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Abstract 

Many neurodegenerative diseases, such as Alzheimer’s and Parkinson’s diseases, are 

associated with the self-assembly of peptides and proteins into fibrillar aggregates. 

Soluble misfolded oligomers formed during the aggregation process, or released by 

mature fibrils, play a relevant role in neurodegenerative processes through their 

interactions with neuronal membranes. Natural aminosterols are considered 

promising drug candidates against neurodegeneration, and one relevant protective 

mechanism occurs via their binding to biological membranes and inhibiting the 

binding of amyloidogenic proteins and their cytotoxic oligomers. Another natural 

compound with a potential therapeutic effect is the plant alkaloid berberine, which 

has been reported to possess antioxidant and anti-inflammatory activities and to 

protect neuronal cells from death induced by oxidative stress, but its mechanism of 

action is not yet clear, and there is no evidence whether it exerts its protective effects 

through the interaction with biological membranes.  

In the first part of this thesis, we obtained a quantitative measurement of the 

affinity of a pair of toxic/nontoxic oligomers of the model protein HypF-N for the lipid 

membranes of liposomes in the form of large unilamellar vesicles (LUVs) by using 

fluorescence quenching experiments with probes embedded in the polar and apolar 

regions of the LUV bilayer and toxic/nontoxic oligomers, and another oligomer-

membrane binding assay using fluorescently labelled oligomers and unlabeled LUVs. 

With both approaches, we found that toxic oligomers have a membrane affinity 20-

25 times higher than nontoxic oligomers. Circular dichroism spectroscopy, intrinsic 

fluorescence measurements and fluorescence resonance energy transfer (FRET) 

indicated that neither oligomer type changes its structure upon membrane 

interaction. LUVs enriched with trodusquemine had a significantly decreased affinity 

for these toxic species. The affinity of the oligomers for the lipid membranes 

increased and slightly decreased with GM1 ganglioside and cholesterol content, 

respectively, indicating that physico-chemical properties of lipid membranes 

modulate their affinity for misfolded oligomers.  

In the second part of this thesis, we compared three natural chemically different 

aminosterols, namely squalamine, trodusquemine and the newly discovered 
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aminosterol ENT-03. Using unlabelled LUVs and fluorescently labelled aminosterols 

and an aminosterol-membrane binding assay we quantified the different binding 

affinities of the three aminosterols for the membrane. Moreover, the three 

aminosterols caused different (i) LUV charge neutralization, as observed with ζ 

potential measurements; (ii) LUV bilayer mechanical reinforcement, as observed with 

breakthrough force measurements on supported lipid bilayers (SLBs) with atomic 

force microscopy (AFM); and (iii) redistributions of key lipids within membranes of 

LUVs, as inspected with lipid-lipid FRET. Following a dose-dependent quantification of 

their different abilities in protecting cultured cells against Ca2+ influx induced by 

amyloid-β oligomers, a global fitting analysis led to an analytical equation describing 

quantitatively the protective effects of aminosterols as a function of their 

concentration and relevant membrane perturbations, and furthermore correlated 

aminosterol-mediated protection with well-defined chemical moieties, linking 

quantitatively their chemistry to their protective effects on biological membranes.  

In the third part of this thesis, we focused on the plant alkaloid berberine, and 

we demonstrated its ability to interact with the membrane of LUVs, with a slightly 

higher affinity for the hydrophobic core of the lipid bilayer, as investigated using 

berberine-induced fluorescence quenching of LUVs containing fluorescent probes, 

light scattering and equilibrium dialysis experiments with unlabeleld LUVs and 

berberine. Concentration- and temperature-dependent fluorescence anisotropy 

measurements indicated that the interaction between berberine and LUVs induced 

an overall stiffening of the membrane. Moreover, berberine decreased the affinity of 

toxic oligomers for the membrane, as observed with fluorescence quenching 

experiments with fluorescent probes embedded in LUVs bilayer and toxic oligomers. 

An ANS binding assay and circular dichroism spectroscopy in the absence of LUVs 

highlighted the ability of this alkaloid to shield the exposure of hydrophobic clusters 

to the solvent of toxic oligomers, without significantly altering their secondary 

structure, suggesting an additional therapeutic potential of this molecule against 

misfolded oligomers based on its direct effect on oligomers, in addition to its 

protective binding to the membranes.  
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Abbreviations 

AD, Alzheimer’s disease; Aβ, amyloid-β; ADDLs, Aβ42-derived diffusible ligands; AFM, 
atomic force microscopy; APoE, apolipoprotein E; APP, amyloid precursor protein; A594, 
Alexa Fluor® 594 NHS Ester; AM-A594, Alexa Fluor® 594-labelled aminosterol; AM-
BODIPY, BODIPY™ TMR-X-labelled aminosterol; BACE, β-APP cleaving enzyme; Brb, 
berberine; BODIPY, BODIPY™ TMR-X NHS Ester; BTF, breakthrough force; CD, circular 
dichroism; COC, cyclic olefin copolymer; CSF, cerebrospinal fluid; CHOL, cholesterol; 
DMEM, Dulbecco’s Modified Eagle’s Medium; DMF, dimethylformamide; DMPS , 1,2-
dimyristoyl-sn-glycero-3-phospho-L-serine; DMSO, dimethyl sulfoxide; DOPC, 1,2-
dioleoyl-sn-glycero-3-phosphocoline; DPH, 1,6-Diphenyl-1,3,5-hexatriene; DTT, 
dithiothreitol; EMA , European Medicines Agency; ENS, enteric nervous system; FBS, 
fetal bovine serum; FDA, Food and Drug Administration; FDG, [18F] fluorodeoxyglucose; 
FRET, fluorescence resonance energy transfer; FWHM, full width at half maximum; GBA 
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(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid; HO-1, heme oxygenase-1; IPTG, 
isopropyl β-D-thiogalactopyranoside; kcps, kilocounts per second; LUVs, large 
unilamellar vesicles; MD, molecular dynamics; MLVs, multilamellar vesicles; MVVs , 
multivesicular vesicles; MWCO, molecular weight cut-off; NAC, non-amyloid component; 
NIA-AA, National Institute on Aging and Alzheimer’s Association; NMDA , N-methyl-D-
aspartate; OAs, type A HypF-N oligomers; OBs, type B HypF-N oligomers; PBS, 
phosphate-buffered saline; PD, Parkinson’s disease; PTP1B, protein tyrosine 
phosphatase 1B; PSEN1, presenilin 1; PSEN2, presenilin 2; QCM, quartz crystal 
microbalance; ROS, reactive oxygen species; SLBs, supported lipid bilayers; SM, 
sphingomyelin; SNARE, soluble N-ethylmaleimide-sensitive factor activating protein 
receptor; SQ, squalamine; SUVs, small unilamellar vesicles; TCEP, tris(2-
carboxyethyl)phosphine hydrochloride; TFE, trifluoroethanol; TFA, trifluoroacetic acid; 
Tm, transition temperature; TMA-DPH, 1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-
hexatriene p-toluenesulfonate; TRO, trodusquemine; ULVs , unilamellar vesicles; αS, α-
synuclein; 123ImIBG, iodine-123-meta-iodobenzylguanidine; 1,5-IAEDANS, 5-((((2-
iodoacetyl)amino)ethyl)amino)naphthalene-1-sulfonic acid; 6-IAF, 6-
iodoacetamidofluorescein; 6-OHDA, 6-hydroxydopamine. 
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1. Introduction 

1.1 Alzheimer’s disease (AD) 

1.1.1 Pathophysiological basis of AD 

In 1906, Alois Alzheimer, a clinical psychiatrist and neuroanatomist, first described “a 

peculiar severe disease process of the cerebral cortex” affecting a patient who suffered 

from memory loss, disorientation, hallucinations, aggression and confusion (Hippius 

2003; Cipriani et al 2011). In 1910, Emil Kraepelin, a German psychiatrist, named the 

condition with the eponym of ‘‘Alzheimer’s disease’’ (AD) (Cipriani et al 2011) that is, 

now, the world’s main cause of dementia, accounting for 60-80% of dementia cases and 

an estimated 55 million patients worldwide (statistical data from: www.alz.org).  

Initially, the diagnosis of AD was restricted to the stage of dementia, a clinical 

syndrome characterised by substantial progressive cognitive impairment affecting 

several domains, or neurobehavioral symptoms of enough severity to cause evident 

functional impact on daily life (Dubois et al. 2007; Scheltens et al. 2021). In 2011, some 

important biomarkers were integrated into the diagnostic formulations for probable and 

possible AD-associated dementia for use in research settings, in order to enhance the 

pathophysiological specificity of the diagnosis of AD dementia (McKhann et al., 2011; 

Albert et al., 2011). Based on these important integrations, it was possible to define 

different clinical phases or stages of AD: (i) pre-symptomatic AD, which can last for years, 

characterized by mild or even undetectable memory loss, but significant pathological 

changes in cortex and hippocampus, until the overproduction and accumulation of Aβ in 

the brain reaches a critical level that triggers the amyloid cascade; (ii) mild or early stage 
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of AD, in which cognitive impairment becomes apparent, although mild, and early-stage 

pathology is present, ranging from mild neuronal dystrophy to early-stage Braak 

pathology; (iii) moderate AD stage, in which the disease spreads to cerebral cortex areas 

that results in an increased memory loss; (iv) clinically defined AD dementia, in which 

there is severe accumulation of neuritic plaques and neurofibrillary tangles in the entire 

cortex area (De-Paula et al. 2012; Dubois et al., 2016; Breijyeh & Karaman 2020). 

Since biomarkers have become increasingly important to understanding the 

biology of AD and provide measures of relevant pathophysiology in living persons, the 

National Institute on Aging and Alzheimer’s Association (NIA-AA) recently proposed a 

research framework based on the definition of AD that can be documented by 

postmortem examination or in living patients by biomarkers, following the “AT(N)” 

system (Jack et al. 2016; Jack et al. 2018). In particular, the major biomarkers of AD can 

be divided into 3 binary categories based on the nature of the underlying 

pathophysiology that each of them measures (Jack et al. 2016; Jack et al. 2018): (i) β 

amyloid deposition (A): high amyloid-specific ligand retention on PET in specific areas of 

the brain or low Aβ42 in cerebrospinal fluid (CSF) (Klunk et al. 2004; Fagan et al. 2007; 

Mattsson et al. 2009; Visser et al. 2009); (ii) tau pathology (neurofibrillary tangles) (T): 

elevated CSF phosphorylated tau (p-tau) and tangle-specific ligand retention on PET 

(Buerger et al. 2006; Mattson et al. 2009); (iii) AD-like neurodegeneration or neuronal 

injury (N): CSF total tau (t-tau), [18F] fluorodeoxyglucose (FDG) hypometabolism on PET, 

and atrophy on structural MRI in regions characteristic of AD (Besson et al. 2015). 

From a pathological point of view, AD is characterized by the presence of neuritic 

plaques and neurofibrillary tangles, typically accumulating in the entorhinal cortex in the 

hippocampus and then spreading to cortical regions of the brain, that are related to the 
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deposition and accumulation of the amyloid-β peptide (Aβ) in the extracellular space 

and to cytoskeletal changes that arise from the hyperphosphorylation of microtubule-

associated tau protein in neurons, causing its deposition in neuronal cells, respectively 

(Fig. 1.1) (Serpell 2000; Selkoe 1991; De-Paula et al 2012; Loof & Schoofs, 2019).  

 

Figure 1.1. Hallmarks of AD. (A,B) Representation of healthy brain tissue (A) compared to 
pathological AD (B) with the presence of characteristic neuritic plaques and neurofibrillary 
tangles. (C) Brain slices showing the massive apoptosis occurring in later stages of the 
development of AD in the human brain. (D) Aβ plaque within the cortex visualised via anti-
amyloid antibodies and immunohistochemistry. (E) Antibodies against tau showing paired helical 
filaments-containing neurites. Figure adapted from Loof & Schoofs, 2019; Wikimedia Commons. 

According to the amyloid hypothesis, these alterations lead to the onset of the 

typical symptoms of AD, represented by the progressive impairment of cognitive 
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function and often behavioural disorders such as aggression, depression, and wandering 

(Francis et al., 1999; Atri, 2019; Jack et al., 2019). The underlying cause of pathological 

changes in AD is not clear and there is still debate on a unique theory for explaining its 

pathogenesis, with one dominant hypothesis of AD pathogenesis emerging, that is the 

amyloid hypothesis, which suggests that alterations in Aβ protein production and 

processing are the main initiating factors of AD (Hardy & Selkoe, 2002; Anand & Singh, 

2013; Armstrong, 2019; Breijyeh & Karaman, 2020; Karran & De Strooper, 2022). 

The first evidence that led to the articulation of the amyloid hypothesis of AD was 

the discovery of an autosomal dominant form of AD, caused by a missense mutation in 

the gene coding for amyloid precursor protein (APP) (Goate et al., 1991), the holoprotein 

from which the Aβ-peptide is excised via sequential scission by the β-APP cleaving 

enzyme (BACE) (Hussain et al., 1999; Sinha et al., 1999) and γ-secretase (De Strooper et 

al., 1998; Karran et al., 2011). After a few years, this hypothesis was further supported 

after the identification of other mutations causing autosomal dominant forms of AD in 

the gene coding for APP (Goate et al., 1991), but also in genes coding for presenilin 1 

(PSEN1) (Sherrington et al., 1995) and presenilin 2 (PSEN2) (Rogaev et al., 1995), which 

are both homologous proteins that can form the catalytic active site of γ-secretase 

(Karran et al., 2011; Karran & De Strooper, 2022). Moreover, it was observed that trisomy 

of chromosome 21 (Downs syndrome) leads inevitably to the histopathological changes 

typical of AD (Olson & Shaw, 1969), and the gene encoding APP is located in this 

chromosome (Kang et al., 1987; Tanzi et al., 1987; Robakis et al., 1987), reinforcing this 

proposal of AD pathogenesis. A further strengthening element of the amyloid hypothesis 

is the observation that anti-Aβ antibodies, which will be widely discussed in section 

1.1.5, represent the only disease-modifying drugs capable to mediate the removal of 
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amyloid plaques from brains of patients with AD and consequent amelioration of 

cognitive decline (Karran & De Strooper, 2022; Budd Haeberlein et al., 2022; Sims et al., 

2023; van Dyck et al., 2023). 

On the other hand, considering neurofibrillary tangles formed by the protein tau, 

which represent the second hallmark of AD, an alternative hypothesis was proposed, 

specifically the tau hypothesis, that postulates that tau phosphorylation and aggregation 

represent the main cause of neurodegeneration in AD (Brier et al., 2016; Kametani & 

Hasegawa, 2018; Agarwal et al., 2020). This hypothesis was named the tau hypothesis 

(Frost et al., 2009). The role of the protein tau in AD will be widely discussed in section 

1.1.3. 

Another hypothesis for the pathogenesis of AD is the cholinergic hypothesis, which 

is the oldest known hypothesis of AD and proposes that degeneration of cholinergic 

neurons in the basal forebrain and the associated loss of cholinergic neurotransmission 

represent a critical pathological change that contributes significantly to the deterioration 

in cognitive function observed in AD patients (Bartus et al., 1982; Francis et al., 1999; 

Terry & Buccafusco, 2003). A loss of cholinergic innervation in the cerebral cortex of 

patients with AD is an early pathogenic event that correlated with cognitive impairment 

and led to the development of cholinesterase inhibitor therapies, which are one of the 

few drugs actually used in the treatment of AD, even if they only provide a symptomatic 

relief (Hampel et al., 2018; Cummings et al., 2019; Passeri et al., 2022).  

The oxidative stress hypothesis for the pathogenesis of AD is based on the 

particular vulnerability of the brain to oxidative stress, since the brain utilizes more 

oxygen than other tissues and undergoes mitochondrial respiration, which increases the 

potential for reactive oxygen species (ROS) formation and reduces levels of antioxidants 
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(Evans, 1993; Markesbery, 1997; Padurariu et al., 2013). Moreover, it is known that Aβ 

can induce oxidative stress, and AD is typically highly associated with cellular oxidative 

stress, including augmentation of protein oxidation, protein nitration, glycoloxidation 

and lipid peroxidation (Butterfield et al., 2002; Cheignon et al., 2018; Du et al., 2018). 

This evidence led to the postulation of the oxidative stress hypothesis for the 

pathogenesis of AD (Padarariu et al., 2013; Du et al., 2018). 

Inflammation, and particularly neuroinflammation, is another typical hallmark of 

AD and other neurodegenerative diseases, including PD, and it is attributed to activated 

microglia cells and release of numerous cytokines surrounding amyloid plaques (Kinney 

et al., 2018; Du et al., 2018). Neuroinflammation is therefore considered an early, 

fundamental player in the progression of AD and led to the inflammation hypothesis 

(Kinney et al., 2018). However, non-steroid anti-inflammatory drugs did not show 

convincing evidence of benefits, suggesting that the relationship between inflammatory 

and AD pathogenesis is very complex, probably involving many players (Miguel-Álvarez 

et al., 2015; Kinney et al., 2018; Du et al., 2018). 

1.1.2 Amyloid-β (Aβ) peptide and AD pathogenesis 

Aβ-peptide originates from the single transmembrane receptor-like protein APP, that is 

enriched in neuronal synapses and that seems to be involved in synaptogenesis and 

synaptic plasticity (Gralle et al., 2007; Haas & Selkoe, 2007; Knopman et al., 2021). The 

partially intramembrane Aβ region can be liberated as a free peptide from its precursor 

following the sequential cleavage of APP by β-secretases and γ-secretases, and the 

precise site of the γ-cleavage produces several Aβ species, including the most abundant 

40 amino-acid species (Aβ40) and a number of minor species, including Aβ42, which are 
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more hydrophobic and prone to aggregate in a concentration dependent manner, and 

are the principal species deposited in the brain (Fig. 1.2) (Steiner & Haass, 2000; 

Holtzman et al., 2011; Thinakaran & Koo, 2008; Murphy & Levine, 2010; Knopman et al., 

2021).  

 

Figure 1.2. Scheme of Aβ formation from APP, aggregation and deposition in amyloid 
plaques. Figure adapted from Jokar et al., 2020. 

In fact, Aβ is produced and secreted physiologically in all cells but is present at the 

highest concentrations in the central nervous system, and its levels seem to be directly 

influenced by synaptic activity (Seubert et al., 1992; Shoji et al., 1992; Cirrito et al., 2005; 

Knopman et al., 2021). The increase in Aβ42 peptide concentration, either due to an 

increased production or decreased clearance, or an increase in the ratio of Aβ42 to Aβ40, 

induces Aβ assembly into insoluble β-sheet fibrillar aggregates that deposit 

extracellularly in the brain parenchyma and cerebral vasculature, causing the damage of 

synaptic structure and function, and neuronal atrophy in the hippocampus area and then 

spreading to cortical regions, resulting in the cognitive impairment and dementia typical 

of AD (Fig. 1.2) (Selkoe, 1991; Hardy & Higgins, 1992; Hardy & Selkoe, 2002; Lu et al., 
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2013; Ricciarelli & Fedele, 2017; Paroni et al., 2019; Breijyeh & Karaman, 2020; Shi et al., 

2022; Jokar et al., 2020).  

There are two forms of AD: the genetic form of AD, which can be caused by 

mutations in APP, PSEN1 or PSEN2 genes, occurs before the age of 65 and represents less 

than 1% of cases; and the sporadic form, that accounts for most of the patients affected 

by this disease (Passeri et al., 2022). In the context of late-onset sporadic AD, many 

putative susceptibility genes have been reported, but the ε4 isoform of the lipid-carrier 

protein apolipoprotein E (APoE) remains the strongest confirmed genetic risk factor 

(Corder et al., 1993; Strittmatter et al., 1993; Kim et al., 2009; Serrano-Pozo et al., 2021). 

The APOE gene encodes the ApoE protein, which is produced in the brain predominantly 

by astrocytes and activated microglia, and in humans exist in three common isoforms, 

ApoE ε2, ApoE ε3 and ApoE ε4 (Kim et al., 2009; Knopman et al., 2021). The three 

different ApoE isoforms are known to modulate Aβ metabolism to varying extents, with 

ApoE ε4 having the strongest effect on the slowing of clearance, therefore individuals 

carrying ApoE ε4 isoform show an early Aβ accumulation in a dose-dependent manner 

before the onset of clinical symptoms (Kim et al., 2009; Reiman et al., 2009; Knopman et 

al., 2021). However, the details of this process as well as the role ApoE plays in non-Aβ 

mediated mechanisms in AD pathogenesis remain to be fully clarified (Small & Duff, 

2008; van der Kant et al., 2020). At present, ca. 75 risk loci were identified as genetic risk 

factors thanks to genome-wide association studies (GWASs), involving mainly 

amyloid/tau pathways and highlighting microglia implication in the pathophysiological 

process (Bellenguez et al., 2022). 

