)

An additicnal study al so observed the reversion of Ab

protofibrillar oligomers upon interacting with biological membra(f@gure 1.3.9)

(249). These oligomers were structurally homologous to those that fopatbmway

to fibril formationin vitro and were shown to induce memory defects in Alzheirbes

disease mice models. The different mechanisms by which amyloid assemblies of the

same precursor induce toxicity may be related to the structural heterogeneity
observed within mature amyloid fibril assembl{&ection 1.3.2)This supports the

hypothes of &éstraind dependent phenotypes for
symptoms observed and the aggressiveness of disease may be related to the
predominating fibril morphology founia vivo (113).

1.3.8 How to treat a problem like amyloid?

Targeting the precursor

As a result of the multitude of mechanisms of amyhbédivedtoxicity, developing
therapeutic strategies to intervene within this class of disorders is extremely
challenging. Major research efforts have been focused in understanding the
mechanisms that underlie aggregate formation in an attempt to find points thihi
amyloid cascade that are most amenable to intervention. The premise of this strategy
is that preventing the formation of aggregate species will preclude the need to
intervene downstream of amyleidediated toxicity. Intervening at the most initial
stages also means that the wijgbe function of the amyloidogenic precursor can be
maintained, providing the native fold is stabilisgb0) So far, this strategy has
yielded the only commercially available treatrhfar any amyloid disorder: Familial

amyloid neuropathy (FAP).

FAP is a deadly neurodegenerative disorder caused by the aggregation of
transthyretin (TTR) into amyloid specié51). TTR in its wild-type form assembles

into functional tetramers whose physiological role in the blood is to transport holo
retinol binding protein(252) Like all amyloidogenic precursors that possess a
defined tertiary or quaternary structure, partial unfolding of the native state is
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required for TTR assembly into amyloidogenic struct{g&s, 254) The misfolding

of TTR is exacerbated by the presence of familial mutations that destabilise the
native state and accelerate amyloid formation and the emergence of d{26&}e
There are more than 100 familial mutations known to be associated with various
TTR amyloidoses andn general, the more destabilising the mutation to the native
tetramer, the eher the onset of diseag256, 257) The rate governing step for TTR
aggregation igelated to the kinetic stability of the tetramaithough monomer

unfolding is required for aggregation to procéedjure 1.310) (258, 259)

Tafamidis-bound tetramer Free tetramer Aggregates

Folded monomer  Misfolded monomer

Monomer
misfolding

SS9
¥ V& Ligand
.dissociation

Functional TTR structures TTR structures associated with pathology

Figure 1.310 Mechanism of action of TafimidSransthyretin aggregation into amyloic
dependent first upormonomer dissociation from the native tetramer prior to p
unfolding of the monomer into an amyloid competent state. The rate limiting step «
aggregation is tetramer dissociation. Tafimidis binds within the thyroxine binding po
TTR betweenthe weak dimer interfaces, increasing dimer contacts and improvil
kinetic stability of the native tetramer. Increasing tetramer Kkinetic stability pr
monomer dissociation and subsequent amyloid formation. Figure take4@n

For FAP, if aggregationof TTR couldbe prevented by kinetically stabilising the
native tetramer to prevent monemdissociation disease progressioocould be
slowed.Evidence for theeffectiveness of thistrategy is supported by the presence

of a familial variant that reduces monontetramer dissociation in families thaso

carry TTR familial variarg associated with FAR260, 261) The variant, 1119M,
increases the stability of the native tetramer by increasing the intermolecular contacts
between the weak dimer interfac@sgure 1.310). To this end, the Kelly group
devel oped t he smal | mo | e c y Madimidi§, ptHata r ma c o
kinetically traps the native TTR tetramer to prevent monomer dissociation and
amyloid fibril formation (Figure 1.310) (262, 263) They were able to do this by
targeting the evolutionary conserved but functionally redundant (in humans)
thyroxine binding pocket that resides within the subunit interface of native G R
usinga structureguided drug design strate¢®64). Tafimidis essentiallynimicsthe
inhibitory 1119M variant bystabilising the dimer contact interface to prevent

comple dissociation. Phase 1l clinical trials reported that patients with the V30M
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FAP-associated familial mutation experienced a slowing down of neurological
defects associated with TTR amyloidosis, showing the value of pharmacological

chaperones in treatirmmyloid disorder$255).

Despite the obvious success of this strategy, how applicable pharmacological
chaperoneare to other amyloid diseasie unclear For disorders that require partial
native state denaturation, such as for lysozymienanunoglobulin heavy and light
chain amyloidoses, stabilising the native state against unfolding is a promising
therapeutic strategy. For other amyloid disordems)yloigoneic precursors are
natively unstructured. As little to no information exists regagdhe monomeric
conformationsof these proteinsit is not possible to use a structure based design
strategy tadevelop small molecule inhibitors afjgregation. Therefore other means
are required. The most conservative strategies generally involve idepbétthe
monomeric precursor, due to the difficulties in targeting multiple toxic aggregates

and the concentration dependent aggregation of most amyloidogenic proteins. For

Ab in particular, this can involves modul

ati

responsi bl e for generating amyl oi dogeni c

transmembrane precurs@®65) Monoclonal antibodies targeted against monomeric

or soluble oligomeric f or ms tentialtréabmerdtav e S0
(266). The value of monomerdeplebon i n treating Al zhei mer 6s
shown intwo papes t h at all eviated -mduced eognéive r ever s e
impairmentbyug egul ating cellular proteins that i

the CNS into the circulating plasnf267, 268) In one of these studies, Cranwtral

found that Bexarotene, an FBapproved anicancer drug molecule, increased the

poduction of apolipoprotein E (ApoE) and

brain of Al @68eNMutateonsavehin mpoE @& e one of the greatest risk
factors in earbo ns e t Al 269 iDespite &he initial and continuing
excitement surrounding this publication, several studies have attempted to
recapitula¢ these findings with varying degrees of suc¢@3ér 273). In addition

the strategy of monomer depl etion is
provides the greatest variety of examples for the types of approaches being
developediue toits association with Alzhie me r 0 s. Otherrmon@aneradepletion
strategies can be found here, such as RNA interference of precursor mRNA levels
within the cell(274, 275)
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Remodelling toxic species

Another heavily investigated strategy for ameliorating amyloid toxicity is to remodel
soluble oligomericspecies into aggregate structures that are bd@ign276 280).

There are many different mechanisms of small molecule interference of the
aggregation cascade, with lead compounds often identified through screening large
libraries of molecules. Screegirprogrammes are usually performedvitro and
typically rely on changes to the aggregation kinetics observed using amyloid binding
compounds such as Thioflavin (Figure 1.3.11a and bcreening protocolthat
observe the kinetics of fibril formatiomre the most efficient way to identify
compounds that modulate the aggregation landseepkttle structural information

is known about intermediates of amyloid formation that cause cytotoxicity; therefore

structural based drug design strategies cannpetdermed(281).

Most typically, compounds that inhibit or delay the formation of amyloid species are
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Figure 1.311 Pharmacological modulation of the amyloid aggregation cascdadeservin
the kinetics of fibril formation are typically used to identify compounds that mor
amyloid aggregation. Positive hits either result in an increased lag time (a) or a redt
ThT fluorescence amplitude (b), or bofle) Aggregation cabe inhibited by stabilisation
the native state (blue arrow). Partially unfolded monomers can also be bound by ir
that redirect aggregation towards namyloidogenic species (green arrowsSmall
molecules can be used to drive amyloid fibrilnfiation to prevent thaccumulationof
cytotoxic species (orange arrows), can be used tdind and remodekytotoxic specie
(yellow and limearrows).
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considered hits in screens thailise fluorescenceineticsof amyloid formatioras a
readout (281) This manifests in an increased or infinite lag ph&sgure 1.3.11a)

or a reduction in the amplitude of ThT fluorescenathin the stationary phasdue

to a lower fibril yield (Figure 1.311 b). Using a single analytical method such as
ThT fluorescence is not wholly reliable and can provide false negative results due to
competitive binding between small molecules and ThT to thes® f i br i | cor e
(282). Competitive binding takes place as mamyyloid-binding compounds share
structuralhomology with ThT, in that they are rich in aromatic functional groups
(283, 284) The mode of binding is thought to be largely hydrophobic with additional
specificity provided by salt bridges or hydrogen bonds from small melecu
functional groups(285). Nevertheless, monitoring the kinetics of amyloidrif
formation by ThTfluorescenceaemains at the forefront of efforts to identify agents
that can pharmacologically intervene with amyloid aggregation andpbssbly

preventor ameliorateliseas¢281).

One thing that should be considered when screeningarfioyloid aggregation
inhibitors is the inherent heterogeneity within toxic oligomer ensembfes the
origins of toxicity within oligomeipopulationsare not defined by a single species, it
can be difficult to inhibit or divert theggregation pathwagown a route that
favours the formation o nontoxic aggregateln addition cytatoxic oligomes do

not have to be those that form-pathway to fibril formation, so preventing fibril
formation by diverting aggregation down alternate routes does not necessarily mean
that toxicity will be ablatedFigure 1.3.11c) For example,the small molecule
rifamycin-SV was shown to divethe aggregatioro f ,m lnto nonamyloidogenic
species. Despite inhibitinfijpril formation, rifamycinSV-generated aggregates still

exhibit significant cytotoxic potentig286).

Nevertheless, ampoundsdiscovered byin vitro screeninghave beerreportedto

bind to oligomeric speciesand inhibit the agggation cascade, often leading to
reduced aggregate toxicity26, 276, 278, 28290) Similar anttaggregation
activities have been reported for a variety of ottm@lecules,including molecular
chaperoms, antibiotics, metal chelators, amflammatory agents and antibodies
(2911 298). In addition,de novod e si gned b rbcendybdee shewn tba v e
endcap oligomeric species and prevent further elongation into amyloid f{BeB;
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300). T h -breakersfwere designed based on the structure of oligomeric species
formed from fr agment sX-rayfcrystabograpbyBOliB0O8)e s r e s

Small mokcules that modulate amyloid toxicity are not restricted to those that
inhibit amyloid formation(Figure 1.3.11c)Compounds have also been identified
that accelerate fibril formationleading toredued overalltoxicity of A bpeptide
preparations(26). Similarly, small molecules have been showmpromote fibril
disaggregationin the process generatirgpluble species with varying degrees of
toxicity (277, 304, 305)The competing pathways in which small molecutese
beendiscovered tomodulateamyloid toxicity further illustratehie heterogermis
mechanisms of amyloid toxicity.herefoe, the therapeutic benefit ofsaingle small

molecule identified through such screens remains to be established.

Although changesin aggregation kinetics are most usually monitored using
fluorescent amyloid dyes, other techniques, sagion mobility spectranetry mass
spectrometry (IMSVIS), can provide additional information as to the mode of action
of particular small molecule modulators of amyloid aggregat®& 308). This is
achieved through the high mass to chargsolution of MS, which can detect
binding stoichiometries of small molecules to defined oligomeric speaies
determine whether binding is specific to a particular oligomeric ftagare 1.3.12)
Because IMSMS resolves species based on shape andaseth/z, this technique
can also determine whether small molecules bind to particular oligomer

conformations.

IMS-MS has been used reveal differences in the mode of aggregation inhibition of
the wellestablished small molecule inhibitors silbinin a@d-epigallocatechin
(EGCQ against hlIAPP aggregatiq278, 308, 309)Figure 1.312). Younget al

were able to show that although both molecules inhibit aggregation, EGCG binds
specificallyonly to monomerconformationsof hIAPP, preventing the formation of
higher order specig#igure 1.3.12@nd d) Silibinin, however, binds specifically to

a partizlar expanded conformation of monomeric hIAPP. Binding to a specific
conformer and preventing aggregatiorsuggests this particular monomer
conformation is an epathway species towards fibril formati¢808) These results
show that IMS-MS is more than a sipke screening strategy and can reveal

information regarding the role of particular oligomeric species in the aggregation
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cascade. Techniques such as this may become the new standard bearer for high
throughput screeninfpr amyloid inhibitors able to target specific conformdrat

are not as yetroutinely used.
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Figure 1.312IMS-MS as a tool to determining mechanisms of amyloid inhibiti@).Drift
plot displaying the formation of oligomeric species within the lag phase of hIAPP a
aggregation. The large number gives oligomer stoichiometries, with the sup
indicating charge state. Thed m/z spectrum is shown on the left hapdxis. (b) Th
kinetics if hIAPP alone (black) and in the presence of increasing amounts of EGCG.
spectra of hIAPP with EGCG shows binding to both hIAPP monomer 2+ and 3+ «
with a range of binding stoichiometries (inset shows structureDift) plots of hIAPP i
the presence of increasing amounts of EGCG indicates binding to monomer prev
formation of higher order oligomers. Compound to protein ratios are defined on tl
plots. Figure adapted fro(808)

Intervention through modulation of the proteostatic network

The strategies outlined so feely on the premise of the gaof-toxic function for
amyloidogenic aggregates. However, a new wave of research has identified the loss
of protein homeostasis in the presence of aggregates as a defining tfatiee

onset of amyloid diseagé, 8, 250, 31Q)These were discussed in the latter half of
Section 1.3.6. Several high profile papers have shown that reversing the defects
within the proteostatic network can alleviate symptoms associated with amyloid
deposition. In some examples, this reversal can be achieved without affecting the
concentration baggregate deposition. In particular, small molecule inhibition of
PERK kinase, a key mediator of the UPR, prevents translation inhibitiomce

with prion disease and rescues cognitive defects associatedPriAthreplication.
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Importantly, pharmacolagal intervention was beneficial even after the emergence

of disease sympton{811)

More recently, similar pharmacological rescue of translation inhibitionstvan to

be beneficial for amyloid disorders associated with the deposition of cytoplasmic
inclusiors in amyolotrophic lateral sclerosis (ALS). Toxicity associated with TDP
43 and ataxifR cytoplasmic stress granule formatiere modulated by inhibiting
PERK kinase in Dreophilia models of the disease. Thisther confirns the role of

the dysproteostasig the progression of at least some amyloid dise@3h.

