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ABSTRACT

α-Synuclein is a small, monomeric intrinsically disordered protein mainly expressed at the pre-

synaptic terminal of neurons. By establishing interactions with neuronal and synaptic vesicle mem-

branes, α-Synuclein is believed to be a critical component in neurotransmission. Under certain con-

ditions, however, the aberrant misfolding and aggregation of α-Synuclein may be triggered, which

are strongly linked to the pathology of Parkinson’s disease.

Recent findings have identified the disruption of biological membranes as the main underlying patho-

logical mechanism. Essential structural knowledge of the membrane binding ability of α-Synuclein

fundamental to the mechanism of toxicity is exploited in this thesis, with the aim of selecting DNA

aptamers targeted at the key N-terminal region to block the detrimental interactions of α-Synuclein

oligomeric species with lipid membranes. Identified aptamers, however, failed at showing prefer-

ential binding to α-Synuclein at different biophysical assays. Instead, sequences with affinity for

streptavidin, which was used to immobilise the target, were unintentionally selected for and isolated.

It is now established that α-Synuclein interacts with a variety of metal ions, which may alter its con-

formational properties and promote aggregation. Abnormal metal ion levels in neurons may therefore

directly contribute to the development of idiopathic Parkinson’s disease by shifting the conformational

ensemble of α-Synuclein through the disruption of native intramolecular interactions.

To characterise the nature of these conformational changes, nuclear magnetic resonance was used to

study hydrogen exchange of the backbone amide protons as a measure of solvent exposure. These

experiments were complemented with chemical shift perturbation and 15N relaxation measurements

to obtain a comprehensive view of the interaction between α-Synuclein and the pathophysiologically

relevant metal ions Ca2+, Cu2+, Cu+, Mn2+ and Zn2+. Overall, the data presented in this thesis

indicate that binding of different metals may induce effects of different structural nature that have the

potential of skewing the conformational ensemble towards aggregation-prone conformers.
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Introduction

1.1 Structure of this thesis

The work contained in this document is comprised of two main parts corresponding to two separate

research projects involving α-Synuclein. The first part of this thesis reports on the selection of DNA

aptamers against an N-terminal peptide from α-Synuclein and the characterisation of the identified

sequence candidates. The second part of this thesis presents the findings of the study investigating

metal ion interactions of α-Synuclein by NMR.

An introductory Chapter is included at the start of this thesis to provide a detailed background to the

work presented here. Each results Chapter is then divided into an Introduction, Results and Discussion

sections specific to each topic. A general discussion Chapter towards the end of this thesis is divided

into two parts corresponding to the two different research studies presented in this document, and

discusses the implications of the findings together with possible future directions.

1.2 Parkinson’s disease

Parkinson’s disease (PD) is a progressive neurodegenerative disease affecting people in late stages

of life. It accounts for the second most common neurodegenerative disorder after Alzheimer’s dis-

ease (AD). In industrialised countries, cases of PD are estimated to account for 0.3% of the whole

1
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population and approximately 1% of the people aged 60 and above, with its incidence and preva-

lence expected to increase as the global average age rises [1]. In Europe, its prevalence has been

reported to be 3.5% of the population aged 85-89 [2]. Globally, PD was estimated to affect 8.5 mil-

lion individuals in 2019 and is projected to grow to over 12 million by 2040 [3, 4]. PD is also the most

prevalent synucleinopathy [5], a collective term for a group of debilitating neurodegenerative diseases

that mainly includes dementia with Lewy bodies, multiple system atrophy and PD [6, 7]. Common

to these disorders is the pathological accumulation of large neuronal deposits known as Lewy bodies

(LBs), found in the cytoplasm of neurons of multiple brain regions (Figure 1.1) [8, 9, 10]. These

intracellular large inclusions are composed of a mixture of proteins [11], lipids [12, 13] and cellular

organelles including mitochondria and lysosomal structures [14, 15, 16, 17, 18]. With the main con-

stituent of LBs being the fibrillar aggregates of the protein α-Synuclein (αSyn) [10, 9, 19, 20], it is

believed that this protein is a key effector in the aetiology of PD. Neurodegeneration in PD is char-

acterised by the presence of LBs and the progressive loss of dopaminergic neurons in the substantia

nigra of the brain, which together constitute the pathological hallmark of the disease [21]. Clinically,

this generally translates into tremor, rigidity, bradykinesia (slowness of movement) and postural in-

stability, whilst non-motor symptoms are also common in PD patients. These include sleep disorders,

neuropsychiatric syndromes, impairment of the olfactory sense and increased constipation, among

others [22]. Additionally, cognitive deterioration and dementia are also common features whose risk

may be exacerbated in advanced stages of severity of the disease [23, 22].

Currently, treatments available for PD are limited and only offer an ameliorating effect of its debili-

tating symptoms. Most of the therapeutic approaches focus on restoring dopamine levels in the brain

striatum, as a way of replacing the loss of dopamine signalling as dopaminergic neuronal death unrav-

els in PD. Levodopa, a dopamine precursor, is the most commonly prescribed treatment for PD, and

has remained the most effective therapeutic drug since its development in the 1960s. Other drugs have

been discovered and are used as adjuvant therapy together with levodopa or on their own, including

dopamine agonists, dopamine metabolism inhibitors or nondopaminergic therapy, although these are

generally less effective [25]. Examples of these include carbidopa, a dopamine carboxylase inhibitor,

or catechol-o-methyl transferase (COMT) inhibitors, which interfere with dopamine metabolism to
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a b c

Figure 1.1: Deposits of aggregated αSyn in the form of Lewy bodies in the brains of synucleinopathy
patients. a) Luxol fast blue-, haematoxylin and eosin-stained brain section of the substantia nigra of a
patient with PD. b) Immunohistochemistry for αSyn on a section of the amygdala from a patient with
dementia with Lewy bodies. c) Immunohistochemistry for αSyn on a section of the putamen from a
patient with multiple system atrophy. Arrows indicate cytoplasmic LB inclusions, of which αSyn is
the major component. Figure adapted from [24].

make it more available in the brain [26]. Whilst current treatments have proven dramatically effective

at managing parkinsonian symptoms and improving the quality of life of the patient, especially at

early stages of the disease, long-term use can lead to the development of significant adverse effects,

as a result of the uptake of dopamine by other brain regions different to the striatum, effects of non-

physiological continuous dopamine release on dopamine receptors and variability in absorption and

transport across the blood-brain-barrier [25]. In fact, it has been estimated that around half of all pa-

tients develop cognitive deficits and levodopa-induced bradykinesia, whilst all of them are expected

to experience periods of on-off drug efficacy fluctuations, at 10 years from diagnosis [25]. These

side-effects become a significant burden that add to the clinical symptoms in advanced disease states

and can drastically reduce quality of life of the patient. This is therefore why dopamine agonists are

generally prescribed at early stages after diagnosis, to delay the introduction of levodopa and hence

the onset of levodopa-induced complications [26].

Another common complication associated with levodopa is the “wearing off” effect, a term that refers

to the decrease in the drug’s effectiveness. Given the loss of dopaminergic terminals in the striatum,

an impaired ability to store and distribute the absorbed levodopa might result in a gradual shorten-

ing of the half-life of levodopa and therefore a dampened therapeutic effect [26]. Administration of

several drugs like a COMT or a monoamine oxidase-B (MAO-B) inhibitor my help alleviate the mo-
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tor shortcomings associated with levodopa therapy by blocking the breakdown of dopamine, thereby

prolonging the drug’s effect. In fact, the use of amantadine, an NMDA receptor antagonist belonging

to the class of nondopaminergic therapeutic drugs for PD, has been shown to improve motor com-

plications that arise from levodopa therapy [26]. Similarly, anticholinergics may also be prescribed

to ease muscle stiffness and tremors, as they act by restoring homeostatic levels of acetylcholine sig-

nalling. A more detailed explanation of the molecular rationale supporting NMDA receptor inhibitors

as relevant therapeutic drugs for PD is given later on in section 1.6.3.

Besides pharmacological treatment, a promising strategy for the treatment of tremors and other motor

impairments, which becomes especially relevant after the exacerbation of levodopa-induced side-

effects, is deep-brain stimulation (DBS). This involves the surgical implantation of electrodes in sub-

cortical structures – such as the subthalamic nucleus and globus pallidus internus – to stimulate the

reorganisation of electrical signals in the brain, thereby interfering with tremor and other motor com-

plications [25, 26]. While DBS results in noticeable motor improvements in advanced PD patients,

it offers no benefit on the treatment of non-motor features of the disease which do not respond to

dopamine therapy (including cognitive deficits, freezing of gait and postural instability) [25].

Although the available treatments have proven to be effective at alleviating motor symptoms in the

short term, prolonged treatment durations result in motor fluctuation problems that complicate dis-

ease management. Additionally, their effect fails at improving the particularly debilitating non-motor

features of the disease, which are often the ones having the most detrimental impact on the patient’s

life. Most importantly, none of the current drugs have the ability to slow down the progression of PD

and interfere with neuronal loss. There is therefore an urgent need to develop new, disease-modifying

treatments that can target the pathological agents causing disease, and not only the disabling clinical

symptoms associated with pathology.

1.3 α-Synuclein in physiology and pathology

αSyn is a 14 kDa intrinsically disordered protein (IDP) that is mostly found at the presynaptic ter-

minals of neurons in the brain [27]. αSyn comprises 140 amino acid residues which can be broken
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down into three different regions with distinct structural and dynamic properties: the N-terminal re-

gion (1-60) contains a series of seven imperfect KTKEGV repeats, which code for amphipathic class

A2 lipid-binding segments throughout the sequence of the protein up to residue 90 [28, 29, 30]; the

non-β-amyloid component (NAC) (61-95), which consists of a highly hydrophobic region associated

with a modulatory lipid binding capacity and a self-aggregation propensity that can initiate amyloid

formation [31]; and the highly negatively charged C-terminal region (96-140), which is rich in Pro

and the acidic residues Asp and Glu, and plays a critical role in the physiological function of αSyn

and in preventing self-assembly and aggregation (Figure 1.2) [32, 33, 34, 35, 36, 8, 37].

In its cytosolic form under physiological conditions, αSyn exists as an ensemble of dynamically

interconverting structurally heterogeneous conformations in monomeric state [38]. Indeed, solution

state nuclear magnetic resonance (NMR) [39] and circular dichroism [35] studies failed to show

significant levels of persistent secondary or tertiary structure along the protein sequence in solution.

A large body of evidence points at the existence of long-range intramolecular interactions between the

slightly positively charged N-terminal and the acidic C-terminal regions via electrostatic contacts, and

the C-terminal and the NAC regions through hydrophobic interactions. These long-range interactions

stabilise αSyn in a conformational state that inhibits self-aggregation through the partial burial of the

NAC [40, 41, 42, 43, 44, 45].

N-terminal NAC C-terminal

1 60 95 140

1 2 3 4 5 6 7

10 21 32 43 53 58 69 80 91

A18T A30P E46K

H50Q

G51D A53T

Figure 1.2: Schematic representation of the different regions of αSyn. The location of the seven im-
perfect repeats responsible for amphipathic helix stabilisation is represented by pink boxes, together
with their amino acid positions. The position of the known missense mutations associated to Parkin-
sonism is marked with red stars.
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In this context, the relationship between the structure of αSyn as an IDP and its function becomes

particularly interesting. A common belief in biology was the existence of certain protein secondary

structures that are shared by all proteins and combined in different ways to make up a folded, globular

and functional tertiary protein structure. It was not until relatively recently, however, that the existence

of proteins with a disordered nature was recognised. In fact, it is now believed that around 30% of

the eukaryotic proteins are either partially or fully disordered [46]. Compared to globular proteins,

whose fold is dictated by a strong hydrophobic effect that buries hydrophobic residues in a highly

lipophobic core, the sequences of disordered proteins possess a different amino acid distribution, with

low hydrophobic content and rich in charged amino acids. These characteristics confer disordered

proteins or regions the capacity to become protein-protein interaction hubs, where interactions with

different binding partners are strongly influenced by the environment. This interaction promiscuity is

therefore a direct result of their plasticity and ability to adopt different conformational changes that

accommodate for partner binding. Disordered proteins therefore have a distinct functional diversity

by which their biological roles are executed in the form of interactions [47].

Although the full picture of the functional repertoire of αSyn still remains controversial in terms

of the specific roles the protein performs, its specific localisation within the presynaptic terminal of

neurons [27, 6], as well as its ability to bind to the membrane of vesicles [35] and promote their

clustering in vitro [48, 49, 50], hints at a putative key role in the homeostasis of synaptic vesicles

[24, 51]. αSyn might possibly regulate the trafficking of synaptic vesicles from the distal reserve pool

to control synapse docking during neurotransmitter release [24, 52, 51]. Consistently, a significant

preference to bind to the inner leaflet of the presynaptic membrane by which αSyn seems to stabilise

the docking of synaptic-like small unilamellar vesicles (SUVs) [53] further supports the view of a reg-

ulatory role in vesicle trafficking and therefore in synaptic plasticity and learning. Additionally, αSyn

may also play a part in the formation of the SNARE complex required for rapid fusion of the synap-

tic and presynaptic terminal membranes, by interacting with the key complex-forming component

synaptobrevin-2 [54]. In fact, αSyn has been shown to rescue an impairment in SNARE formation

and a consequent degeneration of the nerve terminals in mice, upon deletion of the CSPα chaperone

required for normal synaptic transmission [55, 56].
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A large effort by the scientific community over the last two decades has established an association

between αSyn and the pathology of several motor neuron diseases, following the finding that αSyn

aggregates constitute the main component of LBs [9, 10, 19, 20]. Similarly, many studies have also

shown a direct involvement of αSyn in the pathology of PD in the form of six missense hereditary

autosomal dominant mutations found in the αSyn SNCA gene (A30P, E46K, H50Q, G51D, A53T,

A53E) (Figure 1.2), which are associated with familial forms of early-onset but also late-onset (H50Q)

PD and higher rates of neurodegeneration compared to sporadic cases of the disease [9, 57, 58, 59,

60, 61, 62, 63, 64, 65, 66, 57, 60, 61, 62, 59]. Similarly, members of the same family harbouring

duplications and triplication of the SNCA gene have been shown to suffer PD at an earlier age and

an accelerated disease progression, most likely due to a gene dosage effect and the inability to clear

excess αSyn [36, 67, 68, 69, 70, 71]. Genetic defects, however, only account for 5-10% of PD

cases, with the rest being idiopathic and age related [72]. Consistently, several studies reported the

abnormal accumulation of αSyn inclusions and an associated neuronal impairment upon expression

of human wild-type and mutated αSyn in animal models of PD such as mice, Drosophila flies and

Caenorhabditis elegans [73, 74, 36]. Interestingly, similar deposits were also observed in animal

models where Parkinsonism was induced through the administration of neurotoxicants [75].

Existing evidence points at a prion-like spreading mechanism of toxic αSyn aggregates, by which

misfolded conformations may be imposed upon αSyn monomers and therefore contribute to the prop-

agation of pathology. In this way, αSyn aggregates that are secreted by neurons into the extracellular

space can recruit further αSyn monomers after being taken up by new cells. These cells will then

in turn secrete more aggregated αSyn species, which can further act like seeds to propagate disease

[76, 77]. The “prion-like” spread hypothesis was first proposed as αSyn deposits were observed in

grafted embryonic dopaminergic neurons in the post-mortem brain of a PD patient 14 years after they

had been implanted [78, 79]. Similarly, pre-formed αSyn fibres incubated with primary cortex neu-

rons in vitro had the capacity to enter the cells and recruit endogenous αSyn species that later resulted

in the formation of insoluble toxic aggregates [80]. Current research on the spread of PD pathology

focuses on clarifying many aspects of the proposed mechanism which still renders the hypothesis

controversial, as is the fact that αSyn aggregates have been observed to spread to cells which may not
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always correspond to the nearest neighbouring neuron [81].

1.4 Membrane binding ability of α-Synuclein

It is believed that αSyn may exert its function through the direct interaction between lipid membranes

and the N-terminal region, which adopts a transient α-helical state upon membrane sensing that allows

the adherence of αSyn to biological membranes [35, 82, 83, 30, 84]. The conformational transition

into an amphipathic helix is driven and stabilised by the presence of a series of seven repeats of eleven

residues long, which bear KTKEGV as a consensus sequence and are repeated imperfectly through

residues 1-90 (Figure 1.2) [35, 85, 86, 87]. Research studying the interaction of αSyn with SUVs as

synaptic vesicle mimics using solid-state NMR (ssNMR) revealed the importance of the interactions

between the rigid ordered helical conformation adopted by the first 25 residues of the N-terminal

region and the hydrophobic lipid group chains, which were shown to act as an anchor for the protein

to the membrane. This anchoring interaction was also observed to be further enhanced through the

partial insertion of the N-terminal initial 12 residues into the membrane, forming a tilt angle of 12º

relative to the plane of the membrane [82]. Consistent with these findings is a study by Vamvaca and

colleagues, which demonstrated a dramatic fall in the propensity of αSyn to bind vesicle membranes

in yeast upon deletion of residues 2-11 [88]. These strong but also transient interactions allow αSyn

to exist in a dynamic equilibrium between a partially ordered membrane-bound state and a disordered

unbound state in solution (Figure 1.3), which seem to be fundamental for its physiological function

[27, 38, 37]. At the same time, the transient nature of the association between the N-terminal region

of αSyn and biological membranes prevents the long exposure of the NAC to the solvent, which could

otherwise initiate aggregation with other αSyn monomers whilst long-range interactions between the

N- and C-termini are interrupted.

However, the tight binding arising from the partial insertion of the α-helical N-terminus into the

membrane may ultimately contribute to the initiation of amyloid formation and the onset of pathol-

ogy. As mentioned above, the membrane-bound conformation of αSyn may inadvertently favour the

transient detachment and exposure of the central region, which is associated with the initial steps of

amyloid formation [50, 24, 89, 90]. The transient interruption of the long-range intramolecular in-
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Figure 1.3: Structural ensembles adopted by αSyn in solution and upon association with the mem-
brane. Figure adapted from [38].

teractions may therefore lead to the increased exposure and availability of the NAC to self-aggregate

with other αSyn monomers and assemble into larger aggregates on the surface of membranes [50].

In fact, calcium, which is believed to be essential for the function of αSyn, has been shown to trigger

its aggregation through the collapse of the C-terminal region upon charge neutralisation, leading to

altered long-range contacts and enhanced hydrophobic interactions between the C-terminal and NAC

regions [91]. As it will be explained later in 1.9.1 of the Introduction Chapter in more detail, ab-

normally high levels of intracellular Ca2+ may lead to the misfolding of αSyn, the skewness of the

conformational equilibrium towards aggregation-prone states and the perpetuation of a feed-forward

loop where αSyn oligomers disrupt cellular membranes and further increase levels of calcium [92].

αSyn is believed to undergo a variety of post-translational modifications in vivo that alter its struc-

tural and dynamic properties, adding an extra layer of complexity to its conformational promiscuity,

including phosphorylation and N-terminal acetylation (NTA) [93, 67, 94, 95]. The latter is considered

especially important and relevant as a result of its role in modulating the membrane binding ability
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of αSyn. NTA increases the helical propensity of the N-terminal region, enhances membrane binding

affinity [88, 94, 96, 97], and alters αSyn aggregation kinetics and morphology of the resulting fibrils

[98]. Indeed, given that no deacetylases are currently known, αSyn is thought to be fully acetylated

at the N-terminus in vivo [99].

1.5 Oligomeric α-Synuclein, the cytotoxic species

Since αSyn was identified as being a central piece in the pathological puzzle of PD and the other

synucleinopathies, a wealth of knowledge has been generated from biophysical as well as biochemical

studies that points at prefibrillar αSyn oligomeric, and not monomeric or fibrillar species, as being

the primary pathological agents [100, 38, 36, 64, 101, 102]. An extensive body of evidence has

established the variety of distinct mechanisms through which oligomeric αSyn species disrupt normal

cellular function, including mitochondrial dysfunction, elevated levels of reactive oxygen species

(ROS), aberrantly high intracellular levels of Ca2+ and proteasomal impairment (Figure 1.4) [67, 92,

102, 103, 104, 105, 106, 107, 108, 109, 110].

The focus of research on the putative pathological agents responsible for cytotoxicity in PD has been

controversial and has shifted several times between the more obvious and insoluble αSyn fibrils found

in PD patients’ brains, and the more oblivious and soluble αSyn oligomeric species. Indeed, a series

of experiments has lately highlighted the paramount importance of misfolding aggregate interme-

diates in neurotoxicity and disease progression. Indeed, it is their dynamic nature consisting of an

ensemble of heterogeneous conformations that makes their individual isolation and study so difficult

[111].

A series of recent studies have provided compelling evidence that supports small soluble oligomeric

aggregates as being the most damaging and toxic species to cells (Figure 1.5) [101, 112, 111, 113].

This idea initially stemmed from the fact that the extent of fibrillar aggregates does not generally cor-

relate with neurodegenerative disease progression and severity of cognitive impairment in patients,

which proposes the existence of soluble intermediate misfolding events, rather than the end-point fib-

rillar amyloids observed in post-mortem analyses of brains of PD patients, as putative toxic factors
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Figure 1.4: Aberrant interactions between misfolded protein oligomers and biological membranes.
Toxic protein oligomers can strongly bind biological membranes, including the plasma and mito-
chondrial membranes, as well as proteins (e.g. receptors and ion channels) located at the membrane.
Perturbation and pore formation (A) of the lipid bilayer by misfolded protein aggregates may disrupt
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Figure 1.4: membrane integrity, ultimately leading to its permeabilisation (B) and associated down-
stream aberrant processes such as mitochondrial dysfunction, elevated intracellular ROS generation
and the release of cytochrome c. In addition, interactions of misfolded protein aggregates with mem-
brane receptors (C,D) and mitochondrial receptors (E) may result in loss of function (e.g. VDACs,
α3-NKA) or overactivation (e.g. mGluRs, NMDARs), with consequent alteration of the cellular vi-
ability, associated with an underlying imbalance in Ca2+ gradients as well as cellular and organelle
dysfunction. In fact, most of the interactions of misfolded protein aggregates with cellular mem-
branes and membrane proteins promote a common downstream Ca2+-dependent cellular toxicity. In
this scheme, deleterious interactions and processes driven by protein oligomers at the surface of bio-
logical membranes are shown: (A) Pore formation. (B) Membrane permeabilisation. (C) Interaction
with ionotropic/metabotropic glutamate receptors. (D) Interaction with plasma membrane receptors
(e.g. α7 nAChR, α3-NKA, etc.). (E) Interaction with mitochondrial membrane receptors (VDACs,
mPTP, etc.). (F) Elevated intracellular ROS production. Protein aggregates are schematically shown
in purple, Ca2+ ions in orange and neurotransmitter molecules in blue. Figure from [92].

responsible for the underlying pathology [114, 64, 115]. In fact, this has been observed in other pro-

tein misfolding diseases involving Aβ [116] and tau [117] in AD and human islet amyloid polypeptide

(IAPP) in type II diabetes [118, 119].

These soluble intermediate species represent an elusive population characterised by high structural

heterogeneity. Indeed, biophysical and size-exclusion chromatography (SEC) studies revealed a con-

tinuous distribution in the size of prefibrillar oligomeric αSyn isolated from post-mortem human and

transgenic animal brains, ranging from small oligomers (-2-5 monomers), through medium (-5-15) to

large (-15-150) particles [67]. Indeed, toxic oligomeric species have distinct biophysical properties

that enhance their ability to establish aberrant interactions and cause toxicity compared to amyloid fib-

rils, including small size [120], exposure of hydrophobic surfaces [121] and unsaturated edge-strands

[122].

Under special conditions where the likelihood of closer inter-protein contacts increases, either as a

result of altered levels of metal ions, post-translational modifications, molecular overcrowding or the

abnormal interaction with other proteins and lipids [64, 115], exploration of the conformational land-

scape by disordered αSyn monomers may encounter a new energy minimum which might lead to

misfolding and aggregation. A transient conformational change may quickly favour the aberrant self-

assembly with other αSyn monomers, resulting in an initial fuzzy nucleus which might at first appear
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Figure 1.5: Representation of the fibrillisation process of αSyn. The intermediate pathological
oligomeric species have been indeed reported to represent a highly structurally heterogeneous popu-
lation which may have distinct neurotoxic abilities. Following an initial nucleation step, off-pathway
oligomers may form, which do not contribute to fibril formation. On-pathway oligomers, however,
elongate by monomer addition, forming prefibrillar oligomers and eventually well-structured amyloid
fibrils. Dissociation and association of oligomers and monomers may happen throughout as a result
of the dynamic nature of the process. In green and red, the non-toxic and toxic species, respectively.

disordered, but which may later reorganise into a highly ordered β-sheet-rich assembly, resembling

the architecture of an amyloid core [64, 67, 114]. Given the wide structural heterogeneity of prefib-

rillar oligomers and the variety of conditions under which they may form, it is highly likely that a

spectrum of oligomeric species, and not just one particular conformation, is responsible for inducing

neurotoxicity in PD.

Increasing evidence points at the ability of oligomeric αSyn species to bind lipid membranes and

disrupt them to be a key molecular mechanism governing neurotoxicity [50, 64, 67, 123, 124]. Either

through a partial insertion into the membrane, pore formation, or a thinning of the lipid leaflets via

a detergent-like mechanism [125, 92], the disruption of the integrity of biological membranes leads

to their permeabilisation and consequent loss of compartmentalisation. The disruption of the cellular

homeostasis may come as a result of the misfolded nature of prefibrillar oligomers, which aberrantly

display on their surface hydrophobic residues that would otherwise be unexposed and inaccessible for

interaction with cellular targets [114].
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Indeed, a recent NMR study using structurally characterised homogeneous toxic oligomers gener-

ated in vitro by Fusco et al. identified that the structural basis for the enhanced membrane binding

ability of oligomers is a key highly lipophilic element, which corresponds to the N-terminal region

of monomeric αSyn (Figure 1.6) [124]. This allows the establishment of a tight binding interaction

as αSyn oligomers anchor to the membrane through the insertion of a highly structured β-sheet-rich

oligomeric core, leading to the disruption of the integrity of the membrane [124]. The capacity of the

N-terminal segment to anchor the oligomeric aggregates to the membrane can therefore be regarded

as a key step in the induction of cytotoxicity through membrane permeabilisation. Indeed, consistent

with the pathology observed in PD brains, inoculation of the in vitro-generated human toxic αSyn

oligomers mentioned above [124] into the brain of a rat model of PD induced the aggregation of

endogenous αSyn and prompted the deposition of p129-αSyn in the striatum and substantia nigra

[126].

Figure 1.6: Schematic representation of the binding of toxic αSyn oligomers to the membrane.
α-helical elements responsible for the anchoring step of the oligomers to the membrane surface
are coloured blue. The β-sheet-rich core involved in membrane disruption and permeabilisation is
coloured red. Figure adapted from [124].

1.6 The disruption of the membrane as a neurotoxic event

1.6.1 Disruption of biological membranes by toxic protein oligomers

Recent studies on the molecular mechanisms underlying the neurotoxicity characteristic of protein

misfolding diseases (PMDs) point at a common aetiology involving the aberrant interaction between



1.6. The disruption of the membrane as a neurotoxic event 15

misfolded protein oligomers and biological membranes (Figure 1.4) [127, 128] and the consequent

alteration of calcium signalling [129, 111, 92]. Two major mechanisms can be identified by which

the function of membranes is disturbed in PMDs, namely through membrane disruption (Figure 1.7)

and receptor-mediated dysfunction (Figure 1.8).
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Figure 1.7: Mechanisms of membrane disruption by misfolded protein oligomers. Biological mem-
branes can be disrupted by misfolded protein oligomers in a variety of ways, including (A) partial
insertion of the oligomers into the hydrophobic region of the membrane, (B) pore formation, (C) mem-
brane thinning and redistribution of lipids through a detergent-like mechanism [125]. The consequent
loss of membrane integrity results in an aberrant influx of Ca2+ ions, the generation of ROS and the
alteration of signaling pathways, ultimately inducing cell death in a Ca2+-dependent manner. (D) In
the mitochondria, preferential binding to cardiolipin (depicted as yellow lipids) by protein oligomers
promotes aberrant protein-membrane interactions. Defects in the mitochondrial membranes lead to
altered ionic gradients, which in turn interrupt the electron transport chain and compromise the pro-
cess of mitochondrial respiration. An impaired mitochondrial electron transport chain, in association
with an elevated influx of Ca2+ ions result in an increase in intracellular ROS. The loss of the mi-
tochondrial membrane potential ultimately induces the release of cytochrome c and the activation of
apoptosis. Figure from [92].

As described above, αSyn oligomers seem to induce neurotoxicity by directly disrupting the integrity

of biological membranes through the binding of the N-terminal portion and the insertion of a highly

hydrophobic core into the lipidic interior [124]. This ultimately leads to membrane thinning and
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permeabilisation, leading to fluxes of small ions and larger molecules like the calcein dye through

the neuronal membrane [103]. By interfering with the initial anchoring step of these toxic αSyn

oligomers that allows their insertion into the membrane through the use of N-terminal-specific anti-

bodies, cytotoxicity was abolished in vitro and in C. elegans [103]. Studies on conductance across

biological membranes have also demonstrated the permeabilisation of the plasma membrane upon in-

teracting with protein oligomers [130]. This is consistent with findings from atomic force microscopy

studies which have shown the formation of membrane pores of a range of dimensions after incubation

with protein oligomers [131, 108, 132, 133].

Another line of research supports the formation of protein oligomeric pores spanning both sides of

the plasma membrane as an underlying alternative mechanism responsible for the alteration of ion

gradients and homeostasis. In terms of αSyn, annular oligomers have been reported to have ion

channel-like activity [111, 112], similar to that observed of Aβ by atomic force microscopy [127,

129, 134].

Membrane lipid peroxidation as a result of elevated levels of oxidative stress has also been described

as a defining feature of neurodegenerative diseases. Oxidised lipids favour protein aggregation at

the surface of membranes and weaken cellular membranes by introducing defects in the packing of

phospholipids which makes membranous structures more vulnerable to permeabilisation [135, 136,

137]. This leads to a feed-forward loop where oxidised lipids induce an increase in αSyn misfolding

and aggregation into oligomers [138], which in turn enhances oxidative stress and lipid peroxidation,

thereby perpetuating a self-inflicting cytotoxic mechanism. Consistently, oxidised lipids have been

found in post-mortem studies of the brains of patients with PD [139], as well as in brains of AD

patients [140]. Recently, free lipids in solution have been proposed to pre-bind to misfolded proteins

and induce their further aggregation by driving their insertion into membranes in a chaperon-like

mechanism (lipid-chaperone hypothesis) [141, 142, 143].



1.6. The disruption of the membrane as a neurotoxic event 17

1.6.2 Mitochondrial membrane disruption

PMDs have been extensively associated with mitochondrial damage and dysfunction [144], for which

a role of toxic protein oligomers has been established in the impairment of mitochondrial function

(Figure 1.7 and 1.8). Indeed, protein aggregate deposits of αSyn, Aβ and tau have been found to

co-localise with mitochondrial membranes [145] and mitochondrial-associated membranes [146] in

brains of PD and AD patients. Studies using transmission electron microscopy have also revealed

abnormalities in the morphology of mitochondria, including fragmentation and malformations of the

cristae, upon overexpression of wild-type αSyn in dopaminergic neurons [147]. Consistent with

these findings, neuronal death has been reported in in vitro studies as well as in animal models after

prefibrillar oligomer-induced mitochondrial membrane damage and impairment [148, 149, 144, 150].

At a genetic level, mutations in several genes that play a key role in the maintenance of mitochondrial

homeostasis and the generation of reactive oxygen species (PINK1, PINK2 (Parkin), LRRK2 and DJ-

1) have been directly linked to the neurotoxicity of PD, further strengthening a putative role between

the mitochondrion and the aetiology of the disease [151, 152, 153, 154].

The high binding affinity of protein oligomers for mitochondrial membranes may be explained by

their lipid composition, which is rich in cardiolipin. This type of lipid is exclusively found in mito-

chondria and is fundamental to the function of the organelle [155, 156, 157, 158]. By being formed

by two phosphatidyl residues and four acyl chains linked by a glycerol bridge, cardiolipin has a char-

acteristic structure that determines the curvature, packing and hence fluidity of the mitochondrial

membrane lipids [159], making them attractive binding partners for protein oligomers [160]. Indeed,

membrane lipid composition has been observed to influence the accumulation of αSyn in mitochon-

dria, where a higher cardiolipin content in the internal mitochondrial membrane (20% of lipid content)

coincides with a higher binding preference of αSyn, compared to the outer mitochondrial membrane

(5% of total lipids) [161, 162, 159, 163]. Similarly, the formation of mitochondrial membrane pores

in vitro has been described to be dependent on cardiolipin content in incubation assays of αSyn with

isolated mitochondria [158].

Mitochondrial dysfunction following defects in membrane integrity has also been reported in other
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neuropathic as well as and non-neuropathic amyloidoses. Aggregates of superoxide dismutase 1

(SOD1), associated with the pathology of amyotrophic lateral sclerosis (ALS), have been shown to

perturb mitochondrial membranes in cultured neurons [164, 165], in transgenic rodent models ex-

pressing mutant SOD1 [166, 167] and in patients of ALS [168, 169]. In type-2 diabetes, mitochon-

drial membrane depolarisation following membrane perturbation and accumulation of human IAPP

aggregates at mitochondrial cristae [157, 170] leads to an alteration of normal cellular function and

apoptosis [171].

Unregulated influx of Ca2+ as a result of membrane permeabilisation by αSyn oligomers can also have

detrimental effects in mitochondrial function, as has been observed through an overload of the inter-

nal calcium stores in isolated mitochondria as well as in dopaminergic neuronal models [172, 128].

Disruption of calcium homeostasis results in a cascade of events, which begins with the opening of

the mitochondrial permeability transition pore (mPTP) [172]. The alteration of concentration gra-

dients across mitochondrial membranes induces the depolarisation of the mitochondria as a result

[173, 174, 175], the release of cytochrome c [145, 161, 172] and ultimately the activation of cas-

pases, thereby triggering a downstream apoptotic signalling response [147]. A similar effect has been

observed with Aβ42 oligomers, which have been shown to induce apoptosis [176, 177, 178] by dis-

rupting mitochondrial membrane integrity [149, 179, 155, 180], altering calcium homeostasis and

interfering with the activity of the respiratory chain complexes I and IV [181, 182, 183].

1.6.3 Receptor-mediated toxicity by protein oligomers

In addition to disturbing membrane integrity, extensive evidence suggests that protein oligomers can

also induce toxicity by directly interacting with membrane proteins. In this “receptor-mediated”

model of toxicity, misfolded protein aggregates are believed to modulate the function of a variety of

membrane proteins and receptors, which results in the transduction of deleterious signalling events

and ultimately cytotoxicity (Figure 1.8).

Especially important seems the glutamate receptor family, as metabotropic glutamate receptors (mGluR),

N-methyl-D-aspartate receptors (NMDAR) and AMPA receptors (AMPAR) have been identified as
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targets for the toxic interactions of protein aggregates. In particular, metabotropic glutamate mGluR5

receptors constitute a major class of binding partners for Aβ aggregates, whose co-localisation has re-

peatedly been observed [184, 185, 186]. By sequestering mGluR5 receptors, Aβ aggregates increase

the local density of these receptors at excitatory synapses and dendritic spines, giving rise to constitu-

tively active signalling complexes that result in unregulated intracellular fluxes of Ca2+, both from the

extracellular space and internal endoplasmic reticulum cellular stores [187, 188]. An observed upreg-

ulation of the expression of mGluR5s in the brains of PD patients suggests a similar mechanism to

that of Aβ oligomers in AD [189, 190, 191], in which an increased association with αSyn aggregates

might trigger an abnormal influx of Ca2+ into the cell that may destabilise the intracellular signalling

homeostasis.

Neurotoxicity might also be induced in AD through the overactivation of the ionotropic glutamate

receptor NMDA, which plays a fundamental role in memory, learning and in the establishment of

neuronal connections [192]. Aβ oligomers cause the overstimulation of the NMDA receptor and

induce a state of excitotoxicity in the neuron that is accompanied by an aberrant flux of elevated

levels of Ca2+ into the neuron [193, 194]. Recently, the cellular prion protein, PrPc, has emerged as

a putative high affinity partner for Aβ oligomers and other misfolded proteins by acting as a toxicity

modulator [195, 196, 197, 198, 199], which can result in impaired synaptic plasticity and long-term

potentiation in AD [200]. Given its transmembrane nature, PrPc has therefore been proposed to

act as an extracellular platform with the ability to coordinate multiprotein interactions and mediate

downstream intracellular signalling from the cell surface upon Aβ binding (e.g., through mGluR5,

α7 AChR) [188, 201, 202, 199, 203].

Interestingly, Aβ can promote its own internalisation into the cell by recruiting the low-density

lipoprotein receptor-related protein-1 (LRP1) upon binging to the extracellular domain of PrPc [204].

Given that LRP1 has also been involved in the cellular uptake of tau and its pathological spread [205],

its function may constitute an essential component in establishing a common pathway for the internal-

isation of the two toxic proteins involved in AD. Additionally, by triggering a cascade of downstream

signalling pathways, PrPc acts as an inducer of synaptic impairment through the interaction with Aβ
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Figure 1.8: Aberrant interactions of misfolded protein oligomers with membrane receptors. Protein
aggregates are able to establish binding interactions with many other proteins on the plasma and mi-
tochondrial membranes, resulting in the alteration of their physiological functions. These interactions
may result in overactivation and hence in a gain-of-function effect (e.g. mGluR5s or NMDARs)
whereas internalisation (e.g. AMPARs, α7 AChR) and clustering of transporters (e.g. α3-NKA) may
lead to loss-of-function. The binding to membrane receptors has been shown to alter the ionic gra-
dients and generate an excess of intracellular and mitochondrial Ca2+. The resulting opening of the
mPTP causes the depolarisation of the mitochondria, which triggers the release of cytochrome c and
the consequent signalling for apoptosis. Disruption of the electron transport chain by direct binding
of oligomers to the respiratory complexes exacerbates the Ca2+-mediated toxicity through the un-
regulated generation of ROS. In this schematic figure, interactions with (A) ionotropic/metabotropic
glutamate receptors, (B) nicotinic receptors (e.g. NKA transporter) and (C) mitochondrial receptors
(e.g. TOM20), are shown in association with (D) the resulting elevated generation of ROS. Figure
from [92].

and αSyn by evoking the activation of Fyn kinase, which activates the NMDA receptor by phosphory-

lating its NR2B subunit, leading to dendritic spine loss and an associated altered calcium homeostasis

in in vivo mouse models [206, 197, 207]. The activation of the downstream tyrosine kinase Pyk has

been shown to, in turn, trigger the phosphorylation of tau [208], which is a defining feature of the

pathology of AD [209].

A receptor-mediated mechanism of synaptic dysfunction and neurotoxicity may not only rely on
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overstimulation and gain of function signalling responses, but may also result in loss of function in-

teractions which are deleterious to cellular function. Both Aβ and αSyn aggregates are known to

interact with the α3-Na+/K+-ATPase (α3-NKA) sodium pump, an essential ion transporter respon-

sible for maintaining membrane potentials in neurons [210, 211]. In particular, αSyn aggregates

impair the pump’s ability to export sodium ions out of the cell by crowding the pre-synaptic space,

whilst Aβ acts by compromising the catalytic activity of the NKAα subunit [210, 211]. Even though

the function of the NKA sodium pump may be impaired by different misfolded protein aggregates

through differing mechanisms, the common resulting pathway is a pre-synaptic overload of calcium

which disrupts the cellular homeostatic levels and induces the activation of deleterious downstream

signalling events [210].

The cholinergic pathway is currently being heavily studied for its proposed role in the characteristic

toxicity observed in AD, as reflected by the several therapeutic avenues being investigated to interfere

with its downstream signalling [212]. This excitatory pathway involves two main receptor families,

namely muscarinic (mAChR) and nicotinic acetylcholine (nAChR) receptors [213, 214]. In fact,

α7 nAChR antagonists have been observed to have neuroprotective effects in rats, rescuing learning

deficits associated with the overstimulation of cholinergic receptors [215]. Evidence suggests that Aβ

aggregates might accumulate and result in an impairment of the activity of α7 AChR as well as induce

receptor internalisation, leading to synaptic dysfunction and memory loss. Additionally, studies on the

binding of these two interacting partners suggests an increase in tau hyperphosphorylation [216] and

the induction of plaque formation [217, 218] upon complex formation, with both features representing

pathological hallmarks of AD.

As a compensation mechanism for the internalisation of the Aβ-receptor complex and loss of func-

tional α7 nAChR at the synapses, the expression of α7 nAChR is upregulated [219]. This inadver-

tently results in a positive feedback loop with an increased availability of α7 nAChR, consequently

leading to the intracellular accumulation of Aβ, the overwhelming of the lysosomes and neuronal

death [220]. An upregulation of the cholinergic α7 nAChR might simultaneously result in elevated

calcium fluxes into the neuron [221], further contributing to the cocktail of dysregulated signalling
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pathways and toxicity inside the cell.

Similar to the aberrant interactions with neuronal membrane receptors, misfolded protein aggregates

have also been shown to induce detrimental effects in mitochondria through the interaction with mi-

tochondrial membrane receptors. In fact, voltage-dependent anion channels (VDACs) have recently

become a large subject of study as a result of their apparent direct implication in these toxic events.

VDACs have previously been shown to facilitate the transport of αSyn into the mitochondria [222],

suggesting a critical role in modulating the initial step in the unfolding of mitochondrial toxicity by

which toxic aggregates are trafficked inside. At the same time, αSyn have been shown to cause VDAC

dysfunction in vitro, resulting in the reduction of ATP and ADP levels and the concomitant impair-

ment of mitochondrial respiration [223]. Aggregates of mutant SOD1 similarly accumulate on the

OMM by directly interacting with VDAC1 [224] and Bcl-2 [225], inducing loss of channel function

and a consequent perturbation of mitochondrial membrane potential and morphology, as well as pro-

tein transport. Interactions of mutant SOD1 with Bcl-2 on the OMM have been proposed to underlie

the molecular mechanism responsible for the onset of motor neuron loss in ALS [226], through a

conformational change in Bcl-2 which enhances the affinity for VDACs and leads to channel closure

[227].

Aggregates of mutant huntingtin (Htt) involved in Huntington’s disease (HD) have also been shown

to promote cell death through a combination of mechanisms, in which interactions with the InsP3

receptor on the ER membrane, together with hyperstimulation of NMDAR [228], result in both the

release of calcium from ER stores and the influx of calcium from the extracellular space. Combined

with the fact that mutant Htt is involved in the opening of the mPTP in the IMM, cytochrome c is

released in response, and apoptosis induced as a result [229]. Consistent with the pathology of HD,

the degeneration of GABAergic neurons was observed in the striatum of rat brains upon injection of

NMDA agonists [230], most likely as a result of a hyperstimulation of the excitatory receptors that

leads to excitotoxicity.

Extensive experimental evidence therefore highlights the relevance of biological membranes in the
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toxic molecular mechanisms that underlie the pathology of PMDs. Two major mechanisms, namely

through membrane disruption and receptor-mediated dysfunction, have been identified. Whilst one

describes the perturbation of membrane integrity as the initiation of a series of downstream toxic

events, the other model points at aberrant interactions of protein aggregates with receptors that can

result in their hyperactivation or their loss of function. However, regardless of the multiple concurrent

factors, both proposed mechanisms have the membrane as centrepiece for their toxicity and share

the same molecular outcomes which are common to most PMDs, namely an imbalance in calcium

homeostasis and signalling resulting in cell death.

1.7 Nucleic acid aptamers: the new class of molecular recogni-

tion tools

Currently, no disease-modifying treatment exists that interferes with the toxicity associated with αSyn

aggregates and halts the progression of PD. Instead, drugs and therapies that alleviate the associated

symptoms are routinely prescribed, in an attempt to increase the quality of life of the patient, whilst

not targeting the pathomolecular aetiology of the disease. A traditional structure-based drug design

approach to target the toxicity of oligomeric αSyn species seems intractable, however, as a result of

the intrinsically disordered nature of αSyn monomers, and the exquisite heterogeneity of the ensem-

ble of structures oligomeric aggregates can adopt. Notably, significant advances have been made in

the last few years in the field of therapeutic research for neurodegenerative diseases, including the

generation of antibodies targeting αSyn aggregates [231].

In 1990, the work from two independent research groups reported the first in vitro generation of

single-stranded RNA molecules that were selected to specifically bind certain targets [232, 233]. Af-

ter selecting several small RNA oligonucleotides that could bind a small dye with high affinity, Elling-

ton and Szostak called this new class of recognition molecules “aptamers” [233]. At the same time,

Tuerk and Gold generated some other RNA molecules that showed affinity and bound to the bacterio-

phage T4 DNA polymerase in a similar manner to how its natural ligand binds, through a process they

named as Selective Evolution of Ligands by Exponential Enrichment (SELEX) [232]. The findings



24 Chapter 1. Introduction

of these two studies led to the introduction of a versatile new class of molecules, with potential as

therapeutic and diagnostic agents: Aptamers are short single-stranded DNA or RNA oligonucleotides

(20-100 nucleotide bases), which can recognise and bind to a huge variety of molecules, ranging from

small molecules and even ions to cells, with striking specificity and affinity, in the nM to pM range

[232, 233, 234, 235, 236]. Aside from the most well-known function of nucleic acids in the storage

of genetic information as part of the central dogma, single-stranded nucleic acids also have the ability

to fold into specific three-dimensional structures that can recognise specific target motifs. As a result

of their innate ability to complementary base pair, aptamer sequences can fold back on themselves

and form networks of electrostatic salt-bridges, hydrogen bond, Van der Waals and pi-stacking inter-

actions that give them their characteristic secondary and tertiary conformations (stem loops, hairpin,

pseudoknot and G-quadruplex) [236]. The combination of sequence composition and base distri-

bution, as well as environmental conditions such as temperature and ionic strength determines the

structural basis of the recognition surfaces of aptamers, which dictate the affinity and specificity of

their binding.

As opposed to protein antibodies, which are typically discovered and produced in animal and cell

models, aptamer sequences are usually generated in vitro through SELEX. This technique relies on the

in vitro evolution of sequences from combinatorial libraries that can bind to a target of interest [237,

232, 233]. The procedure consists of iterative cycles of incubation between the target and a library of

nucleic acid sequences in what is known as rounds of selection, to allow binding sequences to remain

in solution and “evolve” throughout the iterative incubation rounds (Figure 1.9). The continuous

evolutionary pressure to which aptamer sequences are exposed may gradually lead to the selection of

a subset of sequences showing sufficient specificity and affinity to the target of interest. Amplification

by PCR at every round of selection expands the population of the binding sequences, leading to those

with highest affinity and/or specificity eventually dominating the library. The principle of SELEX

therefore relies on the view that single copies of sequences with affinity for a particular target will be

present in an initially randomised library of nucleic acids, which is predicted to contain approximately

1016 distinct sequences. Following multiple rounds of selection (typically up to around 20), the

individual sequences from the aptamer pool are cloned and sequenced to identify high affinity binders
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[236]. The waning cost of sequencing has recently made Next-Generation Sequencing (NGS) the

preferred sequencing method when the technology is available, as a high-throughput alternative to

provide a deeper understanding of the composition of different libraries throughout the evolution

process [238]. Interestingly, this may lead to the discovery of sequences which may show a higher

affinity or specificity for a particular target, and which were not necessarily carried over and selected

up to the last round of selection simply as a result of, for instance, being more difficult to amplify

than other sequences during PCR or having a lower affinity but higher specificity for the target.

Figure 1.9: Illustration of the process of DNA aptamer selection through SELEX. Briefly, selection of
aptamers can be broken down into three essential steps that are iteratively repeated: incubation of the
combinatorial DNA library with the target followed by the partitioning of the bound sequences from
the unbound sequences, through immobilisation of the biotinylated target using streptavidin-coated
magnetic beads, amplification of this new pool of sequences, and the generation of a single-stranded
library in preparation for the next selection round.

Since the development of the first aptamers and the establishment of an in vitro protocol for their

generation, the large number of studies and successful entries into clinical trials manifests the grow-

ing interest for these molecular recognition tools and their potential as therapeutic molecules [239].

Indeed, it is no surprise that aptamers have been proposed to be promising alternatives to protein

antibodies, which constitute the largest group of available therapeutic biomolecules. With aptamers

being sometimes referred to as “chemical antibodies”, they mimic the merits of their protein coun-

terparts whilst overcoming their limitations, making them more suitable as high affinity recognition
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therapeutics: higher flexibility and thermostability, lack of immunogenicity given that nucleic acids

do not usually elicit immune responses, and comparably smaller size (6-30 kDa and 2 nm in diam-

eter, compared to 150-180 kDa and 15 nm in diameter) [236]. Such features present aptamers with

the ability to overcome the limitations of antibodies in certain therapeutic avenues, including mem-

brane crossing events, especially in the case of the blood-brain-barrier (BBB), and the accessibility

to hidden epitopes difficult to reach because of their large size (e.g. in solid tumours). Similarly,

the production of large-scale quantities of aptamers can be achieved at a relatively low cost whilst

also boasting wide chemical reproducibility, as opposed to the possibility of bath-to-batch variation

in efficacy of antibodies produced using animal cells, and an inherent risk of contamination [236].

Additionally, the ease of chemical modification or labelling and their remarkable binding properties

have made of aptamers emerging excellent molecular choices for analytical, diagnostic and therapeu-

tic tools [240, 239, 241].

1.8 Aptamers as therapeutics for PD

Following the introduction of SELEX in the 1990’s, aptamer technology started being exploited for

the generation of therapeutic molecules and diagnostic tools. By 2008, studies on aptamer research

had reported the selection of over 2000 aptamers with binding affinity for more than 140 targets

[242]. Since original intellectual property restrictions eventually expired and hurdles were lifted, in-

terest on aptamer-based technology has been steadily increasing, represented by the more than 800

registered aptamer-related patents [243]. In 2004, the FDA approved the commercialisation of the first

therapeutic RNA aptamer, pegaptanib sodium (Macugen®), for the treatment of age-related macular

degeneration in humans [244]. The approval of this first-in-class therapeutic, used to treat a com-

mon ocular condition which can result in severe loss of central vision, represented an unprecedented

breakthrough in the drug development field.