Regardless of the cause of Aβ accumulation, it was interestingly found that protein 

deposition could precede cognitive decline, leading to a pre-symptomatic stage with 
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neuropathologic changes and positive biomarkers of AD pathology that could last many 

years before the appearance of any symptoms (Sengupta et al., 2016; Buccellato et al., 

2023). Moreover, a lack of correlation was observed between the severity of the disease 

and the plaque burden, with neuronal death occurring in brain regions devoid of plaques 

and Aβ plaques found in cognitively normal individuals (Sloane et al., 1997; Erten-Lyons 

et al., 2009). This suggests that large insoluble Aβ aggregates are not the main 

responsible factor of AD neurodegeneration (Erten-Lyons et al., 2009; Sengupta et al., 

2016). On the other hand, small soluble Aβ oligomers have been shown to produce 

cognitive deficits in the absence of plaques and more effectively than Aβ fibrils, and 

individuals with clinical AD symptoms could show no pathological changes in their brains 

(Gandy et al., 2010; Petersen et al., 2013). Moreover, a correlation was found between 

disease severity and total Aβ (McLean et al., 1999; Shankar et al., 2008). These findings 

therefore suggest that larger aggregates are not directly responsible for 

neurodegeneration but rather small soluble Aβ oligomers represent the highest toxic 

and disease-relevant species of Aβ and appear before the first neuropathological signs 

of AD (De Felice et al., 2007; Chiti & Dobson, 2017; Wang et al., 2016; Fani & Chiti, 2022). 

1.1.3 Tau and AD pathogenesis 

Neurofibrillary tangles in cell bodies and dendrites composed of hyperphosphorylated 

tau protein are the second neuropathological hallmark of AD in addition to extracellular 

Aβ plaques (Eftekharzadeh et al., 2018; Tiwari et al., 2019; Knopman et al., 2021). 

Neurofibrillary tangles of hyperphosphorylated tau are associated not only with AD but 

with a group of neurodegenerative disorders called tauopathies (Sarkar, 2018). The tau 

protein is a microtubule-associated protein that co-assembles with tubulin to form 
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mature and stable microtubules (Claeysen et al., 2012; Tiwari et al., 2019). It is normally 

present in the cytoplasm of axons, in both presynaptic and postsynaptic compartments 

and associated with the nuclear membrane (Pooler et al., 2014; Gallardo et al., 2019). 

Tau is regulated during both normal homeostasis and in stress-induced responses 

by several post-translational modifications, including phosphorylation (Medeiros et al., 

2011), but in AD and other tauopathies, the phosphorylation level of tau is significantly 

higher. The consequence of this increased phosphorylation is not completely 

comprehended but it results in lowering tau's affinity for the microtubules as well as 

increasing its resistance to degradation by the ubiquitin-proteosome pathway 

(Mandelkow et al., 1995; Iqbal et al., 2009), and eventually leads to fibrillization and 

aggregation into pairs of helical filaments to form the neurofibrillary tangles typical of 

AD and other tauopathies (Grundke-Iqbal et al., 1986; Sengupta et al., 1998; Wells et al., 

2021).  

It is becoming increasingly clear how soluble forms of Aβ and tau cooperate 

leading healthy neurons to death, independently of their accumulation into plaques and 

tangles (Ittner et al., 2010; Shipton et al., 2011; Jackson et al., 2016). This could explain 

why the pharmacological removal of Aβ or tau alone have not shown a complete 

resetting of the rate of AD progression once symptoms of AD are present (Picket et al., 

2019; Busche & Hyman, 2020; Budd Haeberlein et al., 2022; Sims et al., 2023; van Dyck 

et al., 2023). Soluble Aβ species seem to act upstream of tau in AD pathogenesis, as 

suggested by studies that blocked Aβ production in cultures and resulted in prevented 

formation of tau pathology (Israel et al., 2012; Lee et al., 2016). Moreover, synaptic 

disfunction and neurotoxicity induced by Aβ has been shown to essentially require the 

presence of soluble cytoplasmic tau (Takashima et al., 1993) and Aβ fibrils can 
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significantly accelerate the formation of neurofibrillary tangles in mouse models (Götz 

et al., 2001). These pieces of evidence, taken together, suggest that Aβ could initiate a 

pathological feedback loop with tau and that these two proteins then work with a 

synergistical relation (Picket et al., 2019; Busche & Hyman, 2020). 

1.1.4 Pharmacological approaches for AD 

Up to the present, only four drugs have been approved by both the Food and Drugs 

Agency (FDA) and the European Medicines Agency (EMA) for treatment in AD and only 

provide modest improvement in cognitive impairment, without significantly altering the 

outcome of the disease, therefore representing symptomatic drugs (Tayeb et al., 2012; 

Shi et al., 2022). Three of these are acetylcholinesterase inhibitors, named donepezil, 

galantamine, and rivastigmine, and one is a N-methyl-D-aspartate (NMDA) receptor 

antagonist, named memantine (Cummings et al., 2019; Yiannopoulou & Papageorgiou, 

2020; Vaz & Silvestre 2020; Shi et al., 2022; Buccellato et al., 2023).  

It is known that in AD patients cholinergic pathways in the cerebral cortex and 

basal forebrain are compromised, and this cholinergic deficit contributes significantly to 

the cognitive impairment and related symptoms (Katzman & Saitoh, 1991; McGleenon 

et al, 1999; Shi et al., 2022). The use of acetylcholinesterase inhibitors aims to block the 

enzymes that break down acetylcholine, in order to compensate the breakdown of 

synaptic acetylcholine due to the death of cholinergic neurons and to offer symptomatic 

relief by inhibiting acetylcholine turnover (Davies & Maloney, 1976; Rees & Brimijoin, 

2003; Hampel et al., 2018; Moss, 2020). Donepezil, rivastigmine, and galantamine have 

been shown to significantly improve cognition, daily and global function, and some 
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behavioural manifestations of AD (Massoud & Gauthier, 2010; Hampel et al., 2018; 

Buccellato et al., 2023). 

NMDA receptors are ionotropic glutamate receptors that exert a crucial role in 

excitatory synaptic neurotransmission in the mammalian central nervous system, 

mediating the vast majority of excitatory transmission in neuronal networks (Scheefhals 

& MacGillavry, 2018; Fani & Chiti, 2022). These receptors are known to be involved in 

the neurotoxicity mediated by the Aβ oligomers (Snyder et al., 2005; De Felice et al., 

2007; Acosta et al., 2017; Fani & Chiti, 2022). Indeed, it has been observed that toxic Aβ 

oligomers activate aberrantly extrasynaptic NMDA receptors leading to an extracellular 

Ca2+ ions influx into the cytoplasm and consequently to the cascade of biochemical 

changes that lead to the neuronal dysfunction and death observed in AD (Li et al., 2011; 

Acosta et al., 2017; Fani & Chiti, 2022). The NMDA receptor antagonist memantine exerts 

its therapeutic effect by acting as a low-to-moderate affinity, non-competitive antagonist 

that binds preferentially to open NMDA receptor-operated Ca2+ channels and therefore 

blocks NMDA-mediated Ca2+ ion influx induced by Aβ oligomers (Danysz & Parsons, 

2003; Matsunaga et al., 2015; Vaz & Silvestre, 2020; Buccellato et al., 2023). 

1.1.5 Anti-Aβ monoclonal antibodies 

Since current treatment for AD is only symptomatic, has modest benefits and does not 

restrain the progressive deterioration of cognition, the development of drugs aimed at 

changing the progression of the disease has been a priority for decades (Vaz & Silvestre, 

2020). The abnormal accumulation of Aβ peptides in the brain in AD patients, and the 

high toxicity exerted by these small soluble species, led to the focus on Aβ as a potential 

target of disease-modifying therapies (Lord et al., 2009; Selkoe & Hardy, 2016; Vaz & 
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Silvestre, 2020). In particular, the focus on soluble Aβ oligomers has also increased the 

interest in antibodies that are selective for different Aβ conformations (Grover et al., 

2023). Seven antibodies have reached phase III clinical trials: bapineuzumab, 

solanezumab, crenezumab, gantenerumab, aducanumab, lecanemab and donanemab, 

and the last three appeared to be the most promising ones (Shi et al., 2022; Budd 

Haeberlein et al., 2022; Sims et al., 2023; van Dyck et al., 2023). 

Aducanumab is a human immunoglobulin G1 monoclonal antibody, that is able to 

selectively target aggregated Aβ, but excludes Aβ monomers (Sevigny et al., 2016; Linse 

et al., 2020; Shi et al., 2022). Aducanumab showed a significant decrease of Aβ and 

potential slowing of cognitive decline in 3285 patients in two randomized, multicenter, 

double-blind, placebo-controlled phase III clinical trials (Budd Haeberlein et al., 2022). In 

June 2021, aducanumab was approved by the FDA to treat mild AD, but has caused 

considerable medical and scientific controversy (Howard & Liu, 2020; Schneider, 2020; 

Tampi et al., 2021; Orini et al., 2022; Huang et al., 2023), that eventually led the EMA to 

conclude that the risk-benefit balance was unfavourable and decided against approval 

and the withdrawal of marketing application for aducanumab for the treatment of AD in 

Europe by Biogen on April 2022 (Whitehouse & Saini, 2022; Ashique et al., 2023). 

 Lecanemab is a humanized G1 monoclonal antibody that preferentially targets 

soluble aggregated Aβ, with activity across oligomers, protofibrils, and insoluble fibrils 

(Logovinsky et al., 2016; Swanson et al., 2021). The administration of this monoclonal 

antibody in a 18-months, randomized multicenter, double-blind, placebo-controlled 

phase III clinical trial on about 1800 participants was found to reduce markers of amyloid 

in early AD and resulted in a 27% slower decline on measures of cognition and function 

in early AD patients (van Dyck et al., 2022). Based on this clinical trial, on July 6, 2023, 
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the FDA granted traditional approval for lecanemab for the treatment of AD and this 

antibody represents the second disease-modifying AD treatment to be approved by the 

FDA and at present the only approved treatment for AD (https://www.fda.gov/news-

events/press-announcements/fda-converts-novel-alzheimers-disease-treatment-

traditional-approval). 

Donanemab is a humanized G1 monoclonal antibody directed against insoluble, 

modified, N-terminal truncated form of Aβ present only in brain amyloid plaques (Sims 

et al., 2023). The administration of this monoclonal antibody in a 18-month multicenter, 

randomized, double-blind, placebo-controlled, phase III clinical trial that enrolled 1736 

participants with early symptomatic AD resulted in a reduced a 35% less decline in ability 

to perform activities of daily living and reduced amyloid plaque on average by 84% 

compared to placebo (Sims et al., 2023). The Lilly company submitted donanembad to 

the FDA for traditional approval and regulatory action are expected by the end of this 

year (https://investor.lilly.com/news-releases/news-release-details/results-lillys-

landmark-phase-3-trial-donanemab-presented).  

1.2 Parkinson’s disease (PD) 

1.2.1 Pathophysiological basis of PD 

Parkinson’s disease (PD) is a neurodegenerative disorder affecting both the central and 

peripheral nervous systems, which affects more than 10 million people worldwide 

(https://www.apdaparkinson.org). The first detailed description of PD was made more 

than two centuries ago, in 1817, by the British medical doctor James Parkinson 

(Parkinson, 1817; Kalia & Lang, 2015). Most cases of PD are considered sporadic or 
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idiopathic, and they probably result from a complex interaction of environmental and 

genetic factors (Kouli et al., 2018). Moreover, there is a minority of cases (10–15%) that 

record family history, and approximately 5% exhibit Mendelian inheritance, and are 

considered familial cases of PD (Deng et al., 2018; Kouli et al., 2018).  

PD is characterized by early prominent death of dopaminergic neurons in the 

substantia nigra pars compacta and the presence of α-synuclein (αS) positive 

cytoplasmic inclusions, called Lewy bodies, in surviving neurons (Fig. 1.3) (Stefanis, 2012; 

Kalia & Lang, 2015; Cerri et al., 2019; Karaman et al., 2021; Menšíková et al., 2022).  

The resulting dopamine deficiency within the basal ganglia leads to a movement 

disorder characterised by classical parkinsonian motor symptoms, which include 

bradykinesia, rigidity, resting tremor and gait disturbances (Kalia & Lang, 2015; Moustafa 

et al., 2016; Cerri et al., 2019). However, the symptomatology of PD is now recognised 

as heterogeneous, with clinically significant non-motor features, such as autonomic 

dysfunctions, cognitive abnormalities, psychiatric symptoms such as anxiety, depression 

and apathy, and sleep disorders (Kalia & Lang, 2015; Cerri et al., 2019). Due to the 

heterogeneity of PD symptoms and the implication of multiple neuroanatomical areas, 

with gradual development of nonmotor symptoms for years before movement 

symptoms begin, diagnostic tests which allow for definitive diagnosis at early stages of 

the disease are challenging (Kalia & Lang, 2015; Armstrong & Okun, 2020). The 

Movement Disorder Society has set up a series of clinical diagnostic criteria for PD, to be 

used in clinical research but also to guide clinical diagnosis (Postuma et al., 2015).  
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Figure 1.3. Hallmarks of PD. (A) Classical Lewy bodies in the pigmented neurons of substantia 
nigra, haematoxylin and eosin staining, original magnification ×200. (B) Pathological deposits of 
αS in substantia nigra, granular cytoplasmic positivity, and dystrophic neurites, stained with a 
monoclonal antibody against αS, original magnification ×200. (C) Illustrative diagram of a neuron 
containing deposits of αS in the form of Lewy bodies. (D) Illustrative diagram showing a region 
of the brain responsible for dopamine production and the difference in dopamine levels at a 
synapse between neurons in a healthy person (left) and a patient with PD (right). Figure adapted 
from Karaman et al., 2021; Menšíková et al., 2022; https://alzheimersnewstoday.com/. 

The first essential criterion is parkinsonism, motor-symptom defined as 

bradykinesia, in combination with at least one other symptom between rest tremor or 

rigidity (Postuma et al., 2015; Armstrong & Okun, 2020). Once parkinsonism has been 

diagnosed, the diagnosis of clinically established PD requires at least two of four 

supportive criteria: (i) rest tremor, (ii) a dramatic improvement with dopaminergic 

therapy, (iii) the presence of levodopa-induced dyskinesias, or (iv) the presence of either 

olfactory loss or cardiac sympathetic denervation on iodine-123-meta-

iodobenzylguanidine (123ImIBG) myocardial scintigraphy, which is an imaging test that 
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assesses decreased cardiac norepinephrine uptake (Postuma et al., 2015; Armstrong & 

Okun, 2020). The gold standard for pathologic confirmation of PD has been the presence 

of substantia nigra pars compacta degeneration and abnormal aggregates of αS protein, 

called Lewy bodies and Lewy neurites at post-mortem pathological examination (Kalia & 

Lang, 2015).  

1.2.2 α-synuclein (αS) and PD pathogenesis  

The first correlation between αS and PD dates back to the early-1990s and followed the 

observation that genetic markers on human chromosome 4q21–q23, where αS gene was 

mapped, segregated with the PD phenotype in a large family of Italian descent (Golbe et 

al., 1990; Polymeropoulos et al., 1997). The members of this family affected by 

autosomal-dominant PD manifested typical clinical PD traits, including Lewy bodies, 

except for early onset at a mean age of 46.5 years (Golbe et al., 1990). Some years later, 

a mutation in the αS gene was discovered in the Italian kindred and in three unrelated 

families of Greek origin with the same autosomal dominant inheritance for the PD 

phenotype (Polymeropoulos et al., 1997; Krüger et al., 1998; Zarranz et al., 2004; Miller 

et al., 2004). These findings led to the development of specific antibodies against αS to 

localize this protein on histopathological sections of PD patients, and it was observed 

that αS is robustly expressed within Lewy bodies of both sporadic and familial PD 

(Spillantini et al., 1997; Spillantini et al., 1998; Baba et al. 1998).  

αS is a small intrinsically disordered protein composed of 140 amino acid residues, 

which is expressed in neurons of the central and peripheral nervous system as well as in 

blood cells and other tissues (Burré et al., 2018). αS is a member of the synuclein family, 

which also include β- and γ-synuclein, and is abundantly expressed in the nervous 
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system, comprising 1% of total cytosolic protein and under physiological conditions it 

localizes preferentially to presynaptic terminals (George, 2002; Kahle, 2008; Stefanis, 

2012). αS is composed of three different regions: the basic N-terminal region (residues 

1–60), in turn divided in H1 (1–30) and H2 (31–62) regions, that shows helical propensity 

in solution and assumes a helical structure when the protein is bound to lipid vesicles 

(Ulmer et al., 2005; Menon & Mondal, 2023); the central hydrophobic region (residues 

61–95), called non-amyloid component (NAC), which constitutes the minimal segment 

needed for toxic aggregation; and the C-terminal region (residues 96–140) which is 

highly acidic (Gallardo J. et al., 2020).  

Even if the precise physiological role of αS is not completely understood, it is 

proposed to interact with biological membranes and membrane proteins, acting as a 

modulator of synaptic transmission by controlling the neurotransmitter release (Murphy 

et al., 2000; Stefanis, 2012; Bendor et al., 2013; Galvagnion, 2017). One mechanism by 

which αS modulates synaptic transmission is the promotion of the assembly of the 

soluble N-ethylmaleimide-sensitive factor activating protein receptor (SNARE) complex 

through the formation of a multimer at the surface of synaptic vesicles (Burré et al., 

2010; Galvagnion, 2017). The neuronal SNARE complex includes three proteins, 

characterized by sequences of about 65 residues called SNARE motifs that have 

propensity to form coiled cols, and allow them to anchor to the plasma and synaptic 

vesicle membranes forming a bridge between these two membranes (Ramakrishnan et 

al., 2012). Therefore, this protein complex brings the plasma membrane of neuronal cell 

and the membrane of synaptic vesicles into close proximity, which is critical for 

membrane fusion and the consequent neurotransmitter release (Söllner et al., 1993; 

Poirier et al., 1998; Rizo, 2018). In physiological conditions, αS was observed to stabilize 
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and chaperone the SNARE complex to regulate neurotransmission enhances SNARE-

dependent vesicle docking (Burré et al., 2014; Sun et al., 2019). 

αS is mainly localized in presynaptic terminals and therefore, synaptic vesicle 

trafficking in neurons is particularly susceptible to the accumulation of pathological αS 

species, as observed in PD (Yoo et al., 2023). Monomeric αS appears to be intrinsically 

disordered in aqueous solution, but under certain conditions, the NAC region can form 

a cross-β structure, leading to αS amyloid fibrillation, similarly to what is observed with 

Aβ peptide, and amyloid-like fibrils on prolonged incubation in solution forming the basis 

of the mature Lewy bodies and neurites present in PD (Kingwell, 2017; Conway et al. 

2000; Xu et al., 2018) (Fig. 1.4). αS aggregation generates a variety of intermediate 

species prior to the formation of insoluble fibrils and Lewy bodies, starting from initially 

soluble oligomeric forms of αS that assume spherical, ring-, and stringlike characteristics 

when seen under the electron microscope, that gradually become insoluble and coalesce 

into fibrils (Stefanis, 2012) (Fig. 1.4). Synaptic disfunction observed from the initial stages 

of PD is thus induced by the reduction of functionally αS combined with the 

accumulation of various toxic intermediates of αS in the presynaptic region (Kramer & 

Schulz-Schaeffer, 2007; Roberts et al., 2015; Calo et al., 2017). These observations 

provided important parallels to the pathogenetic basis for the two most common 

neurodegenerative diseases, i.e. AD and PD (Xie et al., 2014; Stefanis, 2012; Chiti & 

Dobson, 2017). 
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Figure 1.4. αS aggregation. From left to right: monomeric αS in normal conditions in a soluble 
random coil state; misfolded oligomeric intermediates that form during αS aggregation under 
pathological conditions that further aggregate into higher order structures which ultimately are 
converted into Lewy bodies. Figure adapted from Kingwell, 2017. 

