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Alzheimer’s disease 

Amyloid (from Latin amylum and from Greek amylom, meaning starch) diseases represent 

one of the most challenging and enigmatic systems among the physiopathology of human 

beings. This family of diseases are related with the deposition of proteins in the so-called 

amyloid state which is characterized by the formation of elongated fibers consisting of many-

stranded β sheets (Figure 0.1). More concretely, amyloid fibers are arranged into a cross-β 

structure where the building units or monomers are stacked along the fiber axis forming parallel 

sheets.1 Astbury was the first to hypothesize a cross- β structure2 which was further elaborated 

by Pauling and Corey to explain the structure of silk3. Tot this regard, more than 30 proteins 

have been described to display this type of structure and have been related to several amyloid 

diseases, among which Alzheimer’s disease (AD) is found.4  

 
Figure 0.1 (left) Microscopy image of Aβ42 fibrils and (right) structure of Aβ42 fibril and a subunit within 

the fibril. The Aβ42 fibril structure has been obtained from the PDB code 2MXU.5 

AD is a progressive, neurodegenerative brain disorder that affects in the early stages 

principally the recent memory of patients, subsequently evolving to a full cognitive and 

functional impairment.6 Approximately 2% of the cases have a strong genetic component, 

causing the appearance of the symptoms in middle-age individuals and therefore also known 

as early-onset AD (EOAD). As for the rest of the cases, late-onset AD (LOAD) are idiopathic 

in origin.  Affecting currently more than 50 million people worldwide, AD is the most common 

form of dementia accounting for 60-80% of dementia cases. This number will increase to 150 

million by 2050 and therefore constitutes a major health concern of modern world.7 

The disease was named after Dr. Alois Alzheimer, a German psychiatrist who first reported 

a case back in 1906 from the psychiatric hospital in Munich. At that time, dementia at an 

advanced aged was considered a normal process of aging so the fact that a 50 year old woman 

developed such a condition was surprising. Contrary to Freud’s theory of dementia resulting 

from psychological causes, Dr. Alzheimer hypothesized that dementia was caused by a 

physical disease in the brain. Therefore, he examined the brain of the patient post-mortem 

which he reported to be in an atrophic state without any focal degeneration.8 Extracellular thick 
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fibrils with a considerable capacity of impregnation together with intraneuronal tangles were 

found inside the cells.8 The presence of amyloid deposits and intracellular neurofibrillary 

tangles (NFTs) are still considered diagnostic hallmarks of AD. 

80 years later, work carried out by Glenner9 and Masters10 enabled the isolation and 

characterization of the amyloid beta (Aβ) peptide from amyloid plaques, thus providing the 

first primary structure information on Aβ. On the other hand, NFTs were found to be 

constituted of abnormally hyperphosphorylated tau whose regular function is to stabilize 

microtubules.11,12 The appearance of two different proteins associated to the pathology gave 

rise to two confronted hypothesis of the potential cause of AD: the amyloid hypothesis13 and 

the tau hypothesis14,15. Jin and coworkers rather than focusing in one of the hypotheses, they 

worked on the relation of these two theories. To this regard, they found that	isolated Aβ dimers 

from brains of AD patients induced hyperphosphorylation of tau in hippocampal neurons, 

disruption of the microtubule cytoskeleton and finally neuronal death.16 This work very well 

describes the complex system behind the mechanism of the disease and the fact that the cause 

possibly lies in a combination of several agents rather than a single one. 

Amyloid beta peptide  

Aβ has been presented in this introduction as a pathogenic agent but is actually produced by 

our body throughout life and therefore also present in healthy individuals.17,18 The absence of 

cysteines within the primary structure of Aβ prevents intra or intermolecular stapling (Figure 

0.2). The amphipathic sequence comprises a polar region within the first 28 residues and an 

apolar region in the final 14 residues. Aβ represents perfectly the complexity of predicting the 

three-dimensional (3D) structure of a protein from its sequence. Richards brought up an 

interesting question to the protein folding problem back in 1991:  

In theory, all one needs to know in order to fold a protein into its biologically active shape 
is the sequence of its constituent amino acids. Why has nobody been able to put theory into 

practice?19 

The fact that Aβ shows different folding behaviours depending on its environment, increases 

even more the complexity of the structure prediction. Thus, studies of Aβ folding and assembly 

not only contribute to the amyloid diseases field but also expand the knowledge of general 

protein science.  

 

Figure 0.2 Sequence of Aβ42  
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The origin of Aβ lies in the amyloid precursor protein (APP), a type I single-pass 

transmembrane protein that belongs to a family of multimodal proteins described to regulate 

processes going from regulation of transcription to synaptic functions.20 APP gives rise to Aβ 

upon sequential cleavage by the β and !	secretases (Figure 0.3). After the proteolytic action of 

the β-secretase, soluble APP β (sAPPβ) is released and the remaining 99 residue long c-

terminal fragment (C99) is finally cleaved by the !-secretase giving as a result Aβ and the APP 

intracellular domain (AICD).21,22 The !-secretase consists of four parts: presenilin, PEN-2, 

nicastrin and APH-1.23 Presenilins contain the catalytic center of the complex where several 

mutations have been described to cause EOAD.24 Due to the low specificity of the !-secretase, 

the cleavage of C99 gives rise to peptides of several lengths ranging from 38 to 43 amino acids 

constituting the Aβ variants. Among the Aβ variants, although Aβ40 is the most abundantly 

produced (90%), it is Aβ42 the one most related to the neurotoxicity and cognitive decline 

observed in AD.25,26 The two additional amino acids found in Aβ42 have a drastic effect 

making it more hydrophobic and prone to aggregation. Together with the fact that several 

mutations related with EOAD increase the Aβ42/Aβ40 which is a considered biomarker of 

AD27, have of Aβ42 one of the main targets of AD therapies.  

 

Figure 0.3 Cleavage of APP by the β-secretase produces sAPPβ and C99, the latter is cleaved by the !-
secretase giving rise to Aβ and AICD. Aβ aggregates into soluble oligomers that continue to aggregate into 
amyloid fibrils. Alternatively, Aβ could aggregate within the cellular membrane into membrane-associated 

oligomers or else, the soluble oligomers could return and interact with the cellular membrane. 

One of the main challenges in the field is to identify the neurotoxic form of Aβ42. The first 

form identified was the fibrillar one where Aβ assembles into a cross-β structure (Figure 0.1 

right). Although the amyloid fibril is at the essence of AD, its role in the pathology remains 
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unclear. This is due to the hard correlation between the amount of fibril deposition and the 

progression of the disease.28 Therefore, researchers broadened the field to alternative forms of 

Aβ that appeared to be transient between the monomer and the amyloid fibrils. We will refer 

to these early soluble aggregation forms as Aβ oligomers (Aβo). 

Aβ oligomers 

The amyloid hypothesis was originally supported by the discovery that humans with trisomy 

21 (Down’s syndrome) develop with high frequency AD.13 The fact that APP is encoded within 

chromosome 21 led researchers to the debated amyloid hypothesis. At the same time when the 

amyloid hypothesis lost strength due to lack connection between amyloid deposition and AD, 

familiar mutations responsible for EOAD pointed towards an increase of Aβ production, thus 

reinforcing the role Aβ in the disease.29 Soluble aggregation forms preceding the fibril 

formation were then studied to relate the neurotoxic effect to the disease progression. 

Investigations with transgenic mice as AD models showed that cognitive decline preceded 

amyloid deposition.30 Additionally, Walsh and co-workers reported inhibition of hippocampal 

long-term potentiation in rats after cerebral microinjection of cell medium containing 

oligomers and monomers but not fibrils.31 The differences in aggregation status between the 

reported work in the literature made reproducibility very hard. Thus, the community focused 

in obtaining more homogeneous and defined Aβo preparations. 

Among the reported Aβo preparations, we can find: protofibrils, annular/globular 

assemblies,  Aβ-derived diffusible ligands (ADDLs) and Aβ*56.32 Protofibrils appear in the 

early fibrillization process and rapidly progress to fibers of increased length. The molecular 

mass for this form ranges from 100 to 3000 kDa with lengths from 20 to 100nm.33,34 Annular 

or globular assemblies present a ring-like structure with a diameter between 8-12 nm and have 

been differentiated from protofibrils by atomic force microscopy or electron microscopy.35,36 

Lambert et. al. reported the preparation of ADDLs that represented smaller oligomers ranging 

from 17 to 42 kDa and 4,8-5,7 nm long. These type of oligomers reported cell toxicities in the 

nanomolar range and gave strength to the hypothesis that Aβ oligomers could play a key role 

in the pathogenesis of AD.37 Additionally, Aβ*56 was isolated from impaired Tg2576 running 

as a 56 kDa band in an SDS-PAGE gel. This oligomer was reported to disrupt memory when 

administered to young rats.38 The description of the variety of forms just enlisted represents 

very well the effort of the scientific community to identify the pathogenic form of Aβ which is 

a clear priority in the field. 

Mass Spectrometry and Aβ 

The demand in the field to identify the structure of Aβo to better understand the mechanism 

of toxicity of these forms and so develop therapeutic strategies to treat AD, pushed the 
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applications of mass spectrometry (MS) strategies to answer the open questions. Pioneering 

work by Fenn et al. enabled the application of MS for the study of biomolecules thanks to the 

use of electrospray ionization (ESI).39 During ESI small droplets are formed when infusing the 

sample through small charged capillaries. The droplets containing the analyte are reduced in 

size through solvent evaporation until the Rayleigh limit is reached. At this point, the 

coulombic repulsion of the ions is sufficient to overcome the surface tension of the liquid 

resulting in the fission of the droplet. Finally, the multiple charged ions will travel pushed by 

the spectrometers’ high vacuum until they reach the detector. Although IMS was discovered 

by Zeleny 15 years before MS in 1898, it was not until 1970 when IMS was coupled to MS by 

Cohen and Karasek and it really began being used as an analytical tool.40 Inside an ion mobility 

spectrometer, ions travel pushed by an electric field through a chamber filled with buffer gas. 

During this process, ions interact or collide with the gas and so they are separated depending 

on their shape. The observation of the interactions between the ion and the gas result in an 

arrival time distribution (ATD) for the different ions. Because there is a relation between the 

ATD and the shape of the ion or the collision cross section (CCS), IMS is a powerful technique 

to obtain structural data about the topology of molecular assemblies. Furthermore, together 

with MS, IMS results are even more informative as they can be used to assign the contribution 

of different species or conformations to a single mass-to-charge ratio (m/z). 

Such an ESI-IMS-MS approach was followed by Bernstein et al. to study the differences in 

stoichiometries between Aβ40 and Aβ42.41 In vitro oligomers of Aβ42 where reported to 

aggregate forming dimers, tetramers, hexamers and dodecamers. Conversely, Aβ40 only 

aggregated as dimers and tetramers, thus offering a possible explanation on the different roles 

of Aβ40 and Aβ42 in the etiology of AD. IMS data enabled the use of collision cross-section 

(CCS) derived from the drift times observed to build models for the arrangement of soluble 

Aβo. The modelling started from the controversial assumption that the monomer had a 

spherical shape and its CCS was obtained using the projection approximation (PA) method. 

The CCS of two spherical monomers was fitted to the experimental CCS of the dimer with a 

10% deviation. From this, higher-order oligomers were modelled to obtain a tetramer, hexamer 

and dodecamer.42 They proposed a mechanism consisting on the addition of a dimer to the 

tetramer to form a hexamer that subsequently dimerizes to finally form a dodecamer. The 

limited experimental evidence added to the complexity of the proposed mechanism makes it 

rather difficult to envision but no further studies have proved it wrong. More recent studies 

performed by Kloniecki and co-workers with Aβ40 detected even larger soluble Aβo up to 

hexadecamers.43 Interestingly, they also reported octamers which were not detected in the work 

of Bernstein et al.41 More recent work from the group of Prof. Ashcroft showed the possibility 

to screen inhibitor of amyloid formations using ESI-IMS-MS which opens wide range of 

possibilities in the drug discovery field of Aβ.44 
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Another approach widely followed in the study of Aβ is the combination cross-linking (XL) 

with MS which has become a reliable method to map three-dimensional protein structures, 

define protein-protein interaction sites and measure intact masses of non-covalent complexes. 

The basis of this technique consists of covalently binding pairs of functional groups within a 

protein complex. Because of the wide range of specificities reported by the XL reagents and 

the distances covered, the experiments available to map the interactions and structural restraints 

within a complex is enormous.45 The definition of the XL complex can be achieved through 

different strategies such as intact mass detection and bottom-up analysis. One of the problems 

in the study of XL Aβo reported by our group is the subsequent analysis by SDS-PAGE that 

can deliver misleading results.46 Thus, analysis of XL Aβo requires the use of MS together 

with SDS-PAGE. Chemical cross-linking of Aβ42 oligomers has been widely studied and 

reported through different methods focusing specially in photo-induced cross-linking of 

unmodified proteins (PICUP).47,48 This approach was recently used in our group to confirm the 

presence of XL dimers in the brain of AD patients therefore opening the possibility for 

developing novel biomarkers.49 Other approaches like the one followed by Bobo et. al. opted 

to chemically cross-link soluble Aβ42 oligomers using glutaraldehyde. This protocol not only 

simplified the procedure to covalently stabilize the oligomers but also enabled direct analysis 

by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF).50 

Amyloid beta and the cellular membrane 

Aβ, like other amyloidogenic proteins, is produced as a soluble protein that aggregates in a 

nucleation-dependant way into soluble oligomers that increase gradually in molecular-weight 

until insoluble fibrils are formed. The presence of Aβ fibrils in the extracellular space has 

related Aβ peptides inevitably to the same location. The formation of fibrils actually rather 

indicates the insoluble nature of Aβ and added to the fact that APP is a transmembrane protein, 

strongly suggests the possibility of an alternative location. Differently than described for the 

fibril formation, one could envision upon the production of Aβ to interact and aggregate within 

the cellular membrane or else, the soluble Aβo returning and interacting with it. Brains of AD 

patients have been reported to present NFT, oxidative stress and calcium dysregulation. All of 

the aforementioned processes occur intracellularly while Aβ is excreted and accumulated 

extracellularly, thus involvement of the cellular membrane is likely to happen. Several 

hypothesis haven been presented to explain this scenario: interaction of Aβ with a membrane 

receptor,51 non-specific binding of Aβ to the membrane causing a disruption52 or ion pore-

formation leading to membrane permeation.53 

Arispe et al. pioneered work in the field by proving that Aβ forms pores across phospholipid 

bilayer membranes.54-56 These cation-selective channels showed spontaneous transitions 

between defined levels of conductance. Arispe proposed fromt his work the amyloid pore 

hypothesis, which suggests the formation of Aβ pores at the membrane as a key process in the 
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neurotoxicity observed in AD. Subsequent, research by other groups led to conflicting results 

due to the diversity of the Aβ pores reported. For instance, Kourie et al.57 and and Hirakura et 

al.58 showed the ability of Aβ to allow undefined conductance across lipid bilayer forming 

pores. Lin and coworkers reconstituted Aβ42 in lipid membranes and also showed the 

formation of membrane-associated oligomers.35 Using AFM, they showed a donut-like shape 

with an outer diameter from 8 to 12 nm. Moreover, recent work showed the ability of Aβ42 

but not Aβ40 to form pores which strengthens the position of the amyloid pore hypothesis.59 

Such diversity has prevented the identification of specific features that define Aβ pore structure 

and conductivity properties, thus preventing confirmation of the amyloid pore hypothesis.  

Membrane biomimetic environments 

To study biophysical and mechanistic aspects of the interaction between membrane proteins 

(MP) and the cellular membrane, several researchers have worked with simplified model 

membrane systems.60 It is generally considered by native environment, the original membrane 

where the protein under study develops its biological function. It is rather difficult to define 

how well artificial systems mimic native membranes, especially due to the challenge that 

represents setting up a functional test.61 Some of the most extended membrane mimetics used 

in the biophysical study of MP comprise: liposomes, detergent micelles and bicelles (Figure 

0.4). 

 

Figure 0.4 Membrane mimetic environments: (A) liposomes, (B) detergent micelles and (C) bicelles. 

Liposomes, also referred to as vesicles, are lipid bilayers in the form of spheres enclosing 

water (Figure 0.4A). Depending on their diameter they are classified as small unilamellar 

vesicles (SUVs) from 20-50 nm, large unilamellar vesicles (LUVs) around 100 nm and giant 

unilamellar vesicles (GUVs) from 1-10 µm. Liposomes are considered the most biologically 

relevant membrane mimetic due to their spherical shape and water interior. Furthermore, this 

type of constructs enables the introduction of fluorescent dyes and study the membrane 

permeabilization effect of peptides and proteins through dye-leakage assays.62 As a 

counterpart, the lack of solubility can lead to their precipitation upon centrifugation, making 

them difficult to separate from protein aggregates. Moreover, their heterogeneity makes them 

not suitable for SEC and their large size makes them anisotropic and therefore not suitable for 

solution NMR spectroscopy.  
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Bicelles are obtained from the mixture of detergent with lipids giving rise to a disc shape 

(Figure 0.4C). In the adequate conditions, bicelles display a planar lipid bilayer where the rims 

are stabilized by detergent molecules to avoid the exposure to water of the hydrophobic tails 

of the lipids. Insertion of MP into bicelle systems enables their study by NMR: small isotropic 

bicelles are used for solution NMR studies while large anisotropic bicelles are used in solid-

state NMR. The principal advantage of this system is the presence of lipids that preserve the 

activity of MP although the lateral pressure of the cell membrane is not preserved.61 

Detergents in mass spectrometry  

Detergents are small amphipathic molecules that are widely used to solubilize MP for 

structural and functional research (Figure 0.4B).63,64 In water, detergents disperse as water-

soluble monomers at total detergent concentrations below the critical micelle concentration 

(cmc). When the total detergent concentration is above the cmc, the concentration of detergent 

exceeding the cmc forms micelles. However, unlike lipid bilayers, detergent micelles are 

spheroid and have a core composed of the detergent hydrophobic tails. Micelles have different 

shapes and sizes depending on the chemical structure of the detergent.65 Therefore, when using 

detergents to study MP structure and function, various types of detergent micelles must be 

extensively screened in order to find a suitable one that preserves the native structure and 

function of the MP under study. 

The group of Prof. Robinson has leaded MS field of MP since they first published back in 

2008 the possibility to release intact membrane complexes from detergent micelles through 

gas-phase activation.66 This methodology consists in directly infusing a solution of the MP 

containing a MS compatible detergent and buffer to preserve the native state of the complex 

until it reaches the gas phase, where the micelle can be stripped-off by applying a controlled 

voltage. Once the protein is released from the detergent micelle, the non-covalent interactions 

can be preserved by correctly fine-tuning the parameters of the mass spectrometer and so the 

intact mass can be obtained. MS analysis requires buffer compatibility to avoid salts interfering 

with the ionization of the sample. To this end, proteins are buffer exchanged to volatile salts 

such as ammonium acetate to obtain good signal-to-noise ratio in the mass spectrum. 

Moreover, when working with MP, a membrane mimetic has to be present in the sample to 

stabilize the protein from precipitating or aggregating. Some commonly used native-like 

detergents such as dodecyl phosphocholine (DPC) (Figure 0.5B) are not compatible with MS 

because of their suppressive effect in the ionization. This effect was studied in detail by 

Rundlett and Armstrong where they concluded that surfactants affected mainly at two levels: 

destabilization of the Taylor cone during the spray of the sample and interference with the 

transfer of ions to the gas phase due to Coulombic attraction between the detergent and the 

analyte.67 To avoid this problem work by Laganowski et. al. established a protocol including 

18 different non-ionic detergents compatible with MS.68 The reason for some detergents 
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working better than others for a given protein system is still a matter that remains unanswered. 

Specially, because at early stages of a biophysical study, the structure of the protein complex 

in the detergent micelle at atomic level is usually unknown. Therefore, the best way to proceed 

in a MS analysis of a MP is to first screen a series of MS compatible detergents to establish the 

best candidate. In the work presented in this manuscript, 6 non-ionic detergents from the 

aforementioned protocol were selected that represented the different chemical families 

reported: 5-cyclohexylpentyl-β-D-maltoside (Cymal 5), 6-cyclohexylhexyl-β-D-maltoside 

(Cymal 6), n-dodecyl-β-D-maltoside (DDM), α-[4-(1,1,3,3-Tetramethylbutyl)phenyl]-ω-

hydroxy-poly(oxy-1,2-ethanediyl) (Triton X-100), tetraethylene glycol monooctyl ether (C8E4) 

and pentaethylene glycol monooctyl ether (C8E5) (Figure 0.5C). Additionally the zwitterionic 

detergent Lauryldimethylamine-N-oxide (LDAO) (Figure 0.5B) which has also been reported 

to be compatible with MS, was also selected.69 

 CMC (mM) MW Aggregation number Micelle Size (KDa) Reference 

Triton X-100 0.2-0.9 625.0 120 75 70 

DDM 0.2 510.6 114 72 71 

Cymal 6 0.6 508.5 91 32 70 

C8E4 8.0 306.5 82 25 72 

SDS 3.0 288.4 62-101 24 72 

Cymal 5 2.4-5.0 494.5 47 23 70 

C8E5 7.1 350.5 66 23 73 

LDAO 1.0-2.0 229.4 76 22 70 

DPC 1.5 351.5 54 19 72 

Table 0.1 Values of the CMC, molecular weight (MW), aggregation number and micelle size of the detergents 
used throughout the work presented in this manuscript and their corresponding bibliographic references. 

