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Alzheimer’s disease 

Amyloid diseases comprise around 50 disorders characterised by the misfolding and 

aggregation of proteins into insoluble amyloid deposits in specific organs or tissues. 

These deposits are made up of misfolded proteins arranged in a cross β-sheet 

structure, in such a way that they are able to bind the histochemical dye Congo Red.1 

Among the aforementioned disorders, some are neurodegenerative such as 

Parkinson’s disease, amyotrophic lateral sclerosis, prion diseases or Alzheimer’s 

disease (AD). 

AD is a chronic and progressive brain disorder that accounts for 60-70% of the cases 

of diagnosed dementias. Symptomatically, AD patients are first unable to retain 

recent memories, and their pathology devastatingly evolves to a full cognitive and 

functional impairment.2 5% of AD cases are associated to familial mutations that 

advance disease onset before the age of 60, and they are classified as early-onset AD 

or familiar AD (fAD). The remaining cases are idiopathic in origin, being grouped as 

sporadic AD (sAD). In sAD, the prevalence is doubled every 5 years after the age of 

65, being age the main risk factor.3 In 2011, there were 35 million AD patients around 

the globe and the numbers are expected to triplicate by 2050 due to the rising life 

expectancy.4 With such alarmingly increasing social and economic burden, AD has 

become one of the top first public health priorities worldwide.  

Back in 1906, Dr. Alois Alzheimer described for the first time AD neuropathology in 

a 51-year-old woman. The patient had suffered over the last 5 years a progressive 

loss of memory, and a decline of time and spatial orientation.5 Post-mortem 

examination of her brain revealed atrophic areas and the presence of spherical 

deposits and neurofibrillary pathology. This histopathology was the consequence of 

neuronal loss, and accumulation of extracellular amyloid deposits and intracellular 

neurofibrillary tangles (NFTs). Importantly, these three elements are still currently 

the three diagnostic hallmarks of AD. 

More than thirty years ago, the scientific community started to uncover the 

molecular mechanisms underpinning AD. Analysis of extracellular deposits showed 

that they were mainly composed of a short protein named amyloid-beta protein 

(Aβ),6,7 whereas NFTs were made up of abnormally hyperphosphorylated tau, a 

microtubule-stabilizing protein.8 These two findings raised two confronted hypothesis 

on the possible AD causative agent, namely the amyloid hypothesis9 and the tau 

hypothesis.10 Nowadays, it is widely accepted that tau phenotype arises downstream 

Aβ,11 with tau being an effector in Aβ neurotoxicity12 (see Appendix A). 
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Amyloid-beta protein and the amyloid cascade hypothesis 

Aβ is the metabolic product of two aspartyl proteases over a membrane protein 

named amyloid precursor protein (APP).13 Sequential action of β- and γ-secretase 

over APP releases Aβ to the extracellular matrix. γ-secretase cleavage is not specific 

and many Aβ alloforms are produced, ranging from 37 up to 43 amino acids.14 The 

most abundantly produced is the 40 amino acids variant, known as Aβ40, whilst the 

most strongly linked to AD neuropathology is Aβ42, which has two additional amino 

acids at the C-terminus.15 Aβ is also produced lifelong in healthy people, presumably 

exerting antimicrobial activity.16 It is the aberrant processing of the protein that 

triggers its accumulation and self-assembly, first into intermediate and transient 

oligomer species, that evolve into protofibrillar structures that ultimately yield the 

fibrils deposited in amyloid plaques (Figure I1). 

 

Many evidences support the central role of Aβ in AD,17 even though the exact link to 

the observed neurotoxicity is still unknown. These evidences come from genetic 

studies, transgenic mouse models and biochemical assays. First, all AD-linked 

mutations in fAD are associated to Aβ, none of them to tau or other proteins.3 

Mutations in APP gene, flanking or inserted in Aβ region, enhance Aβ production 

and/or aggregation; mutations in presenilins – γ-secretase catalytic sites – shift APP 

processing towards the formation of Aβ42, the more aggregation-prone alloform. 

Figure I1. Schematic 

representation of Aβ 

formation by sequential 

cleavage of β- and γ-

secretases over APP. 

Aberrant processing of Aβ 

triggers its accumulation 

and self-assembly up to 

the fibrils, which are the 

main component of 

amyloid plaques. The 

image is copyright from 

the National Institute of 

Health (NIH). 
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Moreover, APP gene is located in chromosome 21 and AD neuropathology is invariably 

seen in Down’s syndrome, originated from trisomy precisely in chromosome 21. 

Second, transgenic mice bearing human APP gene develop plaque deposition and 

behavioural abnormalities, reproducing some human AD phenotypes.18 Other models 

expressing the allele ε4 of human ApoE, a major AD risk factor, also develop plaque 

deposition. Third, synthetic Aβ preparations have been extensively shown to be toxic 

to neurons both in vitro and in vivo, and their intracerebroventricular (icv) injection 

in human APP transgenic mice advance plaque deposition.19 

At first, amyloid plaques were believed to be the causative agents in AD.20 

However, subsequent studies revealed that plaque count correlated weakly to 

cognitive deficits,21,22 and other reports claimed that patients displaying plaque 

deposition didn’t have any AD clinical symptom.23 By contrast, the soluble Aβ pool 

was a good predictor for patient cognitive impairment.21,22 Consistently, soluble Aβ 

should be able to diffuse much easily than fibrils around the brain and into synapses 

to exert their toxic effect.1 The quest to elucidate the identity and the mechanism 

by which this soluble Aβ exerts neurotoxicity is underway. 

Biomarkers and Therapeutics 

Biomarkers are fundamental tools for clinical diagnosis of diseases as well as to 

monitor their progression. Biomarkers are also key assets in patient selection in 

clinical trials and their subsequent follow-up during the length of the study. 

Recently, the scientific community agreed in two Aβ-centric biomarkers for AD: (i) 

positive signals in positron emission tomography (PET) imaging of plaques with 

radioactive Aβ binding ligands, and (ii) low Aβ42 concentration or Aβ42:Aβ40 ratio in 

cerebral spinal fluid (CSF).24 Both biomarkers are convergent, they appear 10 years 

before any symptom and they display 85-95% sensitivity and specificity for prodromal 

and dementia stages.25 AD diagnosis at stages when there are no evident clinical 

symptoms is fundamental since alterations in Aβ metabolism and plaque deposition 

are occurring years before cognitive deficits appear.26,27  

Nonetheless, there is still need for standardization of protocols and both Aβ 

biomarkers present important drawbacks. First, PET imaging has a high economic 

cost and requires the production of radioactive ligands on-site – due to their short 

lifetimes – in cyclotron facilities, which are scarce. Second, CSF extraction involves 

lumbar puncture which is an invasive procedure for patients and requires specific 

training for physicians.24 Currently, there are proteomic studies in the search for 
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additional CSF biomarkers25 or blood-borne metabolites28 specific to AD, which might 

also bring insights into other concurrent pathological events. 

Nowadays, there are only four drugs in the market directed to AD.29 The four of 

them are symptomatic, which transiently improve cognition, behaviour and 

functional state. Donepezil, Rivastigmine and Galantamine are cholinesterase 

inhibitors that enhance cholinergic transmission, which has been weakened by the 

loss of cholinergic neurons featured in AD. Memantine is an antagonist of N-methyl-D-

Aspartate receptor whose mechanism of action is through the reduction of glutamate 

excitotoxicity at the synapse.  

Disease-modifying pharmaceuticals have been designed based on three main 

therapeutic approaches: (i) decreasing Aβ production by inhibition or modulation of 

β- and γ-secretases, (ii) enhancing Aβ clearance by active or passive immunotherapy, 

and (iii) tackling alternative pathologic pathways.30 So far, none of the designed 

molecules that have undergone clinical trials have succeeded in reaching the 

market.31 Drugs halting Aβ production have failed because of their low inhibitory 

activity or because the inhibition of secretases prevented the cleavage of other vital 

substrates, deriving in detrimental side-effects.32 Therefore, current research aims to 

develop molecules with higher selectivity for inhibition of APP processing. Several 

reasons have been reported to account for the failure of immunotherapeutic 

approaches developed to date. Either (i) because the selection of patients in the 

clinical trials was not accurate enough, (ii) because their disease stage was far too 

advanced for immunotherapy to improve their cognitive and functional performance, 

(iii) because of undesired side-effects such as autoimmune meningoencephalitis or 

brain edema,33 or (iv) because of lack of target engagement.34 Therefore, adequate 

selection of patients and of antibodies is required for future positive results in 

immunotherapy. Finally, alternative therapeutic approaches rely on the direct 

inhibition/modulation of Aβ or tau aggregation. There are few promising candidates 

such as Methylthionimium, a tau aggregation inhibitor currently in phase III clinical 

trials.30 

The complexity underlying Aβ aggregation 

Aβ-directed strategies are eminent in AD therapeutic interventions. In fact, many 

efforts have been devoted to the elucidation of the Aβ neurotoxic structure(s) for 

proper design and targeting of therapeutic agents. However, such quest has been an 

enormous challenge to structural biologists due to the highly heterogeneous and 
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dynamic nature of Aβ aggregation. Multiple aggregation pathways are accessible and 

selected depending on the current physiological conditions and the presence of 

specific cofactors.35,36 This is simply reflected by the huge variety of neurotoxic 

oligomers from various sources that have been reported to date: ADDLs,37 

protofibrils,38 amylospheroids,39 sodium dodecyl sulphate (SDS)-stable dimers and 

trimers from cell cultures,40 Aβ*56,41 SDS-stable dimers from AD brains,42 

dodecamers,43 and annular protofibrils.44  

Traditional structural biology techniques such as X-ray crystallography and solution 

nuclear magnetic resonance (NMR) cannot be applied, since Aβ oligomers do not form 

crystals and large multimers tumble too slowly for NMR. The in vitro characterization 

of each of the aggregation states sampled by Aβ requires the complementary use of 

several biochemical and biophysical techniques, informative of all primary, 

secondary, tertiary and quaternary structures.35 Differences among these techniques 

comprise the applicability along the aggregation process, the ability to differentiate 

coexisting populations, the capacity to overcome the dynamics of the system and the 

concentration required to perform the assays. For instance, low molecular weight 

species have been characterised by size exclusion chromatography (SEC),45 chemical 

cross-linking coupled to SDS polyacrylamide gel electrophoresis (SDS-PAGE) analysis,46 

ion mobility coupled to electrospray ionization mass spectrometry (ESI-IM-MS)43,47 or 

solution NMR.48 Structural models of fibrils49 have been built upon constraints 

obtained from X-ray fiber diffraction,50 electron cryo-microscopy51 or solid state 

NMR.52-54 Complete picture of the whole Aβ aggregation process have been taken by 

single molecule fluorescence microscopy (SM fluorescence),55 hydrogen-deuterium 

exchange (HDX) coupled to MS,56,57 or using specific chemical probes58 such as 

thioflavin T.36  

Nonetheless, most of these aforementioned structural analyses of Aβ aggregation 

overlook a fundamental parameter which is the intrinsic dynamism of this process. 

The classical linear relationship between structure and activity is not solid enough to 

dissect Aβ aggregation and its link to neurotoxicity. Instead, we propose the triad 

structure-dynamics-activity as the most reliable approach to uncover the (transient) 

structure of Aβ neurotoxic oligomer(s). The focus of the remaining Introduction will 

be on structural techniques that also provide information on the dynamics of the 

aggregation process. This analysis will give rise to a review article: Vilaprinyó-Pascual 

S.; Carulla N. Tackling the dynamic nature of amyloid-beta protein aggregation, in 

preparation. 



8 
 

Approaches to tackle Aβ dynamics 

The first consideration with respect to the study of Aβ aggregation process is the 

source from which the peptide has been obtained. Brain derived Aβ is extremely 

limited and concerns on the degree of purity and homogeneity have arisen because of 

its origin and the extraction procedures developed so far.59 Because of these 

limitations, in vitro approaches rely on Aβ produced by solid-phase peptide synthesis 

(SPPS) or from recombinant DNA technology.35,59,60 On the one hand, Aβ SPPS is very 

challenging due to the high hydrophobicity of the sequence and its high tendency to 

aggregate, even on resin. The consequent amino acid deletions, racemizations and 

oxidations have been partially overcome by innovative methodologies.61-63 On the 

other hand, few successful reports on recombinant Aβ production have been 

described to date, some of which do not strictly generate the wild type sequence.64,65 

Of note, the minute impurities generated in SPPS of Aβ have been claimed to bias Aβ 

aggregation, whereas the extremely homogenous recombinant Aβ has been pointed 

to provide a more accurate description of the process.65,66 Besides, in vitro studies 

have basically focussed on recombinant or synthetic Aβ40 and Aβ42 alloforms, 

whereas in vivo Aβ pool also contents minor variants ranging from 37 to 4367 amino 

acids long and N-termini truncated forms, all of which might also be phosphorylated, 

oxidated or nitrosilated to some extent.14,68 Furthermore, there is a current wave of 

criticism on the lack of consensus on sample preparation and standardization, which 

may explain the huge variety of neurotoxic oligomers described and the many 

alternative toxic pathways reported to date (see Appendix A).69,70 

Taking into account these considerations, the dynamic nature Aβ aggregation has 

been studied in vitro by a specific set of techniques, namely ESI-IM-MS, chemical 

crosslinking, solution NMR (sNMR), SM fluorescence and HDX. In general terms, these 

techniques afford the determination of the stoichiometry, the relative population, 

and the shape of Aβ multimers at particular aggregation stages as well as their 

molecular interactors, with a high temporal resolution. 

ESI-IM-MS 

ESI-IM-MS is a powerful emerging technique which allows the simultaneous 

determination of size, relative population and shape of a heterogeneous mixture of 

covalent and/or non-covalent multimers and conformers.71 Particularly, ion mobility 

(IM) allows the separation of species according to their collisional cross-section, 

providing an additional dimension where multimers and/or conformers of identical 
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mass to charge ratio (m/z) are effectively separated. This collisional cross-section is 

informative of overall shape and molecular size, delivering structural insights to the 

analysed molecules43,47,72,73 which can be rationalised through molecular dynamics 

simulations.47,74 Furthermore, ESI-IM-MS is ideal to the study of highly dynamic and 

transient molecular systems such as Aβ aggregation, since sample is analysed in the 

extremely short millisecond time frame. Importantly, ESI-IM-MS studies have been 

directed to the characterization of Aβ oligomers formed at early stages of 

aggregation. This is due to highly hydrophobic and heterogeneous nature of the 

species formed along the process, which ultimately preclude their ionization and 

detection.  

The first ESI-IM-MS studies on early Aβ oligomerization started a decade ago and 

throughout the years conflicting results have been obtained. Bernstein et al72 showed 

that filtered synthetic Aβ42 solutions were composed of monomers up to tetramers, 

hexamers and dodecamers, whereas Aβ40 proceeded only through monomer up to 

tetramer.43 Moreover, they showed that Aβ40 was able to block the reported Aβ42 

oligomerization pattern yielding mixed 2:2 Aβ40:Aβ42 tetramers.75 A few years after, 

recombinant Aβ40 studies undertaken with a much more sensitive mass spectrometer 

allowed the serial detection of monomers up to hexadecamers, and different 

conformers thereof.47 The work developed in our group has revealed that both 

synthetic Aβ40 and Aβ42 oligomerise through a similar pathway mainly through 

monomers up to tetramers, as well as low populated pentamers and hexamers.76 It is 

probably the lower sensitivity of our mass spectrometer that has precluded the 

detection of the higher molecular weight species reported in Kloniecki et al.47 

Remarkably, our work is in disagreement to that reported by Bernstein et al.43 In all 

three lines of research, the obtained structural restraints were used as inputs for 

molecular dynamics simulations to get a structural model for the detected 

oligomers.47,74,76 

Chemical cross-linking 

Chemical cross-linking generates a covalent bond between susceptible residue side 

chains that are close in space due to non-covalent interactions and/or transient 

contacts. This methodology coupled to MS has been extensively used to gain 

structural information of non-covalent complexes, since cross-linked residues provide 

distance constraints to build molecular models.77 In general, cross-linkers are 

molecular handles with two reactive groups on either end that attach to reactive side 

chains such as amino groups, thiols and carboxylic acids of the interacting domains or 
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proteins. Photo-induced crosslinking of unmodified proteins (PICUP) benefits from 

side chains reactivity under extremely oxidative conditions without the need of a 

molecular handle, implying that no modification of the native sequence is required to 

perform such cross-linking.78 Importantly, PICUP overcomes Aβ dynamics by freezing 

the system as the chemical reaction takes place in the second timescale. Besides, it 

has been implemented to the study of Aβ aggregation at the earliest stage46,79,80 since 

cross-linking efficiency decays with oligomer size. The reason is that each additional 

peptide molecule requires the formation of at least one covalent bond. 

Bitan et al46 got insights on the initial oligomerization pathways of synthetic Aβ40 

and Aβ42 by means of the PICUP reaction and subsequent analysis by SDS-PAGE, 

which provided information on the stoichiometry and the relative populations of the 

different coexisting species. They concluded that both alloforms undergo different 

initial pathways, since Aβ40 was a mixture of monomers up to tetramers, whereas 

Aβ42 displayed a distribution up to octamers being the pentamers and hexamers the 

most abundant forms. They stressed that this distinct distribution explained their 

different connection to neurotoxicity. Further work on cross-linked Aβ40 oligomers 

showed that toxicity increased with oligomer size.81 Importantly, SDS-PAGE is an 

electrophoretic technique widely used to characterize Aβ, although it has been lately 

claimed to induce the formation of artefactual oligomers.82-84 The work presented in 

this thesis (see Chapter 2) brings clear evidences that SDS-PAGE analysis of cross-

linked species provides misleading results.76 This analysis also demonstrates that both 

alloforms undergo similar initial aggregation pathways. 

Solution NMR 

sNMR provides information on the secondary, tertiary and quaternary protein 

structures with atomic resolution. However, this technique has seldom been applied 

to assess Aβ aggregation because the large assemblies that are formed along the 

process tumble too slowly to be detected. Moreover, it requires high concentrated 

solutions of 15N, 13C and/or 2H labelled protein. In spite of that, Clore et al developed 

the dark-state exchange saturation transfer NMR experiments, which are able to 

address the transient contacts between NMR visible monomers and large invisible 

protofibrilar species at the millisecond time scale.48,85 This is possible thanks to the 

broad differences in transverse relaxation rates (inversely proportional to size) 

between the free and bound monomeric states and the ability to selectively saturate 

the longitudinal magnetization of the large invisible species. This saturation is 

transferred to the free monomeric state by chemical exchange, yielding attenuation 
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of its NMR signals. Hence, kinetic information on the monomer-protofibril interaction 

can be derived by successive 2D NMR spectra recording at different saturation 

offsets. These studies have shown that around 3% of free monomer transiently binds 

to protofibrils86 through the mid-region or the C-terminus of the peptide and that no 

other low molecular intermediate oligomer intercedes to achieve such contact. 

Moreover, transverse relaxation rates are larger for Aβ42 than for Aβ40, meaning 

Aβ42 assembles into invisible bigger species consistent with its higher propensity to 

aggregate.87 

Single Molecule Fluorescence microscopy techniques 

SM fluorescence has emerged as a new toolset to study size and distribution of 

fluorophore-labelled Aβ oligomers at very low concentrations similar to physiological 

conditions.55 SM techniques provide the direct visualization of oligomer species with 

a high spatial and temporal resolution, which allows the detection of sparse 

populations which could potentially be the neurotoxic species. They could not have 

been detected to date because their presence is blurred by the averaged population 

measures obtained through other biophysical and biochemical techniques. Technical 

improvements have enabled monitoring molecular events happening in the 

millisecond time scale, allowing the characterization of the highly dynamic Aβ 

aggregation process.  

SM techniques include SM photobleaching, confocal two-colour coincidence 

detection (cTCCD), fluorescence integrated intensity, single particle tracking and 

super-resolution fluorescence imaging. SM photobleaching is based on the sequential 

bleaching of the fluorophores present in a given fluorescent spot recorded by total 

internal reflection fluorescence (TIRF) or confocal scanning geometry. If fluorescence 

intensity is plotted over time, each photobleaching step corresponds to a single 

fluorophore, that is to say a single monomer; hence, oligomer stoichiometry 

corresponds to the sum of each photobleaching step.88,89 cTCCD is a confocal 

microscopy based technique in which half of Aβ molecules are labelled with a 

fluorophore distinct to the fluorophore of the other half.90 Coincident bursts are 

ascribed to oligomers and their stoichiometry determined by normalization of 

fluorescence intensity. Fluorescence integrated intensity and single particle tracking 

have been devoted to the study of Aβ-cell membrane and/or Aβ-membrane receptor 

interactions by means of TIRF.91-94 Oligomer size is determined through normalization 

of fluorescence intensity in fluorescence integrated intensity, and through diffusion 

coefficients derived from two-dimensional trajectories in single particle tracking. 
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Finally, super-resolution fluorescence imaging has allowed access to in cell recording 

of Aβ aggregation with a resolution down to 20-30 nm.95,96 This has been achieved by 

sequential stochastic photoswitching of individual fluorophores over time, in such a 

way that close-by fluorophores are temporally resolved, and subsequent size and 

shape of Aβ aggregates determined. 

SM photobleaching88,89 studies are consistent with cTCCD measures90 in that early 

stage Aβ aggregation accumulates mostly monomers up to trimers and a small 

proportion of bigger species. Fluorescence integrated intensity has shown that cell 

membrane catalyses the formation of larger Aβ species compared to the distribution 

reported in solution,93 while single particle tracking has reported confinement and 

colocalization of Aβ dimers and trimers with specific neuronal membrane receptors 

such as cellular prion protein receptor (PrPc).91,92,94 Super-resolution fluorescence 

imaging has monitored in a neuronal cell line the endocytic uptake of exogenously-

administered Aβ and its progressive intracellular condensation into amyloid 

structures.95,96 

Hydrogen-Deuterium exchange coupled to NMR or MS 

HDX is an isotopic labelling technique for protein structural analysis which gives 

insight into protein folding pathways, protein conformers, protein motions and 

protein-ligand/protein-protein interactions.97 Backbone amide hydrogens are rapidly 

exchanged to deuterons when proteins are solubilised in D2O, unless they are intra-

/inter-molecularly hydrogen-bonded or inaccessible to solvent due to their 

incorporation in stable elements of structure.98 Exchangeable hydrogens from side 

chain functional groups also readily exchange under these conditions because they 

are not involved in secondary, tertiary or quaternary structures, implying they are 

unable to provide structural information. HDX can undergo acid or basic catalysis in a 

pH- and temperature-dependent fashion, thus HDX exchange rates are carefully 

tuned by controlling these two experimental conditions. Analysis of isotopic labelling 

is performed by NMR, which delivers individual residue exchange rates thanks to the 

invisibility of deuterons, or MS, since hydrogens and deuterons differ in one unit of 

mass.97 Compared to NMR, MS analysis requires lower amount of sample, enables the 

study of larger proteins, resolves coexisting populations and affords single residue 

resolution if it is coupled to proteolytic digestion or MS/MS approaches. Control of 

isotopic labelling time allows monitoring molecular events occurring at different time 

scales.97 On the one hand, pulsed HDX assays imply the exposure of proteins to D2O 

for a brief interval of time such that it allows monitoring protein conformational 
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changes or determining folding pathways. On the other hand, in continuous HDX, 

proteins are labelled for various periods of time to characterize their structure and 

dynamics under equilibrium conditions.  

The use of HDX allowed the determination of the backbone amide hydrogens 

involved in Aβ fibril and Aβ oligomer structure.99-102 Innovative approaches using 

pulsed HDX coupled to MS further derived dynamic information on the whole Aβ 

aggregation process. Three ensembles with distinctive exchange pattern were 

identified to progressively populate Aβ40 and Aβ42 aggregation, one of whom 

correlated with neurotoxic events.56 Moreover, the mid-region of the peptide was 

spotted to be the first to be structured along the aggregation process, followed by 

the C-terminus and the N-terminus.57 Dynamics of Aβ fibril population was also 

gathered by means of continuous HDX labelling, confronting the longstanding belief 

that fibrils were the inert end product of Aβ aggregation.103 MS analysis of labelled 

fibrils over time depicted two definite isotopic populations, in which the more 

structured population decreased in as much the less structured population increased. 