1.2.3 Pharmacological approaches for PD 

In the absence of a disease-modifying therapy, PD treatment is currently mainly based 

on the control of motor symptoms of the disease and improve patient quality of life, by 

the administration of dopamine-based drugs that enhance intracerebral dopamine 

concentrations or stimulate dopamine receptors (Connolly & Lang, 2014; Kalia & Lang, 

2015; Armstrong & Okun, 2020). Levodopa preparations, dopamine agonists, and 

monoamine oxidase-B inhibitors are useful initial therapies (Connolly & Lang, 2014; 

Armstrong & Okun, 2020).  

Levodopa is the immediate precursor to dopamine, which can cross the blood–

brain barrier and enable the reduced number of dopaminergic neurons to replace the 

depleted endogenous neurotransmitter and alleviate motor-symptoms (Hayes, 2019; 

Deuschl et al., 2022). Levodopa is usually administrated to patients in combination with 

carbidopa, which reduces metabolism of levodopa in the periphery, increasing central 

nervous system, and helps to reduce peripheral side effects, such as nausea, vomiting, 

low blood pressure, and restlessness (Hayes, 2019). However, it was observed that long-

term therapy with levodopa leads to the development of motor complications, such as 

levodopa-induced-dyskinesia, mainly associated with sustained levodopa plasma levels 
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(Connolly & Lang, 2014; Deuschl et al., 2022). Another option for the treatment of PD 

are dopamine agonists, that exert their antiparkinsonian effects by acting directly on 

dopamine receptors and mimicking the endogenous neurotransmitter (Quinn, 1995). 

Dopamine agonists are less efficient than levodopa, but are frequently used because 

they are less likely to cause dyskinesias than levodopa and tend to have a longer half-

life, so they are usually introduced as initial treatment for patients younger than 60 years 

(Brooks, 2000; Hayes, 2019).  

As an alternative to pharmacological therapy, deep brain stimulation is a surgical 

treatment for patients with PD who do not respond well to medications or have 

medication-responsive motor symptoms but with complications such as off periods or 

dyskinesias, typical of long-term use of dopamine-based drugs (Hayes, 2019). Deep brain 

stimulation involves surgical placement of unilateral or bilateral leads in the subthalamic 

nucleus (Pilitsis et al., 2008; Groiss et al., 2009; Armstrong & Okun, 2020). This surgical 

treatment frequently allows a significant reduction of dyskinesias and improvement of 

motor symptoms with sustained long-term benefits and allows the reduction of 

dopaminergic medication (Pilitsis et a., 2008; Groiss et al., 2009; Fox et al., 2018; 

Armstrong & Okun, 2020).  

1.3 Role of misfolded protein oligomers in neurodegenerative diseases 

1.3.1 Molecular basis of amyloid aggregation 

AD, PD and many other neurodegenerative and non-neuropathic protein misfolding 

diseases are rooted in the aberrant misfolding and aggregation of peptides and proteins 

into highly ordered aggregates, called amyloid fibrils that histopathologists observe as 
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dense clusters such as neuritic plaques, neurofibrillary tangles and Lewy bodies (Haass 

& Selkoe, 2007; Chiti & Dobson, 2017; Wells et al., 2021). Interestingly, amyloid fibrils 

formed by different peptides and proteins, such as Aβ and αS, but also other proteins 

not related to protein deposition diseases, share highly conserved morphological, 

structural, and tinctorial properties (Chiti & Dobson, 2017; Limbocker et al., 2023). 

Amyloid fibrils are filamentous structures with a typical diameter of 7–13 nm, as 

observed by electron microscopy or atomic force microscopy (AFM) techniques, and 

often microns in length (Sunde & Blake, 1997; Gras et al., 2011; Cava & Vélez, 2022). 

They generally comprise 2–8 protofilaments, each approximately 2–7 nm in diameter, 

that often twist around each other or associate laterally as flat ribbons 2–7 nm high and 

up to 30 nm wide (Wasmer et al., 2008; Paravastu et a., 2008; Chiti & Dobson, 2017; 

Gallardo R. et al., 2020). Moreover, amyloid fibrils share a common cross-β architecture, 

consisting of laminated β-sheets whose strands run perpendicular to the long-axis of the 

fibril when observed in X-ray diffraction (Nelson & Eisenberg, 2006; Morris & Serpell, 

2012). Amyloid fibrils also share typical tinctorial properties since they can bind specific 

dyes such as thioflavin T, Congo red or their derivatives, mainly because of their β-

structured core (Elghetany & Saleem, 1988; Glenner et al., 1972; Nilsson, 2004; 

Biancalana & Koide, 2010; Yakupova et al., 2019).  

The molecular mechanisms by which initially native peptides and proteins can 

rearrange into an amyloid core structure and then form amyloid fibrils, is not completely 

understood. However, it appears increasingly clear that amyloidogenesis passes through 

the formation of transient non-native prefibrillar intermediates known as misfolded 

protein oligomers (Karamanos et al., 2015; Chiti & Dobson, 2017; Birol et al., 2018; 

Gallardo R. et al., 2020). These prefibrillar species appear in the beginning from primary 
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nucleation processes and later from secondary nucleation processes once a critical 

concentration of fibrils have formed (Buell et al., 2014; Habchi et al., 2017; Limbocker et 

al. 2023); moreover oligomers can also accumulate as off-pathway species (Dear et al., 

2020), or be generated after their detachment from fibril ends (Martins et al., 2008; 

Cohen et al., 2013; Cascella et al., 2021; Limbocker et al., 2023).  

These small soluble metastable aggregates are important in protein misfolding 

diseases, and in particular in neurodegenerative diseases such as AD and PD, not only 

because of their role in the process of amyloid formation, but also because they are 

thought to represent the most pathogenic species in the diseases (Haass & Selkoe, 2007; 

Chiti & Dobson, 2017; Wells et al., 2021; Cline et al., 2018; Limbocker et al., 2023). In 

fact, misfolded protein oligomers have been detected both in AD and PD brains (Gong et 

al., 2003; Kayed et al., 2003; Kayed et al., 2007; Paleologou et a., 2009; Esparza et al., 

2013; Kayed & Lasagna-Reeves, 2013; Cline et al., 2018; Limbocker et al., 2023) and have 

been hypothesized to correlate more directly with neuronal toxicity than amyloid fibrils 

(Shankar et al., 2008; Esparza et al., 2013). Interestingly, even if the accumulation of Aβ 

plaques is one of the pathological hallmarks of AD, these fibrillar aggregates have been 

observed also in cognitively normal subjects (Katzman et al., 1988; Hulette et al., 1998; 

Price et al., 1999; Aizenstein et al., 2008), whereas the presence or the administration of 

soluble oligomeric species of Aβ have reported to induce direct adverse effects (Kayed 

et al., 2003; Selkoe, 2008; Esparza et al., 2013; Cline et al., 2018). 

1.3.2 Structural determinants of oligomer toxicity 

A variety of different types of oligomers have been isolated and characterized for both 

Aβ and αS (Lambert et al., 1998; Barghorn et al., 2005; Kayed et al., 2009; Lorenzen et 
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al., 2014; Chen et al., 2015; Fusco et al., 2017) and, even though they display a high 

structural heterogeneity, most of them affect cellular viability, suggesting that toxicity 

induced by oligomers is correlated with their misfolded nature rather than with 

particular characteristics of their amino acid sequences or specific patterns of their 

three-dimensional structure (Campioni et al., 2010; Bucciantini et al., 2002; Chiti & 

Dobson, 2017). These observations led to extensive work over the past two decades 

focused on the elucidation of their conformational and structural properties in order to 

understand the structural determinants of oligomer toxicity (Chiti & Dobson, 2017; 

Limbocker et al., 2023).  

So far, the most important determinant of oligomer toxicity is the exposure of 

hydrophobic residues on the oligomer surface (Mannini et al., 2014; Chiti & Dobson, 

2017). A crucial point in the understanding the structural determinants of oligomer 

toxicity was the development of pairs of toxic and nontoxic oligomers formed by several 

protein, directly linked with known neurodegenerative diseases, such as Aβ (Ladiwala et 

al., 2012) and αS (Fusco et al., 2017; Cascella et al., 2021) or not correlated with any 

disease but able to form in vitro, under specific conditions, toxic and nontoxic species 

(Campioni et al., 2010; Krishnan et al., 2012). 

Another important determinant has been shown to be the small size of the 

oligomers (Mannini et al., 2012; Chiti & Dobson, 2017). In the context of AD, an inverse 

correlation between the size of Aβ assemblies and the potency of their exerted toxicity 

was observed, with the maximum toxicity exhibited by small oligomers (Lambert et al., 

2001; Gong et al., 2003; Kayed et al., 2007; Kayed et al., 2009), and as the size of the 

oligomers increases, their deleterious effects decrease (Sengupta et al., 2016; Chiti & 

Dobson, 2017). A similar observation was also reported in the context of PD, where small 
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soluble non-fibrillar αS aggregates smaller than 200 nm in length were found to exert 

the highest toxicity, causing lipid membrane permeabilization and inflammation (Emin 

et al., 2022). A possible explanation of why small oligomeric species are more toxic than 

larger species is that small aggregates have a larger surface:volume ratio, which 

increases the extent of active surface per protein molecule; moreover, their small size 

allows them to diffuse more rapidly and hence form aberrant interactions more readily 

(Mannini et al., 2012; Chiti & Dobson, 2017). 

1.3.3 The model protein HypF-N 

The first observation on the possibility to obtain a pair of toxic and nontoxic oligomers 

from the same protein under different conditions dates back in 2010 from HypF-N 

(Campioni et al., 2010), the acylphosphatase-like domain of the bacterial protein HypF, 

which plays an essential role in [NiFe]-hydrogenases maturation, enzymes involved in 

the prokaryotic hydrogen metabolism (Rosano et al., 2002). Under physiological 

conditions, HypF-N displays a highly compact globular shape, stabilized in order to 

disfavour intermolecular interactions and aggregation processes (Rosano et al., 2002). 

However, in particular conditions, it can be induced to form amyloid fibrils in vitro, 

incubating it in conditions that destabilize its native globular fold (Campioni et al., 2010). 

In particular, under different solution conditions, HypF-N can form two distinct types of 

highly stable oligomers, named type A (OAs) and type B (OBs), that share similar sizes 

with a diameter of 2–6 nm, appear roughly spherical under atomic force microscopy, and 

have a similar β-sheet core structure, but different molecular structure and ability to 

cause cell dysfunction (Fig. 1.5) (Campioni et al., 2010; Capitini et al., 2018). 
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OAs displayed a strong ability to penetrate cell membranes and initiate a series of 

downstream events associated with cytotoxicity, when added to cultured cells (Campioni 

et al., 2010; Zampagni et al., 2011), and induced loss of cholinergic neurons and cognitive 

impairment when microinjected into rat brains, similarly to what has been observed with 

misfolded oligomers directly related to neurodegenerative diseases (Zampagni et al., 

2011; Tatini et al., 2013). 

 

Figure 1.5. Toxic and nontoxic oligomers of HypF-N. Schematic representation of toxic OAs and 
nontoxic OBs of HypF-N indicating disordered regions (grey/green), b-strands (red) and 
hydrophobic side chains (yellow). TM-AFM images of HypF-N samples pre-incubated under 
conditions A (left) and B (right) and then resuspended at pH 7.0. Scan size, 500 nm. The colour 
bar corresponds to a Z range of 7 nm. Figure adapted from Capitini et al., 2018; Campioni et al., 
2010. 

From a structural point of view, OAs and OBs display important differences that 

explain their different toxicities. In particular, nontoxic oligomers have a higher overall 

flexibility that allows to bury the hydrophobic residues in a compact hydrophobic core 

(Campioni et al., 2010; Capitini et al., 2018). By contrast, toxic oligomers showed a more 

rigid and compact structure leading to structural constraints that cause several of the 

hydrophobic residues to remain exposed and establish aberrant intermolecular 

interactions with cell membranes (Campioni et al., 2010; Capitini et al., 2018). 
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1.4 Importance of membrane-oligomer interactions in oligomer toxicity 

1.4.1 The plasma membrane 

The cell membrane consists of a lipid bilayer composed of amphipathic lipids and 

proteins, such as receptors, transporters, enzymes, and cytoskeletal proteins, that 

interacts with lipids by hydrophobic and electrostatic interaction, with a thickness of 5-

10 nm (Casares et al., 2019). Cell membranes are highly dynamic structures yet are 

simultaneously required to maintain cell and compartment identity and integrity and in 

fact a damage to the membrane, if not promptly repaired, results in cell death (Gould, 

2018).  

A typical plasma membrane contains hundreds of different lipid species that are 

actively regulated by the cell and that in turn are able to modulate membrane proteins 

and their functions through specific chemical interactions between individual lipid 

molecules and proteins, but also through non-specific interactions due to the 

comprehensive macrostructure of the bilayer such as its thickness, intrinsic monolayer 

curvature or elastic moduli (van Meer et al., 2008; Lundbaek et al., 2010; Ingólfsson et 

al., 2017) (Fig. 1.6). Plasma membranes are usually enriched in sphingolipids and sterols 

(Fig. 1.6), packed at high density in order to resist to the mechanical stress to which they 

are subjected (van Meer et al., 2008). Moreover, lipids are non-uniformly distributed 

within the membrane plane, in fact the preferential associations between cholesterol 

(CHOL) and saturated lipids drive the formation of relatively packed membrane domains, 

called lipid rafts, that selectively recruit certain lipids and proteins, further modulating 

their local concentration, aggregation and trafficking (Fig. 1.6) (Sezgin et al., 2017; 

Ingólfsson et al., 2017). 



 

31 
 

 

Figure 1.6. The plasma membrane and its lipids. Schematic representation of the plasma 
membrane, containing membrane proteins, and an example of a lipid rafts domain, enriched in 
CHOL, gangliosides, sphingomyelin (SM) and saturated lipids. Chemical structure of some 
representative lipids usually contained in plasma membranes, including CHOL, SM, 
phosphatidylcholine and gangliosides. Figure adapted from Nieto-Garai et al., 2022. 

1.4.2 Oligomer-membrane interactions and resulting toxicity in neurodegeneration 

In neurodegenerative diseases, including AD and PD, a fundamental interaction by 

misfolded protein oligomers involves biological membranes, such as plasma and 

mitochondrial membranes, and is one of the primary events causing cytotoxicity (Chiti 

& Dobson, 2017; Gonzalez-Garcia et al., 2021). These aberrant interactions result in 

calcium imbalance, mitochondrial dysfunction, and intracellular reactive oxygen species, 

eventually leading to cell death (Chiti & Dobson, 2017; Gonzalez-Garcia et al., 2021). In 

fact, oligomers expose on their surface flexible hydrophobic regions that mediate 

aberrant interactions with plasma membranes and membrane proteins, resulting in their 

functional impairment and sequestration (Campioni et al., 2010; Bolognesi et al., 2010; 

Evangelisti et al., 2016; Andreasen et al., 2015). In addition, their small size allows them 

to diffuse more rapidly and hence form aberrant interactions more readily, and they have 

a larger surface:volume ratio than larger species, which increases the extent of active 

surface per protein molecule (Chiti & Dobson, 2017). 
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Oligomer-mediated cytotoxicity seems to be influenced not only by the type, size, 

structure and physicochemical properties of the protein aggregates themselves, but also 

by the lipid composition and physicochemical features of the membranes with which the 

oligomers interact (Evangelisti et al., 2012; Evangelisti et al., 2016; Oropesa-Nuñez et al., 

2016; Galvagnion et al., 2022). The ganglioside GM1, particularly enriched in neuronal 

membranes (Ingòlfsson et al., 2017), seems to play a critical role in Aβ neurotoxicity both 

by contributing to Aβ oligomer nucleation and growth into toxic fibrils (Matsubara et al., 

2013; Matsubara et al., 2018) and by sequestering Aβ oligomers from brain interstitial 

fluid onto neuronal membranes (Hong et al., 2014; Evangelisti et al., 2016). Moreover, 

GM1 appeared to be able to recruit toxic protein aggregates to lipid raft domains of the 

cell membrane, and this ability seems to be primarily linked its negative charge 

(Oropesa-Nuñez et al., 2016).  

CHOL seems to play an important role in AD as well as GM1, even though its precise 

role is still controversial, since it has displayed both neuroprotective and aggravating 

effects in relation to the development of AD (Rudajev & Novotny, 2022). In fact, it has 

been observed that this lipid could exert a protective role by influencing Aβ-membrane 

interaction and Aβ-induced bilayer disruption, and that enrichment of cultured cells with 

CHOL made the cells resistant to the calcium-mediated cytotoxic effect of Aβ (Arispe et 

al., 2002; Evangelisti et al., 2012; Evangelisti et al., 2014). On the other hand, the binding 

of Aβ to CHOL has been observed in senile plaques in the brain, where CHOL accumulates 

along with ApoE (Panchal et al., 2010), it was found to bind to membranes and facilitate 

seeding and aggregation (Mizuno et al., 1999; Yanagisawa et al., 2005). 
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1.4.3 Lipid homeostasis and its association with neurodegenerative diseases 

Altered membrane lipid composition and homeostasis are known to be linked to many 

diseases, including neurodegenerative diseases such as AD and PD (Alecu et al., 2019; 

Liu et al., 2021). In fact, the brain appears to be particularly vulnerable to disease states 

that are characterised by an altered lipid composition (Mattson et al., 2006; Müller et 

al., 2015). In the context of neurodegenerative diseases, particularly AD, the ganglioside 

GM1, that plays a crucial role in oligomer-toxicity, has been found increased in 

concentration in cell membranes purified from AD patients compared to healthy controls 

(Fujita et al., 2007; Molander-Melin et al., 2005), and altered ganglioside metabolism 

resulting in an increase in GM1 levels has also been reported in AD brains (Yamamoto et 

al., 2008). 

In PD, mutations of the glucocerebrosidase 1 (GBA) gene, known to represent a 

prevalent risk factor, affect the sphingolipid content and metabolism, resulting in higher 

levels of total sphingolipids, enhanced amounts of short-chain sphingolipid molecules 

and decreased content of long-chain sphingolipid that correlates with the promotion of 

αS aggregation and progression of the disease (Galvagnion et al., 2022). Moreover, 

accumulation of short-chain sphingolipid could alter the structural order of membrane 

lipid bilayers, modify membrane curvature, and disrupt membrane fluidity (Niemelä et 

al., 2006; Ben-David & Futerman, 2010). Taken together, all these findings confirm how 

homeostasis of membrane lipids is a critical point for normal brain function (Litvinov et 

al., 2018; Kao et al., 2020; McFarlane & Kedziora-Kornatowska, 2020) and there is a 

strong correlation between age-related alterations of the lipid homeostasis and 

neurodegenerative diseases (Molander-Melin et al., 2005; Yamamoto et al., 2008; Liu et 

al., 2015; Gonzalez-Garcia et al., 2021; Galvagnion et al., 2022). 
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1.4.4 Liposomes as a model system for biological membranes 

Studying the role of lipids and biological membranes in the pathogenesis of 

neurodegenerative diseases and the eventual protective role of putative drugs on 

natural cell membranes is challenging as they have a highly complex architecture, with 

factors that cannot be controlled or fully known, such as their exact composition and 

interferences by their protein components (Andersson & Köper, 2018). To address this, 

several membrane models have been developed to mimic the physicochemical 

characteristics of lipid bilayers, without the high complexity typical of natural 

membranes (Andersson & Köper, 2018). Lipid vesicles or liposomes are membrane 

model that mimic many properties of biological membranes, since they are lipid bilayers 

with a spherical shape that can be composed of one or more types of lipids, such as 

phospholipids, CHOL, and others (Shaheen et al., 2006; Akbarzadeh et al., 2013). They 

consist of one or more lipid bilayers surrounding an aqueous core, where the polar head 

groups are oriented towards the interior and exterior aqueous phases. Depending on 

the method of preparation and their lipid composition, liposomes can be obtained by 

modulating their dimensions, structure and charge (Akbarzadeh et al., 2013). On the 

basis of their number of bilayers, liposomes can be classified into unilamellar vesicles 

(ULVs), multilamellar vesicles (MLVs), and multivesicular vesicles (MVVs) (Jash et al., 

2021) (Fig. 1.7). Moreover, based on their size ULVs can be classified into small 

unilamellar vesicles (SUVs), large unilamellar vesicles (LUVs), and giant unilamellar 

vesicles (GUVs) (Jash et al., 2021) (Fig. 1.7).  
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Figure 1.7. Classification of liposomes based on their lamellarity and size. Figure adapted from 
Jash et al., 2021. 