As presented in Table 0.1, the cmc values of the different detergents range from 0.2-8 mM 

which very well represents the variety of aggregation tendencies that these compounds 

exhibits. High cmc values relates with low tendency to form detergent micelles which benefits 

MS analysis due to the lower activation energy required to release the protein under study from 

the micelle.68 However, no correlation between the physical properties of the detergent micelle 

and the compatibility with different structures of MP has been established. Columbus et. al. 

proposed that the dimensions of the detergent micelle and the MP should match to obtain 

optimally determination the structure.65 The chemical nature (Figure 0.5A-C) and micelle sizes 

(Figure 0.5D) of the detergents selected for the work presented in this manuscript covers a wide 

spectrum and therefore is thought to be adequate to structurally characterize membrane-

associated Aβo.  
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Figure 0.5 Considerations on the detergents used. Chemical structure of (A) zwitterionic detergents, (B) ionic 
detergents and (C) non-ionic detergents. D representation of the detergent micelle sizes considering the data of 

reported data in Table 0.1. 
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β-barrel pore-forming oligomers 

Several studies reported in the literature indicate the interaction of monomeric and 

oligomeric Aβ with the cellular membrane.51-56 To this end, researchers in the field started 

working with Aβ in membrane mimetic environments such as detergent micelles to 

characterize the aggregation and folding of Aβ in cellular membrane context. To review and 

compare the work published with the work done by our research group, we refer to the 

parameter of the ratio between the Aβ concentration and the micelle concentration ([Aβ]:[M]) 

where [M] can be obtained from Equation 0.1: 

[%] =
[()*)+,)-*]./0/

1,,+),1*23-	-405)+
       Equation 0.1 

The first work reported was based on sodium dodecyl sulphate (SDS) micelles  as membrane 

mimetics at [Aβ]:[MSDS] of 1:1.8.74 Under these high micelle conditions, the authors reported 

that the peptides adopted a monomeric 6-helical structure. This type of behaviour was probably 

observed due to the denaturing effect of SDS and the high micelle conditions used in that study. 

A second study was carried out using [Aβ]:[MSDS] of 1:0.17.75 Working at a lower micelle 

condition, the authors reported the formation of a specific Aβ42 oligomer rich in β-sheet 

structure, which they referred to as preglobulomer. NMR analysis indicated that this oligomer 

adopted a specific structure containing mixed parallel and antiparallel β-sheet structure. 

Conversely, incubation of Aβ40 under the same conditions indicated the adoption of an 6-

helical structure, thus indicating that Aβ42-Aβ42 interactions were stronger than Aβ40-Aβ40 

ones within the oligomers. Finally, the aforementioned assumption is in agreement with a study 

reported using Aβ40 and DPC micelles under two [Aβ40]:[MDPC] conditions: 1:0.34 and 

1:0.07.76 NMR experiments indicated that under the highest micelle conditions Aβ40 adopted 

an 6-helical structure while under the lowest micelle conditions oligomers rich in β-sheet 

structure were formed. These results clearly indicate the importance of the [Aβ]:[M] ratio when 

studying the folding of Aβ in a detergent micelle environment. indicate that specific. 

Following this research line, Dr. Carulla’s research group has studied the formation of 

membrane-associated Aβo using detergent micelles as a membrane mimetic environment. An 

extensive screening was performed to find the optimal conditions to prepare using different 

detergent micelles.77 DPC micelle conditions preserved Aβ42 stable after 24h incubation at 

two different micelle conditions: 1:0.5 and 1:5 [Aβ42]:[MDPC] ratio. The SEC profiles showed 

mainly a major symmetric peak eluting earlier than the monomer, thus, indicating the formation 

of size-homogeneous population of Aβ42 oligomers (Figure 0.6C). Conversely and as reported 

by Mandal et. al.,76Aβ40 under the same conditions after 24h, it stayed as a monomer, in high 

micelle conditions (Figure 0.6A), or aggregated forming fibrils, at low micelle conditions. The 

formation of fibrils could be seen by transmission electron microscopy (TEM) (Figure 0.6BD). 
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The differential behaviour exhibited by Aβ40 and Aβ42, as reviewed throughout this 

introduction, might be related to their differential relevance of in the etiology of AD. 

 

Figure 0.6 Evolution of Aβ40 and Aβ42 samples prepared under low and high DPC micelle conditions. 
Schematics of four micelles and one micelle, shown in green, represent high and low micelle conditions, 

respectively. SEC chromatograms of (A) Aβ40 and (C) Aβ42 where the purple area corresponds to the elution 
of oligomers and the orange area to the elution of monomers. Electron micrographs of (B) Aβ40 and (D) Aβ42 
at the indicated times. Figure adapted from the publication of Serra-Batiste et. al.77 reprinted with permission 

from the authors. 

The low micelle Aβ42 preparation was chosen for further structural characterization. The 

NMR study was done using three probes. The mobile methyl from the sole methionine in the 

sequence Aβ42 at position 35 (Met-35) was selectively labelled with 13C (Met-[13CH3]-Aβ42) 

and with 15N from the side chains of asparagines and glutamines (15NH2) from U-[15N]-Aβ42 

and U-[2H, 15N]-Aβ42 (Figure 0.7A). The observation of two peaks for Met-35 (Figure 0.7B) 

and 4 doublets of peaks for the asparagines and a glutamines (Figure 0.7C) indicated that the 

Aβ42 units incorporated in the oligomer perceived two different environments. Regarding the 

circular dichroism (CD), the profile indicated that Aβ42 adopted a β-sheet secondary structure 

(Figure 0.7D). The fingerprint of the oligomer observed in the of 1H-15N TROSY spectrum was 

in agreement with the secondary structure information obtained by CD (Figure 0.7E), as a set 

of peaks were observed downfield-shifted and another set in the random coil region. Such a 

fingerprint is characteristic protein adopting β-sheet secondary structure with flexible regions 

and loops (Figure 0.7D). Limited proteolysis experiments confirmed the presence of exposed 

regions accessible to proteases (Figure 0.7F). Altogether led to the conclusion that the most 

probable conformation adopted by the oligomer was a β- barrel structure, thus naming it β-

barrel Pore Forming Oligomer (βPFO).77  
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Figure 0.7 Structural characterization of the Aβ42 oligomer obtained under low micelle conditions. A Aβ42 
sequence highlighting probes Gln-15, Asn-27, and Met-35. B 1H-13C HMQC NMR spectrum of 13C(Met35)-Aβ42 

oligomer. C Region of 1H-15N HSQC NMR spectra characteristic of the side chain amides of Gln and Asn 
residues. D Far-UV CD characterization of the Aβ42 oligomer. E SDS-PAGE analysis of monomeric Aβ42 and 

the Aβ42 oligomer (βPFOAβ42) samples with and without boiling them and before and after incubation with 
proteinase K. F 1H-15N TROSY-HSQC NMR spectrum of [2H,15N]-Aβ42 oligomer. The peaks clustered in the 

random coil region (region shown in red) would be attributable to the loops and flexible ends, while the 
downfield-shifted resonances would correspond to the β-strands of the β-barrel (region shown in blue). Figure 

from the publication of Serra-Batiste et. al.77 reprinted with permission from the authors. 

Additionally, the preparation was also studied to assess its pore-forming activity. To this 

regard that when added to a chamber containing a diphytanoyl-sn-glycero-3-phosphocholine 

planar lipid bilayer it formed various types of pores when (Figure 1.11). Type I pores were 

described as fast and noisy transitions with undefined open pore conductance values (from -40 

to -100 pA at -100mV). Type 2 exhibited quite a well-defined open pore conductance (-20 pA 

at -100 mV) followed by rapidly fluctuating noise. Type 3 indicated the formation of a well-

defined open pore with no current fluctuations. The latter two types were consistent with a 

cylinder with and inner diameter close to 0,7 nm.77  

The preparation of this stable and defined Aβ42 membrane-associated oligomer opened the 

door to pursue an exhaustive structural characterization by means of well-established 

biophysical techniques. The upcoming chapters of this manuscript describe the results obtained 

in order to characterize the βPFO structure and its mechanism of formation.  
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I. The first objective of this thesis was to prepare distinct β-barrel pore-forming oligomers 

(βPFO) samples with different properties. 

In order to accomplish this objective, the following secondary goals were established: 

a. Establish the optimal detergent conditions for the formation and stability of βPFO 

samples. 

b. Determine the potential effect of [Aβ42]:[DPCm] ratio in βPFO formation. 

c. Characterize the topology and relation of different βPFO samples. 

d. Assess differences in pore-activity between different βPFO preparations. 

 

II. The second objective of this thesis was to characterize the stoichiometry and structure 

of βPFO samples by native mass spectrometry (MS), ion mobility spectrometry (IMS) 

and cross-linking MS. 

The following secondary goals were established to accomplish this objective,: 

a. Screen the optimal MS-compatible detergent and set up the parameters to enable the 

study of βPFO samples in the gas phase. 

b. Establish the optimal conditions to chemically cross-link (XL) βPFO samples  

c. Determine the stoichiometry of different βPFO. 

d. Define three-dimensional (3D) models of βPFO using IMS and XL restraints. 

 

III. The third objective of this thesis was to screen for potential binders to validate βPFO 

samples as potential targets for Alzheimer’s disease. 

Two aims were determined in order to accomplish this objective: 

a. Establish the binding site of a set of Nanobodies produced against a βPFO sample to 

determine their optimal application. 

b. Determine the capacity of a reported Aβ oligomer binder to bind βPFO. 
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Chapter 1: Preparation of 

distinct βPFO 
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Context 

Amyloid beta (Aβ) originates from the sequential cleavage of the amyloid precursor protein 

(APP) by the β-secretase in the extracellular space and the !-secretase in the transmembrane 

domain. The sequential cleavage of the !-secretase produces peptides of different lengths: 

Aβ43, Aβ42, Aβ40 and Aβ38, giving rise to a complex system due to the polymorphism that 

this peptide exhibits. The first form identified was the fibrillar one where Aβ assembles into a 

cross-β structure. In such a construct, β-sheets are aligned parallel to the fibril axis where the 

β-strands forming the β-sheet are placed perpendicular to the fibril axis. However, the amount 

of fibril deposition and the progression of the disease has been difficult to correlate.28 

Researchers broadened the field to alternative forms of Aβ that appeared to be transient 

between the monomer and the amyloid fibrils. To this end, soluble aggregation forms were 

studied to relate their neurotoxic effect to the disease progression. Among these intermediate 

forms, we can find: protofibrils, annular/globular assemblies,  Aβ-derived diffusible ligands 

(ADDLs) and Aβ*56.32 Protofibrils appear in the early fibrillization process and rapidly 

progress to fibers of increased length. The molecular mass for this form ranges from 100 to 

3000 kDa with lengths from 20 to 100nm.33,34 Annular or globular assemblies present a ring-

like structure with a diameter between 8-12 nm and have been differentiated from protofibrils 

by atomic force microscopy or electron microscopy.35,36 Lambert et. al. reported the 

preparation of ADDLs that represented smaller oligomers ranging from 17 to 42 kDa and 4.8-

5.7 nm long. These type of oligomers reported cell toxicities in the nanomolar range and gave 

strength to the hypothesis that Aβ oligomers could play a key role in the pathogenesis of AD.37 

Additionally, Aβ*56 was isolated from impaired Tg2576 running as a 56 kDa band in an SDS-

PAGE gel. This oligomer was reported to disrupt memory when administered to young rats.38 

The description of the variety of forms just enlisted represents very well the effort of the 

scientific community to identify the pathogenic form of Aβ which is a clear priority in the field. 

 

Figure 1.1 Evolution of Aβ40 and Aβ42 under optimized DPC micelle condition. After 24h at 37℃ Aβ40 
aggregates forming amyloid fibrils (upper), whereas Aβ42 assembles into specific pore-forming β-barrel 

oligomers, βPFOs (lower). (Scale bar, 100 nm.)77 

Amyloidogenic proteins and more concretely, Aβ, are reported to interact with cellular 

membranes.53,62 To this regard, our research group studied the folding of Aβ within detergent 
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micelles to mimic the membrane environment and reporting in 2016 a defined and specific 

preparation of a membrane-associated Aβ oligomer. This preparation was able to form pores 

in lipid bilayers, thus giving its name: β-barrel pore-forming oligomer (βPFO) (Figure 1.1).77 

βPFO ran as a 18 kDa defined band in an SDS-PAGE and when comparing it to the reported 

sizes of soluble oligomers, we envisioned the possibility of preparing larger oligomers. 

Therefore, in this chapter we present the work carried-out to prepare and describe a defined 

and specific βPFO of larger size than the one already reported. 

Results and discussion 

1. DPC conditions for optimal formation of βPFO 

The detergent micelle conditions are crucial for the preparation and stabilization of 

membrane proteins. We started by screening the minimal detergent concentration that was able 

to stabilize the already reported βPFO. To assess this parameter, we resuspended a given 

amount of dry Aβ in four detergent buffers ranging from 2.5 to 5.5 mM DPC. As for the 

analysis of the samples, we performed size exclusion chromatography (SEC) after a 24 hour 

incubation at 37℃. This technique was first applied by Lather and Ruthven in 1955 when they 

demonstrated that proteins and small molecules could be separated by the use of columns of 

starch in water. Interestingly they observed that the extent of penetration was determined 

mainly by molecular size, thus eluting earlier larger molecules than smaller ones.78	

 

Figure 1.2 SEC analysis of βPFO incubated in 2.5 (purple), 3.5 (green), 4.5 (orange) and 5.5 mM DPC 
buffer 
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We observed a decrease in the intensity of the βPFO peak eluting at 13.5 mL when 

decreasing the DPC concentration of the buffer used for the incubation of the sample. 

Conversely, the intensity of the monomer peak eluting at 17.5 mL increased except for the 

lowest condition where the monomer intensity also decreased (Figure 1.2). The 2.5 mM DPC 

condition (purple) indicated that the low detergent micelle conditions could be favouring the 

aggregation of Aβ in solution to amyloid fibrils. Due to their size, amyloid fibrils would then 

be retained in the filters used prior to the injection of the sample to the SEC system. Altogether, 

led us to the conclusion that 5.5 mM DPC was the optimal detergent concentration for the 

preparation of βPFOs. 

Additionally, we ought to be important whether the dilution of βPFOs affected their stability 

or not. Detergents are found in monomeric form until the concentration reaches the critical 

micelle concentration (cmc), where a rearrangement of the monomers occurs resulting in a 

complex formation named micelle. Therefore in detergent micelle systems the concentration 

of detergent always has to be maintained above the cmc to maintain the micelles in solution.79 

To test the stability of βPFOs to dilution we designed a serial dilution of a βPFO sample in 1.5 

mM DPC buffer solution. Since 1.5 mM is the cmc value of DPC, the system should maintain 

the detergent micelles enabling the oligomer to be preserved. 

 

Figure 1.3 Serial dilution of βPFO in 1.5 mM DPC buffer. WB developed with 6E10 antibody.  

The final βPFO concentrations ranged from 150 µM for the non-diluted sample down to 

4.69 µM for the 1/32 dilution. To analyse such a wide range of concentrations we decided to 

use Western Blot (WB) developed with 6E10 antibody as it is sensitive for low protein 

concentrations. We observed the 18 kDa band preserved in all the dilutions and a small amount 

of monomer that ran as a 5 kDa band (Figure 1.3). The decrease in intensity could be explained 

due to its correlation with the dilution. We therefore concluded that βPFOs are stable to dilution 

in 1.5 mM DPC conditions. This fact was important for further experiments where dilution of 

the sample was required. 
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2. [Aβ42]:[DPCm] ratio modulates the formation of distinct βPFOs 

The increase Aβ levels with aging and correlation between these and cognitive decline has 

been reported by several authors.80-82 Since different amounts of Aβ are found in the brain of 

AD patients throughout the progression of the disease, we also envision different 

concentrations of Aβ interacting with the cellular membrane. To take this scenario to our in 
vitro model we designed an experiment where different concentrations of Aβ would meet the 

same DPC micelle conditions to see how this affected the folding of Aβ into βPFOs. The 

[Aβ42]:[DPCm] ratio is a parameter used by our research group to describe the scenario just 

mentioned before. The previously reported βPFO was prepared under a 2:1 ratio meaning that 

the sample contained two molecules of Aβ per DPC micelle.77 Additionally, we proposed to 

screen a higher ratio of 6:1 to facilitate the formation of higher order oligomers. 

To evaluate the screening mentioned, we aimed for SEC analysis. Determination of the 

molecular weight (MW) and size of membrane proteins has been previously reported by SEC. 

For such a calculation the contribution of the detergent micelle has to be considered.83 In our 

system, since the same detergent was used for both samples with the sole purpose of comparing 

them, we were able to negligee the contribution of the detergent micelle. 

  

 

Figure 1.4 A Chromatogram of βPFO prepared at 2:1 [Aβ42]:[DPMM] ratio. B Chromatogram of βPFO 
prepared at 6:1 [Aβ42]:[DPCM] ratio. C Superposition of chromatograms A and B 

We ran the samples prepared through a tandem Superdex 200 to obtain a precise separation 

of βPFOs. For the 2:1 ratio preparations a main peak eluted 27.4 mL after injection of the 

sample (Figure 1.4A). In the case of the 6:1 ratio, a main peak eluted after 26.0 mL and a minor 
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peak eluted at 27.4 mL (Figure 1.4B). We noticed that the second peak of the 6:1 preparation 

eluted precisely as the 2:1 preparation indicating that a small amount of the previously reported 

βPFO was present in the new sample. The difference in absorbance intensities was attributed 

to the difference in concentrations of Aβ: 150 µM for the 2:1 ratio and 450 µM for the 6:1 ratio. 

When superposing both chromatograms, we clearly differentiated both preparation by their 

elution times and were able to conclude that 6:1 ratio modulated the formation of larger 

oligomers than the reported 2:1 ratio (Figure 1.4C). Thus, from this point in the manuscript we 

will refer to the 2:1 preparation as βPFOsmall and to the 6:1 preparation as βPFOlarge. 

The preparation of a new βPFO sample opens the opportunity for further investigation of 

the relation, structure and activity differences between both preparations by biochemical and 

biophysical techniques.  

3. βPFOlarge presents common structural features to βPFOsmall 

Detergent micelles present a small size compared to other biomimetic membrane 

environments, thus allowing the application of well-established solution magnetic resonance 

spectroscopy (NMR) techniques. Crucial contributions of Nobel prize laureates Dr. Richard 

Ernst (1991) for developing the methodology of high resolution NMR and Dr. Kurt Wüthrich 

(2002) for determining the 3D structure of biological macromolecules in solution, have 

consolidated solution NMR as structural tool for protein study.84-86 Although detergent 

micelles are small and amenable to solution NMR, the size of the micelle-protein complex has 

to be accounted for. More concretely, the surface area of the transmembrane domain is the 

variable that will determine the size of the micelle-protein complex. To this regard, two 

important developments have helped to enhance spectra of large complexes: the TROSY 

experiment and perdeuteration of the sample. The TROSY experiment consists on spectral 

editing where the three broader components of each quartet are filtered out, leaving the sharpest 

and optimal resonance for detection.63 Perdeuteration  will suppress the spin diffusion effect 

and decrease the relaxation rates of 15N spins leading to an improvement of the signal-to-noise 

in the NMR spectra.87  
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Figure 1.5 1H-15N TROSY-HSQC spectra of βPFOsmall and βPFOlarge over 24 hours using 2H,15N labelled 
Aβ42 

To assess structural differences between βPFOsmall and βPFOlarge, we produced 2H,15N Aβ42 

by recombinant expression and prepared both samples for NMR analysis. As previously 

reported, βPFOsmall displayed at time 0 hours only a limited set of signals clustered in the 

random coil region and after 24 hours of incubation a set of downfielded-shifted signals 

assigned to the β-strands appeared to complete the spectrum.77 Interestingly, βPFOlarge already 

at time 0 hours displayed the complete set of signals of βPFOsmall and after 24 hours the signals 

disappeared from the spectrum. This behaviour could be assigned to the evolution of size of 

the sample over time. To overcome this problem, we decided to use carbon-13 incorporation 

into the methyl group of the methionine side chain (Met-[13CH3]). Because of its fast rotation, 

the methyl group is partly decoupled from the slow overall tumbling. This added to fact that 

the three-fold proton multiplicity enhances its sensitivity, enables methyl groups for the study 

of large molecules.88 Since the sequence of Aβ contains a single methionine at residue 35 



 39 

(Figure 1.6),  Met-[13CH3] Aβ42 labelling offers the additional advantage of spectral 

simplification. 