However, the vast number of preclinical aptamer studies reporting promising in vitro data does not

reflect the current rate of approval. The restrictions associated with the original patents and the scep-

ticism of the biopharmaceutical industry to invest in an entirely novel class of therapeutic molecules

and to partly divert from the well-established antibody industry, has caused the development of ap-
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tamers to lag behind [243, 245]. Despite the slow start, the therapeutic effect and safety of several

aptamers was recently being evaluated in clinical trials (Table 1.1) [239], with some of them expected

to successfully become available in the market in the next 5-10 years. Interestingly, AS1411 has be-

come the first aptamer for the treatment of various cancer indications in humans in entering clinical

trials [239, 246], after demonstrating potent anticancer activity with little side effects [247]. Certainly,

the presence of aptamers is increasingly becoming stronger both in the therapeutic industry and in the

world of diagnostics, where aptamers are making noticeable contributions [239, 248, 249].

As life expectancy improves worldwide, and the average age increases, the cases of neurodegenerative

diseases are projected to dramatically rise in the next few decades. As a result of their unique prop-

erties, including their small size compared to protein antibodies, aptamers seem promising to open

new ways of treating neurodegenerative disorders like PD [250, 251]. Substantial efforts have been

made in the generation of aptamers for neurodegenerative diseases, as evidenced by the extensive

literature available on the identification of aptamers for these disorders [250, 251, 252]. For instance,

aptamer-based biosensors or probes have been developed for the detection of amyloid plaques in AD

[253, 254] and different prion isoforms in prion diseases [251, 255], to aid in the early diagnosis of

these disorders. Similarly, the selection of aptamers against amyloid-β [256], tau [257] and the prion

protein [255, 258] has also been reported, with some showing encouraging neuroprotective effects

[257, 258].

To date, only two research groups have reported the selection of aptamers against αSyn species

with the aim of establishing initial drug candidates for PD [259, 260, 261]. The first DNA aptamer,

named M5-15, that was reported to have affinity for αSyn oligomers and monomers was generated

by Tsukakoshi et al [261]. Later, by using a competitive screening method to discard binders to αSyn

monomers and fibrils, the same group identified eight aptamers that showed affinity for β-sheet-rich

architectures present in both αSyn and Aβ oligomers [260]. Similarly, Zheng et al. were recently

successful at isolating two high affinity DNA aptamer sequences, called F5R1 and F5R2, against

monomeric αSyn, which were shown to reverse aggregation and trigger the degradation of αSyn ag-

gregates in vitro [259]. Previous unpublished work investigating the interaction between F5R1 and
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Aptamer Company Target Dissociation 
constant (kd)

Therapeutic indication Clinical 
stage

Pegaptanib 
sodium/
Macugen

OSI 
Pharmaceut
icals/
Pfizer

VEGF165 200 pM - AMD (Approved for this 
indication)
- Proliferative diabetic 
retinopathy
- Diabetic macular oedema

FDA 
approved 
(2004)

E10030 Ophtotech PDGF 0.1 nM - AMD
- Von Hippel-Lindau

Completed 
Phase III

ARC1905 Ophtotech Human 
complement C5

2-5 nM - AMD
- Wet AMD
- Stargardt disease 1
- Idiopathic polypoidal 
choroidal vasculopathy
- Geographic atrophic 
conditions

Phase III

AS1411 Antisoma Nucleolin 54.8 ± 7.3 nM - Acute myeloid leukaemia 
(AML)
- Metastatic renal cell 
carcinoma
- Advanced solid tumours

Phase III

NOX-A12 NOXXON 
PHARMA

CXCL12 (C-X-C 
Chemokine 
ligand 12)

200 pM - Multiple myeloma
- Hematopoietic stem cell 
transplantation
- Autologous stem cell 
transplantation
- Metastatic colorectal 
cancer
- Metastatic pancreatic 
cancer
- Chronic lymphocytic 
leukaemia

Phase III

NOX-E36 NOXXON 
PHARMA

CCL2 (C-C 
Chemokine 
ligand 2)/MCP-
1 (Monocyte 
chemoattractant 
protein 1)

1.32 nM - Type 2 diabetes mellitus
- Systematic lupus 
erythematosus
- Albuminuria
- Renal dysfunction

Phase III

NOX-H94 NOXXON 
PHARMA

Hepcidin 0.65 ± 0.06 
nM

- Anaemia
- End-stage renal disease
- Inflammation 

Phase III

ARC1779 Archemix A1 domain of 
von Willebrand 
Factor

2 nM - Von Willebrand disease
- Thrombotic 
thrombocytopaenic purpura
- Von Willebrand disease 
type 2b
- Percutaneous coronary 
intervention
- Thrombosis

Phase III

NU172 ARCA 
Biopharma

Thrombin Not published - Heart disease Phase III

REG1 system Regado 
Biosciences

Coagulation 
factor IX1

2.83 ± 0.4 nM - Acute coronary syndrome
- Coronary artery disease

Completed 
Phase III

BX499 (formerly 
ARC19499)

Baxter Tissue Factor 
Pathway 
Inhibitor 

2.8 ± 0.3 nM - Haemophilia Phase II

Table 1.1: Development stages of aptamers in clinical trials as of 2018. The large number of nucleic
acid aptamer entries being evaluated for their safety and efficacy highlights the growing relevance and
importance of these recognition molecules as therapeutics. Table modified from [239].

αSyn by NMR revealed intensity changes in the residue peaks of the NAC region, suggesting that

F5R1 interacts with this region of the protein [262].
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Although aptamer research has received increasing attention in the last few years by groups working

on developing disrupting therapies for neurodegenerative diseases, none of them have been yet tested

in the clinic. This is largely as a result of the obstacle that therapeutics targeted to the Central Nervous

System (CNS) face, which is the challenge of crossing the BBB. This highly specialised and selective

protective membrane forms the interface between the brain and blood supply and controls the brain

homeostasis by regulating the transport of substances across it [263]. By consisting of a uniform

continuous membrane with low pinocytosis activity, it shields the brain from the non-specific uptake

of potentially damaging molecules and microorganisms, whilst also representing a hurdle for the

delivery of therapeutic molecules. Generally, molecules with a high brain accessibility rate are highly

lipophilic and have a molecular weight of no more than 400 Da [264, 265]. As a result of their larger

size and high negative charge, aptamers are predicted to be uncapable of passively diffusing across

the BBB [266].

Despite this structural hindrance and data on aptamer delivery into the brain being scarce, several

promising strategies have been suggested that open encouraging therapeutic perspectives for the brain

by surpassing the BBB. These include hijacking receptor-mediated transport [263, 267, 268], the use

of nanoparticle vectors [269], delivery with the help of cell-penetrating peptides (CPPs) [270] and the

in vivo selection of aptamers [265]. In particular, the transferrin receptor has become an especially

attractive target as a result of its high expression in the brain capillary compared to other body tissues

[271]. Therefore, conjugation of a therapeutic aptamer to the transferrin ligand or to an antibody

raised against the receptor may represent an innovative way of crossing the BBB, as it has been

proven to be effective at permitting membrane trafficking [263].

Recent efforts in the gene therapy field involve the delivery of antisense oligonucleotides (ASOs) into

the brain for the treatment of neurological diseases [267]. These single-stranded nucleic acids, which

are intended to interfere with protein expression levels, closely resemble aptamers in their size and

charge, and therefore share comparable challenges in entering the CNS. As a result of their similar

characteristics, the merits of an extensive literature reporting the development of promising strategies

allowing the entry of ASOs into the brain may be extrapolatable to that of aptamers [271, 268, 269,
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270, 272]. Additionally, the transient opening of the BBB through the disruption of the function

of structural proteins responsible for maintaining membrane integrity has also been proposed as a

strategy for therapy delivery [273, 274]. Such an increase in BBB permeability has been shown to

enhance the biodistribution of an ASO targeting malat-1 RNA levels [273] and chemotherapy in vivo

[274], although questions remain about the safety of such techniques, in which the non-specific uptake

of substances by the brain also increases.

Interestingly, efforts to develop novel CNS-targeting delivery methods have lately focussed on the

engineering of exosomes as potential nanocarriers of therapeutic molecules. Exosomes are nanovesi-

cles that are secreted by all cell types whose major role is the transport of effectors and signalling

molecules between cells, as well as the removal of cellular toxins [275, 276, 277]. As a result of their

ability to carry high amounts of an exogenous molecule in an enclosed environment whilst ensuring

its stability inside the body, they may be isolated and used as carriers by expressing the cargo of in-

terest in cultured cells. Indeed, a follow-up study from Zheng et al. on the high affinity DNA aptamer

F5R1 mentioned earlier [259] involved the encapsulation of the aptamer in exosomes isolated from

HEK293 cells to assess its therapeutic potential [278]. By expressing the rabies virus glycoprotein

(RVG), these cells secreted exosomes that were decorated on the outer membrane by RVG. Intraperi-

toneal injection of these exosomes containing F5R1 into wild-type mice that had previously received

an intrastriatal injection of preformed αSyn fibrils allowed retrograde transport into the brain through

the neurons of the peripheral system, thereby surpassing the BBB. This resulted in a reduction of the

aggregated αSyn in the substantia nigra and the amelioration of motor symptoms in the treated mice.

Whilst such experiments provide useful proof-of-concept results for the development of delivery sys-

tems of therapeutic molecules targeting the CNS, the viability of exosomes as carriers is still being

discussed owing to their natural origin, which makes controlling their composition and cargo difficult,

thereby raising concerns about their clinical safety.

Remarkably, such aptamer selection strategies against αSyn did not bear structural considerations in

their design. Since the N-terminal region of αSyn has been shown to be critical in the establishment

of aberrant interactions with membranes that lead to their disruption and prove detrimental to neurons,
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it is reasonable to think that an aptamer selection strategy targeting this portion of the sequence may

result in a highly protective effect. In this PhD project, I therefore exploited the structural knowledge

of the mechanism of toxicity by oligomeric αSyn aggregates, to guide the selection of aptamers

through SELEX against the key first 25 residues of αSyn, αSyn1−25.

1.9 Metal ion interactions

The misfolding of proteins into toxic aggregates has been suggested to be the underlying molecular

pathological event responsible for the cellular death observed in disorders such as PD and AD [279].

As mentioned earlier in this Chapter, neurodegeneration in PD is characterised by the progressive loss

of dopaminergic neurons in the substantia nigra and the deposition of amyloid fibrillar aggregates in

the form of LBs in multiple brain regions [280, 21, 281]. Although a detailed understanding of how

αSyn promotes cellular toxicity is still missing, there is growing compelling evidence supporting a

causative role for αSyn in the development and progression of PD [67, 101, 282].

The modular organisation of the different regions of the protein promotes long-range interactions

between the highly-negatively charged C-terminal and the partially positively charged N-terminal re-

gions through electrostatic interactions, and between the C-terminal and the NAC regions through hy-

drophobic contacts. This leads to the stabilisation of aggregation-resistant conformations that protect

the NAC from exposure to the solvent and self-assembling with other αSyn monomers, and ultimately

from aggregation and amyloid formation [94, 39, 283, 284, 285, 286, 40, 41, 42, 43]. These weak

intramolecular interactions are responsible for αSyn’s observed smaller radius of gyration than what

would be expected from a 140 residue-long fully disordered polypeptide [287]. The surrounding en-

vironment strongly modulates the dynamics of αSyn, which means that environmental perturbations

can lead to a skewing of the conformational ensemble that may have implications in its ability to ag-

gregate [288]. For instance, mutations in the protein sequence lead to changes in the local charge and

hydrophobicity of αSyn that translate into alterations in the long-range intramolecular contacts, as is

the case with familial genetic mutants, which have been shown to result in differences in the protein’s

aggregation propensity [289, 290, 291, 292].
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Although the aetiology of PD is recognised as being multifactorial, in which genetic and environmen-

tal factors modulate the development of the disease, the aggregation of αSyn is considered a key fac-

tor in the generation of the associated pathology [293, 19, 32, 57, 9, 58, 294, 68, 73, 295, 296, 297].

Whilst the misfolding of αSyn can be triggered by several mechanisms, including post-translation

modifications and oxidative stress, interactions with metal ions, which had until recently been over-

seen as an important factor in the development of PD, are now being considered as one of the mecha-

nisms leading to αSyn aggregation. Indeed, the properties of IDPs are exquisitely sensitive to changes

in the environment, where binding to different metals could cause local or global changes in the con-

formation and behaviour of the protein and potentially aggregation propensity. Metals are essential

for the normal physiological function of the body and the development of the brain in particular

[298]. Apart from providing positive counterions that help keep charge neutrality, metal ions also act

as important electron carriers and catalytic centres for proteins as a result of their ability to undergo

reduction and oxidation. For instance, Cu2+ provides the catalytic centre for the detoxifying protein

SOD1, by which it is reduced to Cu+ by superoxide ions in the process of oxygen radical removal

[299].

A large body of evidence has been built during the last two decades that supports the importance

of interactions of metal ions with αSyn [300, 301, 302, 303, 304, 305]. Ca2+ has been proposed

as an essential modulator of the physiological function of αSyn at the presynaptic terminal, where

calcium fluctuations are coupled to neurotransmission. Binding of Ca2+ to the anionic C-terminal

tail of αSyn drastically alters the charge distribution of the C-terminal region, masking the highly

negatively charged density and allowing the association of αSyn with cellular membranes [37]. How-

ever, interactions with metal ions have also been shown to alter the aggregation kinetics of αSyn

[305, 306], which might therefore play a central role in the pathological aetiology of disease. In fact,

it is now clear that different metal ions can act synergistically to induce neurotoxicity in PD [302].

In a complex multifactorial landscape that attempts at understanding the aetiology of PD, increasing

age becomes the main risk factor. Amounting evidence has demonstrated a link between aging and

increased levels of metal ions in the brain [307, 308]. Metal ions are ubiquitously present in the

brain, given their essential roles in neurotransmission and normal neuronal functioning [301, 309]. It
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has therefore been hypothesised that a perturbation in the homeostasis of brain metal ion levels and

the aberrant interaction with key proteins involved might be a putative factor in the development of

multiple age-related neurodegenerative disorders.

In the case of PD, several studies have pointed at iron and zinc as important toxic modulators of

αSyn, as abnormally high levels of zinc and iron have been found in the parkinsonian substantia nigra

and striatum of patients [310, 311, 312, 36, 313] and LBs [314], respectively. The co-localisation

of elevated concentrations of zinc and αSyn has been observed in post-mortem examinations of the

olfactory bulb [315], as well as high levels of copper in the cerebrospinal fluid of PD patients [316]. In

fact, epidemiological studies have shown a link between a prolonged exposure to certain environments

rich in copper, manganese, zinc or iron and a higher predisposition to develop PD later in life [317].

To confirm the ex vivo findings, much research has been done to elucidate the precise role metal ions

might play in the aggregation of αSyn and the subsequent cellular toxicity.

Interestingly, the variety of co- and post-translational modifications that decorate αSyn as well as the

different pathological genetic variants add an extra layer of complexity to the interactions with metal

ions [93, 318]. For instance, Cu2+ has been shown to be the most efficient at promoting fibrillation

of non-acetylated αSyn in vitro at physiologically relevant micromolar concentrations [319, 320], but

not of the acetylated form. Whilst metal ion binding may alter the amyloid assembly pathways, the

sole binding event might not be sufficient to induce aggregation, but it may require the induction of

a structural transition. This is the case with Cu2+, which was observed to bind the familial A53T

variant, but not to noticeably alter its aggregation rate [321]. Cryo-EM analysis of αSyn aggregates

in the presence of Cu2+ revealed a variety of different morphologies including annular, fibrillar and

protofibrillar species after 60 hours of incubation, which after a week had all formed amyloid fibrils

[322]. A similar effect in which the aggregation kinetics are accelerated in vitro is observed with Zn2+

[36, 313, 323, 324, 325, 326], which specifically interacts with His50 and the C-terminal region of

αSyn [309]. Again, Fe3+ accelerates fibrillation of non-acetylated αSyn, but slows down the aggre-

gation kinetics of the acetylated form. In contrast, the binding of Mn2+ and Fe2+ was characterised

by non-specificity and low-affinity at the acidic C-terminal tail, which most likely serves as a sink for
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cations. Indeed, several studies have suggested that the precise binding properties of different metal

ions define the aggregation propensity and kinetics of αSyn [327, 328, 329, 330, 331, 332, 333].

Another way in which redox metals can result in pathology is through their ability to catalyse the

generation of ROS through the Fenton and Haber-Weiss reactions [334]:

(1)

Mn+1 +O−.
2 → Mn +O2

(2) Fenton reaction

Mn +H2O2 → Mn+1 +OH− +OH .

(3) Net Haber-Weiss reaction (1) + (2)

O−.
2 +H2O2 → O2 +OH− +OH .

Highly reactive hydroxyl radicals can result in cytotoxicity by promoting the oxidation of DNA,

protein and lipids, which is considered a major contributing factor in the pathological mechanism

responsible for dopaminergic neuronal death in PD. Indeed, redox cycling of copper ions between

its (I) and (II) oxidation states results in the formation of hydroxyl radicals which have the capacity

to cause intra- and intermolecular dityrosine cross-linking [335, 336, 337]. Consistently, chaperones

(such as Hsp70) and antioxidants which are known to quench the damaging action of ROS have been

observed to have their function impaired in neurodegenerative diseases [338, 339, 340].

1.9.1 Calcium

Calcium is vital for most of the processes in the brain involving signalling, such as neurotransmission

and synaptic plasticity, as well as cell survival [341]. Under resting conditions, homeostatic Ca2+

levels are tightly regulated between the intracellular Ca2+ stores such as the endoplasmic reticulum,

and the extracellular environment, to keep its cytoplasmic concentration at around 200 nM [342].

Upon neuronal stimulation and arrival of an action potential, free cytosolic Ca2+ levels rapidly rise
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to low micromolar concentrations (1-100 µM), either by an influx of calcium ions into the cells from

the extracellular space (extracellular calcium concentration is around 1.4 mM) and/or the release of

internal stores of Ca2+ [342, 343]. Homeostasis is rapidly re-established after stimulation and the

intraneuronal concentration of Ca2+ is rapidly lowered to resting levels. In fact, this might constitute

one of the factors that accounts for the selective vulnerability of dopaminergic neurons, which present

intrinsically low Ca2+ buffering capacity together with a low firing threshold for Ca2+ entry in rodents

[344, 345]. A decreased ability to return to resting intracellular calcium levels has also been observed

as a result of an impaired export of Ca2+ into the outer extracellular space through membrane Ca2+

ATPases [346, 347, 348].

Indeed, dysregulation of the homeostasis of Ca2+ has been demonstrated in a mouse model of α-

synucleinopathies [349], which replicated the observation of deposits of calcium in LBs of PD pa-

tients [350]. In vitro fibrillation assays have shown the induction of αSyn aggregation in the presence

of calcium [37], in line with previous findings of thapsigargin, ionophores or depolarising stimuli-

induced calcium influxes that triggered αSyn oligomerisation in different cell lines [351, 352, 353].

It has therefore been hypothesised that the prolonged deregulation of calcium levels in the presynap-

tic terminal caused by a delay in the re-establishment of resting concentrations might lead to αSyn

misfolding, nucleation and aggregation [352, 351, 354]. αSyn might also contribute to cytotoxicity

by triggering a pathological increase in intracellular levels of Ca2+, which might in turn result in a

positive-feedback loop that amplifies the aggregation process [355, 356, 357, 110, 358]. This could

be the result of an αSyn oligomer-dependent permeabilisation of the neuronal membranes and/or a

direct interaction with Ca2+ protein transporters, such as the sarcoplasmic reticulum Ca2+ ATPase

(SERCA) [128, 359, 360, 361]. Importantly, αSyn oligomer-induced cell death was abolished upon

removal of extracellular Ca2+ in cultures of primary neurons and astrocytes [128], suggesting that

Ca2+ dysregulation is required for the induction of cellular toxicity. Of note, ROS seem to aggravate

the aggregation and formation of stable oligomeric αSyn in the presence of Ca2+, further establishing

a feed-forward loop relevant to understand the pathological unfolding of events upon elevated Ca2+

levels [362].
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Calcium has been shown to bind along the sequence of the C-terminal region of αSyn, which is rich

in Asp and Glu residues, with a dissociation constant of approximately 20 µM [37]. The interaction

with calcium is believed to be a key factor for the physiological role of αSyn, by which its membrane-

binding ability is enhanced through the involvement of the acidic tail in the binding interaction [37].

This ultimately means that αSyn is also able to interact with synaptic vesicles through its C-terminal

region, whose binding to biological membranes seems to be modulated by Ca2+. For this reason,

it has been recently proposed that αSyn is a calcium-dependent regulator of synaptic vesicle home-

ostasis through the modulation of the binding of its C-terminal tail [37]. Interestingly, this change

in conformation from a free C-terminal tail to one having an active role in lipid binding has been

shown to result in the aggregation of αSyn into short fibrils [363]. Additionally, abnormal levels of

αSyn or Ca2+ can also result in the clustering of synaptic vesicles, as seen in vitro and ex vivo [37].

The chances of such an event might be minimised in healthy neurons, where high levels of Ca2+ are

required to saturate the calcium binding sites in the acidic C-terminal region, but which might be fully

occupied upon an abnormal excess of Ca2+ during pathology.

The intricate relation between αSyn and calcium therefore suggests a fine balance between physiol-

ogy and pathology which needs tight regulation. Interestingly, abnormal levels of calcium seem to be

intricately linked to an αSyn-dependent dopamine toxicity [37]. Dopamine is known to induce αSyn

oligomerisation, which promotes an increase in cytotoxicity and cell demise [364, 365, 366, 367].

Lowering the levels of Ca2+ or αSyn dramatically reduces dopamine-induced toxicity [37], suggest-

ing a close interplay between the three molecules which might constitute a window for therapeutic

intervention. In this way, isradipine, which is a calcium channel inhibitor prescribed for high blood

pressure, may prove to be a potential drug candidate to treat PD by reducing the detrimental levels

of intracellular calcium [368, 369] to rescue dopaminergic neural activity, as observed in an mPTP

murine model of PD [370].

1.9.2 Copper

Copper is an essential trace element in the brain that sustains fundamental biochemical processes, by

serving as a cofactor for critical proteins involved in the generation of energy such as cytochrome
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c oxidase, as well as in the detoxification of oxygen radicals through the catalytic action of Cu-Zn

superoxide dismutase [371]. Within the cell, copper primarily exists as Cu(I) given the reducing

environment of the cytosol, whereas its oxidised form, Cu(II), is mostly found extracellularly [372].

Structural studies using NMR intended to elucidate the binding sites of copper in αSyn revealed that

Cu+ binds both acetylated (Ac-αSyn) and non-acetylated αSyn at three independent, non-interacting

sites with differing NMR-derived apparent affinities, which are coordinated by the side chain sulfur

atoms of Met1 and Met5 (dissociation constant, kd= 12 ± 4 µM in Ac-αSyn) (site 1), the imidazole

ring of His50 (50 ± 6 µM) (site 2) and the sulfur side chains of Met116 and Met127 (≥ 200 µM) (site

3) [95]. Acetylation of the N-terminus of αSyn is believed to happen ubiquitously in vivo [99]. This

co-translational modification has profound changes in the behaviour of the protein, as it induces the

adoption of a partial α-helical conformation in the N-terminus which possesses an enhanced binding

affinity for membrane lipids [94, 39, 373]. Interestingly, Cu+ binding to Met1 and Met5 of Ac-

αSyn seems to substantially stabilise and induce the elongation of this transient and short α-helical

conformation [95]. At the same time, acetylation of the N-terminus abolishes Cu2+ binding at the

high-affinity binding site Met1 [283] that is observed in the non-acetylated protein. Both N-terminal

methionine residues organised in the motif MDVFM (site 1) are essential structural determinants for

constituting the high affinity binding site of Cu+ for the N-terminal region [284, 374, 375]. In fact,

removal of both Met residues completely abolishes binding of Cu+ to that site [285]. In contrast,

binding to the acidic C-terminal tail seems to harbour an interaction characterised by low affinity and

specificity.

Given that Ac-αSyn is abundantly expressed in brain synaptosomes (50 µM) [376] and that con-

centrations of copper can reach up to 300 µM in synaptic vesicles [377, 330], it is highly likely to

find copper complexed with αSyn whilst forming a stabilised α-helically folded N-terminus in vivo.

Complexation of Ac-αSyn with Cu+ may foreseeably have physiologically relevant implications in

membrane binding and synaptic transmission, given the increase in the ability of αSyn to tightly bind

biological membranes upon acetylation. These reported concentrations for copper might be even

higher in pathological circumstances where the normal copper homeostasis is perturbed, as is the
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case for several neurodegenerative diseases, possibly turning the equilibrium towards an enhance-

ment of the copper-complexed αSyn population [307]. Consistently, altered copper levels have been

observed to exacerbate αSyn toxicity in an in vitro dopaminergic neuroblastoma cellular model [378].

Whilst copper binding is likely to enhance the physiological function of αSyn, interaction with cop-

per ions may prove to be deleterious, by inducing the generation of oxidative stress that can influence

the amyloid aggregation kinetics of αSyn and ultimately cause cell demise [379, 380]. Indeed, the

aggregation of αSyn has been found to be enhanced through a direct interaction with Cu2+ [319] and

Cu+ [381, 382]. As with the other metals discussed here, metal dyshomeostasis has a strong link

with neurodegeneration, as is the case with impaired copper metabolism resulting in Menke’s disease

or Wilson’s disease [383]. In fact, copper homeostasis in the cell is tightly regulated to prevent an

imbalance which may be associated with increased levels of oxidative stress. For instance, complex

formation between Cu+ and αSyn has been shown to undergo cycles of oxidation and reduction, lead-

ing to the release of H2O2 and other ROS that result in dopaminergic neuronal death [381]. As a result

of the susceptibility of Met and other residues to oxidation, ROS generated upon the redox cycling

of copper ions can lead to site-specific copper-catalysed oxidation of amino acids in the vicinity of

the coordination complex [285]. Indeed, copper-catalysed oxidation of interacting residues in αSyn

correlates with the binding affinity of copper, with the Met residues at the N-terminus being more

readily oxidised than Met116 and Met127 [285].

Additionally, oxidation of αSyn might directly influence its ability to self-aggregate, as has been

suggested by the oxidation of the methionine residues, which was proposed to result in the si-

multaneous inhibition of fibrillation and the aggregation into stable prefibrillar oligomers instead

[384, 385, 386, 387, 323]. Of note, several studies focusing on the cellular effects of the oxidation

of αSyn have shown that oxidised αSyn hinders the degradation of oligomers through autophagy

[379, 388] as well presenting an impaired membrane-binding ability [389]. Copper-mediated oxida-

tion at Met residues might therefore lead to an impairment of the normal physiological membrane-

associating function of αSyn, and the accumulation of damaged and misfolded protein in the cytosol,

which might show an increased propensity to aggregate. In an in vitro assay using SH-SY5Y cells
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overexpressing αSyn in the presence of an excess of Cu2+, the antioxidants glutathione and ascorbic

acid demonstrated an enhancement of cell survival [381], proposing the use of metal chelators as

a valuable potential therapeutic to avoid metal-mediated ROS generation in PD. Like with calcium,

dopamine seems to exacerbate the copper-induced oligomerisation of αSyn by affecting its folding

[390] and associated toxicity through an increased production of ROS [391], which suggests that

there might exist a mechanism common to all redox metals by which they contribute to an enhanced

vulnerability of dopaminergic neurons in PD.

1.9.3 Zinc

By being an essential metal ion for the cellular biochemistry, zinc acts as a key cofactor for several

enzymes involved in protein biosynthesis, the inflammatory response and oxidative stress, including

phospholipase C, alcohol dehydrogenase and carbonic anhydrase [392, 393, 394, 395], as well as

in neurotransmitter release [396, 397]. The interaction between αSyn and Zn2+ is characterised by a

low affinity binding mode with two main independent, non-interacting sites, which seem to be centred

around the Asp121 (1.1 ± 0.2 mM) in the C-terminus and residue His50 in the N-terminal region (1.3

± 0.3 mM) [309]. As revealed by NMR studies, multiple interacting sites exist along the C-terminal

region comprising residues 110-140 which might harbour additional several Zn2+ ions or might help

in the coordination with the main anchoring Asp121 residue [309]. Whilst levels of Zn2+ in neurons

are in the 10-20 nM range [398], increases of up to 50% have been reported in the substantia nigra of

patients with PD [310, 311, 312], which might enhance αSyn-Zn2+ complex formation and sustain

any potentially induced changes in the protein conformation that may have otherwise been transient

under low levels of zinc.

Increasing evidence hints at the fact that a perturbation in the balance of Zn2+ levels in the brain might

lead to metal accumulation and the cytotoxicity observed in PD [399]. For instance, elevated levels

of Zn2+ in vitro have been demonstrated to be cytotoxic and trigger autophagy and apoptosis in PD

models [400]. Even though the concentration of zinc used was artificially high and therefore may not

precisely reflect the real in vivo cellular conditions, the results of this study served to establish a link

between excess Zn2+ and cellular toxicity. Another interesting finding of the same study identified a
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Zn2+-dependent increase of phosphorylated αSyn [400], which could help explain the co-localisation

of zinc deposits in LBs and the elevated proportion of up to 90% of αSyn aggregates present in

LBs being Ser129-phosphorylated [401]. In fact, mutations in the PARK9 gene, which is believed

to encode for a lysosomal cation pump, result in zinc dyshomeostasis, mitochondrial and lysosomal

dysfunction and αSyn aggregation, accounting for early onset PD [402, 403, 404]. Similarly, through

a combination of in vitro and in vivo models of Parkinsonism, accumulation of Zn2+ was identified

as a risk factor for αSyn aggregation, the impairment of the ubiquitin-proteasome degradation system

and dopaminergic neuronal degeneration and death [405, 406, 407, 408, 409].

However, several clinical analyses have surprisingly identified a significantly low level of Zn2+ in

the plasma and the cerebrospinal fluid of patients with PD, compared to healthy individuals [410,

411, 412, 413, 414]. In line with this finding, some studies have also highlighted a putative role for

a deficiency in Zn2+ in an accelerated progression of PD [415, 416, 417], although this might be

through the disturbance of neuronal processes rather than a direct interaction with αSyn that might

affect its folding.

1.9.4 Manganese

Although present in smaller amounts in the brain than the other mentioned metals, manganese is an

essential trace element that acts as a cofactor for several enzymes such as pyruvate carboxylase, ser-

ine/threonine glutamine synthase, mitochondrial superoxide dismutase and arginase [418]. Previous

NMR studies identified the C-terminal region of αSyn as being the binding region for Mn2+, which

directly interacts with the negatively charged carboxylates of the acidic tail with low affinity (∼1

mM dissociation constant, kd) [419, 328]. In a similar way as with the other metals, an imbalance in

the homeostatic concentrations of Mn2+ constitutes a risk for neurodegeneration [420, 421]. Interest-

ingly, studies have established a link between αSyn expression and the levels of manganese, by which

intracellular manganese concentration increased upon αSyn overexpression in primary midbrain neu-

rons [422]. Conversely, an increased expression of αSyn has also been reported after treatment of

cells with Mn2+ [423, 424], suggesting an active interplay between the levels of the two molecules.

Consistently, examination of organotypic rat brain slices revealed the Mn2+-induced up-regulation
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and subsequent oligomerisation of αSyn [425]. Indeed, it has been proposed that a sustained increase

in αSyn levels as a result of exposure to Mn2+ may in turn lead to αSyn accumulation, aggregation

and cytotoxicity [426, 427, 428, 423, 429].

Whilst further structural studies are imperative to elucidate the structural basis of the direct interac-

tion between αSyn and manganese, it has recently become clear that Mn2+ induces αSyn aggregation

and promotes its cell-to-cell transmission in a prion-like manner, contributing to the spread of pathol-

ogy and induction of neuroinflammatory and neurodegenerative responses in cell and animal models

[429]. Furthermore, Mn2+ was observed to increase the fibrillation rate of αSyn in vitro [430], as

well as to induce αSyn aggregation in brains of non-human primates [428]. Recently, Xu and col-

leagues identified a possible mechanism by which Mn2+ leads to αSyn aggregation, in an attempt

to shine light on the structural aspects of the interaction [431]. In this study, the authors demon-

strated a Mn2+-dependent induction of a liquid-to-solid phase transition of αSyn to form solid-like

condensates, which then act as nuclei for the further recruitment of soluble αSyn monomers and an

accelerated amyloid formation [431]. Phase transition was also observed in the presence of mem-

branes where lipids were recruited by αSyn condensates, which is consistent with the co-localisation

of lipids and αSyn fibrillar aggregates in LBs [432]. Indeed, increasing evidence exists on the ability

of αSyn to undergo liquid-to-liquid phase transition, highlighting a mechanism for amyloid formation

with a potential early intermediate step common to other toxic aggregates [433, 434, 435].

It is not surprising that chronic exposure to certain environmental triggers, such as elevated metal

ion levels, might cause a predisposition to develop PD at a later stage in life. In fact, several epi-

demiological studies identified a link between prolonged occupational exposure to environments rich

in manganese such as welding, mining and smelting fumes and an increased risk of early onset PD

[436, 437, 438, 439, 440, 441, 442, 443, 444, 445, 446]. Similarly, excessive exposure to Mn2+ results

in Manganism, a debilitating neurological disorder similar but not clinically identical to PD [447]

that is characterised by psychiatric and movement impairment, including bradykinesia and rigidity

[448, 449]. This Mn2+-induced cytotoxicity has been confirmed experimentally by several stud-

ies, which showed a decrease in striatal dopamine and therefore neurotransmission in mice fed with
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manganese-rich food [450, 451]. Given that Mn2+ has been shown to interfere in the PINK1/Parkin-

mediated mitophagy [427], it is likely that Mn2+ concertedly exerts cytotoxicity in a combination of

ways: By preventing the clearance of damaged mitochondria and inducing the up-regulation of levels

of αSyn, increased interactions between damaged mitochondria and αSyn oligomers might result in

ROS generation and neuronal injury in a feed-forward loop.

1.10 Research aims

Given the structural plasticity of αSyn, traditional structural-based drug design approaches to guide

the development of a therapeutic molecule to target the toxicity of αSyn oligomers seem impractical.

In addition, the intrinsic heterogeneity defining αSyn oligomeric species hinders the development of

recognition molecules towards these cytotoxic agents. Furthermore, the location of these soluble ag-

gregates within the brain makes the delivery of highly specific but also large therapeutic biomolecules

like antibodies across the BBB into the brain extremely challenging. For these reasons, aptamers

have emerged as promising alternatives with high binding affinity and specificity for the treatment of

neurodegenerative diseases involving hard-to-reach targets in the brain.

In contrast to the highly dynamic N-terminus, which is believed to transiently sample helical con-

formations which are stabilised upon a membrane binding event, the central NAC region of αSyn

has a stronger tendency to self-associate and initiate the aggregation process through β-sheet forma-

tion [452]. For this reason, the αSyn aptamer F5R1 may have more easily been specifically selected

for its high binding affinity to the central NAC region of monomeric αSyn [259, 262], which may

constitute a less volatile structural aptatope than the N-terminus. However, the key region of αSyn

oligomers involved in establishing detrimental contacts with the membrane is the N-terminus and not

the NAC [124]. Therefore, aptamers that specifically target this critical N-terminal region are imper-

atively needed, as they will most predictably show the highest neuroprotective capacity by blocking

the association of toxic oligomeric species with neuronal membranes.

By using key structural information of the disruption mechanism of lipid membranes in PD, I aim

to specifically select aptamer sequences against the essential lipophilic element corresponding to the
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N-terminal region of monomeric αSyn [124]. This portion of the protein is believed to enable the

anchoring and initial association of αSyn oligomeric species with membranes and is hence considered

fundamental in the establishment of deleterious interactions with lipid membranes. The generation of

an aptamer against this region is therefore hypothesised to physically block the aberrant interaction

of αSyn oligomers with biological membranes, thereby preventing their detrimental association and

the disruption of the lipid packing.

IDPs like αSyn challenge the canonical structure-function paradigm given their characteristic con-

formational plasticity that is heavily influenced by the environment [453, 454, 455, 456, 457, 458].

It is partly for this reason that a full understanding of their function and roles in pathology is still

lacking. Given the large conformational space that is dynamically sampled by αSyn, identifying

disease-relevant conformers is particularly difficult. By understanding the interplay between genetic

and environmental factors and the structure and dynamics of αSyn, we may only then start to grasp

the different mechanisms that may lead to self-association and disease onset.

A better understanding of the consequences on the conformational space of αSyn upon interaction

with metal ions is required to elucidate the mechanisms by which metals might alter its aggregation

pathways and kinetics. Indeed, structural transitions induced by metal binding might cause misfold-

ing events that may lead to protein oligomerisation. Given the dependency on charge to maintain a

stable aggregation auto-inhibited conformation [41, 40], interactions with metal ions might lead to the

local neutralisation of charge clusters, triggering the collapse of the long-range weak intramolecular

protective contacts and the full exposure of the aggregation-prone NAC. Since the hydration sphere

is essential in defining the conformational landscape of any given protein, we hypothesised that metal

ion binding might alter the exposure of different regions of αSyn to the aqueous solvent, thereby in-

dicating protein conformational transitions. To investigate these changes in solvent exposure, I used

the phase-modulated CLEAN chemical exchange (CLEANEX) NMR pulse sequence [459, 460] to

sample long-timescale local or global conformational effects of αSyn upon binding of a series of

metals important for neuronal function: Ca2+, Cu2+ Cu+, Mn2+ and Zn2+. This experiment therefore

provides a sensitive residue-specific tool to measure the exchange of labile backbone amide protons
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with water protons. In this way, residual protein structural changes in the ms timescale can be dis-

tinguished from the folded native conformation of αSyn without the need for a deuterated buffer,

overcoming the limitations of hydrogen/deuterium (H/D) exchange where exchange rates are in the

seconds-to-days timescale. In addition, amide backbone relaxation was measured to provide further

structural cues, to aid in our understanding of the series of structural transitions that promote the

formation of aggregation-prone αSyn conformers upon metal ion binding.



Materials and Methods

2.1 Design of DNA Library

The initial N42 combinatorial library consisted of single-stranded DNA (ssDNA) sequences contain-

ing a randomised core region of 42 nucleotides, surrounded by 45- and 24-nucleotide long specific

primer binding sites at the 5’ and 3’ ends, respectively (5’-GATAATACGACTCACTATAGGGAATG

GATCCACATCTACGAATTC-N42-TTCACTGCAGACTTGACGAAGCTT-3’; 111-nt long in total).

The randomisation of the central region was carried out through incorporation of equal molar amounts

of each A:T:G:C base during chemical synthesis (Integrated DNA Technologies). The sequences of

the primers complementary to the respective constant primer-binding sites are given in Table 2.1

[461, 462].

45
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Aptamer Length Sequence 

Forward 
Primer 

41 5’-GATAATACGACTCACTATAGGGAATGGATCCACATCTACGA-3'  

Reverse 
Primer 

24 5’-AAGCTTCGTCAAGTCTGCAGTGAA-3' 

Truncated 
Reverse 
Primer 

20 5’-GCTTCGTCAAGTCTGCAGTG-3' 

N42 
Library 

111  5’-GATAATACGACTCACTATAGGGAATGGATCCACATCTACGAATTC(N42)TTCACTGCAGACTTGACGAAGCTT-3’ 

FSeq1 50 5'-GATAATACGACTCACTATAGGGAATGGATCCACATCTACGGATAATACGA-3'  

65ntSeq 65 5'-GATAATACGACTCACTATAGGGAATGGATCCACATCTACGATTCACTGCAGACTTGACGAAGCTT-3'  

R12S15 42 5'-CACCCATGCTGATCCTGATTCATTGCCCCCAGGAGTGACGCT-3'  

R12S16 42 5'-CTTACTATATATTTTGATCTTCTCCGCTCTTAGACCGACTCG -3' 

R12S24 41 5'-TAAACCCTATTACCTAGTAGCAATTCAGTCATGTGCTCTTT -3' 

R12S29 42 5'-AGCCATTCTTTATAGTAACCCAGCTACTCCCTTCATGAATTA -3' 

R12S55 41 5'-TACAAGTTCATTCGAACCTGATACCATGTTGCACAGTTTCA -3' 

R12S91 42 5'-GGGTCGGCAAGATAGAGAAGTGCAAAACCCATACAGCCCTCA -3' 

TR12S91 30 5'-GGGTCGGCAAGATAGAGAAGTGCAAAACCC -3' 

R12S93 42 5'-TTAATCAACAGATCCCCAACCCACTCTTAACTCGGACATTCC -3' 

R15S2 38 5’-GCCAACCCTAACTCGCGGTAGGACCGAGATCATTTCGA -3' 

R15S15 43 5’-CGTTTGCGCCCGGCAAGGAAATCCTTAAAAAGTCCTCCCCCCT -3' 

R17S17 42 5’-CGAAACGCACGGTTATAATCCTGGCGCCAATACCAATGAATA -3' 

R18S10N 42 5’-CTCTTACAGTTAATATAATACACGTTTATTTTTTTATTTACA -3' 

R18S16N 41 5’-CTTTCATAACTTTTCCAAATATCTAAGCGTACACATGTATC -3' 

R18S17N 42 5’-CTTATTTAGTGCCTTAATCATAGCACCATTTCTCTGTAACTA -3' 

R18S25N 42 5’-TTGTTTTTTCCGCCTTATTCTTAACGGTCCGCCCGAGCACTA -3' 

R18S30N 42 5’-AAGAGCGCATTCACATCTTCCTCGCTTTAACCACATCCAGAC -3' 

R18S51N 42 5’-AAGGGTTTGTCTCTGTAGTCTCCTCTTGTTTTTATAAGACCA -3' 

R20S35 42 5’-AGAAGTAGAAGCGTCGACTCTGTCTTGTCTGGGTTTATTATC -3' 

R20S38 42 5’-TAGATCATACAAAAAAAGTAACAACATACGATCGCGGCCCTA -3' 

-3'

-3'

-3'

-3'

-3'

-3'

-3'

-3'

-3'

-3'

-3'

-3'

-3'

-3'

-3'

-3'

-3'

-3'

Table 2.1: Sequences of the primers and aptamers identified from sequencing of the different round
libraries throughout SELEX.

2.2 Aptamer selection

SELEX was used for the isolation of aptamers against the target αSyn1−25 peptide (Biotin-MDVFMK

GLSKAKEGVVAAAEKTKQG-CH2-CH2-NH2) (Thermo Fisher Scientific). Optimisation tests and

counter-selection incubation steps were carried out using the γSyn1−25 peptide (Biotin-MDVFKKGFS

IAKEGVVGAVEKTKQG-NH2). Amplification of the pools of bound sequences at each round of

selection was performed by PCR. Selection conditions were optimised in each round to ensure en-

richment of binding sequences (Table 2.2).
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2.2.1 Selection of initial library

The initial N42 DNA library was first reconstituted in Aptamer Binding Buffer (ABB) (20 mM Tris-

HCl, 150 mM NaCl, 5 mM MgCl2, pH 7.4), and heated at 95 ºC for 4 min for conformational equi-

libration. The ssDNA library was then allowed to cool down at room temperature (RT) for 20 min.

Incubation of 10 nmol of the library with the target αSyn1−25 peptide followed, in a 100-fold ratio

of ssDNA:peptide at RT for 1h whilst rotating gently. The mixture was subsequently incubated with

Streptavidin MagneSphere® Paramagnetic Particles (Promega) (SA-Mag beads) at 1x the binding ca-

pacity relative to the molar amount of biotinylated peptide (0.75 nmol biotinylated molecule/mg of

SA-Mag beads) at RT for 45 min whilst rotating, to immobilise the biotinylated peptide together with

any target-bound sequences. Using a magnetic support, the paramagnetic beads were captured, and

the supernatant containing the unbound library ssDNA sequences was discarded. The SA-Mag beads

were then washed once with ABB, captured, and the supernatant removed. Later, the SA-Mag beads

onto which the biotinylated target and any target-bound sequences were immobilised was resuspended

in ultrapure DNase-free H2O. This was then incubated at 95 ºC for 4 min to allow the recovery of the

bound sequences, and the SA-Mag beads immediately captured and discarded. The obtained pool of

bound sequences was amplified by PCR and carried over to the next round of selection. The following

steps were iteratively repeated as part of SELEX:

2.2.2 Amplification of DNA library

The recovered subpool of bound sequences was symmetrically amplified by PCR, i.e. using both

forward and reverse primers. To determine the number of cycles required for the optimal amplification

of this subset of DNA sequences, a small-scale amplification was performed in which sample aliquots

were taken every two PCR cycles, for a total of 16 cycles. Amplification conditions were 3 min at 95

ºC initially, and cycles of 1 min at 95 ºC, 1 min at 45 ºC, and 1 min at 72 ºC. Electrophoresis of the test

PCR samples was carried out on a 3% (w/v) agarose gel in 1x TAE buffer at 150 V for 1h. DNA bands

were then visualised under UV light after incubating the agarose gel with SYBR® Gold Nucleic Acid

Gel Stain (Thermo Fisher) for 30 min. Following visual inspection of the results, the DNA subpool

was amplified for an optimum number of X cycles to obtain high copy numbers of double-stranded
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sequences. The number of cycles of amplification was chosen based on the intensity of the band

corresponding to the PCR product of the library sequences, whilst minimising the amplification of

PCR artefacts.

2.2.3 Generation of a ssDNA library

A test PCR amplification of the amplified double-stranded DNA sublibrary was performed using the

forward primer only (i.e. asymmetric PCR) in the same way as described above. This was done to

generate a pool of forward strands of the target-bound sequences, following their previous exponential

amplification by symmetric PCR. Sample aliquots were taken every 2 PCR cycles, for a total of 10

cycles.

The library was subsequently amplified asymmetrically for an optimum number of X cycles to obtain

single-stranded sequences from the double-stranded sublibrary. Concentration and desalting of the

generated ssDNA library were carried out by ethanol precipitation: firstly, the DNA pool was mixed

with 3M CH3COONa to a final concentration of 100 mM, and 2.4x volumes of absolute ethanol

were later added in order to precipitate DNA. After overnight incubation at -20 ºC, the mixture was

centrifuged at 30 000 x g at 4 ºC for 1h to pellet the precipitated DNA. The pellet was washed with

80% ethanol, and centrifuged again at 30 000 x g at 4 ºC for 10 min. This was lastly vacuum-dried and

resuspended in ABB ready to be carried over to the target incubation step of the next selection round.

The concentration of the amplified ssDNA was measured using a NanoDrop™ spectrophotometer.

2.2.4 Selection against the target αSyn1−25 peptide (SA-Mag beads-SELEX)

The ssDNA sublibrary was first heated at 95 ºC for 4 min and allowed to cool down at RT for 20 min.

4 nmol of the library were incubated with αSyn1−25 at RT for 1h whilst rotating, at a 1:100 molar

ratio of target to DNA. This mixture was incubated with Streptavidin MagneSphere® Paramagnetic

particles (Promega) at a 1x binding capacity of the beads relative to the molar amount of biotinylated

peptide used at RT for 30 min to immobilise the αSyn1−25-DNA complexes. The beads were then

collected using a magnetic support, its supernatant removed, and washed with ABB. These were then

resuspended in ultrapure DNase-free water and heated at 95 ºC for 4 min. The paramagnetic SA-Mag
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beads were captured, and the supernatant containing the target-bound DNA subpool immediately

recovered. This was directly amplified by PCR following the usual procedure.

2.2.5 Selection against the target full-length αSyn (NCM-SELEX)

The initial ssDNA library (which in NCM-SELEX corresponds to the 12th round library from SA-

Mag beads-SELEX) was first heated at 95 ºC for 4 min and allowed to cool down at RT for 20 min.

In the meanwhile, two pieces of nitrocellulose membrane (NCM) (HAWP01300, MF-Millipore®

HAWP Nitrocellulose membrane filter, 0.45 µm) were soaked in ABB for 30 min before being used.

NCMs were placed inside syringe filter holders (515-2360, VWR Pop-Top™ 13 mm) and the solution

to be filtered passed through them using a 1 ml syringe. Prior to every selection round, the ssDNA

library was filtered through a piece of NCM that had previously been soaked in ABB. This was

done as a negative selection step to remove sequences that would be non-specifically binding to the

membrane. The membrane was then discarded.

The filtered library was then incubated with the target full-length αSyn at RT whilst rotating. The mo-

lar amounts of each molecule, ratios of incubation and time of incubation were varied to increase the

stringency of selection at each round (Table 2.2). Later, the incubation mixture was filtered through

a fresh pre-soaked NCM. This was repeated with the filtered fraction using the same piece of pre-

soaked NCM to allow any target αSyn together with bound DNA sequences that may have passed

through the pores of the membrane to have a second chance of adhering to the NCM. The filtered

solution was then discarded. The NCM was washed with 1 ml ABB to remove low affinity binders.

The bound ssDNA sequences were eluted by soaking the NCM filter in H2O and incubating at 95 ºC

for 4 min. The solution containing the target-bound library sequences was immediately recovered and

directly amplified following the usual PCR protocol.

2.3 Purification of ssDNA

A 10 ml volume of large-scale asymmetrically amplified DNA library was ethanol precipitated fol-

lowing the usual protocol. The DNA pellets were then dissolved in dH2O and mixed with the same
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Table 2.2: Selection conditions per round of SA-Mag beads-SELEX and NCM-SELEX.
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volume of Novex™ TBE-Urea Sample Buffer (Thermo Fisher) before loading on a Novex™ 10%

Polyacrylamide TBE-Urea gel (Thermo Fisher). This was run at 220V for 75 min.