Liposomes are therefore extremely versatile structures, which can be formed with 

various combinations of different lipids, in order to simulate the physiological 

composition of the cellular membrane (Bendas et al., 1997; Oropesa-Nuñez et al., 2016) 

and with a wide range of sizes, up to those of cells, making them great models for 

biological membranes and for the study of the interaction of various molecules with 

membrane lipids in the absence of proteins (Evans & Kwok, 1982; Angelova & Dimitrov, 

1986; Relini et al., 2004; Galvagnion et al., 2015; Oropesa-Nuñez et al., 2016). 

In the context of neurodegenerative diseases, for example, SUVs composed of 1,2-

dimyristoyl-sn-glycero-3-phospho-L-serine (DMPS), a negatively charged phospholipid 

enriched in the membrane of synaptic vesicles (Takamori et al., 2006; Galvagnion et al., 

2015), were used to investigate perturbations of the kinetics of αS amyloid formation in 

the presence of lipid surfaces (Galvagnion et al., 2015). Furthermore, SUVs with a lipid 

composition mimicking the most abundant lipids in membranes of synaptic vesicles, 

were used to investigate the capability of natural compounds to alter the binding of αS 

to lipid membranes (Perni et al., 2017; Perni et al., 2018).  

It is known that CHOL can promote phase separation between lipids with a low 

transition temperature (Tm), such as 1,2-dioleoyl-sn-glycero-3-phosphocoline (DOPC) 
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and lipids with higher Tm, such as sphingomyelin (SM) at an intermediate temperature 

when the fraction of one lipid is too low to phase separate in the absence of CHOL (de 

Almeida et al., 2003), so a ternary system of lipids SM/DOPC/CHOL can be used to model 

lipid rafts in synthetic vesicles or synthetic supported lipid bilayers (SLBs) (de Almeida et 

al., 2003). On the basis of these observations, SLBs with a ternary SM/DOPC/CHOL and 

quaternary SM/DOPC/CHOL/GM1 systems of lipids were used to investigate the role of 

the content of the ganglioside GM1 in the toxicity of toxic oligomers formed by the 

model protein HypF-N separating it from that of the protein component in the evaluation 

of the oligomer-membrane interaction (Oropesa-Nuñez et al., 2016). With these lipid 

compositions, SLBs displayed segregation of lipid species in well distinct, differently 

ordered, domains: domains with low level of order, considered as fluid domains (Lα 

phase domains), enriched in DOPC, and domains with a higher level of order, considered 

as gel phase domains (Lβ phase domains), enriched in SM, CHOL and GM1 (when 

present) (Fig. 1.8) (de Almeida et al., 2003; Oropesa-Nuñez et al., 2016). The use of 

membrane models with lipid phase segregations allows to mimic the important 

distinction between lipid rafts and the surrounding disordered plasma membrane 

domains in natural cells, and to study the interaction of misfolded oligomers with at the 

sub-microscopic level with high and unprecedented resolution (Oropesa-Nuñez et al., 

2016). 
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Figure 1.8. Formation of Lα and Lβ domains by segregation of lipid species in SLBs. (A) Typical 
morphology of SLBs containing DOPC, SM, CHOL and GM1. Scale bar: 1.0 µm. (B) A cross section 
was taken along the white line in A (X axis). The difference in height between Lβ and Lα is ≈ 2.2 
nm. (C) The height distribution of Z values shows the difference in thickness (∆Z) between Lβ and 
Lα domains. Figure taken from Oropesa-Nuñez et al., 2016. 

1.5 Natural compounds against neurodegenerative disease 

1.5.1 Natural compounds in drug discovery 

Natural compounds and their structural analogues have historically played a major role 

in pharmacotherapy and drug discovery, for several therapeutics areas, such as cancer 

and infectious diseases (Atanasov et al., 2015; Harvey et al., 2015), cardiovascular 

diseases (Waltenberger et al., 2016; Koushki et al., 2021), metabolic diseases 

(Waltenberger et al., 2016), multiple sclerosis (Tintore et al., 2019), and other 

neurodegenerative diseases (Castelli et al., 2018; Cicero et al., 2019). Natural products 

possess special features compared to conventional synthetic molecules, which can 

confer advantages for pharmacotherapy and drug discovery: they are characterized by 

enormous scaffold diversity and structural complexity, typically have a higher molecular 
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mass, higher numbers of H-bond acceptors and donors, and greater molecular rigidity 

compared with synthetic compound libraries (Feher et al., 2003; Clardy & Walsh, 2004; 

Atanasov et al., 2015). Moreover, natural compounds are structurally optimized by 

evolution to serve specific biological functions, and the fact that they have been used for 

millennials in traditional medicine may provide insights regarding efficacy and safety 

(Atanasov et al., 2015; Atanasov et al., 2021). 

Several natural compounds have been studied and proposed as potential 

therapeutic candidates or useful dietary supplements to complete and/or support the 

traditional therapies of neurodegenerative disorders (Lökk & Nilsson, 2010; Bagli et al., 

2016; Deshpande et al., 2019). A new prospect is now represented by aminosterols, a 

category of natural compounds initially discovered in the gastrointestinal tract of dogfish 

sharks Squalus acanthias, that have demonstrated promising therapeutic properties for 

the treatment of PD and AD (Limbocker et al., 2022). 

1.5.2 Squalamine (SQ) and trodusquemine (TRO): aminosterols from the shark S. 

acanthias 

In 1993, a search for antimicrobial compounds aimed to study the evolution of 

antibiotics across vertebrates, led to the discovery in stomach extracts of the dogfish 

sharks Squalus acanthias of a novel molecule with antimicrobial activity, represented by 

a bile salt with a cholestane steroid ring, with hydroxyl and sulphate groups at C-7 and 

C-24, respectively, coupled to a spermidine moiety at C-3 (Fig. 1.9) (Moore et al., 1993; 

Wehrli et al., 1993). This natural product was named squalamine (SQ), after the Squalus 

genus from which it was extracted and its characteristic polyamine group (Moore et al., 

1993). At physiological pH, SQ exists as a positively charged zwitterionic molecule, 
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soluble in both water and organic solvents, and was shown to strongly bind to 

membranes containing phospholipids with negatively charged headgroups, (Selinsky et 

al., 1998; Selinsky et al., 2000), and to be able to displace membrane-bound cationic 

proteins (Zasloff et al., 2011). These biophysical properties are thought to be the 

explanation of some of the pharmaceutical properties of this aminosterol; in fact SQ 

exhibited a broad spectrum of anti-infective activity against Gram-positive and Gram-

negative bacteria, fungi, certain protists, and viruses against both RNA- and DNA-

envelopes (Moore et al., 1993; Zasloff et al., 2011). 

A few years later, in 2000, following a tentative procedure of extraction of SQ from 

larger amounts of dogfish liver, which is the richest source of SQ in this animal, at least 

seven other aminosterols were discovered in Squalus acanthias, structurally very similar 

to the first discovered aminosterol, with slight variations involving mainly the 

cholestane-like side chain, from position 20 to position 27 (Rao et al., 2000). One of these 

compounds, initially referred to as MSI-1436 (Rao et al., 2000) and later named 

trodusquemine (TRO) by a biopharmaceutical company (Salmi et al., 2008), shares the 

same steroid cholestane scaffold as SQ, but carries at position C-3 a longer polyamine 

chain, which is a spermine rather than a spermidine (Fig. 1.9) (Rao et al., 2000). 
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Figure 1.9. Structural formulas of SQ and TRO. Figure adapted from Limbocker et al., 2022; Errico 
et al., 2023. 

Similarly to SQ, TRO was found to exhibit a broad spectrum activity against Gram-

negative and Gram-positive bacteria and fungi (Brunel et al., 2005). Interestingly, TRO 

was shown to cross the blood brain barrier, after peripheral injection, and suppress 

appetite and increase insulin sensitivity in rodents, monkeys and dogs (Zasloff et al., 

2001; Ahima et al., 2002). These potent appetite suppressant and antidiabetic properties 

exhibited by TRO are most likely resulting from the inhibition of the protein tyrosine 

phosphatase 1B (PTP1B), an endosomal phosphatase that downregulates many 

physiologically important signalling pathways, including that of insulin, leptin, as well as 

many growth factors and cytokines (Lantz et al., 2010). These findings led to numerous 

other studies aimed to better understand the potential curative role of this aminosterol 

in metabolic disorder and other therapeutics areas (Pandey et al., 2013; Krishnan et al., 

2014; Pandey et al., 2014; Thompson et al., 2017; Smith et al., 2017; Qin et al., 2020). 

 

 



 

41 
 

1.5.3 Pharmacological role of SQ and TRO in neurodegenerative diseases  

The first evidence of a possible therapeutic potential of aminosterols in the context of 

neurodegenerative diseases dates to 2017, when SQ was shown to inhibit lipid-induced 

αS aggregation, protect cultured human neuroblastoma cells (SH-SY5Y cells) from the 

action of toxic oligomers formed by this protein by reducing their interactions with lipid 

membranes, and ameliorate deficits of motility and paralysis in a C. elegans model of PD 

over-expressing human αS (Perni et al., 2017). One year later, TRO displayed similar 

effects on the inhibition of αS lipid-induced aggregation and on the protection of 

cultured cells against αS oligomers, as well as on the protection of C. elegans PD models 

against over-expressed human αS (Fig. 1.10 and 1.11) (Perni et al., 2018). 

The study of the potential therapeutic effects of TRO in the context of 

neurodegenerative diseases was the extended to AD and the related Aβ42 aggregation. 

TRO was found to significantly influence Aβ42 aggregation but accelerating, rather than 

inhibiting, the rate of aggregation, predominantly by stimulating the secondary 

nucleation (Fig. 1.10) (Limbocker et al., 2019). The overall resulting effect of TRO was the 

reduction of Aβ42 oligomer-toxicity, albeit with this paradoxical effect on aggregation, 

because it appeared to shift the Aβ42 oligomer population towards the fibrillar form, 

therefore reducing the population of Aβ42 oligomers, known to represent the main 

responsible of cytotoxicity (Fig. 1.10) (Limbocker et al., 2019).  
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Figure 1.10. Impact of TRO on αS and Aβ42 aggregation. (A) TRO inhibits the lipid-induced 
nucleation and fibril amplification reactions in αS aggregation, corresponding to primary and 
secondary nucleation events, respectively, without impacting fibril elongation. (B) TRO 
accelerates the unseeded and seeded aggregation reactions of Aβ42 to varying degrees, reducing 
the steady-state population of oligomers. (C) Confocal microscopy analysis of the extent of αS or 
Aβ42 oligomer binding to the membranes of human neuroblastoma cells in the absence (left 
panels) or presence (right panel) of TRO. Red and green channels indicate cell membranes and 
oligomers, respectively. Scale bars, 10 µm. Figure adapted from Limbocker et al., 2022. 

On cultured neuroblastoma cells, TRO was reported to displace or inhibit the 

binding of Aβ42 oligomers, similarly to what observed with αS oligomers (Perni et al., 

2018; Limbocker et al., 2019). Similarly to observations on C. elegans models of PD over-

expressing human αS, both SQ and TRO exhibited important protective effects in C. 

elegans models of AD over-expressing human Aβ42 (Fig. 1.11) (Perni et al., 2017; Perni et 

al., 2018; Limbocker et al., 2019).  
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Figure 1.11. Impact of TRO on AD and PD model worms. (A) TRO significantly improves the 
health of C. elegans model of PD over-expressing αS-YFP in their muscle cells, when administered 
before (L4) or after (D5) the onset of toxicity in these animals. (B) TRO decreases the number of 
αS-YFP inclusions in PD worms, when administered before (L4) or after (D5) the onset of toxicity 
in these animals, a finding that is consistent with its in vitro mechanism of action. Scale bars, 80 
µm. (C) TRO also improves the health of C. elegans model of AD over-expressing Aβ42 in their 
muscle cells, when administered before (L4) or after (D5) the onset of toxicity in the animals. (D) 
TRO stimulates the aggregation of Aβ42 in AD worms, which may shift the reactive flux away from 
the oligomeric state towards the less toxic fibrillar form. Figure taken from Limbocker et al., 2022. 

Following all these findings, SQ has entered human clinical trials for the treatment 

of PD in 2018, as an orally administered phosphate salt named ENT-01. In this clinical 

trial, ENT-01 was developed to target αS aggregates within the enteric nervous system 

(ENS), since PD patients often manifest constipation due to diminished peristalsis caused 

by the reduced excitability of the neurons of the myenteric plexus as a result of 

accumulation of a-synuclein aggregates (Lin et al., 2014; Fornai et al., 2016). The results 

of this 1/2a clinical trial showed that ENT-01 was able to restore bowel motility in over 

80% of PD patients with severe constipation (Hauser et al., 2019). Moreover, ENT-01 has 
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just completed a multicenter, randomized, double-blind, placebo-controlled phase-2b 

clinical trial in patients with PD-related constipation (KARMET, identifier NCT03781791), 

with improvement in constipation and benefits in other neurological symptoms, such as 

memory, hallucinations, motor functioning and circadian rhythm (Camilleri et al., 2022). 

1.5.4 Membrane physicochemical perturbation induced by TRO 

In principle, the ability of aminosterols to prevent the binding of misfolded protein 

oligomers formed by different proteins, including αS, Aβ42 and HypF-N, to cell 

membranes and to suppress their toxicity could be due to at least two non-mutually 

exclusive mechanisms: (i) the aminosterols bind to the oligomers preventing them from 

binding to cell membranes, or (ii) the aminosterols bind to cell membranes preventing 

them from binding the oligomers (Errico et al., 2020). It was recently observed that 

neither SQ nor TRO significantly alter either the size or the hydrophobicity of cytotoxic 

aggregates at therapeutically meaningful concentrations of aminosterol, ruling out that 

aminosterol-oligomer binding is responsible for the aminosterol-mediated inhibition of 

oligomer-membrane binding (Limbocker et al., 2020). These results rather suggest that 

the aminosterol-mediated protective effects can be exerted through their binding to 

membrane bilayers.  

A recent work investigated, at a molecular level, the mechanism by which TRO 

binds to biological membranes and reinforces them against the toxicity of misfolded 

protein oligomers (Errico et al., 2020). In this study, LUVs and SLBs composed of DOPC, 

SM, CHOL and GM1 were used to mimic biological membranes and reproduce the lipid 

segregation in different ordered domains (de Almeida et al., 2003; Oropesa-Nuñez et al., 

2016). TRO was found to bind to these membrane models strongly and stably, as well as 



 

45 
 

to the membrane of cultured human neuroblastoma cells (Errico et al., 2020). By 

applying fluorescence quenching and anisotropy experiments with probes that localized 

in different portions of the membrane, quartz crystal microbalance (QCM) analysis and 

molecular dynamics (MD) simulations, it was also possible to determine the location and 

orientation of TRO within the bilayer: it appeared positioned within the external 

hydrophilic face, with its steroidal portion extending downward and penetrating the 

external hydrophilic layer down to the interface between the hydrophilic and 

hydrophobic layers, and the polyamine moiety sticking out of the membrane into the 

bulk medium (Fig. 1.12) (Errico et al., 2020). Moreover, the embedding of TRO in the 

lipid bilayer occurred with a well-defined oblique angle (about 55°) for the major axis of 

the molecule with respect to the normal to the bilayer plane (Fig. 1.12) (Errico et al., 

2020). 

Importantly, the incorporation of TRO into the lipid bilayer was shown to induce 

significant effects on the physicochemical properties of the membrane (Fig. 1.12): (i) it 

decreased the total negative charge of the lipid bilayer, contributed by the anionic 

headgroup of GM1, as determined with zeta potential (ζ) measurements; (ii) it caused 

an increment of the breakthrough force (BTF) applied perpendicularly to its surface, 

corresponding to a higher mechanical resistance of the bilayer to indentation, and an 

increase of the membrane phase transition temperature, reflecting a more stable 

packing of the lipids; (iii) it changed the spatial distances between lipids, proportionally 

to its concentration, as observed with lipid–lipid fluorescence resonance energy transfer 

(FRET) experiments, inducing a separation of GM1 from CHOL molecules, and the 

formation of clusters of CHOL molecules and of clusters of GM1 molecules, probably 

caused by a preferential binding of this aminosterol nearby these two lipids. 
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Figure 1.12. Membrane insertion and perturbation induced by TRO. (A) Schematic 
representation of the insertion and localization of TRO within biological membranes. The 55° 
angle refers to the whole molecule, rather than the steroid group or polyamine group only. The 
14.8±0.2 and 5.6±0.2 Å distances refer to the space occupied by the molecule and portion 
sticking out of the membrane along the normal to the bilayer plane, respectively. (B) Schematic 
representation of the three major physico-chemical effects on cell membranes induced by the 
insertion of TRO, all possibly mediating the TRO-induced protection against the toxicity of 
misfolded protein oligomers. Figure adapted from Errico et al., 2023. 

All these perturbations contribute significantly to improve the resistance of 

biological membranes to the toxic action of misfolded protein oligomers, explaining from 

a physicochemical perspective how aminosterols can reinforce the membranes making 

them resistant to the deleterious action of these aberrant species, and also suggest the 

intriguing possibility that these natural compounds may exert regulatory functions 

within the lipid homeostasis system, known to be altered in neurodegenerative diseases 

(Errico et al., 2020; Limbocker et al., 2022). 
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1.5.5 Discovery of a new aminosterol in mammals: ENT-03 

Very recently, it was reported the discovery of ENT-03, a spermine-bile acid, in the 

neonatal mouse brain (Barbut et al., 2023, under revision). ENT-03 shares a high 

structural similarity with sharks aminosterols, with a sterol group, an alkyl moiety of the 

cholestane-type fused to the sterol at C-17, and an alkyl polyamine tail fused to the sterol 

at C-3 and replacing the hydroxyl group (Fig. 1.13). However, ENT-03 does not have the 

sulphate moiety linked at C-24 like sharks aminosterols, it has rather a carboxylate group 

at position C-25, replacing the methyl group, and it carries a spermine group as alkyl 

polyamine like TRO (Fig. 1.13).  

 

Figure 1.13. Structural formula of ENT-03. Figure adapted from Errico et al., 2023. 

ENT-03 was detected in brain, liver, kidney, and gastrointestinal tract of neonatal 

mice, with highest concentrations detected in brain (Barbut et al., 2023, under revision). 

The concentration in brain was low at birth, reached peak concentrations over the first 

postnatal week, and declined rapidly as the animals aged. The low concentrations of 

ENT-03 in the gastrointestinal tract suggested that milk was not the source of the 

compound, and weaning occurred between 18-22 days, followed by a rapid increase in 

body weight (Barbut et al., 2023, under revision). ENT-03 was shown to increase insulin 
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sensitivity in both lean and insulin resistant, obese diabetic rodents within 24 hours of 

administration, by enhancing the peripheral uptake of glucose (Barbut et al., 2023, under 

revision). Moreover, following repeated administration of ENT-03 for several days, 

reduction in food intake and sustained weight loss occurs, which persists for several 

weeks after dosing has stopped (Barbut et al., 2023, under revision). Following the 

similar chemical structure of TRO and SQ and the similar pharmacological properties in 

metabolic disorders, ENT-03 could also exert similar effects in the context of 

neurodegenerative diseases. 

1.5.6 The plant alkaloid berberine (Brb) and its putative therapeutic role in 

neurodegeneration 

Berberine (Brb) is a cationic alkaloid present in many commonly used medicinal plants, 

such as Coptis chinensis, Hydrastis canadensis, Berberis vulgaris and Berberis aristate, 

that has been used in traditional medical systems in China and India for more than 3000 

years (Fig. 1.14) (Dev, 1999; Chen et al., 2014; Song et al., 2020; Xu et al., 2021). Recently, 

it was observed that Brb can exert therapeutic effects in the context of metabolic 

disorders; in particular it was shown to reduce hyperlipidaemia in animal models and 

patients with high cholesterolemia, to lower blood glucose levels and improve insulin 

resistance by promoting glucose uptake and glycolysis, and glucose-stimulated insulin 

secretion (Xu et al., 2021). Moreover, similarly to aminosterols, Brb was found to inhibit 

the phosphatase activity of PTP1B (Chen et al., 2010). Brb has also important antioxidant 

and anti-inflammatory activities in the context of metabolic disorders, as observed in 

cells cultured with high glucose-containing media (Liu et al., 2008) and in a series of 

diabetic animal models (Bhutada et al., 2011; Moghaddam et al., 2014; Xie et al., 2013). 
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Figure 1.14. Structural formula of Brb. Figure adapted from Bellavite et al., 2023. 

