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Abstract  

 
Amyloidoses are a group of protein misfolding disorders which are characterised by the 

abnormal accumulation of highly ordered 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 ever-increasing threat to our aging society.  There is 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 discovered through the in vitro  selection of RNA 

aptamers.  RNA aptamers are a 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 targeting species 

ÁÓÓÏÃÉÁÔÅÄ ×ÉÔÈ ÔÈÅ ÍÏÓÔ ÐÒÅÖÁÌÅÎÔ ÁÎÄ ÄÅÁÄÌÙ ÁÍÙÌÏÉÄ ÄÉÓÏÒÄÅÒȟ !ÌÚÈÅÉÍÅÒȭÓ ÄÉÓÅÁÓÅȢ  In 

vitro  selection of RNA aptamers was performed against immobilised monomeric Aɼ40, as 

well as two structurally distinct !ɼτπ ÁÍÙÌÏÉÄ fibrils , formed in vitro.  The anti -monomer 

aptamers were unable to recognise native, monomeric Aɼ40 in solution but instead 

displayed enhanced affinity for the fibrillar forms.  Using fluorescence polarisation, the anti-

fibril aptamers have been shown able to cross-react with other fibril polymorphs, formed 

from both Aɼ40 and the unrelated protein sequence, ɻ-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 structure.  Further structural 

characterisation, including competition experiments with generic amyloid-binding 

molecules glycosaminoglycans, indicated that binding was most likely mediated through 

the phosphate backbone contacts with ordered repeats of positively charged regions of the 

amyloid assemblies.   

Overall, the results demonstrate an inherent affinity for amyloid by RNA molecules, making 

it highly challenging to select aptamers able to distinguish between different cross-ɼ 

assemblies.  However, the seemingly universal amyloid-binding propensity demonstrated 

by RNA could allow development of generic amyloid detection tools, more effective than 

current methods.  Furthermore, the work indicates the need to explore possible roles of 

RNA associations as a general amyloid toxicity mechanism. 
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1 Introduction  

 

1.1 Amyloid disease: A modern epidemic  

 

Protein aggregation, and specifically amyloid formation, has become a subject 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 the modern world.  Amyloid 

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

insoluble, highly-ordered, fibrillar aggregates, characterised by a distinctive cross-ɼ ÔÙÐÅ 

structure1-4.  Despite a recent explosion of interest in the field, the phenomenon of amyloid 

formation, in fact, was discovered more than 150 years ago.  Rudolph Virchow coined the 

term amyloid in 18545-7, 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 amyloid, therefore, was derived from the Latin ȰÁÍÙÌÕÍȱ ÁÎÄ 

Virchow evidently considered amyloid to be carbohydrate based.  However, by 1859, 

Friedrich and Kekule first recognised that amyloid was proteinaceous8 and attention shifted 

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

sequence.   

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

In 1922, Bennhold et al. 9 observed that the common, industrial dye, Congo red, was able to 

bind to amyloid deposits and later, polarisation light microscopy studies10 revealed the 

enhancement of Congo red birefringence in the presence of amyloid, indicating the 

possibility of an ordered microscopic structure.  This finding encouraged electron 

microscopy studies11-14 where it was confirmed that all amyloid fibrils  studied shared a 

similar, fibrillar ultrastructure.  X -ray diffraction data15, 16 demonstrated that the ordered 

structure of the fibrils was made up of a consistent, cross-ɼ sheet architecture and this 

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

Amyloid was long believed to be derived from a single substance, but it was not until the 

1970s that the pioneering work of Benditt and Glenner first demonstrated the biochemical 

heterogeneity of amyloid17-21.  Over the following decade, around 20 normally soluble 

proteins were found in amyloid deposits specifically associated with a range of disorders, 

now termed amyloidoses (or amyloid diseases).  In some cases the deposition is localised 
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ÔÏ Á ÓÉÎÇÌÅ ÏÒÇÁÎ ɉÓÕÃÈ ÁÓ ÔÈÅ ÂÒÁÉÎ ÉÎ !ÌÚÈÅÉÍÅÒȭÓ ÄÉÓÅÁÓÅ ÏÒ ÔÈÅ ÐÁÎÃÒÅÁÓ ÉÎ ÄÉÁÂÅÔÅÓɊ ÏÒ 

found in multiple organs or tissues, termed systemic amyloidoses.   

Today, amyloidoses are known to be a biochemically and clinically heterogeneous group of 

disorders of protein folding.  There are approximately 50 disorders22 (discussed in Section 

1.2.6), with diverse clinical pathologies, where the misfolding of normally soluble, 

functional protein leads to the conversion to an aggregated state and subsequent 

accumulation as amyloid deposits.  The fact that many of these disorders are associated with 

ÁÇÉÎÇ ɉÅȢÇȢ !ÌÚÈÅÉÍÅÒȭÓ ÄÉÓÅÁÓÅɊ, or with our increasingly sedentary lifestyles (e.g. Type II 

diabetes), means that amyloidoses account for some of the most common and debilitating 

medical conditions in the modern world1, 3, 22Ȣ  !ÌÚÈÅÉÍÅÒȭÓ ÄÉÓÅÁÓÅȟ ÐÒÏÂÁÂÌÙ ÔÈÅ ÍÏÓÔ well-

known amyloid disorder, now represents the fifth most common cause of death in the UK 

overall and the leading cause for women23Ȣ  )Ô ÈÁÓ ÒÅÃÅÎÔÌÙ ÂÅÅÎ ÔÅÒÍÅÄ Á Ȱςρst century 

ÐÌÁÇÕÅȱ24 as the current number of people living with the disorder is projected to triple in 

the next 40 years, with an estimated 80 million new cases worldwide 24, 25.  Research into 

amyloidosis, therefore, is required in tackling this wide range of increasingly prevalent 

disorders, which represent some of the greatest socio-economic challenges of our time26-28.  

 

1.2 Protein misfolding and aggregation  

 

1.2.1 Principles of protein folding and misfolding  

 

A native protein ÆÏÌÄ ɉÔÈÅ ÐÒÏÔÅÉÎȭÓ ÓÐÅÃÉÆÉÃȟ ÔÈÒÅÅ-dimensional conformation) is often 

ÐÁÒÁÍÏÕÎÔ ÔÏ ÉÔÓ ÆÕÎÃÔÉÏÎȢ  3ÉÎÃÅ ÔÈÅ ÅÁÒÌÙ ρωφπÓȟ ÁÎÄ !ÎÆÉÎÓÅÎȭÓ ÃÌÁÓÓÉÃ ×ÏÒË ÏÎ ÔÈÅ 

renaturation of ribonuclease A29, it has been known that all the information required for a 

protein to reach its native conformation is encoded within its primary sequence, and that 

the mechanism depends on a search for the structure with the lowest free energy and 

therefore highest thermodynamic stability.  However, for a protein to sample all the possible 

conformations available, at random, in order for it to find its single functional fold, would 

be impossible on a biological timescale30, 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 need to be sampled to achieve the native 

fold.  By rapid formation of local native-like structures with enhanced stability, fewer 
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species would be populated en route to the final energy minimum and folding would be 

achievable on a biologically appropriate timescale.   

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

energy, unfolded state to the low-ÅÎÅÒÇÙ ÎÁÔÉÖÅ ÃÏÎÆÏÒÍÁÔÉÏÎ ÂÙ ÔÒÁÖÅÒÓÉÎÇ Á ȰÄÏ×ÎÈÉÌÌȱ 

energy landscape33.  The energy landscape describes the series of structural assemblies 

sampled en route to the native fold and is plotted as the free energy of the polypeptide chain, 

ÁÓ Á ÆÕÎÃÔÉÏÎ ÏÆ ÃÏÎÆÏÒÍÁÔÉÏÎÁÌ ÓÐÁÃÅȢ  !Î ÉÄÅÁÌÉÓÅÄ ÅÎÅÒÇÙ ÌÁÎÄÓÃÁÐÅ ÏÒ ȰÆÏÌÄÉÎÇ ÆÕÎÎÅÌȱ ÉÓ 

shown in Figure 1.1, where the internal free energy decreases with the conformational 

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

 

 

Figure 1.1 An idealised protein folding energy landscape.  The 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 progressing with 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 from 34. 

 

)Î ÒÅÁÌÉÔÙȟ ÅÎÅÒÇÙ ÌÁÎÄÓÃÁÐÅÓ ÆÏÒ ÔÈÅ ÆÏÌÄÉÎÇ ÏÆ ÍÏÓÔ ÐÒÏÔÅÉÎÓ ÁÒÅ ÄÅÓÃÒÉÂÅÄ ÁÓ ȰÒÏÕÇÈȱ 35-37 

(Figure 1.2), as the protein folds by populating several specific intermediate states, en 

route to the native conformation.  These high-energy barriers and low-energy troughs are 

sampled before the correct folded and functional state is achieved.  The species on the 
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energy landscape are in a state of flux37 and many proteins will fluctuate around the minimal 

energy fold, forming some non-native contacts between residues.  These species can 

ÒÅÐÒÅÓÅÎÔ ÆÕÎÃÔÉÏÎÁÌ ÏÒ ȰÏÎ-ÐÁÔÈ×ÁÙȱ ÃÏÎÆÏÒÍÁÔÉÏÎÓȟ ÈÏ×ÅÖÅÒ ÔÈÅÙ ÁÒÅ ÎÏÔ ÔÈÅ ÏÎÌÙ 

structures available to the folding polypeptide.  The event where a protein becomes trapped 

in an alternative, low-energy conformation is the basis of protein misfolding, where the 

formation of persistent, non-native interactions effect the proteinȭs overall architecture and 

often its biological properties.  Changes to the thermodynamic stability or the folding 

kinetics can increase the 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 proteolysis1, 3, 38, 39.  In 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 undesirable 

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

aggregation.   

 

 

 

Figure 1.2 An energy landscape depicting protein folding and aggregation.  The 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 cases, aggregation can 

proceed to form ordered, self-associated species, known as amyloid 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 cross-

ɼ architecture3.  Although the amyloid form is generally identified to be associated with 

disease, in recent years, a 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 function, polypeptide sequences 

with an increased propensity to aggregate have been disfavoured throughout evolution 

(although some amyloid is functional44, 45).  Conservation of proline and glycine residues 

ɉÕÎÌÉËÅÌÙ ÔÏ ÆÏÒÍ ɼ-sheet rich structure, owing to conformational restraints and flexibility, 

respectively) as well as avoidance of extended stretches of hydrophobic residues, or 

sequences with alternating polar/non -polar residues, are all examples of strategies nature 

has adopted to reduce aggregation and maintain functional folding46.  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 propensity47.  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 control mechanisms to deal with aberrant 

protein aggregation48-51 (Figure 1.3).  Molecular chaperones are conserved and ancient 

molecular machines that are required for correct folding and assembly of complexes, 

prevention of misfolding and aggregation, and in targeting a protein for degradation52, 53.  

The prevention of the accumulation of misfolded proteins is controlled firstly by ÔÈÅ ÃÅÌÌȭÓ 

heat shock response (HSR) or unfolded protein response (UPR)54.  In response to a number 

of cellular stress signals, including but not limited to, temperature55, expression of a range 

of chaperones is upregulated.  These chaperone proteins then bind to exposed hydrophobic 

regions56-58 in the misfolded monomers, and consequently, prevent further protein-protein 
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interactions55.  A predominant family of chaperones are heat-shock proteins, which not only 

interrupt aberrant aggregation but are also often required for correct 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 from other cellular components, and 

promote refolding56, 59, 60.  The UPR is another quality control system that controls the 

folding of eukaryotic proteins as they are co-translationally t ranslocated in the endoplasmic 

reticulum (ER).  The UPR prevents the export of misfolded or incorrectly post-

translationally modified proteinsȟ ÁÃÔÉÎÇ ÁÓ Á ÃÅÌÌÕÌÁÒ ȰÃÈÅÃËÐÏÉÎÔȱȢ  4ÈÉÓ ÔÏÏ ÉÎÖÏÌÖÅÓ Á 

number of ER chaperones, which may become saturated by an influx 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 degradation61. 

Many cell types have also developed strategies to sequester aggregates in specific cellular 

locations, reducing their effect on the rest of the cellular environment and possibly 

facilitating their removal62-67.  In mammalian cells, inclusion bodies form in the ER (termed 

Russell bodies68) and the cytosol (aggresomes68, 69).  Aggresomes can form and move to the 

nuclear envelope, via microtubule assisted transport, where chaperone expression is 

believed to be upregulated to combat the accumulation of misfolded species68. 

Degradation of aggregates is clearly the ultimate protective mechanism in the cell.  In 

eukaryotes, aggregates are degraded by macroautophagy or the ubiquitin proteasome 

system70.  In macroautophagy, whole aggregates are engulfed by a double-membrane, 

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 be degraded via acidic, lysosomal enzymes71.  Alternatively, the ubiquitin proteasome 

system involves the recruitment of a multi-subunit proteolytic  machine, the 26S 

proteasome.  This complex specifically degrades proteins that are tagged for degradation by 

the covalent attachment of ubiquitin chains72.  
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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 folding (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 chaperones (iv) .  If folding is 

unsuccessful, the protein is retro-translocated to the cytosol where it too is degraded by the 

proteasome.  If the level of misfolding saturates the capabilities of the ER chaperones, the 

unfolded protein response (UPR) is activated (v) .  Degradation of aggregates can also be 

dealt with via macroautophagy (vi) , where whole aggregates are engulfed by the 

autophagosome and targeted 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. 
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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 nucleated-growth, 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 through rare, stochastic 

interactions73.  This is the rate-limiting step of the aggregation mechanism, which leads to 

the initial lag phase in fibril formation kinetics.  Addition of pre-formed fibril fragments, 

abolishes this initial lag phase and therefore supports the nucleated-growth model74.  Once 

the initial, critical , elongation-competent nucleus is formed, addition of further monomers 

is thermodynamically favourable and proceeds rapidly to form the mature amyloid fibrils75.   

 

 

Figure 1.4 A schematic representation of the nucleated growth model of amyloid formation 

and the species populated en route to fibril formation.  The formation of fibrils proceeds via 

two distinct phases; (a)  ÔÈÅ ÎÕÃÌÅÁÔÉÏÎ ÐÈÁÓÅ ÏÒ ȰÌÁÇ-ÐÈÁÓÅȱ ÁÎÄ (b)  the elongation phase 

(solid line).  The lag phase corresponds to a thermodynamically-disfavoured nucleation 

event, which is the rate limiting step that proceeds the rapid, thermodynamically-

ÆÁÖÏÕÒÁÂÌÅ ÅÌÏÎÇÁÔÉÏÎ ÐÈÁÓÅȢ  4ÈÅ ÁÄÄÉÔÉÏÎ ÏÆ ȰÓÅÅÄÓȱȟ ÉȢÅȢ ÁÎ ÅÌÏÎÇÁÔÉÏÎ ÃÏÍÐÅÔÅÎÔ ÎÕcleus, 

to the beginning of the reaction, abolishes the rate limiting nucleation step and dramatically 

decreases the lag-time, templating fibril growth  (dashed line).  Redrawn and adapted 

from76. 
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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 is dependent on the existing aggregate 

population75, 77 (Figure 1.5).  Fibril fragmentation is one such example, where each 

fragmentation event increases the number of aggregation-competent ends and initiates new 

growth, leading to an exponential proliferation of fibrillar species78-80.  Secondary 

nucleation is also possible, where the surface of existing filaments catalyses the formation 

of new aggregates, accelerating the rate of fibril formation via a positive feedback 

mechanism.  These processes can contribute to both the observed lag phase and the 

subsequent fibril  growth77, 79.  Some recent in vitro studies of the aggregation of the 40 and 

42 residue variants of the amyloid-ɼ (Aɼ) peptide revealed that, in both cases, rapid 

proliferation of aggregates is dominated by secondary nucleation78, 81, where the formation 

of aggregates becomes exponential, due to the positive feedback mechanism upon the 

formation of fibrils .  These additional aggregation mechanisms could be important in the 

progression of the disease, and the proliferation of toxic species between cells, and 

therefore indicates that therapeutic approaches may need to be considered to target fibril-

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

 

 

 

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 interactions 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)  surface-catalysed events, where new aggregate formation is dependent 

on the concentration of preformed fibril.  Figure redrawn and adapted from 77. 
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1.2.4 Structure of  amyloid fibrils  

 

Amyloid fibrils formed fro m different protein sequences share remarkably similar 

structural features on the nanometer scale3, 82.  Using imaging techniques such as 

transmission electron microscopy (TEM) or atomic force microscopy (AFM), amyloid fibrils 

appear as long, unbranched polymeric assemblies, often several microns in length1, 3. 

The core of the fibril is made up of an array of either parallel or anti-parallel ɼ-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 cross-ɼ and 

produces the characteristic X-ray fibre diffraction pattern observed for a large number of 

fibrils 15, 82, 83 (Figure 1.6 a).  The pattern shows intense reflections at ~4.7 Å and 10 Å 

indicating the regular spacing of both the intra-sheet ɼ-strand packing and the inter-sheet 

distances between two associating ɼ-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 ribbon-like structures that can be up to 30 nm in width3, 82, 84-87. 

Amyloid fibrils are also known to display universal dye binding properties.  As well as 

exhibiting enhanced birefringence under polarised light upon Congo red binding88, amyloid 

fibrils exhibit a conserved ability to bind aromatic dyes such a Thioflavin T (ThT), leading 

to enhanced fluorescent properties of such compounds88-90.  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.   
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Figure 1.6 Structural characteristics of amyloid fibrils.   (a)  Amyloid fibrils display generic 

cross-ɼ ÁÒÃÈÉÔÅÃÔÕÒÅȢ  ! ÔÙÐÉÃÁÌ X-ray diffraction pattern from  fibrils formed from islet 

amyloid polypeptide (IAPP) is shown, with the characteristic reflections at 4.7Å and 10Å 

indicated83.  (b)  A cartoon representation of the cross-ɼ ÓÔÒÕÃÔÕÒÅ ÉÎÆÅÒÒÅÄ ÆÒÏÍ ÔÈÅ 8-ray 

ÄÉÆÆÒÁÃÔÉÏÎ ÄÁÔÁȢ  3ÐÁÃÉÎÇ ÂÅÔ×ÅÅÎ ɼ-strands is determined by the backbone hydrogen bonds 

ÁÎÄ ÉÓ ÃÏÎÓÉÓÔÅÎÔÌÙ τȢχBȟ ×ÈÅÒÅÁÓ ÔÈÅ ÓÐÁÃÉÎÇ ÂÅÔ×ÅÅÎ ɼ-sheets is more variable owing to 

side chain interactions.  Taken from 1.  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 fibrils87. (d)  Example of 

a high-resolution 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 the fibril ( centre).  Additional ssNMR 

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

the hierarchical organisation of the amyloid fibril91.  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 microscopy (cryo-EM)91, 92 and 

solid state NMR spectroscopy (ssNMR)91, 93-95.  Recently, an atomic level structure of a fibril 

formed from the 11-residue variant of transthyretin (TTR) was demonstrated (Figure 

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

ÆÏÒÍÁÔÉÏÎ ÏÆ ÔÈÅ ÈÉÅÒÁÒÃÈÉÃÁÌ ÁÓÓÅÍÂÌÙ ÏÆ ɼ-strands, into protofilaments, filaments and the 

mature fibril 91.  These techniques, therefore, have allowed confirmation of the general 

characteristics of the overall structure of the fibrils, which is indeed attributed to the 

hydrogen bonding pattern of the polypeptide core1.  It also confirms the basis of structural 

variation seen between fibrils, which results from the manner by which side-chains are 

incorporated into the fibrillar architecture3, 96, leading to polymorphism.   

Structural 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 the fibril core.  

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

Section 1.3.4.3) have demonstrated the ability of a common precursor protein to form 

structures with entirely different organisations of the ɼ-strandsȢ  &ÏÒ ÔÈÅ ÍÏÓÔ ÐÁÒÔ !ɼτπ 

fibrils for m a parallel, in-register arrangement ÏÆ ɼ-strands, however, out of register and 

completely anti-parallel structures have been suggested in some cases97-99.  Structural 

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

amyloidogenic proteins such as Aɼ, tau, prion protein ( PrP), insulin, ɻ-synuclein among 

others100, demonstrated that, although all fragments share the same cross-ɼ 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 structural polymorphism is also seen for a number of larger 

amyloid forming sequences97, 101-105 many of which are associated with disease states and 

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

Distinct morphologies of fibrils, found present in the brainÓ ÏÆ !ÌÚÈÅÉÍÅÒȭÓ ÐÁÔÉÅÎÔÓ ×ÉÔÈ 

entirely different clinical histories, indicates a role for polymorphism in vivo, that might 

correlate with variations in the disease106.   

In vitro studies also indicate that polymorphism can significantly alter the biological 

properties of amyloid assemblies101-103, 107-114.  Two fibrillar polymorphs of ɻ-synuclein (the 

amyloidogenic protein associated with 0ÁÒËÉÎÓÏÎȭÓ ÄÉÓÅÁÓÅ) show entirely different abilities 

to propagate the formation of further aggregates, in the process commonly referred to as 

Ȱseedingȱ113.  This difference in ability to template further aggregation could have a 



INTRODUCTION 

 

13 
 

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

the field is that amyloid seeds can have prion-like 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 structural morphology of a fibril determines the seeding 

ÁÂÉÌÉÔÙȟ ÐÏÌÙÍÏÒÐÈÉÓÍ ×ÏÕÌÄ ÐÌÁÙ Á ËÅÙ ÒÏÌÅ ÉÎ ÔÈÅ ȰÁÇÇÒÅÓÓÉÖÅÎÅÓÓȱ ÏÆ Á ÄÉÓÅÁÓÅ ÁÎÄ 

possibly the variations in symptoms seen between patients106.  Targeting distinct structural 

morphologies, therefore, may be critically important in treating amyloid disorders, as well 

as in identifying the key assemblies responsible for propagation and toxicity. 

 

1.2.5 Other structures of the amyloidogenic pathway  

 

Within the lag phase of amyloid fibril formation ( Figure 1.4), a vast array of oligomeric, 

intermediate states can exist.  These thermodynamically-stable intermediates may be 

formed both on- and off-pathway to mature fibrils , but detailed characterisation of the 

distinct oligomeric species formed has been a major challenge in the field, owing to their 

heterogeneous and transient nature.  Insights into these structures, their formation and 

characteristics has been the focus of much research, as it is the general consensus that these 

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 it was 

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

generic pathogenic mechanism between amyloidoses122, 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 conformational-specific antibody, A11123.  

4ÈÅÓÅ Ȱ!ρρ-ÐÏÓÉÔÉÖÅȱ ÏÌÉÇÏÍÅÒÓ ÁÒÅ ÓÉÇÎÉÆÉÃÁÎÔÌÙ Íore toxic to cells than fibrils of the same 

precursor123.  Importantly, oligomeric aggregates formed from proteins not previously 

associated with any misfolding disorder, were also shown to be cytotoxic122, furthering the 

idea that toxicity imparted by soluble, pre-fibrillar 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 mechanisms underlying oligomer toxicity are more complicated 

than a single conserved feature.  A vast number of structures have been discovered with 
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various degrees of toxicity, which can be broadly characterised based on their overall 

morphology124.  The A11-positive oligomers represent one class of structures often termed 

pre-fibrillar, whereas the second major class, termed fibrillar, are expected to contain a 

ÈÉÇÈÅÒ ÄÅÇÒÅÅ ÏÆ ɼ-strand content and possess more structural similarity with the mature 

fibril.  These oligomers are recognised by a second conformational-specific antibody, OC, 

which also recognises mature fibrils125.  Owing to the lack of high resolution oligomer 

structures, these two antibodies serve as a convenient method of classifying intermediates, 

based on their underlying structural organisation, rather than size.  Fibrillar oligomers (OC-

positive) have been found ranging from dimers, up to >500 kDa in size125, whereas A11-

positive, pre-fibrillar oligomers range from approximately tetrameric to ~75 kDa125.  This 

suggests that the two oligomer types are formed as part of two distinct pathways to 

aggregation (Figure 1.7), rather than the pre-fibrillar oligomers preceding the formation of 

the fibrillar oligomers.  One pathway involves the direct formation of fibrillar oligomers 

(OC-positive) from monomers, which may represent seeds or nuclei that can directly 

elongate to form fibrils.  The alternative pathway involves the formation of pre-fibrillar 

(A11-positive) oligomers which may need to undergo a conformational change to become a 

competent nuclei for monomer addition and fibril formation.  With oligomeric assemblies 

able to readily interconvert126, these simplified models may represent only two of an infinite 

number of possible pathways.  Clearly more detailed insights into the various structures are 

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 distinct oligomer populations with differential reactivity to conformation-

specific antibodies A11 and OC indicate two possible pathways 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 from 124. 

 

1.2.6 Amyloid formation and disease  

 

A number of diseases result from the incorrect folding of proteins, one class of which 

involves ordered association that leads to the formation of amyloid deposits.  Several of 

these amyloid diseases are neurodegenerative, where aggregates specifically accumulate in 

the brain and exert their toxic effects.  These include the two most prominent forms of 

dementia, !ÌÚÈÅÉÍÅÒȭÓ disease ÁÎÄ 0ÁÒËÉÎÓÏÎȭÓ ÄÉÓÅÁÓÅ127.  There are also several examples 

of non-neuropathic amyloidoses, which can specifically target a single organ (localised) or 

effect several areas of the body (systemic).  Some of the main examples of amyloidoses are 

given in Table 1.1. 
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Table 1.1 Examples of the major human disorders associated with amyloid deposition. 

 

 

Disease 
Precursor 

protein  

Organ-
specific /  
Systemic 
(organ 

affected) 

Extracellular 
amyloid 

deposits/ 
intracellular 
inclusions  

Clinical 
features  

Ref 

Neurodegenerative  

!ÌÚÈÅÉÍÅÒȭÓ 
Disease 

Amyloid-ɼ 
ɉ!ɼɊ ÐÅÐÔÉÄÅ 

Organ-
specific 
(brain) 

Extracellular 
Progressive 
dementia 

128 

!ÌÚÈÅÉÍÅÒȭÓ 
Disease 

Tau 
Organ-
specific 
(brain)  

Intracellular  
Progressive 
dementia 

128 

0ÁÒËÉÎÓÏÎȭÓ 
Disease 

ɻ-synuclein 
Organ-
specific 
(brain)  

Intracellular  
Movement 
disorder 

129 

Dementia with 
Lewy bodies 

ɻ-synuclein 
Organ-
specific 
(brain)  

Intracellular  
Dementia and 

motor problems 
130 

Transmissible 
spongiform 

encephalopathies 
Prion protein 

Organ-
specific 
(brain)  

Extracellular 
Dementia, ataxia 
and psychiatric 

problems 

131 

(ÕÎÔÉÎÇÔÏÎȭÓ 
disease 

Poly-Q 
expanded 
huntingtin  

Organ-
specific 
(brain)  

Intracellular  
Dementia and 

motor problems 
132 

Amyotrophic 
lateral sclerosis 

Superoxide 
dismutase 1 

Organ-
specific 
(brain)  

Intracellular  
Movement 
disorder 

133 

Non-neuropathic  

Amyloid light-
chain (AL) 

amyloidosis 

Immunoglobu
lin light chain 

Systemic Extracellular Renal failure 134 

Dialysis related 
amyloidosis 

ɛ2-
microglobulin 

Systemic 
(joints) 

Extracellular 
Renal failure 

and paraplegia 
135 

Lysozyme 
amyloidosis 

Lysozyme Systemic Extracellular Renal failure 136 

Transthyretin 
amyloidosis 

Transthyretin  Systemic Extracellular 
Peripheral 
neuropathy 

137 

Fibrinogen 
amyloidosis 

&ÉÂÒÉÎÏÇÅÎ ɻ-
chain 

Systemic Extracellular Renal failure 138 

Type II Diabetes 
Islet amyloid 
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specific 
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Extracellular 
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deficiency and 

resistance, 
hyperglycaemia 
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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 function3.  This is 

likely as a generic mechanism owing to the fact that non-disease related proteins can form 

amyloid structures that are inherently toxic122.  There is currently no single consensus 

between amyloid disorders, in fact it is most likely that toxicity is mediated through a 

complex network of dysfunctions. 

Several disorders are associated with extracellular aggregation (Table 1.1).  These 

aggregates have been shown to activate signal transduction pathways (Figure 1.8 i), 

leading to apoptosis, and thus present a possible generic gain of function mechanism for 

disease-related amyloid deposits.  For example, RAGE (receptor for advanced glycation end 

products) is a surface receptor which has been shown to interact with amyloid fibrils 

ÃÏÍÐÏÓÅÄ ÏÆ ÓÅÖÅÒÁÌ ÐÒÅÃÕÒÓÏÒ ÐÒÏÔÅÉÎÓȟ ÉÎÃÌÕÄÉÎÇ !ɼ, IAPP and PrP140, 141, leading to 

activation of cellular stress responses and immune responses.   

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

ii ).  Amyloid-membrane interactions are well documented142-148 and have been shown to 

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

rupture 147, 149-154.  This, too, is independent of precursor sequence and again could be a 

generic mechanism shared by several amyloidoses.  Oligomers, formed from many amyloid 

precursors54, 155-160 have been found to form pores in cellular membranes (Figure 1.8 iii ), 

leading to problems with signal transduction, ion homeostasis and resulting in apoptosis or 

necrotic cell deathȢ  5ÎÓÔÒÕÃÔÕÒÅÄ ÍÏÎÏÍÅÒÓ ÏÆ )!00 ÁÎÄ ɻ-synuclein have also been shown 

to embed within the lipid bilayer151, 161, 162 where amyloid formation proceeds and causes 

membrane disruption.  

As discussed in Section 1.2.2, the cell has developed many strategies to deal with the 

accumulation of aggregates.  Therefore, a possible universal toxicity mechanism could 

involve the sequestration of essential cellular components (Figure 1.8 iv ), such as 

chaperones, leading to a competition for these components and a depletion of cellular 

resources.  In one example, ÃÏÎÄÕÃÔÅÄ ÉÎ Á ÙÅÁÓÔ ÍÏÄÅÌ ÏÆ (ÕÎÔÉÎÇÔÏÎȭÓ ÄÉÓÅÁÓÅȟ ÃÙÔÏÓÏÌÉÃ 

huntingtin inclusions were found to sequester the molecular chaperone Sis1p, inhibiting the 

clearance of further, non-amyloid inclusions of unrelated 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 age-related 

diseases where mechanisms of proteostasis are already in decline163-165.  
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Because the native fold is usually essential 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 could account, 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 the co-aggregate166 

(Figure 1.8 vi ).  Toxicity could also be attributed to the loss of biological function, 

specifically of the amyloidogenic protein in question.  In (ÕÎÔÉÎÇÔÏÎȭÓ disease, the 

huntingtin  protein is thought to play a protective role against apoptosis167 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 build-up of superoxide radicals168.  For 

both of these diseases the mechanisms are still unclear168, 169 and there are arguments 

contradicting the loss of function hypotheses in each case167, 169.  In general, the toxic gain of 

function mechanism, possibly universal between the many amyloid disorders, is considered 

more likely. 