1 . 4midvoglobulin, a model system forstudying amyloid diseass

1 . 4 .mAndfialysisrelated amyloidosis

Despite the progress made towards understanding the biophysical and pathological
features of amyloidogenic proteins, theee still significant mileage ahead until
curative, or indeed palliative, treatments for amyloid diseases become readily
available. Sp what is the ratelimiting step inhibiting the development of
therapeutic8 Onething in particular is that modulators aimyloid aggregation
discoveredn vitro are not similarly effective at ameliorating toxicity vivo (312)

This is likely to be due to the multifaceted nature of amyloid toxicity not normally
accounted for duringn vitro screening protods. Therefore in order to combat
toxicity effectively, all species that facilitate pathological processes, and indeed the
associated mechanisms of toxicity, need to be characterised within an amyloidogenic
ensemble. This is especialpertinent todaydue to the limited numberof routine
screeningprotocols designed to detect early events associated with the onset of most
amyloid disordersThereforethere is a significamieedfor treatments that intervene

once amyloid formation has already commenced

In order to invesgate the mechanisms of amyleadsociated toxicity whereutilise

b-mi cr o g | gnpasdmodel sfystkemUnder normal physiological conditions

bom plays a central role in cellular immunology by associating-ecmralently with

the majorhistocompatibility complex type 1(MHQ) (Figure 1.4.1a) MHC-1 is
involved in antigenic peptide presentation of short peptide fragments derived from
proteolytically cleaved cytoplasmic proteimsall nucleated cells ,mbis a small, 99
residue protein wh a immunoglobulidike fold that contains a stabilising disulphide
bridge between cysteine residues at position$ 8350 o n o psipeetx3lar g b
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315) (Figure 1.4.1h) Although noncovalently associated with MHC , .m bs
essential for the correct folding of MHCand thus antigen presentati@ecause of

t he r equinferrcerec foldinfy of the antigen presentation complex it is
often referred to as the MHC chaperon€316, 317)

antigenic peptide

Figure 1.41St r uct ur e-miarbglobulinma (ama ijfocofmplex with the MHEL
heavy chain. The anti geni,nlightehainh cothmone
is shown in blue (PDB comdenlQEW) at {
sheet is shown orientated towards the front of the page. Cysteine residues 25a
shown in yellow (PBD code 1J1K433).

As part of its catabolic cycld,m dissociates from the heavy chain into the blood

where it is trafficked to the kidneys for renal clearar(®48) For patients

undergoinglong er m haemodi al ysi s tr emundergods due t o K
an increase inplasma concentrations (up %0-fold) as it cannot be cleared

effectively through dialysis membrangxl9, 320) This increase in concentration is

ultimately responsible for the tissgep e ci f i ¢ d@ ipto amyloid ptagqueso f b
associated with pathological joint and bone destruction in a condition known as
dialysisrelated amyloidosis (DRAJ321i 323) (Figure 1.42). The tissue specific

deposition ofb,m into synovial joints is thought tesult fromara f f | nimtand of b
collagen(324, 325)Morer ecent | vy, a fya@@r6N)iwasldiscovared ant of D
to be associated with localised systemic amyloidosis, increasing the spectrum of

b,m-associated amyloidos€k0).
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Figure 1.42 Dialysisrelated amyloidosisThis cascade of events leads to tisspecific
b,m deposition, conversion to a fibrillar state antimately pathological joint and bao

destructi on.
are indicated. Taken fro@d34).

1. 4.2

Like other amyloid diseases,

Me c hya amylsichfsrmadidn

Factor s Kk n omin vivoosuch asscallage

b

the pathologmagins of b,m amyloid formation are

unclear. Similarly, the mechanisms that promote the aggregation of the natively

folded proteininto the amyloid cros$®

The increase ib,m concentrationhowever is fundamental to the aggregation of

bom (326, 327) The

proteol yt i em aperofted found is patehts with DRA. In particular, the

f absb ®main unresolved in atomic detail

i ncr e asyath the bloodalss means ¢hat

N-terminally truncated variantnN6, in which the Nterminal 6 residues are

protedytically cleaved,c a n
associateavith amyloid plaqu

plagues of b,m suggeststhat

compose up t em cadrcéntratoor
e$328, 329) The enrichment giN6 within amyloid

proteolysismay play arole in initiating amyloid

formationi wt b,m cannot form amyloid fibrilsat leasin vitro, at neutralpH (330)

In vitro studiesshowedthat t

he removaof the 6 Nterminal residuegrovides a
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greater degree of c¢onf oommalécule which updnlae x i bi | i t
slight reduction in pH from 7.21 6.2 leads to a cistrans peptidytprolyl

isomerisation at residuproline 32 (157) The trans orientation dPro32 in nN6

enables the protein to adopt a conformation reminiscent of the folding intermediate

I+ (157, 159) Although highly homologous in main chain structurevtdb,m, nN6

exhibits a significant rearrangement of sakainsinvolved in the formation ofhe

hydrophobic cor¢157) (Figure 1.43). The concemation of k can also be increased

by mutating residue 32 to glycine, indicating the role ofRe®32 is restricting the

confor mati on anto preveneamyloid faoniatiof@59, 331) The I

state is thought to be a structural intermediate critical for amyloid formation. The

a

Global destabil;
i
ol 2 L
p 2
2 ¢ [o]
3 1 g
€ [<}
e
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s b \ s -
T Sy, = s |
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Figure 1.43 T h em dmyloidogenic varianiN6. (a) The lowest energy structuresva
b.m(blue),nN6 (raspberry) and the overlaid structures (far right) (PBD codes 2XK
2XKU respectively). (b) Side chain reorientation within the hydrophobic coneNG
(red). Shown i n c¢ o mpnblack}(d5m) (o} Maddl of prbposed activity
NNG6 (red) in promoting the agge g a t i -m (green}332h b
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presence of large concentration jufl6, a structuraimimic of the k state, may

therefore accelerate/initiate the fam i on and dreirpocamyloid fiwile. o f b
More recent studies have shed light on the possible rofdN6fin promoting the

formation ofwt b,m into amyloid fibrils at neaneutral pH.Using detailed NMR
studies,Karamanost al. showed recentlyhatpN6 can act as a catalytic converter

to promote conformational changes withivt bpm at pH 6.2 into an amyloid
competent stat€332) (Figure 1.43). The interaction betweenN6 andwt b,m

involved the formation of weakly associatddansient heatlo-head interactions

which was enough to destabilise the native state to allow fibril formafiart b,m

to proceedFigure 1.43c). The parti al u n hbnods dn imtigtihgd e n a t u
event of fibril formation is further supported by additiomaVvitro analyses thahave

hi ghlighted parti cul am aggregatiahiig promoted. Ab nd e r
neut r ain anyldid forfmation can proceed in the presence df @mns and

ureg by mutagenic removal of the 6-Ner mi nal roe; by dddiegs o f
tetrafluoreethylene;or by destabilising the Nand Gt er mi nal .,ns(828,nds of
333 335). Fur t homfibmidarneation Has been showto proceed rapidly at

low pH under a variety of conditions. Acid denaturatiombb,m in solutions with

low ionic strength promotes h e f or mantamyaid filmils with all the
characteristic hallmarks of amyloid fibri(55, 336, 337) | n a gmdamyloidon, b
fibrils obtained under these conditions are morphologicsiltyilar to those isolated

ex vivofrom patients with DRA(82). The similarities of fibrils formed at low pH

with those isolate@x vivohighlight the value oin vitro experiments in determining

t he mec haiamiamytod filwilf fornfation. They also maka vitro b,m

amyloid fibrils a valuable resourcéor decipheringthe mechanisms of amyloid

formation and amylal-associated toxicity.

1.4.3 Mor phol ogmamgdd fifrleat ur es of b

Recent advances in structural biology have é@lp elucidate the structural
pr oper tm anyloidofibrils.fChief among the techniques used to investigate
bom fibril architecture are cryo electron microscqpyoEM) and solidstate NMR
(SSNMR). In 2009, Whiteetal used cryoEM to elucidate the quaternary packing of
protofilaments within the mature fibril cqrand also determimithe subunit packing

arrangement within the protofilaments themsel@. The st udyomr eveal
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amyloid fibrils have a diameter of approximately 20 nm and contain a characteristic
cross over repeat of variable length parallel to the fibril akigufe 1.44a). The

fibril core is composedaix protofilaments which arrange into two creseshaped
half-fibrils (protofibrils Figure 1.4.4b and clcach protofilament has an approximate
dimension of 3 x 4 nnwhen viewed toglown andhasa regular subunit repeat
length of 5.25 nm parallel to the long fibril axis (Figure 1.4.48kanning
transmission electron microscop$TEM) analysis of fibrils revealed a packing
density of 52 kDa/nm, indicating that eaclpeat length must be composed of 24
pom monomers ((52 kDa/nm x 5.25 nm)/11.86 kDa). Taking into accoursithe
protofilaments within the fibril, subunit repeats are most likely to be a set of stacked
dimers of dimersconsistent withtwo distinct regions fodensity within the fibril
sulunit repeat lengthRigure 1.44c).

Subsequent to this analysis,-88IR and electron paramagnetic resonance (EPR)
have revealed that monomers within the fibril core are arranged in a parallel in
register array(106, 338) This architecture, as previously mentionedfasnd in
many amyloid fibrils Similar SSNMR analysis of fibrils composed of the-N
terminally truncated varianhN6 also showed a paralleh-register subunit
orientation;albeit with a slightly different subunit packing arrangem@a, 117)
Comparative limited proteolysis of the twdfils revealedIN6 fibrils possess an
additionally accessible cleavage site within thée@ninal region of the subunit in
comparison withwt bom fibrils (339) (Figure 1.44d). In addition, SSNMR revealed

an increase in the numidr c@daksisNéfibtii f i abl e bz
spectra(94). Thus, although a similar number of residues\N6 participate in the
formation of the fibril corethe regionmay possess elevated rigiditgmpared with

fibrils formed ofwt bom at low pH

NN6 andwt bom havealso been shown to epolymerise to form heteropatyers

with distinct biophysical propertiesomparedwith the two homopolymer$117)

The copolymerisation of two distinct amyloidogenic sequences to expand the

number of accessible fibril polymorphs has become an increasingly frequent
phenomenon among pathogenic amyloidogenic precudd®) More structural

i nformati on r egar gmpN6egheterdp@ymdrphdhavelyettobe e o f b

determined.
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Figure 1.44St r u c tmeaneyloio fibrisb( a) Negat i v emantylai
fibrils illustrating crossover repeat motif92). (b) His resolution cryoEM map show
regi ons of ,ndfibnl €R).tThe cruss tsdetiorfal view is shown below
Subunit o r g a mm swayloid dibrils. Whet phrallel indgister array ¢
monomers with the subunit repeat is shown below. Accessible cleavage site:
fibril s comorpN6sPetdntiabdeavage sites are shown in grey, with ¢
cleavages illustrated by blue of red vertical liEs7).

1.4.4 Studyi ngmangloidfidrih-medmatedtoaidity b

The diseas@ s s 0 c i a tym camyloidb formabion coupled with the well
characterised and reproducible naturebgh aggregation makes this protein an
attractive model system for elucidating mechanisms not only DRA and familial
amyloidosis but also perhaps generic features of amyloid dise&®es a u,sme b
amyloid formation is very well describedit provides apoweful resourcefor
identifying species that form duringmyloid assembly and disassemlthat mediate
cellular dysfunctionSamples can be made and characterisedtro prior to being
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incubated with cells to ensure that identity of theentire aggregateopulationis
known at the starting point of the investigatig@45). Even if aggregates undergo
structural evolution during incubation with cells, whatever structure is causing
cellular dysfunction must be azssible from the known starting conformation.

this thesis work idocused on investigating whether amyloid fibrigs opposed to
soluble aggregation intermediatesn induce celluladefects andvhich features of
amyloid fibrils are responsible fopotentially mediating metabolic defect$his is
performed first by extensive characterisation of samples preparedro from
recombinant protein using the wealth of tools develogextloped in the Radford
group Discoveries madevill be discussed in merdetail in a brief introduction to

the following chaptey before describing work performed as part of this thesis.

1.5 Aims of thisProject

The princial aim of thework described in this thesisasto expand our knowledge

of the mechanisms associated witgm amyloid fibritmediatedcellular metabolic
dysfunction and membrane disruptiorin vitro. As mentioned, tsidying these
mechanisms usingp.m provides an excitinggpportunity to perform an ideph
analysis of how amyloid fibrilsin general can contribute towards amyloid
pathologies Opinions concerning the role of amyloid fibrils in disease \aaged
such an analysjgherefore,could reveal the importanceof fibrils in facilitating
toxicity, and whetherthe long accepted viewhat fibrils are simply inert end
products of aggregatiocan be reassessedn order to investigate thiguestion a
range of analytical techniquegere performed to investigate the behaviourbgm
amyloid fibrils in vitro under competing sets of conditions. The presentation of
results within this thesis issted below. Relevant methods used are detailed in each
chapter.

Chapter_1 hopefully provides a general overview as to the current state of the
amyloid research did.

Chapter 2 provides an introduction to the construction and characterisatibgnof
amyloid fibrils used throughout this thesis. These fibrils are then used to investigate
the response of amyloid fibrils under two sets of conditions in whichapadiy of

fibrils to digupt membraness significantly different. More specifically, changes in
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dynamic behaviours of fibrils are probed using ThT fluorescence kineticd MSSI

MS and NMR as well as documenting attempts to elucidate whether the dynamic
behaiour of b,m amyloid fibrils is responsible for metabolic defects upon
incubation with cultured mammalian cellhe work builds on several collaborations

in which the mechanisms of pttependent membrane disruption were established
and the mechanisms &tm fibril-mediated cellular dysfunction were investigated
(3401 342)

Chapter 3 details the use of fluorescence correlation spectros{&®BS) to
investigate how the subtly different solution conditions usecChapter 2 have
dramatic consequences upon the equilibrium of species that populate upon dilution
into solutions that differ by only a single pH unit. Attempts to structurally
characterise the novel species are alsscribed and the implications for amytoid

associated cellular dysfunction are discussed.

Chapter 4 describesa comparative analysis between the mechanisms,mf
amyloid fibril polymerisation and depolymerisation through ThT kinetic analysis and
FCS.The results show that, at least kineticallye two processes are not mutually
exclusive, with fundamental differences in relation to the-aggmendent nature of
fibril polymerisation and depolymerisation existing. Moreover, FCS suggests that
the intermediate species formed during the lag phasenofamyloid assembly are
distinct from those that form during depolymerisation. This finding may expand the
structural repertoire of oligomeric species known to cause toxicity in amyloid

diseases.