Oxidative stress and inflammation play a crucial role also in neurodegenerative 

diseases, since the aberrant aggregation of misfolded proteins can trigger ROS 

production as inflammatory response in the brain, and it is known that neuronal cells 

are particularly vulnerable to oxidative damage because of their high polyunsaturated 

fatty acid content in membranes, high oxygen consumption, and weak antioxidant 

defences (Rego et al., 2003; Liu et al., 2017). Brb was reported to protect neuronal cells 

from cell death induced by the PD neurotoxin 6-hydroxydopamine (6-OHDA), which is a 

hydroxylated analog of dopamine able to induce massive oxidative stress leading to the 

damage of dopaminergic neurons (Bae et al., 2013). This protective effect exerted by Brb 

occurs by reducing ROS generation and upregulating heme oxygenase-1 (HO-1) 

expression, a cytoprotective enzyme with neuroprotector functions (Bae et al., 2013). 

Furthermore, Brb was found to inhibit human acetylcholinesterase according to 

computational screening of synthetic molecules and dietary phytochemicals, and 

dysfunction and death of forebrain cholinergic is typically observed in AD patients (Amat-

Ur-Rasool et al., 2015). Taken together, all these pharmacological properties of Brb 

suggest a therapeutic potential of Brb against neurodegenerative diseases (Ahmed et al., 

2015; Jiang et al., 2015; Shou & Shaw, 2022). 

 



 

50 
 

1.6 Aim of the thesis 

In the first part of this thesis (Section 3.1), we aimed at obtaining a quantitative 

measurement of the affinity of toxic and nontoxic misfolded protein oligomers for lipid 

bilayers of liposomes (LUVs), and we then investigated the change of this affinity by 

changing lipid composition and by adding the aminosterol TRO. To this aim, we used 

LUVs with a variable and biologically compatible lipid composition and OAs/OBs formed 

by the model protein HypF-N to measure the affinity of these different oligomeric 

species to lipid membranes. We also investigated whether oligomers change their 

structure upon interaction with the LUVs and if they preferentially bind to specific lipids 

of LUVs. Then, we added TRO to our LUV system, to quantify the influence exerted by 

this aminosterol on the affinity of the membrane for OAs and, again in a quantitative 

manner, how the lipid composition of LUVs can influence the affinity of the membrane 

for these toxic species. The results of this part of the thesis have been published in Errico 

et al., 2021. 

In the second part of this thesis (Section 3.2), we performed a comparative study 

at the chemical and physical levels on SQ, TRO and ENT-03, to quantitively measure their 

affinities for lipid membranes of LUVs, to investigate whether these aminosterols can 

affect the physicochemical and molecular properties of the lipid bilayer to different 

extents, and whether they result in different protective effects. We then related all these 

chemical, physical, molecular, and biological measurables using an approach of 

quantitative chemical biology to obtain the identification and quantification of: (i) the 

chemical groups within aminosterols mainly responsible for their protective effect 

against oligomers of Aβ, and (ii) the specific physicochemical changes of the membrane 
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that most mediate this protective effect. The results of this part of the thesis have been 

published in Errico et al., 2023. 

In the third part of this thesis (Section 3.3), we focused on the plant alkaloid Brb, 

investigating its possible interaction with LUVs and its potential role against misfolded 

protein oligomers. To this aim, we first studied whether Brb interacts with the membrane 

of LUVs with different lipid compositions, whether the interaction involves the polar or 

nonpolar portion of the membrane, and if this interaction could affect the packing of 

lipids contained in them. Then, we investigated whether the interaction of Brb with LUVs 

could induce a variation of the affinity of OAs for the membrane, similarly to what is 

observed with TRO. Eventually, we examined whether this alkaloid was also able to 

directly interact with misfolded protein oligomers and affect their morphology and 

structure. The results of this part have not yet been published and are collected in a 

manuscript that will soon be submitted for publication.  
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2. Experimental section 

2.1 Expression and purification of wild-type and mutant forms of HypF-N 

Cultures of E. coli XL10 Gold harbouring the pQE30-Th plasmids for the expression of 

wild-type HypF-N and its mutational variants (Campioni et al., 2010) were grown 

overnight at 37 °C under shaking in 200 ml of 20 g/L LB medium (Merck) containing 100 

µg/ml of ampicillin (Merck). The cells were then diluted 1:20 in 4 l of fresh medium and 

grown at 25 °C under shaking until ~ 0.6 optical density at 600 nm (OD600), monitored 

with a Jasco V-630 UV-VIS spectrophotometer. Protein expression was induced overnight 

at 25 °C under shaking by the addition of 1 mM isopropyl β-D-thiogalactopyranoside 

(IPTG, Thermo Scientific). The bacterial cells were then harvested by centrifugation for 

15 min at 7000 g at 4 °C; the pellet was resuspended in ~ 30 ml of lysis buffer (50 mM 

phosphate buffer, 300 mM NaCl, 10 mM imidazole, pH 8.0) and stored at -20 °C 

overnight. The cell suspension was defrosted at 37 °C in a Thermo Haake C25P water 

bath and then incubated for 1 h with 1 mg/ml lysozyme (Merck) in ice under shaking 

followed by 5 cycles of sonication at 50 kHz for 30 s alternated to 30 s in ice. The cell 

lysate was then centrifuged for 45 min at 38,700 g at 4 °C and the supernatant containing 

the protein was filtered using filters with a cut-off of 0.45 µm. The filtered supernatant 

was applied to an affinity chromatography column packed with HIS-Select® Nickel 

Affinity Gel (Merck), previously equilibrated with the lysis buffer at 4 °C. The column was 

then washed with the washing buffer (50 mM phosphate buffer, 300 mM NaCl, 20 mM 

imidazole, pH 8.0), equilibrated with the cutting buffer (50 mM phosphate buffer, 50 mM 

NaCl, pH 8.0) and incubated with 50 units of human thrombin (Merck) dissolved in 5 ml 

of cutting buffer for 1 h at 37 °C, and then overnight at 4 °C under slight shaking. The 
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pure wild-type and mutated HypF-N were then eluted using 50 mM phosphate buffer, 

50 mM NaCl, 10 mM imidazole, pH 8.0. Wild-type and mutant HypF-N were then buffer-

exchanged and concentrated in 5 mM acetate buffer, 2 mM dithiothreitol (DTT), pH 5.5, 

and in 20 mM phosphate buffer, 2 mM tris(2-carboxyethyl)phosphine hydrochloride 

(TCEP), pH 7.0, respectively, using an ultrafiltration cell with a 3000 Da molecular weight 

cut-off (MWCO) cellulose membrane (Biorad) at 4 °C. The final solution containing the 

pure protein was centrifuged for 10 min at 16,100 g to eliminate any aggregates and/or 

impurities, and its concentration was measured with a Jasco V-630 UV-VIS 

spectrophotometer using ε280 = 12490 M-1cm-1. Samples were checked for their purity 

with SDS-PAGE and DLS, as described below, and then stored at -80 °C until use.  

2.2 SDS-PAGE analysis of HypF-N 

Samples of the various HypF-N purification steps were denatured with a 4X sample 

buffer (0.25 M Tris, 5.4 M glycerol, 0.3 M β-mercaptoethanol, 277 mM SDS, 6 mM 

bromophenol blue), and then incubated at 98 °C for 2 min. The resulting samples and a 

molecular weight marker (Precision Plus ProteinTM Standard, Bio-Rad) were loaded in a 

precast gel with a gradient of 4-20% of acrylamide (Mini-PROTEAN TGX Precast Gels, Bio-

Rad) and then run for about 90 min at 20 mA, using the Bio-Rad Laboratories 

electrophoresis kit. The running chambers were filled with a running buffer (25 mM Tris, 

19.2 mM glycine, 0.1% SDS). The gel was then stained with Coomassie Blue dye (40% 

methanol, 10% acetic acid, 0.1% Coomassie Blue) for 30 min at 37 °C with slow agitation 

and then washed in a destaining solution (40% methanol, 10% acetic acid) for at least 1 

h at room temperature to remove the excess of dye. The purified protein featured a 

single band at 10 kDa, in agreement with its expected molecular weight of 10,464 Da. 
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2.3 Dynamic light scattering (DLS) analysis of HypF-N 

The monomeric state of purified HypF-N was assessed acquiring its size distribution on 

a Zetasizer Nano S DLS device from Malvern Panalytical (Malvern), thermostated at 25 

°C with a Peltier temperature controller and using a 10 mm reduced-volume plastic cell. 

The refractive index and viscosity were 1.33 and 0.89 cP, respectively. The measurement 

was acquired with the cell position 4.65, attenuator index 8, at 25 °C. The DLS distribution 

in volume mode featured a single population with a hydrodynamic diameter of 5.41.0 

nm, which is compatible with a monomeric folded HypF-N, as previously determined 

with X-ray crystallography (Rosano et al., 2002). 

2.4 Labelling of HypF-N mutant with BODIPY FL 

The C7S/C65A mutant of HypF-N (containing only Cys40) was diluted to a final 

concentration of 150 µM in 20 mM phosphate buffer, pH 7.0, and incubated with 2.25 

mM BODIPY™ FL N-(2-aminoethyl)maleimide, previously dissolved at high concentration 

in dimethyl sulfoxide (DMSO) for 2 h at 25 °C in the dark on a mechanical shaker. The 

labelled sample was dialysed (membrane MWCO of 3500 Da) in the dark against 1.5 l of 

20 mM phosphate buffer, pH 7.0, overnight and then centrifuged to remove any 

precipitate. The concentration of the dye in the BODIPY FL-labelled HypF-N mutant was 

determined spectrophotometrically, using ε505=76000 M–1cm–1, whereas the 

concentration of the protein was determined using ε280=12490 M-1cm-1. The labelling 

degree of the sample was then estimated by determining the ratio between the 

measured dye and protein molar concentrations. 
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2.5 Labelling of HypF-N mutants with 1,5-IAEDANS and 6-IAF 

The C7S/C40S/C65A/Q18C (named C18) and C7S/C40S/C65A/N34C (named C34) 

mutants of HypF-N (containing one cysteine residue at position 18 and 34, respectively) 

were labelled with 5-((((2-iodoacetyl)amino)ethyl)amino)naphthalene-1-sulfonic acid 

(1,5-IAEDANS) and 6-iodoacetamidofluorescein (6-IAF) dyes (Thermo Fisher Scientific), 

respectively, as previously reported (Capitini et al., 2018). The C18 variant was diluted to 

a final concentration of 180 µM in 100 mM potassium phosphate buffer, pH 7.0, with 2.7 

mM 1,5-IAEDANS (15-fold molar excess of dye) and 3 M guanidine hydrochloride 

(GdnHCl), whereas the C34 variant was diluted to the same final concentration of 180 

µM in 100 mM potassium phosphate buffer, pH 7.0, with 1.8 mM 6-IAF (10-fold molar 

excess of dye) and 3 M GdnHCl. Both dyes were previously dissolved in 

dimethylformamide (DMF) at high concentration. The two labelling mixtures were left in 

the dark under shaking for 2 h at 30 °C and then overnight at 4 °C. They were then 

dialysed in the dark (membrane MWCO of 3000 Da) against: (i) 0.25 l of 100 mM 

potassium phosphate buffer, pH 7.0, with 1.5 M GdnHCl for 4 h, (ii) 0.25 l of 100 mM 

potassium phosphate buffer, pH 7.0 for 4 h, (iii) 0.5 l of 50 mM potassium phosphate 

buffer, pH 7.0, overnight, (iv) 1.0 l of 20 mM or 5 mM potassium phosphate buffer 

(depending on whether the labelled mutants were used to produce type A or type B 

oligomers, respectively), at pH 7.0, for 6 h. The samples were then centrifuged to remove 

any precipitate. The concentrations of the dye in the 1,5-IAEDANS-C18 variant and in the 

6-IAF-C34 variant were determined spectrophotometrically, using ε336= 5700 M-1cm–1 

and ε491=8200 M–1cm–1, respectively. The protein concentration was determined 

spectrophotometrically using ε280=12490 M-1cm-1 after subtraction of the absorbance 

contribution of the 1,5-IAEDANS/6-IAF probe at the same wavelength of 280 nm. The 
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labelling degree was estimated as the ratio between the two measured dye and protein 

molar concentrations.  

2.6 Preparation of HypF-N type A (OAs) and type B (OBs) oligomers 

OAs and OBs of wild-type HypF-N were obtained at a protein concentration of 0.5 mg/ml, 

corresponding to 48 µM (monomer equivalents), by incubating the protein for 4 h at 25 

°C in: (i) 50 mM acetate buffer, 12% (v/v) trifluoroethanol (TFE), 2 mM DTT, pH 5.5 and 

(ii) 20 mM trifluoroacetic acid (TFA), 330 mM NaCl, pH 1.7, respectively, as previously 

described (Campioni et al., 2010). 

 BODIPY FL-labelled OAs and OBs used for the binding experiments were obtained 

under the same conditions, but using 4.4 µM of BODIPY FL-labelled C7S/C65A HypF-N 

and 43.6 µM of unlabelled C7S/C65A HypF-N, in order to obtain a 1:10 molar ratio for 

labelled:unlabelled protein. 

 OAs and OBs for intra-oligomer FRET were formed under the same conditions by 

24 µM C18 variant labelled with the donor dye 1,5-IAEDANS (18D) and 24 µM C34 variant 

labelled with the acceptor dye 6-IAF (34A), at a molar ratio 18D:34A of 1:1. These 

oligomers were named 18D_34A. Oligomers 18D_10 and 10_34A (with 34A and 18D 

replaced by the unlabelled HypF-N mutant with only one cysteine residue at position 10, 

respectively) were also produced in a 1:1 molar ratio between labelled and unlabeled 

variant. 

 OAs and OBs for LUV-oligomer FRET were initially formed under the same 

conditions using C7S/C65A HypF-N. They were then centrifuged at 16,100 g for 15 min 

at 20 °C. The supernatants were removed, the pellets were gently dried with nitrogen 

flow and then resuspended in 20 mM phosphate buffer, 2 mM TCEP, pH 7.0, to a final 
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HypF-N concentration (monomer equivalents) of 160 µM. They were then incubated 

with a 12.5-fold molar excess of 1,5-IAEDANS, previously dissolved at high concentration 

in DMF for 2 h at 25 °C in the dark on a mechanical shaker. The labelled samples were 

dialysed (membrane MWCO of 3500 Da) in the dark against 1.5 l of 20 mM phosphate 

buffer, pH 7.0, overnight and then centrifuged to remove any precipitate. The 

concentration of the dye in the samples was determined spectrophotometrically, using 

and ε336 = 5700 M-1cm-1, whereas the concentration of the protein was determined using 

ε280 = 12490 M-1cm-1 after subtraction of the absorbance contribution of 1,5-IAEDANS at 

280 nm. The labelling degree was estimated as the ratio between the measured dye and 

protein molar concentrations. 

2.7 Labelling of aminosterols with BODIPY TMR and Alexa Fluor 594 

SQ and TRO were synthetized by coupling spermidine and spermine, respectively, to the 

(5α, 7α, 24R)-3-keto-7-hydroxycholestan-24-ol sulphate steroid intermediate as 

previously described (Zhang et al., 1998; Jones et al., 1998; Zasloff et al., 2001). The 

synthesis of ENT-03 was carried out similarly to the other aminosterols, by coupling a 

polyamine tail to a steroidal skeleton (Barbut et al., 2023, under revision); the step-by-

step procedure is reported in a deposited patent and will be published in a separate 

paper (Patent CN114929724; 2022). The >95% chemical purities of all aminosterols were 

assessed by HPLC-ELSD and 1H-NMR. All aminosterols were stored as powders until use. 

For the labelling procedure, aminosterols were dissolved in distilled water to obtain a 

100 mM stock solution and stored at 4 °C. BODIPY™ TMR-X NHS Ester and Alexa Fluor® 

594 NHS Ester (BODIPY and A594, respectively, ThermoFisher Scientific) were both 

dissolved in anhydrous DMSO to obtain 15 mM and 10 mM stock solutions, respectively, 



 

58 
 

and stored at -20 °C. For labelling, 5 mM aminosterol, 0.5 mM dye, 0.1 M sodium 

bicarbonate buffer, pH 8.3 for BODIPY and pH 7.0 for A594, were incubated in a final 

volume of 20 µl at 25 °C for 2 h under mild orbital shaking. During labelling with BODIPY 

the aminosterol precipitates; therefore, after the incubation, the solution was 

centrifuged at 18,000 g for 15 min, the pellet was dried with a nitrogen flow and 

resuspended in 20 µl DMSO to maintain the initial concentrations. During labelling with 

A594, TRO remains in solution, whereas SQ and ENT-03 precipitate. Hence, the solution 

with TRO labelled with A594 was directly used after incubation, while those with SQ and 

ENT-03 were centrifuged and resuspended in DMSO as described for the BODIPY 

labelling. With these procedures the labelled:total aminosterol was 1:10 in all cases. No 

unreacted dye was detected using mass spectrometry, following a previously described 

procedure (Errico et al., 2020). As a negative control, L-Arg was labelled with both 

BODIPY and A594 under the same conditions used for aminosterol labelling and no 

precipitate was observed.  

2.8 Preparation of large unilamellar vesicles (LUVs) 

LUVs were produced with a lipid mixture composed of DOPC (Avanti Polar Lipids), SM 

(Sigma-Aldrich), CHOL (Sigma-Aldrich) and GM1 (Avanti Polar Lipids), as previously 

reported (Errico et al., 2020). In particular, the lipid composition of “model-LUVs” was 

65% DOPC (mol), 33% SM (mol), 1% CHOL (mol) and 1% GM1 (mol), as used in previous 

work (Errico et al., 2020). These lipid species are known to be present in the neuronal 

membranes (Calderon et al., 1995; Pike, 2004; Ingólfsson et al., 2014; Ingólfsson et al., 

2017). The non-natural percentages of the various lipids were chosen to favour well-

separated Lβ domains and Lα regions (Seghezza et al., 2014). In particular, the CHOL 
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percentage of 1% was already adopted in other works (Seghezza et al., 2014; Leri et al., 

2016; Oropesa-Nuñez et al., 2016; Leri et al., 2018; Canepa et al., 2020; Errico et al., 

2020) and it is necessary to obtain model membranes with well distinct Lα and Lβ phases 

and relatively extended Lβ domains. It was demonstrated that the Lβ domains 

significantly decreased their size by increasing the CHOL concentration, becoming 

indistinguishable for microscopic analyses (Seghezza et al., 2014). The ordered domains 

of LUVs, enriched in GM1 and CHOL, partially mimic the complex features of lipid rafts 

in neurons (Ingólfsson et al., 2017; Staneva et al., 2021). Moreover, the progressive 

increase of CHOL and GM1 content in our experiments, aim at better mimicking the real 

composition of neuronal membranes. 

 LUVs were obtained by dissolving the desired lipid mixture in 

chloroform/methanol (2:1) and by removing the organic solvent by evaporation in vacuo 

(Univapo 150H, UniEquip) for at least 3 h. The mixtures were hydrated with distilled 

water to form MLVs to a total lipid concentration of 2 mg/ml for quenching experiments, 

3.5 mg/ml for binding experiments, 1 mg/ml for LUV-oligomer FRET experiments, and 3 

mg/ml for circular dichroism (CD), tryptophan fluorescence and intra-oligomer FRET 

experiments (mother solutions). MLVs were left to swell for 1 h at 60 °C and then 

extruded 17 times through a polycarbonate membrane with 100 nm pores using a mini-

extruder (Avanti Polar Lipids) at the same temperature, to form LUVs. After cooling to 

room temperature, LUVs were stored at 4 °C for a maximum of 1 week.  