Such bimodal isotopic distribution reflected that the molecules comprising fibrils, 

detached from any available fibril end, fully exchanged all backbone amide protons 

and came back again to the structured fibril; this molecular event was named 

molecular recycling.103,104 Further description and discussion on this topic will be the 

focus of Chapter 1. 

 

In the present thesis, Chapter 1 will be devoted to the use of continuous HDX 

coupled to MS to address the nature of the species in equilibrium with fibrils through 

molecular recycling. Chapter 2 will focus on the use of PICUP as a tool to freeze low 

molecular weight oligomer dynamics, to enable the determination of their 

stoichiometry. Molecular models of these oligomers will be built upon structural 

restraints gathered through their study by ESI-IM-MS and circular dichroism. 
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The first objective of this thesis was to determine the nature of the recycling 

species within Aβ amyloid fibrils. 

The secondary goals to answer the first main objective were the following: 

– To optimize fibril preparation to enhance molecular recycling within Aβ 

fibrils 

– To express, purify and characterize active insulin degrading enzyme 

 

 

The second objective of this thesis was to characterize early Aβ aggregation states.  

The following secondary goals were defined to accomplish this second main 

objective: 

– To obtain chemically well-defined cross-linked low molecular weight Aβ 

oligomers 

– To isolate cross-linked low molecular weight Aβ oligomers 

– To structurally characterize cross-linked Aβ dimers and trimers 

– To evaluate the neurotoxicity of cross-linked Aβ dimers 

– To assess the seeding capacity of cross-linked Aβ40 oligomers in Aβ 

aggregation 
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Context 

As stated in the Introduction, two decades ago amyloid plaques were claimed to be 

the neurotoxic agents in AD.20 However, subsequent studies revealed that the 

severity of the disease did not correlate to the amount of amyloid burden, but to the 

soluble Aβ pool.21-23 Hence, amyloid fibrils were then considered to be the inert end 

product of Aβ aggregation. However, further histological and in vitro evidences 

supported the description of amyloid fibrils as a potential reservoir of neurotoxic 

oligomers. First, neurons immediately adjacent to plaques were shown to be dead,105 

and the ones located within their area of influence exhibited altered 

electrophysiological properties,106 distorted neurites,107 and loss of dendritic spines108 

and synapses.109 Second, measurement of brain interstitial fluid (ISF) Aβ levels 

sampled by microdialysis in living mice110 revealed that there was a stable pool of 

soluble Aβ42 in aged transgenic mice displaying plaque deposition, even upon γ-

secretase inhibition. In contrast, inhibition of the secretase prompted a decrease in 

soluble Aβ38 and Aβ40. This metabolic fingerprint was specific to mice possessing 

brain amyloid plaques, meaning soluble Aβ42 was most probably supplied by amyloid 

fibrils. Furthermore, in vitro studies showed that fibril fragmentation enhanced 

cytotoxicity111 and that homogenous population of fibrils were in equilibrium with 

soluble Aβ species.103 Both studies reported that fibrils were undergoing what has 

been described as molecular recycling, that is Aβ molecules in fibril ends dissociate 

and re-associate back to any available end (Figure 1.1A).103,104 

In this context, it is fundamental to address which is the nature of these recycling 

species. In order to answer this question, a viable approach40 is to take advantage of 

the selectivity of insulin degrading enzyme (IDE), a mammalian 114 kDa zinc 

metallopeptidase selective for Aβ monomer only.112 IDE biological function is 

associated to the hydrolysis of a variety of regulatory short peptides such as insulin 

and glucagon, and it has been identified as one of the major Aβ-degrading enzymes 

in vivo. The selectivity of IDE for monomeric Aβ was postulated through structure 

elucidation of the enzyme in complex with Aβ by means of X-ray 

crystallography.113,114 Upon interaction, the amino and carboxy-terminal domains of 

IDE form a small catalytic chamber which can only fit polypeptides <50 amino acids 

long, precluding the hydrolysis of Aβ oligomers larger than the individual monomer. 

Besides, additional consistent reports showed the selective removal of the monomer 

band in SDS-PAGE analysis of a mixture of low molecular weight oligomers and 

monomers incubated with IDE.40,115 
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Some of the results presented in this chapter have been obtained with the 

contribution of Dr. Raquel Garcia from the Protein Expression Unit (IRB Barcelona) 

and Dr. Marina Gay and Dr. Marta Vilaseca from the Mass Spectrometry Core Facility 

(IRB Barcelona). 

Results 

1. Molecular recycling within Aβ amyloid fibrils 

 Molecular recycling was first described in an SH3 domain of the R-subunit of bovine 

phosphatidylinositol-30-kinase, a generic model of amyloid formation.104 The 

experimental design (Figure 1.1) was based on continuous HDX monitored through 

MS. Later on, it was extended to the study of Aβ amyloid fibrils.103 

 

Figure 1.1. Molecular recycling within Aβ amyloid fibrils. [A] Molecular recycling mechanism 

for a distribution of fibrils. [B] Experimental design of the HDX experiment. 

Briefly, Aβ40 and Aβ42 fibrils were prepared in a buffer at physiological pH (50 mM 

ammonium acetate (AA), 1 mM Tris(hydroxymethyl)aminomethane (Tris), 0.01% 

sodium azide (NaN3) pH 7.4 at room temperature (RT)) (Figure 1.1B). After selection 

by ultracentrifugation,116,117 fibrils were exposed to deuterated buffer for different 

periods of time. After different exchange times (Δtlabel), fibrils were again 

ultracentrifuged, and the resulting pelleted fibrils were freeze-dried to quench 

exchange. Dissolution of the pelleted fibrils in a dimethyl sulfoxide (DMSO) based 

buffer broke them down into their constituent monomers while preserving the 

exchange information.118 The HDX profile of these monomers was then analysed by 

electrospray ionization mass spectrometry (ESI-MS), a technique able to 

simultaneously detect and characterize different populations of molecules with 

different degrees of exchange.97 

The mass spectra exhibited two well-resolved peaks, meaning there were two 

distinct isotopically labelled populations (Figure 1.2A). The lower mass peak had 

exchanged 20.7 (Aβ40) and 23.0 (Aβ42) backbone amide protons (Figure 1.2B), 
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consistent with the HDX exchange pattern of Aβ molecules set in cross-β sheet in 

amyloid fibrils.119 This population was named partially deuterated species, Ppd. The 

higher mass peak had exchanged 38.6 (Aβ40) and 39.6 (Aβ42) backbone amide 

protons out of the 39 (Aβ40) and 41 (Aβ42) available (Figure 1.2B). Hence, this 

population had undergone full exchange and was referred to as fully deuterated 

species, Pfd. Over time, the intensity of Pfd increased in as much the intensity of Ppd 

decreased. Since there were no intermediate peaks, the model that best fitted the 

  

Figure 1.2. Molecular 

recycling within Aβ 

amyloid fibrils. [A] 

Mass spectra showing 

the relative populations 

of Ppd and Pfd species 

after different times of 

exchange. Plot of the 

relative fraction of Pfd 

as a function of time. 

Reproduced from 

Sánchez et al.102 [B] 

Number of backbone 

amide protons 

exchanged in Ppd and Pfd 

populations. Aβ40 and 

Aβ42 depicted in blue 

and red, respectively. 

[C] Molecular recycling 

mechanism at different 

exchange times. The 

molecules that have not 

yet dissociated from 

the fibrils in white, and 

those that have 

dissociated and 

subsequently 

reincorporated after 

complete exchange in 

orange. 
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data implied that the molecules comprising fibril ends dissociated, fully exchanged 

all backbone amide protons and reincorporated back to any available fibril end 

(Figure 1.2C). This model was consistent with EX1 exchange mechanism (see Box 1) 

whereby HDX occurs faster than Aβ molecules re-associate to fibril ends. Finally, the 

increase in Pfd species over time was attributed to the longer timespan for molecules 

to recycle (Figure 1.2C). Interestingly, Aβ42 fibrils were shown to inherently undergo 

molecular recycling to a lower extent than Aβ40 fibrils (Figure 1.2A). 

  

Box 1. Hydrogen-Deuterium Exchange 

HDX is an isotopic labelling technique for protein structural analysis which 

is informative of protein folding pathways, protein conformers, protein 

motions and protein-ligand/protein-protein interactions.97 Backbone 

amide hydrogens are rapidly exchanged to deuterons when proteins are 

solubilised in D2O, unless they are intra-/inter-molecularly hydrogen-

bonded or inaccessible to solvent due to their incorporation in stable 

elements of structure.98 Hydrogens from side chain functional groups also 

readily exchange under these conditions, but they are unable to provide 

structural information because they are not involved in secondary, 

tertiary or quaternary structures. The kinetic constant (kexch) that governs 

the exchange of a proton120 is described as follows: 

  kexch = kacid[D+] + kbasic[OD-] + kwater  (Equation 1) 

As reflected in equation 1, HDX can undergo acid or basic catalysis. The 

associated kinetic constants are pH- and temperature-dependent, so that 

overall kexch rate is carefully tuned by controlling these two experimental 

conditions. In water-based buffers, basic catalysis (Figure 1.3) is 

predominant form pH 3 onwards. 

 

Figure 1.3. Mechanism underlying base-catalyzed HDX in backbone amide proton 

positions 
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In a structured site, the overall mechanism of backbone amide protons 

HDX is represented by fluctuation of exchange sites between 

incompetent/closed or competent/open states121: 

 

Figure 1.4. General kinetic mechanism governing HDX in structured sites 

Once in the open state, proton exchange kinetics is determined by kexch, 

as detailed in equation 1. If the fluctuation between the two states is 

much faster than the proton exchange (k-1 >> kexch), HDX is under EX2 

regime whereby exchangeable positions acquire deuterons progressively 

as a function of the oscillation between open and closed states. In 

contrast, EX1 mechanism is based on proton exchange occurring largely 

faster than the conversion between open and closed states (kexch >> k-1) 

such that all exchangeable positions acquire deuterons when they switch 

from the closed to the open states for the first time. 

Analysis of isotopic labelling is performed by NMR, which delivers 

individual residue HDX exchange rates thanks to the invisibility of 

deuterons, or MS, since hydrogens and deuterons differ in one unit of 

mass.97 Compared to NMR, MS analysis requires lower amount of sample, 

enables the study of larger proteins, resolves coexisting populations and 

affords single residue resolution if it is coupled to proteolytic digestion or 

MS/MS approaches. 

  

2. Strategy to assess the nature of the recycling species 

The determination of the nature of the recycling species is fundamental taking into 

account that fibrils have been suggested to be a potential reservoir of neurotoxic 

species. In order to achieve this objective, we sought to take advantage of IDE’s 

selectivity for monomeric Aβ. The approach we designed was based on the same 

experimental setup described in Section 1, but introducing IDE simultaneously to the 

exposure of fibrils to deuterated buffer. We hypothesized two extreme situations in 

which the recycling species could be monomeric or oligomeric only (Figure 1.5). 

Hence, if the recycling entity would be a monomer, fewer or no recycling would be 
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observed as the recycling entity would be degraded by the enzyme before its 

reincorporation to the fibril. Conversely, if the recycling species would be an 

oligomer, the recycling process would not be altered. 

Importantly, to assure that all monomeric Aβ released from the fibrils would be 

degraded by IDE, we planned to introduce IDE in stoichiometric amounts (instead of 

catalytic amounts) relative to the critical concentration of soluble Aβ. Moreover, in 

order to reduce the concentration of this soluble Aβ in equilibrium with the fibrils, 

we decided to generate fibrils with ten times less amount of peptide. 

 

Figure 1.5. Determination of the nature of the recycling species. We envisaged two extreme 

situations: [A] if recycling species would be monomeric only, IDE would degrade them and Pfd 

species peak would not be seen in the mass spectra; [B] if recycling species would be 

oligomeric only, the enzyme would not be able to hydrolyse them and the two isotopically 

labelled populations would be observed in the mass spectra. 

3. Optimization of fibril preparation to enhance molecular recycling 

IDE proteolytic activity is very sensitive to temperature and time. The enzyme 

remains active and stable for up to a month at 4ºC,122 but loses function in two weeks 

at RT. This implied there was a mismatch between active IDE timespan and the time 

frame of the experimental setup to assess molecular recycling within Aβ fibrils. In 

order to address this mismatch, we attempted to enhance molecular recycling by 

increasing the number of fibril ends,104 that is mechanically disrupting fibrils by 

sonication to generate a distribution of shorter fibrils.  
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The sonication procedure was adapted from Arimon et al, where they used a fine 

tip ultrasonicator to obtain a narrow distribution of short fibrils from mature Aβ 

fibrils.123 We initially applied the sonication procedure to the fibrils obtained as 

described in section 1 (50 mM AA, 1 mM Tris, 0.01% NaN3 pH 7.4 at RT). 

 

Figure 1.6. Examination of fibril formation conditions. [A] ThT binding assay fluorescence 

profile of Aβ40 (blue) and Aβ42 (red) fibril formation under the two different experimental 

conditions. [B] On the left, TEM micrographies of mature Aβ fibrils prepared under two 

different experimental conditions. On the right, the resulting sonicated fibrils. Scale bar 

corresponds to 200 nm.  
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Fibril formation was assessed through thioflavin T (ThT) binding assay (Figure 1.6A, 

left) - ThT is a small molecule that emits fluorescence upon binding to amyloid fibrils 

(see Appendix B). Once formed, their morphology was assessed by transmission 

electron microscopy (TEM). Fibrils were organised into dense bundles of long 

filaments distributed one on top of the other (Figure 1.6B, top left). Controlled 

sonication didn’t yield shorter individual fibrils, instead we obtained trimmed 

fibrillar bundles (Figure 1.6B, top right). Longer sonication times only destroyed fibril 

ultrastructure. Consequently, we decided to apply fibril formation conditions used in 

Arimon et al, this is 10 mM Tris pH 7.4 at 37ºC.123 Under these new conditions, fibrils 

were formed more than threefold faster (Figure 1.6A, right) and TEM images showed 

they were distributed as long individual filaments with nicely defined ultrastructure 

(Figure 1.6B, bottom left). More importantly, application of sonication procedure 

yielded homogeneously shorter fibrils (Figure 1.6B, bottom right). 

In all, fibril formation under 10 mM Tris pH 7.4 at 37ºC was three times faster than 

in the initial conditions and it yielded nicely defined fibrils with fine structure. Their 

sonication following established procedures provided a distribution of shorter fibrils 

of about 100 nm in length.  

4. Expression, purification and characterization of IDE 

Once fibril preparation was optimised, we set to express, purify and characterize 

IDE. We sought to obtain recombinant IDE to take advantage of its reported 

selectivity between monomeric and oligomeric Aβ. 

In collaboration with Dr. Raquel Garcia from the Protein Expression Unit (IRB 

Barcelona), we obtained pOPINE124 plasmid containing Met42-Leu1019 human IDE 

hexahistidine-tagged construct. Expression trials showed optimal IDE production was 

attained through transformed B834 E. Coli cells induced by isopropyl-1-thio-β-D-

galactopyranoside (IPTG). Next, we implemented a previously published purification 

protocol122 which in our hands yielded impure IDE. Through optimization of ion metal 

affinity column (IMAC) gradient, we obtained highly pure protein (Figure 1.7A), which 

was only active if IMAC buffer contained reducing agents. In fact, IDE has been 

reported to be thiol-sensitive as it possesses 13 cysteines, two of whom need to form 

a disulphide bridge and the remaining need to be free, to obtain the active 

enzyme.125 Last SEC step was carried out without any reducing agents so that on-

column folding afforded active IDE. Interestingly, our in-house produced IDE 

displayed a higher specific activity than the commercial enzyme from R&D systems 

(Figure 1.7B). 
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The objective of expressing and purifying IDE was to ultimately achieve selectivity 

between monomeric Aβ versus oligomers. Even though this selectivity had already 

been claimed, none of the reported studies provided direct evidence of the extent of 

such selectivity using properly characterised Aβ.40,113,115 In this context, we sought to 

provide further evidence of this selectivity to determine its precise scope. This was 

imperative since we did not expect the recycling species to be very large as they 

displayed an almost full deuteration pattern. 

 

Figure 1.7. Expression, purification and characterization of IDE. [A] SDS-PAGE of the 

different IDE purification steps. The band corresponding to the enzyme is indicated with an 

arrowhead. [B] Enzymatic activity plot of product formation over time. Comparison of 

specific enzymatic activity of in-house produced IDE (orange) and commercial IDE (green). 

Enzyme specific activity values indicated on top. 

In order to prove this selectivity, we prepared cross-linked low molecular weight 

Aβ40 oligomers, including intact monomer up to cross-linked tetramer (Figure 1.8A, 

lane 1 – see Chapter 2). Incubation with slightly substoichiometric amounts of IDE and 

subsequent analysis through SDS-PAGE showed cross-linked dimers, trimers and 

tetramers resisted IDE proteolytic activity (Figure 1.8A). In contrast, monomeric 

Aβ40 band progressively disappeared over time, displaying degradation fragments of 

~2 kDa at short time points, which completely disappeared at longer incubation 

times. To the best of our knowledge, this is the first direct evidence that IDE is 

unable to cleave the smallest Aβ oligomers including dimers up to tetramers. 

Next, we set to characterize Aβ-IDE kinetic system. We chose Aβ40 peptide to 

perform this characterization because it has a lower aggregation propensity than 

Aβ42, and we used catalytic amounts of IDE since it is one of the premises of the 

classical Michaelis-Menten framework.126 A substrate-enzyme kinetic study implies 

the determination of the following parameters: (i) the maximum initial velocity of 

substrate degradation (vmax) which is the maximum initial velocity that will be 
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achieved due to enzyme saturation; (ii) the Michaelis-Menten constant (Km), which is 

the substrate concentration at which the substrate degradation initial velocity is half 

the maximal, and it reflects the thermodynamic constant of affinity of substrate and 

enzyme. The kinetic rates of the system can be derived from these two parameters. 

Overall, the fundamental Michaelis-Menten plot relates the dependence of substrate 

degradation initial velocity versus substrate concentration at a given enzyme 

concentration. However, this relation can only be drawn if preceding plots of 

substrate consumption over time achieve full depletion of the substrate at long 

times. 

 

Figure 1.8. IDE characterization. [A] SDS-PAGE of cross-linked Aβ40 low molecular weight 

oligomers with IDE at increasing sampling times. The bands corresponding to IDE, Aβ40 

monomer (M), cross-linked dimer (CL D), trimer (CL Tr) and tetramer (CL Te) are indicated 

with arrowheads. [B] Aβ degradation plots incubated at 30 and 60 nM IDE at several initial 

Aβ concentrations. One phase exponential decay curves have been adjusted to mean values 

of triplicate measures for each time point. 

When carrying out Aβ-IDE kinetic study, this premise was not fulfilled: we were not 

able to achieve full degradation of Aβ40 over time at different concentrations (Figure 

1.8B). A possible explanation would be that unproteolysed Aβ40 was in fact 

aggregated, thus the initial concentration was not reflecting the real monomeric 

Aβ40 available for IDE to hydrolyse. This possibility was tested incubating with 

double the enzyme concentration (Figure 1.8B, light green). Surprisingly, we could 

achieve a higher consumption of substrate, meaning that either (i) unproteolysed 

Aβ40 was indeed aggregated, but there was a complex equilibrium between 

monomer and oligomers that could be modulated upon enzyme addition, or that (ii) 

IDE was undergoing product inhibition or (iii) losing activity due to excessive 

turnovers. Overall, we could not kinetically parametrize this system. In fact, this 
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system should have been a priori considered as highly complex due to the substrate 

kinetics per se.   

Subsequent Liquid Chromatography-High Resolution Mass Spectrometry (LC-HRMS) 

analysis of Aβ degradation fragments was carried out by Dr. Marina Gay at the Mass 

Spectrometry Core Facility (IRB Barcelona). 

 

Figure 1.9. IDE-mediated Aβ40 cleavage sites and the corresponding generated peptide 

fragments. Each cleavage site has a colour associated, ranging from red to green. Mid-region 

peptides which include two cleavage sites are depicted with a colour gradient corresponding 

to the colours of both cleavage sites. Formerly reported cleavage sites115,127 are depicted on 

top with a grey arrowhead, while the newly identified are shown in black arrowheads. 

This analysis revealed there were several short peptides corresponding to Aβ mid-

region only, meaning that they were the result of at least two IDE proteolytic steps 

(Figure 1.9). Since full-length Aβ was still detected in this pool of fragments, this 

result suggested IDE could have even more affinity for Aβ degradation fragments than 

for Aβ itself. Hence, this result reinforced the former product inhibition hypothesis, 

since IDE could be “kidnapped” by these generated degradation fragments once 

formed. Moreover, this LC-HRMS analysis could also support the excessive turnovers 

hypothesis because IDE could lose activity due to simultaneous proteolysis of Aβ and 

its degradation fragments. Further evidences to support either of these two 

hypotheses could have been gathered by monitoring Aβ concentration upon re-

addition of IDE at longer incubation times. 

Importantly, our LC-HRMS analysis of IDE-mediated Aβ fragments was consistent 

with the formerly reported cleavage sites (Figure 1.9, grey arrowheads).115,127 

Interestingly, we detected three additional sites (Figure 1.9, black arrowheads). 
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These results are in agreement with the unspecific substrate cleavage pattern, 

characteristic to IDE.114 

Overall, we succeeded in expressing and purifying recombinant active IDE. We also 

showed that IDE cleaves monomeric Aβ only, since the enzyme could not hydrolyse 

cross-linked dimers, trimers and tetramers. However, we did not fulfil the 

characterization of Aβ-IDE kinetic system because Aβ was not fully proteolysed when 

incubated with IDE at long times. Determination of IDE-mediated Aβ fragments 

enabled the identification of three new cleavage sites, and it revealed that the 

enzyme also hydrolyses Aβ fragments. 

5. Molecular recycling within Aβ fibrils in the presence of IDE 

With effectively sonicated Aβ fibrils and active IDE in hands, we could proceed to 

assess molecular recycling in the presence of the enzyme. The experimental design 

was identical to the one explained in section 1 (Figure 1.1B), the enzyme was simply 

added at the same time as fibrils were resuspended in D2O buffer. IDE was supplied 

at stoichiometric amounts (critical soluble Aβ concentration is in the micromolar 

range103) in order to ensure there was enough IDE to proteolyse all the monomer in 

solution and that degradation fragments did not monopolise all the enzyme 

molecules. Moreover, IDE was added at three different concentrations to assess its 

dose-response effect. 

First, we analysed molecular recycling under these new conditions in the absence of 

IDE. Contrary to our initial hypothesis and in spite of working with a homogeneous 

distribution of shorter fibrils, we did not detect an enhanced molecular recycling 

neither for Aβ40 nor Aβ42 fibrils (Figure 1.10B). In fact, in Aβ40 fibrils at 4 days of 

exchange, Pfd population only reached a relative fraction of 30%, compared to the 

roughly 60% measured in the former conditions (Figure 1.2A). Aβ42 fibrils showed a 

similar behaviour in both experimental conditions, with a relative fraction of 

approximately 25% (Figures 1.10B and 1.1A). 

Next, we compared the backbone amide protons exchanged in each isotopically 

labelled population in the two experiments (50 mM AA, 1 mm Tris, 0.01% NaN3 pH 7.4 

at RT vs 10 mM Tris pH 7.4 at 37ºC – Figure 1.2B vs Figure 1.10C). As expected, the 

lower mass peaks displayed an exchange pattern roughly corresponding to Aβ 

molecules set in cross-β sheet in amyloid fibrils.119 Besides, the higher mass peaks 

also exhibited a full exchange of all backbone amide protons, indicating lack of 

structure through hydrogen-bonding. 
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Figure 1.10. Molecular recycling within Aβ amyloid fibrils in the presence of IDE. [A] Mass 

spectra (+4 charge state) showing the relative populations of Ppd and Pfd species of Aβ40 

(left, at day 4) and Aβ42 fibrils (right, at day 6) incubated with 0/0.01/0.1/1 μM IDE (top to 

bottom). [B] Plot of the relative fraction of Pfd as a function of time for Aβ40 (blue) and 

Aβ42 (red) fibrils without IDE. [C] Number of backbone amide protons exchanged in Ppd and 

Pfd populations. Aβ40 and Aβ42 depicted in blue and red, respectively. [D] Plot of the 

relative fraction of Pfd as a function of time for Aβ40 (blue) and Aβ42 (red) fibrils with 

0(CT)/0.01/0.1/1 μM IDE (darker to lighter colour), expressed as mean ± standard deviation. 