With the help of a thin-layer chromatography plate, the migrated DNA bands were visualised under

a 240 nm UV lamp. The bands of interest were excised using a scalpel and mechanically crushed

before being mixed with ABB and left rotating overnight. This was done to allow the diffusion of the

purified excised bands from the crushed pieces of gel to the solution. The solution was then filtered

using a 0.45 µm cellulose acetate filter to remove gel parts, the concentration of DNA measured using

a NanoDrop™ spectrophotometer and the purified pool subjected to the next round of selection.

2.4 Purification of dsDNA

Symmetrically PCR amplified products were run on a 3% agarose gel and the band of interest to be

purified was excised with a scalpel. Purification of the excised PCR products was done following the

manufacturer’s instructions from the GeneJET Gel Extraction Kit (K0691, Thermo Fisher).

2.5 Library cloning and sequencing

Cloning of the various selection round libraries was done following the manufacturer’s instructions

enclosed within the TOPO® TA cloning® kit (K450002, Thermo Fisher), by which the Taq polymerase-

amplified double-stranded sequences (bearing 3’-A overhangs) were directly inserted into the pCR™2.1-

TOPO® vector. Given the heterogeneous nature of the pool of sequences, the cloning reaction was

incubated longer than indicated (20 min) to ensure insertion of a variety of different PCR product se-

quences present in the pool. The product was then transformed into One Shot® TOP10 E. coli cells.

Selective lysogeny broth (LB) plates containing 50 µg/ml of kanamycin were prepared by spreading

80 µl of X-Gal at 20 mg/ml in dimethylformamide on the surface. The transformation mix was plated

on the LB plates and incubated overnight at 37 ºC.

Blue/white screening was performed with the help of X-Gal, which made those colonies containing

a copy of the plasmid with the PCR product correctly inserted appear white. Those having no copies
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of the plasmid, empty vector or copies of the plasmid with the PCR product inserted at a wrong

site were observed as being blue. Individual colonies were picked and grown in LB medium with

kanamycin (50 µg/ml) overnight, and their plasmid DNA isolated following the standard manufac-

turer’s indications from the PureLink® Quick Plasmid Miniprep kit (K450002, Thermo Fisher) and

the QIAprep® Spin Miniprep kit (27104, QIAGEN). Extracted plasmid DNA was then sequenced at

Eurofins Genomics through Sanger sequencing.

Sequences of the aptamers identified through Sanger sequencing that were synthesised and tested for

their binding affinities to the target αSyn1−25 are specified in Table 2.1.

2.6 Structural modelling of aptamer sequences

The 2D structures of R12S91 and TR12S91 were modelled using the web server for nucleic acid

folding Mfold [463], where the parameters were set to mimic the selection conditions: a tempera-

ture of 25 ºC and an ionic strength of 150 mM Na+ and 5 mM Mg2+. Three-dimensional structural

modelling of these aptamer sequences was done using the Mfold-modelled 2D structures as starting

points. These were subjected to a series of servers (RNAComposer, Web 3DNA and VMD software

(AutoPSF plugin)) through which the structure of each DNA aptamer sequence was transiently mod-

elled as an RNA molecule, to finally generate a stable DNA structure by energy minimisation with

the NAMD/VMD software (AutoIMD plugin) [464, 465].

2.7 Enzyme-Linked Oligonucleotide Assay (ELONA)

Pierce™ Streptavidin Coated 96-Well Clear Plates (15125, Thermo Fisher) were used for immobil-

isation of the biotinylated αSyn1−25 peptide and other absorbance-based binding assays. Triplicates

of each condition were done to allow the calculation of the dissociation constant, kd (technical repli-

cates). Each well (pre-blocked) was first washed three times with 200 µl of wash buffer (20 mM

Tris-HCl, 150 mM NaCl, 5 mM MgCl2, 0.1% w/v BSA, 0.05% Tween-20, pH 7.4). 100 µl of 9.07

µM biotinylated αSyn1−25 peptide (0.12 µM final concentration) was incubated in each well to satu-

rate the binding capacity of 10 pmol of biotin/well. This step was followed by gentle shaking for 2h
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at RT on a microplate shaker. Each well was then washed again three times with 200 µl wash buffer.

In the meanwhile, the ssDNA sequences dissolved in ABB were heated at 95 ºC for 4 minutes and

allowed to cool down at RT for 20 min to allow for conformational equilibration.

A serial dilution of each 5’-fluorescein-coupled sequence was made (5 µM, 2 µM, 1 µM, 0.5 µM,

0.2 µM, 0.1 µM, 0.05 µM, 0 µM), of which 100 µl of each was added to each well and incubated

for 1½ h with shaking at RT. The plate was then washed again as described above. 100 µl of anti-

fluorescein HRP antibody (ab19492, Abcam) was incubated in each well at a 1:500 dilution for 30

min at RT with shaking. The plate was further washed, and 100 µl of TMB substrate (N301, Thermo

Fisher) was added to each well to develop the absorbance signal. After incubating for 30 minutes, the

reaction was stopped by adding 100 µl of 0.18 M sulfuric acid to each well. Absorbance was then

immediately measured at 450 nm on a CLARIOstar Plus (BMG Labtech) microplate reader.

ELONA was also carried out using MaxiSorp™ Clear Flat-Bottom 96-Well Plates (439454, Thermo

Scientific™) to immobilise αSyn1−25 on a streptavidin-free plate and assess the binding of aptamer

sequences in a streptavidin-free environment. The wells of the plate were first blocked using diluted

Blocker BSA Blocking Buffer in TBS (10X) (37520, Thermo Scientific™) following the manufac-

turer’s instructions, to prevent nonspecific binding. Aptamer incubation and signal measurement was

carried out following the standard ELONA protocol outlined above.

Analysis and calculation of the dissociation constant was done by fitting the binding data to the

hyperbolic model y= BmaxX/(kd + X) using Origin 2020 (OriginLab Corporation), where y refers to

absorbance recorded at 450 nm; Bmax is the maximum number of binding sites; X is the concentration

of aptamer; and kd denotes the dissociation constant of the interaction.

This equation describes a one-site specific binding mode within a saturation binding experiment.

Here, the kd (the aptamer ligand concentration that binds to half of the protein αSyn1−25 sites at

equilibrium) is to be determined to provide a measure of the binding affinity of the interaction. To

account for nonspecific binding sites, background binding absorbance in buffer in the absence of
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aptamer was subtracted from each titration reading.

2.8 NHS-Rhodamine labelling

To study the interaction between the identified aptamer sequences and αSyn, αSyn was labelled with

NHS-rhodamine to allow Förster’s Resonance Energy Transfer (FRET) measurements to be made

between the fluorescein-labelled DNA sequences and rhodamine 6G-labelled αSyn. This was done

following the manufacturer’s instructions from the Pierce NHS-Rhodamine Antibody Labelling Kit

(53031, Thermo Scientific™). Briefly, the protein was first prepared by dialysing αSyn in ABB at a

concentration of 2 mg/ml in 5L of Phosphate Buffered Saline (PBS) (137 mM NaCl, 2.7 mM KCl,

10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) three times. 40 µl of the provided borate buffer (0.67

M) was added to 0.5 ml of dialysed αSyn in PBS. Later, the prepared protein was labelled by being

added to the vial of NHS-Rhodamine reagent enclosed within the kit and incubated for 60 min at RT

protected from light. The labelling reaction was then mixed with the Purification Resin included in

the kit and centrifuged for 45s at 1000 x g to collect the purified rhodamine-labelled protein.

2.9 Förster’s Resonance Energy Transfer (FRET)

FRET is a physical phenomenon that relies on the transfer of excitation energy from a donor fluo-

rophore to a neighbouring acceptor fluorophore through non-radiative long-range dipole-dipole in-

teractions (Figure 2.1) [466]. FRET happens when the acceptor fluorophore gets excited by the

emission light coming from the donor fluorophore and only if the distance between an appropriate

donor-acceptor pair is 8-10 nm or less. For energy to be transferred and for FRET to take place, the

donor emission spectrum and the acceptor excitation spectrum need to overlap. Its efficiency is de-

pendent on the inverse of the sixth power of the intermolecular distance, which makes it an accurate

and sensitive measure of molecular proximity. This is therefore particularly useful for investigating

molecular binding events in biochemistry, which commonly involve the physical interaction of at least

two cellular components.
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Figure 2.1: Set-up of FRET. Schematic illustrating the principle of the FRET Job plot assay.

2.9.1 Assay design and preparation

Here, FRET was measured to study the interaction between fluorescein-coupled ssDNA aptamer se-

quences and rhodamine-labelled αSyn. The experimental set-up was adapted from [467] and was car-

ried out in a black opaque 384-well plate (Corning™ 384-Well Solid Black Polystyrene Microplate

with Flat Bottom). Briefly, 100 µM stocks of rhodamine-labelled αSyn (acceptor fluorophore) and

fluorescein-labelled DNA aptamers (donor fluorophore), as well as unlabelled, were prepared. Solu-

tions were prepared at twice the concentration required for the reactions in the plate wells. Each well

reaction was set up in duplicates and was prepared by mixing in situ 20 µl of αSyn with 20 µl of

DNA aptamer (Figure 2.2).

2.9.2 Data collection

Fluorescence intensity was measured using a CLARIOstar Plus (BMG Labtech) microplate reader

under the following settings: For each type of measurement 50 flashes were applied, together with a

settling time of 0.1s. Dichroic was set to automatic.
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Figure 2.2: FRET experimental set-up with ratios of fluorescein-labelled DNA aptamers to
rhodamine-labelled αSyn.

• Donor fluorescence measurement: Excitation wavelength-bandwidth: 475-435 nm. Emission

wavelength-bandwidth: 543-530 nm. Gain settings were adjusted automatically by using the

reaction in well A6, which contains the highest donor dye concentration with no acceptor dye

present.

• Acceptor fluorescence measurement: Excitation wavelength-bandwidth: 510-465 nm. Emis-

sion wavelength-bandwidth: 575-555 nm. Gain settings were adjusted automatically by using

the reaction in well C2, which contains the highest acceptor dye concentration with no donor

dye present.

• FRET measurement: Excitation wavelength-bandwidth: 475-435 nm. Emission wavelength-

bandwidth: 575-555 nm.

2.10 αSyn expression and purification

2.10.1 Bacterial Transformation

αSyn was expressed in BL21 E. coli cells using the pT7-7 αSyn WT plasmid, or both pT7-7 αSyn

WT and pNatB plasmid to achieve NTA by co-expressing the components of the NatB complex [97].
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Firstly, BL21 cells were incubated with the respective plasmid/s on ice for 30 min. The samples were

then heat-shocked for 20s and quickly placed on ice for a further 2 min. 200 µl of sterile LB medium

were added into each sample, and these were then incubated with shaking for 1h at 37 ºC. 60 µl of

each sample were transferred and spread on selective LB plates (containing 100 µg/ml ampicillin for

pT7-7 αSyn WT-transformed bacteria, and 100 µg/ml ampicillin and 100 µg/ml chloramphenicol for

the double plasmid sample). These were then incubated at 37 ºC overnight.

To verify the correct amino acid sequence of each plasmid product under the T7 promoter, both

plasmids were also transformed into the higher copy number E. coli strain DH5α. Sanger sequencing

was carried out by Eurofins Genomics.

2.10.2 Expression in M9 minimal media

Starter cultures were set up with 10 ml LB medium, ampicillin (100 µg/ml) and a single colony that

had been transformed with pT7-7 αSyn WT or co-transformed with pT7-7 αSyn WT/pNatB. These

were left incubating at 37 ºC overnight.

To allow the incorporation of the NMR-active stable radioisotopes 13C and 15N, protein expression

was carried out in M9 minimal media. Per litre of sterile M9 media (6.4 g Na2HPO4, 1.5g KH2PO4,

0.25g NaCl), the following components were sterile filtered and added: Thiamine (3.8 nM final con-

centration), Biotin (2.7 nM), CaCl2 (200 µM), MgSO4 (1 mM), 1g 15N-labelled NH4Cl, 3g 13C-

labelled glucose. 1g of the supplement ISOGRO®-15N Powder (606871, Merck) was added per 1L of

bacterial culture co-expressing WT αSyn and NatB to enhance recombinant protein expression and

therefore ensure complete acetylation of all expressed αSyn protein.

To scale up the bacterial culture, the 10 ml starter culture was centrifuged at 4000 x g for 15 min

and added to 1L of M9 minimal media, together with ampicillin (100 µg/ml) for expression of αSyn

alone, and ampicillin and chloramphenicol (100 µg/ml each) for expression of αSyn and NatB. This

was incubated at 37 ºC whilst shaking at 180 rpm until the OD600 reached 0.6-1.0. The expression

of the recombinant proteins was then induced by addition of IPTG (1 mM final concentration) and
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overnight incubation at 28 ºC with shaking.

2.10.3 Purification

The cells were harvested by centrifugation at 6 200 x g for 20 min at 4 ºC, using a JLA-8.1000 rotor

in a Beckman Coulter centrifuge (Beckman Coulter Brea, USA). The pellets were resuspended in 1x

PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) and recentrifuged at

24 500 x g for 1h at 4 ºC.

Each pellet obtained from a 1L culture was resuspended in 20 ml lysis buffer (200 µl of 1M Tris pH

7.7, 40 µl of 0.5M EDTA and 1/2 of cOmplete™ protease inhibitor cocktail tablet (11697498001,

Merck)). This was then sonicated on ice (2s on, 4s off, total time 8 min). The sonicated samples

were then centrifuged at 24 500 x g for 30 min at 4 ºC on a benchtop centrifuge and the resulting

cell debris pellets discarded. The supernatant was heated for 20 min at 94 ºC to precipitate heat-

sensitive proteins. A further centrifugation step at 24 500 x g for 30 min at 4 ºC on a benchtop

centrifuge pelleted the precipitated protein fraction. The supernatant was then treated with 10 mg of

Streptomycin sulfate (11860038, Gibco™) per ml of supernatant to precipitate DNA, and incubated

for 15 min at 4 ºC whilst rolling. The samples were again centrifuged at 24 500 x g for 30 min at

4 ºC. The supernatants were recovered and 361 mg of ammonium sulfate ((NH4)2SO4) was slowly

added per ml of volume to precipitate αSyn. This was incubated for 30 min at 4 ºC whilst rolling. A

further centrifugation step at 24 500 x g for 30 min at 4 ºC recovered the precipitated αSyn, which

was then resuspended in 6 ml of 25 mM Tris, pH 7.7 per 1L of original bacterial culture. Samples

were dialysed in 4L of dialysis buffer (25 mM Tris-HCl, pH 7.7) overnight at 4 ºC using a molecular

weight cut-off filter of 3.5 kDa (Figure 2.3).

Dialysed αSyn was then loaded onto an anion exchange column (Figure 2.4). The ion exchange

column (Q Sepharose HP HiScale 26/20, 6-7 cm, Cytiva) was equilibrated with buffer line A (filtered

25 mM Tris, pH 7.7) for 2 column volumes. Buffer line B (filtered 25 mM Tris, 1.5 M NaCl, pH

7.7) was used to elute the protein from the column through a concentration gradient. The eluted

protein fractions were concentrated to a volume of 20 ml per 6L culture media using 3 kDa Vivaspin
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Figure 2.3: Purification of αSyn and Ac-αSyn. a) Test expression of αSyn and Ac-αSyn. Expression
of the proteins under the T7 promoter was induced by incubation with IPTG at a final concentration
of 1 mM. Control samples in which no IPTG was added are also shown. The overexpression of both
species of αSyn (14 kDa) can clearly be seen on a Tris-Glycine 4-20% gradient polyacrylamide gel. b)
First steps in the purification of αSyn and Ac-αSyn, in which the samples were boiled to denature all
heat-sensitive proteins and separate them from the intrinsically disordered αSyn; ammonium sulfate
was then used to precipitate αSyn and Ac-αSyn. Last four lanes correspond to four fractions of the
eluted αSyn protein chromatogram from anion exchange purification in Figure 2.3c). Both αSyn
species (14 kDa) are observed at the expected size on a 12% polyacrylamide gel. The 10 and 15 kDa
marker bands have not correctly separated and appear as almost a unique band. c) Anion exchange
chromatogram for αSyn, showing in blue the UV absorption at 280 nm, and in orange the percentage
of elution buffer, which was added in a gradient manner to elute the protein off the column. The
protein sample was purified in two batches, corresponding each of them to the two groups of peaks.
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molecular cut-off filters (Sartorius Stedim Biotech, Göttingen, Germany).
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Figure 2.4: Anion Exchange Purification of Ac-αSyn. a) Samples from fractions 10, 14 and 21 from
the anion exchange purification of Ac-αSyn, as run on a 12% polyacrylamide gel. The protein of
interest (14 kDa) is observed at the expected migration size. The 10 and 15 kDa marker bands have
not correctly separated and appear as almost a unique band. b) Anion exchange chromatogram for
Ac-αSyn, showing in blue the UV absorption at 280 nm, and in orange the percentage of elution
buffer, which was added in a gradient manner to elute the protein off the column. The protein sample
was purified in one batch.

Samples were then filtered with a 0.22 µm filter membrane and loaded onto the gel filtration column

(HiLoad 16/60 Superdex 75 pg) for SEC (Figure 2.5 and 2.6). Eluted samples were then pooled and

concentrated as outlined above to 350 µM and stored at -20 ºC. Prior to NMR experiments involving

aptamers, samples were dialysed in 5L of ABB at 4 ºC overnight. Prior to experiments to study the

interactions of the metal ions investigated in this thesis (Ca2+, Cu+, Cu2+, Zn2+, Mn2+), stored αSyn

samples that had previously been dissolved in buffers containing metal ions were dialysed in 5L of 25

mM Tris-HCl, pH 7.0 buffer three times to remove any traces of metals. The purity of the fractions

was monitored after every major purification step by SDS-PAGE and the concentration of monomeric

αSyn determined by the absorbance at 280 nm using a molar extinction coefficient of 5960 M−1cm−1

with a NanoDrop. The same purification procedure was repeated for Ac-αSyn.

Acetylation of αSyn was achieved using an established plasmid and protocol [97]. However, the
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Figure 2.5: Manufacturer’s chromatographic separation and calibration curves of standard proteins
on a HiLoad 16/60 Superdex 75 pg column.

complete acetylation of the sample was confirmed by visual inspection of an overlay of TROSY-

HSQC spectra of non-acetylated and acetylated αSyn at pH 6.0 recorded at 15 ºC [39].

2.11 Generation of Cu+

Ascorbic acid is known to be present in neurons at high concentration [468, 469]. Cu2+ ions (85 µM

CuCl2) were reduced to Cu+ through the addition of 10 mM Na-Ascorbate to 25 mM Tris-HCl, pH

7.0 (ascorbate ions were present in excess relative to Cu2+ ions at a ratio of 120:1) [374, 470]. A thin

layer of mineral oil was added on top of the sample to ensure changes in the resonances of methionine

residues were attributed to interactions with Cu+ and not to air oxidation effects.

2.12 Heteronuclear single quantum coherence (HSQC) experi-

ments - Aptamer interactions

A series of 1H-15N heteronuclear single quantum coherence (HSQC) spectra were recorded of αSyn

alone and in the presence of the DNA sequences 65ntSeq and R12S91, at various molar ratios:

αSyn:65ntSeq at ratios 1:0 (50 µM αSyn, 96 scans), 1:1 (100 µM αSyn to 100 µM 65ntSeq, 64
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Figure 2.6: SEC Purification of αSyn and Ac-αSyn. a) Pooled fractions from the SEC purification
of αSyn and Ac-αSyn prior to concentration showing very pure bands of the proteins of interest (14
kDa), as run on a 12% polyacrylamide gel. The 10 and 15 kDa marker bands have not correctly
separated and appear as almost a unique band. b) SEC chromatogram for αSyn, showing in blue the
UV absorption at 280 nm. Protein was purified in four batches, corresponding each of them to one
of the single absorption peaks. Sample came out of the column at the expected volume, as advised
from the manufacturer’s column calibration curve and the molecular weight of the protein. c) SEC
chromatogram for Ac-αSyn, showing in blue the UV absorption at 280 nm. Protein was purified in
two batches, corresponding each of them to the two largest absorption peaks. Sample came out of the
column at the expected volume, as advised from the manufacturer’s column calibration curve and the
molecular weight of the protein.
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scans) and 1:3 (50 µM αSyn to 150 µM 65ntSeq, 96 scans); αSyn:R12S91 at ratios 1:0 (125 µM

αSyn, 16 scans), 1:2 (125 µM αSyn to 250 µM R12S91, 16 scans), 1:4 (62.5 µM αSyn to 250

µM R12S91, 32 scans), 1:6 (41.5 µM αSyn to 250 µM R12S91, 48 scans), 1:8 (31.25 µM αSyn to

250 µM R12S91, 64 scans) and 1:10 (25 µM αSyn to 250 µM R12S91, 80 scans). Samples were

dissolved in ABB, 10% D2O. The experiments were performed at 298K using a 800 MHz Bruker

spectrometer with a triple resonance HCN cryo-probe (Bruker, Coventry, UK). Internal chemical

shift referencing was done using D2O. Mean weighted chemical shift (MWCS) profiles were calcu-

lated as
√
[(∆δ1H)2+(∆δ15N/10)2]. For the intensity (I/I0) and MWCS analyses, only well-resolved

and unambiguously assigned cross-peaks were used. Residue resonances of the 1H-15N spectra were

assigned using cross-speaks generated from three-dimensional HNCACB and HN(CO)CACB exper-

iments. Resonance assignment was done with the help of previously available literature resonance

lists [115].

Experiments were measured as data matrices composed of 2048 (t2, 1H), x 220 (t1, 15N) complex

points. Spectral widths: 2270.948 Hz (28.0 ppm) 15N, 12820.513 Hz (16.0 ppm) 1H; time domain

size: 168 for 15N, 2048 for 1H; window function used for processing in both 15N and 1H dimensions

was qsine; HSQC pulse sequence: BRUKER hsqcetf3gpsi2; recycle delay, d1: 1s. Data were acquired

and processed with TopSpin 3.2.0 (Bruker, AXS GmbH, DE), and analysed using the CCPNmr v2.0

Analysis software [471].

2.13 Heteronuclear single quantum coherence (HSQC) experi-

ments - Metal interactions

2D 1H-15N HSQC experiments were recorded at 283K using αSyn and Ac-αSyn at a concentration

of 415 µM dissolved in 25 mM Tris-HCl pH 7.0, 10% D2O, alone and in combination with 10 mM

CaCl2, 2.1 mM ZnCl2, 85 µM CuCl2 and 55 µM MnCl2. Mean weighted chemical shift (MWCS)

profiles were calculated as
√
[(∆δ1H)2+(∆δ15N/10)2]. For the intensity (I/I0) and MWCS analyses,

only well-resolved and unambiguously assigned cross-peaks were used. Residue resonances of the

1H-15N spectra were assigned using cross-speaks generated from three-dimensional HNCACB and
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HN(CO)CACB experiments. Resonance assignment was done with the help of previously available

literature resonance lists [115].

Experiments were recorded as data matrices consisting of 2048 (t2, 1H) × 220 (t1, 15N) complex points

and 8 scans, using a Bruker 800 MHz spectrometer equipped with a triple resonance HCN cryo-probe

(Bruker, Coventry, UK). Internal chemical shift referencing was done using D2O. Spectral widths:

2270.948 Hz (28.0 ppm) 15N, 12820.513 Hz (16.0 ppm) 1H; time domain size: 168 for 15N, 2048

for 1H; window function used for processing in both 15N and 1H dimensions was qsine; HSQC pulse

sequence: BRUKER hsqcetf3gpsi2; recycle delay, d1: 1s. Data were acquired and processed with

TopSpin 3.2.0 (Bruker, AXS GmbH, DE), and analysed using the CCPNmr v2.0 Analysis software

[471].

2.14 Phase-modulated CLEAN chemical exchange (CLEANEX)

NMR experiments

CLEANEX measurements probe the chemical exchange between the solvent water molecules and the

protein labile amide protons, thereby reporting on the extent of exposure of the protein to the solvent

[459, 460]. Measurements were recorded at 283K, a condition that allows the observation of 1H-15N

resonances with excellent signal-to-noise in HSQC spectra of αSyn. Experiments were recorded of

αSyn and Ac-αSyn (415 µM) upon incubation with 10 mM CaCl2, 2.1 mM ZnCl2, 85 µM CuCl2

and 55 µM MnCl2, in 25 mM Tris-HCl pH 7.0, 10% D2O. Residue resonance assignments were done

in the same way as for HSQC experiments. CLEANEX provides an estimation of the hydrogen-

hydrogen exchange rates for each residue from the slope of the linear interpolation of the intensities

of amide peaks obtained from spectra recorded at different mixing times, τm (5, 10, 15, 20, 25 ms).

The volumes, V i, of the peaks were normalised by dividing the residue peak volumes obtained at

each recorded mixing time by the 1H-15N HSQC residue peaks of the same sample, V0, to obtain

V i/V0. By plotting V i/V0 as a function of τm, the rate constant of chemical exchange, kex, can be

defined from the slopes of the linear interpolation, which are of the form y= mτm, where y represents
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V i/V0, m the slope (kex) for that particular residue, and τm the mixing time. The function is forced

through the origin and so the y-intercept is null. kex values were normalised with theoretical values

for the intrinsic chemical exchange rates for each residue (kint) determined from the protein sequence

[472] by calculating the ratio of kint/kex, assuming that the polypeptide chain is in a random coil

conformation.

The logarithm of kint/kex returned the protection factor, logP, for each residue as a measure of solvent

exposure. Error bars represent the fitting error in the calculation of the kex for each residue based on

the deviation of the recorded data from the calculated line of best fit y= mτm, whose slope corresponds

to kex. By adding these error values to and subtracting from each calculated kex rate, upper and lower

boundaries for the kex of each residue amide hydrogen were established, which were then converted

into protection factors as mentioned above. To calculate the effect of metal ion binding on the extent of

solvent exposure of αSyn, the protection factor of the residues of αSyn in the absence of metals were

subtracted from that in the presence of the different metals investigated. The combined protection

factor errors for each residue were then calculated as the sum of the difference between the upper

and lower protection factor limits of both conditions, and were presented in the form of error bars.

Analysis of the data and calculation of the protection factor profiles were carried out in Microsoft®

Excel.

NMR measurements were carried out using a Bruker 800 MHz spectrometer equipped with a triple

resonance HCN cryo-probe (Bruker, Coventry, UK). Internal chemical shift referencing was done

using D2O. CLEANEX experiments were performed using a data matrix consisting of 2048 (t2, 1H) ×

220 (t1, 15N) complex points and 64 scans. Spectral widths: 2270.948 Hz (28.0 ppm) 15N, 12820.513

Hz (16.0 ppm) 1H; time domain size: 168 for 15N, 2048 for 1H; window function used for processing

in both 15N and 1H dimensions was qsine; CLEANEX pulse sequence: BRUKER fhsqccxf3gpph;

recycle delay, d1: 1s. NMR spectra were acquired and processed using TopSpin 3.2.0 (Bruker, AXS

GmbH, DE), and analysed with CCPNmr v2.0 [471].
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2.15 Transverse and longitudinal relaxation NMR experiments

15N R1 and R2 relaxation experiments were acquired using standard pulse sequences [473], including

the watergate sequence [474] to enhance water suppression. T1 and T2 values were obtained by fitting

the data to an exponential decay function with single relaxation delays (T1 τ delays: 4, 30, 70, 120,

200, 300, 400, 500, 700, 1000 ms; T2 τ delays: 0, 20, 40, 50, 60, 80, 100, 120, 140, 160, 170, 200

ms). Relaxation was measured at 283K on samples of Ac-αSyn (415 µM) in 25 mM Tris-HCl pH

7.0, 10% D2O, incubated with the five different types of metals considered in this research (10 mM

CaCl2, 2.1 mM ZnCl2, 85 µM CuCl2 and 55 µM MnCl2). Relaxation measurements of free protein

were performed in the presence of 1 mM EDTA in the buffer. Resonance assignments were done in

the same way as with CLEANEX measurements.

Relaxation data were analysed in a similar way to CLEANEX data. Briefly, the intensities, Ii, of

the residue peaks were normalised by diving Ii obtained for each residue at the different time delays

investigated, by the intensity, I0, of each corresponding residue peak recorded at the shortest time

delay (i.e., 4 ms for T1 and 0 ms for T2) to calculate the intensity change ratio, Ii/I0. This was plotted

vs. τ to obtain an exponential decay function in the form of y= Aexp−τ/T or y= Aexp−R/τ , where

y corresponds to Ii/I0, A corresponds to the y-intercept, τ is the applied time delays, T is the time

relaxation constants, and R is the relaxation rates.

The recorded data were fitted to the exponential decay function and a curve of best fit was calculated.

Deviation of the data from the calculated curve of best fit was reported as standard error. Relaxation

rates at each condition were shown by plotting R1 and R2 rates against residue number along the

protein sequence. Error bars were computed with the standard error of the fitting to the exponential

decay function from the calculation of R1 and R2 for each residue. Analysis of the data was carried

out in Microsoft® Excel.

Experiments were recorded using a Bruker spectrometer operating at a 1H frequency of 800 MHz

equipped with a triple resonance HCN cryo-probe (Bruker, Coventry, UK). Internal chemical shift



2.16. Error analysis 67

referencing was done using D2O. Experiments were recorded as data matrices consisting of 2048

(t2, 1H) × 220 (t1, 15N) complex points in 8 scans. Spectral widths: 2270.948 Hz (28.0 ppm) 15N,

12820.513 Hz (16.0 ppm) 1H; time domain size: 256 for 15N, 2048 for 1H; window function used

for processing in both 15N and 1H dimensions was qsine; pulse sequence for T1 and T2 HSQC series,

respectively: BRUKER hsqct1etf3gpsi and hsqct2etf3gpsi; recycle delay, d1: 1s. NMR data were

acquired and processed using TopSpin 3.2.0 (Bruker, AXS GmbH, DE), and analysed with CCPNmr

v2.0 [471].

2.16 Error analysis

Variation in the data from ELONAs is given as standard error, which is a statistical measure of the

uncertainty of the mean. The values given for the standard error in the reported dissociation constants

describe how accurate the mean of a particular kd compares to the true kd value. A low standard error

shows that the calculated kd is a more accurate representation of the recorded data. Given that sample

size is inversely proportional to standard error, ELONA data were recorded as a set of three technical

replicates to minimise standard error and provide a more accurate kd value. Data analysis and error

calculation were done using Origin 2020 (OriginLab Corporation).

Error in the CLEANEX and relaxation data is provided in the form of error bars, which was computed

with the standard error obtained from the fitting of the data to the calculated lines of best fit, as

described in more detail in sections 2.14 and 2.15. The analysis and error calculation of NMR data

were carried out in Microsoft® Excel.

2.17 Theoretical background of NMR

In this thesis, a brief overview of the principles behind biomolecular NMR and its advantages for

the study of proteins is given. Please refer to [475] and [476], as well as reviews [477], [478] and

textbook [479] for a detailed explanation of the fundamental concepts of NMR.

NMR is a physical phenomenon that relies on the resonance transition between different magnetic
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energy states when atomic nuclei are placed in an external magnetic field and a pulse of electromag-

netic radiation frequency is applied. Atomic nuclei are associated with the intrinsic quantum property

of spin, which means that they rotate around a given axis with a spin angular momentum vector. The

most common atomic nuclei dealt with in protein NMR (i.e. 1H, 15N and 13C) have spin= ½ [476].

Isotopic labelling of proteins with carbon-13 and nitrogen-15 is required to enhance the intrinsically

low sensitivity of the NMR measurement that would otherwise be recorded using the naturally abun-

dant carbon-12 and nitrogen-14. As with all charged particles, moving nuclei will produce a magnetic

field. This makes nuclei behave like magnetic dipoles associated with a magnetic moment that is re-

lated to the intrinsic angular momentum of that nucleus. These magnetic moments, which can be

thought of as vectors with both magnitude and direction, will be randomly aligned in the ground state

in the absence of an external magnetic field, meaning that the bulk magnetisation arising from that

nucleus will be zero (Figure 2.7). However, when these nuclei are placed in an external magnetic field

(typically denoted as B0), they may align either with (low energy) or against (high energy) the field

and result in a non-zero bulk magnetisation [475, 476].

B0
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High-energy
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M0 = net magnetisation vector

Vector sum of 
individual spins

Figure 2.7: Bulk magnetisation of nuclei containing spin ½ at equilibrium in an external magnetic
field, B0. A slightly higher proportion of low-energy (α) states precess randomly in the direction of an
externally applied magnetic field, and a smaller proportion of spins at high-energy states (β) precess
in the opposite direction to the applied magnetic field. The sum of the spin vector contributions yields
a bulk magnetisation, M0, along the z axis.

The rotating nuclei will precess around the axis of the applied external magnetic field vector in any

direction, in what is described as Larmor precession. This is an intrinsic property of a given nucleus

and is proportional to the size of the magnetic field. The application of a magnetic field splits the en-

ergy levels and forces the nuclei into energy states that are either aligned parallel or anti-parallel with



2.17. Theoretical background of NMR 69

the external magnetic field. This phenomenon is known as Zeeman splitting. Nuclei are described

as having 2I+1 nuclear energy levels when placed in an external magnetic field, where I stands for

the spin of a given nucleus (Figure 2.8). Those spins which align with the magnetic field will be

associated with a lower energy, and those aligned against the magnetic field will have a higher energy.

The magnitude of the splitting between the different spin states is dependent on the strength of the

magnetic field. Therefore, the application of an external magnetic field gives rise to distinct energy

levels populated by spins with the same angular momentum. For nuclei with spin ½, which is the case

for the most relevant nuclei concerning protein NMR, two spin states exist: spin -½, aligned with the

external magnetic field (lower energy state), and spin +½, aligned against the external magnetic field

(higher energy state) [475]. In fact, the energy difference between these two states is very small and

thermal energy arising from atomic collisions is enough for spins to transition from a lower energy

to a higher energy state. The distribution of the nuclei in the different energy levels is described by

the Boltzmann distribution, which denotes the relationship between energy and temperature. At room

temperature, the population of nuclei in the lower energy state outnumbers that in the higher energy

state. Therefore, in a sample with many nuclei, each having a different magnetic moment aligned

with or against the external magnetic field, the resulting component of the magnetic moment of the

precessing nuclei is a vector in the direction of the axis of the applied field.

Magnetic Field

E
ne

rg
y

ms= +½

ms= -½

ΔE
Free electron
with spin s= ½

B0 ≠ 0B0 = 0

Figure 2.8: Zeeman Splitting. The energy gap, ∆E, between spin states, m (in this case +½ and -½),
is directly proportional to the strength of the magnetic field, B0.

The bulk magnetisation in the z plane cannot be observed and needs to be transferred perpendicularly

to the xy plane. By applying a 90º pulse of electromagnetic (EM) radiation with a specific frequency
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equalling the Larmor frequency of the precessing nuclei, the bulk magnetisation will be directed to

the y plane. If the frequency of the EM pulse (Larmor frequency) matches the energy between the

two different spin energy levels, this will induce a transition of the nuclei to the higher energy state in

a resonance effect [475, 479]. The rotation of the bulk magnetisation will induce an electric current

which will be recorded as a signal of the spectral absorption of the sample nuclei.

After the application of a pulse of radio frequency, the bulk nuclear magnetisation perpendicular to

the magnetic field will decrease and return to the z axis to the direction of the external magnetic field.

This will be detected as a fluctuating declining amplitude with time from which a frequency and decay

rate can be calculated, which is referred to as the free induction decay (FID). A Fourier transform is

then applied, which converts the FID as a function of time to frequency data, which is how it is then

displayed in NMR spectra [479].

When an external magnetic field is applied to a nucleus, the surrounding electrons will induce local

electric currents which will produce an alternative magnetic field (according to Lenz’s law) that will

oppose the applied external field. The extent of the external magnetic field that acts on any given

nuclear magnetic moment will therefore depend on the strength of the locally opposing induced field,

in a phenomenon known as shielding effect. The strength of this effects depends on the size of the

external field, as well as the chemical and geometrical structures of the molecule. This shielding will

therefore reduce the effective external magnetic field experienced by the nuclei to different extents,

causing their magnetic moment to precess at different angular velocities, which explains the different

resonance values associated with different nuclei. The chemical shift of a given nuclear spin is de-

scribed as its resonant frequency in an external magnetic field. It is therefore the result of the shielding

and deshielding effects (although the shielding effects will always be greater in magnitude than the

deshielding).

Given that this shielding effect reduces the effective applied magnetic field experienced by the spins,

the difference in their energy levels is also reduced and the resonant frequency decreases. This results

in a decrease in the recorded chemical shift for a given nucleus. The recorded FID will therefore
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Figure 2.9: Shielding effects and their influence in chemical shift. a) Shielding of the nucleus by the
outer electron shell. The electronic environment around the nucleus generates an opposing magnetic
field to the magnetic field applied, B0, thereby lowering the chemical shift of the nuclear species. b, c)
Chemical anisotropic effects in different chemical groups. The geometry of chemical bonds restricts
the movement of electrons, thereby creating opposing shielding magnetic fields that are non-uniform
(illustrated as blue cones). If a nearby proton is in close proximity to the generated shielding field,
the effect of the external magnetic field on it will be reduced and it will therefore experience a lower
chemical shift (b). On the other hand, if it is found outside the neighbouring generated opposing
magnetic field, it will experience a deshielding effect and will therefore have a higher chemical shift
(c). In this way, the spatial organisation of different electron-induced magnetic fields will determine
the chemical shift landscape of a system.

have several resonant frequency components and the Fourier transform will produce signals for the

individual nuclei with different resonance properties. In order to allow the comparison of NMR

spectra recorded at different external magnetic fields, resonance frequencies are readjusted using the

spectrometer frequency and reported in parts per million, ppm [475]. In this way, the dependency on

chemical shift is removed, and can instead be quoted as a relative quantity in comparison to a standard

reference (e.g. tetramethylsilane in 13C and 1H NMR experiments performed in organic solvents, or

liquid NH3 in 15N protein NMR). NMR signals coming from 1H (protons) can be displayed against

their respective recorded frequencies in the simplest form of NMR spectrum, a 1D spectrum. In fact,

this provides a very quick way to follow the folding process of a protein or even look for global

changes in the conformation of a protein upon ligand binding [475, 476].

Another factor affecting the observed chemical shifts is magnetic anisotropy. Electrons in chemical

groups affect the shielding of nuclei in the proximity following the same principle as the shielding

effect seen with atomic shell electrons. However, bonded electrons are not free to move and so the
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shielding effect they produce is described as not being uniform, or anisotropic (Figure 2.9). The fields

generated by this anisotropic phenomenon are typically depicted by cones. If a nucleus is present

within the cone, it will see a reduction in its chemical shift in the same way as it happens with atomic

electron shielding. If a nucleus is located outside of the cone, however, deshielding of that nucleus

occurs and its associated chemical shift increases. For instance, a nucleus located in the vicinity of

an electron-dense aromatic ring will experience a strong shielding effect, causing a drastic decrease

in chemical shift. This is frequently observed with methyl protons in the core of folded globular pro-

teins, whose chemical shift might fall below zero ppm when they are in close proximity to an aromatic

ring side chain. This effect is commonly searched for on a 1D spectrum when assessing the folding

of a protein. Similarly, molecular interactions might also have an effect on the strength of the chemi-

cal shift of a given nucleus. Hydrogen bonding causes protons involved to be associated with higher

chemical shift values. Strong electronegative groups may drag electrons away, effectively deshielding

the nearby nuclei and causing their shifting to higher frequencies. Solution parameters like temper-

ature, pH and ionic strength, which determine the strength of molecular interactions, therefore also

influence the resonant frequencies of nuclei.

Since the recorded chemical shifts are an average of the chemical states experienced by the nuclei

in a protein during signal measurement, protein dynamics in the millisecond timescale will have an

effect on the observed frequencies, either as a result of fluctuations in the electronic environments or

conformational changes in the structure of the protein. As a result of the many factors affecting their

magnitude, chemical shifts are considered exquisite probes of protein structure and dynamics.

2.17.1 1H-15N experiment

The duration of the excited state before the signal relaxes and the equilibrium of a nuclear moment is

re-established can extend up to the millisecond and second timescales [476]. This effect is exploited

by complex heteronuclear NMR experiments, which have been developed to record the resonance

frequency of multiple correlated nuclei by allowing the transfer of magnetisation through bond and

space [475, 476]. By employing these kinds of experiments which involve different nucleus types,

we can obtain information about the local environment of particular amino acid residues or atoms
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within a protein [476, 480]. Signal intensities measured in such experiments involving more than one

nucleus type are commonly displayed using a 2D 1H-15N HSQC spectrum [476]. This experiment,

which is generated through the transfer of magnetisation between the H and N atoms of amide groups,

is described as the “protein fingerprint” as a result of its versatility in informing about the properties

of the constituting amino acids in a given protein. In this spectrum, each peak represents the backbone

amide of each amino acid residue (except proline, which lacks an amide -H), as well as the side chain

amides of asparagine, glutamine, lysine and arginine when working at low pH, and the tryptophan

indole [476]. Each peak is associated with an intensity and chemical shift value, which provide very

precise probes that enable the quantitative analysis of many protein parameters. Particularly important

in the study of IDPs, the degree of disorder can be estimated through the peak dispersion in the 1H

dimension, with IDPs showing a narrower and restricted dispersion in this dimension compared to

folded globular proteins. This is due to nuclei in disordered proteins experiencing an almost identical

chemical environment given their intrinsic structural flexibility [481, 476, 480].

2.17.2 NMR for IDPs

For the study of IDPs like αSyn, NMR is an incredibly valuable tool that provides exquisitely sensitive

detail on residue-specific information at an atomic resolution. Indeed, it is a powerful technique to

probe the structure, interactions and dynamics of proteins in their native state, without the need for

chemical modification [482].

Compared to natively folded globular proteins, which are characterised by defined structural features

with little dynamic range, disordered proteins lack instead rigid atom positions and dihedral angles,

with no major energy minima in their conformational landscape. Indeed, the dynamic conformational

nature of IDPs and the small size of many of them renders X-ray crystallography and cryo-EM studies

impractical at studying these proteins. Curiously, the intrinsic properties of IDPs resolve some of the

constraints of NMR as a tool for structural biological studies. The fast dynamics that characterise

IDPs overcome the size limitation observed in the study of globular proteins, whose slow molecular

tumbling leads to extensive peak broadening and low-resolution spectra after sample size exceeds

approximately 40 kDa. For this reason, the only real limitation to the study of disordered proteins
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with NMR becomes the crowding of peaks in spectra, which can be addressed through selective

labelling and multidimensional experiments. Likewise, information coming from traditional methods

for the study of folded globular proteins by NMR including dihedral angles, distances from Nuclear

Overhauser Effects (NOEs) or 3J couplings [483] are unsuitable for probing disordered proteins.

Instead, information from chemical shift, intensities [484] and residual dipolar couplings [485, 486]

have proved important observables to study disordered systems. These are particularly useful in prob-

ing long-range intramolecular interactions [47] and residual local secondary structure [487]. Other

NMR techniques that are routinely used to discern the interactome of IDPs include paramagnetic re-

laxation enhancement (PRE) [488] and chemical shift saturation transfer (CEST) experiments [489],

which can provide information on the conformation of key residues involved in the interaction with

other molecules.

2.17.3 Residue resonance assignment

The assignment of protein backbone resonances can be addressed by using a combination of 2D

and 3D NMR experiments. In this way, the preferred approach involves using a 2D 1H-15N HSQC

spectrum that serves as the fingerprint of the protein, whilst having a set of complementary 3D spectra

reporting resonances connecting the backbone amide proton, nitrogen and carbon atoms [490]. The

3D experiments can be visualised as “strips” through the third dimensional space, containing the

carbon resonance corresponding to a given peak in the 2D HSQC spectrum (Figure 2.10). Essentially,

the combination of adjacent strips in the third dimension of sequential residues “i” and “i-1”, where i

refers to a given peak in the HSQC spectrum, allows the sequential assignment of the protein residues.

In the case of the work presented in this thesis, HNCACB and HN(CO)CACB 3D experiments were

recorded for the assignment of the αSyn protein, which provide complementary peaks for Cα and

Cβ atoms of both “i” and “i-1” (Figure 2.11). Alternatively, the combination of HNCA/HN(CO)CA

experiments is also often used, which in this case provide peaks for only Cα atoms of residues “i” and

“i-1”.
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a)

b)

Figure 2.10: 3D spectra from 1H-15N HSQC. a) A new evolution time can be added to the pulse
sequence of the 1H-15N HSQC to allow the magnetisation to be transferred from the 15N to a given
13C atom from the backbone or from the side chain of residue "i-1" or simultaneously of residues "i"
and "i-1". b) Strips of the 13C dimension from a 3D experiment can be extracted from single cross-
peaks from a 1H-15N HSQC spectrum, thereby connecting the resonances of 1H, 15N and 13C atoms
associated with a given peak in a 1H-15N HSQC spectrum. Figure adapted from [490].

2.17.4 Protein-ligand interactions by NMR

Given that chemical shifts are very precise probes of changes to the local chemical environment

of a nucleus, NMR can report on very subtle alterations that occur in the conformation of proteins

and chemical exchange. This might happen if the protein undergoes exchange between two specific

conformations, or if there is protein-ligand binding occurring [491, 476].

If an interacting ligand is in slow exchange with the protein, NMR signals will observe two different

species, i.e. a bound and a free form. This kind of slow-exchange processes take place when the

exchange rate (kex) between the two species or conformations is smaller than the chemical shift dif-

ference (kex ≪ ∆ω) [491, 476]. If the rate constant increases, magnetisation is quickly transferred
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i-2 i-1 i (Gly) i+1 i+2HN/N of residue

Cβ (i) 
Cβ (i-1) 
Cα (i) 
Cα (i-1) 

Cβ

Cα

HNCA(CO) HNCA(CO)CB

Figure 2.11: 3D Backbone assignment. HNCA(CO) and HNCA(CO)CB are considered here as an
experiment pair. HNCA(CO) (blue strips) links the resonances of the amide 1H and 15N spectrum of
residue "i" with the resonances of Cα and Cβ atoms of residue "i-1". HNCA(CO)CB (green strips)
links the resonances of the amide 1H and 15N spectrum of the residue "i" with the resonances of
residue Cα and Cβ atoms of residues "i" and "i-1". Cα and Cβ atoms are recorded as having oppo-
site phases. An example of a backbone resonance assignment is given, with black lines connecting
corresponding Cα and Cβ resonances of consecutive residues along the polypeptide sequence. Figure
adapted from [490].

from one conformational state to the other and will become invisible to detection. This leads to a

signal broadening effect which can lead to the signal disappearing.

At higher exchange rates larger than the difference in the chemical shift frequencies of both confor-

mational species (kex ≫ ∆ω), a single peak will appear as an average of both conformations, whose

position will proportionately represent the time the magnetisation spends on each state (Figure 2.12).

In this fast-exchange regime, NMR peaks will shift with increasing concentration of ligand added and

will display intense peaks and sharp linewidths. This allows the fitting of NMR titration curves to

theoretical binding expressions, to calculate on- and off- rate constants of ligand binding. In contrast

to a slow-exchange mode, fast exchange will be observed as a shifting peak through a spectrum, and

not as two peaks corresponding to two interconverting states. A single new peak will represent the

formation of the protein-ligand complex state, whose intensity will increase with increasing ligand
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concentration until all binding sites are occupied, and the disappearing of the peak representing the

free protein state [491, 476].

Intermediate exchange between two conformations (kex ≈∆ω) will be observed on an NMR spectrum

as broadening peak linewidths.



78 Chapter 2. Materials and Methods

Figure 2.12: Representative spectra for two different molecules (M1 and M2) as a function of differ-
ent exchange regimes. Slow (a), intermediate (b) and fast (c) exchange rates can often be encountered
when studying protein-ligand interactions by NMR chemical shift titration experiments. For simplic-
ity of this schematic, these 1H-15N HSQC NMR experiments are assumed to only show resonance
cross-peaks of the protein, which is 15N-labelled, and not of the ligand, which is unlabelled. Simi-
larly, the concentration of the protein is assumed to remain constant and that of the ligand to increase
until saturation of the protein is achieved. (a) In slow exchange (kex ≪ ∆ω), changes in the inten-
sities but not the chemical shifts of the cross-peaks corresponding to both the free and ligand-bound
states can be detected, which are both simultaneously observed. (b) In intermediate exchange (kex ≈
∆ω), linewidth broadening of the signal occurs upon titration of the ligand as a result of transverse
relaxation effects from conformational exchange between the free and bound states in equilibrium.
(c) In fast exchange (kex ≫ ∆ω), chemical shift perturbations of the protein resonances lead to a
population-weighted average between the free and ligand-bound state chemical shifts. ∆ω refers to
the change in chemical shift of the protein peaks. Figure adapted from [492, 493].
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2.17.5 Hydrogen exchange in proteins

In solution, the hydrogen atoms bound to protein backbone amides and side chains are labile and will

exchange with hydrogen in the surrounding water molecules. For this to happen, any hydrogen bonds

formed by these hydrogen atoms must be broken, which means that the exchange rate of hydrogen

atoms with the solvent will depend on the rate in which they are perturbed.

Amide hydrogen exchange with the water solvent generally follows one of two kinetic mechanisms,

EX1 (monomolecular exchange) or EX2 (bimolecular exchange) (Figure 2.13) [494, 495]. Some

regions of a protein may follow EX1 and others EX2 exchange regimes, although one may dominate

over the other based on the reaction conditions.
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Figure 2.13: Hydrogen exchange EX1 (pH-independent) and EX2 (pH-dependent) regimes. The rate
of hydrogen exchange increases 10-fold for each unit increase in pH under EX2 conditions, although
it is ultimately limited by the rate of the opening reaction that exposes the hydrogens to the solvent
for exchange. The limiting rate is reached under EX1 when kch > kcl, meaning that every opening
motion results in exchange and kex= kop. Figure adapted from [495].

