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Abstract

Amyloidoses are a group of mptein misfolding disorders which are characterised by the
abnormal accumulation of highlyordered filamentous assemblies, known as amyloid fibrils.
More than 50 human disease states are attributed to this phenomenon, many of which are
neurodegenerative and pose an eveincreasing threat to our aging society.Thereis a clear
need to dissect the processes behind such disorders, as well as to provide novel and much
needed treatments and diagnostic reagents This thesis was motivated by the recognition
powers of RNA molecules, which can be discoverg¢drough the in vitro selection of RNA
aptamers. RNA aptamers ara well-established class of research tools, imaging probes,
diagnostic reagents and therapeutics, which are showing increasing promise in many fields,

but are currently not exploited in the detection or treatment of amyloid disorders.

In this thesis, the recognition power of RNA aptamers was explored in targetirgpecies
AOOT AEAOAA xEOE OEA 1100 POAOAT AT O AT An AAAA]
vitro selection of RNA aptamers was performed agnst immobilised monomeric A 40, as
well as two structurally distinct ! 1 t 1t A [filils i fdEnded in vitro. The anti-monomer
aptamers were unable to recognise native, monomeric (40 in solution but instead
displayed enhanced affinity for the fibrillar forms. Using fluorescence polarisation, the ari
fibril aptamers have been showrable to crossreact with other fibril polymorphs, formed
from both Ar40 and the unrelated protein sequence, -synuclein, indicating generic
amyloid selectivity. Aptamers were, however, unable to recognise amyloid fibrils
assembled from short amyloidogenic peptides. Amyloid recognition by aptamers was
shown to be largely independent of the RNA sequence or structureRurther structural
characterisation, including competition experiments with generic amyloidbinding
molecules glycosaminoglycansindicated that binding was most likely mediated through
the phosphate backbone contacts witlordered repeats ofpositively chargedregions of the

amyloid assembilies.

Overall,the results demonstrate annherent affinity for amyloid by RNA moleculesmaking
it highly challenging to select aptamersable to distinguish between different cross
assemblies. However, the seemingly universal amyloid-binding propensity demonstrated
by RNAcould allow development of generic amyloid detection tools, more effective than
current methods. FRarthermore, the work indicates the need to explorepossble roles of

RNA associations aa general amylad toxicity mechanism.
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INTRODUCTION

1 Introduction

1.1 Amyloid disease: A modern epidemic

Protein aggregation, and specifically amyloid formation, has beconasubject of intense
research efforts in recent years, owing to the association of amyloid deposition with some
of the most debilitating disorders to threaten human health in thenodern world. Amyloid

formation is defined by the conversion of normally soluble peptides and proteins into

insoluble, highly-ordered, fibrillar aggregates characterised by a distinctive cros§ OUD A

structurel-4, Despite a recent explosion of interest in the field, the phenomenon of amyloid
formation, in fact, wasdiscovered more than 150 years ago. Rudolph Virchow coined the
term amyloid in 185457, based on the observation of abnormal, macroscopic structures in
brain tissue. These structures stained blue upon application of iodine, indicative of the
presence of starch. The term amyloidherefore, wasderived from the Latin OAT U1 O1I &
Virchow evidently considered amyloid to be carbohydrate based. However, by 1859,
Friedrich and Kekule first recognised that amyloid was proteinaceogsnd attention shifted

to the study of amyloid as a protein, and later, a class of proteins unageéd by amino acid

sequence.

Through the years, advances in technology have revealed much about the amyloid structure.

In 1922, Bennholdet al. ® observed that the common, industial dye, @ngo red, was able to
bind to amyloid deposis and later, polarisation light microscopy studie® revealed the
enhancement of ©ngo red birefringence in the presence of amyloid, indicating the
possibility of an ordered microscopic structure. Tis finding encouraged electron
microscopy studiesi-14 where it was confirmed that all amyloid fibrils studied shared a
similar, fibrillar ultrastructure. X-ray diffraction datals. 16 demonstrated that the ordered
structure of the fibrils was made up of a consist&, cross| sheet architecture and this

characteristic is now considered one of th defining criteria of amyloid.

Amyloid was long believed to bederived from a single substancebut it was not until the
1970s that the pioneering work of Benditt and Glenne first demonstrated the biochemical
heterogeneity of amyloid7-2L. Over the following decade, around 20 normally soluble
proteins were found in amyloid depositsspecifically associated with a range of disordets

now termed amyloidoses (or amyloid diseases) In some cases the deposition is localised

Al
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found in multiple organs or tissues, termed systemic amyloidoses.

Today, amylddoses areknown to be a biochemically and clinically heterogeneous group of
disorders of protein folding. There are approximately 50 disorder® (discussedin Section
1.2.6), with diverse clinical pathologies, where the misfolding of normally soluble,
functional protein leads to the conversbn to an aggregated state and subsequent
accumulation as amyloid deposits. The fact that many of these disorders are associated with
ACET ¢ | AscCcs8 ! It wikbir h@ddagingysEderatydifdsgles (e.g. Type Il
diabetes), means that amylaloses account for some of the most common and debilitating
medical conditions in the modern world- 3228 'l UEAEI AOBO AEGRAOAN
known amyloid disorder, now represents the fifth most common cause of death in the UK
overall and the leading cause for wome#8 YO EAO OAAAT &redtunA AAT
D1 A @@shitde current number of people living with the disorder is projected to triple in

the next 40 years, with an estimated 80 million new casesorldwide 2425, Research into
amyloidosis, therefore, is required in tackling this wide range of increasingly prevalent

disorders, which represent some of the greatest socieconomic challenges of our times-28,

1.2 Protein misfolding and aggregation

1.2.1 Principles of protein folding and misfolding

DOl AAA

OAOI Al

A native protein £/ 1 A j OEA D OT O Adiviertsitnal OddfbriaigBE id bftenO E O A A
DAOAI T 61 6 O6i EOO A&O1 AGEIT 8 3ET AA OEA AAOI U pwo:

renaturation of ribonuclease &9, it has been known that all the irdrmation required for a
protein to reach its native conformation is encoded within its primary sequenceand that
the mechanism depends on a search for the structure with the lowest free energy and
therefore highestthermodynamic stability. However, for aprotein to sample all the possible
conformations available, at ramlom, in order for it to find its single functional fold, would
be impossible on a biological timescaké 31, This paradox was first considered by
Levinthal30.32, who proposed that specific, kinetically controlled, protein folding pathways
exist to reduce the number of conformations that eed to be sampled to achieve the native

fold. By rapid formation of local nativelike structures with enhanced stability, faver
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species would be populated e route to the final energy minimum and folding would be

achievable on aiologically appropriate timescale.

The process of reaching the native fold is often explained as the transition from the high

energy, unfolded state to the lowAT AOCU T AOEOA AT 1T £ Oi AGETT AL
energy landscapé3. The energy landscape describes the series of structural assemblies
sampleden route to the native fold and is plotted as the free energy of the polypeptide chain,

A0 A EO1T AGEITT 1T &£ AT1T £ Oi AGETT Al ODPAAAS T E
shown in Figure 1.1, where the internal free energy decreases with the conformational

entropy, until the minimum energy, native fold is achieved.

Entropy

A
A

A SN

Energy

D

Native
state

Figure 1.1 Anidealised protein folding energy landscapeThe funnel landscape represents
the protein folding event as a stochastic search for the lowest energy native state, beginning
as a disordered polypeptide chain, at the rim of the funnel, and progressimgth increasing
negative-free energy,to the native fold. The vertical axis represents internal free energy,
whereas the horizontal axis indicates the conformational entropy. Figure redrawn and
adapted from34,

yT OAAI EOUh AT AOcuU 1 AT AGAAPAO &I O OEAssEi | AEIT
(Figure 1.2), as the protein foldsby populating several specific intermediate statesen
route to the native conformation. These higtenergy barriers and lowenergy troughsare

sampled before thecorrect folded and functional stateis achieved The species on the
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energy landscape are it state of fluX?” and many proteins will fluctuate around the minimal

energy fold, forming some nomnative contacts between residues. These species can

OAPOAOGAT O MO XAG TAD T @ 10 AGET T Oh ET xAOAO OEA!

structures available to the folding polypeptide. The event where a protein becomes trapped
in an alternative, low-energy conformdion is the basis of protein misfolding, where the
formation of persistent, non-native interactions effect the protein® overall architecture and
often its biological properties. Changes to the thermodynamic stability or the folding
kinetics can increasethe likelihood for a protein to adopt an unfavourable conformation.
Various destabilising factors in the protein sequence, such as mutations, could contribute to
this3. Changes in the cellular environment within which the newly synthesised polypeptide
chain must fold, can also influence misfolding events, including pH, temperature, or changes
in protein concentration, owing to overexpression or ineffective proteolysis3.38.39, |n these
misfolded, partially folded or unfolded states, the hydrophobic core of the protein, usually
buried in the native conformation, becomes exposed and prone to forming dasirable

contacts with other molecules, and crucially, other misfolded proteins, leading to

aggregation.

Conformational entropy

A

; AggregaS:izon

f ™\
/ a\

) \ / | | o & & | |

] ‘ \ [ |

Folding L . | o I
intermediate \‘\ / \ | Oligomers | |
J \ / [

sl Partially /\ /"» | |

1P unfolded/
Native misfolded
protein monomers

Amorphous
aggregate

Energy

Figure 1.2 An energy landscape depicting protein folding and aggregationThe rough
landscape illustrates the multitude of conformational states available to the polypeptide
chain upon folding, and during misfolding and aggregation. Figure redrawn and adapted

from 37,
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Aggregated forms of proteins can be amorphous and consist of disordered assemblies of the
same, or different, protein sequences. However, in several notable casegragation can
proceed to formordered, self-associated species, known aamyloid fibrils 3.4. Interestingly,
there is no clear similarity in the sequences, native structures or functions of the group of
proteins known to form these highly ordered aggregates, yet they all adopt the same cress

[ architecture3. Although the amyloid form is generally identified to be associated with
disease, in recent yearsg wide range of proteins that are not associated with any misfolding
disorders have been shown to form characteristic fibrillar structures, indistinguishable
from those formed in the disease states. This, along with the apparent lack of sequence
homology, has led to the suggestion that, in principle, any polypeptide chain can adopt this

amyloid structure40-43,

1.2.2 Cellular response to aggregation

As protein misfolding can have such a profound effect on functiopplypeptide sequences
with an increased propensity to aggregate have been disfavoured throughout evolution
(although some amyloid is functionat* 45). Conservation of proline and glycine residues
i OT 1 EEAI1 sheé&tich gRudtufe owing to conformational restraints and flexibility,
respectively) as well asavoidance of extended stretches of hydrophobic residues, or
sequences with alternatingpolar/non -polar residues, are all examples of strategies nature
has adopted to reduce aggregatioand maintain functional folding*. Proteins that must be
natively-disordered for their function have also evolved to be generally less hydrophobic,
with a higher net charge, reducing their inherent aggregation propensity. However,
polypeptides are clearly not entirely optimised and misfolding and aggregation can occur,

often leading to devastating consequences.

Cells have developed a range of elaborate quality contnmechanisms to deal with aberrant

protein aggregatiorfs-51 (Figure 1.3). Molecular chaperones are conserved and ancient
molecular machinesthat are required for correct folding and assembly of complexes,
prevention of misfolding and aggregationand in targeting a protein for degradatior? 53.

The prevention of the accumulation ®misfolded proteins iscontrolled firsty by OEA A AT 1 6
heat shock response (HSR) or unfolded protein response (UPR) In response to a number

of cellular stress signals, including but not limited tptemperaturess, expression of a range

of chaperones isupregulated. These chaperone proteins thehind to exposed hydrophobic

regionss6-58 in the misfolded monomers and consequently, prevent further protein-protein

5
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interactions5s. A predominant family of chaperones are heathockproteins, which not only
interrupt aberrant aggregation but are also often required forcorrect folding, under non
stress conditions. In cases where chaperones are unable to restore correct folding or
function, large molecular machines known as chaperonins can be recruited, which isolate
the misfolded entity within a central cavity, away fom other cellular components, and
promote refoldingsé. 59. 60, The UPR is another quality control system that controls the
folding of eukaryotic proteins as they are cdranslationally translocated inthe endoplasmic
reticulum (ER). The UPRprevents the export of misfolded or incorrectly post-
translationally modified proteinsh AAOET ¢ AO A AAi 1 01 AO OAEAAEDI ET G
number of ER chaperones, which may become saturated by enflux of misfolded species.
This then leads to the activation of a network of intracellular signalling pathways (the UPR),

upregulating proteins involved in folding, trafficking and degradation!.

Many cell types havealso developed strategies to sequester aggregates in specific cellular
locations, reducing their effect on the rest of the cellular environment andpossibly
facilitating their removal®2-67. In mammalian cells, inclusion bodies form in the ERefmed
Russél bodies?®) and the cytosol (aggresome$.69). Aggresomeganform and move to the
nuclear envelope, via microtubule assisted transport, where chaperone expression is

believed to beupregulated to combat the accumulation of misfolded speciéss

Degradation of aggregates is clearly the ultimate protective meamism in the cell. In
eukaryotes, aggregates are degraded by macroautophagy or the ubiquitin proteasome
system’. In macroautophagy, whole aggregates are engulfed by a doubdembrane,
vesicular organelle known as the autophagosome, which consequently travels through the
cytosol to the lysosome. Upon fusing with the lysosome, the contents of the autophagosome
can bedegraded viaacidic, lysosomal enzymedt. Alternatively, the ubiquitin proteasome
system involves the recruitmert of a multi-subunit proteolytic machine, the 26S
proteasome THs complexspecifically degrades proteins that are tagged for degradation by

the covalent attachment of ubiquitin chaing.
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Figure 1.3 Controlling protein misfolding in the cell. Protein misfolding and aggregation
activates a number of cellular quality control responses. Chaperones bind to the unfolding
protein to prevent aggregation and promote correct foldag (i) . If unsuccessful, the
misfolded protein is transferred to the chaperonin where folding is promoted in a protected
environment (ii) . If refolding is unsuccessful, or aggregation ensues, the protein is
transferred to the proteasome for degradation(iii) . For secretory proteins, which are
synthesised in the ER, misfolding is prevented by ER chaperonés). If folding is
unsuccessful, the protein is retretranslocated to the cytosol where it too is degraded by the
proteasome. If the level of misflaling saturates the capabilities of the ER chaperones, the
unfolded protein response (UPR) is activateqv). Degradation of aggregates can also be
dealt with via macroautophagy (vi), where whole aggregates are engulfed by the
autophagosome andtargeted for degradation via the endocytic pathway. Specialised
inclusions of aggregates can also form in the cytosol (aggresomes) and ER (Russell bodies)
(vii) , sequestering the aggregates to reduce their effects on cellular processes and
facilitating their removal.



INTRODUCTION

1.2.3 Mechanism of amyloid formation

Amyloid formation is characterised by the aggregation of soluble proteins or peptides, into
insoluble, fibre-like structures, via a number of oligomeric intermediate assemblies. The
mechanism of fibril formation is known as nucleatedgrowth, where misfolded monomeric
proteins first come together to form an ordered nucleus of a critical size that is necessary as
a template for further deposition of monomers(Figure 1.4). The formation of the initial
nucleus is thermodynamically unfavourable and occurs throughrare, stochastic
interactions”3. This is the ratelimiting step of the aggregation mechanismwhich leads to
the initial lag phase in fibril formation kinetics. Addition of preformed fibril fragments,
abolishes this initial lag phase and therefore supports the nucleategrowth model74. Once
the initial, critical, elongation-competent nucleus is formed, addition of further monomers

is thermodynamically favourable and proceeds rapidly todrm the mature amyloid fibrils7s.
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(a) Lag phase (b) Elongation phase

Figure 1.4 A schematicrepresentation of the nucleated growth model of amyloid formation
and the species populated en route to fibril formationThe formation of fibrils proceeds via
two distinct phases;(a) OEA 1T OA1 A A OE IDIE ABDR &) el dibApation phase
(solid line). The lag phase corresponds to a thermodynamicalllisfavoured nucleation
event, which is the rate limiting step that proceeds the rapid, thermodynamically
AAOT OOAAT A AT TTCAOGEIT DPEAOAS 4AEA AAR&SETT T £ OOA
to the beginning of the reactionabolishes the rate limiting nucleation step and dramatically

decreases the lagime, templating fibril growth (dashed line). Redrawn and adapted
from7e,
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Although the primary nucleation step is required for the initiation of amyloid fibril growth

it is not the only process that contributes to the creation of new filaments. Secondary
processes exist where the creation of new fibrils islependenton the exsting aggregate
population?. 77 (Figure 1.5). Fibril fragmentation is one such example, where each
fragmentation event increases the number of aggregatienbompetent ends and initiates new
growth, leading to an exponential proliferation of fibrillar speciegs-80. Secondary
nucleation is also possible, where the surface of existing filaments catalyses the formation
of new aggregates accelerding the rate of fibril formation via a positive feedback
mechanism These processes can contribute to both the observed lag phase and the
subsequentfibril growth77.79. Some recenin vitro studies of the aggregation of th&0 and
42 residue variants of the amyloidr (Ar) peptide revealed that, in both cases, rapid
proliferation of aggregatesis dominated by secondary nucleatiors.81, where the formation

of aggregates becomes exponentiatiue to the positive feedback mechanism upon the
formation of fibrils. These additional aggregation mechanismgould be important in the
progression of the disease and the proliferation of toxic species between cellsand
therefore indicates that therapeutic approaches may need to be considered to target fibril

catalysed secondary processes rather than (or in addition to) primary nucleation

Primary Secondary
pathways pathways
a b c

N

R

Stochastic coalition of Fragmentation Surface-mediated
monomers catalysis

Figure 1.5 A schematic representation of the main primary and secondary processes that
contribute to fibril formation. (a) Primary nucleation results in the formation of new
aggregates from stochastic inteactions of monomers. Secondary pathways depend on the
pre-existence of aggregate and can enhance the fibrillation kinetics via a number of ways;
fragmentation events (b), which produces new, elongation competent ends for further
fibrillation and (c) surfacecatalysed eventswhere new aggregate formation is dependent
on the concentration of preformed fibril. Figure redrawn and adapted froni’.
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1.2.4 Structure of amyloid fibrils

Amyloid fibrils formed from different protein sequences share remarkably similar
structural features on the nanometer scal® 82. Using imaging techniques such as
transmission electronmicroscopy (TEM) or atomic force microscopy (AFM), amyloid fibrils

appear as long, unbranched polymeric assemblies, often several microns in lenigth

The core of the fibril is made up of an arrapf either parallel or anti-parallel 1 -strands,
stacked perpendicular to the length of the fibril and held together in a highly ordered
arrangement by backbone hydrogen bonds. This arrangement is known as crgsand
produces the characteristic Xray fibre diffraction pattern observed for a large number of
fibrils 15.82.83 (Figure 1.6 a). The pattern shows intense reflections at ~4.7A and 10 A
indicating the regular spacing of both the intrasheety -strand packing and the intersheet
distances between two associating -sheets, in the formation of the mature fibril Figure
1.6 b). Fibrils usually consist of several protofilaments, which can associate in a number of
ways (Figure 1.6 c), often by twisting together to form rope-like fibrils or through lateral

associations to form ribbonlike structures that can be up to 30 nm in widtl3 82.84-87,

Amyloid fibrils are also known to display universal dye binding properies. As well as
exhibiting enhanced birdringence under polarised lightupon Congo red bindingg, amyloid
fibrils exhibit a conserved ability to bind aromatic dyes such a Thioflavin TThT), leading
to enhanced fluorescent properties of such compound@&. This property, therefore, is
often used to monitor fibril formation in vitro and further serves as an indication of the

generic features shared by amyloid fibril structures.

10
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4.7 A spacing determined by
peptide backbone therefore
generic between fibrils

Fibril axis

Spacing determined by side-
chain interactions, therefore
variable between fibrils
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side chain interactions. Taken from. The direction of the fibril axis is indicated by a single

headed arrow. (c) Cryo-EM reconstructions illustrating the variation in protofilament

assembly leading to extensive structural polymorphism in amyloid fibril§’. (d) Example of

a highrresolution fibril structure. The twisted morphology of the fibrils formed from the 11-

residue fragment of transthyretin (TTR) as visualised by TEM(left). This technique,

coupled with cryo-EM, allowed for reconstruction of thefibril ( centre). Additional ssSNMR

data then allowed determination of the fibril structure at the atomidevel (right) illustrating

the hierarchical organisation of the amyloid fibriP1. Images adapted from references where
indicated.
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Knowledge of the detailed molecular structures of amyloid fibrils is becoming increasingly
available owing to recent developments in cryo electron microscopycryo-EM)®t. 92 and

solid state NMR spectroscopyssNMRY1.93-95, Recently, an atomic level structure of a fibril
formed from the 1ll-residue variant of transthyretin (TTR) was demonstrated Figure

1.6 d) revealing the intricate details of the packing interactions which facilitate in the

Al O AGET 1T T £ OEA E EskadsOropibtfilaments, dilénfentsdhandthel £
mature fibril9t. These techniques therefore, have allowed confirmation of the general
characteristics of the overall structure of the fibrils, which is indeedattributed to the
hydrogen bonding pattern of the polypeptide coré. It also confirms the basis of structual
variation seen between fibrils, which results from the manner by which sidehains are

incorporated into the fibrillar architectures., leading to polymorphism.

Sructural polymorphism is not limited to fibrils formed from different protein precursors

and seems instead to be an inherent feature of amyloid formation. Fibrils composed of the

same precursor can exhibit entirely different packing arrangements within theitbril core.

For example, fibrils formed from the 40residue variant of A (discussed in more detail in

Section 1.3.4.3 have demonstrated theability of a common precursor protein to form

structures with entirely different organisations of the f -strands8 &1 O OEA 11060 PAOO
fibrils for m a parallel, in-register arrangement| /Z=strands, however, out of register and

completely anti-parallel structures have been suggested in some ca$é#. Structural

analysis of more than 30 amyloid forming peptidesz fragments from full-length

amyloidogenic proteins such as A, tau, prion protein (PrP), insulin, | -synuclein among

others1o, demonstrated that, although H fragments share the same crosg spine,

structural variations exist that expand the range of architectures available to a single

protein species and could form the basis for different biological properties seen by different

polymorphs. This same struatral polymorphism is also seen for a number of larger

amyloid forming sequence§’.101-105 many of which are associated with diseasstates and

therefore suggests a role for different morphologies in specific disease progressions.

Distinct morphologies of fibrils, found presentin the brain® T £ ' | UEAETI A0O6 O DPAOEAI
entirely different clinical histories, indicates a role for polymaphism in vivo, that might

correlate with variations in the diseas@os.

In vitro studies also indicate that polymorphism can significantly alter the biological
properties of amyloid assemblieg01-103,107-114 - Two fibrillar polymorphs of J -synuclein (the
amyloidogenic protein associated wittD0 A OE ET OT 1) éhéw eAtike differ@nh abilities
to propagate the formation of further aggregates, in the process commonly referred to as

Geeding?3. This difference in ability to temphte further aggregation could have a

12
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dramatic influence on the progression of the disease state. A current leading hypothesis in

the field is that amyloid seeds can have prictike infectivity 115 116, where aggregates may

initially form in only a small number of cells, before fragmentation and spreading to distinct

regions of the brain. If the distinct stru¢ural morphology of a fibril determines the seeding

AAEI EOUh DI T UITOPEEOI xI O1A PIAU A EAU OI1/
possibly the variations in symptoms seen between patients. Targeting distinct structural
morphologies, therefore, may be critically important in treating amyloid disorders, as well

asin identifying the key assemblies responsible for propagation and toxicity.

1.2.5 Other structures of the amyloidogenic pathway

Within the lag phase ofamyloid fibril formation ( Figure 1.4), a vast array of oligomeric,
intermediate states can exist These thermodynamicallystable intermediates may be
formed both on- and off-pathway to mature fibrils, but detailed characterisation of the
distinct oligomeric species formed haeen a major challenge in thdield, owing to their
heterogeneousand transient nature. Insights into these structures, their formation and
characteristics has been the focus of much research, as it is tfeneral consensus that thse
oligomeric intermediates act as the main toxic entity in amyloid disorders, rather than the

mature fibrils 54, 117-121,

Formation of soluble oligomers is common to all amyloid forming systems and Wwas

proposed previously that conserved features of these intermedias may contribute to a

generic pathogenic mechanism between amylo@bses22.123, This hypothesis was supported

by the finding that oligomers, characterised from a range of different amyloidogenic
precursors, were found to display common features; being generally spherical, between-10

70 nm in diameter and crucially, recognisable by a conformationapecific antibody, A1223,
AEACADOOEDEOAG 11 ECIT i A @xickdxAlls BdEfprlsoide Aatme O1 U |
precursori2s, |mportantly, oligomeric aggregates formed from proteins not previously
associated with any misfolding disorder, were alsgshown to becytotoxic'2?, furthering the

idea that toxicity imparted by soluble, prefibrillar aggregates is an inherent property of

protein aggregation.

Although the current consensus still implicates oligomers as more toxic entities than fibrils,
it has become clear that the mechanissunderlying oligomer toxicity are more complicated

than a single conserved feature. A vast number of structures have begiscovered with

13
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various degrees of toxicity which can be broadly characterised based on their overall
morphology?24. The Allpositive oligomers represent one class of struares often termed
pre-fibrillar, whereas the second major class, termed fibrillarare expected tocontain a
EECEAO A-Atukdhtent afid ppssess more structural similarity with the mature
fibril. These oligomers arerecognised bya second conformationatspecific antibody, OC,
which also recognises mature fibril§25. Owing to the lack of high resolution oligomer
structures, thesetwo antibodies serve as a convenient method of classifying intermediates
based on their underlying structural organisation rather than size. Fibrillar oligomers (O€
positive) have been foundranging from dimers, up to >500 kDa in sizé?5, whereas All-
positive, pre-fibrillar oligomers range from approximately tetrameric to ~75 kDa!25. This
suggests that the two oligomer types are formed as part of two distinct pathways to
aggregation Figure 1.7), rather than the prefibrillar oligomers preceding the formation of
the fibrillar oligomers. One pathway involves the direct formation of fibrillar oligomers
(OCpositive) from monomers, which may represent seeds or nucleithat can directly
elongate to form fibrils. The alternative pathway involves the formation of prefibrillar
(All-positive) oligomers which mayneed toundergo a conformatioral change to become a
competent nuclei br monomer addition and fibril formation. With oligomeric assemblies
able to readily interconvert!26, these simplified models may represent only two of an infinite
number of possible pathways Clearlymore detailed insights into the various structuresare
required to allow further understanding of the mechanisms of amyloid formation and to

elucidate any general toxic species.
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Figure 1.7 Schematic representation of two possible amyloid forming pathways.The
existence of two disthct oligomer populations with differential reactivity to conformation-
specific antibodies A11 and OC indicate two possibleathways to mature amyloid fibril
formation; (a) where fibrillar oligomers (OC positive) elongate by simple monomer
addition and (b) where pre-fibrillar, A11 oligomers undergo a conformational change
before elongation. Figure redrawn and adapted frora24.

1.2.6 Amyloid formation and disease

A number of diseases result from the incorrect folding of proteinspne classof which
involves ordered association that leads tdhe formation of amyloid deposits. Several of
theseamyloid diseasesare neurodegenerative, where aggregates specifically acoulate in
the brain and exert their toxic effects. These include the two most prominent forms of
dementia,! 1 UE A HikeBsoHTIOA 0 AOEET @i The® ardds®devedlxamples
of non-neuropathic amyloidoses,which canspecifically target a singleorgan (localised) or
effectseveralareas of the body (systemic).Some of the main examples of amyloidoses are

given inTable 1.1.
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Organ- Extracellular
: Precursor speC|f|c_/ amquld Clinical
Disease ) Systemic deposits/
protein , features
(organ intracellular
affected) inclusions
Neurodegenerative
' T UEAEIT | Amyloid-r Organ Progressive
. . specific Extracellular . 128
Disease t1!'rqQ by : dementia
(brain)
e £ ¢ Organ .
|
' IIDisUeaEsé El Tau specific Intracellular P(;Z?nrirs]fige 128
(brain)
0AOEET O | Organ Movement
. 1-synuclein specific Intracellular X 129
Disease : disorder
(brain)
Dementia with . Orga_lr_} Dementia and
. 1-synuclein specific Intracellular 130
Lewy bodies : motor problems
(brain)
Transmissible Organ Dementia, ataxia
spongiform Prion protein specific Extracellular | and psychiatric | 131
encephalopathies (brain) problems
2r A Poly-Q Organ :
( O.I OET Cf expanded specific Intracellular Dementia and |,
disease - . motor problems
huntingtin (brain)
. : Organ
Amyotrophlc_ S_uperomde specific Intracellular Mgvement 133
lateral sclerosis dismutase 1 . disorder
(brain)
Non-neuropathic
Amyloid light- Immunoalobu
chain (AL) mmunogiot Systemic Extracellular Renal failure 134
N lin light chain
amyloidosis
DlaIyS|s. rela_ted T Sys_temlc Extracellular Renal fallure_ 135
amyloidosis microglobulin (joints) and paraplegia
Lyso;ymg Lysozyme Systemic Extracellular Renal failure 136
amyloidosis
Transthyret_ln Transthyretin Systemic Extracellular Peripheral 137
amyloidosis neuropathy
Flbrln_oger_1 &EA O -l Systemic Extracellular Renal failure 138
amyloidosis chain
Organ .
. o Insulin
Islet amyloid specific deficiency and
Typell Diabetes polypeptide (pancreas- | Extracellular ency 139
resistance,
(IAPP) Islets of hvberalveaemia
Langerhans) ypergly

Table 1.1 Examples of the major human disorders associated with amyloid deposition.
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Exactly how aggregates exert their toxicity in different disease systems is not well
understood but is thought most likely to occur through a gain of toxic functiod. Thks is
likely as a generic mechanism owing to the fact that nedisease related proteins can form
amyloid structures that are inherently toxic22, There is currently no single consensus
between amyloid disorders, in fact it is most likely that toxgity is mediated through a

complex network of dysfunctions.