 

Figure 1.6 1H-13C HMQC NMR spectra of βPFOsmall and βPFOlarge labelled with Met35-[13CH3] 

We observed in the 1H-13C HMQC spectra of the Met-[13CH3] βPFOsmall sample, two sharp 

and dispersed peaks suggesting that Met-35 side-chain perceives two different well-defined 

structural environments (Figure 1.6). The signals remained stable and defined after 4 days of 

sample preparation. Regarding βPFOlarge, at time 0 hours the sample displays the same two 

environments of the βPFOsmall sample but after 24 hours the two peaks shift slightly (Figure 

1.6). The signals remained also stable and defined after 4 days of sample preparation. Both 

experiments, the HSQC and HMQC, suggest that βPFOlarge initially forms an oligomer with 

the same fingerprint of βPFOsmall and after 24 hours the oligomer is rearranged into a different 

structure of presumably bigger size. The chemical shift of the Met-35 side-chain peaks suggests 

a minor change in the chemical environment in βPFOlarge. Therefore, we conclude that both 

preparations share similar structural features due to the transient same fingerprint and the two 

defined environments for Met-35 side-chain. 

4. βPFOsmall and βPFOlarge can interconvert 

The solution NMR experiments proposed a relation between βPFOsmall and βPFOlarge but no 

further clues could be extracted from the results to assess the mechanism behind this relation. 

To study deeper into their relation, we hypothesized whether βPFOlarge  could be prepared from 
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preformed βPFOsmall by additional resuspension of Aβ or not. The experiment consisted on 

preparing βPFOsmall with the regular protocol (150 µM Aβ)  and after 24 hour incubation, the 

remaining amount of Aβ necessary to reach the concentration used to prepare βPFOlarge (450 

µM Aβ) was resuspended. The SEC profile revealed a single peak eluting after 27,4 mL for 

βPFOsmall (Figure 1.7) as previously described (Figure 1.4). Thus, we proceeded to resuspend 

the additional amount of Aβ. After an additional incubation of 24 hours, the resulting sample 

eluted after 26,0 mL (Figure 1.7) displaying an identical chromatogram as the one observed 

for βPFOlarge (Figure 1.4). This result suggested that the formation of βPFOlarge involves the 

previous formation of βPFOsmall. Moreover, it represents a plausible mechanism of evolution 

in size of these potential toxic species in the brain where increasing concentrations of Aβ are 

found throughout the disease. 

 

Figure 1.7 SEC chromatogram of βPFOsmall after 24 hours incubation. Addition of A peptide to the 
preformed βPFOsmall  results in the formation of βPFOlarge after an additional 24 hour incubation. 

One could also consider the conversion in the opposite direction: does βPFOlarge convert to 

βPFOsmall ? Such a scenario was observed when running an SDS-PAGE of both preparations 

(Figure 1.8). We observed in the case of βPFOsmall a defined 18 kDa band resitant to SDS but 

not to boiling as it broke down to a 5 kDa band assigned to monomeric Aβ. Interestingly,  for 

βPFOlarge we also observed a major contribution to the aforementioned 18 kDa band and a slight 

contribution to higher MW bands between 35 and 40 kDa. When the sample was boiled the 

bands broke down to monomeric Aβ as observed for βPFOsmall. We concluded from this data 

that βPFOlarge, in contrast with βPFOsmall, is not resistant to SDS and breaks down to βPFOsmall 

in the presence of SDS suggesting that the arrangement from these two preparations is 

different. 
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Figure 1.8 SDS-PAGE of boiled (+) and non-boiled (-) of βPFOsmall and βPFOlarge  

SDS-PAGE is a common technique used among the scientific community to determine the 

MW of proteins. This method relies on the fact that both the protein standards used to calibrate 

the MW and the protein under study adopt similar shapes in the presence of SDS. The shape 

of a protein in SDS will depend on their sequence as the SDS molecules will have propensity 

to aggregate around hydrophobic motifs. Additionally, it has been described that hairpins or 

loops connecting structured regions of proteins are responsible for different detergent loading 

into the SDS-protein complex resulting in differed migration rates or gel shifting.89 Thus, a 

regular calibration with soluble protein standards as the ones we used for our experiments is 

not reliable to determine the MW or stoichiometry of membrane proteins. To overcome this 

limitation, we will use mass spectrometry (MS) to determine accurately the MW of βPFOsmall 

and βPFOlarge. 

5. N-ter of βPFO is accessible to proteases 

To continue characterising the βPFO samples under study we aimed to obtain structural data 

that would further describe the differences or similarities between both preparations. To this 

end, we decided to expose the two constructs to protease cleavage. Limited proteolysis (LP) 

consist of treating a protein with a given protease and evaluate afterwards the accessibility to 

the defined cleavage sites that will depend primarily on the folding adopted by the protein. 

Regarding membrane proteins, it has proven to be useful to determine the transmembrane 

regions as these will be protected from proteolysis within the membrane or membrane mimic.90 

Previous work of the group revealed a group of NMR signals that were affected by LP and 

were therefore assigned to flexible regions.77 In this section we describe the results obtained 

after treating βPFOsmall and βPFOlarge with proteases followed by WB analysis.91,92 

We selected three proteases to cover cleavage sites along the whole sequence of Aβ: trypsin, 

proteinase K and thermolysin. We also considered three monoclonal antibodies to cover the 
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recognition of the whole sequence of Aβ: 6E10, 4G8 and 21F12 (Figure 1.9A). The three 

antibodies detected the control sample that was not exposed to any protease. 6E10 did not 

detect the oligomer after trypsin and proteinase K digestion but it detected the thermolysin 

digested sample (Figure 1.9B). Since thermolysin has no cleavage site in the N-ter of Aβ it is 

expected to preserve the detection of 6E10 (Figure 1.9A).  Both 4G8 and 21F12 were able to 

recognize all of the βPFO digested samples that ran as lower molecular weight bands meaning 

that the digestion was successful (Figure 1.9B). From these results we concluded that the N-

ter of Aβ is accessible to proteases and the region comprising residues 17 to 42 is protected 

inside the detergent micelle.  

 

Figure 1.9 A. Sequence of Aβ42 with the representation of the cleavage sites of trypsin (cyan), proteinase K 
(green) and thermolysin (purple). Below the sequence the epitopes of 6E10, 4G8 and 21F12 are underlined. B. 
Western blot of control (-), trypsin, proteinase K and thermolysin digestion of βPFOsmall developed with 6E10, 

4G8 and 21F12. 

The same experiment was performed with βPFOlarge to evaluate if any structural changes in 

the rearrangement affected the LP of the complex. We observed the same result when βPFOsmall 

and βPFOlarge were exposed to the three proteases and 6E10 detection by WB (Figure 1.10). 

We concluded from the results presented in this section that βPFOsmall and βPFOlarge have 

exposed N-ter which is accessible to proteases. Additionally, the same result for both 

preparations suggests a similar arrangement of the Aβ subunits.  
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Figure 1.10 Western blot of control, trypsin, proteinase K and thermolysin digestion of βPFOlarge and 
βPFOsmall developed with 6E10. 

6. βPFOs show different pore activities 

The electrophysiological study of pore-forming peptides has been used to characterize and 

identify several aspects regarding the insertion and activity of these peptides. To this end, the 

techniques to study this type of behaviour rely on the incorporation of the peptide in a 

membrane system that is connected to a recorded electric system describing the conditions of 

insertion, the pore conductance and even the regulation of the aforementioned properties.93 In 

the context of Aβ, several studies have consisted of electrical recording using planar lipid 

bilayers to study the activity of this peptide in a membrane environment. Early work in the 

field revealed that Aβ caused disruption of calcium homeostasis and increase of intraneuronal 

calcium concentrations.13 To explain this phenomenon, work pioneered by Arispe et. al. 

revealed the capacity of Aβ to form pores across phospholipid bilayer membranes.54,94 From 

this work emerged the amyloid pore hypothesis which postulates that the pores formed by Aβ 

are part of the neurotoxic mechanism in AD. Following this reasoning, we believe that a key 

part for the validation of our oligomer preparations as relevant actors in the context of AD is 

to prove their ability to form pores.  

To study the activity of βPFOs, our group has collaborated with Prof. Dr. Giovanni Maglia 

from the university of Groningen and all the work described in this section has been carried 

out by Mariam Bayoumi. Our group previously reported the activity of βPFOsmall that was able 

to form various types of pores when added to a chamber containing a diphytanoyl-sn-glycero-

3-phosphocholine planar lipid bilayer (Figure 1.11). Type I pores were described as fast and 

noisy transitions with undefined open pore conductance values (from -40 to -100 pA at -



 44 

100mV). Type II exhibited quite a well-defined open pore conductance (-20 pA at -100 mV) 

followed by rapidly fluctuating noise. Type III indicated the formation of a well-defined open 

pore with no current fluctuations. The latter two types were consistent with a cylinder with and 

inner diameter close to 0.7 nm.77 

 

 Figure 1.11 βPFOsmall incorporates into lipid bilayers as well-defined pores. Typical current traces for type 
I, type II and type II βPFOsmall pores. Electrical recordings were carries out on diphytanoyl-sn-glycero-3-

phosphocholine planar lipid bilayers at the indicated applied potentials. 

We proposed a similar experimental layout to asses activity differences between βPFOsmall 

and βPFOlarge. To this regard, the βPFOlarge preparation was added to the aforementioned 

chamber containing a diphytanoyl-sn-glycero-3-phosphocholine planar lipid bilayer. βPFOsmall 

incorporated as a type I pore 17% of the times, as a type II 48% of the times and as a type III 

35% of the times (Figure 1.12A). As for βPFOlarge, it incorporated as a type I pore 8,5% of the 

times, as a type II 35% of the times and as a type III 56% of the times (Figure 1,12C). We 

observed that the total count of larger pores (-30-50 pA) was significantly higher for βPFOlarge 

compared to the ones of βPFOsmall (Figure 1.12B and D). We also observed considerable 

differences in the percentage pores types as it was importantly shifted towards type III pores 

in the case of βPFOlarge. These results led us to the conclusion that βPFOlarge forms larger well-

defined type of pore with less current fluctuations than the ones formed by βPFOsmall.  

  

 

Figure 1.12 βPFOs incorporate into lipid bilayers as pores. Percental current traces for type I, type II and 
type II βPFOsmall (A) and βPFOlarge (C) pores. All point histogram for type II and type III pores formed by 

βPFOsmall (B) and βPFOlarge (D) under an applied potential of -100 mV.  
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Samples corresponding to Aβ40 prepared in the same conditions as βPFOsmall, to monomeric 

Aβ40 and Aβ42, and to empty DPC micelles were also analysed. None of the Aβ40 samples 

nor the empty PDC micelles showed any activity in lipid bilayers. Regarding Aβ42 monomers, 

when added to the cis side of a planar lipid bilayer; fast, transient and heterogeneous ionic 

current events from approximately -10 to -40 pA at -200 mV were induced. Such a behaviour 

has previously been reported for Aβ and was attributed to the formation of an heterogeneous 

population of Aβ pores.57,58 Moreover, Bode et. al. recently described how the channel 

formation is a unique feature of Aβ42 and not of Aβ40.59 The correlation between membrane 

disruption and neurotoxicity has been quite controversial due to the difficulty to differentiate 

the activity between Aβ40 and Aβ42. Thus, we believe findings as the one aforementioned 

together with ours strengthen the amyloid pore hypothesis and deliver enough evidence to be 

considered as a possible mechanism of toxicity in AD. 

Materials and methods 

Reagents 

Detergents were purchased from Cube Biotech and Anatrace. Deuterated detergents were 

purchased from Cambridge Isotope Laboratories. All other reagents were supplied by Sigma-

Aldrich unless otherwise stated.  

Synthetic Aβ peptide 

Aβ42 and Met35-[13CH3] labeled Aβ42, were synthesized by Dr. James I. Elliott (New 

Haven, CT, USA) using solid phase peptide synthesis (SPPS). 

Recombinant expression of the Aβ peptide 

The recombinant expression of 15N-Aβ42 was done as published by our group using 

autoinduction.95 The 20x N-NPS contained 142 g Na2HPO4, 136 g KH2PO4, 50 g 15NH4Cl and 

14.2 g Na2SO4 per L and the 50x 5052 solution contained 250 g glycerol, 25 g D-glucose and 

100 g α-lactose per L.96 1 L of 500x trace metal solution contained 8 mL 5 M HCl, 5 g 

FeCl2·4H2O, 184 mg CaCl2·2H2O, 64 mg H3BO3, 18 mg CoCl2·6H2O, 4 mg CuCl2·2H2O, 340 

mg ZnCl2, 605 mg Na2MoO4·2H2O, and 40 mg MnCl2·4H2O.97 These three solutions were 

heat-sterilized and stored at room temperature until use. The 100x vitamin solution was 

prepared fresh by dissolving 50 mg thiamine hydrochloride, 10 mg D-biotin, 10 mg choline 

chloride, 10 mg folic acid, 10 mg niacin, 10 mg pantothenic acid, 10 mg pyridoxal, and 1 mg 

riboflavin in 100 mL MilliQ water. This solution was sterilized using a 0.2 μm filter. 
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15N-labeled P-5052 medium for auto-induction was prepared from 2 mL of 1 M MgSO4 

solution, 50 mL of the 20x 15N-NPS, 20 mL of the 50x  5052, 2 mL of the 500x trace metal 

solution and 916 mL heat- sterilized MilliQ water. The resulting medium was heat-sterilized 

and subsequently 10 mL of the previously filtered 100x vitamin solution was added to it.  

Rosetta (DE3) pLysS E. coli cells (Novagen) were transformed with the expression vector 

and grown overnight at 37℃	on Luria Bertani (LB)-agar plates containing 1% glucose. All cell 

cultures were also supplemented with 35 μg/mL chloramphenicol and 50 μg/mL kanamycin. 

Single colonies were picked and grown overnight in 12.5 mL LB, 1% glucose. The pre-cultures 

were centrifuged at 3,000 g for 10 min at 25℃. Each pellet was transferred to 0.5 L 15N-labeled 

P-5052 auto-inducing media with the appropriate antibiotics using a 3 L Erlenmeyer flask. The 

resulting cultures were grown for 6 h at 37℃ and 180 rpm. The temperature was then lowered 

to 25℃, and the culture was incubated 22 h more at 180 rpm. The cells were then harvested by 

centrifugation at 9,000 g for 15 min at 4℃ and then frozen at -80℃.  

Purification of recombinant Aβ peptide into monomeric form 

The cell pellet was resuspended with 6 mL buffer A (300 mM NaCl, 50 mM Na3PO4, 20 

mM imidazole, 1% Tween-20, 1 mM Tris·HCl, (2-carboxyethyl)phosphine (TCEP) at pH 8.0), 

supplemented with half a pill of ethylenediaminetetraacetic acid (EDTA) free Complete 

protease inhibitor (Roche) and 1 mg DNAse (Roche) per gram of cells. The resuspended cells 

were lysed using a cell disruptor (Constant Systems Ltd. U.K.) operating at 20,000 psi. The 

cell extract was then centrifuged at 30,000 g for 30 min at 4℃ and the resulting supernatant 

was filtered using a 0.45 μm before IMAC injection. 

The supernatant was loaded at 1 mL/min onto a HisTrap HP 5-mL Ni column (GE 

Healthcare), previously equilibrated with the aforementioned buffer A. The washing was done 

with buffer B (300 mM NaCl, 50 mM sodium phosphate, 40 mM imidazole, 0.05% Tween-20 

and 1 mM TCEP pH 8.0) for 10-15 column volumes, until UV absorbance was stable. Elution 

was done using the following 3-step method: (a) 15 mL linear gradient from 0 to 15% of buffer 

C (300 mM NaCl, 50 mM sodium phosphate, 500 mM imidazole, 0.05% Tween-20 and 1 mM 

TCEP pH 8.0), followed by (b) a 20 mL isocratic step at 15% buffer C and (c) a second isocratic 

step at 100% buffer C until UV absorbance was stable  

To remove imidazole samples were  buffer-exchanged using a HiPrep 26/10 desalting 

column (GE Healthcare) equilibrated with 50 mM ammonium carbonate and 1 mM TCEP. The 

concentration and purity of Aβ was determined with reversed phase high performance liquid 

chromatography (RP-HPLC). The cleavage of Aβ from the SUMO fusion tag, required 

incubation overnight at 4℃	with SUMO protease in a 1:50 [SUMO]:[Aβ] ratio.98 The yield of 

the cleavage and the concentration of Aβ were determined by RP-HPLC. Aliquots containing 
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3.75 mg of Aβ were lyophilized before solubilization with 6.8 M guanidinium thiocyanate 

(GdnSCN) to reach 2.5 mg Aβ/mL and sonicated for 5 min in an ice bath. Samples were then 

further diluted with MilliQ water down to 1.5 mg Aβ/mL, 4 M GdnSCN and centrifuged at 

10,000 g for 6 min at 4℃. Finally, 2.5 mL were injected into a HiLoad Superdex 30 prep grade 

column (GE Healthcare), previously equilibrated with 50 mM ammonium carbonate, and 

eluted at 4℃ at a flow rate of 1 mL/min. The peaks corresponding to SUMO and monomeric 

Aβ were collected separately and their purity and concentration were determined by RP-HPLC. 

Fractions with reduced purity (<90%) were lyophilized again and subjected to a second SEC 

with prior GdnSCN solubilization. Purified Aβ aliquots were lyophilized  and stored at -20℃ 

until use. 

Purification of synthetic Aβ peptide into monomeric form 

10 mg of Aβ peptide obtained from SPPS were dissolved in 6.8 M GdnSCN (Life 

Technologies) at 8.5 mg/mL and sonicated for 5 min in a heated bath. Subsequently, the sample 

was diluted down to 5 mg/mL of Aβ and 4 M GdnSCN with H2O. It was then centrifuged at 

10,000 g for 6 min at 4℃	and spinned with a 0.45-μm Millex filter (Millipore). The resulting 

Aβ solution was injected into a HiLoad Superdex 75 prep grade column (GE Healthcare). The 

column was equilibrated with 50 mM ammonium carbonate at pH 9 and eluted at 4℃ at a flow 

rate of 1 mL/min. The peak attributed to monomeric Aβ was collected and the concentration 

was determined by RP-HPLC. Purified Aβ aliquots were lyophilized  and stored at -20℃ until 

use. 

Quantification of Aβ peptide 

The concentration of monomeric Aβ42 was determined by RP-HPLC (Waters Alliance 2695 

equipped with 2998 photodiode array detector). RP-HPLC analysis was done 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 60 % B in 15 min (A = 0.045 % trifluoroacetic acid (TFA) in 

water, and B = 0.036 % TFA in acetonitrile) at 60℃. A calibration curve correlating the area 

under the peak and the concentration of Aβ42 was generated based on a Aβ42 solution 

previously quantified by amino acid analysis.  

Quantification by 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 hydrolyzed (6 N hydrochloric 

acid (HCl), 110℃, o/n). The amino acid content and the corresponding protein concentrations 

were determined using the Waters AccQ-Tag amino acid analysis method.  
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Preparation of βPFOsmall and βPFOlarge 

Both 2:1 and 6:1 ([Aβ42]:[DPCm]) preparations were prepared from lyophilized monomeric 

Aβ samples dissolved in 5.5mM DPC, 10mM Tris·HCl and adjusted to pH 9 reaching a final 

concentration of 150 μM and 450 μM Aβ42 respectively. The samples were incubated at 37ºC 

for 24 hours. 

Size Exclusion Chromatography 

In section 1 of this chapter βPFOsmall was filtered with a 0.45 μm spin filter (Millipore) and  

injected to a single Superdex 200 increase 10/300 (GE Healthcare) equilibrated with 0.36 mM 

DDM, 10 mM Tris·HCl, 100 mM NaCl at pH 9. Samples eluted at 4ºC at a flow rate of 0.5 

mL/min and were monitored at 220 and 280 nm. The system used was an ÄKTA Pure (GE 

Healthcare). 

In sections 2 and 4 of this chapter βPFOs were filtered with a 0.45 μm spin filter (Millipore) 

and injected to a tandem Superdex 200 increase 10/300 (GE Healthcare). The columns were 

equilibrated with 3 mM DPC, 10 mM Tris·HCl and 100 mM NaCl at pH 9. Samples eluted at 

4ºC at a flow rate of 0.5 mL/min and were monitored at 220 and 280 nm. The system used was 

an ÄKTA Pure (GE Healthcare). 