Linderstrøm-Lang proposed a 2-state model to explain hydrogen chemical exchange [496, 497, 495],

with hydrogens either non-exchangeable in the protected state (NH (closed)) or susceptible to ex-

change in a transiently open conformation (NH (open)), where kop and kcl are the opening (unfolding)

and closing (folding) rate constants, respectively:
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NH(closed)
kop−−⇀↽−−
kcl

NH(open)
kch−−→ Hexchanged

Essentially, this kinetic model can be broken down into two components [494, 498]: (1) a structural

factor limiting the rate at which the protein undergoes conformational motions to overcome any bar-

riers to permit exchange, and (2) a chemical factor responsible for the exchange rate of protons that

are fully exposed to the solvent.

The rate of chemical exchange of unprotected amide hydrogens, kch, depends on a range of conditions,

including pH, temperature, isotope effects and neighbouring amino acid side chains. Under steady-

state conditions, the hydrogen exchange rate, kex, is determined by the following equation:

kex−−
kopkch

kop + kcl + kch

where kch can be calculated separately for the unprotected amide. Assuming a stable structure (kop ≫

kcl), the overall chemical exchange rate constant under steady-state conditions is given by equation:

kex−−
kopkch

kcl + kch

This equation can be applied in two particular cases: Under EX2 conditions, where kcl ≫ kch (low

temperature and pH), the exchange-competent and incompetent structures reach equilibrium quickly

before the slower exchange step. The exchange rate in this case is given by:
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kexEX2−−
kopkch

kcl
−−Kopkch, Kop−−

kop
kcl

Where Kop is the equilibrium constant of the opening reaction.

EX2 regime describes the exchange in the native state or under mild denaturing conditions in a pH-

dependent mode. Here, a pre-equilibrium state exists between open (exchange-susceptible) and closed

(protected) conformations, and the observed exchange rate, kex, describes the rate constant for the

base-catalysed chemical exchange, kch. Such a pre-equilibrium step is attributed to rapid changes

between exchange-incompetent and exchange-competent conformations prior to chemical exchange,

which are associated with protein local conformational fluctuations and global unfolding [499].

The stabilisation free energy of the protein structure can therefore be determined by:

∆GHX−−−RTlnKop−−−RTln(kex/kch)

Under EX1 conditions where kcl ≪ kch (high temperature, high pH and low stability), the rate of

exchange is limited by the opening rate of the protected protein structure, kop, as it is pH independent.

kexEX1−− kop

EX1, on the other hand, occurs at high temperature, high pH (pH ≥ 7) or high denaturant concentra-
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tions. In these conditions, exchange is fast compared to the conformational motions that expose amide

protons to the surrounding solvent, thereby making the slow processes of conformational opening or

global unfolding dictate the observed exchange rate.

The ratio of the exchange rates kch/kex, also referred to as the protection factor for a particular residue,

is a useful and common way of reporting hydrogen exchange results. Protection factors are a measure

of the rate of exchange of a given backbone amide when it is in a fully solvent-exposed conformation

(commonly obtained from model peptides or by modelling statistical coils) to the rate of exchange

in a folded state. Protection factors therefore provide a measure of the resistance of amide protons

to freely exchange with the solvent in folded structures relative to residue-specific intrinsic rates in a

random polypeptide.

Typically, protection factor values range from less than 5 for backbone amide protons in fully dena-

tured proteins to more than 105 for amides in folded protein cores. Protection factors obtained for

αSyn (see Chapter 5) ranged from 6 to 8, which is indicative of the generally unfolded native state of

the protein. The kinetic theory developed to describe the hydrogen exchange behaviour of proteins in

solution was specifically based on folded globular proteins, which means that its application to dis-

ordered proteins may have its limitations. However, the fact that αSyn transiently samples partially

structured conformations, the application of the simple kinetic model developed to describe hydrogen

exchange becomes relevant to study changes to the global intramolecular long-range contacts of the

protein [41].

Hydrogen chemical exchange can be closely monitored using NMR. Traditionally, this has been done

by dissolving a protein sample in deuterium oxide, which will readily exchange with labile hydrogen

atoms in the protein and will incorporate deuterium, 2H, which is not detected by NMR at this fre-

quency. Accordingly, spectrum peaks of hydrogen atoms undergoing hydrogen-deuterium exchange

will reduce in intensity, thereby providing information on the stability of hydrogen bonds, local ex-

posure to the solvent and hence protein dynamics.
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NOESY and ROESY are NMR experiments which can provide information on the chemical exchange

between the labile protons and the solvent. However, contributions from different magnetisation

pathways can result in artefacts which can mask the detection of strict water-protein interactions,

including NOE/ROE (Rotating-frame Overhauser Effect) peaks from CαH protons with chemical

shifts coincident with water, TOCSY-type interactions and NOE/ROE from rapidly exchanging side

chain groups. To circumvent these challenges, phase-modulated CLEAN chemical exchange spec-

troscopy (CLEANEX-PM) has been developed to specifically detect water-macromolecule interac-

tions [459, 460]. Magnetisation pathways suppress intramolecular NOE and ROE contributions as a

result of the opposite signs of longitudinal and transverse cross-relaxation rates.

Here, water is selectively excited, while other spins outside the excitation profile are dephased by

gradients during the mixing period. Chemical exchange between the excited water and labile NH

protons then causes the magnetisation to be transferred to the protein, where detection happens (fast

exchange rates in the 5–500 ms range). The application of CLEANEX therefore overcomes the

limitations of hydrogen/deuterium (H/D) chemical exchange, which relies on the slow exchange in

the s-min timescale regime of labile amide protons with deuterium atoms in a fully deuterated buffer.

2.17.6 NMR relaxation

Relaxation is a fundamental NMR phenomenon describing the loss of coherence of magnetisation

along the xy plane, and the recovery of relaxation along the z axis. Essentially, coherent magnetisation

in the xy plane after a pulse of radiofrequency will recover along the spin equilibrium position, as the

external magnetic field forces the spins to align with it. This is known as T1 relaxation. At the same

time, coherence of the excited nuclei is lost, as the bulk magnetisation returns to equilibrium. This is

referred to as T2.

Spin-lattice (longitudinal) relaxation, or T1, represents the time constant required for around 63% of

the bulk magnetisation to return to its initial equilibrium position along the z axis. Field fluctuations

(both magnetic and electric) can affect the magnitude of T1. Therefore, phenomena that may result

in alternating fields, such as chemical shift anisotropy, dipolar coupling and J-coupling, can provide
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detailed information on the inter- and intra-molecular dynamics of a sample. Shorter relaxation time

values will represent a more efficient relaxation process. Smaller biomolecules will have a faster

tumbling rate in solution and will therefore experience shorter T1 values than larger proteins and

macromolecules, which will show long T1 values as a result of restricted tumbling motions. At the

same time, spin-spin (transverse) relaxation, or T2, accounts for the loss in coherence between the

excited nuclei as the bulk magnetisation returns to equilibrium. This effect results from the transfer of

energy between neighbouring spins via dipole and exchange interactions. T2 may be shorter or equal

to T1 [500, 501, 479].

Spin-lattice or longitudinal relaxation

T1 represents the rate of transfer of energy from the nuclear spin system to the neighbouring molecules

(the lattice). This relaxation happens in the z direction and leads to a restoration of the Boltzmann

equilibrium.

As a result of the interactions with other nuclear spins as they tumble in solution, the individual

magnetic moments constituting the magnetisation will experience slightly different local magnetic

fields. These fields fluctuate in time (as a result of molecular tumbling), inducing random transitions

between the NMR spin states which, in turn, cause the magnetisation to decay back to equilibrium

along the xy plane through various mechanisms [479]:

• Dipolar mechanism: The magnetic moment associated with each spin gives rise to a magnetic

field, which can interact with neighbouring spins. In any given pair of magnetically interacting

nuclei, the field generated by one spin will be experienced by the second spin. In turn, the sec-

ond nuclei will also generate a field which will be felt by the first spin, making this phenomenon

a reciprocal interaction.

• Chemical shift anisotropy mechanism: As molecules tumble in solution, their orientation with

respect to the external magnetic field B0 will change. This will alter the magnetisation that is

experienced by the molecules, which will appear as a randomly varying external magnetic field.
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• Paramagnetic mechanism: The large magnetic moment associated with unpaired electrons in

paramagnetic species (e.g., O2) as a result of the large gyromagnetic ratios is particularly effec-

tive at promoting relaxation, which is experimentally observed as extensive linewidth broaden-

ing.

The most common source of induced local fluctuating fields for spin ½ nuclei is direct dipolar cou-

plings. The rapid reorientation of the dipolar interactions as a result of molecular motions leads

to fluctuating fields. Therefore, since this relaxation mechanism depends on the rate of molecular

motion, T1 is temperature dependent. For this reason, NMR experiments involving IDPs should be

conducted at low temperatures. This interferes with the rate of relaxation by reducing molecular mo-

tion and tumbling, hence slowing down the decay of magnetisation back to equilibrium, resulting in

longer T1 times and sharp spectrum peaks. High experimental temperatures, on the other hand, en-

hance chemical exchange with the solvent of already highly dynamic IDPs, leading to short T1 times

and broader spectrum peaks.

Dipole-dipole relaxation mechanisms strongly depend on the inverse cube of the distance between the

interacting nuclei, as well as on the direction of the combined vector of the two nuclei relative to that

of the applied magnetic field. As molecules tumble in solution, the direction of this vector changes,

making the magnetic field change too. Changes in the distance between neighbouring interacting

nuclei will result in changes in the experienced magnetic field. In this way, changes in molecular

orientation promote signal relaxation. Interacting pairs of nuclei can arise from within the same or

different molecules, leading to intra- and intermolecular relaxation phenomena, although the closer

physical proximity of nuclei within a given molecule makes intramolecular relaxation dominant.

The magnitude of a dipolar interaction is dictated by the product of the gyromagnetic ratios of the two

interacting nuclei, making the resulting relaxation rate depend on the square of this [479]. Therefore,

pairs of interacting nuclei with high gyromagnetic ratios are highly efficient at inducing relaxation.

Relaxation induced by dipolar coupling is thus proportional to the square of the coupling:
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Molecular motion and collisions continuously change the orientation of the spins in what is described

as rotational diffusion. Correlation time, τ c, which is the time taken for a molecule to rotate by

1 radian, describes the timescale of random molecular motion and is proportional to molecule size

and solution viscosity. Large biomolecules have restricted motion and are associated with large τ c.

Smaller proteins present faster motions and therefore have shorter τ c.

The relationship between the fluctuating magnetic fields and τ c is represented by the spectral density

[479], which describes how much the random fields are fluctuating at each frequency, ω:

jω−−
2 τ c

1 +ω2τ2

The key frequency to consider in relaxation is the Larmor frequency, ω0:

jω0−−
2 τ c

1 +ω2
0τ

2

By differentiating this equation with respect to τ c, it becomes apparent that this is at a maximum

when τ c= 1/ω0. As the rate of spin-lattice (longitudinal) relaxation is proportional to j(ω0), it will

be fastest when τ c= 1/ω0. When τ c decreases below or increases above this, spin-lattice relaxation

will be slowed down and T1 will increase. T1 decay is therefore fastest and most effective when
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the Larmor frequency of the molecular motion is of the same frequency as the transition frequency

(Figure 2.14).

Figure 2.14: Relationship between correlation time for rotational diffusion, τ c, and the relaxation
times, T1 and T2. Relaxation is less efficient at higher external magnetic field B0 strengths (curves
for 25 MHz and 100 MHz carbon resonance frequencies shown as examples). Figure adapted from
[502].

Spin-spin or transverse relaxation

Following the 90º pulse, field inhomogeneities and direct spin-spin interactions result in a gradual

loss of coherence between the spins without energy transfer to the lattice. T2 relaxation therefore

affects the degree of synchronisation of the magnetisation components in the xy plane. Essentially,

transverse relaxation determines the rate of decay of the FID and hence the linewidth. In this way, T2

is related to the linewidth at half-height (∆ν1/2) of the NMR signal, and so T2 ∼ 1/∆ν1/2.

Both relaxation time constants, T1 and T2, are intrinsically related, as an increase in the magnetisation

along the z plane is not possible without a decrease in the magnetisation in the xy plane. Therefore,
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T2 can only be equal or larger than T1. In solution, however, static dipolar fields average out due to

random molecular motion, resulting in T2 ≈ T1.

In contrast to the effect of correlation time on T1, spin-spin (transverse) relaxation depends on the

sum of j(ω0) + j0. As j0 equals 2τ c, the sum of j(ω0) + j0 will increase. Therefore, T2 decreases when

τ c increases (Figure 2.14).

Relaxation time constants can be expressed as relaxation rates, which are given by R1= 1/T1 and R2=

1/T2.



Aptamer Selection

3.1 Introduction

Misfolded αSyn oligomers are known to disturb the cellular homeostasis in PD in several ways,

bringing along neurotoxicity and eventual cell death [131, 124]. Disruption of biological membranes,

in particular, is believed to be an especially important mechanism underlying the pathology of the

disease [92]. Perturbation of the cellular membranes has been proposed to occur through a variety of

different mechanisms, including partial insertion of the oligomers into the hydrophobic region of the

membrane, formation of a pore complex spanning both sides of the membrane, membrane thinning

and membrane lipid redistribution through a detergent-like mechanism [125]. The resulting loss of

membrane integrity leads to an aberrant influx of Ca2+ ions, the generation of ROS and the alteration

of the cellular signalling pathways, ultimately leading to a Ca2+-dependent neuronal death. Extensive

mitochondrial damage has been reported in cellular models and patients of PD and is believed to be at

least partly caused by the toxicity associated with the ability of oligomeric αSyn to bind membranes.

Detrimental protein-membrane interactions induce defects in the mitochondrial membranes, leading

to alterations in mitochondrial homeostasis in the form of ionic gradient imbalances, which disturb

the electron transport chain that is vital to mitochondrial respiration. A compromised mitochondrial

electron transport chain and a consequent loss of mitochondrial membrane potential, coupled with an

elevated influx of Ca2+ into the mitochondria result in an increased generation of intracellular ROS,

89
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and ultimately the release of cytochrome c and the activation of apoptosis signalling [161, 229, 172].

Monomeric αSyn exists as an intrinsically disordered conformational ensemble with no residual struc-

ture, although its N-terminus has been shown to adopt an α-helical conformation that is induced upon

membrane association [27, 38, 35, 83, 30, 84, 82]. Recent evidence supports the essential role of this

lipophilic N-terminal segment in the membrane binding ability of oligomeric αSyn, which is recog-

nised as the first mechanist step in the partial insertion of the highly hydrophobic core of oligomeric

aggregates into biological membranes [124]. Efforts to inhibit this interaction are hampered by the

structurally dynamic nature of αSyn, which constitutes a challenge for traditional structure-based drug

design approaches. The lack of well-defined structural moieties as a result of the plethora of dynamic

conformations that are being constantly probed by αSyn hinders drug discovery approaches aimed

towards the inhibition of toxic protein interactions. For this reason, alternative strategies have been

proposed that aim at reducing and blocking the toxic network of interactions of αSyn, either through

the reduction of the αSyn protein load in neurons, immunotherapy [503] and the use of aptamers as

recognition molecules [259].

Aptamers are an emerging class of therapeutic biomolecules that consist of short single-stranded

oligonucleotides that can be selected to have high affinity and specificity against almost any target

molecule. Although many of their binding merits are shared with antibodies, nucleic acid aptamers

boast of advantageous properties that overcome some of the hurdles that are encountered with the use

of antibody-based therapies. The small size of aptamers (6-30 kDa and 2 nm in diameter) compared

to antibodies (150-180 kDa and 15 nm in diameter), outstanding thermostability and lack of im-

munogenicity all make nucleic acid aptamers fantastic competitors as therapeutic molecules [236]. In

particular, aptamers have recently been proposed as promising therapeutic agents for targeting amy-

loidogenic proteins involved in neurodegenerative diseases, as a result of their small size compared to

antibodies. This characteristic becomes exceptionally important when designing drugs targeting the

brain, as the highly selective and protective BBB tightly controls the flow of molecules in and out of

the brain [264, 263].
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Most commonly, aptamers are generated through SELEX, of which many variations have been re-

ported that address the properties of the target molecule used [504]. These may differ in the strate-

gies adopted in the partitioning step to separate binder sequences from non-binders, which include

magnetic bead-SELEX, where the protein-aptamer complex is captured by magnetic beads, NCM-

SELEX, where the protein-aptamer complex adheres to a nitrocellulose membrane whilst unbound

nucleic acid sequences are washed through, in vivo SELEX or Capture-SELEX, where complemen-

tary sequences immobilise the library sequences through partial hybridisation. Here, a conformational

change on the immobilised library sequences induced upon target molecule binding will displace them

from their hybridising partner, whilst sequences with no affinity for the target will remain hybridised

[504]. Those sequences with affinity for the target will therefore fall into solution and be available

for amplification by PCR. Different methods for single-strand generation are also available, each with

their pros and cons, as are magnetic bead strand separation, lambda exonuclease or asymmetric PCR.

All these variations achieve, in effect, the in vitro evolution of sequences with affinity for a particular

target, although the right choice of a SELEX methodology will depend on many factors, including

the physicochemical properties of the target, the conditions of selection, or even the future environ-

ment under which an aptamer will be used as a therapeutic or diagnostic agent. Optimisation of each

method is required to achieve the best selection results, and often a combination of more than one

strategy is used to select binders with the desired affinity and specificity [504, 505, 506].

With the aim of generating high-affinity and highly specific nucleic acid aptamers to target the key

membrane binding region of oligomeric αSyn involved in toxic membrane disruptive interactions, the

work presented here reports on the selection of DNA aptamers against the first 25 amino acid residues

of αSyn, αSyn1−25.

3.2 Results

This Chapter reports on the selection process of DNA aptamers against αSyn1−25, including the op-

timisation of the initial conditions of selection and the changes introduced in the selection strategy

throughout the process to overcome the challenges encountered. A combination of magnetic bead-

based SELEX (SA-Mag beads-SELEX) and NCM-SELEX is used to tailor the selection of DNA
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aptamers against αSyn1−25.

3.2.1 Optimisation of initial selection conditions

SELEX rounds can be divided into three main steps, namely target binding incubation (1), partition-

ing (2) and PCR amplification (3) of the recovered library sequences. The binding incubation ratio

between DNA library and target during step (1) was first investigated to determine the optimal se-

quence recovery i.e., ensuring binders to the target are selected for and non-binders removed, whilst

trying not to compromise the diversity of the library by using a ratio of incubation in which too many

DNA sequences would be incubated with an insufficient number of target molecules. SELEX relies

on the principle of single copies of sequences with affinity for a particular target being present in

the initial random combinatorial library. Selection and enrichment occur by which binder sequences

“evolve” by slowly and gradually increasing their population, thereby leading to a decrease in diver-

sity as selection progresses. To prevent the loss of high affinity binders at the start of the selection

process, when theoretically only one copy per sequence is present, the aptamer library and the target

must first be incubated at a low ratio. A starting molar ratio of incubation of 1:1 between the initial

random library of DNA sequences and the αSyn1−25 target was first probed, to give every sequence

that may have affinity for the target the chance to bind. During the optimisation efforts of the first

rounds of selection, a peptide composed of the first 25 residues of γSyn, γSyn1−25, was used as a

selection target instead of αSyn1−25, given that it was widely available in the laboratory when the ap-

tamer selection was started. As a result of the high sequence similarity shared with αSyn1−25 (almost

63%) and the similar structural properties, γSyn1−25 was considered a good representative analogue

of the αSyn1−25 peptide target against which selection will be carried out after optimisation of the

initial conditions.

Given that this selection is aimed at generating aptamer sequences to be used as therapeutic candi-

dates, a selection incubation temperature of 37 ºC was chosen with the aim of selecting for sequences

with secondary structures and three-dimensional folds that are thermostable at human body tempera-

ture. The γSyn1−25 peptide, together with the bound sequences, were partitioned and separated from

the unbound library through incubation with a 1-fold amount of SA-Mag beads required to immo-
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bilise the biotinylated γSyn1−25 relative to the molar amount used of the target peptide. A small

amount of the recovered library was amplified by PCR in small-scale to determine the optimal num-

ber of PCR amplification cycles required to amplify the library, whilst minimising the formation of

PCR by-product artefacts [507].

Analysis of the recovered sequences by electrophoresis after incubation of the initial DNA library with

the γSyn1−25 peptide at a 1:1 molar ratio revealed that a high number of PCR amplification cycles

were required to produce observable bands in a 3% agarose gel (214 or 216), suggesting a low recovery

of binding sequences (Figure 3.1). The fact that such a large number of exponential amplification

cycles were required suggested a relatively small number of recovered sequences compared to the

initial random library. Given the high sequence diversity associated with the initial library, the first few

cycles of SELEX are key to ensuring selection success, as a low recovery after the first selection round

is most likely indicative of a huge loss of diversity, which may compromise the selection process.

Amplification
cycle: 2 4 6 8 10 12 14 16

150 bp
100 bp

50 bp

25 bp

Figure 3.1: Electrophoresis analysis of the 111-bp PCR products from the recovered first round library
after symmetric amplification for 16 cycles, showing intervals of 2 cycles per lane. This first selection
step was carried out at 37 ºC, in a 1:1 ratio of peptide:library, using a 1x amount of streptavidin-
magnetic beads. Visualisation by SYBR Gold staining; 3% agarose gel. Bands of Forward and
Reverse primers can be seen at the bottom of the gel.

The low sequence recovery observed under these conditions prompted the optimisation of the different

parameters important to selection. Selection conditions of the initial SELEX rounds are to be carefully

chosen and optimised to avoid the loss of library sequence diversity and to ensure the selection of
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high affinity and specificity binders. Several key parameters that are believed to influence selection

efficiency were altered to probe their effect on aptamer-target binding and library recovery. These

included the concentration of the DNA library, target and streptavidin-coated magnetic beads, the

number PCR amplification cycles, and the temperature of the incubation step. To test for the effect of

variations in the different conditions, test selection rounds were carried out in which a small amount

of the initial library (2 nmol) was incubated with the selection target. The effect of each parameter

on binding sequence recovery was assessed by determining the number of PCR amplification cycles

that were required for the band corresponding to the library to be observed on a 3% agarose gel, after

test-amplifying the recovered sequences.

The effect of the temperature of incubation, at which the library and target were allowed to interact

during the incubation step of SELEX, was first investigated. This was done by carrying out a test

selection at 37 ºC and RT, with γSyn1−25 and the library being incubated at a 1:100 molar ratio. A

1:100 incubation ratio was studied as an alternative to a 1:1 selection ratio, given that successful ap-

tamer selections using such a molar ratio of incubation between target and library had previously been

reported in my group. After a small-scale test amplification of the bound fraction following library-

target incubation, a significantly lower number of PCR amplification cycles required to amplify the

library was observed after incubation at RT, compared to that required to amplify the library to similar

levels at 37 ºC (Figure 3.2). Half the number of PCR cycles were required to amplify the recovered

library following library-target incubation at RT compared to incubation at 37 ºC, which indicates a

higher binding sequence retention and recovery at the lower temperature studied.

To further optimise sequence recovery, the effect of three different molar ratios of incubation of

γSyn1−25 to library was assessed: 1:1, 1:50 and 1:100 (Figure 3.3). Gel electrophoretic data revealed

an equal number of PCR cycles required to amplify the recovered library after incubation with the

target at a 1:50 and 1:100 ratio (eight cycles, or 28 duplications). This was half the number of cycles

that was required to amplify the library after a 1:1 test incubation ratio, suggesting a higher rate of

sequence binding after the 1:50 and 1:100 target:library ratios of incubation, compared to the lower

incubation ratio investigated.
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Figure 3.2: Agarose gel analysis of the effect of different incubation temperatures of selection on
library amplification, showing the PCR products of the first 16 cycles of amplification, in intervals of
2 cycles. The earlier appearance of correctly sized 111-bp PCR products in the amplification series
at RT (a) suggests a higher recovery after the selection step, compared to selection at 37 ºC (b).
Incubation between the target peptide and the library was carried out at a 1:100 molar ratio, and using
a 10x excess of magnetic beads. Visualisation by SYBR Gold staining; 3% agarose gel. Bands of
Forward and Reverse primers can be seen at the bottom of the gels.

A 10-fold excess of SA-Mag beads relative to the manufacturer’s recommended amount was used

during the test selections to ensure that every target-aptamer complex was captured and that all target-

bound sequences were recovered. To discern any possible effect that different amounts of SA-Mag

beads may have on sequence binding and recovery, aside from the expected decrease in sequence

recovery upon a lower amount of magnetic beads used, the target-aptamer complexes were partitioned

using different relative amounts of magnetic beads. After incubating the target and library mixture

at a 1:50 ratio at RT, the effect on sequence recovery of a 1-, 5- and 10-fold amount of SA-Mag

beads was studied (Figure 3.4). The different amounts were calculated relative to the molar amount

of biotinylated peptide used and based on the manufacturer’s indications on the binding capacity

of the magnetic beads. Surprisingly, partitioning of the target-aptamer complexes using the lowest

ratio of magnetic beads investigated (1-fold) resulted in the smallest number of PCR cycles required

to amplify the recovered library (eight cycles). Larger ratios of magnetic beads to target, i.e. 5-

and 10-fold, however, revealed that larger numbers of amplification cycles were required for library

amplification (16 cycles vs. 10 cycles in the absence of an excess of magnetic beads), suggesting

a poorer sequence binding rate and hence lower library retention. This is consistent with the PCR



96 Chapter 3. Aptamer Selection

a)
Amplification
cycle:

b)
Amplification
cycle:

150 bp
100 bp

50 bp

25 bp

150 bp
100 bp

50 bp

25 bp

2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16

Figure 3.3: Agarose gel analysis of the effect of different selection incubation ratios between
αSyn1−25 target and the ssDNA library, showing the PCR products of the first 16 cycles of amplifica-
tion, in intervals of 2 cycles. 111-bp PCR products were observed to appear after a smaller number
of amplification cycles at ratios of 1:50 (b) and 1:100 (Figure 3.2a) of target:library, compared to at
a ratio of 1:1 (a). Incubation between the target peptide and library was carried out at RT, and using
a 1x amount of magnetic beads. Visualisation by SYBR Gold staining; 3% agarose gel. Bands of
Forward and Reverse primers can be seen at the bottom of the gels.

amplification results from the preliminary initial selection that was carried out at an incubation ratio

between target and library of 1:1, which required larger amounts of magnetic beads to capture the

biotinylated peptide in its entirety compared to that needed at an incubation ratio of 1:50. Under such

conditions, the large number of PCR amplification cycles required suggests a link between a large

relative amount of SA-Mag beads and a deficient DNA recovery, which may indicate a rapid and

substantial loss of sequence diversity.

A test aptamer selection was carried out against the αSyn1−25 target using the optimised selection

conditions, in which the target and DNA library were incubated at both 1:50 and 1:100 molar ratio at

RT, and target-aptamer complexes were partitioned using a 1-fold amount of SA-Mag beads relative to

that used of biotinylated peptide target. Target and library were incubated at these two ratios because

optimisation tests had revealed very similar amplification results for both incubation ratios. Their

suitability was determined by parallelly carrying out selection at both incubation ratios and assessing

the progress of selection in terms of library recovery.
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Figure 3.4: Electrophoresis analysis of the effect of magnetic bead concentration on library amplifi-
cation, showing the PCR products of the first 16 cycles of amplification, in intervals of 2 cycles. a)
1x magnetic beads; b) 5x magnetic beads; c) 10x magnetic beads. The appearance of correctly sized
111-bp PCR products at early amplification cycles after performing selection in the absence of an
excess of magnetic beads suggested a higher recovery of the library. Selection incubation was carried
out at a 1:50 molar ratio between target and library, and at RT. Visualisation by SYBR Gold staining;
3% agarose gel. Bands of Forward and Reverse primers can be seen at the bottom of the gels.
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After three rounds of selection, PCR by-product artefacts that had been accumulating during the

first selection rounds were starting to constitute a large proportion of the library (Figure 3.5). The

removal of these by-products was therefore imperative to avoid them from compromising the aptamer

selection process. Visual comparison of the electrophoresis results from the test PCR amplification

of the libraries that had been selected at a 1:50 and at a 1:100 incubation ratio revealed a slightly

smaller proportion of these longer PCR artefacts after incubation at a 1:100 ratio compared to after

incubation at a 1:50 ratio. Given that removal of these PCR by-products is not trivial and that it

is important to restrict their gradual growth in population throughout selection, a “cleaner” library

with a lower abundance of sequence by-products will be advantageous for the successful selection

of aptamers. Therefore, the 1:50 incubation molar ratio was discarded and a 1:100 ratio of target to

library was implemented as the incubation ratio of the aptamer selection against αSyn1−25.

a) b)
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Figure 3.5: Electrophoresis analysis of the PCR products from the fourth round library after symmet-
ric amplification, showing intervals of 2 cycles per lane. Non-specific by-product bands can be seen
as additional DNA bands to that of 111 bp and primer bands. Selection incubation was carried out at
a (a) 1:50 and (b) 1:100 molar ratio between target and library, at RT and using 1x the recommended
amount of streptavidin-magnetic beads. Visualisation by SYBR Gold staining; 3% agarose gel. Bands
of Forward and Reverse primers can be seen at the bottom of the gels.

A further alteration to the aptamer selection protocol involved the removal of the DNA precipitation

and washing steps after library recovery. Recovered DNA is commonly precipitated through incuba-

tion with CH3COONa and absolute EtOH, and the resulting pellet washed through a two-step process

involving a first wash with 80% EtOH followed by water. These washing steps after library recov-
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ery were removed from the protocol, as aspiration of the washes was often observed to accidentally

include small amounts of precipitated library, resulting in the loss of some target-binding sequences

after each selection round. Sample loss was believed to be at least partly responsible for the large

number of PCR cycles required for library amplification after each selection round, which was ex-

pected to be reduced after restricting the number of pellet-handling steps in the aptamer selection

protocol. In this way, removal of the precipitation and washing steps does not only avoid sample loss

through aspiration, but is also expected to reduce the formation of PCR by-product artefacts, given

that the larger number of iterative amplification cycles required to amplify a smaller recovered library

is associated with a faster generation of by-products.

3.2.2 Aptamer selection with SELEX

Selection strategy

With the aim of selecting for only those aptamers with the highest affinity for the αSyn1−25 target,

selection conditions were gradually altered to increase the stringency of selection (Table 2.2).

One way in which low affinity aptamers can be discarded, and high affinity ones selected for, is by

increasing the volume of buffer used to wash target-aptamer complexes. Mechanical stress through

complex washing will get rid of those binders that do not form tight interactions with the target and

will not perturb those binding interactions that are high in affinity. On the 2nd round, washes of

the binding complex were increased from one to two. On the 5th round, the first negative selection

against SA-Mag beads was introduced. This step was repeated before target-library incubation at

every other selection round. After 8 rounds, an additional washing step of the target-aptamer complex

was introduced to increase the total number of washes to three. On round 9 of selection, a counter

selection step against the γSyn1−25 peptide was introduced to increase the specificity of the enriched

sequences. This was then repeatedly performed on every other round of selection coinciding with

the negative selection steps against SA-Mag beads (except for the 11th and 13th rounds, which were

shifted to the 12th round of selection). A further wash of the binding complex was introduced into the

selection protocol at the 12th round, thereby increasing the number of buffer washes to four.
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On the 15th round of selection, the selected aptamer library was negative- and counter-selected for the

5th and 3rd times against SA-Mag beads and the γSyn1−25 peptide, respectively. On the same round of

selection, the number of washes of the bound complex was increased to 5. Following selection under

these new and more stringent conditions, the aptamer library was sequenced to inform on the extent

of sequence enrichment, the results of which are discussed in section 4.2.3. Two rounds later, upon

carrying out the 17th round of selection, the aptamer library was further negative-selected against SA-

Mag beads (6th time) and counter-selected against γSyn1−25 (4th time). The library was then again

sequenced to inform on the progress of aptamer selection against αSyn1−25.

To further select for those aptamer sequences that only bind to the peptide target with high affinity,

the ratio of αSyn1−25 to aptamer library was doubled, from 1:100 to 1:200, on the 18th round. On the

19th round, a further negative selection step against SA-Mag beads (7th time) and a counter selection

step against γSyn1−25 at a 1:100 ratio (5th time) were incorporated. To ensure correct removal of low-

affinity binders, the library was consecutively incubated twice with SA-Mag beads and the unbound

fractions were discarded before incubation with the target αSyn1−25. Additionally, the number of

washes of the target-bound complex was increased to 6. A final negative selection step against SA-

Mag beads (8th time) and a counter selection against γSyn1−25 (6th time) were carried out on the

20th round of selection, after which the current selection protocol was terminated and the library was

sequenced. Like on the 19th round, the aptamer library was negative-selected against SA-Mag beads

twice prior to incubation with the target.

Sequencing results of the various round libraries throughout selection did not reveal the enrichment of

a subpopulation of sequences that could hint at the selection of high-affinity binders, as is discussed in

section 3.2.5 below. Additionally, binding assays performed on selected aptamer sequences that had

been identified up to now showed a generalised lack of affinity for αSyn1−25, but pointed at a possible

inadvertent selection that may have occurred for the SA-Mag beads. For this reason, the selection

strategy was modified to address this issue. Therefore, to remove streptavidin from the incubation

mixture, and with it any potential streptavidin-binding sequences that may have been selected for

instead of against αSyn1−25, the target-bound aptamers were partitioned from the unbound sequences
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by using a NCM, as opposed to capturing the biotinylated peptide target with SA-Mag beads. This

method of separation relies on the fact that hydrophobic molecules like proteins will interact with the

chemical groups of nitrocellulose, thereby adhering to the membrane and being retained within the

porous membrane matrix, whilst highly hydrophilic and charged molecules like DNA sequences will

pass through the membrane pores. Target size is, however, a matter of concern when using a NCM for

the partitioning step, since small hydrophobic targets may be unable to adhere to the membrane and

may be washed away as a result, together with any bound sequences. To address this issue, full-length

αSyn (14.5 kDa) was used as a target for the selection rounds involving NCM partitioning, as it is

larger than αSyn1−25 (2.85 kDa) and may have a better chance of being retained on the membrane

upon partitioning.

In this modified SELEX protocol, selection was carried out against αSyn by using the 12th round

library as a starting library. This was chosen as the starting library given that sequencing had revealed

the presence of single copies of several different aptamer sequences, which suggests that the library

still bears a high sequence diversity. At the same time, this provides a pre-selected library from which

sequences have been selected for 12 rounds against αSyn1−25. This library is therefore predicted to be

populated by enriched sequences with affinity for the target, compared to a newly randomised library

on which no previous rounds have been performed.

This change in the partitioning method requires optimisation to ensure conditions are adequate for the

success of aptamer selection. Several groups working on aptamer selection have previously reported

the need to treat NCMs prior to use by immersing them in 0.4 M KOH [508]. This is supposed to

enhance the adhering capacity of the membrane for hydrophobic molecules. Additionally, NCM-

SELEX is also known to be very sensitive to inappropriate target concentration, which may lead to

poor retention and the loss of target-bound sequences. Therefore, a test experiment was carried out

to assess the binding capacity of NCMs for different concentrations of target protein after treatment

with KOH compared to ABB buffer.

Six pieces of NCM were each incubated with either 0.4 M KOH or ABB for 40 mins, and then washed
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Figure 3.6: NCM-SELEX. a) NCMs stained with Ponceau solution after having had monomeric full-
length αSyn passed through them to test for the retention capacity of the membranes at different
protein concentrations. The pieces of NCM were treated with either ABB (upper row) or KOH (lower
row) prior to incubation with αSyn. From left to right: 200 nM, 500 nM, 1 µM, 5 µM, 10 µM and
20 µM of αSyn. b) Schematic illustrating the principle of NCM-SELEX, by which full-length αSyn
is immobilised on the NCM, and with it any DNA aptamer sequences with affinity for the protein.

with H2O for 20 mins and ABB for 20 mins. Next, the target αSyn was slowly passed through a

NCM at different concentrations (200 nM, 500 nM, 1 µM, 5 µM, 10 µM and 20 µM), after which the

membranes were washed with ABB. Ponceau solution was then used to assess protein immobilisation

and retention at every condition tested, after which the membrane was again washed with ABB to

remove excess dye (Figure 3.6). The results from this test showed that KOH did not significantly

increase the membrane’s retention capacity compared to treatment with ABB prior to use. In addition,

5 µM and 10 µM seemed to be the concentrations of target protein that yielded the strongest red

Ponceau colour, suggesting that the highest retention happened at these two concentrations of all

amounts tested. Interestingly, the 20 µM protein concentration did not show a higher colour intensity

compared to 5 µM and 10 µM concentrations. Based on these test results, it was decided to only

pre-wash the membrane with ABB prior to use in the partitioning steps of selection. Additionally, 5

µM was set to be the concentration of αSyn target used during the incubation steps with the aptamer

library.

The 13th round of selection (and 1st round of NCM-SELEX) was carried out by incubating the target

αSyn and DNA library at a 1:7 ratio for 1h. To allow enrichment of any single copies of sequences

that may be binding to the target, the bound complex was not washed with ABB during this round.
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On the next round, prior to target incubation, the library was filtered through a fresh NCM to remove

non-specifically membrane-binding sequences (negative selection). The eluent was then used for

the next incubation step with the target, and the membrane used in this negative selection step was

discarded. This was repeated prior to incubation with the target at every round. On this 14th round,

the ratio of incubation of target to library was increased to 1:25 to gradually increase the stringency of

selection. Additionally, the target-bound complex was washed once with ABB following membrane

filtration of the incubation mixture, to remove low-affinity binders. On the 15th round, the incubation

ratio between target and library was further increased to 1:50, and the number of buffer washes of the

bound complex raised to 2. On the following selection rounds, target and library were incubated at

ratios 1:75, 1:100 and 1:100 on rounds 16, 17 and 18, respectively. Selection stringency was further

increased on the 17th round by decreasing the incubation time between target and library from 1h to

40 min. On the 18th round, the aptamer library was filtered twice through a fresh membrane prior

to incubation with the target. Additionally, the time of incubation between target and library was

reduced from 40 to 20 min. This was the last round of NCM-SELEX that was carried out, after which

the library was sequenced in the search of enrichment of sequences which may have affinity for αSyn

and, specifically, αSyn1−25.

3.2.3 Purification of the ssDNA library temporarily removes large PCR by-

products

Considering the results from the selection optimisation tests, DNA aptamers were selected against

the αSyn1−25 target. The initial round of selection was carried out by incubating the target and

DNA library at a 1:100 molar ratio at RT, and target-aptamer complexes were partitioned using a

1-fold amount of SA-Mag beads relative to that used of biotinylated peptide target. Surprisingly,

after the 3rd round of selection, the formation of PCR by-product artefacts was observed upon test

amplification (Figure 3.5). These sequences, which are longer than the library sequences as they are

thought to form as a result of the nonspecific annealing of primer sequences to PCR products and the

nonspecific amplification of the primer sequences [507], may gradually increase in abundance and

constitute the bulk of the sequences in the library through PCR bias. As a result, these PCR products

are often described as being “parasitic” as they compete with the sequences from the library for
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resources such as dNTPs and primers, thereby compromising the process of aptamer selection. Most

likely, these sequences may have started forming early on during the first rounds of selection and

were only detected upon the test amplification of the library after the 3rd selection round once their

concentration was high enough. To prevent their build-up and avoid the process of aptamer selection

from being affected, these artefacts must therefore be systematically removed from the sequence pool.

To achieve this, a library purification step was introduced after ssDNA generation in the 3rd round,

just before continuing further to the 4th round of selection. As a result of the fact that these undesired

PCR by-products differ from the aptamer library in length, a simple electrophoresis experiment will

result in their separation. Therefore, the ssDNA aptamer library from the 3rd round of selection was

run through a denaturing urea-TBE polyacrylamide gel. With the help of a thin-layer chromatography

plate under UV light, the sequence bands in the gel were visualised without the need to be stained, and

the band corresponding to the size of the aptamer library was excised. This purified library was then

directly incubated with the αSyn1−25 peptide target as part of the 4th round of selection. Amplification

of the recovered library after incubation and partitioning showed the correct removal of the large PCR

by-products, together with an increase in the intensity of the band corresponding to the N42 aptamer

library (Figure 3.7), indicating a preferential amplification of the library sequences in the absence of

larger “parasitic” sequence artefacts that would have otherwise competed for reaction resources.

Progression through the following aptamer selection rounds showed the recurrent appearance of these

PCR by-product sequences. Proceeding from one round to the next without by-product removal re-

sulted in their appearance shortly after (Figure 3.7), suggesting that frequent library purification steps

were imperative to prevent the accumulation of these sequence by-products. Of note, purifying the

library more often proved effective at avoiding the formation of artefact sequence fragments of inter-

mediate size between the larger by-products and the aptamer library. Given their small size difference

compared to the sequences of the N42 aptamer library, the future removal of these sequences may

have otherwise proved very challenging. To avoid the accumulation of by-products of different sizes,

the libraries from every round were purified before proceeding to the next cycle of selection after the

7th round.
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Figure 3.7: Electrophoresis analysis of the PCR products of the 4th and 7th libraries showing the
formation of larger by-products, and their removal after symmetric amplification for 16 cycles. a)
Non-specific by-product bands can be observed after symmetric amplification of the 4th round library,
together with the expected 111 nt-long library band, being formed after the same number of cycles that
allow observation of the aptamer library band. b) Purification of the 4th round library yields a much
more intense aptamer library-sized band, and results in a delay in the formation of larger PCR by-
products to later amplification cycles. c) Non-specific PCR by-products forming a smear of different
sized bands after symmetric amplification of the seventh round library, after not having purified the
library for one consecutive round (sixth round). Each lane corresponds to 2 cycles of symmetric PCR
amplification. Visualisation by SYBR Gold staining; 3% agarose gel. Bands of Forward and Reverse
primers can be seen at the bottom of the gels.
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3.2.4 Progression of selection gave rise to a short ∼70 nt-long band

Interestingly, the recurrent appearance of an unexpected and unknown band of a smaller size than

the N42 library sequences was observed upon test amplification of the 3rd round library. From the

3rd round (except for the 4th round), purification of the aptamer pools prior to proceeding to the next

selection round meant that PCR products that were both shorter and longer than the library sequences

were being removed. However, particularly remarkable was the small number of PCR amplification

cycles required for this ∼70 nt band to appear on a 3% agarose gel, which was sometimes smaller than

that required to amplify the aptamer library, even after having purified the library prior to that round’s

incubation step. In the same way as with the larger by-products, the intensity of this band became

stronger with increasing PCR cycles, and as selection progressed (Figure 3.8). Notably, this band was

also seen to have an intensity that was equivalent or stronger than that of the band corresponding to

the N42 aptamer library on an agarose gel even after a small number of PCR amplification cycles.

However, library purification at every round as outlined above helped prevent the accumulation of the

associated sequences, although the exceptionally quick regeneration of the sequence species respon-

sible for that band even after purification of the previous round library escaped my understanding.

After performing the 7th round of selection, the aptamer library was purified as usual, but this time

the unknown band of ∼70nt in size was also excised with the aim of studying its composition. To

investigate the origin of the sequences responsible for the formation of this recurrent band and clarify

whether these sequences may have been selected against the target peptide, a round of selection

was performed with the sequences of this excised band in the absence of the N42 aptamer library.

Surprisingly, only 12 cycles of PCR amplification were required to observe the product band on an

agarose gel upon test amplification (Figure 3.9), suggesting a high sequence recovery which may be

indicative of this sequence pool having affinity for the αSyn1−25 peptide.

A further selection round was carried out with this sequence pool in which conditions were altered to

increase the stringency of selection (Figure 3.9). In this round, the binding complex was washed three

times compared to the two washes carried out in the previous round. In addition, these sequences were

first negative-selected against SA-Mag beads and counter-selected against the γSyn1−25 peptide (to
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Figure 3.8: Electrophoresis analysis of the PCR products of the 3rd, 5th and 8th libraries showing
the presence of the ∼70 nt band throughout aptamer selection, compared to the expected 111 nt-
long aptamer-library band. The intensity and hence abundance of the forming species increases each
selection round, slowly outcompeting the amplification of the aptamer library band. a) 3rd round
library symmetric PCR amplification. b) 5th round library symmetric PCR amplification. c) 8th

round library symmetric PCR amplification. Each lane corresponds to 2 cycles of symmetric PCR
amplification. Visualisation by SYBR Gold staining; 3% agarose gel. Bands of Forward and Reverse
primers can be seen at the bottom of the gels.
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Figure 3.9: Electrophoresis analysis of the PCR products after purification of the ∼70 nt band. a) First
round of selection performed with the purified ∼70 nt band. The band can be observed on an agarose
gel after 12 cycles of amplification. b) Second round of selection performed with the ∼70 nt band,
where a counter selection step against the SA-Mg beads and the γSyn1−25 peptide was incorporated.
The band can be observed after only 10 cycles of amplification. Each lane corresponds to 2 cycles
of symmetric PCR amplification. Visualisation by SYBR Gold staining; 3% agarose gel. Bands of
Forward and Reverse primers can be seen at the bottom of the gels.

both discard any sequences that may be binding to the immobilisation beads and test the sequences’

specificity for αSyn1−25 through incubation with the γSyn peptide), prior to incubation with αSyn1−25

to select for binders to the target peptide. Similar to the results from the previous selection round, test

amplification after partitioning and sequence recovery showed a small number of amplification cycles

being required to observe the ∼70 nt product band on an agarose gel (10 cycles), suggesting binding

affinity of this sequence pool for the αSyn1−25 peptide, but not for the negative- and counter-selected

molecules (SA-Mag beads and γSyn1−25). Towards the correct interpretation of the remaining results

from this section, it is important to know that sequencing revealed that this band is composed of

only one sequence species, which is formed by the sequences of the forward primer and the reverse

complement of the reverse primer together. As a reference to its size, this sequence species was named

65ntSeq.

Despite streptavidin being removed from the incubation mixture after SELEX was modified and parti-

tioning was done by NCM filtering, bands corresponding to large PCR by-products and 65ntSeq were
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still observed upon test amplification. Similarly, even though the aptamer library was purified after

each ssDNA generation step before the following round of NCM-SELEX, large PCR by-products as

well as 65ntSeq sequences were still being formed upon test amplification of the next round. The rea-

son for the recurrent appearance of these sequences in the library of every round remained unknown,

however, given that their putative affinity for streptavidin was thought to be driving their formation.

To investigate the elusive origin of the 65ntSeq sequence, an alternative DNA polymerase to Taq

was used to amplify the aptamer library (Figure 3.10). Taq polymerase is known to possess termi-

nal transferase activity which adds a single deoxyadenosine (dA) overhang to the 3’ end of a blunt

double-stranded DNA sequence (i.e. PCR product) in a non-templated manner [509]. A single ‘A’

overhang on the 3’ end of the forward primer may allow annealing of the reverse primer, resulting in

the amplification and formation of 65ntSeq. To test this, Q5 polymerase, which does not have termi-

nal transferase activity, was used upon test amplification of the 14th round library of NCM-SELEX.

Interestingly, amplification of the library with the Q5 polymerase resulted in a band pattern on an

agarose gel that was similar to that observed upon amplification with Taq polymerase (Figure 3.10a

and b), suggesting that the addition of this overhang 3’ dA is not responsible for the fusion of the

sequences of both primers into 65ntSeq.

The effect of primer annealing temperature was also studied to shed further light on the molecular

mechanism giving rise to 65ntSeq and in large PCR by-product formation. This was altered from

45 ºC to 56 ºC, which was the calculated annealing temperature for the forward and reverse primers.

To analyse this, the library of the 15th round of NCM-SELEX was test amplified using 45 ºC and

56 ºC as PCR annealing temperatures. Results from the test amplification of the library showed the

appearance of the band corresponding to 65ntSeq at both temperatures studied (Figure 3.10c and d),

suggesting that annealing temperature has no effect on the formation of 65ntSeq. Comparison of

the test amplification results revealed a similar amplification efficiency, with 4 cycles of PCR being

required for the N42 aptamer library band to appear on an agarose gel at both annealing temperatures

tested. Notably, the band corresponding to the N42 aptamer library was observed to appear slightly

earlier in terms of PCR cycles at an annealing temperature of 56 ºC, compared to that corresponding

to 65ntSeq. Despite the likely insignificance of this minimally positive result, amplification of the
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Figure 3.10: Electrophoresis analysis of the PCR products after amplification of the 14th, 15th and
16th round NCM libraries upon modification of the selection conditions to prevent the formation of
primer-derived sequences. a) 14th round NCM library after PCR amplification with OneTaq DNA
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Figure 3.10: polymerase. b) 14th round NCM library after PCR amplification using Q5 DNA poly-
merase. c) Products of the 15th round NCM library after PCR amplification using an annealing tem-
perature of 45 ºC. d) 15th round NCM library after amplification using an annealing temperature of 56
ºC. e) 16th round NCM library amplified by PCR using the conventional reverse primer. f) Products
of the 16th round NCM library amplified using the truncated form of the reverse primer. Each lane
corresponds to 2 cycles of symmetric PCR amplification. Visualisation by SYBR Gold staining; 3%
agarose gel. Bands of forward and reverse primers can be seen at the bottom of the gels.

following NCM-SELEX rounds was carried out at an annealing temperature of 56 ºC, with the aim of

minimising the formation of 65ntSeq.

Given that the sequence of 65ntSeq is composed of a fusion (no overlapping of complementary bases)

of the sequences from the forward primer and the reverse complement of the reverse primer, it was

hypothesised that the ‘AA’ bases at the 5’ or 3’ end of the reverse primer may be playing a role in

the generation of the 65ntSeq sequence by complementarily binding to the 3’-terminal ‘A’ base of

the forward primer. To investigate whether the recurrent formation of this sequence was the result of

non-specific annealing and amplification of the primers, test amplification of the library from the 16th

round of NCM-SELEX was carried out using a truncated form of the reverse primer lacking both 5’-

and 3’-terminal ‘AA’ bases. This showed an indistinguishable effect in the appearance of the bands

corresponding to 65ntSeq and larger PCR by-products compared to test amplification using the full-

length version of the reverse primer (Figure 3.10e and f), suggesting that 65ntSeq is not being formed

through the annealing of any of these two pairs of terminal adenosine bases of the reverse primer with

the single adenosine base at the 3’ end of the forward primer.