 

 

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 exert cytotoxicity via pore formation (iii) .  Possible toxic 

mechanisms of intracellular aggregates include sequestration of cellular components such 

as chaperones and other proteostasis machinery (iv) .  Alternatively, aggregation could lead 

to a loss of native function 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 of the 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-competent protein 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 by-product of 

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

known amyloid diseases170) ÉÔ ÍÁÙ ÐÒÏÖÅ ÅÆÆÅÃÔÉÖÅȢ  )Î ÔÈÅ ÃÁÓÅ ÏÆ !ÌÚÈÅÉÍÅÒȭÓ ÄÉÓÅÁÓÅ 

(covered in detail in Section 1.3) the abnormal processing of the amyloid precursor protein 

ɉ!00Ɋ ÌÅÁÄÓ ÔÏ ÔÈÅ ÆÏÒÍÁÔÉÏÎ ÏÆ ÔÈÅ ÁÇÇÒÅÇÁÔÉÎÇ ÐÅÐÔÉÄÅ !ɼȢ  4ÁÒÇÅÔÉÎÇ ÔÈÅ ÅÎÚÙÍÅÓ ÉÎÖÏÌÖÅÄ 

in this processing event, therefore, has been an attractive intervention strategy for many 

years.  However, the challenge in this endeavour is modulating the abnormal process 

without disruption of the formation of functional fragments171 or effecting the enzymesȭ 

ability to cleave alternative substrates128, 172Ȣ  ! ÐÈÁÓÅ ))) ÃÌÉÎÉÃÁÌ ÔÒÉÁÌ ÏÆ Á ɾ-secretase 

inhibitor, Semagacestat, was aborted in 2010 due to worsening of cognitive impairment173 

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

In diseases where the precursor is formed from the full-length 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 degradation174-177.  RNA can be introduced with the use of viral vectors, where the 

vector can integrate into the neuronal genome and be expressed long-term.  RNAi has 

shown promise in a number of amyloid disorders177-180 but the delivery of such therapies 

across the blood brain barrier (BBB) is a challenge181 and may only be feasible in disorders 
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that effect a small regioÎ ÏÆ ÃÅÌÌÓ ɉÓÕÃÈ ÁÓ 0ÁÒËÉÎÓÏÎȭÓ) where vectors could be injected 

directly. 

 

1.2.7.2  Stabilising the native protein  

 

In the case of disorders where the precursor is a functional peptide or protein, stabilisation 

of the functional state may be a promising strategy.  To date, only one commercially 

available treatment for an amyloid disorder exists, which works by stabilising the functional 

tetramers of transthyretin (TTR) in the neurodegenerative disorder, Familial amyloid 

neuropathy (FAP).  In the disease state, the native tetramer dissociates, whereupon the 

partially unfolded monomers subsequently form amyloid aggregates182, 183.  The Kelly group 

ÔÈÅÒÅÆÏÒÅ ÄÅÖÅÌÏÐÅÄ Á ȰÐÈÁÒÍÁÃÏÌÏÇÉÃÁÌ ÃÈÁÐÅÒÏÎÅȱ 4ÁÆÁmidis; a small molecule which 

binds and kinetically stabilises the folded tetramer, preventing monomer dissociation, 

which is the rate-limiting step in TTR misfolding and aggregation (Figure 1.9)184.  In the 

case of Tafamidis, its discovery was through the use of a structure-based design approach; 

a method which, unfortunately, is not applicable to the many natively disordered amyloid 

precursors, as they have no unique structure to target.  However, further chemical 

chaperones have been found able to stabilise prion protein (PrP)185 ÁÎÄ !ɼ186 via 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 specifically with monomers and 

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

)ÎÈÉÂÉÔÉÏÎ ÏÆ ÆÉÂÒÉÌ ÆÏÒÍÁÔÉÏÎ ÂÙ ÔÈÅ ÉÎÔÒÏÄÕÃÔÉÏÎ ÏÆ Ȱɼ-ÓÈÅÅÔ ÂÒÅÁËÅÒÓȱ ÈÁÓ ÂÅÅÎ ÐÅÒÆÏÒÍÅÄ 

by various research groups.  This strategy involves a peptide inhibitor which is able 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 N-terminus, which has been shown to 

ÅÆÆÅÃÔÉÖÅÌÙ ÉÎÈÉÂÉÔ ÆÕÒÔÈÅÒ ÁÄÄÉÔÉÏÎ ÏÆ ÍÏÎÏÍÅÒÓ ÉÎ !ɼ ÁÇÇÒÅÇÁÔÉÏÎ187.  Alternatively, 
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ÓÕÂÓÔÉÔÕÔÉÏÎ ÏÆ ËÅÙ ÒÅÓÉÄÕÅÓ ×ÉÔÈ ÐÒÏÌÉÎÅÓ ÃÁÎ ÒÅÄÕÃÅ ɼ-sheet formation188, 189.  Similarly, the 

use of N-methyl modified peptides can be used to block fibril formation190Ȣ  ɼ-sheet breaking 

ÍÅÔÈÏÄÓ ÓÕÃÈ ÁÓ ÔÈÅÓÅ ÈÁÖÅ ÂÅÅÎ ÆÏÕÎÄ ÅÆÆÅÃÔÉÖÅ ÉÎ ÉÎÈÉÂÉÔÉÎÇ 0Ò0ȟ ɻ-syn, IAPP and poly-Q 

aggregation in vitro191-195.   

 

 

 

Figure 1.9  Tafamidis stabilises a functional tetramer of transthyretin (TTR) in treating 

Familial amyloid neuropathy (FAP).  (a)   The structure of Tafamidis.  (b)   The mechanism 

of action of Tafamidis.  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 from196. 

 

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

disappointing trials for some disorders (detailed for AD therapeutics in Section 1.3.5).  
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Antibodies are indeed able to inhibit aggregation197, 198.  In fact, the A11 antibody, able to 

recognise an array of oligomeric structures from a variety of peptide precursors, is able to 

inhibit the toxic effects of the aggregates123.  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 

ÉÍÍÕÎÏÇÅÎÉÃ ÐÒÏÐÅÒÔÉÅÓȢ  2ÅÃÅÎÔÌÙ Á ÓÍÁÌÌ ÐÅÐÔÉÄÅ ȰÁÆÆÉÂÏÄÙȱ (an antibody mimetic which 

may have better BBB penetration owing to its smaller size199) was developed, which was 

ÁÂÌÅ ÔÏ ÂÉÎÄ !ɼ ×ÉÔÈ ÎÁÎÏÍÏÌÁÒ ÁÆÆÉÎÉÔÙ ÁÎÄ ÓÕÂÓÅÑÕÅÎÔÌÙ ÐÒÅÖÅÎÔ ÏÌÉÇÏÍÅÒÉÓÁÔÉÏÎ200.   

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 enhanced stability201.  As all amyloid fibrils have long been known to bind to 

the dye molecules ThT and Congo red88, it is unsurprising that an array of further aromatic 

compounds are able to bind amyloid.  In many cases, the molecules are able to interfere with 

the aggregation process202-209.  The aromatic rings found in many of these compounds are 

pÒÏÐÏÓÅÄ ÔÏ ÉÎÔÅÒÆÅÒÅ ×ÉÔÈ ÔÈÅ ʌ-stacking of aromatic residues, thought to be important in 

fibril formation 197, 210, 211.  Epigallocatechin 3-gallate (EGCG), one of the most well studied 

amyloid inhibitors, is able to prevent oligomerisation and to disaggregate preformed fibrils 

ÆÏÒÍÅÄ ÆÒÏÍ !ɼȟ )!00ȟ 442 ÁÎÄ 3ÕÐσυ, among others 202-208.  A number of small molecule 

amyloid inhibitors have proceeded to clinical trials209, 212, 213 and could prove to be a viable 

approach in targeting these disorders.   

Because the identity of the toxic species in unknown in the vast majority of amyloid 

disorders, targeting the earliest stages of aggregation might be the most promising strategy, 

as via this approach, all of the potential toxic entities will be prevented from forming.  Only 

when more details of the toxic mechanisms associated with amyloid disease become clear, 

will the design of therapies targetting single structures from within the amyloid pathway 

become feasible.  Recently, secondary nucleation processes (Section 1.2.3) have been found 

to be important in the propagation of aggregates78, 81 and implicated in the formation of toxic 

species.  Polymorphism of fibril structures (Section 1.2.4) has also been associated with 

different  biological effects and may indicate additional routes to the prevention of the 

proliferation  of toxic aggregates106, 113.  The process of secondary nucleation adds to the 

complexity of the aggregation pathway and 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 stimulate these secondary processes may 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 end-point of aggregation, as they have 

been found to be less cytotoxic than their oligomeric precursors172.  This observation has 

led to the investigation of an alternative therapeutic approach, involving acceleration of 

aggregation towards the less toxic fibrils, therefore reducing the population of oligomers.  

Indeed, a ÐÅÐÔÉÄÅ ÁÂÌÅ ÔÏ ÒÅÃÏÇÎÉÓÅ !ɼ ÁÎÄ ÁÃÃÅÌÅÒÁÔÅ ÉÔÓ ÁÇÇÒÅÇÁÔÉÏÎ ×ÁÓ ÓÈÏ×Î ÔÏ ÒÅÄÕÃÅ 

toxicity in vivo214.  Although an interesting concept, there remains substantial evidence that 

fibrils exert toxic mechanisms of their own149, 150, 215 and this should be considered when 

applying this approach in practice.   

 

1.2.7.5  Stimulating aggregate degradation  

 

As discussed in Section 1.2.2, 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 

aggregates216.  Drugs such as Geldanamycin can enhance chaperone levels216, 217.  

Augmentation of clearance mechanisms, through both autophagy and proteasome 

stimulation, could also be effective strategies, although increasing the turn-over of 

functional proteins could be a major side effect.  Small molecules are under development 

which facilitate specific degradation of toxic misfolded proteins through the endocytic 

pathway218. 

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.  Disassembly and clearance of fibrils has been promoted 

through interference of the GAG-amyloid 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 disease-modifying drugs and the available 

therapeutics act only to ameliorate symptoms220.  The search for disease-modifying 

strategies must also be complemented with the development of effective, early-stage 

diagnostics, as evidence suggests the initial stages of aggregation occur decades before 

symptoms arise221.  This suggests that administration of therapeutics when symptoms are 

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

 

 

 

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 (ii) .  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 

ÁÓÓÅÍÂÌÉÅÓ ÏÒ ÆÉÂÒÉÌÓȟ ÖÉÁ ɼ-sheet blockers, antibodies or small molecules (iv) .  Conversely, 

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 regulators (vi) . 



INTRODUCTION 

 

25 
 

1.3 AlzheimeÒȭÓ ÄÉÓÅÁÓÅ ÁÎÄ !ɼ 

 

1.3.1 !ÌÚÈÅÉÍÅÒȭÓ ÄÉÓÅÁÓÅ 

 

!ÌÚÈÅÉÍÅÒȭÓ ÄÉÓÅÁÓÅ ɉ!$Ɋ ÉÓ Á ÄÅÂÉÌÉÔÁÔÉÎÇȟ ÐÒÏÇÒÅÓÓÉÖÅ ÁÎÄ ÉÎÃÕÒÁÂÌÅ ÎÅÕÒÏÄÅÇÅÎÅÒÁÔÉÖÅ 

disorder, which is characterised by memory loss, severe cognitive impairment and 

eventually death222.  The cognitive decline is accompanied by many behavioural and 

psychological symptoms, including hallucinations, delusions, apathy, anxiety and 

depression223.  The symptoms of AD can differ in severity, yet invariably take a severe 

emotional toll on the patients and their caregivers.  Current estimates indicate that, 

worldwide,  more than 45 million people are suffering with AD25, a figure that is increasing 

each year, owing to increased global life expectancy.  The socio-economic burden associated 

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

$604 billion per annum28.  These statistics emphasise an urgent need for advances in the 

effective prevention, treatment and diagnosis of this grave disorder. 

As already mentioned (Section 1.2.6), !ÌÚÈÅÉÍÅÒȭÓ ÄÉÓÅÁÓÅ ÉÓ ÁÎ ÅØÁÍÐÌÅ ÏÆ ÁÎ organ-

specific, neurodegenerative amyloid disorder and involves the aggregation of two major 

precursor proteins224ȡ ÔÈÅ ÁÍÙÌÏÉÄ ɼ ɉ!ɼɊ ÐÅÐÔÉÄÅ ɉSection 1.3.2) which is found in 

extracellular deposits known as amyloid plaques21 and tau, a microtubule-associated 

protein which forms intracellular, neurofibrillary tangles 225.  Together, these two amyloid 

ÁÓÓÅÍÂÌÉÅÓ ÁÒÅ ÃÏÎÓÉÄÅÒÅÄ ÔÈÅ ÐÁÔÈÏÌÏÇÉÃÁÌ ÈÁÌÌÍÁÒËÓ ÏÆ !ÌÚÈÅÉÍÅÒȭÓ ÄÉÓÅÁÓÅ226 (Figure 

1.11). 

Tau is a neuronal, microtubule-associated protein, predominantly concentrated in axons227.  

It has several roles in stabilising microtubule structure228, modulating microtubule-

dependent transport of organelles and biomolecules229 and is expected to play a role in 

apoptosis, through stabilisation of apoptotic factors upon phosphorylation230.  However, 

hyperphosphorylation of tau has been implicated in the onset of AD, due to the enhanced 

aggregation propensity of the phosphorylated precursors, and its loss of function228.  As 

×ÏÒË ÉÎ ÔÈÉÓ ÔÈÅÓÉÓ ÔÁÒÇÅÔÓ ÔÈÅ ÁÓÓÅÍÂÌÉÅÓ ÄÅÒÉÖÅÄ ÆÒÏÍ ÔÈÅ !ɼ ÃÏÍÐÏÎÅÎÔ ÏÆ !$ ÐÁÔÈÏÌÏÇÙȟ 

the remainder of this introductory section will focus on this peptide, although it should be 

noÔÅÄ ÔÈÁÔ ÉÎ ÔÈÅ ÃÏÎÔÅØÔ ÏÆ ÄÅÖÅÌÏÐÉÎÇ ÎÅ× ÔÈÅÒÁÐÉÅÓ ÆÏÒ ÔÈÉÓ ÄÉÓÏÒÄÅÒȟ ÂÏÔÈ ÔÁÕ ÁÎÄ !ɼ 

should be recognised as major molecular players228. 
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Figure 1.11 Extracellular amyloid plaques and intracellular neurofibrillary tangles are 

pathological hallmarks of AD.  Post-mortem neuropathological analysis of AD brain.  

%ØÔÒÁÃÅÌÌÕÌÁÒ ÁÍÙÌÏÉÄ ÄÅÐÏÓÉÔÓȟ ÃÏÍÐÏÓÅÄ ÐÒÉÍÁÒÉÌÙ ÏÆ !ɼȟ ÁÒÅ ÉÎÄÉÃÁÔÅÄ ×ÉÔÈ ×ÈÉÔÅ ÁÒÒÏ×ÓȢ  

Cytoplasmic neurofibrillary tangles, composed of tau aggregates, are indicated by yellow 

arrows.  Figure taken with permission from 168. 

 

1.3.2 The Aɼ peptide  

 

!ɼ ÉÓ Á 4.5 kDa peptide derived from the sequential enzymatic processing of the amyloid 

ÐÒÅÃÕÒÓÏÒ ÐÒÏÔÅÉÎ ɉ!00Ɋȟ ÖÉÁ ÔÈÅ ÁÃÔÉÏÎ ÏÆ ɼ ÁÎÄ ɾ ÓÅÃÒÅÔÁÓÅÓ231.  APP is a large membrane 

spanning protein, which has been found to be expressed across a range of cell types, yet its 

biological function remains largely unknown232.  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 

amyloidÏÇÅÎÉÃȟ ×ÈÅÒÅ !ɼ ÉÓ ÐÒÏÄÕÃÅÄȟ ÁÎÄ ÔÈÅ ÏÔÈÅÒ ÉÓ non-amyloidogenic (Figure 1.12).  

The non-amyloidogenic route is the predominant pathway, where APP is initially cleaved 

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

sAPPɻ, CTFɻ, AICD and p3.  The cellular functions of these cleavage products are currently 

unclear236.  The alternative, amyloidogenic route proceeds via an initial cleavage by the ɼ-

secretase (BACE1) enzyme, producing a shorter variant of the extracellular domain 

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

further processed by the ɾ-ÓÅÃÒÅÔÁÓÅ ÁÔ ÖÁÒÉÏÕÓ ÓÉÔÅÓȟ ÐÒÏÄÕÃÉÎÇ !ɼ ÐÅÐÔÉÄÅÓ ÒÁÎÇÉÎÇ ÉÎ 

length between 39-43 residues.  The two major forms (Figure 1.13) are produced by 

cleavage at positions 40 and 42.  The resulting Aɼ peptides are amphipathic, with a central 
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hydrophobic region known to be critical for amyloid formation237-240.  The peptides also 

consist of a charged N-terminus and a hydrophobic C-terminal domain.  The biological 

ÆÕÎÃÔÉÏÎÓ ÏÆ ÔÈÅ !ɼ ÐÅÐÔÉÄÅÓ ÒÅÍÁÉÎ ÕÎËÎÏ×Îȟ ÁÌÔÈÏÕÇÈ ÉÔ ÈÁÓ ÂÅÅÎ ÐÒÏÐÏÓÅÄ ÔÈÁÔ !ɼ40 

could be involved in the modulation of synaptic transmission241.   

 

 

 

Figure 1.12 Pathways of APP processing.  The majority of APP is processed via the non-

amyloidogenic pathway (a) , with ÔÈÅ ÁÃÔÉÏÎ ÏÆ ɻ ÁÎÄ ɾ ÓÅÃÒÅÔÁÓÅÓȟ ÐÒÏÄÕÃÉÎÇ ÎÏÎ-

ÁÍÙÌÏÉÄÏÇÅÎÉÃ ÐÅÐÔÉÄÅ ÆÒÁÇÍÅÎÔÓ Ó!00ɻȟ Ðσ ÁÎÄ !)#$Ȣ  !ÌÔÅÒÎÁÔÉÖÅÌÙȟ !00 ÃÁÎ ÂÅ ÐÒÏÃÅÓÓÅÄ 

ÂÙ ÃÌÅÁÖÁÇÅ ×ÉÔÈ ɼ ÁÎÄ ɾ-secretases via the amyloidogenic pathway (b)  producing the toxic 

!ɼ ÐÅÐÔÉÄÅȢ  &ÉÇÕÒÅ ÒÅÄÒÁ×Î ÁÎÄ ÁÄÁÐÔÅÄ ÆÒÏÍ 242. 

 

!ÌÔÈÏÕÇÈ !ɼτπ ÉÓ ÔÈÅ ÐÒÅÄÏÍÉÎÁÎÔ ÆÏÒÍ ÏÆ !ɼ ÉÎ ÔÈÅ ÂÒÁÉÎȟ ÃÅÒÅÂÒÏÓÐÉÎÁÌ ÆÌÕÉÄ ÁÎÄ ÓÅÒÕÍ243, 

!ɼτς ÉÓ ÔÈÅ ÓÕÂÊÅÃÔ ÏÆ ÔÈÅ ÍÏÓÔ ÉÎÔÅÒÅÓÔ ÉÎ !$ ÐÁÔÈÏÌÏÇÙ ÁÓ ÉÔ ÈÁÓ ÈÉÇÈÅÒ ÁÇÇÒÅÇÁÔÉÏÎ 

propensity244, owing to the additional hydrophobic residues Ile41 and AlaτςȢ  !ɼτς has 

been shown to be more toxic to neuronal cells245-247Ȣ  4ÈÅ ÌÏÎÇÅÒ ÖÁÒÉÁÎÔ !ɼτσȟ ɉ×ÉÔÈ ÁÎ 

additional Thr at position 43) is often overlooked, but has been reported to occur in equal 

abundance to its more well-known relatives, specifically within the dense plaque cores248.  

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

variant249. 
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Figure 1.13 4ÈÅ ÁÍÉÎÏ ÁÃÉÄ ÓÅÑÕÅÎÃÅÓ ÏÆ !ɼτπ ÁÎÄ !ɼτςȢ  The additional hydrophobic 

residues Ile41 and Ala 42 are highlighted blue.  The central hydrophobic 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 more than 20 years and 

posits that the deposition of the Aɼ ÐÅÐÔÉÄÅ in the brain parenchyma is the critical event 

which ultimately leads to the onset of the disorder250, 251Ȣ  3ÉÎÃÅ ÔÈÅ ÄÉÓÃÏÖÅÒÙ ÏÆ !ɼ ÁÓ ÔÈÅ 

major component of AD plaques in the mid 1980s21, substantial evidence has been 

ÐÒÅÓÅÎÔÅÄ ÔÏ ÆÕÒÔÈÅÒ ÓÕÐÐÏÒÔ ÔÈÅ ÒÏÌÅ ÏÆ !ɼ ÉÎ !$Ȣ  4ÈÅ ÄÉÓÃÏÖÅÒÙ ÔÈÁÔ !$ ÃÏÕÌÄ ÂÅ ÉÎÈÅÒÉÔÅÄ 

in an autosomal dominant manner was a seminal event in AD research, as the mutation 

described252 ÏÃÃÕÒÒÅÄ ×ÉÔÈÉÎ ÔÈÅ ÇÅÎÅ ÅÎÃÏÄÉÎÇ ÔÈÅ !ɼ ÐÒÅÃÕÒÓÏÒȟ !00Ȣ  &ÕÒÔher mutations 

have been found, subsequently, within genes that regulate the processing of APP, namely 

presenillin genes 1 and 2253-255, which code for proteins involved in the regulation of the ɾ-

ÓÅÃÒÅÔÁÓÅ ÃÌÅÁÖÁÇÅ ÅÖÅÎÔȟ ÌÅÁÄÉÎÇ ÄÉÒÅÃÔÌÙ ÔÏ !ɼ ÐÒÏÄÕÃÔÉÏÎ256.  Duplication of chromosome 

21 in individuals with DowÎȭÓ ÓÙÎÄÒÏÍÅȟ ×ÈÉÃÈ ÃÁÒÒÉÅÓ ÓÅÖÅÒÁÌ ÇÅÎÅÓ ÉÎÖÏÌÖÅÄ ÉÎ !ɼ 

production, including APP itself, is thought to result in the early onset of AD in these 

patients, typically around age 40257.  Further, mutations in genes that encode proteins 

ÔÈÏÕÇÈÔ ÔÏ ÂÅ ÒÅÓÐÏÎÓÉÂÌÅ ÆÏÒ ÅÆÆÉÃÉÅÎÔ !ɼ ÃÌÅÁÒÁÎÃÅ258-261 can reduce the age of disease 

ÏÎÓÅÔȢ  4ÈÅÓÅ ÍÕÔÁÔÉÏÎÓ ÁÌÌ ÕÌÔÉÍÁÔÅÌÙ ÉÎÃÒÅÁÓÅ !ɼ ÐÒÏÄÕÃÔÉÏÎȟ ÏÒ ÄÉÓÒÕÐÔ ÔÈÅ ÂÁÌÁÎÃÅ 

between production and clearance, and therefore add further credence to the central 

amyloid hypothesis. 

 

1.3.4 Neurotoxic assembli ÅÓ ÏÆ !ɼ 

 

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 plaques in 
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AD.  The nature of the toxic assembly, that which causes the neuronal loss and synaptic 

dysfunction associated with AD, is the subject of much debate in the field1, 24, 126.  

4ÈÅ !ɼ ÐÅÐÔÉÄÅ ÉÔÓÅÌÆ ÅØÉÓÔÓ ÁÓ Á ÎÁÔÉÖÅÌÙ ÕÎÓÔÒÕÃÔÕÒÅÄ Íonomeric entity, although some 

molecular dynamics (MD) simulations suggest that Aɼ42 possesses a more constrained C-

terminus ÔÈÁÎ !ɼτπ, forming a ɼ ÈÁÉÒÐÉÎȟ ×ÈÉÃÈ ÍÁÙ ÂÅ ÒÅÓÐÏÎÓÉÂÌÅ ÆÏÒ ÔÈÉÓ ÖÁÒÉÁÎÔȭÓ ÈÉÇÈÅÒ 

propensity to form amyloid262Ȣ  "ÏÔÈ ÍÁÊÏÒ !ɼ ÐÅÐÔÉÄÅÓ ɉ!ɼτπ ÁÎÄ !ɼτςɊ are able to form 

an array of higher-order structures, enhanced through various stimuli, including most 

importantly, an increased concentration of the precursor peptide263.  The amyloid forming 

ÐÁÔÈ×ÁÙÓ ÁÒÅ ÁÐÐÁÒÅÎÔÌÙ ÄÉÓÔÉÎÃÔ ÂÅÔ×ÅÅÎ !ɼτπ ÁÎÄ !ɼ42 since the dominant oligomeric 

ÓÐÅÃÉÅÓ ÆÏÒÍÅÄ ÂÙ !ɼτς ÁÒÅ ÌÁÒÇÅÒ ÔÈÁÎ ÔÈÏÓÅ ÆÏÒÍÅÄ ÆÒÏÍ ÔÈÅ τπ ÒÅÓÉÄÕÅ ÐÅÐÔÉÄÅ264, 265.   

 

1.3.4.1  !ɼ ÏÌÉÇÏÍÅÒÓ 

 

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 apparent lack of correlation between amyloid plaque load and 

disease severity267.  Within the lag phase of Aɼ amyloid assembly, a large range of species 

from dimers268, trimers269 up to 56 kDa assemblies270-272 have been reported and 

characterised.  Pentamers (5mers), hexamers (6mers), low number oligomers (LNOs), 

globulomers (12mers), annular protofibrils, amylospheroids (APSDs) and Aɼτπȡτς ÍÉØÅÄ 

oligomers are further examples of the many species classified123, 142, 273-278.  All of these 

species have displayed inhibition of long-term potentiation (LTP) in hippocampal brain 

slices; the primary experimental model for investigating learning and memory in 

vertebrates, thought to reflect the early cognition defects in patients with AD279.  Of these 

examples, the majority have been shown to bind the A11 antibody and possess a 

predominantly spherical nature.   However, the degree of ɼ-sheet content and whether the 

assemblies exist on- or off-pathway to mature fibrils differs substantially 126, 280.  Further 

ÈÅÔÅÒÏÇÅÎÅÉÔÙ ÏÆ !ɼ ÏÌÉÇÏÍÅÒÓ ÉÓ ÄÅÒÉÖÅÄ from the co-aggregation of the full-length peptides 

×ÉÔÈ ÍÕÌÔÉÐÌÅ !ɼ ÄÅÒÉÖÅÄ ÆÒÁÇÍÅÎÔÓ273, 281.  It is also especially complicated as !ɼ oligomeric 

structures are readily able to interconvert and co-exist126. 

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

ÁÓÓÅÍÂÌÉÅÓ ÏÆ !ɼ ÉÍÐÁÒÔ ÎÅÕÒÏÎÁÌ ÔÏØÉÃÉÔÙ ÁÎÄ, most likely, play a role in the onset of disease.  

3ÅÖÅÒÁÌ ÏÌÉÇÏÍÅÒÉÃ ÁÓÓÅÍÂÌÉÅÓ ÈÁÖÅ ÉÎÄÅÅÄ ÂÅÅÎ ÉÓÏÌÁÔÅÄ ÄÉÒÅÃÔÌÙ ÆÒÏÍ !ÌÚÈÅÉÍÅÒȭÓ ÂÒÁÉÎ 
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tissue238, 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 level characterisation, has hindered the search for the generic 

ÆÅÁÔÕÒÅÓ ÒÅÓÐÏÎÓÉÂÌÅ ÆÏÒ ÃÅÌÌ ÄÅÁÔÈ ÁÎÄ ÌÉÍÉÔÓ ÔÈÅ ÓÕÉÔÁÂÉÌÉÔÙ ÏÆ ÔÈÅ ȰÔÏØÉÃ ÏÌÉÇÏÍÅÒȱ ÁÓ Á ÄÒÕÇ 

target. 

 

1.3.4.2  !ɼ ÆÉÂÒÉÌÓ 

 

Despite the reported lack of correlation between fibrillar plaque density and the severity of 

cognitive impairment267, 284, at least one study support s the opposite conclusion285.  The 

progression from a state of mild cognitive impairment (MCI) to AD has been found to 

correlate with the quantity of brain amyloid286.  Similarly, although asymptomatic elderly 

have been shown to develop plaques, the quantity of the deposits are generally less than 

seen in AD patients287.   

Fibrils ÏÆ !ɼτπ have also been shown to be cytotoxic in vitro97, 103, 215, 288.  A number of 

fibrillar oligomers, expected to share the cross-ɼ ÁÒÃÈÉÔÅÃÔÕÒÅ ÏÆ ÍÁÔÕÒÅ ÆÉÂÒÉÌÓȟ ÈÁÖÅ also 

been identified and shown to induce cellular defects215, 288, 289.  !ɼ Æibrils are able to cause 

oxidative damage290 and initiate inflammation291, 292.  Thus, fibrils remain as likely 

ÃÏÎÔÒÉÂÕÔÉÎÇ ÁÇÅÎÔÓ ÉÎ !$Ȣ  &ÉÂÒÉÌÌÁÒ ÁÓÓÅÍÂÌÉÅÓ ÏÆ !ɼτπ ÁÎÄ !ɼ42 have also been suggested 

as instrumental in the generation of potentially toxic oligomers through secondary 

nucleation mechanisms77, 78, 293, 294 and depolymerisation210 (Section 1.2.3).   

With the recent advances in cryo-EM and ssNMR, several groups have endeavoured to solve 

ÔÈÅ ÓÔÒÕÃÔÕÒÅ ÏÆ ÔÈÅ !ɼ ÆÉÂÒÉÌ93, 103-106, 238, 295-299.  As with amyloid fibrils derived from other 

ÐÅÐÔÉÄÅ ÐÒÅÃÕÒÓÏÒÓȟ Á ÌÁÒÇÅ ÄÅÇÒÅÅ ÏÆ ÐÏÌÙÍÏÒÐÈÉÓÍ ÉÓ ÏÂÓÅÒÖÅÄ ÆÏÒ ÆÉÂÒÉÌÓ ÆÏÒÍÅÄ ÏÆ !ɼ40 

and !ɼ42, however, the extent to which this is a consequence of differential in vitro 

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

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

struÃÔÕÒÅ ÏÆ !ɼτπ ÆÉÂÒÉÌÓ ÓÅÅÄÅÄ ÄÉÒÅÃÔÌÙ ÆÒÏÍ !$ ÂÒÁÉÎ ÔÉÓÓÕÅ106.  They describe ssNMR data 

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 unique 

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

ÐÅÒÓÏÎȭÓ ÂÒÁÉÎȢ  4ÈÉÓ ×ÏÒË, therefore, is the first indication that unique fibril morphologies 
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could be associated with distinct pathologies.  It also provides compelling evidence for the 

prion-like infectivity mechanism of fibrils116, where the proliferation throughout the brain 

is a direct consequence of fragmentation and spreading from a common, initial fibril 

structure.  Based on these observations and those presented by others107, 113 there is clearly 

merit in studying fibril polymorphism as a general phenomenon. 