Several disorders are associated with extracellular aggregationTéble 1.1). These
aggregates havebeen s$own to activate signal transduction pathways(Figure 1.8 i),
leading to apoptosis and thus present a possible generic gain of function mechanism for
diseaserelated amyloid deposits For example RAGE (receptor for advanced glycation end
products) is a surface receptorwhich has beenshown to interact with amyloid fibrils
AT 1 BT OAA T £ OAOGAOAT DOAA »OPENG PrEo04:, GeAding @h

activation of cellular stress reponses and immune responses.

mh
—
by

Another possiblestrategy of amyloid-mediated toxicity is membrane disruption(Figure 1.8

ii). Amyloidmembrane interactions are well documented2-14¢ and have been shown to

lead to a perturbation of normal cellular activity, membrane damage and even conete

rupture 147, 149-154 - Thig too, is independent of precursor sequence and again could be a
generic mechanism shared by several amyloidosefligomers, formedfrom many amyloid
precursorss54 155-160 have been foundto form pores in cellular membranes(Figure 1.8 iii ),

leading to problems with signal transduction, ion homestasis and resultingin apoptosis or

necrotic cell deatr8 51 OOOOAOOOAA I isynicleidagaldoEenshown0 AT A
to embed within the lipid bilayer5t. 161,162 where amyloid formation proceeds and causes

membrane disruption.

As discussed inSection 1.2.2, the cell has developed many strategies to deal with the
accumulation of aggregates. Thereforea possible univesal toxicity mechanism could

involve the sequestration of essential cellularcomponents (Figure 1.8 iv), such as
chaperones leading to a competition for these components and a depletion of cellular
resources. In one exampleAT T AOAOAA ET A UAAOO 11 AAT 1T A& (
huntingtin inclusions were found to sequester the molecular chaperone Sis1p, inhibiting the
clearance of further, noramyloid inclusions ofunrelated proteins, which formed as a result

of the disturbance of the protein quality control system. This chaperone competition
mechanism could indeed apply to all amyloid disorders, especially in the case of agéated

diseases where mechanisms of proteostasare alreadyin declinel63-165,
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Because the native fold is usuallgssential for a protein to function(except in the case of
intrinsically disordered proteins), most proteins will lose their ability to function upon
misfolding and aggregation. Loss of function mechanisms coudcount,therefore, for the
toxicity in some amyloidoses(Figure 1.8 v). This could be through aberrant interactions
with any number of unrelated proteins, leading to a loss of function of #hcoaggregatess
(Figure 1.8 vi). Toxicity could also be attributed to the loss of biological function,
specifically of the amyloidogenic protein in question. In ( OT OE1 Qisehsk, h®©
huntingtin protein is thought to play a protective role against apoptosi§” and disturbance
of this biological function may therefore lead to premature loss of neurons. In amyotrophic
lateral sclerosis (ALS), the misfolded superoxide dismutase 1 (SOD1) is no longer able to
turn over superoxide anions and therefore leads to a buildip of superoxide radicalgss. For
both of these diseases the mechanisms are still uncléé 169 and there are arguments
contradicting the loss of function hypotheses in each ca%& 169, In generalthe toxic gain of
function mechanism, possibly universal between the many amyloid disorders, is considered

more likely.

(i)
Aberrant cell
signalling

(iii)

Pore formation

(i)
Membrane
damage

Extracellular

SE
Intracellular
\@% — y —
(iv) (v) (vi)
Sequestration of Loss of native Non-native
cellular function interactions

\‘::“‘0‘ components
Oy ®

Figure 1.8 Mechanisms of amyloid toxicity. Many disorders are associated with
extracellular aggregation which can exert toxicity via aberrant activation of cell signalling
pathways (i) or membrane perturbation or rupture (ii) . Oligomeric aggregates formed on
pathway to amyloid fibrils can exertcytotoxicity via pore formation (iii) . Possible toxic
mechanisms of intracellular aggregates include sequestration of cellular components such
as chaperones and other proteostasis machineiyv) . Alternatively, aggregation could lead
to a loss of nativefunction of the amyloid precursor itself(v) or of other essential proteins,
through non-native co-aggregation(vi) .
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1.2.7 Therapeutic approaches to amyloid diseases

Owing to the many potential mechanisms underlying amyloid toxicity, the development of
therapeutic strategies to intervene in these disorders is extremely challenging. A deeper
understanding of the mechanisms involved is therefore the first major requirement to
enable the development of suitable intervention strategies. Equally, the identity tife toxic
species remains elusive, further hindering the search for effective therapies. Due to the
complexity of the aggregation pathway, a number of plausible therapeutics are under

review, as discussed below

1.2.7.1 Inhibiting the production of the amylo id precursor

Perhaps the most obvious route to prevent aggregation is in reducing the level of the
amyloid-competentprotein in the cell. This strategy may not be feasible in cases where the
amyloid precursor is required for function, but when the precursor is a byproduct of

abnormal processing of a larger, functional protein (as is the case for almost half of the

known amyloid diseases) EO | AU DOl OA AEEAAOEOAS y1 OE
(covered in detdl in Section 1.3) the abnormal processing of the amyloid precursor protein
j1o00q 1 AAAOG OF OEA & Ofi AGEIT 1 &£ OEA ACCOACAOD

in this processing eventtherefore, hasbeen an attractive intenention strategy for many

years. However, the challenge in this endeavour is modulating the abnormal process
without disruption of the formation of functional fragmentsi7t or effecting the enzymes

ability to cleave alternative substrates$?s. 1728 I DPEAOA ) ) ) -sebrétdsé EAAI
inhibitor, Semagacestat, was aborted in 2010 due to weening of cognitive impairment.73

expected to be a result of the inhibition of alternative cleavage events.

In diseases where the precursor is formed from the fullength protein, inhibition of
expression with RNA interference (RNAI) may be plausible. Short, double stranded RNA
molecules are introduced into cells to silence specific genes by targeting complementary
MRNA for degradatiori’4177. RNA can be introduced with the use of viral vectors, where the
vector can integrate into the neuronal genome and be expressed lorigrm. RNAI has
shown promise in a number of amyloid disorder&’7-180 but the delivery of such therapies

across the blood brain barrier (BBB) is a challeng& and may only be feasible in disorders
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that effect a smallregiol 1T £ AAT 1 O | O whére vdiors @oll® BEeBrje&iddl 6 O
directly.

1.2.7.2 Stabilising the native protein

In the case of disorders where the precursor is a functional peptidar protein, stabilisation
of the functional state may be a promising stri@gy. To date, only one commercially
available treatment for an amyloid disorder existswhich works by stabilising the functional
tetramers of transthyretin (TTR) in the neurodegenerative disorder, Familialamyloid
neuropathy (FAP). In the disease statehe native tetramer dissociates, whereupon the
partially unfolded monomers subsequently formamyloid aggregatess2.183, The Kelly group
OEAOAEI OA AAOAT T PAA A AGD Edld/EA sl molecEld ihich AEADAOT 1
binds and kinetically stabilisesthe folded tetramer, peventing monomer dissociation,
which is the rate-limiting step in TTR misfolding and aggregation(Figure 1.9)84. In the
case of Tafanidis, its discovery was through the use of a structurdased design approach;
a method which, unfortunately, is not applicable to the many natively disordered amyloid
precursors, as they have no unique structure to target. Howeverurther chemical
chaperones have been found able to stabilise prion protein (PrBy A T A 18slvia alternative

means

1.2.7.3 Inhibition of the formation of toxic aggregates

Linked to the stabilisation of the native fold, inhibition of aggregation and, therefore, the
prevention of the formation of toxic species, is an attractive therapeutic strategy for all
amyloidoses. Development of ligands able to associate specificallythvinonomers and

prevent aggregation, therefore, is an intense area of research.

YT EEAEQOEIT 1T &£ AEAOEI £ -OEAABI ACABLEABDAGEEAOI ABADED
by various research groups. This strategy involves a peptide inhibitor which is lale to

associate through hydrogen bonding with the aggregate due to a complementary region, but

is unable to promote further fibrillation. This could be through the presence of a bulky

modification, such as the addition of a steroid at the fferminus, which has been shown to

AEEAACEOAI U ETEEAEO AOOOEAO AAKEA@iedadivelyl £ 1T 111 AOC
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OOAOOEOOOETT 1T £ EAU OAOEhkebfomatiosO®. Sondarlyl, thel AO A
use of Nmethyl modified peptides can be used to block fibril formatio#°8 -sheetbreaking
i AOGET AO OOAE AO OEAOA EAOA ARAAyn, 1/BP &rid poly@ ££A A ¢

aggregationin vitro191-195,
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Figure 1.9 Tafamidis stabilises a functional tetramer of transthyretin (TTR) in treating
Familial amyloid neuropathy (FAP). (a) The structure of Tafanidis. (b) The mechanism
of action of Tafanidis. Tafamidis binds and stabilises the TTR tetramer (top left),
dramatically reducing the dissociation to dimers and inhibiting the cascade to amyloid
formation via the misfolded monomer (bottom right). Figure adapted frors.

Therapeutic antibodies may have value in targeting amyloidoses, despite years of

disappointing trials for some disorders (detailed for AD therapeutics inSecton 1.3.5).
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Antibodies are indeed able tanhibit aggregation?97.198, |n fact, the A1l antibody, able to
recognise an array of oligomeric structures from a variety of peptide precursors, is able to
inhibit the toxic effects of the aggregate®3. A major drawback of these molecules is that

they are unable to cross the BBB and have been found to exert toxic side effects due to their

Eii OTT CATEA DPOI DPAOOEAOS 2 A AntiliodyUunimétic ®dicA 1 I DADOEAA
may have better BBB penetration owing tats smaller sizet®?) was developed, which was
AAT A O AETA 'y xEOE TATTIi1T1AO AEEEMEOU AT A OOAOA

Small molecule inhibitors are another promising class of therapeutics in amyloid disorders,
with advantages in their small size and therefore broad tissue penetration, lack of immune
response and enlnced stability20l. Asall amyloid fibrils have long been known to bind to
the dye molealles ThT and Congo re#, it is unsurprising that anarray of further aromatic
compounds are able to bind amyloid. In many cases, the molecules are able to interfere with
the aggregation proces®?-209, The aromatic rings found in many of these compounds are
pOT BT OAA O1 EIT GslackimgioOatomatie resitlue§) Endught to be important in
fibril formation 197.210.211  Epigallocatechin 3gallate EGCG one of the most well studied
amyloid inhibitors, is able to prevent oligomerisation ando disaggregate preformed fibrils
Al O AA AOT 1T ' 1 h ),anfodgiothetsdozzos, Mindmbea 6f Broall molecule
amyloid inhibitors have proceeded to clinical tials209.212.213 and could prove to be a viable

approach intargeting these disorders.

Because the identity of the toxic species in unkmen in the vast majority of amyloid
disorders, targeting the earliest stages of aggregation might be the most promising strategy,
asvia this approach, all of the potential toxic entities will be prevented from forming. Only
when more details of the toxic mechanismassociated with amyloiddiseasebecome clear,
will the design of therapies fairgetting single structures from within the amyloid pathway
become feasible.Recently, secondary nucleation processé€Sectionl.2.3) have been found
to be important in the propagation of aggregate®.8L and implicated in the formation of toxic
species. Polymorphism of fibril structures (Sectionl1.2.4) has also keen associated with
different biological effects and may indicate additional routes tdhe prevention of the
proliferation of toxic aggregate#®. 113, The process of secondary nucleatioadds to the
complexity of the aggregation pathwayand may mean that therapies targeted towards
primary nucleation processes (the initial formation of oligomers from sporadic
accumulation of monomers) alone, may be ineffective. Therapies targeting fibrillar
assemblies, which stimlate these secondary proessesmay be required therefore, for

efficient inhibition of toxic aggregate formation.
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1.2.7.4 Accelerating fibril formation

Mature amyloid fibrils are often considered the inert endpoint of aggregation, as they have

been found to be less cytotoxic than #ir oligomeric precursorst’2. This observation has

led to the investigation of an alternative therapeutic approach, involving acceleration of
aggregation towards te less toxic fibrils therefore reducing the population of oligomers.

Indeed, DADOEAA AAT A O OAATCITEOA 11 AT A AAAAIT Ac
toxicity in vivez14, Although an interesting concept, there remains substantial evidence that

fibrils exert toxic mechanisms of their own49.150.215 gnd this should be considered when

applying this approach in practice.

1.2.7.5 Stimulating aggregate degradation

As discussed inSection1.2.2, a number of cellular mechanisms are in place to deal with
misfolding and aggregation. Enhancing the regulatory processes of degradation systems
may provide a further, universally applicable therapeutic strategy. Small molecules are
currently being developed to enhance cellular chaperone levels and aid clearance of
aggregatests. Drugs such as Geldanamycin can enhance chaperone |&¥@l$17,
Augmentation of clearance mechanismsthrough both autophagy aml proteasome
stimulation, could also be effective strategies, although increasing the twwwver of
functional proteins could be a major side effect. Small metules are under development
which facilitate specific degradation of toxic misfolded proteins though the endocytic

pathway?18,

A further possible strategy to encourage amyloid clearance is to inhibit stabilising
interactions formed between aggregates and accessory molecules. Glycosaminoglycans
(GAGs) apolipoproteins and serum amyloid P are a few of several accessory molecules that
bind and stabilise fibrils37. 170, Disassemly and clearance of fibrils has been promoted
through interference of the GA@myloid interaction219, although disaggregation to more

toxic oligomeric species could be an issue if these are not effectively cleared.

Owing to a lack of understanding of the toxic mechanisms of amyloid diseases, it has been
difficult to design effective strategies for intervention, despite intense research and the

numerous promising avenues mentioned above(and summarised in Figure 1.10).
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Consequently, there is currently a lack of diseasmodifying drugs and the available
therapeutics act only to ameliorate symptom#9. The search for diseasenodifying
strategies must also be complemented witithe development of effective, earlystage
diagnostics as evidence suggests the initial stages of aggregation occur decades before
symptoms arise€2!, This suggests that administration of therapeutics when symptoms are

already apparent may be futile, as extensive and irreversible damage may already be done.

(iV) Inhibition of —_ * Accelerate (V)

aggregation aggregation

= oy

Amyloidogenic Native Misfolded
precursor protein monomer

(i)
RNAI
Stabilise native

\/ state Enhance 3
e (ii) (iii) * degradation (VI)
) ~N Modulate \
processing of r
precursor N \’\

Proteosome

PO COVEN

Autophagosome

Figure 1.10 Major therapeutic strategies against protein aggregation.Prevention of the
initial production of the amyloidogenic precursor peptide can be achieved by RNA
interference (i) or through modulation of the processing events that give rise to such
species (i) . Stabilisation of the native functional state can be effective in preventing
unfolding or misfolding (iii) . This can be achieved by upregulation of cellular chaperones
or via treatment with stabilising small molecules/peptides. An attractive strategy is the
inhibition of aggregation from misfolded monomers to potentially toxic oligomeric
AOOAT Al EAO IshreetbcketsFantiOduies®iEskall molecule@v) . Cowversely,
promotion of aggregation to inert species(v), with small molecules that accelerate
elongation, can reduce toxicity. Protein aggregation can also be prevented by promoting
degradation with the enhancement of proteostasis regulatorgvi) .
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1.3 Alzheime 06 O AEOAAOA AT A !

131! 1 UEAEI AOG6O AEOAAOA

T UEAEI AOBO AEOAAOA j1$q EO A AAAEI EOAOQET ¢h
disorder, which is characteri|ed by memory loss, severe cognitive impairment and
eventually deatt?22. The cognitive decline is accompanied by many behavioural and
psychological symptoms including hallucinations, delusions, apathy, anxiety and
depressiore23, The symptoms of Alxan differ in severity, yet invariably take a severe
emotional toll on the patients and their caegivers. Current estimates indicate that
worldwide, more than 45 million people are suffering with ABS5, a figure that is increasing

each year, owing to increased global life expectancy. The seeimonomic burden associated

with AD, therefore, is \ast and the current worldwide cost in estimated to be in excess of

$604 billion per annum?8. These statistics emphase an urgent need for advances in the

effective prevention, treatment and diagnosis of this grave disorder.

As already mentioned (Section 1.2.6),! | UEAEI AO6 O AEOAAOMKgaBO Al
specific, neurodegenerative amyloid disorder and involves the aggregation of two major
precursor proteins2sg, OEA AT Ul 1T EA Section 1.3.2qQwhiehAi® ound Ak |
extracellular deposits known as amyloid plagued and tau, a microtubuleassociated

protein which forms intracellular, neurofibrillary tangles225. Together, theséwo amyloid
AOOAT ATEAO AOA AT 1T OEAAOAA OEA DPAOBY(FgJueEAAI
1.11).

Tau is a neuronalmicrotubule-associated protein predominantly concentrated in axong27.

It has several roles in stabilsing microtubule structure2?8, modulating microtubule-
dependent transport of organelles and biomolecules® and is expectel to play a role in

apoptosis, through stabilisation of apoptotic factors upon phosphorylatior#°. However,
hyperphosphorylation of tau has been implicated in the onset of AD, due to the enhanced
aggregation propensity of the phosphorylated precursors, and is loss of functior#2s. As

x]T OE EI OEEO OEAOEO OAOCAOO OEA AOOAI AT EAO A
the remainder of this introductory section will focus on this peptide, although it should be

nnOAA OEAO ET OEA Ai1OA@O 1T &£ AAOGAITPETI C 1 Ax

should be recognsed as major molecular player#s.
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Figure 1.11 Extracellular amyloid plaques and intracellular neurofibrillary tangles are

pathological hallmarks of AD. Postmortem neuropathological analysis of AD brain.

POOAAAT T O1l AO AT UITEA AAPi OEOOh Al i bl OAA DPOEI AOEI
Cytoplasmic neurofibrillary tangles, composed of tau aggregates, are indicated by yellow

arrows. Figure takenwith permission from 168,

1.3.2 The Ar peptide

I 1 B.BDKDA peptide derived from the sequential enzymatic processing of the amyloid

DOAAOOOI O POT OAET j'!ooqh OBAAPBIEA largeintembrane T £ 1 AT A
spanning protein, which has been found to be expressed across a range of cell types, yet its

biological function remains largely unknowr?32, Within the central nervous system it is

thought to be associated with cell adhesion, neuronal migration and synaptic

transmission233-235,  APP processing can proceed via two pathways, one of which is

amyloidi CAT EAh xEAOA 'y EO hianybidodehio FiguieA12DEA T OEAO E
The non-amyloidogenicroute is the predominant pathway, where APP is initially cleaved

by the J -secretase and subsequently the-secretase, resulting in the formation of fragments

SAPR, CTR, AICD and p3. The cellular functions of these cleavage products ewerently

unclear23s, The alternative, amyloidogenic route proceeds via an initial cleavage by the

secretase (BACEl) enzyme, producing a shorter variant of the extracellular domain

(sAPR). The longer transmembrane domain produced by this cleavage event is then

further processed by ther-OAAOAOAOA AO OAOEIT 6O OEOAOh DBOT AOAET «
length between 3943 residues. The two major forms(Figure 1.13) are produced by

cleavage at positions 40 and 42 The resulting & peptides are amphipathic, with a central
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hydrophobic region known to be critical for amyloid formatior?37-240, The peptides also
consist of a charged Nerminus and a hydrophobic Gterminal domain. The biological
AOT AGET 10 1T &£# OEA ' PAPOEAAO OAI AET Q40ET T x1

could be involved in the modulation of synaptic transmissio?#L.

sAPPa SsAPPB

APP APP
M
N AB

I H
Extracellular a_f / / b 1 / /
Sy e e

J 4 g 3
-----------‘ '.----’.‘ P ES5SSEESE5E55E558EESESEESSE] -----"" EOOEOEEEEASAIDIOD
! |

N iv\

CTFa CTFB

Intracellular

AICD AICD

(a) Non-amyloidogenic pathway (b) Amyloidogenic pathway

Figure 1.12 Pathways of APP processingThe maprity of APP is processed via th@on-
amyloidogenic pathway (a), with OEA AAQETT 1 &£ | AT A - OAAO
AT Ul T EAT CATEA PAPOEAA EOACIi AT OGO O6'004h Po Al
AU Al A A OA C Asecrefaéek viarthe Antyldidogenic pathwap) producing the toxic
l'r PDADPOEAAS &ECOOA @mAAOAxT AT A AAAPOAA EOI I

'l OET OCE !'rtm EO OEA DPOAAT I ETAT O A& O £ g
l'rt¢ EO OEA OOAEAAO 1T &£ OEA 1100 ETI OAOAOGO E
propensity244, owing to the additional hydrophobic residues lle41l and Al ¢ 8 hasr 1 ¢
been shown to be more toxic to neuronal celtg52478 4EA TTTCAO OAOEAITC
additional Thr at position 43) is often overlooked but has been reported to occur in equal
abundanceto its more well-known relatives, specifically within the dense plaque core&?s.

It has also been shown to be more amyloidogenic and neurotoxic than the 42 residue

variant249,
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10 20 30 40
AB40 DAEFRHDSGYEVHHQK i, EDVGSNKGAT IGLMVGGVV;

AR42 DAEFRHDSGYEVHHQK 2. EDVGSNKGAI IGLMVGGVV:IIA

Figure 1134 EA AT ET T AAEA OANOA I 1TAcRadditiondE hytrpphoic AT A ' r 1 ¢ 8
residues lle41l and Ala 42 are highlighted blue. The central hydropbic region (residues
17-21) is highlighted green.

1.3.3 The amyloid cascade hypothesis

The amyloid cascade hypothesis has been central to AD research for morertl2® years and

posits that the deposition of the &4 D A BnQrie Arlin parenchyma is the critical event

which ultimately leads to the onset of the disorde#s0.2518 3ET AA OEA AEOAT OAOU 1 4
major component of AD plages in the mid 1980s?!, substarial evidence has been

DOAOGAT OAA O1 AEOOOEAO OOPDPI OO OEA O1TITA T &£ 'y ET '$
in an autosomal dominant manner was a seminal event in AD research, as the mutation

describears2 i AAOOOAA xEOEET OEA CAT A AT Aerriulaliogs OEA ' DO/
have been found subsequently,within genes that regulate the processing of APP, namely

presenillin genes 1 and 253-255, which code for proteins involved in the regulation of the -

OAAOAOAOGA A1 AAOGACA AOAT Oh 256 Buplibdfidn Gf chkdnasdmdeO1 U OT !
21 in individuals with Dowl 8 O OUT AOT I Ah xEEAEABAGOBAOODAOCEKDAT
production, including APP itself, is thought to result in the early onset of AD in these

patients, typically around age 4@7. Further, mutations in genes that encode proteins

OET OCEO 07 AA OAODI T OF Ah2A canfeddce thef@E ot Hideds® ! Al AAO
ITOAOS 4EAOA |1 OOACEIT O Aiil Ol OEi AGAI U ET AOAAOA
between production and clearance, and therefore add further credence to the central

amyloid hypothesis.

1.3.4 Neurotoxicassembli AO 1T £ ! g

As with all amyloid forming reactions, a vast number of intermediate structures can be

populated en route to the final fibrillar aggregates that are deposited in senile plaqués
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AD. The nature of the toxic assembly, that which causes the neunsa loss and synaptic

dysfunction associated with AD, is the subject of much debate in the fidk# 126,

4EA 11 DPADPOEAA EOOAI £ A gmdeic éudy, atholgh oBEed AT U
molecular dynamics MD) simulations suggest that A42 possesses a more constrained-C
terminus OE AT ,fomngef EAEOPET h xEEAE | AU AA OAOPI T OE
propensity to form amyloid2628 "T OE 1| AEJ Or t i A RdeGBdtd g

an array of higherorder structures, enhanced through various stimuli, including most
importantly, an increased concentration of the precursor peptides3. The amyloid forming
DAOExAUO AOA ADPDPAOAT Ol U! #2kiaee thé dordinadk BligomA&rid T | [ T
OPAAEAO & O AA AU !'11¢ AOA 1 AOGCAO O®AL OEIT OA

13411 T1ECIiTAOO

A wealth of evidence has been presented to support the hypothesis that it is the soluble,
non-fibrillar oligomers that lead to synaptic toxicity in AD (reviewed in266) and provides a
possible explanation for the aparent lack of correlationbetween amyloid plaque load and
disease severitys?. Within the lag phase of Aamyloid assembly, a large range of species
from dimers268, trimers26® up to 56 kDa assemblief-272 have been reported and
characterised. Pentamers (5mers), hexamers (6mers), low number oligomers (LNOS),
globulomers (12mers), annular protofibrils, amylospheroids (APSDsand A4 t md 1 ¢ | E@A
oligomers are further examples of the many species classifiéep 142 273278 All of these
specieshave displayed inhibition of longterm potentiation (LTP) in hippocampal brain
slices the primary experimental model for investigating learning and memory in
vertebrates, thoudht to reflect the early cognitiondefectsin patients with AD279. Of these
examples, the majority have been shown to bind the All antibody and possess a
predominantly spherical nature. However, the degree gf-sheet content and whether the
assemblies exist onor off-pathway to mature fibrils differs substantially 126.280, Further
EAOAOI CAT AEOU 1 & !'frpm thelc&aGdrelgatidn Of the fOileAgh Pdptidids A
xEQE | O OEDPI A | prs2gh At Bl Adbecidi domplicktedOroligomeric

structures arereadily able to interconvert and coeexist26.

Based on a plethora ofn vitro and in vivo experimental data, it is clear that oligomeric

AOOGAT AT EAO 1T &£ ' EI brAcstlkely, fad Orblé ifthe or3ét @ diskds©O U A
3AOAOAT TI1ECii AOEA AOOAI AT EAO EAOA ET ARAAA A
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tissue23s, 277,282,283, However, a lack of a consistent experimental description of the toxic

entity, as well as the fact that the dynamic and transient nature of these intermediates has

so far precluded their atomic levé characterisation, has hindered the search for the generic

ARAAOOOAO OAOPITOEAT A EI O AAIl AAAOE AT A 1T EIi EOO OE

target.

~ -

1.342!' 1 AEAOEI O

Despite the reported lack of correlation between fibrillar plaque density andhe severity of
cognitive impairment267.284 at |least one study suppds the opposite conclusiongs. The
progression from a state of mild cognitive impairment (MCI) to AD has been found to
correlate with the quantity of brain amyloidk8. Similarly, although asymptomatic elderly
have been shown tadevelop plaques, the quantity of the deposits are generally less than

seen in AD patientgs’.

Fibrils | £ ! hfawe mlso been shown to be cytotoxicin vitro97. 103, 215,288 Anumber of

fibrillar oligomers, expected to $are the cross; AOAEEOAAOOOA 1 dsoil AOOOA FEEA
been identified and shown to induce cellular defecss.288.289, | 1 ibrikare able to cause

oxidative damageé® and initiate inflammation29l. 292, Thus, fbrils remain as likely

Ai 1 OOEAOOET C ACAT 60 ET | $8 @2 BaiekSdbken duGpesfed OAT Al EAO
as instrumental in the generation of potentially toxic oligomers through secondary

nucleation mechanismg?. 78,293,294 gnd depolymerisation210 (Sectionl1.2.3).

With the recent advancesn cryo-EMand ssNMR, several groups have endeavoured to solve

OEA OOOOA OO O A wodiogess o A with aElgldidiBrils derived from other

DAPOEAA DPOAAOOOI OOh A 1 AOCA AACOAA 1T £4®11 Ui T OPEEO
and ! @2, however, the extent to which this is a consequence of differentiain vitro

conditions, rather than a true reflection of polymorphism in disease, remainsunclear.