SDS-PAGE  

SB8x was prepared with: 8 ml 1 M Tris·HCl pH 6.8, 9.2 ml 87% Glycerol, 5 mg Coomassie 

Brilliant Blue G and 2.8 ml milliQ H2O. SB3x was prepared with: 150 μl 20 % SDS, 75 μl 4 

M DTT, 375 μl 8x Sample buffer (SB8x) and 400 μl milliQ H2O. 

20 µL of samples diluted down to 50 µM Aβ42 (0.23 mg/mL) using 1.5 mM DPC, 10 mM 

Tris·HCl are mixed with 10 µL of 3x sample buffer (SB3x). 20 µL of the resulting samples, 

either non-boiled or boiled (for 5 min at 95°C) were electrophoresed in 1 mm-thick SDS-PAGE 

gels containing 15% acrylamide as described in table 1.1.  

Reagent Running gel Stacking gel 

MilliQ H2O 2.6 mL 4 mL 

99% Glycerol 2.4 mL - 

3 M Tris·HCl pH 8.5 6.7 mL 2.1 mL 

Acryl/BisAcryl 37.5:1 8 mL 2 mL 

20 % SDS 100 µl 32 µl 

10 % APS (0.1 g / 1 ml) 250 µl 100 µl 

TEMED 10 µl 10 µl 

Table 1.1 Procedure used for gel preparation. Catalysts are highlighted in red and were added last. 
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Gels were run in a BioRad electrophoresis system with Cathode buffer (0.1 M Tris·HCl, 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. Gels were run at 50 V for 30 min, 120 V for 2 h and stained by Coomassie Blue. 

Gels were scanned with a ChemiDoc XRS+ (BioRad). 

Western Blot 

After SDS-PAGE separation, protein bands were transferred to a nitrocellulose membrane 

(GE Healthcare) using a BioRad blotting system. Transfer buffer was prepared with 25 mM 

Tris·HCl, 192 mM Glicine and 20% methanol. Standard blotting was done at 100 V for 2 hours 

and overnight blotting was done at 30 V, both procedures maintained the system at 4ºC. After 

the blotting, membranes were rinsed with PBS and boiled in a microwave at 650 Hz for 1,5 

minutes. Membranes were blocked using 5% milk powder diluted in TBS-Tween-20 0.1% for 

1 hour at room temperature. Primary antibodies (4G8, 6E10 and 21F12) were added at 1:5000 

dilution and incubated at 4ºC overnight. After thorough wash with TBS-Tween-20 0.1%, the 

secondary antibody (GE Healthcare, HPR-linked antibody) was added at 1:5000 dilution in 

TBS-Tween-20 0.1% and incubated for 1 hour at room temperature. Membranes were 

developed using films or a ChemiDoc XRS+ (BioRad). 

Solution NMR 

1H-13C HMQC spectra were acquired for Met35-[13CH3] labeled βPFO prepared with 150 

µM and 450 µM Aβ respectively for βPFOsmall and βPFOlarge, 5.5 mM d38-DPC in 100% D2O, 

10 mM d12-Tris·DCl, at pH* 8.6. The spectral window used to acquire these spectra was 5 ppm 

(1H dimension) and 9 ppm (13C dimension). All measurements were carried out at 37ºC on a 

Bruker 600 MHz equipped with a cryoprobe. 

1H-15N TROSY-HSQC spectra were acquired using pulse sequences in which evolution of 

water magnetization is carefully controlled so the intensity of the amide protons is affected 

only by their intrinsic relaxation times and not by the slowly relaxing water protons, for 2H,15N 

βPFO prepared in d38-DPC micelles (1 mM Aβ42 concentration) in 90% H2O/10% D2O, 10 

mM d12-Tris·DCl. All measurements were carried out at 37 ºC on a 800 MHz equipped with a 

cryoprobe.  

Limited proteolysis of βPFOs 

After βPFO preparation as described previously in the materials and methods, the 

oligomeric samples were exposed to protease digestion with Trypsin, Proteinase K or 

Thermolysin. Proteases were added following the w/w (protease/Aβ) ratios described in table 

1.2. 
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 Protease ratio (w/w) Aβ  ratio (w/w) 
Trypsin (0,271 mg/mL) 1 50 

Proteinase K (0,677 mg/mL) 1 20 

Thermolysin (0,7 mg/mL) 1 50 

Table 1.2 w/w (protease/Aβ) ratios used for the different proteases to digest the exposed regions of βPFOs. 

After protease addition, samples were left 45 min at 37ºC without shaking including a 

control sample where no protease was added. After this time, 4-(2-

Aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF) (100 mM) was added to inhibit 

the proteases at a 1% of the sample’s volume proportion reaching a final concentration of 1 

mM.  Finally, samples were ran in an SDS-PAGE and analysed by WB or MS. 

Electrical recordings with planar lipid bilayers 

Electrical recordings with planar lipid bilayers were performed by Mariam Bayoumi from 

Prof. Dr. Maglia’s research group. Ionic currents were measured from planar bilayers formed 

from diphytanoyl-snglycero-3-phosphocholine in 10 mM Tris·HCl and 150 mM NaCl at pH 

7.5 and 23 °C applying a 2 kHz low-pass Bassel filter with a 10 kHz sampling rate. Potentials 

were applied, and the current was recorded using.  

Ag/AgCl electrodes connected to a patchclamp amplifier (Axopatch 200B, Axon 

Instruments). Current recordings were analyzed using the Clampfit 10 software package 

(Molecular devices). Open-pore currents were measured by a Gaussian fit to all point 

histogram. The center of the peak corresponded to the open-pore conductance and the width at 

half height to the error. Each electrophysiology chamber contained 500 μL 10 mM Tris·HCl 

and 150 mM NaCl at pH 7.5. Two samples were analyzed, βPFOsmall (150 μM Aβ 

concentration) that was diluted from 1:250 to 1:100 in the chamber; N>4077 and βPFOlarge (450 

μM Aβ concentration) that was diluted from 1:250 to 1:100 in the chamber; N>40. For 

βPFOsmall, type I, II and III were observed in 17%, 48% and 35% of the experiments (N=105). 

For βPFOlarge, Type I, II, and III were observed in about 8.5%, 35%, and 56% of the 

experiments (N=102). Type II and type III conductance showed an average open pore current 

of –27.5 ± 1.7 pA at -100 mV. Controls were carried out to establish that the concentration of 

the detergent micelles presents in the samples did not affect the stability of the bilayer.  
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Context 

Following the hypothesis that amyloid beta (Aβ) interacts with the cell membrane,51-56 we 

decided to follow well-established structural strategies and techniques commonly used to study 

membrane proteins (MPs) to determine a three-dimensional (3D) structural model of our Aβ 

membrane-associated oligomer, βPFO77. In this chapter, we focus on a mass spectrometry 

(MS) analysis inspired in what Prof. Dr. Sinz described as a fruitful combination for structural 

biology: native and chemical cross-linking MS.99  

To obtain information about stoichiometry and shape of our oligomer sample, we will use 

native MS and ion mobility spectrometry (IMS). Standard MS commonly uses denaturing 

conditions and high activation energies to properly ionize the sample and obtain a well-

resolved mass spectrum. On the contrary, native MS uses non-denaturing conditions to prepare 

the sample and soft ionization methods such as electrospray ionization (ESI) to maintain the 

non-covalent interactions of molecular complexes. During ESI, small droplets are formed when 

infusing the sample through small charged capillaries. The droplets containing the analyte are 

reduced in size through solvent evaporation until the Rayleigh limit is reached. At this point, 

the coulombic repulsion of the ions is sufficient to overcome the surface tension of the liquid 

resulting in the fission of the droplet. Finally, the multiple charged ions travel pushed by the 

spectrometers’ high vacuum until they reach the detector. The use of ESI was first applied to 

large molecule analysis by Fenn et al. and opened a wide range of analysis possibilities 

including native MS.39,66 When working with MPs, the scenario is even more challenging as 

the protein needs a membrane mimicking environment for it to be stable until it reaches the gas 

phase. The group of Prof. Robinson has leaded the field since they first published back in 2008 

the possibility to release intact membrane complexes from detergent micelles through gas-

phase activation.66 This methodology consists in directly infusing a solution of the MP 

stabilized in a MS compatible detergent and buffer that preserve its native state and once it 

reaches the gas phase, the micelle is stripped-off by applying a controlled voltage to released 

it from the detergent micelle. The non-covalent interactions can be preserved by correctly fine-

tuning the parameters of the mass spectrometer allowing to obtain the intact mass of the MP 

under study. 

Although IMS was discovered by Zeleny 15 years before MS in 1898, it was not until 1970 

when IMS was coupled to MS by Cohen and Karasek and it really began being used as an 

analytical tool.40 Inside an ion mobility spectrometer, ions travel pushed by an electric field 

through a chamber filled with buffer gas. During this process, ions will interact or collide with 

the gas and so they will be separated depending on their shape. The interaction between the ion 

and the gas results in a different arrival time distribution (ATD) for the different ions. Since 

there is a relation between the ATD and the shape of the ion or the collision cross section 

(CCS), IMS is a powerful technique to obtain structural data about the topology of molecular 
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assemblies. Furthermore, together with MS, IMS results are even more informative as they can 

be used to assign the contribution of different species or conformations to a single mass-to-

charge ratio (m/z). 

As we have just reviewed, native MS and IM-MS can provide information about the 

interaction between molecules, the stoichiometry of oligomeric complexes and the topology of 

molecular assemblies but not about the specific interaction-site.100 On the other hand, chemical 

cross-linking combined with MS has become a reliable method to map three-dimensional 

protein structures and define protein-protein interaction sites.45 The basis of this technique 

consists on covalently linking pairs of functional groups within a protein complex. Because of 

the wide range of specificities reported by the cross-linking reagents and the distances covered, 

the experiments available to map the interactions and structural restraints within a complex are 

enormous.45 The characterization of the cross-linked complex can be achieved through 

different strategies such as intact mass detection and bottom-up analysis. The first strategy 

enables comparing the intact mass delivered by both cross-linking MS and native MS in order 

to confirm the stoichiometry of the complex under study. Additionally, using enzymatic 

digestion combined with MS (bottom-up analysis) opens the possibility of obtaining structural 

restrains.  

In the first chapter we have shown the preparation of two distinct βPFO preparations that 

eluted as defined peaks when analyzed by size exclusion chromatography (SEC) at different 

elution volumes, thus naming them βPFOsmall and βPFOlarge. The distinct elution volume 

observed for both preparation suggests a difference in size. This question can be addressed by 

MS, therefore we propose to study both preparations in the gas phase using IMS coupled to 

MS and furthermore use cross-linking MS to obtain structural restrains. Since the main goal of 

this thesis is the structural characterization of βPFOs and it has proven to be partially amenable 

to solution NMR analysis due to the heterogeneity and large size of a part of the system, we 

hereby propose a combination of low-resolution techniques that together can bring an added 

value by contributing with important data to build structural models.   

Results and discussion 

1. Non-ionic detergents preserve βPFOs’ oligomerization state 

MS analysis requires buffer compatibility to avoid salts interfering with the ionization of 

the sample. To this end, proteins are buffer exchanged to volatile salts such as ammonium 

acetate to obtain good signal-to-noise ratio in the mass spectrum. Moreover, when working 

with MPs, a membrane mimetic has to be present in the sample to stabilize the protein from 

precipitating or aggregating. Our system for βPFO formation is based on the use of dodecyl 

phosphocholine (DPC) but unfortunately this detergent is not compatible with MS due to its 
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suppressive effect in the ionization. This effect was studied in detail by Rundlett and Armstrong 

where they concluded that surfactants affected mainly at two levels: destabilization of the 

Taylor cone during the spray of the sample and interference with the transfer of ions to the gas 

phase due to Coulombic attraction between the detergent and the analyte.67 To avoid this 

problem, we have based our work on the protocol by Laganowski et. al. where they reported 

the use of 18 different non-ionic detergents compatible with MS.68 We chose 6 non-ionic 

detergents for our screening that represented the different chemical families reported in 

Laganowski et. al.68 (Cymal 5, Cymal 6, DDM, Triton X-100, C8E4 and C8E5) and added the 

zwitterionic detergent LDAO which has also been reported to be compatible with MS.69 The 

reason why some detergents work better than others for a given protein system is still an 

unanswered matter. Specially, because at this stage of the structural study we do not know the 

structure of the protein complex in the detergent micelle at atomic level. Therefore, the best 

way to proceed in a MS analysis of a MP is to first screen a series of MS compatible detergents 

to establish the best candidate. 

 

Figure 2.1 SEC of βPFOsmall detergent exchanged from DPC to LDAO (yellow), Cymal 5 (navy), Cymal 6 
(red), DDM (purple), Triton X-100 (green), C8E4 (cyan) and C8E5 (orange). 

Our research group studied the folding of Aβ within detergent micelles to mimic the 

membrane environment and reported in 2016 a defined and specific preparation of a 

membrane-associated Aβ oligomer. This preparation was able to form pores in lipid bilayers, 

thus giving its name: β-barrel pore-forming oligomer (βPFO).77 βPFOsmall ran as a 18 kDa 

defined band in an SDS-PAGE and eluted as a defined peak by SEC (Figure 1.1).  

We focused the detergent screening work on βPFOsmall as we had a better understanding of 

this preparation. To exchange the detergent buffer in βPFOsmall we ran the sample through an 

SEC analytical column equilibrated with ammonium carbonate and the detergent of choice  at 

twice its critical micelle concentration (cmc) to assure the presence of detergent micelles to 
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stabilize it (figure 2.1). We observed that for all the detergents, the sample mainly eluted as a 

major peak between 1.7-1.9 mL which we assigned to βPFOsmall, and as a minor peak at 2.3 

mL which we assigned to monomer remaining in the sample. From the SEC performed to 

exchange the detergent buffer, two observations attracted our attention; the different elution 

times of βPFOsmall and the noisy chromatogram of Triton X-100. For the former and as already 

pointed out in the introduction of this manuscript, micelles from different detergents differ both 

in size and shape so we would expect different oligomer-micelles complexes to elute at 

different times due to variation in their hydrodynamic radius. Additionally, it has been reported 

that the structure and conformation of a protein is affected by the size and thickness of the 

detergent micelle containing it.65 Hence, we can assume that both factors will affect βPFOsmall’s 

elution volume. Regarding the latter observation, Triton X-100 is well-known for being an 

interfering UV-absorbing substance and for this reason some authors recommend to dialyze 

protein samples to avoid this problem.101 However, this option is not a plausible scenario in 

our cause since the membrane mimicking environment would be lost causing Aβ42 to 

aggregate. Since dialysis was not an option, we related the low signal of the Triton X-100 

buffer-exchanged sample to the interference of the detergent with the uv absorbance.  

Next, the most intense fraction of the major SEC peak was collected and left at 4��to assess 

the stability of each detergent-exchanged sample. Afterwards, aliquots at different time points 

ranging from 0 to 24h were analyzed by SDS-PAGE without boiling the samples to preserve 

the non-covalent interactions (figure 2.2). The main purpose of running a SDS-PAGE of the 

detergent-exchanged samples was to test the stability of βPFOsmall  in the new detergent buffer 

over 24h, which exceeds the required amount of time for MS analysis. Moreover, it served as 

a control to make sure that the oligomerization state of βPFOsmall was preserved. As shown in 

chapter 1, βPFOsmall runs as a 18 kDa band (Figure 0.7F), the same behavior as detected in this 

experiment. From these results, we concluded that all of the detergent-exchanged samples were 

stable and preserved the oligomerization state of the original βPFOsmall and were consequently 

ready for MS analysis. 
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Figure 2.2 SDS-PAGE analysis of βPFOsmall stability after detergent-exchange to LDAO, Cymal 5, Cymal 6, 
DDM, Triton X-100, C8E4 and C8E5 over 24h at 4℃. 
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2. C8E5 detergent exchange enables interrogation of βPFOsmall in the gas 

phase 

After βPFOsmall preparation in different detergent buffers, we aimed for MS analysis. The 

best option for sample ionization was to use an ESI source as described in the context of this 

chapter but more precisely a nanoESI source. The concept of this kind of source was first 

introduced by Wilm and Mann in 1994 when they envisioned a needle with an even narrower 

tip than the existing ones making it possible to produce droplets in the nanometer range.102 This 

new development brought important advantages to the field as it reduced sample consumption, 

improved the tolerance to buffers and afforded stability of the spray for longtime 

measurements.103 Thus, it became the most extensively used ionization method in native MS.12 

Regarding instrumentation, we used a SYNAPT Q-IMS-TOF with a nanoESI source as 

represented in Figure 2.3.  

The path followed by the ions starts in the source where the solution containing the analyte 

under study is sprayed orthogonally into the instrument. Once inside, a vacuum gradient pushes 

the ions along the different parts of the instrument where different voltages are applied at 

different stages in order to ionize, activate or even fragment the ions. In the case of MPs 

activation in the gas phase is especially important as it is required to release the protein under 

study from the membrane-mimicking environment.  

A quadrupole analyser is a mass filter able to discriminate ions of different m/z. 

Quadrupoles consist of four cylindrical rods disposed in parallel with each other. Rods are 

electrically connected and a combination of a radio frequency and a direct current potential 

make ions oscillate when they traverse the quadrupole Depending on the potential and 

frequency used, selection of particular m/z ions will be achieved. The rest of the ions not 

following a stable trajectory are filtered out.104 

The time-of-flight detector (TOF) was first introduced in 1953 by Wolf and Stephens and 

became the method of choice for analysis of large complexes as it theoretically had no limit to 

large masses.105 In this type of detectors, ions are accelerated by an electric field resulting in 

an equalization of kinetic energies between ions of same charge. Each ion takes a given time 

to travel a known distance and this velocity can be related to its mass-to-charge ratio. 
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Figure 2.3 Schematic representation of a SYNAPT (Q-IMS-TOF). The image is copyright from Waters. 

The workflow followed to analyze the distinct βPFOsmall detergent-exchanged samples 

consisted in fine-tuning the critical parameters of the mass spectrometer to obtain the optimal 

signal-to-noise mass spectrum for each sample. These included the backing pressure for 

optimal transmission of the protein complexes, the cone voltage that is responsible for the 

desolvation of protein complexes and finally the trap collision energy that activates the 

complex and removes the detergent.68 Because the samples had different detergents and these 

required different energies to release βPFOsmall from the micelle, we optimized the parameters 

manually for every sample. Fortunately, since nanoESI delivered a stable spray we were able 

to screen several conditions per run.  

The MS result obtained following parameter optimization with the different detergent-

exchanged samples can be observed in figure 2.4. For the majority of detergents used, we only 

detected monomeric Aβ42 (LDAO, Cymal 5, Cymal 6, DDM and Triton X-100). In the case 

of Cymal 5 and 6 we also detected additional signals that attributed to the presence of impurities 

in the sample. We also observed some bumps in the spectra of LDAO and Triton X-100, which 

we attributed to oligomers not being properly released from the micelle even at high activation 

energies. The polyoxyethylene glycols (C8E4 and C8E5) delivered the best results as we 

detected oligomeric signals corresponding to dimers (+3) and tetramers (+5 and +6) of Aβ42. 

This result was in agreement with the fact that this family of detergents are reported to require 

lower activation energies to be released from the protein-micelle complex than the rest of 

detergents used in this study.69  

After screening all the cited detergents and analyzing the results, we decided to choose C8E5 

as the best candidate for further experiments since we observed charge states corresponding to 

Aβ42 oligomers and less impurities in the spectrum than in the case of its analogue C8E4. In 

order to improve to quality of the spectrum we scaled up the experiment by preparing βPFOsmall 
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at double the Aβ42 concentration (600 µM) and using a larger SEC column (25 mL instead of 

a 5 mL column) to be able to inject more sample volume. The strategy enabled us to obtain a 

cleaner mass spectrum (figure 2.4B right) and to detect an additional charge state for the 

tetramer (+4) in addition to the two that we had already detected (+5 and +6) indicating that 

βPFOsmall could be a tetramer.  

 

Figure 2.4 NanoESI-MS spectra of βPFOsmall after the detergent-exchange. A. Mass spectra of βPFOsmall 

detergent-exchanged to LDAO, Cymal 5, Cymal 6, DDM, Triton X-100 and C8E4 B. Mass spectra of βPFOsmall 

detergent-exchanged to C8E5 before (left) and after (right) scaling-up using a larger SEC column to inject a large 

volume and a doubly concentrated sample. 

3. βPFO comprises tetramers and octamers 

To move forward on the analysis of our system we decided to start a collaboration with Dr. 