 

1.3.4.3  Structural models  ÏÆ ÔÈÅ !ɼ ÆÉÂÒÉÌÓ 

 

Two in vitro-ÄÅÒÉÖÅÄ !ɼτπ ÆÉÂÒÉÌÓ ÈÁÖÅ ÂÅÅÎ ÄÅÓÃÒÉÂÅÄ ÂÙ 4ÙÃËÏ ÁÎÄ ÃÏÌÌÅÁÇÕÅÓ ÔÈÁÔ have 

been well defined structurally 93, 103-105.  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 morpholoÇÙ ÉÓ ÔÈÅ ȬÓÔÒÉÁÔÅÄ ÒÉÂÂÏÎȭ ɉς! ɀFigure 1.14 a), which was 

originally formed under agitating conditions103 and exhibits a two-fold molecular symmetry 

as determined by ssNMR.  Electron microscopy discerns no resolvable twist for the 2A 

morphology (constant width = 5.5 ± 0.5 nm) whereas the fibrils formed under quiescent 

conditions (3Q ɀFigure 1.14 b) display a periodic modulation in width (50-200 nm period, 

12 ± 1 nm maximum width) consistent with a periodic twist.  ssNMR indicates that the latter 

morphology consists of a three-fold molecular symmetry with a central cavity along the axis 

of the fibril.  On the single peptide level, both 2A and 3Q fibrils exhibit an in-register, parallel 

cross-  ̡ conformation, with almost identical regions of ɼ-strand, non-ɼ-strand and 

disordered segments, yet with some key differences in quaternary contacts104, 105, 

conformations within the non-ɼ-strand segments (loops) and, of course, the overall 

symmetry.  2A fibrils contain a salt bridge between residues Asp23 and Lys28, which is 

absent in 3Q.  3Q instead displays a partial salt-bridge between Lys16 and Glu22.  In both 

fibril types, the N-terminal residues 1-8 are structurally disordered, a feature consistent 

with other in vitro !ɼ ÆÉÂÒÉÌÓ95, 300.  Other 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 neurotoxin103.  This raises the possibility that some fibril  structures may be more 

pathogenic than others, which might lead to the discrepancies found 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 Section 1.3.4.2) also identified 

by the Tycko group106, only one was taken forward for full molecular structure 

determination.  This fibril type was seeded from the brain of the patient presenting classic 

AD with possible, additional Lewy body dementia pathology.  It displays the same in-

register, parallel ɼ-strand arrangement as ÍÏÓÔ !ɼ ÆÉÂÒÉÌ ÍÏÄÅÌÓ described to date95, 104, 105, 

301, 302, but does not have the same 2A or 3Q structure as formed in vitro (although it 

possesses three-fold symmetry - Figure 1.14 e).  Also, unlike the in vitro models, strong 

NMR signals for the N-terminal residues indicate structural order in these regions.  The 

general strand-bend-strand topology is retained, but involves larger non-ɼ regions and an 

Asp23-Lys28 salt bridge.   

5ÎÔÉÌ ÒÅÃÅÎÔÌÙȟ ÔÈÅ ÒÅÌÁÔÅÄ !ɼτς Æibril structure has been poorly defined, despite extensive 

efforts95, 303-307Ȣ  4ÈÅ ÆÉÒÓÔ ÁÔÏÍÉÃ ÍÏÄÅÌ ÏÆ Á ÓÔÒÕÃÔÕÒÁÌÌÙ ÈÏÍÏÇÅÎÏÕÓ !ɼτς ÆÉÂÒÉÌ299 indicates 

a distinct triple-parallel ɼ-sheet arrangement (Figure 1.14 f), unlike the U-shaped, strand-

bend-strand conformation conserved between almost evÅÒÙ !ɼτπ ÆÉÂÒÉÌ ÍÏÄÅÌÌÅÄ ÔÏ ÄÁÔÅ.  

This S-shaped motif is stabilised by a salt bridge between Lys28 and Ala42, indicating why 

ÓÕÃÈ Á ÓÔÒÕÃÔÕÒÅ ÍÁÙ ÎÏÔ ÂÅ ÓÔÁÂÌÅ ÆÏÒ !ɼτπȢ  )ÎÄÅÅÄȟ ÔÈÉÓ !ɼτς ÆÉÂÒÉÌ morphology was unable 

ÔÏ ÔÅÍÐÌÁÔÅ ÆÕÒÔÈÅÒ ÆÉÂÒÉÌ ÆÏÒÍÁÔÉÏÎ ×ÉÔÈ !ɼτπ ÍÏÎÏÍÅÒÓ, suggesting that there may be 

ÕÎÉÑÕÅ ÐÁÔÈ×ÁÙÓ ÏÆ ÍÉÓÆÏÌÄÉÎÇ ÁÎÄ ÁÍÙÌÏÉÄ ÆÏÒÍÁÔÉÏÎ ÂÙ !ɼτ0 and !ɼ42.  Such differences 

in the folÄÉÎÇ ÐÁÔÈ×ÁÙ ÏÆ !ɼτπ ÁÎÄ !ɼτς ÁÒÅ consistent with kinetic studies308, 309 and some 

ÒÅÃÅÎÔ ÏÂÓÅÒÖÁÔÉÏÎÓ ÏÆ ÄÉÓÔÉÎÃÔ !ɼ ÉÓÏÆÏÒÍÓ ÉÎ ÔÈÅ ÂÒÁÉÎÓ ÏÆ !$ ÍÏÕÓÅ ÍÏÄÅÌÓ310.   
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Figure 1.14 3ÔÒÕÃÔÕÒÁÌ ÍÏÄÅÌÓ ÏÆ !ɼ ÆÉÂÒÉÌÓȢ  In vitro ÄÅÒÉÖÅÄ ÆÉÂÒÉÌÓ ÆÏÒÍÅÄ ÆÒÏÍ !ɼτπ ÕÎÄÅÒ 

agitating (2A, a) or quiescent (3Q, b) conditions, have been structurally characterised using 

ssNMR by Tycko and colleagues103-105 and display 2-fold and 3-fold molecular symmetries, 

respectively.  Cartoon representations of the models are shown with the unstructured 

residues 1-8 omitted for clarity .  Both fibrils are composed of a strand-turn -strand 

architecture and are shown with the N-ÔÅÒÍÉÎÁÌ ɼ-strand in green and the C-ÔÅÒÍÉÎÁÌ ɼ-

strand in pink.  Loop regions are represented in blue.  The two fibrils present different 

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

whereas 3Q fibrils 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) 106.  (e)  The structural model of the in vivo ÄÅÒÉÖÅÄ !ɼτπ ÆÉÂÒÉÌ ÄÉÆÆÅÒÓ ÆÒÏÍ ÔÈÅ Ô×Ï in 

vitro  models formed from the same precursor peptide106.  (f ) A cartoon representation of 

ÔÈÅ ÒÅÃÅÎÔÌÙ ÅÌÕÃÉÄÁÔÅÄ !ɼτς ÆÉÂÒÉÌ299 ×ÉÔÈ Á ÕÎÉÑÕÅ ÔÒÉÐÌÅȟ ÐÁÒÁÌÌÅÌ ɼ-sheet arrangement.  

4ÈÅ ɼ-strand containing residues 12-18 are in cyan, 24-33 in yellow and 36-40 in green.  

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

salt bridge between Lys 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 symptoms172.  These include inhibitors of acetylcholine 

esterase which increases the levels of the neurotransmitter acetylcholine, which is depleted 

in AD brains, leading to an impairment of normal cognition311.  Antagonists of NMDA-type 

glutamate receptors are also used to prevent abnormal neuronal stimulation312.  The impact 

of these drugs, however, is modest and transient.  Development of new, disease-modifying 

therapeutics, thus, is essential in slowing the growing epidemic that is AD. 

 

1.3.5.1  2ÅÄÕÃÉÎÇ ÔÈÅ ÐÒÏÄÕÃÔÉÏÎ ÏÆ !ɼ 

 

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

ÔÈÅ ÐÒÏÄÕÃÔÉÏÎ ÏÒ ÅÎÈÁÎÃÉÎÇ ÔÈÅ ÃÌÅÁÒÁÎÃÅ ÏÆ !ɼȢ  $ÒÕÇÓ ÄÅÓÉÇÎÅÄ ÔÏ ÉÎÈÉÂÉÔ ɼ ÏÒ ɾ- 

secretases have been ineffective so far, owing to difficulties in delivering such molecules 

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

alternative substrates such as Notch and voltage-gated sodium channel subunits, both 

essential for normal cellular function128.  The ɾ-secretase inhibitor Semagacestat (Figure 

1.15 a.i.) failed phase III clinical trials due to worsening of disease symptoms173Ȣ  ! ɾ-

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

ÌÏ×ÅÒ !ɼ42 production, ÉÎ ÆÁÖÏÕÒ ÏÆ ÔÈÅ ÓÈÏÒÔÅÒ ÁÎÄ ÌÅÓÓ ÔÏØÉÃ ÆÏÒÍÓ ɉ!ɼσχ ÁÎÄ !ɼ38)313, 

was also ineffective in a phase III trial.  This was ascribed to low potency and brain 

penetration314.  Further studies into Notch-ÓÐÁÒÉÎÇ ɾ-secretase inhibitors and more potent 

ɾ-secretase modulators are currently ongoing314.   

)ÎÈÉÂÉÔÉÏÎ ÏÆ ɼ-secretase (BACE1) is also under investigation.  However, many compounds 

able to inhibit BACE1 have remained in the pre-clinical phase mainly owing to the same 

major problems ÅÎÃÏÕÎÔÅÒÅÄ ÆÏÒ ÉÎÈÉÂÉÔÏÒÓ ÏÆ ɾ-secretase.  The active site of BACE1 is large 

and requires bulky inhibitors that are generally unable to penetrate the BBB.  BACE1 also 

has other important physiological roles that need to be spared during inhibition.  A phase I 

ÔÒÉÁÌ ÏÆ ɼ-secretase inhibitor CTS-21166 indeed demonstrated a reduction iÎ ÐÌÁÓÍÁ !ɼ315, 

but further clin ical data into this candidate molecule is yet to become available. 
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Finally, in the same vein, the enhancement ÏÆ ɻ-secretase activity, the enzyme responsible 

for the non-amyloidogenic processing of APP (Figure 1.12) is another potential strategy in 

ÒÅÄÕÃÉÎÇ !ɼ ÒÅÄÕÃÔÉÏÎȢ  Etazolate (Figure 1.15 b), a small molecule agonist for this enzyme, 

ÉÎÈÉÂÉÔÓ !ɼ-induced neuronal death and demonstrated good tolerance and safety in a phase 

II study316 but its clinical efficacy is yet to be confirmed. 

 

 

 

Figure 1.15 Small molecule ÍÏÄÕÌÁÔÏÒÓ ÏÆ ÔÈÅ ÅÎÚÙÍÁÔÉÃ ÐÒÏÃÅÓÓÉÎÇ ÏÆ !ɼȢ  Drugs designed 

to inhibit ɾ-ÓÅÃÒÅÔÁÓÅ ÍÅÄÉÁÔÅÄ ÐÒÏÄÕÃÔÉÏÎ ÏÆ !ɼ (a)  or enhance the alternative non-

amyloidogenic processing of APP with agonists of the ɻ-secretase (b)  have shown various 

levels of success in clinical trials. 
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1.3.5.2  Maintaining the balance between production and 

ÃÌÅÁÒÁÎÃÅ ÏÆ !ɼ 

 

4ÈÅ ÉÎÃÒÅÁÓÅ ÉÎ !ɼ ÐÒÏÄÕÃÔÉÏÎ ÁÓÓÏÃÉÁÔÅÄ ×ÉÔÈ ÆÁÍÉÌÉÁÌ !$ ÁÃÃÏÕÎÔs for only ~5% of all 

instances, with AD occurring sporadically for the majority of patients317.  This majority, 

therefore, do nÏÔ ÈÁÖÅ ÉÎÃÒÅÁÓÅÄ !ɼ ÐÒÏÄÕÃÔÉÏÎ ÒÅÓÕÌÔÉÎÇ ÆÒÏÍ ÍÕÔÁÔÉÏÎÓ ÉÎ ÔÈÅ !00 

processing genes, but instead the balance of production and clearance of the aggregation 

ÐÒÅÃÕÒÓÏÒ ÉÓ ÓÏÍÅÈÏ× ÉÍÐÁÉÒÅÄȢ  3ÔÒÁÔÅÇÉÅÓ ÔÈÁÔ ÔÁÒÇÅÔ !ɼ ÃÌÅÁÒÁÎÃÅ ÍÅÃÈÁÎÉÓÍÓ, therefore, 

may prove more effective in treating the majority of cases. 

Many pharmaceutical companies have turned to immunotherapy to encourage amyloid 

clearance.  Clearance of aggregates by both active (vaccination) and passive (monoclonal 

antibody) immunisation methods has been shown in animal models and is thought to occur 

by a variety of mechanisms, including direct disassembly of plaques, neutralisation of toxic 

oligomers, activation of phagocytosis and activation of specific-protein efflux processes318.  

Famously, the first active vaccination Phase II clinical trial ×ÉÔÈ ÈÕÍÁÎ !ɼτς ɉ!.-1792) was 

initiated, after promising results in animal studies demonstrated a clear reduction in 

amyloid burden in mice319-321 and no adverse effects during Phase I testing.  Unfortunately, 

the trial was aborted in 2002 after an apparent activation of immune responses led to 

meningoencephalitis in a number of patients322.  This study highlights the dangers of 

aberrant immune-response activation in antibody based therapies.   

4ÈÅÒÅ ÁÒÅ Á ÎÕÍÂÅÒ ÏÆ !ɼ-directed immunotherapies in clinical development that involve 

passive immunisation with antibodies directed against various forms of !ɼ ɉÒÅÖÉÅ×ÅÄ ÉÎ323, 

324).  These are all based on non-selective antibodies that are able to bind multiplÅ !ɼ 

species, ranging from monomer to mature fibrillar aggregates323.  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 the route to successful 

clearance was through specific targeting of oligomeric assemblies, for example, use of a non-

ÓÅÌÅÃÔÉÖÅ !ɼ ÁÎÔÉÂÏÄÙ ɉÔÈÁÔ ÁÌÓÏ ÂÉÎÄÓ ÍÏÎÏÍÅÒÓ ÁÎÄ ÆÉÂÒÉÌÓ) would most likely show low 

efficacy.  This would be due to the extent of competition for antibody epitopes by the 

monomers and fibrils, which may not be the desired target but exist in higher 

concentrations in the AD brain250, 325, 326).  This problem would also be further exacerbated 

by the low levels of antibodies that are able to penetrate the brain327.  Nevertheless, passive 

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

patients.  Bapineuzumab is a humanised, monoclonal antibody directed towards the N-
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terminal domain (residues 1-5) ÏÆ !ɼ ÁÎÄ ÒÅÃÏÇÎÉÓÅÓ ÂÏÔÈ ÓÏÌÕÂÌÅ ÁÎÄ ÁÇÇÒÅÇÁÔÅÄ !ɼ ÉÎ 

mice.  It displayed no significant positive effects in a phase II trial and induced serious side 

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

ÉÎ Á ÓÕÂÓÅÔ ÏÆ ÐÁÔÉÅÎÔÓ ×ÈÏ ÄÉÄ ÎÏÔ ÃÁÒÒÙ ÔÈÅ ÁÐÏÌÉÐÏÐÒÏÔÅÉÎ % ʀτ ÁÌÌÅÌÅ ɉÁ Çenetic risk factor 

for late-onset sporadic AD) and therefore was approved for Phase III trials for the specific 

treatment of this patient group318.  Solanezumab, a monoclonal antibody directed against 

the mid domain (residues 16-24) ÏÆ !ɼȟ ÆÁÉÌÅÄ ÃÌÉÎÉÃÁÌ ÔÒÉÁÌÓ ÉÎ ςπρς, due to an apparent lack 

of potency.  However, secondary analysis of the data indicated that the antibody may have 

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

therefore entered Phase III trials, the results of which are expected by late 2016324.  If 

successful, solanezumab may represent the first disease-modifying drug for AD.   

 

1.3.5.3  0ÒÅÖÅÎÔÉÎÇ !ɼ ÁÇÇÒÅÇÁÔÉÏÎ 

 

One of the most attractive therapeutic strategies for all amyloid disorders, including AD, is 

the stabilisation of the native monomeric structure and prevention of aggregation (Sections 

1.2.7.2 and 1.2.7.3).  Despite extensive efforts in the development of small molecule and 

peptide-based aggregation inhibitors, and the promising results seen both in vitro and in 

animal models, ÏÎÌÙ ÏÎÅ !ɼ ÁÇÇÒegation inhibitor has reached Phase III clinical trials.  

Tramiprosate ÉÓ ÁÎ ÉÏÎÉÃ ÓÍÁÌÌ ÍÏÌÅÃÕÌÅ ×ÈÉÃÈ ÂÉÎÄÓ ÔÏ ÓÏÌÕÂÌÅ !ɼ ÁÎÄ ÍÁÉÎÔÁÉÎÓ ÉÔÓ ÒÁÎÄÏÍ 

coil conformation, inhibiting aggregation and reducing plaque burden in mice models328.  

The compounds inhibitory effects are thought to be, in part, due to an interference of the 

ÁÂÉÌÉÔÙ ÏÆ !ɼ ÔÏ ÂÉÎÄ ÇÌÙÃÏÓÁÍÉÎÏÇÌÙÃÁÎÓ (GAGs), which promote fibrillation329.  Results of 

the trial , however, were disappointing and were eventually discontinued, although recent 

data suggest that tramiprosate may promote the formation of tau inclusions330 and highlight 

the importance of testing potential drugs on both AD pathologies. 

4×Ï ÆÕÒÔÈÅÒ !ɼ ÁÇÇÒÅÇÁÔÉÏÎ ÉÎÈÉÂÉÔÏÒÓ under clinical review are Colostrinin 331, a mixture of 

proline-rich polypeptides (25% proline residues) isolated from ovine colostrum, that 

inhibit aggregation, and scyllo-inositol which stabilises non-toxic oligomerÓ ÏÆ !ɼτπ332.  

Both molecules produced beneficial effects in cellular and mouse models of AD, but 

demonstrated limited efficacy in Phase II trials314, 331.  In addition, as metal ions such as Zn2+ 

and Cu2+ ÁÒÅ ËÎÏ×Î ÔÏ ÂÅ ÉÎÖÏÌÖÅÄ ÉÎ !ɼ ÁÍÙÌÏÉÄÏÓÉÓ333, 334, metal ion chelators have shown 

inhibitory effects both in vitro and in vivo335.  A number of metal protein attenuating 
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compounds, therefore, have been taken to clinical trials but are yet to show significant 

effects to confirm the validity of this approach336, 337.   

 

 

 

Figure 1.16 %ØÁÍÐÌÅÓ ÏÆ ÓÍÁÌÌ ÍÏÌÅÃÕÌÅÓ ÓÈÏ×Î ÔÏ ÉÎÈÉÂÉÔ !ɼ ÁÇÇÒÅÇÁÔÉÏÎ ÉÎ clinical trials.  

(a)  4ÒÁÍÉÐÒÏÓÁÔÅ ÈÁÓ ÂÅÅÎ ÓÈÏ×Î ÔÏ ÂÉÎÄ ÁÎÄ ÍÁÉÎÔÁÉÎ !ɼ ÉÎ Á ÒÁÎÄÏÍ ÃÏÉÌ ÃÏÎÆÏÒÍÁÔÉÏÎȢ  

(b)  Scyllo-Inositol stabilises a non-ÔÏØÉÃ ÏÌÉÇÏÍÅÒ ÏÆ !ɼτπȢ  "ÏÔÈ ÍÏÌÅÃÕÌÅÓ ÉÎÈÉÂÉÔ 

aggregation and show beneficial effects in AD mouse models but demonstrated limited 

efficacy in human clinical trials. 

 

1.3.5.4  Alternative strategies  

 

A number of therapeutic approaches that are not directly linkÅÄ ÔÏ !ɼ ÁÇÇÒÅÇÁÔÉÏÎ are also 

being investigated.  These include modulators of tau phosphorylation, aggregation and 

degradation227, anti-inflammatory drugs338, anti-oxidants339 and hormone therapies340.  In 

addition, some strategies to target synaptic dysfunction341-343 and autophagy344 directly are 

also in development.  However, so far no effective treatment has emerged from these efforts.  

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

a combination of therapies will be required to effectively combat the disorder and, 

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

paramount importance. 
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1.3.5.5  Diagnostics  

 

Clinical diagnosis of AD is currently made using a combination of physical and neurological 

ÅØÁÍÉÎÁÔÉÏÎÓȟ ÁÓÓÅÓÓÍÅÎÔ ÏÆ Á ÐÁÔÉÅÎÔȭÓ ÍÅÄÉÃÁÌ ÈÉÓÔÏÒÙȟ ÎÅÕÒÏÐÓÙÃÏÌÏÇÉÃÁÌ ÅØÁÍÉÎÁÔÉÏÎȟ 

neuroimaging and laboratory tests, with an accuracy of ~90%345.  However, to date, 

definitive diagnosis can only be made post-mortem.  The pathogenic process of AD is 

believed to begin decades before clinical onset of the disorder171, 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, more 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 types346 and help tailor appropriate treatment options. 

Currently, there are two principle AD amyloid biomarkers: amyloid positron emission 

ÔÏÍÏÇÒÁÐÈÙ ɉ0%4Ɋ ×ÈÉÃÈ ÍÅÁÓÕÒÅÓ ÔÈÅ ÁÍÏÕÎÔ ÏÆ !ɼ ÁÇÇÒÅÇÁÔÅÓ ÉÎ ÔÈÅ ÂÒÁÉÎ ÐÁÒÅÎÃÈÙÍÁȟ 

ÁÎÄ ÂÉÏÃÈÅÍÉÃÁÌ ÁÎÁÌÙÓÉÓ ÏÆ !ɼτς ÌÅÖÅÌÓ ÉÎ ÔÈÅ cerebrospinal fluid (CSF) (along with the 

detection of tau and phosphorylated tau347).  The former requires the use of a 11C-labelled 

modified derivative of Thioflavin T, known as Pittsburgh Compound B (PiB), which 

ÐÒÅÆÅÒÅÎÔÉÁÌÌÙ ÂÉÎÄÓ ÁÇÇÒÅÇÁÔÅÄ !ɼ ÉÎ dense plaques.  It is, however, less sensitive to diffuse 

ÐÌÁÑÕÅÓ ÁÎÄ ÁÍÏÒÐÈÏÕÓ ÁÇÇÒÅÇÁÔÅÓ ÃÏÎÔÁÉÎÉÎÇ ÌÅÓÓ ɼ-sheet structure, as assessed in post-

mortem studies348-350.  This may suggest that the compound is insensitive to some 

prefibrillar deposits that may indicate an early disease pathology.  Some additional 18F-

labelled amyloid ligands have also been developed351-354 with similar amyloid retention as 

0É"Ȣ  )Î !$ȟ #3& ÌÅÖÅÌÓ ÏÆ !ɼτς ÄÅÃÒÅÁÓÅ ÔÏ ͯυπϷ ÏÆ ÔÈÅ ÌÅÖÅÌÓ ÉÎ ÁÇÅÄ-matched control 

individuals355 due to aggregation of the peptide in the brain356.  Together the inverse 

ÒÅÌÁÔÉÏÎÓÈÉÐ ÂÅÔ×ÅÅÎ #3& !ɼτς ÁÎÄ 0É" ÂÉÎÄÉÎÇ ÌÅÁÄÓ ÔÏ Á ÒÅÌÁÔÉÖÅÌÙ ÈÉÇÈ ÄÉÁÇÎÏÓÔÉÃ 

performance for AD357.  One suggestion to further improve diagnostic accuracy is the 

ÍÅÁÓÕÒÅÍÅÎÔ ÏÆ ÔÈÅ ÄÅÃÒÅÁÓÅ ÉÎ !ɼτςȡ!ɼτπ ÒÁÔÉÏ ÁÓ ÉÔ ÉÓ ÐÒÏÐÏÓÅÄ ÔÏ ÈÁÖÅ Á ÍÏÒÅ ÍÁÒËÅÄ 

ÒÅÄÕÃÔÉÏÎ ÔÈÁÎ !ɼτς ÁÌÏÎÅ358.  Although the diagnostic value of these two methods is clear 

in established AD, current recommendations for diagnostic research criteria359 put far 

greater emphasis on defining 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 of RNA sequences as research 

tools, diagnostic reagents or therapeutics360-364.  RNA has been shown to possess catalytic 

properties, in ribosomes and other ribozymes365-368, and is also capable of forming complex 

three-dimensional structures, which mediate binding and molecular recognition.  Aptamers 

are small nucleic acid ligands which adopt a functional secondary structure.  The term was 

originally derived from thÅ ,ÁÔÉÎ ȬÁÐÔÕÓȭȟ ÍÅÁÎÉÎÇ ȬÆÉÔÔÉÎÇȭ, as these short, chemically 

synthesised oligonucleotides are able to fold into an array of structures that demonstrate 

specific target recognition, with dissociation constants often in the pico- to nanomolar 

range361.  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 target369.  Their remarkable molecular recognition properties also mean that RNA 

aptamers are often directly compared with the ability of antibodies to recognise specific 

ligands.  However, RNA aptamers demonstrate a number of advantages over antibodies, 

including simple chemical synthesis, reduced size, and limited immunogenicity362.  

Aptamers have already demonstrated their potential in a wide range of biological 

applications, from biotechnology to therapy360, 361, 363, yet the commercial exploitation of 

such molecules has lagged behind other research areas (partly due to the issue of patents 

on aptamer technologies370, 371).  Finally, more than two decades after their initial 

conception369, 372, 373, aptamers are emerging as promising research tools.   

 

1.4.1 Early development and SELEX 

 

In the early 1990s, Szostak and Ellington pioneered the in vitro selection method that was 

first  used to isolate specific binding aptamers for small organic dyes369.  Two further 

groups372, 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 used in vitro mutation, selection and amplification methods to 

isolate RNA oligonucleotides able to cleave DNA372.  The Gold group used rounds of selection 

and amplification to identify sequences required for binding T4 DNA polymerase, and 
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subsequently coined the term SELEX; Systemic Evolution of Ligands by Exponential 

Enrichment373. The process essentially works as a paradigm of Darwinian evolution (Figure 

1.17).  In vitro selection experiments can be carried out with double stranded DNA (dsDNA), 

single stranded DNA (ssDNA) or RNA, as well as synthetic nucleic-acid-like polymers 

(termed xeno-nucleic acids, XNA)374.  In the remainder of this thesis, the term aptamer will 

refer to selected RNA molecules, unless otherwise stated. 

The SELEX procedure has remained largely unaltered since its conception, but various 

improvements and optimisation over the years means that the process is now highly 

efficient and extensively automated375, 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 a random region to generate structur al 

diversity , and two fixed flanking regions to allow primer-based amplification (Figure 1.17 

aɊȢ  4ÈÅ υ  ÒÅÇÉÏÎ ÍÕÓÔ ÁÌÓÏ ÅÎÃÏÍÐÁÓÓ Á 4χ 2.! ÐÏÌÙÍÅÒÁÓÅ ÐÒÏÍÏÔÅÒ ÓÅÑÕÅÎÃÅ ÔÏ ÁÌÌÏ× 

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 acid library is 4N 

(where N is the length of the random region).  In a typical in vitro selection experiment, the 

maximum number of molecules that can be handled is ~ 1015 (ref 377).  Therefore a library 

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

ÔÏ ÐÒÏÍÏÔÅ ÔÈÅ 2.! ÍÏÌÅÃÕÌÅȭÓ ÆÏÌÄÉÎÇ ÉÎÔÏ ÆÕÎÃÔÉÏÎÁÌ ÃÏÎÆÏÒÍÁÔÉÏÎÓȟ ÔÈÅ ÒÁÎÄÏÍ region 

may need to be longer than this and libraries are typically 30-60 nucleotides in length377.  

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

in these experiments, 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 naïve pool 

may arise via mutation in the later rounds377. 

Once the initial pool is designed and synthesised, it is incubated with the target entity and 

sequences which bind 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 

chromatography360.  High affinity aptamers have also been isolated using Surface plasmon 

resonance (SPR) to isolate sequences with the slowest off-rates378, 379, and capillary 

electrophoresis has also been used380.  Bound species are then eluted and amplified to give 

an enriched pool of molecules for further iterations of the protocol.  Typical numbers of 

SELEX rounds are between 10 and 20(ref 360) although high-affinity sequences have been 



INTRODUCTION 

 

42 
 

shown to be isolated from a single round of in 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.  The Ellington group were first to automate the SELEX process376, 383 

such that it is now possible to isolate high affinity aptamers in a matter of days, when 

previously it could take several months383.   

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

chemical or physical factors384.  Therefore, a key area of improvement in aptamer 

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

modifications designed to stabilise the molecules and extend their lifetime in 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 blood-borne nucleases384.  

3ÕÂÓÔÉÔÕÔÉÏÎÓ ÍÁÄÅ ÁÔ ÔÈÅ ςᴂ-position of pyrimidines are effective at reducing degradation 

rates385, 386 and therefore introduction  of ς-ÆÌÕÏÒÏ ɉς &Ɋȟ ς-ÁÍÉÎÏ ÁÎÄ ς-O-methyl 

pyrimidines is a method commonly used to increase the stability of aptamers384, 387-395.  The 

ÕÓÅ ÏÆ τ  ÔÈÉÏ ÐÙÒÉÍÉÄÉÎÅÓ ÈÁÓ ÁÌÓÏ ÂÅÅÎ ÒÅÐÏÒÔÅÄ396, as well as a number of modifications to 

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 might alter the structure 

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

from modified nucleotides, a method that was made possible through the advent of mutant 

polymerases that allow the incorporation of these bulkier substrates during enzymatic 

steps406, 407.  A further, elegant approach to generate nuclease-resistant aptamers is through 

the use of L-ÒÉÂÏÓÅ ÂÁÓÅÄ ÎÕÃÌÅÏÔÉÄÅÓȟ ÔÏ ÇÅÎÅÒÁÔÅ ÂÉÏÓÔÁÂÌÅ ȰÓÐÉÅÇÅÌÍÅÒÓȱ408.  As nucleases 

are faithfully stereospecific409, they confer effective resistance.  However, because RNA 

polymerases will not function with enantiomers of the natural D-ribose, 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, wild-type target 
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of interest and display identical properties408.  The major limitation with this approach is 

that it is only applicable to smaller targets.   