Crucially, a recent study by Tyckeet al. demonstrated the first experimentally derived

stuAOOOA T &£ !'r1n AEAOEI O OA AA RhBy désEriDefsANDIR dataEOT | 1 $ A
for fibrils derived from two AD patients presenting different clinical histories and

remarkably found evidence that each patient possessed a single, predominant fibril

structure that was morphologically distinct between the two brains. In addition, the nique

morphology presented for each patient was consistent throughout several regions of that

DAOOI 1 6O A O Atketedre, isthéfitsOndigaltion Ehat unique fibril morphologies
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could be associated with distinct pathologies It also provides cmpelling evidence for the
prion-like infectivity mechanism of fibrilsi16, where the proliferation throughout the brain
is a direct consequence of fragmentation and spreading from a common, initibril

structure. Based on these observations and those presented by oth&¥s!13 there is clearly

merit in studying fibril polymorphism as a general phenomenon.

~

1.3.4.3 Structuralmodels T £ OEA ' £

m\
>
@)
m\
@)

Twoinvitro-AAOEOAA 1 rtn AEAOEI O EAOA AAAT hmakOAOEA
been well ddined structurally93. 103105, These fibrils serve as a good model of fibril
polymorphism, by indicating the substantial differences in amyloid structures that can
result from the assembly of the same precursor peptide, under different aggregation
conditions. One morphollCU EO OEA OO0 QHEghr® A M a) whicA ivdsé | ¢ !
originally formed under agitating conditions!3 and exhibits atwo-fold molecular symmetry
as determined by sNMR. Electron microscopydiscerns no resolvable twist for the 2A
morphology (constant width = 5.5 + 0.5 nm) whereas the fibrils formed under quiescent
conditions (3Q zFigure 1.14 b) display a periodic modulation in width (50-200 nm period,
12 +1 nm maximum width) consistent with a periodic twist. ssSNMR indicasthat the latter
morphology consists of athree-fold molecular symmetry with a central cavity along the axis
of the fibril. On the single peptide level, botRA and 3Q fibrilsexhibit an in-register, parallel
crossi conformation, with almost identical regions of [-strand, nony-strand and
disordered segments, yet with some keydifferences in quaternary contactso4 105
conformations within the non-r-strand segments (loops) and, of course, the overall
symmetry. 2A fibrils contain a salt bridgebetween residues Asp23 and Lys28which is
absent in 3Q. 3Q instead displays a partial sditidge between Lys16 and Glu22. In both
fibril types, the N-terminal residues 1-8 are structurally disordered, a feature consistent
with other in vitro ! A% AQ EJthér key differences in quaternary contacts are
highlighted in Figure 1.14 c and d. Interestingly, the two fibril morphologies exhibit
significantly different toxicities in neuronal cell cultures, with the 3Q fibril being the more
potent neurotoxinlo3, This raises the possibility thatsome fibril structures may be more
pathogenic than others, which might lead to the discrepancig®und in the correlation of

disease symptoms and total amyloid deposition, mentioned previously.
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Of the two brain-derived fibril morphologies (mentioned in Section1.3.4.2 alsoidentified
by the Tycko grouptos, only one was taken forward for full molecular structure
determination. Thisfibril type was seeded from the brain of the patient presenting classic
AD with possible, additional Lewy bodydementia pathology. It displays the same in
register, parallely -strand arrangementasl | OO | | /AHAsGriBddto Haled 8¢ 100
301,302, hut does not have the same 2A or 3Q structuras formed in vitro (although it
possesseghree-fold symmetry - Figure 1.14 e). Also,unlike the in vitro models, strong
NMR signals for the Nlerminal residues indicate structural order in these regions. The
general strandbend-strand topology is retained but involves larger nony regions and an
Asp23-Lys28 salt bridge.

51 OET OAAAT Ol U foril $rticiure Bad beAn(pAolly defined,cdespiie extensive

efforts9s.303-3078 4EA EEOOO AOT T EA 1T AAT T moiAdicaiksOOAOOOAIT T U
a distinct triple-parallel y -sheet arrangement Figure 1.14 f), unlike the Ushaped, strand
bend-strand conformation conserved between aimosted OU ! r tm AZEAOEI 11 AAT 1T AA

This Sshaped motif is stabilised by a salt bridge between Lys28 and A2, indicating why
OOAE A OOOOAOOOA T AU 110 AA OrtoipAdodywaEiur@bld [ T 18 ) T Al
Oi OAiI Pl AGA EOOOEAO [£E A OE ]sugdektiog thattketeimayxoE OE ! r 1w |
OT ENOA PAOGExAUO 1T £ 1 EOAI 1 AbBbng! @2l SuchAdiffavdndess A &£l O AOE
inthefolAET ¢ DPAOEx AU 1 A& conpistert with kinetic lstpdies30s.3® and some
OAAAT O T AGAOOGAOGETT O 1T &£ AEOOET AO '3 EOI &I O O ET OE
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Fibril axis

Figure 1.143 OOOAOOO0AT 1 T AlitrdA AOE OAA AEEAMOFRE IGB £l Of AA
agitating (2A, a) or quiescent (3Q,b) conditions, have been structurally characterisedising

ssNMRby Tycko and colleague®3-105 and display2-fold and 3-fold molecular symmetries
respectively. Cartoon representationsof the models are shown with the unstructured

residues 1-8 omitted for clarity. Both fibrils are composeal of a strandturn-strand
architecture and are shown with the NOA O E-dtrAnd in green and the @ A Oi ET Al
strand in pink. Loop regiors are represented in blue. The two fibrils present different

overall morphologies as visualised by TEM. 2A fibrilgresent a striated ribbon structure,

whereas 3Qfibrils demonstrate a periodic twist. TEM images are inset for each. Key
quaternary contacts, that differ between the two fibrils are indicated for 2A(c) and 3Q

(d) 196, (e) The structural model of thein vivoAAOEOAA !  tm AEAOEBN AE /&
vitro models formed from the same preairsor peptidelo, (f) A cartoon representation of

OEA OAAAT O1 U Al DAEDEOMA O (ENQ A AfwedEiihgdmentD A OA |
4 E Astrand containing residues 1218 are in cyan, 24-33 in yellow and 3640 in green.

Short coil or turn regions are in silver and disordered resides 1-10 are omitted. A unique

salt bridge betweenLys 28 (blue) and Ala42 (red) is indicated. All fibril models are viewed

at the fibril cross section, with the axis of the fibril running into the page. Figures taken and
adapted from references where indicated.
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1.3.5 Current state of therapeutics and diagnost ics in AD

Drugs currently approved for the treatment of AD do not prevent, halt or reverse the disease
and only serve to ameliorate the symtomst72, These includenhibitors of acetylcholine
esterase which increases the levels of the neurotransmitter acetylcholinghich is depleted

in AD brains, leading to an impairment of normal cognitioftl. Antagonists of NMDAype
glutamate receptors are also used to prevent abnormal neuronal stimulatié#?. The impact
of these drugshowever, is modest and transient Development of new, diseasenodifying

therapeutics, thus,is essential in slowing thegrowing epidemicthat is AD.

13512 AAOAET ¢ OEA DOl AGAOGETT 1T &£ !

Several therapeutics have been trialled over the last two decades with the aim of decreasing

OEA DPOiI AOGAOCEIT 10O ATEATAET C OEQ@I ABTAREOME AQAr T 1EO !
secretaseshave been ineffective so farowing to difficulties in delivering such molecules

across the BBB ané lack of specificity of the secretase substrates, resulting in cleavage of

alternative substrates such as Notch and voltaggated sodium channel subunits, both

essential for normal cellular functiont?8. The r-secretase inhibitor SemagacestafFigure

1.15 a.i.) failed phase Il clinical trials due to worsening of disease symptom&8 - r

secretase modulator, Tarenflurbil(Figure 1.15 a.ii.), which was defgned to selectively

i T x Age ploquction,ET  AAOT 600 1T £ OEA OEI OOAO! B8k 1 AOGO Oi gE
was also ineffective in a phase Il trial. This was ascribed to low potency and brain

penetration314, Further studies into NotchO B A O Bédci@tase inhibitors and more potent

r-secretasemodulators are currently ongoing34.

) T E E A E &éctelase [BACEW) is also under investigation. However, many compounds
able to inhibit BACE1 have remained in the perelinical phasemainly owing to the same

major problemsAT AT 01 OAOA A /[Els€rretide Ehe AcEv©dita pOBACHE isdarge

and requires bulky inhibitors that are generally unable to penetrate the BBB. BACEdso

has other important physiological roles that needo be spared during inhibition. A phase |

O O E A-becrétafe iphibitor CTS21166 indeeddemonstrated a reductionT BT A®$ A |

but further clinical data into this candidate molecule is yet to become available.
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Finally, in the same vein, the enhancemerit ZAsegretase activity the enzyme responsible
for the non-amyloidogenic processing of APPHjgure 1.12) is another potential strategy in
OAAOAET C | FtazOldefFpar® EI5 b)Ba small molecule agonist for this enzyme,
E1 E E A-Bddé€®d deyronal death and demonstrated good tolerance and safety in a phase
[I studys316 but its clinical efficacy is yet to be confirmed.

a.i. a. il.

Semagacestat Tarenflurbil
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Figure 1.15 Smallmoleculel T AOT AOT OO0 1T £ OEA Al Drugsdeighdd D OT A
to inhibit -OAAOAOAOA | AAEAOAR@A) obdnhaicd A Elterhativé wBR ! |
amyloidogenic processing of APP witlagonists of they -secretase(b) have shown various

levels of success imlinical trials.
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1.3.5.2 Maintaining the balance between production and
Al AAOAT AA 1T &£ '

4EA ETAOAAOA ET ''r DOl AOCAOQEI 1 sfokoYI-READAA xEOE £EA
instances, with AD occurring sporadically for the majority of patient$7. This majority,
therefore, donil O EAOA ET AOAAOAA 'y DOI AOAOEIT 1T OAOOI OET ¢

processing genes, but instead the balance of production amtearance of the aggregation
DOAAOOOI O EO O1Ti1 AEI x Ei PAEOAAS 3 OQhe@Bre EAO OEAO O,

may prove more effective in treating the majority of cases.

Many pharmaceutical companies have turned to immunotherapy to encourage aroid
clearance. Clearance of aggregates by both active (vaccination) and passive (monoclonal
antibody) immunisation methods has been showim animal models and is thought to occur

by a variety of mechanisns, including direct disassembly of plaques, neutraation of toxic
oligomers, activation of phagocytosis and activation of specifigrotein efflux processeg:s.
Famously, the first active vaccination Phase Il clinicaltridd EOE E Ol A1-1792)wag j ! .
initiated, after promising results in animal studies demonstrated a clear reduction in
amyloid burden in mice319-321 and no adverse effects during Phaseésting. Unfortunately,

the trial was aborted in 2002 after an apparent avation of immune responses & to
meningoencephalitis in a number of patient$22. This study highlights the dangers of

aberrant immune-response activation in antibody based therapies.

4EAOA AOA A -dire€ddAminOnothepids jn cinical development that involve

passive immunisation with antibodiesdirected against variousforms of! 1 j OAOBAx AA EI1
324). These are all based on neselective antibodies that are able to bind multiph !

species, ranging from monomer to mature fibrillar aggregate23. The fact that antibodies

used are generally not specific for a single amyloid species could constitute a major

drawback in the development of potent immunotherapies. If indeed theute to successful

clearance was through specifi¢argeting of oligomeric assembliesfor example, use of a non

OA1 AACEOGA ' AT OEAT AU j OE A)GvouldimGst likelyBHowlow | T T T 1 AOO A
efficacy. This would be due to theextent of competition for antibody epitopes by the

monomers and fibrils, which may not be the desired target but exist in highe
concentrations in the AD braings0.325,326) - This problem would also be further exacerbated

by the low levels ofantibodies that are able to penetrate the brait??. Nevertheless, pssive

immunisation tri als have been conducted withmoderate effects observed for a subset of

patients. Bapin@izumab is a humanised, monoclaa antibody directed towards the N
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terminal domain (residues 1-5)1 £ 't AT A OAAIT Cl1 EOAO AT DE BI 1
mice. It dsplayed nosignificant positive effects in a phase Il trial and induced serious side

effects in some participants. However, the antibody was able to produce significant benefits

ET A OOAOAO T £ PAOEAT OO0 xEIT AEA ehetidiskhabdt® OU OE
for late-onset sporadic AD) and therefore was approved for Phase Il trials foine specific

treatment of this patient group3!8. Solanezumab, a monoclonantibody directed against

the mid domain(residues 1624)1 £ ! t h AEAE1 AA AdudidakdppatentQRE A1 O
of potency. However, secondary analysis of the data indicated that the antibody may have

been effective in slowing the cognitive dedtie in patients within the early stages of AD and

therefore entered Phase Ill trials, the results of which are expected by late 2026 If

successful, solanezumab may represent the firdiseasemodifying drug for AD.

13530 OAOAT OET C ' ACCOACAOEI |

Onre of the most attractive therapeutic strategies for all amyloid disorders, including AD, is
the stabilisation of the native monomeric structure and prevention of aggregatiorections
1.2.7.2and 1.2.7.3. Despite extensive efforts in the development of small molecule and
peptide-based aggregation inhibitors and the promising resultsseen bothin vitro and in
animal models T T 1 U T 1 Aegation inbb{fo€ kias reached Phase llclinical trials.
TramiprosatetEO AT ET T EA Oi Al1 1171 AAOI A xEEAE AETAO
coil conformation, inhibiting aggregation and reducing plaque burden in mice modeis.
The compoundsinhibitory effects are thought to be in part, due to an interference of the
AAET EOQU T &£ ' Ol AGAGS), waithprarho@ Aibriliadioi2¢ IREsAIA bf O
the trial, however, were disappointing and were eventually discontinued, although recent
data suggesthat tramiprosate may promote the formation of tau inclusion$30 and highlight

the importance of testing potential drugs on both AD pathologies.

4x1 AEOOOEAO ! A qeaderkipidabé&iew areEdlostink B10dmiRtdre of
proline-rich polypeptides (25% proline residues) isolated from ovine colostrum, that

inhibit aggregation, and sg/llo-inositol which stabilises non-toxic oligomer® 1 /332 | 1 7
Both molecules produced beneficial effects in cellular and mouse models of At
demonstrated limited efficacy in Phase Il trialg!4.331, |In addition, as metal ions such as Zn
andC#*AOA ETT x1T O AA EIT GBBOrkidl iok dheldtors hakd sbadwh EAT O

inhibitory effects both in vitro and in vive3s. A number of metal préein attenuating
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compounds, therefore, havebeen taken to clinical trials but are yet toshow significant

effects to confirm the validity of this approachsé.337,

Tramiprosate scyllo-Inositol
OH
OH
HaN o~ -S0s O
OH
OH
Figure 1.16 %@ Al b1 AO T £ O1 Al 1 111 AAOI AO cldiEd tials. OT E1 EEAE(‘
(a) 4 OAT EPOTI OAOA EAO AAAl o |xT Oi AETA AT A | AET OAE

E

(b) ScylloInositol stabilises a nonOT G E A l ECTTAO T &£ 'r1mn8 "T OE |
aggregation and show beneficial effects in AD mouse models bdémonstrated limited
efficacy in human clinical trials.

1.3.5.4 Alternative strategies

A number of therapeutic approaches that are not directly ikA A OT | 1 A€BOACAOEIT 1
being investigated. These include madators of tau phosphorylation, aggregation ad

degradation???, anti-inflammatory drugs338, anti-oxidants33® and hormone therapie$4. In

addition, some strategies to target synaptic dysfunctio##!-343 and autophagy44 directly are

alsoin development. However, so far no effective treatment has emerged from thesforts.

Owing to the clear complexity of mechanisms contributing to AD pathology, it is likely that

a combination of therapies will be requiredto effectively combat the disorder and

therefore, continued efforts into the development of new and innovatie approaches is of

paramount im portance.
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1.3.5.5 Diagnostics

Clinical diagnosis ofAD is currently made usinga combination of physical and neurological

AgAil ET AGET T Oh AOOAOGOI ATO T &£ A DPAOEAT 6860 i AA
neuroimaging and laboratory tests, with an accuracy of ~90%5. However, to date,
definitive diagnosis can only be made pdsmortem. The pathogenic process of AD is
believed to begin decades before clinical onset of the disordé¥, with gradual neuronal loss

in this prodromal phase. As proposed therapeutic strategies are likely to be most effective

if administered before pathological changes spread throughout the brain, early diagnosis

with reliable biomarkers is essential. In addition, moe sensitive and specific imaging
reagents might allow for earlier identification of people at risk of developing the disease

and potentially distinguish between classic AD, mild cognitive impairment or other

dementia types4é and help tailor appropriate treatment options.

Currently, there are two principle AD amyloid biomarkers: amyloid positron emission
OIli 1T COAPEU jowsaq xEEAE | AAOOBOAOG OEA AiT 610 1
AT A AET AEAT EAAT AT Al @dbbspihauid (CSH(alohghtiithed E 1
detection of tau andphosphorylated taw4?). The former requires the use of & C-labelled

modified derivative of Thioflavin T, known as Pittsburgh Compound B (PiB), which
DOAEAOAT OEAIT 1 U A Behsk flagdes @t Ghbvgeded) 18s8 sehsitive i diffuse

Pl ANOAO AT A Ali OPET 00 A€eOMQhre AlasshadinddsE ET C
mortem studies?48-350,  This may suggest that the compound is insensitive to some
prefibrillar deposits that may indicate an early disease pathology. Some addition&lF-

labelled amyloid ligands have alsd@een developeds:-354 with similar amyloid retention as

OE" 8 YT 1'$h #3& 1T AOGAT O 1 £ 1 1t emahkdRrd OA O
individuals3s5 due to aggregation of the peptide in the brai#¥. Together the inverse

OA1 AOGET 1 OEEP AAOxAAT #3& '11¢ AT A OE" AETAI
performance for AD¥%7. One suggestiona further improve diagnostic accuracy is the

i AAOOGOATI AT O T &£# OEA AAAOAAOA ET !rtcgqg!rtm OAC
OAAOGAOGEIT 1 OBsAlAlthbughtite didghdstic Balue of these two methods is clear

in established AD, current recommendations for diagnostic research critedg put far

greater emphasis ondefining the pre-clinical states of AD and the development of sensitive
biomarkers and imaging reagents that might allow the advancement of preventative

therapies.
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1.4 RNA aptamers

The discovery that RNA is not merely a carrier of genetic information, but a molecule
capable of a vast number of biological applications, not only reinforces the idea of an RNA
based primordial world, but also indicates the great potential 0RNA sequenceas researt
tools, diagnostic reagents otherapeutics360-364, RNA has been shown to possess catalytic
properties, in ribosomes and other ribozyme&#5-368, and is also capable dbrming complex
three-dimensional structures, which medige binding and molecular recognition. Aptamers
are small nucleic acid ligands which adopt a functional secondary structure. The term was
originally derived from thA |, AOET OAD OO Gak thdsdh shoriiche@ical £E OOET C
synthesised oligonucleotides g able to foldinto an array of structures thatdemonstrate
specific target recognition, with dissociation constants often in the picoto nanomolar
range36l. Owing to the breadth of possible structures available to oligonucleotides, it has
been postulated that there is probably an RNA molecule with the ability to bind any
biological target36°. Their emarkable molecular recognition properties also mean tht RNA
aptamers are often directly comparedwith the ability of antibodies to recognise specific
ligands. However RNA aptamersdemonstrate a number of advantages oveantibodies,
including simple chemical synthesis, reduced size, and limited immunogenicig2.
Aptamers have already demonstrated their potential in a wide range of biological
applications, from biotechnology to therapy¢o. 361363 yet the commercial exploitation of
such molecules has laggkbehind other research areagpartly due to the issue of patents
on aptamer technologie§. 371), Finally, more than two decades after their initial

conceptions9.372,373 gaptamers are emergig as promising research tools.

1.4.1 Early development and SELEX

In the early 1990s Szostak andEllington pioneered thein vitro selection method thatwas
first used to isolate specific binding aptamers for small organic dyeé®. Two further
groups’’2 373 also worked towards methods of synthesising large numbers of random
sequence RNA, selecting out and amplifying those sequences with high affinity to a target of
interest. The Joyce group usedh vitro mutation, selection and amplification methods to
isolate RNA oligonucleotides able to cleave DNA. The Gold group used rounds of selection

and amplification to identify sequences required for binding T4 DNA polymeraseand
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subsequently coined the term SELEXSystemic Evolution of Ligands by Exponential
Enrichment373. The processessentially works as a paradigh of Darwinian evolution (Figure
1.17). In vitro selection experiments can be carried out with double stranded DNA (dsDNA),
single stranded DNA (ssDNAor RNA as well as synthetic nucleieacid-like polymers
(termed xeno-nucleic acids, XNA¥4. In the remainder of this thesis, the term aptamer will

refer to selected RNA molecus, unless otherwise stated.

The SELEX procedure has remained largely unaltered since its conceptitt various
improvements and optimisation over the years means that the process inow highly
efficient and extensivelyautomated’s 376, The procedure begins with the generation of a
random nucleic acid pool, which can be readily amplified (and transcribed in the case of
RNA) and be able to form an array of diverse structures. Therefore, the first requirement is

the design of a degenerate DNA library, containing random region to generatestructur al
diversity, and two fixed flanking regions to allow primerbased amplification (Figure 1.17

ad 8 4EA v OACETT 1000 A1 OI ATAT I BPAOO A 4%
in vitro transcription in the case of RNA aptamer selection. A key consideration is the length

of the random region. The sequence space available within a nucleic adlatdry is 4N
(where N is the length of the random region). In a typicah vitro selection experiment, the
maximum number of molecules that can be handled is 1015 (ef 377), Therefore a library

with a random region of only 24 nucleotides is required to achieve this. However, in order

Oi POTiTOA OEA 2.1 11T1AAOIAGBO A1 AElraiorET OT
may need to be longer than this and liraries are typically 30-60 nucleotidesin length3?7,

This presents a problem in that only a fraction of the potential sequence space is available

in these eyeriments, however this is circumvented to some extent by the lack of proof
reading functionality in the enzymes used for PCR amplification, transcription and reverse
transcription (RT-PCR), that means sequences not initially represented in the naive pool

may arise via mutation in the laterroundss?”.

Once the initial pool is designed and synthesised, it is incubated with the target entity and
sequences which bid are isolated and amplified. Partitioning of the bound species can be
conducted in a variety of ways, with use of nitrocellulose filters, separation on various
support matrices (such as magnetic beads or agarose/silica resins) or via column
chromatographys3o. High afinity aptamers have ato been isolated using Surface plasmon
resonance (SPR) to isolate sequences with the slowest -odtes378 379, and capillary

electrophoresishas also been use®®. Bound species are then eluted and amplified to give
an enriched pool of molecules for further iterations of the protocol. Typal numbers of

SELEX rounds are between 10 and 29 360 although high-affinity sequences have been
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shown to be isolated from a single round oih vitro selection381.382, The resultant enriched
pool is then sequenced to allow identification of conserved motifs that exhibit high affinity

interactions with the target.

1.4.2 Modifications and technical innovations

Major technical improvements in selection technologies have emerged since the earliest
aptamers were developed, including significant reduction in the time taken for high affinity
species to be isolated. ThEllington group were first to automate the SELEX proces. 383
such that it is now possible to isolate high affinity aptamers in a matter of days, when

previously it could take several monthges.

Polynucleotides are susceptible to dgradation via nucleases, and to a lesser extent,

chemical or physical factorgs4. Therefore, a key area of improvement in aptamer

technologies has involved enhancement of aptamer biostability, with a series ofiemical

modifications designed to stabilise the molecules and extend their lifetimm vivo (Figure

1.18). Although highly dependent on sequence and structure, it is generally the case that

RNA is degraded in seconds, and DNA within minutes, via blecbdrne nuclease&4.

rates3ss. 386 and therefore introduction of ¢-&I OT O -pAigE&IqQh Digéthyl g

pyrimidines is amethod commonly used to increasé¢he stability of aptamers384.387-395, The

O0A T £ 1 OEET DUOEI E3® Bdwkitas &nirGberdihodificatidndth’ OA BT OOAA
the C5 position of pyrimidine s397-402,  Another stabilising modification frequently used in

selections is the substitution of the internucleotide phosphodiester linkage with a
phosphorothioate403-405,  Since these chemical substitutions mightalter the structure

compared with wild -type aptamers, selections are performed with libraries synthesised

from modified nucleotides, amethod that was made pssible through the advent oimutant

polymerases that allow the incorporation of these bulkier substrates during enzymatic

stepst06.407, A further, elegant approach t@enerate nucleaseesistant aptamers is through

theuse of LOEAT OA AAOAA 1 OAl AT OEAAORh & AghhcledsesAOA AET OOA
are faithfully stereospecificiod, they confer effective resistance However, because RNA

polymerases will not function with enantiomers of the natural Dribose, the protocol

requires selection against an enantiomeric target molecule. Synthetic preparation of a

speiglemer to match the selected aptamer is then able to bind the original, witgpe target
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of interest and dsplay identical properties?08. The major limitation with this approach is

that it is only applicable to smaller targets.

a 5 T7 l—b Random region (N) 3
[ | |

Primer Primer

lin vitro transcription

RNA T |

RNA folding
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Target @ Nucleic acid pool is
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Figure 1.17 Schematic overview of the SELEX protocol(a) A degenerate nucleic acid
library is designed with a central random stretch ofnucleotides, flanked by two constant
primer regions for PCR ampiA A OE 1 T @rimer4egidn contains a T7 RNA polymerase
promoter sequence to allowin vitro transcription of the degenerate pool in the case of RNA
aptamer selection. (b) Basic outline of a single SELEX round. The naive nucleic acid pool is
incubated with the target molecule(i) which are then partitioned (i) to remove lower
affinity species (iii) . Bound species are then eluteiv) and amplified (v) for further
iterations of the protocol. Typically 1820 rounds are performed beforesequencing of the
enriched library and aptamer characterisation. Figure redrawn and adapted frofto.
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Figure 1.18 Aptamer modificiations. Structure of an RNA oligonucleotide with the sis of
common modificationsused to increase nuclease resistencmdicated.

Bioavailability is another key problem that has required optimisation in order to establish
aptamer technologies as siable as in vivo diagnostic or therapeutic tools. The
susceptibility of small polynucleotides towards rapid renal clearance can beavoided with
chemical modifications to increase their size, including the attachment of polyethylene
glycol (PEGJj93.410-413  cholesteroft4, biotin-streptavidin41s or lipoproteins41s, all of which
have been demonstrated. Unconjugated aptamers have been shown to clear from the mouse
circulatory system within 5-10 minutes, whereas PEGaptamer conjugates have sbwn

circulatory retention up to 24 h3s7.

Innovations in the SELEX protocol havalsoenabledimprovements in aptamer specificities

and isolation of aptamers with specific poperties, thereby expanding the repertoire of
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aptamer functions. ToggleSELEX introducs related targetsthrough alternating cycles,to
broaden the range of specificities between speciés 418, Photo-SELEX has been shown to
improve binding affinities by U\tinduced crosslinking of light sensitive nucleotide$!® and
tailored-SELEXcan be implemented to create shorter aptamer sequencesing ligation and
cleavage of primers, before and after amplification. The latter methodology is
advantageousas shorter aptamers are more amenable to chemical synthissand therefore
more applicable in various downstream applications, owing to the reduced cost of
production420,  Using traditional SELEX methodology, aptamers are typically >80
nucleotides long?” and require further processing to be suitable for largescale production.
This is usually achieved by identification of the minimal sequence required for recognition,
postOAT AAGET T h AT A OAI EAAOETT OEAO OEA ADPOAI A
selections have been carried out usingliving cells, termed celSELEX2L. This method
involves selection of aptamers against cell surface biomarkers, avoiding the need for
purification of targets or even prior knowledge into the identity ofthe biomarker. Counter
selection with control cells that do not express the target biomarker allows specific ligands

to become enriched.

1.4.3 Applications of aptamer technologies

1.4.3.1 Therapeutics

Aptamers possess many features that make them suitable candidates for use in the clinic.
They are ableto form tight and specific interactions with theoretically any target, therefore
they are likely to work via antagonistic mechanisms, through interactios with cellular
proteins and subsequenh disruption of native protein-protein interactions or other
functions. Indeed, many aptamers selected to bind specific proteins have been shown to
inhibit their function 422427, For an aptamer to be an effective antagonist, high specificity and
affinity are required to maintain a prolonged interaction, aswell as a long haHlife in the
relevant biological compartment. The variety of potential modifications mentioned in
Section 1.4.2, are in place to fulfil these criteria and produce aptamers with great
therapeutic potential. Aptamers havealso beenfound to display agonst-like activity. For

example, aptamers selected against the human epidermal growth factor receptor 3 (HER3),
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a type | receptor tyrosine kinase, were shown to promote oligomerisation of the receptors,

leading to inhibition of phosphorylation42s.

1.4.3.1.1 Aptamer delivery

Therapeutic targets can be divided into two classes;intracellular and extracellular.
Aptamers directed against extracellular targets could be simply administered intravenously
or subcutaneously, with pharmacokinetic data suggesting that ”Ndelivered via these
routes isreadily distributed to target cells???. Although aptamer degradation and clearance

is inevitable, repeat administation could be feasible until treatment is complete. Targeting

of oligonucleotides to specific cell types has been shown via a number of methods including

modification with cholesterol to mediate association with low-density lipoproteins and
delivery to the liver44, Tagging aptamers directly with lipoproteins, spefic to other cell

types, is another attractive strategys°.