Additionally, 6 cycles of test PCR amplification using the truncated form of the reverse primer, com-

pared to only 4 cycles when using the full-length primer, were required to amplify the aptamer li-

brary products to form a band of similar intensity on an agarose gel. These results suggest that the

single-base complementarity between the forward and reverse primers does not drive the formation

of 65ntSeq and indicate that removal of the 5’ and 3’ “AA” from the reverse primer only slows down

library amplification, as product-primer annealing is compromised.
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3.2.5 Sequencing of different selection libraries revealed a high abundance of

primer-derived sequence and the presence of sequences with random

core regions

Following the progress made in selection of the aptamer library and the results from the selection

rounds involving the ∼70 nt-long band sequence pool, the aptamer library was cloned and sequenced

after 8 rounds of selection, as well as the ∼70 nt band sequence pool after the two separate selection

rounds performed with it. This was done with the aim of shedding light on the origin of the sequence

species giving rise to the ∼70 nt band and to have a deeper understanding of the enrichment progress

that may have happened in the aptamer library.

After cloning the sequence pools, 77 clones from the 8th round library were selected for sequencing,

together with 10 clones from the second selection round pool carried out with the ∼70 nt band.

Strikingly, sequencing results from the 8th round library revealed that those clones analysed did not

consist of DNA sequences with random core regions as it would have been expected from the design of

the original N42 random library. Instead, the clones sequenced had central regions that were formed

by truncations of the forward and reverse complement of the reverse primer, suggesting that those

sequences may have been derived and formed directly from the primer sequences used in amplification

and not from the N42 random library (Figure 3.11). Particularly interesting was also the fact that the

sequenced clones did not have a full-length forward primer-binding site, but featured instead a forward

primer-binding site lacking bases ‘AATTC’ at the 3’ end, which resembles the sequence of the forward

primer (the 3’ terminal ‘ATTC’ is a distinguishing feature of the forward primer-binding site compared

to the sequence of the forward primer, where these 3’ extra bases are missing). Additionally, cloned

sequences of different lengths were observed, with some being shorter and other longer than the 111

nt-long original N42 aptamer library. Out of the 77 clones, 18 sequences (23.4% of the total number

of sequenced clones) were approximately 111 nucleotides long, whilst the rest were shorter or longer,

possibly representing products of nonspecific PCR recombination events (Figure 3.12).

Interestingly, 11 clones from the sequenced 8th round library (14.3%) were 65 nt long and corre-
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Figure 3.11: Comparison of primer-derived and N42 library aptamer sequences. Primer-derived se-
quences, like FSeq1 and 65ntSeq, are formed by a truncated forward primer-binding region that lacks
-ATTC at the 3’ end and which resembles the sequence of the forward primer. A series of alternating
truncations of either primer is followed by the full-length reverse complement of the reverse primer at
the 3’ end of the sequence. Aptamer sequences originating from the initial N42 library have a random
core region that is flanked by full-length forward and reverse primer-binding sites. Bases highlighted
in red at the 5’ end represent the forward primer-binding site, whilst bases highlighted in red at the 3’
end represent the reverse primer-binding site. Bases highlighted in grey at the 3’ end of the forward-
primer binding site show the lack of the terminal -ATTC-3’ bases characteristic of the forward-primer
binding site. a) Sequence of FSeq1 as a representation of primer-derived sequences formed by alter-
nating truncations of different regions of the forward primer (green) flanked by primer-binding sites.
b) Representative sequence whose core consists of a combination of reverse primer truncations (cyan)
and forward primer truncations (green). c) 65ntSeq consisting of a full-length forward primer, lacking
the primer-binding site’s characteristic -ATTC bases at the 3’ end, followed by the full-length com-
plementary of the reverse primer. d) Sequence of R12S91 as a depiction of sequences with full-length
forward and reverse primer-binding sites, and with a random core derived from the N42 random li-
brary (purple). Small vertical bars separate the primer-binding sites from the core regions in each
sequence.

sponded to the sequences from the forward primer and reverse complement of the reverse primer

fused together (Figure 3.12). Of note, 60% of the sequenced clones from the purified unknown ∼70

nt band sequence pool was also 65 nt long and had the same nucleotide sequence as the 65 nt-long

sequences, which in turn represented a 14% of the sequenced clones from the 8th round library. This

sequence, which was called 65ntSeq, most likely corresponds to the sole sequence species giving rise

to the unknown band seen on agarose gels which was initially thought to be approximately 70 nt in

length. The remaining 40% of sequences was a mixture of clones that had either failed at sequencing

stage, probably as a result of contamination with truncated sequences, or were truncated versions of

65ntSeq.
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To gain a deeper understanding of the progress of binder enrichment of the aptamer library and further

study if any the sequencing results from the 8th round library contained sequences whose abundance

had been influenced by selective pressures, the library of an earlier selection round was sequenced.

For this, 34 clones were selected from the 6th round library, which was considered to be far enough

from the start of selection where diversity may still be very high, and not too close to the library

from the 8th round, to allow for changes in library composition to be observed. Sequencing of the

6th round library involved an additional library purification step prior to library cloning, in which

the double-stranded aptamer library band was excised from a 3% agarose gel, purified, and used

as a PCR product for TOPO cloning. This additional library purification step was carried out to

minimise the abundance of PCR artefacts corresponding to sequences that may have formed through

primer recombination, which made up almost 60% of the sequenced clones from the 8th round library.

Sequencing of the clones from the 6th round library revealed 13 sequences of approximately 111

nt in length. Importantly, 3 of these sequences (8.80% of the total number of clones sequenced)

consisted of unique random core regions (not primer-derived), flanked by intact full-length primer-

binding regions. The remaining 21 sequences were similar to those found in the cloned sequences

from the 8th round library, in that their core regions were composed of truncations of the primers, and

the forward primer-binding region lacked the 3’-terminal ‘AATTC’ or ’ATTC’.

Four additional rounds of selection were carried out, after which the library was sequenced to search

for sequence enrichment. To increase the stringency and select for high affinity binders, two steps

of negative selection against SA-Mag beads and counter selection against γSyn1−25 were introduced,

together with an increase in the number of washes of the target-aptamer complex from 3 to 4. Se-

quencing of 103 clones from the 12th round library revealed that 20.4% of the sequences showed a

similar length to the N42 aptamer library sequences but featured truncated primer-derived cores with

forward primer-binding regions of compromised length and intact reverse primer-binding sites (Fig-

ure 3.12). Interestingly, 6 of the sequenced clones (5.83%) consisted of full-length primer-binding

regions flanking a random core region, indicating that these sequences originate from the random

N42 aptamer library. However, no two copies of the same sequence with a random core region were

found within the sequenced clones. Importantly, these 6 sequences were all different to those non-
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primer-derived sequences bearing random central regions found upon sequencing of the 6th round

library. Of note, sequencing of a pool of 40 additional clones from the 12th round library identified

only one new aptamer sequence (2.50% of the total number of newly sequenced clones of this pool),

which was proportionately lower than the number of sequences found in the first sequenced pool from

the 12th round library.

Sequencing of the aptamer libraries of the 15th, 17th and 20th rounds was done to obtain further

information on aptamer enrichment and sequence population distribution. With an increasing number

of selection rounds, a larger number of N42 library-derived sequences is commonly expected to be

identified as an indication of aptamer enrichment. Surprisingly, sequencing of these three rounds

failed at showing an increase in the proportion of the population of N42 aptamers with random cores,

compared to the results from the previously sequenced 12th round (except for the 15th round library).

In fact, sequencing of each round showed a gradual reduction in the proportion of sequences with

random core regions with increasing selection rounds. From the sequenced pool of the 15th round

library, only three aptamer sequences belonging to the random N42 library were identified (7.50%),

whilst only one (5%) and two (1.90%) of such sequences were isolated from the 17th and 20th round

libraries, respectively. The rest of the identified clones from these sequenced pools corresponded

to primer-derived sequences. Interestingly, out of all aptamer sequences with random core regions

identified throughout selection, R15S15 was the only sequence isolated that was observed in more

than one clone, although the two copies of it were isolated from the same round library and not from

the sequenced pool of two different libraries.

Particularly surprising were the sequencing results from 18th round library after having carried out

NCM-SELEX for six rounds. From a sequenced pool of 51 clones, 28 aptamer sequences were

identified as having full-length primer-binding regions and random cores, which accounted for almost

55% of the clones in the sequenced pool (Figure 3.12). Of note, single copies of each sequence were

identified, with none of them being repeated within the same sequenced pool. These findings suggest

that this library features a high sequence diversity even at advanced selection stages, together with

a dramatically smaller proportion of primer-derived sequences, compared to the libraries generated
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from SELEX involving exclusively SA-Mag beads as a partitioning method.
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Figure 3.12: SELEX library sequencing statistics. Breakout of the different sequence species identi-
fied in the population of the sequenced libraries. Primer-derived Sequences refers to those sequences
in which the core is formed by truncations of the forward and reverse primers and have an incomplete
forward primer-binding site. These sequences are all 90-130 nt long, and hence considered poten-
tial aptamer sequences. PCR Artefacts refers to those sequences which are shorter or longer than
the primer-derived sequences, and which are hence considered to have probably been formed as a
result of non-specific PCR amplification and recombination of the primer-derived sequences. N42
Library Sequences represent the number of cloned sequences that had a random core, full length for-
ward primer-binding site and which are hence considered to belong to the originally designed N42
aptamer library. Contamination/Low Sequencing Quality engulfs all clones that could not be properly
sequenced, either as a result of contamination with other clones or errors in the sequencing process.
Percentages of each category are shown beside the absolute abundance in each sequenced library, to
allow a relative comparison between the sequenced populations.

3.3 Discussion

The highly hydrophobic regions of αSyn oligomers work in synergy to perturb the structure of bi-

ological membranes by establishing detrimental protein-membrane interactions. In particular, the

lipophilic N-terminal segment of monomeric αSyn has been characterised as having an essential role
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in the membrane binding ability of αSyn oligomers. The interaction of this lipophilic element with the

membrane represents the first mechanistic step in the process of membrane disruption, as it permits

the insertion of the highly hydrophobic oligomeric core into the membrane and the perturbation of the

lipid organisation. Efforts to supress the toxicity associated with αSyn are hindered by its structurally

dynamic nature, which lacks defined structural motifs, as well as its localisation within the brain,

which is protected by a difficult-to-surpass BBB [510]. In this regard, nucleic acid aptamers have

emerged as promising therapeutic alternatives to small molecule drugs and antibody-based therapies

to target the aberrant cellular interactions of αSyn in PD [259, 260, 261].

The results of the efforts to select DNA aptamers against the lipophilic N-terminal segment of αSyn

involved in oligomer membrane binding are discussed below in this subsection.

The conditions of any given aptamer selection are crucial for ensuring the isolation of sequence

binders with high affinity and specificity for a given target. For this reason, the initial conditions

of the selection of aptamers against αSyn1−25 required optimisation of key parameters, namely the

ratio between αSyn1−25 and aptamer library, the amount of target-capturing SA-Mag beads and the

temperature of incubation of these components, based on previous knowledge of aptamer selection

[511].

Firstly, the effect of the temperature of incubation on the binding of the library sequences to the

target was assessed in terms of the recovery and number of PCR cycles that were required to amplify

the library upon test amplification. An incubation temperature of 37 ºC was studied given that the

selected aptamers were intended to be used as therapeutic molecules within the human body, of which

the average temperature is 37 ºC. Indeed, selecting aptamers at a temperature at which they may

eventually be used in the clinic facilitates the identification of candidates that have structural stability

at that given temperature and dramatically reduces the possibility of variations in their binding profile,

which may be affected by changes in the thermodynamics of the reaction. The significantly smaller

number of PCR cycles required to test-amplify the aptamer library after carrying out the selection

step at RT, compared to at 37 ºC, suggested a higher recovery of bound sequences after partitioning of
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the target-bound aptamers. This may be explained by the increase in protein flexibility and dynamics

associated with an increase in temperature, which, combined with the highly flexible conformation of

ssDNA molecules and the natively disordered nature of γSyn, renders the chances of a binding event

between two highly flexible molecules in an environment with enhanced thermodynamics particularly

low. These findings were especially important to establish the incubation temperature for the initial

rounds of selection, as a low sequence recovery associated to a high temperature of incubation could

be indicative of a small number of target-binding events at early stages of selection, which may lead

to the rapid loss of sequence diversity from the initial library. Therefore, a low sequence recovery,

especially in the initial rounds of selection, may compromise sequence diversity too early in the

selection process, thereby jeopardising the successful identification of binders.

Unexpectedly, optimisation tests involving incubation at molar ratios of 1:1 and 1:50 of target to

aptamer library revealed the recovery of a smaller fraction of target-bound aptamer sequences after

incubation at the former ratio. Particularly interesting is the fact that a higher recovery was observed

after incubation at a 1:50 molar ratio, despite the higher level of competition between sequences

for target binding events. This is consistent with the observation that an excess of SA-Mag beads

results in a larger number of PCR cycles being required for library amplification, suggesting that

large amounts of magnetic particles may be hindering target binding and therefore the recovery of

sequences with affinity for the target. Indeed, a molar ratio of incubation of 1:50 effectively requires

a smaller amount of SA-Mag beads compared to what is required for a 1:1 incubation ratio, as a

smaller amount of peptide target is used and hence required to be captured. The high concentration of

bulky particles in the reaction mixture may physically interfere with the establishment of interaction

events between the target and the library sequences, thereby preventing the recovery of as many bound

aptamers in the presence of large amounts of SA-Mag beads as when smaller amounts are present.

This is consistent with the results from the amplification tests involving a 1-, 5- and 10-fold amount of

SA-Mag beads relative to that of the peptide target, which showed that an excess of magnetic particles

compromised the recovery of bound sequences.

Following the results from the optimisation tests using γSyn1−25 as a target peptide and considering
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the first rounds of selection against αSyn1−25, the initial aptamer selection conditions were set to a

1:100 molar ratio of target:library at RT, using a 1-fold amount of SA-Mag beads to that of peptide

to be captured (no excess). Despite the optimisation of the initial conditions and of the PCR am-

plification cycles on a roundly basis, the formation of nonspecific PCR by-products in the form of

both longer and shorter sequence products was observed after only a few rounds of selection. These

sequences arise as a result of primer-product and product-product annealing during iterative cycles of

PCR amplification, especially of libraries composed of sequences bearing random regions [507], like

aptamer libraries. Through the disruption of the sequences of the primer-binding regions, as well as

the core random regions of aptamers, these PCR artefacts may ultimately populate the library and out-

compete aptamer sequences for resources such as dNTPs and primers. As a result, PCR by-products

of libraries that are carried over onto consecutive rounds of in vitro evolution are considered to be

“parasitic” [507], as they may compromise the enrichment of high-affinity binders.

As observed in the results from the test amplification experiments from each round of selection,

regular purification of the libraries to remove these non-aptamer PCR by-products is essential to

prevent them from overrepresenting the sequence population and jeopardising selection. Removal of

these by-products through ssDNA purification at every round after PCR amplification led to a higher

recovery of aptamer-sized products at the following round, as shown by single library bands on an

agarose gel upon test amplification. This prevented the accumulation of by-products and permitted

the artefact-free progression of further selection rounds. Given that the generation of unwanted PCR

artefacts is known to be a common pitfall of aptamer selection strategies involving large cycles of

PCR amplification, alternative methods to minimise by-product formation have been proposed, such

as specific primer design or emulsion PCR [512]. Here, water-oil separation creates droplets which

behave as compartments with single sequence templates within them, thereby dramatically reducing

the chances of primer-product and product-product hybridisation.

Throughout the various rounds carried out, selection was made more stringent by mainly increasing

the total volume of buffer washes of the target-bound complex. Similarly, by increasing the ratio of

incubation between the target and the library, sequences are forced to compete for binding to the tar-
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get peptide, resulting in only the ones with the highest affinities being able to establish an interaction

event. In NCM-SELEX, stringency of selection was also tuned by effectively increasing the molar

ratio of incubation between the target and library, but not the volume of buffer washes. Given the

low amount of protein target used and its characteristically small, disordered structure, αSyn may not

adsorb onto the NCM as well as a large globular protein. A larger number of washes could therefore

subject the bound complex immobilised on the NCM to a greater mechanical stress that may conse-

quently lead to the loss of target and any bound sequences. Instead, the time of incubation between

target and library was gradually decreased to favour the binding of ligands with faster association

kinetics and remove low-affinity binders.

Negative and counter selection steps were also introduced as a means of removing nonspecific binders,

with the aim of increasing the selectivity and affinity of the binding aptamer sequences [513, 514,

515]. By using counter-target analogues that closely resemble the desired target in either structure or

sequence (as is γSyn1−25 to αSyn1−25), every sequence that shows binding affinity for γSyn1−25 will

be effectively removed from the library, thereby increasing the binding specificity for αSyn1−25 [516,

513, 514]. Conceptually similar to counter selection, negative selection uses molecular components

that are unavoidably present in the selective environment, such as SA-Mag beads or NCM, to discard

binders that nonspecifically interact and are adsorbed by the matrix support used for immobilisation

of the selection target. Indeed, negative selection has been shown to result in the isolation of sequence

binders that have a 10-fold higher binding affinity compared to those sequences identified without any

negative selection cycles [516, 515].

Particularly surprising was the formation of 65ntSeq at every round of selection, given that the con-

stant primer-binding sites of the N42 random library, as well as the primers used for amplification,

were established sequences that had previously been used in the selection of aptamers against different

targets [511]. The 65ntSeq sequence, named after obtaining further information on its composition

following sequencing results, was first observed upon electrophoresis analysis of the library of the

3rd round of selection. As shown by the increasing intensity of its band on an agarose gel upon

test amplification, its relative abundance appeared to increase as selection progressed and with rising
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PCR amplification cycles. These observations suggested that the sequences responsible for such a

band contained, at least partially, primer-binding regions to which the primers that were being used

during amplification could anneal and exponentially amplify that band, which was later confirmed by

sequencing. The fact that 65ntSeq is most likely the only sequence species responsible for the ∼70

nt band observed in agarose gels, together with its characteristic sequence composition, suggest that

this sequence is being formed independently of the selection of the aptamer library and that this likely

happens as a result of sequence complementarity and amplification. Alternatively, putative innate

binding affinity of the individual primers for the target or the SA-Mag beads may have promoted a

close primer interaction, thereby facilitating the formation of 65ntSeq.

Results from PCR amplification tests in which the annealing temperature was increased from 45 to 56

ºC failed at preventing the formation of the bands corresponding to 65ntSeq and larger by-products.

This change in PCR conditions was studied with the aim of minimising nonspecific annealing events.

Similarly, the use of a truncated form of the reverse primer lacking both terminal ‘AA’ bases did not

show a reduction in the formation of 65ntSeq, suggesting that it is unlikely that this sequence is being

generated through the complementary annealing of the truncated terminal bases of the reverse primer

to the 3’ deoxyadenosine from the forward primer.

The non-template-dependent terminal transferase activity of Taq polymerase, by which a single dA is

added to the 3’ end of PCR products, was also studied as an alternative possible mechanism respon-

sible for the formation of 65ntSeq without base overlap between the sequences of the forward and

reverse primers. Prior to amplification by PCR, primers are present at a comparatively high concen-

tration in the amplification mixture relative to the library sequences recovered after a selection round.

It has therefore been hypothesised that during the first few PCR amplification cycles, Taq polymerase

may be recognising the primers as sequences to be amplified, given their wide availability compared to

the library sequences, which may result in the addition of 3’ overhang single dA’s on double-stranded

primer products. This overhang base at the 3’ end of a forward primer may have complementarily

annealed to the reverse complement of the reverse primer, thereby forming a construct composed

of the sequence of the forward primer followed by that of the reverse primer, without the need for
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base complementarity between their own sequences. This mechanism could predictably explain the

formation of 65ntSeq, by which both primers come together into a new sequence with the final base

count being the sum of the base counts of the individual sequences. In the absence of an additional

overhang base mediating complementary sequence hybridisation (3’ A from the forward primer and

5’ T from the reverse primer), annealing and amplification of the forward and reverse primers would

result in a sequence with a base count sum smaller than the sum of their individual base counts, as a

result of the necessary overlapping of their sequences.

Results from a test amplification carried out using Q5 polymerase, which lacks 3’ dA transferase

activity, rejected the proposed mechanism, as the band corresponding to the 65ntSeq sequence was

still observed. It is worth noting that the effect on the formation of 65ntSeq of amplification by Q5

polymerase using the truncated form of the reverse primer was not studied. By combining these

two changes in the amplification conditions, the addition of terminal dA overhangs may have been

hindered, minimising the possibility of resulting in the annealing of the forward and reverse primers.

It should be noted, however, that changes in the sequence of the reverse primer at advanced stages of

selection may not have an effect in the formation of 65ntSeq, given that the aptamer library is already

contaminated by even low copy numbers of such a sequence. This means that using the truncated form

of the reverse primer for test-amplifying a library containing even low copy numbers of the 65ntSeq

within the pool may result in the truncated form of the primer still amplifying these few copies of

65ntSeq, which may then act as precursors for further amplification.

Sequencing results from the 6th, 8th and 12th round libraries showed a high abundance of sequences

formed by truncations of the forward and reverse primers. These results suggest that these sequences

may form the bulk of the library, instead of the sequences with random core regions which are the

ones that would have been expected to populate the sequence pool based on the design of the N42

random library. These sequence species, some of which were longer, similar or shorter in size than the

expected 111 nt-long aptamer library products may correspond to the PCR by-product bands observed

upon electrophoresis at every selection round. Their formation may have been triggered by the accu-

mulation of products of recombination from primer-product or product-product annealing throughout
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iterative rounds of selection and amplification. Purification of the library at every round successfully

removed the sequence artefacts that were longer than the N42 library sequences, but failed at remov-

ing those sequences that may have been formed by primer truncations and which had a similar size

to the library sequences, as these were indistinguishable from the aptamer library sequences in terms

of size. These sequences, which may have therefore remained in the library “disguised”, may have

acted as precursor seeds for the further elongation of primer-derived sequences in following rounds

of selection. The fact that these sequences are formed by truncations of the primers used for am-

plification may have given them an evolutionary advantage compared to the N42 library sequences,

as the readily available primers in every amplification reaction may have contributed to their ease of

amplification (PCR bias).

Particularly interesting was the fact that primer-derived sequences could be divided into two sub-

groups: those whose core regions begin with truncations of the forward primer at the 5’ end, follow-

ing the forward primer-binding region, and those whose core regions start with truncations from the

reverse complement of the reverse primer. These characteristic truncation patterns may have been

a result of random recombination events, where the formation of particular sequence patterns may

have depended on the availability of the primers to serve as templates. Indeed, the fact that sequences

identified have similar truncation patterns but different lengths further supports the notion that PCR

recombination events are responsible for the formation of primer-derived sequences. Similarly, the

fact that multiple copies of some of these primer-derived sequences were observed may be the result

of some being more readily amplifiable than others, due to variations in the particular conditions of

the reaction mixture (e.g., differences in the abundance of certain dNTPs).

Three sequences bearing random core regions and full-length primer-binding regions were identi-

fied upon sequencing of the 6th round library. This suggests that these sequences originate from the

starting N42 library and not as a result of primer recombination. Interestingly, this finding strongly

contrasts to the sequencing results from the 8th round library, where no sequences with random core

regions were found, despite the comparatively larger sequencing sample. This may at least partly

be explained by the purification of the dsDNA sequences from 6th round library prior to cloning,
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which made aptamer-sized products more readily available for ligation with the pCR™2.1-TOPO

vector. For this reason, the lack of a purification step of the 8th round library to remove large PCR

by-products prior to sequencing may have provided an unrealistic estimate of the library composition,

by overestimating the presence of sequences with truncated primer regions, whilst also underestimat-

ing the abundance of N42 library sequences. Additionally, the aptamer sequences bearing random

core regions that were identified after sequencing of the 6th round library were not observed upon se-

quencing of the 8th round library, possibly as a result of the expected reduction in sequence diversity

that comes with an increasing number of selection cycles. Sequences showing low binding affinity

for the target – as may have been the case with these identified aptamer sequences – may have been

lost from the library as a result of the selective pressures from the two additional rounds of selection.

However, the fact that only primer-derived sequences were identified upon sequencing of the 8th round

library suggests that these sequences may represent the dominating sequence population. These may

have outcompeted the population of N42 library aptamers and compromised their selection as a result

of the enhanced ease of amplification of primer-derived sequences in the presence of a primer supply.

Of note, all primer-derived sequences from the 8th round library have truncated forward primer-

binding regions, where the 3’ end ‘ATTC’, or sometimes ‘AATTC’, was missing. Indeed, these 3’

terminal bases represent a distinguishing feature that is only present in the sequence of the forward

primer-binding site of the N42 library sequences and not in that of the forward primer. This indicates

that this 5’ region observed in primer-derived sequences most likely corresponds to the sequence of the

forward primer, rather than to the forward primer-binding site flanking at the 5’ end of the randomised

core of the N42 aptamer library, suggesting that the forward primer may have acted as a template for

the initiation of amplification of primer-derived sequences. Therefore, even if these sequences have a

similar length to that of the 111 nt-long aptamer sequences, they possibly formed through nonspecific

recombination events during the amplification reaction itself, in which the forward primer acted as

a seed for their generation, instead of having been selected for their affinity for the target from the

initial combinatorial N42 library.

Remarkably, none of the N42 aptamer sequences with random core regions that were isolated from
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the 12th round library corresponded to any of the 3 sequences that were identified upon sequencing of

the 6th round library. This observation was most likely a consequence of the small sequencing sample

size, which may have largely underestimated sequence diversity, as an estimated 1015 DNA molecules

are predicted to form a selection library. Importantly, the amplification advantage of primer-derived

sequences may have masked the population contribution of sequences that are not as readily amplified,

such as those with random core regions, thereby making them be easily missed upon sequencing as

a result of their low copy number. The seven sequences identified after 12 rounds of selection may

have predictably been selected throughout the selection rounds for their affinity to the αSyn1−25 target

peptide. The consequent enrichment of these sequences may have yielded enough copy numbers for

them to be observed upon sequencing of a small sample size, suggesting that these aptamers may

constitute a subpopulation with higher affinity than the sequences identified in the 6th round library,

which may have been outcompeted for their binding affinity to the target during these additional six

rounds of selection.

However, it is highly likely that other sequences belonging to the N42 library with random core

regions are also present in the 12th round library, which may have not been observed as a result

of the small sequencing sample size. Interestingly, sequencing of 40 additional clones of the 12th

round library revealed a lower proportion of aptamer sequences with random core regions compared

to the first pool that was sequenced from the 12th round library. This finding may be explained

by the fact that the newly sequenced pool was obtained by reamplifying an existing stock of the

12th round library, which may have therefore favoured the formation of primer-derived sequences

following iterative PCR amplification. The very small difference in the relative proportion of aptamer

sequences identified in the two sequenced pools may be a product of chance, however, given the large

error associated with the small sequencing sample size that was used to inform on the population

distribution of the entire library.

Sequencing of several round libraries throughout SELEX was done as a way to monitor selection and

aptamer enrichment. However, sequencing data failed to show the enrichment of target-binding ap-

tamers with increasing selection rounds, by which an increase in the copy numbers of sequences with
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affinity for the target and their assembly into clusters were expected to be observed. Instead, sequence

diversity remained high until later stages in selection, indicating a lack of sequence enrichment. Com-

paratively, the libraries from the 6th, 12th and 15th rounds contained the largest proportion of aptamer

sequences, based on sequencing data. Interestingly, later rounds of selection were associated with

a decrease in the proportion of these sequences in their libraries, whilst that of primer-derived se-

quences was observed to increase, suggesting that aptamer enrichment may have been compromised

by an excessively large number of selection rounds that had been carried out on the library. Given the

high sequence diversity observed in the libraries of rounds 6, 12 and 15, it is likely that the affinity

peak might have been reached in some library at this approximate stage of selection, with those se-

quences showing the highest binding affinities for the target having been enriched up to that library.

The affinities of these sequences, however high, may have not been able to withstand the increase in

selective pressures that were introduced at later rounds, which may have resulted in their loss from

the library. This would explain the extremely low abundance of aptamer sequences and the large

proportion of primer-derived sequences in the libraries of the 17th and 20th round, compared to pre-

vious sequenced libraries. However, the error associated with sequencing small sample sizes makes

estimating the population distribution of a particular library especially challenging, suggesting that

differences in the proportion of identified aptamer sequences between all sequenced libraries may not

be significant and may just be a product of variation.

Particularly intriguing is the fact that sequence subpopulations were not identified upon sequencing of

the 6th, 12th and 15th round libraries. The establishment of sequence clusters within a sequence pool

usually indicates the enrichment of a subpopulation of sequences with affinity for the target [504].

Instead, single copies were observed of the sequences that were identified, except for R15S15. Whilst

it is true that no signs of aptamer enrichment were detected throughout selection and sequencing,

the small size of the sequenced sample of each round library may have skewed the observed results.

Therefore, the presence of multiple copy numbers of binding aptamers within the sequence pool may

have been underestimated in favour of the more abundant primer-derived sequences, for which next-

generation sequencing may have provided further insights.



3.3. Discussion 127

Modifying the method of partitioning during selection, by which SA-Mag beads were substituted

by an NCM, had a dramatic effect in the sequence composition of the library. Surprisingly, more

than half of the identified sequences from the 18th round library after NCM-SELEX were estimated

to correspond to aptamer sequences belonging to the N42 library featuring random core regions.

Despite the large number of selection rounds performed, sequence diversity was still exceptionally

high, and no sequence was observed to be repeated within the sequenced clones, suggesting that

aptamer enrichment had not occurred. Interestingly, the identified 28 different aptamer sequences

must have already been present in the 6th, 8th, and 12th round libraries of SELEX performed with

SA-Mag beads, suggesting that these sequences had previously not been detected possibly because

they had been masked by the more abundant primer-derived sequences, as well as a result of the small

size of the sequenced pool. Indeed, the fact that these sequences were only detected after 18 rounds of

selection shows that they were able to withstand the imposed selective pressures, suggesting binding

affinity for the target αSyn1−25 or αSyn. Remarkably, the reduction in the population proportion of

primer-derived sequences in the 18th round library may correlate with the removal of SA-Mag beads

from the selection environment, indicating that these sequences or the constituting individual primers

themselves may have affinity for streptavidin.



Aptamer Characterisation

4.1 Introduction

Nucleic acid aptamers have recently emerged as promising therapeutic agents by constituting a class

of high affinity recognition molecules, which have similar characteristics to antibodies but are also

able to overcome some of the hurdles of this technology. Their small size and low immunogenicity

make aptamers ideal candidates as potential therapeutic molecules that can bind to targets which are

challenging to reach, as are, for instance, protein aggregates in the brain, where a robust BBB prevents

the entry of bulky macromolecules. In this sense, aptamers must have a high affinity comparable to

that of antibodies (in the nM to pM range) to be able to recognise binding moieties.

As a result of their innate ability to complementary base pair, single-stranded nucleic acid sequences

can fold back on themselves and adopt specific three-dimensional structures that can recognise spe-

cific target motifs. To establish these interaction events, they form networks of electrostatic salt-

bridges, hydrogen bonds, Van der Waals and pi-stacking interactions that give them their characteris-

tic secondary and tertiary conformations (stem loops, hairpin, pseudoknot and G-quadruplex) [236].

The combination of sequence composition and base distribution, as well as solution conditions such

as temperature, ionic strength and the presence of specific ions that aid in the folding process like

Mg2+ forms the structural basis of the recognition surfaces of aptamers, which dictate the affinity and

128
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specificity of their binding.

To date, two research groups have successfully reported the selection of high-affinity aptamers against

αSyn [259, 260, 261]. The first DNA aptamer showing affinity for both αSyn monomers and oligomers

was generated by Tsukakoshi et al [261]. Later, by using a modified selection strategy, the same group

identified eight aptamers that showed affinity for β-sheet-rich architectures present in both αSyn and

Aβ oligomers [260]. Similarly, Zheng et al. were recently successful at isolating two high affinity

DNA aptamer sequences against monomeric αSyn, which were shown to reverse aggregation and

trigger the degradation of αSyn aggregates in vitro [259].

Whilst these findings are remarkable and mean a stepping stone in the field of aptamer selection for

neurodegenerative diseases, such aptamer selection strategies against αSyn did not bear structural

considerations in their design. Selection of aptamers against protein oligomers has the risk of iso-

lating sequences that may have affinity for a specific oligomeric conformation, but which may not

recognise a different oligomeric species of the same protein with the same affinity. This variability

comes as a result of the intrinsic heterogeneity associated with the conformation of different strains

of a specific protein aggregate oligomeric species. These may be formed by a varying number of

monomeric copies of a specific protein, or may simply have a different conformation depending on

the recombinant expression protocol used for their production or whether they might have been iso-

lated from cultured cells or in vivo tissue. In fact, the conformation of oligomeric aptatopes may at the

same time be different for the same protein species but also similar for oligomers of different proteins

as a result of shared structural motifs (e.g., β-sheet-rich structures) that may lead to cross-reaction of

selected aptamers.

The elusive nature of these toxic agents renders the generation of therapeutic molecules for neurode-

generative diseases like PD particularly difficult. As discussed in the introduction Chapter of this

thesis, the N-terminal region of monomeric αSyn appears to be critical in the establishment of aber-

rant interactions of αSyn oligomers with membranes [82], which can lead to their disruption and

ultimately cause cytotoxicity in neurons. Therefore, by exploiting the structural knowledge of the
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mechanism of toxicity of αSyn oligomeric aggregates, it may be possible to select aptamers that bind

to a structural moiety that may be key for the generation of toxicity in all αSyn oligomeric species.

In this effort, aptamers that are selected against the critical lipophilic N-terminal segment of αSyn

(first 25 residues) must have their binding characterised, to provide information on the binding modes

and interacting residues within the whole protein sequence.

4.2 Results

With the aim of obtaining a better understanding of the sequencing results and assessing the perfor-

mance of the DNA sequences as aptamers, the sequences isolated from the different SELEX round

libraries that were sequenced were characterised for the binding to both αSyn1−25 and full-length

αSyn. The binding of the candidate aptamers was first measured using ELONA. Here, modified

aptamer sequences carrying a 5’-fluorescein dT modification were incubated with the immobilised

αSyn1−25 on streptavidin, and the extent of retention and, therefore binding, was measured in the

form of absorbance at 450 nm by using an anti-fluorescein-HRP antibody, which reacts with TMB

substrate to give a colourimetric output (Figure 4.1b). Protein NMR was used alongside ELONA to

provide residue-specific information on the binding of the aptamer sequences that showed the most

remarkable binding curves with the highest dissociation constants. Binding was also assessed using

FRET in a setting in which aptamers and αSyn were free in solution in the absence of an immobili-

sation platform. The characterisation of the isolated aptamer sequences is outlined here organised by

the different round libraries from which they were identified.

4.2.1 8th Round

Out of all sequences identified after cloning and sequencing 77 clones from the 8th round library, two

sequences that were considered representative of the sequenced pool were chosen to be synthesised:

FSeq1 and 65ntSeq (Table 2.1). FSeq1 is composed of truncations of the forward primer, whilst

65ntSeq is formed by the joint sequences of the forward primer and the reverse complement of the

reverse primer. The sequence 65ntSeq was particularly interesting, as it is thought to exclusively
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contribute to the formation of the non-library band that was observed to repeatedly form and that was

visible just under the 70 nt ladder mark after analysing each round library by gel electrophoresis.
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Figure 4.1: Characterisation of the binding of the primer-derived FSeq1 and 65ntSeq identified upon
sequencing of the 8th round library. a) Binding of FSeq1 (red) and 65ntSeq (dark blue) in the pres-
ence of αSyn1−25 measured with ELONA. b) Schematic of the ELONA binding set-up involving
streptavidin (1) coated on a transparent 96-well plate, the biotinylated αSyn1−25 peptide target (2),
5’-fluorescein-coupled aptamer sequences (3), and an anti-fluorescein-HRP antibody (4) that cataly-
ses the reaction of TMB to give a colourimetric output. kd values for each condition are specified.
ELONA was performed at RT in ABB. Error bars represent the standard error in the measurements.

The binding of the sequences FSeq1 and 65ntSeq to αSyn1−25 was assessed by ELONA, which

showed that their binding curves produced affinities in the low µM range (Figure 4.1). Interest-

ingly, 65ntSeq was identified as having the highest affinity, with a calculated dissociation constant,

kd, of 0.312 ± 0.0488 µM, about an order of magnitude higher than FSeq1, in the mid-lower nM

range. FSeq1 presented a slightly higher binding constant of 2.12 ± 0.451 µM, corresponding to a

lower binding affinity. Calculation of the kd of FSeq1 most likely did not represent the actual binding

constant of the interaction, given that a plateau indicating saturation of binding was not reached, as

seen by the gradual and steady increase in absorbance values beyond aptamer concentrations of 5

µM. In contrast, the binding curve of 65ntSeq almost reached an absorbance plateau, which indicated

a reduced effect in the recorded absorbance from an increase in the concentration of aptamer, thereby

representing a better fit to the binding model.
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A negative control in which the 65ntSeq sequence was incubated in streptavidin-coated plates in the

absence of αSyn1−25 peptide was carried out to obtain further information on the binding mode of

65ntSeq (Figure 4.2a). This resulted in a binding curve that was almost superimposable to that in the

presence of αSyn1−25, indicating a very similar binding mode. This suggests that 65ntSeq may be

binding exclusively to either streptavidin or nonspecifically to the walls of the plate, rather than to the

peptide target, given that its dissociation constant under these two conditions was almost identical.

With the aim of obtaining further information on the binding partner of 65ntSeq and investigate the

putative lack of binding affinity for the αSyn1−25 peptide, ELONA was performed in the absence

of streptavidin (Figure 4.3a). A clear MaxiSorp™ 96-well plate was coated and blocked with BSA

blocking solution and the 65ntSeq sequence was incubated following the usual protocol, after which

the absorbance of the HRP-TMB reaction was read. This resulted in maximum absorbance values that

were one-third smaller than those observed after incubation of 65ntSeq with streptavidin or strepta-

vidin and αSyn1−25, suggesting that sequence retention was greatly reduced in the absence of strepta-

vidin. The binding curves appeared to slowly plateau at higher aptamer concentrations, although this

probably does not reflect the actual binding mode. Instead, absorbance data seem to follow a linear

increase characteristic of nonspecific binding, which were forced through the model and generated

binding curves that appear to reach saturation at a low absorbance output. These findings indicate

that 65ntSeq most likely specifically binds to streptavidin, and not αSyn1−25 or the walls of the plate

nonspecifically.

To investigate the effect of the anti-fluorescein-HRP antibody dilution on absorbance signal output,

this experiment was carried out using two different antibody dilutions, namely 1:500 and 1:1000 (Fig-

ure 4.3). The higher dilution, as expected, generated lower absorbance readings with a smaller distri-

bution in the data repeats, compared to an antibody dilution of 500. However, the error in each point

meant that both datasets could be superimposed and that there was no effective difference between

the two. This indicated that, within this dilution range, a noticeable increase in nonspecific sequence

binding was not detected and confirmed that the 1:500 dilution used in the standard ELONA protocol

was adequate for measuring the dissociation constants of the various isolated aptamer sequences.
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To confirm that 65ntSeq does not show binding affinity for αSyn1−25, 1H-15N HSQC NMR spectra

were collected of the full-length αSyn in the presence of the 65ntSeq sequence at various molar ratios
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Figure 4.2: Characterisation of the binding of 65ntSeq. a) Binding of 65ntSeq in the presence (dark
blue) and absence (light blue) of αSyn1−25, and in the absense of streptavidin (red) measured with
ELONA. kd values for each condition are specified. ELONA was performed using streptavidin-coated
96-well plates to which the biotinylated αSyn1−25 peptide was bound, whilst binding assays not in-
volving streptavidin were carried out using standard MaxiSorp 96-well plates. ELONA was per-
formed at RT in ABB. b) Overlay of 1H-15N HSQC spectra of αSyn (50 µM) in the absence (black)
and presence (red) of a molar ratio of 1:3 of αSyn to 65ntSeq (150 µM), showing no significant
changes in the chemical shifts or intensities of the residue cross-peaks. c) Representative close-ups
of αSyn residue cross-peaks showing the absence of significant changes upon incubation with a 1-
(green) and 3-fold (red) molar excess of R12S91. d) 1H-15N MWCS of αSyn in the presence of
65ntSeq at a 1:3 molar ratio (50:150 µM) and I/I0 of αSyn residue cross-peaks upon incubation with
65ntSeq at a 1:1 and 1:3 molar ratio (50:150 µM). Experiments were recorded at 25 ºC using αSyn
in ABB. Error bars represent the standard error in the measurements.
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(Figure 4.2b-d). This experiment provides residue-specific information and therefore constitutes a

more sensitive method to probe any interaction events that may be occurring between 65ntSeq and

the first 25 residues of αSyn against which the DNA library is being selected. Monomeric full-length

αSyn and aptamer were incubated at 1:1 and 1:3 molar ratios of protein:aptamer. Analysis of the

recorded spectra revealed an almost perfect overlay in the presence and absence of 65ntSeq. Changes

in the intensity of some of the peaks were observed, although the magnitude of these is probably

not indicative of a binding interaction (Figure 4.2c and d). Particularly interesting is the systematic

increase in peak intensity upon incubation of αSyn with 65ntSeq at both incubation ratios compared

to free protein, observed along the entire length of the protein in exception of the C-terminal region,

whose residues did not experience peak intensity changes under any of the two incubation ratios

investigated.
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Figure 4.3: Characterisation of the binding of 65ntSeq and R12S91 in the absence of streptavidin
using different antibody dilutions. a) Binding curve of 65ntSeq in the absence of streptavidin, using a
1:500 (red) and a 1:1000 (magenta) dilution of the anti-fluorescein-HRP antibody. b) Binding curve
of R12S91 in the absence of streptavidin, using a 1:500 (wine red) and a 1:1000 (light orange) dilution
of the anti-fluorescein-HRP antibody. Neither of the two sequences showed specific binding affinity
to the plates in the absence of streptavidin. No major difference was observed in the absorbance after
incubation of an anti-fluorescein-HRP antibody at the different dilutions tested. The sequences were
incubated in clear 96-well Maxisorp plates that had been blocked with BSA blocker solution. ELONA
was performed at RT in ABB.

Indeed, the spectrum recorded at the highest protein:aptamer ratio of 1:3 did not show any differences

in the magnitude or extent of peak intensity or chemical shift changes compared to that recorded

at an equimolar incubation ratio, despite a higher concentration of 65ntSeq sequence being present.

Changes in the residue chemical shifts were seen concentrated around the mid N-terminal and NAC

regions, although these were all extremely small under 0.01 MWCS. Overall, this indicated the ab-
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sence of a specific binding interaction, with minimal changes in peak intensities and chemical shifts

being most likely attributed to pH changes upon sequence addition or nonspecific isolated electrostatic

interactions of αSyn with the highly negatively charged DNA backbone. Consistently, the changes

observed in the recorded NMR spectra do not correspond to a measured dissociation constant of ∼300

nM and, together with the results from ELONA in the absence of αSyn1−25 and streptavidin, these

findings confirm that 65ntSeq does not bind αSyn1−25 or αSyn, and therefore most likely interacts

with streptavidin.

4.2.2 12th Round

Sequencing of the library after 12 rounds of selection revealed several aptamer sequences containing

a random core region, as well as many that were composed of primer truncations. The binding

affinity of six aptamer sequences with random core regions most likely belonging to the initial N42

library was assessed by ELONA (Figure 4.4). Out of these six sequences, R12S91 and R12S24

showed moderate affinity in the presence of the αSyn1−25 peptide (kd= 0.596 ± 0.112 µM and kd=

1.05 ± 0.311 µM, respectively). In particular, binding data of R12S91 produced a binding curve that

fits to the hyperbolic binding model that was used better than R12S24. The rest of the sequences

investigated had calculated dissociation constants in the range of 2 µM or higher. To validate these

results and confirm the binding interaction of R12S91 with αSyn1−25, a negative control was carried

out in which binding of R12S91 was measured in the absence of the peptide target. This resulted in a

slight decrease in affinity (kd= 1.61 ± 0.379 µM), which suggests that R12S91 may be interacting with

αSyn1−25 (Figure 4.4g). In the absence of αSyn1−25, the rest of the investigated sequences showed

similar dissociation constants compared to in the presence of the peptide target, suggesting a lack of

specific affinity for αSyn1−25. Of note, incubation of R12S16 and R12S55 with streptavidin in the

absence of the peptide target resulted in smaller dissociation constants, indicative of a lack of binding

for αSyn1−25. Interestingly, R12S15 and R12S24 presented larger kd values, showing an impaired

binding in the absence of the target peptide, and hence suggesting binding affinity for αSyn1−25.

To discard nonspecific binding of R12S91 with the walls of the plate wells, its binding affinity was

investigated in the absence of both αSyn1−25 (Figure 4.5a) and streptavidin (Figure 4.3b and 4.5a).
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Kd = 2.21 ± 0.612 µM

Kd = 15.1 ± 21.1 µM

Kd = 1.72 ± 0.921 µM

Kd = 0.469 ± 0.130 µM
Kd = 1.05 ± 0.311 µM
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Figure 4.4: Characterisation of the binding of the six aptamer sequences identified upon sequencing of
the 12th round library. a) Binding of R12S15 (red), R12S16 (light blue), R12S24 (dark blue), R12S29
(orange), R12S55 (purple), R12S91 (dark green) and R12S93 (pink) in the presence of αSyn1−25. b)
Individual binding curves of R12S15 in the presence (red) and absence of αSyn1−25 (dark green).
c) Individual binding curves of R12S16 in the presence (light blue) and absence of αSyn1−25 (olive
green). d) Individual binding curves of R12S24 in the presence (dark blue) and absence of αSyn1−25



4.2. Results 137

Figure 4.4: (orange). e) Individual binding curves of R12S29 in the presence (orange) and absence
of αSyn1−25 (magenta). f) Individual binding curves of R12S55 in the presence (purple) and absence
of αSyn1−25 (red). g) Individual binding curves of R12S91 in the presence (dark green) and absence
of αSyn1−25 (light green). h) Individual binding curves of R12S93 in the presence (pink) and ab-
sence of αSyn1−25 (navy). kd values for each condition are specified. ELONA was performed using
streptavidin-coated 96-well plates to which the biotinylated αSyn1−25 peptide was bound. ELONA
was performed at RT in ABB. Error bars represent the standard error in the measurements.

Binding data revealed a linear dependency in which absorbance increased with increasing aptamer

concentration, together with a reduction of approximately one-third of the maximum absorbance val-

ues, compared to in the presence of streptavidin or streptavidin and αSyn1−25. Two anti-fluorescein-

HRP antibody dilutions of 1:500 and 1:1000 were used to investigate any nonspecific effect the an-

tibody dilution may have in this concentration range in the colourimetric output recorded. The fact

that the binding curves produced under both conditions were almost identical was consistent with the

results from the two antibody dilutions investigated in the binding of 65ntSeq to the plate, thereby

discarding any antibody dilution-dependent artefacts on the absorbance values recorded. At the same

time, these data validated the adequacy of these antibody concentrations for other ELONA experi-

ments. Although the binding data were forced into the model in order to produce a binding curve, the

observed linearity and the fact that a binding saturation plateau was not reached indicate that the cal-

culated dissociation constants for the binding in the absence of streptavidin at both a 1:500 and 1:1000

antibody dilution do not reflect the actual affinity of the binding interaction (kd= 0.199 ± 0.121 µM

and kd= 3.70 ± 1.47 µM, respectively). These findings indicate that R12S91 is not binding nonspecif-

ically to the walls of the 96-well plates where ELONA is carried out, and suggest that its observed

binding affinity is possibly a result of binding events with αSyn1−25, streptavidin or a combination of

both molecules.
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Figure 4.5: Characterisation of the binding of R12S91. a) Binding of R12S91 in the presence (dark
green) and absence (light green) of αSyn1−25, and in the absense of streptavidin (brown) measured
with ELONA. kd values for each condition are specified. ELONA was performed using streptavidin-
coated 96-well plates to which the biotinylated αSyn1−25 peptide was bound, whilst binding assays
not involving streptavidin were carried out using standard MaxiSorp 96-well plates. ELONA was
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Figure 4.5: performed at RT in ABB. b) Overlay of 1H-15N HSQC spectra of αSyn (50 µM) in the
absence (red) and presence (light blue) of a molar ratio of 1:10 of αSyn to R12S91 (500 µM). c)
Representative close-ups of αSyn residue cross-peaks (red) showing small chemical shift and inten-
sity changes upon incubation with a 2- (purple), 6- (dark blue), 8- (black) and 10-fold (light blue)
molar excess of R12S91. d) 1H-15N MWCS of αSyn in the presence of R12S91 at a 1:10 molar ratio
(50:500 µM). e) I/I0 of αSyn residue cross-peaks upon incubation with R12S91 at a 1:10 molar ratio
(50:500 µM). Experiments were recorded at 25 ºC using αSyn in ABB. f) Job plot reporting FRET
fluorescence for the interaction between R12S91 and aSyn. FRET was carried out in ABB. Error bars
represent the standard error in the measurements.

To further characterise the binding of R12S91 with αSyn, an NMR titration was done in which sev-

eral 1H-15N HSQC experiments were recorded of full-length 15N αSyn in the presence of R12S91

at 1:2, 1:4, 1:6, 1:8 and 1:10 protein:aptamer ratios (Figure 4.5b-e). Overall, the collected spectra

surprisingly revealed a steady increase in the intensity of some of the cross-peaks with increasing

aptamer concentration, which could be indicative of stabilising interaction events. Analysis of the

intensity changes of each spectrum at the different protein:aptamer ratios that were probed showed

an increase in the intensity of the peaks corresponding to the residues of segments of the N-terminal

(9-44) and NAC regions (68-87) (Figure 4.5e). Interestingly, the peaks of the C-terminal residues did

not experience changes in their intensity in the presence of R12S91 at any concentration, compared

to free protein. Similarly, the regions previous to residue 9 and between residues 50-65 did not show

an increase in the intensity of their cross-peaks with increasing aptamer concentration.