Cianferani’s group who had recently developed a new methodology by coupling SEC directly 
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to a Synapt G2 (Q-IMS-TOF) and consequently enabling a three-dimensional analysis by 

means of SEC/IMS-MS.106 Hyphenation of buffer exchange, by means of SEC, directly to 

IMS-MS analysis is expected to result in an increase in resolution of mass spectrum as well as 

a more automated methodology for preparing the samples compared to the manual buffer 

exchange.106 IMS additional dimension is extremely useful to assign charge states to specific 

oligomers as one frequently finds that a given m/z ratio is shared by more than one 

stoichiometry. In such a scenario, since two oligomers would have different charges and sizes, 

we would detect two different arrival time distributions (ATD) and therefore be able to 

differentiate them. With this novel approach, we aim to better resolve the different species 

present in the sample, and to assess their stoichiometric differences. Altogether added to the 

fact that we would have access to the latest generation of the instrument that we originally used 

in the project made this an excellent opportunity to take our research a step further. All the 

work and the analysis described in sections 3, 4, 5 and 8 has been performed and analyzed 

together with Thomas Botzanowski from the Cianferani’s group. 

The new approach presented itself as a good methodology to characterize and establish 

differences between the two oligomeric preparations described in the first chapter: βPFOsmall 

and βPFOlarge. MS analysis of βPFOsmall delivered quality mass spectra that led to the successful 

assignment of lower m/z ratios at isotopic resolution (Figure 2.5C). The monomer was assigned 

with three consecutive charge states (+2, +3 and +4). The dimer was assigned with two charge 

states (+3 and +4). For the trimer and the tetramer only one charge state was assigned with 

isotopic resultion: +4 and +6 respectively. Although the rest of the m/z ratios lacked resolution, 

they were unambiguously assigned due to their specificity and consecutiveness (tetramer +5, 

+7 and octamer +7, +9) (Figure 2.5A). Altogether, the tetramer and the octamer were assigned 

with two and three consecutive charge states respectively. Moreover, these results were further 

corroborated by IM analysis which led us to assess the contribution of the different 

stoichiometries to the mass spectrum (Figure 2.5B). On this basis, we concluded that the 3010 

m/z is mainly contributed by the tetramer +4 and that the 4515 m/z is mainly contributed by 

the octamer +8. After the SEC/IMS-MS analysis implementations we related the different 

mass-to-charge ratios through their drift times and assessed that five species are detected in the 

gas phase: monomer, dimer, trimer, tetramer and octamer. Regarding the contributions of the 

different ions in the IMS spectrum, we observed that the major contribution was made by the 

tetrameric form followed by the octameric one (Figure 2.5B). 

Consequently, we pursue the same analysis strategy for the βPFOlarge preparation to see if 

even higher order oligomers are present. Surprisingly, we observe a very similar spectrum with 

slight differences in the relative intensities of some signals (Figure 2.6A). MS analysis of 

βPFOlarge also delivered quality mass spectra that led to the successful assignment of lower m/z 

ratios at isotopic resolution (Figure 2.6C). The monomer was again assigned with three 
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consecutive charge states (+2, +3 and +4). The dimer was assigned with two charge states (+3 

and +4). For the trimer and the tetramer only one charge state was assigned with isotopic 

resultion: +4 and +6 respectively. The tetramer and the octamer were assigned with two and 

three consecutive charge states respectively and further corroborated by IM (Figure 2.6B). The 

oligomeric species detected for βPFOlarge in the gas phase included: monomer, dimer, trimer, 

tetramer and octamer. Comparison of the contributions of the different ions in the IMS 

spectrum led us to the observation that, as described for βPFOsmall, the main oligomeric species 

was the tetramer followed by an increase in abundance of octamer. 

In our attempt to improve our previous results we really exceeded our expectations as we 

were able to preserve even better the non-covalent interactions and obtain a spectrum where 

the most intense signals are the ones attributed to oligomeric and not monomeric Aβ42. 

Comparison with the previously obtained results (Figure 2.4B) highlights the observation 

of a octamers as a newly detected oligomeric species. Additionally, we only detected 

monomeric Aβ42 with limited intensity while the charge states corresponding to oligomeric 

forms were the most intense in the spectra of both βPFOsmall and βPFOlarge. The results obtained 

pointed towards βPFOsmall being mainly formed by tetramers as well as βPFOlarge but the latter 

being enriched in octamers. We also confirmed that IMS is able to discriminate between 

different stoichiometries of Aβ oligomers. Moreover, we identified key mass-to-charge ratios 

that could be assigned to more than one species such as the 4515 but proved to be almost 

exclusive of one stoichiometry as in this case the octamer. Altogether indicated that that in situ 
buffer exchange by SEC coupling to the mass spectrometer had a huge impact in our system 

as the signal-to-noise ratio was improved along with the preservation of the intact oligomer 

complex in the gas phase. Thus, SEC/IMS-MS proved to be an optimal methodology to 

detergent-exchange and analyze βPFO in the gas phase. 
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Figure 2.5 Analysis of βPFOsmall by SEC/IMS-MS A. ESI-MS spectrum of βPFOsmall exchanged to C8E5 B. 
Corresponding IMS spectrum C. Isotopic resolution of the different m/z ratios assigned to the different species 

present in the sample. 
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Figure 2.6 Analysis of βPFOlarge by SEC/IMS-MS A. ESI-MS spectrum of βPFOlarge exchanged to C8E5 B. 
Corresponding IMS spectrum C. Isotopic resolution of the different m/z ratios assigned to the different species 

present in the sample. 
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4. βPFOsmall is enriched in tetramers and βPFOlarge is enriched in octamers 

Implementing SEC coupling to the mass spectrometer opened the possibility to analyze the 

any part of the SEC peak comprising the βPFO sample and not only the most intense fraction 

as we had done previously. Since various stoichiometries were present in the βPFOsmall 

preparation we aimed to resolve them by SEC. Because there is a relation between the elution 

volume and the ion current, we manually selected the parts of the SEC to generate its 

corresponding mass spectrum. To this end, the mass spectrum extracted from the earlier elution 

of the SEC chromatogram of  βPFOsmall represented in blue, gave a noisy spectrum where the 

more intense signals corresponded to the octamer charge states (+7, +8 and +9) (Figure 2.7A). 

Conversely, extraction from the orange part of the SEC chromatogram gave a clean mass 

spectrum predominated by the tetramer signals (+5 and +6) and an increase in the trimer 

intensity (+4). As for βPFOlarge, the mass spectrum extracted from the earlier elution of the 

SEC chromatogram represented in blue resulted in a cleaner mass spectrum than the one 

observed for βPFOsmall at the same elution volume, where the more intense signals also 

corresponded to the octamer charge states (+7,+8 and +9) (Figure 2.7B). Extraction from the 

orange part of the chromatogram gave the exact same spectrum as observed for βPFOsmall. 

These results indicated that octamers elute early in the SEC chromatogram represented in blue 

while tetramer elute later in the orange-colored part. Thus, led us to the conclusion that 

βPFOsmall is enriched in tetramers and βPFOlarge is enriched in octamers. 

 

Figure 2.7 MS analysis of βPFOsmall and βPFOlarge at different elution points of the SEC A. βPFOsmall 
detergent-exchanged to C8E5 and ESI-MS spectra extracted from the highlighted part in the chromatogram. B. 

βPFOlarge detergent-exchanged to C8E5 and ESI-MS spectra extracted from the highlighted part in the 
chromatogram. 

Even though we extracted the spectra from different parts of the SEC chromatogram, we 

did not succeed in completely separating tetramers and octamers as we still observed crossed 
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contributions. The reason of this is most probably the lack of resolution of the column and the 

small difference in hydrodynamic radius between the tetramer and the octamer, resulting in 

tetramer eluting early with octamer and octamer eluting lately with tetramers. Considering that 

the contribution of the detergent micelle to the overall size is bigger than the contribution of 

the oligomer per se, it could explain this proximity in the elution time of both oligomers. The 

SEC profile of βPFOlarge exchanged to C8E5 was highly surprising, as it was different from the 

obtained by the same sample ran in a DPC-equilibrated column (figure 2.8). The population of 

octamer is the most abundant one when the detergent is maintained as DPC in the SEC but 

conversely, when exchanged to C8E5, the octamer population was importantly decreased and 

the tetramer appeared to be the most abundant form. In the case of βPFOsmall both SEC 

chromatograms in a DPC and C8E5 equilibrated columns display the same profile. This 

observation suggests in accordance with the results discussed in the first chapter, that the 

interactions within the tetramer are stronger than the ones within the octamer. We also 

hypothesized from this observation, that βPFOs are more stable in DPC than in C8E5 and that 

the detergent-exchange had an impact on βPFO stability. This matter was addressed by Reading 

et. al. as they pointed out that although polyoxyethylene glycols require less energy to be 

removed, they also might stabilize worse than other detergents that mimic better the lipid 

environment.69 Taking this into account, if we consider that the more realistic representation 

of the sample is the SEC performed in DPC where we do not change the detergent, we could 

assess that βPFOsmall is enriched in tetramers and βPFOlarge is enriched in octamers. 

 

Figure 2.8 SEC chromatograms of βPFOsmall and βPFOlarge run on columns equilibrated in DPC and 
exchanged to C8E5 
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5. Aβ42 tetramers and octamer are resistant to high activation energies in 

the gas phase 

Analyzing a protein’s stability includes important information about how tight are the forces 

that maintain its structure. Pace et. al. recently reported that about 60% is contributed by 

hydrophobic contacts and 40% by hydrogen bonds so when measuring the stability of a protein 

we screen the limit at which these start to break.107 A way to assess the limit of kinetic stability 

in the gas phase is by using collisional activation.108 In such an experiment, ions are activated 

through high energy collisions with a buffer gas such as argon to increase the internal energy 

and produce a change in conformation until the complex breaks.  

In figure 2.9 we show the MS spectra after increasing the activation energy in the analysis 

of βPFOsmall and βPFOlarge. Regarding the tetramer, at the lowest energy that it was almost 

uniquely observed but when the energy was increased we saw a progressive decrease in the 

relative intensity of the tetramer’s charge states. This behavior indicated that the tetramer was 

optimally transmitted at low activation energies (Figure 2.9CF bottom) and started to show 

destabilization at higher energies (Figure 2.9CF top). The trimer showed a very interesting 

fingerprint in this spectrum as the relative abundance of the +4 charge states increases along 

with the monomer +2 at high activating conditions (Figure 2.9CF top). Together with the fact 

that the tetramer +6 decreases clearly indicates that the tetramer breaks through an asymmetric 

dissociation process into a trimer +5 and a monomer +2. Such a phenomenon has been 

previously for protein complexes where one of the units dissociate to reduce the charge and 

stabilize the rest of the complex.16,17 In our system, we envision one of the monomers 

conforming the tetramer breaking due to coulombic repulsion and taking with him a high 

charge in order to leave the trimer in a more stable form. The octamer showed a different 

behavior because at low activation energies (Figure 2.9BE bottom) their signals were less 

intense than the tetramer ones but with an increase in the activation energy the relative 

abundance of the octamer charge states also increased (Figure 2.9BE top). Interestingly, the 

octamer resisted high activation energies without showing excessive breakage into tetramer or 

trimer. The results suggested that the octamer at low activating energy condition finds not 

enough kinetic energy to be transmitted whereas the tetramer does.  

Finally, we would like to point out that although we do observe a slight increase in the tetramer 

population when we give maximal activation to the octamer, in principle we would have 

expected to see a much more drastic effect. Additionally, the results showed that the 

intermediate conditions were the optimal to study Aβ42 tetramers and octamer, thus validating 

the experimental conditions for further analysis. Altogether makes us conclude that Aβ42 

tetramers and octamers are resistant to high activation energies in the gas phase suggesting a 

high kinetic stability of the two oligomeric states.  
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Figure 2.9 Effect of increase in activation energy in βPFOsmall and βPFOlarge A. Chromatogram of the 
detergent-exchange SEC of βPFOsmall to C8E5 and the extracted mass spectra from the (B) orange and (C) blue 
region D. Chromatogram of the detergent-exchange SEC of βPFOlarge to C8E5 and the extracted mass spectra 

from the (E) orange and (F) blue region.    

6. Chemical cross-linking stabilizes covalently βPFOs 

The work described in sections 6 and 7 of this chapter has been performed with the 

collaboration and invaluable help of Dr. Stéphane Chaignepain from the Centre de Genomique 
Fonctionnelle in Bordeaux.  
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Chemical cross-linking of Aβ42 oligomers has been widely studied and reported through 

different methods focusing specially in photo-induced cross-linking of unmodified proteins 

(PICUP).46,109 However, we were more interested in the approach followed by Bobo et. al. to 

chemically cross-link soluble Aβ42 oligomers using glutaraldehyde as this protocol not only 

simplifies the procedure to covalently stabilize the oligomers but also enables direct analysis 

by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF).50  

Glutaraldehyde was first used in biological systems for tissue fixation in 1960 and 

afterwards it was used in other applications such as immobilization or cross-linking of proteins. 

Nowadays, although it is a common reagent for many applications, the mechanism of this 

reaction is still unclear. This is due to the high heterogeneity of the species formed by 

glutaraldehyde in an aqueous solution which is likely due to several reaction mechanisms 

proceeding simultaneously. Glutaraldehyde is reported to react with a wide range of amino 

acid moieties but lysine is the most frequent as the amine functionality it is the most reactive 

group and it is usually located in the surface exposed area of the protein due to its charge. 

Under basic conditions, the reactive form of glutaraldehyde is thought to be the oligomerized 

α,β-unsaturated aldehyde (Figure 2.10, reaction 1), which upon addition of a protein reacts 

mainly with amines. Two intermediate products are proposed by different authors at this point: 

a Michael addition or Schiff base product (Figure 2.10, products A and B). In the presence of 

an excess of protein the cross-linked product shown in the third reaction will be formed.110,111 
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Figure 2.10 Oligomerization of glutaraldehyde into an α,β-unsaturated aldehyde which upon addition of a 
protein with free amine groups results in the cross-linked product through two proposed mechanisms A: 

Michael addition and B: Schiff base product.  

Going back to our system, since βPFO was most stable at basic pH, we hypothesized that 

provided the chemistry was favourable, the described reaction would allow cross-linking the 

distinct oligomer species present in βPFO. To begin with, we started with a screening of 

experimental conditions to optimize the conditions for the reaction to take place. After an 

extensive number of conditions involving percentage of glutaraldehyde, reaction time and 

temperature, we found that 0.1% of glutaraldehyde for one hour allowed cross-linking of an 

Aβ42 tetramer within βPFOsmall. In figure 2.11A we show in first lane of the SDS-PAGE 

analysis the control sample without boiling (-) where it ran as a 18 kDa band consistent with a 

tetramer. Conversely when boiled (+), the oligomer interactions are lost and the oligomer is 

disrupted into Aβ42 monomers that run as a 5 kDa band. In the presence of 0.1% 
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glutaraldehyde, after only 5 min the oligomer band is partially preserved when boiling (+) and 

highly preserved after 1 hour when boiled (+) (Figure 2.11A). 

 

 

Figure 2.11 A. SDS-PAGE of cross-linked βPFOsmall using glutaraldehyde and different reaction times. B. 
Acid (red) and basic (blue) residues in the βPFOlarge structure. C. Temperature optimization of cross-linking 

reaction using acid-specific (ADH and PDH) and zero-length cross-linkers (DMTMM)  

Chemically cross-linking the Aβ42 tetramer within the DPC micelle represented a big 

challenge but the fact that glutaraldehyde succeeded in accomplishing it, made us question if 

other cross-linkers could work too. To this end, we decided to pursue a rational experimental 

design by observing the potential cross-linking sites within the Aβ42 tetramer 3D structure 

derived by NMR (Figure 2.11B).112 In the structure, we represented the basic residues in blue 

(lysine and arginine) and acidic ones in red (aspartic and glutamic acid), which made us realise 

the proximity of several acidic residues between them as well as to other basic amino acids. 

Acid-specific and zero-length cross-linking was addressed by Leitner et. al. using two linkers; 

adipic acid dihydrazide (ADH) and pimelic acid dihydrazide (PDH) with the action of the 

condensing agent 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride 

(DMTMM) to specifically target acidic residues and zero-length cross-linking.113 The reaction 
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mechanism in acidic cross-linking consists in two steps: in the first one, DMTMM activates 

the carboxylic groups and in the second on the two amine groups of the linker nucleophilically 

attack it to covalently bind two carboxylic groups. In a parallel manner, if an activated 

carboxylic group is close enough in space to a free amine in the protein such as a lysine, a zero-

length cross-link can occur (figure 2.12). Thus, with two reagents (ADH or PDH and 

DMTMM) one is able to target two different types of cross-links in the same reaction.113 

 

Figure 2.12 Acidic cross-linking reaction mechanism involving two acid carboxylic groups of the protein 
and  ADH or PDH combined with DMTMM. Zero-length cross-linking mechanism of a carboxylic acid residue 

with a free amine in the presence of DMTMM. 

This strategy was tested for our system and as glutaraldehyde, acidic and zero-length cross-

linking were shown to be effective to covalently stabilize Aβ42 tetramers within βPFOsmall. 

After an additional screening on different reaction conditions involving reagents 

concentrations, reaction time and temperature, we concluded that performing the reaction 

shaking and heating at 50℃ for two hours yielded with 15 mM final concentration of reagents 

resulted in optimal cross-linking efficiency (Figure 2.11C). The observation of the same result 

when using ADH/PDH in combination with DMTMM and the latter alone led to the conclusion 

that zero-length cross-linking was the most favourable reaction (figure 2.11C). For this reason, 

we decided to move forward on further experiments by only using DMTMM as it will result in 

a cleaner reaction with cleaner final products. Although this might seem a minor detail, the 
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cleaner and more homogeneous the final product is, the easier and clearer the mass 

spectrometry analysis will be 

 

Figure 2.13 SDS-PAGE of cross-linked and control βPFOsmall and βPFOlarge using DMTMM as a zero-
length cross-linker. For every sample the effect of boiling (+) and not boiling (-) the sample is shown. 

Having the conditions set, we decided to compare the result of zero-length cross-linking 

βPFOsmall and βPFOlarge. After cross-linkg βPFOsmall, as previously described, the sample ran as 

an 18 kDa band resistant to boiling in SDS-PAGE, in a similar way of the non-boiled control 

sample (Figure 2.13 left). As for βPFOlarge, the control sample displayed diffused bands around 

35 kDa and a main band at 18 kDa consistent with a tetramer, whereas after cross-linking 

mainly ran as a 30 kDa band consistent with an octamer (Figure 2.13 right). These results 

indicated a clear difference in the arrangement between the tetramer and the octamer, as the 

non-crosslinked tetramer was not disrupted by the sole presence of SDS but requires at least 

boiling of the sample. On the contrary, the octamers were broken into tetramers in presence of 

SDS without boiling and preserved when cross-linked with DMTMM. Thus, the results suggest 

that the interactions within the tetramer are stronger than the ones in the octamer interface 

between tetramers. In conclusion, zero-length cross-linking reinforces previous results 

obtained by SEC/IMS-MS indicating that βPFOsmall is enriched in tetramers and βPFOlarge in 

octamers. 

7. MALDI-MS analysis confirms βPFOsmall is enriched in tetramers and 

βPFOlarge is enriched in octamers 

In 1988 Karas and Hillenkamp first described the analysis of proteins exceeding 10 KDa by 

laser desorption ionization.114 This opened the possibility to analyse high molecular weight 

analytes and consolidated MALDI-MS as an analytical technique due to its high sensitivity, 

robustness and high-throughput capacity.115 We decided to use, this technique to analyse 

βPFOsmall and βPFOlarge cross-linked samples due to the high compatibility with salts and 

detergents. As we have already discussed in the introduction of this thesis, although DPC is an 

appropriate candidate to mimic the lipid environment, it is not suitable for MS analysis. Cadene 

and Chait reported the maximal concentrations of a series of detergents compatible with 

MALDI-MS and interestingly DPC appeared to be amenable for analysis up to a 0.25 mM 
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concentration).116 In standard conditions, we would not be able to analyse our samples as below 

the cmc value (1.5 mM) no micelles are found, samples would aggregate  and the structure of 

βPFO would not be preserved. The fact that we are able to cross-link βPFOsmall and βPFOlarge, 

enabled several times dilution of the samples to screen different concentrations of both protein 

and detergent to find the optimal signal-to-noise ratio for MALDI-MS analysis. 

In MALDI-MS, the analyte is co-crystallized with a compound that heavily absorbs UV 

light called the matrix. Using short laser pulses at a given wavelength, the matrix absorbs the 

UV light and heats up. Throughout this process, both analyte and matrix are vaporized and 

ionized enabling analysis of the mass-to-charge of the different ions produced.117 The 

instrument we use provide the name is equipped with a high-mass detector, which relies on the 

production of secondary ions when large primary ions impact, enabling the stoichiometric 

characterization of large protein assemblies.118,119  

 

Figure 2.14 SDS-PAGE and high-mass MALDI-MS analysis of βPFOsmall and βPFOlarge A. SDS-PAGE of 
cross-linked and control βPFOsmall obtained by MALDI-MS B. Mass spectrum of cross-linked and control 

βPFOsmall. C. SDS-PAGE of cross-linked and control βPFOlarge D. Mass spectrum of cross-linked and control 
βPFOlarge obtained by MALDI-MS. 