For the measurement of the ζ potential and BTF, and for the lipid-lipid FRET 

experiments, 5 µM of each aminosterol was added during the hydration phase of LUVs 

preparation. 
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2.9 Atomic force microscopy (AFM) 

2.9.1 Interaction between OAs/OBs and supported lipid bilayers (SLBs) using AFM 

The interaction was tested on SLBs with three different lipid mixtures: (i) 66% DOPC 

(mol), 33% SM (mol), 1 % CHOL (mol); (ii) DOPC/SM 2:1 (mol/mol), 1 % (mol) CHOL, 1 % 

(mol) GM1; (iii) 63% DOPC (mol), 31% SM (mol), 1 % (mol) CHOL, 5 % GM1 (mol). 40 μl 

aliquots of LUVs suspension (0.1 mg/ml), were deposited onto a 1.0×1.0 cm2 freshly 

cleaved mica substrate with 10 μl of a 10 mM CaCl2 solution. The samples were kept 15 

min at room temperature and then incubated for 15 min at 60 °C in a close chamber with 

100% relative humidity to form a uniform SLB. Subsequently, the samples were cooled 

at room temperature and gently rinsed three times with Milli-Q water. A Nanowizard III 

(JPK Instruments) mounted on an Axio Observer D1 (Carl Zeiss) inverted optical 

microscope was used to acquire the AFM images. V-shaped DNP silicon nitride 

cantilevers (Bruker), with a typical tip curvature radius of 20-60 nm, nominal spring 

constant 0.24 N/m, and a resonance frequency in air ranging from 40 kHz to 75 kHz were 

used. The measurements were carried out in water using the intermittent contact mode 

in the constant-amplitude mode, working with an oscillating frequency of 10-20 kHz. The 

amplitude setpoint was kept above 70% of free oscillation amplitude in all cases. OAs 

and OBs were administered under the AFM head at a final concentration of 12 μM and 

left standing to interact with the SLBs for 30 min. AFM images (512×512 image data 

points) were processed using the JPK Data Processing software (JPK Instruments). The 

difference in thickness (ΔZ) between gel (Lβ) and fluid (Lα) lipid domains was determined 

by considering image height distributions. The distributions were fitted to the sum of 

two Gaussian functions, and the ΔZ value was determined as the difference between the 
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peaks of the two Gaussian functions. This procedure was repeated for at least 10 

different images for each experiment. 

2.9.2 Breakthrough force (BTF) measurement in the absence and presence of 

aminosterols 

SLBs were obtained as described above. Prior to AFM imaging, samples were kept again 

at room temperature in a closed chamber at 100% relative humidity. AFM imaging 

usually started 1.5 h after rinsing. 

Force spectroscopy measurements were performed under liquid environment with 

a Multimode SPM (Bruker) equipped with “E” scanning head (maximum scan size 15 μm) 

and driven by a Nanoscope V controller (Bruker). Triangular silicon nitride cantilevers 

(DNP-10, Bruker, nominal spring constant 0.24 N/m) were used. The actual spring 

constant of each cantilever was determined in-situ using the thermal noise method 

(Hutter & Bechhoefer, 1993). Force maps consisting of 128x128 force distance curves 

were acquired point-by-point on scan areas of 5×5 µm2 or 2.5×2.5 µm2. The maximum 

force load was 15-18 nN. Breakthrough forces were evaluated from the force-distance 

curves data sets using a home-built software. 

2.10 Intrinsic tryptophan fluorescence assay 

OAs, OBs and native HypF-N were diluted in 20 mM phosphate buffer, pH 7.0, in the 

presence of different concentrations of unlabelled model-LUVs (0, 0.04, 0.08, 0.12, 0.24, 

0.30, 0.50, 1.00, 1.50 mg/ml) to a final HypF-N concentration (monomer equivalents) of 

1.9 µM (OAs and OBs) and 20 µM (native HypF-N) for 15 min at 25 °C. DLS was used to 
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assess the integrity of LUVs upon change of solution conditions from distilled water (in 

which they were prepared) to 20 mM phosphate buffer, pH 7.0. The structural integrity 

of OAs and OBs upon change of solution conditions was assessed previously (Campioni 

et al., 2010). Intrinsic tryptophan fluorescence spectra were then acquired at 25 °C from 

300 to 450 nm (excitation at 280 nm) using a 3×3 mm black wall quartz cell on a Perkin-

Elmer LS 55 spectrofluorimeter equipped with a thermostated cell-holder attached to a 

Haake F8 water-bath, or on an Agilent Cary Eclipse spectrofluorimeter (Agilent 

Technologies) equipped with a thermostated cell holder attached to a Agilent PCB 1500 

water Peltier system. 

2.11 Far ultraviolet circular dichroism (Far-UV CD) spectroscopy 

2.11.1 Far-UV CD spectroscopy of HypF-N oligomers incubated with LUVs 

OAs, OBs and native HypF-N were diluted in 20 mM phosphate buffer, pH 7.0, in the 

presence of different concentrations of model-LUVs (0, 0.04, 0.08, 0.12, 0.24, 0.30, 0.50, 

1.00, 1.50 mg/ml), to a final HypF-N concentration (monomer equivalents) of 20 µM for 

10 min at 25 °C. The far-UV CD spectra were collected over the 190–260 nm wavelength 

range at 25 °C using a 1 mm path-length cell on a Jasco J-810 spectropolarimeter 

equipped with a thermostated cell holder attached to a Thermo Haake C25P water bath. 

All spectra were truncated at HT > 700 V, blank-subtracted and normalized to mean 

residue ellipticity using: 

[Ɵ] =
Ɵ

(
10 ∙ 𝑁.  𝑟𝑒𝑠𝑖𝑑𝑢𝑒𝑠 ∙ 𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑝𝑎𝑡ℎ ∙ 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡
)

 
(1) 



 

63 
 

where [θ] is the mean residue ellipticity in deg cm2 dmol-1, θ is the ellipticity in mdeg, 

optical path is in cm, concentration is in g/l and molecular weight is in g/mol. 

2.11.2 Far-UV CD spectroscopy of HypF-N OAs incubated with Brb 

HypF-N OAs were diluted to 10 µM (monomer equivalents) in 20 mM phosphate buffer, 

pH 7.0 and incubated with 0, 5, 10, 30, 40, 50, 100 µM Brb for 15 min at 25 °C in the 

dark. Similar solutions containing Brb in the absence of OAs were also prepared. The far-

UV CD spectra were collected over the 190–260 nm wavelength range by averaging 7 

spectra with a data pitch of 0.1 nm, a scanning speed of 50 nm/min and a response time 

of 1 s at 25 °C using a 1 mm path-length cell on the Jasco spectropolarimeter described 

above. All spectra were truncated at HT > 700 V, blank-subtracted and normalized to 

mean residue ellipticity using Eq. 1. Then, [θ] at 222 nm and 208 nm was plotted as a 

function of Brb concentration. 

2.11.3 FAR-UV CD spectroscopy of αS incubated with LUVs 

5 µM αS was incubated with DMPS LUVs (250 µM total lipids, corresponding to 0.2 

mg/ml total lipids) for 30 min and then with increasing concentrations of TRO, SQ or ENT-

03 (0, 10, 20, 30, 40, 50, 60 and 70 µM) for 15 additional min, in 20 mM sodium 

phosphate buffer, pH 6.5, at 30 °C. LUVs were prepared with the same procedure 

reported above, but using 100% DMPS. Far-UV CD spectra were recorded on the Jasco 

spectropolarimeter described above CD spectra were recorded from 180 to 260 nm by 

averaging 5 spectra with a data pitch of 0.2 nm, a scanning speed of 50 nm/min and a 

response time of 1 s. All spectra were blank subtracted and truncated at HT>700 V, then 
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normalized to mean molar residue ellipticity using Eq. 1. For all analyses, [θ] at 222 nm 

and 192 nm was plotted as a function of aminosterol concentration. 

2.12 Fluorescence resonance energy transfer (FRET) 

2.12.1 HypF-N intra-oligomer FRET 

OAs and OBs (18D_34A, 18D_10 and 10_34A) formed at a total monomer concentration 

of 48 µM were diluted in 20 mM and 5 mM potassium phosphate buffer (for OAs and 

OBs, respectively), pH 7.0, to obtain a final HypF-N concentration (monomer equivalents) 

of 20 µM, and in the presence of different concentrations of model-LUVs (0.12, 0.30, 

0.50, and 0.70 mg/ml), prepared as described above. Oligomers and LUVs were 

incubated for 10 min at 25 °C. The samples were diluted to a final HypF-N concentration 

of 2 μM immediately before fluorescence acquisition. Fluorescence emission spectra 

were recorded on a Perkin-Elmer LS55 spectrofluorimeter equipped with a thermostated 

cell-holder attached to a Haake F8 water-bath. The measurements were performed using 

a 210 mm quartz cell at 25 °C with excitation at 336 nm. The FRET efficiency (E) values 

between 18D and 34A in OAs and OBs were calculated as: 

𝐸 =
(𝐹𝐷𝐴𝐴𝐴 − 𝐹𝐴𝐴𝐴)

𝐹𝐴𝐴𝐷
 

(2) 

where AA and AD represent the absorbance values at 336 nm of acceptor (AA = 0.05) and 

donor (AD = 0.07), respectively, obtained in the presence of a concentration of dye of 120 

μM; FDA and FA represent the acceptor fluorescence emission at 1 mM (excitation 336 

nm) obtained in the presence and in the absence of donor, respectively, determined 

from the area between 490 nm and 600 nm below the corresponding curves (Capitini et 

al., 2018). 
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2.12.2 LUVs-HypF-N-oligomers FRET 

Model-LUVs were prepared at a total lipid concentration of 1 mg/ml, as described above, 

in the presence of either BODIPY-FL C5-ganglioside GM1 (GM1-A, commercial name 

BODIPY-FL C5-Ganglioside GM1, ThermoFisher Scientific), BODIPY-FL-CHOL (CHOL-A, 

commercial name TopFluor® cholesterol, Avanti Polar Lipids), BODIPY-FL-SM (SM-A, 

commercial name TopFluor® Sphingomyelin, Avanti Polar Lipids) or BODIPY-FL-DOPC 

(DOPC-A, commercial name TopFluor® PC, Avanti Polar Lipids) used as acceptors, with a 

molar fraction of each labelled lipid of 1% relative to total lipids in all cases. OAs from 

the C7S/C65A mutant labelled on their surface with 1,5-IAEDANS were prepared at a 

total protein concentration of 160 µM, as described above, and used as donor (OA-D). 

Fluorescence spectra of 0.3 mg/ml nonlabelled LUVs incubated with 20 µM OA-D (OA-D 

spectra), 0.3 mg/ml LUVs containing lipid-A incubated with 20 µM nonlabelled OAs 

(Lipid-A spectra), and 0.3 mg/ml LUVs containing lipid-A incubated with 20 µM OA-D 

(OA-D+Lipid-A spectra) were acquired after 15 min of incubation on a Perkin-Elmer LS 55 

spectrofluorimeter equipped with a thermostated cell-holder attached to a Haake F8 

water bath. The spectra were acquired from 350 to 600 nm using a 3×3 mm black wall 

quartz cell at 25 °C, with excitation at 336 nm. The FRET E was calculated as: 

𝐸 = 1 − (
𝐹𝐷𝐴

𝐹𝐷
) 

(3) 

where FDA is the fluorescence intensity of D in the presence of A, and FD is the 

fluorescence intensity of D in the absence of A. 
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2.12.3 Lipid-lipid FRET in the absence and presence of aminosterols 

Model-LUVs were prepared at a total lipid concentration of 1.0 mg/ml, as described 

above. TRO, SQ and ENT-03, when present, were added during the hydration phase to a 

final concentration of 5 µM. BODIPY-FL C5-ganglioside GM1 (GM1-D), BODIPY-FL-CHOL 

(CHOL-D), BODIPY-FL-SM (SM-D) and BODIPY-FL-DOPC (DOPC-D) were used as donor 

lipids. Cholesteryl 4,4-difluoro-5-(4-methoxyphenyl)-4-bora-3a,4a-diaza-s-indacene-3-

undecanoate (CHOL-A, commercial name CholEsteryl BODIPY™ 542/563 C11, 

ThermoFisher Scientific) was used as acceptor lipid. The molar fraction of each lipid 

labelled with D or with A was 0.0625% of total lipids in all cases.  

Fluorescence spectra of LUVs containing only lipid-D, only CHOL-A, and both lipid-D 

and CHOL-A were acquired using the cell and spectrofluorometer described above, at 25 

°C, with excitation at 450 nm and emission from 480 to 640 nm. FRET efficiencies (E) 

were calculated using Eq. 3 and then converted into distance between D and A (r) using 

(Lakowicz, 2006): 

𝑟 = √
𝑅0

6 − 𝐸 ∙ 𝑅0
6

𝐸

6

 

(4) 

where R0 is the Forster distance and was previously calculated for this D/A probe pair 

(Errico et al., 2020). 

2.13 Fluorescence quenching of TMA-DPH and DPH in LUVs 

2.13.1 Fluorescence quenching with HypF-N OAs, OBs and native protein 

1,6-Diphenyl-1,3,5-hexatriene (DPH, Merck) and 1-(4-trimethylammoniumphenyl)-6-

phenyl-1,3,5-hexatriene p-toluenesulfonate (TMA-DPH, ThermoFisher scientific) were 
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dissolved in chloroform/methanol (2:1) and added to the lipid mixture to obtain a 

probe:lipid molar ratio of 1:300. LUVs were then prepared at 2 mg/ml as described 

above, diluted with distilled water to 0.3 mg/ml and incubated with increasing 

concentrations of OAs, OBs and native protein (0 to 32.5 µM) at 25 °C for 15 min in the 

dark. The lipid mixtures: i) 65% DOPC (mol), 33% SM (mol), 1% CHOL (mol), 1% GM1 

(mol); ii) 66% DOPC (mol), 33% SM (mol), 1% CHOL (mol); iii) 63% DOPC (mol), 31% SM 

(mol), 1% CHOL (mol) and 5% GM1 (mol); iv) 66% DOPC (mol), 33% SM (mol), 1% (mol) 

GM1; v) 63% DOPC (mol), 31% SM (mol), 5% CHOL (mol) and 1% GM1 (mol); vi) 59% 

DOPC (mol), 30% SM (mol), 10% CHOL (mol) and 1% GM1 (mol). LUVs containing TRO 

were obtained by adding the aminosterol during the hydration phase to obtain final TRO 

and total lipid concentrations of 5 µM and 0.3 mg/ml, respectively. The fluorescence 

spectra of the resulting samples were acquired at 25 °C from 380 to 550 nm (excitation 

355 nm) using a 3×3 mm black walls quartz cell on an Agilent Cary Eclipse 

spectrofluorimeter (Agilent Technologies) equipped with a thermostated cell holder 

attached to an Agilent PCB 1500 water Peltier system. The quenching of TMA-DPH and 

DPH was then analysed with the Stern-Volmer equation: 

𝐹0

𝐹
= 1 + 𝐾𝑆𝑉 ∙ [𝑄] 

(5) 

where F0 and F are the integrated fluorescence intensity areas at 400-500 nm in the 

absence and presence of the quencher (OAs, OBs, or native proteins), respectively; [Q] 

is the concentration of the quencher and KSV is the Stern-Volmer constant. The plot of 

quenching of TMA-DPH and DPH in 0.3 mg/ml LUVs containing 5 µM TRO was analysed 

from 12.5 µM OAs with an equation derived from the Stern-Volmer equation: 
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𝐹0

𝐹
= 𝑞 + 𝐾𝑆𝑉 ∙ [𝑄] 

(6) 

where q is the intercept and all the other parameters have the same meaning as in Eq. 

5. 

2.13.2 Fluorescence quenching with Brb and HypF-N OAs 

Brb was dissolved in 100 mM potassium phosphate buffer, pH 7.0 at a concentration of 

3 mM and stored at 4 °C until use. TMA-DPH and DPH were added to the lipid mixture 

to obtain a probe:lipid molar ratio of 1:300 as described above. LUVs were then prepared 

at 2 mg/ml as described above, diluted with distilled water to 0.5 mg/ml and incubated 

with increasing concentrations of Brb (0 to 1 mM) at 25 °C for 15 min in the dark. The 

lipid mixtures were: i) Model-LUVs, composed of 65% DOPC (mol), 33% SM (mol), 1% 

CHOL (mol), 1% GM1 (mol); ii) Neuronal-LUVs, composed of 44% DOPC (mol), 16% SM 

(mol), 35% CHOL (mol), 5% GM1 (mol). The fluorescence spectra of the resulting samples 

were acquired at 25 °C from 380 to 550 nm (excitation 355 nm) using a 3×3 mm black 

walls quartz cell on the Agilent Cary Eclipse spectrofluorimeter described above. The 

quenching of TMA-DPH and DPH fluorescence induced by Brb were then analysed 

considering fluorescence emission at 427 nm and 429 nm, respectively, previously 

normalised in order to obtain F0 = 1000 a.u. and fluorescence emission values (F0/F) were 

plotted versus [Brb]. The upward curvature of the F0/F versus Brb concentration plot 

suggested the coexistence of dynamic or collisional quenching, and static quenching, 

with the latter determined by the formation of a nonfluorescent ground-state complex 

between the fluorophore (TMA-DPH or DPH) and the quencher (Brb) (Lakowicz, 2006). 

We therefore isolated collisional quenching considering F0/F values until 30 µM Brb for 
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DPH and 50 µM Brb for TMA-DPH and fitting these data with Eq. 5 to obtain KSV values, 

and then we obtained KST values by applying: 

𝐹0

𝐹
= (1 + [𝐵𝑟𝑏] ∙ 𝐾𝑆𝑉)𝑒𝑥𝑝([𝐵𝑟𝑏] ∙ 𝐾𝑆𝑇) 

(7) 

where KSV was the value previously obtained with Eq. 5. 

The quenching of TMA-DPH induced by 0-32 µM HypF-N OAs in 0.3 mg/ml model- 

and neuronal- LUVs, preincubated for 15 min with and without 30 µM Brb, was analysed 

from 7.5 µM OAs for model-LUVs and from 12.5 µM OAs for neuronal-LUVs with Eq. 6. 

The quenching of TMA-DPH induced by by 0-32 µM HypF-N OAs in 0.3 mg/ml 

LUVs+CHOL composed of 43% DOPC, 21% SM, 35% CHOL, 1% GM1 in the absence and 

presence of 30 µM Brb (15 min incubation) was analysed from 10 µM OAs with Eq. 6. 

The quenching of TMA-DPH induced by by 0-32 µM HypF-N OAs in 0.3 mg/ml 

LUVs+GM1, composed of 63% DOPC, 31% SM, 1% CHOL, 5% GM1 in the absence and 

presence of 30 µM Brb (15 min incubation) was analysed with Eq. 5 and from 12.5 µM 

OAs with Eq. 6, respectively. 

2.14 Binding assays 

2.14.1 Binding assay of fluorescently labelled OAs, OBs and native HypF-N to LUVs 

OAs, OBs and native HypF-N formed by BODIPY FL-labelled and unlabelled HypF-N 

C7S/C65A mutant (molar ratio 1:10) were diluted in 20 mM phosphate buffer, pH 7.0, to 

obtain a final HypF-N mutant concentration of 20 µM (monomer equivalents), and were 

incubated for 15 min at 25 °C, with increasing concentrations (from 0 to 2.0 mg/ml) of 

model-LUVs, prepared as described above. In experiments involving TRO-containing 

LUVs, the concentration of the small molecule was variable but the TRO:lipid molar ratio 
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was maintained and corresponded to 5 µM in 0.3 mg/ml LUVs. The fluorescence spectra 

were acquired at 25 °C from 490 to 560 nm (excitation 480 nm) using a 3×3 mm black 

walls quartz cell on the Agilent Cary Eclipse spectrofluorimeter described above. The 

fluorescence emission at 512 nm was then plotted versus LUV concentration and 

analysed with: 

𝐹 = [OA] ∙ 𝑓𝑈 + 𝑚[𝐿𝑖𝑝𝑖𝑑] − (𝑓𝑈 − 𝑓𝐵) ∙
[OA] ∙ [Lipid]

𝐾𝐷 + [Lipid]
 

(8) 

where F is the observed fluorescence at 512 nm, [OA] is the molar concentration of OAs 

(monomer equivalents), fU and fB are the fluorescence emission of the unbound and 

bound OAs at unitary concentration of OAs, respectively, m is the dependence of F on 

[Lipid] after binding (drift), [Lipid] is the molar concentration of total lipids in LUVs and 

KD is the dissociation constant. 