 

 

 

Figure 1.17 Schematic overview of the SELEX protocol.  (a)  A degenerate nucleic acid 

library is designed with a central random stretch of nucleotides, flanked by two constant 

primer regions for PCR amplifiÃÁÔÉÏÎȢ  4ÈÅ υ primer region contains a T7 RNA polymerase 

promoter sequence to allow in vitro transcription of the degenerate pool in the case of RNA 

aptamer selection.  (b)  Basic outline of a single SELEX round.  The naïve nucleic acid pool is 

incubated with the target molecule (i)  which are then partitioned (ii)  to remove lower 

affinity species (iii) .  Bound species are then eluted (iv)  and amplified (v)  for further 

iterations of the protocol.  Typically 10-20 rounds are performed before sequencing of the 

enriched library and aptamer characterisation.  Figure redrawn and adapted from360. 
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Figure 1.18 Aptamer modificiations.  Structure of an RNA oligonucleotide with the sites of 

common modifications used to increase nuclease resistence, indicated.   

 

Bioavailability is another key problem that has required optimisation, in order to establish 

aptamer technologies as suitable as in vivo diagnostic or therapeutic tools.  The 

susceptibility of small polynucleotides towards rapid renal clearance can be avoided with 

chemical modifications to increase their size, including the attachment of polyethylene-

glycol (PEG)393, 410-413, cholesterol414, biotin-streptavidin 415 or lipoproteins 416, all of which 

have been demonstrated.  Unconjugated aptamers have been shown to clear from the mouse 

circulatory system within 5-10 minutes, whereas PEG-aptamer conjugates have shown 

circulatory retention up to 24 h387.   

Innovations in the SELEX protocol have also enabled improvements in aptamer specificities 

and isolation of aptamers with specific properties, thereby expanding the repertoire of 
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aptamer functions.  Toggle-SELEX introduces related targets through alternating cycles, to 

broaden the range of specificities between species417, 418.  Photo-SELEX has been shown to 

improve binding affinities by UV-induced crosslinking of light sensitive nucleotides419 and 

tailored-SELEX can be implemented to create shorter aptamer sequences using ligation and 

cleavage of primer s, before and after amplification.  The latter methodology is 

advantageous, as shorter aptamers are more amenable to chemical synthesis and therefore 

more applicable in various downstream applications, owing to the reduced cost of 

production420.  Using traditional SELEX methodology, aptamers are typically >80 

nucleotides long377 and require further processing to be suitable for large-scale production.  

This is usually achieved by identification of the minimal sequence required for recognition, 

post-ÓÅÌÅÃÔÉÏÎȟ ÁÎÄ ÖÁÌÉÄÁÔÉÏÎ ÔÈÁÔ ÔÈÅ ÁÐÔÁÍÅÒ ȰÆÒÁÇÍÅÎÔȱ ÒÅÔÁÉÎÓ ÉÔÓ ÆÕÎÃÔÉÏÎȢ  2ÅÃÅÎÔÌÙȟ 

selections have been carried out using living cells, termed cell-SELEX421.  This method 

involves selection of aptamers against cell surface biomarkers, avoiding the need for 

purification of targets or even prior knowledge into the identity of the 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 able to form tight and specific interactions with theoretically any target, therefore 

they are likely to work via antagonistic mechanisms, through interactions with cellular 

proteins and subsequent disruption of native protein-protein interactions or other 

functions.  Indeed, many aptamers selected to bind specific proteins have been shown to 

inhibit their function 422-427. For an aptamer to be an effective antagonist, high specificity and 

affinity are required to maintain a prolonged interaction, as well as a long half-life 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 have also been found to display agonist-like activity.  For 

example, aptamers selected against the human epidermal growth factor receptor 3 (HER3), 



INTRODUCTION 

 

46 
 

a type I receptor tyrosine kinase, were shown to promote oligomerisation of the receptors, 

leading to inhibition of phosphorylation428.   

 

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 RNA delivered via these 

routes is readily distributed to target cells429.  Although aptamer degradation and clearance 

is inevitable, repeat administration 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 liver414.  Tagging aptamers directly with lipoproteins, specific to other cell 

types, is another attractive strategy430.   

If the aptamer target is intracellular, delivery across the membrane is a further 

consideration and potential challenge.  The negative charge of oligonucleotides means that 

they do not readily cross the anionic cell membranes431.  However, a number of options are 

available, including liposome vesicle transport and the use of viral vectors427, 432, 433.  Indeed, 

aptamers themselves have been used to facilitate delivery of siRNA for RNA interference, 

through conjugation of aptamer sequences specific for certain cell-surface receptors431, 434, 

435.  Viral vector systems can also be utilised in delivering sequences to be endogenously 

produced withÉÎ ÔÈÅ ÃÅÌÌ ÏÆ ÉÎÔÅÒÅÓÔȟ ÔÅÒÍÅÄ ȰÉÎÔÒÁÍÅÒÓȱ432.  The technique works by 

transfection of cells with a retroviral vector that encodes the aptamer sequence, leading to 

long-term expression of the aptamer in situ.   

 

1.4.3.1.2 Aptamers vs. antibodies  

 

Aptamers can be thought of much in the same way as monoclonal antibodies; owing to the 

similarities in affinity and specificities achievable by aptamers and antibodies, the two 

recognition molecules are often directly compared361.  Antibodies are undoubtedly one of 

the most useful reagents in both therapeutics and research, with four of the top ten 

biopharmaceuticals being monoclonal antibodies, worth more than $24 billion in US sales 
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alone436.  They do, however, have several limitations, where aptamers could provide a safer 

and more convenient alternative361.  Firstly, unlike the tradit ional methods of antibody 

production, no organisms are required for the simple, in vitro selection of oligonucleotide 

aptamers.  Once a single, functional aptamer sequence has been isolated and optimised for 

clinical use, aptamers can be produced chemically in a readily scalable process.  On the other 

hand, antibodies are produced biologically in a process that is more difficult to scale-up 

×ÉÔÈÏÕÔ ÁÄÖÅÒÓÅ ÅÆÆÅÃÔÓ ÔÏ ÔÈÅ ÐÒÏÄÕÃÔÓȭ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃÓ ÁÎÄ ×ÈÅÒÅ ÖÉÒÁÌ ÏÒ ÂÁÃÔÅÒÉÁÌ 

contamination can effect product quality361.  

One of the major advantages of nucleic acid technologies, over antibodies as therapeutics, 

is that RNA elicits no immunogenic response, which has been shown to limit the suitability 

of immunotherapy in some instances, through the emergence of unwanted side effects, such 

as inflammation437.  There has been no evidence of antibodies being generated in response 

to synthetic nucleotides362, nor problems arising from an innate immune response, that has 

previously been associated with recognition of viral  RNAs438, 439.  Any possibility of these 

issues occurring is eliminated in aptamer therapy via modifications to 2  nucleotides, which 

have been shown to abolish any Toll-like Receptor responses440.   

Aptamers are generally much smaller than antibodies (Figure 1.19), which is advantageous 

due to their  increased availability to biological compartments and efficiency of entry384.  It 

also means that aptamers are often able to target molecules that might be otherwise 

inaccessible to antibodies, owing to steric hindrance364.  An example of this was seen when 

researchers attempted to target the interaction between HIV-1 viral coat protein gp120 and 

the host cell receptor CD4 and its associated co-receptor CCR5, which are hijacked during 

viral entry 441, 442.  The CCR5 binding site on gp120 was shown to be inaccessible to 

antibodies, due to occlusion by an adjacent hypervariable region441.  However, an RNA 

aptamer specific for the co-receptor binding region was able to access the obscured epitope 

and neutralise infectivity442, 443.  This further indicates that aptamers could demonstrate a 

wider range of functionalities than antibodies.  In addition, some methods of antibody 

development are limited in the ability to use negative selection pressure, which is simple to 

incorporate during in vitro selection of aptamers.  This could mean that aptamers have the 

potential to be more selective than antibodies.  They can also be used in instances where a 

target is unavailable to antibodies, owing to problems with expression in a functional, 

recombinant form, such as cell-surface receptors.  Development of aptamer technologies, to 

extend or improve the work of antibodies, therefore, is an exciting prospect that may 

advance areas of research where antibodies have previously failed. 
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Figure 1.19 A comparison of aptamer and antibody size.  Space filling models depicting the 

estimated sizes of an antibody (human IgG) compared to a 17 residue anti-thrombin DNA 

aptamer397.  Figure taken with permission from 364. 

 

1.4.3.1.3 Aptamers in the clinic  

 

In 2004 the first RNA aptamer-based drug was approved for use by the Food and Drug 

administration (FDA), to treat age-related macular degeneration (AMD), the major cause of 

blindness and visual impairment in the elderly444.  Pegaptanib, known commercially as 

-ÁÃÕÇÅÎΆȟ is an RNA oligonucleotide which works to inhibit binding of VEGF165 to its 

receptor and therefore antagonises its pro-angiogenic effects.  This RNA aptamer was 

initially selected from a ς & ÐÙÒÉÍÉÄÉÎÅ ÌÉÂÒÁÒÙ ×ÉÔÈ Á σπ ÎÕÃÌÅÏÔÉÄÅ ÒÁÎÄÏÍ ÒÅÇÉÏÎ (N30)410 

(78 nucleotide total length) and truncated to 27 nucleotides to decrease synthesis costs 

(Figure 1.20)Ȣ  4ÈÅ ς-ribo purines were ÒÅÐÌÁÃÅÄ ×ÉÔÈ ς-O-methyl modified purine to 

ÉÎÃÒÅÁÓÅ ÎÕÃÌÅÁÓÅ ÒÅÓÉÓÔÁÎÃÅȟ Á σ  ÔÅÒÍÉÎÁÌ ÃÁÐ ɉ3'-3'-linked deoxythymidineɊ ÔÏ ÒÅÄÕÃÅ σ-

exonuclease-mediated ÄÅÇÒÁÄÁÔÉÏÎ ÁÎÄ Á υ  ÌÉÎËÅÄ τπ Ë$Á 0%' ÍÏÉÅÔÙȟ ×ÈÉÃÈ ÉÎÃÒÅÁÓÅs the 

inhibition of VEGF function in mouse models, probably through prolonged tissue residence 

and plasma half-life410.  Pegaptinib is administered once every 6 weeks and works to 

ameliorate the loss of vision that results from aberrant angiogenesis in AMD445.   
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Figure 1.20 Sequence and predicted secondary structure of Pegaptinib.  ς-O-methyl 

modified purines are highlighted red ÁÎÄ ς & ÍÏÄÉÆÉÅÄ ÐÙÒÉÍÉÄÉÎÅÓ ÁÒÅ ÈÉÇÈÌÉÇÈÔÅÄ ÂÌÕÅȢ  

5ÎÍÏÄÉÆÉÅÄ ÒÉÂÏÎÕÃÌÅÏÔÉÄÅÓ ÁÒÅ ÓÈÏ×Î ÉÎ ÂÌÁÃËȢ  4ÈÅ ÐÏÓÉÔÉÏÎ ÏÆ ÔÈÅ υ  τπ Ë$Á 0%' ÍÏÉÅÔÙ 

ÁÎÄ ÔÈÅ σ  ÔÅÒÍÉÎÁÌ ÃÁÐ ÁÒÅ ÉÎÄÉÃÁÔÅÄȢ  &ÉÇÕÒÅ ÔÁËÅÎ ÆÒÏÍ 393. 

 

Currently, several other aptamer based therapeutics are in the process of clinical evaluation, 

targeting proteins involved in disorders including several cancers, type II diabetes and 

pathologies associated with blood clotting dysfunction and stroke (reviewed in 361, 446, 447 

Table 1.2).  Aptamer technologies are also becoming a popular methodology in anti-viral 

intervention  and, although an anti-viral aptamer has yet to be approved for clinical trials, it 

is an active area of research (reviewed in 448).  The host-viral interface is an increasingly 

popular aptamer target as nucleic 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 targets for 

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 entry443, 449  

and replication450, 451.  Overall, although aptamer therapies are in their infancy in 

comparison to immunotherapeutic approaches, their versatile and adaptable technologies 

suggest aptamers have great potential to become attractive tools in the clinic. 
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Aptamer name 
(Company)  

Condition targeted  Current status  

0ÅÇÁÐÔÁÎÉÂȾ -ÁÃÕÇÅÎΆ 
(Pfizer/Eyetech) 

Age-related macular 
degeneration (AMD) 

Approved in the US and EU 

E10030 (Ophthotech) 
Age-related macular 
degeneration (AMD) 

Awaiting Phase III 

ARC1905 (Ophthotech) 
Age-related macular 
degeneration (AMD) 

Phase I 

RB006 (Regardo 
Biosciences) 

Coronary artery disease Awaiting Phase III 

ARC1779 (Archimex) 6ÏÎ 7ÉÌÌÅÂÒÁÎÄȭÓ disease Awaiting Phase III 
NU172 (Nuvelo/ARCA 

Biopharma) 
Coronary artery disease Phase II 

ARC19499 (Archimex) Haemophilia 
Phase I/II (status 

uncertain) 

AS1411 (Antisoma) 
Renal cell carcinoma/non-

small cell lung cancer 
Awaiting Phase III 

NOX-A12 (Noxxon Pharma) Tumour Phase II 
NOX-E36 (Noxxon Pharma) Type II diabetes Phase IIa 

Table 1.2 Current status of aptamers undergoing clinical trials.  Table reproduced and 

adapted from 447.   

 

1.4.3.2  Diagnostics and biosensors  

 

The versatility of nucleic acid aptamer technologies has meant that aptamers are beginning 

to play increasingly important roles in a range of diagnostic applications, from disease 

diagnosis via imaging, detection of diseased cells in tissues and serum and in the discovery 

of novel biomarkers452-454.  Aptamers have also been shown to function as sensors in 

environmental and food analyses, and even in the detection of biological terrorism threat 

agents455. 

The high affinity and specificity achievable with aptamers make them ideal diagnostic 

reagents.  The simple chemistries involved in conjugating dyes or functional groups to allow 

detection is also an advantageous feature of aptamers.  For example, fluorescently-labelled 

nucleotides could be incorporated for confocal microscopy or 2-photon imaging, Cy5-

tagged nucleotides for near infrared imaging, as well as 18F or 19F labelling for PET and MRI 

approaches, respectively.  Importantly, aptamers are also rapidly cleared from the 

bloodstream, leading to sensitive detection with high target to background ratios452.  As 

mentioned for therapeutic applications, modifications be can optimised for better 

biodistribution and clearance.   
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Development of aptamers as imaging reagents has been especially successful in cancer 

research456-460 but other disease processes have also been studied461-463.  Imaging tumours 

via selective delivery of radionucleotides has been demonstrated464, which is particularly 

useful, as residual radioactive aptamers are rapidly cleared and excreted, avoiding toxicity 

to normal tissues that has been shown to result from the slow clearance of radioactive 

antibodies464.  Aptamers conjugated to contrast reagents for magnetic resonance imaging 

(MRI) have also been developed for specific tumour detection459 as well as activatable 

fluorescent aptamers465 and quantum dot conjugates460.  Fluorescence-based imaging 

reagents are especially versatile, as ligand-induced conformational changes can be 

exploited to induce fluorescence resonance energy transfer (FRET), differential fluorescent 

dye binding or quenching360.  A recent report of an activatable aptamer imaging probe that 

targets a membrane protein on the surface of human leukemic cells465 is especially 

innovative in that the optical signal is quenched in the unbound state, but upon ligand 

binding, a conformational rearrangement in the aptamer dissociates the quencher from the 

fluorophore.  With the development of automated high-throughput isolation of aptamers 

and the relative simplicity in chemical modifications that allow sensitive detection, large 

scale diagnostic arrays should be feasible with these reagents466. 

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 ones452.  

Aptamers have already become a useful tool in detecting diseased cells in tissue sections 

and even in trace amounts in the bloodstream.  For example, an RNA aptamer that targets 

the cell-surface epidermal growth factor receptor (EGFR), which is upregulated in a number 

of cancers467, has been used to quantitate the number of diseased cells in the serum by 

capture on a surface468.  Coupling fluorescently labelled aptamers with flow cytometry has 

also been used to detect a variety of cancer cells from mixed cells in media469, 470 and with 

some optimisation could be extended to detection in ex vivo samples.  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 other disease processes.  However, the clear advantages 

of aptamer technologies over antibodies and other traditional diagnostic reagents, should 

mean that aptamers could become valuable tools 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 cell-based assays, much like 

antibodies.  Their key advantages over antibodies could again lead to greater, more specific 

detection abilities, with broader applications360.  By utilising aptamers that disrupt protein 

interactions, it would be possible to dissect and characterise cellular pathways.  The 

exquisite recognition capabilities of aptamers could also be used to probe specific protein 

structures, involved in various disease processes. 

Another obvious use for these highly specific and high affinity molecules as a laboratory 

reagent is as an affinity purification medium.  Several examples of the use of aptamers in a 

laboratory setting already exist471-474, one notable example being the use of an anti-selectin 

aptamer to purify a selectin-receptor protein directly from Chinese hamster ovary cells471.  

This methodology is said to achieve 15,000 fold purification in a single step.  Aptamers, 

therefore, could provide major advantages in these applications, owing to the high level of 

discrimination demonstrated between closely related species.  Indeed, an aptamer 

purification method was employed to isolate D-arginine-vasopressin from its L-enantiomer, 

which was shown not to associate to the aptamer-derivatised medium472.  Also, tag-cleavage 

steps are not required for these single step methods leading to potentially greater product 

recovery360. 

In summary, aptamer technologies have already demonstrated enormous potential in a 

variety of applications.  Although these tools are gaining momentum in some research fields, 

namely cancer research and virology, they have been slow to emerge in other areas.  With 

recent technological innovations, including rapid and stringent selection strategies, the 

future for aptamer research is bright, and these promising reagents should finally begin to 

take their place in the clinical 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 disorders, such 

as Creutzfeldt-Jakob Disease (CJD) in humans, Bovine Spongiform Encephalopathy (BSE) in 

cattle and Scrapie in sheep475.  The conversion of the normal cellular prion protein (PrPC), a 

predominantly ɻ-helical isoform, to an abnormal ɼ-sheet rich amyloidogenic variant (PrPSc), 

is thought to lead to the pathogenesis of these disorders.  Selections against various 

assemblies of PrP represent some of the most successful cases of anti-amyloid aptamers.  In 

one example, Rhie et al.476 ÄÅÍÏÎÓÔÒÁÔÅÄ ÓÅÌÅÃÔÉÏÎ ÏÆ ςF-pyrimidine -modified RNA 

aptamers (116 nucleotides total length, with an N60 randomised region) against purified, 

scrapie associated fibrils (SAF) isolated from hamster brain; a preparation therefore 

containing a range of PrP conformations associated with infectivity.  The lead aptamer, SAF-

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

= 23.4 ± 1.2 nM) and cross-reacted with a related, ɼ-sheet rich oligomeric assembly, 

indicating recognition of a consistent epitope conserved between the amyloid forms.  In 

contrast, the relative affinity of the RNA for ÔÈÅ ɻ-helical form (PrPC) was much reduced (10-

fold higher Kd).  This finding was explained through the identification of two distinct RNA 

binding sites between the PrP isoforms.  These included a non-specific RNA binding site in 

the unstructured N-ÔÅÒÍÉÎÕÓȟ ×ÈÉÃÈ ÁÌÓÏ ÅÎÃÏÍÐÁÓÓÅÄ Á ȰÈÉÎÇÅ-ÒÅÇÉÏÎȱ ɉÒÅÓÉÄÕÅÓ ωπ-110) 

×ÈÉÃÈ ÉÓ ÏÃÃÌÕÄÅÄ ÉÎ ÔÈÅ ɻ-form.  The aptamer was also shown to inhibit the accumulation 

ÏÆ ÔÈÅ ÐÒÏÔÅÉÎÁÓÅ + ÒÅÓÉÓÔÁÎÔ ɼ-sheet rich assemblies (PrPres).  Later work by the group477 

built on these original findings by determining the minimum structural elements required 

ÔÏ ÍÁÉÎÔÁÉÎ ÁÐÔÁÍÅÒ ÒÅÃÏÇÎÉÔÉÏÎ ÁÎÄ ÓÐÅÃÉÆÉÃÉÔÙ ÔÏ ÔÈÅ ɼ-rich variants (Figure 1.21 a.ii.); 

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 systems, from their ability to avidly and specifically bind a range of 

amyloid assemblies, their inhibitory potential and their utility in probing conformational 

differences between amyloid structures.   

Other examples of anti-prion aptamers mainly target the helical isoform391, 478, 479.  In one 

such example391 ς &-amino-pyrimidine -modified aptamers were raised, from an N40 

library, against a short fragment of full-length PrP (residues 90-141) which is thought to be 
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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 PrPSc formation in a prion-infected cell line.  

 

 

 

Figure 1.21 Examples of anti-prion (PrP) aptamers.  (a)  Predicted secondary structures of 

aptamer SAF-93 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 SAF-93, named SAF-93(1-60).  Figures 

adapted from Sayer et al.477.  (b)  The proposed secondary structure of aptamer DP7.  Figure 

adapted from391. 
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1.4.4.2  ɼ2-microglobulin  aptamers  

 

ɼ2-ÍÉÃÒÏÇÌÏÂÕÌÉÎ ɉɼ2m) is the amyloidogenic protein associated with Dialysis-related 

amyloidosis (DRA), a disorder in which aberrant aggregation of this folded monomer leads 

to the accumulation of fibrillar  deposits in the joints of patients undergoing long-term 

haemodialysis482.  Bunka et al.483 demonstrated RNA aptamers able to recognise a range of 

ɼ2m 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 aptamers, which were raised from an 

N60 randomised RNA library with no modifications (predicted secondary structure of WL-

2, an anti-WL fibril aptamer  shown in Figure 1.22 b), were also shown to cross-react with 

fibrils from other amyloidogenic precursors, including ex vivo assemblies of ɼ2m and 

lysozyme, isolated from patients with the respective amyloidoses.  The work supports the 

idea that amyloid species formed from a number of unrelated peptide precursors share 

common structural features, which can be targeted by aptamer ligands, and that raising 

aptamers to synthetic amyloid formed in vitro, can be directly relevant to the isolation of 

aptamers against in vivo, disease-associated fibrils. 

More recently, an RNA aptamer raised against monomeric ɼ2m was shown to be able to 

discriminate this target protein from its N-terminally truncated variant ɝ.φ484.  As well as 

displaying remarkable discriminatory power in this system, the aptamer B6min ɉς & 

modified 44-nucleotides (Figure 1.22 c), truncated from the 110 full length variant, which 

was selected from within an N30 library) was able to disrupt the kinetics of co-

polymerisation of the two proteins.  Co-polymerisation is a feature common to many other 

amyloid forming peptides309, 485-488, which adds significantly to the complexity of amyloid 

systems, producing further fibril polymorphs, with diverse architectures, stabilities and 

biological properties309, 485, 489.  Aptamers like the one described here, may therefore help in 

discriminating distinct amyloid species from a pool of closely-related molecules, decipher 

the underlying mechanisms of aggregation and inform the design of novel therapies and 

diagnostics.   
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Figure 1.22 Examples of anti-ɼ2m aptamers.  (a)   $ÉÓÔÉÎÃÔ ÍÏÒÐÈÏÌÏÇÉÅÓ ÏÆ ɼ2m fibrils 

imaged by negative-stain EM in the case of (i) Long-straight (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 WL-2.  Nucleotides corresponding to the 

random region are highlighted green.  Coloured arrows indicate sequence-specific 

enzymatic cleavage sites used to validate the predicted structure.  Cleavage by RNase T1 (G-

specific, red), RNase A (U and C specific, blue), S1 (single-strand specific, green) are 

indicated.  (c)   3ÅÃÏÎÄÁÒÙ ÓÔÒÕÃÔÕÒÅ ÐÒÅÄÉÃÔÅÄ ÆÏÒ "φÍÉÎȢ  ς & ÐÙÒÉÍÉÄÉÎÅÓ ÁÒÅ ÃÉÒÃÌÅÄ ÉÎ 

green.  Figures adapted from 483 and 490. 

 

1.4.4.3  !ɼ ÁÐÔÁÍÅÒÓ 

 

Several examples of aptamers raised against different  !ɼ ÁÓÓÅÍÂÌÉÅÓ ÅØÉÓÔ ÉÎ ÔÈÅ ÌÉÔÅÒÁÔÕÒÅ 

and provide indication that targeting this natively-unstructured peptide, as well as its 

various higher-order assemblies, is a distinct possibility.  The earliest example of an anti -!ɼ 

RNA aptamer was isolated by Ylera et al.491.  Here, aptamers were selected from an N70, 

unmodified RNA library, against moÎÏÍÅÒÉÃ !ɼτπȟ ÉÍÍÏÂÉÌÉÓÅÄ ÏÎ Á 3epharose support 
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resin.  Nanomolar affinity of the selected RNA aptamers was 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 pÒÏÐÅÎÓÉÔÙ ÏÆ !ɼ meant that 

aptamers had preferentially targeted aggregates formed during the immobilisation process.  

The work highlights the difficulty in aptamer selection against these highly aggregation-

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

ÌÅÁÄ ÁÐÔÁÍÅÒ ÓÅÑÕÅÎÃÅ ÆÒÏÍ ÔÈÅ ÓÅÌÅÃÔÉÏÎȟ ɼυυ (Figure 1.23 a.i.), was taken forward in the 

development of an optical imaging reagent to detect amyloid plaques492.   By use of both 

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

amyloid plaques in ex vivo human AD brain sections (Figure 1.23 a.ii.), and in vivo, in 

transgenic AD mice models.  The in vivo 2-photon imaging methodology also allowed 

ÖÉÓÕÁÌÉÓÁÔÉÏÎ ÏÆ Á ÄÉÆÆÕÓÅ ȰÈÁÌÏȱ ÏÆ ÐÏÓÉÔÉÖÅ ÓÔÁÉÎÉÎÇ ÏÎ ÔÈÅ ÐÅÒÉÐÈÅÒÙ ÏÆ ÔÈÅ ÐÌÁÑÕÅs (Figure 

1.23 a.iii. ), indicative of reactivity towards oligomeric species that often surround the 

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

indeed bind both fibrillar and oligomeric !ɼȢ   

A further example of ÁÐÔÁÍÅÒÓ ÓÅÌÅÃÔÅÄ ÁÇÁÉÎÓÔ !ɼ ÁÓÓÅÍÂÌÉÅÓ reported the potential for 

RNA to interfere with amyloidosis493.  Takahashi and colleagues expanded on previous work 

in the field by selecting unmodified RNA aptamers from an N40 naïve library, against an 

ȰÏÌÉÇÏÍÅÒÉÃ ÍÏÄÅÌȱ of !ɼ40, assembled on the surface of gold nanoparticles.  Despite the 

ÁÕÔÈÏÒȭÓ report of relatively moderate binding affinities for the target assemblies (Kd ~  10 

ʈM) two aptamers (N2 and E2 Figure 1.23 b) were able to redirect the assembly 

mechanism, by inhibiting the formation of typical fibrils .  Instead aptamer co-incubation 

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

by TEM.   

&ÉÎÁÌÌÙȟ ÁÎÏÔÈÅÒ ÓÔÕÄÙ ×ÈÅÒÅ ÏÌÉÇÏÍÅÒÉÃ ÁÓÓÅÍÂÌÉÅÓ ÏÆ !ɼτπ ×ÅÒÅ ÓÐÅÃÉÆÉÃÁÌÌÙ ÔÁÒÇÅÔÅÄ ×ÁÓ 

performed by Rahimi et al.494, where they selected RNA aptamers against a covalently-

stabilised !ɼτπ trimer.  Aptamers in this study were again unmodified, and from an N49 

RNA library, and were reported to contain a high G-content, however no sequences were 

given.  The authors found that upon characterisation of individual selected aptamer 

sequences, the RNA displayed no affinity for the trimeric or other low-molecular weight 

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

(KM33 and KM41) were also shown to associate with a panel of further fibrils from 

numerous precursors, incÌÕÄÉÎÇ !ɼτςȟ ÌÙÓÏÚÙÍÅȟ 0Ò0ɉ106-126), IAPP, calcitonin and 
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insulin.  This work again indicates a conserved structural motif common between many 

amyloid assemblies.      

 

 

Figure 1.23 Examples of anti-!ɼτπ aptamers.  (a. i.) The predicted secondary structure of 

ɼυυȢ  4ÈÅ ÎÕÃÌÅÏÔÉÄÅÓ ÃÏÒÒÅÓÐÏÎÄÉÎÇ ÔÏ ÔÈÅ ÐÒÉÍÅÒ ÒÅÇÉÏÎÓ ÁÒÅ ÂÏØÅÄȢ  2ÅÇÉÏÎÓ ÃÏÎÓÅÒÖÅÄ 

between this aptamer sequence and other related sequences from motif analysis of the 

selected pool are circled.  (ii)   Confocal imaging of a human AD brain section stained with 

biotinylated-ɼυυ ÒÅÄ ÁÎÄ ÓÈÏ×ÉÎÇ ÃÏ-localisation with amyloid-specific dye Thio-S (green).  

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

1 h after topical application of fluorescein-ÌÁÂÅÌÌÅÄ ɼ55.  Scale bar: 20 µm.  (b)   Predicted 

secondary structures of N2 and E2 aptamers with randomised regions in bold.  Images are 

adapted from 491-493. 
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1.4.4.4  Other anti -amyloid aptamers  

 

In addition to the RNA aptamers selected against the above amyloid assemblies, there are 

some examples of DNA aptamers ÒÁÉÓÅÄ ÁÓ ÁÎÁÌÙÔÉÃÁÌ ÔÏÏÌÓ ÁÇÁÉÎÓÔ ɻ-syn495, 496 (associated 

×ÉÔÈ 0ÁÒËÉÎÓÏÎȭÓ ÄÉÓÅÁÓÅɊ ÁÎÄ ÔÈÅ 3ÕÐσυ ÙÅÁÓÔ ÐÒÉÏÎ497Ȣ  )Î ÔÈÅ ÃÁÓÅ ÏÆ ɻ-syn, aptamers were 

ÒÁÉÓÅÄ ×ÈÉÃÈ ÓÅÌÅÃÔÉÖÅÌÙ ÂÏÕÎÄ ÏÌÉÇÏÍÅÒÉÃ ɻ-syn assemblies over the natively-unstructured 

monomer495 despite selection against a supposedly monomeric solution.  A later study by 

the same group496 isolated further DNA aptamers this time against soluble oligomers ÏÆ ɻ-

syn, which also displayed cross-reactivity with  ÐÒÅÆÉÂÒÉÌÌÁÒ ÁÓÓÅÍÂÌÉÅÓ ÏÆ !ɼ40.  Similarly, 

DNA aptamers raised against Sup35 fibrils497 were able to bind to various other aggregated 

states, including the SDS-insoluble Sup35 aggregates isolated directly from yeast cells and 

two further amyloid aggregates formed from murine PrP(90-231) and a 103Q poly-Q 

expanded variant of huntingtin.    