Finally, Chapter 5 summarises all the key findings establisheam the studies
above and pl aces t.mamyloidosis as Wwall asctimahdf the t of
generic principles of amyloid toxicity. Future work will also discussedhat aims

to investigate in mar detail whether the molecular shedding phenomenon is
applicable to other fibril typesnd how such a process ynae therapeutically

intervened.
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Chapter 2

The molecular mechanism of amyloid fibritmediated membrane

disruption

2.1 Introduction

Characterising the array of amyloid species that mediate mechanisms of toxicity is a
key prerequisite for the development of therapeutic strategies to combat these
disorders. Although the inherent toxicity of amyloid fibrils is lower than that of their
oligomeric counterparts, the prevalemddibrils at the site of toxicity(1, 343) and

their persistence due to increased thermodynamic stabilitgomparison with
soluble specie$75, 93, 107, 117, 156, 34346), means that the role of amyloid

fibrils in contributing to disease processe®ds to be investigated more thoroughly.

T h e r o amylod fibriks in mediating toxicity was established in 2009, when

Xue et al showed afibril length d@endent relationshi of amyloidmediated
metabolic dysfunction(245, 347) In essence, fibrils fragmented to reduce the
average particle length displayed enhanced cytotoxiaitgpared withtheir longer,
unfragmented counterparts at monomer equivalent concentrakonsg 2.11a).

This |l ength dependent p bsgnacteim and dysozymwea s 0 b
amyloid fibrils andwas alsoreplicated in ann vitro liposome dye release assay
(Figure 2.11b and ¢ respectively). Subsequent to this, it was found that upon
incubation with cells, fibrils are internalised into lysossrinhibition of clathrin
mediated endocytosissing the dynamin inhibitorDynasore(348), r everm ed b
fibril-mediated metabolic defectBigure 2.12a), indicating that fibrils illicit toxicity

from inside the cellRigure 2.12b) (340). In addition,b,m amyloid fibrils were also

shown to inhibit the development of bone resorbing osteoclasts aralr ithe

viability of osteoblasts, the cell type that produces bone, indicating the potefdial

of fibrils in mediating the pathological joint and bone destructibservedn DRA

(349)

Considering the alleged importance of amyldidipid interactions in mediating
cellular toxicity (190, 191, 200202, 213, 214, 220, 244, 247, 3887) these
observationsnspireda systematic investigation into the molecular mechanisms of
bom fibril-mediated membrane disruption and cellular dysfuncti@sveral
hypotheses were put forward as potential explanations for the length dependent
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phenomenon, including the poteitimportance of fibril ends; shorter fibrils at
monomer equivalent concentrations will possess a significantly greater number of
fibril ends. Thus, if fibril ends mediat@ vitro membrane disruption, then shorter
fibrils will possess greater activity in this regard. In 2012, using -efgotron
microscopy, Milanesget al observed a direct interactipmedominantlyo e t w eme n
amyloid fibril endsand synthetic lipid bilayershich, if responsible for mediatinm

vitro liposome disruption, could explain the greater activity of short fibril samples
(Figure 2.11d) (358).
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Figure 2.11 Bi ol ogi c al -mamyloid ¥ilrils. ¢y a Ynfafmykoid fibrils caus
length dependent metabolic dysfunction as judged by the MTT assay. (b)

phenomenon were observed for -Byhuouctcl s

( ¢ Jm filfirils also cause length dependent carboxyfluoresceinalgase from synthe
liposomegq245). ( d) Di r e c tmfibrbislipid imesiattions highlalits the rc
of fibrils ends in perturbing membrane architect(888). The lipid bilayer is shown

blue, fibril in yellow and rkeased lipids in orange.

Subsequent to this, our understanding not ootyfibril-mediated membrane
disruption but of the biological consequences$ incubating cellsv i t i anfyloid
fibrils, has expanded greatly. This chaptsscribes a body of work thdtas
attempted to lecidate these processes, wipecial focus om vitro studiesof the
causative agents ahembrane disruption. The range of teicjues encompassed
within this work, including biochemical, biophysical and ultimately cell biological

assays, is the result of fruitful collaborations with members of the Radford and

46



Chapter 2

Hewitt groups past and present, who are acknowledged for their coomilmtthe
appropriate figure legends. The systematic investigation of lipid compoartchipH

upo n mfibril-mediated membrane disruptipresented in Section 2.3(341)was

primarily performed by Dr Sophia Goodchilasing fibrils samples of defined length
provided by myself. The resslareshownto provide a narrative as to the evolution

of our understanding orh amylbice fibrivmeedidteal N i s ms
membrane disruption and cellular metabolic dysfunction

a — 100; b
matrix

80- | . fibrils

Dynasore

601
40-

20

metabolic dysfunction (%

Figure 2.12 Inhibiting clathrinmediated endocytosis reverses filmiédiate
metabolic dysfunctiont a) MT T v i a b irh fibtilg/in thefpresence
dynasore) and absence of the clathrin mediated endocytosis inhibitor d
(340) (b) Schematic representation of fikmilediated toxicity. Fibrils a
internalised and trafficked to lysosomes. Restricting fibril internalisation with
inhibitors prevents meindilrildrcibationd e f e
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2.2 Materials and Methods

All chemicals (unless otherwise stated) were purchased from Sigma Aldreth
were of analytical grade.

2.2.1 General analytical methods

2.2.1.1 Quantifying protein concentration using UV absorption at 280 nm

Proteins werdaliluted where necessary to obtain UV absorption values of between

0.1 and 1 fordetermination of protein concentration. In general, protein solutions

were diluted into water containing 6 M guanidinium hydrochloride (GdAmHCI) to a

final volume of 100m. All absorption values were acquired using a reference

standard of buffeonly solutions. Protein concentrations were determined using

BeerL a mb e r t 6 s-typke v has aNiextinttion coefficient of 20065Mm*

which was determined usi 8§89 Gil |l and Von Hipp

2.2.1.2 DNA quantification

DNA quantification was performed by dilag DNA samples into sterile water
(typically 1 to 200) before measuring the absorbance at 260 nm given thas @tbs
1 is the equivalent of 56g.mi* of DNA. The correct concentration was calculated
using the appropriate programme on an Ultraspec 2100U\pwvis

spectrophotometer (Amersham Biosciences).

2.2.1.3 Preparation of agar plates

2.5 g of LuriaBertani medium (containingoer L, 10 g bactdryptone, 5 g yeast
extract and 10 g NaCl, Melfoycand 1.5 g of bactagar (Melford) were added to
100 ml of ckionised water. The solution was autoclaved for 20 min atQ24in

prior to cooling to approximately 46 before the addition of the appropriate
antibiotic. About 25 ml of autoclaved, cooled solution was poured into each 100 mm
diameter petri dish beforallowing setting at room temperature. Agar plates were

kept chilled at 4C and stored for up to one week.
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2.2.1.4 SD$polyacrylamide gel electrophoresis

A two layered gel system consisting of a stacking gel for protein loading and a 15%
Tris-Tricine resoling gel was used throughout. Components of the stacking and

resolving gels are detailed Trable 2.2.1.

Table 2.21 Composition of stacking and resolving gels for SBSGE

Solution Component Resolving gel (ml) Stacking gel (m)

30% @w/v) Acrylamide 0.8% W/\V) bis- 7.5 0.83
acrylamide

3 M Tris-HCI, 0.3% (/v) SDS pH 8.45 5.0 1.55

H,O 0.44 3.72
Glycerol 2 -

10% (v/v) ammonium persulphate 0.1 0.2
Tetramethylethylenediamine (TEMED) 0.01 0.01

Gels were electrophoresed usiagode buffer (200 mM TrbsICI pH 8.8) and
Tris/Tricine cathode bufferl00 mM Tris, 100 mM Tricine, 0.1 %w({v) Sodium
dodecyl sulphate (SDS) pH 83p-Rad) at a constant current of betweeni 350
mA.

Samples were prepared for SP8GE byadding 2.5 pl ach of 1 Mdithiotheritol
(DTT) and 6 x loading buffer (150 mM TrdCIl pH 6.8, 600 mMDTT, 6% (w/v)
SDS, 0.3% W/v) bromophenol blue and 30% glycertd) approximately 10 of
sample After electrophoresis gels were stairfied1 hwith Instant BlugExpedeon)

and destained by washing in water for 3 x 5 min

2.2.1.5 Transmission electron microscopy imaging

Samples were applied to a freshly glow discharged copper EM grid coated with a
thin layer of carbon, blotted with Whatman filter paper, washed ¥8tMW water,

and stained with 1%w/v) uranyl acetatdor approximately 30 sedmages were
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recorded using a BM Ultrascan 2k x 2k CCD (Gatan) on a Technai T12 TEM (FEI)
operating at 120 keV.

2.2.1.6 Electrospray ionisation mass spectrometry

All spectraacquired to confirm protein identity were performed using samples
ranging from 50/ 100 uM in protein concentration in 50100 mM ammonium
bicarbonate buffer, pH 7.4Mass spectra were acquired usingSgnapt HDMS
instrument (Micromass UK Ltd., Waters @orManchester, UK) interfaced to a
NanoMate automated sample infusion devimgerating in positive ion mode
(Advion Biosciences Inc., Ithaca, NY). All spectra were calibrated using cluster ions
generated from a separate introduction of cesium iodide @ol{® mg/mi, 1:1
water:methanol)The spectra were smoothed using the Savit&aalay method and
analysed using MassLynx software.

2.2.2 General cloning methods
2.2.2.1 Transformation of plasmid DNA

The gene encodingt humanb,m was cloned into a pET23a&ator usingHind Ili

and Nde | restriction sitesunder the control of the T7 promotMEB, USA). The

vector, known as the pINK plasmid, was originally constructed and designed by Dr

Neil Kad (336) Geneharbouring vectors were then transformed intmpetent

E.coli BL21 DE3 pLysScells E.coli B Fdcm ompT hsdS(rB mB-) gal

| (DE3)pLysS (Camrn)Agi | ent) wusing the O&édheat shock® me
wt b,m vector was added to 50 pl ohilled (on ice)BL21 DE3 pLysS cells and

gently agitated prior to returning to ice fo
submerging in a water bath set to°@Zor 45 sec before returning to ice foii 3

min. 500 pl of prewarmedLB media (Section 2.2.1)3was then added to cells

before incubating at 3¢ 200 rpm forl h. Two prewarmed agar plates were

streaked with either 50 pl or 200 pl of transformed cells and left to incubatéGt 37

overnightin agar plates containing 5. ml* carbenicillin

2.2.3Expression and purification of wild-type b,m

For expression and purificatioof wt bom, colonies of BL21 DE3 pLysS cells

transformed with the pINK plasmid were picked and used to inoculate 100 ml LB

50



Chapter 2

medum supplemented with 50g.mi™* carbenicillinand 50my.mI* chlormaphenicol.
Starter cultures were grown overnight at @&haking at 200 rpnOnce overnight
cultures had reached an @Bn> 1, 10 ml ofovernightstarterculturewasused to
inoculatell x 2 litre flasks each containing 1of LB medium prewarned to 37C
and supplemented with 100 ug.thicarbenicillin Cells weregrown at 37C, 200
rom and protein expression induced orare ODgoonm 0.6 was reached by adding
isopropylthiogalactopyranoside (IPTG, Generona tilmal concentration dd.8 mM.
Protein expression was subsequently allowed to continue for 16 h.

Cells were harvested using a continual action centrifades000 rpn{Heraus) and

the pellet resuspended in approximately 50 ml per 20 g of cell pellet of lysis buffer
(25 mM Tris.HCI pH 8.0, 100ug.ml* lysozyme, 100 nMphenylmethanesulfonyl
fluoride PMSH, 20 pg.mit  deoxyribonuclease and 1 mM
ethylenediaminetetraacetic adiDTA)) by vigorous agitation. The homogsal

cell pellet was incubated at room temperature withondgs agitation (using a
magnetic stirring bar) for 30 min before being further disrupted using a cell disrupter
operating at 20 kPSiConstantsytem) The r esul t i nngincluseoh | deb
bodies were pelleted by centrifugation at 15,000 rpm usiBgcamann JLA 16.250
rotor for 30 min at 2C. The supernatant was discarded arighid film on top of the
protein inclusion body removed by gently scraping with a spatula before re
suspending the inclusion bodty 100 ml 25 mM Tris.HCI pH 8.0nclusion balies

were then regelleted and cleaned (typically 5 cycles) as described above until a
clean pellet devoid of cellular debris was obtained

The inclusion body pellet was-seispended in 25 mM Tris.HCI pH 8.0 containing 8

M urea(MP Biomedicals)and incubad at room temperature while gently stirring
overnight tores o | u baml i Se lonwak then fialyse(3,000 kDa cubff,

Fisher Scientificjagainst5 L of 25 mM Tris.HCI pH 8.0 at %C for 24 hto refold

with at least 4buffer changes. Insoluble matdrwas removed by centrifugation at
15000rpm2 for 30 min using a Beckpmawas JLA
further purified by anion exchange chromatography by loading the protein sample
onto a fast flow @Bepharos€éGE healthcaregolumnselfpacked (206300 ml)and
previously equilibrated witl600 ml of 25 mM Tris.HCI pH 8.0 at a flow rate of

approximately 5nl.min™. Once loaded the column was washed with 600 ml 25 mM
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Tri s. HCI| ,mmwas el8ted@sing & linear gradient af @00 mM NaCl in B

mM Tris-HCI over 800 ml at a flow rate of 5 ml.mtncollecting fractions 10 ml in

Ssi ze. Fr act inoasgudgedoby SRBAGE weig pdoled and dialysed
(3000 kDa cubff) for 48 h againsb L 18 MW water with at least five buffer
changes at £ prior to freeze dryinghe sampleand storing at20°C . .m fvasthen
purified to >95% purity by gel filtration using a Superdéx Prep column(GE
Healthcare) equilibrated with 25 mM sium phosphate buffer, pH 7.4nd
calibrated with a standard gel fdtion calibration kit (GE healthcare). Freafged
protein was resuspended in the same buffer at an approximate concentration of 10
mg.mf* and filtered using a 0.8m syringe filter(Millipore) before5 ml was loaded

onto the column usingnainjection loop. Protein was eluted at a flow rate of 3
ml.min™ while collecting fractions of 3 ml after 100 ml of buffer had passed through
into waste. Fractions containing purifidebm as judged by SDBAGE were
concentratedo approximately 2.5 mMusing cenitrifugaB kDa cutoff filtration

units( Centricon) accordi ng f(riortorszap feeéza@t ur er 6 s |
liquid nitrogenand storage a80°C. The identity ofb,m was confirmed by mass

spectrometry (see section 2.2.1.6).