Upon incubation with IDE, the increase in the relative fraction of Pfd species in Aβ40 

fibrils was halted in all three IDE-containing samples (Figure 1.10D in blue). This 

implied that IDE was able to cleave whatever was in solution and reincorporation of 

Aβ molecules to the fibrils was not possible. Additionally, a +1 charge state weighting 

1096 uma was detected in Aβ40 0.01 μM IDE mass spectrum, overlaying with the Pfd 

peak (Figure 1.10A, indicated with grey arrowheads). LC-HRMS studies of IDE-

mediated Aβ fragments allowed identification of this peptide as the fully deuterated 
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Aβ40 C-terminus fragment starting at Glycine-29, whose theoretical deuterated 

monoisotopic mass is 1096. The hydrophobic nature of this fragment could explain 

why this peptide had remained attached to the fibrils after the ultracentrifugation 

step. 

With regard to Aβ42 fibrils, 0.01 µM IDE did not stop molecular recycling process to 

occur (Figure 1.10D in red). However, the presence of 0.1 and 1 µM IDE was sufficient 

to keep Pfd relative fraction at basal levels. In other words, low IDE concentrations 

did not block Aβ molecules reincorporating to the fibrils whereas high IDE 

concentrations were able to disrupt molecular recycling. Rationalization of these 

data suggested that Aβ42 fibrils provided oligomers in complex equilibrium with 

monomers. 

Discussion 

The mismatch between active IDE timespan and the timescale whereby molecular 

recycling was monitored led us to enhance molecular recycling through the 

generation of more fibril ends. Sonication was only effective if fibrils were prepared 

in carefully optimised experimental conditions, which ultimately yielded a similar or 

slower molecular recycling. Besides, we obtained active recombinant IDE, which 

proved to be selective for monomeric Aβ only, although no kinetic characterization 

of Aβ-IDE interaction was attained. Finally, Aβ40 fibrils showed to provide IDE-

cleavable monomers, while Aβ42 fibrils released an undefined mixture of monomers 

and oligomers. 

1. IDE characterization 

IDE is a well-established Aβ-degrading enzyme, claimed to hydrolyse monomeric Aβ 

only. Up to date, there have not been direct evidences of the scope of such 

selectivity using properly characterised Aβ. Walsh et al showed that SDS-PAGE 

analysis of conditioned media of Aβ-expressing cells incubated with IDE exhibited low 

molecular weight SDS-stable oligomer bands and no traces of monomeric Aβ.40 

However, there was no further characterization of the nature of these SDS-stable Aβ 

oligomer bands. In fact, a recent paper has shown that these SDS-stable oligomer 

bands could also correspond to N-termini extended Aβ forms.128 Mukherjee et al 

showed that pre-aggregated radiolabelled Aβ incubated with IDE did not release any 

radioactive soluble proteolytic product.115 This result indicates that IDE is unable to 

proteolyse large undefined Aβ species, but no evidences on the precise extent of the 

selectivity are given. Indirect evidence of this scope was provided through IDE X-ray 
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crystal structure, which revealed a catalytic chamber that could only fit short 

peptides up to 50 amino acids long.113 In this context, we have provided direct and 

faithful proof that IDE can only cleave monomeric Aβ. In Chapter 2 we will show that 

cross-linked low molecular weight Aβ40 oligomers analysed through SDS-PAGE provide 

bona fide oligomer stoichiometry and distribution, meaning that from our data we 

can conclude IDE indeed cleaves monomeric Aβ but is unable to degrade oligomers 

starting from dimers (Figure 1.8A).  

Kinetic characterization of Aβ-IDE pair could have been considered a priori highly 

complex due to Aβ (substrate) kinetics of aggregation. In fact, our kinetic study was 

not conclusive because Aβ was not fully depleted after long incubation times (Figure 

1.8B), which could be ascribed to Aβ being partially aggregated. Therefore, even 

though we could monitor substrate consumption initial velocities, the established 

initial monomeric substrate concentration was most probably not correct. 

Conversely, Leissring et al reported kinetic parameters Km and vmax for this enzyme-

substrate pair through a newly designed experimental fluorescence-based approach, 

which allowed them to characterize IDE-mediated Aβ consumption at 10-100 fold 

lower peptide concentration than in our study.127 However, in spite of their 

successfully completed kinetic characterization, they did not provide evidence that 

the peptide was fully hydrolysed at each trace of Aβ consumption over time. 

Importantly, all Michaelis-Menten premises, for instance complete substrate 

depletion, need to be fulfilled in order to validate the obtained kinetic parameters. 

2. Molecular recycling within Aβ amyloid fibrils 

Despite striving to achieve an enhanced molecular recycling, sonicated fibrils 

obtained through carefully optimised conditions displayed a similar or even slower 

molecular recycling. The reason is that we focused our attention on obtaining more 

fibril ends, since Carulla et al had already reported that the more fibril ends, the 

larger Pfd relative population at shorter periods of time.104 Therefore, we focussed on 

optimizing fibril formation conditions to obtain mature fibrils that yielded 

homogenously shorter counterparts through sonication. Our optimised conditions 

implied a change in solvent composition, in terms of type and concentration of salt, 

and temperature: from 50 mM AA, 1 mM Tris, 0.01% NaN3 pH 7.4 at RT to 10 mM Tris 

pH 7.4 at 37ºC. Under the new experimental conditions, we finally succeeded in 

obtaining shorter fibrils through mechanical disruption, but we did not consider that 

modification of Aβ physicochemical environment could affect fibril stability. 

Certainly, there have been reports on the influence of changes in solvent 
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composition, pH or temperature on peptide aggregation kinetics,129 and, in fact, we 

noticed that in the new conditions both Aβ40 and Aβ42 aggregated threefold faster 

(Figure 1.6A). Nevertheless, we could not foresee these physicochemical changes 

would additionally affect the thermodynamics of the system by stabilizing fibrils and 

ultimately slowing molecular recycling. 

Although we did not obtain an enhanced molecular recycling, small amounts of 

Aβ40 and Aβ42 Pfd species were detected all along the time course of the assay, even 

at initial times. More precisely, there was a basal Pfd species at roughly 10% that 

could even be detected in the presence of high concentrations of IDE (Figure 1.10D). 

Sánchez et al considered it to result from non-specific binding of monomers to the 

fibrils.103 If this were the case, monomers should be hydrolysed in the presence of 

the enzyme, implying they should progressively disappear from the mass spectra. In 

fact, we would expect that these monomers were released from the fibrils more 

easily compared to the recycling species, since the former are bound through non-

specific interactions whilst the latter are through hydrogen-bonding. Based on a 

recent publication, an alternative explanation would be that molecules in the fibril 

ends undergo a two-state detachment from the fibrils, similarly to the sNMR reported 

interaction between monomers and protofibrils.87 In this hypothesis, molecules 

comprising fibril ends would first break up all hydrogen-bonding, so that all backbone 

amide protons would fully exchange. Even if these molecules were not structured 

through cross-β sheet anymore, other non-covalent interactions would keep them 

transiently attached to the fibrils ends. Subsequently, these molecules would detach 

from the fibril structure and would be released to the solvent. Therefore, the basal 

Pfd species would correspond to transient fully exchanged species before being 

detached from the fibrils. 

3. The nature of the recycling species 

Under the optimised experimental conditions, Aβ40 and Aβ42 fibrils mass spectra 

showed the two expected well-defined peaks (Figure 1.10A). On the one hand, the 

lower mass peaks Ppd displayed the exchange pattern of Aβ molecules set in cross-β 

sheet in amyloid fibrils. On the other hand, the higher mass peak Pfd exhibited a full 

exchange of all backbone amide protons, indicating lack of structure through 

hydrogen-bonding. These results were consistent with those from the original 

description of molecular recycling within Aβ amyloid fibrils.103 The lack of hydrogen-

bonding was also in agreement with Pfd population being low structured either as 

monomers or low molecular weight oligomers. Importantly, these data support the 
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selection of IDE as the agent to discern the nature of the recycling species due to its 

exquisite selectivity for monomer versus its inability to hydrolyse the simplest Aβ 

oligomer, i.e. the dimer. 

Regarding the incubation of Aβ40 fibrils with IDE, molecular recycling was blocked 

at the three different concentrations of enzyme used (Figure 1.10D in blue). These 

results together with the described exchange pattern were undoubtedly indicative of 

Aβ40 Pfd species, namely Aβ40 recycling species, being monomers. Consistent to 

these results, a cTCCD study of Aβ40 fibrils showed they provided mainly monomers 

and a very low population (1%) of mostly dimers to tetramers.90 

In contrast, the picture in Aβ42 fibrils incubated with IDE was far more complex. 

Even if 0.01 µM IDE didn’t stop molecular recycling, 0.1 and 1 µM IDE showed to be 

sufficient to impede Pfd relative fraction to increase over time (Figure 1.10D in red). 

Of note, all this reasoning has to be considered under the frame that the differences 

in Aβ42 Pfd relative fraction were little (from 15% to 25%) between control and IDE-

containing samples. Taking into account that Pfd had exchanged all amide protons, 

we could infer Aβ42 fibrils release an undefined mixture of IDE-cleavable monomers 

and oligomers, which are not structured through hydrogen-bonding. Certainly, these 

monomers and oligomers establish a highly intricate equilibrium that IDE can only 

disturb at high concentrations. 

An alternative explanation to the fact that Aβ42 recycling species require a higher 

concentration of enzyme to disrupt molecular recycling is that IDE could possibly 

have different affinity for Aβ40 and Aβ42. Consistently, a computational study on Aβ-

IDE interaction reported that Aβ42 interacted with IDE in a manner significantly 

different from that of Aβ40.130 However, this possibility is very unlikely since we 

were working with high concentrations of enzyme, meaning their slight different 

interaction could not be as determining as to display different molecular recycling 

patterns in the presence of high amounts of IDE. 

Overall and in support of our data, measurement of Aβ levels in brain ISF of living 

mice revealed there was a pool of soluble Aβ38, Aβ40 and Aβ42 in aged transgenic 

mice displaying plaque deposition. Importantly, Aβ38 and Aβ40 pool decreased upon 

γ-secretase inhibition, whereas that of Aβ42 remained stable only if plaques were 

present.110 In agreement with our results, this data suggests that soluble Aβ42 could 

had been supplied by amyloid fibrils and that murine IDE and other Aβ degrading 

enzymes112 expressed in the mice (i.e. Neprilysin) were unable to hydrolyse this Aβ42 

soluble pool. 
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Similarly to our change in the physicochemical properties of the media, the 

molecular recycling within Aβ fibrils in vivo could be easily modulated by the 

physiological conditions and the presence of specific cofactors. In this context, it is 

tempting to speculate that what might differentiate AD patients and non-demented 

adults displaying AD-like amyloid deposition26,27 are their specific physiological 

conditions that alter the thermodynamic stability of fibrils deposited in amyloid 

plaques. In other words, the physicochemical environment of brain amyloid plaques 

could determine a decreased or an enhanced molecular recycling within Aβ fibrils, 

ultimately regulating the performance of amyloid plaques as potential reservoirs of 

oligomers. Furthermore, not only the thermodynamic stability of Aβ fibrils 

determines their role in the disease, but also their chemical nature. Precisely, Aβ42 

fibrils recycle to a fewer extent compared to Aβ40 fibrils, but the former provide 

oligomers that IDE, one of the most prominent Aβ-degrading enzymes in vivo, cannot 

hydrolyse. 

Materials and methods 

Reagents 

All reagents were purchased from Sigma-Aldrich unless otherwise specified. 

Fibril preparation 

Aβ peptides of 40 and 42 residues, Aβ40 and Aβ42, were synthesised and purified by 

Dr. James I. Elliott (New Haven). Aβ was purified by SEC. First, it was dissolved at 

8.5 mg/ml Aβ concentration in 6.8 M guanidinium thiocyanate (GdnHSCN - Life 

Technologies), sonicated for 5 min, diluted to 4 M GdnHSCN at a 5 mg/ml Aβ 

concentration, centrifuged at 10,000g for 5 min. The resulting solution was injected 

into a HiLoad Superdex 75 HR 16/60 column (GE Healthcare) previously equilibrated 

with 10 mM Tris, pH 7.4, and eluted at a flow rate of 1 ml/min. The system was kept 

at 4°C. The peak attributed to low molecular weight Aβ was collected, and its 

peptide concentration was determined by Reverse Phase High Performance Liquid 

Chromatography (RP-HPLC-PDA). The Aβ solutions were diluted to 30 μM and 

incubated at RT for fibril formation, which was monitored through ThT binding assay 

and TEM. 
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RP-HPLC-PDA 

RP-HPLC-PDA analysis was carried out using a Symmetry 300 C4 column (4.6 × 150 

mm, 5 μm, 300 Å; Waters), a flow rate of 1 ml/min, and a linear gradient from 0 to 

60% B in 15 min (A = 0.045% trifluoroacetic acid (TFA) in water, and B = 0.036% TFA in 

acetonitrile) at 60ºC. A calibration curve was generated based on Aβ40 and Aβ42 

solutions that had previously been quantified by amino acid analysis. 

Amino Acid Analysis 

An internal standard (2-aminobutanoic acid) was added to a given volume of Aβ 

solution. The mixture was lyophilised and the peptide was subsequently hydrolysed (6 

N hydrochloric acid (HCl), 110ºC, o/n). The amino acid content and the 

corresponding protein concentrations were determined using the Waters AccQ-Tag 

amino acid analysis method. 

ThT binding assay 

ThT analysis was performed by mixing 50 μl of the Aβ aggregating solutions 

withdrawn at specific times with 15 μl of 100 μM ThT and 35 μl of 142 mM Glycine at 

pH 8.3 in a Hard Shell® Thin Wall 96-well fluorescence plate (Bio-Rad). The ThT 

fluorescence of each sample was measured using a fluorescence plate reader 

(FluoDia T70, Photal, Photon Technology International) at excitation and emission 

wavelengths of 450 and 485 nm, respectively. The samples were analyzed in 

triplicate, and average fluorescence values and standard deviations were plotted. 

Electron microscopy 

A 10 μl aliquot of the Aβ amyloid fibril solution was applied to a Formvar-coated 

copper grid (400 mesh). After 1 min, the grid was washed with water and then 

negatively stained with 2% uranyl acetate (w/v). Samples were viewed in FEI Tecnai 

SPIRIT Company operating at 120 kV and the images acquired with an SIS Megaview III 

camera. 

Sonication of Aβ fibrils 

The fibrils were mechanically disrupted by ultrasonication immersing a 3 mm 

tapered microtip (Vibracell VCX 750) in the fibril solution, kept in ice to avoid sample 

heating upon sonication. The amplitude of the sonication pulse was set at 22% and it 

lasted for 1 min, in sequential on:off states at 5:1. 
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Expression and purification of IDE 

Human IDE was recombinantly expressed in-house, as detailed below. Only in 

specific cases, the enzyme was purchased to R&D Systems. 

Human Met42-Leu1019 6-His tag IDE was successfully cloned in pOPINE124 plasmid 

(work performed at the Protein Expression Unit – IRB Barcelona). B834 E. Coli cells 

were transformed with the plasmid and were grown at 25°C and 170 rpm in Luria 

Broth containing 0.1 mg/ml carbenicillin. When the A600 of the culture reached 0.3–

0.4 AU, the expression of recombinant IDE was induced by adding 50 mM IPTG. Cells 

were harvested 12 h after induction, centrifuged at 2700g for 30 min at 4ºC. All the 

following steps were carried out either on ice or at 4°C. Pelleted cells from 1 l 

culture were resuspended in 100 ml of buffer A (50 mM sodium phosphate, 500 mM 

sodium chloride, 1 mM tris(2-carboxyethyl)phosphine, 10 mM imidazole at pH 8.0) 

spiked with DNAse (Roche Diagnostics) and one pill of Complete EDTA-free (Roche 

Diagnostics). The resuspended cells were lysed in a Cell Disruptor (Constant Systems) 

and the obtained lysate was centrifuged at 30000g for 30 min. The soluble pool was 

filtered through a 0.45 μm filter (Millipore) and injected to a 5 ml HisTrap HP column 

(GE Healthcare) pre-equilibrated with 5 column volumes (CV) of Buffer A. We 

programmed a gradient whereby recombinant IDE eluted in the last step. The 

gradient mixed different percentages of buffer A and buffer B (buffer A with 200 mM 

imidazole and pH 7.4) as follows (the percentages are in terms of buffer B): 5 CV 0%, 

15 CV 0-30%, 15 CV 30%, 10 CV 30-100% and 5 CV 100% buffer B. The fractions 

containing IDE were pooled, concentrated down to ~200 μl using 30 kDa-Vivaspin 

concentrator (Sartorius) and injected into a Superdex 200 10/300 (GE Healthcare) 

pre-equilibrated with the adequate buffer. Fractions containing monomeric IDE were 

pooled again and protein concentration was estimated using Nanodrop 2000 

(ThermoFisher Scientific). 

SDS-PAGE electrophoresis was run with aliquots from each purification step. The 

7.5% acrylamide/bisacrylamide 1.5 mm-wide gel was prepared following the recipe 

detailed below. 

 Resolving Stacking 
Acrylamide/Bis 40% 1.875 ml 488 μl 

H2O 5.625 ml 3.500 ml 
Buffer 2.600 ml 1.250 ml 

SDS 10% 100 μl 50 μl 
APS 10% 100 μl 500 μl 
TEMED 10 μl 5 μl 
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Acrylamide/Biscarylamide solution (Amresco, Berlabo) was 37.1:1 at 40% (w/v). 

Resolving buffer was 1.5 M Tris·HCl pH 8.8, 0.4% SDS. Stacking buffer was 0.5 M 

Tris·HCl pH 6.5, 0.4% SDS. The gel was placed in a Tetrapack (Bio-Rad) cuvette and 

immersed in Running Buffer (1.92 M Glycine, 0.25 M Tris·HCl, 1% SDS). 10 μl-sample 

aliquots were mixed with 1.5 μl dithiotreitol (DTT) and 3 μl 5x Loading Buffer (312.5 

mM Tris·HCl pH 6.8, 50% Glycerol, 10% SDS, 0.1% Bromophenol Blue). Next, they were 

boiled at 95ºC for 5 min and loaded into the gel. Gel was run at 80–100 V and stained 

with Commassie Blue. 

IDE specific activity 

IDE specific activity was measured by its ability to cleave the fluorogenic peptide 

substrate Mca-RPPGFSAFK(Dnp)OH (R&D Systems) during the initial 1.5 min. IDE and 

the substrate were diluted in Assay Buffer (50 mM Tris·HCl, 1 M sodium chloride pH 

7.5) at 0.2 μg/ml and 20 μM, respectively. Triplicates of 50 μl of diluted substrate 

were loaded into a plate (Costar 3635 UV-transparent) and the reaction was started 

upon addition of 50 μl diluted IDE. Fluorescence was measured every ~30 s, reading 

at excitation and emission wavelengths of 320 nm and 405 nm, respectively. 

Fluorescence background was also measured by addition of 50 μl of Assay Buffer 

instead of diluted IDE. A calibration curve was built with Mca-PL-OH (Bachem) to 

correlate fluorescence readout to proteolytic product formation. Specific activity 

was calculated as picomoles of product generated during the first 1.5 min per μg of 

enzyme, expressed as pmol/min/μg IDE. 

Preparation of cross-linked Aβ40 oligomers 

Aβ was purified by SEC to obtain low molecular weight Aβ, as described in fibril 

formation section. The column was equilibrated using 10 mM sodium phosphate pH 

7.4 and eluted at 4ºC at a flow rate of 1 ml/min. The peak attributed to low 

molecular weight Aβ was collected and its protein concentration determined. The 

peptide solution was then diluted to 150 μM, frozen, and kept at -20 ºC until used. 

PICUP reaction was used to prepare cross-linked Aβ40 oligomers. PICUP 

experimental set-up consisted of a camera body and a 150-W slide projector. A PCR 

tube containing the reaction mixture to be cross-linked was placed inside the camera 

body for irradiation. The sample was irradiated via the slide projector for a short 

time, precisely controlled by the camera shutter. PICUP reactions were done using an 

Aβ/Ru(bpy)3
2+/APS ratio of 1:2:5, optimised conditions which will be further 

described in Chapter 2. To this end, 4 μl of 3 mM Ru(bpy)3
2+ and 4 μl of 7.5 mM APS 
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were added to 40 μl of 150 μM Aβ solution described above. The mixture was 

irradiated for 1 s at a distance of 10 cm and immediately quenched by adding 6.5 μl 

of 4 M DTT. After the PICUP reaction, the reagents were removed using Bio-Spin P30 

columns (Bio-Rad) equilibrated in 10 mM AA at pH 8.5.  

Incubation of cross-linked Aβ oligomers with 0.1 μM IDE 

Freshly prepared Aβ40 PICUP samples were incubated for 30, 60, 120 and 180 min 

with 0.1 μM freshly purified IDE. At each time point, triplicates of 20 μl were taken 

from the pool and rapidly frozen with liquid nitrogen. Triplicate controls for initial 

and final time points of Aβ40 PICUP samples were also kept.  

10 μl of 3x sample buffer (150 µl 10% SDS, 75 µl 4 M DTT, 400 µl H2O, 375 µl 8x 

sample buffer – 8 ml 1 M Tris pH 6.8, 9.3 ml 87% Glycerol, 5 mg Coomassie Brilliant 

Blue G, 2.8 ml H2O) was added to 20 μl-aliquot sample to be analysed by SDS-PAGE. 

The samples were boiled at 95ºC for 5 min and a 20-μl aliquot of each sample was 

electrophoresed in 0.75 mm-thick SDS-PAGE gels containing 15% acrylamide (detailed 

in Materials and methods in Chapter 2). Gels were run with Cathode buffer (0.1 M 

Tris·base, 0.1 M Tricine, 1 g/l SDS) in the inner cavity and Anode buffer (0.2 M 

Tris·HCl pH 8.9) in the outer cavity. Electrophoresis was performed at 80–100 V and 

the gel was subsequently silver-stained. 

Kinetic study of Aβ-IDE interaction 

Low molecular weight Aβ40 was purified by SEC in 50 mM ammonium carbonate and 

lyophilised into appropriate aliquots. Next, the peptide was resuspended in 50 mM 

AA, 1 mM Tris, 0.01% NaN3 pH 7.4. IDE (R&D Systems) was immediately added at 30 or 

60 nM concentration. At each indicated time point, 100 µl triplicates were sampled 

and 12 µl of 4.6% TFA were added to stop the enzymatic reaction. Samples were then 

kept at -20ºC and injected in RP-HPLC-PDA (see conditions in corresponding section). 

The average and standard deviations were plotted in GraphPad and one phase 

exponential curve adjusted to the whole data set. 

IDE-mediated Aβ fragmentation identification 

Low molecular weight Aβ40 was purified by SEC in 50 mM ammonium carbonate and 

lyophilised into appropriate aliquots. Next, the peptide was resuspended in 50 mM 

AA, 1 mM Tris, 0.01% NaN3 pH 7.4. IDE (R&D Systems) was immediately added at 30 

nM. Three hours later, 100 µl triplicates were sampled and 12 µl of 4.6% TFA were 
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added to quench the enzymatic reaction. Salts were removed using a C18 ZipTip 

(Waters) and the fragments were identified by LC-HRMS, as detailed below (work 

performed at the Mass Spectrometry Core Facility – IRB Barcelona). 