Overall, although there are relatively few examples of anti-amyloid aptamers represented 

in the literature, the studies published indicate that aptamers could indeed play an 

important role in dissecting these mysterious disease systems, sensitively detecting and 

characterising the distinct structures involved, and potentially interfering with 

pathogenesis.   
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1.5 Aims of this thesis  

 

!ÌÚÈÅÉÍÅÒȭÓ ÄÉÓÅÁÓÅ ɉ!$Ɋ ÒÅÐÒÅÓÅÎÔÓ ÏÎÅ ÏÆ ÔÈÅ ÇÒÅÁÔÅÓÔ ÈÅÁÌÔÈ ÃÈÁÌÌÅÎÇÅÓ ÏÆ ÏÕÒ ÇÅÎÅÒÁÔÉÏn.  

There is an urgent need for novel therapies, diagnostics and further insights into the 

processes underlying this disorder, and other amyloid diseases alike.  The aim of this study, 

therefore, was to harness the power of RNA aptamer technologies in these endeavours.  The 

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

number of assemblies of the Aɼ40 peptide.  A small cohort of individual aptamer sequences, 

isolated from each of the selection pools would be assessed for their target binding affinity, 

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

ÁÆÔÅÒ ÃÏÎÆÉÒÍÁÔÉÏÎ ÏÆ ÔÈÅ ÁÐÔÁÍÅÒÓȭ ÁÖÉÄÉÔÙ ÁÎÄ ÓÐÅÃÉÆÉÃÉÔÙ ÆÏÒ ÔÈÅÉÒ Ï×Î ÔÁÒÇÅÔ ÁÓÓÅÍÂÌÉÅÓȟ 

could the project proceed to address 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 the in vitro selection of RNA aptamers against 

both monomeric Aɼτπ and the two well-characterised and structurally distinct fibrillar 

assemblies from Tycko et al.103-105 2A and 3Q (Section 1.3.4.3).  The resultant enriched pools 

were sequenced with next generation methodology, isolating ~106 possible binding 

sequences for each of the structures.  A thorough bioinformatic analysis 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 anti-monomer aptamers, 

with emphasis on the challenges in optimising suitable techniques to study binding to this 

small, aggregation prone peptide, in its monomeric form.  Chapter 5 covers the 

characterisation of the anti-fibril aptamers and the extent of their specificity for their 

cognate fibril morphologies.  Upon the discovery that RNA aptamers display generic cross-

ɼ ÓÅÌÅÃÔÉÖÉÔÙȟ ÔÈÅ ÆÏÃÕÓ ÓÈÉÆÔÓ ÔÏ ÐÒÏÂÉÎÇ ÔÈÅ ÓÔÒÕÃÔÕÒÁÌ ÅÌÅÍÅÎÔÓ ÒÅÓÐÏÎÓÉÂÌÅ ÆÏÒ ÔÈÅ ÌÁÃË ÏÆ 

binding specificity, in the context of both amyloid structure, RNA sequence and comparison 

to another generic amyloid-binding polyanion, heparin.  Finally, despite a lack of 

discrimination between amyloid assemblies, some practical uses for aptamers as imaging 

reagents or inhibitors are described. 
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2 Materials and methods  

2.1 Materials  

 

2.1.1 Technical equipment  

 

Equipment       Manufacturer  

Centrifuges  

Avanti J-26 XP Centrifuge    Beckman Coulter, Brea, CA, USA 
GenFuge 24D Centrifuge    Progen Scientific, London, UK 
MiniSpin plus F-45-12-11    Eppendorf, Hauppauge, 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 AE-6200  ATTO, Tokyo, Japan 
Standard Power Pack P25    Biometra, Goettingen, Germany 
OmniPAGE Maxi system    Geneflow, Staffordshire, UK 
 
Protein purification equipment  

ÄKTAprime plus     GE healthcare, Little Chalfont, UK 
SuperdexÊ 75 GL 10/300 gel filtration column GE healthcare, Little Chalfont, UK 
SuperdexÊ Peptide 10/300 GL gel filtration column  GE healthcare, Little Chalfont, UK 
HiLoad SuperdexÊ 75 26/60 gel filtration column  GE healthcare, Little Chalfont, UK 

Fluorometer  

Photon Technology International fluorometer  Ford, West Sussex, UK 
 
Spectrophotometer  

UltroSpec 2100 pro UV/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    BMG Labtech, Aylesbury, Bucks, UK 
NEPHELOstar Galaxy laser-based nephelometer  BMG Labtech, Aylesbury, Bucks, UK 
CLARIOstar plate reader    BMG Labtech, Aylesbury, Bucks, UK 
EnVision 2013 Multilabel plate reader   Perkin Elmer, Waltham, MA, USA 
 
Microscopes  

JEOL JEM-1400 Transmission Electron Microscope  JEOL Ltd., Tokyo, Japan 
Zeiss LSM 700 Confocal microscope   Zeiss, Oberkochen, Germany 
 
Mass spectrometer  

Synapt high definition mass spectrometry (HDMS) quadrupole-time-of-flight mass 
spectrometer (Micromass UK Ltd., Waters Corpn., Manchester, UK), equipped with a 
Triversa automated nano-electrospray ionisation (ESI) interface (Advion Biosciences, 
Ithaca, USA) 
 
Other equipment  

Biacore 3000 Surface Plasmon Resonance  GE healthcare, Little Chalfont, UK 
Monolith NT.115 Microscale Thermophoresis   NanoTemper, Munich, Germany 
Soniprep 150 Ultrasonic Disintegrator   MSE, London, UK 
Corning Costar 3881 96-well plate    Corning Life Sci, The Netherlands 
Corning 3575 384-well plate    Corning Life Sci, The Netherlands 
Grant JB1 Unstirred Waterbath   Grant Instruments, Shepreth, UK 
InGenius Gel Documentation System   Syngene, Cambridge, UK 
Jenway 3020 Bench pH Meter    Bibby Scientific, Stone, UK 
Series 2100 Media Autoclave    Prestige Medical, Minworth, UK 
SnakeSkin Pleated Dialysis Tubing; 3,500 MWCO Thermo Scientific, Surrey, UK 
Techne Dri-Block Heater DB-2A   Bibby Scientific, Stone, UK 
Heto PowerDry PL3000 Freeze drier   Thermo Scientific, Surrey, UK 
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2.1.2 Chemicals 

 

A  
Acrylamide, 30% (w/v): 0.8% (w/v) bisacrylamide  Severn Biotech, Kidderminster, UK 
Acetonitrile      Fisher Scientific, Loughborough, UK 
Agar       Melford Laboratories, Suffolk, UK 
Ampicillin       Formedium, Norfolk, UK 
Ammonium acetate     Sigma Life Sciences, St. Louis, USA 
Ammonium bicarbonate    Sigma Life Sciences, St. Louis, USA 
Ammonium persulphate, APS    Sigma Life Sciences, St. Louis, USA 
Ammonium sulphate     Thermo Scientific, Surrey, UK 
 
B  
Benzamidine      Sigma Life Sciences, St. Louis, USA 
Bromophenol blue     Sigma Life Sciences, St. Louis, USA 
 
C  
Calcium chloride     Melford Laboratories, Suffolk, UK 
Carbenicillin      Formedium, Norfolk, UK 
Chloramphenicol      Sigma Life Sciences, St. Louis, USA 
Chloroform:isoamyl alcohol    Sigma Life Sciences, St. Louis, USA 
Congo red      Sigma Life Sciences, St. Louis, USA 
  
D  
DEPC-treated H2O     Severn Biotech, Kidderminster, UK 
Dimethyl sulphoxide, DMSO    Sigma Life Sciences, St. Louis, USA 
1,2-Dithiothreitol, DTT     Formedium, Norfolk, UK 
DNase I (bovine)     Sigma Life Sciences, St. Louis, USA 
 
E  
Ethanol      Fisher Scientific, Loughborough, UK 
Ethidium bromide (EtBr)    Sigma Life Sciences, St. Louis, USA 
Ethylenediaminetetraacetic acid, EDTA  Sigma Life Sciences, St. Louis, USA 
 
G  
Glutamax      Invitrogen, Paisley, UK 
Glycerol      Fisher Scientific, Loughborough, UK 
Glycogen      Thermo Scientific, Surrey, UK 
Guanidinium HCl     Fisher Scientific, Loughborough, UK 
 
H  
Hellmanex      Sigma Life Sciences, St. Louis, USA 
Heparin (LMW)     Iduron, Manchester, UK 
1,1,1,3,3,3 Hexafluoro-2-propanol (HFIP)  Sigma Life Sciences, St. Louis, USA 
Hyaluronic acid dp8     Iduron, Manchester, UK 
Hydrochloric acid, HCl     Fisher Scientific, Loughborough, UK 
 
I  
)ÓÏÐÒÏÐÙÌ ɼ-D-1-thiogalactopyranoside, IPTG  Melford Laboratories, Suffolk, UK 
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L  
LB broth, granulated     Melford Laboratories, Suffolk, UK 
Lysozyme      Sigma Life Sciences, St. Louis, USA 
 
M  
Magnesium acetate     BDH Laboratory Supplies, Poole, UK 
Magnesium chloride, MgCl2    Sigma Life Sciences, St. Louis, USA 
Manganese chloride tetrahydrate   Sigma Life Sciences, St. Louis, USA 
3-(N-morpholino)propanesulphonic acid (MOPS) Sigma Life Sciences, St. Louis, USA 
 
N 
Niad-4       ChemShuttle, China  
     
 
P 
Phenol:CHCl3 (5:1, pH 4.5)    Ambion, UK 
Phenylmethanesulfonyl fluoride (PMSF)  Fisher Scientific, Loughborough, UK 
Phosphate buffered saline (PBS)   Thermo Scientific, Surrey, UK  
 
R 
RNAse inhibitor (murine)    New England Biolabs, Herts, UK 
 
S  
Sodium azide, NaN3     Sigma Life Sciences, St. Louis, USA 
Sodium borate, Na2B4O7    Sigma Life Sciences, St. Louis, USA 
Sodium chloride, NaCl     Fisher Scientific, Loughborough, UK 
Sodium dodecyl sulphate, SDS    Sigma Life Sciences, St. Louis, USA 
Sodium hydroxide, NaOH    Fisher Scientific, Loughborough, UK 
Sodium phosphate dibasic, Na2HPO4   Sigma Life Sciences, St. Louis, USA 
Sodium phosphate monobasic, NaH2PO4  Sigma Life Sciences, St. Louis, USA 
Sodium sulphate, Na2SO4    Sigma Life Sciences, St. Louis, USA 
Spermidine      Sigma Life Sciences, St. Louis, USA 
 
T  
Tetramethylethylenediamine (TEMED)  Sigma Life Sciences, St. Louis, USA 
Thioflavin T      Sigma Life Sciences, St. Louis, USA 
Trifluoroacetic acid     Fisher Scientific, Loughborough, UK 
Tris-(hydroxymethyl) -aminomethane (Tris)  Melford Laboratories, Suffolk, UK 
Trypsin EDTA      Sigma Life Sciences, St. Louis, USA 
Tween-20      National Diagnostics, Atlanta, USA 
 
U 
Uranyl acetate      Sigma Life Sciences, St. Louis, USA 
Urea       MP Biomedicals, UK 
 
Y 
Yeast inorganic pyrophosphatase   Sigma Life Sciences, St. Louis, USA 
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2.1.3 Antibiotics, markers and dyes  

 

Antibiotic  Solvent 
Stock 

solution 
(mg/mL)  

Working 
concentration 
ɉʈÇȾÍ,Ɋ 

Sterilisation  

Ampicillin  
0ÕÒÉÔÅ ρψ -ɱ 

H2O 
100 100 

Filter sterilised 
ÔÈÒÏÕÇÈ πȢς ʈÍ 

filter  
Carbenicillin 

0ÕÒÉÔÅ ρψ -ɱ 
H2O 

100 100 

Chloramphenicol 
100% (v/v) 

ethanol 
25 25 

Table 2.1 Antibiotics used in this study. 

 

Marker  Manufacturer  

Mark 12ϰ Protein Standard Invitrogen, Paisley, UK 

Precision Plus Proteinϰ Dual Xtra 
Standards 

Bio-Rad, Hemel Hempstead, UK 

10 bp DNA ladder Invitrogen, Paisley, UK 

Table 2.2 DNA and protein markers used in this study. 

 

Dye Manufacturer  

GelPilot DNA Loading dye, 5 x QIAGEN, Crawley, UK 

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

Instant Blue Stain Expedeon Protein Solutions, UK 

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

Severn Biotech Ltd, UK 

Table 2.3 Dyes used in this study. 
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2.1.4 Kits  

Kit  Manufacturer  

QIAquick PCR purification kit QIAGEN, Crawley, UK 

Wizard ® Plus SV Minipreps DNA 
purification system 

Promega, Southampton, UK 

RNA Clean and Concentratorϰ-5 Zymo Research, Irvine, CA, USA 

Illustra Microspin G-25 columns GE healthcare, Little Chalfont, UK 

PD10 desalting columns GE healthcare, Little Chalfont, UK 

Illustra NAP5 columns GE healthcare, Little Chalfont, UK 

KAPA2G Robust PCR kit Kapa Biosystems, London, UK 

(É3ÃÒÉÂÅΆ 4χ (ÉÇÈ 9ÉÅÌÄ 2.! synthesis 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 

Luria-Bertani (LB) Media 

10 g Bacto-tryptone 
5 g Yeast extract 

10 g NaCl 
 

Made up to 1 L in Purite 10 Mʍ H2O 
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  Components 

2 x SDS reducing loading buffer 

50 mM Tris- HCl, 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-HCl, pH 8.25 

200 mM Tricine 

0.2% (w/v) SDS 

SDS PAGE anode buffer 400 mM Tris-HCl, 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 

&ÉÂÒÉÌ ÆÏÒÍÁÔÉÏÎ ÂÕÆÆÅÒ ɉ!ɼτπȾ!ɼρφ-22) 
25 mM sodium phosphate, 
 0.01% (w/v) NaN3, pH 7.5 

&ÉÂÒÉÌ ÆÏÒÍÁÔÉÏÎ ÂÕÆÆÅÒ ɉɻ-synuclein) 
20 mM Tris-HCl 
100 mM NaCl 

0.01% (w/v) NaN3, 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. coli XL1ɀBlue  (Stratagene, Cambridge, UK) 

endA1 gyrA96(nalR) thi -1 recA1 relA1 lac glnV44 F'[::Tn10 proAB+ lacIq ɝɉÌÁÃ:Ɋ-ρυɎ 

hsdR17(rK- mK+) 

 

E. coli $(υɻ (Invitrogen, Paisley, UK) 

F- endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG ɮψπÄlacZɝ-ρυ ɝɉlacZYA-argF)U169, 

hsdR17(rK- mK+Ɋȟ ʇɀ 

 

E. coli BL21 (DE3) pLysS (Stratagene, Cambridge, UK) 

F- ompT gal dcm lon hsdSB(r B- mB-Ɋ ʇɉ$%σɊ Ð,ÙÓ3ɉÃÍR) 

 

E. coli BL21 (DE3) (Stratagene, Cambridge, UK) 

Fɀ ompT gal dcm lon hsdSB(r B- mB-Ɋ ʇɉ$%σ ɍÌÁÃ) lacUV5-T7 gene 1 ind1 sam7 nin5]) 

 

2.2.2 Preparation of competent E. coli cells 

 

A 10 mL culture of the desired E. coli strain 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 37 °C, 200 

rpm, until the OD600 reached 0.4 - 0.45.  Cells were centrifuged in a pre-chilled rotor at 1,400 

x g, 4 °C for 10 min and the pellet resuspended in 10 mL of sterile, pre-chilled 100 mM CaCl2.  

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

4 °C.  The pellet was then resuspended in 2 mL of 100 mM CaCl2, 30% (v/v) glycerol and 

ÄÉÖÉÄÅÄ ÉÎÔÏ ρππ ʈ, ÆÒÁÃÔÉÏÎÓ ÁÎÄ ÆÒÏÚÅÎ ÏÎ ÄÒÙ ÉÃÅȢ  #ÏÍÐÅÔÅÎÔ ÃÅÌÌÓ ×ÅÒÅ ÓÔÏÒÅÄ ÁÔ -80 °C. 
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2.2.3 Transformation and cultivation of E. coli cells 

 

Plasmid DNA (50 ɀ 200 ng) was added to 50 µL thawed, competent cells and incubated on 

ice for 30 min, with occasional, 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 µL 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 20 - 200 µL was spread on 

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

 

2.2.4 Preparation of plasmids  

 

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

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

200 rpm agitation).  Cells were pelleted at 4000 x g and plasmid DNA was extracted using 

Wizard® Plus SV miniprep DNA purificÁÔÉÏÎ ËÉÔȟ ÁÃÃÏÒÄÉÎÇ ÔÏ ÔÈÅ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ 

instructions.  DNA was eluted in sterile, nuclease-free H2O, 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 µg/mL dsDNA498.  DNA was sequenced by Beckman Coulter Genomics 

sequencing service using universal T7 promoter primers.  

 

2.2.5 Plasmids 

 

0ÌÁÓÍÉÄÓ ÅÎÃÏÄÉÎÇ 74 !ɼτπ ɉÐ%43ÁÃ, Appendix 7.1.1) were kindly provided by Dr. Sara 

Linse (Lund University, Sweden) and Prof. Dominic Walsh (Harvard Institute of Medicine, 

USA).   

Ð%4ςσÁ ÐÌÁÓÍÉÄ ÅÎÃÏÄÉÎÇ ɻ-synuclein were provided by Prof. Jean Baum (Department of 

Chemistry and Chemical Biology, Rutgers University, NJ, USA). 



MATERIALS AND METHODS 

 

70 
 

4ÈÅ ÐÌÁÓÍÉÄ ÅÎÃÏÄÉÎÇ +ρφ! !ɼτπ ×ÁÓ ÃÒÅÁÔÅÄ ÆÒÏÍ ÔÈÅ ÁÂÏÖÅ !ɼτπ ÐÌÁÓÍÉÄ ÂÙ ÓÉÔÅ-

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  

 

2.3.1 %ØÐÒÅÓÓÉÏÎ ÁÎÄ ÐÕÒÉÆÉÃÁÔÉÏÎ ÏÆ !ɼτπ 

 

2.3.1.1  %ØÐÒÅÓÓÉÏÎ ÏÆ ÒÅÃÏÍÂÉÎÁÎÔ !ɼτπ 

 

Buffer  Composition  

10 x Buffer A 
100 mM Tris-HCl 

10 mM EDTA 
pH 8.5 

1 x Buffer A 1:10 dilution of 10 x Buffer A in H2O 

Inclusion body denaturant 8 M Urea in 1 x Buffer A 

Table 2.7 "ÕÆÆÅÒÓ ÕÓÅÄ ÉÎ !ɼτπ ÐÕÒÉÆÉÃÁÔÉÏÎȢ 

 

",ςρ ɉ$%σɊ Ð,ÙÓ3 ÃÅÌÌÓ ×ÅÒÅ ÔÒÁÎÓÆÏÒÍÅÄ ×ÉÔÈ ÐÌÁÓÍÉÄ ÅÎÃÏÄÉÎÇ !ɼτπ as described 

(Section 2.2.3).  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 baffled, conical flasks.  Ampicillin (100 µg/mL) was added to each 

flask before incubation at 37 °C, with 200 rpm agitation, until an optical density (OD600) of 

0.5 was reached.  Protein expression was induced with the addition of filter-sterilised 

ÉÓÏÐÒÏÐÙÌ ɼ-D-1-thiogalactopyranoside (IPTG) at a final concentration of 0.5 mM.  Cultures 

were then further incubated until OD600 reached a plateau and cells reached steady state 

(approx. 3.5 h, typical OD600 ~ 1.2).  Cells were harvested by centrifugation at 6000 x g (4 °C 

for 15 min) and pellets were pooled and resolubilised in 25 mL H2O, before storage at -20 °C.  

Optimisation of this protein expression protocol is described in Section 3.3. 
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2.3.1.2  )ÓÏÌÁÔÉÏÎ ÁÎÄ ÌÙÓÉÓ ÏÆ ÉÎÃÌÕÓÉÏÎ ÂÏÄÉÅÓ ÃÏÎÔÁÉÎÉÎÇ !ɼτπ 

 

2.5 mL of 10 x Buffer A (4 °C) was added to the 25 mL cell suspension from Section 2.3.1.1 

to establish a 1 x Buffer A solution.  DNase (~0.5 mg), phenylmethanesulfonyl fluoride 

(PMSF, 1 mM) and benzamidine (2 mM) were added to the suspension and stirred at 4 °C 

for 1 h.  The solubilised pellets were passed through a blunt-end syringe needle (Terumo 

Global Pharmaceutical Solutions, NJ, USA) to further homogenise, before sonication for 30 s 

(9.5 mm probe, 10 µm amplitude).  The homogenate was centrifuged at 30,000 x g, 15 min 

at 4 °C, and supernatant removed.  The pelleted inclusion bodies were resolubilised in 1 x 

Buffer A and the sonication ɀ 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 

ÂÅÆÏÒÅɊ ÁÎÄ ÔÈÅ ÓÕÐÅÒÎÁÔÁÎÔȟ ÎÏ× ÃÏÎÔÁÉÎÉÎÇ ÓÏÌÕÂÉÌÉÓÅÄ !ɼτπȟ ×ÁÓ ÃÏllected and diluted 1 

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

 

2.3.1.3  Anion exchange purification  

 

!ÎÉÏÎ ÅØÃÈÁÎÇÅ ÐÕÒÉÆÉÃÁÔÉÏÎ ÏÆ !ɼτπ was performed in batch format to avoid problems 

ÁÓÓÏÃÉÁÔÅÄ ×ÉÔÈ !ɼ ÁÇÇÒÅÇÁÔÉÏÎ ÄÕÒÉÎÇ ÃÏÌÕÍÎ ÃÈÒÏÍÁÔÏÇÒÁÐÈÙ499.  All buffers used in this 

stage of the purification were pre-cooled to 4 °C.  35 mL of Q-Sepharose 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 purification was set up in a 250 mL Büchner funnel, with Whatman 1 filter 

paper, fitted to a vacuum glass bottle and vacuum pump.  The resin was washed twice with 

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

x 50 mL washes of 1 x Buffer A containing 125 mM NaCl.  Finally, high-salt (1 x Buffer A plus 

250 mM NaCl) and high-salt plus urea (1 x Buffer A plus 250 mM NaCl, 8 M urea) fractions 

were applied to the resin to remove any remaining protein species.  Each eluate was stored 

at 4 °C to avoid aggregation before dialysis. 3,500 MWCO dialysis tubing was prepared 

ÁÃÃÏÒÄÉÎÇ ÔÏ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ ÉÎÓÔÒÕÃÔÉÏÎÓȢ  !ɼτπ-containing fractions were dialysed against 

50 mM ammonium bicarbonate, with a total 4 x 5 L changes over 24 h.  Fractions were then 

lyophilised to concentrate the semi-purified peptide.  



MATERIALS AND METHODS 

 

72 
 

2.3.1.4  Size exclusion chromatography (SEC)  

 

,ÙÏÐÈÉÌÉÓÅÄ !ɼτπȟ ÐÕÒÉÆÉÅÄ ÐÁÒÔÉÁÌÌÙ ÂÙ ÁÎÉÏÎ ÅØÃÈÁÎÇÅ ÃÈÒÏÍÁÔÏÇÒÁÐÈÙȟ ×ÁÓ ÒÅÓÏÌÕÂÉÌÉÓÅÄ 

in 10 mL of 50 mM Tris-HCL, pH 8.5, containing 7 M guanidinium -HCl.  The solution was 

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

connected to an ÄKTA prime LC system, in 5 mL batches.  The column was pre-equilibrated 

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

was eluted.  The ÄKTA programme used is outlined in Table 2.8.  !ɼτπ was eluted in a single 

peak at approximately 180 mL.  All SEC was performed at 4 °C.  Typical yields from this 

!ɼτπ ÐÒÅÐÁÒÁÔÉÏÎ ×ÁÓ τ ÍÇȾ, ÃÕÌÔÕÒÅȢ 

 

Breakpoint (mL)  
Flow rate 
(mL/min)  

Fraction size (mL)  
Injection valve 

position  

0 2 0 Load 

4 2 0 Inject 

20 2 0 Load 

50 2 4 Load 

360 2 0 Load 

362 End 

Table 2.8 ?+4! ÐÒÏÇÒÁÍÍÅ ÆÏÒ ÓÉÚÅ ÅØÃÌÕÓÉÏÎ ÃÈÒÏÍÁÔÏÇÒÁÐÈÙ ÏÆ !ɼτπȢ 

 

2.3.1.5  Sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE) 

 

A Tris-Tricine buffered SDS-PAGE system was used to monitor protein expression and 

ÐÕÒÉÆÉÃÁÔÉÏÎ ÁÓ ÉÔ ×ÁÓ ÄÅÅÍÅÄ ÍÏÓÔ ÓÕÉÔÁÂÌÅ ÆÏÒ ÒÅÓÏÌÖÉÎÇ ÓÍÁÌÌÅÒ ÐÅÐÔÉÄÅÓ ÓÕÃÈ ÁÓ !ɼ ɉ!ɼτπ 

= 4458 Da).  The two-layered gel system was constructed from two glass plates, separated 

ÂÙ Á ρȢυ ÍÍ ÓÐÁÃÅÒȟ ÁÃÃÏÒÄÉÎÇ ÔÏ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ ÉÎÓÔÒÕÃtions.  Components for the resolving 

and stacking portions of the gel are outlined in Table 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 4/5th of the gel plates.  200 µL of H2O 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 buffer (Table 2.6) and boiled for 5 min, 

before centrifugation for 10 min at 16,000 x g.   

 

Component  
Volume for resolving gel 

(mL)  
Volume for stacking gel 

(mL)  

30% (w/v) acrylamide:0.8% 
(w/v) bis acrylamide  

7.50 0.83 

3M Tris-HCl, 0.3% (w/v) 
SDS, pH 8.45 

5.00 1.55 

H2O 0.44 3.72 

Glycerol 2.00 - 

10% (w/v) ammonium 
persulphate (APS) 

0.10 0.20 

Tetramethylethylenediamine 
(TEMED) 

0.01 0.01 

Table 2.9 Components of a Tris-tricine  buffered SDS-PAGE gel.  Volumes stated to cast two 

8 x 10 cm mini-gels, with a 1.5 mm spacer. 

 

For analysis of whole cell lysates, 1 mL samples were centrifuged at 16,000 x g for 15 min 

and the supernatants removed.  100 µL of loading buffer was added directly to the pellet, 

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

SDS PAGE was carried out with cathode buffer (Table 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 end of the gel.   

Gels were stained (Table 2.3) for 15 min, before de-staining in H2O for a minimum of 1 h 

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

 

2.3.2 %ØÐÒÅÓÓÉÏÎ ÁÎÄ ÐÕÒÉÆÉÃÁÔÉÏÎ ÏÆ ɻ-synuclein  

 

Wild-ÔÙÐÅ ɻ-ÓÙÎÕÃÌÅÉÎ ɉɻ-syn) was expressed in BL21 DE3 E. coli cells 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 2.3.1.1), in the presence of 100 µg/mL 

carbenicillin.  Cells were incubated at 37 °C for 4 h, prior to induction with 0.5 mM IPTG at 

an approximate OD600 = 0.6.  Protein was expressed for 5 h post-induction, before harvesting 

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

Pellets were resuspended in 25 mM Tris-HCl, pH 8.0 lysis buffer, containing 100 µg/mL 

lysozyme, 50 µg/mL PMSF and 20 µg/mL DNase.  The pellet was then homogenised and 

disrupted by french press (30,000 psi), before heating to 80 °C in a water bath for 10 min.  

The homogenate was then centrifugated (30,000 x g, 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 centrifuged at 30,000 x g 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 Tris-HCl, 

pH 8.0 for anion exchange. 

The partÉÁÌÌÙ ÐÕÒÉÆÉÅÄ ɻ-syn was loaded onto a 500 mL Q-Sepharose anion exchange column 

with a 20 mM Tris- HCl, pH 8.0 mobile phase.  Protein was eluted with a linear gradient of 

500 mM NaCl and monitored by absorbance at 280 nm.  Fractions ÃÏÎÔÁÉÎÉÎÇ ɻ-syn were 

analysed by SDS-PAGE, dialysed against 50 mM ammonium bicarbonate and lyophilised. 

Semi-purified protein from anion exchange purification was resuspended in 20 mM sodium 

phosphate, pH 7.5, and loaded onto a HiLoadϰ 26/60 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 was stored at ɀ 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 Beer-Lambert equation (Equation 2.1 ).  Extinction coefficients at 

280 nm ( 2ʁ80) were calculated from the peptide sequence in ProtParam500 and are given in 

Table 2.10.  Path length (l) is 1 cm.  

 

ὃςψπ ‐ ὧὰ 

 

Equation 2.1 

The identity of recombinantly expressed protein was assessed by electrospray ionisation 

mass spectrometry (ESI-MS) analysis.  Any ESI-MS analyses in this thesis were performed 

by Dr. James Ault, MS Facility, School of Molecular and Cellular Biology, University of Leeds. 

 

2.3.4 Acquisition of other peptides  

 

!ɼρφ-22 was prepared by automated solid-phase peptide synthesis and kindly provided by 

Dr. George Preston and Prof. Andrew Wilson (School of Chemistry, University of Leeds).  

#Ãɼ-p was synthesised and provided by Dr. Kevin Tipping (School of Molecular and Cellular 

Biology, University of Leeds). 

+ρφ! !ɼτπ ×ÁÓ ÅØÐÒÅÓÓÅÄ ÁÎÄ ÐÕÒÉÆÉÅÄ ÁÃÃÏÒÄÉÎÇ ÔÏ ÔÈÅ 74 !ɼτπ ÐÒÏÔÏÃÏÌ ɉSection 2.3.1) 

3ρςω# ɻ-synuclein labelled with a TMR-maleimide fluorescent label (Invitrogen) was made 

by Dr. Matthew Jackson (School of Molecular and Cellular Biology, University of Leeds), 

expressed and purified accordiÎÇ ÔÏ ÔÈÅ 74 ɻ-synuclein protocol (Section 2.3.2) and 

ÌÁÂÅÌÌÅÄ ÁÃÃÏÒÄÉÎÇ ÔÏ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ ÉÎÓÔÒÕÃÔÉÏÎÓ ɉ)ÎÖÉÔÒÏÇÅÎɊȢ 

Recombinantly expressed L3F Im7 was made and purified by Dr. Alice Bartlett (School of 

-ÏÌÅÃÕÌÁÒ ÁÎÄ #ÅÌÌÕÌÁÒ "ÉÏÌÏÇÙȟ 5ÎÉÖÅÒÓÉÔÙ ÏÆ ,ÅÅÄÓɊȢ  2ÅÃÏÍÂÉÎÁÎÔÌÙ ÅØÐÒÅÓÓÅÄ ɼ2m was 

made and purified by Dr. Claire Sarell (School of Molecular and Cellular Biology, University 

of Leeds). 