If the aptamer target is intracellular, delivery across the membrane is a further
consideration and potential challenge. Thaegative chargeof oligonucleotides means that
they do not readily cross the anionic cell membrandst. However, a number of options are
available, including liposome vesicle transport and the use of viral vectots.432.433, Indeed,
aptamers themselves have been used facilitate delivery of siRNA for RNA interference,
through conjugation of aptamer sequences specific for certain cedurface receptorgst 434,
435, Viral vector systems caralso be utilised in delivering sequencesto be endogenously
produced withET OEA AAIT 1T 1T £ ET O0#%&0 AeGéchniqud @orkd by
transfection of cells with a retroviral vector that encodes the aptamer sequece, leading to

long-term expression of the aptameiin situ.

1.4.3.1.2 Aptamers vs. antibodies

Aptamers can be thoughof much in the same way asmonoclonal antibodies owing to the
similarities in affinity and specificities achievable byaptamers and antibodies, thetwo
recognition moleculesare often directly comparedtt. Antibodiesare undoubtedly one of
the most useful reagents in both thespeutics and resarch, with four of the top ten

biopharmaceuticals being monoclonal antibodies, worth more than $24 billion in US sales
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alone#36, They do, however, haw several limitations, where aptamers could provide a safer
and more convenient alternativest. Firstly, unlike the traditional methods of antibody
production, no organisms are required for the simplein vitro selection of oligonucleotide
aptamers. Once a single, functional aptamer sequence has been isolated and optimised for
clinical use, aptamers can be produced chemicglin a readily scalable processOn the other
hand, antibodies are produced biologically in a processhiat is more difficult to scaleup
xEOET 00 AAOAOOA AEEAAOO O OEA DOl AOAOOG

contamination can effect productquality36L.

One of themajor advantages of nucleic acidechnologies over antibodies as therapeutics
is that RNAelicits no immunogenic responsewhich has been shown tdimit the suitability
of immunotherapy in some instancesthrough the emergence otinwanted side effectssuch
as inflammation*3”. There has been no evidere of antibodies being generated in response
to synthetic nucleotides2, nor problems arising from an innate immune responséhat has
previously been associatedvith recognition of viral RNAg38 439, Any possibility of these
issues occurring § eliminated in aptamer therapyvia modifications to 2 nucleotides, which

have been shown tabolish any Tolllike Receptor response$o.

Aptamers are generally much smaller than antibodie@-igure 1.19),which is advantageous
due totheir increased availability to biological compartments and efficiency of entg4. It
also means that aptamers are often able to target molecules that might otherwise
inaccessible to antibodies, owing to steric hindrancé4. An example of this was sen when
researchers attemptedto target the interaction betweenHIV-1 viral coat protein gp120 and
the host cell receptor CD4 and its associated @eceptor CCR5, which are hijacked during
viral entry441. 442, The CCRS5 binding siten gpl120 was shown to be inaccessible to
antibodies, due to ocdusion by an adjacent hypervariable regioffl. However, an RNA
aptamer specific for the cereceptor binding region was able to access the obscuregitope
and neutralise infectivity442.443, This further indicates that @tamers could demonstrate a
wider range of functionalities than antibodies. In addition, some methods ofantibody
development arelimited in the ability to use negative selection pressurgwhich is simpleto
incorporate during in vitro selection of aptamers. This could mean that aptametave the
potential to be more selectivethan antibodies. They can also be used in instances where a
target is unavailable to antibodies owing to problems with expression in a functiona)
recombinant form, such as celsurface receptors Development of aptamer technologiesto
extend or improve the work of antibodies, therefore, is an exciting prospectthat may

advanceareas of research where antibodies have previously failed.
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Figure 1.19 A comparison of aptamer and antibody siz. Space filling models depicting the
estimated sizes of an antibody (human IgG) compared to a 17 residue atitrombin DNA
aptamer®’. Figure taken with permission fromgé4,

1.4.3.1.3 Aptamers in the clinic

In 2004 the first RNA aptamerbased drug was approvd for use by the Food and Drug

administration (FDA), to treat agerelated macular degeneration (AMD), the major cause of

blindness and visual impairment in the elderly44. Pegaptanih known commercially as

- A A OC AlarARNA oligonucleotide whichworks to inhibit binding of VEGF165 to its

receptor and therefore antagonises its preangiogenic effects. This RNA aptamerwas

initially selected fromac & BDUOEI EAET A 1 EAOAOU xEMBO)R omn 1 OAIT Al
(78 nucleotide total length) and truncated to 27 nucleotidesto decrease synthesicosts
(Figure 1.20)8 41ibd purines were OA D1 A A A AO-metByDriodified purine to
ET AOCAAGA 1T OA1 AAOGA OA GE0itkad dadkyihymidineq OO A GIABNIOMAIA AA D j
exonucleasemediated AACOAAAQETT AT A A v I ET EAAstten E$SA 0%
inhibition of VEGF function in mouse models, probably through prolonged tissue residence

and plasma halflife410. Pegaptinib is administered mce every 6 weeksand works to

ameliorate the loss of visiorthat results from aberrant angiogenesis in AMBS.
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Figure 1.20 Sequence and predicted secondary structure of Pegaptinibg -O-methyl

modified purines are highlighted redAT A ¢ & [T AEZEAA DUOEI EAET A
511 TAEAZEAA OEATT OAl AT OEAAO AOA OET x1 ET Al AA
AT A OEA o OAOI ET Al AAP AOA ET AEAAOAAS &ECO

Currently, severalother aptamer based therapeutics are in the process clinical evaluation,
targeting proteins involved in disorders including several cancerstype Il diabetes and
pathologies associated with blood clotting dysfunction and strokéreviewed in 361 446, 447
Table 1.2). Aptamer technologies arealso becoming a populamethodology in anti-viral
intervention and, although an antiviral aptamer has yet to be approved for clinical trials, it
is an active area of research (reviewed if#8). The hostviral interface is an increasingly
popular aptamer target as nuteic acid-protein interactions are critical to viral replication.
Therefore, the plethora of protein targets which already possess nucleic acid binding
properties (for example,the presence of basic residues), are likely to be suitable targefsr
nucleic acid ligands Consequently, aptamers have been selected to target a number of viral
proteins involved in several stages of the viral replication cycle, including viral entrys. 449
and replication4s0. 451, Qverall, although aptamer therapies are in their infancy in
comparison to immunotherapeutic approaches, their versatile and agdable technologies

suggest aptamerdave great potential to become attractive tools in the clinic.
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Aptamer name

Condition targeted Current status
(Company)
0OACADPOAT EAT Age-related macular .
(Pfizer/Eyetech) degeneration (AMD) Approved in the US and EU

Age-related macular
degeneration (AMD)
Agerelated macular

E10030 (Ophthotech) Awaiting Phase llI

ARC1905 (Ophthotech) degeneration (AMD) Phase |
RBQOG _(Regardo Coronary artery disease Awaiting Phase Il
Biosciences)
ARC1779 (Archimex) 61 1 7EI |IdSdageA Awaiting Phase I
NU172. (Nuvelo/ARCA Coronary artery disease Phase Il
Biopharma)
ARC19499 (Archimex) Haemophilia Phase Il (status

uncertain)

. Renal cell carcinoma/non
AS1411 (Antisoma) small cell lung cancer

NOXA12 (Noxxon Pharma) Tumour Phase I
NOXE36 (Noxxon Pharma) Type |l diabetes Phase lla
Table 1.2 Current status of aptamers undergoing clinical trials. Table reproduced and
adapted from447,

Awaiting Phase Il

1.4.3.2 Diagnostics and biosensors

The versatility of nucleic acid aptamer technologies has meant that aptamers dveginning

to play increasingly important roles in a range of diagnostic applications, frontdisease
diagnosis via imaging detection of diseased cells in tissues and seruamd in the discovery

of novel biomarkers52-454,  Aptamers have also been shown to function as sensors in
environmental and food analysesand evenin the detection ofbiological terrorism threat
agentses,

The high dfinity and specificity achievable with aptamers makethem ideal diagnostic
reagents Thesimple chemistries involved in conjugating dyes or functional groups tallow
detectionis also an advantageous feature of aptamergor example fluorescently-labelled
nucleotides could be incorporated for confocal microscopy ro2-photon imaging, Cy5
tagged nucleotides for near infrared imagingas well as'8F or19F labelling for PET andvRlI
approaches, respectively. Importantly, aptamers are al®o rapidly cleared from the
bloodstream, leading to sensitive detection with high target to background ratids. As
mentioned for therapeutic applications, modifications be can optimised for better

biodistribution and clearance.
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Development of aptamers as imaging reagesthas been especially successful in cancer
researchts6-460 put other disease processes have also been studfé®#s3. Imaging tumours
via selective delivery of radionicleotides has been demonstratet#4, which is particularly
useful, as residual radioactive aptamers arerapidly cleared and excreted, avoiding toxicity
to normal tissues thathas been shown toresult from the slow clearance of radioactive
antibodies?4, Aptamers conjugated ¢ contrast reagents formagnetic resonance imaging
(MRI) have also been developed for specific tumour detectid?® as well as activatable
fluorescent aptamergss and quantum dot conjugategs0. FlLorescencebased imaging
reagents are especially versatile as ligandinduced conformational changes can be
exploited to induce fluorescence resonance energy transfer (FRET), differential fluorescent
dye binding or quenching®0. A recent report of an activatable aptamer imaging prahat
targets a membrane protein on the surface of human leukemic cels is especially
innovative in that the optical signal is quenched in the unbound ste, but upon ligand
binding, a conformational rearrangement in the aptamer dissociates thguencher from the
fluorophore. With the development of automated highthroughput isolation of aptamers
and the relative simplicity in chemical modifications that dlow sensitive detection, large

scale diagnostic arrays should be feasible with these reageri&

In addition to a role as imaging reagents, aptamers could also be used to aid clinical
diagnosis, through both detection of known biomarkers and discovery of new ons.
Aptamers have already become a useful tool in detecting disease€lls in tissue sections
and even in trace amounts in the bloodstream. For example, an RNA aptamer that targets
the cellsurface epidermal growth factor receptor (EGFRyvhich is upregulated in a number

of cancerg¢?, has been used to quantitate the number of diseased cells in the serum by
capture on a surfacé®®. Coupling fluorescently labelled aptamers with flow cytometry has
also been used to detect a variety of cancer cells fromixed cells in medi&é? 470 and with
some optimisation could be extended to detection irex vivosamples. The success so far
achieved in imaging and biomarker detection by aptamers for cancer targets is encouraging
but is yet to be extended to many othedisease processesHowever, the clear advantages
of aptamer technologies over antibodiesind other traditional diagnostic reagents should
mean that aptamers could become valuabletools for clinicians in a wide range of

applications.
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1.4.3.3 Research tools

In addition to therapeutic and diagnostic applications, aptamers can be used as analytical
tools and laboratory reagents in a number of biochemical or cebased assays, much like
antibodies. Their key advantages over antibodies couldgainlead to greaer, more specific
detection abilities, with broader applications3¢0. By utilising aptamers that disrupt protein
interactions, it would be possible to dissect and characterise cellular pathways. The
exquisite recognition capabilitiesof aptamerscould also be used to pbe specific protein

structures, involved in various disease processes.

Another obvious use for these highly specidi and high affinity moleculesas a laboratory
reagentis as anaffinity purification medium. Several examples of the use of aptamers in a
laboratory setting already exist471-474, ane notable examplebeingthe use of an antiselectn
aptamer to purify a selectinreceptor protein directly from Chinese hamster ovary cell§1.,
This methodology is said to achievel5,000 fold purification in a single step. Aptamers
therefore, couldprovide major advantages in thesepplications, owing to the high level of
discrimination demonstrated between closely related species. Indeed, an aptamer
purification method was employed toisolate D-arginine-vasopressin from its L.enantiomer,
which was shown not to associate to the aptamederivatised mediunv72, Also, tagcleavage
steps are not required for these single step methods leading to potentially greater product

recoverysso,

In summary, aptamer technologies have already demonstrated enormous potential in a
variety of applications. Although these tools are gaining momentum in se@mesearch fields,
namely cancer research andirology, they have been slow to emerge in other areadl/ith
recent technological innovations, including rapid andstringent selection strategies, the
future for aptamer research is bright and these promisingreagentsshould finally begin to

take their place in theclinical and research arenas.
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1.4.4 Examples of RNA aptamers in amyloid disorders

1.4.4.1 Anti -prion aptamers

Prion protein (PrP) is the causative agent in a range of protein aggregation disordessich

as CreutzfeldtJakob DiseaséCJD)in humans, Bovine Spongiform Encephalopath{8SE)in
cattle and Scrapie in sheefis. The conversion of thenormal cellular prion protein (PrPc), a
predominantly J -helical isoform,to an abnormaly -sheetrich amyloidogenicvariant (PrPs9,

is thought to lead to the pathogenesis of these disordersSelections against various
assemblies of PrP represent some of the most successful cases of-antyloid aptamers. In
one example, Rhieet al4s AAT T 1T OOOAOAA Bprimklihedrddified RNE ¢
aptamers (116 nucleotides total length, with an N60 randomised regionagainst purified,
scrapie associated fibrils (SAF) isolated from hamster brain; a preparation therefore
containing a range of PrP conformations associated with infectivity. The lead aptam&8AF

93 (Figure 1.21 a.i.),was shown to bind to SAF with high affinity (dissociation constant«)

= 23.4 + 1.2 nM) and crosseacted with a related 1 -sheet rich oligomeric assembly,
indicating recognition of aconsistent epitope conservedbetween the amyloid forms. In
contrast, the relative affinity of the RNAfor O E Aheligal form (PrPS) was much reduced (16

fold higher Ky). This finding was explained through the identification of two distinctRNA
binding sites between the PrP isoforms.These included anon-specific RNA binding site in
the unstructured N-OAOi ET OOh xEEAE Al CGOABERT ¢ PAODBREAAA
xEEAE EO |1 A Adr® Adefaptdiner wéskaldo shown to inhibit the accumulatio
built on these original findings by determining the minimum structural elements required

O 1 AET OAET ADPOAI AO OAAT githEdignisiFigud 1521 QID)A A E £E /
identifying regions that were amenable to modification without loss of function, and
thereby facilitating the design of modified aptamers, more amenable to a range of
downstream applications Together the work highlights the many potential uses for
aptamers in amyloid systemsfrom their ability to avidly and specifically bind a range of
amyloid assemblies, their inhibitory potential and their utility in probing conformational

differences between amyloid strgtures.

Other examples of antiprion aptamers mainly targetthe helical isoformgot 478,479, |n one
such examplédl ¢ -agnino-pyrimidine -modified aptamers were raised from an N40

library, against a short fragment of fullength PrP (residues 90141) which is thought tobe
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involved in the conversion from PrPc to Prpsc 191,480,481 Binding studies of the isolated
sequence, aptamer DP7 (Figure 1.21 b), indicated an ability to bind to full-length

recombinant PrP and inhibit PrBcformation in a prion-infected cell line.
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Figure 1.21 Examples of antiprion (PrP) aptamers. (a) Predicted secondary structures of
aptamer SAF93 determined with the Mfold structure prediction algorithm, constrained
with information from structure -sensitive nuclease digestion.(a. ii) Predicted secondary
structure of the 60-residue truncation product from SAF93, named SAP31.60. Figures
adaptedfrom Sayeret al.477. (b) The proposed secondary structure of agamer DP7. Figure

adapted fromseL,
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1.4.4.2 1 >-microglobulin aptamers

r-i EAOT CI 1.A)03 thd amylgidogenic protein associated with Dialysiselated
amyloidosis (DRA) a disorder in which aberrant aggregation of this folded monomer leads
to the accumulation offibrillar deposits in the joints of patients undergoing longerm
haemodialysigt82. Bunka et al.482 demonstrated RNA aptamers able to recognise a range of
[ 2m fibrils of distinct structural morphologies (long-straight (LS), worm-like (WL) and rod-
like (RL) Figure 1.22 a), as well as the monomeric precursor, indicating the conservation
of a structural epitope between the assemblies. The aptamenmwhich were raised from an
N60 randomisedRNA library with no modifications (predicted secondary sructure of WL-

2, an antrWL fibril aptamer shown in Figure 1.22 b), were also shown to crossreact with
fibrils from other amyloidogenic precursors, including ex vivo assembliesof .m and
lysozyme, isolated from patients with the respective amyloidoses. The work supports the
idea that amyloid species formedrom a number of unrelated peptide preursors share
common structural features, which can be targeted by aptamer ligandsand that raising
aptamers to synthetic amyloidformed in vitro, can be directlyrelevant to the isolation of

aptamers againstin vivo, diseaseassociated fibrils.

More recently, anRNA aptamer raised against monomeriq -m was shown to be able to
discriminate this target protein from its N-terminally truncated variant 3- . 4*. As well as
displaying remarkable discriminatory power in this system, the aptamerBé6min j ¢ &
modified 44-nucleotides (Figure 1.22 c), truncated from the 110full length variant, which
was selected from within an N30 library) was able to disrupt the kinetics of ce
polymerisation of the two proteins. Cepolymerisation is a feature common to many other
amyloid forming peptides309.485-488 which adds significantly to the complexity of amyloid
systems, producing furtherfibril polymorphs, with diverse architectures, stabilities and
biological properties39.485,489, Aptamers like the one described here, may therefore help in
discriminating distinct amyloid species from a pool of closelrelated molecules, decipher
the underlying mechanismsof aggregationand inform the design of novel therapies and

diagnostics.
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Figure 1.22 Examples of antif.m aptamers. (a) $ EOOET AO | 1 OBEGrik T CEAO 1
imaged by negativestain EM in the case of (i) Longtraight (LS) fibrils and (ii) Worm-like

fibrils (WL). Rod-like fibrils (iii) were imaged by AFM. Each scale bar represents 200 nm.

(b) The predicted secondary structure of aptamer Wi2. Nucleotides corresponding to the

random region are highlighted green. Coloured arrows indicatesequencespecific

enzymatic cleavae sites used to validate the predicted structure. Cleavage by RNase T4 (G

specific, red), RNase A (U and C specific, blue), S1 (sirgjland specific, green) are

indicated. (c) 3AAT T AAOU OOOOAOOOA DPOAAEAOAA A O "ol EI
green. Figures adapted fromsg3 and 40,

1.443!' 1 ADPOAI AOO

Several examples d aptamers raised againstlifierent! 1 AOOAT A1 EAO A@EOO EI
and provide indication that targeting this natively-unstructured peptide, a well as its

various higher-order assemblies is a distinct possibility. The earliest example of anmati-! |

RNA aptamer was isolatedy Yleraet al49l. Here,aptamers were selectedrom an N70,

unmodified RNA library,against md 1 i AOEA | 1 t mh EépharofeBsuppcAA 11 A
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resin. Nanomolar affinityof the selected RNA aptamerg/as reported for the immobilised

monomer, however the authors were unable to demonstrate binding of the aptamer to the
monomeric peptide in solution. Instead, the aptamers were shown to bind fibrils, allowing

the group to speculate that problems with the aggregation@i D AT OE @eantith& !
aptamers had preferentially targeted aggregates formed during the immobilisation process.

The work highlights the difficulty in aptamer selection against these highly aggregatien

prone monomeric species. However, more than a dade after this initial publication, the

1 AAA APOAI AO OANOAT A EigusOl.28 a.if) Eals takeA forkakddrtiel h [ v
development of an @tical imaging reagentto detect amyloid plaques2. By use ofboth

biotin -modified and fluorescently-tagged RNA sequencdsarrar et al. were able to visualise

amyloid plagues inex vivohuman AD brain sections(Figure 1.23 a.ii.), and in vivo, in
transgenic AD mice models Thein vivo 2-photon imaging methodology also allowed
OEOOAI EOAGETT 1T &£ A AEAEAADOOA OEAI T & IsAFigiré OEOEC
1.23 a.iii.), indicative of reactivity towards oligomeric species that often surround the

dense core of the aggregate. Dot blot analysisndomed that the aptamer sequence did

indeed bind both fibrillar and oligomeric! 1 8

A further example of AD OAT AOO OAI AAOGAA el thOpbtentigl forAOOA |
RNAto interfere with amyloidosis493. Takahashi and colleaguesxpanded on previous work

in the field by slecting unmodified RNAaptamers from an N40 naive libraryagainst an

O1T 1 ECI I A OoE!Ap0] assBrdbled orthe surface of gall nanoparticles. Despite the

tM) two aptamers (N2 and E2 Figure 1.23 b) were able to redirect the assembly
mechanism by inhibiting the formation of typical fibrils. Instead aptamerco-incubation

resulted in the formation of oligomers, protofibrils and amorphous aggregate, as assessed

by TEM.

&ET Al 1 Uh ATTOEAO OOOAU xEAOA TI1ECii AOEA AOOA
performed by Rahimi et al49%4, where they selected RNA aptamers against a covalently
stabilised! 1 ttmmer. Aptamers in this study were again unmodifiedand from an N49

RNA library, and were reported to contain a high @ontent, however no sequences were

given. The authors found that upon characterisation ofindividual selected aptamer
sequences, the RNA displag no affinity for the trimeric or other low-molecular weight

(LMW) species and instead associatethost tightly with the fibrils. The lead sequences

(KM33 and KM41) were also shown to associate with a panel of further fibrils from
numerous precursors,incl OAET C ! 1 1 ¢ h 106U%B), WAPP, AcalcitolirO ang
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insulin.  This work again indicates a conservedtructural motif common between many

amyloid assemblies.
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Figure 1.23 Examples of anti! [ taptamers. (a. i.) The predicted secondary structure of
rvus 4EA 1 OA1 AT OEAARAO AT OOAOPITAET ¢ O OEA
between this aptamer sequence and other related sequences from motif analysis of the
selected pool are circled (i) Confocal imaging of a human AD brain section stained with
biotinylated-r v v OAA AT Aocaligation iith apnyldid-specific dye ThieS (green).

Scale bar: 50 um(iii) In vivo 2-photon microscopy plaque images from an AD mouse brain,

1 h dter topical application of fluoresceinl A A A 155. ASéale par: 20 um(b) Predicted
secondary structures of N2 and E2 aptamers with randomised regions in bold. Images are

adapted from491-493,
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1.4.4.4 Other anti -amyloid aptamers

In addition to the RNA aptamers selectedgainstthe aboveamyloid assemblies, there are

some examples of DNA aptame® AEOAA A0 Al Al U-§BrA%s|assachied O AC
xEOE OAOEET OI 160 AEOAAHBQ Al A OBpLapidh®B ware/2U A A O
OAEOAA xEEAE OAIl AA OsydakderobliesolvedthelatiVely-EnGtiudtuide® E A |
monomer4% despite selection against a supposedly monomeric solution. A later study by

the same groups isolated further DNA aptamersthis time against solubleoligomersi /& |

syn, which also displayed crosseactivity with D OA EZEAOE T 1 A O 40\ GidkailyAT EA O
DNA aptamers raised against Sup35 fibri#8” were able to bind to various other aggregated

states, including the SDdsoluble Sup35 aggregates isolated directly from yeast cells and

two further amyloid aggregates formed from murine PriP90-231) and a 103Q polyQ

expanded variant of huntingtin.

Overall, although there are relatively few examples of antimyloid aptamers represented
in the literature, the studies published indicate that aptamers could indeed play an
important role in dissecting these mysterious diseaseystems, sensitively detecting and
characterising the distinct structures involved and potentially interfering with

pathogenesis.
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1.5 Aims of this thesis

'l UEAEI AO6O AEOAAOA j!$q OADPOAOGAT 60 TTA 1T &£ OEA cCO.
There is an urgent need for novel therapies, diagnostics and further insights into the

processes underlying this disorder, and other amyloid diseasesile¢. The aim of this study,

therefore, wasto harness the power of RNA aptamer technologies in theendeavours. The

focus of the work wasto isolate RNA sequences, through the SELEX approach, specific for a

number of assemblies of thé\r 40 peptide. A small cohort of individual aptamer sequences,

isolated from each of the selection pools woulte assased for their target binding affinity,

and specificity, before lead sequences would be chosen for further characterisation. Only

AEOAO AT 1 £ZEOI AGETT 1T &£ OEA ADPOAI AOOS AOEAEOU AT A C
could the project proceed to addess the secondary aim; development of the aptamers as

either novel therapies, diagnostic reagents or use them to probe disease processes and

expand our knowledge of the mechanisms underlying amyloidosis.

The work presented in Chapter 3 outlines then vitro selection of RNA aptamers against
both monomeric A 1 @nd the two wellcharacterised and structurally distinct fibrillar
assemblies from Tyckeet al.103-105 2A and 3Q(Section1.3.4.3. The resultant enriched pools
were sequenced with next generation methodology, isolating ~10 possible binding
sequences for each of the structures. A thorough bioinformatic awais of the sequencing
data was then undertaken in order to isolate lead aptamer sequences from the vast quantity
of possible binders. Chapter 4 documents the characterisation of amtionomer aptamers,
with emphasis on the challenges in optimising suitable techniges to study binding to this
small, aggregation prone peptide in its monomeric form. Chapter 5 covers the
characterisation of the antifibril aptamers and the extent of their specificity for their
cognate fibril morphologies. Upon the discovery thaRNAaptamersdisplay generic cross

r OAT AAOEOGEOUh OEA &I AOO OEEAOO O1I bHOTAETI ¢ OEA OC
binding specificity, in the context of both amyloid struture, RNA sequencand comparison

to another generic amyloidbinding polyanion, heparin. Finally, despite a lack of
discrimination between amyloid assemblies, some practical uses for aptamers as imaging

reagents or inhibitors aredescribed
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2 Materials and methods

2.1 Materials

2.1.1 Technical equipment

Equipment Manufacturer

Centrifuges

Avanti 326 XP Centrifuge Beckman Coulter, Brea, CA, USA
GenFuge 24D Centrifuge Progen Scientific, London, UK
MiniSpin plus F45-12-11 Eppendorf, Haupfauge, NY, USA

Incubators, mixers & shakers

Gallenkamp Economy Incubator Size 1 Sanyo, Watford, UK
ORBISAFE Orbital Incubator Sanyo, Watford, UK
Stuart Magnetic Stirrer SB161 CamLab, Cambridge, UK
Stuart Orbital Incubator S150 Bibby Scientific,Stone, UK
Stuart Vortex Mixer SA8 Bibby Scientific, Stone, UK

Gel electrophoresis equipment

Vari-Gel midi system CamLab, Madingley, UK

Slab Gel Electrophoresis Chamber A&00 ATTO, Tokyo, Japan

Standard Power Pack P25 Biometra, GoettingenGermany
OmniPAGE Maxi system Geneflow, Staffordshire, UK

Protein purification equipment

AKTAprime plus GE healthcare, Little Chalfont, UK
SuperdeXE 75 GL 10/300gel filtration column GE healthcare, Little Chalfont, UK
SuperdeXE Peptide 10/300 GL géfiltration column GE healthcare, Little Chalfont, UK
HiLoad Superde¥ 75 26/60 gel filtration column  GE healthcare, Little Chalfont, UK

Fluorometer

Photon Technology International fluorometer Ford, West Sussex, UK

Spectrophotometer

UltroSpec 2100 pro W//Visible Spectrophotometer GE healthcare, Little Chalfont, UK
UV-1800 UV/Vis Spectrophotometer Shimadzu, Kyoto, Japan
Nanodrop 2000 UV/Vis Spectrophotometer Thermo Scientific, Surrey, UK
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Microplate readers

FLUOstar OMEGA plate reader

NEPHELOstar Galaxy lasdrased nephelometer

CLARIOstar plate reader
EnVision 2013 Multilabel plate reader

Microscopes

JEOLIEM1400 Transmission Electron Microscope

Zeiss LSM 700 Confocal microscope

Mass spectrometer

BMG Labtech, plesbury, Bucks, UK
BMG Labtech, Aylesbury, Bucks, UK
BMG Labtech, Aylesbury, Bucks, UK
Perkin Elmer, Waltham, MA, USA

JEOLLtd., Tokyo, Japan
Zeiss, Oberkochen, Germany

Synapt high definition mass spectrometry (HDMS) quadrupoléme-of-flight mass
spectrometer (Micromass UK Ltd.Waters Corpn., Manchester, UK), equipped with a
Triversa automated naneelectrospray ionisation (ESI) interface (Advion Biosciences,

Ithaca, USA)

Other equipment

Biacore 3000 Surface Plasmon Resonance
Monolith NT.115 Microscale Thermophoresis

Soniprep 150 Ultrasonic Disintegrator
Corning Costar 3881 96well plate
Corning 3575 384well plate

Grant JB1 Unstirred Waterbath
InGenius Gel Documentation System
Jenway 3020 Bench pH Meter
Series 2100 Media Autoclave