Independent triplicates of 50 pmol of sample were analysed using BioBasic C18 

analytical column (5 µm, 150 × 2.1 mm; Thermo) at a flow rate of 100 µl/min 

comprising a linear gradient running from 5 to 50% B in 40 min (A= 0.1% formic acid 

(FA) in water, B= 0.1% FA in acetonitrile). The column outlet was directly connected 

to an Advion TriVersa NanoMate, which was used as a splitter and as the nanospray 

source of an LTQ-FT Ultra mass spectrometer (Thermo Scientific). Positive polarity 

was used with a spray voltage in the NanoMate source set to 1.7 kV. The capillary 

voltage, capillary temperature, and tube lens on the LTQ-FT were tuned to 40 V, 

200ºC, and 100 V, respectively. LTQ-FT Ultra is powered by Xcalibur software (vs. 

2.0SR2). Spectra deconvolution was performed with Xtract algorithm. Database 

searches were performed in Protein Discover 1.3 with Aβ40 and IDE Uniprot 

database. The reported Aβ fragments were selected only if they appeared in the 

peptide list of the three independent replicates. Moreover, each cleavage site was 

proposed only if the two resulting peptides were detected. 

H/D exchange of Aβ fibrils 

Amyloid fibrils prepared in 10 mM Tris pH 7.4 were ultracentrifuged using an 

Optima TLX ultracentrifuge (Beckman) with an MLA 130 rotor (Beckman) at 100000g 

for 30 min at 4ºC. These conditions have been reported to enable separation of 

monomer and oligomers from mature fibrils116,117 and were chosen to obtain 

homogeneous preparations of Aβ amyloid fibrils. The supernatant was removed from 

the pellet, and it was subsequently diluted in the corresponding deuterated buffer 

(pH* 7.0), using the same volume that had been lost upon removal of the 

supernatant. These were mixed using a pipette tip, and then incubated at RT with 

agitation (500 rpm) (Vortemp 50, Labnet). Aliquots of 100 μl were taken at various 

time points from 0 to 4-6 days for ESI-MS analysis. Each aliquot was then 

ultracentrifuged using a TLA 120.1 rotor (Beckman) at 353000g for 1 h at 4ºC. The 

supernatant was immediately removed, and the pellet was freeze-dried and stored at 

-20 ºC until analysis. These prolonged, high-speed ultracentrifugation conditions were 

employed in order to sediment all the fibrils. 
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H/D exchange analyzed by ESI-MS 

Amyloid fibril samples exposed to H/D exchange and processed as described above, 

were next dissolved in 100 μl of 95% DMSO-d6/5% D2O at pH* 4.0 (adjusted with 

dichloroacetic-d3 acid), which breaks the fibrils down into monomers while 

preserving the deuterium content of the protein molecules.103,118 After dissolution, 

the deuterium content of the samples was analysed by ESI-MS on an LCT Premier 

XETM TOF system (Waters) equipped with the standard ESI source and a modified 

nano-ESI probe. The cone gas tubing was detached, left loose inside the source and 

set to the maximum value of 300 l/h to provide an inert atmosphere during sample 

ionization within the ESI source. Samples were electrosprayed from gold-coated glass 

capillaries (ThermoFisher Scientific) with an applied capillary voltage of 2 to 2.8 kV 

and a cone voltage of 140 V. The same dead time (3 min) was used for sample 

preparation and parameter adjustment for all measurements. Over time, the peak 

corresponding to the Ppd species gradually converted into the peak corresponding to 

the Pfd species, confirming that Ppd and Pfd correspond to two isotopically distinct 

populations of Aβ molecules within the Aβ fibrils. The spectra were analysed using 

MassLynx V4.1 (Waters). All mass spectra presented are averages of ten seconds 

acquisition. Aβ peaks (including +3, +4, and +5 charge states) were observed and the 

most abundant +4 charge state was selected for analysis. To calculate the area of Ppd 

and of Pfd at different times of exchange, the spectra were fitted to the sum of two 

Gaussian peaks using the GraphPad program. 

Preservation of H/D exchange information: controls for forward and back 

exchange 

To determine the number of exposed backbone amides in the Ppd and the Pfd 

populations, we employed controls for forward exchange (FE) and back exchange 

(BE). In the conditions we used to analyse the samples, FE refers to the additional 

incorporation of deuterium atoms due to exchange with the solubilizing solvent (95% 

DMSO-d6/5% D2O at pH* 4), whereas BE refers to the loss of incorporated deuterium 

due to exchange with hydrogens of atmospheric water as a result of the hygroscopic 

nature of DMSO and/or during ionization itself. To account for FE and BE, we used 

the following correction method adapted from a previously reported one.131 

Number of exposed amides = m – MW – S + BE – FE  (Equation 2) 

FE = m0% – MW – S       (Equation 3) 
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BE = MW + S + N – m100%      (Equation 4) 

whereby m is the measured average mass of H/D exchanged fibrils corresponding to 

either Ppd or Pfd; MW is the measured average molecular weight of Aβ42 in H2O (MW = 

4514.1 Da); m0% is the measured mass of fully protonated Aβ42 amyloid fibrils 

prepared by incubating Aβ42 in H2O at pH 2.0 for 4 days and processed as with the 

H/D exchanged fibrils (m0% = 4543.4 Da); and m100% is the measured mass of fully 

deuterated Aβ42 amyloid fibrils prepared by incubating Aβ42 in D2O at pH* 1.6 for 4 

days and processed as with the H/D exchanged fibrils (m100% = 4566.8 Da). The 

theoretical number of exchangeable hydrogens in Aβ42 monomer was calculated by 

considering all the labile hydrogens in the side chains and in the main chain. These 

hydrogens are those that are covalently bound to nitrogen, oxygen or sulfur atoms 

but not to carbon atoms. The Aβ42 monomer contains 41 labile hydrogens from the 

main chain amide groups (N = 41 in equation 4) and 27 labile hydrogens from the side 

chains and the hydrogens at the chain termini (S = 27 in equations 3 and 4). This 

gives a total of 68 exchangeable hydrogens. Equation 3 gives a value of 2.3, meaning 

that roughly two backbone amide protons had undergone FE. Application of equation 

4 gives a value of 15.2, meaning that approximately fifteen deuterons (out of sixty 

eight) had undergone BE. 
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Context 

As thoroughly described in the Introduction, Aβ aggregation involves different 

species that exist in complex equilibrium and evolve as a function of time, starting 

from low molecular weight (LMW) aggregates to amyloid fibrils. This complex 

equilibrium is portrayed by heterogeneous mixture of transient Aβ oligomers of a 

broad range of sizes, which are in fast and dynamic equilibrium between them.35,36 

Biophysicists and structural biologists have devoted huge efforts to develop 

techniques to overcome these dynamics and heterogeneity.  

One of these developed techniques is the PICUP reaction, which was first designed 

by Kodadek et al back in the 90’s78 and next implemented to study Aβ aggregation by 

the Teplow group.46,79,80  PICUP is a photochemical reaction able to cross-link pre-

existing non-covalent oligomers by oxidative coupling providing a snapshot of the 

different species present in a mixture (see Box 2). It is a highly suitable method 

because (i) there is no need to pre-modify the native peptide sequence to introduce 

chemically reactive moieties, (ii) the short reaction times allow the characterization 

of dynamic ensembles, (iii) the use of photo-activable reagents enables accurate 

control of the reaction by light, and (iv) it is applicable at a wide range of 

temperatures and pH.78 However, it is necessary to mention that since each 

additional peptide unit needs the formation of at least one covalent bond, the higher 

the oligomer order, the lower the cross-linking efficiency. Thus, the PICUP reaction is 

better suited for the study of LMW oligomer species. 

The focus of Aβ research has shifted in the last decades from the fibrillar insoluble 

forms to the soluble oligomers, the initial and intermediate species in Aβ aggregation 

process.17 In this context, submission of LMW Aβ to PICUP reaction and successive 

analysis through SDS-PAGE has received particular recognition in the field. This 

analysis led to the conclusion that Aβ40 aggregate through monomers up to 

tetramers, and that pentamers and hexamers constitute the basic building blocks for 

Aβ42 aggregation.46,79  

 

Box 2. PICUP mechanism 

PICUP proceeds first by the photo-oxidation of tris(2,2’-bipiridil)-

dichlororuthenium(II) hexahydrate cation (Ru(bpy)3
2+ - Ru(II)) by visible 

light in the presence of an electron acceptor, usually persulfate 
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introduced in the form of ammonium persulfate (APS).78 Briefly, 

irradiation of Ru(bpy)3
2+ at 452 nm allows a metal-to-ligand transition 

such that Ru(bpy)3
2+ achieves an excited state (Ru(bpy)3

2+*), whose 

potential of reduction is lower than that of the ground state ruthenium 

cation. Consequently, APS withdraws an electron from Ru(bpy)3
2+* 

generating a sulfate radical and Ru(bpy)3
3+ (Ru(III)). Ru(III) is a highly 

oxidant species able to capture an electron from a nearby protein 

molecule, such that Ru(III) is recycled to Ru(II) on its ground state and a 

radical is formed in the protein. This radical is unstable and extremely 

reactive so it rapidly disappears though intra- and intermolecular 

reactions, meaning it is able to react with an adjacent protein forming a 

covalent bond (Figure 2.1C). Theoretically, such radical could be formed 

anywhere in the protein. However, backbone atoms are not expected to 

undergo this redox reaction due to steric hindrance. The most labile 

residue side chains are the ones able to transiently stabilize the unpaired 

electron by resonance, hyper-conjugation or neighbouring group effect, 

or combination of the three; this mainly includes tryptophan, tyrosine and 

histidine.80,132 Finally, the radical is transformed to a covalent link 

through coupling to a nearby nucleophilic side chain – such as cysteine, 

serine, phenylalanine, tryptophan or tyrosine –, and subsequent removal 

of a hydrogen atom by the initially generated sulphate radical.78 Of note, 

although APS reduction potential is very high, this compound is unable to 

perform the equivalent PICUP oxidative coupling due to kinetic issues.133 

 

In this frame of reference, we aimed at isolating these cross-linked species to 

submit them to a thorough structural analysis. The combined use of ESI-IM-MS, 

molecular dynamic (MD) simulations and circular dichroism (CD) would ultimately 

provide structural models for these early Aβ aggregates.  

The results presented in this chapter follow previous work performed by Dr. Rosa 

Pujol-Pina during her doctoral thesis. Some of the work presented here has been 

performed with the invaluable help of Roberta Mazzucato, who carried out a 

Leonardo da Vinci research stage in the lab during the development of the project. 

Dr. Marta Vilaseca, head of the Mass Spectrometry Core Facility (IRB Barcelona), has 

been extremely helpful to produce and analyse all the MS data presented in this 

chapter. In collaboration with the laboratory of Prof. Modesto Orozco, Dr. Annalisa 
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Arcella generated and optimised through MD simulations the presented molecular 

models for these early Aβ oligomers.   

Results 

1. Aβ40 and Aβ42 apparently oligomerise through distinct pathways 

We obtained Aβ40 and Aβ42 peptides in their lowest aggregation state by SEC 

following previously described protocols.45,80 We designated the samples obtained as 

LMW Aβ40 and Aβ42 since they contained monomer in rapid equilibrium with low 

order oligomers (Figure 2.1A). Many reports have already shown that SEC-isolated 

aggregate-free preparations of Aβ consist reproducibly of monomers in dynamic 

equilibrium with LMW species instead of singly monomeric species.134,135 

 

Figure 2.1. [A] LMW Aβ samples contain monomers in equilibrium with low order Aβ 

oligomers. [B] LMW_CL Aβ samples are obtained by subjecting their LMW counterparts to 

PICUP. [C] The most plausible PICUP mechanism adapted from Fancy et al78 

To study LMW species, we froze their dynamic equilibrium by submitting LMW Aβ 

samples to PICUP such that we obtained the corresponding cross-linked (CL) species 

(Figure 2.1B), from now on referred to as LMW CL (LMW_CL) Aβ40 and Aβ42. PICUP 

was performed following previously described conditions,46,79,80 this is 

Aβ:Ru(bpy)3
2+:APS ratio of 1:2:40. Analysis of LMW and LMW_CL samples by silver 

stained SDS-PAGE showed that we succeeded in reproducing previously reported 

results (Figure 2.2, lanes 1, 3, 4 and 6).46 First, LMW Aβ40 ran as the expected 

monomeric band, whereas LMW Aβ42 showed three bands corresponding to monomer 

(M), trimer (Tr) and tetramer (Te). Next, LMW_CL Aβ40 electrophoresed as four 

bands with decreasing intensity from M to Te and an additional faint band of 

pentamer (Pt). Finally, LMW_CL Aβ42 showed an oligomeric distribution going from M 
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to Tr, with decreasing intensity with higher oligomer order, and from Te up to 

octamer (O), displaying a Gaussian-like distribution intensity.  

In all, these results apparently support the withstanding hypothesis that Aβ40 and 

Aβ42 oligomerise through distinct pathways. This is, Aβ40 through M up to Te, while 

Aβ42 does so mainly through Pt and hexamers (Hx).  

2. Chemically well-defined cross-linked oligomers 

– PICUP reagents ratio 

First, we aimed at assessing the chemical homogeneity of LMW_CL samples, a key 

aspect to characterize Aβ oligomerization which is overlooked in SDS-PAGE analysis. 

Sample homogeneity was addressed first by means of RP-HPLC-PDA. Since 

chromatograms were recorded at 220 nm where the peptide bond absorbs, we could 

obtain a first glance of peptide sample homogeneity. Analysis of LMW_CL Aβ40 

samples that underwent PICUP at Aβ:Ru(bpy)3
2+:APS 1:2:40 reagent ratio showed 

more (Figure 2.3A) than the 

expected four/five peaks that could 

be detected in SDS-PAGE (Figure 

2.2, lane 3). Dr. Marta Vilaseca 

performed further analysis of the 

sample by LC-HRMS. This analysis 

revealed that there where many 

oxidised by-products, as there were 

incorporation of 16 u and multiples 

thereof to monomeric and cross-

linked oligomeric Aβ40 molecular 

weights.  

To minimise peptide oxidation, Dr. 

Rosa Pujol-Pina, Roberta Mazzucato 

and I worked together to optimise 

PICUP conditions starting by the 

reagent ratio. An 8-fold reduction of 

APS concentration, this is a reagent 

ratio of Aβ:Ru(bpy)3
2+:APS 1:2:5, 

yielded a much nicer RP-HPLC-PDA 

chromatogram in which we could 

 

Figure 2.2. Characterization of LMW and 

LMW_CL Aβ40 and Aβ42 oligomer distribution 

by SDS-PAGE. LMW_CL Aβ40 and Aβ42 samples 

were prepared using two different 

Aβ:Ru(bpy)3
2+:APS ratios, namely 1:2:5 and 

1:2:40. M = monomer, D = dimer, Tr = trimer, 

Te = tetramer, Pt = pentamer, Hx = hexamer, 

Hp = heptamer, O = octamer 
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single out four well-defined peaks (Figure 2.3B). LC-HRMS analysis of the three most 

abundant peaks identified unequivocally Aβ40 M, CL Aβ40 dimer (D) and CL Aβ40 Tr. 

The two latter exhibited the expected loss of two hydrogens upon formation of each 

bond (Figure 2.1C) – this is CL Aβ40 D and Tr had lost 2 and 6 hydrogens, 

respectively. This was consistent with CL Aβ40 D forming a sole covalent bond and CL 

Aβ40 Tr creating three covalent bonds (Figure 2.3C). Although the abundance of CL 

Aβ40 Te was low, we detected a +10 charge state consistent with the formation of 

four covalent bonds within them (MWtheor = 17308.5936; Mexp = 17300.5311; ΔHs = -8).  

 

SDS-PAGE of LMW_CL Aβ40 and Aβ42 obtained under these new PICUP conditions 

(Figure 2.2, lanes 2 and 5) showed a slight loss of CL species in favour of M 

abundance. We could not detect Pt for LMW_CL Aβ40 or O for LMW_CL Aβ42. 

Altogether, although by performing PICUP at Aβ:Ru(bpy)3
2+:APS 1:2:5 ratio we 

Figure 2.3. RP-HPLC-PDA 

characterization of 

LMW_CL Aβ40, using an 

Aβ:Ru(bpy)3
2+:APS ratio of 

[A] 1:2:40 and [B] 1:2:5. 

LC-HRMS of LMW_CL Aβ40 

prepared at 1:2:40 ratio 

revealed different 

degrees of oxidised by-

products indicated as 

dashed bars in panel [A]. 

[C] LC-HRMS of LMW_CL 

Aβ40 prepared at 1:2:5 

ratio. Theoretical 

monoisotopic mass 

(MWtheor) considering the 

intact mass of the 

oligomer without any 

cross-links, experimental 

monoisotopic mass 

(MWexp), and the resulting 

loss of hydrogen atoms 

upon cross-linking (ΔHs). 

The peaks labelled with 

an * correspond to DTT 

adducts. 
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observed a modest reduction in the global CL yield, we achieved a highly 

homogeneous sample of chemically well-defined CL oligomers.  

–  Chemical reduction of methionine-35 sulfoxide 

Even if we had minimised the formation of oxidised by-products by fine tuning 

PICUP conditions, we still observed a small percentage of these oxidised species. One 

of the most oxidation-prone sites in Aβ sequence is the thioether of methionine-35 

(35Met), which can easily generate the corresponding sulfoxide in the presence of 

oxidising agents such as APS, one of the reagents in the PICUP reaction. Therefore, 

the acquisition of 16 u could most probably have happened at 35Met. One of the 

objectives of Roberta Mazzucato’s 

Leonardo da Vinci project was to 

actively eliminate the oxidised by-

products through the reduction of 

methionine sulfoxide. This chemical 

reduction was achieved using 

ammonium iodine (NH4I) in TFA, in 

the presence of dimethyl sulphide 

(Me2S) as a scavenger.136 Briefly, 

protonation of sulfoxide in strong 

acidic media such as TFA allows the 

nucleophilic attack by iodide, which 

yields the reduced methionine 

thioether and iodine. RP-HPLC-PDA 

chromatogram of CL Aβ40 D that had 

underwent chemical reduction 

showed a large decrease of the oxidised species (Figure 2.4 indicated in arrows). 

To summarize, optimization of PICUP conditions and chemical reduction of 35Met 

sulfoxide ensured chemically well-defined CL Aβ40 and Aβ42 oligomers, which is 

imperative to accurately characterize early Aβ oligomerization. 

3. Isolation of cross-linked oligomers 

With chemically well-defined CL oligomers in hands, we proceeded to isolate them 

by SEC. Direct injection of Aβ40 and Aβ42 PICUP crudes yielded chromatograms 

displaying a plethora of peaks, although two intense peaks clearly stood out. These 

two peaks corresponded to large Aβ multimers eluting in the void volume (Figure 

 

Figure 2.4. RP-HPLC-PDA chromatograms of 

Aβ40 CL D after optimised PICUP reaction 

(top, orange) and subsequent chemical 

reduction of 35Met (bottom, brown). 
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2.5A, indicated with arrowheads) and to the LMW Aβ peak (M in purple, Figure 2.5A). 

Certainly, Aβ42 aggregated faster than Aβ40 since the void volume peak was more 

intense in LMW_CL Aβ42 chromatogram compared to LMW_CL Aβ40. It is necessary to 

point, though, that the void volume peak was an overrepresentation of the amount of 

large oligomeric states found in solution. According to the exclusion limit of the gel 

filtration columns used, the void volume peak represented oligomers larger than 

octadecamers, whose absorbance is at least 18 times larger than a single monomeric 

molecule.  

 

Consequently, pure CL oligomers could not be isolated through this procedure 

because they were slightly aggregated. Therefore, Roberta Mazzucato and I 

implemented a new strategy based on the same principles as SDS-PAGE, this is 

denaturation/disaggregation followed by size fractionation. Denaturation/ 

disaggregation stood for lyophilisation and subsequent resuspension in 6.8 M 

GdnHSCN, while size fractionation was again performed by SEC. GdnHSCN is a strong 

chaotropic salt which is able to disaggregate the highly dense and insoluble amyloid 

plaque cores.137 Essentially, GdnHSCN was used to disrupt all non-covalent Aβ-Aβ 

Figure 2.5. Isolation of CL 

LMW oligomers by SEC. [A] 

Direct injection of PICUP 

crude of Aβ40 (left) and Aβ42 

(right) in two Superdex 75 

(S75) in tandem. LMW peak is 

indicated with M and the 

purple bar, while the 

multimers eluting at the void 

volume with the arrowheads. 

[B] Identical PICUP crudes 

pretreated with GdnHSCN 

and injected in tandem S75. 

Peaks corresponding to CL D, 

CL Tr and CL Te are indicated 

in orange, green and blue, 

respectively. [C] PICUP crude 

injected in optimized column 

configuration of two S75 and 

one S200 connected one after 

the other. 
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interactions, preserving only the covalent ones formed during the PICUP reaction. We 

referred to this strategy as GdnHSCN-SEC analysis. 

GdnHSCN-SEC analysis of LMW_CL Aβ40 and Aβ42 samples produced chromatograms 

with four peaks (Figure 2.5B). Roughly, LMW_CL Aβ40 oligomer distribution was in 

agreement with SDS-PAGE results (Figure 2.2, lane 2) and RP-HPLC-PDA 

chromatogram (Figure 2.3B). Conversely, LMW_CL Aβ42 oligomer distribution in SDS-

PAGE was not limited to four bands as in GdnHSCN-SEC analysis, but up to seven 

(Figure 2.2, lane 5). Therefore, subsequent characterization of SEC peaks was 

required and actually performed by ESI-MS.  

 

Figure 2.6. ESI-MS spectra corresponding to peaks detected after GdnHSCN-SEC analysis of 

[A] LMW_CL Aβ40 and [B] LMW_CL Aβ42 samples. From top to bottom, monomer in purple, 

CL D in orange and CL Tr in green. 

ESI-MS analysis performed by Dr. Marta Vilaseca showed that the peaks eluting at 

24.0, 20.7, and 19.4 ml in LMW_CL Aβ40 and at 23.5, 20.3, and 19.1 ml in LMW_CL 

Aβ42 samples corresponded to M, CL D, and CL Tr of Aβ40 (Figure 2.6A) and Aβ42 

(Figure 2.6B), respectively. Although peaks eluting at 18.7 ml in LMW_CL Aβ40 and at 

18.4 ml in LMW_CL Aβ42 (Figure 2.5B) samples were low in abundance, ESI-MS 

analysis revealed the presence of +8 and +7 charge states corresponding to CL Te. 

Interestingly, Aβ40 M and Aβ42 M mass spectra showed peaks corresponding to D +5 

and Tr +7 (Figure 2.6). These results converge with the aforementioned description 
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of the nature of monomeric Aβ preparations, namely a mixture of M and LMW 

oligomers in rapid equilibrium between them (Figure 2.1A).134 

Additionally, several column configurations with different exclusion limits were 

tested to achieve the highest peak resolution at the lowest peak broadening. The 

best performance was achieved by connecting two Superdex 75 10/300 and one 

Superdex 200 10/300 one after the other (Figure 2.5C). 

In conclusion, we attained effective separation of LMW_CL oligomers, which were 

unequivocally identified. LMW_CL Aβ40 oligomer order and distribution was 

consistent with SDS-PAGE and RP-HPLC-PDA data. However, LMW_CL Aβ42 

distribution by GdnHSCN-SEC was limited up to Te, while SDS-PAGE analysis displayed 

up to heptamer (Hp). 

4. SDS-PAGE revisited 

The different Aβ42 CL oligomer distribution obtained through SDS-PAGE and 

GdnHSCN-SEC suggested that SDS could have stabilised or induced Aβ42 aggregation. 

Along the same lines, various groups have expressed their concerns on Aβ SDS-PAGE 

analysis, especially that of Aβ42.46,83,84 This is supported by evidences such as 

submicellar (sub-CMC) and higher than critical micellar concentration (supra-CMC) of 

SDS inducing fast oligomerization of Aβ42,46 or Aβ42 forming SDS-stable oligomers, 

i.e. globulomers.102,138 This is not surprising taking into account that Aβ is an 

amphipathic protein, born out of the cell membrane.  