In the mass spectrum of the control βPFOsmall sample only monomer was detected whereas 

for the cross-linked sample, we observed that tetramer was the most abundant species (figure 

2.14B) showing a good correlation with the result obtained from SDS-PAGE (figure 2.14A). 

Regarding the βPFOlarge sample, the control spectrum mainly displayed the monomer signal. 

Instead, the cross-linked sample showed minor monomer and tetramer peaks and a major 
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octamer peak (figure 2.14D). Again for βPFOlarge, the MS result was in perfect agreement with 

the SDS-PAGE one (figure 2.14C). 

Results obtained from zero-length cross-linking analysed by either SDS-PAGE or MALDI-

MS confirmed the same quaternary structure information obtained my native MS: βPFOsmall is 

enriched in tetramers and βPFOlarge in octamers. Moreover, it indicated that the arrangement 

adopted by Aβ in a membrane mimetic environment is specific and reproducible.  

8. βPFO topology analysis and modelling 

Having established the stoichiometry of the oligomers present in our samples, we aimed at 

further characterizing their structures. Ion mobility mass spectrometry has proven to be a 

valuable combination to obtain topological information about protein complexes. This 

coupling not only enables the separation of ions by their mass-to-charge ratio but also 

according to their shape and size. Consequently, one could discriminate two oligomers of the 

same size with different conformation.120 Even though it might seem difficult to compare the 

native structure or conformation of a given protein with the one adopted after collisional 

activation in the gas phase, IM-MS has reproduced the CCS of native quaternary structures 

after detergent removal.121,122 Several authors have taken the frontiers even further by obtaining 

spatial restrains of molecular assemblies when comparing in silico models to experimental 

data. This type of analysis requires a group of candidate structures from which the theoretical 

CCS is obtained. The projection approximation (PA) concept was first introduced by Edward 

Mack in 1925 when he defined the average cross-sectional area as the average area presented 

by the model when observed from all directions. He postulated that this area could be obtained 

from scaled models by projecting their shadow into a plane from different angles and then 

averaging this value.123 Although the PA is the simplest and fastest method by ignoring the 

scattering and long-range interactions, it has proven to be in good agreement with the more 

complex trajectory method when analyzing protein assemblies.124 After calculating the 

theoretical CCS for different models, they are compared to the experimental CCS for the 

system under study to establish which of the theoretical models delivers the best fits the 

experimental one.100 Although small differences in CCS are still not sufficient to discriminate 

between similar models, overall topology or subunit arrangement differences have been 

successfully modelled in previous publications.125 

Regarding our system, the contribution of the flexible parts is of utter importance as they 

have a huge impact in the averaged CCS. On this basis and inspired in the work of Marcoux 

et. al.,125 we decided to calculate the theoretical CCS of a series of models corresponding to 

Aβ42 tetramers and octamers with and without the flexible regions. This has been possible 

using the 3D structure of the Aβ42 tetramer obtained by means of NMR restraints by Dr. Sonia 

Ciudad and calculated by Dr. Benjamin Bardiaux.112 Two models for the tetramer are proposed: 
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one with and the other without the flexible regions. In the case of the octamer, the hypothesis 

consists of four models formed always by two tetramers either forming a β-barrel referred to 

as β-barrel octamer or a collapsed structure referred to as β-sheet collapsed octamer, with or 

without flexible parts (Figure 2.15). 

 

Figure 2.15 Aβ42 tetramers and octamers models considered in this work. The tetramer models are derived 
from the 3D structure of the Aβ42 tetramer obtained by NMR, represented with (line) and without (dashed) 

contribution of flexible regions. For the octamer, a β-barrel-like and a collapsed β-sheet model with (line) and 
without (dashed) contribution of flexible regions.  

To obtain the experimental CCS from IMS-MS analysis, it’s important to consider the 

calibration of the mobility cell. In drift tube ion mobility spectrometry (DTIMS) no calibration 

is required as the electric field is uniform and therefore the ion’s mobility is directly 

proportional to the electric field. CCS can be obtained as described in equation 2.1 where z is 

the charge of the analyte, e is the charge on an electron (1.6022 × 10.>? C), kb is the 

Boltzmann constant, T is the temperature, mI is the molecular mass of the ion, mN is the 

molecular mass of the buffer gas, P is the pressure, N is the number density of the buffer gas, 

td is the average drift time of the ion and E is the electric field across a drift cell of L length.126 
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In travelling-wave ion mobility spectrometry (TWIMS), voltage pulses are applied across a 

series of stacked rings creating a traveling wave, which together with the use of high pressures 

in the ion guide results in a better separation of ions. However, this way of operation also results 

in a loss of proportionality of the ion’s mobility to the electric field requiring calibration. As 

we can observe in the corrected equation 2.2, A is introduced as a correction factor of the 

electric field parameters (E and L in equation 2.1) and B to compensate the non-linear effect of 

the TWIMS instrument:126 
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Calibration of TWIMS drift times can be achieved by analyzing standards of known CCS 

previously calculated with DTIMS. As a result, correction factors A and B from equation 2 can 

be obtained enabling the calculation of the CCS for the analyte(s) under study. The choice of 

the standards however is a critical point in the calibration framework. Indeed, Bush et. al. 

brought up this discussion back in 2010 when they pointed out that the nature of the calibrant 

was a key factor to take into account as they observed that calibration with denatured proteins 

or even the combination of denatured with native-like proteins could induce errors of up to 

20% when used to derive the CCS in the case of native-like protein analytes.127 Regarding 

MPs, it has been reported that this aspect is even more relevant as this family of proteins present 

reduced charge states compared to soluble proteins. This may be due to the micelle protecting 

the protein from becoming charged during ionization and to the use of charge-reducing 

detergents such as C8E5. Therefore, since the mobility of an ion is directly proportional to its 

charge it is expected that MPs present lower mobility than soluble proteins of the same surface 

area.128 Allison et. al. made special emphasis into the relation of CCS/z (CCS’) which is 

substantially increased in the case of MPs due to their reduced charge. As a conclusion, the 

authors propose to use as calibrants larger soluble proteins in order to have similar CCS’ values. 

In table 2.1 we show the values of CCS’ for the calibrants chosen in study compared to the 

theoretical CCS’ for the different models proposed in figure 2.15. 

 

Table 2.1 Theoretical CCS’ for the models proposed for the tetramer and octamer together with the 
calibrants chosen. 

From table 2.1 it can be inferred how important the contribution of the flexible regions of 

the oligomers are to the theoretical CCS. The calibrants selected seemed to be adequate as the 

CCS’ values for the different models are very close to the ones from the calibrants., the CCS 
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for three different charge states corresponding the tetramer and the octamer were calculated 

and compared with the theoretical value from the models proposed to establish which one fitted 

best. In figure 2.16, the experimental values are Represented as black points and compared to 

the different theoretical models, which in both cases is the one without flexible parts. 

Moreover, in the case of the octamer the best fit is for the collapsed representation of two 

tetramers without flexible parts.  

 

Figure 2.16 Experimental CCS of the tetramer and octamer (black dots) compared to the theoretical CCS of 
the two and four models proposed, respectively in figure 2.15, for Aβ42 tetramer and Aβ42 octamer.  

From this result, we can conclude that although the flexible parts could have an enormous 

contribution to the CCS as we have pointed out in table 2.1, the actual contribution in the 

experimental CCS indicates that it is negligible as it perfectly fits to the model of the tetramer 

without flexible parts. Therefore, indicating that the flexible parts collapse into the structure in 

the gas phase but of course not necessarily representing the native structure of the βPFO. Such 

a behavior was also reported for Omp in the gas phase by Marcoux et. al.125 For the octamer 

we observed the same type of compaction of the flexible region as the experimental points 

fitted again the model combining two tetramers collapsed. Again, we cannot exclude the 

possibility of a barrel structure in a membrane environment that is lost due to collapse when 

transferred to the gas phase. Moreover, as Marklund and Benesch interestingly pointed out, the 

fact that the compaction exists could actually indicate the presence of a cavity or pore.108 

Previous publications have reported collapse for other systems such as GroEL, Omp or PagP. 

Thus, literature provides examples on both sides where the CCS is in accordance with other 

techniques like X-ray crystallography or on the other hand, where it is not in accordance due 

to collapse or compaction.125,129,130  

Regardless of the relevance of the the models proposed, the work presented in this chapter 

has contributed in a better understating of the folding of Aβ in a membrane mimetic 

environment. Moreover, the combination of NMR data with the multidisciplinary MS approach 
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aforementioned have resulted in the report of the first 3D structure of membrane-associated 

Aβo.112 The βPFO system represents a potential target for AD’s and therefore we think that its 

characterization is of paramount importance in the field. 

Materials and methods 

Reagents 

Detergents were purchased from Cube Biotech and Anatrace. Deuterated detergents were 

purchased from Cambridge Isotope Laboratories. All other reagents were supplied by Sigma-

Aldrich unless otherwise stated.  

Size Exclusion Chromatography 

In section 1 of this chapter βPFOsmall was filtered with a 0.45 μm spin filter (Millipore) and  

injected to a single Superdex 200 5/150 (GE Healthcare) equilibrated with 2x the cmc value68 

(Table 0.1) of the different detergents screened and 200 mM ammonium carbonate at pH 9. 

The water used to prepare the buffers was LC-MS quality. Samples eluted at 4ºC at a flow rate 

of 0.3 mL/min and were monitored at 220 and 280 nm. The system used was an ÄKTA Pure 

(GE Healthcare). 

  [detergent] (mM) 

Triton X-100 1.80 

DDM 0.36 

Cymal 6 1.12 

C8E4 16.00 

Cymal 5 10.00 

C8E5 14.20 

LDAO 4.00 

Table 2.2 Detergent concentrations used in the different buffers of the screening 

In section 4 of this chapter βPFOs were filtered with a 0.45 μm spin filter (Millipore) and 

injected to a tandem Superdex 200 increase 10/300 (GE Healthcare). The columns were 

equilibrated with 3 mM DPC, 10 mM Tris·HCl and 100 mM NaCl at pH 9. Samples eluted at 

4ºC at a flow rate of 0.5 mL/min and were monitored at 220 and 280 nm. The system used was 

an ÄKTA Pure (GE Healthcare). 
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NanoESI-MS in non-denaturing conditions 

MS experiments were performed on a Synapt G1 HDMS (Waters) equipped with an Advion 

TriVersa NanoMate (Advion Biosciences). Positive mode of ESI was used. Typical values for 

source and desolvation temperature were 20 ºC and 300-350 ºC respectively. The voltages at 

different stages of the spectrometer were fine-tuned to optimize ion transmission as shown in 

Table 2.3.  Acquisitions were performed in the m/z range 500 to 8000 with a 1.5 s scan time. 

External calibration was performed using singly charged ions produced by a 2 g/L solution of 

cesium iodide in 2-propanol/water (50/50, v/v). Spectra were analyzed using MassLynx V4.1 

software (Waters). 

 
Sampling cone Trap collision energy Bias Static offset Backing  

Triton X-100 80 V 150 V 60 V 200 V 5.69 mBar 

DDM 80 V 150 V 60 V 200 V 5.09 mBar 

Cymal 6 200 V 240 V 80 V 200 V 5.32 mBar 

C8E4 80 V 50 V 15 V 120 V 5.41 mBar 

Cymal 5 80 V 50 V 15 V 120 V 5.42 mBar 

C8E5 80 V 50 V 15 V 120 V 5.45 mBar 

C8E5 scaled up 80 V 100 V 20 V 120 V 5.10 mBar 

LDAO 80 V 10 V 15 V 120 V 5.41 mBar 

Table 2.3 Experimental values for the parameters tuned in the spectrometer to optimize the signal-to-noise 
ratio. 

SEC-IM-MS  

An Acquity UPLC H-class system (Waters, Manchester, UK) comprising a quaternary 

solvent manager, a sample manager set at 10 °C, a column oven and a TUV detector operating 

at 280 nm and 214 nm hyphenated to a Synapt G2 HDMS mass spectrometer (Waters) was 

used for the online SEC-native MS/IM-MS instrumentation. An Acquity BEH SEC column 

(4.6x150 mm, 1.7 μm particle size, 200 Å pore size) from Waters was used with an isocratic 

elution of 200 mM (NH4)2CO3, 14.2 mM C8E5 (pH 9.0) with the following flow rate gradient: 

0.25 mL/min over 4 min; then 0.10 mL/min over 6 min and finally 0.25 mL/min over 2 min. 

The Synapt G2 HDMS was operated in the positive mode with a capillary voltage of 3.0 

kV. The main parameters were finely tuned in order to disrupt the detergent protein interaction 

and to maintain the octamer species as described below sample cone 180 V, trap collision 

energy 100 V, trap gas flow 5 mL/min and backing pressure 6 mbar. Acquisitions were 

performed in the m/z range 1000–10000 with a 1.5 s scan time. External calibration was 

performed using singly charged ions produced by a 2 g/L solution of cesium iodide in 2-
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propanol/water (50/50, v/v). MS data interpretations were performed using Mass Lynx V4.1 

(Waters). 

In order to unambiguously attribute the oligomeric state of each MS peak and to measure 

the drift time of each species, an ion mobility method has been optimized as described below. 

Prior to IM separation, ions were thermalized in the helium cell (180 mL/min). IM ion 

separation was performed in the pressurized ion mobility cell using a constant N2 flow rate of 

90 mL/min. The IM wave height and velocity were 40 V and 800 m/s, respectively. Transfer 

collision energy was set to 15 V to extract the ions from the IM cell to the TOF analyzer. IM 

data were calibrated to perform CCS calculations using the most intense charge states of two 

external calibrants (i.e., pyruvate kinase and alcohol dehydrogenase) in non-denaturing 

conditions. IM-MS experiments were performed in triplicate under identical instrumental 

conditions. 

Activation of βPFOs in the gas phase 

Increasing energy conditions were used to screen the effect of activation energy to the 

oligomeric samples. The tuned parameters were the sampling cone and the trap collision 

energy (Table 2.4). 

 Sampling cone Trap collision energy 

Soft conditions 100 V 50 V 

Optimal conditions 180 V 100 V 

Harsh condiitons 200 V 160 V 

Table 2.4 Sampling cone and trap collision energy parameter used in figure 2.9 

Theoretical CCS calculation 

Theoretical CCS value of tetramer and octamer were obtained using the Projection 

Approximation method within the Impact software.124 The PDB file was used as an input file 

and was ran on Impact with a convergence value of 1% enabled to determine an average CCS 

as a mean of 10 independent calculations. Solvent heteroatoms were here excluded from the 

theoretical calculation. 

Chemical cross-linking 

Both 2:1 and 6:1 ([Aβ42]:[DPCm]) preparations were prepared from freeze-dried 

monomeric Aβ samples dissolved in 5.5mM DPC, 10mM Na2CO3 and adjusted to pH 9 

reaching a final concentration of 150 μM and 450 μM Aβ42 respectively. The samples were 

incubated at 37ºC for 24 hours. βPFO are prepared as described with the exception of the buffer 

that is changed to sodium carbonate (Na2CO3) in order to avoid the interference of Tris in the 
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chemical reaction. After the incubation for 24 h, the concentration for the 2:1 preparation is 

maintained at 150 μM Aβ42 (0.68 mg/mL) and reduced for the 6:1 preparation by diluting it 

with 1.5 mM DPC, 10 mM Na2CO3 to the same concentration as the 2:1 preparation. Regarding 

the cross-linking reaction we use the procedure described by Leitner et al.113 using DMTMM 

as a ZLXL. DMTMM is added to a final concentration of 15 mM (4.15 mg/mL) and the reaction 

takes 2 h at 50°C and 800 rpm using a microcentrifuge tube mixer. Instead of quenching the 

reaction, because DMTMM is very unstable in aqueous solution, we decided to analyse the 

samples directly after the reaction by MALDI-TOF and SDS-PAGE.131 

As for the glutaraldehyde cross-linking conditions, the same samples described in the 

previous paragraph were prepared and glutaraldehyde was added to a final concentration of 

0,1%. The reaction was left at room temperature for one hour.  

SDS-PAGE of cross-linked samples 

20 µL of cross-linked samples were diluted down to 50 µM Aβ42 (0.23 mg/mL) using 1.5 

mM DPC, 10 mM Na2CO3 and were mixed with 10 µL of 3x sample buffer (SB). 20 µL of the 

resulting samples, either non-boiled or boiled (for 5 min at 95°C) were electrophoresed in 1 

mm-thick SDS-PAGE gels containing 15% acrylamide.  

Gels were run in a BioRad electrophoresis system 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. Gels were run at 50 V for 30 min, 120 V for 2 h and stained by Coomassie Blue. 

Gels were scanned with a ChemiDoc XRS+ (BioRad). 

High mass MALDI-MS analysis 

Before MALDI analysis samples are diluted down to 37.5 μM (0.17 mg/mL) Aβ42 in H2O. 

The dilution step is critical to reduce the amount of detergent that could interfere in the 

cocrystallization of the sample with the matrix.116  

Samples were mixed with a matrix solution (1:1 v/v) of sinapic acid (10 mg/ml) containing 

50% acetonitrile (v/v) diluted in deionized water with 0.1% (v/v) TFA. Each mixture (2 µl 

thereof) was then deposited on the MALDI target using the dried-droplet method. As a control, 

2 µl of each sample were analyzed before adding crosslinker using the same deposition method. 

High-mass MS analyses were carried out on a MALDI TOF mass spectrometer (Autoflex III, 

Bruker) used in linear mode and equipped with a HM3 high-mass detector (CovalX AG), which 

allows the sensitive (sub-µM) detection of macromolecules up to 1500 kDa with low 

saturation.  
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Calibration was achieved using singly and doubly charged bovine serum albumin ions ([M 

+ 2H]2+= 33216 Da and [M + H]+= 66431 Da) and the gas phase dimer of this protein ([2M + 

H]+= 132861 Da). The mass spectra were acquired by averaging 2000 shots (8 different 

positions into each spot and 250 shots per position), using the same laser fluency before and 

after crosslinking. The spectra were processed (including background subtraction and 

smoothing) using FlexAnalysis (Bruker). 
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Context 

Amyloidogenic proteins and more concretely, Aβ, are reported to interact with cellular 

membranes. Our research group has studied the folding of Aβ within detergent micelles to 

mimic the membrane environment and reporting in 2016 a defined and specific preparation of 

a membrane-associated Aβ oligomer. This preparation was able to form pores in lipid bilayers, 

thus giving its name: β-barrel pore-forming oligomer (βPFO) (Figure 1.1).77 In the first chapter 

of this manuscript it has been described the preparation of an additional  βPFO sample that 

elutes as a larger oligomer sample (Figure 1.4C). For this reason, the previously reported 

oligomer sample has been referred to as βPFOsmall and the new preparation as βPFOlarge. 

Structural characterization by native MS revealed the enrichment of βPFOsmall in tetramers and 

the enrichment of βPFOlarge in octamers (Figure 2.7). Despite the characterization of these 

stable and defined oligomers, the fact that they are obtained in vitro in a membrane mimetic 

environment does not ensure their existence in vivo. To this regard, it is key to describe the 

specific binding of molecules to βPFO samples in order to further validate the models and their 

potential role in Alzheimer’s disease (AD). In this conext, Dr. Martí Ninot generated and 

described, in collaboration with Prof. Dr. Serge Muyldermans, specific nanobodies against 

βPFOsmall. We aim with the work presented in this chapter to further validate our system as a 

potential target for AD through two distinct strategies. On one hand, we aimed to compare the 

affinity of the Nbs against βPFOsmall and βPFOlarge while also establishing the binding site of 

the Nb-βPFO interaction. On the other hand, since several molecules have been described in 

the literature to bind Aβ and more concretely to Aβ oligomers,132 if these were also to bind 

βPFOs it would strengthen the relation of our system to the in vivo scenario. 