2.2.4Fibril sample preparation

Fi bril seeds wer e pr e pmsotttbnststgreddB0iCunt i ng conc e
25 mM sodium phosphate buffer pH 7.4 to 120 pM in 10 mM sodium phosphate

buffer, containing 50 mM NacCl, pH 2.6ikfril growth buffer). 500 pl aliquots we

then placednd sealeth screw topl.5 ml glass vial§Chromacol)containing a 3 x 8

mm magnetic stirring beads and placed on a custame precision stirrer

(University of Leeds Physics Workshaptating at 1,000 rpm for 3 days at £5

These seedwere thenstored under quiescent conditions at room temperature and
used in all subsequent fibrils growth experiments infitbel growth buffer at a
seeding concentration of 0.1%/(y) unless otherwise stated@ypical fibril growth
experiments were penfimed by diluting stored,m to 120nM into fibril growth
buffer before adding 0.1 %w(w) seed and incubating at room temperature for a

minimum of 48 h unless stated otherwise.
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2.2.5 Tapping mode atomic force microscopy

Samples were prepared for tappmgde AFM by diluting samples to 0.4 uM
monomer equivalent concentrations in 18 Wiwater to ensure good sample
dispersion and uniform coverage upon the imaging surface. After dilution, 20 pl of
sample was immediately placed on to a freshly cleaved surfacmicaf and
incubated at room temperature for 5 min. Surfaces were then washed with 18nl of
MW water before gently aspirating the surface with a stream, @fall to complete
dryness. Samples were imaged usifgimension 3100 scanning probe microscope
(Veeco Instruments) and PHWCLR silicon cantilever probes (Nanosensors,
Neuchatel, Switzerland) with a nominal force constant of 48 N/m. Typically, 0 pm

images at a pixel ratio of 1024 x 1024 were collected for analysis.

Images were analysed using scrigenerated in Matlab (Mathworks) by Dr Wei
Feng Xue(360) The script automatically picks fibrils from image surfaces to avoid
subjectiveanalysis of sample distributions. In order to correct for the inherent bias in
favour of analysing short fibrils, an empirical power function was applied to the
distributions © correct for the undeepresentation of long fibril360). Long fibrils

are more often excluded from the analysis due to reduced sdéaosition
efficiencies and greater frequency in which long fibrils are-ofutby image
boundaries or overlap with other fibrils. The bias correction factor is calculgted b
assuming thasincethe identical original monomer concentratiaissamples under
analysis the average weight of mater@dserved shouldeequal within each image.

2.2.6 Liposome dye release assay

Lipid films (all lipids were obtainedfrom Avanti Lipids) containing 12 mol%
bis(mono@cylglycero)phosphate (BMP), 7 mol% sphingomyelin (porcine brain), 36
mol% I-palmitoyl-2-oleoylsn-glycerc3-phosphocholine (POPC)20 mol% 1t
palmitoyl-2-oleoytsn-glycero3-phosphoethanolamine (POPE) and 25 mol%
cholesterol (ovine wool) and 0.1 mol% rhodamkie (for lipid quantification) were
re-suspended in 50 mM sodium phosphate buffdf, 7.4 containing 50 mM
carboxyfluorescein, 10 mM NaCl and 1 mM EDBAd leftovernight at 4C. Up to
four freezethaw cycleswvere performed the following morninging dry ice prior to

sonicating for 30 sec in a water baHree lipids at a concentration of 3.6 mM were
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then extrudedby passinghrough a 0.4 um polycarbonate pgv&hatmann) up to 35
times to generate 400 nmarge unilamellar vesicles (LUVS)LUVs were
subsequently washed by successive royn@sto 5)of centrifugation at 13,000 x
rpm for 30 min at 4C using a benchkop centrifuge ande-suspensiorof the lipid
pelletin 50 mM citric acid/sodium phosphabaiffer, pH 7.4 containing107 mM

NaCl and 1 mM EDTA (dye release buffeBfter 5 rounds the concentration of
lipid was determined by comparing the rhodaminesfagfrom before and after the
extrusion process using a bUXs spectrophotometer. The concentraticas adjusted

to 0.5 mM in dye release buffer and LUVs were stored on ice prior to use withing 48
h.

For the dye release assdy0 nM b,m fibrils formed as described (section 2.2.4)
were diluted 4fold to 30 puM (monomer equivalentoncentration)in duplicate
samples to a final volume of betweeni5Q00 ni in either pH 7.4 buffe(50 mM
sodium phosphate buffer, containing 30 mM NaCl and 3 mM) KC€pH 6.4 buffer
(50 mM sodium phosphate buffer, containing 85 mM NaCl and 3 mM) kG4
incubated at 2% for 30 or 60 min respectively.The concentration of NaCl was
altered to maintain an equivalent ionic strength between buffers of 164 mM,
equivalent to that of commercial 1 x PB&iter the initial incubation period, one
samplewas syringe filteredising a ® nmM smallvolume syringe filter (Millipore}o
remove fibrillar material while theecond identical sampiemained untreated. 40 pl
of either syringdiltered or untreated sample weenaddedto 2 pl of 0.5 mM 400
nm LUVs diluted in 158 pul dye redsebuffer at pH 7.4 (for pH 7-diuted fibril
sample¥ or the same buffer apH 6.4 (for pH 6.4diluted fibril sampley and
incubatedat 37 C for 10 min. Carboxyfluoresceitye release was then assayed by
adding 1 mlof pH 7.4 dye release buffer befarecording the emission at 513 nm
after excitation at 492 nm using a PTI QuantaMaster spectronvéteexcitation
and emission slit widths set to 4 nff00% dye release values were then recorded for
each sample by the addition Bifiton X-100 to a final cacentration of 0.25%v(V).
Normalised dye release values for each sample wese calculated using the
following equation, wherds is the fluorescence intensity ahe sample), is the
background dye releagearboxyfluorescein fluorescence from LU\fsthe absence
of fibril samples)andlqis thefluorescence intensitgfter the addition oTriton X-
100

54



Chapter 2

0.0
D'O(b'Q'Qd'Q(IH,—Q—'O' o)

Detailed experimental protocols for dye release experiments investigating the effect
of pH and lipid compsition on the amplitude of dye release, and those performed in

the presence of small molecules can be found in the following refer@#des342)

2.2.7 Kinetic stability assay

bom fibril stability wasdeterminedoy diluting 120 nM pre-formedb,m fibrils to 30

UM (monomer equivalent concentratian)either pH 7.4uffer or pH 6.4buffer pre
equilibrated to 25C andeach supplemented with 10 uM Thioflavin(3ee Section
2.2.3 for detailed buffer compositionyhe assay was performed at @5n black,
clear bottomed 96 well plates (Costat)a final reaction volume of 108k. ThT
fluorescencgexcitationwavelength440+£10 nm, emissionvavelength480t10 nm)

was monitoredunder quiescent conditions using a BMG Labtech Optima plate
reader working in plate ade with a gain value of set to 75% of the total
fluorescence signal of one of tesamplereplicates. ThT fluorescee was recorded
for up to 360 min and curves were normaligedthe highest ThT fluorescence
reading of each sample, with a baseline value used framitoring the ThT
fluorescence omonomer controls recorded at equivalent concentrations under each
condifon. Curves were best fit tthe double exponential functioshown below
using OriginPro v8.6, where A ankh and B and k; are the amplitude and rate
constant associated with the first and second exponential phases, respdraiteely.
constants for sampdefrom both pH values were calculated from at least six

independent measurements.
© o: 6Q A

Variations of this experiment, such as those presented in the presence of Hsp70,
using diazirinelabelled b,m-containing fibrils, or at increasethm monomer
equivalent concentrations, were performed using an identical experimental set up to
that outlined above with aonstant ThT:bom molar ratio. Where the initial
concentration of fibrils within the assay, theffer used, or temperature is different

to that outlined above it is indicated in the text. All experiments were analysed using

baseline ThT fluorescence values obtained from controls of the exact composition of
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the sample except substituting fibrils filble monomer equivalent concentration of
native bom. All curves plotted are an average ofi@dst three independent replicate

measurements

2.2.8Solublerelease assay

The release of soluble material was quantifigddensitometry from SDEAGE

gels made rad electrophoresed as described in section 2.2.1.4. Multiple aliquots of

120 nM preformed fibrils were diluted to30 pM (monomer equivalent

concentration)n either pH 7.4 or pH 6.4 buffer (see section 2.2.6 for detailed buffer

composition) to a final vaime of 50m and incubated at 25°C under quiescent

conditions. Samples diluted in pH 7.4 buffer were syringe filtered using and.2

reduced volume syringe filter (Millipord), 2, 5, 10, 20, 40, 60 or 120 mafter the

initial dilution, or 0, 10, 20, 4060, 90, 120, 150 mifor samples diluted in pH 6.4

buffer. 10 pl of each filtrate was then prepared for gel electrophaaesiescribed in

Section2.2.1.41 ong with three standarxhsfl25ont ai ning
Mg, 0.625 pg and 0.3125 p&tandrds were prepared by diluting samples of native

b,m quantified using Bedt a mber t 6s | aw (Section 2.2.1.1).
destained as previously described and the mads,raf released from fibrils and

isolated by filtration was calculated by qtifying the intensity of bands on gels

using Gene Tools. The known sample volume loaded for each sample was then used

to determine the concentration of releaseth from a linear calibration curve

constructed from the band intensities the three standasdplotted versus their

known protein masses.

2.2.9 Diazirpme | abelling of b

Diazirine labelling ofb,m was performed by diluting purifidsbm tobetween 5 10
mg.mi* in 25 mM sodium phosphatéuffer, pH 72. Immediately before use
succinimidyl 6(4,4-azipentanamido) hexanoate ({SDA Diazirine, Pierce Net)
was dissolved irl8 MW water to a concentration of 7.66 mM. 1SDA diazirine
was t he n mirdadléfad molarexbesover theb,m concentratiomnd left
to react at room temperature for 1%nates with infrequent agitation. Excess-LC
SDA diazirine was quenched arrest labellingy addinga 5-fold molar excess of

Tris.HCI pH 8.0. Excess label was removed using alPDdesalting column
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previously equilibrated with 25 mMsodium phosphate buffe pH 7.2 (GE
healthcarelaccor ding t o manufacturerds instruc
ESFMS by diluting to between 50 100 mM in 50 mM ammonium bicarbonate, pH

7.2 and buffer exchanging using a Zeba spin desalting column (Piercenet, 7 kDa cut

of f) according t o manufactureros i nstr
confirmed by ESMS operated as outlined in Section 2.2.1.6. Diazitahelledb,m

was then concentrated using a Centricon 3 kDaoffutentrifugal filter unit

according to manufaagrers, and stored aB80 C in 50ni aliquots of between 800

900mM by snap freezing in liquid nitrogen.

2.2.10 Incorporation of diazirine-labelledb,m 1 nt o .mé&belssed D

To determinethe maximum concentration at whidrazirine-labelledb,m could be
incorporated into amyloid fibrils a titration was performed from 10% to 100%
diazirinel a b e I,nh mtd seéded fibril growth assays at a final total protein
concentration of 120rM. All fibril samples were prepared as outlined in Section
2.2.4 by substitutingvt bom for diazirinelabelledb.m for the appropriate diazirine
labelledb,m concentrationsThe amount of soluble material remaining in solution
after 48 h of fibril growth was determined by uitrentrifuging 20m samples of
each titant for 1 h at 4C at 400000 xj (Sorvall). The concentration of protein in the

supernatant was then determined using Be

To ensure | abell ed pr.mfilwils, fibrilwellsts wiere eor por a
suspended in 20 (8 MW water and 50 pl of hexafluoroisopropar(®lFIP) was

added. Samples were incubated atG3200 rpm for5 min, heated to 5% for 5 min

with no shaking before returning to ¥ 200 rpm for an additionad min
Depolymerised fibrils \ere then lyophilised to complete drynessng a speedvac

and resuspended in 50 mMmmonium bicarbonate buffer pH 7.2. Samples were
desalted using a Zeba spin desalting column (7 kDaoffutaccording to
manufacturerfstructions prior to analysis by E®IS as detailed in Section 2.2.1.6.

2.2.11 Photeactivation of diazirine-labelled fibrils

Crosslinking of diazirinelabelledb,m-containing fibrilswas photeinducedby UV

irradiation for 20 min at 345 nm usingGawat hand-held UV lamp (Stratalinker)
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(Figure 2.21). Samples were placed 1 cm away from the UV source in upturned lids
cut from sterile 1.5 ml Eppendotfibes. Samples were agitated every 2 min by
gently pipetting solutions up and down. Criis&ing efficiency was determined by
analyzing the production of higher order species by performing-ISBSE as
outlined in Section 2.2.1.4. The dependence of thengxof crosslinking on the
concentration of protein was also determined by serially diluting samples from 120
nmM to 7.5 MM (monomer equivalent concentration) in fibril growth buffer (see
section 2.2.2) prior to UV irradiation as outlined above. Aliqgudteach sample
were then prepared for SEFFAGE by diluting each to the same concentration of 7.5

nmM to facilitate comparative analysis of the degree of higher order-nggsg.

NaO-— g J 0 N—N

Iz
X

' — UV 365 nm

1z

Figure 2.21 Schematic of photanduced diazirine crodiking. LC-SDA
diazirine labels proteins on free primary amines such as lysine side
through nucleophilic substitution of the NH8ccinimidyl ester. Oni
labelled, the diazirine moiety can be activated through UV irradi
releasing N gas to expose a@active carbene centre. The carbene grou
form nonspecific intra or intermolecular cros$inks with molecules withi
the radius of the carbon linker region. Circles schematically represe
molecule labelled (black) or unlabelled (white) with th&zirine moiety.
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UVcrossl i nki ng wa= pdh & yactipating anldtelé 120rM 100 ni
aliquots of fibrils containing diazirinbelled b,m monomers as outlined above.
The resulting crosbnked fibrils were purified from nowrosslinked materialby
diluting to 30nM in pH 7.4 buffer (see Section 2.2.6 for buffer composition) and
leaving to incubate overnight at Z5 Remaining fibrillar m&erial was pelleted by
centrifugation at 16300 g at room temperature for 30 min using a sorvall rotor. The
concentration of protein within the supernatant was determined using Beer
Lambertds | aw -auspénddditobl2M linsfibrilkgeowta buifereby
assuming that all pelleted material was fibrillar in origin. The process was then
repeated until no soluble material was detected in the supernatant after an overnight
incubation. ThT fluorescence of several aliquots were monitored alongside by
diluting crosdinked fibrils to 30nM in pH 7.4 buffer supplemented with 1M

ThT using a BMG Labtech Optima plate reader operating as described in Section
2.2.4 to show that once no soluble material is detectably released following an

overnight incubatiothat ThT fluorescence had plateaued.