 

Figure 2.7. SDS-PAGE analysis of isolated CL D and Tr, as well as mixtures of them for Aβ40 

and Aβ42 obtained after GdnHSCN-SEC fractionation. The red arrows indicate oligomers 

formed artefactually in the presence of SDS 
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The effective isolation of pure LMW_CL oligomers offered a unique opportunity to 

study the effect of SDS on Aβ oligomerization. We analysed Aβ40 and Aβ42 CL 

dimers, CL trimers and their mixture by SDS-PAGE (Figure 2.7). All Aβ40 samples 

electrophoresed with the expected molecular weight. Strikingly, CL Aβ42 D run also 

as Te, CL Aβ42 Tr also as Hx and their mixture also as Te, Pt and Hx. Since thorough 

characterization had already been undertaken to characterize CL Aβ42 D and Tr, 

there was no doubt Te, Pt and Hx were artefacts of SDS-PAGE.  

Importantly, we have provided clear evidence that SDS affects Aβ42 

oligomerisation. Consequently, SDS-PAGE is not a reliable technique to assess Aβ 

oligomer stoichiometry and distribution, especially that of Aβ42. Moreover, the 

similar Aβ40 and Aβ42 CL oligomer distribution gathered through GdnHSCN-SEC 

analysis indicates that both Aβ alloforms aggregate through the same initial 

intermediates. Overall, these results challenge established conclusions drawn from 

Aβ SDS-PAGE analysis such as the withstanding hypothesis that Pt and Hx are the 

basic building blocks of Aβ42 oligomerization.46 

5. Structural models for LMW oligomers 

Having isolated LMW Aβ samples, we proceeded to gather structural information of 

these CL early Aβ species. ESI-IM-MS allows individual characterization of coexisting 

transient species, either covalent or non-covalent. IM resolves species with identical 

m/z according to their collisional cross-section (Ω) (Figure 2.8).43,47,73 Ω is informative 

of the overall shape and molecular size, delivering structural insights into the 

analysed molecules. Compared to other techniques providing measures of molecular 

size such as dynamic light scattering, ESI-IM-MS additionally brings at lower 

concentrations of sample the precise molecular weight, indicative of the chemical 

nature in terms of stoichiometry and chemical modifications. 

Dr. Marta Vilaseca analysed the isolated pure Aβ40 and Aβ42 CL D and Tr to ESI-IM-

MS analysis in order to obtain their molecular size. The generated two-dimensional 

ESI-IM-MS spectra were projected on the drift time axis. More precisely, we 

projected the traces at m/z 1732 (D +5) and m/z 1856 (Tr +7) for Aβ40 species, and 

m/z 1806 (D +5) and m/z 1932 (Tr +7) for Aβ42 oligomers; these charge states were 

either the most abundant ones or distinctive to each CL oligomer species (Figure 

2.6). Each trace displayed the expected single peaks, although Aβ42 CL oligomers 

exhibited minor shoulders at shorter drift times corresponding to the formation of 

larger species. In fact, this was consistent with the aforementioned higher tendency 

of Aβ42 to aggregate (Figure 2.9A).  
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Figure 2.8. Traditional ESI-MS (top) spectrometer vs ESI-IM-MS (bottom). ESI-IM-MS possesses 

an ion mobility separation chamber, namely mobility cell, where the separation of different 

conformers and/or multimers with identical m/z takes place. Separation is performed 

according to their collisional cross-section. Gas atoms inside the mobility cell are depicted as 

blue spheres. 

Correlation between drift time and Ω (Figure 2.8) had been previously obtained by 

Dr. Rosa Pujol through proper calibration of the instrument.139 Interestingly, the 

interpolated Ω values for CL dimers were extremely similar to the Ω of non-covalent 

dimers, also obtained by Dr. Rosa Pujol during her doctoral thesis (Figure 2.9B, Dimer 

vs CL dimer bars).139 These results indicated CL oligomers were indeed good mimics 

of their non-covalent counterparts. Hence, we validated the extrapolation of early 

Aβ oligomers structural analysis from the study of their covalently linked surrogates. 

To rationalise the experimentally obtained Ω values, Dr. Annalisa Arcella 

constructed three structural models of Aβ40 D and Aβ42 D (Figure 2.9B). These 

models were built and named nuclear,140 fibrillar,141 or compact,142,143 on the basis of 

various structural restraints reported for Aβ aggregates. All their predicted Ω values 

were markedly larger than the experimental ones (Figure 2.9B), which indicated that 

none of the proposed models fitted the experimental data. Thus, to build more 

realistic structural models and achieve better sampling, Dr. Annalisa Arcella ran 

atomistic MD simulations using the replica exchange method and simulation 
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conditions similar to those in a ESI-MS experiment.144 All the models, irrespective of 

their original conformation, collapsed to adopt globular structures without defined 

secondary structure (Figure 2.9B). Importantly, the average Ω value of this ensemble 

was very similar to the experimental values obtained for the non-covalent and CL 

dimers (Figure 2.9B). 

 

Figure 2.9. Structural 

analysis of CL dimers 

and trimers. [A] 

Projections of the ESI-

IM-MS spectra on the 

drift time axis for m/z 

1732 (D +5) and m/z 

1856 (Tr +7) for Aβ40 CL 

D and CL Tr (left) and 

m/z 1806 (D +5) and 

m/z 1932 (Tr +7) for 

Aβ42 CL D and CL Tr 

(right) [B] Comparison 

of Ω values obtained 

from previously 

described Aβ40 D 

theoretical models, MD 

optimized globular 

model and non-covalent 

and CL Aβ40 dimers 

experimental measures 

(top). Equivalent 

analysis for Aβ42 

(middle). Theoretical 

dimer models and 

globular dimer obtained 

from MD simulations 

(bottom). [C] CD 

spectra of pure CL D 

(orange) and CL Tr 

(green) for Aβ40 (left) 

and Aβ42 (right). 
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To validate our molecular models and having access to the pure LMW_CL oligomers, 

Roberta Mazzucato and I analysed CL Aβ40 and Aβ42 D and Tr by CD spectroscopy 

(Figure 2.9C). All the samples featured the same large minimum centred at 200 nm, 

distinctive of random coil secondary structure. Importantly, this experimental data is 

consistent with the globular models obtained, thereby indicating that LMW_CL 

oligomers indeed display a globular shape devoid of secondary structure elements. 

Discussion 

Optimization of PICUP conditions and chemical reduction of residual 35Met sulfoxide 

has delivered chemically well-defined CL Aβ40 and Aβ42 oligomers. GdnHSCN-SEC 

procedure has afforded effective separation of LMW_CL oligomers. Moreover, 

GdnHSCN-SEC analysis has shown that the LMW oligomer distribution captured by the 

PICUP reaction is very similar for both Aβ40 and Aβ42. Importantly, our results 

evidence that SDS-PAGE is not a reliable technique to assess Aβ oligomer 

stoichiometry and distribution. Moreover, our findings indicate unequivocally that Pt 

and Hx are artefacts of LMW_CL Aβ42 SDS-PAGE analysis. Further ESI-IM-MS analysis 

of CL species has shown that they are good mimics of the non-covalent counterparts, 

implying their structural analysis can be extrapolated to the early Aβ oligomers. 

Structural restraints obtained through ESI-IM-MS analysis have been rationalised by 

means of MD simulations, which have resulted in molecular models displaying 

globular shape without secondary structure. This lack of secondary structure has 

been validated by analysis of the isolated CL oligomers by means of CD spectroscopy. 

Importantly, we have shown Aβ40 and Aβ42 D and Tr, which adopt a globular 

structure lacking defined secondary structure, are the earliest oligomers formed 

during aggregation for both Aβ40 and Aβ42. 

1. SDS-PAGE: why Aβ42? 

The different Aβ42 CL oligomer distributions gathered through SDS-PAGE and 

GdnHSCN-SEC analysis indicated that SDS could be stabilizing or inducing Aβ42 

aggregation. SDS is a surfactant committed to disaggregate and denature protein 

samples, yet in some cases it might be able to stabilize pre-existing species and/or 

induce aggregation, such as for amphipathic and/or aggregating-prone peptides and 

proteins.82 As a matter of fact, analogous artefactual aggregation by SDS had already 

been observed back in the 80’s for Hepatitis B surface antigen polypeptides.145 Our 

SDS-PAGE analysis of well-defined pure Aβ42 CL oligomers has provided conclusive 

evidence that indeed SDS affects Aβ42 aggregation and that SDS-PAGE is affording a 
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misrepresentation of the real assembly state of the peptide (Figure 2.7). 

Consistently, SDS-PAGE-isolated CL Aβ42 oligomers had been reported to be unstable 

upon re-electrophoreses.81 This result reinforces our findings that Aβ42 Pt and Hx are 

not bona fide CL oligomers; instead they are compounds of CL D and Tr in the 

presence of SDS. 

Overall, these results show that SDS-PAGE is not suitable to analyse LMW_CL Aβ42. 

By contrast, SDS-PAGE analysis of LMW_CL Aβ40 does not pose such reticence. This 

suggests that LMW_CL Aβ42 abnormal behaviour in SDS-PAGE is due to a specific 

interaction between Aβ42 and SDS. A quick survey of data published on this 

interaction reveals the particular relationship of this peptide with SDS. First, SDS is 

able to form and stabilize definite Aβ42 oligomers, i.e. pre-globulomers and 

globulomers.102,138 Second, elution of LMW Aβ42 in SEC with mobile phase including 

sub-CMC and supra-CMC concentrations of SDS showed an increased Aβ42 

oligomerisation compared to eluting the peptide with no SDS in the mobile phase.82 

Third, sub-CMC SDS enhanced Aβ42 aggregation tracked by ThT assay.83 Fourth, NMR 

studies undertaken in our group have recently shown that SDS does not fully deplete 

and/or actually stabilizes Aβ42-Aβ42 interactions at supra-CMC concentrations.146 

Some reports shed light into the essence of this behavior by performing chemical 

modifications in the Aβ sequence. On the one hand, oxidation of 35Met to the 

corresponding sulfoxide (35MetO), which increases Aβ42 polarity at the C-terminus, 

determines that LMW_CL 35MetO-Aβ42 sample exhibits an oligomer distribution 

similar to that of LMW_CL Aβ40.147 In this work, the authors state that the original 

Aβ42 aggregation pattern, including mainly pentamers and hexamers, is blocked by 
35MetO.  However, there is not such consensus in the field since reports using other 

techniques observe accelerated,148 similar149 or reduced150 fibrillization in the 

presence of 35MetO compared to wild-type Aβ42. Moreover, we have already shown 

that Aβ42 Pt and Hx are artefacts from SDS-PAGE analysis. Therefore, we can ascribe 

this LMW_CL 35MetO-Aβ42 SDS-PAGE oligomer distribution to the recovery of classical 

protein-detergent interaction between Aβ42 and SDS; this is the removal of Aβ42-

Aβ42 interactions by SDS. On the other hand, a decrease in polarity in 35Met position 

by replacement for norleucine, homoleucine147 and valine151 keeps LMW_CL Aβ42 

abnormal performance in SDS-PAGE. Furthermore, analyses of LMW_CL Aβ41 and 

Aβ43 also display oligomer distribution comparable to that of LMW_CL Aβ42.79 These 

results suggest there is a highly stable C-termini interaction that SDS cannot disrupt, 

which has been reported for SDS-stable dimeric pre-globulomers through NMR and 

HDX-NMR.102 Overall, the structural elements – studied so far – fundamental for 
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hypothetical SDS-stabilized interaction are the length of the Aβ C-terminus itself and 

the polarity of 35Met position. This C-termini hypothesis is further supported by the 

aforementioned NMR study from our research group, in which the reported stabilized 

Aβ42-Aβ42 interaction is derived from chemical shifts at 35Met position.146 

Consequently, such interaction should take place over 35Met position, or at least 

close-by. 

2. Insights into early stage Aβ oligomerization 

The development of a fractionation protocol with a previous disaggregating 

treatment granted us access to pure isolated LMW_CL oligomers of defined order. We 

characterised these species by CD spectroscopy (Figure 2.9C). Combination of CD 

data with structural information derived from ESI-IM-MS Ω values, and atomistic MD 

simulations (Figure 2.9), showed that D and Tr have a globular fold lacking defined 

secondary structure. This observation contrasts with previous publications where 

SDS-PAGE purified CL Aβ40 D, Tr and Te were suggested to adopt a β-sheet 

structure.81 In the aforementioned work, the authors used PICUP conditions that, in 

our hands, afforded a heterogeneous mixture of oxidised products when analysed by 

RP-HPLC-PDA and LC-HRMS (Figure 2.3). Moreover, the authors fractionated the 

oligomers using SDS-PAGE, and although several purification steps were applied, 

there is the possibility that SDS contaminated the samples, thus affecting the 

structure of the purified oligomers. 

Our findings challenge the longstanding conclusion that Pt and Hx are Aβ42 

aggregation building blocks. Such conclusion was built upon the use of SDS-PAGE to 

characterize Aβ oligomers samples, and we have shown that Pt and Hx form 

artefactually from D and Tr in the presence of SDS.46 GdnHSCN-SEC analysis of 

LMW_CL oligomers evidences that Aβ40 and Aβ42 oligomerise through the same 

intermediates, although we cannot exclude that PICUP has not been able to capture 

larger species found in solution. It is remarkable, though, that there are not 

prominent differences between their oligomer distributions, meaning there is not a 

LMW oligomer of specific stoichiometry and/or abundance that differentiates their 

initial aggregation patterns. With regards to the higher tendency of Aβ42 to 

aggregate compared to Aβ40, it is noticeable that there are no elements of 

secondary structure or the formation of specific oligomers (different than most 

abundant dimers and trimers) that can account for it. Alternatively, the higher 

aggregation propensity of Aβ42 peptide could be ascribed to the higher surface 
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hydrophobicity of the oligomers formed, as previously pointed in other reports using 

HypF-N as a model amyloid protein.152 

Finally, ESI-IM-MS analysis of Aβ40 and Aβ42 CL D and Tr shows they adopt a 

globular shape without defined secondary structure. These results can be 

extrapolated to the earliest oligomers formed during Aβ aggregation because CL 

oligomers are good mimics of the non-covalent counterparts. Since structural models 

for other higher order Aβ oligomers have been reported to adopt a β-sheet 

structure,142,143,153 our findings that Aβ D and Tr are globular and lack defined 

secondary structure is critical for the development of diagnostic and therapeutic 

strategies that specifically target Aβ oligomerisation.  

Materials and methods 

Preparation of LMW Aβ40 and Aβ42 

LMW Aβ40 and Aβ42 preparations were obtained using SEC. First, Aβ was dissolved 

at 8.5 mg/ml Aβ concentration in 6.8 M GdnHSCN, sonicated for 5 min, diluted to 4 M 

GdnHSCN at a 5 mg/ml Aβ concentration, centrifuged at 10,000g for 5 min. The 

resulting solution was injected into a HiLoad Superdex 75 HR 16/60 column (GE 

Healthcare) previously equilibrated with 10 mM sodium phosphate, pH 7.4, and 

eluted at a flow rate of 1 ml/min. The system was kept at 4°C. The peak attributed 

to low molecular weight Aβ was collected, and its peptide concentration was 

determined by RP-HPLC-PDA. The peptide solution was then diluted to 150 μM, 

frozen, and kept at -20ºC until used.  

RP-HPLC-PDA analysis 

RP-HPLC-PDA analysis (Waters Alliance 2695 equipped with 2998 photodiode array 

detector) was carried out using a Symmetry 300 C4 column (4.6 × 150 mm, 5 μm, 300 

Å; Waters), a flow rate of 1 ml/min, and a linear gradient from 0 to 60% B in 15 min 

(A = 0.045% TFA in water, and B = 0.036% TFA in acetonitrile) at 60ºC. A calibration 

curve was generated based on Aβ40 and Aβ42 solutions that had previously been 

quantified by amino acid analysis. 

PICUP reaction 

The PICUP reaction was initially run following descriptions in the literature.80 The 

experimental set-up consisted of a camera body and a 150-W slide projector. A PCR 

tube containing the reaction mixture to be cross-linked was placed inside the camera 
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body for irradiation. The sample was irradiated via the slide projector for a short 

time, precisely controlled by the camera shutter. PICUP reactions were done using an 

Aβ/Ru(bpy)3
2+/APS ratio of 1:2:40. To this end, 4 µl of 3 mM Ru(bpy)3

2+ and 4 µl of 60 

mM APS were added to 40 µl of 150 μM LMW Aβ in 10 mM sodium phosphate buffer. 

The mixture was irradiated for 1 s at a distance of 10 cm and immediately quenched 

by adding 6.5 µl of 4 M DTT. Later on, reaction conditions were optimised to prevent 

Aβ oxidation. The best conditions were found when using a lower proportion of APS, 

Aβ:Ru(bpy)3
2+:APS 1:2:5, a distance of 10 cm, and an irradiation time of 1 s. Unless 

otherwise stated, an Aβ/Ru(bpy)3
2+/APS ratio of 1:2:5 was used to prevent formation 

of oxidised byproducts and to obtain chemically well-defined cross-linked oligomers. 

After the PICUP reaction, the reagents, which are incompatible with ESI-IM-MS and 

RP-HPLC-PDA analysis, were removed using Bio-Spin P30 columns (Bio-Rad) 

equilibrated in 10 mM AA pH 8.5. For comparative purposes, PICUP samples were also 

passed through Bio-Spin P30 columns when analysed by SDS-PAGE. 

SDS-PAGE 

10 μl of 3x sample buffer (150 µl 10% SDS, 75 µl 4 M DTT, 400 µl H2O, 375 µl 8x 

sample buffer – 8 ml 1 M Tris pH 6.8, 9.3 ml 87% Glycerol, 5 mg Coomassie Brilliant 

Blue G, 2.8 ml H2O) were added to 20 μl-aliquot sample to be analysed by SDS-PAGE. 

The samples were boiled at 95ºC for 5 min and a 20-μl aliquot of each sample was 

electrophoresed in 0.75 mm-thick SDS-PAGE gels containing 15% acrylamide, as 

described below. 

 Resolving Stacking 
Acrylamide/Bis 40% 4.000 ml 1.000 ml 

H2O 1.300 ml 2.000 ml 
99% Glycerol 1.200 ml - 

3 M Tris pH 8.5 3.350 ml 1.050 ml 
SDS 20% 50 μl 16 μl 
APS 10% 150 μl 50 μl 
TEMED 6 μl 6 μl 

 Gels were run with Cathode buffer (0.1 M Tris·base, 0.1 M Tricine, 1 g/L SDS) in 

the inner cavity and Anode buffer (0.2 M Tris·HCl pH 8.9) in the outer cavity. 

Electrophoresis was performed at 80–100 V and the gel was subsequently silver-

stained. 

LC-HRMS 

180 pmols of LMW_CL Aβ40 was analysed using a BioSuite pPhenyl 1000 analytical 

column (10 µm, 2 × 75 mm; Waters) at a flow rate of 100 µl/min comprising a linear 
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gradient running from 5 to 80% B in 60 min (A= 0.1% FA in water, B= 0.1% FA in 

acetonitrile). The column outlet was directly connected to an Advion TriVersa 

NanoMate, which was used as a splitter and as the nanospray source of an LTQ-FT 

Ultra mass spectrometer (Thermo Scientific). Positive polarity was used with a spray 

voltage in the NanoMate source set to 1.7 kV. The capillary voltage, capillary 

temperature, and tube lens on the LTQ-FT were tuned to 40 V, 200ºC, and 100 V, 

respectively. 

Reduction of 35Met 

To completely reduce all oxidised methionine residues, 500 μl of the quenched 

PICUP reaction was lyophilised and resuspended in TFA containing 30 equivalents of 

Me2S-NH4I and left for 2 h at 4ºC on a rotating wheel. Afterwards, TFA was 

evaporated under a stream of nitrogen and 500 μl of H2O were added to the sample. 

The mixture was then lyophilised. 

GdnHSCN-SEC 

The lyophilised sample was resuspended in 6.8 M GdnHSCN at an Aβ concentration 

of 8.5 mg/ml, and subsequently diluted with H2O to 5 mg/ml of peptide and 4 M 

GdnHSCN. The resulting Aβ solution was injected into two or three columns in series: 

either Superdex 75 HR 10/300-Superdex 200 HR10/300 or Superdex 75 HR 10/300-

Superdex 75 HR 10/300-Superdex 200 HR10/300. The columns were equilibrated in 10 

mM AA pH 8.5, and the samples eluted at 4ºC at a flow rate of 0.5 ml/min.  

ESI-IM-MS 

IM-MS experiments were performed on a Synapt HDMS (Waters) quadrupole-

traveling wave IMS-oaTOF mass spectrometer, equipped with an Advion TriVersa 

NanoMate (Advion Biosciences). Positive ESI was used with a capillary voltage of 1.7 

kV. A sampling cone voltage of 40 V and a backing pressure of 5.7 mbar were set for 

the observation of LMW Aβ oligomers. Data were acquired over the m/z range of 500 

to 5000 for 2 min. The ion accelerating voltage in the trap T-wave device was 6 V 

unless otherwise stated; the ion accelerating voltage in the transfer T-wave device 

was kept constant at 4 V. The IM gas flow was kept at 23 ml/min. IM-MS data were 

obtained at three wave heights: 7, 7.5 and 8. The drift time Ω function had been 

calibrated using the proteins ubiquitin, myoglobin and cytochrome C.139 Drift times 

had been corrected for both mass-dependent and mass-independent times. The raw 
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data were processed using Mass Lynx v4.1 software (Waters). The reported data are 

the average of three independent experiments. 

Far-UV CD Spectroscopy 

CD spectra were recorded on a Jasco 815 spectrometer from 190 to 250 nm with a 

data pitch of 0.2 nm, a bandwidth of 2 nm, and a scan speed of 50 nm/min with a 4 s 

time response. A 1-cm cell was used. After GdnHSCN-SEC fractionation using three 

columns in series equilibrated in 10 mM sodium phosphate at pH 8.5, spectra for CL 

Aβ40 and Aβ42 dimers, and trimers were acquired at 4ºC. CD data were analysed 

using the SpectraManager program. 
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Context 

Genetic studies showed AD-linked mutations were only located in APP and in the 

presenilins,3 and they all entailed an enhanced Aβ aggregation. That is the reason 

why few years ago the focus of AD research was devoted to the visible insoluble 

amyloid plaques.20 Nowadays, this focus has shifted to the soluble Aβ species because 

this pool has been shown to correlate much better to the severity of cognitive 

decline in patients, than the deposition of amyloid plaques.21,22 However, these 

soluble species are ill-defined species because of a prevailing poor structural 

characterization and the absence of sample preparation standardization in the 

field.69,70 Moreover, as thoroughly described in the Introduction, Aβ aggregation is an 

extremely dynamic process in which there are not singly defined species but instead 

an heterogeneous mixture of multimers composed of several alloforms of Aβ, ranging 

from 37 to 43 amino acids long, which might even be phosphorylated, oxidised or 

nitrosilated.14 In spite of all these hurdles, many presumable neurotoxic oligomers 

have been described over the years. 

The structure-activity studies (SAR) of the neurotoxic Aβ oligomers described to 

date can be classified into 3 major groups: in vivo, ex vivo and in vitro. The criterion 

applied is based on the procedure to isolate the oligomers and on how the biological 

activity is assessed. In vivo studies lean on transgenic (Tg) mouse models by which 

biological activity is addressed either through behavioural tests or post-mortem 

histological assessment. This approach isn’t strictly a SAR since it doesn’t yield clues 

on the Aβ neurotoxic structure, but brings out potentially useful biomarkers and 

diagnostic tools, as well as mechanistic insights. However, lack of Tg mice 

reproducing completely all AD phenotypes is still a matter of debate.18 After the 

breakthrough of the pluripotent stem cell technology, promising studies with 

patients’ neural cells are underway.154 In contrast, ex vivo and in vitro SAR are based 

on the exogenous delivery of isolated Aβ species to animals and/or cell cultures, with 

the conspicuous concern on the uncontrolled evolution of these Aβ preparations in 

the tissues or cultures.155 Ex vivo approaches isolate Aβ neurotoxins from AD 

patients’ brain homogenates. However, the isolation procedure does not exclude the 

formation of artefactual Aβ species. In vitro studies rely on formation of neurotoxic 

Aβ oligomers from recombinant or SPPS sources, and by chemical (salts, pH, 

detergents, lipids…), physical (temperature) and/or mechanical (shaking) means. The 

concern is whether the obtained species correspond to real oligomers functionally 

meaningful in AD pathology. 
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Three main presumable toxic mechanisms have emerged over the last 20 years. 