Perturbations to the chemical shifts of the peaks were also analysed at the highest protein:aptamer ra-

tio of incubation (Figure 4.5d). These findings correlated with the intensity change patterns observed,

with residues at the mid-section of the N-terminal and in the NAC regions being the most affected,

and those at the C-terminal region experiencing the least changes in chemical shifts. It should be

noted, however, that changes in cross-peak chemical shifts were systematically of a smaller magni-

tude compared to the changes observed in peak intensities. Additionally, even though the regions

with the largest number of peaks with the strongest chemical shift deviations could be identified as

being located in the N-terminal and NAC regions, these were not as well-defined as those observed

having the largest intensity changes, with some residues showing discrepancies in the extent of their

perturbation in the presence of different aptamer concentrations (e.g., Gln24, Thr33, Gly41). Consis-

tent with the observed changes in intensity, the residues from the C-terminal region as well as those
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around positions 1-10 and 50-65 showed the smallest perturbations in chemical shifts. These findings

suggest a nonspecific interaction between R12S91 and αSyn, where changes in the NMR parame-

ters measured are not indicative of a ∼600 nM affinity, as it was calculated by ELONA. Indeed, the

recorded increase in peak intensity with increasing aptamer concentration resembles the NMR bind-

ing data from αSyn in the presence of 65ntSeq. This therefore suggests that the observed changes

may correspond to nonspecific electrostatic interactions with the negatively charged DNA backbone,

which may be affecting different regions of αSyn.

The structure of R12S91 was modelled (Figure 4.6) to gain further insights into the structural basis of

an interaction event with αSyn or streptavidin. Under the conditions used during the selection process,

including a 150 mM Na+ and 5 mM Mg2+ ionic strength at 298K, 2D and 3D models revealed the

formation of a stable secondary structure with a predicted ∆G of -3.95 kcal/mol. This consists of

hairpin stem-loop spanning bases 1-30 that contains an internal loop. Bases 31-42 are not predicted

to form any secondary structure under the specified conditions. For this reason, it was hypothesised

that this unstructured segment may be hindering the interaction between R12S91 and αSyn1−25/αSyn

by not contributing to the binding thermodynamics and instead sterically obstructing a closer binding

mode. With this in mind, a truncated version of R12S91, TR12S91, which lacks bases 31-42, was

made and its binding to αSyn1−25 was tested by ELONA.

Surprisingly, deletion of bases 31-42 dramatically reduced binding (Figure 4.7), which suggests that

this predictably unstructured region may be playing a critical role in the binding mode of R12S91.

Maximal absorbance values were three times lower than that observed upon binding of R12S91,

indicating a low aptamer retention with the measured absorbance being most likely the result of

nonspecific binding. Even though the hyperbolic binding model was forced onto the data obtained

from ELONA, the binding curves produced did not resemble hyperbolic binding functions indicative

of specific binding and the binding affinities in the high nM range that were calculated for both in

the presence and absence of αSyn1−25. The fact that the recorded binding traces in the presence and

absence of αSyn1−25 were practically superimposable suggests that TR12S91 has no affinity for the

αSyn1−25 peptide or streptavidin.
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a) b)

c) d)

e)

Figure 4.6: Structural prediction of the R12S91 and TR12S91 sequences. a) 2D prediction of the
structure of R12S91. b) 3D structural model of the structure of R12S91. c) 2D prediction of the
structure of the truncated form of R12S91, TR12S91. d) 3D structural model of the structure of
TR12S91. e) Sequences of R12S91 and TR12S91. The 2D structural prediction was generated using
the Mfold web server with the following specified conditions: 150 mM [Na+] and 0.5 mM [Mg2+] at
25 ºC. The predicted ∆G’s for the 2D structures of R12S91 and TR12S91 are -3.95 kcal/mol. The 3D
models were generated through an energy minimisation procedure outlined in Chapter 2.
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As a control, the binding of R12S91 was newly tested by ELONA alongside that of TR12S91. Binding

data of R12S91 in the presence and absence of the αSyn1−25 peptide was this time almost superimpos-

able (Figure 4.7a), suggesting that the small differences in binding that had previously been observed

(kd= 0.596 ± 0.112 µM and kd= 1.61 ± 0.379 µM in the presence and absence of αSyn1−25, respec-

tively) may be accounted for by experimental variation and not by a specific binding event between

R12S91 and αSyn1−25.
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Figure 4.7: Comparison of the binding of R12S91 and TR12S91 to αSyn1−25. a) Newly tested bind-
ing of R12S91 in the presence (dark green) and absence (light green) of αSyn1−25. b) Binding of
TR12S91 in the presence (teal) and absence (cyan) of αSyn1−25. c) Comparison of the binding curves
of R12S91 (dark green) and TR12S91 (teal) in the presence of αSyn1−25. kd values for each condition
are specified. ELONA was performed at RT in ABB using streptavidin-coated 96-well plates to which
the biotinylated αSyn1−25 peptide was bound.
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4.2.3 15th Round

After 15 rounds of selection, SELEX was expected to have resulted in the enrichment of a pool of

sequences that have affinity for the target αSyn1−25 peptide and whose dissociation constants would

be lower than those of the sequences found in the previous round libraries. However, analysis of

the binding affinities of R15S2 and R15S15 isolated from the 15th round library featured binding

curves characteristic of nonspecific binding in the presence of αSyn1−25 immobilised on streptavidin

(Figure 4.8a, d and e). Given that the data do not follow the applied binding model, the calculated

dissociation constants are just estimates. These findings therefore indicate that these two sequences

do not bind to αSyn1−25. Unexpectedly, both sequences presented a worse binding profile in the

presence of αSyn1−25 compared to the sequences identified in the library from the 12th round of

selection, despite the three additional rounds of selection that would have been expected to enrich

target binders. Surprisingly, binding data from R15S15 in the absence of αSyn1−25 indicated a better

binding profile compared to in the presence of the peptide, suggesting affinity for streptavidin (kd=

2.56 ± 1.11 µM) but not for αSyn1−25, although large experimental error bars may also be indicative

of nonspecificity. Binding data of R15S2 in the absence of αSyn1−25 was very similar to that in the

presence of αSyn1−25, suggesting a lack of binding affinity for the target peptide.

4.2.4 17th Round

Binding of R17S17, the only sequence identified from the 17th round library with a random core re-

gion, resulted in very similar binding curves and calculated dissociation constants in both the presence

(kd= 5.18 ± 2.56 µM) and absence (7.18 ± 3.16 µM) of αSyn1−25 (Figure 4.8b and f). These findings,

together with the fact that maximum absorbance values are low even after incubation of R17S17 with

the peptide at a 5 µM concentration suggest a low binding affinity for streptavidin, but not αSyn1−25.
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Figure 4.8: Characterisation of the binding of the aptamer sequences identified upon sequencing of
the 15th, 17th and 20th round libraries. a) Binding of the aptamer sequences identified from the 15th

round in the presence of αSyn1−25: R15S2 (olive green) and R15S15 (purple). b) Binding of the sole
aptamer sequence identified from the 17th round in the presence of αSyn1−25: R17S17 (dark blue).
c) Binding of the aptamer sequences identified from the 20th round in the presence of αSyn1−25:
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Figure 4.8: R20S35 (red) and R20S38 (purple). d) Individual binding curves of R15S2 in the presence
(olive green) and absence of αSyn1−25 (light green). e) Individual binding curves of R15S15 in the
presence (purple) and absence of αSyn1−25 (cyan). f) Individual binding curves of R17S17 in the
presence (dark blue) and absence of αSyn1−25 (orange). g) Individual binding curves of R20S35 in
the presence (red) and absence of αSyn1−25 (light green). h) Individual binding curves of R20S38 in
the presence (purple) and absence of αSyn1−25 (dark cyan). kd values for each condition are specified.
ELONA was performed using streptavidin-coated 96-well plates to which the biotinylated αSyn1−25

peptide was bound. ELONA was performed at RT in ABB. Error bars represent the standard error in
the measurements.

4.2.5 20th Round

Data from ELONA revealed marked differences in the binding affinities of R20S35 and R20S38, de-

spite both sequences having been identified in a late-stage library of the selection process (Figure

4.8c, g and h). The binding of R20S35 resulted in dissociation constants that were very similar in

both the presence (kd= 5.25 ± 1.10 µM) and absence (kd= 6.33 ± 2.57 µM) of αSyn1−25. Remark-

ably, data appear to follow the binding model, suggesting a specific interaction between R20S35 and

streptavidin, but not αSyn1−25. Binding saturation was, however, not reached even at high aptamer

concentrations of 5 µM. This resulted in calculated dissociation constants in the low µM range and

thus not indicative of high affinity binding events. In contrast, binding data from R20S38 in the pres-

ence of αSyn1−25 did not converge to fitting into the model, which suggests nonspecific binding. In

the absence of the target peptide in the incubation mixture, binding data from R20S38 did converge

into the binding model (kd= 2.76 ± 1.28 µM), although low absorbance values and a slow increase

in absorbance with aptamer concentration, as observed in the modelled binding curve, suggest a low

retention of the binding aptamer sequence. These results indicate that R20S38 may be binding to

streptavidin with an affinity lower than that of R20S35.

Altogether, the data from the binding assays of all aptamer sequences identified during SA-Mag bead-

SELEX suggest that the aptamers may have inadvertently been selected against streptavidin, instead

of αSyn1−25, despite the negative selection rounds that were incorporated throughout the selection

process.

As mentioned in Chapter 3, the selection strategy was modified to use the DNA library from the 12th
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round as a starting library for NCM-SELEX, with the aim of selecting aptamer sequences against

full-length αSyn, under the assumption that there may be sequences in this library with affinity for

the αSyn1−25 peptide which will then be further enriched for their binding to αSyn. The library was

cloned and further sequenced after a total of 18 rounds of selection (12 rounds of selection against

αSyn1−25 and 6 additional rounds of selection against αSyn) and the results reported below.

4.2.6 18th Round

Sequencing of the 18th round library of the modified selection revealed that a high content of se-

quences containing random core regions constituted the bulk of the sequenced pool, in contrast to

what had previously been observed upon sequencing of the other DNA libraries, where sequences

formed by truncations of the forward and reverse primers had dominated the library sequence popu-

lation. Out of all 28 sequences identified carrying random core regions, a subset of six of them was

chosen in order to assess their binding affinity and estimate the binding enrichment of the library.

This was done based on a multiple sequence alignment of all newly identified sequences, which was

displayed in the form of a phylogenetic tree to identify possible sequence clusters with similar binding

affinities (Figure 4.9). For this reason, the six sequences whose affinity was studied each belong to a

different cluster and are therefore expected to serve as a representation of the binding affinity of the

sequences in a particular sequence family.

The binding affinities of R18S10N, R18S16N, R18S17N, R18S25, R18S30 and R18S41 for αSyn1−25

were first assessed. Unexpectedly, all six sequences showed a binding profile featuring a linear or

almost linear binding curve indicating nonspecificity, as the recorded absorbance increased linearly

with the incubated aptamer concentration (Figure 4.10a). Whilst the binding model did calculate

dissociation constants for some of them in the low µM range, these must be observed with caution, as

the binding curves have been forced to fit the binding model and the calculated kds most likely do not

reflect the true binding constant. Therefore, these results showed that the sequences investigated do

not have binding affinity for αSyn1−25 or streptavidin.

A more suitable binding assay to assess the affinity of these six sequences identified during the last six
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Figure 4.9: Phylogenetic tree of the different aptamer sequences identified from the 18th round NCM
library illustrating different groups of aptamers with sequence similarity. The clustering of different
aptamers into sequence families guided the selection of multiple sequences from different clusters.
Six representative sequences, highlighted in red, were chosen and tested for their affinity to αSyn1−25

and αSyn. The phylogenetic tree was generated with Jalview [517] using multiple sequence alignment
output.

SELEX rounds would be one in which the aptamers are incubated with the whole-length αSyn protein

in solution, which would resemble the conditions used during NCM-SELEX. Therefore, to obtain

further information on a possible interaction event between the DNA aptamer sequences from the 18th

round and αSyn, FRET was carried out. To do this, the 5’-fluorescein-labelled aptamer sequences

were incubated with αSyn in solution, which had previously been labelled with rhodamine. The

spectral emission of fluorescein overlaps with the excitation profile of rhodamine, which makes the

two fluorophores a FRET-active pair and an excellent reporter of proximity interactions and therefore

molecular binding events. A series of experiments were carried out in which the ratio of αSyn:DNA

was altered to try to characterise the binding mode of action and the stoichiometry of the interaction

between the 18th round sequences and αSyn. Additionally, the binding of R12S91 was also assessed
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Figure 4.10: Characterisation of the binding of six sequences identified from the 18th round library
of NCM-SELEX. a) Binding of R18S10N (dark blue), R18S16N (dark green), R18S17N (violet),
R18S25N (brown), R18S30N (red) and R18S51N (yellow) in the presence of αSyn1−25. ELONA
was performed using streptavidin-coated 96-well plates to which the biotinylated αSyn1−25 peptide
was bound. ELONA was carried out in ABB at RT. b) Job plot reporting FRET fluorescence for
the interaction between R18S10N, R18S16N, R18S17N, R18S25N, R18S30N, R18S51N and αSyn.
FRET was carried out in ABB at RT. Error bars represent standard error. Error bars are comparatively
small and therefore not visible in the plot reporting FRET fluorescence.

with FRET, to gain further insights into potential binding events with αSyn free in solution and

complement the available ELONA and NMR data. The incubation mixtures were excited at different

wavelengths to obtain the individual spectral contribution of fluorescein and rhodamine, and then

excited at a wavelength range to induce a FRET signal.

Analysis of the emitted fluorescence from the acceptor rhodamine-αSyn and the donor fluorescein-

DNA of all sequences being investigated revealed a profile that was particularly invariant upon an

increase in the molar ratio of αSyn, indicating a lack of spatial proximity between the fluorophores

and therefore of binding (Figure 4.10b and 4.5f). In the case of R18S10N, R18S17N, R18S31N,

R18S50N and R12S91, a molar ratio of αSyn:DNA sequence of 0:1 produced the highest fluores-

cence signal, indicating that FRET did not occur upon incubation of these sequences with αSyn.

Sequences R18S16N and R18S25N produced negative fluorescence FRET outputs after the mea-

sured emission signal was subtracted the fluorescence contribution from the acceptor and donor flu-

orophores, suggesting that FRET had not happened in the presence of R12S16N and R18S25N. A

negative signal output indicates a lack of signal recorded at the wavelength range probed. Incuba-
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tion of rhodamine-αSyn with all seven different sequences produced a similarly quick reduction in

emitted fluorescence signal upon reduction of the present fluorescein-DNA sequences, which drops

to zero as the amount of donor fluorescein decreases and that of the acceptor rhodamine increases.

The fact that the highest recorded signal upon incubation with some sequences was in the absence

of acceptor rhodamine-αSyn, together with a sharp decrease in fluorescence to almost zero when the

ratio of donor fluorescein-DNA to acceptor rhodamine-αSyn drops by a third from 1 to 0.666 indicate

that these sequences have no binding affinity for αSyn, which is consistent with the binding data from

ELONA and NMR presented earlier in this Chapter.

Taken together, a summary of the binding affinities for αSyn1−25 of all aptamers considered here are

specified in Table 4.1.
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FSeq1 2.12 ± 0.451 -
65ntSeq 0.312 ± 0.0488 0.469 ± 0.0893

R12S15 2.21 ± 0.612 15.1 ± 21.1
R12S16 1.72 ± 0.921 0.469 ± 0.130
R12S24 1.05 ± 0.311 58.8 ± 130
R12S29 6.21 ± 4.53 3.78 ± 1.32
R12S55 9.38 ± 12.8 1.57 ± 0.898
R12S91 0.596 ± 0.112 1.61 ± 0.379
TR12S91 10.3 ± 9.47

0.394 ± 0.294 0.144 ± 0.0609
R12S93 1.79 ± 0.229 2.43 ± 1.45

R15S2 5.27E+15 ± 3.30E+22 6.77E+15 ± 4.35E+22
R15S15 3.19E+06 ± 2.45E+11 2.56 ± 1.11

R17S17 5.18 ± 2.56 7.18 ± 3.16

R20S35 5.25 ± 1.10 6.33 ± 2.57
R20S38 1.08E+07 ± 2.86E+12 2.76 ± 1.28

R18S10N 9.73E+18 ± 6.43E+25 -
R18S16N 44.9 ± 58.9 -
R18S17N 2.38E+07 ± 5.40E+13 -
R18S25N 5.11 ± 2.38 -
R18S30N 2.42 ± 1.45 -
R18S51N 6.86 ± 5.41 -

18th Round NCM

kd (αSyn 1-25 Peptide) 

(µM)

kd (No αSyn 1-25 Peptide) 

(µM)

8th Round

12th Round

15th Round

17th Round

20th Round

Table 4.1: Affinities of the aptamer sequences identified and tested for αSyn1−25.
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4.3 Discussion

The results of this Chapter provide a comprehensive characterisation of the binding properties of the

DNA aptamer sequences identified throughout the different rounds of selection performed during this

work. The available pieces of evidence supporting the binding modes of each sequence, together with

their suitability as a potential inhibitor of the membrane binding ability of αSyn is discussed below.

Given the large abundance of sequences formed by primer truncations in the first sequenced round

library (8th round), it was hypothesised that primer-derived sequences may have been selected for

their binding to αSyn1−25. To investigate this, the binding affinity of two of these sequences which

were believed to be representative of the sequencing results was assessed: FSeq1 and 65ntSeq. FSeq1

is formed by the forward primer lacking the last adenosine base at the 3’ end, followed by a truncation

of the first 10 bases of the forward primer sequence. Similarly, 65ntSeq is formed by a full-length

forward primer followed by the reverse complement of the reverse primer. ELONA binding assays

were performed by which the binding affinity of both sequences was measured for αSyn1−25, which

was immobilised on streptavidin-coated 96-well plates. Binding results revealed that 65ntSeq has

the highest binding affinity of the two sequences, with its dissociation constant being in the mid-nM

range. However, 65ntSeq did not appear to specifically bind αSyn1−25, since a similar dissociation

constant was calculated after assessing its binding in the absence of αSyn1−25 and in the presence of

streptavidin.

To obtain a better picture of the binding mode of 65ntSeq that may explain its low dissociation con-

stant and its high abundance in the sequenced libraries, 1H-15N HSQC experiments of αSyn in the

presence of 65ntSeq at molar ratios of 1:1 and 1:3 were recorded. The collected spectra of the

free protein and in the presence of the 65ntSeq sequence at both molar ratios were almost identi-

cal. Furthermore, no significant differences were observed in the intensity and chemical shifts of

the residue cross-peaks even after increasing the molar ratio of incubation from 1:1 to 1:3, indicat-

ing that 65ntSeq was not interacting with αSyn. This is consistent with binding data from ELONA,

which demonstrated that 65ntSeq had an almost identical dissociation constant regardless of the pres-
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ence of αSyn1−25. Particularly interesting was the systematic increase in amide peak intensities that

was observed along the protein sequence in exception of the C-terminal region upon incubation with

65ntSeq, compared to free protein. This may be explained by an artefactual effect caused by the elec-

trostatic interactions between the highly negatively charged backbone of the 65ntSeq sequence and

αSyn. Electrostatic repulsion with the acidic C-terminal region may have led to the release of native

intramolecular interactions that hold the N-terminal and NAC regions in close proximity with the C-

terminal region of αSyn. This may have resulted in the residues of the N-terminal and NAC regions

experiencing a different environment featuring an increased exchange with the solvent, and hence an

increase in the peak intensities. This observed effect may have also been affected by changes in the

local pH as a result of the acidic DNA backbone. However, these results are not indicative of a spe-

cific binding event, as especially fuzzy interactions characterised by peak broadening of the residues

involved would have been expected from binding events with an IDP such as αSyn.

To shed light onto the binding interactions driving the formation of 65ntSeq that may help explain its

persistently high abundance in the libraries sequenced, an ELONA was carried out in the absence of

αSyn1−25 and streptavidin. In this way, every macromolecule the 65ntSeq may have been binding to

during the selection process was removed from the binding reaction. The results from this experiment

showed a drastic reduction in HRP-developed signal, suggesting a lack of sequence retention in the

96-well plate where the incubation was carried out, and hence a lack of binding. The data were forced

to fit into the binding model and so the binding curves and calculated dissociation constants do not

likely reflect the actual binding properties of the sequence in those conditions. In fact, the binding data

resembled a linear binding profile featuring an increase in the absorbance that was almost proportional

to the increase in aptamer concentration, which is characteristic of a nonspecific binding mode. The

fact that nonspecific binding is observed in the absence of streptavidin suggests that 65ntSeq has

binding affinity to streptavidin, given that previous binding data had demonstrated a lack of binding

to αSyn1−25. This finding suggests that either one of the individual primers (which together form

65ntSeq) or both may have native affinity for streptavidin, which may explain why the sequence

interacts with streptavidin even without undergoing in vitro evolution. Indeed, the fact that the primers

used during PCR amplification share the same sequence may have further biased the amplification of
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65ntSeq as a result of the readily available priming sequences in solution. At the same time, the

native affinity for streptavidin, together with the high concentration of priming sequences within the

library, may have driven the generation of the primer-derived sequences formed by primer truncations

through random recombination events. The combination of these effects predictably accounts for the

fact that most of the sequenced clones correspond to primer-derived sequences, as their native affinity

for streptavidin may have favoured their retention during the SELEX partitioning steps.

Comparison between the N42 library sequences identified from all sequenced round libraries revealed

an intriguing base pattern composition. Intriguingly, many sequences are formed by stretches of the

same base of different lengths (e.g., seven consecutive A’s in R20S38) (Table 2.1). This was at first

thought to be important for target recognition and binding, although later binding assays failed at

showing affinity of the sequences tested for either αSyn1−25 or αSyn, suggesting that an alternative

mechanism may have been responsible for the selection of these sequence motifs.

Sequencing of the 12th round library identified seven N42 library clones that were not formed by trun-

cations of the forward and reverse primers. Their binding was assessed by ELONA, which revealed

that all had different dissociation constants in the mid-nM to mid-µM range. R12S91, in particu-

lar, was the sequence that showed the highest affinity. A decrease in its dissociation constant in the

absence of αSyn1−25 suggested a binding interaction involving the αSyn1−25 peptide. The fact that

the magnitude of the reduction in affinity is small may point at a binding mode spanning αSyn1−25

and streptavidin together, where removal of the αSyn1−25 peptide may perturb the binding interaction

with R12S91. R12S24 also showed a reduction in affinity in the absence of αSyn1−25, although its

dissociation constant in the presence of the αSyn peptide was not as low as that of R12S91.

1H-15N HSQC spectra were recorded of αSyn in the presence of R12S91 at several molar ratios to

provide further information on the binding of R12S91. Analysis of the collected spectra revealed

an increase in the peak intensities of the mid N-terminal (residues 9-44) and NAC (residues 68-

87) regions. Of note, the intensities of the peaks corresponding to the acidic residues of the C-

terminal region did not experience alterations even after incubation at the highest molar ratio of 1:10
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of αSyn:R12S91. This may have possibly been a result of the absence of a binding event with the

highly negatively charged DNA backbone or a nonspecific electrostatic repulsion between the two

net negatively charged molecules. Interestingly, the region prior to residue 10 and between residues

50-65 did not experience an increase in peak intensities, suggesting that this effect may be specific,

as opposed to that observed upon incubation with 65ntSeq, which resulted in a systematic increase of

the peak intensities throughout the sequence of the protein except for the C-terminal region. Regions

around 10-45 and 70-90 are particularly rich in hydrophobic and aliphatic amino acids, which suggests

that nonspecific interactions between these highly hydrophobic regions of αSyn and the hydrophobic

DNA bases may be responsible for the observed changes in peak intensities. In fact, the basis of

binding events between protein and DNA mostly consists of contacts between the target amino acid

residues and the nucleotide bases, rather than solely the negatively charged DNA phosphate backbone

[518].

Similarly, the fact that the increase in peak intensities appears to correlate with a higher molar ratio

of R12S91 to αSyn suggests that this effect may be accounted for by a nonspecific low-affinity in-

teraction. This correlated increase in peak intensity with ligand concentration was not observed with

65ntSeq, although this may partly be explained by the higher molar ratios of R12S91 to αSyn used

during the titration experiment. Alternatively, R12S91 may be causing a non-specific disruption of

the long-range intramolecular contacts within αSyn through electrostatic repulsion of the C-terminal

region, which may lead to the release of the N-terminal and NAC regions and the enhancement of the

signal of the local residues that were involved in maintaining these long-range contacts. However, a

binding event between αSyn and R12S91 would be expected to lead to a reduction in the peak in-

tensities of the residues involved in the interaction as a result of linewidth broadening, and not to an

increase. Indeed, the changes observed in the recorded spectra do not correspond to what is expected

from an intermolecular interaction where the dissociation constant was calculated to be approximately

600 nM by ELONA. The localised increase in peak intensities, coupled with a lack of change in the

residue peaks of the C-terminal region, make these results particularly difficult to interpret. Whilst

these spectra were recorded of αSyn alone in the absence of streptavidin, streptavidin may possibly be

required to establish a putative three-way binding event, in which αSyn may be minimally involved.
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These findings are consistent with FRET data that were recorded of fluorescein-labelled R12S91

(the donor) and rhodamine-labelled αSyn (the acceptor) in solution. These experiments failed at

showing an interaction between αSyn and R12S91, given that an increase in the proximity of the

donor and acceptor fluorophores that is required for FRET to occur was not recorded. It should be

noted, however, that previous knowledge of the binding features between two binding partners is

required for the correct performance of this experiment and the accurate analysis of these results,

where the concentration of the individual molecular components is to be at least 10-fold higher than

that of the calculated dissociation constant. In this case, the dissociation constant between R12S91

and αSyn was assumed to be the same as that between R12S91 and αSyn1−25 in the presence of

streptavidin as calculated by ELONA, i.e., in the range of 600 nM. A protein and DNA concentration

of 20 µM each should in theory fulfil this experimental requirement, although an incorrect calculation

of the dissociation constant (e.g. actual binding affinity in the absence of streptavidin not being that

high or no binding interaction at all) may have biased FRET calculations. R12S91 and αSyn were

incubated at different molar ratios with the aim of determining the stoichiometry of the interaction,

with the highest FRET signal recorded theoretically corresponding to the molar ratio at which the

binding event occurs. The lack of a recorded FRET fluorescence signal, combined with the NMR and

ELONA data indicate that R12S91 does not bind αSyn with high affinity with a dissociation constant

in the order of the 600 nM as calculated with ELONA. These findings also suggest that R12S91 has

not been selected to bind to αSyn1−25 but may have been inadvertently selected against streptavidin,

or perhaps the αSyn1−25-streptavidin complex, although the contribution of the αSyn peptide to the

binding may be minimal.

Structural knowledge of an aptamer sequence is known to be critical to the design of strategies for the

purpose of selectively modifying desired molecular properties, such as affinity, specificity or toxicity

[505, 506, 519]. In particular, smaller truncated versions of aptamers frequently have lower disso-

ciation constants than their original longer counterparts [520, 521]. For this reason, modelling of

the structure of R12S91 was done with the aim of identifying regions within the sequence that may

be subject to modification in order to attempt at increasing the binding affinity of R12S91. The 2D

and 3D models generated of the sequence revealed the folding into a prominent hairpin stem-loop
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involving bases 1-30, and an unstructured region from bases 31-42 under the experimental conditions

employed during selection. This unstructured region was truncated to generate TR12S91, with the

aim of removing unstructured motifs that may interfere with the binding mode of R12S91.

Interestingly, truncation of this portion of the sequence abolished binding of TR12S91 in both the

presence and absence of αSyn1−25, suggesting that this predictably unstructured portion of the se-

quence is critical for the binding of R12S91. By forcing the data into the binding model, a binding

curve and a dissociation constant were obtained, although these most likely falsely represent the

binding properties of the sequence, as a reduction in maximal absorbance and the linearity of the data

compared to the binding results from R12S91 indicate the nonspecificity of this interaction. These

findings may be explained by the fact that even if this portion of the sequence is predicted to lack

a defined structure, it may still contribute to the binding of the aptamer by directly interacting with

the target. Structural modelling of a dynamic molecule as is a single strand of DNA will likely show

the structure of the free state in solution and will sometimes fail to provide a representative depiction

of the molecule upon partner binding, where the dynamics of the individual molecules and complex

may impose a particular fold on the binding molecules. Bases 31-40 may therefore be predicted to

lack a specific structure but which may adopt a particular conformation upon interaction that may

be essential for the binding of R12S91. In a similar way, the predicted hairpin stem-loop structure

formed by bases 1-30 may unfold and adopt a different “induced” conformation upon interacting with

a binding partner.

Analysis of the binding of the sequences identified in the libraries from further rounds, namely the

15th, 17th and 20th rounds revealed a lack of specific binding to αSyn1−25. Particularly interesting is

the binding mode of some sequences, which showed binding curves characteristic of specific binding

in the absence and not in the presence of αSyn1−25. These aptamer sequences, whose affinity may

decrease in the presence of αSyn1−25, may have been selected to bind, at least partly, to the biotin

binding site of streptavidin. The high-affinity interaction between the biotin-conjugated peptide and

streptavidin may disrupt the binding of these aptamer sequences by displacing them from their binding

site, with which they interact with an affinity lower than that of the streptavidin-biotin interaction.
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Altogether, the data of binding assays performed with the identified sequences suggest that aptamers

may have not been selected for their binding to αSyn1−25, but rather for their binding affinity to strep-

tavidin. The fact that no high affinity binders to streptavidin were observed among the sequences

whose affinities were assessed may be explained by the negative selection rounds that were incorpo-

rated to remove streptavidin binders. In this way, only sequences showing low affinity to streptavidin

may have survived in the libraries of advanced rounds of selection, as they may have escaped their

removal through negative selection. Therefore, the results from the various assays suggest that the se-

lection process involved in this work has most likely selected for low-affinity binders to streptavidin,

rather than to αSyn1−25.

The difficulty in identifying high-affinity aptamer binders to αSyn1−25 may be explained by the struc-

tural properties of the target peptide used and the environmental conditions in which SELEX was

carried out. Specifically, αSyn is an IDP that exists as a dynamic conformational ensemble, mean-

ing that it transiently adopts a plethora of different conformations which are difficult to individually

isolate. αSyn1−25 likely adopts a variety of different conformations representative of the dynamic

nature of the full-length protein [522] that therefore renders the selection and evolution of aptamers

that bind to any specific conformation extremely challenging. Additionally, the size of the αSyn1−25

peptide target (2.6 kDa) is more than a 20-fold smaller than that of the streptavidin tetramer (approx-

imately 60 kDa) used for immobilising the biotinylated peptide, and therefore constitutes a bulky

complex formed by globular domains with defined structural motifs. The particularly dynamic struc-

tural properties of αSyn, coupled with the relatively small size of the peptide target compared to that

of streptavidin may have therefore favoured the preferential selection of aptamer sequences that bind

to well-defined structural moieties and binding sites on the surface of the streptavidin molecules.

Assessment of the binding of the sequences identified in the 18th round library after 6 rounds of NCM-

SELEX against full-length αSyn failed at showing binding affinity for either αSyn1−25 or streptavidin

by ELONA. To correctly assess the binding properties of these sequences in a setting that better re-

sembled the conditions used during the selection process, FRET experiments were performed, in

which different molar ratios of fluorescein-labelled DNA sequences and rhodamine-αSyn were incu-
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bated and the emitted fluorescence recorded. At the different protein and DNA concentrations used,

this assay failed to record FRET. FRET occurs when the emission spectrum of a donor fluorophore

overlaps with the absorption of an acceptor fluorophore and the distance between the two is 8-10 nm

or less. The fact that no FRET was detected therefore shows that neither of the six aptamer sequences

tested came closer than 10 nm in space to αSyn, indicating the absence of a binding event between

them, which is consistent with the data obtained from ELONA indicating a lack of binding.

As mentioned earlier in this discussion, previous knowledge of the dissociation constant of a particular

binding event is required for correctly performing this FRET assay. Given that nonspecific binding

was observed between the six sequences from the 18th round library and αSyn1−25 by ELONA, it was

not possible to obtain binding affinity estimates that would guide the correct set-up of this experiment.

Therefore, the experimental conditions used here may have biased these FRET results by not showing

low-affinity binding events that may occur and which were not observed at the low concentrations of

DNA and αSyn used. However, despite the large number of aptamer sequences identified in the 18th

round library, a lack of binding to αSyn may be explained, at least in part, by the selection of binding

aptamers to the NCM used in the partitioning step. Since nitrocellulose consists of a large and stable

scaffold, aptamer sequences may have evolved throughout the rounds by binding and being selected

against NCM and not αSyn. This possible preferential binding, combined with the dynamic nature of

αSyn, may have prevented aptamer sequences from tightly binding to the target and being selected as

binders.



Interactions with Metal Ions

5.1 Introduction

The aetiology of PD is considered multifactorial, in which genetic and environmental factors modulate

the onset and development of the disease. Although a detailed understanding of the interplay of the

many molecular mechanisms that give rise to pathology in PD is still lacking, the misfolding and

aggregation of αSyn has been recognised as a key event in the generation of the associated pathology

[293, 19, 32, 523, 9, 58, 294, 68, 73, 295, 296, 297]. The misfolding of αSyn can be triggered by

several mechanisms, including post-translational modifications, oxidative stress and interactions with

metal ions, amongst others. Until recently, aberrant interactions with metal ions had been overseen as

an important factor in the development of PD, although evidence from extensive research studies from

the past two decades suggests that they might represent a prominent mechanistic pathway contributing

to αSyn aggregation [300, 301, 302, 303, 304, 305].

Metal ions are ubiquitously present in the brain, given their essential roles in neurotransmission and

normal neuronal physiological function [301, 309]. Apart from providing positive counterions that

can help keep charge neutrality, metal ions also act as important electron carriers and catalytic centres

in the form of cofactors for proteins, as a result of their ability to undergo reduction and oxidation

cycles. As an example, Cu2+ acts as an essential catalytic cofactor for the detoxifying protein SOD1

159
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involved in ROS breakdown. As a result of its two oxidation states (I and II), Cu2+ acts as an acceptor

for electrons coming from superoxide ions, and is therefore reduced, in the process of oxygen radical

removal [299]. One of the inarguably most important metals in the brain is calcium, which plays a

critical role in neurotransmission [524]. Given action potentials required for neurotransmission are

coupled with intracellular calcium fluctuations at the presynaptic terminal, it has been proposed that

Ca2+ might act as an important modulator of the physiological function of αSyn. Indeed, binding

of Ca2+ to the anionic C-terminal tail of αSyn dramatically alters the charge distribution of the C-

terminal region by masking the negatively charged density associated with Glu and Asp residues. This

charge neutralisation, in turn, allows the binding of the C-terminal tail of αSyn to lipids in cellular

membranes, in what is thought to be a key aspect of its physiological role [37].

Whilst metal ions are required for the normal functioning of the body and brain in particular, evidence

from epidemiological studies and research on the interactions between αSyn and cations suggests an

important role in inducing αSyn aggregation and toxicity. Indeed, αSyn aggregation has been ob-

served to be induced by numerous cations, such as Ca2+ [91], Mn2+ [430, 428], Zn2+ [401], Cu2+

[319] and Cu+ [382]. In a complex, multifactorial landscape that attempts at understanding the aeti-

ology of PD, increasing age becomes the main risk factor for the development of neurodegenerative

diseases. Amounting evidence has demonstrated a link between aging and elevated levels of metal

ions in the brain [307, 308]. It has therefore been hypothesised that a perturbation in the homeostasis

of brain metal ion levels and their interaction with key proteins involved might be a putative factor

in the development of multiple age-related neurodegenerative disorders. In the case of PD, several

early studies pointed at zinc as an important toxic modulator of αSyn, as abnormally high levels

of zinc have been found in the parkinsonian substantia nigra of patients [310, 312, 36, 313]. The

co-localisation of elevated concentrations of zinc and αSyn has been observed in post-mortem exam-

inations of the olfactory bulb [315], as well as high levels of copper in the cerebrospinal fluid of PD

patients [316].

As previously reviewed in the introduction section of this thesis, excessive levels of intracellular cal-

cium upon a dysregulation of its homeostasis can have detrimental effects by disrupting a variety
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of cellular processes. By interacting with αSyn, a conformational change is believed to modulate

the binding to synaptic vesicles, which has also been observed to result in the clustering of synap-

tic vesicles in vitro and ex vivo [37], as well as aggregation of αSyn into short fibrils [363] in the

presence of abnormal levels of Ca2+. In fact, epidemiological studies have shown a correlation be-

tween a prolonged exposure to certain environments rich in copper, manganese or zinc and a higher

predisposition to develop PD later in life [317]. Chronic occupational exposure to environments rich

in manganese including fumes from welding, mining and smelting is considered particularly relevant

for the early development of PD symptoms [436, 437, 438, 439, 446, 440, 441, 442, 443, 444, 445].

To confirm the ex vivo findings, much research has been done to elucidate the precise role metal ions

might play in the aggregation of αSyn and subsequent associated cellular toxicity. Indeed, interac-

tions with metal ions have been found to alter the aggregation kinetics of αSyn [430, 305, 306], in

what has been described to be a positive correlation between metal ion binding affinity and the ability

to modulate aggregation kinetics [327, 328, 329, 330, 333, 331, 332].

Interestingly, the variety of post-translational modifications that decorate αSyn as well as the different

pathological genetic variants add an extra layer of complexity to the interaction network with metal

ions [93, 321]. For instance, Cu2+ has been shown to be the most efficient at promoting fibrillation

of non-acetylated αSyn in vitro at physiologically relevant micromolar concentrations [319, 320], but

not of the acetylated form. Whilst metal ion binding may alter the amyloid assembly pathways and

aggregation kinetics of αSyn, a sole binding event might not be sufficient to induce aggregation, but

it may require the induction of a structural transition. This might explain why binding of Cu2+ to the

familial A53T αSyn variant does not directly translate into a noticeable alteration of its aggregation

rate [321]. A similar effect in which the aggregation kinetics are accelerated in vitro is observed

with Zn2+ [36, 313, 323, 324, 325, 326], which specifically interacts with His50 and the C-terminal

region of αSyn [309]. In contrast, the interaction between Mn2+ and αSyn was characterised by

non-specificity and low-affinity to the acidic C-terminal tail of αSyn.

Another way in which redox metals can result in pathology is through their ability to catalyse the

generation of ROS as a result of their various oxidation states [334]. Highly reactive hydroxyl rad-
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icals can lead to the oxidation of DNA, protein and lipids, and result in cytotoxicity and eventually

dopaminergic neuronal death in PD. The perturbation of copper homeostasis has been frequently re-

ported to contribute to the levels of oxidative stress in the cell. Complex formation between Cu+ and

αSyn has been found to undergo cycles of oxidation and reduction, which leads to the detrimental

release of H2O2 and other ROS that result in dopaminergic neuron demise [381]. Importantly, gener-

ation of oxygen radicals through redox cycling of copper ions can exacerbate the aggregation process

of αSyn and favour the formation of stable oligomers by resulting in site-specific copper-catalysed

oxidation of amino acids in the vicinity of the coordination site [285, 384, 385, 386, 387, 323].

Under physiological conditions, αSyn exists as a monomer as part of a dynamic ensemble of inter-

converting conformational states with no residual secondary structure. The three different regions that

can be identified in αSyn (N-terminal, NAC and C-terminal regions) have distinct physical properties

and functions that can be described as being independent. Evidence shows that this modular organi-

sation promotes intramolecular long-range interactions that are electrostatic in character between the

highly-negatively charged C-terminal region and the partially positively charged N-terminal portion,

and hydrophobic between the C-terminal and NAC regions. This leads to the stabilisation of confor-

mations that inhibit self-assembly, by protecting the aggregation-prone NAC region from exposure to

the solvent and other αSyn monomers, ultimately preventing self-association and amyloid formation

[94, 39, 283, 284, 285, 286, 40, 41, 42, 43]. Indeed, the properties of intrinsically disordered proteins

are exquisitely sensitive to changes in the environment, where binding to different metals could cause

local or global changes in the conformation and behaviour of the protein and therefore its aggregation

propensity. Given that αSyn is highly dependent on an unequal charge distribution along its sequence

for the maintenance of a stable aggregation auto-inhibited conformation [41, 40], interactions with

metal ions might lead to the local neutralisation of charge clusters, and the potential collapse of the

long-range weak protective contacts, leading to the full exposure of the NAC region to the solvent.

In this Chapter, I present a comprehensive investigation of how the binding of the metals Ca2+, Zn2+,

Cu+, Cu2+ and Mn2+ affect the conformation and dynamics of monomeric αSyn in a unified picture.

To probe changes in the exposure of the different regions and therefore in the hydration sphere of
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the protein, a series of CLEANEX NMR experiments were carried out where the exchange between

labile backbone amide protons and solvent water protons was recorded. Additionally, I also measured

αSyn dynamics in the presence of the various metals at different timescales to provide details that,

together with the hydrogen exchange data, suggest conformational changes that occur in the protein

which might point at hints of how metal ions might affect αSyn aggregation kinetics.

5.2 Results

To firstly determine the regions and residues of αSyn involved in the binding with the different metal

ions of concern, details of the binding sites of Ca2+, Zn2+, Cu+, Cu2+ and Mn2+ were explored

at single-residue resolution by recording 1H-15N HSQC experiments. The high resolution of this

methodology provides a means for mapping the binding sites of the metals on αSyn by studying

chemical shift perturbations (CSPs). Amide proton exchange with the solvent (hydrogen-hydrogen)

provided information on slow conformational dynamics of αSyn in the ms timescale, which was

complemented with 15N relaxation to probe faster backbone dynamics. These studies were carried out

using non-acetylated as well as acetylated αSyn (apart from 15N relaxation experiments, which were

only recorded on Ac-αSyn) to discern any possible physiologically relevant effect that acetylation

may have on the protein upon metal complexation. This Chapter is therefore divided into individual

subsections corresponding to the different metals investigated, where a detailed explanation of the

results from the different probes used to study conformation and dynamics is provided.

5.2.1 Calcium

Consistent with previous findings from other research groups, chemical shift data obtained from the

1H-15N HSQCs recorded here of non-acetylated αSyn and Ac-αSyn showed a clear perturbation at

the C-terminal region of the protein upon incubation with Ca2+ (Figure 5.1a and c). Differences in

the chemical shifts of αSyn in the absence and presence of 10 mM Ca2+ were largest in the region of

residues 95-140. The CSP profile of Ac-αSyn and non-acetylated αSyn were nearly superimposable,

suggesting that N-terminal acetylation does not influence the chemical environment experienced by
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Figure 5.1: NMR analysis of Ca2+ binding to αSyn. a) Overlay of 1H-15N HSQC spectra of Ac-
αSyn in the absence (red) and presence of Ca2+ (blue). The close-up of the spectra shows the most
representative affected residues belonging to the C-terminal region of Ac-αSyn. b) Schematic de-
picting the Ca2+-binding properties of Ac-αSyn. The C-terminal region harbours the low affinity
and non-specific metal binding site featuring the DPDNEA sequence motif between residues 119 and
125. However, as a result of the high density of acidic Glu and Asp residues, αSyn has multiple
Ca2+-binding sites in the C-terminal region (represented as blue spheres). Highlighted in red is the
segment of Ac-αSyn most affected by Ca2+ binding. c) 1H-15N MWCS of Ac-αSyn (415 µM) in
the presence of Ca2+ (10 mM). The grey box denotes the first 15 residues of Ac-αSyn. d) Change
in the protection factor along the sequence of Ac-αSyn in the presence of Ca2+ compared to free
protein, as a measure of amide backbone hydrogen exchange. This is calculated as the logP function
of the kint/kex ratio of each residue. A positive change in protection factor represents an increase
in protection of that segment against backbone amide hydrogen exchange, whilst a negative change
illustrates a deprotection. Calculated error bars represent the fitting error in the calculation of the
kex for each residue. e) Change in the protection factor along the sequence of non-acetylated αSyn
in the presence of Ca2+ compared to free protein. f) R2/R1

15N relaxation data of Ac-αSyn in the
absence (black) and presence (blue) of Ca2+. No significant alteration in R2/R1 along the sequence
upon Ca2+ complexation suggests that the metal interaction does not induce specific conformational
transitions in the intermediate NMR timescale. Error bars represent the sum of the fitting errors in the
calculation of R1 and R2 along the series of relaxation delays. Dotted lines represent the interface of
the different regions along the sequence of Ac-αSyn. The different regions of Ac-αSyn are defined
by the following colour scheme: orange represents the N-terminal region; green depicts the NAC; and
blue illustrates the C-terminal region. Experiments were recorded at 10 ºC using Ac-αSyn (415 µM)
in the absence and presence of Ca2+ (10 mM) in 25 mM Tris, pH 7.0.



5.2. Results 165

the residues along the sequence upon binding to Ca2+. This affected portion of the protein coincides

with the C-terminal region, which features a net negative charge as a result of a high density of

Asp and Glu residues. An electrostatic attraction between the negatively charged residues and the

positively charged Ca2+ possibly forms the basis of the interaction.

To demonstrate the principle of hydrogen-exchange experiments using the CLEANEX pulse se-

quence, Figure 5.2 is presented here. By recording these experiments at different mixing times (5

ms, 10 ms, 15 ms, 20 ms, 25 ms), the signal that was allowed to evolve generated NMR spec-

tra with residue peaks presenting increasing associated intensities corresponding to an increase in

the mixing time. This change in peak intensity over time can provide information on the rate of

chemical exchange, kex, between amide protons and water hydrogens from the surrounding solvent.

Correspondingly, residues showing sharper rises in peak intensities with increasing mixing time will

present faster kex rates and therefore represent residues that are in a fast exchange regime with water

hydrogens and hence more exposed (deprotected) to the solvent. In contrast, residue peaks presenting

smaller increases in intensity over the increase in mixing time will have slower kex rates, their amide

hydrogens will be less available for exchange with protons from nearby water molecules and will

therefore be less exposed (more protected) to the surrounding solvent.

As explained in Chapter 2 (section 2.14) in more detail, the log function of the ratio of the intrinsic

exchange rate constant of an individual residue to the chemical exchange rate of that particular residue

provides the protection factor value for that residue as a measure of solvent exposure. Furthermore, to

demonstrate that the observed results corresponded to effects in the protein upon metal ion interaction

and not due to monomer depletion and oligomerisation of the sample during CLEANEX, 1H-15N

HSQC spectra recorded before and after performing the NMR experiments confirmed the structural

integrity of monomeric αSyn throughout the duration of CLEANEX (Figure 5.3).

CLEANEX NMR experiments were recorded to report on hydrogen exchange of free non-acetylated

and acetylated αSyn (Figure 5.4). In both, protection of the C-terminal region was observed in the

form of higher protection factor values of up to almost 2.5 compared to the protection factor baseline
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Figure 5.2: Collection of Ac-αSyn CLEANEX NMR spectra recorded at different mixing times.
Spectra of free Ac-αSyn recorded at different mixing times (5 ms, 10 ms, 15 ms, 20 ms, 25 ms),
showing an increase in the cross-peak intensity with increasing mixing time. Differently coloured
spectra represent the recorded signal after a specific mixing time. Experiments were recorded at 10
ºC using Ac-αSyn (415 µM) in 25 mM Tris, pH 7.0.

of the protein. The rest of the sequence did not show significant changes in protection apart from

a slight deprotection, and hence higher exposure to the aqueous solvent, observed between residues

35 and 50. Comparison between the protection factor profiles of non-acetylated αSyn and Ac-αSyn

did not show any noticeable difference between them, suggesting that the N-terminal acetyl group

does not induce significant changes in the conformation of the protein for them to be detected through

solvent exposure experiments.

However, binding of Ca2+ induced profound alterations in the protection profile of both non-acetylated

αSyn and Ac-αSyn (Figure 5.1d and e). Differences in the protection factors along the sequence

showed a significant deprotection of the C-terminal region associated with a reduction in logP val-

ues of up to 0.6, which is in stark contrast to the strong protection observed for the same region in

the absence of Ca2+, indicating a possible conformational transition. A decreased protection of the

C-terminal region as observed by faster kex rates in the presence of calcium relative to uncomplexed

protein suggests an enhanced exposure to the solvent (Figure 5.5). Interestingly, comparison between

the protection factor profiles of non-acetylated αSyn and Ac-αSyn reveals hints of a small increase

in the protection of the first 9 residues closest to the N-terminus of the acetylated protein compared

to non-acetylated αSyn. Although not sustained over all residues of this segment of the protein se-

quence, this increase in protection can be seen to extend up to residue 40, with protection gradually
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Figure 5.3: Overlay of 1H-15N HSQC spectra of Ac-αSyn in the presence of the various metal ions
tested before and after CLEANEX. Red spectra represent Ac-αSyn in combination with each metal
ion specified prior to performing CLEANEX. Spectra post-CLEANEX of Ac-αSyn in combination
with Ca2+, Cu+, Cu2+, Zn2+ and Mn2+ are coloured green. The duration of CLEANEX experiments
was approximately 18 hours. The absence of differences in cross-peak intensity and distribution in the
overlayed spectra of Ac-αSyn before and after CLEANEX confirms the monomeric integrity of the
protein and indicates that observed experimental changes are due to the interactions of Ac-αSyn with
the metals being tested, and not as a result of metal-induced protein oligomerisation in the samples
that may have occurred whilst the experiment was being performed. 1H-15N HSQC and CLEANEX
spectra were recorded at 10 ºC in 25 mM Tris in the presence of each respective metal.

decreasing along the sequence. This differential protection of the N-terminal region may be accounted

for by the acetylation of the N-terminus of αSyn.