Immunoglobulin G (IgG) are the most abundant type of antibodies present in the blood of 

mammals and have an important role in the humoral immune system. IgG glycoproteins are 

produced in the surface of B lymphocytes and their main function is to recognize specifically 

a foreign (different from the host) molecule of biological or chemical nature referred to as the 

antigen. This type of antibodies are affinity matured against the antigen in order to activate the 

immune response with the final goal of inactivating and/or eliminating the potential danger for 

the host. IgG antibodies are polypeptide tetramers comprising two identical heavy  polypeptide 

chains (50 kDa) and two identical light polypeptide chain (25 kDa) stabilized by interchain 

disulphide bonds. The light chain is formed by an N-terminal variable domain (VL) and a C-

terminal constant domain (CL). Conversely, the heavy chain can be formed by four or five 

domains, one N-terminal variable domain (VH) followed by three or four constant domains 

(CH1-CH4) (Figure 3.1A). This makes IgG a quite complex molecule of around 160 kDa that 

is difficult and expensive to produce and therefore simplified versions of whole antibodies 

where reported such as antigen binding fragments (Fab) and even more reduced such as single-

chain fragment variable (scFv) (Figure 3.1A).133,134 
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In the context of reducing the size of antibodies, in 1993 it was discovered that the 

Camelidae species generate a type of antibodies lacking light chains and therefore named 

heavy chain-only antibodies (HCAbs).135 The lack of a light chain and thus a VL domain 

implies that the antigen is uniquely recognized by the variable domain of the heavy chain 

(VHH), fragment also referred to as nanobody (Nb) (Figure 3.1B). Nbs are easily generated 

and produced in microorganisms, present good antigen affinity, are highly soluble due to the 

lack of contacts with other domains, are stable to denaturing conditions and protease digestion 

and they are non-immunogenic. For these reasons, Nbs have become of great interest in the 

pharmaceutical industry as a substitute to conventional antibodies and there are already some 

examples undergoing clinical trials.136 The structure of a Nb is characterized by the folding of 

nine β-strands grouped in two β-sheets stabilized with a disulphide bond. The regions more 

variable in length and sequence of an antibody are the complementarity determining regions 

(CDRs). Regarding the Nbs, from the three CDRs present it is CDR3 the one that varies the 

most and the one that is mainly involved in the antigen recognition.134 The increased length of 

CDR3 is able to generate a convex paratope that allows Nbs to recognize conformational 

epitopes such as clefts better than conventional antibodies.137 For this reason, Nbs represent a 

unique opportunity for identification of βPFOs in a native environment and more importantly 

to discriminate between the distinct aggregation forms of Aβ where the differences lie in the 

conformation and not in the sequence.  

 

Figure 3.1 Schematic representation of a conventional IgG antibody (A) and a camelid HCAbs (B) together with 
the antigen-binding fragments (Fab and scFv in the case of the conventional antibody and VHH or Nb in the 

HCAbs). The Nb representation has been generated from the PDB structure 5E7B.138 

Regarding the identification of a reported Aβ binder we aimed to select one with exclusive 

or preferential binding to oligomeric forms of Aβ. To this end, we found that somatostatin-14 

(SST14) had been described to bind Aβ.132 SST14 is a cyclic tetradecapeptide (1.6 kDa) (Figure 
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3.2) that is produced in neuroendocrine cells in the brain and widely distributed throughout the 

human body whose main function is the regulation of the growth hormone secretion.139  In the 

work of Wang and collaborators, they assessed that upon addition of SST14, the lag phase of 

Aβ fibril formation was extended and additionally, a series of 50-60 kDa Aβ oligomers were 

formed.132 Interestingly, SST14 is the neuropeptide that exhibits a stronger reduction of levels 

in both brain and cerebrospinal fluid among AD patients.140,141 The mechanism of relation 

between the peptide and AD was defined by the work of Dr. Takaomi Saido’s group as they 

found that SST14 regulates the metabolism of Aβ in the brain through the modulation of 

neprilysin that catalyses its proteolytic degradation.142 Therefore, screening the capacity of 

SST14 to bind βPFO could deliver evidence pointing towards the existence of this type of 

aggregates in vivo and at the same time establish a potential link with AD. 

 

Figure 3.2 2D structure of cyclic somatostatin-14 stabilized by a disulphide bond between cysteines (left) and 
simplified representation with the amino acid sequence and bonds (right) 

Results and Discussion 

1. Nanobodies produced against βPFOsmall also recognize βPFOlarge 

To validate the existence of βPFO in a relevant in vivo model it is of utter importance that 

the aforementioned Nbs are specific for the two oligomer preparations described in the first 

chapter and not for other common forms of Aβ such as monomers or fibrils. To this regard, we 

designed an experimental layout to compare the specificity of the different Nbs against 

βPFOsmall, βPFOlarge, Aβ monomers and Aβ fibrils using the enzyme-linked immunosorbent 

assay (ELISA). We compared the set of eleven Nbs described by Dr. Martí Ninot with “Nb_3” 

produced by Prof. Dr. Serge Muyldermans’ group against Aβ40.143 We refer to “Nb_3” as Nb 

0 in order to avoid confusion with our set of Nbs.  

We started by coating the surface of the ELISA plate wells with the four different samples: 

βPFOsmall, βPFOlarge, Aβ monomers and Aβ fibrils. This was followed by a blocking step of the 

wells with BSA. The set of Nbs were added by serial dilution to relate the effect of 
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concentration to the potential binding event. Finally, the bound Nbs were detected with a 

primary antiHis-Tag antibody recognizing the hexa histidine tag present in the Nbs sequence 

and a secondary horseradish peroxidase (HRP)-linked antibody. The signal was developed with 

enhanced chemiluminescence (ECL) and the concentrations were converted into logarithmic 

scale obtaining the corresponding sigmoidal curves (Figure 3.3). The sigmoidal curve plots 

enabled the calculation of the half maximal effective concentration of the binding events 

observed although the values were takes as a qualitative measure of the affinity of the Nbs for 

the different samples. 

 

Figure 3.3 Nb affinity sigmoidal plots. The graphs plot the absobance as a function of the logarithm of Nb 
concentration. Every graph shows the result of the twelve Nbs against a single sample: Aβ42 monomers, Aβ42 

fibrils, βPFOsmall and βPFOlarge. 

Nb 0 did neither bind to βPFOsmall nor to βPFOlarge but instead recognized Aβ42 monomers 

and fibrils with EC50 values of 32 and 69 nM respectively (Table 3.1). This case very well 

exemplifies the conformation specificity of Nb paratopes. Since the antigen of Nb 0 (Aβ40) 

contains 95% of the sequence of βPFO, we would expect it to recognize both monomers and 
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oligomers but instead, it only recognizes the monomeric and fibrillar conformation of the 

peptide.  We therefore consider Nb 0 as a good negative control. 

We observed that the set of eleven Nbs recognized βPFOsmall and βPFOlarge with affinities 

between 1 to 50 nM. Nb 1.1.1, Nb 3, Nb 4, Nb 6 and Nb 10 presented affinities one order of 

magnitude higher for βPFOsmall than for monomeric Aβ42 while Nb 1.1, Nb 1.2, Nb 2, Nb 5, 

Nb 7 and Nb 9 presented affinities two order of magnitudes higher for the same comparison. 

Regarding βPFOlarge, the affinities were very similar except for Nb 1.1.1 that had two orders of 

magnitude more affinity for βPFOlarge than monomeric Aβ42 (Table 3.1). Results showed 

therefore that the set of Nbs are specific for βPFOsmall and βPFOlarge in front of monomers and 

fibrils of Aβ42. 

 
Aβ Monomer Aβ Fibril βPFOsmall βPFOlarge 

Nb 0. 32.1 68.9 ND ND 

Nb 1.1. 327.4 263.4 1.0 2.3 

Nb 1.1.1. 420.4 293.0 48.1 0.4 

Nb 1.2. 2331.0 454.3 4.9 6.5 

Nb 2. 408.4 309.0 3.9 2.2 

Nb 3. 173.0 197.9 1.9 1.5 

Nb 4. 1128.0 327.3 19.7 42.1 

Nb 5. 135725.0 1389.0 7.0 15.5 

Nb 6. 366.9 420.5 8.2 4.7 

Nb 7. 1629.0 1275.0 11.7 12.7 

Nb 9. 1106.0 105.2 1.9 0.7 

Nb 10. 1220.0 1159.0 30.1 27.0 

Table 3.1  EC50 values (nM) obtained from the sigmoidal plots (Figure 3.3) of the ELISA experiment. Colour 
scale varies with the magnitude of the values being red the highest and green the lowest. ND stands for “not 

detected”. 

Using specific antibodies to identify synthetic aggregation forms of Aβ42 in native samples 

has already been described numerous times in the literature. Lambert and coworkers for 

instance, followed an in vitro approach to first prepare Aβ-derived diffusible ligands 

(ADDLs)37 and subsequent work of Kayed et. al. to develop a specific antibody validated the 

presence of ADDLs in vivo.144 Additionally, work by  Sebollela and others also validated such 

a strategy using size exclusion chromatography to separate different oligomer populations from 

synthetic and native samples and detecting them with NU4, a specific antibody.145 These 

examples set a precedent and inspired our group to follow a similar workflow for βPFO 

identification. We believe though, to be in a more advantageous position as our system under 

study is precisely characterised and defined whereas the ones aforementioned lacked structural 
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characterisation and consisted of a more heterogenous population of oligomers. The fact that 

the majority of the set of Nbs assayed recognized indistinctly βPFOsmall and βPFOlarge provides 

additional evidence of the point raised in the first chapter and further discussed in the second 

chapter relating both preparations. We believe therefore that these results strongly support the 

hypothesis of the tetramer’s role as a building block of βPFO formation. We conclude from the 

results presented in this section that the eleven Nbs previously described by Dr. Martí Ninot 

not only detect specifically tetramers but also octamers and presents itself as an outstanding 

opportunity to determine the relevance of βPFO in AD. 

2. Nb 10 binds to the edges of the hydrophobic core of βPFOsmall 

Nbs are versatile biomolecules with numerous application described but still many remain 

to be exploited.  Among these applications, Nbs have proven to be useful as crystallization 

chaperones for challenging proteins. This is due to their ability in some cases to lock proteins 

in a particular conformation,146 to stabilize flexible regions or to shield surfaces prone to 

aggregation from contact with solvents.147 In the field of biosensors; size, robustness and 

specificity are key factors which makes Nbs perfect candidates for such an application.133 

Diagnostics is still a major bottleneck in the field of AD and that is why the potential of Nbs 

could make an important contribution. Moreover, we also envision the ability of Nbs to bind 

the cavity of the βPFO pore or even to disrupt their formation which could lead to potential 

drug candidates. All of the aforementioned cases would firstly require the description of the 

mechanism and site of binding of the Nb-βPFO interaction.  Determining such a feature would 

enable us to understand better the mechanism of the different Nbs and therefore establish their 

optimal application. 

 One of the challenges when screening for binders of membrane proteins is the effect of the 

detergent to these molecules. We observed that Nbs were stable under the minimal detergent 

conditions used in the ELISA experiments (1.5 mM DPC) but we ignored the effect of the high 

micelle concentration used to incubate βPFOs (5.5 mM DPC). To assess the stability of Nbs, 

we monitored by proton (1H) nuclear magnetic resonance (NMR), two samples of Nb 10 

dissolved in a salt buffer (10 mM Tris and 75 mM NaCl) to serve as a control and in a detergent 

buffer (10 mM Tris, 75 mM NaCl and 5.5 mM DPC) over 24 hours. We observed for the 

control sample (salt buffer) that the signals at time 0h (black trace) were stable and did not 

decrease in intensity over 24h (red trace) (Figure 3.4). Conversely, for the high micelle DPC 

buffer, although the initial spectrum at time 0h (black trace) displayed a very similar trace as 

observed for the control, after 24h the overall intensity was significantly decreased but 

specially affecting the downfield amide proton signals (7-9 ppm) corresponding to amide HN 

groups of the Nb. The same result was obtained for Nb 2 which made us doubt of the stability 

of our Nbs in detergent.  We concluded from this result that high micelle conditions destabilize 

Nbs after 24 hours presumably due to the denaturing effect of the detergent.      
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Figure 3.4 1H NMR spectra of Nb 10 dissolved in a DPC buffer (left) and in a salt buffer (right) at time 0h 
(black trace) and 24h (red trace). 

Chemical shift perturbation (CSP) is a simple experimental technique widely used to study 

binding events such as protein-protein or molecule-protein interactions. The concept behind 

this NMR experiment relies on the observation of the changes in the 2D HSQC spectrum after 

the addition of a potential binder to the protein of interest. Due to the high sensitivity of the 

chemical shift change to structural variations, it can be observed in the vast majority of binding 

events.148 Generally, the peaks that perceive the highest shifts correspond to the binding site. 

To weigh the relative chemical shift of 15N and 1H it is usually considered that the 15N shift 

changes have to be corrected by a factor 6 to proceed with the average Euclidean distance 

moved (Equation 3.1). Prof. Dr. Williamson concluded after an extended review of the CSP 

reported results in the field that although there is no ideal or theoretically justifiable method, a 

standard value of 0.14 for 6 could be considered.148  

c = d
>

F
[ef

F + (6 ∙ eO
F)]             (Equation	3.1) 

If the NMR signals are correctly assigned, information about the affected residues can be 

related to the specific binding site of the molecule or protein. Regarding our system, work of 

Dr. Sonia Ciudad successfully resulted in the peak assignment of the βPFOsmall preparation. 112 

The assignment allowed determining that Aβ42 residues were observed by duplicate in the 2D 

[1H,15N]-TROSY spectrum due to the presence of two distinct conformations of Aβ42 in the 

oligomer (Figure 3.5A). Cα and Cβ chemical shifts permitted deriving the three-residue 

averaged (ΔCα-ΔCβ) secondary chemical shifts to thus determine the elements of secondary 

structure present in each Aβ(1-42) subunit (Figure 3.5B). This analysis revealed that the orange 

Aβ(1-42) subunit (chain A) contributed to the oligomer structure with two β-strands, β1 and 

β2, which expanded, respectively, G9 to A21 and G29 to V40. Instead, the green Aβ(1-42) 

subunit (chain B) contributed residues L17 to F19 exhibiting α-helical propensity and residues 

G29 to I41 adopting a β-strand conformation, referred to α1 and β3, respectively.112 Having 
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access to the assignment of the NMR signals enabled us to not only observe potential CSPs but 

to also relate them to the corresponding residues and identify the potential binding site of the 

event. 

 

Figure 3.5 Peak assignment of βPFOsmall. A Amide resonance assignments of Aβ42 tetramer. Two subunits of 
Aβ42 are detected and residues belonging to each of them are labelled in orange or green. B Three-bond 
averaged secondary chemical shifts versus residue number for the orange (top) and green (bottom) Aβ42 
subunits. Secondary structural elements derived from chemical shift indices are shown at the top with its 

corresponding number.  

The lack of stability displayed by Nb 10 and 2 in the presence of high micelle DPC 

conditions made us discard the possibility of performing a titration with several concentrations 

of Nb. Instead, we decided to add the Nb at high concentration to a βPFOsmall sample and 

analyse it directly after by NMR. For this, taking into account that the tetramer is symmetric 

and we envisioned two possible binding sites per oligomer unit we decided to use 

[Nb]:[βPFOsmall] ratio of 2:1 to make sure there is enough Nb. As a control we analysed first 

the βPFOsmall sample alone and subsequently we added the set of Nbs and acquired again the 

data for each one of them. As shown in Figure 3.6A, the black trace for the control displayed 

a well-dispersed set of signals as reported for βPFOsmall.77 From the complete set of Nb 

including Nb 0 as a control, we only observed slight CSPs for Nb 10. CSPs were considered 

significant if the values were greater than the standard deviation (h) of the Euclidean chemical 

shift change represented as a grey dashed line (Figure 3.6B).148 Upon addition of Nb 10 (red 

trace), shifts were observed for residues V12, F20, D23, V24 G29, A30, I32, L34 and M35 of 

chain A and for residues V12, V18, A21, D23, G29, A30, I31, M35, V40, I41 and A42 for 

chain B.  
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Figure 3.6 Effect of Nb 10 addition to βPFOsmall A 1H,15N-HMQC spectrum of βPFOsmall alone (black trace) and 
in presence of Nb 10 (red trace). B Representation of the shift change of the residues within βPFOsmall by the 

presence of Nb 10.The grey dashed line indicates the threshold dictated by the standard deviation (h). 

The aforementioned CSPs induced by Nb 10 in the βPFOsmall structure were represented in 

the 3D model calculated from the NMR data by Dr. Benjamin Bardiaux where the amide 

protons of the affected residues are represented as red spheres (Figure 3.7). 112 Interestingly, 

although the residues affected appear to be random in the sequence of Aβ42, when observed in 

the model one can clearly recognize the proximity in space between all of them. We concluded 

from this result that Nb 10 binds to the solvent-exposed edges of βPFOsmall. This result was in 

accordance with the topology of the oligomer and suggested that the membrane mimetic 

protects completely the hydrophobic core and exposes only the edges and the flexible ends for 

Nb recognition. 
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Figure 3.7 Representation of the residues affected by shift changes (red spheres) in the presence of Nb 10 within 
the 3D model of βPFOsmall. The orange and green drawing correspond to chain A and B respectively. 

The fact that a given detergent may affect and even denature the structure of a protein is not 

a surprise as it has been widely discussed throughout the literature.149-152 This being said, it is 

quite surprising, due to the extensively reported stability of Nbs in all kinds of denaturing and 

harsh conditions,153-156 the lack of stability under DPC micelle conditions observed for the set 

of Nbs produced against βPFOsmall. To this regard, work of Rasmussen and collaborators set a 

precedent by using a Nb as a crystallization chaperone of an active state of the β2 adrenergic 

receptor (β2AR).146,157 They were also able to assess the binding by size-exclusion 

chromatography (SEC)28 which of course inspired us to purse the same strategy but 

unfortunately we did not succeed in showing an effect that could be correlated with the Nb- 

βPFOsmall binding. The fact that a certain Nb is able to bind and stabilize a challenging 

membrane protein in detergent such as β2AR does not mean though that it can be applied to all 

detergent systems. Such a case was studied by Dolk et. al. were they followed an interesting 

approach to isolate antibody fragments that bound to a cell surface protein of a fungus 

implicated in dandruff. To do so, they observed that phage display of Nbs could be performed 

even in harsh conditions such as the presence of a variety of detergents in shampoo. Subsequent 

analysis of the common characteristics of the Nbs obtained in high micelle conditions revealed 

the preservation of an arginine in position 44 among all the sequences.158 We propose after the 

work carried out with the set of Nbs, either to modify with protein engineering position 44 of 

the sequence with an arginine or to perform a new screening by phage display under DPC 

micelle conditions to obtain stable Nbs to be used for further biophysical studies. Until this is 

reached, the set of Nbs should preferentially be used under physiological or minimal detergent 

conditions. 
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3. SST14 coelutes with βPFOsmall 

SEC is able to separate molecules with different Stokes radius which is correlated to the size 

and shape of a molecule.159 Larger molecules extent from penetrating the pores of the polymer 

matrix and elute earlier than smaller molecules that follow a longer path through the pores 

present inside the column. The good tolerance of SEC columns to detergents has made it a 

valuable technique for the study of membrane proteins. Although the main use of this technique 

is for protein purification, because of the size information provided it has also been used to 

study complex formation or protein-protein interactions.157,160,161 Our previous failure with the 

Nb study did not prevent us from following the same strategy to study the SST14-βPFOsmall 

binding. The small size of SST14 together with the stabilization of the disulfide bond pointed 

towards its potential stability in detergent. Interestingly, work by Holladay and Wilder reported 

the interaction and insertion of SST14 within sodium dodecyl sulfate (SDS) micelles causing 

a conformational change in the peptide.162 This feature made SST14 of special interest to study 

a membrane-associated oligomer as βPFOsmall. 

To serve as controls, we analyzed separately by SEC, SST14 (cyan trace) and βPFOsmall 

(orange trace) that eluted after 13.5 mL and 24.8 mL and were therefore assigned respectively 

(Figure 3.8). We observed a small amount of monomeric Aβ42 eluting after 17.1 mL for the 

injection of βPFOsmall as described for this preparation in the first chapter. After 14.5 mL a wide 

peak eluted for the SST14 control which was attributed to aggregated forms of the peptide as 

reported in the literature.163 Coincubation of βPFOsmall with SST14 (red trace) resulted in an 

increase of 60% of the area of the peak assigned to βPFOsmall. Such a change could only be due 

to an increased formation of the oligomer or the binding of SST14. Because we did not observe 

a decrease in intensity of remnant monomeric Aβ42 we attributed the aforementioned event to 

the binding of SST14 to βPFOsmall. After the coincubation we also noticed the disappearance 

of the wide peak attributed to aggregated SST14 indicating the preference for SST14 to bind 

βPFOsmall over self-aggregation. We concluded from this experiment that as reported for 

soluble oligomers of Aβ42, SST14 did also bind βPFOsmall which opened the door to further 

study the binding with available biophysical techniques. 
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Figure 3.8 SEC elution profile of βPFOsmall (orange), SST14 (cyan) and βPFOsmall coinjected with SST14 (red). 
The peaks have been labelled with the elution volume of the different species (βPFOsmall, monomeric Aβ42 and 

SST14). 