First, some reports156 claim a membrane-mediated mechanism by formation of Aβ 

pores/channels in the cellular membrane157 and/or by direct membrane permeation 

through perturbation of membrane lipids. This includes the hypothetical peroxidation 

of membrane lipids by reactive oxygen species (ROS) originated from Aβ-copper (II) 

(Cu2+) redox interaction.158 The second mechanism has been attributed to Aβ-

mediated functional disruption of synapse receptors such as N-methyl D-aspartate 

receptor,159,160 Insulin Receptor,161 PrPc,94,162 or leukocyte immunoglobulin-like 

receptor B2,163 among others.164 Third, evidences of tau protein-dependence on the 

exerted neurotoxicity has motivated the study of an alternative toxic pathway in 

which Aβ triggers tau dysfunction, and subsequent cell death.11,165,166 Overall, these 

huge amount of data and hypotheses might simply reveal that not a single mechanism 

is driving Aβ neurotoxicity.155 

Faithful SAR have been assessed by means of a huge plethora of biological assays.69 

The first to be implemented were the ones evaluating cytotoxicity in general terms, 

without any mechanistic insight. These included assays monitoring cellular 

metabolism, activation of apoptotic pathways167-170 or direct cellular death by 

live/dead cell staining.37,39,171 The star in the assays tracking cellular metabolism was 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction 

assay.38,56,172 MTT assay is based on the reduction of soluble MTT to purple insoluble 

MTT formazan by the action of mitochondrial respiratory chain enzymes; this assay is 

routinely used in many fields to measure cell viability.173 However, some reports 

claimed that either Aβ enhanced MTT formazan exocytosis174 or that MTT formazan 

formed needle-shaped crystals in the presence of Aβ that disrupted the cell 

membrane.171 In the end, this implied an overestimation of cellular death. Nowadays, 

many groups in the Aβ research field still work with formazan salts, but those 

yielding soluble products such as 2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-

Tetrazolium-5-Carboxanilide (XTT) or AlamarBlue®.171 Finally, another assay whose 

readout is cell viability is lactate dehydrogenase (LDH) release, extensively used to 

assess Aβ biological activity too.81,167,171,173 This assay quantifies the release of LDH, a 

cytoplasmatic enzyme, due to cell membrane disruption, implying a membrane-

mediated toxic mechanism.  

Even though cytotoxicity assays have been broadly used so far, many groups 

realised some time ago that overt neuronal death only appears at the very end stage 

of AD. Subsequently, in intermediate phases of the disease, when cognitive decline is 

progressively increasing, more subtle and transient toxic events are more likely to be 
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happening. That’s why many efforts were then devoted to examine synaptotoxicity. 

The biological assays designed to address this synaptotoxicity were (i) the assessment 

of synaptic morphology42,167,171,175 in terms of spine density and synapse 

distortion/loss and (ii) electrophysiological measurements at the synapses such as 

long-term potentiation (LTP), long-term depression (LTD),160 patch-clamp and 

measurement of firing rates in neuronal networks.169 LTP assessment has received 

particular attention37,40,176 since it reflects synaptic plasticity and it has long been 

recognised as an in vitro correlate of learning and memory. Moreover, its 

measurement coupled to the addition of specific receptor inhibitors42,160 sheds light 

into the mechanism of LTP alteration. In parallel, behavioural tests in rodents have 

also been used to address neurotoxicity. Briefly, icv injection of Aβ preparations in 

mice/rats is followed by passive avoidance,42 contextual fear conditioning,169 or 

alternating lever cyclic ratio tests.41,177 

Besides, other groups have focused on an intracellular toxic marker; this is calcium 

(Ca2+) influx. Ca2+ plays fundamental roles in neurons such as the control of 

membrane excitability, mitochondrial metabolism and the release of 

neurotransmitters. Ca2+ also mediates activity-dependent changes in gene expression, 

and drives neuronal growth, differentiation and transition to apoptosis.178 Moreover, 

Ca2+ regulates serine/threonine phosphatase calcineurin, a protein tightly involved in 

neuronal physiology.179 Therefore, disturbance of Ca2+ homeostasis might lead to 

apoptosis, excessive phoshorilation of key neuronal proteins and/or alteration of 

membrane potential, leading ultimately to death. Interestingly, Aβ oligomers have 

been reported to interfere in exogenous Ca2+ influx primarily in axons, inhibiting 

mitochondrial transport.165 Such influx has been claimed to be mediated by either 

synaptic receptors or membrane leakage.156,157 

Finally, this last paragraph is devoted to the third hypothetical mechanism of 

toxicity which involves tau protein. First, tau phosphorylation and accumulation in 

NFTs have been proved to be downstream of Aβ aggregation, since Aβ icv injection in 

tau Tg mice exacerbates both tau phenotypes.180 Next, APP/tau Tg mice which 

develop plaque deposition and tau hyperphosphorylation – but not NFT formation – 

suffer from memory deficits and shorter lifespan. Knocking-out tau gene, lethality 

and memory impairment are rescued.12 In this framework, Zempel et al performed a 

thorough descriptive analysis of Aβ-tau mediated neurotoxicity.165 An Aβ oligomer 

preparation named ADDLs37 was shown to induce tau phosphorylation and its 

missorting from axons to somatodendrites, such that wherever tau was missorted, 

spine density was reduced and there was a decrease in microtubules and 



74 
 

mitochondria, as well as a local Ca2+ increase. Further studies showed that Aβ dimers 

induced cytoskeletal disruption and neurite degeneration, phenotypes that were 

rescued upon tau gene knock-down.11 Additionally, tau was proved to be required for 

Aβ induced LTP alteration.166 

Results 

In the context of this overview on Aβ-mediated neurotoxicity in AD, the work by 

Shankar et al42 on neurotoxic dimers isolated from AD brain samples inspired us to 

address whether our CL Aβ dimers were toxic to primary neuronal cultures. In fact, 

this was imperative to us taking into account that our species might be relevant in 

the disease, since PICUP mechanism proceeds through a similar mechanism as ROS 

could presumably form CL Aβ species in vivo181 (Figure A1). Interestingly, similar 

hypothesis arose from studies on transglutaminase-catalysed Aβ cross-linking, which 

yields biologic active moieties that inhibit LTP in mice brain slices.176 

 

Figure A1. Comparison between PICUP and ROS mechanisms on their ability to form intra- or 

intermolecular covalent bonds between nearby susceptible residues. 

1. MTT assay: starting point to address CL dimer neurotoxicity 

We selected MTT assay as our starting point to assess CL Aβ40 dimer neurotoxicity. 

The reason is that we had previous successful experience in MTT implementation in 

rat primary hippocampal neuronal cultures.56 This was possible thanks to the 

longstanding collaboration with the group of Prof. Eduardo Soriano (Universitat de 

Barcelona), precisely with the help of Dr. Lluís Pujadas and Dr. Daniela Rossi on the 

primary neuronal cultures and the use of MTT assays. Further XTT assays were 
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performed with the invaluable help of postdoctoral fellow Dr. Aurelio Vázquez de la 

Torre. 

MTT assay addresses cell viability in terms of cellular metabolic activity. MTT is a 

tetrazolium soluble salt that upon the action of the mitochondrial respiratory chain 

enzymes is reduced to insoluble purple formazan crystals. Such crystals are then 

dissolved and the generated formazan is quantified spectrophotometrically, thus its 

absorbance correlates with the amount of living cells. This assay is extensively 

applied in many fields because of its simplicity and the use of inexpensive 

instrumentation.173 

 

Figure A2. MTT assays of CL Aβ40 dimer. [A] RP-HPLC-PDA chromatograms of Aβ40 monomer 

and CL dimer. [B] MTT results of one of the three independent primary neuronal cultures 

that were incubated with 3 and 5 μM nominal concentrations of CL Aβ40 dimer (orange bar) 

and Aβ40 monomer (purple bar) as control; also the vehicle (white bar) was used as negative 

control. Each column represents quadruplicate measures in terms of mean ± standard 

deviation. Significant differences indicated by asterisks (p-value < 0.001 is ***). 

First, we obtained CL Aβ40 dimer by submitting LMW Aβ40 to the PICUP reaction, 

followed by subsequent analytical RP-HPLC-PDA purification performed manually 

(Figure A2-A). Conversely to what has been described in Chapter 2, at this point of 

the project dimer purification wasn’t still optimised to be performed by GdnHSCN-

SEC analysis. Excitingly, three independent MTT assays in quadruplicate measures 

showed that CL Aβ40 dimer was toxic to neuronal cells at 3 and 5 μM nominal 

concentrations up to only 50% cell viability in a slight dose-dependent fashion (Figure 

A2-B). Incubation of Aβ40 monomer or the vehicle, following identical sample 

preparation as CL Aβ40 dimer, did not induce any toxic effect. These results were in 

agreement with previous studies reporting toxicity for Aβ dimers: LTP was inhibited 

by SDS-stable dimers from AD brains,42 and CL Aβ40 dimers (obtained also through 
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PICUP reaction and successive isolation from SDS-PAGE gel) were shown to be toxic to 

PC12 cells (cell line from rats) as measured by MTT assay.81 

2. Overcoming MTT: XTT assay 

In spite of these positive MTT results, we realised there were few concerns in the 

application of this methodology to address Aβ neurotoxicity. It was reported that 

either Aβ enhanced MTT formazan exocytosis174 or that Aβ induced formation of MTT 

formazan needle-shaped crystals able to disrupt the cell membrane.171 In the end, 

this implied an overestimation of cellular death. This is why we decided to repeat 

identical exposure of hippocampal neuronal cells to CL Aβ40 dimer, this time 

monitored by XTT cell viability assay. The principle of XTT assay is alike MTT with the 

exception that XTT formazan is soluble, excluding the possibility of membrane 

disturbance by formazan crystals.171 Importantly, this time CL Aβ40 dimer was 

obtained following GdnHSCN-SEC procedure instead of RP-HPLC-PDA manual 

purification (Figure A3-A). Because of the purification procedure, CL dimer was 

incubated at 0.16 and 0.27 μM nominal concentrations, this is around 20-fold lower 

than in MTT assays. Surprisingly, incubation of CL Aβ40 dimer monitored by XTT assay 

didn’t yield at all the extent of cellular death recorded in the MTT assays (Figure A3-

B). 

 

Figure A3. XTT assays of CL Aβ40 dimer. [A] GdnHSCN-SEC chromatogram of LMW_CL Aβ40, 

CL dimer depicted in light orange. [B] XTT results of primary neuronal cultures incubated 

with 0.16 and 0.27 μM nominal concentrations of CL Aβ40 dimer (orange bar) and Aβ40 

monomer (purple bar) as control; also the vehicle (white bar) was used as negative control. 

Each column represents quadruplicate measures in terms of mean ± standard deviation. 

This result could be explained by three distinct and complementary hypotheses. 

First, the reduction in CL Aβ40 dimer nominal concentration could be sufficient to 
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decline its neurotoxic activity in the time scale of the experiment (24 hours), 

meaning that maybe more subtle toxic events are occurring that do not end in 

neuronal death over this time range. Second, MTT assay toxicity could be indeed a 

readout of an enhanced MTT formazan exocytosis174 or else of membrane disruption 

by MTT formazan crystals as described in Wogulis et al.171 In fact, in this article they 

show similar differences on the performance of identical Aβ samples in MTT and XTT 

assays. Third, the purification protocol could be crucial to understand the divergence 

in the output of both assays: in MTT assays CL Aβ40 dimer was purified by means of 

RP-HPLC-PDA, whilst in XTT assay by GdnHSCN-SEC procedure. The toxicity displayed 

in the MTT assays could be explained by the mere presence of TFA salts, which 

eluted with the peptide (because of TFA acid present in RP-HPLC-PDA mobile phases) 

and that might not had volatilized during sample lyophilisation. In pharmaceutical 

drug discovery programs, TFA salts have been described as undesirable counterions 

associated to RP-HPLC-PDA purification. The reasons are that these salts could lead 

to potential toxic effects, and that they have been shown to induce reduced 

pharmacokinetic properties.182 Overall, the second and third hypotheses imply CL 

Aβ40 dimer is not toxic to hippocampal neuronal cells. Nonetheless, the first 

hypothesis could also be plausible in that more subtle undetectable toxic events 

could be taking place. 

3. From bulk measurements to single cell resolution: SICM 

During my research stage in Prof. Klenerman’s group at the University of 

Cambridge, I had the opportunity to assess dimer neurotoxicity at extremely high 

resolution and focusing on more subtle toxic events such as Ca2+ intracellular influx. 

All the work presented in this section has been performed with the invaluable help of 

Dr. Nadia Shivji (neuroglial cultures preparation) and Dr. Anna Drews (expertise in 

SICM instrumentation and Ca2+ influx experiments).  

The Klenerman’s group had previous experience in assessing Aβ neurotoxicity in 

hippocampal neuroglial cultures. They focused their attention to Ca2+ influx as an 

intracellular toxic marker, which was measured by means of the fluorescent 

intracellular Ca2+-sensitive dye Fura-2.183 In this work, they observed that very low Aβ 

concentrations (500-0.2 nM, comparable to XTT assay concentrations) induced Ca2+ 

influx in astrocytes, but not in neurons. They attributed cell-type specific response 

to the different cellular membrane composition. Moreover, they claimed the 

mechanism of such toxicity was through the formation of pores in the membrane, 
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instead of specific binding to membrane receptors due to the low Aβ concentration 

applied, similarly to what was concluded by other groups.157  

When I joined the group, they were pushing this approach a step forward: they 

were able to deliver Aβ and to assess the subsequent induced Ca2+ influx at individual 

cells, by means of Ion Scanning Conductance Microscopy (SICM). 

 

Figure A4. Scanning Ion Conductance Microscopy (SICM). [A] Scheme of SICM setup. [B] 

Illustration of nanopipette delivery over a living cell and the concentration profile from the 

tip of the nanopipette. Image reproduced from Piper et al184. 

SICM was born as scanning probe microscopy technique based on nanopipettes.184 In 

SICM, the nanopipette is filled with an electrolyte solution and immersed in an 

electrolytic bath; one electrode is placed in the pipette, while the electrode of 

reference is submerged in the bath. The ion current flowing between the two 

electrodes depends on the tip-cell separation, meaning that the feedback signal of 

this current is used to precisely control the distance between the nanopipette and 

the cell (Figure A4-A). Therefore, this technique is highly suitable to perform non-

contact imaging of live cells. SICM is now also implemented as a tool to deliver 

(bio)molecules to the surface of living cells with nanometric precision.185,186 This 

allows the study of induced biological processes at single cell resolution, which 

allows differentiating distinct behaviours in co-cultured cells. Such delivery is 

performed by introducing the molecule of interest in the electrolytic solution of the 

nanopipette and the release is prompted by application of voltage or pressure. The 

controlled application of the molecule is regulated by the nanopipette-cell distance, 
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because as the nanopipette gets closer, the concentration profile shifts from a broad 

profile to progressively more localized delivery (Figure A4-B).  

In our studies, CL Aβ42 dimer was exquisitely delivered over each cell through its 

introduction in the nanopipette and subsequent application of pressure. Intracellular 

calcium influx was taken as the toxic marker and it was measured by labelling cells 

with Ca2+-sensitive dye Fluo4. CL Aβ42 dimer was previously obtained by PICUP 

reaction and successive purification by GdnHSCN-SEC procedure in 10 mM AA pH 8.5, 

a buffer that slows down Aβ aggregation. We selected CL Aβ42 dimer instead of CL 

Aβ40 dimer to try to get positive results in the shortest period of time, since Aβ42 

has largely been recognized to be more neurotoxic than Aβ40. Few minutes before 

sample application, CL Aβ42 dimer was dissolved in phosphate buffered saline buffer 

(PBS) down to 500 nM nominal concentration – comparable to that in XTT assay – and 

cells were labelled with fluorescent intracellular Ca2+-sensitive dye Fluo-4.  

The application of CL Aβ42 dimer to neurons and astrocytes yielded oscillating or 

increasing Ca2+ influx over time, reflected in transient or progressive – respectively – 

increases in intracellular fluorescence (Figure A5). Interestingly, Aβ42 monomer 

didn’t exhibit such biological activity. On the one hand, neuronal Ca2+ influx (Figure 

A5-A) was assessed in four independent sets of measures (global n = 17), and only 

two of them displayed a maximum of Ca2+ intake significantly different compared to 

negative control (Blank – 10 mM AA pH 8.5 diluted to the same ratio in PBS). On the 

other hand, astrocytic Ca2+ influx (Figure A5-B) was monitored in three independent 

sets (global n = 13), and only one of them showed a peak of intracellular Ca2+ 

concentration significantly different to negative control. These results demonstrate a 

huge inter-set variability (differences in average normalised maximum fluorescence 

between sets), meaning neuroglial cultures are extremely sensitive to their 

preparation and age. Besides, intra-set variability (standard deviations in normalised 

maximum fluorescence) arises from differences in cell to cell response to CL Aβ42 

dimer injury, in contrast to the congruent absence of Ca2+ influx for all Aβ42 

monomer or blank measures (very low standard deviations). This could be explained 

by differences in individual cell membrane composition, which might modulate cell 

susceptibility to CL Aβ42 dimer damage. Finally, the maximum Ca2+ intake for 

neurons is roughly higher than for astrocytes, which contrasts to the previous results 

obtained in the Klenerman’s group.183 The main difference in both studies lies on the 

type of Aβ oligomer sample, each of whom might have different affinities for 

neuronal and astrocytic cell membrane compositions. 
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Figure A5. SICM assays of CL Aβ42 dimer on neuroglial culture. [A] Representative 

fluorescence traces of Ca2+ influx induced by the delivery to neurons of blank (green - 

vehicle diluted in PBS), Aβ42 monomer (purple) and CL Aβ42 dimer (orange and red). The 

trace in orange represents an oscillating Ca2+ influx, while the red corresponds to a 

progressive increase of intracellular calcium. Columns represent the mean ± standard 

deviation maximum normalized fluorescence achieved for each independent set of cells. Set 

1 to 4 (orange bars) correspond to the administration of CL Aβ42 dimer, the blank (white 

bar) and Aβ42 monomer (purple bar). [B] Representative fluorescence traces of Ca2+ influx 

induced by the delivery to astrocytes of blank (green), Aβ42 monomer (purple) and CL Aβ42 

dimer (orange – oscillating, red – progressive increase). Columns represent the mean ± 

standard deviation maximum normalized fluorescence achieved for each independent set of 

cells. Set 1 to 3 (orange bars) correspond to CL Aβ42 dimer. Significant differences indicated 

by asterisks (p-value < 0.1 is *, p-value < 0.01 is **). 

Of note, we cannot guarantee that the recorded Ca2+ influxes are strictly due to CL 

Aβ42 dimer. We cannot discard covalent dimers evolve to bigger aggregates when 

diluted in PBS. In fact, O’Nuallain et al187 reported that their engineered Aβ40 

disulphide cross-linked dimer ((AβS26C)2, 26-serine was substituted by a cysteine) 

aggregated much faster than wild-type Aβ40, and even much faster if the sample was 
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agitated. In general, agitation is known to induce faster aggregation in amyloid 

proteins, similarly as the ionic strength of the media does.129 The dilution of our CL 

Aβ42 dimer in PBS implies its exposure to higher ionic strength, meaning it might 

undergo similar enhanced aggregation as (AβS26C)2 does by itself and when 

submitted to agitation. 

Overall, we have shown MTT assay is not suited to address Aβ oligomer toxicity. XTT 

assay has revealed that physiological concentrations of CL Aβ40 dimers do not cause 

neuronal death. Instead, more subtle toxic events such as intracellular Ca2+ influx 

were caused by CL Aβ42 dimers in both neurons and astrocytes. 

Materials and methods 

Aβ40/Aβ42 sample preparation 

Procedures are all described in Materials and methods in Chapter 2, except RP-

HPLC-PDA purification. CL Aβ40 samples were prepared using PICUP conditions 

involving an Aβ:Ru(bpy)3
2+:APS ratio of 1:2:5. Next, the reagents incompatible with 

RP-HPLC-PDA purification were removed using Bio-Spin P30 columns (Bio-Rad) pre-

equilibrated with 10 mM AA pH 8.5. CL Aβ40 dimer was purified using a Symmetry 

300 C4 column (4.6 × 150 mm, 5 μm, 300 Å, Waters) at a flow rate of 1 mL/min and a 

linear gradient from 0 to 25% B in 2 min, and from 25 to 40% B in 15 min (A = 0.045% 

TFA in water, and B = 0.036% TFA in acetonitrile) at 60ºC. Fractions corresponding to 

CL Aβ40 dimer were combined, quantified by amino acid analysis, freeze-dried and 

kept at -20ºC until used. 

Amino Acid Analysis 

An internal standard (2-aminobutanoic acid) was added to a given volume of Aβ 

solution. The mixture was lyophilized and the peptide was subsequently hydrolysed 

(6 N HCl, 110ºC, o/n). The amino acid content and the corresponding protein 

concentrations were determined using the Waters AccQ-Tag amino acid analysis 

method. 

Primary Neuronal Cultures for MTT and XTT assays 

Hippocampal neurons were obtained from E16 OF1 mouse embryos (Charles River 

Laboratories). Briefly, brains were dissected in PBS containing 3% glucose, and 

hippocampi were dissected out. After trypsin (Gibco) and DNAse (Roche Diagnostics) 

treatments, tissue pieces were dissociated by gentle sweeping. Cells were then 
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counted and seeded onto poly-D-lysine-coated dishes in Neurobasal medium 

containing B27 supplement (Gibco). All experiments involving animals were 

performed in accordance with the European Community Council directive for the 

care and use of laboratory animals and were approved by the local ethical 

committee. 

Neuronal Viability Measurements – MTT and XTT 

Primary hippocampal neurons were seeded at 30,000 cells/well in 96-well plates 

(Costar), maintained for 72−96 h, and then treated with thawed Aβ samples or the 

corresponding volumes of vehicle (10 mM AA pH 8.5) as a control. After 24 h at 37°C, 

neuronal viability was determined using the MTT assay (Cell Proliferation Kit I) or XTT 

assay (Cell Proliferation Kit II) from Roche. Neuronal viability was expressed as 

percent of MTT/XTT absorbance in treated cells as compared to cognate vehicle 

treated cells, which was taken as 100%. The assay was quantified at 595 nm, using 

the 690 nm absorbance as reference, on an absorbance plate reader. 

Primary Neuroglial Cultures for SICM measurements 

Mixed cultures of neurons and glial cells were prepared from Sprague−Dawley rat 

pups 2−4 days postpartum (UCL breeding colony). Experimental procedures were 

performed in full compliance with the United Kingdom Animal (Scientific Procedures) 

Act of 1986. The hippocampus and cortex were removed and placed in ice-cold PBS 

(Ca2+ and Mg2+-free, Invitrogen). The tissue was then minced and trypsinized (0.25% 

for 5 min at 37°C), triturated, and plated on poly-D-lysine-coated coverslips, and 

cultured in Neurobasal A medium (Invitrogen) supplemented with B-27 (Invitrogen) 

and 2 mM L-glutamine. Cultures were maintained at 37°C in a humidified atmosphere 

of 5% CO2 and 95% air, and the medium was in each case replaced twice a week and 

maintained for 12−15 days before experimental use to ensure the expression of 

glutamate and other receptors. Neurons were easily distinguishable from glia using 

microscopy: they appeared phase bright, had smooth rounded somata and distinct 

processes, and lay just above the focal plane of the glial layer. 

Cell labelling to measure Ca2+ influx 

Neuroglial cultures were loaded for 15 min at 37°C with the calcium indicator dye 

Fluo4-AM (Life Technologies) at 4 μM final concentration in Leibovitz's L-15 Medium 

(Life Technologies). When measuring Ca2+ influx in astrocytes, 300 μM of 2-Methyl-6-

(phenylethynyl)-pyridine (MPEP) were added to L15 media. MPEP is a potent, 
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selective and systemically active mGlu5 receptor antagonist which is added to avoid 

unspecific Ca2+ transients in astrocytes. 