2.2.12 3-(4,5Dimethylthiazol-2yl)-2,5diphenyltetrazolium  Bromide
(MTT) cell viability assay

SH-SY5Y neuroblastoma cells were cultured in Dulbeccos Modified Eaglesuliedi
(DMEM, Life Techonologies supplemented with@®6 (v/v) fetal calf serum, 1%
(W) L-glutamine and 1%w/V) penicillin/streptomycin at 3TC, 5% CQ. 200 ul
aliquots of a cell suspension containing 15,000 celfsw@re plated out in 96 well
plates (Nunc, Thermo Fisher Scientific, UK) and incubated2fbrh at 37°C 5%
CO..

After 24 h, cell medim was removed and 1.2 uM fibril samples and controls were
added in 200 Ol of fresh DNnMEMWo{wfibmtr ol s;
buffer, or 0.2% /v) NaNs) prior to a further 24 h incubation at 37°8% CO..

After incubation with fibriland controlsamples, 20 pl of 5mg.MIMTT was added

and cellswereincubated at 37°C5% CQ; for a final 60 minutes. The cell mexin

was then removed and the resulting formazan crystals wereilseldbin 50 pl

dimethyl sulfoxide (DMSO) before measurinthe @sorbance at 570 nm with

background cell debrigght scatteringat 650 nm subtracted.
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For MTT assays performed in the presence of Hsfggdombinant Hsp70 was
kindly provided by Toral Jakhria, University of LeedsSHSY5Y cells were
prepared as aboverior to the addition of samples, 0.3 uM or 3.6 uM Hs{i70

was incubated with cells for 6 h. Medn was then removed and replaced with 200
pl fresh complete DMEM along with samples. Cells were then incubated and

analysed as stated above.

2.2.13 Electrospray ionisation ion mobility spectrometry mass

spectrometry of species formed during depolymerisation (ESIMS-MS)

The analysis of soluble species that form during depolymerisati®anofamyloid

fibrils was performedising a Synapt HDMS (Waters, UK), which uses quadrupole
orthogonal acceleration tima-flight (ToF) geometry and has an buiitt travelling

wave ion mobility spectrometry device for separating ions of same mass, or m/z
ratio, but different crossectional areas. The samples were sprayed using the
NanoMate Triversa (Advion Biosciences) automated injection and nanoESI
interface.The instrumenwasoperated in the positivien mode. The ESI conditions
were optimized for the highest sensitivity detection @f thultimeric complexes in

the gas phase: transfer wave velocity = 150 m/s, transfer wave height = 5V, backing
pressure (Synapt HDMS source pressure) = 5.5 mbar, sample cone voltage = 40
100V, trap collision energy = 6V, transfer collision energy =atM Trap gas flow

rate of 5ml.mift. Chromatograms 2 min in length were combined and smoothed
using the SavitzkyGolay methodand m/z peaks were centered by mass using
MassLynx software. For the quantification of soluble material,nM2bradykinin
(Sigma) diselved in 18 MV H,O was added to the sample prior to ionisation. Peak
centres corresponding to the bradykinin, fddducted and 2xNeaadducted ions
were summed to provide a means of normalising ionisation efficiencies between
independent samples. Peaks esponding td,m 8", 7° and 6 charge states along
with the same Naadducted peaks as described above from eithenM2b,m
controls prepared in 164 mM ammonium bicarbonate buffer, pH 7.4 or soluble
material isolated 30 min after the dilution of 120 b,m fibrils to 30nM in 164

mM ammonium bicarbonate buffer pH 7.4 at @5vere summed. The relative peak
intensities were then normalised according to the difference in summed bradykinin

peak intensities between controls and samples. Drift plots were ausdtrusing
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Driftplot software (Waters, UK).

2.2.14 Tracking native peak reappearance during fibril depolymerisation
by NMR

NMR experiments were performed in collaboration with Dr Theo Karamanos
(University of Leeds)In brief, fibrils composed 600 uM of uniformlgbelled >N

wt bom (kindly provided by Dr Theo Karamanos) were grown quiescently & 25
for at least 48 h using 0.1%vfv) seeds outlined iection 2.2.2°N wt b,m was
preparedy protein expression iHDMI mediumenriched with*°N-labelled NH,CI
(Table 2.22) . Expression and purification was carried out as describé&dtion
2.2.3.

Table 2.22 Reagents for the madh used to expres§N-labelledwt b,m.. All salts are

made to 1L with 18 MVwater and autoclaved in 2L flasks (when using the HDMI medium

only 500mL of media are included in each flask to achieve better aeration of bacteria). Just
before culturing, the HDMI medium was supplemented with thevatig filter sterilised
supplements (added to each litre): 1M Mg@mL), IM CaC} ( 1 00 e L) , 20% ( w/
glucose™Cs (20mL). *Can be replaced by heavy isotopes.

HDMI
Bacto-tryptone
Yeast extract
NacCl
NaHPQ- 7.59
KoHPOr 10g
K2SQO- 99
KH2PQr 10g
NH4CI* 19

To initiate the reaction, samples were dilutadsitu to 150nM in either pH 7.4
buffer or pH 6.4 buffer supplemented with 10%CD(detailed buffer compositions
available in Section 2.2.3). The appearance of NdBRBervable species was
monitored over time by SOFAST'H-">N HSQC spectrg361) at 25C using a
Varian Inova spectromatg(Agilent) perforned at a *H frequency of 750MHz,
equipped with a cryogenic probe. The dead time of the experiment-h@&sni
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while the acquisition time of individual spectra varied betweeit 18 min (4 and 8
scans per incremental delay, respectively least 20 sequential HSQC spectra were
acquired under both conditions with a final acquisition performed 24 h after the
initial dilution into pH 7.4 or pH 6.4 buffeSpectra of°N-labellednative b,m at a
concentration of 50 pMvere acquiredn bothpH 7.4 and pH 6.4 bufferandthe
assignments ofative amide resonances weransferredfrom previously assigned
spectra gnf acqunired undee similar conditiond57) The same peak
mapping tehnique was used for each HS@@ectum and relative peak intensities
(peak height from native amide resonancesye extracted using NMRvievand
plotted versus itne on a residuby-residue basis. The buildb of signal
corresponding to the amide resonances due to the release of soluble material was
fitted to the single exponential equation shown below using in house software
written in Pythonby Dr Karamanoswhee A andk and the amplitude and rate

constant, respectively
®w 0!

Errors associated with the average rate constant for native amide reappearance are
the standard deviation of all assigned native amide resonances that appear during

fibril depolymerisation

2.2.15 Circular dichroism

120 énvamyoid fibrils formed as described in Section 2\@etediluted to 30

MM in either pH 6.4 or pH 7.4 buffer at 25°C to initiate depolymerisationUsar

CD spectra were acquired after 30 min or 60 aftar the initial dilution into pH 7.4

buffer or pH 6.4 buffer respectively using a Chirascan plus (Applied PhotoPhysics)
over the wavelength range of 190260 nm using a 1 mm path length Hellma
cuvette. Spectra wer e,m admples athe equivalere d  f
concentrations as judged by SIPAGE under the same solution conditions. Scans
were recorded at a rate of 60 nm.thimith 3 acquired spectra averaged for the final
display. Bufferonly control spectra were also acquired and subtracted ftlhe

protein spectra.
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2.3 Results

2.3.1 Purification and formation of wt b,m amyloid fibrils

The pur i finuasash webestabdished protocol that involves the refolding
o f ,m ffrom insoluble inclusion bodies formed during ee&pression inE.coli
(330) Re f o | ,oh iwas gerforrhed by first solubilising inclusion bodies in 25
mM Tris.HCI, pH 8.Q containing 8 M urea, priato refolding by dialysis against 25
mM Tric.HCI, pH 8.0. The resulting refolded proteimas then purified by anion
exchangechromatography (ANEXjo remove contaminants using a sadicked Q
Sephar ose c¢ ol pmypicallyRtesooved & Ishearfi0 400 mM NaCl
gradient (Figure 2.3.1a green ling at an approximate salt concentration of 200
mM. ANEX-p u r i tm vead sulfisequently dialysed against water prior to freeze
drying before the final stage of gel filtration purification. Figure 2.3.1b shbes
typical el ut i omwhen gelffilirated usiog a Sapartdéx cokeimnb
with the peak eluting at an approximate volume of 200 eolresponding to
mo n 0 me.m.i The iflentity of protein eluting within the single peak was
confirmed using EBMS, wherethee x pect e d mmafslE860 kba whs
observed(Figure 2.31d). From 1 L of bacterial culture about 60 mg of purified
n at iomewasboutinely obtained.Figure 2.3lc shows an SD®AGE gel

a b

Abs Abs

200 mM NacCl

100 A6 A:11858.90+0.04

A7

_JL\ N o

1300 1600 1900 2200 2500 2800 3100

Figure 2.31 Expression and purification ofwt b,m. (a) Anion exchang
chr omat og,maeflded fromfincldsion bodieglue trace= AbSyonm greel

line - linear increase in [NaCl], red traceconductivity and cyarfi temperature(b)
El ut i o.m duirg gd filtratim. (c) Enrichment offh,m at each stage of t
purification. (d) ESIMSs pect r um gnf. [Ewxmpiefcit endis MBSGE o f
A7 and A6 denotetheand6c har ge st athes of i oni s
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il lTustrating t he ganghgoughditfereat staggeswfrthie protacalt i on o f
outlined inSection 2.2.3.

The morphologyof amyloid fibrils formedf r o zm isbighly dependent upotie

solution conditionsused to promote aggregationifferent polymorphs can be
obtaineddepending on the iongtrength under which aggregation takes pldé&s)

For the pur poses ,mfibrig witleslangstaxgy morphotogyn t s b
were used. These were preferred over competing polymorphs due to the structural
homdogy of these amyloid fibrilformedin vitro andfibrils isolatedex vivofrom
patientssuffering from DRA(82).

Fibril formation was initiated by resuspendingl20 pM p u r i tm ie @0 niM

sodium phosphate buffepH 2.9 containing 50 mM NacCl (fibril growth buffer).

Fibril formation was seeded under quiescent conditions at room temperature for a

minimum of 48 h at a seed concentration of 0.M#n] (seeds were made as

described inSection 2.2.4). Seeding fibril formation means that the same fibril

morphology can be propagated betweerepshdent samples, thus establishing a

degree of consistency between separate experiments that may take place at different

ti mes and are performed with gnamylokdr ent samp
fibrils formed under these conditions was observedgusegativestain transmission

el ectron microscopy (TEM). Fi gnuamgloid2 . 3. 2 s ho\

fibrils formed as outlined above using protein purified from Figure 2.3.1. Images

150 nm 350 nm
100 nm 125 0m

Figure 2.32 Negatives t ai n T E M ,noamyloéd ditwild
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display fibrils that are formed at various stages from my Ph® laghlight the

consistency of the morphology obtained from seeding fibril formation.

2. 3.2 Char acmhanmyloidfiaril lengtmdiswilfutiobs

One of the fundament al,m pmyloid @dbriHnedeated el uc i
cellular dysfunction ists length dependexe asoutlinedin the introductionSection

2.1) (245) The analysis and biophysical characterisation of the length distribution of

bom amyloid fibrils enables the description of the disruptefiects of amyloid

fibrils on a more quantitative level. Therefore the characterisation of amyloid fibrils

is an important process underlying the analysis of mechanisms of cellular disruption

andin vitro processes, such as fibnlediated membrane distign.

In order to perform experiments evaluating differences in fibril activities based on
length, seeded amyloid fibrils were fragmented for 48 h at room temperature on a
custommade precision stirrer set to 1,000 rpm. The distribution of fibril lengdss
then quanti f imdmylbid fibrilsnusirgiatorgic férce microscopy
((AFM) Section 2.2.p The resulting images were analysed and fibrils traced using
scripts written in Matlakihat extract fibril length distributions (FLD}360) AFM
analysisbeginsby initially identifying fibrils ends based on bodary differences in
fibril height from the surface background. Only fibril ends that satisfy a particular
width are taken forward in the analysis of fibril lengths, wherdine distance
betweentwo fibril endsthat can be unambiguously traced will satisife criteria of
being a fibril. Therefore, fibrils that overlap one another on the image suofaaee
cut-off by image boundariesvill be excluded from analysis. Because fibrils exhibit
length dependent surface deposition properties, a bias corrdatitor must be
applied to correct for the underestimatiortlod population ofongeramyloid fibrils

in solution Longer fibrils tend to clump during sample preparation and are more
frequently interrupted by image boundaries, thus restricting the nuwhbbrils that

can beunambiguouly traced. The bias correction factor is calculated from the
difference in the total length of fibrils traced from fragmented andragmented

fibril samples analysed by AFNB60) Thereforethe bias correction fact@ccounts

for the differences in surface deposition progsriof fibril populations that manifest

in a perceived difference in the concentration of protein detectable on the AFM

imaging surface.
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After the application of the bias correction, FLDs generated froffragmented
fibrils and 48 h fragmented fibrilsave distribution profiles shown Figure 2.3.3a.
Each FLD is the sum of ness than 200 individually traced particles. Representative
AFM images of each sample are shown alongside. The reproducibility of fibril
fragmentation from seeded fibrils is highlighted in Figure 2,38he similarity of
FLDs measuredrom independensamples used in different studies. The average
length of fibrils within urfragmented samples is consistently 1.3 pum, while the
average fibril length ifragmentedibril populations is 300 nm.

a
0.30- 0.307
>
§ 0.25 M unfragmented 8 251 B unfragmented
] M 48h fragmented g M 48h fragmented
T 0.204 T 0.201
o o
3 0.151 3 0.151
2 k2]
g 0.10- Téu 0.10
2 0.051 2 0.05
0.00 0.00
1000 2000 3000 1000 2000 3000
% 0.251 length (nm) > 0251 length (nm)
[ [
) (] J
3 0207 3 020
o o
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3 3
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Figure 233 Fi br i | l ength distribut i onmfibdst (a)

Normalised frequency distributions offinr agment ed (gr ey) ajmm
amyloid fibrils analysed by AFM. Representative sample images are shown alongsid
scale bar = 1 um, white scale bar = 200 nm). (b) AFM fibril length Higions of fibri
sampl es pr gnpaaddferenfdayo m b

These fibril samples were subsequently used in the followingstigations(340
342) Data presented ithis and the subsequent results chaptier not focus on
length dependent phenomena, however samples were prepared and characterised in

the same manner as outlined above.