2.14.2 Binding assay of fluorescently-labelled aminosterols to LUVs 

BODIPY or A594-labelled aminosterols and L-Arg (negative control) were diluted with 

distilled water to 10 µM and incubated with increasing concentrations of unlabelled 

model-LUVs, (from 0.0 to 1.0 mg/ml) for 15 min at 25 °C in the dark. Fluorescence 

emission of BODIPY and A594-labelled aminosterols and L-Arg were then acquired at 572 

nm (excitation at 535 nm), and at 612 nm (excitation at 590 nm), respectively, using the 

cell and spectrofluorometer described above. The weak fluorescence contribution of 

unlabelled LUVs was subtracted from fluorescence emission spectra and resulting values 

were then normalized to the value obtained in the absence of LUVs (taken as 100%). The 

fluorescence emission intensity was then plotted versus LUV concentration and data 

points were then fitted with: 
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𝐹 = 𝐹0 − 𝐴 ⋅
[𝐿𝑈𝑉𝑠]

𝐾𝐷 + [𝐿𝑈𝑉𝑠]
 

(9) 

where F is the fluorescence intensity at a given LUV concentration, F0 is fluorescence 

intensity at 0.0 mg/ml LUVs, A is the difference between the fluorescence emission of 

unbound and bound aminosterols and KD is the dissociation constant of the LUV-

aminosterol complex. 

2.15 Fluorescence anisotropy 

2.15.1 Fluorescence anisotropy of fluorescently-labelled aminosterols 

BODIPY or A594-labelled aminosterols and L-Arg (negative control) were diluted with 

distilled water to 10 µM. The fluorescence anisotropy (r) values were then acquired at 

570 nm after excitation at 544 nm and at 617 nm after excitation at 590 nm, respectively, 

in the absence and presence of 0.5 mg/ml unlabelled model-LUVs, incubated for 15 min 

in the dark, using a 3x3 mm black walls quartz cell at 25 °C on the Agilent Cary Eclipse 

spectrofluorometer described above. 

2.15.2 Fluorescence anisotropy of TMA-DPH and DPH in LUVs in the presence of Brb 

Model- and neuronal-LUVs labelled with TMA-DPH and DPH were prepared as described 

above. LUVs were diluted with distilled water to 0.5 mg/ml and incubated with increasing 

concentrations of Brb (0 to 100 µM) at 25 °C for 15 min in the dark and fluorescence 

anisotropy (r) values were acquired at 25 °C from 429 nm for DPH-LUVs and 429 nm for 

TMA-DPH LUVs, (excitation 350 nm) using a 3×3 mm black walls quartz cell on the Agilent 
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Cary Eclipse spectrofluorimeter described above. The obtained r values were then 

plotted versus [Brb].  

The fluorescence anisotropy values (r) of model- and neuronal-LUVs labelled with 

TMA-DPH and DPH preincubated without and with 10, 30, 50 and 100 µM Brb for 15 min 

at 25 °C were acquired in a temperature range between 20 and 50 °C with intervals of 2 

°C, after excitation at 355 and 350 nm for TMA-DPH and DPH-labelled LUVs respectively, 

using the Agilent Cary Eclipse spectrofluorimeter described above. r values were 

acquired at 427 and 429 nm for TMA-DPH and DPH-labelled LUVs respectively. 

2.16 Fluorescence emission of fluorescently-labelled aminosterols 

BODIPY or A594-labelled aminosterols and L-Arg (negative control) were diluted with 

distilled water to 10 µM. Fluorescence emission spectra of aminosterols and L-Arg 

labelled with BODIPY and A594 were acquired from 550 to 650 nm (excitation at 544 nm) 

and from 600 to 700 nm (excitation at 590 nm), respectively, in the absence and presence 

of 0.5 mg/ml unlabelled model-LUVs, incubated for 15 min in the dark, using the cell and 

spectrofluorometer described above. 

2.17 Stopped-flow kinetic analysis of TRO-LUV binding 

TRO-A594 (50 µM) was diluted 5-fold into solutions containing different concentrations 

of model-LUVs dissolved in H2O. We used a Bio-logic SFM-3 stopped-flow device 

attached to a fluorescence detection system, an FC-08 cuvette (path length 0.08 cm), an 

excitation at 380 nm and a band pass filter to collect emission above 475 nm. The flow 

rate was 2.19 ml/s. The injection time, total volume and dead-time were 160 ms, 350 μl 



 

73 
 

and 14 ms, respectively. The final conditions after dilution were 10 µM TRO-A594, with 

LUV concentrations ranging from 0.12 mg/ml to 1.00 mg/ml, 25 °C. Each trace was 

averaged over 2 – 7 experiments, normalized to the maximum fluorescence and then 

analysed with a double exponential equation: 

𝑓(𝑡) = 𝑚 ∙ 𝑡 + 𝑞 + 𝐴1 ⋅ 𝑒−𝑘1∙𝑡 + 𝐴2 ∙ 𝑒−𝑘2∙𝑡 (10) 

where 𝑓(𝑡) is the fluorescence recorded at time 𝑡, 𝑚 and 𝑞 are the slope and intercept 

of the plateau signal, 𝐴1 and 𝐴2 the amplitudes of the exponential phases and 𝑘1 and 𝑘2 

are their apparent rate constants. Plots of 𝑘1 and 𝑘2 versus LUV concentration were 

fitted to straight lines (Copeland, 2000): 

𝑘1 = 𝑘𝑜𝑛(1) ∙ [𝐿𝑈𝑉𝑠] + 𝑘𝑜𝑓𝑓(1) (11) 

𝑘2 = 𝑘𝑜𝑛(2) ∙ [𝐿𝑈𝑉𝑠] + 𝑘𝑜𝑓𝑓(2) (12) 

2.18 Light scattering analysis  

2.18.1 Light scattering analysis of LUVs in in the presence of saturating concentrations 

of aminosterols 

Model-LUVs were diluted with distilled water to 0.5 mg/ml and incubated for 15 min at 

25 °C with increasing concentrations of aminosterols (from 0 to 100 µM). The size 

distributions (light scattering versus apparent hydrodynamic diameter) and count rate 

(kilocounts per second, kcps) were then recorded at 25 °C, using a Zetasizer Nano S 

(Malvern), thermostatted with a Peltier temperature controller, measurement position 

4.20 mm, attenuator 6, and using disposable low volume (45 µl) plastic cuvettes.  
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According to the laws of light scattering, the following equation holds: 

𝐼 = 𝑛 ∙ 𝑚2 ⋅ 𝐼0 (13) 

where I is the total intensity of light scattered by LUVs in kcps, n is the number of LUVs, 

m is the mass of a single LUV and I0 is the intensity of light scattered by a single unitary 

mass of LUV in kcps. LUV hydrodynamic diameter did not change with addition of any of 

the aminosterols, indicating that n and I0 remain constant. By contrast, when the 

aminosterol is incorporated into the LUVs, m increases. The relative increase of LUV mass 

determined by the addition of aminosterols was then calculated with: 

𝑚𝐴𝑀

𝑚𝑁𝑂
= √

𝐼𝐴𝑀

𝐼𝑁𝑂
 

(14) 

where IAM and INO are the intensities of light scattered by LUVs in the presence and 

absence of a given concentration of aminosterol, mAM and mNO are the LUV mass 

concentrations in the presence and absence of a given concentration of aminosterol. The 

obtained data were then plotted versus aminosterol concentration. 

2.18.2 Light scattering analysis of LUVs in in the presence of saturating concentrations 

of Brb 

Model- and neuronal-LUVs were diluted with distilled water to 0.5 mg/ml and 

incubated for 15 min at 25 °C with increasing concentrations of Brb (from 0 to 100 

µM). The count rate (kcps) were then recorded at 25 °C, using a Zetasizer Nano S 

(Malvern), thermostatted with a Peltier temperature controller, measurement 

position 4.20 mm, attenuator 9, and using disposable low volume (45 µl) plastic 

cuvettes. The count rate was recorded for the same concentrations of Brb in the 
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absence of LUVs and the light scattering intensity of the small molecule was 

subtracted from the count rate resulting from the incubation of LUVs and Brb to 

remove Brb scattering contribution. The mass of Brb inserted in the LUVs at saturation 

was obtained with:  

𝑚𝐵𝑟𝑏 = 𝑚𝑁𝑂 ∙ √
𝐼𝐵𝑟𝑏

𝐼𝑁𝑂
 

(15) 

where mNO is the mass of LUVs in our conditions (0.2 mg/ml) and IBrb/INO is the ratio 

of the mean of count rates at saturating concentration of Brb (>30 µM) and the count 

rate in the absence of Brb. 

2.19 Microfluidics of TRO in presence of LUVs 

Model-LUVs were diluted with distilled water to 0.5 mg/ml and incubated for 15 min at 

25 °C with 10-100 µM TRO-A594 or 20 µM TRO-BODIPY (1:10 dye:TRO) or 2 µM CHOL-

BODIPY (1:1 dye:CHOL); samples with 10 or 50 µM TRO-A594 without LUVs were also 

prepared. The diffusion of the fluorescently labelled molecule in the various samples was 

evaluated with the microfluidic technique using a Fluidity One-W instrument (Fluidic 

Analytics) and placing a 5 µl drop of the sample on a disposable microfluidic chip made 

of cyclic olefin copolymer (COC) manufactured using injection moulding (Fluidic 

Analytics). The diffusion was evaluated as the ratio of fluorescence values in the diffused 

versus that in the undiffused channels (Fd/Fund) or as the ratio of fluorescence values in 

the diffused channel versus total fluorescence [Fd/(Fd+Fund)]. This ratio parameter 

correlated directly with diffusion rapidity and inversely with size of the fluorescent 
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molecule or its complex with LUVs. When this value was in the appropriate range, it was 

converted automatically by the instrument into a hydrodynamic radius (Rh). 

2.20 Zeta potential (ζ) measurements 

ζ potential measurements were performed with a Zetasizer Pro Red Label (Malvern). 

Model-LUVs were co-vesiculated with 5 µM of each aminosterol at a total lipid 

concentration of 1 mg/ml. About 600 µl of each LUV sample was diluted to obtain a total 

lipid concentration of 0.25 mg/ml, with phosphate buffer, 5.57 mM ionic strength, pH 7, 

20 °C, and put in a disposable folded capillary cell (polycarbonate, Malvern). Each ζ 

potential value is the average of three independent runs; for each temperature the ζ 

potential was determined as the mean of 5-8 measurements; The reported error is the 

standard deviation of the measurements. The measurements were performed in the 

range 10-60 °C, every 2 °C (except every 1 °C in the range 38-50 °C for ENT-03 containing 

LUVs, to better appreciate the transition). The electrophoretic mobility measurements 

were converted into ζ values according to the Smoluchowsky model (Hunter, 1981). The 

temperature was internally controlled (accurancy ±0.1 °C). The ζ potential 

measurements were also used to determine the Tm in LUVs systems (Sierra et al., 2016). 

The Tm values were determined by analysing the first order derivative of ζ with respect 

to temperature (dζ/dT) as a function of temperature: the Tm correspond to the minimum 

of the curve, while the amplitude of the transition was assumed to correspond to the 

full width at half maximum (FWHM) of the derivative curves. 
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2.21 Preparation of Aβ42-derived diffusible ligands (ADDLs)  

Lyophilised Aβ42 (Bachem) was dissolved in HFIP to 1.0 mM and incubated for 1 h at 

room temperature to allow complete peptide monomerization. Aβ42-derived 

diffusible ligands (ADDLs) were prepared as described previously (Lambert et al., 

2001). In particular, the HFIP was evaporated with a gentle flow of N2 and the dried 

protein was resuspended to 5 mM with DMSO and then diluted with phenol red free 

F-12 HAM to 100 μM. The sample was then incubated at 4 °C for 24 h and centrifuged 

at 12000 g for 10 min, 4 °C, to collect the supernatant containing the oligomers. 

2.22 Cell culture 

Authenticated human SH-SY5Y neuroblastoma cells were purchased from A.T.C.C. and 

cultured in Dulbecco’s Modified Eagle’s Medium (DMEM), F-12 Ham with 25 mM 4-(2-

Hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES) and NaHCO3 (1:1) 

supplemented with 10% fetal bovine serum (FBS), 1 mM glutamine and 1% penicillin and 

streptomycin solution (Sigma-Aldrich). Cells were maintained in a 5% CO2 humidified 

atmosphere at 37° C and grown until 80% confluence for a maximum of 20 passages, and 

routinely tested to ensure that they were free form mycoplasma contamination (Cascella 

et al., 2017). The cell line was authenticated by the European Collection of Authenticated 

Cell Cultures using short tandem repeat loci analyses. 

2.23 Interaction of fluorescently labelled aminosterols with cells 

SH-SY5Y cells were plated in 12-well plates containing coverslips at a density of 50,000 

cells per well. 24 h after plating, the cells were washed with phosphate-buffered saline 
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(PBS) and incubated at room temperature for 30 min with 5 μM TRO-BODIPY, SQ-BODIPY, 

ENT-03-BODIPY or L-Arg-BODIPY (1:10 dye:molecule) diluted in the Leibovitz’s L-15 

(ThermoFisher Scientific), a medium designed for supporting cell growth in the absence 

of CO2 equilibration. Ten min before the incubation ending, the Hoechst 33342 dye was 

added to the culture medium (10 μg/ml). The analysis of aminosterol-derived 

fluorescence and nuclei-derived fluorescence were performed on a Nikon Eclipse TE300 

C2 confocal laser scanning microscope (Nikon) equipped with a Nikon 60x immersion oil 

objective (Apo Plan, NA 1.4) and with Coherent CUBE (diode 405 nm) and Coherent 

Sapphire (Sapphire 561 nm) lasers. The emission filters for imaging were 452/45 nm and 

595/60 nm. All settings, including pinhole diameter, detector gain and laser power, were 

optimized for each analysis.  

2.24 Measurement of cytosolic Ca2+ levels 

SH-SY5Y cells were plated in 12-well plates containing coverslips at a density of 40,000 

cells per well. 24 h after plating, the cells were washed with PBS and incubated at 37 °C 

for 15 min with ADDLs (1 µM, monomer equivalents) in the absence or presence of 

increasing concentrations (0.05, 0.1, 0.5, 1, 2.5 and 5 μM) of TRO, SQ or ENT-03. Cytosolic 

Ca2+ levels were measured in living SH-SY5Y cells after the different treatments, by 

loading the cells with 4 µM Fluo-4 AM (Thermo Fisher Scientific) for 10 min, as previously 

reported (Cascella et al., 2017). Ca2+ levels were detected after excitation at 488 nm and 

emission at 520-580 nm, by a TCS SP8 scanning confocal microscopy system (Leica 

Microsystems), equipped with an argon laser source. A series of 1 μm thick optical 

sections (1024 × 1024 pixels) was taken through the cell depth for each sample using a 

Leica Plan Apo 63× oil immersion objective, and all sections were projected as a single 
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composite image by superimposition. The confocal microscope was set at optimal 

acquisition conditions, e.g., pinhole diameters, detector gain and laser powers. Settings 

were maintained constant for each analysis. Images were then analysed using the ImageJ 

(NIH) software (Rasband 1997–2018). Fluorescence intensities were typically expressed 

as a percentage of that measured in untreated cells. 

2.25 Equilibrium dialysis 

Model- and neuronal-LUVs were prepared at a total lipid concentration of 2 mg/ml 

and diluted with 100 mM sodium phosphate buffer, pH 7.0. Brb was diluted to 1 mM 

in 100 mM sodium phosphate buffer, pH 7.0. 0.2 mg/ml LUVs were incubated with 30 

µM Brb in a final volume of 2 ml and then dialysed using a Float-A-Lyzer® (Sigma-

Aldrich) device with a 100 kDa MWCO, against 3 ml of 100 mM sodium phosphate 

buffer, pH 7.0 for 24 h at 4 °C, to let the two solutions reach the equilibrium. 30 µM 

Brb in the absence of LUVs was also dialysed with the same experimental settings to 

obtain a negative control. The fluorescence spectra from 450 to 650 nm of the 

permeates derived from model-LUVs with Brb, neuronal-LUVs with Brb and Brb alone 

were recorded using the 3×3 mm black walls quartz cell and the Agilent Cary Eclipse 

spectrofluorimeter described above after excitation at 345 nm. A calibration curve 

was obtained from the fluorescence emission at 550 nm of increasing concentrations 

of Brb (from 1 to 20 µM) using the same experimental settings but in the absence of 

dialysis. The latter data were fitted using: 

𝐹𝐵𝑟𝑏 = 15.179 + 23.539 ∙ [𝐵𝑟𝑏] (16) 
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where FBrb is the observed fluorescence emission at 550 nm and [Brb] is the 

concentration of Brb. Values of fluorescence emission at 550 nm determined from 

the three permeates were interpolated into the calibration curve to determine the 

corresponding Brb concentrations. 

2.26 8-anilinonaphtalene-1-solfonate (ANS) fluorescence assay 

ANS was added at a concentration of 50 or 100 µM to 10 µM HypF-N OAs preincubated 

with 0, 5, 10, 20, 30, 50, 100 µM Brb for 15 min at 25 °C. Fluorescence emission spectra 

were acquired at 25 °C between 435 and 650 nm (excitation at 380 nm), immediately 

after addition of the dye, using a 10x2 mm quartz cell and the Agilent Cary Eclipse 

spectrofluorimeter described above. ANS spectra were also acquired in the absence of 

protein. A spectrum recorded with 10 µM OAs in the absence of ANS was subtracted 

from each spectrum obtained with ANS and OAs, to subtract the scattering contribution 

of these oligomeric species.  
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3. Results 

3.1 Quantitative measurement of the affinity of toxic and nontoxic 

misfolded protein oligomers for lipid bilayers, and of its modulation by 

lipid composition and TRO 

3.1.1 The binding affinity of OAs to LUVs is 20-25 times higher than that of OBs 

Toxic OAs and nontoxic OBs were pre-formed from purified HypF-N at a total 

concentration of 0.5 mg/ml, corresponding to 48 µM (monomer equivalents), as 

previously reported (Campioni et al., 2010; Capitini et al., 2018). LUVs were prepared 

with a lipid mixture composed of 65% (mol) DOPC, 33% (mol) SM, 1% (mol) CHOL and 

1% (mol) GM1, as used in previous work (Errico et al., 2020) and at various mass 

concentrations (mg/ml); at a total lipid concentration of 1 mg/ml, for example, molar 

concentrations were 836 µM DOPC, 418 µM SM, 13 µM CHOL and 13 µM GM1.  

First, the group of Annalisa Relini at the Department of Physics of the University of 

Genoa, checked whether OAs and OBs bound to LUVs using AFM. To this purpose, SLBs 

with the same lipid composition as LUVs were formed separately, treated with 12 μM 

OAs or 12 µM OBs (monomer equivalents) and then imaged with AFM. The images 

showed that OAs bind to the gel-phase domains (Lβ or So) and to the liquid-disordered 

phase (Lα or Ld) of the SLBs with 1% GM1, whereas only few OBs were found to be bound 

to them (Fig. 3.1), in agreement with previous results obtained with 5% GM1 as the only 

difference in LUV composition relative to our LUV preparations (Oropesa-Nuñez et al., 

2016). Furthermore, the difference in the thickness between the Lβ and Lα domains (ΔZ) 

appeared altered by the presence of OAs, but not OBs, clearly indicating the presence of 
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structural changes of the overall bilayer (Fig. 3.1M), again in agreement with the result 

obtained with 5% GM1 (Oropesa-Nuñez et al., 2016). 