Snakeskin Pleated Dialysis Tubing; 3,500 MWCO

Techne DriBlock Heater DB2A
Heto PowerDry PL3000 Freeze drier
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GE healthcare, Little Chalfont, UK
NanoTemper, Munich, Germany
MSE, London, UK

Corning Life Sci, The Netherlands
Corning Life Sci, The Ne#rlands
Grant Instruments, Shepreth, UK
Syngene, Cambridge, UK

Bibby Scientific, Stone, UK
Prestige Medical, Minworth, UK
Thermo Scientific, Surrey, UK
Bibby Scientific, Stone, UK
Thermo Scientific, Surrey, UK
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2.1.2 Chemicals

A

Acrylamide, 30% (w/v): 0.8% (w/v) bisacrylamide

Acetonitrile

Agar

Ampicillin

Ammonium acetate
Ammonium bicarbonate
Ammonium persulphate, APS
Ammonium sulphate

B
Benzamidine
Bromophenol blue

C
Calcium chloride
Carbenicillin

Chloramphenicol
Chloroform:isoamyl alcohol
Congo red

D

DEPCtreated H.O

Dimethyl sulphoxide, DMSO
1,2-Dithiothreitol, DTT
DNase | (bovine)

E

Ethanol

Ethidium bromide (EtBr)
Ethylenediaminetetraacetic acid, EDTA

G

Glutamax
Glycerol
Glycogen
Guanidinium HCI

H

Hellmanex

Heparin (LMW)

1,1,1,3,3,3 Hexafluore2-propanol (HFIP)
Hyaluronic acid dp8

Hydrochloric acid, HCI

) O1 b OiDA-thiogalpctopyranoside, PTG

Severn Biotech, Kidderminster, UK
Fisher Scientific, Loughborough, UK
Melford Laboratories, Suffolk, UK
Formedium, Norfolk, UK

Sigma Life S@nces, St. Louis, USA
Sigma Life Sciences, St. Louis, USA
Sigma Life Sciences, St. Louis, USA
Thermo Scientific, Surrey, UK

Sigma Life Sciences, St. Louis, USA
Sigma Life Sciences, St. Louis, USA

Melford Laboratories, Suffolk, UK
Formedium, Norfolk, UK

Sigma Life Sciences, St. Louis, USA
Sigma LifeSciences, St. Louis, USA
Sigma Life Sciences, St. Louis, USA

Severn Biotech, Kidderminster, UK
Sigma Life Sciences, St. Louis, USA
Formedium, Norfolk, UK

Sigma Life Sciences, St. Louis, USA

Fisher Scientific, Loughborough, UK
Sigma Life Sciences, St. Louis, USA
Sigma Life Sciences, St. Louis, USA

Invitrogen, Paisley, UK

Fisher Scientific, Loughborough, UK
Thermo Scientific, Surrey, UK
Fisher Scientific, Loughborough, UK

Sigma Life Sciences, St. Louis, USA
Iduron, Manchester, UK
Sigma Life Sciences, St. Louis, USA
Iduron, Manchester, UK
Fisher Scientific, Loughborough, UK

Melford Laboratories, Suffolk, UK
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L
LB broth, granulated
Lysozyme

M

Magnesium acetate

Magnesium chloride, MgGl

Manganese chloride tetrahydrate
3-(N-morpholino)propanesulphonic acid (MOPS)

N
Niad-4

P

Phenol:CHG (5:1, pH 4.5)
Phenylmethanesulfonyl fluoride (PMSF)
Phosphate buffered saline (PBS)

R
RNAse inhibitor (murine)

S

Sodium azide, Nah\

Sodium borate, NaB1O;

Sodium chloride, NacCl

Sodium dodecyl sulphate, SDS
Sodium hydroxide, NaOH

Sodium phosphate dibasic, N&{PQ
Sodium phosphate monobasic, NailRQ,
Sodium sulphate, N&SQ

Spermidine

T
Tetramethylethylenediamine (TEMED)
Thioflavin T

Trifluoroacetic acid

Tris-(hydroxymethyl) -aminomethane (Tris)
Trypsin EDTA

Tween-20

U
Uranyl acetate
Urea

Y
Yeast inorganic pyrophosphease
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Melford Laboratories, Suffolk, UK
Sigma Life Sciences, St. Louis, USA

BDH Laboratory Supplies, Poole, UK
Sigma LifeSciences, St. Louis, USA

Sigma Life Sciences, St. Louis, USA
Sigma Life Sciences, St. Louis, USA

ChemShuttle China

Ambion, UK
Fisher Scientific, Loughborough, UK
Thermo Scientific, Surrey, UK

New England Biolabs, Herts, UK

Sigma Life Science$t. Louis, USA
Sigma Life Sciences, St. Louis, USA
Fisher Scientific, Loughborough, UK
Sigma Life Sciences, St. Louis, USA
Fisher Scientific, Louggborough, UK
Sigma Life Sciences, St. Louis, USA
Sigma Life Sciences, St. Louis, USA
Sigma Life Sciences, St. Louis, USA
Sigma Life SciencesSt. Louis, USA

Sigma Life Sciences, St. Louis, USA
Sigma Life Sciences, St. Louis, USA
Fisher Scientific, Loughborough, UK
Melford Laboratories, Suffolk, UK
Sigma Life Sciences, St. Louis, USA
National Diagnostics, Atlanta, USA

Sigma Life Sciences, St. Louis, USA
MP Biomedicals, UK

Sigma Life Sciences, St. Louis, USA
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2.1.3 Antibiotics, markers and dyes

Stock Working
Antibiotic Solvent solution concentratio,n Sterilisation
l® jpCcri,
Ampicilin | 0 OO E OA 100 100
H0 Filter sterilised
0O0OEOA CITeT SISt
Carbenicillin H.0 100 100 OEOI OCE
2 .
filter
0,
Chloramphenicol 100% (vIv) 25 25
ethanol

Table 2.1 Antibiotics used in this study.

Marker Manufacturer

Mark 12 Protein Standard Invitrogen, Paisley, UK

Precision Plus Proteim Dual Xtra

Standards Bio-Rad, Hemel Hempstead, UK

10 bp DNA ladder
Table 2.2 DNA and protein markers used in this study.

Invitrogen, Paisley, UK

Manufacturer

QIAGENCrawley, UK

Dye |
GelPilot DNA Loading dye, 5 x

Gel loading buffer Il (Denaturing PAGE) Ambion, Paisley, UK

Instant Blue Stain Expedeon Protein Solutions, UK

Ethidium Bromide (0.1 pg/mL) in Tris
borate EDTA (TBE)

Table 2.3 Dyes used in this study.

Severn Biotech Ltd, UK

65



MATERIALS AND METHODS

2.1.4 Kits
Kit Manufacturer
QIAquick PCR purification kit QIAGEN, Crawley, UK
Wizard ® F_’I_us .SV Minipreps DNA Promega, Southampton, UK
purification system
RNA Clean and Concentrater-5 Zymo Research, Irvine, CA, USA
lllustra Microspin G-25 columns GE healthcare, Little Chalfont, UK
PD10 desalting columns GE healthcare, Little Chalfont, UK
llustra NAP5 columns GE healthcare, Little Chalfont, UK
KAPA2G Robust PCR kit Kapa Biosystems, London, UK
(E3BAOEAAA 4 x syrhesks kit New England Biolabs, Herts, UK
Transcriptor Reverse Transcription kit Roche, West Sussex, UK

Table 2.4 Kits used in this study.

2.1.5 Media and buffers
Media Components

10 g Bactetryptone
5 g Yeast extract
Luria-Bertani (LB) Media 10 g NaCl
Made up to 1 L in Purite 10 A H,O
autoclaved 20 min at 121 °C, 15 psi

Table 2.5 Media used in this study.

Solid medium was prepared by addition of 1.5% (w/v)agar (Melford Laboratories, UK)

prior to autoclaving. Antibiotics were added to media once cooled to < 50 °C.
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Buffer

2 x SDS reducing loading buffer

Components
50 mM Tris- HCI, pH 6.8
100 mM DTT
2% (w/v) SDS
0.1 % (w/v) bromophenol blue
10% (v/v) glycerol

SDS PAGE cathode buffer

200 mM Tris-HCI, pH 8.25
200 mM Tricine
0.2% (w/v) SDS

SDS PAGE anode buffer

400 mM Tris-HCI, pH 8.8

Tris-borate-EDTA (TBE) buffer

890 mM Tris, pH 8.3
20 mM EDTA
890 mM Boric acid
Made from 10 x TBE powder (Applichem,
Germany)

Transcription buffer (10 x)

400 mM Tris acetate, pH 8.0
150 mM Magnesium acetate
0.5 mM Manganese chloride tetrahydrate
138 mM Spermidine

MOPS selection buffer

80 mM MOPS
96 mM NaCl, pH 7.5

25 mM sodium ghosphate,

&EAOEI /E| I AOET [-22)A ¢ 0.01% (wiv) NaN3 pH 7.5
o S ] 20 mM Tris-HCI
&EAOQOEI Al O -AyQuelein) A 100 mM NaCl

0.01% (w/v) NaNs, pH 7.5

Table 2.6 Buffers used in this study.
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2.2 Molecular biology methods

2.2.1 Bacterial strains

E. coliXL1zBlue (Stratagene, Cambridge, UK)

endAl gyrA96(naR) thi-1 recAl relAl lac ginV44 F[:Tnl0 proABlaclisj | AA: - pu Y
hsdR17(rk mg*)

E. coli$ ( v (invitrogen, Paisley, UK)

F endAl ginV44 thil recAl relAl gyrA96 deoR nup® ) mtakZa - p vlacZjAargF)U169,
hsdR17(rc mg*q fy }

E. coliBL21 (DE3) pLysS (Stratagene, Cambridge, UK)

F ompT galdcm lon hsd&remed 1§ $ %o QRD, UO3j Al

E. coliBL21 (DE3) (Stratagene, Cambridge, UK)

R ompT gal decm lon hsdfre meq 1 § $ %acUMST7A4dng 1ind1 sam7 nin5])

2.2.2 Preparation of competent E. colicells

A 10 mL culture of the desirecE. colistrain was grown overnight in LB media, at 37 °C. This

culture was used to inoculate (1:20) a 100 mL LB culture, which was grown at 3, 200

rpm, until the ODsoo reached 0.4- 0.45. Cells were centrifuged in a prehilled rotor at 1,400

X @, 4 °C forl0 min and the pellet resuspended in 10 mL of sterile, prehilled 100 mM CaGl

This was incubated on ice for 10 min and centrifuged for a further 10 min at 1,400gat

4°C. The pellet was then resuspended in 2 mL of 18@M CaCl, 30% (v/v) glycerol and

AEOEAAA ET O pmm t, AOAAOETT O AT A £EOBBAT 11 AoOU
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2.2.3 Transformation and cultivation of E. colicells

Plasmid DNA (50z 200 ng) was added to 50 pL thawed, competent cells and incubated on
ice for 30 min, with occaional, gentle agitation. The cells were then heat shocked for 45 s
at 42 °C and incubated on ice for a further 10 min before the addition of 500 L sterile LB
(without antibiotic). The mixture was incubated at 37 °C with 200 rpm agitation for 2 h, to
allow the cells to express appropriate resistance genes, before 2@00 L was spread on

LB agar plates, containing antibiotic resistance. Plates were incubated overnight at 37.

2.2.4 Preparation of plasmids

10 mL LB cultures containing the appropriate atibiotic resistance, were inoculated from

single bacterial colonies picked from transformation plates, and grown overnight (37 °C,

200 rpm agitation). Cells were pelleted at 4000 g and plasmid DNA was extracted using
Wizard® Plus SV miniprep DNA purifid OE T 1 EEOh AAAT OAET ¢ Of
instructions. DNA was eluted in sterile, nucleaséee H.O, and stored at-20 °C for
subsequent transformation reactions. The concentration of plasmid DNA was determined

by absorbance measurement at 260 nm (A260 where A260 = 1 was assumed to be
equivalent to 50 ug/mL dsDNA®. DNA was sequenced by Beckman Coulter Genomics

sequencing service using universal T7 promoteprimers.

2.2.5 Plasmids

01 AOI EAO AT Al AET CAppeddix 7.0.1) werg kdlydpBovAd&d by Dr. Sara
Linse (Lund University, Sweden) and Prof. Dominic Walsh (Harvard Institute of Medicine,
USA).

DP%4acoA DBl AOI Byhucldih wefehibvided by Prof. Jean Baum (Department of
Chemistry and Chemical Biology, Rutgetdniversity, NJ, USA).
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4EA DI AOIEA AT ATAET C +peo! l'rtn xAO AOAAOAA EOII
directed mutagenesis, which was carried out by Dr. Katie Stewart (School of Molecular and

Cellular Biology, University of Leeds).

2.3 Protein expression and p urification methods

231 %@DOAOOETT AT A POOEAEAAOEIT T A& 'r1m

2311%FDOAOCOETT 1 &£ ORAAT I AETAT O 'r1m

Composition

100 mM Tris-HCI
10 x Buffer A 10 mM EDTA
pH 8.5
1 x Buffer A 1:10 dilution of 10 x Buffer A in HO
Inclusion body denaturant 8 M Urea in 1 xBuffer A
Table27" OEAAOO OOAA ET !''r1tn DOOEAEAAOEIT 8

",¢p j$%woq D,UO03 AAIT O xAOA OOATaSmis®bedA xEOE DI
(Section2.2.3). A single colony was picked to inoculate 100 mL overnight starter cultures

(37 °C, 200 rpm). 10 mL of overnight culture was used to inoculate 10 x 500 mL sterile LB

cultures, prepared in 2 L baffledgonical flasks. Ampicillin (100 pg/mL) was added to each

flask before incubation at 37 °C, with 200 rpm agitation, until an optical density (QE) of

0.5 was reached. Protein expression was induced with the addition of filtesterilised

E Ol b OiDA-thibgalpctopyranoside (IPTG) at a final concentration of 0.5 mM. Cultures

were then further incubated until Oy reached a plateau and cells reached steady state

(approx. 3.5 h, typical Ok ~ 1.2). Cells were harvested by centrifugation at 6000¢(4 °C

for 15 min) and pellets were pooled and resolubilised in 25 mL ¥D, before storage at20 °C.

Optimisation of this protein expression protocol is describedn Section3.3.
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s pe - - . -

23.12) O 1 AGETT AT A TUOEO I £ E
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2.5 mL of 10 x Buffer A (4 °C) was added to the 25 mL cell suspensfmm Section2.3.1.1
to establish a 1 x Buffer A solution. DNase (~0.5 mg)henylmethanesulfonyl fluoride
(PMSF, 1 mM) and benzamidine (2 mMyere added to the suspension and stirred at 4 °C
for 1 h. The soluliised pellets were passed through a blurend syringe needle (Terumo
Global Pharmaceutical Solutions, NJ, USA) to further homogenise, before sonication fos 30
(9.5 mm probe, 10 um amplitude). The homogenate was centrifuged at 30,00@x15 min

at 4°C and supernatant removed. The pelleted inclusion bodies were resolubilised in 1 x
Buffer A and the sonicatiory centrifugation process repeated once more. The pellet was
resolubilised in inclusion body denaturant (Table 2.7) and agitated using a magnetic
stirrer, for up to 1 h. The suspension was then sonicated and centrifuged a third time (as
AAgE OAq AT A OEA OOPAOT AOAT Oh 1 llected dntl dil@elET ET C

in 4 in 1 x Buffer A for anion exchange purification.

2.3.1.3 Anion exchange purification

'TETT AGAEAT CA b QapeHEEMRA MEbhtdh fofmd tol ayoid 1problems

AOGOT REAOAA xEOE ! ACCOACAOMRL AIbiferOEGsdm thsi | & 1
stage of the purification were precooled to 4 °C. 35 mL of@epharose Fast Flow resin (GE
Healthcare) was equilibrated with 1 x Buffer A, before addition of the crude urea lysate

(urea concentration ~2 M after dilution) and incubation at 4 °C, with gentle rocking, for

30 min. Batch purificaion was set up in a 250 mlBuchner funnel, with Whatman 1 filter

paper, fitted to a vacuum glass bottle and vacuum pumg.he resin was washed twice with

50 mL pre-chilled 1 x Buffer A, containing 0 then 25 mM NacCl, before peptide elution with 5

x 50 mL washes of 1 x Buffer A containing 125 mM NaCl. Finally, higalt (1 xBuffer A plus

250 mM NaCl) and higksalt plus urea (1 xBuffer A plus 250 mM NacCl, 8 M urea) fractions

were applied to the resin to remove any remaining protein species. Each eluatesstored

at 4 °C to avoid aggregation before dialysis. 3,500 MWCO dialysis tubing was prepared
AAAT OAET ¢ O1 | Al O/&EA A Goriakibgfractidad wer® dialysed aghinstO 8 !
50 mM ammonium bicarbonate, with a total 4 x 5 L changes over 24 hra€étions were then

lyophilised to concentrate the semipurified peptide.
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2.3.1.4 Size exclusion chromatography (SEC)

, UT DEEI EOAA ' y1nh DOOEALZEAA PAOOEAI T U AU ATEIT AgA
in 10 mL of 50 mM TrisHCL, pH8.5, containing 7 M guaidinium-HCI. The solution was

loaded onto a HiLoadt 26/60 Superdex 75 prep grade gel filtration column (GE Healthcare),

connected to an AKTA prime LC system, in 5 mL batches. The column waseayeailibrated

in 50 mM ammonium bicarbonate, which was alsone mobile phase in which the protein

was eluted. The AKTA programme used is outlined frable 2.8. ! 1 twas eluted in a single

peak at approximately180 mL. All SEC was performed at 4 °C. Typical yields from this
l'rtn DPOADPAOAOGEITT xAO t icx, AOI OO0OAs

Breakpoint (mL) S rgte Fraction size (mL) Inject|o_n_ valve
(mL/min) position
0 2 0 Load
4 2 0 Inject
20 2 0 Load
50 2 4 Load
360 2 0 Load
362 End
Table28? +4! DBOIT COAI T A £ O OEUA AgAl OOEI T AEOI I AOI CcO4

2.3.1.5 Sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE)

A Tris-Tricine buffered SDSPAGE system was used to monitor ptein expression and

DOOEAEEAAOQGEIT AO EO xAO AAAIT AA 110600 OOGEOGAAT A Al O O
= 4458 Da). The tweayered gel system was constructed from two glass plates, separated
AU A p8u i OPAAAOR AAAIT torsEdogpoeits fér thd réeAnd OOOA O O E

and stacking portions of the gel are outlined iTable 2.9.
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APS and TEMED were added to the other components immediately before pouring. The
resolving gel was quickly poured to fill the first 4/5h of the gel plates. 200 pL of ¥ was
carefully dispensed on to the top of the gel to create a straight edge. This resolving gel
fraction was allowed to set completely (minimum 1 h) before the water was poured off. APS
and TEMED were then added to the stacking gel solution, which was then poured and a
comb inserted to create sample loading wells. The assembled gels were allowed to set for a

further 1 h before electrophoresis.

Samples were diluted with 2 x SDS reducing loading buffeFéble 2.6) and boiled for 5 min,

before centrifugation for 10 min at 16,000 xg.

SeanET Volume foznrﬁ_s)olving gel Volume fo(rmsl'f?cking gel
30% (w/v) acrylamide:0.8%
(w/v) bis acrylamide
3M Tri';,I-DHS(,:IF,) S.gzo 5(w/v) 5.00 1.55
H.0 0.44 3.72
Glycerol 2.00 -

S persulphate (APS) 010 e
Tetrametrz)élgch)él[e)r)lediamine 001 0.01

Table 2.9 Components of a Trigricine buffered SDSPAGE gelVolumes stated to cast two
8 x 10 cm minigels, with a 1.5 mm spacer.

For analysis of whole cell lysates, 1 mL samples were centrifuged at 16,009 for 15 min
and the supernatants removed. 100 uL of loading buffer was added directly to the pellet,

boiled and centrifuged as described above. 15 pL was loaded onto the gel.

SDS PAGE was carried out with cathode buffeFgble 2.6) in the inner reservoir of the gel
tank and anode buffer Table 2.6) in the outer reservoir. Gels were run with an initial

constant current of 30 mA, until the samples had entered the resolving gel, at which point
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the current was raised to 60 mA. Gels were run for approximately 1.5 h, until the dye front

reached the endof the gel.

Gels were stained Table 2.3) for 15 min, before destaining in H,O for a minimum of 1h

and imaging with an InGenius Gel documentatiosystem (Syngene, Cambridge, UK).

~

232 %@DOAOOET T AT A -ByAwWENVEEAAOQOET T 1T &

Wild-OU b-& U1 OA I-sfnEvas éxpgressed in BL21 DEB. colicells from a pET23a vector
(Appendix 7.1.2). 10 x 1 L sterile LB fractions were inoculated with 10 mL from an
overnight 100 mL starter culture (Section 2.3.1.7), in the presence of 100 pg/mL
carbenicillin. Cells were incubated at 37 °C for 4 h, prior to induction with 0.5 mM IPTG at
an approximate O =0.6. Protein was expressed for 5 h poshduction, before harvesting

by centrifugation (6000 x g, 15 min, 4 °C).

Pellets were resuspended in 25 mM TrigdCl, pH 8.0 lysis buffer, containing 100 pg/mL
lysozyme, 50 pg/mL PMSF and 20 pg/mL DNase. The pellet was then homogenised and
disrupted by french press (30,000 psi), beforéneating to 80 °C in a water bath for 10 min.
The homogenate was then centrifugated (30,000¢;, 4 °C, 30 min) and the protein, isolated

in the soluble fraction, was precipitated with 50% (w/v) ammonium sulphate at 4°C,

30 min. The suspension was centfiiged at 30,000 xg and the pellet resuspended and
precipitated again in 50% (w/v) ammonium sulphate, 4 °C, 30 min. After a further
centrifugation (30,000 x g, 4 °C, 30 min) the pellet was resuspended in 20 mM TrECI,

pH 8.0 for anion exchange.

ThepartE Al 1 U BsthOvEsABEdkd\ontp a 500 mL Sepharose anion exchange column
with a 20 mM Tris- HCI, pH 8.0 mobile phase. Protein was eluted with a linear gradient of
500 mM NaCl and monitored by absorbance at 280 nm. FractioAsi 1 O A EdyrEwel@ |
analysed by SDSPAGE, dialysed against 50 mM ammonium bicarbonate and lyophilised.

Semipurified protein from anion exchange purification was resuspended in 20 mM sodium
phosphate, pH 7.5, and loaded onto a HiLoad26/60 Superdex 75 prep grade gel filtration
column. The protein was eluted from the column with 20 mM sodium phosphate, pH 7.5 at
a flow rate of 2 mL/min and the major peak collected and dialysed against 50 mM
ammonium bicarbonate and lyophilised. Purified protein wastored atz 20 °C. A typical

yield from this preparation was 45 mg/L culture.
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2.3.3 Quantification and validation of purified protein

Purified peptides were quantified by absorbance at 280 nm (A280). Concentration (c) was
calculated with the BeerLambert equation (Equation 2.1). Extinction coefficients at
280 nm (&2g80) were calculated from the peptide sequence in ProtParaf® and are given in
Table 2.10. Path length (I) is 1 cm.

b YT - wa Equation 2.1

The identity of recombinantly expressed protein was assessed by electrospray ionisation
mass spectrometry (ESIMS) analysis. Any ESWS analyses in this thesis were performed
by Dr.James Ault, MS Facility, School of Molecular and Gkl Biology, University of Leeds.

2.3.4 Acquisition of other peptides

I 1 p2R was prepared by automated solihhase peptide synthesis and kindly provided by
Dr. George Preston and Prof. Andrew Wilson (School of Chemistry, University of Leeds).
# A-p wassynthesised and provided by Dr. Kevin Tipping (School of Molecular and Cellular
Biology, University of Leeds).

tpo!l trtm xAO APPOAOOAA Al A DOOE Aeddh2 3R AT OAE

3 p ¢ wsynuglein labelled with a TMRmaleimide fluorescent label (Invitrogen) was made
by Dr. Matthew Jackson (School of Molecular and Cellular Biology, University of Leeds),
expressed and purified accordi C  OT  O-ByAucleindprotpcol (Section 2.3.2) and

I AAAT T AA AAAT OAET ¢ O1 1 AT OEZAAOOOAOCSEO ET OOOOA
Recombinantly expressed L3F Im was made and purified by Dr. Alice Bartlett (School of
-T1TAAOI AO AT A #A1T1 01 A0 "ET1TCUh 51 EmMW@aOEOU |
made and purified by Dr. Claire Sarell (School of Molecular and Cellular Biology, University

of Leeds).

Sequencs of all major proteins used in this thesis, and their properties, are given ifable
2.10.
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Molecular Extinction
Production coefficient

method Weight —,5g0/M
(Da) .
cm-)

Peptide Sequence

MDAEFRHDSGYEVHHQKL\ Recombinantly
' T T T EAEDVGSNKGAIIGLMVGGY — expressed 4458 1490
't p2R Ac-KLVFFAENH; Synthetic 853 -
# Ap | AcSIRELEARIRELEARISH, |  Synthetic 2011 -
MDVFMKGLSKAKEGVVAAA
KTKQGVAEAAGKTKEGVLY\
.- SKTKEGVVHGVATVAEKTKE o
| VINVGGAVVTGVTAVAQKT\ 14460 5960
synuclein | - A GSIAAATGFVKKDQLGKN ~ &XPressed
EGAPQEGILEDMPVDPDNE/
EMPSEEGYQDYEPEA
MEHHHHHHEFKNSISDYTEA
FVQLLKEIEKENVAATDDVLL o oo
L3F Im7 | VLLEHFVKITEHPDGTDLIYY| " 0o 10881 9970
SDNRDDBEGIVKEIKEWRAA
NGKPGFKQG
MIQRTPKIQVYSRHPAENGK
NFLNCYVSGFHPSDIEVDLLK o oo
f2m | GERIEKVEHSDLSFSKDWSF ™ “ i 11862 20065
LYYTEFTPTEKDEYACRVNH
TLSQPKIVKWDRDM

Table 2.10 Amino acid sequences and properties for the proteins used in this thesis.
Recombinant peptides contain an additional Merminal Methionine.  Chemically
synthesised peptides are both Nerminally acetylated and Gterminally amidated.

2.4 Fibril formation and characterisation

2413 AAAAA ' r1n AEAOEI &I O AGET 1

/| OE CE1 Aded stogks af both 2A and 3Q fibril morphologies were kindly provided by
Dr. Robert Tycko (NIH, Bethesda, USA).

I 1 tseeds were diluted to 5% (v/v) in sterile-filtered fibril fo rmation buffer (Table 2.6)
and sonicated (5 s ON/ 45 s OFF, x 3), with a Soniprep 150 microprobe sonicator (amplitude
pmt Al Q T 1 EAA B8 peptideapdissovedl & B.gng/mLrinthe seed-containing
buffer and briefly vortexed, before quiescent growth at room temperature for a minimum

of 18 h. To produce daughter seeds for further reactions, fibrils prepared as above were
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grown for 18 h and smicated for 5 s (microprobe, 10 um amplitude). After 7 days of
elongation, an additional sonication cycle (5 s ON/ 45 s OFF, x 3), was undertaken to

fragment fibrils into new seeds.

242Denovo! 1Tt AEAEAOEIT £l O ACGEIT 1

To create fibrils from primary nucleation of monomers, without distinct seeded

i TOPETTTCEAOh 'r1n PAPOEAA xAO AEOGébkedAA AO
and aliquotted into 100 L fractions, in separate wells of a Corning NBS 96 well microplate
(Corning Life Sci, The Netherlands) and sealed with transparent, gas permeable plastic film
(Breathe Easy, Sigma Aldrich). The fibrils were formed at 37 °C with 600 rpm orbital
agitation, using a NEPHELOstar Galaxy laseased Microplate nephelometer (BMG
LABTECH, Germany) as an incubator, for 18 h. Fibril formation was monitored by

nephelometry.

2.4.3 3 A A A Asynuciein fibril formation

Fibrils formed as seed stocks were made by incubafio | /& o synuclain, in 20 mM
Tris-HCI, 100 mM NacCl, 0.01% (w/v) NaN pH 7.5 buffer, in 500 pL final volumes in 1.5 mL
Eppendorf tubes. Samples were agitated constantly at 600 rpm on a Thriller thermoshaker
incubator (Peglab). After 1 week of elongtion, fibrils were transferred to 2 mL glass vials
(Chromacol) and fragmented mechanically via a custom built precision stirrer, at 1000 rpm,
for 48 h. This fragmentation yielded seeds which were used to elongate further fibril

reactions.

Seeded reactios were set up with the addition of 10% (v/v) pre-formed seed at a final
protein concentration of 200 pM, in 20 mM TrisHCI, 100 mM NacCl, 0.01% (w/v) Nahl
pH 7.5 buffer. Mixtures were made up in 1.5 mL Eppendorf tubes and fibril elongation
carried out at ambient temperature with intermittent shaking (5 s 600 rpm, 10 min
stationary) on the thriller shaker, to reduce fibril settling. Fibrils were allowed to form for
a minimum of 4 days, after which total fibril yield was >95%. Fibrils containing 10%
monomer equivalent TMRI A A AT 1 A Asyn3op liyesc#ll imaging studies were made in

the same manner as wildype seeded fibrils, at a final protein concentration of 300 pM.
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Fibrils were fragmented at 1000 rpm with the precision stirrer, for 24 h, before

experiments.