To further investigate the conformational dynamics in a different regime, 15N relaxation was probed

as a way of identifying changes in the rigidity and conformation of the protein upon binding events

with Ca2+. Given that the protection profiles of non-acetylated αSyn and Ac-αSyn in the presence

of Ca2+ did not feature large differences, relaxation studies were recorded only on samples of Ac-

αSyn, which is thought to be the most physiologically relevant form in which αSyn is found inside

the cell. The free form of Ac-αSyn was incubated with 1 mM EDTA to remove any unwanted metal

traces from the reference sample spectrum. Comparison between the 1H-15N HSQC spectra of Ac-

αSyn in the absence and presence of EDTA failed to show any visible changes in the cross-peaks,

indicating that changes observed in the HSQC spectra of Ac-αSyn upon incubation with the different

metals considered here are indicative of specific interaction events and not artefacts caused by any

residual traces of unknown metal (Figure 5.7c and d). 15N backbone amide longitudinal and transverse

relaxation measurements were recorded to inform on the fast-dynamics of the protein in the ps-µs
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Figure 5.4: Protection factor profile of αSyn as measured by CLEANEX. a) Protection factor val-
ues of the residues along the sequence of Ac-αSyn. A strong protection of the C-terminal region is
detected in comparison to the rest of the protein. b) Overlay of the protection factor values of the
residues along the sequence of Ac-αSyn (green) and non-acetylated αSyn (black). Comparison be-
tween the protection factor profiles of Ac-αSyn and non-acetylated αSyn does not reveal significant
changes, indicating that N-terminal acetylation has no effect on the protection factor profile of free
Ac-αSyn. Dotted lines represent the interface of the different regions along the sequence of Ac-αSyn.
The different regions of Ac-αSyn are defined by a colour scheme: orange represents the N-terminal
region; green depicts the NAC; and blue illustrates the C-terminal region. Experiments were recorded
at 10 ºC using Ac-αSyn (415 µM) and non-acetylated αSyn (415 µM) in 25 mM Tris, pH 7.0.

timescale (Figure 5.6a). These were first performed on the free unbound state of Ac-αSyn. Lower R1

and R2 relaxation rates were observed at the termini relative to the rest of the protein. R1 rates showed

lower relaxation values for the C-terminal region in relation to the central segment of the protein,

which uniformly ranged between 1.5-2.1 s−1. Remarkably, the R2 relaxation rate profile seemed to be

partitioned into two plateaus, with the N-terminal region having R2 rates ranging between 5.3-7.6 s−1,

and lower relaxation values extending from the NAC to the C-terminal region, which ranged between

3.8-6.7 s−1. This indicates that Ac-αSyn is characterised by a highly flexible conformation, which

features dynamic internal motions of the NAC and C-terminal regions with increased local sampling

compared to the N-terminal portion of the protein.

Binding of Ca2+ did not show a significant alteration of the R2/R1 ratio along the protein, including of

the C-terminal region, suggesting that interaction with Ca2+ does not induce a specific conformational

exchange in the intermediate NMR timescale (µs to ms) (Figure 5.1f). It is worth noting that Ca2+

binding resulted in a small increase in the R1 values of the C-terminal region of Ac-αSyn (Figure

5.6a), which is consistent with the region showing the strongest CSPs and largest reductions in logP
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Figure 5.5: Representative example of peak intensity changes recorded with CLEANEX at different
mixing times. a) Spectrum close-ups of representative residues of Ac-αSyn in the absence (red back-
ground) and presence (blue background) of Ca2+ (Met5, Thr72 and Gln134). Higher mixing times
are seen to increase the intensity of the peaks of the residues to different extents. b) Quantitative com-
parison of the peak intensities of Met5, Thr72 and Gln134 at the different mixing times probed during
CLEANEX, in the absence (red) and presence (blue) of Ca2+. The slope of the plots is equal to the
kex of each residue, which indicates the rate of hydrogen exchange with the solvent. The intensities
were normalised by dividing the recorded peak intensity for each residue at every mixing time by the
peak intensity of that residue in a 1H-15N HSQC spectrum. Experiments were recorded at 10 ºC using
Ac-αSyn (415 µM) in the absence and presence of Ca2+ (10 mM) in 25 mM Tris, pH 7.0.

upon interaction with calcium. This was observed in the NMR spectra as an increase in linewidth

broadening, correlating with the highest reduction in intensity of the spectrum peaks of the residues

in the C-terminal tail, relative to in the absence of Ca2+. An increase in the values of R1 of the

C-terminal region may suggest restricted local motion sampling in the ns timescale and therefore a

higher degree of conformational order in this portion of the Ac-αSyn-Ca2+ complex relative to free

protein. In this way, binding of an excess of calcium to the C-terminal region may lead to a more

constricted C-terminal tail that is able to exchange with the solvent more freely. Interestingly, R2

relaxation data did not reveal changes in the rigidity of Ac-αSyn upon binding of calcium (Figure

5.6a). Of note, even though relaxation data from non-acetylated αSyn is not available in the same



170 Chapter 5. Interactions with Metal Ions

conditions for comparison, higher R1 and R2 values of the first five residues of the sequence relative to

that of the next immediate residues suggests an increased rigidity in the very first few residues, which

is consistent with an enhanced propensity for the acetylated N-terminus of αSyn to dynamically and

transiently probe helical states.
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Figure 5.6: 15N relaxation of Ac-αSyn complexed with Ca2+, Cu+ and Cu2+. a) R1 and R2 relaxation
data of Ac-αSyn in the absence (black) and presence (blue) of Ca2+. A slight increase in the R1

values of the residues of the C-terminal region can be detected, whilst no change was observed in
transverse relaxation along the sequence of Ac-αSyn. b) R1 and R2 relaxation profiles of Ac-αSyn in
the absence (black) and presence (orange) of Cu+. A slight reduction in the R1 values up to residue 15
of the N-terminal region can be detected. A strong perturbation of R2 relaxation is observed at the N-
terminus of Ac-αSyn and in the proximity of His50, which is consistent with these regions showing
the strongest CSPs. c) R1 and R2 relaxation data of Ac-αSyn in the absence (black) and presence
(turquoise) of Cu2+. No significant changes are seen in the longitudinal or transverse relaxation of
Ac-αSyn, except in the R2 values in the proximity of His50 and Asp121. Error bars represent the sum
of the fitting errors in the calculation of R1 and R2 along the series of relaxation delays. Dotted lines
represent the interface of the different regions along the sequence of Ac-αSyn. The different regions
of Ac-αSyn are defined by the following colour scheme: orange represents the N-terminal region;
green depicts the NAC; and blue illustrates the C-terminal region. Experiments were recorded at 10
ºC using Ac-αSyn (415 µM) in the absence and presence of Ca2+ (10 mM), Cu+ (85 µM) and Cu2+

(85 µM) in 25 mM Tris, pH 7.0.

Therefore, these data indicate that Ca2+ binding perturbs the conformational ensemble of αSyn by

destabilising a closed conformation featuring the transient intramolecular contacts between the N-

and C-terminal regions, and resulting in a reduction in logP in the acidic C-terminal tail.
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5.2.2 Copper

Evidence shows a strong link between copper and αSyn aggregation, which makes the molecular

mechanisms of this interaction worth studying [525, 526, 527, 319, 387, 305, 528, 284, 529]. Given

the reducing environment inside the cell, copper most likely exists in a dynamic redox state cycling

between Cu+ and Cu2+. To map the binding sites of the transient interactions of αSyn with the two

physiological oxidation sates of copper, chemical shifts of non-acetylated αSyn and Ac-αSyn in the

presence and absence of Cu+ and Cu2+ were measured. In order to ensure full reduction of Cu2+

to Cu+, an excess of 10 mM sodium ascorbate was added to the reaction. This was not found to

induce any conformational changes in αSyn, as seen by an unperturbed 1H-15N HSQC spectrum of

the protein in the presence of the reducing agent (Figure 5.7a and b).

The largest perturbations to the chemical shifts of the amino acid residues of αSyn in the presence

of copper were observed to occur in three different regions: the N-terminus, residues centred around

His50 in the N-terminal region, and the C-terminal region (Figure 5.8b). The electron spin relaxation

from the paramagnetic Cu2+ and diamagnetic Cu+ ions resulted in differential broadening of amide

proton resonances in the vicinity of the para- or diamagnetic centres by through-bond or through-

space interactions. However, it should be noted that chemical shift data for some residues in these

regions that may probably be involved in binding were missing as a result of line broadening due to

excessive paramagnetic and diamagnetic effects from Cu2+ and Cu+ ions, respectively. A low 1:5

ratio of copper to αSyn (85 µM:415 µM) was used when investigating these interactions, although

this still seemed to lead to broadening and the disappearing of specific peak signals of certain residues.

Particularly surprising was the profound effect of Cu+ complexation on the chemical shifts of the

residues of Ac-αSyn (Figure 5.8b). Whilst the chemical environment experienced by nuclei in the

C-terminal region and around His50 in Ac-αSyn was very similar to that experienced by nuclei of

non-acetylated αSyn, dramatic chemical shift deviations can be observed upon Cu+ binding at the

N-terminus. Consistently, the three regions where Cu+ and Cu2+ appear to bind are conserved in Ac-

αSyn, although the magnitude of the chemical shift differences seen for the N-terminus of Ac-αSyn

in the presence of Cu+ is drastically higher. These dramatically larger perturbations in the chemical
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Figure 5.7: Effect of addition of Na-ascorbate and EDTA on αSyn and Ac-αSyn, respectively. a)
Overlay of 1H-15N HSQC spectra of αSyn (415 µM) in the absence (green) and presence of Na-
ascorbate (10 mM) (pink). b) 1H-15N MWCS of αSyn (415 µMM) in the presence of Na-ascorbate
(10 mM), showing no significant effect in the chemical environments of the nuclei along the sequence.
This indicates that the effect seen upon addition of Cu+ (85 µM) corresponds to the binding interac-
tion of the metal ion, and not of the reducing agent used to reduce Cu2+ to Cu+. A subtle perturbation
of the chemical environment of His50 likely corresponds to a slight change in pH upon ascorbate
addition. c) Overlay of 1H-15N HSQC spectra of Ac-αSyn (415 µM) in the absence (dark blue) and
presence of EDTA (1 mM) (orange). d) MWCS of Ac-αSyn (415 µM) in the presence of EDTA
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Figure 5.7: (1 mM), showing no effect in the chemical environments of the nuclei along the protein
sequence. This indicates that there were no trace amounts of metal ions present in free Ac-αSyn
that may have influenced the effect seen upon binding of the metal ions studied. Experiments were
recorded at 10 ºC using Ac-αSyn in 25 mM Tris, pH 7.0.

shifts of the first 13 residues of the protein suggest a change in the local chemical environment of the

nuclei of this region that might represent structural motions beyond a sole metal ion binding event.

At the same time, N-terminal acetylation is associated with a small reduction in the CSPs observed at

the N-terminus upon binding of Cu2+ to Ac-αSyn, compared to non-acetylated αSyn.

To investigate how the binding of Cu+ and Cu2+ to these three localised regions might affect the

folding of the protein and its exposure to the solvent, CLEANEX experiments were recorded. As

shown in Figures 5.8c and 5.8d, no big changes can be observed in the exposure to the solvent of

non-acetylated αSyn and Ac-αSyn upon binding of Cu+. However, a small increase in 0.3 in logP

values of the protection factors of the residues in the N-terminus was observed upon Cu+ binding to

Ac-αSyn. Indeed, the protection factor of the first residue for which exchange data is available, Val3,

is almost 0.4 higher in Ac-αSyn relative to non-acetylated αSyn. The interpretation of this finding is

cumbersome because exchange data for Met1 and Asp2 are not available, most likely as a result of the

diamagnetic properties of Cu+, which induced line broadening. However, by observing the difference

in protection of 3Val, it can be envisioned that the protection factors of the two first residues closest

to the N-terminus of the protein might experience a similar enhanced protection relative to the rest

of the protein. This could therefore be indicative of a decrease in the exposure to the solvent of the

N-terminus of αSyn when Met1 is acetylated. Missing data as a result of line broadening effects,

which are also particularly noticeable in the C-terminal region of the protein, prevented the detailed

characterisation of the hydrogen exchange rate profiles of the regions involved in Cu+ binding. Subtle

fluctuations of deviations of around 0.1 in the logP values of some residues are likely to be the result

of variations in solvent conditions.

Binding of Cu2+ did not result in large changes in the protection factor profiles of either non-acetylated

or Ac-αSyn. No significant differences could be identified between the hydrogen exchange rates of

residues in Ac-αSyn relative to non-acetylated αSyn. As with complexation with Cu+, paramagnetic
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Figure 5.8: NMR analysis of copper binding to Ac-αSyn. a) Schematic depiction of the Cu2+- and
Cu+-binding sites of Ac-αSyn. The sequence of Ac-αSyn has three independent binding sites for
copper with different binding affinities: (1) the N-terminus is the high affinity binding site and is
mediated by Met1, Asp2 and Met5, which form the MDVFM binding motif. This binding site in Ac-
αSyn is highly specific for Cu+, but not Cu2+, whose binding at this site is only seen in non-acetylated
αSyn. (2) The imidazole ring of His50 constitutes the second binding site of Cu+ and Cu2+, which
bind with a lower affinity than at the N-terminus. (3) The C-terminal region corresponds to the low
affinity site of copper and has two sequence motifs responsible for copper coordination: Cu+ binding
is mediated by the sulfur atoms in Met116 and Met127, whilst Cu2+ binds to Asp119, Asp121, Gln122
and Glu123 in the DPDNEA motif spanning residues 119 and 125. Parts of the schematic coloured
in red display the segment of Ac-αSyn most affected by Cu+ and Cu2+ binding. Binding of Cu+

along the sequence of Ac-αSyn is shown by orange spheres, whilst Cu2+ coordination is displayed as
turquoise balls. b) 1H-15N MWCS of Ac-αSyn in the presence of Cu+ (orange) and Cu2+ (turquoise).
The grey box denotes the first 15 residues of Ac-αSyn. c) Change in the protection factor along
the sequence of Ac-αSyn in the presence of Cu+ (orange) and Cu2+ (turquoise) compared to free
protein. No significant alterations to the protection factors of Ac-αSyn were observed upon copper
binding, apart from a slight increase detected at the N-terminus upon Cu+ coordination. Calculated
error bars represent the fitting error in the calculation of the kex for each residue. d) Change in the
protection factor along the sequence of non-acetylated αSyn in the presence of Cu+ (orange) and
Cu2+ (turquoise) compared to free protein. e) R2/R1

15N relaxation data of Ac-αSyn in the absence
(black) and presence of Cu+ (orange) and Cu2+ (turquoise). An increase in the R2/R1 values of
the residues in the N-terminus and in the proximity of His50 upon Cu2+ coordination indicates that
interaction with Cu+ induces a conformational exchange in the intermediate timescale. Binding of
Cu2+ did not induce in significant changes in R2/R1 values, except in proximity of His50 and Asp121.
Error bars represent the sum of the fitting errors in the calculation of R1 and R2 along the series of
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Figure 5.8: relaxation delays. Dotted lines represent the interface of the different regions along the
sequence of Ac-αSyn. Binding of copper in both oxidation states showed paramagnetic broadening
in the C-terminal region, which made the interpretation of the solvent exposure properties of this
segment of Ac-αSyn challenging. Binding data from Cu+ and Cu2+ are displayed in orange and
turquoise, respectively. The different regions of Ac-αSyn are defined by the following colour scheme:
orange represents the N-terminal region; green depicts the NAC; and blue illustrates the C-terminal
region. Experiments were recorded at 10 ºC using Ac-αSyn (415 µM) in the absence and presence of
Cu+ or Cu2+ (85 µM) in 25 mM Tris, pH 7.0.

effects and large fitting error led to missing data particularly in the C-terminal region, which made

interpretation difficult of the solvent exposure of this segment of the protein. Overall, binding of

copper in both oxidation states did not induce large changes in the protection of the residues of either

non-acetylated or Ac-αSyn against hydrogen exchange with the solvent.

Fast motion R1 and R2 relaxation dynamics were measured with the aim of studying transient con-

formational changes and local motions that may result from the binding of copper (Figure 5.8e, and

5.6b and c). As with calcium, relaxation experiments were recorded using Ac-αSyn, and not non-

acetylated αSyn, given their similar solvent protection factor profiles. Particularly remarkable was

the difference observed upon complexation of Cu+ in the R1 and R2 values of the N-terminus (Figure

5.6b). Analysis of the relaxation properties of αSyn in the presence of Cu+ revealed a strong increase

in R2/R1 values in the N-terminus and, to a lesser extent, in the proximity of His50 (Figure 5.8e), in-

dicating that interaction with Cu+ induced a conformational exchange in the intermediate timescale.

Binding of Cu+ also induced a significant increase in the R2 values of the residues in the N-terminus

of Ac-αSyn up to around residue 15, compared to free protein, suggesting a large structural rear-

rangement. This alteration in the relaxation properties of these regions is consistent with the strong

CSPs observed and the small increase in protection factor values detected for the N-terminus.

R1 relaxation showed a small perturbation in the dynamics of the N-terminus of the protein too, with

a reduction in the R1 values compared to free protein. Indeed, no large deviations were observed in

the R1 and R2 relaxation values along the rest of the protein, suggesting that this striking difference in

N-terminal dynamics upon Cu+ binding is a result of a localised, specific interaction (Figure 5.6b). A

small increase in the R2 values in the region around His50 upon binding of Cu+ might also suggest an
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increased degree of rigidity, although the fact that it is only two isolated amino acid residues the ones

presenting higher R2 values within a local region that possesses lower relaxation rates urges caution

on the interpretation of this finding. A generally faster R1 as seen throughout the whole sequence

of Ac-αSyn when complexed with Cu+ may be explained by diamagnetic effects in the solvent that

might affect relaxation rates of the whole polypeptide.

Interestingly, no remarkable changes were observed in relaxation measurements of Ac-αSyn in the

presence of Cu2+ (Figure 5.6c and 5.8e). Whilst complexation with Cu2+ did not induce changes in

the dynamics of the protein detectable in the ps-ns timescale by R1 relaxation experiments, a higher

R2 value for residue His50 and Asp121 might raise the question of whether this might suggest a higher

restricted structural sampling in these two regions, which have been shown to be copper binding sites.

However, the fact that these are two isolated data points argues against the robustness of this proposed

mechanism.
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5.2.3 Zinc

Analysis of the chemical shifts corresponding to the residues of non-acetylated αSyn and Ac-αSyn in

the presence of Zn2+ identified the largest CSPs around residue H50 and the C-terminal region, with

the largest differences centred around Asp121 (Figure 5.9a and c). These data therefore identified

two binding sites for Zn2+ involving His50 in the far N-terminal region and Asp121 in the C-terminal

region, which are in agreement with previous studies on the binding mode of Zn2+ with αSyn [309].

No changes were observed upon comparison of the CSP pattern of non-acetylated αSyn and Ac-αSyn

as a result of acetylation.

In a similar way to calcium, addition of an excess of Zn2+ induced a large reduction in the logP values

of up to 0.5 in the protection factors of the residues in the C-terminal region (Figure 5.9d and e). Zinc

therefore seems to induce the deprotection of the C-terminal tail and thus enhance its exposure to the

solvent. This corresponds to a remarkable difference compared to the uncomplexed protection profile

of both non-acetylated αSyn and Ac-αSyn. In terms of the N-terminal region, a small increase in the

protection of residues against solvent exposure can be observed along the entirety of the N-terminal

segment up to the NAC region, with protection gradually decreasing along the sequence. While this

can also be seen in the protection profile of non-acetylated αSyn, this effect seems to be attenuated

in the absence of N-terminal acetylation. This small increase in protection is followed by a subtle

reduction, which coincides with the start of the NAC region, and which then extends to the larger

extent of exposure observed over the whole C-terminal region.

The dynamics of Ac-αSyn complexed with Zn2+ were then probed by recording R1 and R2, with the

aim of shining light on possible local conformational transition events that may take place in the fast

regime to allow the deprotection of the C-terminal region. 15N relaxation measurements were carried

out using only Ac-αSyn, as a representation of the most physiologically available form of αSyn.

Binding of Zn2+ was found to strongly perturb the relaxation properties of αSyn, with significant

alterations of R2/R1 in the proximity of His50 and Asp121, indicating conformational exchange in the

intermediate timescale in these regions (Figure 5.9f). These data are in agreement with a large increase

in the R2 values of these two localised regions upon Zn2+ binding (Figure 5.10a). Higher R2 values
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Figure 5.9: NMR analysis of Zn2+ binding to Ac-αSyn. a) Overlay of 1H-15N HSQC spectra of Ac-
αSyn in the absence (red) and presence of Zn2+ (grey). The close-up of the spectra shows some of
the most representative affected residues. b) Schematic depicting the Zn2+-binding properties of Ac-
αSyn. The sequence of αSyn displays two binding sites for Zn2+: (1) His50 in the N-terminal region
as part of the motif VVHGV between residues 48 and 52; and (2) the C-terminal region involving
Asp119, Asp121, Gln122 and Glu123 within the sequence motif DPDNEA spanning residues 119 and
125. Binding of Zn2+ at these binding sites is represented as grey spheres. Red displays the segments
of Ac-αSyn most affected by Zn2+ binding. c) 1H-15N MWCS of Ac-αSyn in the presence of Zn2+.
The grey box denotes the first 15 residues of Ac-αSyn. MWCS data for the strong perturbation
detected at Asp121 reached 0.086 but was capped at 0.07 to allow the unbiased interpretation of the
data for the different residues involved in the interaction with Zn2+. d) Change in the protection factor
along the sequence of Ac-αSyn in the presence of Zn2+ compared to free protein, as a measure of
amide backbone hydrogen exchange. A negative change in protection factor illustrates an enhanced
solvent exchange of the residues in the C-terminal region of Ac-αSyn. Calculated error bars represent
the fitting error in the calculation of the kex for each residue. e) Change in the protection factor
along the sequence of non-acetylated αSyn in the presence of Zn2+ compared to free protein. f)
R2/R1

15N relaxation data of Ac-αSyn in the absence (black) and presence (grey) of Zn2+. A strong
perturbation of the R2/R1 relaxation properties of Ac-αSyn in the proximity of His50 and Asp121
indicate a conformational exchange in the intermediate NMR timescale. Error bars represent the sum
of the fitting errors in the calculation of R1 and R2 along the series of relaxation delays. Dotted lines
represent the interface of the different regions along the sequence of Ac-αSyn. The different regions
of Ac-αSyn are defined by the following colour scheme: orange represents the N-terminal region;
green depicts the NAC; and blue illustrates the C-terminal region. Experiments were recorded at 10
ºC using Ac-αSyn (415 µM) in the absence and presence of Zn2+ (2.1 mM) in 25 mM Tris, pH 7.0.
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are indicative of a faster loss of magnetisation, which translates into a shorter-lived FID and broader

spectrum peaks. This shows that these two regions experience an enhanced conformational ordering

compared to the rest of the protein and therefore suggests the existence of a local conformational

change upon Zn2+ binding. These findings are consistent with these regions showing the strongest

perturbations in chemical shifts and largest reduction in the protection factors of the C-terminal region.

This enhanced restriction in the local sampling of the C-terminal region is therefore coupled with a

higher exposure to the solvent observed upon coordination to Zn2+. However, it should be noted that

the increased rigidity experienced by the region around residue H50 cannot be explained by the results

from the CLEANEX studies, which fail to show an apparent change in hydrogen exchange rates of this

segment of the protein, and therefore solvent exposure. Interestingly, longitudinal relaxation values

probing for faster motions in the subnanosecond time regime were unperturbed upon the addition of

Zn2+, as shown in Figure 5.10a.
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Figure 5.10: 15N relaxation of Ac-αSyn complexed with Zn2+ and Mn2+. a) R1 and R2 relaxation
profiles of Ac-αSyn in the absence (black) and presence (grey) of Zn2+. No significant changes are
detected in the R1 values of Ac-αSyn. However, a strong perturbation in the transverse relaxation of
the regions around His50 and Asp121 can be detected, indicative of a conformational exchange. This
is consistent with these regions showing the largest CSPs and a reduction in logP at the C-terminal
region. b) R1 and R2 relaxation data of Ac-αSyn in the absence (black) and presence (grey) of Mn2+.
It is worth noting that a the general reduction in R1 values except for those of the C-terminal region
may be induced by Mn2+ as a result of the paramagnetic effect on the Ac-αSyn resonances. A slight
increase in the R2 values of the residues 100-120 of the C-terminal region can be detected. Extensive
line broadening in the relaxation spectra of Ac-αSyn as a result of the strong paramagnetic properties
of Mn2+ allowed only the measurement of the R1 and R2 values of a few residues in the C-terminal
region of Ac-αSyn. Error bars represent the sum of the fitting errors in the calculation of R1 and
R2 along the series of relaxation delays. Dotted lines represent the interface of the different regions
along the sequence of Ac-αSyn. The different regions of Ac-αSyn are defined by the following colour
scheme: orange represents the N-terminal region; green depicts the NAC; and blue illustrates the C-
terminal region. Experiments were recorded at 10 ºC using Ac-αSyn (415 µM) in the absence and
presence of Zn2+ (2.1 mM) and Mn2+ (55 µM) in 25 mM Tris, pH 7.0.
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5.2.4 Manganese

As with the other metals reported in this Chapter, chemical shift data was extracted from 1H-15N

HSQCs recorded of non-acetylated αSyn and Ac-αSyn in the presence of Mn2+ to characterise the

binding site of Mn2+ on the sequence of αSyn (Figure 5.11b). Even though an incubation ratio of

1:7.5 (55 µM Mn2+ to 415 µM αSyn) was used, extensive line broadening was observed in the spectra

of non-acetylated αSyn and Ac-αSyn upon incubation with manganese as a result of the metal’s

paramagnetic properties. As shown, the C-terminal tail of αSyn is the only region where significant

perturbations to the chemical shifts of the amino acids were recorded. Together with the fact that

the largest extent of peak broadening leading to the disappearing of peaks occurred in this region,

suggests that the C-terminal region may be the only binding site of Mn2+ in αSyn. No differences

were seen in terms of the localisation of major CSPs in Ac-αSyn compared to non-acetylated αSyn. A

slightly larger number of data points revealing disturbances in the chemical shifts of residues of the C-

terminal region of non-acetylated αSyn compared to Ac-αSyn is most likely the result of experimental

variation, and not of a decrease in the binding of Mn2+ resulting in less linewidth broadening.

Measurement of hydrogen exchange along the sequence of non-acetylated αSyn and Ac-αSyn in the

presence of Mn2+ was again hindered by strong broadening effects of the resonances of the residues in

the vicinity of the binding site (Figure 5.11c and d). Consistent with chemical shift results, the largest

number of missing peaks concentrates at the C-terminal region. It is therefore particularly challeng-

ing to make conclusive judgements on the effect of Mn2+ on the hydration sphere and folding of

the protein. However, the recorded data suggest a general lack of perturbation to the local solvent ex-

change of the residues of non-acetylated αSyn and Ac-αSyn as shown by the unambiguously uniform

protection factor profiles.

Relaxation of αSyn was measured to probe any effect on fast backbone dynamics of the binding of

Mn2+ that may not be detected in slower protein motional samplings as measured with amide hy-

drogen exchange. In the same way as with the other metals discussed in this Chapter, relaxation

experiments were only measured on Ac-αSyn. Interestingly, enhanced R2/R1 values were observed

in residues M1, G25, A27, G36, G51, Q99, L100, G101, K102, N103, E104, E105, A107, E110,
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Figure 5.11: NMR analysis of Mn2+ binding to Ac-αSyn. a) Schematic depiction of the Mn2+-
binding properties of Ac-αSyn. The C-terminal region features a low affinity and non-specific metal
binding site featuring the DPDNEA sequence motif between residues 119 and 125. Mn2+ binding at
the C-terminal region is represented by purple spheres. Red displays the segment of Ac-αSyn most
affected by Mn2+ binding. b) 1H-15N MWCS of Ac-αSyn in the presence of Mn2+. The grey box
denotes the first 15 residues of Ac-αSyn. c) Change in the protection factor along the sequence of
Ac-αSyn in the presence of Mn2+ compared to free protein. Protection factor data are only available
for a few residues as a result of broadening effects, although no perturbation to the local solvent
exchange is observed in those residues for which data are present. Calculated error bars represent the
fitting error in the calculation of the kex for each residue. d) Change in the protection factor along
the sequence of non-acetylated αSyn in the presence of Mn2+ compared to free protein. e) R2/R1
15N relaxation data of Ac-αSyn in the absence (black) and presence (purple) of Mn2+. Enhanced
R2/R1 values can be observed in some residues located in the mid N-terminal segment and C-terminal
region of Ac-αSyn. Error bars represent the sum of the fitting errors in the calculation of R1 and
R2 along the series of relaxation delays. Dotted lines represent the interface of the different regions
along the sequence of Ac-αSyn. Extensive line broadening was observed in the spectra recorded
of Ac-αSyn in the presence of Mn2+ as a result of the metal’s paramagnetic properties, making the
detailed interpretation of the residues involved in the interaction challenging. The different regions
of Ac-αSyn are defined by the following colour scheme: orange represents the N-terminal region;
green depicts the NAC; and blue illustrates the C-terminal region. Experiments were recorded at 10
ºC using Ac-αSyn (415 µM) in the absence and presence of Mn2+ (55 µM) in 25 mM Tris, pH 7.0.
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G111 and I112 along the protein (Figure 5.11e). Fast motion R1 data showed a generalised decrease

in the relaxation values along almost the entirety of the protein sequence up to approximately residue

95 (Figure 5.10b). It is worth noting that this effect is believed to have probably been caused by

paramagnetic effects, which may have influenced R2/R1 values. However, the same effect was not

observed in R2 relaxation data (Figure 5.10b). Particularly intriguing are the relaxation properties of

the C-terminal region in both measures of dynamics. Complexation with Mn2+ resulted in a small

increase in the R2 relaxation rates of this region, suggesting a higher degree of internal motion restric-

tion. Whilst this effect is not as apparent from R1 relaxation rates of the residues of the C-terminal

region, the generalised decrease in R1 values seen along the polypeptide chain up to residue 95 is

not observed in the C-terminal portion of the protein, which might hint at a small conformational

transition in the fast NMR timescale being induced by Mn2+ in this region.

5.3 Discussion

Transient intramolecular long-range contacts between the C-terminal and N-terminal regions, as well

as the C-terminal region and the NAC maintain αSyn in its soluble monomeric form [288, 530, 531,

41, 385, 532, 533, 534, 535, 40]. Alteration of these interactions can lead to conformational transitions

which can have an influence in the aggregation propensity of αSyn. Despite extensive evidence, the

underlying mechanisms linking metal dyshomeostasis and the neurotoxicity of PD are not fully under-

stood and remain strongly debated. In this Chapter, I have provided a detailed exploration of structural

probes using CSPs, hydrogen exchange and 15N relaxation dynamics of αSyn in the presence of vari-

ous metal ions, to assess structural transitions that may disrupt the long-range intramolecular contacts

and skew the distribution of the dynamic conformational ensemble.

Chemical shift data collected from 1H-15N HSQC experiments of αSyn in the presence of Ca2+, Zn2+,

Cu+, Cu2+ and Mn2+ identified perturbations in three localised sites along the sequence of the protein

that seemed to be shared by the different metal ions investigated: (1) the very first few residues of

the N-terminal region, (2) His50 in the N-terminal region and the surrounding residues and (3) the C-

terminal region. The large CSPs observed in these regions are the result of direct interactions between

the metal ions and αSyn and can therefore be described as the metal ion binding sites.
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Consistent with previous studies of metal ion binding to αSyn, copper interacts with the protein at

the three sites identified here with different affinities [285]. In particular, the first few residues of the

N-terminal region constitute the high affinity binding site for Cu+ and Cu2+ in non-acetylated αSyn,

where the motif MDVFM has been shown to be a key structural determinant for copper binding

[284]. Binding of copper to His50 and the C-terminal region of αSyn is also well documented in

the literature, with the binding affinity for the identified binding sites here is (1)>(2)>(3) [284, 285].

To explain this binding mode, the formation of a macrochelate has been widely speculated [536,

537], in which Cu2+ would coordinate the intramolecular binding of the imidazole nitrogen from

His50 to the N-terminal binding site. However, recent efforts have shown that this is highly unlikely,

probably as a result of the significant ordering necessary across 50 residues. Instead, the formation of

a ternary complex involving the binding of the N-terminus to the His50 of a second αSyn molecule,

mediated by the coordination of a Cu2+ ion, has been suggested to be possible but only at high protein

concentrations [538].

CSP analysis also identified His50 as an anchoring site for Zn2+ coordination. These findings suggest

a particularly important role for the imidazole ring of His50 as a metal anchoring group for Cu+,

Cu2+ and Zn2+, which may be especially relevant in disease. One of the missense genetic mutations

in the SNCA gene associated with the development of familial PD corresponds to H50Q [60, 59, 539],

which has been shown to accelerate αSyn fibrillation in vitro [540] whilst compromising its solubility

[541]. In a study using CD and NMR aimed at characterising the pathological implications of the

H50Q mutation, Khalaf et. al found that this familial variant did not have an effect on either the

structure of the free or membrane-bound state of the αSyn monomer, nor did it affect its ability to

interact with metals or the formation of the long-range intramolecular interactions observed in αSyn

[542]. However, they identified an increase in aggregation in vitro, compared to wild-type αSyn.

Whilst upon binding of Cu2+ the His50 coordination site was lost, as illustrated by a lack of peak

broadening in NMR, the N- and C-terminal binding sites were conserved in a similar way to that

of the wild-type protein. Of note, they also observed an increase in the secretion of αSyn from

SHSY5Y cells into the culture medium, as well as exogenous toxicity compared to wild-type αSyn
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[542]. Consistently, another group investigating the role of H50Q in the binding of Cu2+ to αSyn

demonstrated a loss of copper coordination at this binding site, whilst binding to the N-terminal site

was conserved [59]. H50Q mutation did not appear to impair copper binding, which suggests that

His50 is not an essential anchoring residue for Cu2+ and highlights the role of the N-terminus as a

high affinity binding site. Interestingly, mutation of His to Gln at position 50 in Ac-αSyn resulted in

a compromised binding ability of Cu2+ [543], indicating a secondary role for His50 in the binding

of Cu2+ that becomes essential when αSyn is N-terminally acetylated, which lacks the high affinity

N-terminal Cu2+ binding site [283, 543]. These results highlight the importance of the N-terminal

and His50 binding sites for Cu2+ and suggest that the low affinity binding site at the C-terminal region

has little effect in preserving Cu2+ coordination.

Particularly intriguing are the findings from Villar-Pique et al., who investigated the effect of Cu2+

on the aggregation propensity of a panel of αSyn pathological mutations, as well as wild-type αSyn

[544]. They found that in the presence of Cu2+, H50Q is the only mutant that results in the formation

of aggregates and even showed an enhanced propensity to form fibrils compared to wild-type αSyn.

These findings suggest that conformational transitions leading to self-assembly may follow a different

misfolding mechanism in H50Q αSyn compared to the wild-type protein. Although the reason for

this difference in aggregation propensity escapes our knowledge, it has been proposed that the spatial

localisation of His50 around the centre of the protein sequence may favour β-sheet nucleation [545].

Another possibility may involve an enhanced flexibility of the C-terminal region observed in the

H50Q mutant, which could affect the Cu2+-binding properties of this segment of the protein and

affect aggregation kinetics [546].

The induction of transient conformational changes in the structure of αSyn as a result of metal bind-

ing may lead to a shift in the conformational ensemble of the protein [547]. By using electrospray

ionisation-ion mobility spectrometry-mass spectrometry, Mason et al. found that binding of Cu2+

to non-acetylated αSyn results in an enhanced occupation of compact conformational states that may

show an increased aggregation propensity [543, 430]. Binding of Cu2+ to non-acetylated H50Q αSyn

resulted in the same conformational population distribution, suggesting that H50 does not play an im-
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portant role in the shifting of αSyn to a more compact conformation. This conformational shift was

not observed upon acetylation of the H50Q mutant, which instead resulted in an impaired ability to

bind Cu2+ and a higher populational occupation of extended conformational states. Consistently, by

studying aggregation kinetics using thioflavin T, αSyn bearing the H50Q mutation showed a higher

aggregation propensity than the wild-type protein, which further increased in the presence of Cu2+.

In contrast, acetylated H50Q αSyn demonstrated the same enhancement in aggregation kinetics as

the non-acetylated mutant, with no change upon Cu2+ binding [543].

Particularly interesting is the role of the C-terminal region in metal binding. All metals investigated

here interacted with the C-terminal region, with some to a larger extent than others. Given the high

net negative charge of this αSyn segment, it is not surprising that positively charged metal ions may

interact with this region of the protein. Indeed, the C-terminal region is commonly described as a “sink

for metal ions” for its ability to electrostatically attract cations. Nonspecific electrostatic interactions

are probably responsible for attracting metal ions to the close proximity of the C-terminal region of

αSyn in the first instance, although specific interactions with certain amino acid residues may account

for the differences in magnitude observed in the CSPs caused by the different metal ions. Binding

of Cu+ and Cu2+ only produce modest perturbations to the chemical shifts of the C-terminal region

compared to those observed upon binding of Ca2+, Zn2+ and Mn2+. Whilst the smaller magnitude

in CSPs of the affected C-terminal residues may be a result of the smaller ratios of incubation used

in the presence of copper compared to an excess of Ca2+ and Zn2+, the C-terminal region has been

shown to correspond to the binding site to which copper binds with the least affinity [95, 93].

Different binding modes have been described for the different metal ions studied at the C-terminal

binding site, which could translate into different structural consequences. For instance, Cu+ specifi-

cally binds to Met116 and Met127 [285], whilst Cu2+ appears to interact nonspecifically with nega-

tively charged residues at the C-terminal region [528]. In contrast, Zn2+ was observed to specifically

interact with the negatively charged Asp121, whose cross-peak experienced a large shift in chemical

environment in the presence of Zn2+, as well as with Ser129 and Glu137 to a lesser extent. Binding

of Ca2+ and Mn2+, on the other hand, led to perturbations in the chemical shifts of the cross-peaks



5.3. Discussion 187

of several acidic residues, including Asp115, Asp119, Asp121, Glu123, Ser129, Glu137 and Glu139,

which indicates a multitude of binding partners that are responsible for metal ion coordination. These

findings are in agreement with previous studies that have suggested that certain cations like Ca2+ may

bind to multiple sites along the C-terminal region via electrostatic contacts in a series of weak binding

modes, as opposed to a tight binding interaction with specific amino acid residues. This is in line with

the physiologically relevant interaction between αSyn and Ca2+ [37], where transient binding to the

C-terminal region enhances the membrane binding ability of the C-terminal tail, which seems to be

essential for the role of αSyn in vesicle trafficking at the pre-synaptic terminal.

Acetylation of the N-terminus of αSyn is believed to be ubiquitously found in vivo [99], which makes

studying the interaction of metal ions with both non-acetylated and acetylated αSyn imperative. Given

that N-terminal acetylation has been shown to enhance the sampling of α-helical conformations of the

N-terminus of αSyn, the largest changes in metal ion binding upon N-terminal acetylation were ex-

pected to involve those cations interacting with the N-terminal region. Indeed, no significant changes

were detected in the CSP profiles of Ac-αSyn upon binding of Ca2+, Zn2+ and Mn2+ compared to

upon binding to non-acetylated αSyn, indicating that acetylation at the N-terminus does not have

long-range effects by affecting the binding to these metals in the mid-N-terminal and C-terminal re-

gions. In contrast, the dramatic increase in CSPs observed upon binding of Cu+ to the high affinity

N-terminus binding site in Ac-αSyn is in agreement with previous findings reporting a profound con-

formational change of the first N-terminal residues upon coordination with Cu+, which corresponds to

the stabilisation of an α-helical conformation at this binding site [95]. This highlights the importance

of studying the physiological and pathological implications of N-terminal acetylation of αSyn.

An increase in the number of cross-peaks of residues at the N-terminus was observed in the recorded

1H-15N HSQC spectra upon incubation of Cu2+ with Ac-αSyn compared to non-acetylated αSyn,

which indicated a reduction in the binding at the N-terminus associated with N-terminal acetylation.

This is consistent with an observed loss of binding of Cu2+ to the N-terminal binding site in Ac-αSyn

in vitro, together with a perturbation in metal-induced conformational transitions [283, 543]. This is

in agreement with ThT aggregation assays, which show an enhancement in fibrillation kinetics for
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non-acetylated αSyn in the presence of equimolar concentrations of Cu2+ in vitro [328, 548], whilst

much higher stoichiometric levels are required to modulate Ac-αSyn aggregation [283]. In turn, the

increase in CSPs of the residues of the C-terminal region of αSyn may account for an increased

availability of Cu2+ for binding at this site upon N-terminal acetylation.

Hydrogen-hydrogen exchange was measured to probe the extent of solvent exposure of the regions

of αSyn upon metal ion binding, to gain further insights into changes to the protein’s intramolecu-

lar long-range contacts. Previous CLEANEX analyses involving αSyn confirmed that the chemical

exchange of the residues follows an EX2 exchange regime with a dependence on pH [549, 550]. In

addition, previous measurements of proton exchange of αSyn with the solvent water in E. coli have

shown that the cellular environment does not alter the rates of exchange and that the structural dis-

order of the protein persists inside the crowded cellular interior [551]. By measuring the rates of

amide hydrogen exchange, protection factors of the individual residues along αSyn could therefore

be determined. Backbone amide exchange is indeed specifically sensitive to slow backbone dynamics

in proteins and perturbations in this process can provide evidence of key conformational changes in

IDPs.

An enhanced protection of the N-terminal region of free non-acetylated and Ac-αSyn was not ob-

served, which would have been expected to compensate the strong protection recorded of the C-

terminal region against hydrogen exchange with the solvent. This was also the case in [552], whilst

another group investigating the effect of pH on hydrogen exchange of αSyn observed a higher pro-

tection for the residues at the N-terminus that is consistent with the proposed model of long-range

intramolecular contacts [549]. Two reasons may explain the observation of a lack of an unshielded

N-terminal, together with a protected C-terminal region: (1) The high concentration of residues with

rapidly exchanging hydroxyl and amine side chains in the N-terminus (Lys (15), Thr (10) and Ser

(3)) may be causing some of the solvent dephasing to be transferred by hydrogen exchange and then

to other residues in the vicinity through NOEs, effectively increasing the apparent exchange rates

and reducing relaxation times [553, 554]; (2) the high density of negative charges in the C-terminal

region may be increasing the pH of the microenvironment in the vicinity of the protein in relation to
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the bulk solution, whilst also shielding that region from reactive H3O+ an OH− ions that are known

to catalyse hydrogen exchange reactions in the absence of salt in the buffer, as is the case with the

reported experiments in this Chapter [555, 556].

Additionally, the low ionic strength of the solution buffer may have contributed to an electrostatic-

mediated enhancement of the protection of the amide protons at the acidic C-terminal domain. Indeed,

a high salt content was shown to lead to an increase in the hydrogen exchange rates throughout the

sequence of αSyn, whilst residue chemical shifts were unaffected, suggesting that the high protection

observed at the C-terminal region at low ionic strength may partly be a result of the high density of

unshielded charges and not of conformational exchange [552]. In line with the results from Okazaki et

al., hydrogen exchange data presented here failed at identifying a higher protection at the NAC region,

despite long-range contacts between this segment and the C-terminal tail having previously been

reported [40, 41]. Local regions featuring a high concentration of residues with rapidly exchanging

side chains may account for small fluctuations observed in protection along the protein sequence,

as seen between residues 35-50. The fact that no significant differences were observed between the

protection factor profiles of non-acetylated αSyn and Ac-αSyn strengthens the assumption that the

observed hydrogen exchange rates for the N-terminal region are a result of fast amide proton exchange

and not of conformational exchange.

Aberrant interactions following an unbalance in the homeostasis of metal ions has been linked to

cellular toxicity and especially αSyn aggregation and faster fibrillation kinetics. As observed in the

results of this study, different metal ions have different effects in the hydrogen exchange profiles of

αSyn. This finding suggests that, although all metal ions probed here have been shown to accelerate

aggregation of αSyn in previous studies [528, 306, 304, 300, 91, 529, 428, 319, 36], multiple mecha-

nisms may exist depending on the nature of the metal ion involved that lead to a final shared outcome

of an increase in αSyn aggregation. Binding of Ca2+ and Zn2+ seem to cause a strong deprotection of

the C-terminus, which was also coupled with a small increase in the protection of the N-terminal re-

gion in Ac-αSyn. This observed deprotection is most likely a result of the disruption of the long-range

contacts between the C-terminal and N-terminal regions, following the charge neutralisation of the
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negative charges of the C-terminal tail. This collapse in the intramolecular interactions may lead to

the release of the N-terminal region, which may promote an enhanced transient sampling of α-helical

conformations in Ac-αSyn and a resulting increase in protection from exchange. This is in line with

a gradual reduction in protection enhancement seen along the sequence as distance from the acety-

lated N-terminus increases. A reduction in the electrostatic repulsion upon Ca2+ binding may also

result at the same time in enhanced intra- and intermolecular hydrophobic interactions between the

C-terminal region and the NAC, which have previously been shown to constitute aggregation-prone

conformations [533, 430, 557, 558, 559].

The N-terminus of non-acetylated αSyn was observed to be marginally exposed by -0.1 logP upon

binding of Ca2+, whilst a small enhancement of the protection of the N-terminus was detected in

Ac-αSyn upon Ca2+ binding. These data are in apparent contrast with previous mass spectrometry

analyses [91], which used a combination of H/D exchange- and native nano electrospray ionisation-

mass spectrometry to study intramolecular contacts within αSyn. An increase in solvent exposure

of the N-terminal region of non-acetylated αSyn was instead observed upon Ca2+ binding, together

with the release of long-range contacts with the C-terminal tail [91]. However, both strategies –

CLEANEX and H/D exchange-mass spectrometry – together indicate that calcium binding disrupts

the electrostatically-driven transient interactions between the N-terminal and C-terminal regions of

αSyn [41]. Indeed, they also found that different αSyn mutants and PTMs together influence the

extent of N-terminal exposure and the distribution of the conformational ensemble of αSyn species

[91], which are both main determinants of protein aggregation propensity.

Stephens et al. also indicated that aggregation propensity of αSyn upon Ca2+ binding cannot be ex-

plained by a sole charge neutralisation effect at the C-terminal region, as wild-type and familial αSyn

mutants, which all happen in the N-terminal region, have different aggregation kinetics [91]. Rather,

these findings suggest that the increased propensity to aggregate may be the result of altered and

different long-range interactions with the C-terminus, given that it is the residues in the N-terminal

region which may undergo mutation the ones interacting with the calcium-binding regions in the C-

terminal tail. This is consistent with other studies, which observed differences in the aggregation
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kinetics of αSyn after altering the sequence and binding properties of the N-terminal region, sup-

porting the hypothesis that this portion of the protein plays a key role in modulating self-assembly

[560, 561, 562, 563, 564, 565]. Indeed, the formation of altered long-range interactions in mutant

variants compared to wild-type αSyn has been widely reported [40, 566, 567, 568, 329].

In contrast to the enhanced hydrogen exchange rates observed at the C-terminal region upon binding

of Ca2+ and Zn2+, Cu+ binding results in a slight increase in the protection of the N-terminus of

Ac-αSyn, relative to non-acetylated αSyn. Looking at these data together, this may indicate that

an enhanced protection in the N-terminal region, either as a result of a direct binding event as is

the case with Cu+, or through a disruption of long-range interactions as seen with Ca2+ and Zn2+,

may correspond to a key initial step towards an altered misfolding pathway that favours αSyn self-

aggregation.

To understand how changes in the protection factor profile of αSyn in the presence of metal ions

correlate with fast protein dynamics, 15N relaxation experiments were recorded. A small increase

in R1 relaxation rates of the residues at the C-terminal region of Ac-αSyn in the presence of Ca2+

was detected, suggesting an increase in conformational order in the ns timescale. The collapse of the

electrostatic contacts with the net positively charged N-terminal region as a result of negative charge

neutralisation leads to the release of the C-terminal tail, which may experience an enhanced motional

restriction as it wraps around the bound Ca2+ ions whilst trying to bring interacting residues closer

together in space to aid in metal ion coordination. This, in turn, leads to an increase in exposure to the

solvent, allowing C-terminal amide protons to exchange with the solvent more freely. This proposed

model accounts for a deprotection of the C-terminal region, whilst accommodating for an increase

in conformational order. An enhanced exposure of the N-terminal and NAC regions upon disruption

of long-range contacts was, however, not observed. This is in contrast to previous studies that report

a structural transition of αSyn into an ensemble of extended conformations where the exposure of

the NAC region seems a key event in promoting aggregation [569]. The binding of Ca2+ to αSyn

has been described to follow positive cooperativity, which suggests that the main driving force in this

interaction may not be a sole charge and electrostatic attraction, but rather hints at a specific binding
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mode [91].

However, the fact that no changes were observed in the R2/R1 values of the residues of the C-terminal

region upon binding of Ca2+ indicates a conformational transition which may not happen in the inter-

mediate timescale. Consistently, enhanced R2 rates detected along the N-terminal and NAC regions in

both the presence and absence of Ca2+ suggests the existence of residual structure corresponding to

slower transient motions as the conformational ensemble probed is skewed towards α-helical struc-

tures in Ac-αSyn. This is in line with the expected absence of an effect of calcium binding on the

ability of the N-terminus to sample α-helical conformations, as data from CSPs did not suggest the

existence of a binding site for Ca2+ in this region.

Interestingly, the results presented in this Chapter indicate that alterations in the local dynamics may

not always be coupled to changes in the local exposure to the solvent. Indeed, changes in the local

dynamics are seen to correlate with altered solvent exposure upon binding of Ca2+ and Zn2+ to the

C-terminal region, but not upon binding of Zn2+ to His50 in the far N-terminal region. Even though

binding of Zn2+ leads to a deprotection of the C-terminal region in non-acetylated and Ac-αSyn in

the same way as Ca2+, backbone dynamics greatly differs upon binding of the two divalent cations.