4. SST14 induce specific CSPs in βPFOsmall 

The positive results obtained by SEC not only indicated that there was a binding but also 

that SST14 was stable in 5.5 mM DPC at least for 24 h which enabled us to pursue a titration 

of SST14 into a 15N-βPFOsmall sample and analyse it by solution NMR. Such an experiment 

consists on adding the ligand gradually and monitoring each stage by acquiring 2D spectra and 

following the movement of the peaks.148 The first spectrum was acquired for βPFOsmall alone 

as a control (green trace) which displayed a well-dispersed set of signals as reported for this 

preparation (Figure 3.9A).77 Upon addition of SST14 to the NMR sample, specific changes in 

chemical shifts were observed and after the titration the resulting spectrum (red trace) 

evidenced the differences. Observation of the smooth migration of certain peaks (A42 and G29) 

from the free position in the spectrum to the bound position indicated that the exchange rate of 

the binding was fast (Figure 3.9B).148  
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Figure 3.9 NMR Titration of SST14 into βPFOsmall. A 1H,15N-HMQC spectrum of βPFOsmall alone (green trace) 
and in presence of SST14 at a 1:17 [βPFOsmall]:[SST14] ratio (red trace). B Zoomed picture of the movement of 

A42 and G29 across the spectrum during the titration going from 1:0 (blue and green respectively) to 1:17 
(pink and red respectively) [βPFOsmall]:[SST14] ratio. 

Gradual addition of SST14 induced specific shift changes in residues V12, F20, V24 G29, 

V40 and A42 of chain A and for residues V12, V18, A21, E22, D23, G29, I41 and A42 for 

chain B (Figure 3.10). CSPs were considered significant if the values were greater than the 

standard deviation (h) of the Euclidean chemical shift change represented as a grey dashed line 

(Figure 3.10).148   

 

Figure 3.10 Representation of the shift change of the residues within βPFOsmall by the presence of SST14 after 
the titration. The grey dashed line indicates the threshold dictated by the standard deviation (h). 
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The aforementioned CSPs induced by SST14 in the βPFOsmall structure were represented in 

the 3D model build from the NMR data where the amide protons of the affected residues are 

represented as red spheres (Figure 3.11A). In the same line as the result observed for the Nb 

interaction study, the affected residues showed to be close in space and defined a binding site 

in the tetramer model. These CSPs were used to perform driven docking of SST14 with the 

βPFOsmall 3D model obtained from the NMR data. To do so, we used the high ambiguity driven 

docking approach (HADDOCK)164 which uses biophysical interaction data as CSP data in our 

case. The docking is driven by the affected residues which are introduced as ambiguous 

interaction restraints (AIRs). The series of resulting structures are ranked depending on the 

intermolecular energy which originates from the combination of electrostatic, van der Waals 

and AIR energies.164 The best-ranked structure suggested a specific binding site of SST14 with 

βPFOsmall where the peptide interacted with the edges of the tetramer and interestingly also 

tightly with the alpha helix of chain B (Figure 3.11B). 

 

Figure 3.11 Binding site of SST14 to βPFOsmall. A Representation of the residues affected by shift changes (red 
spheres) in the presence of SST14 within the 3D model of βPFOsmall. The orange and green drawing correspond 
to chain A and B respectively. B Best-ranked structure prosing a binding site of SST14 (cyan) with the tetramer 
structure (orange and green). Residues introduced as AIRs are coloured in red and hydrogen bonds involving 

the binding are represented with a yellow dashed line. 

We observed important differences when comparing our results with the data reported by 

Wang and collaborators on the binding of SST14 to soluble oligomers of Aβ42.132 They 

postulated that SST14 did not bind to Aβ(17-42) which led them to conclude that the N-

terminus was involved in the binding site. Our data on the contrary suggests that mainly 

residues 18-29 are involved in the binding with special emphasis on the ones forming the short 

alpha helix. What could have missleaded their conclusion is the fact that Aβ(17-42) alone might  

not able to form oligomers. Work done by Dr. Ciudad showed that Aβ(17-42) incorporates 

only as chain B whereas Aβ42 incorporates as chain A or B in the βPFOsmall arrangement.112 

Thus, for the formation of βPFOsmall to happen it is required that at least 50% of the peptides 
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contain the N-terminus. Additionally, the authors also emphasized the importance of the 

tryptophan in SST14 for the binding to occur although our top-ranked structure did not involve 

this residue. Even though our work requires further experiments to better understand the 

mechanism of binding and the function of SST14, we can conclude that SST14 specifically 

binds to βPFOsmall. Moreover, due to the implication of SST14 in the disease140,165-167, we think 

this result strengthens the position of βPFOsmall as relevant aggregation form of Aβ and as a 

potential target for ADs. 

Materials and methods 

Reagents 

Detergents were purchased from Cube Biotech. Deuterated detergents were purchased from 

Cambridge Isotope Laboratories. Culture media, antibiotics and vitamins were purchased  from 

Duchefa Biochemie. All other reagents were supplied by Sigma-Aldrich unless otherwise 

stated.  

Nb production 

WK6 cells, kindly provided by Prof. Serge Muyldermans, were plated in a Luria Bertani 

(LB) agar plate supplemented with 1 % glucose. From a single colony, pre-cultures were grown 

on LB broth supplemented with 1 % glucose. Subsequently, 300 mL of LB broth were 

inoculated with 3 mL of pre-cultures and incubated at 37℃ and shaking at 200 rpm until  the 

OD600 reached a value between 0.7 and 0.8. Cultures were cooled down on ice and the rest of 

the procedures were carried out in a cold room at 4℃ . The total volume was split in several 50 

mL falcon tubes and centrifuged at 3,200 rpm for 6 min at 4℃. Supernatant was discarded and 

the cell pellet was resuspended in 50 mL of ice-cooled 0.1 M CaCl2. Resuspended cells were 

kept on ice for 1 h and centrifuged again. Supernatant was discarded one more time and cells 

were resuspended in 50 mL of ice-cooled 0.1 M CaCl2. After 1 h, cells were centrifuged a third 

time and were resuspended in 2-3 mL of ice-cooled 0.1 M CaCl2, 25% Glycerol. Chemically 

Competent Cell (CCC) were aliquoted in pre-cooled sterile Eppendorf tubes and rapidly frozen 

and kept at -80℃	until	use.  

CCC were defrosted gently on ice and 0.4 ng of plasmid coding for the Nanobody were 

added and left for 30 min on ice. Heat-shock was performed by putting the cells in the thermal 

block at 42℃ for 40s and left on ice for 5 min. Next, 450 μL of LB broth were added to the 

cells and incubated at 37℃ for 1 h shaking at 225 rpm. Cells were then centrifuged for 1 min 

at 10,000 g and resuspended in 150 μL of LB broth. The resuspended cells were spread on a 

LB-agar plate containing 1 % glucose and 100 μg/ml of Ampicillin. Plates were incubated 

overnight at 37℃.  
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The expression and purification of the different Nbs were done in batches of 1 L, therefore 

the following protocol takes 1 L culture volume as a reference. From a single colony from the 

agar plate, 10 mL of LB preculture (with 100 μg/mL Ampicillin, 1 mM MgCl2 and 2 % of 

glucose) were prepared. The preculture was incubated for 4 h (until reaching an OD600 = 1.5 - 

2) or O/N at 37℃ and shaking at 225 rpm. Afterwards, it was centrifuged for 1 min at 10,000 

g and the supernatant was discarded. The pellet was resuspended and added to the final 1 L of 

terrific broth (TB) media (supplemented with 100 μg/mL Ampicillin, 1 mM MgCl2 and 0.1 % 

of glucose). The culture was incubated in baffled Erlenmeyers (with a capacity at least 3-fold 

the culture volume) at 37℃ and shaking at 200 rpm for 2-3 h until reaching an OD600 = 1. Then, 

the incubator temperature was lowered down to 28℃ and IPTG was added at a final 1 mM 

concentration. Cultures were left overnight at 28℃ and when OD600 reached a value close to 

20, cells were collected by centrifuging for 10 min at 11,250 g at 4℃. Pellets were stored in 50 

mL falcon tubes and kept frozen at -80℃ until use.  

Nb purification 

Nbs were expressed in the periplasmic space of E. coli. Thus, cells were not lysed, instead 

periplasmic space was extracted by osmotic shock. This method provided a sample of high 

purity while still obtaining good yields. The pellet was completely resuspended with 15 mL of 

cold TES buffer (200 mM Tris, 0.5 mM Ethylenediaminetetraacetic acid (EDTA), 500mM 

sucrose, pH 8). The resuspended cells were shaked vigorously for one hour at 4℃. Next, 30 

mL of cold TES/4 solution (4-fold diluted TES) were added to the cells. The cells remained 

shaking vigorously for at least 45 min at 4℃ and afterwards centrifuged for 30 min at 11,250 

g. The supernatant was transferred to another tube and MgCl2 was added to a final 

concentration of 1 mM to chelate the EDTA present in the solution (to avoid EDTA from 

chelating with Nickel and stripping it from the IMAC column) and finally filtered. The 

Nanobody obtained from the periplasmic space was purified by IMAC with a 1 ml HisTrap HP 

column (GE Healthcare). The column was equilibration and the sample injection used the 

washing buffer (10mM Imidazole, 50mM Sodium Phosphate, 300mM NaCl, pH 7.4). Finally, 

sample was eluted using the elution buffer (300mM Imidazole, 50mM Sodium Phosphate, 

300mM NaCl, pH 7.4). The collected Nb was purified and buffer exchanged to PBS with a 

SEC using a HiLoad Superdex75 16/600. Finally, the Nb was concentrated using Vivaspin 

centrifugal concentrators and quantified by Abs280 taking into account the extinction coefficient 

of each Nb.  

ELISA 

βPFOsmall and βPFOlarge were prepared as described in the materials and methods section of 

chapter 1. For the coating step, both βPFO preparations were diluted down to 443 nM Aβ42 (2 

μg/ml) in coating buffer (100 mM Na2CO3 at pH 9.6) supplemented with DPC (1.5 mM final 
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concentration). Regarding the monomer, Aβ42 was disaggregated with 6,8 M GdnSCN by 

sonication and subsequent purification by SEC at 4℃ using 50 mM (NH4)2CO3 as the elution 

buffer. The collected monomer was quantified, aliquoted and frozen ready to be used. 

Regarding Aβ42 fibrils, Aβ42 monomer was resuspended in 10 mM Tris·HCl at pH 7.4 to 

reach a final concentration of 30 μM Aβ42 and was left at 37℃ for 3 days. Both, Aβ42 

monomer and Aβ42 fibrils were diluted in coating buffer to reach a concentration of 443 nM 

Aβ42. Next, 100 μL of each preparation were added in each well, including the blanks and left 

incubating for 5 h or O/N at 4℃. In the following steps, it is to be noted that when working 

with βPFO all the buffers used contained 1.5 mM DPC to preserve βPFO stability. Instead, for 

the Aβ42 monomer and Aβ42 fibrils coated plates, no DPC-containing buffers were used. After 

coating the wells, they were washed three times. For every wash, 150 μL of washing buffer 

(150 mM NaCl, 10 mM Tris·HCl pH 7.4) were added and left agitating for 5 min. Washing 

solution was discarded every time by turning upside down the plate. Finally, the wells were 

blocked to avoid non-specific binding of Nanobodies onto it. To this end, 100 μL of 5 mg/ml 

BSA in washing buffer was incubated for 1-2 h at room temperature under agitation. 

Afterwards, wells were washed three times again as described.  

When working with phycoerythrin (PE) conjugated antibodies, 100 μL of each antibody 

were incubated for 1 h at room temperature under agitation. When working with pure Nbs, they 

were diluted in washing buffer down to 6,56 μM for monomer and fibril recognition and down 

to 243 μM for βPFO recognition. From the maximal concentration 3-fold dilutions were done 

6 times. Then, 100 μL were added into every well except for the blanks where just washing 

buffer was added. Nanobodies were incubated for 1 hour at room temperature under agitation. 

Finally, in both cases, plates were washed three times.  

Secondary antibody was diluted (1:200 for both, ECL Mouse IgG HRP-linked whole Ab 

from sheep, or anti-mouse IgG alkaline phosphatase (AP) conjugated). Subsequently, 100 μL 

were added in every well, and left incubate for 1 h at room temperature under agitation. Wells 

were washed six times.  

When an AP conjugated secondary antibody was used, 100 μL of 4- Nitrophenyl phosphate 

disodium salt hexahydrate at 2 mg/ml were added into the wells. The plate was left to evolve 

in the dark and analyzed every 10 min in a plate reader at 405 nm until signal saturation for 1 

h. When an HRP conjugated secondary antibody was used, 100 μL of “1-StepTM Ultra TMB-

ELISA Substrate Solution” from Thermo Fisher were added into the wells and left incubating 

until signal visually appeared. When most intense signals were near to saturation we added 100 

μL of 2 M H2SO4 in every well to stop the reaction. The plate was read in a plate reader at 450 

nm.  
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After βPFO, Aβ42 monomers and Aβ42 fibrils were coated in the wells, all the Nanobodies 

were added in 3-fold sequential dilutions from 6.561 μM to 9 nM in the case of Aβ42 

monomers and Aβ42 fibrils coated wells, and from 243 nM to 0.33 nM in the case of the βPFO 

coated ones. Every Nanobody against each Aβ42 specie was analysed by triplicate. Once 

revealed, the signal intensity was corrected subtracting the blank and the concentrations 

transformed into a logarithmic scale. The signal intensity was analysed using GraphPad Prism 

7. Signal was fitted with “log(agonist) vs. response with variable slope” equation with bottom 

constrained to 0 and automatic outlier elimination active.  

Solution NMR 

1H NMR spectra were acquired for Nb 2 and 10 dissolved in 10 mM Tris·HCl for the control 

samples and in 5.5 mM DPC, 75 mM NaCl, 10 mM Tris for the detergent-stability samples. In 

all the cases the final concentration of Nb was 150 μM. All measurements were carried out at 

37ºC on a Bruker 600 MHz equipped with a cryoprobe. 

1H-15N SOFAST-HMQC spectra were acquired in both the Nb 10 and SST14 interaction 

using pulse sequences in which evolution of water magnetization was carefully controlled so 

the intensity of the amide protons is affected only by their intrinsic relaxation times and not by 

the slowly relaxing water protons.  

Regarding the Nb 10 interaction study, 1H,15N βPFOsmall was prepared in d38-DPC micelles 

(400 μM Aβ42 and 12.3 mM d38-DPC) in 90% H2O/10% D2O, 75 mM NaCl, 10 mM d12-

Tris·DCl. Nb 10 was added after the control spectrum acquisition to a final concentration of 

200 μM. All measurements were carried out at 37 ºC on a 800 MHz equipped with a cryoprobe.  

As for the SST14 interaction study, 1H,15N βPFOsmall was prepared in d38-DPC micelles (230 

μM Aβ42 and 7.71 mM d38-DPC) in 90% H2O/10% D2O, 10 mM d12-Tris·DCl. SST14 was 

titrated gradually using a 10 mM solution in the exact same buffer as used to prepare the 

oligomer. Concentration of SST14 at every point of the titration is detailed in table 3.2. All 

measurements were carried out at 37 ºC on a 800 MHz equipped with a cryoprobe. 
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[SST14] [SST14]:[βPFOsmall] 

control 0 0:1 

T1 50 1:1 

T2 99 2:1 

T3 196 3:1 

T3 291 5:1 

T5 385 7:1 

T6 566 10:1 

T7 741 14:1 

T8 909 17:1 

Table 3.2 Titration points of the SST14 interaction study with βPFOsmall. For each experiment the concentration 
of SST14 is detailed and the corresponding rounded [SST14]:[βPFOsmall] ratio. 

Size Exclusion Chromatography 

In section 3 of this chapter βPFOsmall was filtered with a 0.45 μm spin filter (Millipore) and  

injected to a single Superdex 200 increase 10/300 (GE Healthcare) equilibrated with 0.36 mM 

DDM, 10 mM Tris·HCl, 100 mM NaCl at pH 9. Samples eluted at 4ºC at a flow rate of 0.5 

mL/min and were monitored at 220 and 280 nm. The system used was an ÄKTA Pure (GE 

Healthcare). For the controls βPFOsmall sample was prepared at 150 μM Aβ42 and SST14 was 

respunded to a final concentration of 150 μM. Coinjection was done at a 1:1 ratio 

([SST14]:[βPFOsmall]) using the same concentration as for the control samples. 

Docking 

Somatostatin docking was carried out using the Haddock webserver (available 

at: https://milou.science.uu.nl/services/HADDOCK2.2/haddockserver-easy.html), using the 

"easy" interface. To conform with the input requirements, the PDB-file of the Aβ42 tetramer 

3D structure was used; no perturbations to the actual structure were made. The structure of 

SST14 was taken from the Protein Data Bank (model 10, code: 2MI1). All βPFO:SST14 NMR 

CSPs were considered as important residues during the docking calculation. However, due to 

the symmetry of the BPFO model and the binary nature of the docking calculation, overall, 

only half of the CSPs were used - those pertaining to one half of the βPFO oligomer, to best 

localise SST14 to the edge of the sheet. With 8 sequentially numbered βPFO chains, the 

included CSPs corresponded to residues: 12, 14, 40, 42, 54, 60, 63, 64, 65, 71, 124, 125, 126, 

146, 149, 150, 155, 156. All 14 residues of somatostatin were considered as interaction sites. 
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Conclusions on the first objective, which was to prepare distinct βPFO samples with different 

properties: 

1. We assessed that 5.5 mM DPC is the optimal detergent concentration for the 

preparation of βPFO samples and that these are stable upon dilution with a 1.5 mM 

DPC solution. 

2. We found that increasing the [Aβ42]:[DPCm] ratio from 2:1 to 6:1 led to the formation 

of larger βPFO oligomers, thus referring to the βPFO preparation formed at 2:1 ratio as 

βPFOsmall and that prepared at 6:1 ratio as βPFOlarge. 

3. Solution NMR experiments indicated that βPFOsmall and βPFOlarge share similar 

structural features due to their transient same fingerprint and the two defined 

environments for Met-35 side-chain. 

4. Interconversion between βPFOsmall and βPFOlarge suggests a plausible mechanism of 

evolution in size that is correlated by an increase in the Aβ concentration.  

5. The equal accessibility of the Aβ42 N-terminus to proteases indicates a similar topology 

for βPFOsmall and βPFOlarge. 

6. Electrical recordings in planar lipid bilayers showed that βPFOlarge formed well-defined 

type of pore with less current fluctuations than the ones formed by βPFOsmall. 

Conclusions on the second objective, which was to characterize the stoichiometry and structure 

of βPFO samples by native MS, IMS and cross-linking MS: 

7. The selected MS-compatible detergents preserved the oligomerization state of 

βPFOsmall and C8E5 allowed the optimal transmission of oligomer ions in the gas phase. 

8. Stoichiometry determination showed that βPFOsmall is mainly enriched in tetramers and 

βPFOlarge is mainly enriched in octamers. Moreover, this result points at tetramers as 

the building block for βPFO formation. 

9. Tetramers and octamers showed high kinetic stability to gas phase activation. More 

concretely, results indicated that the tetramer broke through a process of asymmetric 

dissociation into trimers and highly-charged monomers. 

10. Both glutaraldehyde and DMTMM were able to cross-link a samples. 

11.  Zero-length cross-linking with subsequent analysis by either SDS-PAGE or high-mass 

MALDI-MS indicated as native MS, that βPFOsmall is mainly enriched in tetramers and 

βPFOlarge is mainly enriched in octamers. 
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12. Proteomic analysis of the zero-length cross-linked peptides indicated that the 

stabilization is achieved through the flexible ends of βPFO. 

13. Modelling of the Aβ42 tetramer structure guided by collision cross-sections derived 

from IMS indicated the collapse of the flexible ends into the hydrophobic core of the 

β-sheet. As for the octamer, results suggested the collapse of two tetramers with the 

flexible ends collapsed into the β-sheets. 

Conclusions on the third objective, which was to screen for potential binders to validate 

βPFO samples as potential targets for Alzheimer’s disease: 

14. The set of Nanobodies generated against βPFOsmall equally recognized βPFOlarge 

reinforcing the hypothesis of the tetramer as the building block for the βPFO system. 

Nb 10 induced slight chemical shift perturbations on the residues located on the edges 

of the hydrophobic core of the tetramer suggesting this area as the binding site. 

15. NMR titration of somatostatin (SST14) combined with guided docking indicated the 

interaction of SST14 with the edges of the hydrophobic core of the tetramer together 

with the alpha helix of chain B. Consequently, due to the implication of SST14 in 

Alzheimer’s disease,140,165-167 we think this result strengthens the position of βPFO as a 

relevant aggregation form of Aβ and as a potential target for AD. 
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