244" 1 p22 fibril formation

I 1 p2R fibril reactions were set up by dilution of a 20 mM peptide stock in 100% (v/v)
DMSO to 400 uM final concentration in 25 mM sodium phosphate, pH 7.0. The mixture was
vortexed briefly to ensure homogeneity and inubated at room temperature for a minimum

of 15 days, without agitation.

2.4.5 # A-p fibril formation

A 10 mM peptide stock in 100% (v/v) DMSO was diluted to 200 uM finalbncentration in
phosphate buffered saline (PBS) and incubated at 37 °C, without agitatidfor a minimum
of 18 h.

2.4.6 Transmission e lectron microscopy

Fibril formation was verified and morphology observed by negative stain transmission
electron microscopy. 3 pL of sample was loaded onto a carbon coated copper specimen grid
(Agar ScientificLtd, UK) and left for 30 s, before blotting against filter paper. 2 x 10 uL drops
of H,O were loaded to briefly wash the grid, before blotting again and staining with 10 pL
2% (w/v) uranyl acetate, for 30 s. The grid was then finally blotted and allowedo dry
completely. Images were captured with a Jeol JEM 1400 Transmission Electron Microscope,
120 kV.

78



MATERIALS AND METHODS

2.4.7 Fibril yield determination by SDS -PAGE

40 L fibril samples were centrifuged at 16,000 xy for 20 min, to separate the insoluble
fibril pellet from any remaining soluble peptide. Supernatants were removed and added to
an equal volume of 2 x SDS reducing loading buffeFgble 2.6). Pellets wereresolubilised

in 40 pL of 25 mM sodium phosphate, pH 7.5, and also diluted in loading buffer. 20 pL of
each sample were analysed by SDS PA&e¢tion2.3.1.5 along with 20 uL of whole fibril

sample (pre-centrifugation) as a reference.

2.4.8 Fibril yield determination by calibrated high performance
liquid chromatography (HPLC)

&EAOEI UEAIT A A& O Ol Al-BJAO-22pphas @&ikdled vl ARLC AT OO
analysis of the remaining soluble fraction after centrifugation of fibril samples. A calibration
curve was constructed from 5 pL injections of reference solutions (200, 100 and 50 uM of
monomeric peptide stock in 100% DMSO) onto a C18 reverse phas#umn (Phenomenex

Z HPLC performed by Mr Martin Huscroft, School of Chemistry, University of Legds
Separation was monitored with UV absorbance at 210 nm and peak area of each calibrant
was plotted as a function of concentration. 200 pL fibril samples ave separated into
soluble and insoluble fractions via centrifugation at 16,000 g for 20 min. The top 100 pL

of supernatant was removed and frozen over solid G@nd lyophilised. Peptide material
was then resuspended in 100 pL 100% HFIP, sonicated fbd s (Soniprep 150, micro probe,
10 um amplitude) and incubated at room temperature for 1 h. The sample was then
centrifuged briefly at 16,000 xg to remove insoluble buffer salts. The top 25 pL was
removed and diluted into 75 uL DMSO for injection. Pkeaarea from 5 pL injections was
measured at 210 nm and concentration determined from the calibration. The value
calculated was then corrected for &old dilution during sample preparation. Fibril yield

was estimated from the concentration of soluble matgal using Equation 2.2.

e . G EQ aéa Equation 2.2
wQQbh Q i o pTm
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2.5 Target preparation for in vitro selection

~ ~ Ve

251" ET OET TAAATTEITC T &£ 'rtm AOOAI Al EAO

EZ LinkKA NHSLGLC Biotinylation Reagent (Pierce, Thermo Scientific) was dissolved in
25 mM sodium phosphate buffer, pH 7.5, to a concentration of 1 mg/mL, immediately before
OOAs8 4EA PAPOEAA OPAAEAO O1 AA 1T AAATImMA j ' yptm 111
sodium phosphate buffer, pH 7.5, and made up to the appropriate protein concentration
depending on the molar ratio to biotinylation reagent required. Reactions were allowed to
proceed for various timescales to obtain the desired level of labellingliscussed inSection
3.4.2). Reactions were then quenched with 1/10 volume 1 M Tris-HCI, pH 8.0, before
buffer exchange to remove free biotin.For ESEMS analysis to determine labelling levels,
dialysis with 2,000 MWCO devices (Slid&-Lyzem MINI, Thermo) was conducted against
H,O or 100 mM ammonium acetate. Biotinylated fibrils were pelleted at 4,000¢g¢ for 20
min at room temperature,and thebuffer removed. This was repeated three times to achieve
sufficient buffer salt removal for MS. The fibrils were then redissolved in the same volume
of 1,1,1,3,3,3 hexafluore2-isopropanol (HFIP) and incubated at 37 °C overnight, with
200 rpm agitation, to allow complete depolymerisation. HFIP was dried off with a gentle
stream of N gas, leaving dried sample to be redissolved in 100 mM ammonium acetate, pH
7.5,suitable for analysis by ESMS. Biotinylated samples for aptamer selection were buffer
exchanged post labelling into MOPS selection buffelable 2.6) via dialysis (monomer) or

centrifugation (fibrils).

2.5.2 Immobilisation of peptide species to streptavidin  -coated

microspheres

300 pL streptavidin-coated microspheres (10 mg/mL Dynabeads, Dynd Biotech) were
washed three times by magnetic partitioning for 2 min, removal of all buffer and exchange
into the same volume of MOPS selection buffeféble 2.6), before incubation with biotin-
modified targets. The concentration required to saturate beads was based on the peptide
binding capacity (400pmol/mg) given in the product manual. Total protein concentration

added was at a 20 x excess to thvalue, to allow complete saturation. Beads were incubated
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at room temperature with gentle agitation for 18 h. Beads were then washed a further three
times. The efficiency of bead binding was assessed by absorbance measurement at 280 nm,

of the peptidesolution, before and after magnetic partitioning.

2.6 RNA methods

2.6.1 Polymerase chain reaction (PCR)

PCR reactions were set up to amplify the initial DNA libraries/individual aptamer clone
templates to be transcribed. The technique uses a thermostable DNAyroerase to amplify

a DNA sequence, with the addition of dNTPs and oligonucleotide primer ends. Reactions
xAOA OAOG OP ET uvum t, O1 OAl OAAAOQEI 1T (@ibkedi AO
2.11.

Component Volume (pL) Final concentration

5 x KAPA Buffer 10 1x
5 x KAPA Enhancer 1 10 1x
KAPA dNTP mix (10 mM) 1 0.2 mM each
Template DNA (1 uM) 1 20 nM
Primer 1 (100 pM) 0.25 0.5 uM
Primer 2 (100 pM) 0.25 0.5 pM
e oz
H.O 27.75 -

Table 2.11 Components of a typical 50 pL PCR reaction using a KAPA2G Robust PCR kit
(Kapa Biosystems).

The PCR programme used is outlined ifiable 2.12.
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Step Temperature (°C) Time (min)
Initial denaturation 95 2
Denaturation 95 0.5
Annealing 60 0.5
Elongation 72 0.5
Repeat denaturation, annealing and elongation (x 10)
Final elongation 72 2

Table 2.12 Temperature cycle for a typical PCR reaction.

PCR products were purified by Qiagen PCR purificatiddE O j AAAT OAET ¢ Ol
instructions) and DNA eluted in nucleasdree H,O. In cases where more concentrated PCR
products were required for highyield transcriptions, several PCR reactions were pooled
and concentrated via this PCR purification métod. PCR products were analysed by native
PAGE Gection2.6.2) and stored at-20 °C.

2.6.2 Native polyacrylamide gel electrophoresis (Native PAGE)

Native PAGE (rather than typical agarose gel electrophoresis) was used to analyse DNA, to
allow resolution of shorter sequences. Samples were diluted in a 5 x GelPilot DNA loading
dye (Table 2.3). Gels were cast in 20 x 20 cm glass plates with a 1 mm spacer. Gel
components are given irTable 2.13. Gels were run at 300 V, for 1.5 hina 1 x TBE running
buffer. Gels were stained in 0.1 pg/mL ethidium bromide (EtBr) in TBE and imaged with an

InGenius Gel documentation system (Syngene, Cambridge, UK).
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Component Volume (mL)
30% (w/v) 29:1 acrylamide:bisacrylamide 115
5x TBE 7
H.O 16
10% (w/v) APS 0.35
TEMED 0.035

Table 2.13 Components of a 10% acrylamide native PAGE g&lolumes allow casting of a
single 20 x 20 cm gel with 1 mm spacers.

2.6.3 In vitro transcription of 2 F RNA aptamers

In vitro transcription reactions were set up in 50 pL final volumes. Components are given

in Table 2.14. The reaction mixture was incubated at 37 °C for 6 h in a PCR thermocycler.
Y639F/ H784AT7 RNA polymerase was recombinantly expressed and purified by Dr. David

Bunka (School of Molecular and Cellular Biology, University of Leeds). Mutant polymerase

was required in transcription of non-canonical 2F RNA. The Y639F mutation eliminates
inflexibility of the hydrogen bonding potential of the 2F substituent of the substrate NTP,
OEAOAAU O1T1 AOAQOET C ¢ & I TAEEEAAQEIT O8 (xyprt!
by providing more space in the active site, reducing occlusion of the minor gvee side of

the 3-rNMP:template base pair, therefore relaxing the barrier to efficient extension of

transcripts during addition of non-canonical NMPs at the 3end4s,
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Component ' Final concentration

10 x transcription buffer (Table

2.6) 5 1x

IMDTT 2 40 mM

100 mM NTP mix
(2:1:1:1 ATP:2F CTP:GTP:E 2.5 5 mM each
UTP)
dsDNA template (from 50 pL
PCR Gection2.6.1) 7 typical 5 50 ng/pL

conc. 500 ng/pL)

Yeast Inorganic

Pyrophosphatase (YIP) 0.5 05U
(1 U/uL)

Y639F/H784A T7 RNA

polymerase 5 370 nM

(3.7 UM stock)

DEPCtreated H,O 30 -

Table 2.14 Components of a typicaln vitro transcription reaction.

2.6.4 In vitro transcription of 2 OH RNA aptamers

Transcription of 2 OH RNA does not require mutant T7 RNA polymerase and, therefore,
HiScriben4 x ( ECE 9EAIT A 2.1 301 OEAGEO EEO | . %" q xAO

(@}
O\
T

protocol. Volumes were scaled up for 50 L reactions.

2.6.5 Transcription with modified nucleotides

2.6.5.1 Alexa488 labelling of RNA by incorporation of modified
UTP

Incorporation of modified nucleotides requires alteration to the transcription mixes
outlined in Table 2.14. To prepare 2F Alexa UTP labelled RNA, ¢hnucleotide mix was
supplemented with 1/80t concentration of ChromaTid® Alexa Fluo® 488-5-UTP

(Molecular Probesz altered nucleotide mix given inTable 2.15) to give final RNA products
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with 1 fluorescent UTP per molecule, on average. To calculate average UTP incorporation,
absorbance at 260 nm was corrected for the dyes contribution usingquation 2.3 and the

correction factor for Alexa488 UTP atdn 11 E mnm8oc j 1 AOAET AA A&EOI I
protocol). The absorbance maximum of Alexa488 is 493 nm. Badge ratio was calculated

using Equation 2.4 x E A Q8=62000M1cmt AT Aae®8,250 Micml. This value was

divided by the number of nucleotides in the sequence to give the average number of dye

molecules/RNA molecule.

i ODi O i O i ™ Equation 2.3

OOOMQ "YI 6 Q0 wi- T di - Equation 2.4

Components for transcription reactions are given ifmable 2.16.

Final molar concentration

Component Volume (mL) (MM)
ATP 5 10
2FCTP 5 10
GTP 5 10

(®e& 540 6.25 9.875

ChromaTide® Alexa

Fluor® 488-5-UTP 4.94 0.125

DEPGCtreated H,O 23.81 -

Table 2.15 Components of NTP mix for the enzymatic incorporation of Alexa488 dUTP
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Component ' Final concentrations

10 x transcription buffer (Table
5 1x
2.6)
1MDTT 2 40 mM
. 4 x dilution mix from
NTP mix (Table 2.15) 12,5 Table 2.15
dsDNA template (from 5 x
50 uL PCR pooled and
concentrated (Section2.6.1) z 10 500 ng/uL
typical conc. 2.5 pg/uL)
Yeast Inorganic
Pyrophosphatase (YIP) 0.5 05U
(1 U/uL)
Y639F/H784A T7 RNA
polymerase 10 740 nM
(3.7 UM stock)
DEPCtreated H,O 10 -

Table 2.16 Components of a typical 50 L transcription reaction used in incorporation of
Alexa488 dUTP.

2.6.5.2 5 Biotin labelling of RNA

47 DOADPAOA ve AEIT OET 1 AAAT T AA OOATTae@EH OOR OEA
x E O biotin @MP. Transcription reactions were set up according to the standard protocol
(Section2.6.3).

Final molar concentration

Component Volume (mL)

(mM)
ATP 12.5 25
2FCTP 12.5 25
GTP 3.13 6.25
¢e& 540 12.5 25

5 Biotin GMP 9.38 18.75

Table 2.17 Components of NTP mix fothe enzymatic incorporation of 5 biotin GMP.

86



MATERIALS AND METHODS

2.6.6 Alexa488 labelling of RNA via 5 amino modification

v o Al ETI iTAEEEAA 2. x AO Al Ol Grdadited 1 O U
001 £ AEAEIT T O1 b E Aléxh FluordB8RASOB Estera10 mM, InvitdBgen) as
AAAAA O ¢ t, 1T A& ¢cnmn - yreatedH/EN 1x H O EpEEfAA 2 .-
borate, pH 8.3. The reaction mixture was incubated at room temperature for 4 h, with gentle
ACEOAGEIT 11 A Oi11Ad8 opmn t, Hi&thediureaidAAET C

the labelled RNA was gel purified, as describe&éction2.6.8.2.

2.6.7 Denaturing polyacrylamide gel electrophoresis (Denaturing
PAGE)

RNA products were analysed (and in some cases purifieddble 2.18, Section2.6.8.2 by
denaturing PAGE.

Gels were constructed from 20 x 20 mm platewith a 1 mm spacer. The gels were made up

of 10% (w/v) 19:1 acrylamide:bisacrylamide, in 1 x TBE buffer and 8 M urea (Ultrapure
Sequage? urea gel, National Diagnosticgi| AT OEZAAOOOAO8 O DPOIT O AT 1 Al
run at 15 W for 2 h before sample lading. Samples were prepared with the addition of Gel

Buffer Il (Ambion) containing 95% deionised formamide, 0.025% (w/v) SDS, 18 mM EDTA,
bromophenol blue and xylene cyanol, and boiled for 5 min. Gels were then run at 15 W for

1.5hand stainedwith 0.4 CTi , %O0" O ET 4" % AOAZAOS

2.6.8 RNA purification methods

Transcripts were subject to DNase treatment by the addition of 1 uL of TURBRO®Nase (Life

Technologies) and incubation at 37 °C for 15 min.

RNA was purified via different protocols depending on théevel of purity required for the

subsequent application. The purification methods used are outlined ifiable 2.18.
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Purification method \ Application Method

: According to
(Agencourt Rﬁklélgell(rela)z:’reggckman Coulte Robotic selections I Al OEAAG

9 ’ instructions
[llustra microspin G- _Accordingto
25 column Basic desalting I Al OEAAQC

Phenol_ chloroform (GE Healthcare) instructions

extraction/ethanol :

precipitation RNA Clean and Accordingto
(Section2.6.8.1) Concentratet-5 20H,>17nt Al OFAAC

Aiiii xAl column (Zymo) instructions

. 2 F, Alexa488 .
Gel extraction labelled, high yield (Section2.6.8.2

Table 2.18 Summary of purification methods utilised in producing aptamers for various
applications during this study.

2.6.8.1 Phenol chloroform extraction and ethanol precipitation of
RNA

Acidified phenol (pH 4.5) was used to partition RNA from protein and DNA contaminants.
DNase treated RNA was added to 2 x volume of agidenol:CHC (5:1, pH 4.5, Ambion),
vortexed for 30 s and centrifuged at 16,000 g for 30 s, to partition the organic and aqueous
phases. The top aqueous layer, containing RNA, was carefully aspirated and added to 2 x
volume of chloroform:isoamyl alcohol (24:1), befre the mixing and centrifuging process

was repeated.

RNA was then precipitated by the addition of 1/8 volume of 10 M ammonium acetate,
1/100t volume 20 mg/mL glycogen (Thermo Scientific, UK) and 2 x volume of ice cold
ethanol. Samples were frozen at20 °C for a minimum of 1&. Precipitates were
centrifuged for 2h at 16,000 xg, 4°C, and washed twice with the addition of 500 puL 7%
ethanol and 20 min centrifugation at 16,00 g, 4 °C. Pellets were dried for 1fin at 40°C

in a rotary evaporator and resolubilised in DEP@reated H,O for storage at-20 °C, before

further purification.
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2.6.8.2 Extraction and purification of RNA from denaturing PAGE

To purify RNA products from denaturing gel extracts, gels were constructed according to
the protocol outlined in Section2.6.7, with 1.5 mm spacers and larger sample combs for

loading larger sample volumes. Gel components were scaled up to 50 mL.

Samples (post ethanol precipitation) were solubilised in 120 pL of Gel Buffer Il (Ambion)
and boiled for 10 min. Samples were loaded onto gels and run as normal. Once separation
was complete, gels were stained in freshly prepared EtBr (0.1 pg/mL) madg in nuclease
free TBE/H.O, for 10 min and destained briefly in water. Bands were excised and gel
fragments suspended in 50 pL 10 mM Tri¢lCl, pH 8.5 (Buffer EB, Qiagen). Samples were
frozen overnight at-80 °C. Gel fragments were then subject to regiecycles of 2 h agitation

on a roller at room temperature, removal of buffer containing RNA and a fresh % of EB
applied. This was repeated three times until a final volume of 150 puL was pooled,
precipitated as described Gection2.6.8.1), resolubilised in DEP@reated H,O, and stored at
-20 °C.

2.6.9 Reverse transcription PCR (RT -PCR)

Conversion of RNA products to their dsDNA precursors was conductevia reverse
transcription, followed by PCR. The typical reaction mixture is given iffable 2.19.
Samples were incubated at 52 °C for 1.5 h, foll@a by the addition of PCR mixTable 2.11,
scaled up to 80 L final volumes). PCR was performed according to the same thermocycling

programme described inSection2.6.1, Table 2.12.
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Component Volume (uL) Final concentrations
RNA sample 35 -
5 x Buffer (Transcriptor) 10 1x
dNTP mix (10 mM) 2 400 nM
00EI AO ¢ j p] 1 2 UM
DEPCtreated H,O 1 -
Transcriptor Reverse
Transcriptase (20 U/uL, 1 20U
Roche)

Table 2.19 Components of a typical 50 pL RPCR reaction using a Transcriptor Reverse
Transcription kit (Roche).

2.7 SELEX methods

2.7.1 RNA library preparation

RNA libraries were transcribed from naive DNA library templates designed by Dr. David
Bunka and synthesised commercially (Thermo Hybaid). Sequences and associated primers

are shown inFigure 2.1.

Primer 1 (forward)
N50 5'AAT TCT AAT ACG ACT CAC TAT AGG GAG AAG GGC ACG GCA CGT AGG CAA CTA 3'
5" GC ACG GCA CGT AGG CAA CTA (N50) TTA TGA GTG CAC GGG CGG CA 3'
5' TTA TGA GTG CAC GGG CGG CA 3'
Primer 2 (reverse)

Primer 1 (forward)
N30 5" AAT TCT AAT ACG ACT CAC TAT AGG GAG AAG GCG GCG CGT AGG CGA GCT TTA 3’
5' GG GAG AAG GCG GCG CGT AGG CGA GCT TTA (N30) TAT TCG TGG ACG ATG CGC AC 3'
5' TAT TCG TGG ACG ATG CGC AC 3'
Primer 2 (reverse)

Figure 2.1 Schematic representation of the N50 and N30 naive DNA templates used in this
study. Sequences in blue correspond to the T7 promoter sequence in Primer 1 (forward) in
both libraries.

90



MATERIALS AND METHODS

2.7.2 SELEX protocol

The basic SELEX protocol is described here. Modifications to this standard protocol were
made to include solution capture rounds and compéion elution rounds, which are
described (Sections2.7.4and 2.7.5).

The naive 2F pyrimidine modified RNA library was transcribed as previously described
(Section2.6.3) and DNase treated with the addition of 4 uL DNase and 6 puL 10 x DNase
Buffer (Promega). RNA was purified by RNAClean XP resin (Agencourt) according to the
unless otherwise stated. 50 pL of purified RNA was added to 50 pL 2 x MOPS selection buffer
and incubated with 20 uL prewashed biotin-saturated streptavidin-coated microspheres
for 15 min at room temperature, with gentle agitation on a roller. The beads were
partitioned via a magnetic separation rack (2 min) and the unbound fraction was removed
and incubated with 20 pL target beads. Beads were partitioned again (2 min) and the
unbound fraction was removed. Beads were washed by sequential additions of 125 uL of
MOPS selection buffer to partitioned beads (10 x 1 min). Beads were then resuspended i
35 uL DEP@reated H,O and transferred to 200 yL PCR tubes where 40 pL of mineral oil
was dispensed on top of the mixture to avoid evaporation. The sample was then heated to
95 °C for 5 min in a PCR thermocycler. RNA was reverse transcribed by additmmRT
mixture (Section2.6.9) and PCR amplified for the next round. DNA products were analysed

by native PAGE $ection2.6.2) to monitor selection.

2.7.3 Automated selection rounds

Automated selection rounds were undertaken using a Biomek 2000 laboratory automated
work station (Beckman Coulter). Selections were carrgeout in 96-well PCR plates (Thermo
Fisher Scientific). Automated programmes were written by Dr. David Bunka and Dr. Simon
White.
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2.7.4 Target capture selection rounds

Capture selection rounds were utilised to promote binding specificity for the non
immobilised, and therefore native target conformation. 50 pL of the RNA pool was
incubated with 50 uL of the 20 uM biotinlabelled target peptide species (which had not
been preimmobilised), for 15 min at 25 °C. Calculation of the concentration of target
species required was based on peptide binding capacity (400 pmol/m). The mixture was
then added to 0.5 mg of prevashed, unrconjugated streptavidin microspheres and
incubated for 30 min, rolling at room temperature, to capture complexes from solution.
Beads were then magnetically separated, washed three times with 1 mL of selection buffer,

before elution as described in the basic SELEX protoc&éction2.7.2).

2.7.5 Competition elution selection rounds

Following standard immobilised target incubation and washing steps, described in the basic
protocol (Section2.7.2), aptamers with greater affinity for native, norimmobilised species
were competed from their bead bound state with solution target challenges. 35 pL of the
un-modified target peptide species was incubated with the beads for 10 min (25 @lling).
Beads were partitioned (2 min) and the buffer (containing competitor peptide species and
associated RNA) was removed. This step was repeated with a higher concentration of
competitor, to challenge further aptamer species from the immobilised tget
(concentrations of competition solutions are givenin Sectiors 3.5.1 and 3.5.2). After
removal of this second competition, 35 pL of DEPRieated H.O was added to the beads and

heat elution of the remaining aptamers was conducted according to the standard procedure.

2.7.6 Stringency parameters throughout selection

Various experimental conditions were altered in later rounds of the SELEX protocol to
increase stringency of selection. These include alterations to incubation times,
temperatures, target concentrations and numbes of washes. Alterations are summarised

for each type of selection round ifTable 2.20.
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Selection  Incubation | Incubation Target bead volume "
e Wash conditions
round ste conditions (uL)
, 125 uL
Robotic rounds 15 1;”3'8 20 1 min x 10
25 °C
. 125 uL
. 5 min .
Robotic rounds 610 o 10 1 min X 13
37°C o
25°C
Target 15 min
binding 25°C 125 L
Competition |  Solution : 20 1 min x 10
10 min o
target o 25°C
% 25°C
binding
RNA:fibril 15 min 1mL
Target incubation 25°C m’
- 50 1 min X3
capture Bead 30 min 25 °C
incubation 25°C

Table 2.20 Conditions used during different selection rounds to alter selection stringency.

2.7.7 Bioinformatic analysis of next generation sequencing (NGS)

data

Scripts for aptamer sorting andbasecomposition evaluation were written by Dr. Eric
Dykeman (Department of Mathematics, University of York, UK) in Perl programming
language. The data obtained from NGS contains both the forward and reverse sequence
reads. These two files were amalgametl into a single data file containing all raw
sequences. The aptamer sorting script initially searches for uselefined primer sequences,

in both the forward and reverse direction, with a tolerance threshold where 12 correct

T OA1T AT OEAAO Mgl OO OO EAD O EGFEAT CAT AOAOGAO
any hits in the reverse direction and combines identical pairs as a single read in the forward
direction. The script then searches for sequences with the correct random region length
(user-defined stringency set at £ 15 nucleotidedor N50 aptamers, £ 10 for N3Q. These
filtered sequences were then sorted into exact matches, which were quantified and ranked

in order of frequency of occurrence.

The output of the above analysis was then used ilné¢ basecomposition evaluation. The
script searches for, and quantifies, the number of times each nucleotide is represented

within the randomised-region and calculates this as a percentage of total nucleotides.
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2.8 In vitro techniques

2.8.1 Size exclusion chromato graphy multi -angle laser light
scattering (SEC-MALLS)

Size exclusion chromatography was performed on an AKTA micro system coupled to a

Wyatt Dawn TREOS multiangle laser light scattering detector. MALLS data were analysed

using Wyatt Astra software (versi T ¢ 8 18 3n# OAPAOAOGEIT xAO

Peptide 10/300 GL column (GE Healthcare) with filtered and degassed MOPS selection
buffer (Table 2.6) and run at a flow rate of 0.3 mL/min, at room temperature. Lyophilised
l'rtm xAO AEOOI |1 OAA ET OEA OAI A AOEEAOR Ol

at time points 0 and 3 h. The 3 h sample was incubated at 4 °C prior to injection.

2.8.2 Surface plasmon resonance

An SA sensor chip (GE Healthcare) containing a dextran matrix and paterivatised with
streptavidin, was docked into the Biacore 3000 instrument (GE Healthcare), which was
primed with MOPS selection buffer Table 2.6) containing 0.005% (v/v) TweenZ20.
Biotinylated peptide was injected at a flow rate of 10 pL/min until an appropriate response
was achievedd OUDEAAI 1 U gapprébate B & immebitisation for peptides of
specific MW were calculated with Biacore application support (Available online:
https://www.biacore.com/lifesciences/Application_Support)). Flow cell 1 was left blank to
serve asa baseline. Further flow cells were either derivatised with control peptides or
larger doses of target ligand. Purified RNA to be tested was dialysed against the running
buffer prior to analysis. The dialysate was filtered and used directly as the ruimg buffer
during the experiments, to reduce refractive index changes upon injection. All assays were
conducted at a flow rate of 10 pyL/min. Samples were injected for 300 s at 10 pL/min.
Surfaces were regenerated with buffer containing 50 mM NaCl or &% (w/v) SDS for
subsequent sample injections. Data were processed with BlAevaluation software (GE

Healthcare).
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2.8.3 Pull-down assays

I 1 tsaturated streptavidin beads were diluted serially into MOPS selection buffelTable
2.6) to create a gradient of peptide concentrations. Aptamer was added at each dilution
point to the same final concentration (500 nM in gebased pulkdown assays, 3WM in
fluorescent pull-down assays). The complex was incubated at room temperature for 15 min
to allow association. Beads were separated from solution on a magnetic rack fomth and
unbound RNA was aspirated off. In pulown assays where unbound fluorescent RNA was
measured, the unbound fraction was loaded into glass capillaries (Nanotemper, standard
treated) and the fluorescence intensity measured with excitation at 470 nm and emission
at 520nm, using theMonolithu NT .115 Microscale thermophoresis (MST) instrumenset
up to read fluorescence intensity only. In gebased pulldown assays, unbound RNA was
removed and beads were washed three times with buffer (1 min separation on magnet,
125 uL washes, consistent with standard SELEX conditionsSection 2.7.2). Elution of
bound RNA was conducted by the addition of 35 uL DER@ated H,O, to each sample, and
heating to 95 °C for 5 min. RTPCR mixtures ection2.6.9) were then added directly to the
samples to amplify all bound RNA. Bound RNA fractions at each protein concentration were
analysed by nativePAGE $ection2.6.2) and stained with 0.1 pug/mL EtBr in TBETable 2.6)

for 5 min, before 5 min destaining in HO. Images were taken using an InGenius gel
documentation system (Syngene) and densitometry of the resultant bands was measured

with Genetools softwae.