Sequences of all major proteins used in this thesis, and their properties, are given in Table 

2.10. 
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Peptide  Sequence 
Production 

method  

Molecular 
Weight 

(Da) 

Extinction 
coefficient 
( 2ʁ80/M -1 

cm-1) 

!ɼτπ 
MDAEFRHDSGYEVHHQKLVF
FAEDVGSNKGAIIGLMVGGVV 

Recombinantly 
expressed 

4458 1490 

!ɼρφ-22 Ac-KLVFFAE-NH2 Synthetic 853 - 

#Ãɼ-p Ac-SIRELEARIRELEARIG-NH2 Synthetic 2011 - 

ɻ-
synuclein 

MDVFMKGLSKAKEGVVAAAE
KTKQGVAEAAGKTKEGVLYVG
SKTKEGVVHGVATVAEKTKEQ
VTNVGGAVVTGVTAVAQKTVE
GAGSIAAATGFVKKDQLGKNE
EGAPQEGILEDMPVDPDNEAY

EMPSEEGYQDYEPEA 

Recombinantly 
expressed 

14460 5960 

L3F Im7 

MEHHHHHHEFKNSISDYTEAE
FVQLLKEIEKENVAATDDVLD
VLLEHFVKITEHPDGTDLIYYP
SDNRDDSPEGIVKEIKEWRAA

NGKPGFKQG 

Recombinantly 
expressed 

10881 9970 

ɼ2m 

MIQRTPKIQVYSRHPAENGKS
NFLNCYVSGFHPSDIEVDLLKN
GERIEKVEHSDLSFSKDWSFYL
LYYTEFTPTEKDEYACRVNHV

TLSQPKIVKWDRDM 

Recombinantly 
expressed 

11862 20065 

Table 2.10 Amino acid sequences and properties for the proteins used in this thesis.  

Recombinant peptides contain an additional N-terminal Methionine.  Chemically 

synthesised peptides are both N-terminally acetylated and C-terminally amidated. 

 

2.4 Fibril formation and characterisation  

 

2.4.1 3ÅÅÄÅÄ !ɼτπ ÆÉÂÒÉÌ ÆÏÒÍÁÔÉÏÎ 

 

/ÒÉÇÉÎÁÌ !ɼτπ seed stocks of both 2A and 3Q fibril morphologies were kindly provided by 

Dr. Robert Tycko (NIH, Bethesda, USA).   

!ɼτπ seeds 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 

ρπ АÍɊ ÏÎ ÉÃÅȢ  ,ÙÏÐÈÉÌÉÓÅÄ !ɼτπ peptide was dissolved at 0.9 mg/mL in the 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 sonicated for 5 s (microprobe, 10 µm 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. 

 

2.4.2 De novo !ɼτπ ÆÉÂÒÉÌ ÆÏÒÍÁÔÉÏÎ 

 

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

ÍÏÒÐÈÏÌÏÇÉÅÓȟ !ɼτπ ÐÅÐÔÉÄÅ ×ÁÓ ÄÉÓÓÏÌÖÅÄ ÁÔ πȢω ÍÇȾÍ, ÉÎ ÆÉÂÒÉÌ ÆÏÒÍÉÎÇ ÂÕÆÆÅÒ ɉTable 2.6) 

and aliquotted into 100 µL 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 laser-based Microplate nephelometer (BMG 

LABTECH, Germany) as an incubator, for 18 h. Fibril formation was monitored by 

nephelometry. 

 

2.4.3 3ÅÅÄÅÄ ɻ-synuclein fibril formation  

 

Fibrils formed as seed stocks were made by incubatioÎ ÏÆ σππ А- ɻ-synuclein, in 20 mM 

Tris-HCl, 100 mM NaCl, 0.01% (w/v) NaN3 , pH 7.5 buffer, in 500 µL final volumes in 1.5 mL 

Eppendorf tubes.  Samples were agitated constantly at 600 rpm on a Thriller thermoshaker 

incubator (Peqlab).  After 1 week of elongation, 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 reactions were set up with the addition of 10% (v/v) pre-formed seed at a final 

protein concentration of 200 µM, in 20 mM Tris-HCl, 100 mM NaCl, 0.01% (w/v) NaN3, 

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 TMR-ÌÁÂÅÌÌÅÄ 3ρςω# ɻ-syn for live-cell imaging studies were made in 

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

experiments. 

 

2.4.4 !ɼρφ-22 fibril formation  

 

!ɼρφ-22 fibril reactions were set up by dilution of a 20 mM peptide stock in 100% (v/v) 

DMSO to 400 µM final concentration in 25 mM sodium phosphate, pH 7.0.  The mixture was 

vortexed briefly to ensure homogeneity and incubated at room temperature for a minimum 

of 15 days, without agitation. 

 

2.4.5 #Ãɼ-p fibril formation  

 

A 10 mM peptide stock in 100% (v/v) DMSO was diluted to 200 µM final concentration in 

phosphate buffered saline (PBS) and incubated at 37 °C, without agitation, for 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 µL of sample was loaded onto a carbon coated copper specimen grid 

(Agar Scientific Ltd, UK) and left for 30 s, before blotting against filter paper.  2 x 10 µL drops 

of H2O were loaded to briefly wash the grid, before blotting again and staining with 10 µL 

2% (w/v) uranyl acetate, for 30 s.  The grid was then finally blotted and allowed to dry 

completely.  Images were captured with a Jeol JEM 1400 Transmission Electron Microscope, 

120 kV. 
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2.4.7 Fibril yield determination by SDS -PAGE 

 

40 µL fibril samples were centrifuged at 16,000 x g 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 buffer (Table 2.6).  Pellets were resolubilised 

in 40 µL of 25 mM sodium phosphate, pH 7.5, and also diluted in loading buffer.  20 µL of 

each sample were analysed by SDS PAGE (Section 2.3.1.5) along with 20 µL of whole fibril 

sample (pre-centrifugation) as a reference. 

 

2.4.8 Fibril yield determination by calibrated high performance 

liquid chromatography (HPLC)  

 

&ÉÂÒÉÌ ÙÉÅÌÄ ÆÏÒ ÓÍÁÌÌÅÒ ÐÅÐÔÉÄÅ ÆÒÁÇÍÅÎÔÓ ɉÃÃɼ-ÐȾ!ɼρφ-22) was estimated with HPLC 

analysis of the remaining soluble fraction after centrifugation of fibril samples.  A calibration 

curve was constructed from 5 µL injections of reference solutions (200, 100 and 50 µM of 

monomeric peptide stock in 100% DMSO) onto a C18 reverse phase column (Phenomenex 

ɀ HPLC performed by Mr Martin Huscroft, School of Chemistry, University of Leeds).  

Separation was monitored with UV absorbance at 210 nm and peak area of each calibrant 

was plotted as a function of concentration.  200 µL fibril samples were separated into 

soluble and insoluble fractions via centrifugation at 16,000 x g for 20 min.  The top 100 µL 

of supernatant was removed and frozen over solid CO2 and lyophilised.  Peptide material 

was then resuspended in 100 µL 100% HFIP, sonicated for 10 s (Soniprep 150, micro probe, 

10 µm amplitude) and incubated at room temperature for 1 h.  The sample was then 

centrifuged briefly at 16,000 x g to remove insoluble buffer salts.  The top 25 µL was 

removed and diluted into 75 µL DMSO for injection.  Peak area from 5 µL injections was 

measured at 210 nm and concentration determined from the calibration.  The value 

calculated was then corrected for 8-fold dilution during sample preparation.  Fibril yield 

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

 

 

ὣὭὩὰὨ Ϸ  
άέὰ  άέὰ

άέὰ
 ρππ 

Equation 2.2 
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2.5 Target preparation for in vitro  selection  

 

2.5.1 "ÉÏÔÉÎ ÌÁÂÅÌÌÉÎÇ ÏÆ !ɼτπ ÁÓÓÅÍÂÌÉÅÓ 

 

EZ LinkΆ NHS-LC-LC 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 

ÕÓÅȢ  4ÈÅ ÐÅÐÔÉÄÅ ÓÐÅÃÉÅÓ ÔÏ ÂÅ ÌÁÂÅÌÌÅÄ ɉ!ɼτπ ÍÏÎÏÍÅÒ ÏÒ ÆÉÂÒÉÌÓɊ ×ÁÓ ÄÉÓÓÏÌÖÅÄ ÉÎÔÏ ςυ mM 

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 labelling (discussed in Section 

3.4.2).  Reactions were then quenched with 1/10th volume 1 M Tris -HCl, pH 8.0, before 

buffer exchange to remove free biotin.  For ESI-MS analysis to determine labelling levels, 

dialysis with 2,000 MWCO devices (Slide-A-Lyzerϰ MINI, Thermo) was conducted against 

H2O or 100 mM ammonium acetate.  Biotinylated fibrils were pelleted at 4,000 x g, for 20 

min at room temperature, and the buffer 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 hexafluoro-2-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 N2 gas, leaving dried sample to be redissolved in 100 mM ammonium acetate, pH 

7.5, suitable for analysis by ESI-MS.  Biotinylated samples for aptamer selection were buffer 

exchanged post labelling into MOPS selection buffer (Table 2.6) via dialysis (monomer) or 

centrifugation (fibrils).  

 

2.5.2 Immobilisation of peptide species to streptavidin -coated 

microspheres  

 

300 µL streptavidin-coated microspheres (10 mg/mL Dynabeadsϰ, Dynal Biotech) were 

washed three times by magnetic partitioning for 2 min, removal of all buffer and exchange 

into the same volume of MOPS selection buffer (Table 2.6), before incubation with biotin-

modified targets.  The concentration required to saturate beads was based on the peptide 

binding capacity (400 pmol/mg ) given in the product manual.  Total protein concentration 

added was at a 20 x excess to this value, 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 peptide solution, 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 DNA polymerase to amplify 

a DNA sequence, with the addition of dNTPs and oligonucleotide primer ends.  Reactions 

×ÅÒÅ ÓÅÔ ÕÐ ÉÎ υπ ʈ, ÔÏÔÁÌ ÒÅÁÃÔÉÏÎ ÖÏÌÕÍÅÓ ÁÎÄ ÃÏÍÐÏÎÅÎÔ ÑÕÁÎÔÉÔÉÅÓ ÁÒÅ ÏÕÔÌÉÎÅÄ ÉÎ Table 

2.11. 

 

Component  Volume (µL)  Final concentration  

5 x KAPA Buffer 10 1 x 

5 x KAPA Enhancer 1 10 1 x 

KAPA dNTP mix (10 mM) 1 0.2 mM each 

Template DNA (1 µM)  1 20 nM 

Primer 1 (100 µM) 0.25 0.5 µM 

Primer 2 (100 µM) 0.25 0.5 µM 

KAPA Robust G2 Polymerase  
(5 U/µL - KAPA Bioscience) 

0.25 1.25 U 

H2O 27.75 - 

Table 2.11 Components of a typical 50 µL PCR reaction using a KAPA2G Robust PCR kit 

(Kapa Biosystems). 

 

The PCR programme used is outlined in Table 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 purification ËÉÔ ɉÁÃÃÏÒÄÉÎÇ ÔÏ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ 

instructions) and DNA eluted in nuclease-free H2O.  In cases where more concentrated PCR 

products were required for high-yield transcriptions, several PCR reactions were pooled 

and concentrated via this PCR purification method.  PCR products were analysed by native 

PAGE (Section 2.6.2) 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 in Table 2.13.  Gels were run at 300 V, for 1.5 h in a 1 x TBE running 

buffer.  Gels were stained in 0.1 µg/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 11.5 

5 x TBE 7 

H2O 16 

10% (w/v) APS 0.35 

TEMED 0.035 

Table 2.13 Components of a 10% acrylamide native PAGE gel.  Volumes 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 µL 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/ H784A T7 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, 

ÔÈÅÒÅÂÙ ÔÏÌÅÒÁÔÉÎÇ ς & ÍÏÄÉÆÉÃÁÔÉÏÎÓȢ  (χψτ! ÅÎÈÁÎÃÅÓ ÍÏÄÉÆÉÅÄ .40 ÉÎÃÏÒÐÏÒÁÔÉÏÎ ÆÕÒÔÈÅÒȟ 

by providing more space in the active site, reducing occlusion of the minor groove 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 3-end406.  
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Component  6ÏÌÕÍÅ ɉʈL) Final concentration  

10 x transcription buffer (Table 
2.6) 

5 1 x 

1 M DTT 2 40 mM 

100 mM NTP mix 
(1:1:1:1 ATP:2F CTP:GTP:2F 

UTP) 
2.5 5 mM each 

dsDNA template (from 50 µL 
PCR (Section 2.6.1) ɀ typical 

conc. 500 ng/µL)   
5 50 ng/µL 

Yeast Inorganic 
Pyrophosphatase (YIP) 

(1 U/µL)  
0.5 0.5 U 

Y639F/H784A T7 RNA 
polymerase  

(3.7 µM stock) 
5 370 nM 

DEPC-treated H2O 30 - 

Table 2.14 Components of a typical in 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, 

HiScribeϰ 4χ (ÉÇÈ 9ÉÅÌÄ 2.! 3ÙÎÔÈÅÓÉÓ ËÉÔ ɉ.%"Ɋ ×ÁÓ ÕÓÅÄȟ ÁÃÃÏÒÄÉÎÇ ÔÏ ÔÈÅ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ 

protocol. Volumes were scaled up for 50 µL 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, the nucleotide mix was 

supplemented with 1/80 th concentration of ChromaTide® Alexa Fluor® 488-5-UTP 

(Molecular Probes ɀ altered nucleotide mix given in Table 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 using Equation 2.3  and the 

correction factor for Alexa488 UTP at 2φπ ÎÍ Ѐ πȢσ ɉÏÂÔÁÉÎÅÄ ÆÒÏÍ ÔÈÅ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ 

protocol).  The absorbance maximum of Alexa488 is 493 nm.  Base: dye ratio was calculated 

using Equation 2.4  ×ÈÅÒÅ ʀdye = 62,000 M-1 cm-1 ÁÎÄ ʀbase = 8,250 M-1 cm-1.  This value was 

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

molecules/RNA molecule. 

 

ὝὶόὩὃὦί  ὃὦί ὃὦί  πȢσ  

 

Equation 2.3 

ὦὥίὩȡὨώὩ ὝὶόὩὃὦί  ‐ Ⱦὃὦί  ‐  Equation 2.4 

Components for transcription reactions are given in Table 2.16.  

 

Component  Volume (mL)  
Final molar concentration 

(mM)  

ATP 5 10 

2 F CTP 5 10 

GTP 5 10 

ςᴂ& 540 6.25 9.875 

ChromaTide® Alexa 
Fluor® 488-5-UTP 

4.94 0.125 

DEPC-treated H2O 23.81 - 

Table 2.15 Components of NTP mix for the enzymatic incorporation of Alexa488 dUTP. 
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Component  6ÏÌÕÍÅ ɉʈL) Final concentrations  

10 x transcription buffer (Table 
2.6) 

5 1 x 

1 M DTT 2 40 mM 

NTP mix (Table 2.15) 12.5 
4 x dilution mix from 

Table 2.15 

dsDNA template (from 5 x 
50 µL PCR pooled and 

concentrated (Section 2.6.1) ɀ 
typical conc. 2.5 µg/µL) 

10 500 ng/µL 

Yeast Inorganic 
Pyrophosphatase (YIP) 

(1 U/µL)  
0.5 0.5 U 

Y639F/H784A T7 RNA 
polymerase 

(3.7 µM stock) 
10 740 nM 

DEPC-treated H2O 10 - 

Table 2.16 Components of a typical 50 µL transcription reaction used in incorporation of 

Alexa488 dUTP. 

 

2.6.5.2  5  Biotin labelling of RNA  

 

4Ï ÐÒÅÐÁÒÅ υᴂ ÂÉÏÔÉÎ ÌÁÂÅÌÌÅÄ ÔÒÁÎÓÃÒÉÐÔÓȟ ÔÈÅ .40 ÍÉØ ×ÁÓ ÁÌÔÅÒÅÄ ÁÃÃÏÒÄÉÎÇ ÔÏ Table 2.17, 

×ÉÔÈ υᴂ biotin GMP.  Transcription reactions were set up according to the standard protocol 

(Section 2.6.3). 

 

Component  Volume (mL)  
Final molar concentration 

(mM)  

ATP 12.5 25 

2 F CTP 12.5 25 

GTP 3.13 6.25 

ςᴂ& 540 12.5 25 

5  Biotin GMP 9.38 18.75 

Table 2.17 Components of NTP mix for the enzymatic incorporation of 5 biotin GMP. 
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2.6.6 Alexa488 labelling of RNA via 5  amino modification  

 

υȭ ÁÍÉÎÏ ÍÏÄÉÆÉÅÄ 2.! ×ÁÓ ÆÌÕÏÒÅÓÃÅÎÔÌÙ ÌÁÂÅÌÌÅÄ ÖÉÁ ÁÎ ÁÍÉÎÅ-reactive 

ÓÕÌÆÏÄÉÃÈÌÏÒÏÐÈÅÎÏÌ ÅÓÔÅÒȢ  σ ʈ, ÏÆ Alexa Fluor® 488 5-SDP Ester (10 mM, Invitrogen) was 

ÁÄÄÅÄ ÔÏ φ ʈ, ÏÆ ςππ ʈ- υ  ÁÍÉÎÏ ÍÏÄÉÆÉÅÄ 2.! ÉÎ $%0#-treated H2/ȟ ×ÉÔÈ ρ ʈ, ρ - ÓÏÄÉÕÍ 

borate, pH 8.3.  The reaction mixture was incubated at room temperature for 4 h, with gentle 

ÁÇÉÔÁÔÉÏÎ ÏÎ Á ÒÏÌÌÅÒȢ  ρπ ʈ, ÏÆ 'ÅÌ ,ÏÁÄÉÎÇ "ÕÆÆÅÒ )) ɉ!ÍÂÉÏÎɊ ×ÁÓ ÁÄÄÅd to the mixture and 

the labelled RNA was gel purified, as described (Section 2.6.8.2). 

 

2.6.7 Denaturing polyacrylamide gel electrophoresis (Denaturing 

PAGE) 

 

RNA products were analysed (and in some cases purified (Table 2.18, Section 2.6.8.2) by 

denaturing PAGE. 

Gels were constructed from 20 x 20 mm plates with 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 

Sequagel® urea gel, National Diagnostics ɀ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ ÐÒÏÔÏÃÏÌ ÆÏÒ Á ρπϷ ÇÅÌɊ ÁÎÄ ÐÒÅ-

run at 15 W for 2 h before sample loading.  Samples were prepared with the addition of Gel 

Buffer II (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 

1.5 h and stained with 0.1 ʈÇȾÍ, %Ô"Ò ÉÎ 4"% ÂÕÆÆÅÒȢ   

 

2.6.8 RNA purification methods  

 

Transcripts were subject to DNase treatment by the addition of 1 µL of TURBOϰ DNase (Life 

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

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

subsequent application.  The purification methods used are outlined in Table 2.18. 

 



MATERIALS AND METHODS 

 

88 
 

Purification method  Application  Method  

RNA Clean resin  
(Agencourt RNAClean XP, Beckman Coulter) 

Robotic selections 
According to 
ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ 

instructions  

Phenol chloroform 
extraction/ethanol 

precipitation 
(Section 2.6.8.1) 
ÆÏÌÌÏ×ÅÄ ÂÙȣ 

Illustra microspin G-
25 column  

(GE Healthcare) 
Basic desalting 

According to 
ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ 

instructions 

RNA Clean and 
Concentrateϰ-5 
column (Zymo) 

2 OH, > 17 nt 
According to 
ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ 

instructions 

Gel extraction 
2 F, Alexa488 

labelled, high yield 
(Section 2.6.8.2) 

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 acid phenol:CHCl3 (5:1, pH 4.5, Ambion), 

vortexed for 30 s and centrifuged at 16,000 x 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), before the mixing and centrifuging process 

was repeated.   

RNA was then precipitated by the addition of 1/5th volume of 10 M ammonium acetate, 

1/100 th volume 20 mg/mL glycogen (Thermo Scientific, UK) and 2 x volume of ice cold 

ethanol.  Samples were frozen at -20 °C for a minimum of 18 h.  Precipitates were 

centrifuged for 2 h at 16,000 x g, 4 °C, and washed twice with the addition of 500 µL 70 % 

ethanol and 20 min centrifugation at 16,000 x g, 4 °C.  Pellets were dried for 10 min at 40 °C 

in a rotary evaporator and resolubilised in DEPC-treated H2O 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 Section 2.6.7, 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 10-20 µL of Gel Buffer II (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 µg/mL) made up in nuclease 

free TBE/H2O, for 10 min and de-stained briefly in water.  Bands were excised and gel 

fragments suspended in 50 µL 10 mM Tris-HCl, pH 8.5 (Buffer EB, Qiagen).  Samples were 

frozen overnight at -80 °C.  Gel fragments were then subject to repeat cycles of 2 h agitation 

on a roller at room temperature, removal of buffer containing RNA and a fresh 50 µL of EB 

applied.  This was repeated three times until a final volume of 150 µL was pooled, 

precipitated as described (Section 2.6.8.1), resolubilised in DEPC-treated H2O, and stored at 

-20 °C. 

 

2.6.9 Reverse transcription PCR (RT -PCR) 

 

Conversion of RNA products to their dsDNA precursors was conducted via reverse 

transcription, followed by PCR.  The typical reaction mixture is given in Table 2.19.  

Samples were incubated at 52 °C for 1.5 h, followed by the addition of PCR mix (Table 2.11, 

scaled up to 80 µL final volumes).  PCR was performed according to the same thermocycling 

programme described in Section 2.6.1, Table 2.12. 
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Component  Volume (µL)  Final concentrations  

RNA sample 35 - 

5 x Buffer (Transcriptor) 10 1 x 

dNTP mix (10 mM) 2 400 nM 

0ÒÉÍÅÒ ς ɉρππ  ʈ-Ɋ 1 2 µM 

DEPC-treated H2O 1 - 

Transcriptor Reverse 
Transcriptase (20 U/µL, 

Roche) 
1 20 U 

Table 2.19 Components of a typical 50 µL RT-PCR reaction using a Transcriptor Reverse 

Transcription kit (Roche). 

 

2.7 SELEX methods 

2.7.1 RNA library preparation  

 

RNA libraries were transcribed from naïve DNA library templates designed by Dr. David 

Bunka and synthesised commercially (Thermo Hybaid).  Sequences and associated primers 

are shown in Figure 2.1. 

 

 

Figure 2.1 Schematic representation of the N50 and N30 naïve DNA templates used in this 

study.  Sequences in blue correspond to the T7 promoter sequence in Primer 1 (forward) in 

both libraries. 
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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 competition elution rounds, which are 

described (Sections 2.7.4 and 2.7.5).  

The naïve 2F pyrimidine modified RNA library was transcribed as previously described 

(Section 2.6.3) and DNase treated with the addition of 4 µL DNase and 6 µL 10 x DNase 

Buffer (Promega).  RNA was purified by RNAClean XP resin (Agencourt) according to the 

ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ ÐÒÏÔÏÃÏÌȢ  !ÌÌ ÓÔÅÐs were performed in MOPS selection buffer (Table 2.6) 

unless otherwise stated.  50 µL of purified RNA was added to 50 µL 2 x MOPS selection buffer 

and incubated with 20 µL pre-washed 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 µL target beads.  Beads were partitioned again (2 min) and the 

unbound fraction was removed.  Beads were washed by sequential additions of 125 µL of 

MOPS selection buffer to partitioned beads (10 x 1 min).  Beads were then resuspended in 

35 µL DEPC-treated H2O and transferred to 200 µL PCR tubes where 40 µL 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 addition of RT 

mixture (Section 2.6.9) and PCR amplified for the next round.  DNA products were analysed 

by native PAGE (Section 2.6.2) 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 carried out 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-

immobili sed, and therefore native target conformation.  50 µL of the RNA pool was 

incubated with 50 µL of the 20 µM biotin-labelled target peptide species (which had not 

been pre-immobilised), for 15 min at 25 °C.  Calculation of the concentration of target 

species required was based on peptide binding capacity (400 pmol/mg).  The mixture was 

then added to 0.5 mg of pre-washed, un-conjugated 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 protocol (Section 2.7.2). 

 

2.7.5 Competition elution selection rounds  

 

Following standard immobilised target incubation and washing steps, described in the basic 

protocol (Section 2.7.2), aptamers with greater affinity for native, non-immobilised species 

were competed from their bead bound state with solution target challenges.  35 µL of the 

un-modified target peptide species was incubated with the beads for 10 min (25 °C, rolling).  

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 target 

(concentrations of competition solutions are given in Sections 3.5.1 and 3.5.2).  After 

removal of this second competition, 35 µL of DEPC-treated H2O 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 numbers of washes.  Alterations are summarised 

for each type of selection round in Table 2.20 . 
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Selection 
round  

Incubation 
step 

Incubation 
conditions  

Target bead volume 
(µL)  

Wash conditions  

 
Robotic rounds 1-5 

 

15 min 
25 °C 

20 
125 µL 
1 min            x 10 
25 °C 

Robotic rounds 6-10 
5 min 
37 °C 

10 
125 µL 
1 min            x 13 
25 °C 

Competition 

Target 
binding 

15 min 
25 °C 

20 
125 µL 
1 min            x 10 
25 °C 

Solution 
target 

binding 

10 min 
25 °C 

Target 
capture 

RNA:fibril 
incubation 

15 min 
25 °C 

50 
1 mL 
1 min            x 3 
25 °C 

Bead 
incubation 

30 min 
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 and base-composition 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 amalgamated into a single data file containing all raw 

sequences.  The aptamer sorting script initially searches for user-defined primer sequences, 

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

ÎÕÃÌÅÏÔÉÄÅÓ ÃÏÎÓÔÉÔÕÔÅÓ Á ȰÈÉÔȱȢ  4ÈÅ ÓÃÒÉÐÔ ÔÈÅÎ ÇÅÎÅÒÁÔÅÓ ÔÈÅ ÃÏÍÐÌÅÍÅÎÔÁÒÙ ÓÅÑÕÅÎÃÅ ÏÆ 

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 nucleotides for N50 aptamers, ± 10 for N30).  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 in the base-composition 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 ÄKTA micro system coupled to a 

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

using Wyatt Astra software (versiÏÎ φȢπɊȢ  3%# ÓÅÐÁÒÁÔÉÏÎ ×ÁÓ ÃÁÒÒÉÅÄ ÏÕÔ ×ÉÔÈ Á 3ÕÐÅÒÄÅØΆ 

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 

!ɼτπ ×ÁÓ ÄÉÓÓÏÌÖÅÄ ÉÎ ÔÈÅ ÓÁÍÅ ÂÕÆÆÅÒȟ ÔÏ Á ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÏÆ ρ ÍÇȾÍ,Ȣ  υπ ʈ, ×ÁÓ ÉÎÊÅÃÔÅÄ 

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 pre-derivatised 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) Tween20.  

Biotinylated peptide was injected at a flow rate of 10 µL/min until an appropriate response 

was achieved ɉÔÙÐÉÃÁÌÌÙ ςυ 25 ÆÏÒ !ɼτπ ɀ appropriate RU of immobilisation 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 as a 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 running buffer 

during the experiments, to reduce refractive index changes upon injection.  All assays were 

conducted at a flow rate of 10 µL/min.  Samples were injected for 300 s at 10 µL/min.  

Surfaces were regenerated with buffer containing 50 mM NaCl or 0.05% (w/v) SDS for 

subsequent sample injections.  Data were processed with BIAevaluation software (GE 

Healthcare). 
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2.8.3 Pull -down assays 

 

!ɼτπ-saturated streptavidin beads were diluted serially into MOPS selection buffer (Table 

2.6) to create a gradient of peptide concentrations.  Aptamer was added at each dilution 

point to the same final concentration (500 nM in gel-based pull-down assays, 30 nM 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 for 2 min and 

unbound RNA was aspirated off.  In pull-down 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 the Monolithϰ NT .115 Microscale thermophoresis (MST) instrument, set 

up to read fluorescence intensity only.  In gel-based pull-down assays, unbound RNA was 

removed and beads were washed three times with buffer (1 min separation on magnet, 

125 µL washes, consistent with standard SELEX conditions - Section 2.7.2).  Elution of 

bound RNA was conducted by the addition of 35 µL DEPC-treated H2O, to each sample, and 

heating to 95 °C for 5 min.  RT-PCR mixtures (Section 2.6.9) were then added directly to the 

samples to amplify all bound RNA.  Bound RNA fractions at each protein concentration were 

analysed by native PAGE (Section 2.6.2) and stained with 0.1 µg/mL EtBr in TBE (Table 2.6) 

for 5 min, before 5 min de-staining in H2O.  Images were taken using an InGenius gel 

documentation system (Syngene) and densitometry of the resultant bands was measured 

with Genetools software.   

Data were fitted, using OriginPro 8.6, to a modified Hill function (Equation 2.5 ) which takes 

into account signal change upon binding.  START is where the curve begins, END is where 

the curve ends (either higher or lower than START), ὼ is concentration of titrant, Kd is the 

dissociation constant and n is the Hill coefficient. 

 

ώ ὛὝὃὙὝὉὔὈὛὝὃὙὝ
ὼ

ὑ  ὼ
 Equation 2.5 
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2.8.4 Microscale thermophoresis (MST)  

 

A stock solution of Alexa488 labelled aptamer was heated in a PCR thermocycler 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, 

ÔÏ ÁÌÉÑÕÏÔÓ ÏÆ ÕÎÌÁÂÅÌÌÅÄ !ɼτπ ÐÅÐÔÉÄÅ ÁÔ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ranging from 12 nM to 100 µM.  

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 

Monolithϰ NT.115 MST instrument.  Excitation was 470 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 fluorescence polarisation (FP) assays in a 384-well plate format.  Pre-formed 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 

ÉÎ ÅÁÃÈ ×ÅÌÌ ×ÁÓ τπ ʈ,Ȣ  0ÏÌÁÒÉÓÁÔÉÏÎ ×ÁÓ ÍÅÁÓÕÒÅÄ ÕÓÉÎÇ Á 0ÅÒËÉÎ %ÌÍÅÒ %Î6ÉÓÉÏÎ ςρπσ 

MultiLabel plate reader (excitation 480 nm, emission 535 nm).  Polarisation was calculated 

from parallel (III) and perpendicular (I ) intensity at 535 nm using Equation 2.6 .  The G 

factor is an instrument factor set to 1.  For competition polarisation experiments, titrations 

of competitor ligands were used to dissociate 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 at varied concentrations (produced through serial dilution into buffer) 

was added to each aliquot of the complex and incubated at room temperature for 30 min.  

Aliquots were transferred to 384-well plates for detection as described above.  Assays were 

set up in triplicate.  Data were plotted as average ± SEM (n = 3) and were fitted to the Hill 

function outlined in Section 2.8.3, Equation 2.5 . 