2 . 3 m3ibrilbmediated membrane disruption is lipid and pH dependent

As detailedw t hi n t he i nt r od.namyloid fibrild causetldngtrs c hapt er
dependent metabolic dysfunction that is inhibited upon preventing endocytosis

(340). This lengthdependent behaviour is also obserueditro using a liposome

membrane disruption ass&345) The abi | pntanyldiddibrilptoxieity e n t b

upon resticting endocytosis(Figure 2.1.2)(340), the conservation of length

dependent phenomena betweervitro andin vivo assayq245), and the generally
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accepted view of the importance arhyloidlipid interactions in mediating cellular
dysfunction(23, 182, 196, 197, 204, 205, 2@D9, 362, 363)inspired asystematic

Il nvestigation into the effectmtfioflstd i pi d
induce liposome disruptioras measured using the carboxyfluorescein dye release
(assay outlined irsection 2.26) (245, 341) Several complex lipid mixes consisting

of 1-palmitoyt2-oleoytsnglycero3-phosphocholine (POPC);dalmitoyl2-oleoyk
snglycero3-phosphoethanolamine (POPE), sphingomyelin and cholesterol
addition to one of the fadlving anionic lipid componentsvere made (Table 2.3.1)
These included, -palmitoyl2-oleoy-sn-glycero3-phosphelL-serine (POPS), -1
palmitoyl-2-oleoylsnglycere3-phosphe(1-rac-glycerol) (POPG) and
bis(monoaglglycero)phosphate (BMP) (Figure 2.3.4). POPS is most highly enriched
within the inner leaflet of the plasma membrane, POPG is aunps@cof the
mitochondrially enriched lipid cardiolipjrand BMP is a lipid that is found almost
exclusively within the bilayer of endocytic compartments. BMP typically comprises
~15% of the total lipid composition of late endosor(@&4 366), but can be found

to compriseO 70% of some | ipid bil ayy364366) wit hi n
It is also a structural isomer of POPG (Figure 2.3e different anionic lipids

were incorporatechio extruded 400 nm LUVS at 12 moléb 50 mol% of the total

lipid composition. The other components were chosen based on their ubiquity among
biological membranes. Detailed compositions of lipid mixtures usekdisnsection

can be found ifable 2.3.1.

BMP

Figure 2.34 Structures of varied anionic lipid components
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Table 2.31 Lipid composition in total mab for the complex lipid mixes used to form
LUVs. . LUVs containing0 (control), 12 or 50 mc¥ anionic lipid component with the

remaining lipid zwitterionic components in a mol/mol ratio of BBPC: 2(POPE: 7SM:
25 cholesterol

Anionic Lipid * POPC POPE sphingomyelin cholesterol
0 41 23 8 28
12 36 20 I 25
50 21 11 4 14

! Anionic lipid component: POPG, POPS or BMP

In addition to monitoring thextentof fibril-induceddye releasdrom liposomes

composed of these different lipid mixes, the effect of pH was also examined. Dye

release experiments were performed at pH 4.5, 5.5, 6.4 and pH 7.4, which are the

cellular pH values

| -m larayloig fibtilsoupoln &affiekingc ount er e d

from the extracellular environment towards lysosomes. 400 nm LUVs were loaded

with carboxyfluorescein at concentratidhstpromote selguenching (50 mM), and

the release of carboxyfluorescein into the surrounding bytiera consequence of

membrane diruption)uponthe addition of fibrilswas th&@ measured

Figure22.33s ummar i ses t he

resul ts

of -mfibE-s e

medided membrane disruption is not only lipid specibat is alsopH-dependent.

Firstly, LUVs containing 12mol% (Figure 2.35a i dashed blue line) or@6mol%

POPS

amyloid fibrils. In fact, theextentof membrane disruption is comparable to that of
control LUVs lacking an anionic lipid compongfiiable 2.3.1, Figure 2.3.5ablack
line). This can be most clearly observed in the bar graphigare 2.35a, which
shows theextentof dye releasat pH 5.5 for all samples. LUVs containing POPG or

(soli d bl

ue | ine),

di spl ay

mpmn i

experin

ma |

BMP, however, both display pHependent membrane disruption, with a dramatic

increase in thextentof dye release from pH 7.4 to pH 6.4 in LUVs containing either

12 mol% or 50mol% BMP (Figure 2.3%a red dashed and solid lingsspectively)

or 12 mol% or 50mol% POPG (green dashed and solid lines respectively). The

amplitude of dye release in LUVs daming 50mol% POPG displayan additional
small increaseupon reducing the pH further to 5.3he extent of membrane
disruption within LUVs containing 50 mol% of either BMP or PO#&&reasespon
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reducing thepH further to pH 4.5. This ptdependent trend less pronounced for
LUVs containing only 12mol% BMP or POPG, where the dye release does not
change significantly from that observed at pH Gpbn further mild acidifaction
(Figure 2.3%a dashed red and green lines respectively). The greatest extent of dye
release is observed in LUVs containing &®Il% BMP, which exhibit 60%
membrane disruptio at pH 5.5, approximately f6ld greater than that observed

for LUVs containing 5nol% POPG at thequivalent pHControls performed using
nat i.m enondmerat equivalent concentrations do not display any membrane

disruption activity Figure 2.35b), confirming that liposomeisruption is mediated

by fibrils.
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Figure 2.35Lipid-s peci f i ¢ a n dm fibiH-medatpdnmemchea
disruption Rel ati ve dye ,né) fiordssaad ([b)nndti
monomer for 400 nm LUVs containing 0 % (contrblack, 12% (ope
symbols, dashed line) or 50% (solid symbol, solid line) POPS (blue),
(green) or BMP (red). The corresponding bar graph displays the dye
at pH5.5 in the control (black), 12% (open bar) and 50% (solid ba
POPG, POPS or BMP containing LUVs. Error on all values is SE fron
each of 3 replicate841). Experiments performed by Dr Sophie Goodchi

2.3.4 The role of fibril dynamics in membrane disuption

In parallel with this analysjsa separate study performed By Tania Sheynis
(University of Leeds(342)) investigded the role of small molecules in modulating
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t he e x tmeamyloiddibril lifmsome disruptianThe same carboxyfluorescein

dye release assayas employed These studies showethat in the presence of

heparin, a known stabiliser ¢dng-straightb,m amyloid fibrils formed at low pH

(78), the extentof dye release was significantly reduc@#2) The reductionof

membrane disruption was achieved withaftecting the extent of fibrilipid
interactions(342) This raises t he .pansyleidfibiktipdt vy t hat ,
interactions are known to take pla@58), they may not directly mediate membrane
disruption, but instead suggeshat membranedisruption could be mediatedy a

species that forms from the amyloid fibrlDbservations similar to this have been

made before, such agetntee at e dda tejlwhhegoaonfer dr @V e
fibrils interact with cellular membrane$367) (see Section 1.3.7) Therefore, to

further probe the mechanism of fismediated membrane disrupticthe dynamic

b e havi grmuamyloadffibrilbupon dilution intopH 7.4 and pH 6.4 buffenwas

analysedi the two conditions in which the greatest difference in membrane

disruption potential is observédigure 2.35).

To explore the role of fibril dynamics in membrane disruptithe response of
amyloid fibrils upon dilution into pH 7.4 or pH 6.4 buffers was investigated in the
absence of 400 nm LUV420 O Mn fibrils formed at pH 2.0as described in
Section 2.2.4were diluted to 30 uM in either 50 mM sodium phosphatter, pH

7.4, containing35 mM sodium chloride (pH 7.4 buffer) or 50 mM sodium phosphate
buffer, pH 6.4, containing85 mM sodium chloride (pH 6.4 buffebuffers possess
equivalent ionic strength of 164 mMThe effect of dilutingthe fibrils into these
conditions was monitored at 25°C using the fluorescent molecule Thioflavin T (ThT
(79). Upon dilution into either pH 7.4 or.64 b u $nf fibrils sshow dignificant
changes in ThT fluorescence, with an initial increase followed by a slow decrease of
fluorescenceafter 10 and 25 min respective(lfigure 2.36a and b). This biphasic
behaviour can be described by a double exponential function, enabling quantitative
kinetic information regarding the change in ThT fluoresceager timeto be
extracted FFigure 2.36b). The rate constants relating both the enhancement and
loss of ThTfluorescenceare surprisingly similar between both conditions (Figure
2.3.@), however darger increase in the amplitude associated with the loss of ThT
fluorescence is observed at pH 7.4, corresponding to 60% of the total kinetic

amplitude compared with only 30% at pH &80 min after dilutior{Figure 2.3.6a)
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The similarity between kinetirate constants suggests that the underlying response
of the fibrils is similarat both pH valugsalthough the equilibrium has shifted

significantly at pH 6.4n favour of maintainingrossb ar chi t ect ur e.

To show thatthat the loss of ThT fluorescend®esnot simplyresult from fibril
dilution, sampleswere dilued to the same concentration in pH 2lfxil growth
buffer. Fibrils werethenincubated at room temperature for 1 h akidg samples
diluted to pH 6.4or 7.4. After 1 h the FLDs weredetermined using AFMo
examing(@) how the loss of ThT fluorescenedates tadhe change in thelistribution
of fibril lengths and (bjo ensure thathe FLD of samplesliluted irto fibril growth
buffer remainedinchangedFigure 2.3.6 and dshows that upon dilution into pH 7.4
buffer or pH 6.4 buffer, the FLD is shifted significantlio shorter particles

indicating that fibril lengths have been globally reduced in comparison with the
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Figure 2.36 Dy n a mym éibrilfibehaviour upon dilution to higher pih) ThT fluorescenc
ki net intanyladffibris upon dilution into pH 7.4 buffer (purple) or pH 6.4 bt
(green) fitted by a double exponential function (residuals shown below curve). Cut
normalised to the highest ThT fluorescence reading within each dRetee constan
extracted from the fitting procedure are shown in (b). Errors are the standard deviati
fitting at l east 5 independent cJanrlnafs
dilution at pH 7.4 (c), pH 6.4 (d) or pH 2 (e). The FLD of the original fitainple used
shown plotted behind the FLDs in light grey. Scale bamm?2
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original FLD (grey distribution shown behimd Figure 2.3.6e). Conversely, upon
dilution and incubation of fibrilswith fibril growth buffer, the FLD remains
unchangedHigure 2.36€). This indicates thathe reduction inThT fluorescence is
specific to the increase in pH areflectsa reduction of fibril length

Losing fibril masswould be toexpected to result in the formationsiluble species.

This was confirmed using a filtérap assay. Fibrils were partitioned frasuluble
material at different times after the initial dilution at pH 8r46.4 by passing the
solution through a 0.2 pum syringe filter. The amount of soluble material released was
then quantified using SDAGE as outlined irsection 2.28. After 0 minatpH 7.4

or pH 6.4, no soluble material is detectalsighe fibril samplesas judged by SDS
PAGE (igure 2.37a andb respectively). This is consistent with previous results
showing that-1 0 0 % ,noi$ incébrporated into amyloid fibrils at low pH46) The
reappearance of soluble material over time is showfigare 2.37a-b along wth

the corresponding ThT fluorescence measurementsFigare 2.36. The amount of
released soluble material has been normalised with respect to dhie,en lassay
concentration of 30 pM. Under both conditions, a loss of ThT fluorescence
correlates with the reappearance of soluble matdfiglfe 2.37ai pH 7.4 and b

pH 6.4). The greater amount of soluble material reappearing at pH 7.4 corresponds to
the greater amplitude of the decrease in ThT fluorescence observed from the kinetic
experiments(Figure 2.3.7) Thus, the loss of ThT fluorescence due to fibril

depolymerisationthat yields soluble speci@sduced by changes in pH.
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Figure 2.37 Soluble material reappears upon loss of ThT fluorescedoemalised Th’
fl uor es c e n gnreamkloidfibrits inculatea &t pHG7.4 (a) or pH 6.4 (b, solid li
and the corresponding production of soluble mategahntified using SD®AGE
densitometry (dashed lines, representative gel image shown above).
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At present it is unknowwhy ThT fluorescencéncreasesluring the initial stages of
depolynerisation. Upon dilution into buffers at neare u t r grh amyléid fibrits

are known to laterally associaf@58) The change in environment may increase the
fluorescence yield of ThT. Equallfzm fibrils may undergo conformational changes
that create architectuwsavith greater ThTbinding affinities or fluorescence quantum
yields. Such changes in the fluorescence yield of ThT is known to take place for
di fferent amyl oi ém(I68) M isatutiorigdgcedecgnéotmatisnalo f b
c h an g e nofibril stracaureiHsupported from CD analysis of fibrillar material.
The negative nax shifts fom 217 nm under fibril growthonditions (pH2.0) t0225

nm, 30 min or 60 min after dilution into pH 7@ 6.4 buffers respectively Figure
2.38a and b).The reason for solutiemduced conformational change in the fibril

architecture is discussed in more detail in Chapter 4.
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Figure 22.38Conf or mat i o n a |l.mamylaichfigris sipomchandes im
CD s p e cyn angyloidbfibrilsfunder fibrilgrowth conditions (black line) and
min or 60 min after dilution into pH 7.4 buffer {gourple dash line) or pH 6.4 buf
(b7 green dashed line) respectively.

The consequence of releasing soluble material during depalsation wasext
investigated by employinghe carboxyfluorescein dye release assay with vesicles
containing 12 mol% BMP and the complex lipid mix defined able 2.3.1400 nm
LUVs containing BMP were used in these assays as Hmw the greatest
amgitude of dye releasd~(gure 2.35a). In order to assay the membrane disruption
potential of soluble species released fimym fibrils, duplicate samples were diluted

to pH 7.4 or pH 6.4 before allowing depolymerisation to proceed for 30 or 60 min
respectively. At these time points a similar amount of soluble material (~30%) has

beenreleasedunder both conditionsF{gure 2.37a-b). Prior to adding LUVs to
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samples, one replicate was filtered to remove fibrils from solution, alhowing a
direct comparisoietweerthe dye redase potential of total protein (filtrate + fibrils)
and filtrate (soluble materialfo be made Under both conditions, the dyelease
potential of the filtrate accounts for 8@B0% of thetotal dye releaseHigure 2.39ai
pH 7.4 and i pH 6.4). Moreover, thextentof dye réease increases 2-fold from
pH 7.4 to pH 6.4, consistent with previous observatiéigufe 2.35).