Data were fitted, using OriginPro 8.6, to a modified Hill functiorgquation 2.5 ) which takes
into account signal change upon bindingSTARTis where the curve beginsENDis where
the curve ends (either higher or lower thanSTAR?), wis concentraton of titrant, Ky is the

dissociation constant andn is the Hill coefficient.

W
® "YYO 'Y™OU O "Y'YO Yﬁ Equation 2.5
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2.8.4 Microscale thermophoresis (MST)

A stock solution of Alexa488 labelled aptamer was heated in a P@Rrmocycler to 98 °C

for 5 min before cooling by 0.1 °C/s until a final temperature of 25 °C was reached, to
thermally anneal the RNA. This stock RNA was then added, at 250 nM final concentration,
01 AT ENOT 600 1T &£ O11 AAAIT T A Aanging from 1D AVDIO 0B M. A O
Mixtures were incubated at room temperature for 15 min. The RNA: protein mixtures were
loaded into individual standard treated capillaries (Nanotemper) and analysed with the
Monolithu NT.115 MST instrument. Excitation wasZ0 nm, emission 520 nm. MST power

was 40%, LED power 95%. Data were processed with NanoTemper Analysis software.

2.8.5 Fluorescence polarisation

A Biomek 2000 laboratory automation work station (Beckman Coulter) was utilised to set
up fluorescencepolarisation (FP) assays in a 384vell plate format. Preformed fibrils were
diluted serially (a 2/3 regime) into MOPS selection buffer Table 2.6), in triplicate, before
addition of Alexa488 labelled aptamer, at a final concentration of 10 nM. The total volume
ET AAAE xAll xAO tm t, 8 0T 1 ACEOAOEITT xAO
MultiLabel plate reader (excitation 480 nm, emission 53%fim). Polarisation was calculated
from parallel (1) and perpendicular ( ) intensity at 535 nm usingEquation 2.6. TheG
factor is an instrument factor set to 1. For competition polarisation experiments, titrations
of competitor ligands were used to disociate fluorescent aptamers from their complex with
fibrils. Aliquots of the fibril: aptamer complex, at concentrations sufficient to produce 65%
of the FP response in the direct binding experiments, were set up in individual tubes.
Competitor ligand & varied concentrations (produced through serial dilution into buffer)
was added to each aliquot of the complex and incubated at room temperature for 8tn.
Aliquots were transferred to 384-well plates for detection as described above. Assays were
set w in triplicate. Datawere plotted as average = SEM (n = 3) andere fitted to the Hill

function outlined in Section2.8.3 Equation 2.5.

0,0

) o A
LEawi Qi %G—Q;eo—e—o Equation 2.6
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2.8.6 Niad 4 fluorometry

vt A, OAI PI AOG AT TOAETEIC pm A- Irtm Alfdk pm A
pH 7.5 plus a final concentration of 1% (v/v) DMSO, were prepared in low volume, NBS low

binding 96-well microplates (Corning) and sealed with hydrophobic, transparent plastic

film (Breathe-easy?, Sigma). Plates were incubated at 25 °C in a CLARIOglate reader

for 60 h with intermittent agitation (5 s shaking at 600 rpm, 5 min intervals). Fluorescence

intensity was monitored over time with excitation at 490 nm and emission measured at 615

nm. When fibril formation was monitored in the presence baptamer, RNA was added at a

final concentration of 10 uM with RNase inhibitor (murine, New England Biolabs) at a 1 in

tn AEI OOETTh ET TETA xEOE | AT OEAAOOOAOEO OAA

2.8.7 lonic strength calculation

lonic strength for the glycosaminoglycans used ithis study was estimated by taking the
number of charges on a single disaccharide unit and multiplying by the average number of
disaccharides in the fultlength polymer. For example, LMW heparin has an average MW of
4,600 Da, which equates to ~8 repeatnits of the disaccharide Figure 5.27 a). Therefore,
the net charge of LMW heparin is taken a82 and ionic strength () calculated according to

Equation 2.7, where G is the molar concentration of ions andz is the total charge.

al el

0 @ Equation 2.7

2.9 In vivo techniques

All cell culture and imaging work was carried out with full supervision by Dr. Matthew
Jackson (School of Moleculaand Cellular Biology, University of Leeds). MTT and ATP

assays were carried out by Dr. Jackson.
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2.9.1 Cell culture

SHSY5Y cells were cultured in Dulbeccos Modified Eagles Medium (DMEM) (Sigma)
containing phenol red (Sigma), 10% (v/v) foetal calf serum (Biosra), 1% (v/v) Glutamax

(Invitrogen), ptmt ) 571, DAT EAEI T El Al A pfasks (C@iing)i OOOADOT I 1

Cells were incubated at 37 °C, 5% Génd passaged when theyeached 60- 80% confluence,
using a 1% (v/v) trypsin EDTA solution (Sigma).

2.9.2 MTT/ATP cell viability assays

Cells were plated out at 15,000 cells / well in 96vell microplates in 200 uL DMEM medium.
Following 24 h incubation, samples were dosed (with fibrils/aptamer/control samples) and
incubated for a further 24 h at 37 °C, 5% COL1% (w/v) NaNs; was used as a positive control
for cell death. In the case of MTT assays, fi0 of a 10mg/mL solution of MTT (Sigma), in
PBS, was added per well and samples were incubated for a further 1.5 h. The medium was
then removed and resulting érmazan crystals resuspended in DMSO (Sigma). The amount
of MTT reduction was quantified by absorbance at 570 nm with subtraction at 650 nm to

correct for cellular debris. Cellular ATP levels were measured using a luminescent ATPlite

assay kit (Perkin El AOQq ET AAAT OAAT AA xEOE | A1 OEZAAOOOAOBO E

was measured using a BMG Labtech Plate Reader.

2.9.3 Confocal imaging

Cells were plated out at 300,000 cells per mL in imaging dishes (WBUurope FD35100).
Following 24 h incubation, samplesvere dosed with Alexa488 labelled aptamersSection
2.6.5.7) and 10% (monomer equivalent) TMRIabelled fibrils and incubated for a further 24
h at37 °C, 5% C@® Lysotracker deep red or Cell Mask deep red (both Life Technologies)
were used at 100 nM and 0.5 pg/mL, respectively. Cells were washed three times with 1 mL
phenol red-free media, prior to imaging on a Zeiss LSM 700 Confocal Microscope vatB3 x

objective.
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3 3A1 AAOETT 1T £ 2.1 APOAI AOO ACA

3.1 Objectives

The primary aim of the work described in this thesis was to exploit the exquisite molecular
recognition power of RNA aptamersin amyloid-forming systems; specifically in the

selection of aptamers able to recognise different species during the aggregation of the
amyloid-r D A b O4B.ATRisichdpter outlines the rationale behind choosing specifid A0

AOOAT ATEAOG AO OAI AAOGET T OAOCAOOh OEA DOOE £E]
and the preparation of the target assemblies. Furthermore, thia vitro selection of RNA
ADOAT AOO ACAET OO0 !'rtm AEAOEI O Al «&rib@dEAEO DOAA

~ ~

32 'rtm 1 1T1T1T1TAO ATA EEAOEI O AO

selection

As discussed irSectionl.2.6, the development of agents able to detect and/dreat amyloid

disorders presents a significant problem in both academic and pharmaceutical reseatch
Structural information into the process of amyloid aggregation is limited and therefore
development of new ligands, by structurebased design, is especially challenging in these
systems. For this reason, aim vitro selection approach was proposed, tdevelop nucleic

AAEA AAOAA 1 ECATAO AO bi OAT OEAT TAx O1T10 EI
to a) aid fundamental studies into the molecular mechanisms underlying the aggregation
process, b) provide potential new diagnostic reagents and @evelop new intervention
OOOAOAGCEAO ETOI !'rtm AOOAI Al U ETOI AiUll EAS
of the many species involved in this highly complex system are the most appropriate

selection targets to enable us to meet these objectise
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4EA T AOEOAT U O OOOOAOOOAA 111171 AOEA PAPOEAA EO OE.
currently poorly defined mechanisms, this unfolded monomer assemblespontaneously

into oligomeric species, which may be cytotoxic and areelieved to cause the cell death

associated with neurodegeneration and ABS (covered in detail inSection1.3.4). While the

identity of the toxic species is hotly debated, species ranginfrom dimers?s8, through to

larger oligomers?70.271,501 gand finally fibrils 97.103,215,.502 themselves have been implicated. It

is logical, therefore, that the monomeric peptide should be one target in our selections, as

this could lead to several possible avenues of intervention. It may be possible to trap the

peptide in this seemingly inertmonomeric state, preventing its aggregation to higher order

and potentially more toxic species, or even to target the peptide for degradation, before

aberrant accumulation ensues.

-1 1171 AOEWA aldoran attractive selection target from a diagnostic pot of view,

especially as it is the most abundant form of jAin the brain, cerebrospinal fluid (CSF) and

the serume43g lrte¢ 1T AOGAT O ET -osmbBlished3omakker inAD, aldng OAAAU x AT |
with the detection of tau ard phosphorylated tawt4”. However, it is the general consensus

that all three of these biomarkers are required for accurate diagnosis (with confidence

>00%:345) and a single definitive marker has yet to be developé#8 T AT UOGEO 1T &£ OEA 1
ratio is one common suggestion for improved AD diagnosi®.503. The superior recognition

power achievable by aptamer technologies could help in providing these much needed new

tools.

N P . . - P A

322! rtn AEAOEI O T £#/ AEOOET AO 11T OPETIT T CU

Although fibrils are often overlooked as the major toxic entity in amyloid disorders124.126,

there remains substantial evidence that these engboint structures are interesting in the

context of disease. Toxicity has been attributed to fibrils and plaques in several recent

studiest47. 502,504 gnd they are also nplicated in producing further toxic speces through

secondary processes These include secondary nucleation mechanisms, leading to the

accumulation of new toxic oligomers via surface mediated catalysis’® or fragmentation,

AT A OiT1AAOI AO OEAAAET o -forine@ fibdliarddgdrega@PAAEAO EOIT |

Aptamers raised against fibrillar assembles, therefore, could be useful in several of these
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instances, by pecific blockage of secondary nucleation sites or by capping the ends of fibrils

to prevent production of further toxic structures.

300OA000AT PITUITOPEEOI EO AT1T OEAO Ei Pi OOAT O
in Section1.3.421 AT U AEOOET AO OOOOAOOOAO EAOA AAAT
fibrils 104,105,299 |t has also been suggestetat differences in fibril structure could correlate

with differences in pathologyté. Therefore, development of recognition molecules, able to
distinguish between fibril structures derived from a single precursor peptide, would be

invaluable in advancing AD diagnostics.

4EA ¢! AT A o1 00O @k eweié iniSeEtionl; 3.9 arehideal @igdtsO
for RNA aptamer selection for a number of reasons. Firstly, there is structural information
available for each of these morphologies, which will greatly aid the study ofbfil

recognition by aptamers. Further, evidence suggests that by producing new fibrils via
seeded elongation, the individual morphologies are maintained, providing homogenous
fibril samples for selectiont3-105, Raising aptamers against these two fibril morphologies,
AT OE AT 1 Bl OAA | datdndtrate theponier obRIRA aptamers as a recognition
molecule and, if successful, will provide the first instance of ligands able to distinguish

between different crossy containing structures of the same protein sequence.

Ve ~

3.3 Expression and purification T £ OAAT I AET AT O

AEA Al 11T xETC AGPDOAOOGEIT AT A DPOOEEEAAOQCEIT 1 &
published methodology outlined by Linse and colleagué®. All optimisation was aided by

EAl pAOI AEOAOOOEI T O xEOE $08 4EAOT AT /168-A11.
Medical School, MA, USA).

3.3.1 Protein expression trials

AEA PI AOGIEA AT 1T OAET ET ¢ OEA [ €Adpehdix A7I1AwaE T C ! |
transformed into competent BL21 (DE3) pLysE. oli cells and grown on selective agar
plates overnight (Section2.2.30 8 l'rtnm BDOT AOAAA £l O OEEO x1 0

terminal methionine to facilitate recombinant expression and it is this 44&residue product
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OEAO xEIl AA OAEAOOAA O1 AO !'vrtnh O1T1AOO 1 OEAOXE
inoculate overnight starter cultures (100 mL, LB media) which in turn were used to

inoculate 12x 1 L cultures of LB with antibiotic selection $ection2.3.1.1) for large-scale

protein expression. Cells were cultured at 37 °C, 200 rpm un#h optical density at 600nm

(ODs0o) = 0.5 was reached and protein expression was then induced with the addition of 0.5

mM IPTG. Cells were then grown overnight (16 h) at 25 °C, 200 rpm, before collection by

centrifugation. SDSPAGE analysis was used tmonitor protein expression from induced

and unrinduced samples Figure 3.1 a).

Protein expression levels were initially low and varied substantially btween flasks.

Therefore, trials were conducted to optimise expression. Several parameters were tested

including most importantly, flask type, culture volume, and the duration and temperature

of growth post-induction of protein expression with IPTG. Thérials revealed that optimum

expression was achieved when 500 mL cultures in 2 L baffled, conical flasks were utilised,

most probably because of the increased aeration volurd® (Figure 3.1 b). Another

important factor in increasing expression was culturing the cells at 37 °C pestduction for

3-4 hours. By monitoring optical density throughout this phase, cell growth was shown to

plateau and extending growth beyond 4 hours led to a decrease in expression. These

AT TAEOCETI T O xAOA OOAARh OEAOAE OAh &£ O OEA A@POAOOE

332POOEAEAAOQEIT T £ ' 1m

The purification method also initially followed that described by Linseet al4%. After
successful, high level expression, s were disrupted in Tris-HCland subjected to several
rounds of sonication and centrifugation, to isolate and wash the inclusion bodies containing
lrtm8 ) T Ad wie@ Ehenl solubilisédEwith buffer containing 8 M urea $ection
2.3.1.2 before 1 in 4 dilution to reduce urea concentration and facilitate bindig to Q
Sepharose resin for the next stage of purification. This inclusion body isolation was also
optimised from that described®®. By reducing the number of sonication/centrifugation
rounds, significant product losses were avoided, without compromising on the purity
achieved at this stageFigure 3.2 a shows the three supernatants S1, S2 and S3, isolated

from three successive rounds of sonication followed by centrifugation. The majority of
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contaminants are removed in S1 and, by reducing the number of subsequent centrifugation
O0APOh TAOGO 'r1m xAO 110060 xEEI A OOEZZEAEAT O b

kDa SN
¥

55.4
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14.4

6.0
35 - - --.— T = AB4O
' ' 4.5 kDa

. :

e

Figure 31/ DOEI EOQAQETT 1T &£ !'r1n AgDdad@xéEnd varidd A DO
expression observed when 1 E. colicultures were grown in standard conical flasks at 28C,

overnight. (b) Typical over-expression levels yielded under optimised conditions, (500 mL

cultures, 2 L baffled flasks, cultured for 3.5 Ipost induction with IPTG). 1 mL whole cell

samples (taken from individual replicate flasks), before (Uninduced) and after (Induced)
induction were pelleted and boiled in 2 x loading buffer prior to analysis.ection2.3.1.5

The sizes of molecular weight markers are given in kDa.

lrtm xAO OEAT AZ£OOOEAO POOEAEAA AU EITT A@AEAI
chromatography was previousy shown to be unsuitable at this stag®?, as much lower
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yields of monomeric peptide were obtained. The batch method presumably avoids aberrant
aggregation on the ion exchange column, as a result of high local concentration of the semi
purified product. Protein was eluted from the resin by firstly washing with TrisHCI buffer,
pH 8.5, containing 0 M and then 25 mM NaCl before stepse elution with 5 x 50 mL
125 mM NacCl fractions. All fractions were analysed by SEPRAGE Figure 3.2 b). Those

AT T £ZEOI AA O1 AT 1 O06AET 'rtn xAOA PIT1AA POET O 01 &0
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Figure 32! T ET T AGAEAT CA b Q8 BEERGOEAlsis df e inclusiom 8

body isolation stages of the purification protocol. S1, S2 and S3 denote supernatants from

three sequential centrifugation steps. IB indicates the final inclusiebody-containing

AOAAOEIT T 8 4AEOQOAA ABO@AMENEld 1€ Al EAGATAOD 1 C !'rtmq xA
estimation of peptide yield at each stage(b) SDS PAGE of fractions collected during batch

anion exchange purification. IB indicates the inclusion body fraction isolated before binding

to QSepharose esin. FT denotes the flowthrough. Concentrations of NaCl in the salt

containing fractions are indicated. Fractions pooled and taken forward for further

purification are indicated with the blue bracket. Size in kDa of the protein markers are
indicated.
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The purification protocol described by Linseet al4%® recommends that, following ion
AAEAT CA AEOI I AOGT COAPEUR !'r1tn OEIOI A AA £
fractionation, using centrifugal filtration devices, claiming that pure product is obtained

from this simple two-step method. However, the results ifrigure 3.3 a.i. shown that the

protein is not sufficiently pure following filtration. Further purification via Reverse Phase

High Performance Liquid Chromatography (RMPLC) was attempted, whereby the
concentrated filtrate (final volume 10 mL) was passed through a senpreparative C18

column and eluted with an increasing gradient of acetonitrile Eigure 3.3 a.ii.). A major

peak was observed at 40% acetonitrile, corresponding to thefAt 1 8

Mass spectrometric analysis of the purified fraction indicated the presence of a 2179 Da
contaminant, corresponding in mass to a-@&rminal degradation product (Figure 3.3 a.iii.).

Although this fragment existed in low levels (typically ~10% of total peptide yield), this
degradation was consistently observed bveen preparations. Further optimisation was
conducted in an attempt to remove this contaminant. It was also observed that the typical

UEAT AO T £ 'rtnh AO A AT 1 OANOGAT AA 1T &£# OEA AAA
substantially from those reported by Linseet al.4%. The yield was typically <0.5 mgf pure

l'rtnm PAO , 1T &£ AOI OO00AKh R0 ind@LAO Ak RFHRICHnetibeE A O A
was switched, therefore, in favour of size exclusion chromatography (SEC). After the anion
exchange purification, the peptidecontaining fractions were dialysed against 50nM
ammonium bicarbonate and lyophilised. The dried gptide was redissolved in TrisHCI

buffer, pH 8.5, containing 7 M guanidinium HCI, to a final volume of 10 mL, and loaded onto

A 30PAOCAA@A xuv ', pnfonnm CAI AE] OOAOEM T AT
ammonium bicarbonate and monitored by absorbancat 280 nm (Figure 3.3 b.i.). SEC was
performed at 4 °C to further reduce the likelihood of degradation of purified product.
&OAAQET T O A0 vef Adéntified bg SOSPAGE analysis, pooled and lyophilised,

and protein identity was confirmed by mass spectrometry figure 3.3 b.ii.).

This optimised purification method (outlined in detail in Section 2.3.1) was utilised
EAOAAEOAOR ET DPOTAOGAET C Al !'yvrtn DPAPOEAA Ob
DADOEAA UEAI AO OEA OEEO i AOETATI1TGCU AOA €t i
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Figure 3.3/ DPOEI EOAQEIT T 1 £ (ay Thet initRl(pédBo@EUA GdE thé 8
DOOE A£E AA OE (i) SD$ HAGE pmalysi8 of the fractions isolated from centrifugal
filtration. 30,000 FT indicates the flow thraugh isolated after 30,000 MWCO filtration.
3,000 conc indicates the fraction concentrated by 3,000 MWCO filtration(ii) RP-HPLC
DOOEAEAAOQEIT1T 1T &£ OEA AT 1 AAT OOAOGAA AEOAAOQCEIT | PAAE A

in yellow) using a 2565% gradient of acetonitrile. Elution was monitored by absorbance
at 230 nm. (iii) ESHEMS analysis of the peptide products isolated from the major peak @

ii. indicates a persistent degradation product of 2179 Da, determined as at€&minal
AOACIT AT O 1 ncésfandmasses 8f h&lt@o possible fragments, compared to full
1 AT COE ! 11 xfebinal Mé Atab@® méet. () A typical SEC elution profile

i£ !'r1n ITTEOI OAA AO qum 11 8 4EA DPAAB. AT OOAODI T A

i) ESl- 3 AT Al UOEO 1 £ -$EC crboreatoydphy. r tmh BT 00
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3410 OAPAOAOGEIT T &£ 'r1n EAEAOEI 11 OPE

seeding

Fibrils were formed via elongation from pre&£l Of AA OAAAO 1T &£ 'r1mn EI
morphology, kindly provided by Dr. Rob Tycko (National Institutes of Health, MD, USA).
Seeded fibril formation reactions were set up with 5% (w/v) seed and 0.9 mg/mL

i TT1T1T AOEA ! 1 todibm phdsphatevbuffer; pH@.5 Fibrils were grown for 18 h

under quiescent conditions and, consistent with the Tycket al. seeding protocol {°2 and

personal communication), samples were sonicated at this stage to promote an additional
OODNAAAET CSBectibr2A.1).0Thig step reportedly leads to increased incorporation

of any residual monomer by formation of new elongatiorcompetent ends. Fibrils were

then grown for a further 5 days, quiescently, and the resulting fibril morphologies assessed

by negative stain tansmission electron microscopy (TEN Section2.4.6). The micrographs
confirmed the formation of long, urbranched amyloid fibrils, however a lar@ proportion

I £/ OEA EEAOEI O & Oi AA AAAOI OlFh@d34 apvhihiisal AOCA
common observation for amyloid fibrils’s. It was decided that it would be advantageous to

find suitable conditions where this lateral association was reduced, in order to expose as

many potential aptamer binding sites as possible along the length of the fibril. Seeding
reactions,therefore, were monitored by TEM, at various time points during growthFigure

3.4 a), to determine the appropriate incubation time when fibrils were fully elongated, yet

still diffuse and hence suitable for immobilisation for aptamer selection. The results
suggested thatafter 18 h of elongation and without the additional sonication step, fibrils

were sufficiently elongated but more sparsely distributed, suggesting less intdibril
association at this time point. By centrifugation of the fibrils and separation of the det

and soluble fraction, it was possible to assess fibril yield via SDS PAGE analysiguie 3.4

b). The results show that after 18 h growth, all& OEA !y 1tnm DPADPOEAA xAO
fibrils. Therefore, 18 h was determined as optimal for the preparation of fibrils as selection

targets.
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a
18 hours 5 days
3Q fibrils
2A fibrils
2A 3Q &
b &
kDa

AB40
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Figure 343 AAAAA &£ O AGET 1
after 18 h and 5 day incubation. Scale bar = 200 nr{b) Yields of 2A and 3Q fibrils formed
after incubation for 18 h were determined by SDS PAGE of soluble (S) and pelleted (P)
fractions and compared with the whole protén content of the sample preseparation by

centrifugation (W). Molecular weight markers are indicated in kDa.

I £ o(@ TEMs Af3Q and 2BBIKIBET O 1T £ ! 1
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3.4.2 Biotin labelling of selection targets for immobilisation

In order to allow partitioning of bound and unbound RNA species during the SELEX protdc

(outlined in Section1.4.1), it was decided that immobilisation by biotin modification and
ATTEOCAOQGEITT 1T &£ OEA I 1 1tn inkéledBdirietic vprdspierdsd O
x] Ol A AA AipiTUAAS "ET OET 1 AARNHS LEILC bioilA O A A
(Section2.51), which is an NHSester activated biotinylation reagent for labelling primary

amines (typically lysine residues or the aminetermini of proteins and peptides). The extent

of modification can be finetuned by alteration of reaction times, pH, temperature and
concentrations of reagents. Therefore, trials were conducted to optimise labelling

conditions for each target assembly.

3.4.2.1 Biotin labelling trials: Labelling fibrils

Fibril targets were biotin-labelled post fibril formation as it was uncertain whether the
unique, singke morphologies (2A and 3Q) would be maintained if biotimodified monomers
were incorporated during the seeded elongation reaction. It was important, therefore, to
optimise the biotin labelling of pre-formed fibrils, such that only a small proportion of he
monomers within the fibril are labelled (less than 10%). The goal was to ensure that the

majority of the fibril was un-modified and therefore free of the microsphere surface.

Biotin labelling trials were set up whereby the stoichiometry of biotin reaget to fibril
concentration (based on monometequivalent) and reaction times were tested. The degree
of biotinylation achieved under each condition was assessed by recovering the fibril as a
pellet by centrifugation, followed by depolymerisation in 100% (W) HFIP overnight

(Section2.5.1) and mass spectrometric analysis.

Table 3.1 outlines the conditions explored. The results revealethat 2A and 3Q fibrils,
although composed of the same monomeric subunits, react with the biotinylation reagent
to different extents, presumably due to differences in the availability and/or reactivity of
primary amines in the two fibril types. This is ursurprising owing to their differing
morphologies (Figure 3.5 aandb). K28 is salt bridged in 2A fibrils, yet only partially salt
bridged in the 3Qfibril morphology 193. It was found that 2A fibrils required a 2.6 molar

109



3%, %#4)/ . | & 2. 04! - %23 1" 1).34 133%-",) %3 [/ &

excess of biotin reagentFigure 3.5 c.i.) over a 5 min reaction, to achieve a similar level of

labelling to 3Q fibrils produced by 4fold less reagent (1:0.65Figure 3.5 c.iii.), over 30 s.

Stoichiometry (Molar

__ _ e Reaction duration % mono -
Fibril monomer equivalent fibril _ e
_ . (min) biotinylated
concentration : biotin)
1:2.6 30 20
2A 1:2.6 10 20
1:26 5 <10 (Figure 3.5c.i.)
1:2.6 30 50
1:2.6 10 50
3Q 1:2.6 5 50 (Figure 3.5 c.ii.)
1: 0.65 1 10
1:0.65 0.5 < 10 (Figure 3.5 c.iii.)

Table 3.1 Conditions trialled in biotin labelling of 2A and 3Q fibrils. SeeSection2.5.1 for
details of the protocol used.
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Figure 3.5 Labelling of 2A and 3Q fibrils with NHS:ster activated biotin. Structural models

of 2A(a) and 3Q(b) fibrils with positions of the reactive lysine residues K16 and K28 (blue
sticks) and Nterminus indicated. Models comprise six layers of hydrogebonded peptides,
stacked with the fibril axis running perpendicular to the plane of the page and were
produced from coordinate pdb files 2LMN and 2LMP, respectively. The first eight residues
have been modelled, without NMR restraints, to illustrate the presence of an unstructured
N-terminal region. (c) Maximum entropy ESI mass spectra depicting the resultankeent of
labelling under different biotinylation reaction conditions for 2A (c.i, teal) and 3Q ¢€.ii and
c.iii, green) fibrils. Levels of biotin labelling at a single position are shown at 1:2.6 molar
ratio of fibril (monomer equivalent) to biotin reagent, with a 30 min reaction time €.i and
c.ii) and 1:0.65 molar ratio for 30 s(c.iii) . Expected masses are 4458 Da and 4911 Da for
un-l TAEZEAA AT A OET ClI U AET OET UI AGAA 'y tnh OAO1
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To determine whether there was a difference in the relative positionsf the biotin labels
between the two fibril types, tandem mass spectrometry (MS/MS) with electron transfer
dissociation (ETD) was performed by Dr. James Ault (Mass Spectrometry Facility, School of
Molecular and Cellular Biology, University of Leeds). ETDagments peptide ions by
electron transfer from a radical anion, producing ¢ and z peptide fragmer#3. This allows
assignment of fragments containing modifications, in this case biotin, by fraggntation of
thefull-l AT COE 'y tn AT A AAT OEAOAAZEI OA AA OOAA O AAOGAO
Accordingly, samples of both the 2A and 3Q fibrils, biotinylated to approximately 10%
under the optimised conditions for each, were buffer exchangkeand depolymerised as
described (Section3.4.2.1) for normal mass spectrometric analysis. The samples were then
resolubilised in 50% acetonitrile, 0.1% formic acid and analysed by MS/MS ETD. The
fragmentation spectra for each fibril morphology Appendix 7.2) indicate that
biotinylation occurs predominantly at the Nterminus and at residue K16 (K17 in this
recombinantly-A 2D OAOOAA | 1 1t  x Eté@minalniethionided i BaihHibril Al
types. Far fewer fragments corresponding to K28 labelling are seen, suggesting less
labelling at this position. This is consistent with the K28 residue being more buried in the
loop region of the fibril structure (Figure 3.5). As there § no significant difference in the
fragmentation spectra from the two fibril samples, it suggests that the enhanced biotin
reactivity seen by 3Q fibrils is more likely due to the extra K16 residue per unit length of

this assembly; a consequence of thef®ld molecular symmetry.

To prepare biotinylated fibrils for immobilisation, free biotin was removed from the
mixture via buffer exchange, by gentle centrifugation and washing of the fibrilsSection
2.5.1). Fibrils were exchanged into MOPS selection buffer (80 mM MOPS, 96 mM NacCl, pH
7.5) and immobilised for selection as described i®ection2.5.2 Bead loading was verified
with absorbance measurements at 280 nm of the peptide solution before and after magnetic

partitioning (data not shown).