Nanopipettes and SICM setup 

Nanopipettes were pulled with a laser-based pipette puller (Model P-2000; Sutter 

Instruments) from borosilicate capillaries (outer diameter 1 mm, inner diameter 0.58 

mm) from Intracel, U.K., resulting in an inner half-cone angle of θ =3° and an inner 

tip radius of approximately r = 50 nm. A silver chloride pellet was used as reference 

electrode for ion conductance measurements.  

In the SICM setup, a dual channel Axon MultiClamp 700B patch-clamp amplifier 

(Molecular Devices) was used to measure the ion current and the electrochemical 

Faraday current. A gain of 1 mV/pA and a 5 kHz low pass filter was used for the ion 

conductance measurements. The electrochemical signal was recorded with a low-

pass filter of 40 Hz. Application of pressure over the pipette was done using a home-

built pressure application setup and adjusted manually while monitoring the pressure 

with a pressure sensor (Pressure Monitor 100D, World Precision Instruments). A 

mercury lamp provided with a blue light filter (460−480 nm) was used to illuminate 

the selected neuron or astrocyte, and the fluorescence from the entire cell body was 

then collected with a photomultiplier (D-104-814, Photon Technology International) 

and a green light filter (500− 550 nm). The light was turned off between applications 

to reduce photobleaching and cell photodamage. Imaging was made with an inverted 

Nikon TE200 microscope (Nikon Corporation). Videos were recorded for 10 min and 

then processed with ImageJ software (NIH). Normalized fluorescence is calculated as 

the fluorescence at the given time with respect to the fluorescence at time 0. 

Summary of Statistical Analysis 

GraphPad Prism was used for all statistical analyses. The data are presented as 

mean ± standard deviation except when stated otherwise. The Student-t test was 

used to calculate significant differences, presented in terms of p-value. 
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Context 

Prion diseases and other neurodegenerative disorders share several pathologic 

similarities such as neuronal loss, gliosis or accumulation of aggregated protein(s). 

That is the reason why recent cutting edge research has been focused in the links 

between them, notably on the connection between prion diseases and AD.188 

Prion diseases can be genetic, idiopathic or infectious in origin, in contrast to AD, 

which has been proved to be triggered by the two first causes only. Interestingly, it is 

the infectivity of prions that inspired the quest to prove that protein corruptive 

templating is the underlying mechanism for amyloid deposition in AD.188-192 In the 

seminal work of Meyer-Luehmann et al, young healthy Tg mice were icv injected 

with brain extracts of AD patients and of aged Tg mice displaying amyloidosis.19 This 

injection advanced their onset of plaque deposition in a time- and concentration-

dependent fashion. Selective removal of Aβ from these extracts or injection of brain 

extracts of human age-matched controls did not enhance amyloidosis, implying that 

Aβ is necessary for such effect. Consistently, active or passive immunization of mice 

against Aβ also abrogated premature plaque deposition. Moreover, Aβ needed to be 

aggregated, since extracts from young Tg mice were not able to induce faster 

deposition. Enlarging the parallelism to prions, Aβ seeds were resistant to formic acid 

denaturation, but not to formaldehyde,193 and their spreading pattern over the brain 

was through axonally coupled regions to the injection site. Furthermore, synthetic Aβ 

was able to incite plaque deposition, although it was not as potent as brain-derived 

Aβ.194 Crucially, Aβ seeds also displayed a strain-like functional diversity, trait 

distinctive to prions by which their structural conformation determines the 

behavioural and pathological phenotypes.195 Seemingly, Aβ plaques in the injected 

mice reproduced the features of those of the original host, either from Tg mice19 or 

AD patients196 brain extracts. Besides, evidences for Aβ strains have also emerged 

from in vitro and ex vivo studies. The most striking in vitro study revealed that two 

distinct Aβ fibril morphologies possessed different neurotoxicity.52 The most 

significant ex vivo study showed that fibrils extracted from two AD patients with 

distinct clinical histories had different morphologies and structures.197 Finally, 

additional proof of prions and Aβ protein similarities is that Aβ seed competent 

entities are both soluble proteinase-K (PK)-sensitive species and insoluble aggregated 

PK-resistant structures.198 Overall, Aβ protein has been shown to perform corruptive 

protein templating that enhances strain-dependent plaque deposition in vivo. 
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Nevertheless, there are several concerns to the application of the prion paradigm to 

Aβ protein and AD. First, the inclusion of Aβ under the category of prion with the 

inherent connotation of infectivity has been shown to be misleading. Oral, 

intravenous, intraocular and intranasal administration of Aβ seeds failed to enhance 

plaque deposition.199 Moreover, such connotation would have enormous implications 

in the healthcare systems and in the working procedure in many research 

laboratories,69 which luckily doesn’t seem to be the case. To reconcile the prion 

paradigm and Aβ, Walker and Jucker proposed in a recent review188 to define prions 

as “proteinaceous nucleating particles” instead of “proteinaceous infectious 

particles”, unifying amyloids and prions in terms of their molecular mechanism of 

action. 

Second, Aβ has been shown to seed plaque deposition, but none of the discussed 

papers have addressed the remaining AD phenotypes such as intracellular NFT 

accumulation nor cognitive decline.69  Furthermore, according to the current view of 

amyloid neurotoxicity, the enhancement of plaque deposition would improve mice 

cognitive performance69 by clearing out neurotoxic soluble Aβ oligomers. Besides, 

studies in large cohorts have demonstrated that up to 40% of non-demented older 

adults have AD-like amyloid deposition without compromised cognitive function.26,27 

Results 

Within this context, we hypothesised that our CL Aβ40 species might act as seeds 

able to enhance Aβ aggregation. Importantly, these cross-linked species might also 

be present in vivo, since PICUP mechanism proceeds through similar reaction 

intermediates as ROS could presumably form CL Aβ species in vivo181 (Appendix A, 

Figure A1). Promising work with synthetic Aβ seeding in vivo had already been 

undertaken by Stöhr et al, in which they observed enhanced plaque deposition with 

concomitant gliosis using wild type (WT) Aβ40 and cross-linked (Aβ40S26C)2 dimer 

(see Appendix A).194 Fritschi et al detected an enhanced in vitro fibrillization when 

incubating recombinant Aβ40 with aged Tg mice and AD patients’ brain extracts.193 

ThT (Figure B1-B) fluorescence was used as a surrogate marker for fibril formation, 

since this molecule fluoresces when it binds to cross-β sheet structures such as Aβ 

amyloid fibrils.36,58 Besides, Ono et al isolated CL Aβ40 species, through PICUP 

reaction and subsequent purification from SDS-PAGE bands, and incubated them with 

WT Aβ40.81 Consistent to these previous reports, CL species stimulated Aβ 

fibrillisation, according to ThT binding assay data. 
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In our studies, we obtained Aβ40 M and CL Aβ40 D and Tr by means of PICUP 

reaction and successive purification by GdnHSCN-SEC procedure (Figure B1-C). Next, 

we added each species at a low molar ratio to independent Aβ40 monomeric 

solutions readily purified by SEC. The selected buffer was 10 mM Tris pH 7.4, which 

prompted fibril formation in a reasonable time scale (see Chapter 1, Figure 1.6). 

Addition of Aβ40 M that had also undergone PICUP reaction and GdnHSCN-SEC 

purification was taken as the reference curve for negative control (Figure B1-A, 

purple curve). Fibrillisation was monitored through ThT fluorescence, measured at 

specific time points. 

 

Figure B1. ThT fluorescence assay. [A] ThT fluorescence traces over time of fresh 

monomeric Aβ40 incubated in the presence of CL Aβ40 dimers (D, orange) and trimers (Tr, 

green). Aβ40 monomer (M, purple) obtained through the same procedure as CL D and CL Tr 

was added at identical molar ratio and used as negative control. Triplicate measures for 

each time point are depicted as individual spots and the line unites the mean values for each 

time point. [B] Molecular structure of ThT. [C] Obtention of Aβ40 monomer and CL Aβ40 

dimers and trimers by PICUP reaction and successive GdnHSCN-SEC purification. 

Addition of sub-stoichiometric amounts of CL Aβ40 D surprisingly led to a delay in 

the fluorescence increase, this is an extended lag phase and a delayed fibrillization 

(Figure B1-A). The presence of CL Aβ40 Tr directly inhibited fibril formation. Besides, 

it is noticeable that fluorescence intensity decays after the sigmoidal increase in the 

control and CL Aβ40 D samples. This is due to the collapse of the formed fibrils, such 

that less ThT molecules can bind and fluoresce. Overall, it is important to point that 

these data represent a single experiment, thus repetition of the assay is required to 

confirm these results. However, ThT binding assays have always been associated to 

low reproducibility. Recently, Sara Linse’s group overcame such misconception 
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through optimised Aβ purification procedures.66 Therefore, we would repeat these 

seeding assays following their robust and verified protocols yielding reproducible 

kinetic data. 

Nonetheless, our results illustrate a modulation of Aβ aggregation by small amounts 

of CL Aβ species. CL Aβ 40 D promoted a delay in fibril formation, implying a possible 

stabilisation of intermediate species. Interestingly, previous work in the laboratory 

demonstrated that the most neurotoxic species are the ones populating prefibrillar 

stages of aggregation.56 Meanwhile, the presence of CL Aβ40 Tr fully prevented 

fibrillisation. Even if ThT assay was informative of the lack of fibrillar species, other 

techniques, such as HDX coupled to MS56 or TEM, would shed more light on the nature 

of the species present in solution over time. Finally, our results are in conflict with 

the aforementioned reports on synthetic Aβ seeding experiments. We need to 

perform further experiments to confirm them, and to address this divergence. 

Materials and methods 

Aβ40/Aβ42 sample preparation 

Procedures to obtain CL species are described in Materials and methods in Chapter 

2. GdnHSCN-SEC purification was performed with 10 mM Tris pH 7.4 as elution buffer. 

To obtain monomeric Aβ, we used SEC: Aβ was dissolved in 6.8 M GdnHSCN, 

sonicated for 5 min, diluted to 4 M GdnHSCN at a 5 mg/ml Aβ concentration, 

centrifuged at 10,000g for 5 min. The resulting solution was injected into a HiLoad 

Superdex 75 HR 16/60 column (GE Healthcare) previously equilibrated with 10 mM 

Tris, pH 7.4, and eluted at a flow rate of 1 ml/min. The system was kept at 4°C. The 

peak attributed to monomeric Aβ was collected, and its peptide concentration was 

determined by RP-HPLC-PDA. The Aβ solutions were diluted to 30 μM, then the cross-

linked species were added at 1:60 molar ratio (CL species to monomeric Aβ40) and 

left to aggregate at 37ºC.  

ThT binding assay 

ThT analysis was performed by mixing 50 μl of the Aβ aggregating solutions 

withdrawn at specific times with 15 μl of 100 μM ThT and 35 μl of 142 mM Glycine at 

pH 8.3 in a Hard Shell® Thin Wall 96-well fluorescence plate (Bio-Rad). The ThT 

fluorescence of each sample was measured using a fluorescence plate reader 

(FluoDia T70, Photal, Photon Technology International) at excitation and emission 
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wavelengths of 450 and 485 nm, respectively. The samples were analyzed in 

triplicate, and average fluorescence values were joined by a curve. 
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The conclusions related to the first objective of the thesis are the following: 

1. Molecular recycling within Aβ fibrils has been shown to be highly dependent 

on the physicochemical properties of the fibrils. 

2. We have successfully expressed and purified active recombinant insulin 

degrading enzyme (IDE). We have shown that IDE specifically proteolyses 

monomeric Aβ. We have also determined that Aβ-IDE kinetic system is highly 

complex and it cannot be addressed through the classical Michaelis-Menten 

model. Moreover, we have detected three additional Aβ cleavage sites in 

addition to the ones already reported. 

3. Under the optimized experimental conditions, Aβ40 fibrils have shown to 

provide IDE-cleavable monomers, whilst Aβ42 fibrils release an undefined 

mixture of monomers and oligomers in complex equilibrium. 

 

The conclusions answering the second objective of the thesis are detailed below: 

4. We have successfully optimized the PICUP reaction and the chemical 

reduction of methionine-35 to obtain chemically well-defined cross-linked 

low molecular weight Aβ oligomers. 

5. We have isolated cross-linked Aβ dimers and trimers by means of a 

disaggregating treatment coupled to size exclusion chromatography. 

6. We have found clear evidences that SDS-PAGE is not a reliable technique to 

assess Aβ oligomer stoichiometry, specifically that of Aβ42. 

7. Ion mobility coupled to electrospray ionization mass spectrometry (ESI-IM-

MS) study of cross-linked dimers has shown that cross-linked oligomers are 

good mimics of their non-covalent counterparts. 

8. Combined study of cross-linked dimers and trimers through ESI-IM-MS, 

circular dichroism, and molecular dynamics simulations, has revealed that 

dimers and trimers possess a globular shape without defined secondary 

structure.  

9. Altogether, although Aβ42 shows a higher tendency to aggregate than Aβ40, 

both Aβ40 and Aβ42 undergo aggregation through the same early oligomers. 

10. MTT toxicity assay has been shown to be inappropriate to address Aβ 

oligomer toxicity. Cross-linked Aβ42 dimers induce calcium influx, an 

intracellular marker for neurotoxicity, in both neurons and astrocytes. 
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11. Cross-linked Aβ40 dimers and trimers effectively modulate Aβ40 

aggregation process. 
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Introducció 

Les malalties amiloidogèniques agrupen un total de 50 desordres caracteritzats per 

l’agregació de determinades proteïnes acumulades en òrgans o teixits específics en 

forma de dipòsits amiloides. Alguns d’aquests desordres són neurodegeneratius com 

ara la malaltia de Parkinson, les malalties priòniques o la malaltia d’Alzheimer (MA). 

MA és una malaltia crònica i progressiva d’origen neurològic que representa el 60% 

de les demències diagnosticades. Els primers símptomes són la falta de retenció de la 

memòria recent i l’evolució de la malaltia  procedeix cap a la pèrdua gradual de les 

capacitats cognitives més bàsiques. La seva prevalença es dobla cada 5 anys a partir 

dels 65 anys, essent l’edat el major factor de risc. L’any 2011, es va comptabilitzar 

que 35 milions de persones estaven afectades per MA i es calcula que el nombre 

d’afectats es pot triplicar de cara l’any 2050. Amb aquests números i el seu 

elevadíssim cost social i econòmic, MA s’ha convertit en una de les grans prioritats 

biomèdiques a nivell mundial. 

 

La MA es diagnostica a través de 3 marcadors histopatològics: la mort neuronal, 

l’acumulació intracel·lular de cabdells neurofibrillars formats per proteïna tau 

híperfosforilada i la presència de dipòsits extracel·lulars – altrament coneguts com a 

Figura RC1. 

Representació de la 

formació d’Aβ 

mitjançant l’acció 

seqüencial de la β- i 

la γ-secretases. El 

processament 

aberrant d’Aβ en 

determina la seva 

acumulació i 

agregació fins a la 

formació de fibres, 

principal component 

de les plaques 

amiloides. Aquesta 

imatge és copyright 

de The National 

Institute of Health 

(NIH). 
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plaques amiloides – composats fonamentalment per la proteïna beta-amiloide (de les 

sigles en anglès Aβ). Evidències histològiques, genètiques, bioquímiques i models de 

ratolins transgènics atribueixen a Aβ un paper central en la malaltia. Per contra, 

encara no es coneix la seva connexió amb la neurotoxicitat observada en la MA, per 

bé que s’ha provat que el fenotip patològic de la proteïna tau es induït per Aβ. 

Aβ és el producte metabòlic de l’acció seqüencial de la β- i γ-secretasa sobre la 

proteïna de membrana coneguda com a proteïna precursora amiloide (Figura RC1). 

L’escissió que duu a terme la γ-secretasa no és específica, de manera que es generen 

varies isoformes d’Aβ: Aβ40 està formada per 40 aminoàcids i és la isoforma que es 

produeix més abundantment; Aβ42 posseeix dos aminoàcids més a l’extrem C-

terminal, és la isoforma més estretament associada a la MA i es caracteritza per tenir 

una major tendència a agregar.  

Tot i el seu rol central en la malaltia, Aβ es produeix de forma regular en humans 

sans. És el processament aberrant de la proteïna que en determina la seva 

acumulació i agregació, primer en intermedis oligomèrics transitoris que evolucionen 

cap a les estructures fibril·lars disposades en forma de làmina-β i que composen les 

plaques amiloides (Figura RC1).  

Fa un parell de dècades, aquestes plaques eren considerades els agents neurotòxics 

de la MA. Posteriors estudis van observar que l’abundància d’aquestes plaques 

correlacionava lleument amb els dèficits cognitius dels pacients. En canvi, aquests 

dèficits eren directament proporcionals a la quantitat d’Aβ soluble present en el 

cervell dels malalts. De totes maneres, aquesta Aβ soluble representa un conjunt 

d’espècies oligomèriques indefinit i heterogeni. La comunitat científica està dedicant 

esforços en identificar l’estructura d’aquestes espècies i el seu nexe amb la 

neurotoxicitat de la MA per a dissenyar estratègies terapèutiques efectives. Aquest 

repte és molt exigent ja que el procés d’agregació d’Aβ és extremadament 

heterogeni i dinàmic. 

Capítol 1. La naturalesa de les espècies reciclants en les fibres amiloides 

d’Aβ 

La falta de correlació entre l’abundància de les plaques amiloides i els dèficits 

cognitius dels pacients va relegar les fibres amiloides a ser considerades el simple 

producte final inert de l’agregació d’Aβ. No obstant, posteriors evidències 

histològiques i d’assajos in vitro van donar suport a la descripció d’aquestes fibres 

com a potencials reservoris d’oligòmers neurotòxics. Un d’aquests estudis in vitro va 
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demostrar que una població homogènia de fibres estava en equilibri amb una 

determinada proporció d’Aβ soluble. Aquesta Aβ soluble provenia de les molècules 

que composaven els extrems de les fibres, tal que aquestes es dissociaven de la 

fibra, es trobaven en solució durant un determinat període de temps i es 

reincorporaven als extrems de les fibres. Aquest fenomen va ser descrit com a 

reciclatge molecular. Donada la rellevància patològica de les espècies solubles d’Aβ i 

el paper de les fibres com a potencials reservoris d’oligòmers neurotòxics, l’objectiu 

del present capítol era determinar la naturalesa de les espècies reciclants de les 

fibres d’Aβ. 

1. Resultats 

El reciclatge molecular es va descriure a través de la tècnica de bescanvi 

protó/deuteri (de les sigles en anglès HDX) monitoritzat per espectrometria de 

masses. HDX avalua la disponibilitat dels protons amida a ser bescanviats pels 

deuteris del medi. En condicions estàndard els protons amida es bescanvien 

ràpidament. Per contra, la seva velocitat de bescanvi es redueix dràsticament si 

aquests estan formant ponts d’hidrogen o es troben inaccessibles al dissolvent per la 

seva incorporació en elements estables d’estructura.  

En el cas de l’estudi de la dinàmica de les fibres d’Aβ, en primer lloc es van 

preparar les fibres en un dissolvent aquós. A continuació, es va seleccionar una 

població homogènia de fibres per ultracentrifugació i se les va exposar a una solució 

d’òxid de deuteri. A diferents temps de marcatge isotòpic, les fibres mostrejades es 

liofilitzaven i posteriorment es dissolien en una solució de dimetilsulfòxid (de les 

sigles en anglès DMSO). Aquesta solució de DMSO trencava les fibres en els seus 

components monomèrics conservant la seva informació de bescanvi. La injecció 

d’aquesta solució de monòmers a l’espectròmetre de masses proporcionava uns 

espectres de masses que mostraven dos pics definits. El pic de baix pes molecular 

representava espècies amb un patró de bescanvi corresponent a molècules d’Aβ 

disposades en estructura β-creuada, característic de les fibres amiloides. Per contra, 

el pic d’alt pes molecular corresponia a molècules d’Aβ amb tots els protons amida 

bescanviats. Donat que la intensitat d’aquest últim pic augmentava amb el temps de 

marcatge, el model de la dinàmica de les fibres s’explicava tal que les molècules 

dels extrems de les fibres es dissociaven, bescanviaven tots els protons amida i es 

tornaven a reincorporar a la població de fibres. 

L’estratègia per esbrinar la identitat de les espècies reciclants es va dissenyar en 

base a la selectivitat de l’enzim insulin-degrading enzyme (IDE), capaç de degradar 
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únicament monòmers d’Aβ. D’aquesta manera, si l’espècie reciclant era 

monomèrica, a l’espectre de masses només apareixeria el pic de baix pes molecular. 

En canvi, si l’espècie reciclant era oligomèrica, el procés de reciclatge molecular no 

es veuria alterat. 

 

Figura RC2. Reciclatge molecular en les fibres d’Aβ en presència d’IDE. [A] Espectre de 

masses mostrant les poblacions relatives de les poblacions Ppd i Pfd per Aβ40 (esquerra, dia 4) 

i Aβ42 (dreta, dia 6) incubades amb 0/0.01/0.1/1 μM IDE. [B] Gràfica de la fracció relativa 

de Pfd en funció del temps per les fibres d’Aβ40 (blau) i les d’Aβ42 (vermell). [C] Número de 

protons amida bescanviats en les poblacions Ppd i Pfd. Aβ40 i Aβ42 representats en blau i 

vermell, respectivament. [D] Gràfiques de la fracció relativa de la població Pfd en funció del 

temps per les fibres d’Aβ40 (blau) i Aβ42 (vermell) amb 0(CT)/0.01/0.1/1 μM IDE (major a 

menor intensitat de color). 

D’entrada, donat que l’activitat de l’enzim no era estable més enllà d’una setmana 

i que el procés de reciclatge molecular s’avaluava durant un mes sencer, vam decidir 

estimular el procés de reciclatge per tal d’encaixar les escales de temps dels dos 
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processos. Per tal d’estimular-ho, vam centrar els esforços en obtenir més extrems 

de fibres on aquest reciclatge molecular es podia produir. L’obtenció de més extrems 

es va assolir a través de l’optimització de la formació de fibres, per tal que aquestes 

fibres en proporcionessin de més curtes un cop sotmeses a un procés de sonicació. 

L’altra peça del puzle era la obtenció d’IDE recombinant activa. Vàrem optimitzar 

la seva expressió i purificació, assolint una activitat específica lleugerament més 

elevada que la de l’IDE comercial. A continuació, vam demostrar que la selectivitat 

de l’IDE raïa en que era capaç de degradar Aβ monomèrica, mentre que no 

aconseguia hidrolitzar el dímer covalent. Aquest resultat es trobava en concordança 

amb les conclusions extretes mitjançant la determinació de la seva estructura 

cristal·logràfica, en què el centre catalític només encabia pèptids de menys de 50 

aminoàcids. Finalment, no vam aconseguir caracteritzar cinèticament el parell Aβ-

IDE com a substrat-enzim. La raó és que les gràfiques consum de substrat front el 

temps no assolien una degradació total de la proteïna a llargs temps. Això excloïa la 

seva parametrització cinètica en el marc de la teoria clàssica de Michaelis-Menten. 

Un cop vam obtenir les fibres homogèniament sonicades i l’IDE pura i activa, vam 

procedir a l’estudi del procés de reciclatge molecular en presència de l’enzim. Abans 

però, vam estudiar el reciclatge molecular en absència de l’IDE en les condicions 

experimentals optimitzades. D’una banda, els dos pics en els espectres de masses 

(Figura RC2-A) i el seu patró de bescanvi (Figura RC2-C) es reproduïen com en les 

condicions anteriors. D’altra banda, vam constatar que el reciclatge molecular en 

aquestes noves condicions era similar o bé que s’havia reduït (Figura RC2-B).  

Un cop incubades amb IDE, els espectres de masses de les fibres d’Aβ40 mostraven 

que les espècies reciclants d’Aβ40 eren ràpidament hidrolitzades per l’enzim ja que 

no es detectava la seva reincorporació a les fibres (Figura RC2-D en blau). En canvi, 

les fibres Aβ42 requerien altes concentracions d’IDE per veure alteracions en el seu 

reciclatge molecular (Figura RC2-D en vermell). Per tant, els resultats indicaven que 

les fibres d’Aβ40 estaven en equilibri amb monòmers, mentre que les fibres d’Aβ42 

proporcionaven una mescla indefinida i complexa de monòmers i oligòmers poc 

estructurats. 