 

ὖέὰὥὶὭίὥὸὭέὲ 
Ὅ Ὃ Ὅ

Ὅ Ὃ  Ὅ
 Equation 2.6 
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2.8.6 Niad 4 fluorometry  

 

υπ А, ÓÁÍÐÌÅÓ ÃÏÎÔÁÉÎÉÎÇ ρπ А- !ɼτπ ÁÎÄ ρπ А- .ÉÁÄ τ ÉÎ ςυ Í- ÓÏÄÉÕÍ ÐÈÏÓÐÈÁÔÅ ÂÕÆfer, 

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 CLARIOstar plate 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 of aptamer, RNA was added at a 

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

τπ ÄÉÌÕÔÉÏÎȟ ÉÎ ÌÉÎÅ ×ÉÔÈ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ ÒÅÃÏÍÍÅÎÄÁÔÉÏÎÓȢ 

 

2.8.7 Ionic strength calculation  

 

Ionic strength for the glycosaminoglycans used in this study was estimated by taking the 

number of charges on a single disaccharide unit and multiplying by the average number of 

disaccharides in the full-length polymer.  For example, LMW heparin has an average MW of 

4,600 Da, which equates to ~8 repeat units of the disaccharide (Figure 5.27 a).  Therefore, 

the net charge of LMW heparin is taken as -32 and ionic strength (I) calculated according to 

Equation 2.7 , where Ci is the molar concentration of ions and Zi is the total charge. 

 

Ὅ  
ρ

ς
ὅ ὤ  

 

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 Molecular and Cellular Biology, University of Leeds).  MTT and ATP 

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

 

SH-SY5Y cells were cultured in Dulbeccos Modified Eagles Medium (DMEM) (Sigma) 

containing phenol red (Sigma), 10% (v/v) foetal calf serum (Biosera), 1% (v/v) Glutamax 

(Invitrogen), ρππ )5ȾÍ, ÐÅÎÉÃÉÌÌÉÎ ÁÎÄ ρππ ʈÇȾÍÌ ÓÔÒÅÐÔÏÍÙÃÉÎȟ ÉÎ χυ ÃÍ3 flasks (Corning).  

Cells were incubated at 37 °C, 5% CO2 and passaged when they reached 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 96-well microplates in 200 µL 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% CO2. 1% (w/v) NaN3 was used as a positive control 

for cell death.  In the case of MTT assays, 10 µL of a 10 mg/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 formazan 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 ElÍÅÒɊ ÉÎ ÁÃÃÏÒÄÁÎÃÅ ×ÉÔÈ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ ÉÎÓÔÒÕÃÔÉÏÎÓȢ  ,ÕÍÉÎÅÓÃÅÎÃÅ 

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 (WPI-Europe FD35-100).  

Following 24 h incubation, samples were dosed with Alexa488 labelled aptamers (Section 

2.6.5.1) and 10% (monomer equivalent) TMR-labelled fibrils and incubated for a further 24 

h at 37 °C, 5% CO2.  Lysotracker deep red or Cell Mask deep red (both Life Technologies) 

were used at 100 nM and 0.5 µg/mL, respectively. Cells were washed three times with 1 mL 

phenol red-free media, prior to imaging on a Zeiss LSM 700 Confocal Microscope with a 63 x 

objective.  
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3 3ÅÌÅÃÔÉÏÎ ÏÆ 2.! ÁÐÔÁÍÅÒÓ ÁÇÁÉÎÓÔ ÁÓÓÅÍÂÌÉÅÓ ÏÆ !ɼτπ 

 

3.1 Objectives  

 

The primary aim of the work described in this thesis was to exploit the exquisite molecular 

recognition power of RNA aptamers in amyloid-forming systems; specifically in the 

selection of aptamers able to recognise different species during the aggregation of the 

amyloid-ɼ ÐÅÐÔÉÄÅȟ !4̡0.  This chapter outlines the rationale behind choosing specific A̡40 

ÁÓÓÅÍÂÌÉÅÓ ÁÓ ÓÅÌÅÃÔÉÏÎ ÔÁÒÇÅÔÓȟ ÔÈÅ ÐÕÒÉÆÉÃÁÔÉÏÎ ÏÆ ÒÅÃÏÍÂÉÎÁÎÔÌÙ ÅØÐÒÅÓÓÅÄ !ɼτπ ÐÅÐÔÉÄÅ 

and the preparation of the target assemblies.  Furthermore, the in vitro selection of RNA 

ÁÐÔÁÍÅÒÓ ÁÇÁÉÎÓÔ !ɼτπ ÆÉÂÒÉÌÓ ÁÎÄ ÔÈÅÉÒ ÐÒÅÃÕÒÓÏÒ ÍÏÎÏÍÅÒÉÃ ÐÅÐÔÉÄÅ ÉÓ ÄÅscribed. 

 

3.2 !ɼτπ ÍÏÎÏÍÅÒ ÁÎÄ ÆÉÂÒÉÌÓ ÁÓ ÔÁÒÇÅÔÓ ÆÏÒ ÁÐÔÁÍÅÒ 

selection  

 

As discussed in Section 1.2.6, the development of agents able to detect and/or treat amyloid 

disorders presents a significant problem in both academic and pharmaceutical research1, 3.  

Structural information into the process of amyloid aggregation is limited and therefore 

development of new ligands, by structure-based design, is especially challenging in these 

systems.  For this reason, an in vitro selection approach was proposed, to develop nucleic 

ÁÃÉÄ ÂÁÓÅÄ ÌÉÇÁÎÄÓ ÁÓ ÐÏÔÅÎÔÉÁÌ ÎÅ× ÔÏÏÌÓ ÉÎ ÔÈÅ ÃÏÎÔÅØÔ ÏÆ !ɼτπ ÁÇÇÒÅÇÁÔÉÏÎȢ  4ÈÅ ÁÉÍÓ ×ÅÒÅ 

to a) aid fundamental studies into the molecular mechanisms underlying the aggregation 

process, b) provide potential new diagnostic reagents and c) develop new intervention 

ÓÔÒÁÔÅÇÉÅÓ ÉÎÔÏ !ɼτπ ÁÓÓÅÍÂÌÙ ÉÎÔÏ ÁÍÙÌÏÉÄȢ  4ÈÅ ÆÉÒÓÔ ÍÁÊÏÒ ÑÕÅÓÔÉÏÎȟ ÔÈÅÒÅÆÏÒÅȟ ×ÁÓ ×ÈÉÃÈ 

of the many species involved in this highly complex system are the most appropriate 

selection targets to enable us to meet these objectives. 
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3.2.1 !ɼτπ ÍÏÎÏÍÅÒ 

 

4ÈÅ ÎÁÔÉÖÅÌÙ ÕÎÓÔÒÕÃÔÕÒÅÄ ÍÏÎÏÍÅÒÉÃ ÐÅÐÔÉÄÅ ÉÓ ÔÈÅ ÓÔÁÒÔÉÎÇ ÐÏÉÎÔ ÏÆ !ɼτπ ÁÇÇÒÅÇÁÔÉÏÎȢ  6ÉÁ 

currently poorly defined mechanisms, this unfolded monomer assembles spontaneously 

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

associated with neurodegeneration and AD126 (covered in detail in Section 1.3.4).  While the 

identity of the toxic species is hotly debated, species ranging from dimers268, through to 

larger oligomers270, 271, 501 and 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 inert monomeric state, preventing its aggregation to higher order 

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

aberrant accumulation ensues.  

-ÏÎÏÍÅÒÉÃ !ɼτπ is also an attractive selection target from a diagnostic point of view, 

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

the serum243Ȣ  !ɼτς ÌÅÖÅÌÓ ÉÎ ÔÈÅ #3& ÉÓ ÁÎ ÁÌÒÅÁÄÙ ×ÅÌÌ-established biomarker in AD, along 

with the detection of tau and phosphorylated tau347.  However, it is the general consensus 

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

>90%345) and a single definitive marker has yet to be developed359Ȣ  !ÎÁÌÙÓÉÓ ÏÆ ÔÈÅ !ɼτςȡτπ 

ratio is one common suggestion for improved AD diagnosis358, 503.  The superior recognition 

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

tools. 

 

3.2.2 !ɼτπ ÆÉÂÒÉÌÓ ÏÆ ÄÉÓÔÉÎÃÔ ÍÏÒÐÈÏÌÏÇÙ 

 

Although fibrils are often overlooked as the major toxic entity in amyloid disorders1, 124, 126, 

there remains substantial evidence that these end-point structures are interesting in the 

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

studies147, 502, 504 and they are also implicated in producing further toxic species through 

secondary processes.  These include secondary nucleation mechanisms, leading to the 

accumulation of new toxic oligomers via surface mediated catalysis77, 78 or fragmentation, 

ÁÎÄ ȰÍÏÌÅÃÕÌÁÒ ÓÈÅÄÄÉÎÇȱ ÏÆ ÔÏØÉÃ ÓÐÅÃÉÅÓ ÆÒÏÍ ÐÒÅ-formed fibrillar aggregates505.  

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

to prevent production of further toxic structures.   

3ÔÒÕÃÔÕÒÁÌ ÐÏÌÙÍÏÒÐÈÉÓÍ ÉÓ ÁÎÏÔÈÅÒ ÉÍÐÏÒÔÁÎÔ ÁÔÔÒÉÂÕÔÅ ÏÆ !ɼ ÆÉÂÒÉÌ ÆÏÒÍÁÔÉÏÎȢ  !Ó ÄÉÓÃÕÓÓÅÄ 

in Section 1.3.4.2, ÍÁÎÙ ÄÉÓÔÉÎÃÔ ÓÔÒÕÃÔÕÒÅÓ ÈÁÖÅ ÂÅÅÎ ÐÒÏÐÏÓÅÄ ÆÏÒ ÂÏÔÈ !ɼτπ ÁÎÄ !ɼτς 

fibrils 104, 105, 299.  It has also been suggested that differences in fibril structure could correlate 

with differences in pathology106.  Therefore, development of recognition molecules, able to 

distinguish between fibril structures derived from a single precursor peptide, would be 

invaluable in advancing AD diagnostics.   

4ÈÅ ς! ÁÎÄ σ1 ÓÔÒÕÃÔÕÒÅÓ ÏÆ !ɼτπ ÆÉÂÒÉÌÓ103, 105 (reviewed in Section 1.3.4.3) are ideal targets 

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 of fibril 

recognition by aptamers.  Further, evidence suggests that by producing new fibrils via 

seeded elongation, the individual morphologies are maintained, providing homogenous 

fibril samples for selection103-105.  Raising aptamers against these two fibril morphologies, 

ÂÏÔÈ ÃÏÍÐÏÓÅÄ ÆÒÏÍ !ɼτπȟ ×ÉÌl demonstrate the power of RNA aptamers as a recognition 

molecule and, if successful, will provide the first instance of ligands able to distinguish 

between different cross-ɼ containing structures of the same protein sequence. 

 

3.3 Expression and purification ÏÆ ÒÅÃÏÍÂÉÎÁÎÔ !ɼτπ 

 

4ÈÅ ÆÏÌÌÏ×ÉÎÇ ÅØÐÒÅÓÓÉÏÎ ÁÎÄ ÐÕÒÉÆÉÃÁÔÉÏÎ ÏÆ !ɼτπ ×ÁÓ ÁÄÁÐÔÅÄ ÁÎÄ ÏÐÔÉÍÉÓÅÄ ÂÁÓÅÄ ÏÎ ÔÈÅ 

published methodology outlined by Linse and colleagues499.  All optimisation was aided by 

ÈÅÌÐÆÕÌ ÄÉÓÃÕÓÓÉÏÎÓ ×ÉÔÈ $ÒȢ 4ÉÅÒÎÁÎ /ȭ-ÁÌÌÅÙ ɉ"ÒÉÇÈÁÍ ÁÎÄ 7ÏÍÅÎȭÓ (ÏÓÐÉÔÁÌȟ (ÁÒÖÁÒÄ 

Medical School, MA, USA). 

 

3.3.1 Protein expression trials  

 

4ÈÅ ÐÌÁÓÍÉÄ ÃÏÎÔÁÉÎÉÎÇ ÔÈÅ ÇÅÎÅ ÅÎÃÏÄÉÎÇ !ɼτπ ɉ0ÅÔ3ÁÃ-!ɼτπȟ Appendix 7.1.1) was 

transformed into competent BL21 (DE3) pLysS E. coli cells and grown on selective agar 

plates overnight (Section 2.2.3ɊȢ  !ɼτπ ÐÒÏÄÕÃÅÄ ÆÏÒ ÔÈÉÓ ×ÏÒË ÃÏÎÔÁÉÎÓ ÁÎ ÁÄÄÉÔÉÏÎÁÌ .-

terminal methionine to facilitate recombinant expression and it is this 41-residue product 
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ÔÈÁÔ ×ÉÌÌ ÂÅ ÒÅÆÅÒÒÅÄ ÔÏ ÁÓ !ɼτπȟ ÕÎÌÅÓÓ ÏÔÈÅÒ×ÉÓÅ ÓÔÁÔÅÄȢ  3ÉÎÇÌÅ ÃÏÌÏÎÉÅÓ ×ÅÒÅ ÕÓÅÄ ÔÏ 

inoculate overnight starter cultures (100 mL, LB media), which in turn were used to 

inoculate 12 x 1 L cultures of LB with antibiotic selection (Section 2.3.1.1) for large-scale 

protein expression.  Cells were cultured at 37 °C, 200 rpm until an optical density at 600 nm 

(OD600) = 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.  SDS-PAGE analysis was used to monitor protein expression from induced 

and un-induced samples (Figure 3.1 a). 

Protein expression levels were initially low and varied substantially between 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.  The trials 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 volume506 (Figure 3.1 b).  Another 

important factor in increasing expression was culturing the cells at 37 °C post-induction 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 

ÃÏÎÄÉÔÉÏÎÓ ×ÅÒÅ ÕÓÅÄȟ ÔÈÅÒÅÆÏÒÅȟ ÆÏÒ ÔÈÅ ÅØÐÒÅÓÓÉÏÎ ÏÆ !ɼτπ ÔÈÒÏÕÇÈÏÕÔ ÔÈÉÓ ÔÈÅÓÉÓȢ 

 

3.3.2 PÕÒÉÆÉÃÁÔÉÏÎ ÏÆ !ɼτπ 

 

The purification method also initially followed that described by Linse et al.499.  After 

successful, high level expression, cells were disrupted in Tris-HCl and subjected to several 

rounds of sonication and centrifugation, to isolate and wash the inclusion bodies containing 

!ɼτπȢ  )ÎÃÌÕÓÉÏÎ ÂÏÄÉes were then solubilised with buffer containing 8 M urea (Section 

2.3.1.2) before 1 in 4 dilution to reduce urea concentration and facilitate binding to Q 

Sepharose resin for the next stage of purification.  This inclusion body isolation was also 

optimised from that described499.  By reducing the number of sonication/centrifugation 

rounds, significant product losses were avoided, without compromising on the purity 

achieved at this stage. Figure 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 

ÓÔÅÐÓȟ ÌÅÓÓ !ɼτπ ×ÁÓ ÌÏÓÔ ×ÈÉÌÅ ÓÕÆÆÉÃÉÅÎÔ ÐÕÒÉÔÙ ×ÁÓ ÍÁÉÎÔÁÉÎÅÄȢ   

 

 

 

Figure 3.1 /ÐÔÉÍÉÓÁÔÉÏÎ ÏÆ !ɼτπ ÅØÐÒÅÓÓÉÏÎ ÁÎÄ ÐÕÒÉÆÉÃÁÔÉÏÎȢ  (a)  Reduced and varied 

expression observed when 1 L E. coli cultures were grown in standard conical flasks at 25 °C, 

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

cultures, 2 L baffled flasks, cultured for 3.5 h post 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. (Section 2.3.1.5)   

The sizes of molecular weight markers are given in kDa. 

 

!ɼτπ ×ÁÓ ÔÈÅÎ ÆÕÒÔÈÅÒ ÐÕÒÉÆÉÅÄ ÂÙ ÉÏÎ ÅØÃÈÁÎÇÅ ÃÈÒÏÍÁÔÏÇÒÁÐÈÙ ÉÎ Á ÂÁÔÃÈ ÆÏÒÍÁÔȢ  #ÏÌÕÍÎ 

chromatography was previously shown to be unsuitable at this stage499, 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 Tris-HCl buffer, 

pH 8.5, containing 0 M and then 25 mM NaCl before step-wise elution with 5 x 50 mL 

125 mM NaCl fractions.  All fractions were analysed by SDS-PAGE (Figure 3.2 b).  Those 

ÃÏÎÆÉÒÍÅÄ ÔÏ ÃÏÎÔÁÉÎ !ɼτπ ×ÅÒÅ ÐÏÏÌÅÄ ÐÒÉÏÒ ÔÏ ÆÕÒÔÈÅÒ ÐÕÒÉÆÉÃÁÔÉÏÎȢ 

 

 

 

Figure 3.2 !ÎÉÏÎ ÅØÃÈÁÎÇÅ ÐÕÒÉÆÉÃÁÔÉÏÎ ÏÆ !ɼτπȢ  (a)  SDS PAGE analysis of the inclusion 

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

three sequential centrifugation steps.  IB indicates the final inclusion-body-containing 

ÆÒÁÃÔÉÏÎȢ  4ÈÒÅÅ ÐÕÒÅ !ɼτπ ÃÁÌÉÂÒÁÎÔÓ ɉÃÏÎÔÁÉÎÉÎÇ ρȟ ς ÁÎÄ υ ʈÇ !ɼτπɊ ×ÅÒÅ ÌÏÁÄÅÄ ÔÏ ÁÌÌÏ× 

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 Q-Sepharose resin.  FT denotes the flow-through.  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 Linse et al.499 recommends that, following ion 

ÅØÃÈÁÎÇÅ ÃÈÒÏÍÁÔÏÇÒÁÐÈÙȟ !ɼτπ ÓÈÏÕÌÄ ÂÅ ÆÕÒÔÈÅÒ ÐÕÒÉÆÉÅÄ ÂÙ ÍÏÌÅÃÕÌÁÒ ÍÁÓÓ 

fractionation, using centrifugal filtration devices, claiming that pure product is obtained 

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

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

High Performance Liquid Chromatography (RP-HPLC) was attempted, whereby the 

concentrated filtrate (final volume 10 mL) was passed through a semi-preparative C18 

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

peak was observed at 40% acetonitrile, corresponding to the AɼτπȢ   

Mass spectrometric analysis of the purified fraction indicated the presence of a 2179 Da 

contaminant, corresponding in mass to a C-terminal 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 between preparations.  Further optimisation was 

conducted in an attempt to remove this contaminant.  It was also observed that the typical 

ÙÉÅÌÄÓ ÏÆ !ɼτπȟ ÁÓ Á ÃÏÎÓÅÑÕÅÎÃÅ ÏÆ ÔÈÅ ÁÄÄÉÔÉÏÎÁÌ (0,# ÐÕÒÉÆÉÃÁÔÉÏÎ ÓÔÅÐȟ ×ÅÒÅ ÒÅÄÕÃÅÄ 

substantially from those reported by Linse et al.499.  The yield was typically <0.5 mg of pure 

!ɼτπ ÐÅÒ , ÏÆ ÃÕÌÔÕÒÅȟ ÃÏÍÐÁÒÅÄ ×ÉÔÈ ÔÈÅ ÒÅÐÏÒÔÅÄ ρπ-20 mg/L499.  The RP-HPLC method 

was switched, therefore, in favour of size exclusion chromatography (SEC).  After the anion 

exchange purification, the peptide-containing fractions were dialysed against 50 mM 

ammonium bicarbonate and lyophilised.  The dried peptide was redissolved in Tris-HCl 

buffer, pH 8.5, containing 7 M guanidinium HCl, to a final volume of 10 mL, and loaded onto 

Á 3ÕÐÅÒÄÅØΆ χυ ', ρπȾσππ ÇÅÌ ÆÉÌÔÒÁÔÉÏÎ ÃÏÌÕÍÎȢ  4ÈÅ ÐÅÐÔÉÄÅ ×ÁÓ ÅÌÕÔÅÄ ÉÎ υπ mM 

ammonium bicarbonate and monitored by absorbance at 280 nm (Figure 3.3 b.i.).  SEC was 

performed at 4 °C to further reduce the likelihood of degradation of purified product.  

&ÒÁÃÔÉÏÎÓ ÃÏÎÔÁÉÎÉÎÇ !ɼ40 were identified by SDS PAGE 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 

ÈÅÒÅÁÆÔÅÒȟ ÉÎ ÐÒÏÄÕÃÉÎÇ ÁÌÌ !ɼτπ ÐÅÐÔÉÄÅ ÓÐÅÃÉÅÓ ÆÏÒ ÅØÐÅÒÉÍÅÎÔÓ ÉÎ ÔÈÉÓ ÔÈÅÓÉÓȢ  4ÙÐÉÃÁÌ 

ÐÅÐÔÉÄÅ ÙÉÅÌÄÓ ÖÉÁ ÔÈÉÓ ÍÅÔÈÏÄÏÌÏÇÙ ÁÒÅ Єτ ÍÇ ÐÕÒÅ !ɼτπ ÐÅÒ , ÃÕÌÔÕÒÅȢ  
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Figure 3.3 /ÐÔÉÍÉÓÁÔÉÏÎ ÏÆ !ɼτπ ÐÕÒÉÆÉÃÁÔÉÏÎȢ  (a)  The initial protocol used for the 

ÐÕÒÉÆÉÃÁÔÉÏÎ ÏÆ !ɼτπȢ  (i)  SDS PAGE analysis of the fractions isolated from centrifugal 

filtration.  30,000 FT indicates the flow through isolated after 30,000 MWCO filtration.  

3,000 conc indicates the fraction concentrated by 3,000 MWCO filtration.  (ii)  RP-HPLC 

ÐÕÒÉÆÉÃÁÔÉÏÎ ÏÆ ÔÈÅ ÃÏÎÃÅÎÔÒÁÔÅÄ ÆÒÁÃÔÉÏÎ ɉÐÅÁË ÃÏÎÔÁÉÎÉÎÇ ÐÒÅÄÏÍÉÎÁÎÔÌÙ !ɼτπ ÈÉÇÈÌÉÇÈÔÅÄ 

in yellow) using a 25-65% gradient of acetonitrile.  Elution was monitored by absorbance 

at 230 nm.  (iii)  ESI-MS analysis of the peptide products isolated from the major peak in a. 

ii.  indicates a persistent degradation product of 2179 Da, determined as a C-terminal 

ÆÒÁÇÍÅÎÔ ÏÆ !ɼτπȢ  3ÅÑÕences and masses of the two possible fragments, compared to full 

ÌÅÎÇÔÈ !ɼτπ ×ÉÔÈ ÁÄÄÉÔÉÏÎÁÌ .-terminal Met ɀ table inset.  (b)  A typical SEC elution profile 

ÏÆ !ɼτπ ÍÏÎÉÔÏÒÅÄ ÁÔ ςψπ ÎÍȢ  4ÈÅ ÐÅÁË ÃÏÒÒÅÓÐÏÎÄÉÎÇ ÔÏ !ɼτπ ÉÓ ÈÉÇÈÌÉÇÈÔÅÄ ÙÅÌÌÏ×Ȣ  (b. 

ii)  ESI--3 ÁÎÁÌÙÓÉÓ ÏÆ ÐÕÒÉÆÉÅÄ !ɼτπȟ ÐÏÓÔ-SEC chromatography. 
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3.4 0ÒÅÐÁÒÁÔÉÏÎ ÏÆ !ɼτπ ÔÁÒÇÅÔÓ ÆÏÒ ÁÐÔÁÍÅÒ ÓÅÌÅÃÔÉÏÎ 

 

3.4.1 0ÒÅÐÁÒÁÔÉÏÎ ÏÆ !ɼτπ ÆÉÂÒÉÌ ÍÏÒÐÈÏÌÏÇÉÅÓ Ȱς!ȱ ÁÎÄ Ȱσ1ȭ ÖÉÁ 

seeding 

 

Fibrils were formed via elongation from pre-ÆÏÒÍÅÄ ÓÅÅÄÓ ÏÆ !ɼτπ ÉÎ ÅÉÔÈÅÒ ς! ÏÒ σ1 

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 

ÍÏÎÏÍÅÒÉÃ !ɼτπȟ ÉÎ ςυ Í- Óodium phosphate buffer, pH 7.5.  Fibrils were grown for 18 h 

under quiescent conditions and, consistent with the Tycko et al. seeding protocol (103 and 

personal communication), samples were sonicated at this stage to promote an additional 

ȰÓÅÌÆ-ÓÅÅÄÉÎÇȱ ÅÖÅÎÔ ɉSection 2.4.1).  This step reportedly leads to increased incorporation 

of any residual monomer by formation of new elongation-competent ends.  Fibrils were 

then grown for a further 5 days, quiescently, and the resulting fibril morphologies assessed 

by negative stain transmission electron microscopy (TEM ɀ Section 2.4.6).  The micrographs 

confirmed the formation of long, un-branched amyloid fibrils, however a large proportion 

ÏÆ ÔÈÅ ÆÉÂÒÉÌÓ ÆÏÒÍÅÄ ÁÃÃÕÍÕÌÁÔÅÄ ÉÎÔÏ ÌÁÒÇÅ ȰÃÌÕÍÐÓȱ ÏÒ ȰÐÌÁÑÕÅÓȱ ɉFigure 3.4 a) which is a 

common observation for amyloid fibrils75.  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 growth (Figure 

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 that after 18 h of elongation and without the additional sonication step, fibrils 

were sufficiently elongated but more sparsely distributed, suggesting less inter-fibril 

association at this time point.  By centrifugation of the fibrils and separation of the pellet 

and soluble fraction, it was possible to assess fibril yield via SDS PAGE analysis (Figure 3.4 

b).  The results show that after 18 h growth, all oÆ ÔÈÅ !ɼτπ ÐÅÐÔÉÄÅ ×ÁÓ ÉÎÃÏÒÐÏÒÁÔÅÄ ÉÎÔÏ 

fibrils.  Therefore, 18 h was determined as optimal for the preparation of fibrils as selection 

targets. 
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Figure 3.4 3ÅÅÄÅÄ ÆÏÒÍÁÔÉÏÎ ÏÆ σ1 ÁÎÄ ς! ÆÉÂÒÉÌÓ ÏÆ !ɼτπȢ  (a)  TEMs of 3Q and 2A fibrils, 

after 18 h and 5 day incubation.  Scale bar = 200 nm.  (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 protein content of the sample pre-separation by 

centrifugation (W).  Molecular weight markers are indicated in kDa. 
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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 protocol 

(outlined in Section 1.4.1), it was decided that immobilisation by biotin modification and 

ÃÏÎÊÕÇÁÔÉÏÎ ÏÆ ÔÈÅ !ɼτπ ÐÒÏÔÅÉÎ ÓÐÅÃÉÅÓ ÔÏ ÓÔÒÅÐÔÁÖÉÄin-coated magnetic microspheres 

×ÏÕÌÄ ÂÅ ÅÍÐÌÏÙÅÄȢ  "ÉÏÔÉÎ ÌÁÂÅÌÌÉÎÇ ×ÁÓ ÃÁÒÒÉÅÄ ÏÕÔ ×ÉÔÈ %: ,ÉÎËΆ NHS LC LC biotin 

(Section 2.5.1), which is an NHS-ester activated biotinylation reagent for labelling primary 

amines (typically lysine residues or the amino-termini of proteins and peptides).  The extent 

of modification can be fine-tuned 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, single morphologies (2A and 3Q) would be maintained if biotin-modified 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 the 

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 reagent to fibril 

concentration (based on monomer-equivalent) 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% (v/v) HFIP overnight 

(Section 2.5.1) and mass spectrometric analysis.   

Table 3.1 outlines the conditions explored.  The results revealed that 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 unsurprising owing to their differing 

morphologies (Figure 3.5 a and b).  K28 is salt bridged in 2A fibrils, yet only partially salt 

bridged in the 3Q fibril morphology 103.  It was found that 2A fibrils required a 2.6 molar 
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excess of biotin reagent (Figure 3.5 c.i.) over a 5 min reaction, to achieve a similar level of 

labelling to 3Q fibrils produced by 4-fold less reagent (1:0.65, Figure 3.5 c.iii. ), over 30 s. 

 

Fibril  

Stoichiometry (Molar 

monomer equivalent fibril 

concentration : biotin)  

Reaction duration 

(min)  

% mono -

biotinylated  

2A 

1 : 2.6 30 20 

1 : 2.6 10 20 

1 : 2.6 5 < 10 (Figure 3.5 c.i.) 

3Q 

1 : 2.6 30 50 

1 : 2.6 10 50 

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.  See Section 2.5.1 for 

details of the protocol used. 
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Figure 3.5 Labelling of 2A and 3Q fibrils with NHS-ester activated biotin.  Structural models 

of 2A (a)  and 3Q (b)  fibrils with positions of the reactive lysine residues K16 and K28 (blue 

sticks) and N-terminus indicated.  Models comprise six layers of hydrogen-bonded 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 resultant extent of 

labelling under different biotinylation reaction conditions for 2A (c.i, teal) and 3Q (c.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 (c.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-ÍÏÄÉÆÉÅÄ ÁÎÄ ÓÉÎÇÌÙ ÂÉÏÔÉÎÙÌÁÔÅÄ !ɼτπȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ 
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To determine whether there was a difference in the relative positions of 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).  ETD fragments peptide ions by 

electron transfer from a radical anion, producing c and z peptide fragments507.  This allows 

assignment of fragments containing modifications, in this case biotin, by fragmentation of 

the full-ÌÅÎÇÔÈ !ɼτπ ÁÎÄ ÃÁÎ ÔÈÅÒÅÆÏÒÅ ÂÅ ÕÓÅÄ ÔÏ ÄÅÔÅÒÍÉÎÅ ÔÈÅ ÐÏÓÉÔÉÏÎ ÏÆ ÔÈÅ ÍÏÄÉÆÉÃÁÔÉÏÎȢ   

Accordingly, samples of both the 2A and 3Q fibrils, biotinylated to approximately 10% 

under the optimised conditions for each, were buffer exchanged and depolymerised as 

described (Section 3.4.2.1) 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 

biotin ylation occurs predominantly at the N-terminus and at residue K16 (K17 in this 

recombinantly-ÅØÐÒÅÓÓÅÄ !ɼτπ ×ÉÔÈ ÔÈÅ ÁÄÄÉÔÉÏÎÁÌ .-terminal methionine) in both fibril 

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 is 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 the 3-fold 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 fibrils (Section 

2.5.1).  Fibrils were exchanged into MOPS selection buffer (80 mM MOPS, 96 mM NaCl, pH 

7.5) and immobilised for selection as described in Section 2.5.2.  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 Ã !ɼτπ  

 

"Ù ÃÏÎÔÒÁÓÔ ×ÉÔÈ ÂÉÏÔÉÎÙÌÁÔÉÏÎ ÏÆ !ɼτπ ÉÎ ς! ÁÎÄ σ1 ÆÉÂÒÉÌÓȟ ×ÈÅÒÅ ÔÈÅ ÐÅÒÃÅÎÔ ÍÏÄÉÆÉÃÁÔÉÏÎ 

was carefully controlled to be <10% of the monomers present, the ÌÅÖÅÌ ÏÆ !ɼτπ ÍÏÎÏÍÅÒ 

biotinylation was optimised to give a maximum of one biotin per peptide, whilst minimising 

ÌÁÂÅÌÌÉÎÇ ÏÆ Ô×Ï ÏÒ ÍÏÒÅ ÐÒÉÍÁÒÙ ÁÍÉÎÅÓȢ  4ÈÉÓ ×ÁÓ ÔÏ ÅÎÓÕÒÅ ÔÈÁÔ !ɼτπ ÍÏÎÏÍÅÒÓ ×ÅÒÅ 

immobilised to the streptavidin beads at a single site, while 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 the conditions tested to achieve the most appropriate 

ÂÉÏÔÉÎÙÌÁÔÉÏÎ ÌÅÖÅÌÓ ÉÎ ÌÁÂÅÌÌÉÎÇ !ɼτπ ÍÏÎÏÍÅÒȢ  3ÁÍÐÌÅÓ ×ÅÒÅ ÄÉÁÌÙÓÅÄ ÁÇÁÉÎÓÔ ρππ Í- 

ammonium acetate, pH 7.5 and the extent of labelling was assessed by ESI-MS.  The results 

showed that a three-fold molar excess of biotin reagent and a 15 min reaction time was 

necessary to yield 40% biotinylation at a single position (Figure 3.6).  Increasing the 

proportion of biotinylation reagent increased the amount of di, tri and tetra-modifications 

(data not shown).   