~

3.4.2.2 Biotin labelling trials: Labelling monomeri A ! 1 T T
"U AT 1T OOAOO xEOE AEIT OET UI AGEITT T &£ 'r1tnm ET ¢! ATA
was carefully controlled to be<10% of the monomers present,thé AOAT T &£ trtm T T1TT1 A

biotinylation was optimised to give a maximum of one biotin per peptide, whilst minimising
1T AAATTEIT G T &£ Oxi 1T 0O Ii1T0A DPOEiIi AOU AiET AOs A4EEQO x,
immobilised to the streptavidin beads at a single site, hile leaving a number of positively
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charged residues free, which could be critical in providing binding epitopes for the RNA

aptamers.

Table 3.2 provides details of he conditions tested to achieve the most appropriate

AET OET UI ACETT 1 AGAT O ET TAAATTETC 'rtm 1TTTTI
ammonium acetate, pH 7.5 and the extent of labelling was assessed by-HSl The results

showed that a threefold molar excess of biotin reagent and a 15 min reaction time was
necessary to yield 40% biotinylation at a single position Kigure 3.6). Increasing the

proportion of biotinylation reagent increased the amount of di, tri and tetramodifications

(data not shown).

Stoichiometry (Molar Reaction duration . _
_ _ _ Biotinylation level
concentration : biotin) (min)

1:1 15 20% mono-biotinylated
15
1:10 _
30 Very highlevels of
15 doubly or triply labelled
1:20
30
1:25 15 30% mono-biotinylated

40% mono-biotinylated
1:3 15 (Figure 3.6)

50% mono-biotinylated

(levels of additional

1:4 15 _ _
labelling starting to
increase)
Table 3.2 Conditions trialled in biotin labelling of!  t m [ T 1SéeSektior®.5.1for the

protocol used.
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Figure 3.6" ET OET 1 A A Arohomér.CESHM&Zanhlysis indicating biotin (+1 Bio)
iTAEAZAEAAQCEIT AO A OEICI A OEOAS "T OE O1T 11 AEEAEAA |
shown in the 4+ charge state only. Expected masses are 4458 Da and 4911 Da fer un

modified and singly bioti UT AOAA ' rtnmh OAOPAAOGEOAI U8

ITAA trtm TTTTTAO xAOG 1T AAATT AA O1 AAO OEAOGA 1T POEI E
was guenched with the adition of 1M Tris-HCI, pH 8.0and the sample dialysed against
80 mM MOPS 96 mM NacCl, pH 7.5 (MORS8lectionbuffer) at 4 °C for2 h,using 2000 MWCO
Slide-A-, U U A O Adialysis dévices Section2.5.1), to remove free biotin and exchange the

sample into buffer for selection of RNA aptamers.

7 s

343! rtnmt OAT AET O 111171 AOEA T OAO EIiITTAEIE

EOAT OEA ET T xT h OAPEA AQEC:®Akgakiteiatve thapdlypeAT OEOU 1 £ |
whether aggregation of the peptide could commence within the biotinylation and
subsequent purification time course (<3 h) and, therefore, whether the species immobilised,
AT A OOAOGANOGAT 61 U OAI AAGAA AcC AECirécésat timd\pointE T AAAA 111
0 and 3 h, postdissolution of lyophilised peptide into selection buffer, indicated the
DOAGATAA T &£ A ATTETAT O OPAAEAOR Al OOET ¢ AO A Ol
(Figure 3.7a). (T x AOAOh 3%# AITTA AT OIA 110 POT OEAA AAAOGO
owing to the fact that the elution profilel £ OEA O1 OOOOAOOOAA 'y PAPOEAA A,
with the behaviour of standard, globular calibrants. Therefore, SEC combined with muti
AT cCl A 1TAOGAO 1 ECEO OAAOOAOETC j3%# -!,,3Qq xAO OOE
species eluting from the column, as this technique allows absolute measurement of
molecular weight (MW) by coupling mass separation with light scattering (LS) Kigure

3.7 b) (Section2.8.1).
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SEC analysisection2.8.)1 £ 'ttt AO OEI A bhkdubiliaionin MAPSA ¢ E
selection buffer. The 3 h sample was incubated at 4 °C before injectiofb) Absolute

molecular weights calculated from LS data (using Wyatt Astra software, version 6.0),
corresponding to the two major peaks in the SEC separationPeak 1 and Peak 2 are
highlighted in yellow and indicated on the chromatograms.

At t =0 h, the major peak eluting from the SEC column had an absolute molecular weight of

6.735 x 13 (£ 1.9%) Da, indicating a possible monomedimer equilibrium at this time point
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T AOO T &£ 11111 AOE3Da)! Afters h & inaulsation aj 4 3 (ngrmoring the

conditions during the buffer exchange of biotinylated monomer for immobilisation) the

major peak, eluting at approximately the same volume, had a suggedtmolecular weight

of 4514 x18j m ¢80 PQqQ $Ah Ai OOAOPITAET C AliT 1006 AgAAOI U
monomer. The decrease in mass over the 3 h incubation is probably due to equilibration of

the sample after resolubilisation, rather than disaggregéion of dimers. A second peak,

with a smaller elution volume, indicating the presence of some larger aggregates, was

observed in low levels at both time points. LS data could not be used to assign an absolute

MW for this peak at t=0, however, as this pecies became more highly populated att = 3 h,

a mass of 9.67X 104 (+ 3.0%) Da was calculated. This is evidence for the formation of some

larger aggregates (possibly ~ 20mers) over the 3 h time course. However, the vast majority

I £ 1t OAIl Ackndé thése dorditiohs. Therefore, the biotinylation and buffer

exchange protocol devised was deemed suitable in obtaining predominantly monomeric

peptide for immobilisation. It was then assumed that after immobilisation on the surface of

the beadssel-fA OOT AEAQGETT 1T &£ OEA 1 1T1TTTAOCEA ''rtm xI O A 11

3.5 Selection of RNA aptamers

Selection of RNA aptamers firstly required synthesis of a combinatorial oligonucleotide
library, made up of a central, randomised region, flanked by twoegions with fixed
sequences Figure 3.8 a). These fixed primer regions are necessary for amplification of the
library, during the selection process, via RIPCR. The ssDNA library (NS@sequence given

in Section2.7.1) was designed by Dr. David Bunka (University of Leeds) and synthesised
commercially. Although initially thought to be comprised of a completely random library
where all 4 nucleotide bases are represented equally within the randomised region, some
bias in the basecomposition exists for this pool and is discussed laterSection3.7). A
random region of 50 nucleotides was chosen as it creates the potential for a highly diverse
starting library (4 50 individual sequences). As detailed iectionl1.4.1, the actual sequence
space available is more limited in practice, owing to the total number of molecules in a
typical RNA pool (165dh AT A AT 1T OANGAT 61 U T1T1 U A EAOAAOQCEIT 1T &£ C
coverage will be encompassed within the pool. Nevertheless, an N50 library was deemed
appropriate, as this longer central region allows for the potential formation of more diverse
secondary structural elements. To obtain an RNA library from this DNA tetate, a T7

bacteriophage RNA polymerase promoter sequence was incorporated into the frimer
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extension. The ssDNA was then amplified by PGRection2.6.1) to produce the dsDNA

template required for in vitro transcription.

Modified oligonucleotide libraries are often used in SELEX as they provide aptamers with
inherent resistance to nucleasemediated degradatiors84 (Sectionl1.4.2). Accordingly, a &
modified pyrimidine library ( Figure 3.8 b) was used in these selections and to allow
efficient incorporation of these chemically substituted nucleotides, a Y639F/H784A mutant
of T7 RNA polymerase was utilised. This mutant polymesa works by a) eliminating the
inflexibility of the hydrogen bonding potential and therefore substrate recognition
compared to the wildtype polymerase and b) providing more space in the active site and
therefore relaxing the barrier to extension of transcipts with non -canonical nucleotide30s.
508,509 (Section2.6.3).

T7 Random region (N50)
— | ]

Primer 1 Primer 2

Figure 3.8 Design of a Z pyrimidine modified oligonucleotide library for RNA aptamer
selection. (a) Schematic of the ssDNA template used in creating the randomised N50 RNA
library. Full sequences for both the DNA template angtrimer oligonucleotides are given in

Section2.7.1 (b) #1 1 PAOAOEOA AEAI EA fl) a@@p dddidd DAHO 1T £
nucleotides used in the ZF pyrimidine library. Uridine is shown as an example.

117



3%, %#H4) | . /| & 2. 04! - %23 "1 )y.34 133%-",) %3 /
3513A1T AAGETT T &£ 2.1 APOAI AOO ACAET 00O !
3AI AROEI 10 ACAET OO 'rtm 1i1iiAO xAOA AAOOEAA |00

training into the use of theliquid handling robot and general RNA techniques.

! U TiNn Vjtro transcription reaction, containing a 2F pyrimidine, 2 OH purine dNTP mix

(Section2.6.3) was sé up to create the starting naive RNA pool (~18 sequences), which

was DNasereated and purified (Section2.6.8). 50t , RiINABwas then mixed wh 50 pL

2xMOPS selection buffer before incubation with 20 , I £ AEts@dted 1 ET EAO
streptavidin beads. This step was included during every SELEX round, as a negative

selection, to ensure that RNA aptamers with affinity towards the biotin linker ador the

streptavidin beads themselves were removed at each stage. The beads were then

partitioned by magnetic separationand the unbound fraction removed and added to 2QL

T £ 'rtn OAOOOAOAA AAAAO jouv T C !r1n neiciiT AEl EOAAQ
beads were partitioned, the unbound fraction removed and the beads, with associated

aptamers, were washed ten times @ OE pcuv t, | Z£380A1 AAD EHE&A | AAOVEBA O
H.O was added to the washed beads and the bound RNA was eluted by heatingnhéure

to 95 °C. The mixture was then cooled, before the addition of reverse transcription mix

(Section2.6.9) to produce cDNA products, which were PCR amplified for the next round.

After this initial manual selection round, the process was automated by use of a liquid
handling robot (Section 2.7.3), whereby four iterations of the above protocol were
performed. RTPCR products from each round were then analysed by native PAGEe¢tion
2.6.2) to confirm the isolation of aptamers of the correct size (121 bp)Rigure 3.9 a.i.). A
second manual selection was then performed (R6) before a further four rounds of
automated selection (R710), which followed the same basic selection process as described
above. Some madifications, to increassringency, were made to these later SELEX rounds.
Target incubation was altered from 15 min at 25 °C to 5 min at 37 °C. This was to drive the
selection of aptamers with faster on rates Kon), as opposed to during the early selection
rounds, where stringency was deliberately low to avoid the loss of lowly populated binders.
The volume of target beads (and therefore the concentration of target peptide) was halved
to increase the competition between aptamer sequences for the available epitopes. The
number of wash steps was also increased, thereby selecting against aptamers with higher
off rates (Korr) and again promoting selection of aptamers with enhanced affinity. The

increased stringency in these latter selection rounds results in the bands correspomdj to
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isolated aptamers becoming progressively less intense, as the stringency drives the

selection towards fewer, more specific aptamersHigure 3.9 a.ii.).

Six solution-competition rounds (R11-16) were included at the later stages ofthisanti [ T Tt
monomer selection protocol, to promote recognition of native conformations that had not
been immobilised or modified. In these selection rounds, after stalard binding and wash

steps, beads were challenged with various concentrations of emodified target peptide, in

Ol 1 O0ETTh OF AiTipPAOGA AT OT A ADPOAI AOO &EOI I OEA
in MOPS selection buffer, was incubated with the targebund RNA for 10 min at 25 °C. This

AOAAQCETIT xAO OAIi T OAA AT A OEA DOI AAOO OADPAA
OAT AETET C 2.! AOOTI AEAOAA xEOE OEA Eiil T AEI EO/

for the standard protocol (Section 2.7.2). All three eluate fractions were then reverse
transcribed and PCR amplifiecbefore analysis by native PAGEIn rounds 1115, the DNA

EOI T AOAA &OI I OEA uvm A- !'grtn AT PAOEOGEIT T Al (
was expected to contain aptamers with the highest affinity for solution targets. In the final
competition round (R16 - Figure 3.9bdh OEA vuvm t- !'rtn Al OAOA | A

PCR purified and taken forward for next generation sequencing.

Figure 3.9 c outlines the overall SELEX procedure for the selection of antionomer
aptamers. Detailed experimentaprocedures for each type of selection round, including all

stringency condtions adopted at each stage, are given Section2.7.

3.5.2 Selection of anti -fibril aptamers

The following RNA aptamer selections againstthetwom&ET | | CEAAT 1 U AEOOET .
were carried out personally, with supervision from both Dr. David Bunka and Dr. Simon

White (School of Molecular and Cellular Biology, University of Leeds).

RNA aptamer selection against the 2A fibril morphology was und&ken with the same N50
library usedintheanti! r Tt 1T 1171 AO O-ABQ fibifl dptaidrs@@re selecte® E
from a different N30 degenerate pool $ection 2.7.1), to avoid problems with cross
contamination between the N50 and N30 libraries. Both DNA template libraries were
designed by Dr. Bunka and synthesised commercially in the same manner as dixsx
previously (Section3.5.1), before amplification and transcription to give the initial starting
RNA library for SELEX.
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products at the end of each selection round (R% (i) , R6R10(ii) ) after RT-PCR (10 cycles).

(b) The final competition round (R16) for anttmonomer SELEX. The pool amplified from

the previous round (R15) and the first wash fraction (W) are shown. Solution challenges,

xEOE ¢uv t- !'!rtm jcugqh vm t- !'rrtm jonma® A OEA EAA
20 PCR cycles are indicated. Here, and throughout unless otherwise stated, the sizes of

molecular weight markers (10 bp DNA ladder, Invitrogen) are given in basgairs. Data

courtesy of Dr. David Bunka.(c) Flow chart outlining the full SELEX préocol for anti-

monomer selection. * denotes rounds where stringency parameters were increasefide

Section2.7 for detailed protocols).

The generl procedure for antkfibril aptamer selection (Figure 3.10 a) was similar to the

OOO0OAOACU OOAA I O OAI AAGCEITT 1 & énpetwasiithel T1 AO ADOA
inclusion of an initial pull-down capture round, where the RNA pool was first incubated with

biotin modified fibrils, free in solution. After incubation, streptavidin beads were added to

capture the biotin-fibrils and any bound RNA. Accdalingly, 50 uL of the RNA aptamer pool

was added to 50 pL of a 20 uM biotifabelled fibril solution and incubated for 15 minutes

with gentle agitation. The mixture was then added to 0.5 mg of washed, ‘gonjugated
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streptavidin beads and incubated for a fcther 30 min. This strategy allowed for the entire
complex to be pulled out of solution, to aid in the isolation of aptamers against native fibril
epitopes. The beads were then separated by magnetic partitioning, washed three times
with 1 mL MOPS selectin buffer and the bound RNA eluted and RPPCR amplified as
described (Section2.7.4). The resultant RNA pool was then taken forward for subsequent
automated and competition selection rounds Figure 3.10a). Detailed selection

procedures for all variations on the standard protocol are givelin Section2.7.

As in the case of the arimonomer selection, the final round for each fothe fibril selections
included competition elution with free, unmodified fibril targets in solution (Figure 3.10 b).
In these instances, challengeswere 10 and 20 uM fibril (monomer equivalent

concentration). In both cases, the 2pM eluate was PCR purified and sequenced.

2A 3Q
a b :
2
Capture N
1
l bp bp
Robotic
2-6
l 180
Competition 160 180
7 140 160
140
l 120 N50
Robotic | * 120 aptamers (121 bp)
8-12 100 100 <— N30
l aptamers (101 bp)
80 80
Competition
13

Figure 3.10 Anti-fibril aptamer selection. (a) Flow chart outlining the SELEX protocol for
the anti-fibril aptamer selection. * denotes rounds where stringency parameters were
increased. (b) The final competition elution rounds for each antifibril selection analysed
by native PAGE. DNA productsiisi AOAA £01T i1 OEA O 1 60ETT A
¢m t- je¢ngq AEAOCEI O jilT1T1TiAO ANOGEOGAI AT O Al
(H), are indicated.

EAI
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3.6 Next generation sequencing of enriched pools

The conventional approach of cloninggolony-picking and Sanger sequencing of a small

number of colonies (typically 10:100¢ef 379) has shown success in RNA aptamer selections

by finding the mostfrequently occurring sequences, enriched though SELEX. However, by

use of next generation sequencing (NGS) it is possible to sequence up to? Ilfferent

sequences from a SELEX pool and therefore analyse sequence frequencies at much higher

resolution. This technique was employed here, in the analysis of the enriched pools isolated

fromthe threeanti-l  tt OAT AAOEI 1 O8 4EA $.! -PEBRS$tedpdf AANOEOAA
the selections were PCR purifiedSection2.6.1) and sent for NGS analysis. Preparation of

the DNA libraries and sequencing via an llumina MiSeq platform was carried out by Bally

Fairweather (Leeds Institute of Molecular Medicire, St. James Hospital, Leeds).

The general concept of NGS is similar to the Sanger approach, where a DNA polymerase

catalyses the incorporation of fluorescentlylabelled dNTPs into a DNA strand, during

sequential cycles of DNA synthesi®. The nucleotides are identified by fluorophore

excitation, at the point of incorporation, during each sccessive cycle. Using a reversible

terminator based method, addition of a single base, as it is incorporated, can be detected.

An overview of the NGS library preparation and sequencing chemistry is given kFigure

3.118 "OEAZI Uh OEA T EAOAOU EO DPOADPAOAA AU 1 ECAOQEII
AT A o ATA 7T £ OEA EI DOO $.! OANOAT AAOh xEEAE AOA
sequences are then captured on a flowell via complementary basepairing to a lawn of

surface-bound oligonucleotides, corresponding to the adapters. This allows bridge

amplification to produce dense clusters of clones. After cluster generation is complete,

sequencing can be initiated by the addition of the four reversible, termator bound,

fluorescently labelled dNTPs, sequencing primers and DNA polymerase. Fluorescence upon

incorporation of a base is recorded for each individual clone cluster, followed by a chemical

de-Al T AEET ¢ OOAD OF OAI T GtArmideEblockifiy gioupOforineried@A AT A OEA
sequencing cycle. This way, hundreds of thousands of sequence clusters can be read

simultaneously, in a parallel process, leading to vast sequence coverage of the enriched

aptamer pools.

NGS analysis of the three anti | Taptamer selections yielded 660,000 sequence reads for
the anti-monomer pool, and 41 million and 7.5 million for anti2A and anti3Q fibril

selection pools, respectively. The next challenge, therefore, was to devise a strategy to
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handle such volumes of segencing data and to select only a few lead aptamers for further

work and characterisation.

(1) Library Preparation

DNA Adaptors
" (2) Cluster Amplification p——
: T Sequencing library

(3) Sequencing

( ) Sequencing cycles
Cluster 1 > GAGG...
Cluster 2 > ATCA..
Cluster 3 > CGTC...

Digital image Data output

dNTP
@8y

Figure 3.11 Overview of the next generation sequencing (NGS) procesgl) The NGS

library is prepared by ligaing OPAAEAI EOAA T 1 ECI 1T OAl AT OEAA AA
ends of the DNA(2) The library is loaded into a flow cell where the DNA strands hybridise

to the surface via specific bas@airing to surface-bound oligonucleotides, complimentary

to the adaptas. The bound strand is then amplified into a clonal cluster through bridge
amplification. (3) Sequencing reagents (including fluorescentabelled, reversibly-
terminated dNTPs) are added and the first base is incorporated. The emission of the newly
incorporated fluorescent base is recorded for each cluster before removal of the

Al O1 O1 PET OA AT A o Al TAEET C cOI Op &I O OEA TA
is incorporated into the complementary strand, allows the sequence of the clona each

cluster to be built. Figure redrawn and adapted from?:.
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3.7 Analysis of next generation sequencing data

In collaboration with Dr. Eric Dykeman (Department of Mathematics, University of York,
UK), a bioinformaticsbased approach was utilised to identify aptamers for further
characterisation. The basis of the strategy was to identify the unique aptamers from within
the total sequence reads and rank them in order of occurrence. Then, a closer analysis of

the most populous unique aptamers, through sequence alignment, would allow clustering

/

&

ofrel AOAA OANOAT AAO ETOT 11 O0EA OFAI EI EAGO AT A EAATO

between sequences. Representative aptamers could then be chosen from each cluster for

downstream characterisation.

An aptamer sorting script (written by Dr. Dykeman)was applied to identify and rank the

aptamers in order of the most frequently occurring single sequence. The script firstly

EAAT OEAZEAO OEA Al OOAAO v AT A o POEI AO OACEITO

sequences that are not of the correct r@om region length (details of script stringency

parametersgiven in Section2.7.7). Once filtered 395,874 such matches were determined

fromtheanti-l Tt T TTT1TAO PIT1h xEOE wwthoexw j¢!'qgq AT A ph

the two anti-fibril pools. The script then counts and ranks the identical sequences in order
of their occurrence. The frequency distributions of the top 500 most populous unique
sequences, for each of the three selection pools, are giverFigure 3.12 - Figure 3.14. Part

b of each of these figures shows a zoomed region of the frequency plots to visualise and
compare the selected data with the number of occurrences of identical sequences derived
from NGS analysis of the reggtive naive pools. The data suggest that SELEX has been
successful in all cases, as individual sequences are clearly enriched above the baseline
number of individual sequences populated in the wselected pool. In addition, there is a
highly populated lead sequence in each case (aptamer 1) and a rapid decrease in population
of further sequences. This is consistent with the principle that the higher affinity binders
should be preferentially amplified during iterative SELEX rounds. Ranking unique aptanger

in order of decreasing occurrence in the sequenced pools also provides a convenient naming
system, whereby aptamer names correspond to their position in the ranking, e.g. 3Q1: the

most abundant sequence from the 3Q selection, 3Q2: the second most aburtdatc..

From an initial look at the sequences represented within each of the enriched pools, it was
immediately apparent that there weredifferences in the relative representation of the four
nucleotide bases. Sequences of the randomised regions of the enrichedanfi Tt I T T T 1T AO

and anti-2A fibril selection pools were purinerich, whereas the antt3Q fibril aptamers
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generally contained poY-U repeats. These differences in basmmposition could be an
indication that aptamers have been selected that are specific for different epitopes between
these related targets. Therefore, to probe this further, analysis of the basemposition of
the filtered sequences was carried out and compared to the basemposition of the naive
starting libraries, as a shift in the relative representation of each nucleotide base may, firstly,
further indicate the successful selection of sequences and, secondly pisnspecificity for
distinct target epitopes. This was done with a second aptamer analysis script (written by
Dr. Dykeman Section2.7.7), which scans the randomised region of the filtered sequences
identified from the selected pool and quantifies the number of times each nucleotide base
is represented. The same analysis was conducted on the naive pools, for comparison. The
data is given in partc of Figure 3.12, Figure 3.13 and Figure 3.14 for the anti-! 1 T T
monomer, anti-2A and anti3Q fibril selections, respectively. There is clearly evidence for
biases in the relative basecomposition between each pool, withant! Tt T T 11 AO
anti-2A fibril aptamers containing a GA bias (71.5% and 69.6% GA content, respectively)
and the antt3Q fibril aptamers showing a much higher representation of uracil (45.4%).
However, these base biases areamingly carried through from the starting libraries, which
also show the same base preferences-igure 3.12 - Figure 3.14, purple bars). Some
changes in the distribution of represented bases could possibly have resulted as a
consequence of selection. For example, thelibs in the anti3Q aptamerpool becomes
more prominent (from 35.5% in the starting pool to 45.4% postSELEX), but this is difficult

to interpret. Nevertheless, the selections were clearly undertaken with naive pools that
contained considerable bias, therefore the desired full divsity of a random pool was not
sampled during SELEX. Despite this finding, certain sequences were clearly enriched during
the selection and it is from these highly populated sequences that representative aptamers

were chosen for further characterisation.
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Figure 3.12 Bioinformatic analysis of the top 500 most frequently occuring, unigue
aptamer sequences fromtheantl Tt [ 1T 11T 1 A Qa) BrdgueAck QdE illubtrdting

the occurance of each of theop 500 sequences isolated from the filtered NGS data from the

anti-l ftm T TTT1TAO O@)IAkIALHdOR at tBel nimber of occurances of the

top 50 sequences from the anti y Tt 1T TT T AO PIT1h AT DAOAA
occurances of unique single sgiences within the starting library (purple histogram
overlaid). (c) The relative distribution of the four nucleotide bases in the enriched, filtered

pool (blue bars) compared to the starting library (purple bars).
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Figure 3.13 Bioinformatic analysis of the top 500 most frequently occuring, unique
aptamer sequences from the artRA fibril selection. (a) Frequency plot illustrating the
occurance of each of the top 500 sequences isolated from tfikered NGS data from the
anti-2A fibril selection pool. (b) A closer look at the number of occurances of the top 50
sequences from the antA fibril pool, compared to the number of occurances of unique
single sequences within the starting library (puple histogram overlaid). (c) The relative
distribution of the four nucleotide bases in the enriched, filtered pool (teal bars) compared
to the starting library (purple bars).
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Figure 3.14 Bioinformatic analysis of the top 500 most frequently occuring, unique
aptamer sequences from the antBQ fibril selection. (a) Frequency plot illustrating the
occurance of each of the top 500 sequences isolated from the filtered NGS data from the
anti-3Q fibril selection pool. (b) A closer look at the number of occurances of the top 50
sequences from the ant3Q fibril pool, compared to the number of occurances of unique
single sequences within the starting library (purple histogram overlaid). (c) The relative
distrib ution of the four nucleotide bases in the enriched, filtered pool (green bars)
compared to the starting library (purple bars).
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The most abundantsequences for each selection pool were analysed for sequence similarity
using the multiple alignment software @nebeé12. Since Genebee is not designed to process
more than 500 clones, it was the 500 topmost enriched sequences that were selected for
analysis. In each case, the total number of aptamehat are represented within the top 500
sequences is only a fraction of the total sequences filtered from the sorting script (3.5% for

i TTT11 AOGA filgils Bnd B.9%Odti3Q fibrils). There is clearly a
significant number of sequences thiacannot be analysed via this methodology, however as

anti- 1 T 1

these sequences are significantly less populated, they are therefore likely to be of less
interest. The sequences excluded from the Genebee analysis corresponds to those that are
represented less thanl6 times each in the case of both the 3Q and monomer selections,

AT i DAOAA O1 OEA OIPiT 00 APOAI A0O6O OADOAOAT OA
the case of 2A fibril aptamers, whose sequencing yielded significantly larger amounts of

data, the topmost occurring aptamer occurred 51,626 times and the top 500 unique

sequences represent all aptamers thabccurred more than 57 times each. Table 3.3

summarises the analysis of selected aptamers for each pool.

Total
_ Total :
_ Raw sequence Filtered _ sequences in
Selection sequences in
reads aptamers top 500: % of
top 500 _
filtered
Prom 01 0.7 million 395,874 13,914 3.5
2A fibril 41 million 994,679 240,945 24
3Q fibril 7.5 million 1,593,643 13,810 0.9

Table 33301 I AOU 1T &£ OEA AETET &£ Ol AOEAO ARawl UOEO
sequence reads corresponds to the unfiltered, raw data from NGS. Filtered aptamers are

the sequences with correct SELEX primers and random region length, identified from the

raw sequence reads.

Genebee analysis of the top 500 most commonlyccurring sequences resulted in the
identification of conserved motifs for each selection pool. Motifs identified through
Genebee are ranked in order of their degree of similarity, with a score designated to a given
motif known as the power of alignment. The powr score is an estimation of the degree of
similarity and takes into account the length of identical regions within the motifs, as well as
OOEEAET AOGOGe 1 0 101 AAO 1 T tmrOndoiif fakiles with Dé& E 1

highest power score are given as the output of the @ebee analysis. An example of the

(@}
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strongest local alignment, taken from the antRA fibril selection, is given inFigure 3.15 and
entire datasets, whch include the ten strongest families within the top 500 sequences for

each selection pool, can be found iAppendix 7.3.

Figure 3.15 Genebee sequence alignment of the top 500 most commonly occuring

OANOGAT AAO UEAT AO OAN Okniedadpleiof tiieEwEAgest mptif Gy i E1 EAO06 8
identified from Genebee multiple alignment analysis of the top 500 sequences from the anti

2A fibril selection pool. Aptamer number indicates the position of the sequence in the

occurrence ranking. + indicates sbng identity at that position. Bases are colour coded

according to the following: G (pink), A (teal), C (green), T (blue). DNA sequences
corresponding to the RNA aptamers are shown.

The most abundant aptamer sequences for each pool (the top 5) are gealey represented
within the ten alignment motifs with the highest power scores. The further sequences
within the motifs often differ by only a single nucleotide (seerigure 3.15 for one such

example,Appendix 7.3 for full datasets). This indicates that the most populous aptamers
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