Whilst R1 relaxation rates of Ac-αSyn were found to be unperturbed upon binding of Zn2+, R2/R1

and R1 values experienced a significant increase in the two regions of Ac-αSyn corresponding to the

binding sites of Zn2+. This finding is especially remarkable not only because of an increase in rigidity

observed around residues His50 and Asp121, but because these two regions correlate with the binding

sites of Zn2+ but not with changes in the local protection factors of αSyn. This therefore suggests that

changes in the hydrogen exchange rates along the protein may be, at least to some extent, uncoupled

to conformational transitions that may occur upon metal binding. The fact that a conformational

transition is not accompanied by changes in solvent exposure may be the result of differences in the

flexibility of the different regions of the protein. The termini, which form intramolecular contacts,

may have a higher inherent flexibility compared to the central part of the polypeptide, which is thought

to be mostly solvent protected and the least dynamic segment of the protein.
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The fact that Zn2+ specifically binds to His50 and Asp121 [309] in αSyn may suggest the formation

of a coordination mode involving neighbouring residues, which would impose a certain degree of

entropic penalty to allow their proximity in space. This may especially be the case regarding binding

to His50. Coordination to the C-terminal Asp121 may follow a similar mechanism to that proposed

for Ca2+: Neutralisation of the strong net negative charge of Asp121, which is centrally located in the

C-terminal region, as well as of other acidic residues which Zn2+ may loosely interact with, may alter

the long-range contacts with the N-terminal region. This disruption in the electrostatic contacts may,

in turn, induce a transient restriction of local motion sampling, as residues of the C-terminal tail come

in close proximity to coordinate Zn2+. In this case, a deprotection of the C-terminal region as that seen

upon binding of Ca2+ may not effectively involve changes in the solvent exposure of the N-terminal

region as a result of the different binding mode of Zn2+, which is localised around Asp121, compared

to Ca2+, which binds at multiple sites along the entire stretch of acidic residues of the C-terminal tail

[569, 37]. Consistently, the fact that Zn2+ binds to the C-terminal region, which has been described

as being motionally restricted around residues 115-119 and 125-129 using residual dipolar couplings,

suggests that a specific spatial organisation around residues 121-123 may result from the adoption of

an adequate orientation of the side chain coordination moieties to favour metal binding [309]. This

further supports the idea that metal ion interactions with the C-terminal region may not be exclusively

driven by electrostatic forces, but may instead be strongly modulated by the intrinsic conformation of

the protein region. The structural and dynamic features of the C-terminal tail may therefore constitute

a modulator of the preferential binding of divalent metal ions to this common low-affinity binding

site.

A lack of significant changes in the hydrogen exchange rates along the sequence of non-acetylated

αSyn and Ac-αSyn upon binding of Cu2+ is consistent with the absence of 15N relaxation cues that

indicate conformational exchange. The observation of faster R2 and R2/R1 relaxation rates for the

residues His50 and Asp121 upon binding of Cu2+ may be accounted for by a restriction in the motion

of the torsion and dihedral angles of those residues upon metal ion coordination, although conforma-

tional ordering is not detected in neighbouring residues. These findings disagree with previous studies

using a combination of CD and EPR, which showed a gain in α-helical content and an induced com-
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paction of αSyn upon addition of Cu2+ [548, 306]. Whilst a conformational transition may not be

detected in the form of a change in solvent exposure along the sequence, relaxation data presented in

this Chapter may not agree with an enhanced extent of α-helical structure because relaxation exper-

iments were recorded using Ac-αSyn, whose N-terminal acetylation has been shown to compromise

Cu2+ binding at the N-terminal binding site [283].

In contrast, the strong perturbation in R2/R1 and R2 relaxation rates of the N-terminal region of the Ac-

αSyn-Cu+ complex up to residue 25 may help explain the small enhancement in protection against

exposure to the solvent of the same region of the protein. Cu+ binding may induce a higher degree

of restricted local sampling in the acetylated N-terminus, which already has an enhanced propensity

to probe α-helical conformational ensembles. An enhanced occupation of α-helical states may shield

some residues involved in helical structure formation from hydrogen exchange with the solvent. This

may explain the lack of uniformity in the increase in protection along the N-terminus of Ac-αSyn,

where some highly protected residues flank areas observing a lack in enhanced protection. This is in

line with the previously reported observation of small and large increases in R1 and R2, respectively,

for the 1-10 amino acid segment in Ac-αSyn upon binding of Cu+ [95], indicative of an enhanced

conformational order in the first 15 residues compared to free protein. Consistently, this highlights

the importance of N-terminal acetylation in inducing a local helical conformation upon binding of

Cu+, which may be explained through the formation of a hydrogen bond network resulting from the

removal of the positive N-terminal alpha amino positive charge upon acetylation and Cu+ complexa-

tion, which may induce a spatial reorganisation of the coordination side chain moieties of Met1 and

Met5.

Interpretation of the protection factor profile of the C-terminal region of αSyn upon binding of Mn2+

has proven to be difficult as a result of the paramagnetic properties of Mn2+, whose binding quenched

residue resonances in its binding site and led to missing cross-peaks in the collected CLEANEX spec-

tra. Available data hint at a small perturbation of the hydrogen exchange rates of the residues in this

region relative to the rest of the protein, although the extent, as well as residue-specific information

on this perturbation, failed to be measured. Predictably, any changes to the local exposure to the
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solvent may happen in the C-terminal region, where Mn2+ ions are observed to bind. This would

be expected as a result of the lack of significant differences between the protection factor profiles of

non-acetylated αSyn and Ac-αSyn, indicating that Mn2+ does not interact with the N-terminal region

and its binding is probably therefore not affected by N-terminal acetylation.

C-terminal binding of Mn2+ seems to induce some degree of conformational ordering on this part of

αSyn, as seen by a small increase in the R1 and R2 relaxation rates of some residues of this region of

the protein. The general decrease in R1 rates along the sequence of Ac-αSyn compared to free protein

suggests a global effect on the relaxation that is most likely a result of the paramagnetic properties of

Mn2+. Despite being difficult to draw any reliable conclusions because of missing data, the fact that

the generalised decrease in R1 rates is not observed in the C-terminal region suggests that a change

in backbone rigidity in this portion of the protein may be an effect of direct Mn2+ binding. This is in

line with a small increase in the R2/R1 values and R2 rates of some residues of the C-terminal region,

which further suggest that Mn2+ binding may induce a small conformational transition in this region

of αSyn. Whether this increased degree of conformational order is coupled to either an enhanced

protection or deprotection from solvent exposure of the C-terminal region escapes the interpretation

of the results presented in this Chapter, given the extent of missing data as a result of paramagnetic

effects.

As discussed in section 2.17.6, relaxation rates are strongly dependent on the large magnetic mo-

ment associated with paramagnetic metal ions, like Cu2+ and Mn2+. The large gyromagnetic ratios

of species bearing unpaired electrons enhance the relaxation of neighbouring nuclei spins through

dipolar coupling. Indeed, the product of the gyromagnetic ratios of Cu2+ or Mn2+ and hydrogen

nuclei promotes the fast relaxation of protons in the vicinity of the metal ion binding site, which is

observed as short T2 times and higher 15N R2 rates of the interacting residues. This mechanism is

responsible for the enhanced R2 relaxation rates recorded of H50 and the C-terminus upon incubation

with Cu2+, and of residues in the C-terminus in the presence of Mn2+. Importantly, the stronger mag-

netic moment of Mn2+ compared to Cu2+ as a result of the larger number of unpaired electrons (5

vs. 2, respectively) further enhances the relaxation rate of the interacting nuclei spins in comparison,
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resulting in a faster signal decay and a larger extent of residue peak intensity loss.

In addition, the proximity of the paramagnetic species to NH protons also dictates the extent of relax-

ation enhancement, which is given by 1/r6, where r is the distance between the paramagnetic species

and the amide protons. Therefore, the enhancing effect on relaxation rapidly reduces as the distance

between the two increases, providing a measure of the occupation of the binding site by the paramag-

netic ions. Similarly, the relaxation enhancing effect of Mn2+ has a wider spatial reach than Cu2+ as

a result of the larger associated gyromagnetic ratio, which is observed as a greater extent of missing

peak intensities around the metal interacting site.

In summary, the extent of metal-induced conformational transitions in αSyn seems to be relatively

small compared to those of a folded globular protein. Indeed, this is a result of the dynamic nature of

monomeric αSyn, which samples a vast set of conformations that feature minimal structural changes.

However, small perturbations in the long-range intramolecular contacts of αSyn may lead to transient

changes in solvent exposure of certain protein regions that may be enough to tip the balance of the

conformational ensemble towards aggregation-prone conformations. The fact that different effects

in the solvent exposure and dynamics of αSyn were observed upon binding of different metal ions

strengthens the hypothesis that different mechanisms exist by which the conformational ensemble is

perturbed and the sampled population biased towards aggregation-prone conformers. Understanding

the nature of these mechanisms is therefore critical to reveal the connection between metal dyshome-

ostasis and αSyn aggregation in the context of PD.



Discussion

This final Chapter begins by discussing the main findings and conclusions that can be drawn from

the work presented in this thesis. Afterwards, possible future directions that may be explored are

proposed, with the aim of addressing the shortcomings and further questions concerning this research.

6.1 Aptamer selection

The process of aptamer selection relies on the gradual enrichment of nucleic acid sequences with

affinity for the target from an initial randomised library that contains single copies of each sequence.

Throughout selection, conditions must constantly be tuned to ensure the enrichment of only those

sequences with the highest affinity and specificity, whilst also avoiding compromising sequence di-

versity by increasing the stringency too quickly and risking the loss of sequences with low copy

number at early stages of selection. This balance is therefore crucial for ensuring the success of high

affinity aptamer binders, whilst minimising diversity loss and formation of PCR artefacts as a result

of repeated amplification cycles. The results of this thesis demonstrate that optimisation of selection

conditions is essential to ensure an adequate recovery of aptamer sequences with affinity for the target,

in order to allow the gradual enrichment of binding candidates. Similarly, amplification tests at every

selection round allowed the adjustment of PCR amplification cycles which minimised the build-up of

parasitic PCR by-products.

197



198 Chapter 6. Discussion

Despite the constant optimisation of the conditions of selection, the PCR artefact sequence 65ntSeq

was observed to form after only three selection rounds. Given its increasing abundance and the fact

that a high sequence recovery was observed after incubation with the target, affinity of this sequence

for αSyn1−25 was at first postulated. However, the combined binding affinity results from ELONA

and NMR demonstrated a lack of binding affinity for αSyn1−25 or αSyn. Instead, the sequence was

observed to interact with streptavidin with a calculated binding affinity of 300 nM, indicating that

65ntSeq may have interacted with the SA-Mag beads during the selection process. The fact that

this sequence does not originate from a combinatorial library, together with its recurrent re-formation

despite insistent library purification efforts suggest, however, that 65ntSeq has not been selected for its

affinity to the streptavidin molecules present in the selection environment. Instead, the primers used

for library amplification may coincidentally have innate affinity for streptavidin, which may have

driven their annealing and the subsequent formation of 65ntSeq. Given its characteristic sequence

composition, the large availability of primer sequences during the PCR amplification steps at each

selection round may have fuelled its formation.

Efforts to understand the precise mechanism responsible for the formation of the 65ntSeq sequence

involved the use of a truncated reverse primer lacking the terminal ‘AA’ bases, an alternative DNA

polymerase without terminal transferase activity and a higher primer annealing temperature. These

approaches aimed at interfering with the hypothesised complementary annealing of the 3’ end adenine

from the forward primer with a putative thymidine from the reverse primer that would allow the

formation of 65ntSeq. Given that 65ntSeq has the same number of nucleotides as that of the forward

and reverse primers combined, the proposed complementary annealing event is believed to happen

through an additionally ligated adenine (thymidine in the reverse complement of the reverse primer)

that does not form part of the sequence of the reverse or forward primers. It is worth noting that

although these different approaches failed at preventing the recurrent formation of 65ntSeq, further

changes in the selection conditions may have proven ineffective at preventing its reamplification.

Indeed, low copy numbers of the 65ntSeq that may have escaped library purification may still act

as seeds for the generation of 65ntSeq sequences in subsequent amplification steps in the presence

of a primer supply. Therefore, even though these results demonstrate that the putative single-base
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complementarity mechanism proposed is not driving the generation of 65ntSeq, it may be likely that

the initial formation of this sequence in libraries of earlier rounds may have perpetuated its presence

under a supply of the amplification primers.

Presumably, the binding affinity of either or both individual primers for streptavidin may have po-

sitioned them in close spatial proximity, which may have favoured their amplification by Taq poly-

merase even upon annealing through a single base. The affinity of 65ntSeq for streptavidin, together

with the fact that library sequence recovery was always observed to be low, may have caused Taq

polymerase to recognise the primer sequences, which were present at a higher concentration during

the initial amplification cycles compared to the N42 library sequences, as sequences to be amplified,

thereby making them template their own amplification. A combination of these mechanisms possibly

resulted in the generation of the 65ntSeq sequence, which, together with binding data, demonstrate

that this primer-derived sequence represents a false positive aptamer candidate that is most likely a

product of primer innate affinity to streptavidin and PCR artefactual formation.

Similarly, sequencing results demonstrated the widespread presence of other primer-derived sequences

of different lengths in the cloned round libraries from SA-Mag beads-SELEX. PCR by-products that

are longer than the aptamer library may have predictably been formed as a result of both the innate

affinity of the primer sequences for streptavidin and the artefactual amplification of the primers. In

fact, it is highly likely that the origin of 65ntSeq and of other primer-derived sequences that are formed

by truncations of the primer sequences is inherently interrelated, with the formation of one species

favouring that of the other in a feed-forward loop. As opposed to the theory governing aptamer se-

lection, the proportion of primer-derived sequences in the library increased with increasing rounds

of selection, accompanied by a waning proportion of N42 aptamer sequences. Indeed, the character-

istic composition of these sequences may have given them an evolutionary advantage compared to

N42 library sequences, which may have increased their ease of amplification fuelled by the supply of

complementary priming sequences. The fact that primer-derived sequences of different lengths were

identified, together with the lack of binding of FSeq1 for αSyn1−25, highlights that the high abun-

dance of these sequences is a result of recombination events that favoured their amplification, and not
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of the fact that they were enriched for their affinity to the target.

Whilst the 12th round library was the sequenced library with the highest proportion of identified N42

aptamer sequences from SA-Mag beads-SELEX, binding data from the six sequences tested did not

reveal high binding affinity for the αSyn1−25 target. Sequences R12S91 and R12S24 showed the

highest affinities amongst the sequences tested at preliminary binding assays. However, data from

ELONA assays and NMR titrations on the binding of R12S91 to αSyn revealed a lack of high affinity

binding, which suggested that this sequence may have been selected for its affinity for streptavidin,

and not αSyn1−25. HSQC spectra recorded at various molar ratios of αSyn:R12S91 failed to show

CSP and specific cross-peak intensity changes even at the highest concentrations, demonstrating a

lack of binding affinity of R12S91 for full-length αSyn. In fact, additional binding assays failed

to record FRET, which confirmed the lack of spatial proximity between R12S91 and αSyn, thereby

demonstrating a lack of binding interaction in the range of 600 nM as calculated by ELONA, consis-

tent with previous results. These data therefore demonstrate that R12S91 likely evolved and remained

in the selection library as a result of its binding affinity for streptavidin and not αSyn1−25.

Surprisingly, these sequences were identified after 12 rounds of selection, which initially suggested

that they may have binding affinity for the target αSyn1−25. Later rounds of selection did not iden-

tify sequence clusters, and instead revealed sequences that performed worse at binding assays for

αSyn1−25, compared to sequences identified in previous rounds. Sequencing and binding data sug-

gest that a combination of overselection of the library sequences, which may have dismissed superior

aptamers, together with the persistent contamination with primer-derived PCR by-products may have

compromised the selection of aptamers against αSyn1−25. The small size and extremely dynamic

nature of the target may have favoured the preferential binding of aptamer sequences to better defined

structural motifs on the surface of the bulkier streptavidin, which may have outcompeted any putative

sequences that may have been selected for their binding to αSyn1−25 throughout selection.

The fact that the structures of the aptagens (the aptamer equivalents of antigens) on the αSyn1−25

target are likely to be constantly changing may have prevented sequences that had affinity for one par-
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ticular conformation from being selected for and being enriched, as a different conformation would

have not been recognised with the same affinity as a previous conformation by any particular aptamer.

However, the stable structure of a large globular protein like streptavidin predictably acts as a beacon

which facilitates binding and selection of sequences with affinity for it. Even if systematic sequenc-

ing of the round libraries had been carried out by NGS, it may have been challenging to identify

subclusters of sequences binding αSyn1−25, as these may have been masked by clusters of sequences

with affinity for streptavidin. The fact that no high affinity binders for streptavidin were identified,

however, may be explained by the rounds of negative selection carried out during SELEX, which may

have removed those sequences with the tightest kinetics. Therefore, only sequences showing low

affinity for streptavidin may have survived throughout selection, as these may have escaped the effect

of negative selection rounds. As a result, the selection process may have unintendedly selected for

primarily low-affinity binders to streptavidin, and not to αSyn1−25.

Modification of SELEX to include NCM as a partitioning method demonstrated a striking increase

in the library proportion of N42 aptamer sequences. Considering that primer-derived sequences rep-

resented a smaller proportion of the sequenced library after 6 rounds of NCM-SELEX compared to

in SA-Mag beads-SELEX round libraries, these findings further support the hypothesis that these

sequence species were found to repeatedly form as a result of the innate affinity of the primer se-

quences for streptavidin. Those sequences formed by truncations of the primer sequences may have

escaped library purification as a result of having a similar size to the N42 library sequences which

made their separation by electrophoresis indistinguishable, and which were being amplified given the

primer supply at every amplification step. Whilst numerous new aptamer sequences were identified

from NCM-SELEX, no two copies of the same sequence were identified, suggesting a high sequence

diversity and a lack of enrichment even after 18 rounds of selection.

The high sequence diversity observed in the 12th round library (initial library of NCM-SELEX) sug-

gested the presence of a high number of sequences with potential binding affinity for αSyn. Sur-

prisingly, binding assays failed at demonstrating affinity of the six sequences that were tested from

this newly identified sequence pool for αSyn1−25 or αSyn. Predictably, sequences with affinity for
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αSyn1−25 may had already been lost in previous selection rounds, with only sequences with affinity

for streptavidin populating the library. Indeed, sequences in the library may have interacted through

non-specific interactions with SA-Mag beads first during SA-Mag beads-SELEX, which may have

allowed them to withstand the evolutionary pressures of selection. A lack of binding of the N42

library sequences identified during NCM-SELEX for αSyn1−25 and αSyn may partly be explained

by the selection of aptamer sequences for their affinity to the NCM used in the partitioning steps

through non-specific hydrophobic interactions. Given that nitrocellulose forms of a large and stable

polymeric scaffold, aptamer sequences may have evolved and been selected throughout the rounds

of NCM-SELEX against NCM and not αSyn. This possible preferential binding, combined with the

dynamic nature and comparatively small size of αSyn, may have prevented aptamer sequences from

tightly binding to the target and being selected as binders.

In summary, the results from this thesis provide a detailed description and interpretation of the chal-

lenging process of aptamer selection against the small, disordered peptide αSyn1−25 and the char-

acterisation of the identified aptamers. The combination of SA-Mag beads and NCM-SELEX was

intended to surpass the limitations associated with each method, as well as the experimental hurdles

encountered throughout selection, with these being mostly the recurrent formation of primer-derived

sequences (PCR by-products) and the lack of affinity of the identified aptamers for the target. The

findings of this work therefore highlight the difficulties of aptamer selection against a small, disor-

dered protein target and the extremely crucial role that the selection environment plays in the success

of selection, and provide, too, solutions to solve some common problems that may be encountered

throughout aptamer selection campaigns.

6.2 Interactions with metal ions

Imbalances in the homeostatic levels of metal ions in the brain have been linked to an acceleration of

the aggregation kinetics of αSyn [430] and an associated rise in cellular toxicity [307, 308, 529, 36,

92]. The results of this thesis demonstrate that different divalent cations have different effects on the

conformation and the extent of solvent exposure of αSyn. The findings of this research demonstrate

that a variety of mechanisms exist that govern the conformational effects of metal ion binding with
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αSyn which converge to a common increased propensity of aggregation that is modulated by the

nature of the metal ion involved. The binding of different metal ions and the variety of PTMs together

influence the extent of local exposure and the distribution of the conformational ensemble of αSyn,

therefore making them both critical determinants of protein aggregation propensity.

6.2.1 Calcium

Consistent with previous published work [91], the results of this thesis demonstrate a clear binding of

Ca2+ to the C-terminal region of both αSyn and Ac-αSyn, with the N-terminal acetyl group not hav-

ing an effect on this binding interaction. Chemical exchange rates between backbone amide protons

and water hydrogens from the surrounding solvent were measured along the sequence of the protein as

a measure of slow dynamics, to provide information on the effects of Ca2+ binding on the intramolec-

ular long-range contacts of αSyn. These results showed a stark deprotection of the C-terminal region

of Ac-αSyn and αSyn compared to free protein, suggesting that Ca2+ binding causes a collapse of

the intramolecular contacts between the C- and N-terminal regions as a result of the neutralisation of

the negative charges in the C-terminal tail, enhancing its exposure to the solvent.

Additionally, faster exchange rates at the N-terminus indicate an increased protection in this region in

Ac-αSyn, possibly as a result of the higher propensity to sample local helical conformations upon N-

terminal acetylation. The conformational equilibrium is predictably shifted to a higher helical content

upon collapse of the long-range contacts with the C-terminal region. Interestingly, a conformational

transition was not detected in the intermediate timescale, although an increased exposure to the sol-

vent of the C-terminal tail is accompanied by a small increase in local rigidity of this region in the

fast ns timescale, which may result from a local structural transition by which residues involved in

the binding to Ca2+ are brought together in close spatial proximity to aid in metal coordination.

6.2.2 Copper

Chemical shift mapping, chemical exchange and relaxation data presented in this thesis demonstrate

the differential effect of binding of copper in its two oxidation states on the conformation of αSyn.

In line with previous work, binding of Cu+ and Cu2+ to Ac-αSyn and αSyn is observed in three
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localised regions of the protein, namely the N-terminus, His50 and its proximity in the N-terminal

region, and the C-terminal region. Remarkably, complexation of Cu+ with Ac-αSyn is associated

with a dramatically large perturbation of the chemical environment of the residues in the N-terminus,

whilst the other two copper-binding regions were unaffected upon N-terminal acetylation. In contrast,

a large decrease in Cu2+ binding was observed at the N-terminus upon acetylation. Consistently,

binding of Cu+ induced an increase in the protection of the N-terminus of Ac-αSyn associated with

an enhanced increase in propensity to sample α-helical conformations [95]. Indeed, deviations in the

relaxation properties upon binding of Cu+ demonstrated a large increase in conformational order at

the N-terminus of Ac-αSyn indicative of a conformational transition.

On the other hand, complexation with Cu2+ did not result in either changes in the local exposure

to the solvent of the regions of Ac-αSyn or αSyn, nor significant alterations in the conformational

ensemble. Considering that most αSyn is believed to be N-terminally acetylated [99] and that copper

most likely exists as Cu+ inside the reducing environment of the cell [570], these findings are therefore

particularly relevant in understanding the physiological behaviour of αSyn upon binding of copper

and the effect on its aggregation propensity, whose importance in disease development may have been

overlooked until now.

6.2.3 Zinc

Binding of Zn2+, in contrast to Ca2+, seemed to involve both the C-terminal and N-terminal regions

of αSyn, with the largest perturbations recorded in the chemical environments of His50 and Asp121.

Binding of Zn2+ to the C-terminal region is coupled to an enhanced local exposure to the solvent,

although the same is not observed for the N-terminal region in the proximity of His50. Instead, a

slight enhancement in the protection of the N-terminus of Ac-αSyn and αSyn may reflect the collapse

of the intramolecular long-range contacts. Although stronger in the acetylated variant, this increase

in protection wanes along the sequence, indicating that binding to His50 does not have a direct effect

on the local exposure to the solvent.

The binding regions of Zn2+ are consistent with 15N relaxation data, which show a significant increase
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in conformational order associated with an induced conformational transition around His50 and the

C-terminal region centred on Asp121. Indeed, the observed strong deprotection of the C-terminal

region, coupled to a decrease in local conformational flexibility, may be explained by the multi-residue

coordination of Zn2+ ions. However, the fact that the decrease in motional flexibility around His50 is

not coupled to changes in the chemical exchange with the solvent may indicate the establishment of

hydrophobic intramolecular contacts with the N-terminal region that compensate the collapse of the

interactions with the C-terminal segment.

6.2.4 Manganese

The strong relaxation enhancement observed upon incubation with Mn2+ shows that binding to Ac-

αSyn and αSyn happens in the C-terminal tail. Considering that this region is commonly described

as a “sink” for metal ions as a result of the abundance of negative charges that attract a variety of

metal cations, interactions of Mn2+ ions are expected to be nonspecific in nature. Changes in the

solvent exposure of αSyn upon Mn2+ binding were difficult to interpret as a result of paramagnetic

effects, although available data hint at a lack of significant perturbations to the chemical exchange

rates of the residues in the C-terminal region relative to the rest of the protein. Small changes in the

relaxation properties of Ac-αSyn upon binding of Mn2+ suggested some degree of local structural

ordering in the form of a small conformational transition. However, whether this subtle increase

in conformational order is coupled to either a change in solvent exposure or a lack of perturbation

escapes the interpretation of the results presented in this chapter as a result of missing data.

Understanding the ensemble of long-range interactions that maintain αSyn soluble and in monomeric

state together with the effect of environmental factors on the complexity of the sampled dynamic

conformations is vital to gain insights into the different ways in which they may be perturbed in

favour of aggregation. The dynamic nature of αSyn makes the study of specific aggregation-prone

and disease-relevant conformations particularly challenging. By analysing the effect of binding of

different relevant metal ions on the submolecular structure of αSyn, a skewed populational ensemble

was recorded, which provided structural information that can be used to infer misfolding mechanisms

that may explain differences in aggregation propensity under different conditions.
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Indeed, the results of this thesis show that the imidazole ring of His50 constitute an important common

anchoring site for Cu+, Cu2+ and Zn2+ which can have profound effects in the dynamics of the

protein. In fact, His50 has been observed to be mutated to Gln50 by missense genetic mutations in

the SNCA gene linked to familial PD, and is associated with an increased rate of αSyn aggregation

in vitro [60, 539, 59]. The effect of such a mutation on aggregation may be exacerbated by metal ion

binding and PTMs that may change the normal behaviour of the protein. For instance, loss of Cu2+

coordination at the N-terminus upon acetylation [283] and at the His50 site upon H50Q mutation [59]

may alter the binding of copper at the remaining C-terminal site and have profound effects in the

long-range interactions within αSyn that may affect its conformational ensemble [543]. Therefore,

different combinations of interactions with metal ions and PTMs may have different effects on the

structural stability of monomeric αSyn and may induce different misfolding mechanisms.

Different metal binding modes therefore translate into a variety of structural and dynamic conse-

quences which may dramatically influence the misfolding pathway that is followed. At the same time,

the findings on metal binding to N-terminally acetylated αSyn highlight the importance of PTMs in

modulating the function and conformation of the protein, which are particularly relevant given their

ubiquity within the cell. Importantly, the work presented here indicate that an increased propensity

to aggregate may be the result of alterations in the long-range intramolecular interactions with the C-

terminal region. A collapse of these contacts as a result of charge neutralisation may result in changes

in the conformational equilibrium of the N-terminal region, where all known mutations linked to in-

creased aggregation rates and familial PD are found [91]. Specifically, the extent of solvent exposure

and conformational stability of the N-terminus may therefore play a key role in self-assembly by lying

on a thin balance between protein function and pathology, which may be disturbed by excessive metal

ion binding upon metal dyshomeostasis and may constitute a key initial step in an altered misfolding

pathway [560, 561, 562, 563, 564, 565]. Indeed, the shielding of charges in the N- and C-terminal

regions through metal ion binding promotes an enhancement of the hydrophobic interactions that may

favour self-assembly and permit a more energetically favourable packing into fibrils [328, 571].

Taken together, understanding the mechanisms of the deleterious interactions between metal ions and
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αSyn is therefore essential to reveal the connection between metal dyshomeostasis, an enhancement

in the aggregation of αSyn and an increased neurotoxicity in PD. A key challenge in this research area

will be the characterisation of the synergistic effects of different metal ions in their multiple interac-

tions with αSyn, and determining how these are related with the various phases of the pathological

neuronal activity.

6.3 Future Work

6.3.1 Aptamer selection

To select high binding affinity DNA aptamers against the crucial membrane-binding segment of αSyn,

a rethinking of the experimental method is required. The results of this thesis have demonstrated the

high sensitivity of SELEX to the unintended selection of aptamers against large molecules with well-

defined motifs that may be present in the selection environment, compared to small targets lacking a

well-defined conformation. Therefore, a new strategy is required to make the αSyn1−25 target peptide

be the only molecule present at high concentration during the SELEX incubation step. In this regard,

many variations of the conventional SELEX protocol exist that have been adapted for the selection of

targets with different physicochemical properties. For instance, capture-SELEX has been shown to

succeed at selecting aptamers against small molecule targets of less than 1 kDa in size [572]. Here,

the single-stranded library of sequences is immobilised (instead of the target) by hybridisation to a

complementary oligonucleotide. Sequences involved in a binding interaction with the target will ex-

perience an induced conformational change that may break the hydrogen bonds keeping the library

sequences hybridised to the capture-oligonucleotides, thereby releasing those sequences with affinity

for the target from the immobilised library and making them available for subsequent PCR amplifi-

cation. This approach therefore provides a much more sensitive selection method that exploits small

target-induced structural changes in aptamer sequences as a way of identifying binding sequences.

Alternatively, affinity chromatography SELEX involves the modification of a column matrix to cova-

lently immobilise the target molecules [573]. By passing a combinatorial library through the affinity

column, those sequences with affinity for the target will not be washed off and will instead be re-
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tained, eluted and reamplified for subsequent selection rounds. Whilst appropriate negative selection

rounds would be required to prevent the selection of aptamers with affinity for the column matrix, the

small size of the target peptide will not be a limiting factor for this experimental setup given that the

target would be covalently attached to the matrix.

The results of the work presented in this thesis show that innate binding affinity of the PCR amplifi-

cation primers for non-target molecules in the selection environment that are not the target can have

detrimental effects in the outcome of selection. To avoid this, it is imperative to test the primer se-

quences for affinity to any possible interfering molecules/material prior to selection. Alternatively,

various test selections may be carried out for a few rounds using different sets of amplification

primers, with the aim of identifying an optimal sequence pair. Persistent generation of PCR by-

products and the appearance of unexpected bands may signal the inadequacy of a primer pair, although

sequencing of the library is recommended to be able to make an informed quantitative decision.

Sequencing efforts involving Sanger sequencing of a combinatorial library may identify aptamers

with low affinity or specificity and overlook superior aptamers. Therefore, NGS of the aptamer library

selected against αSyn1−25 could identify sequence clusters that may indicate enrichment of aptamers

for affinity to the target. Additionally, frequent sequencing of the round libraries by NGS may provide

information on the progress of sequence enrichment, which may aid in identifying the best aptamer

candidates.

Since the methods used to investigate target binding in this work are heavily material-consuming

and labour-intensive, capacity for performing further binding experiments was limited to studying the

binding of those sequences showing the highest affinity in preliminary assays. Therefore, studying the

interaction of additional N42 library sequences, such as R12S24, may have helped identify aptamer

candidates with affinity for αSyn1−25.

To address the issues presented in this thesis, SELEX will therefore need to be optimised further for

the selection of aptamers against the small, disordered αSyn1−25 peptide target, which lacks a stable
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and well-defined structure. To do this, selection strategies should avoid the use of bulky molecules

in the selection environment, together with primers that may have innate affinity for any of the com-

ponents used in selection. Additionally, strategies that involve the high-throughput sequencing of the

aptamer library will aid in following the progress of selection and will provide crucial information

that may facilitate the challenging endeavours of selecting aptamers against a highly flexible target.

6.3.2 Interactions with metal ions

The second part of the work presented in this thesis highlights the relevance of metal ion binding in

inducing structural transitions and changes in the local solvent exposure of regions of αSyn, which

may influence both protein function and aggregation propensity. Whilst a comprehensive analysis

of the effects a variety of different metal ions is provided here, other less well characterised metals

have been observed to establish putative binding events with αSyn, which may have implications

in physiology and pathology [529]. For instance, studying the structural and dynamic properties of

αSyn upon binding of metals ions such as, Fe2+, Fe3+, Mg2+, as well as non-essential metals like

Co2+, Ni2+, Pb2+ and Al3+ is crucially important for establishing a complete view of the different

binding modes of metal cations, and their role in αSyn misfolding and PD development.

Idiopathic and age-related PD involving the accumulation of inclusions of wild-type αSyn account

for around 90-95% of the total number of cases, with the rest being attributed to genetic defects [72].

Despite their small proportion, these cases are associated with early-onset disease development and

a rapid progression. The study of the effect of the mutations involved on the structural and dynamic

properties of αSyn is therefore essential to understand the underlying molecular mechanisms respon-

sible for these phenotypic differences. Indeed, investigating the effect of metal ion binding to these

αSyn variants may provide further information of the pathological implications of their interplay.

Additionally, as demonstrated by the results of this thesis, PTMs modulate the effect of metal ion

binding by interfering with their binding mode. In fact, αSyn is subjected to extensive PTMs that

decorate its sequence, including N-terminal acetylation, ubiquitination, nitration, phosphorylation

and SUMOylation, among others [574], indicating large physiological and pathological implications

which warrant further exploration. Studying the combined effect of the binding of the different metal



ions, the plethora of different PTMs and the various genetic variants of αSyn may provide a deeper

understanding of the conformational behaviour of αSyn in physiology that may lead to different mis-

folding pathways being triggered by different combinations of external factors.

Whilst an excess of calcium and zinc has been used in this work to unambiguously study their effect

on the conformational properties of αSyn, physiological concentrations of Zn2+ in the mammalian

brain, for instance, are in the 10-20 nM range [398], whilst increases of up to only 50% have been

detected in the substantia nigra of patients with PD [310, 311, 312]. Indeed, evidence showing an in-

creased rate of fibrillation of αSyn upon Zn2+ binding suggests that mM concentrations are required

to accelerate aggregation kinetics [36, 313, 323, 324, 325, 326], which challenge the biological signif-

icance of these results in the aetiology of PD. Therefore, it is imperative to study the conformational

implications of metal binding to αSyn at different physiologically relevant concentrations and com-

pare the results with those obtained under an excess of metal, to be able to draw reliable conclusions

of the molecular pathways that may unravel in the cell to induce the misfolding and aggregation

of monomeric αSyn. Additionally, different concentrations of paramagnetic ions such as Cu2+ and

Mn2+ will aid in inferring changes in the protein that may have been overlooked in this study as a

result of linewidth broadening.

To understand the molecular interplay between genetic and environmental factors, such as metal ion

binding and PTMs, an exhaustive investigation of the conformational properties of αSyn and the as-

sociated rate of aggregation is therefore critical. This will help in establishing a connection between

metal dyshomeostasis and perturbations to the conformational ensemble of αSyn, to understand the

molecular mechanisms underlying differences in the induced misfolding pathways and provide re-

spective clues for therapeutic intervention.
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[422] Tanja Dučić, Eleonora Carboni, Barry Lai, Si Chen, Bernhard Michalke, Diana F. Lázaro,

Tiago F. Outeiro, Mathias Bähr, Elisabeth Barski, and Paul Lingor. Alpha-synuclein regulates

neuronal levels of manganese and calcium. ACS chemical neuroscience, 6(10):1769–1779, Oct

21, 2015.

[423] Tongjian Cai, Ting Yao, Gang Zheng, Yaoming Chen, Kejun Du, Yunxin Cao, Xuefeng Shen,

Jingyuan Chen, and Wenjing Luo. Manganese induces the overexpression of α-synuclein in

pc12 cells via erk activation. Brain research, 1359:201–207, Nov 04, 2010.

[424] Yan Li, Liguang Sun, Tongjian Cai, Ying Zhang, Shijie Lv, Yu Wang, and Liping Ye. α-

synuclein overexpression during manganese-induced apoptosis in sh-sy5y neuroblastoma cells.

Brain research bulletin, 81(4):428–433, Mar 16, 2010.

265



[425] Bin Xu, Sheng-Wen Wu, Chun-Wei Lu, Yu Deng, Wei Liu, Yan-Gang Wei, Tian-Yao Yang, and

Zhao-Fa Xu. Oxidative stress involvement in manganese-induced alpha-synuclein oligomer-

ization in organotypic brain slice cultures. Toxicology (Amsterdam), 305:71–78, Mar 08, 2013.

[426] Yi Sun, Yonghua He, Lin Yang, Dan Liang, Wenxiang Shi, Xiaonian Zhu, Yueming Jiang,

and Chaoyan Ou. Manganese induced nervous injury by α-synuclein accumulation via atp-

sensitive k(+) channels and gaba receptors. Toxicology letters, 332:164–170, Oct 10, 2020.

[427] Zhi-Qi Liu, Kuan Liu, Zhuo-Fan Liu, Lin Cong, Meng-Yu Lei, Zhuo Ma, Jing Li, Yu Deng,

Wei Liu, and Bin Xu. Manganese-induced alpha-synuclein overexpression aggravates mito-

chondrial damage by repressing pink1/parkin-mediated mitophagy. Food and chemical toxi-

cology, 152:112213, Jun 01, 2021.

[428] Tatyana Verina, Jay S. Schneider, and Tomás R. Guilarte. Manganese exposure induces

α-synuclein aggregation in the frontal cortex of non-human primates. Toxicology letters,

217(3):177–183, Mar 13, 2013.

[429] Dilshan S. Harischandra, Dharmin Rokad, Matthew L. Neal, Shivani Ghaisas, Sireesha Manne,

Souvarish Sarkar, Nikhil Panicker, Gary Zenitsky, Huajun Jin, Mechelle Lewis, Xuemei

Huang, Vellareddy Anantharam, Arthi Kanthasamy, and Anumantha G. Kanthasamy. Man-

ganese promotes the aggregation and prion-like cell-to-cell exosomal transmission of α-

synuclein. Science signaling, 12(572):eaau4543. doi: 10.1126/scisignal.aau4543, Mar 12

2019.

[430] Vladimir N. Uversky, Jie Li, and Anthony L. Fink. Evidence for a partially folded intermediate

in α-synuclein fibril formation. J.Biol.Chem.276:10737,2001, 276(14):10737–10744, Apr 06,

2001.

[431] Bingkuan Xu, Shuai Huang, Yinghui Liu, Chun Wan, Yuanyuan Gu, Dianliang Wang, and

Haijia Yu. Manganese promotes α-synuclein amyloid aggregation through the induction of

protein phase transition. The Journal of biological chemistry, 298(1):101469, Jan 01, 2022.

[432] Sarah H. Shahmoradian, Amanda J. Lewis, Christel Genoud, J. rgen Hench, Tim E. Moors,

266



Paula P. Navarro, Daniel Castaño-Díez, Gabriel Schweighauser, Alexandra Graff-Meyer, Ken-

neth N. Goldie, Rosmarie Sütterlin, Evelien Huisman, Angela Ingrassia, Yvonne de Gier, An-

nemieke J. M. Rozemuller, Jing Wang, Anne De Paepe, Johannes Erny, Andreas Staempfli, Jo-

erg Hoernschemeyer, Frederik Großerüschkamp, Daniel Niedieker, Samir F. el Mashtoly, Mar-

ialuisa Quadri, Wilfred F. J. van IJcken, Vincenzo Bonifati, Klaus Gerwert, Bernd Bohrmann,

Stephan Frank, Markus Britschgi, Henning Stahlberg, Wilma D. J van de Berg, and Matthias E.

Lauer. Lewy pathology in parkinson’s disease consists of crowded organelles and lipid mem-

branes. Nature neuroscience, 22(7):1099, 2019.

[433] Soumik Ray, Nitu Singh, Rakesh Kumar, Komal Patel, Satyaprakash Pandey, Debalina Datta,

Jaladhar Mahato, Rajlaxmi Panigrahi, Ambuja Navalkar, Surabhi Mehra, Laxmikant Gadhe,

Debdeep Chatterjee, Ajay Singh Sawner, Siddhartha Maiti, Sandhya Bhatia, Juan Atilio Gerez,

Arindam Chowdhury, Ashutosh Kumar, Ranjith Padinhateeri, Roland Riek, G. Krishnamoor-

thy, and Samir K. Maji. α-synuclein aggregation nucleates through liquid-liquid phase separa-

tion. Nature chemistry, 12(8):705–716, Aug 2020.

[434] Maarten C. Hardenberg, Tessa Sinnige, Sam Casford, Samuel T. Dada, Chetan Poudel, Eliz-

abeth A. Robinson, Monika Fuxreiter, Clemens F. Kaminksi, Gabriele S. Kaminski Schierle,

Ellen A. A. Nollen, Christopher M. Dobson, and Michele Vendruscolo. Observation of an

α-synuclein liquid droplet state and its maturation into lewy body-like assemblies. Journal of

molecular cell biology, 13(4):282–294, Aug 4 2021.

[435] Christian Hoffmann, Roberto Sansevrino, Giuseppe Morabito, Chinyere Logan, R. Martin Vab-

ulas, Ayse Ulusoy, Marcelo Ganzella, and Dragomir Milovanovic. Synapsin condensates re-

cruit alpha-synuclein. Journal of molecular biology, 433(12):166961, Jun 11, 2021.

[436] B. A. Racette, L. McGee-Minnich, S. M. Moerlein, J. W. Mink, T. O. Videen, and J. S. Perl-

mutter. Welding-related parkinsonism: clinical features, treatment, and pathophysiology. Neu-

rology, 56(1):8–13, Jan 9 2001.

[437] B. A. Racette, S. D. Tabbal, D. Jennings, L. Good, J. S. Perlmutter, and B. Evanoff. Prevalence

of parkinsonism and relationship to exposure in a large sample of alabama welders. Neurology,

267



64(2):230–235, Jan 25 2005.

[438] Murray M. Finkelstein and Michael Jerrett. A study of the relationships between parkinson’s

disease and markers of traffic-derived and environmental manganese air pollution in two cana-

dian cities. Environmental research, 104(3):420–432, Jul 01, 2007.

[439] Jay M. Gorell, Edward L. Peterson, Benjamin A. Rybicki, and Christine Cole Johnson. Multi-

ple risk factors for parkinson’s disease. Journal of the neurological sciences, 217(2):169–174,

Feb 15 2004.

[440] Allison W. Willis, Mario Schootman, Nathan Kung, Bradley A. Evanoff, Joel S. Perlmutter,

and Brad A. Racette. Predictors of survival in patients with parkinson disease. Archives of

neurology (Chicago), 69(5):601–607, May 01, 2012.

[441] J. M. Gorell, C. C. Johnson, B. A. Rybicki, E. L. Peterson, G. X. Kortsha, G. G. Brown, and

R. J. Richardson. Occupational exposures to metals as risk factors for parkinson’s disease.

Neurology, 48(3):650–658, Mar 1997.

[442] Eun-Young Lee, Michael R. Flynn, Guangwei Du, Mechelle M. Lewis, Rebecca Fry, Amy H.

Herring, Eric Van Buren, Scott Van Buren, Lisa Smeester, Lan Kong, Qing Yang, Richard B.

Mailman, and Xuemei Huang. T1 relaxation rate (r1) indicates nonlinear mn accumulation in

brain tissue of welders with low-level exposure. Toxicological sciences : an official journal of

the Society of Toxicology, 146(2):281–289, Aug 2015.

[443] Eun-Young Lee, Michael R. Flynn, Guangwei Du, Yunqing Li, Mechelle M. Lewis, Amy H.

Herring, Eric Van Buren, Scott Van Buren, Lan Kong, Rebecca C. Fry, Amanda M. Snyder,

James R. Connor, Qing X. Yang, Richard B. Mailman, and Xuemei Huang. Increased r2* in

the caudate nucleus of asymptomatic welders. Toxicological sciences : an official journal of

the Society of Toxicology, 150(2):369–377, Apr 2016.

[444] Brad A. Racette, Michael Aschner, Tomas R. Guilarte, Ulrike Dydak, Susan R. Criswell, and

Wei Zheng. Pathophysiology of manganese-associated neurotoxicity. Neurotoxicology (Park

Forest South), 33(4):881–886, Aug 01, 2012.

268



[445] C. M. Fored, J. P. Fryzek, L. Brandt, G. Nise, B. Sjögren, J. K. Mclaughlin, and W. J. Blot.

Parkinson’s disease and other basal ganglia or movement disorders in a large nationwide cohort

of swedish welders, 2006.

[446] Samuel M. Goldman. Environmental toxins and parkinson’s disease. Annual Review of Phar-

macology and Toxicology, 54:141–164, 2014.

[447] William C. Koller, Kelly E. Lyons, and William Truly. Effect of levodopa treatment for parkin-

sonism in welders: A double-blind study. Neurology, 62(5):730–733, Mar 9 2004.

[448] C. Warren Olanow and Karl Kieburtz. Defining disease-modifying therapies for pd-a road map

for moving forward. Movement disorders, 25(12):1774–1779, Sep 15, 2010.

[449] Tomás R. Guilarte. Manganese and parkinson’s disease: a critical review and new findings.

Environmental health perspectives, 118(8):1071–1080, Aug 2010.

[450] Tamara Peneder, Petra Scholze, Michael Berger, H. Reither, Georg Heinze, Johanna Bertl, Jan

Bauer, Eric Richfield, O. Hornykiewicz, and C. Pifl. Chronic exposure to manganese decreases

striatal dopamine turnover in human alpha-synuclein transgenic mice. Neuroscience, 180:280–

92, 2011.

[451] G. Gianutsos and M. T. Murray. Alterations in brain dopamine and gaba following inorganic

or organic manganese administration. Neurotoxicology, 3(3):75–81, Nov 1982.

[452] Marco Bisaglia, Alessandra Trolio, Massimo Bellanda, Elisabetta Bergantino, Luigi Bubacco,

and Stefano Mammi. Structure and topology of the non-amyloid-beta component fragment of

human alpha-synuclein bound to micelles: implications for the aggregation process. Protein

science : a publication of the Protein Society, 15(6):1408–1416, Jun 2006.

[453] A. Keith Dunker, M. Madan Babu, Elisar Barbar, Martin Blackledge, Sarah E. Bondos,

Zsuzsanna Dosztányi, H. Jane Dyson, Julie Forman-Kay, Monika Fuxreiter, Jörg Gsponer,

Kyou-Hoon Han, David T. Jones, Sonia Longhi, Steven J. Metallo, Ken Nishikawa, Ruth

Nussinov, Zoran Obradovic, Rohit V. Pappu, Burkhard Rost, Philipp Selenko, Vinod Subra-

269



maniam, Joel L. Sussman, Peter Tompa, and Vladimir N. Uversky. What’s in a name? why

these proteins are intrinsically disordered: Why these proteins are intrinsically disordered. In-

trinsically disordered proteins, 1(1):e24157, Apr 1 2013.

[454] Robin van der Lee, Marija Buljan, Benjamin Lang, Robert J. Weatheritt, Gary W. Daughdrill,

A. Keith Dunker, Monika Fuxreiter, Julian Gough, Joerg Gsponer, David T. Jones, Philip M.

Kim, Richard W. Kriwacki, Christopher J. Oldfield, Rohit V. Pappu, Peter Tompa, Vladimir N.

Uversky, Peter E. Wright, and M. Madan Babu. Classification of intrinsically disordered re-

gions and proteins. Chemical reviews, 114(13):6589–6631, Jul 09, 2014.

[455] Johnny Habchi, Peter Tompa, Sonia Longhi, and Vladimir N. Uversky. Introducing protein

intrinsic disorder. Chemical reviews, 114(13):6561–6588, Jul 9 2014.

[456] Miguel Arbesú and Miquel Pons. Integrating disorder in globular multidomain proteins: Fuzzy

sensors and the role of sh3 domains. Archives of Biochemistry and Biophysics, 677:108161,

Nov 30 2019.

[457] Francois-Xavier Theillet, Andres Binolfi, Tamara Frembgen-Kesner, Karan Hingorani, Mo-

hona Sarkar, Ciara Kyne, Conggang Li, Peter B. Crowley, Lila Gierasch, Gary J. Pielak,

Adrian H. Elcock, Anne Gershenson, and Philipp Selenko. Physicochemical properties of cells

and their effects on intrinsically disordered proteins (idps). Chemical Reviews, 114(13):6661–

6714, Jul 09, 2014.

[458] Leonhard Geist, Morkos A. Henen, Sandra Haiderer, Thomas C. Schwarz, Dennis Kurzbach,

Anna Zawadzka-Kazimierczuk, Saurabh Saxena, Szymon Żerko, Wiktor Koźmiński, Dariush
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Willbold, Matthias Stoldt, and Wolfgang Hoyer. Sequestration of a β-hairpin for control of

α-synuclein aggregation. Angewandte Chemie (International ed.), 53(16):4227–4230, Apr 14,

2014.

[562] Emil Dandanell Agerschou, Patrick Flagmeier, Theodora Saridaki, Céline Galvagnion, Daniel

Komnig, Laetitia Heid, Vibha Prasad, Hamed Shaykhalishahi, Dieter Willbold, Christopher M.

Dobson, Aaron Voigt, Bjoern Falkenburger, Wolfgang Hoyer, and Alexander K. Buell. An

engineered monomer binding-protein for α-synuclein efficiently inhibits the proliferation of

amyloid fibrils, -08-21 2019.

[563] Jeffrey C. Kessler, Jean-Christophe Rochet, and Peter T. Lansbury. The n-terminal repeat

domain of α-synuclein inhibits β-sheet and amyloid fibril formation. Biochemistry (Easton),

42(3):672–678, Jan 28, 2003.

[564] Volodymyr V. Shvadchak and Vinod Subramaniam. A four-amino acid linker between re-

peats in the α-synuclein sequence is important for fibril formation. Biochemistry (Easton),

53(2):279–281, Jan 21, 2014.

[565] Björn M. Burmann, Juan A. Gerez, Irena Matečko-Burmann, Silvia Campioni, Pratibha
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