 

Stoichiometry (Molar 

concentration : biotin)  

Reaction duration 

(min)  
Biotinylation level  

1 : 1 15 20% mono-biotinylated 

1 : 10 
15 

30 Very high levels of 

doubly or triply labelled 
1 : 20 

15 

30 

1 : 2.5 15 30% mono-biotinylated 

1 : 3 15 
40% mono-biotinylated 

(Figure 3.6) 

 

1 : 4 15 

50% mono-biotinylated 

(levels of additional 

labelling starting to 

increase) 

Table 3.2 Conditions trialled in biotin labelling of !ɼτπ ÍÏÎÏÍÅÒȢ  See Section 2.5.1 for the 

protocol used. 
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Figure 3.6 "ÉÏÔÉÎ ÌÁÂÅÌÌÉÎÇ ÏÆ !ɼτπ monomer.  ESI-MS analysis indicating biotin (+1 Bio) 

ÍÏÄÉÆÉÃÁÔÉÏÎ ÁÔ Á ÓÉÎÇÌÅ ÓÉÔÅȢ  "ÏÔÈ ÕÎÍÏÄÉÆÉÅÄ !ɼτπ ÁÎÄ ÔÈÅ ÓÉÎÇÌÅ ÂÉÏÔÉÎ ÌÁÂÅÌÌÅÄ ÆÏÒÍ ÁÒÅ 

shown in the 4+ charge state only.  Expected masses are 4458 Da and 4911 Da for un-

modified and singly biotiÎÙÌÁÔÅÄ !ɼτπȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ 

 

/ÎÃÅ !ɼτπ ÍÏÎÏÍÅÒ ×ÁÓ ÌÁÂÅÌÌÅÄ ÕÎÄÅÒ ÔÈÅÓÅ ÏÐÔÉÍÉÓÅÄ ÃÏÎÄÉÔÉÏÎÓȟ ÔÈÅ ÒÅÁÃÔÉÏÎ ÍÉØÔÕÒÅ 

was quenched with the addition of 1M Tris-HCl, pH 8.0 and the sample dialysed against 

80 mM MOPS, 96 mM NaCl, pH 7.5 (MOPS selection buffer) at 4 °C for 2 h, using 2000 MWCO 

Slide-A-,ÙÚÅÒΆ -).) dialysis devices (Section 2.5.1), to remove free biotin and exchange the 

sample into buffer for selection of RNA aptamers.  

 

3.4.3 !ɼτπ ÒÅÍÁÉÎÓ ÍÏÎÏÍÅÒÉÃ ÏÖÅÒ ÉÍÍÏÂÉÌÉÓÁÔÉÏÎ ÔÉÍÅÓÃÁÌÅ 

 

'ÉÖÅÎ ÔÈÅ ËÎÏ×Îȟ ÒÁÐÉÄ ÁÇÇÒÅÇÁÔÉÏÎ ÐÒÏÐÅÎÓÉÔÙ ÏÆ !ɼτπ81, 491, 499, it was imperative to analyse 

whether aggregation of the peptide could commence within the biotinylation and 

subsequent purification time course (<3 h) and, therefore, whether the species immobilised, 

ÁÎÄ ÓÕÂÓÅÑÕÅÎÔÌÙ ÓÅÌÅÃÔÅÄ ÁÇÁÉÎÓÔȟ ×ÁÓ ÉÎÄÅÅÄ ÍÏÎÏÍÅÒÉÃ !ɼτπȢ  SEC traces at time points 

0 and 3 h, post-dissolution of lyophilised peptide into selection buffer, indicated the 

ÐÒÅÓÅÎÃÅ ÏÆ Á ÄÏÍÉÎÁÎÔ ÓÐÅÃÉÅÓȟ ÅÌÕÔÉÎÇ ÁÔ Á ÖÏÌÕÍÅ ÃÏÎÓÉÓÔÅÎÔ ×ÉÔÈ ÍÏÎÏÍÅÒÉÃ !ɼτπ 

(Figure 3.7 a).  (Ï×ÅÖÅÒȟ 3%# ÁÌÏÎÅ ÃÏÕÌÄ ÎÏÔ ÐÒÏÖÉÄÅ ÁÃÃÕÒÁÔÅ ÓÉÚÉÎÇ ÏÆ ÔÈÅ !ɼτπ ÓÐÅÃÉÅÓȟ 

owing to the fact that the elution profile ÏÆ ÔÈÅ ÕÎÓÔÒÕÃÔÕÒÅÄ !ɼ ÐÅÐÔÉÄÅ ÃÁÎÎÏÔ ÂÅ ÃÏÍÐÁÒÅÄ 

with the behaviour of standard, globular calibrants.  Therefore, SEC combined with multi-

ÁÎÇÌÅ ÌÁÓÅÒ ÌÉÇÈÔ ÓÃÁÔÔÅÒÉÎÇ ɉ3%# -!,,3Ɋ ×ÁÓ ÕÔÉÌÉÓÅÄ ÔÏ ÁÓÓÅÓÓ ÔÈÅ ÎÁÔÕÒÅ ÏÆ ÔÈÅ !ɼτπ 

species eluting from the column, as this technique allows absolute measurement of 

molecular weight (MW) by coupling mass separation with light scattering (LS) (Figure 

3.7 b) (Section 2.8.1).  
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Figure 3.7 !ɼτπ ÒÅÍÁÉÎÓ ÐÒÅÄÏÍÉÎÁÎÔÌÙ ÍÏÎÏÍÅÒÉÃ ÏÖÅÒ ÔÈÅ ÉÍÍÏÂÉÌÉÓÁÔÉÏÎ ÔÉÍÅÓÃÁÌÅȢ  (a)  

SEC analysis (Section 2.8.1) ÏÆ !ɼτπ ÁÔ ÔÉÍÅ ÐÏÉÎÔÓ π ÁÎÄ σ È ÐÏÓÔ ÒÅ-solubilisation in MOPS 

selection buffer.  The 3 h sample was incubated at 4 °C before injection.  (b)  Absolute 

molecular weights calculated from LS data (using Wyatt Astra software, version 6.0), 

corresponding to the two major peaks in the SEC separation.  Peak 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 103 (± 1.9%) Da, indicating a possible monomer-dimer equilibrium at this  time point 
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ɉÍÁÓÓ ÏÆ ÍÏÎÏÍÅÒÉÃ !ɼτπ Ѐ τȢτυψ Ø ρπ3 Da).  After 3 h of incubation at 4 °C (mirroring the 

conditions during the buffer exchange of biotinylated monomer for immobilisation) the 

major peak, eluting at approximately the same volume, had a suggested molecular weight 

of 4.514 x 103 ɉϻ ςȢσ ϷɊ $Áȟ ÃÏÒÒÅÓÐÏÎÄÉÎÇ ÁÌÍÏÓÔ ÅØÁÃÔÌÙ ÔÏ ÔÈÅ ÅØÐÅÃÔÅÄ ÍÁÓÓ ÏÆ !ɼτπ 

monomer.  The decrease in mass over the 3 h incubation is probably due to equilibration of 

the sample after re-solubilisation, rather than disaggregation 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 species became more highly populated at t = 3 h, 

a mass of 9.672 x 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 

ÏÆ !ɼτπ ÒÅÍÁÉÎÓ ÍÏÎÏÍÅric under these conditions.  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 beads, self-ÁÓÓÏÃÉÁÔÉÏÎ ÏÆ ÔÈÅ ÍÏÎÏÍÅÒÉÃ !ɼτπ ×ÏÕÌÄ ÎÏ ÌÏÎÇÅÒ ÂÅ ÁÂÌÅ ÔÏ ÏÃÃÕÒȢ 

 

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 two regions with fixed 

sequences (Figure 3.8 a).  These fixed primer regions are necessary for amplification of the 

library, during the selection process, via RT-PCR.  The ssDNA library (N50 ɀsequence given 

in Section 2.7.1) 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 base-composition exists for this pool and is discussed later (Section 3.7).  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 in Section 1.4.1, the actual sequence 

space available is more limited in practice, owing to the total number of molecules in a 

typical RNA pool (1015Ɋȟ ÁÎÄ ÃÏÎÓÅÑÕÅÎÔÌÙ ÏÎÌÙ Á ÆÒÁÃÔÉÏÎ ÏÆ ÔÈÅ ÌÉÂÒÁÒÙȭÓ ÐÏÔÅÎÔÉÁÌ ÓÅÑÕÅÎÃÅ 

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 template, a T7 

bacteriophage RNA polymerase promoter sequence was incorporated into the 5 primer 
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extension.  The ssDNA was then amplified by PCR (Section 2.6.1) 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 nuclease-mediated degradation384 (Section 1.4.2).  Accordingly, a 2F 

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 polymerase works by a) eliminating the 

inflexibility of the hydrogen bonding potential and therefore substrate recognition 

compared to the wild-type polymerase and b) providing more space in the active site and 

therefore relaxing the barrier to extension of transcripts with non -canonical nucleotides406, 

508, 509 (Section 2.6.3). 

 

 

 

Figure 3.8 Design of a 2F 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 and primer  oligonucleotides are given in 

Section 2.7.1.  (b)  #ÏÍÐÁÒÁÔÉÖÅ ÃÈÅÍÉÃÁÌ ÓÔÒÕÃÔÕÒÅÓ ÏÆ ς /( (b.i)  and 2F modified (b.ii)  

nucleotides used in the 2F pyrimidine library.  Uridine is shown as an example. 
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3.5.1 3ÅÌÅÃÔÉÏÎ ÏÆ 2.! ÁÐÔÁÍÅÒÓ ÁÇÁÉÎÓÔ !ɼτπ ÍÏÎÏÍÅÒÓ 

 

3ÅÌÅÃÔÉÏÎÓ ÁÇÁÉÎÓÔ !ɼτπ ÍÏÎÏÍÅÒ ×ÅÒÅ ÃÁÒÒÉÅÄ ÏÕÔ ÂÙ $ÒȢ $ÁÖÉÄ "ÕÎËÁ ÁÓ ÐÁÒÔ ÏÆ ÍÙ ÉÎÉÔÉÁÌ 

training into the use of the liquid handling robot and general RNA techniques. 

! υπ ʈ, in vitro transcription reaction, containing a 2F pyrimidine, 2 OH purine dNTP mix 

(Section 2.6.3) was set up to create the starting naïve RNA pool (~1015 sequences), which 

was DNase treated and purified (Section 2.6.8).  50 ʈ, ÏÆ RNA was then mixed with 50 µL 

2 x MOPS selection buffer before incubation with 20 ʈ, ÏÆ ÂÉÏÔÉÎ ÌÉÎËÅÒ-saturated 

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 and/or the 

streptavidin beads themselves were removed at each stage.  The beads were then 

partitioned by magnetic separation and the unbound fraction removed and added to 20 µL 

ÏÆ !ɼτπ ÓÁÔÕÒÁÔÅÄ ÂÅÁÄÓ ɉσυ ÎÇ !ɼτπ ÉÍÍÏÂÉÌÉÓÅÄɊ ÆÏÒ ÐÏÓÉÔÉÖÅ ÓÅÌÅÃÔÉÏÎȢ  4ÈÅ ÍÁÇnetic 

beads were partitioned, the unbound fraction removed and the beads, with associated 

aptamers, were washed ten times wÉÔÈ ρςυ ʈ, ÏÆ ÓÅÌÅÃÔÉÏÎ ÂÕÆÆÅÒ.  35 ʈ, ÏÆ ÎÕÃÌÅÁÓÅ-free 

H2O was added to the washed beads and the bound RNA was eluted by heating the mixture 

to 95 °C.  The mixture was then cooled, before the addition of reverse transcription mix 

(Section 2.6.9) 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.  RT-PCR products from each round were then analysed by native PAGE (Section 

2.6.2) to confirm the isolation of aptamers of the correct size (121 bp) (Figure 3.9 a.i.).  A 

second manual selection was then performed (R6) before a further four rounds of 

automated selection (R7-10), which followed the same basic selection process as described 

above.  Some modifications, to increase stringency, 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 (Koff) and again promoting selection of aptamers with enhanced affinity.  The 

increased stringency in these latter selection rounds results in the bands corresponding to 
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isolated aptamers becoming progressively less intense, as the stringency drives the 

selection towards fewer, more specific aptamers (Figure 3.9 a.ii.). 

Six solution-competition rounds (R11-16) were included at the later stages of this anti-!ɼτπ 

monomer selection protocol, to promote recognition of native conformations that had not 

been immobilised or modified.  In these selection rounds, after standard binding and wash 

steps, beads were challenged with various concentrations of un-modified target peptide, in 

ÓÏÌÕÔÉÏÎȟ ÔÏ ÃÏÍÐÅÔÅ ÂÏÕÎÄ ÁÐÔÁÍÅÒÓ ÆÒÏÍ ÔÈÅ ÉÍÍÏÂÉÌÉÓÅÄ ÔÁÒÇÅÔÓȢ  συ А, ÏÆ ςυ А- !ɼτπȟ 

in MOPS selection buffer, was incubated with the target bound RNA for 10 min at 25 °C.  This 

ÆÒÁÃÔÉÏÎ ×ÁÓ ÒÅÍÏÖÅÄ ÁÎÄ ÔÈÅ ÐÒÏÃÅÓÓ ÒÅÐÅÁÔÅÄ ×ÉÔÈ Á υπ А- !ɼτπ ÃÈÁÌÌÅÎÇÅȢ  4ÈÅ 

ÒÅÍÁÉÎÉÎÇ 2.! ÁÓÓÏÃÉÁÔÅÄ ×ÉÔÈ ÔÈÅ ÉÍÍÏÂÉÌÉÓÅÄ !ɼτπ ×ÁÓ ÔÈÅÎ ÈÅÁÔ ÅÌÕÔÅÄȟ ÁÓ ÄÅÓÃÒÉÂÅÄ 

for the standard protocol (Section 2.7.2).  All three eluate fractions were then reverse 

transcribed and PCR amplified before analysis by native PAGE.  In rounds 11-15, the DNA 

ÉÓÏÌÁÔÅÄ ÆÒÏÍ ÔÈÅ υπ А- !ɼτπ ÃÏÍÐÅÔÉÔÉÏÎ ÅÌÕÁÔÅ ×ÁÓ ÔÁËÅÎ ÆÏÒ×ÁÒÄ ÉÎ ÅÁÃÈ ÃÁÓÅȟ ÁÓ ÔÈÉÓ 

was expected to contain aptamers with the highest affinity for solution targets.  In the final 

competition round (R16 - Figure 3.9 bɊȟ ÔÈÅ υπ ʈ- !ɼτπ ÅÌÕÁÔÅ ɉÁÆÔÅÒ ςπ 0#2 ÃÙÃÌÅÓɊ ×ÁÓ 

PCR purified and taken forward for next generation sequencing.   

Figure 3.9 c outlines the overall SELEX procedure for the selection of anti-monomer 

aptamers.  Detailed experimental procedures for each type of selection round, including all 

stringency conditions adopted at each stage, are given in Section 2.7. 

 

3.5.2 Selection of anti -fibril aptamers  

 

The following RNA aptamer selections against the two morÐÈÏÌÏÇÉÃÁÌÌÙ ÄÉÓÔÉÎÃÔ !ɼτπ ÆÉÂÒÉÌÓȟ 

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 undertaken with the same N50 

library used in the anti-!ɼτπ ÍÏÎÏÍÅÒ ÓÅÌÅÃÔÉÏÎÓȢ  !ÎÔÉ-3Q fibril aptamers were selected 

from a different N30 degenerate pool (Section 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 described 

previously (Section 3.5.1), before amplification and transcription to give the initial starting 

RNA library for SELEX.  
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Figure 3.9 Anti-!ɼτπ ÍÏÎÏÍÅÒ ÁÐÔÁÍÅÒ ÓÅÌÅÃÔÉÏÎȢ  (a)  Native PAGE analysis of DNA 

products at the end of each selection round (R1-5 (i) , R6-R10(ii) ) after RT-PCR (10 cycles).  

(b)  The final competition round (R16) for anti-monomer SELEX.  The pool amplified from 

the previous round (R15) and the first wash fraction (W) are shown.  Solution challenges, 

×ÉÔÈ ςυ ʈ- !ɼτπ ɉςυɊȟ υπ ʈ- !ɼτπ ɉυπɊ ÁÎÄ ÔÈÅ ÈÅÁÔ ÅÌÕÔÉÏÎ ɉ(Ɋ ÓÁÍÐÌÅÄ ÁÆÔÅÒ ÂÏÔÈ 10 and 

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 base-pairs.  Data 

courtesy of Dr. David Bunka.  (c)  Flow chart outlining the full SELEX protocol for anti-

monomer selection.  * denotes rounds where stringency parameters were increased (See 

Section 2.7 for detailed protocols). 

 

The general procedure for anti-fibril aptamer selection (Figure 3.10 a) was similar to the 

ÓÔÒÁÔÅÇÙ ÕÓÅÄ ÆÏÒ ÓÅÌÅÃÔÉÏÎ ÏÆ !ɼτπ ÍÏÎÏÍÅÒ ÁÐÔÁÍÅÒÓȢ  4ÈÅ ËÅÙ ÄÉÆÆÅÒence was in the 

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.  Accordingly, 50 µL of the RNA aptamer pool 

was added to 50 µL of a 20 µM biotin-labelled fibril solution and incubated for 15 minutes 

with gentle agitation.  The mixture was then added to 0.5 mg of washed, un-conjugated 
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streptavidin beads and incubated for a further 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 selection buffer and the bound RNA eluted and RT-PCR amplified as 

described (Section 2.7.4).  The resultant RNA pool was then taken forward for subsequent 

automated and competition selection rounds (Figure 3.10 a).  Detailed selection 

procedures for all variations on the standard protocol are given in Section 2.7.   

As in the case of the anti-monomer selection, the final round for each of the fibril selections 

included competition elution with free, unmodified fibril targets in solution (Figure 3.10 b).  

In these instances, challenges were 10 and 20 µM fibril (monomer equivalent 

concentration).  In both cases, the 20 ʈM eluate was PCR purified and sequenced. 

 

 

 

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 anti-fibril selection analysed 

by native PAGE.  DNA products isÏÌÁÔÅÄ ÆÒÏÍ ÔÈÅ ÓÏÌÕÔÉÏÎ ÃÈÁÌÌÅÎÇÅÓ ×ÉÔÈ ρπ ʈ- ɉρπɊ ÁÎÄ 

ςπ ʈ- ɉςπɊ ÆÉÂÒÉÌÓ ɉÍÏÎÏÍÅÒ ÅÑÕÉÖÁÌÅÎÔ ÃÏÎÃÅÎÔÒÁÔÉÏÎɊȟ ÁÓ ×ÅÌÌ ÁÓ ÔÈÅ ÈÅÁÔ ÅÌÕÔÅÄ ÆÒÁÃÔÉÏÎ 

(H), are indicated.   
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3.6 Next generation sequencing of enriched pools  

 

The conventional approach of cloning, colony-picking and Sanger sequencing of a small 

number of colonies (typically 10-100(ref 377)) has shown success in RNA aptamer selections 

by finding the most frequently occurring sequences, enriched through SELEX.  However, by 

use of next generation sequencing (NGS) it is possible to sequence up to 107 different 

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 

from the three anti-!ɼτπ ÓÅÌÅÃÔÉÏÎÓȢ  4ÈÅ $.! ÐÏÏÌÓ ÁÃÑÕÉÒÅÄ ÆÒÏÍ ÔÈÅ ÆÉÎÁÌ 24-PCR step of 

the selections were PCR purified (Section 2.6.1) and sent for NGS analysis.  Preparation of 

the DNA libraries and sequencing via an Ilumina MiSeq platform was carried out by Dr. Sally 

Fairweather (Leeds Institute of Molecular Medicine, St. James Hospital, Leeds).   

The general concept of NGS is similar to the Sanger approach, where a DNA polymerase 

catalyses the incorporation of fluorescently-labelled dNTPs into a DNA strand, during 

sequential cycles of DNA synthesis510.  The nucleotides are identified by fluorophore 

excitation, at the point of incorporation, during each successive 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 in Figure 

3.11Ȣ  "ÒÉÅÆÌÙȟ ÔÈÅ ÌÉÂÒÁÒÙ ÉÓ ÐÒÅÐÁÒÅÄ ÂÙ ÌÉÇÁÔÉÏÎ ÏÆ ÁÄÁÐÔÅÒ ÏÌÉÇÏÎÕÃÌÅÏÔÉÄÅÓ ÁÔ ÂÏÔÈ ÔÈÅ υ  

ÁÎÄ σ  ÅÎÄ ÏÆ ÔÈÅ ÉÎÐÕÔ $.! ÓÅÑÕÅÎÃÅÓȟ ×ÈÉÃÈ ÁÒÅ ÔÈÅÎ 0#2 ÁÍÐÌÉÆÉÅÄ ÁÎÄ ÐÕÒÉÆÉÅÄȢ  $.! 

sequences are then captured on a flow-cell via complementary base-pairing 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, terminator 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-ÂÌÏÃËÉÎÇ ÓÔÅÐ ÔÏ ÒÅÍÏÖÅ ÔÈÅ ÆÌÕÏÒÏÐÈÏÒÅ ÁÎÄ ÔÈÅ σ-terminal  blocking group, for the next 

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-!ɼτπ aptamer selections yielded 660,000 sequence reads for 

the anti-monomer pool, and 41 million and 7.5 million for anti-2A and anti-3Q fibril 

selection pools, respectively. The next challenge, therefore, was to devise a strategy to 
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handle such volumes of sequencing data and to select only a few lead aptamers for further 

work and characterisation. 

 

Figure 3.11 Overview of the next generation sequencing (NGS) process.  (1)  The NGS 

library is prepared by ligating ÓÐÅÃÉÁÌÉÓÅÄ ÏÌÉÇÏÎÕÃÌÅÏÔÉÄÅ ÁÄÁÐÔÏÒÓ ÔÏ ÂÏÔÈ ÔÈÅ σ  ÁÎÄ υ  

ends of the DNA.  (2)  The library is loaded into a flow cell where the DNA strands hybridise 

to the surface via specific base-pairing to surface-bound oligonucleotides, complimentary 

to the adaptors.  The bound strand is then amplified into a clonal cluster through bridge 

amplification.  (3)   Sequencing reagents (including fluorescently-labelled, 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 

ÆÌÕÏÒÏÐÈÏÒÅ ÁÎÄ σ  ÂÌÏÃËÉÎÇ ÇÒÏÕÐ ÆÏÒ ÔÈÅ ÎÅØÔ ÃÙÃÌÅȢ  )ÍÁÇÉÎÇ ÏÆ ÅÁÃÈ ÆÌÕÏÒÅÓÃÅÎÔ ÂÁÓÅȟ ÁÓ ÉÔ 

is incorporated into the complementary strand, allows the sequence of the clone in each 

cluster to be built.  Figure redrawn and adapted from 511. 
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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 bioinformatics-based 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 

of reÌÁÔÅÄ ÓÅÑÕÅÎÃÅÓ ÉÎÔÏ ÍÏÔÉÆ ȰÆÁÍÉÌÉÅÓȱ ÁÎÄ ÉÄÅÎÔÉÆÉÃÁÔÉÏÎ ÏÆ ÔÈÅ ÅØÔÅÎÔ ÏÆ ÍÉÎÏÒ ÖÁÒÉÁÔÉÏÎ 

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 

ÉÄÅÎÔÉÆÉÅÓ ÔÈÅ ÃÏÒÒÅÃÔ υ  ÁÎÄ σ  ÐÒÉÍÅÒ ÒÅÇÉÏÎÓ ɉÓÐÅÃÉÆÉÅÄ ÆÏÒ ÅÁÃÈ ÐÏÏÌɊ ÁÎÄ ÆÉÌÔÅÒÓ ÏÕÔ 

sequences that are not of the correct random region length (details of script stringency 

parameters given in Section 2.7.7).  Once filtered, 395,874 such matches were determined 

from the anti -!ɼτπ ÍÏÎÏÍÅÒ ÐÏÏÌȟ ×ÉÔÈ ωωτȟφχω ɉς!Ɋ ÁÎÄ ρȟυωσȟφτσ ɉσ1Ɋ ÓÅÑÕÅÎÃÅÓ ÆÒÏÍ 

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 given in Figure 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 respective naïve 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 un-selected 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 aptamers 

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 abundant, etc.. 

From an initial look at the sequences represented within each of the enriched pools, it was 

immediately apparent that there were differences in the relative representation of the four 

nucleotide bases.  Sequences of the randomised regions of the enriched anti-!ɼτπ ÍÏÎÏÍÅÒ 

and anti-2A fibril selection pools were purine-rich, whereas the anti-3Q fibril aptamers 
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generally contained poly-U repeats.  These differences in base-composition 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 base-composition of 

the filtered sequences was carried out and compared to the base-composition of the naïve 

starting libraries, as a shift in the relative representation of each nucleotide base may, firstly, 

further indicate the successful selection of sequences and, secondly, imply specificity for 

distinct target epitopes.  This was done with a second aptamer analysis script (written by 

Dr. Dykeman- Section 2.7.7), 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 naïve pools, for comparison.  The 

data is given in part c of Figure 3.12, Figure 3.13 and Figure 3.14 for the anti-!ɼτπ 

monomer, anti-2A and anti-3Q fibril selections, respectively.  There is clearly evidence for 

biases in the relative base-composition between each pool, with anti-!ɼτπ ÍÏÎÏÍÅÒ ÁÎÄ 

anti-2A fibril aptamers containing a GA bias (71.5% and 69.6% GA content, respectively) 

and the anti-3Q fibril aptamers showing a much higher representation of uracil (45.4%).  

However, these base biases are seemingly carried through from the starting libraries, which 

also show the same base preferences (Figure 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, the U-bias in the anti-3Q aptamer pool becomes 

more prominent (from 35.5% in the starting pool to 45.4% post-SELEX), but this is difficult 

to interpret.  Nevertheless, the selections were clearly undertaken with naïve pools that 

contained considerable bias, therefore the desired full diversity 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, unique 

aptamer sequences from the anti-!ɼτπ ÍÏÎÏÍÅÒ ÓÅÌÅÃÔÉÏÎȢ  (a)  Frequency plot illustrating 

the occurance of each of the top 500 sequences isolated from the filtered NGS data from the 

anti-!ɼτπ ÍÏÎÏÍÅÒ ÓÅÌÅÃÔÉÏÎ ÐÏÏÌ.  (b) A closer look at the number of occurances of the 

top 50 sequences from the anti-!ɼτπ ÍÏÎÏÍÅÒ ÐÏÏÌȟ ÃÏÍÐÁÒÅÄ ÔÏ ÔÈÅ ÎÕÍÂÅÒ ÏÆ 

occurances of unique single sequences 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 anti-2A fibril selection.  (a)  Frequency plot illustrating the 

occurance of each of the top 500 sequences isolated from the filtered 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 anti-2A fibril pool, compared to the number of occurances of unique 

single sequences within the starting library (purple 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 anti-3Q 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 anti-3Q 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 abundant sequences for each selection pool were analysed for sequence similarity 

using the multiple alignment software Genebee512.  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 aptamers that are represented within the top 500 

sequences is only a fraction of the total sequences filtered from the sorting script (3.5% for 

anti-!ɼτπ ÍÏÎÏÍÅÒȟ ςτϷ ÁÎÔÉ-2A fibrils and 0.9% anti-3Q fibrils).  There is clearly a 

significant number of sequences that cannot be analysed via this methodology, however as 

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 than 16 times each in the case of both the 3Q and monomer selections, 

ÃÏÍÐÁÒÅÄ ÔÏ ÔÈÅ ÔÏÐÍÏÓÔ ÁÐÔÁÍÅÒȭÓ ÒÅÐÒÅÓÅÎÔÁÔÉÏÎ ÏÆ φυψ ÁÎÄ φρσ ÔÉÍÅÓȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ  )Î 

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 that occurred more than 57 times each.  Table 3.3 

summarises the analysis of selected aptamers for each pool. 

 

Selection 
Raw sequence 

reads 

Filtered 

aptamers  

Total 

sequences in 

top 500  

Total 

sequences in 

top 500: % of 

filtered  

!ɼτπ ÍÏÎÏÍÅÒ 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 3.3 3ÕÍÍÁÒÙ ÏÆ ÔÈÅ ÂÉÏÉÎÆÏÒÍÁÔÉÃÓ ÁÎÁÌÙÓÉÓ ÏÆ ÔÈÅ ÔÈÒÅÅ !ɼτπ ÓÅÌÅÃÔÉÏÎÓȢ  Raw 

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 commonly occurring 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 power score is an estimation of the degree of 

similarity and takes into account the length of identical regions within the motifs, as well as 

ȰÔÈÉÃËÎÅÓÓȱ ÏÒ ÎÕÍÂÅÒ ÏÆ ÓÅÑÕÅÎÃÅÓ ×ÉÔÈÉÎ ÔÈÅ ÍÏÔÉÆ513.  The ten motif families with the 

highest power score are given as the output of the Genebee analysis.  An example of the 
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strongest local alignment, taken from the anti-2A fibril selection, is given in Figure 3.15 and 

entire datasets, which include the ten strongest families within the top 500 sequences for 

each selection pool, can be found in Appendix 7.3.  

 

 

Figure 3.15 Genebee sequence alignment of the top 500 most commonly occuring 

ÓÅÑÕÅÎÃÅÓ ÙÉÅÌÄÓ ÓÅÑÕÅÎÃÅ ÍÏÔÉÆÓ ÏÒ ȰÆÁÍÉÌÉÅÓȱȢ  An example of the strongest motif family 

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 strong 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 generally represented 

within the ten alignment motifs with the highest power scores.  The further sequences 

within the motifs often differ by only a single nucleotide (see Figure 3.15 for one such 

example, Appendix  7.3 for full datasets).  This indicates that the most populous aptamers 
















































































































































































































































































































