To compare the membrane disruption poteraiafibrils and soluble species, the
extent of fibritinduced dye release was calculated by subtracting the % dye release
of the filtrate alone from that of the total protein sample. Dye release potential was
normalised to the amount of soluble materiahwi each fraction by quantifyinipe
protein concentration impartitioned filtrates using SDBAGE (gel inset,Figure
2.39a and b).The fibril concentration was calculated by subtracting the filtrate
concentration from the total assay concentratibhis shows that the filtrate
generated at pH 6.4 has 5 times thembrane disruption potential of fibrils at the
equivalent pH and igreaterthan 2fold more membranactive than the filtrate
generated at pH 7.4 per uM of proteiRigure 2.39c). Native monomeric b,m
controls exhibit minimal dye release potentiaiglre 2.39a - b). Thissuggest that
depolymeisation must produce soluble, roative, membranactive species, the

stability and concentration of whi@resignificantly enhanced at pH 6.4.
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Figure 2.39 Soluble material causes membrane disruptia). Carboxyfluorescein d
rel ease c¢naanyleid fibrilsyandbsolublamaterial (total) and isolated solu
material (filtrate) 30 min after depolymerisation initiation at pH 7.4. (b) Dye re
experiments of filtrate and total protein samples after 1 h of depolymerisation at |
Nat i ve maommaoontrelswere peifmed at an identical concentration to total prc
sampl es. (c) Dye release pot e niminmohomeo
normalised to protein concentration calculated by $B&E densitometry.
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2.3.5 Reducing matcular shedding via chemical crostinking alleviates
b,m fibril -mediated toxicity

To examine whether fibrils mediate metabolic dysfunction throughreélease of
membraneactive soluble speciea crosdinking strategy was developed to prevent

(at | east 1 n part mamyoda fibdile yponldiutoeinto reart i o n
neutral pH buffers. The rationale behind the choice of diksmg moiety was to

promote intraover intekfibril crosslinking, thus ensuring fibrils remain diffuse, but
depolymerisation is disfavoured. To this end, the amine reaatidpH independent

photoactivatable crosnking moiety LC-SDA diazirine was usedo enalte cross

linking under fibrikgrowth conditiongSection 2.2.11)Diazirinel ab el | exth nat i v
was | ncor pemranyl@dfibrisrat 40% bf the total protein without

affecting thefibril morphology, o r reducing the yiedld of

moromers into amyloid fibrils Kigure 2.310a and b). An ESI mass spectrum of
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Figure 2.310 Incorporation of diaziriné a b e bnl eidn,mn
amyloid fibrils. (a) Quantification of remaining soluble mate
after 48 h fibril gr owt bm. (v
Negativestain TEM of 40% diaziriné a b e Lnh wahomé
containing fibrils. (¢) ESI mass spectrum of HFIP depolyme

fibrils formed from 60%wt b.m and 40% diazirindabelledb,m
monomers.
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HFIP depolymerised fibrils containing diazirthea b e pml neowdomdrs is shown in
Figure 2.310c . Ars confainssevenlysine residuegand a reactive Nerminal
amine) a range of stoichiometries of diazirthea b e jml n@rbmdrs are present in
the fibrils. While the majority of moleculeswithin the specum corresponds to
unl ab an (hoedidzirifie, mass of 11860 Da), peaks corresponding to diazirine
labelled bom with 4 (12756 Da), 5 (12980 Da), 6 (13204 Da) or 7 (13428 Da)
conjugated diazirine moieties can be observed (Each diazirine label adds 224 Da
mass tob,m). bom molecules with < 3 diazirine moieties are not obserVéudls,

diazirine-b,m can be successfully incorporated intib,m fibrils formed at low pH.

To ensure that the stability of fibrils containing 40% diazHadeelled bom

monomergwithout crosdinking by irradiation)is similar to that ofwt fibrils under
cell culture conditions, the kinetic stability assay wveamin employed $ection

2.27). The kinetics of depolymerisation of 18V wt fibrils and nortirradiated
fibrils contairing 40% diazirindabelled bom were monitored within DMEM
containing 10% \{/v) foetal bovine serum (FBS), 1%vA) L-glutamine and 1%
(w/v) penicillin/streptomycin  (complete  DMEM) at 32Z. The kinetics of
depolymerisation were simildor both fibril sampes Figure 2.311a). There is also
no significant difference in the reduction in metabolic activity in-S¥bY cells
incubated with notirradiated fibrils containing 40% diaziridabelled bom

monomerr wt fibrils, as judged by the MTT assdyigure 2.311b).

Photoeactivation of fibrils containing 40% diaziridabelledb,m monomers in fibril
growth buffer yields a high molecular weight @&t of bands as judged I8DS
PAGE, indicating higheorder crosdinking has taken placeF{gure 2.311c).
Moreover, the degree of crebsking is independent of fibrilconcentration,
suggesting that crosmking is predominantly intrdibrillar (Figure 2.311c). UV-
stabilised fibrils were then purified from na@noss-linked material through
successive rounds of depolymerisatioBedtion 2.2.11) until a stable ThT
fluorescence signal was observed upon dilution into pH 7.4 bifgure 2.311d).
Stabilised fibrils appeared well dispersed by EM, again supportingfibtiacross
linking, but were reduced in length (approximately > ®@%) in comparison to the
parent the fibril populationHigure2.3.10b). UV-stabilised fibrils andvt fibrils were

then incubated with SI$Y5Y neuroblastoma cell®r 24 h at identical monomer
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equivalent concentrations of In®. Cellular metabolic activity was measured using

the MTT assay Section 2.2.9). The results revealed that cells incubated with UV
stabilised fibrils experience a modest, but significant, reduction in the metabolic
dysfunction ¢ aus exh aylgid fiorisgFigpre 23 18.nThus, o f b
shedding of soluble materi al f amdilomil- f 1 br i |

mediated mechanisms of metabolic dysfunction.
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Figure 2.311 Diazirine stabilised fibrils display reduced cellular effe¢.Comparison
kinetic stability of 1.2nM norvirradiated fibrils containing 40% diaziridabelledb,m anc
wt fibrils incubated in complete DMEM at 32 monitored by ThT fluorescence. (JTT
reductionin SH-SY5Y cells in the presence of In®1 wt or nonirradiated fibrils containir
40% diazirinelabelled monomerMTT reduction is shown normalised to buffenly
controls (c) The concentration dependentd0% diazirindlabelled monomer fibril cros
linking assayed by SDBAGE. (d) Kinetic stability of purified crodsked fibrils in pH 74
buffer. (e) negativestain TEM of crossdinked fibrils after purification by depolymerisati
in pH 7.4 buffer (Sale bar = 100 nm). (h) #TT reductionof SHSY5Y cells treated wi
either 1.2nM wtf i br i | s, s t a b ibnt moaoendr orfbufferr Brrér vars ame
standard deviation from 3 x 5 replicates.

2.35 Hsp70 reduces fibril depolymerisation and rescues fibrimediated
metabolic disruption

Many recent advances in identifyinthe mechanisms of toxicity in protein
conformational diseases have shown that the aberrant association of aggregates with

constitutive parts of the proteostatic network can have damaging conseq(233;es
234, 311, 369, 370)As such, modulation of the proteostatic network, in particular
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redressing proteostatic imbalance, has been touted as a promising therapeutic avenue
for amyloid disease$8, 51, 250, 310, 311, 37375) The molecular chaperone,
Hsp70, is expressed upon the induction of a wide range of cellular st4Ss&he
inducible expression of Hsp70 has made this an attractive target to increase the
proteinassisted protein folding capacity of a cell overwhelmed with amyloid
aggregates(372) The association of Hsp7Qand its constituvely expressed
homologue Hsc70)ith aggregates hakusbeen intensively investigat¢d36, 239,
376'381). Here, recombinant Hsp7DA (kindly provided by Toral Jdiria,
University of Leeds purified as detailed i§380) and herein referred to as Hsp70

was | nc ubxnanmgldid fibrilstinha 1:06.25 and 1:3 molar ratio to investigate

the effectof the chaperonen fibril depolymerisation kinetics monitored G)hT
fluorescence (Section 2.2.7. Upon di | uzniiboilstob2uM ih gither OM b
pH 7.4 or 6.4 buffer atBC, Hsp70 rescues against the loss of ThT fluorescence in a
dosedependent mannefFigure 2.3.12#). More specifically, even at a 1:0.25
b,m:Hsp70 molaratio, the kinetic amplitude of the loss of ThT fluorescence after

200 minis reducedoy 3-fold or 4-fold at pH 6.4or pH 7.4respectivelyover fibril-

only controls Figure 2.312a and b). Incubating fibrils with af8ld molar excess of
Hsp70reduces significantljthe decay of ThT fluorescence at pH 6.4 (although the
initial increase in amplitude is still observed) and increases the ThT fluorescence at
equilibrium to almost 80% of the initial ThT fluorescence intensity at pHHgure
23.12b)Theref ore at both pH 6.4 mramyloid. 4 Hsp70

fibril pH-induced depolymerisation.

To deter mi ne whet hymamyloith forilssigom ibtérdctingveith i on of b
Hsp70reverses the metabolieficts induced by fibrilsiponincubation with cells

the MTT assay was again employeslH+SY5Y neuroblastomaetls were pre

incubaed with either 0.3 uMor3.6 uMis p 70 for 6 h prpmr to addi
and incubating for a further 24 (®ection 2.2.12)Preincubating cells with Hsp70

allows the chaperone to localise ®ondocyti c vesiclesyprior to t
amyloid fibrils. This should allow fibrils to beubsequentlyrafficked within the cell

and promotein situ binding of amyloid fibrils and Hsp7Q@vithin endocytic
compartmentsQuantifying metabolic dysfunctioB4 h after the addition of fibrils

reveak a dosedependent rescue in apparent cell viapiwith 3 molar equivalents

of Hsp70 reversing the metabol i cndfipriisf uncti on ¢
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(Figure 2.3.12¢) This dosedependent rescue is similar to that observed in the kinetic
stability assay Figure 2.312a - b). In addition, recentexperimend from our
laboratory have showithat b,m amyloid fibrils disrupt lysosomal function by
reducinglysosomalproteolysis(340) Exogenously applied fluorescent ovalbumin
localises to the lysosome and acts as a substrate for lysosomal protéxgis
Quantifying the fluorescence of ovalbumin 24 h after feeding the substrate-to SH
SY5Y cell s in the mffimils evealsthatoaimosativiseahe c e
amount of fluorescent ovalbumin persists when fibrils are pr¢semire 2.3.12d)

This indicates that fibrils impede the lysosomal proteolytic machingfigre, pre
incubating cells for 6 h with Hsp7efore the addition of fibrilsestores ovalbumin
fluorescencdevels after 24 hto those observed for buffer only cools (Figure
2.3.12d) This indicateghat preventing then situ depolymerisatioro f ,m myloid
fibrils within endocytic vesiclesnay be responsible for reducing fibmiediated
metabolic dysfunction, further supporting the view thla¢dding of solublepecies
from fibrils is an important determinant o f ,m bfibril-mediated metabolic

dysfunction.
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Figure 2.312 Hsp70 preventsdisassemblya n d rescuemn fibrd-gediata
deleterious effectKi net i ¢ st a b,mlamytoig fibls at 3FC iA theQpkéseh
or absence (blaclgf 0.25 molar (triangles) or 3 molar (circles) equivalents of Hsi4i};
6.4 (a) or pH 7.4 (b)(c) % MTT reductionin cells incubated witd . 2 £ Nibrilb aftel
pre-incubating with 0, 0.25 0B molar eq. of hsp70 for 6. {d) Lysosomal degradati
assay performed with labelled Alexa647 labelled ovalbuditer incubating cells for 6
with 3 molar equivalents of hsp7Buffer, n a t i,nv @& fibhl samplesvere added to ce
and incubated foa further 24 fprior to the addition of fluorescent ovalbumin. Fluoresc
was quantified afte® h 24 h by FACS% fluorescence is expressed as a change
levels from O to 24 hPerformed in collaboration with Toral Jakhria.
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2.3.6Detection of depolymerisation intermediates using ESIMS -MS

Having established that soluble species are responsible for liposome disruption and
appear to mediate, at leastpna r t , t he metabolnfbrisdief ect s el i
cells, the next step was to elucidate structpraperties of these specid® this end
electrospray ionisation ion mobility spectrometry mass spectrometryifESMS),

a technique able to detect assembly intermediates on pathway to amyloid formation,
was used306 308, 382, 383) ESFHMS-MS provides an even greateesolution

than ESIMS by separating species based on tlshiapedize in addition to their
massto-charge ratiqm/2. This is performed by accelerating species after ionisation
through an i on filed withlan ibeyt buffed gasHgtre 2.3t3e | |
Collisions between molecules and theffer gas slow the progress of ions in a
mannerdependent on their collisional cross sectamnthey tragrse the drift cell,

thus separating species bllapedize Therefore ions with identicalm/z ratio but
distinct conformations (e.g. folded and unfolded monomer) lmaresolved Figure
2.313b). For higher order assemblies, EBAS-MS can provide structural
information by reporting orthe size collisional cross sectionsand stoichiometry

(384). Canbining spatial information with mass measurements allmwdelsto be

built to approximate the morphology of oligomers detected within the gas phase

(308, 382, 385) The relative success of employing this technique in studying
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Figure 2.313 Schematic of ESIMS-MS. (a) Simplified schematic showing the esse
features of an iomobility spectrometry mass spectrometer. Proteins @mesad at th
ionisation source prior to being guided into the ion mobility drift cell where speci
separated based on their size and shape. Collisions with an inert buffer gas retard
at which ions traverse the cell, with expanded, unfoldaaformers exhibiting increas
drift times in comparison with their compact natively folded counterparts. From th
cell ions are separated in a time of flight (ToF) mass analyser based omiheitio. (b
lllustration of the power of ion mobilitresolve species with the saméz In them/zgrapt
the expanded and folded conformers appear as a single peak due to having the:
ratio. The drift time graph indicates the presence of two conformers. Combining tl
allows the separation ofridbased om/zand drift time.
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assembly mechanisms frogeveral distincamyloidogenigrecursorsvas why ESI
IMS-MS was usedto interrogate the specidsrming d u r i -m gamyfoid fibril

depolymerisation.