2. Discussió 

Per a la determinació de la naturalesa de les espècies reciclants de les fibres 

d’Aβ40 i Aβ42 es va plantejar d’entrada ajustar les escales de temps del l’activitat 

enzimàtica i el procés de reciclatge molecular. Per tal d’estimular el reciclatge 

molecular vam optimitzar les condicions de formació de fibres de tal manera que les 
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fibres madures proporcionessin fibres més curtes un cop sotmeses a sonicació. Encara 

que aquestes fibres disposaven de més extrems, el canvi de les condicions 

experimentals va determinar que el procés de reciclatge s’alentís. D’altra banda, 

vam obtenir IDE activa que mostrava selectivitat per Aβ monomèrica front a dímers 

covalents. Malauradament, no vam ser capaços de caracteritzar Aβ-IDE com a 

sistema cinètic donat que Aβ no es degradava per complet a llargs temps d’incubació 

amb IDE. La incubació de les fibres sonicades amb IDE activa va demostrar que les 

fibres d’Aβ40 proporcionaven monòmers, mentre que les fibres d’Aβ42 alliberaven 

una mescla indefinida de monòmers i oligòmers poc estructurats. 

La selectivitat de l’IDE pel monòmer d’Aβ ja s’havia descrit amb anterioritat, per 

bé que les evidències que es proporcionaven eren poc sòlides, no mostraven l’abast 

de la selectivitat o eren mesures indirectes. La caracterització que vam dur a terme 

va evidenciar que l’enzim era únicament capaç de degradar monòmer i deixava 

intactes els oligòmers més petits corresponents al dímers, trímers i tetràmers 

covalents. D’altra banda, no vam aconseguir caracteritzar cinèticament el parell Aβ-

IDE ja que Aβ no es degradava per complet a llargs temps d’incubació amb l’IDE. Un 

report anterior que sí detallava els corresponents paràmetres cinètics, no donava 

proves de que s’assolís aquesta degradació completa. 

La optimització de la formació de fibres i la seva posterior sonicació estaven 

dirigides a obtenir un major reciclatge molecular tant el les fibres d’Aβ40 com en les 

d’Aβ42. Per contra, va resultar que les fibres en aquestes noves condicions agregaven 

més ràpid i un cop formades eren més estables. Altres estudis ja indicaven que canvis 

en el medi fisicoquímic d’Aβ determinava canvis en la seva cinètica d’agregació. El 

que no esperàvem és que aquests canvis determinessin un canvi en la termodinàmica 

del sistema, és a dir en l’estabilitat de les fibres. 

La incubació de les fibres d’Aβ amb IDE va proporcionar informació sobre la 

naturalesa de les espècies reciclants. En el cas de les fibres d’Aβ40, l’increment de 

l’espècie totalment deuterada en funció del temps es va bloquejar en presència de 

les tres concentracions d’IDE. Donat que era una espècie totalment deuterada i que 

l’enzim era capaç d’hidrolitzar-la en qualsevol de les tres concentracions, no hi ha 

dubtes en afirmar que l’espècie reciclant en les fibres d’Aβ40 és monomèrica. 

La situació en el cas de les fibres d’Aβ42 és més complexa. Concentracions baixes 

d’enzim no alteraven el reciclatge molecular, mentre que concentracions altres 

impedien la reincorporació de les espècies reciclants a les fibres. Amb aquests 

resultats es pot inferir que les fibres d’Aβ42 alliberen una mescla indefinida de 
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monòmers i oligòmers. D’una banda, aquests monòmers són fàcilment hidrolitzables 

per l’IDE. Per l’altra, les dades de masses indiquen que aquests oligòmers no es 

troben estructurats mitjançant ponts d’hidrogen. Així doncs, aquests monòmers i 

oligòmers estableixen un equilibri complex que només és pertorbat amb altes 

concentracions d’IDE.  

Una explicació alternativa al fet que les fibres d’Aβ42 necessitessin una 

concentració més elevada d’enzim per què el seu reciclatge es veiés alterat és que 

l’IDE podria tenir una diferent afinitat per Aβ40 i Aβ42. En favor d’aquest argument, 

un estudi computacional sobre la interacció Aβ-IDE indicava que Aβ42 interaccionava 

amb l’IDE d’una manera significativament diferent de com ho feia Aβ40.  

En consonància amb els nostres resultats, la mesura dels nivells d’Aβ en el fluid 

intersticial del cervell de ratolins vius va indicar que la inhibició de la γ-secretasa no 

determinava la reducció dels nivells d’Aβ42 soluble en ratolins amb plaques 

amiloides. Per contra, la inhibició de la secretasa sí determinava la disminució dels 

nivells d’Aβ40. Aquests resultats semblaven indicar que l’Aβ42 soluble era alliberada 

de les plaques amiloides i que l’IDE present en el fluid intersticial no era capaç 

d’hidrolitzar-la.  

En conclusió, l’estabilitat de les fibres és un factor determinant en la rellevància de 

les fibres d’Aβ en la MA. En funció de les condicions fisiològiques i de la presència de 

determinats cofactors aquestes poden veure afectades les seves propietats de 

reciclatge. D’altra banda, no només és important la seva estabilitat sinó el tipus 

d’espècies que proporcionen a través d’aquest procés. Les fibres d’Aβ42 

proporcionen poques espècies reciclants, però aquestes consisteixen en oligòmers de 

baix pes molecular que l’IDE no és capaç d’hidrolitzar.  

Capítol 2. Estadiatges inicials de l’agregació d’Aβ 

La caracterització dels estadiatges inicials de l’agregació d’Aβ ha centrat l’atenció 

de molts estudis en el camp de la MA. Això s’explica per la rellevància patològica 

dels oligòmers solubles d’Aβ i les evidències recents de l’estreta correlació entre la 

MA i la presència de dímers resistents a dodecil sulfat de sodi (de les sigles en anglès 

SDS) en extractes de cervell. L’objectiu d’aquest capítol era caracteritzar aquests 

estadiatges inicials d’agregació d’Aβ en termes d’estequiometria i estructura. 
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1. Resultats 

Anteriors estudis sobre els estadiatges inicials d’agregació d’Aβ utilitzaven la 

reacció de PICUP per la seva capacitat de congelar la ràpida dinàmica existent entre 

els oligòmers de baix pes molecular. PICUP és una reacció fotoquímica que crea 

enllaços covalents entre residus de proteïnes que interaccionen de forma no 

covalent, sense necessitat de pre-modificar la seqüència de les proteïnes 

involucrades. D’aquesta manera, el conjunt d’oligòmers covalents obtinguts a través 

d’aquesta reacció representava els estats d’agregació d’Aβ en aquell precís instant. 

Posteriorment, aquest conjunt era analitzat mitjançant electroforesi en gel amb SDS 

(de les sigles en anglès SDS-PAGE). Aquest anàlisi va determinar que Aβ40 

oligomeritzava a través de monòmer, dímer, trímer i tetràmer. Per contra, Aβ42 ho 

feia majoritàriament a través de pentàmer i hexàmer. 

Seguint aquests anteriors treballs, vam abordar l’estudi de l’estructura dels 

oligòmers d’Aβ de baix pes molecular a partir de la reacció de PICUP. D’aquesta 

manera congelàvem la seva dinàmica i fèiem possible el seu aïllament i posterior 

caracterització de forma individual. En primer lloc, vam analitzar les mostres de 

PICUP per cromatografia líquida per fase reversa (de les sigles en anglès RP-HPLC-

PDA) i espectrometria de masses d’alta resolució (de les sigles en anglès LC-HRMS) 

per avaluar la seva homogeneïtat química, ja que l’anàlisi per SDS-PAGE no podia 

proporcionar aquesta informació. Els cromatogrames i espectres obtinguts posaven 

de manifest que les mostres posseïen un alt grau d’oxidació, fet probablement 

derivat de les condicions altament oxidants de la reacció de PICUP. Per tant, vam 

procedir a optimitzar les condicions de la reacció per tal de minimitzar aquesta 

oxidació col·lateral del pèptid. Addicionalment, donat que la posició més sensible 

d’Aβ a condicions oxidants és el tioèter de la metionina-35, vam implementar la 

reducció química del sulfòxid al corresponent tioèter. És així com vam obtenir 

químicament ben definits els oligòmers covalents corresponents als estadiatges 

inicials de l’agregació d’Aβ. 

A continuació, vam intentar aïllar aquests oligòmers covalents mitjançant 

cromatografia per exclusió molecular (de les sigles en anglès SEC) per tal d’obtenir 

una major quantitat que a través de l’extracció de les bandes de SDS-PAGE. 

Inesperadament, vàrem obtenir molts més pics que els reportats en l’anàlisi per SDS-

PAGE, entre els que destacaven el pic del monòmer i el del volum mort – 

corresponent a espècies d’alt pes molecular. Això succeïa tant per Aβ40 com per 
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Aβ42, tot i que el cromatograma d’Aβ42 reflectia la seva major tendència a agregar 

que Aβ40. 

Per tal de determinar quines d’aquestes espècies estaven efectivament unides per 

enllaços covalents, vàrem plantejar reproduir les condicions experimentals de SDS-

PAGE introduint un agent desnaturalitzant previ a la separació per exclusió 

molecular, en aquest cas tiocianat de guanidini (de les sigles en anglès GdnHSCN). Els 

pics obtinguts van ser posteriorment identificats per espectrometria de masses (de 

les sigles en anglès ESI-MS). Sorprenentment, els cromatogrames obtinguts mostraven 

una distribució de monòmer a tetràmer tant per Aβ40 com per Aβ42. Per esbrinar per 

què l’anàlisi per SDS-PAGE indicava que les distribucions d’ambdós pèptids eren 

diferents front a la seva similitud per GdnHSCN-SEC, vam analitzar els dímers i 

trímers purs d’Aβ40 i Aβ42 per SDS-PAGE. Els oligòmers covalents d’Aβ40 van 

proporcionar les bandes esperades, mentre que els dímers i trímers d’Aβ42 també es 

detectaven com a tetràmers i hexàmers, respectivament (Figura RC3). És així com 

vàrem determinar que SDS-PAGE proporcionava artefactes en l’anàlisi d’Aβ42, tal i 

com ja s’apuntava en altres estudis. 

 

Figura RC3. Anàlisi per SDS-PAGE dels dímers (CL D, en taronja) i trímers (CL Tr, en verd) 

covalents purs d’Aβ40 i Aβ42, així com la mescla d’ambdós (CL D + CL Tr, en taronja i verd). 

Els caps de fletxa en vermell indiquen els oligòmers formats artefactualment en presència de 

SDS. D = dímer covalent, Tr = trímer covalent, Te = tetràmer artefactual, P = pentàmer 

artefactual, Hx = hexàmer artefactual. 

Un cop aïllats per SEC, l’anàlisi de la topologia d’aquests oligòmers covalents es va 

dur a terme mitjançant mobilitat iònica acoblada a espectrometria de masses (de les 
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sigles en anglès ESI-IM-MS) (Figura RC4A). Prèviament calibrat, aquest instrument ens 

va proporcionar la secció col·lisional de cada un dels oligòmers. Aquesta restricció 

estructural i posteriors simulacions per dinàmica molecular (MD) van permetre 

construir els models moleculars que millor explicaven aquestes dades (Figura RC4B). 

Aquests models indicaven que tant dímers com trímers d’Aβ40 i Aβ42 mostraven una 

forma globular sense estructura secundària definida, tal com vam confirmar 

analitzant els dímers i trímers purs per dicroisme circular (CD) (Figura RC4C). 

 

Figura RC4. Anàlisi 

estructural dels dímers 

i trímers covalents. [A] 

Projecció dels 

espectres d’ESI-IM-MS 

en el eix del drift time 

per m/z 1732 (D +5 

Aβ40) i m/z 1856 (Tr 

+7 Aβ40), m/z 1806 (D 

+5 Aβ42) i m/z 1932 

(Tr +7 Aβ42) [B] 

Gràfica comparativa 

dels valors de Ω 

obtinguts pels models 

teòrics prèviament 

descrits, pel model 

globular de les 

simulacions per 

dinàmica molecular i 

els valors 

experimentals dels 

dímers no covalents i 

covalents d’Aβ40 

(superior) i d’Aβ42 

(inferior). 

Representació de cada 

model (inferior). [C] 

Anàlisi de l’estructura 

secundària dels dímers 

(taronja) i trímers 

covalents (verd). 
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En conjunt, hem determinat que Aβ40 i Aβ42 oligomeritzen inicialment a través de 

dímers i trímers globulars sense estructura secundària definida, per bé que Aβ42 té 

una major tendència a agregar. 

2. Discussió 

Per tal d’estudiar els oligòmers de baix pes molecular que es formen en els 

estadiatges inicials de l’agregació d’Aβ, hem optimizat la reacció de PICUP i hem 

implementat una reacció dirigida a reduir l’oxidació col·lateral de la metionina-35. 

Un cop hem obtingut els oligòmers covalents ben definits químicament, hem procedit 

a aïllar-los mitjançant cromatografia d’exclusió molecular obtenint uns 

cromatogrames en els que s’observa que Aβ42 té una major tendència a agregar que 

Aβ40. Simulant les condicions de SDS-PAGE, hem aplicat un tractament 

desnaturalitzant previ a la SEC que indica que les mostres d’Aβ40 i Aβ42 sotmeses a 

la reacció de PICUP estan composades per una mateixa distribució de monòmers a 

tetràmers. Un cop aïllats, l’anàlisi dels dímers i trímers purs per SDS-PAGE demostra 

que aquesta tècnica proporciona artefactes en l’anàlisi d’Aβ42. D’altra banda,  

l’anàlisi d’aquests mateixos dímers i trímers purs per ESI-IM-MS, MD i CD mostra que 

aquests oligòmers de baix pes molecular tenen una forma globular sense estructura 

secundària definida. 

Alguns estudis ja han deixat constància de la particular relació entre Aβ42 i SDS. En 

aquests estudis es reporta com SDS és capaç de fomentar l’agregació d’Aβ42, així 

com també la seva capacitat per induir la formació d’oligòmers d’Aβ42 d’estructura 

definida. En el cas de l’estudi d’Aβ42 mitjançant SDS-PAGE, canvis en la polaritat o 

la llargada de l’extrem C-terminal d’Aβ42 semblen interrompre aquesta tendència a 

generar artefactes. Per tant, aquestes evidències indiquen que SDS podria induir o 

estabilitzar una interacció Aβ42-Aβ42 a través dels seus extrems C-terminals. 

Ambdós Aβ40 i Aβ42 oligomeritzen a través de dímers i trímers globulars sense 

estructura secundària definida, per bé que Aβ42 té una major tendència a agregar 

que Aβ40. Aquest patró d’agregació ja estava descrit per Aβ40, en canvi l’anàlisi per 

SDS-PAGE d’Aβ42 indicava que oligomeritzava a través de pentàmers i hexàmers. 

Després de deixar patent que pentàmers i hexàmers són artefactes generats per SDS-

PAGE, es pot assumir que Aβ40 i Aβ42 oligomeritzen a través dels mateixos 

intermedis. Per contra, no es pot excloure que PICUP no hagi sigut capaç de capturar 

espècies de major pes molecular. De totes maneres, la manca de diferències en la 

distribució d’oligòmers per SEC entre Aβ40 i Aβ42 no deixa dubte que no hi ha un 

oligòmer d’estequiometria o abundància particular que diferenciï els seus patrons 
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d’agregació. De fet, no hi ha cap element d’estructura secundària ni es detecta 

l’aparició d’algun tipus d’oligòmer diferent dels dímers i trímers que expliqui la 

major tendència d’agregació que mostra Aβ42 en front Aβ40.  

Apèndix A. La neurotoxicitat dels dímers covalents d’Aβ 

En els últims 20 anys, la neurotoxicitat d’Aβ s’ha associat de manera independent a 

tres possibles mecanismes. Alguns estudis indiquen que Aβ exerceix la seva toxicitat 

pertorbant la membrana cel·lular, a través de la formació de porus o bé directament 

permeabilitzant-la. Un segon mecanisme s’ha focalitzat en la interacció específica 

d’Aβ amb receptors de les sinapsis neuronals. El tercer mecanisme s’ha centrat en Aβ 

com el desencadenant de la disfunció de tau i la seva posterior acumulació en la seva 

variant híperfosforilada, que en última instància determina la mort cel·lular. En 

termes generals, el fet que s’hagin identificat i validat mecanismes de neurotoxicitat 

independents podria indicar que Aβ exerceix la seva toxicitat a través de múltiples 

mecanismes de manera simultània. Per tal d’avaluar aquesta neurotoxicitat s’han 

proposat i emprat una gran varietat d’assajos, des dels que avaluen la citotoxicitat 

en termes generals, fins als que determinen l’efecte neurotòxic a nivell de sinapsi 

neuronal. 

Recentment, Shankar et al van reportar la neurotoxicitat de dímers obtinguts 

d’extractes de cervell de malalts de la MA, que mostraven resistència a la 

desnaturalització per SDS. D’altra banda, el mecanisme de PICUP procedeix a través 

dels mateixos intermedis que el mecanisme mitjançant el que les espècies reactives 

d’oxigen podrien generar oligòmers covalents d’Aβ in vivo. La rellevància dels  

nostres oligòmers covalents en el context de la MA seria notòria si es confirmés la 

seva presència en el cervell de malalts de la MA i si aquests mostressin 

neurotoxicitat.  

La neurotoxicitat dels nostres dímers covalents d’Aβ es va avaluar en cultius 

neuronals o neuroglials primaris mitjançant tres assajos diferents. Cada un dels 

assajos es va dur a terme (i) avaluant la toxicitat amb diferents marcadors, (ii) 

introduint diferents concentracions de dímer i (iii) determinant l’efecte tòxic en el 

conjunt del cultiu o bé individualment, cèl·lula a cèl·lula.   

El primer assaig es va dur a terme a concentracions de dímer covalent d’Aβ40 de 

l’ordre de micromolar i la toxicitat es va determinar a partir del assaig clàssic de 

MTT. Tres assajos independents van mostrar que els dímers eren tòxics per les 

neurones a aquestes concentracions. De totes maneres, no vam poder excloure que 



113 
 

el resultat fos un artefacte de la interacció de les molècules de MTT amb Aβ, tal i 

com s’ha reportat anteriorment a la literatura, o bé que la toxicitat fos causada per 

les impureses introduïdes amb els dímers com a resultat del seu procés de 

purificació. 

 

Figura RC5. Assajos de toxicitat del dímer covalent d’Aβ42 en cultius neuroglials. El dímer 

s’administra mitjançant SICM i el marcador de toxicitat és l’influx intracel·lular de calci, 

mesurat a partir del fluoròfor Fluo4 sensible a calci que han internalitzat les cèl·lules. [A] 

Traces de fluorescència representatives de l’influx de calci en neurones induït pel vehicle 

(verd), el monòmer d’Aβ42 (violeta) i el dímer covalent d’Aβ42 (taronja i vermell). La traça 

en taronja representa un influx de calci oscil·lant, la traça en vermell correspon a un 

increment de calci intracel·lular gradual. Les columnes representen la mitjana ± desviació 

estàndard de la màxima fluorescència assolida per cada grup independent de cèl·lules. Grups 

1-4 (taronja) corresponen a l’administració de dímer covalent Aβ42, vehicle (blanc) i 

monòmer Aβ42 (violeta). [B] Traces de fluorescència representatives de l’influx de calci en 

astròcits induït pel vehicle (verd), el monòmer d’Aβ42 (violeta) i el dímer covalent d’Aβ42 

(taronja-oscil·lant i vermell-increment). Les columnes representen la mitjana ± desviació 

estàndard de la màxima fluorescència assolida per cada grup independent de cèl·lules. Grups 

1-3 (taronja) corresponen a l’administració de dímer covalent Aβ42, vehicle (blanc) i 

monòmer Aβ42 (violeta). Les diferències significatives estan indicades amb asteriscs (p-value 

< 0.1 és *, p-value < 0.01 és **). 
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El segon assaig va consistir en la introducció del dímer covalent d’Aβ40 a 

concentracions de l’ordre de nanomolar i la toxicitat es va estudiar mitjançant 

l’assaig de XTT, alternativa al MTT que no s’ha reportat que interaccioni amb Aβ 

generant artefactes. En aquest cas, els dímers no van ser tòxics per a les neurones. 

El tercer assaig va avaluar la toxicitat dels dímers covalents d’Aβ42 a 

concentracions de l’ordre de nanomolar. Aquests dímers van ser subministrats 

individualment, cèl·lula a cèl·lula, mitjançant la tècnica Scanning Ion Conductance 

Microscopy (de les sigles en anglès SICM) i el marcador de toxicitat va ser la inducció 

d’influx de calci a nivell intracel·lular (Figura RC5). Els dímers van resultar ser tòxics 

a aquestes concentracions tant en neurones com en astròcits, tot i que hi va haver 

una gran variabilitat en termes de màxima concentració de calci intracel·lular per a 

cada una de les cèl·lules estudiades. 

Apèndix B. La modulació de l’agregació d’Aβ40 en presència d’oligòmers 

covalents 

Les malalties priòniques i la MA comparteixen alguns trets histopatològics tals com 

la mort neuronal o l’acumulació de proteïnes agregades en el cervell. És per això que 

en la última dècada s’han dedicat esforços en elucidar les connexions entre elles. El 

punt de connexió és la hipòtesi de que el mecanisme molecular subjacent és el 

mateix. En altres paraules, aquesta hipòtesi reivindica que la formació de plaques 

amiloides ve donada per la inducció del plegament corrupte d’Aβ per part d’altres 

molècules d’Aβ (llavors) que ja es troben plegades en la seva forma patològica. 

Aquesta connexió va emergir pel treball de Meyer-Luehmann et al, en el que 

s’injectava extractes de cervell de malalts de la MA o de ratolins transgènics adults 

amb plaques amiloides cerebrals, en el cervell dels mateixos ratolins transgènics, 

però joves i sans. Aquesta injecció induïa l’avançament de l’inici de la deposició de 

les plaques amiloides. De totes maneres, el que no explica aquesta hipòtesi és per 

què la resta de fenotips de la MA, com ara l’acumulació intracel·lular de cabdells 

neurofibril·lars o la pèrdua de les funcions cognitives, no es reprodueixen en aquests 

ratolins un cop han rebut la injecció.  

Donada la possible rellevància dels nostres dímers covalents en la MA, es va 

plantejar si els nostres dímers covalents podien exercir de llavors d’agregació 

determinant una modulació de l’agregació d’Aβ. És així com es van incubar dímers i 

trímers covalents d’Aβ40 (Figura RC6-C) en quantitats subestequiomètriques en una 

solució monomèrica d’Aβ40 acabada de purificar. Vam monitoritzar l’agregació 
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d’aquestes mostres per l’assaig de tioflavina (Figura RC6-B) i vam observar que 

efectivament dímers i trímers eren capaços de modular l’agregació d’Aβ (Figura RC6-

A). La presència de dímers covalents alentia la formació de fibres, mentre que la de 

trímers covalents frenava totalment la fibril·lació. Aquests resultats contrasten amb 

altres estudis en els que aquestes mateixes llavors, purificades mitjançant una altra 

metodologia, estimulen la fibril·lació. Es necessiten més assajos per confirmar els 

nostres resultats i per entendre per què no són consistents amb aquests altres 

estudis. 

 

Figura RC6. Assaig de fluorescència de ThT. [A] Traces de fluorescència de ThT en funció del 

temps per la incubació de monòmer d’Aβ40 en presència de dímers covalents d’Aβ40 (D, 

taronja) i trímers covalents d’Aβ40 (Tr, verd). L’addició de monòmer d’Aβ40 (M, violeta) al 

mateix rati molar s’empra com a control negatiu. Cada mesura per triplicat s’indica amb 

punts i la línia uneix la mitjana de cada mesura. [B] Estructura molecular de la ThT. [C] 

Obtenció dels monòmers, dímers covalents i trímers covalents d’Aβ40 mitjançant SEC amb 

tractament desagregant previ. 
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