In order to studyibril depolymerisation using ESMS-MS alternative buffers need
to be used. Salts, such as NaCl, form adducts to proteins during the ionisation
process leading to a large spreath ion intensites due to the increase in
heterogeneity of mass in the presencéhefadduct ionsThereforepuffers,such as
ammonium bicarbonate are more desirdbtdatile buffer) as buffer ions evaporate
during the ionisation process. To test whether observatinade in sodium
phosphate buffersra equivalentin volatile buffers ofidentical pH and ionic
strength the kinetic stability ofbo,m fibrils was monitoredn 164 mM ammonium
bicarbonatebuffer (volatile buffer),pH 7.4 at 25°CThe rate of depolymerisation
and ajpearance of soluble material warealtered by the change to volatile buffer
as indicated by theood correlation between the loss of ThT fluorescence and
appearance of soluble materigdnd the rate constantfor the loss of ThT

fluorescence calculated under both conditions KFigure 2.314ab). Moreover,
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Figure 2.314 Fibril depolymerisation in volatile buffefa) SDSPAGE of soluble materi
and the corresponding ThT fluorescence time points recorded during depolymeris
bom in 164 mM ammonium bicarbonate buffer, gH. (b) Rate constants for the deca
ThT fluorescence during fibril depolymerisation in 50 mM sodium phosphate buff
7.4 containing 35 mM NaCl (salty buffer) and in volatile buffer, pH 7.4. Error i
standard deviation from a minimum of thréedependent replicates. (c) SIPAGE
quantification of multiple replicates (reps3). of soluble material partitioned 30 min a
the initiation of depolymerisation in volatile buffer at pH 7.4. Error is the standard de
of the three measurements.
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partitioning and quantifying soluble material 30 minafter the initiation of
depolymerisationin pH 7.4 volatile buffer shows that 12 puM of protein is
reproducibly releasedqFigure 2.314c). This is consistent with previous results
(Figure 2.3.7)and further confirms the conservation of depolymerisakioretics
upon dilution into volatile pH 7.4 bufferDepolymerisation kinéts were not

monitored at pH 6.4 due to difficulties in buffering in volatile buffers at this pH.

To structurally probe soluble species released during depolymerisation using ESI
IMS-MS, spectra of soluble material partitioned after 30in of fibril
depolymerisation in volatile buffevere acquiredSection 2.2.13)Depolymerisation

was initiated as previously describgkection 2.2.13using fibrils formed at pH 2.0.
Spectra of nativemonomeric bm under equivalent conditions and identical

concentrationwere also acquiredto allow side-by-side comparison of species

a

5:13 7.7 10.26 12.83
Drift time (ms)

5.13 T.T 10.26 12.83
Drift time (ms)

Figure 2.315Dr i ft pl ot s of s o l,ndohtrels ¢
pH 7.4. (a) Drift plot acquired 30 minutes after depolymerise
i nitiati on i n pH 7. 4 v 0 bma tontrol:
performed at equivalent concentrations in the same buffer. Monc
dimer and trimer species are indicated by m, d and t rigplgc The
superscript number indicates the charge state of the ion.
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formed during depolymerisation amidose observed in a t i,m entrbls Figure
2.315 shows that ESIMS-MS was not able to detect oligomeric speciegased
from fibrils that aredi st i nct from t h oy econtfols. rTiree d
ol i gomer i s ami(Figare 2315b)taking placeeduribg ionisation and has

been previously documentéaiB3)

Control samples also appedrto possess a significant degree of unfolded
monameric proteinas judged by ESIMS-MS. This is best observed for the
monomer 8+ charge stafEigure 2.315b), as two clearly separated conformars
observedwith approximate drift times of 5 and 7.5 mespectively Unfolding of

nat i,man céntrol samples is aonsequencef the relatively hgh energy
instrument parameters required to detect higher order species. Identical monomer
control samples subjected t&EMS (section 2.2.1.63how a different charge state

distribution in comparison with the monomer charge state distribution collected

underESHMS-MS conditions(Figure 2.316). The base peak shifts from the 7+ to

a 1o, 26
1978
MS mode
A7
2 1696
A5
2374
Ad
2967
0 ) b m/z
1500 1700 1900 2100 2300 2500 2700 2900 3100 3300 3500 3700 3900
b 100
AB
1696 1978
IMS-MS mode

%

Figure 2.3161 MS par amet er s;mgas ghase uneldi
@mizspectra min50hmM ammeniurb acetate pH 7.
MS-mode and IMSMS mode (b). Monomer charge states are lab
with the charge state indicated by the number.
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the 6+ charge stafeom IMS to MS mode (Figure 2.3.16hdicatingionsare more
compactwhen the drift cell is not employed. The acquisition of chailgeng
sample ionisations related to the fold of a protein, with a more expanded, or
unfolded, conformer often displaying an increase in the numbenisationcharges
(386)

Although ESHMS-MS was umble to detecbligomericspeciesvhose formation is
specificto fibril depolymerisatior{Figure 2.3.15)comparison othe spectrashow
that soluble material partitioned during fibril depolymerisation is significantly
reduced in peak intensity in comparia  wi t h omncarntrolsvaequired at
equivalent concentration@zigure 2.3.15)This suggests that oligomeric species may
be present in the soluble materialit are not detected by E®VIS-MS. This may be
because either higher order species releasathgl depolymerisation are too
heterogeneous to detect, or are not ionised under the conditions emplbged.
amount of detectable monomwithin the soluble materialvas therefore measured
guantitatively using ESMS so as to demonstrate whether oligomepecies may
be present but undetected in sam@aalysed by ESIMS-MS. Quantitative ESI
MS was performed bincorporating bredykinin as an internal standard into soluble
material and native controls prior to ionisation (Section 2.2387)). Normalising
the ion intensity tahe bradykinin internal standasthowsthatof the 12 puMsoluble
material determinedto be in solution after 30 min of depolymerisation at pH 7.4
(Figure2.3.14h)only 25% was detectabile comparison with native monomehem

controlsacquired at equivalent concentratigiigure 2.3.17&).

To show t hatm nohmomer peaksirgensdids infspectra acquired from

solubl e materi al i s omdnioeMSunobsdarvabie spe@egand st r at i on
not due to thencorrect calculabn of the concentration of soluble material isolated

during depolymerisatigrsamples and controls were lyophilised andugspended in

the equivalent volume of acid denaturing buffer,@Hcontaining 50%/(v/v)

acetonitrileand 0.1%(v/v) formic acid) (Figure 2.3.17¢k). Re-quantification of

peaks under these conditionssulted in the detectioh00% of monomer irthe

soluble material samplesvith the overallion intensityin good agreement with

monomer controlgFigure 2.3.17a). Thigonfirms that thelower ion intensity of
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monomer insamplegyenerated durinfjbril depolymerisation at pH 7.% not due to

the incorrect calculation of the concentrat{figure2.3174a).

There are severglossiblereasos why higher order or, more specifically noative
speciesare not deteable byESFHMS-MS. Firstly, the lack of detection of higher
order species could be due to the heterogeneaiuse of amyloidogenic aggregates,
with no one oligomeric state populated to a high enough concentration for detection
by ESHMS-MS. Secondly, he presence of higher order aggregates may also affect
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Figure 2.317 Quantification of monomer peak intensity du
fibril depolymerisation. (a) The relative monomer intensity
soluble material ionised under native (pH 7.4 volatile buffer) a
acid unfolded conditions expressed with respect to the ion int
of n ajmi oordrols bacquired at equivalent concentrat
Example drift ppt s of sol ubl e jsmacorgrol
acquired in native conditions (b and c respectively) and in
denaturing conditions (d and e respectively). Thie & monome
charge states used for quantification are labelled with
correspondingn/zspectra shown on the righaind yi axis.
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the ionisation of native monomer in solution, therefgenerating artificially low
detectabl e ¢ onc agmwith raspactamtise totaf amauat tofi protein b

present in the soluble materidNevertheless ESHMS-MS has illustrated the

presence of nenative species accumulating durifigril depolmerisation at pH

7. 4, as demonstr at e,h iob wntensith ia commadsancwettd nat i ve

n at i;nvoentréls(Figure 2.3.17a).

2.3.7 Using NMR to probe differences in species formed during fibril

disassembly

The experiments performed so far handicated that the pidependent differences

in liposome disruption potential dbm amyloid fibrils cannot be rationalised simply
through the extent of the loss of crdss st ruct ure (or ThT fluoresc
the loss of ThT fluorescence is invdys@roportional to the membrane disruption
potential of soluble material generated during depolymerisation, as soluble material
at pH 6.4 has more than twice the membrane disruption potential than that generated
at pH 7.4per uM of protein(Figure 2.39c). As nonnative species must populate
during depol ymeri sat i gnisufableé to caese meambrane e mo n 0 me
disrugion (Figure 2.3.9jhe spes generated during depolymerisation at pH 6.4 are
either distinct to those which form at pH /o4 are present in higher concentrations.

As shown in the previous section, B#MS-MS was not able to deteabn-native
species that form during fibril depwoherisation at pH 7.4. Therefor# order to
interrogate the formation and structure of soluble species generated during
depolymerisation furtheribril depolymerisation was monitored in -@tomdetail

using heteronuclear NMR (Section 2.2.12). NMR was chosen due to its ability not
only to inform as tothe reappearance ohative monomer during fibril
depolymerisation, but also because it enables itierrogation of the rate of
production of native molecules during the fibril depolymerisation process. In
addition, NMR may be able to detedt small, nonmnative species that ar
significantly pgulated during depolymerisation, igentify residues witim bo,m that

may beimportant forthe formation of nomative species anid) allow the kinetics

of depolymerisation to bprobed in greater detaih the sodium phosphate buffers

used thus far.
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Under the current experimental condigpthe monomer equivalent concentration of
bom used in depolymerisation experiments is likely to be ltw in order to
interrogate fibril depolymerisation. Fibril depolymerisationcontrol experiments
performed apH 6.4 atsignificantly elevated concentransshow that the kinetgof
fibril depolymerisation donot depend on the initial fibril concentratiqfigure
2.3.18). Therefore the initial monomer quivalent fibril concentration carpe
enhanced significantly to enable detection of species that forauring

depolymerisation using NMR.
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Figure 2.318 The rate of ibril depolymerisation at
different initial fibril concentration.(a) Depolymerisatic
kinet i gns amgldid fibrils monitored by Tt
fl uorescence. 6nO fibrils Wvdte diluted <
fold to 150 uM and 30 uM into pH 6.4 buffat 25°C. Th
Traces show the fitted curve, with residuals shown in (i
the 150 yM sample and (c) for the 30 pM sample
Comparison of the two kinetic rate constants for
different fibril concentrations.

Measurement of theedp o | y me r i gnafibrilsousing oceéitiméb NMR was
performed by diluting 600 uM°N-I a b e bmi fibrits fofimed at pH 2.0 to 150 pM
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in pH 7.4 or 6.4 buffer’™N i *H HSQC spectra were acquired at evenly spéiceel
intervals after depolymerisation was initiated (Seetion 2.3.12). During early time
points at pH 6.4, significant chemical shift differences are seen for a number of
resdues as compared with natifiem controls, including H84, K75 and R4Bigure
2.319). These nomative peaksare not observed at later time pointsggumably
due to the accuymmamidaresomamces gbfack onastks imFeured
2.319 1 collected 3 h after depolymerisation waemstiated in either condition).
Notably, nonnative chenical shifts are not observed during the initial stages of fibril
depolymerisation apH 7.4 Figure 2.3.19 andFigure 2.32071 purple cross peaks).
The acquisition time ahdividual spectra could not be significantly reduced in order
to determine whether similar peaks populdiging the initial stages of fibril

depolymerisatiomt pH 7.4 (se&ection 2.2.14).
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Figure 2.319'*N-'H chemical shifts of resonances observed durin
initial stages of fibril depolymerisatioSelect regions ofN-"H HSQC
spectra collected 15 min aftenitiating depolymerisation at pH 7.4
and pH 6.4 (b). Plots are overlayed with chemical shifts from the
region collected 3 h after depolymerisation was initiated (black)
identity of residues are labelled in the spectra
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During the depolymerisation time couysthe extent to which native amide
resonances reappear is much greater at pH 7.4 than pH 6.4e(Ri@®). This
observation is consistent with the increased amplitude of soluble material released
during depolymerisation at pH 7.4s monitored by SD8AGE (Figure 2.3.7) In

addition, the detection by NMR oflarge amplitude of native monomerib,m
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Figure 2.320 Reappearance of native amide resonances (
depol ymer im amyioid ribrilo Selech region of °N-'H
HSQC spectra acquired during depolymerisation of 150 TNt
| a b e bm fibrils atbpH 6.4 (green) or pH 7.4 (purple). Equiva
time pointsfrom each experiment are displayed with the identi
native amide resonances labelled on the t = 175 min spectrum.
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reappearingduring depolymerisation at pH 7 guggests that the presenceacgmall
population ofnonnative speciesnust prevent the ionisation ofnonomerduring
ESHMS-MS (Figure 2.3.15) This is as opposed t@ large concentration of nen
native specieaccounting for theeducedon intensities of nativé,m charge states

observed n compari son wgontrols monomeri c b

Additional information can be extracted from NMR by calculating the aatehich
native amide resonancesappear during fibril depolymerisatioby plotting peak
intensity vs. timekigure2.3.20 andrigure 2.321). Native amide resonances in each
spectrum were identified by peak mappingpectra obtained of a t i,nv cdntréls
assignd in identical solution condition$eak intensies for each amide resonance
were then extracted and plotted vs. time (Figure 2.334gtion 2.2.14{157). Time
constants for the reappearanceatifassignedhative amide resonances were then
calculated by fitting the curves ta single exponential functionF{gure 2.321)
Plotting theresultingtime constant on a per residue basis revealsetrety residue
of bom appears in the spectrum atsimilar apparent ratéFigure 2.3.22). This is
consistent with ajlobal cooperative process for the formation of natiya during
fibril  depolymerisation Native monomer reappears more rapidly during
depolymerisation at pH 7.4 compared with @4 (average time constant ofl1tin
and B6 min respectively Comparisonof these time constantswith those
determined usin@hT fluorescence shows the two rasesin excellent agreemeat

pH 7.4 (ThTi 91% 7.min, NMRT 101+ 10.min; inter-experiment error calculated

Figure 2.321 Extracting rates for the reappearance of native amide resonances duri
depolymerisation.Peak intensities of native amide resonances identified by peak m
(see section 2.2.12) were extracted from each HSQC spectrum collected du
depolymerisation time course at pH 6.4 (green) and pH 7.4 (purple). Coloured blocks
time poins equivalent to sections of the spectra displayed in Fig. 2.3.20.
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