 

Figure 3.1. Tapping mode AFM images of SLBs treated with OAs (A,B,E,F,I,J) and with OBs 
(C,D,G,H,K,L). The concentration of GM1 varied from 0% (A-D), to 1% (E-H) and 5% (I-L) molar 
fraction. OAs bind the Lβ ordered phase domains in the presence of GM1 (E,I), whereas the 
binding for OBs involves a lower number of oligomers (G,K). Neither OAs nor OBs are binding 
the Lβ ordered phase domains in the absence of GM1 (A,C) and the number of oligomers on SLBs 
depends on the GM1 concentration. Toxic OAs also form annular structures on the disorder Lα 
phase domains (B,F,J), but these were not found to correlate with oligomer toxicity (Oropesa-
Nuñez et al. 2016). The interaction between OBs and SLBs is weak in all cases (C,D,G,H,K,L). Scale 
bars: 100 nm. Vertical color scale: 5 nm. (M) ΔZ measured on SLBs with different GM1 contents, 
the values obtained for untreated samples are compared with those after treatment with OAs 
or OBs. The modification of the bilayer structure induced by OAs is reflected in the variation of 
ΔZ. 
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In order to obtain a more quantitative measure of the binding affinity of the OAs 

and OBs for lipid membranes, we evaluated the ability of these oligomers to quench DPH 

and its derivative TMA-DPH, two fluorescent probes that incorporate within the 

hydrophobic region (Kaiser & London, 1998) and polar head region (Illinger et al., 1995) 

of the lipid bilayer, respectively. The 15-min incubation of increasing concentrations of 

OAs (from 0 to 32.5 µM monomer equivalents) with TMA-DPH- and DPH-labelled LUVs 

(0.3 mg/ml, 384 µM total lipids) caused a marked and concentration-dependent 

reduction of the fluorescence emission of both fluorescent probes, with a more 

consistent quenching of TMA-DPH (Fig. 3.2A,B). The KSV constant is a measure of the 

quenching of the dye fluorescence operated by the oligomers and obtained by fitting the 

data to Eq. 5 (see Section 2.13) and is also a measure of the affinity of the oligomers for 

the membrane-embedded probe, as it reports on the collisions between OAs and the 

probe (Lakowicz, 2006). The KSV value was found to be 48.2±2.0 mM-1 for TMA-DPH and 

14.5±1.7 mM-1 for DPH (Fig. 3.2). The incubation of OBs with TMA-DPH- and DPH-

labelled LUVs under identical conditions caused a significantly weaker fluorescence 

quenching (Fig. 3.2A,B), with KSV values of 3.7±0.7 mM-1 and 2.2±0.4 mM-1, respectively, 

which reflected a lower binding to the membrane and the absence of lipid membrane 

alteration (Fig. 3.2). Native HypF-N showed a substantially absent ability to quench both 

TMA-DPH and DPH (Fig. 3.2A,B), with KSV values of 1.2±1.1 mM-1 and 1.6±0.4 mM-1, 

respectively, reflecting the absence of binding to the membrane (Fig. 3.2). By subtracting 

these two background values from the corresponding ones obtained for OAs and OBs, 

one can determine that OAs have KSV values ca. 20-fold higher than OBs with both 

probes. 
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Figure 3.2. Binding of OAs/OBs/native HypF-N to LUVs. (A,B) Stern-Volmer plots reporting the 
ratio of fluorescence of TMA-DPH (A) and DPH (B) in 0.3 mg/ml LUVs in the absence (F0) or 
presence (F) of various concentrations (monomer equivalents) of OAs (red circles), OBs (blue 
triangles) and native HypF-N (green squares). The straight lines through the data points 
represent the best fits to Eq. 5. (C) Binding plots reporting the fluorescence at 512 nm of 20 µM 
BODIPY-FL-labelled OAs (red circles), OBs (blue triangles) and native HypF-N (green squares) 
versus LUV concentration reported in mg/ml units (bottom x axis) or mM units (top x axis). The 
lines through the data points represent the best fits to Eq. 8. (D,E) Bar plots reporting the KSV 
values obtained from TMA-DPH (D) and DPH (E) fluorescence quenching using Eq. 5. (F) Bar plots 
reporting the KD values from binding using Eq. 8. Experimental errors represent SEM of 2-5 
experiments. The symbols * and *** refer to p values <0.1 and <0.001, respectively, relative to 
KSV values of the native protein (D,E) and relative to the KD value of OAs (F). 

To obtain an independent measure of the binding affinity of the three HypF-N 

species for the LUV membrane, we labelled HypF-N with BODIPY FL and then prepared 

samples of OAs, OBs and native proteins using the labelled and unlabelled protein at a 

molar ratio of 1:10. The 15 min incubation of native HypF-N (20 µM) with increasing 

concentrations of unlabelled LUVs (0.0-2.0 mg/ml, 0.0-2.6 mM total lipids) caused a 

weak decrease of protein fluorescence that was found to correlate linearly with LUV 

concentration (Fig. 3.2C). A similar decrease, even with the same slope, was observed 

for the highly soluble reduced glutathione (GSH) labelled with BODIPY FL (Fig. 3.3), 
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indicating that it consists of a LUV-induced fluorescence drift, most probably arising from 

light scattering as the LUV concentration increases. The 15 min incubation of OAs (20 µM 

monomer equivalents) with increasing concentrations of unlabelled LUVs (0.0-2.0 

mg/ml, 0.0-2.6 mM) caused a marked decrease of OA fluorescence from 0 to ca. 0.4 

mg/ml LUVs (corresponding to 0.5 mM total lipids), followed by the same drift at higher 

LUV concentrations (Fig. 3.2C). By fitting the data points to a binding function (Eq. 8), we 

obtained a dissociation constant (KD) value of 0.09±0.04 mg/ml, corresponding to 

0.12±0.05 mM of total lipids, indicating binding of OAs to the LUV bilayer. The 

fluorescence of OBs also decreased significantly with LUV concentration, to an extent 

lower relative to that of OAs, but larger relative to native HypF-N or GSH (Fig. 3.2C and 

3.3), indicating real binding. The fitting of the data points to Eq. 8 led to a KD value of ca. 

2.5 mg/ml, corresponding to ca. 3.2 mM of total lipids, indicating an affinity for LUVs 

lower, by ca. 25-fold, relative to OAs. 

 

Figure 3.3. Binding plot reporting the fluorescence at 512 nm of 20 µM GSH labelled with BODIPY 
FL versus LUV concentration. The line through the data points represents the best fits to a linear 
function. Experimental errors represent SEM of 3 experiments. 
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Hence, under the conditions used here, we have quantified the binding affinity of 

toxic OAs and nontoxic OBs of a sample protein for the bilayer of lipid vesicles (LUVs) by 

measuring the KSV values of fluorescence quenching of membrane-embedded TMA-DPH 

and DPH caused the oligomers (0.3 mg/ml LUVs or 384 µM total lipids) and the oligomer-

membrane KD values (20 µM protein in monomer equivalents). Although KSV
-1 has been 

shown to correspond to KD (Lakowicz, 2006) these values are not immediately 

comparable in our system because they were measured in different conditions, that is at 

constant LUV concentration (0.3 mg/ml) upon varying OAs concentration and at constant 

OAs concentration (20 µM), upon varying that of LUVs, respectively. The molarities of 

KSV
-1 and KD also refer to protein and total lipids, respectively, and are not, therefore, 

comparable. In both cases, however, the binding affinity of the toxic OAs for the 

membrane appears to be ca. 20-25 times higher than nontoxic OBs. Albeit with much 

lower affinity, nontoxic OBs also bind to the LUV membrane, unlike the native protein. 

 Can we relate the data obtained here with LUVs to cell cultures and brain tissues? 

By using a mean diameter of 7.5±0.5 µM known for human neuroblastoma SH-SY5Y cells 

(Maqoud et al., 2018), a lipid density of a membrane bilayer estimated from LUVs of 

425±3 ng/cm2 (Errico et al., 2020), and a cell density value of neuroblastoma SH-SY5Y 

cells commonly used to test the toxicity of OA/OB species of ca. 7.5±0.7 104 cells/cm2
 

(Fani et al., 2021), and then extrapolating this value to the three-dimensional space, one 

can determine a lipid concentration of 0.06±0.01 mg/ml in SH-SY5Y cell cultures where 

OA/OB species are tested. The KD value of 0.09±0.04 mg/ml lipids measured here for 

OAs, and referred to total lipid concentration, implies that a significant fraction of OAs 

(40±15%) is bound to the lipid membranes of cells, as soon as the equilibrium between 

membrane-bound and membrane-unbound OAs is established and before they enter 
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into the cells. By contrast, the KD value of ~2.5 mg/ml lipids measured for OBs, implies 

that a very minor fraction of OB species interacts with the cell membrane (~2%). 

3.1.2 The binding to LUVs does not detectably affect the structures of OAs and OBs  

One of the questions that is often raised when studying the structure-toxicity 

relationship of misfolded protein oligomers is whether the structural characteristics 

determined for the oligomers in aqueous suspension are maintained or changed upon 

the interaction with biological membranes. Difficulties to address this issue arise from 

interferences by cellular or membrane proteins that make it very difficult to monitor the 

structural characteristics of the oligomers with conventional spectroscopic probes. Here 

we circumvented this problem using protein-free LUVs and three optical probes to which 

LUVs are spectroscopically silent, making it possible to monitor the secondary and 

tertiary structure of the oligomers before and after their binding to the membrane. 

 First, Hassan Ramshini, who was a Professor on sabbatical leave working in our 

laboratory at the University of Florence, acquired far-UV CD and intrinsic fluorescence 

spectra of OAs, OBs and native HypF-N incubated with increasing concentrations of LUVs. 

The far-UV CD spectra of OAs, OBs and native HypF-N (20 µM monomer equivalents) 

were not found to be significantly different in the absence or presence of the various 

LUV concentrations (0-1.5 mg/ml), indicating that their secondary structure was 

maintained upon interaction with LUVs (Fig. 3.4A-C). The intrinsic tryptophan 

fluorescence spectra of the three species (1.9 µM monomer equivalents) were also 

similar in the absence or presence of the various LUV concentrations (0-1.5 mg/ml) in 

terms of wavelength of maximum fluorescence and overall shape, featuring only a linear 

intensity decrease as the LUV concentration increases, again attributable to light 
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scattering caused by LUVs, as explained above. This indicates that the presence of LUVs 

did not influence the chemical environment around the tryptophan residues of the 

protein (Fig. 3.4D-F). 

 

Figure 3.4. Far-UV CD and intrinsic fluorescence spectra of OAs, OBs and native HypF-N. (A-C) 
Far-UV CD spectra of OAs (A), OBs (B) and native HypF-N (C) in the presence of increasing 
concentrations of LUVs. Spectra were blank-subtracted and normalised using Eq. 1. (D-F) Intrinsic 
tryptophan fluorescence emission spectra of OAs (D), OBs (E) and native HypF-N (F) in the 
presence of increasing concentrations of LUVs.  

In addition, Hassan Ramshini also performed experiments of intra-oligomer FRET 

in the presence of increasing concentrations of LUVs. Two HypF-N mutants having only 

one cysteine residue at positions 18 and 34 were labelled with the donor dye 1,5-

IAEDANS and the acceptor dye 6-IAF, respectively, and then mixed in a 1:1 molar ratio to 

form OAs and OBs to a final protein concentration of 20 µM monomer equivalents. The 

FRET E values determined by analysing the resulting fluorescence spectra acquired 

following 10 min-incubation with unlabelled LUVs (0.0-0.7 mg/ml) were not found to 

significantly change when varying LUV concentration, either for OAs or for OBs (Fig. 3.5).  
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Figure 3.5. Intra-oligomer FRET between OAs and OBs LUVs. (A,B) Fluorescence emission 
spectra of OAs (A) and OBs (B) formed by 18D_10 (green), 10_34A (red), and 18D+34A (blue), 
obtained in the presence of increasing concentrations of LUVs (0.12, 0.3, 0.5, and 0.7 mg/ml). 
(C) FRET E values of OAs (grey) and OBs (black) in the presence of increasing concentrations of 
LUVs, determined using Eq. 2. Experimental errors are S.D. 

This result indicates that the mean shortest donor-acceptor distance in the 

oligomers does not change upon LUV addition and suggests that the intermolecular 

structure of the oligomers was not significantly altered by the presence of LUVs. 
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3.1.3 The OA-LUV binding does not involve specific lipid species 

Since only OAs were found to have a high affinity for LUVs, we continued our study with 

this species. In order to investigate whether the binding between LUVs and OAs could 

depend on a specific interaction with one of the lipids contained in LUVs, we performed 

FRET experiments using 20 µM (monomer equivalents) OAs labelled with 1,5-IAEDANS 

as a donor probe (OA-D) and 0.3 mg/ml LUVs containing one of the four lipids labelled 

with BODIPY-FL as an acceptor probe (Lipid-A).  

 

Figure 3.6. FRET between OAs labeleld with donor (D) and the various lipids labelled with 
acceptor (A) contained in LUVs. (A) Fluorescence emission spectra of OA-D+Lipid-A (blue), OA-D 
(green) and Lipid-A (red). (B) FRET E values of the indicated FRET pairs examined, obtained using 
Eq. 3. Experimental errors represent SEM of 5 experiments. 
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These experiments were carried out separately by using each of four lipids 

contained in the LUVs labelled with A. The FRET E values were obtained by the analysis 

of the fluorescence spectra acquired after 15 min (Fig. 3.6A) and were found to be 

0.18±0.04 for OA-D/GM1-A, 0.27±0.05 for OA-D/CHOL-A, 0.23±0.09 for OA-D/SM-A and 

0.15±0.03 for OA-D/DOPC-A, without significant differences between the various FRET 

pairs examined (Fig. 3.6B).  

 This analysis indicates that OAs bind to LUVs, but do not have a preferential 

interaction with any of the four lipids. Therefore, the role played by GM1 in the oligomer-

membrane interaction, observed here and previously (Evangelisti et al., 2012; Evangelisti 

et al., 2016; Oropesa-Nuñez et al., 2016), involves a change of the bilayer physical 

properties, without a direct preferential interaction of the lipid with the oligomers. 

Indeed, it is clear that GM1 changes the overall negative net charge of the membrane 

(Errico et al., 2020), increases the thickness of the membrane, particularly of the Lβ phase 

(Reich et al., 2008; Oropesa-Nuñez et al., 2016) and increases its rigidity to lateral 

diffusion (Calamai et al., 2016), all known to contribute to a higher resistance to oligomer 

insertion. 

3.1.4 TRO reduces the binding affinity of OAs for LUVs 

We then investigated whether TRO (Fig. 1.7), which has been reported to displace toxic 

oligomers from lipid membranes (Perni et al., 2018; Limbocker et al., 2019; Limbocker et 

al., 2020), could induce a variation of the affinity of OAs for the membrane, as measured 

with TMA-DPH and DPH fluorescence quenching and OAs fluorescence change upon LUV 

binding. To this aim we prepared TMA-DPH and DPH-labelled LUVs (0.3 mg/ml, 384 µM 

total lipids) containing 5 µM TRO, and we incubated them with increasing concentrations 
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of unlabelled OAs (0-32.5 µM monomer equivalents). Previous experiments have shown 

that TRO has a high affinity for LUVs of this type and partitions completely in the bilayer 

at this concentration (Errico et al., 2020). The presence of TRO in the bilayer caused a 

significant reduction of the TMA-DPH fluorescence quenching, with an almost complete 

absence of quenching at low concentrations of OAs up to ca. 10 µM (Fig. 3.7A). At higher 

concentrations of OAs, the TMA-DPH quenching was evident, but remained lower than 

that observed in the absence of TRO at corresponding OAs concentrations, showing a 

reduction of the affinity of OAs for LUVs (Fig. 3.7A). A similar profile was observed by 

repeating the experiment with DPH-labelled LUVs (Fig. 3.7B).  

Interestingly, the absence of TMA-DPH and DPH fluorescence quenching at the 

concentrations of OAs that normally cause dysfunction and toxicity to cell cultures (<10 

µM monomer equivalents), and at the 5 µM concentration of TRO that causes 

protection, indicates that this small molecule provides protection by preventing OA-LUV 

binding. By contrast, at higher OAs concentrations the oligomer-displacing effect of the 

molecule is overcome, most probably because in the excess of OAs TRO partitions to OAs 

more markedly (Limbocker et al., 2020) and populates the membrane to a lower extent. 

However, under these excess OAs concentrations and in the presence of 5 µM TRO, the 

KSV constant remains lower than that observed in the absence of the small molecule. 

This phenomenon indicates that at the toxic OAs concentrations and protective TRO 

concentrations the molecule is largely effective as a protective factor, but partly loses its 

protective action in the presence of excess oligomers. 

 We then incubated BODIPY FL-OAs (20 µM) with increasing concentrations of 

unlabelled LUVs (0-2.0 mg/ml, 0-2.6 mM total lipids) containing the same molar fraction 
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of TRO, and we repeated the analysis described above in the absence of the small 

molecule, but this time with the molecule (Fig. 3.7C).  

 

Figure 3.7. Interaction of OAs with LUVs with and without TRO. (A,B) Stern-Volmer plots 
reporting the ratio of fluorescence of TMA-DPH (A) and DPH (B) in the absence (F0) or presence 
(F) of various concentrations (monomer equivalents) of OAs, in the absence (red circles) and 
presence (black diamonds) of 5 µM TRO in 0.3 mg/ml LUVs. The straight lines through the data 
points represent the best fits to Eq. 5 (red line) and Eq. 6 (black line). Experimental errors 
represent SEM of 2-5 experiments. (C) Binding plots reporting the fluorescence at 512 nm of OAs 
in the absence (red circles) and presence (black diamonds) of TRO in LUVs, versus LUV 
concentration. The lines through the data points represent the best fits to Eq. 8. (D,E) Bar plots 
reporting the KSV values obtained from TMA-DPH (D) and DPH (E) fluorescence quenching in the 
absence (red) and presence (black) of 5 µM TRO. (F) Bar plots reporting the KD values obtained 
from the binding experiments of OAs in the absence (red) and presence (black) of 5 µM TRO. 
Experimental errors represent SEM of 2-5 experiments. The symbols *** refer to p values <0.001 
relative to KSV (D,E) and KD (F) values of OAs in the absence of TRO. 

TRO was found to significantly increase the KD, from a value of 0.09±0.04 mg/ml in 

its absence (corresponding to 0.12±0.05 mM lipids) to a value of 0.86±0.65 mg/ml in its 

presence (corresponding to 1.10±0.83 mM lipids), therefore reducing the binding affinity 

of OAs to LUVs by one order of magnitude (Fig. 3.7C). Using the same arguments 
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described above to translate these data into a cell culture context, under these 

conditions of analysis TRO induces a decrease of membrane-bound OAs from ~40% in 

the absence of the molecule to ~6% in its presence. Numerical values of KSV and KD with 

and without TRO are reported in Fig. 3.7D-F. 

3.1.5 Change of OA-LUV binding affinity with LUV composition  

As widely discussed in section 1.4, it is increasingly clear that membrane lipids have a 

crucial role in the binding of misfolded protein oligomers to the bilayer (Williams & 

Serpell, 2011; Andreasen et al., 2015; Oropesa-Nuñez et al., 2016; Galvagnion et al., 

2022), particularly GM1 and CHOL (Evangelisti et al., 2012; Evangelisti et al., 2016; 

Matsubara et al., 2013; Matsubara et al., 2018). In order to better mimic the 

physiological content of GM1 and CHOL in neuronal plasma membranes, and in light of 

the fact that the content of these two lipids plays a crucial role in the interaction with 

LUVs and toxicity of misfolded protein oligomers (Evangelisti et al., 2012; Evangelisti et 

al., 2016; Oropesa-Nuñez et al., 2016), we decided to explore whether the variation of 

these two lipids in LUVs could affect the affinity of OAs for LUVs (Fig. 3.8). To this aim, 

we performed the TMA-DPH quenching experiment with OAs and LUVs with 0%, 0.5%, 

1% and 5% (molar fractions) GM1 (Fig. 3.8A). In the absence of GM1, OAs showed a 

significantly reduced affinity for the membrane of LUVs (KSV value of 34.7±2.0 mM-1), 

which was then found to increase with GM1 content (KSV value up to 49.2±0.4 mM-1 with 

5% GM1), confirming the crucial role of this lipid in the membrane-oligomer interaction 

(Fig. 3.8A,C). We then changed the CHOL content and performed the TMA-DPH 

quenching experiment with OAs and LUVs with 0%, 1%, 5% and 10% (molar fractions) 
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CHOL (Fig. 3.8B). In this case we observed a small but non-significant decrease in the KSV 

parameter (Fig. 3.8B,D). 

 

Figure 3.8. Binding of OAs to LUVs with various lipid compositions. (A,B) Stern-Volmer plots 
reporting the ratio of fluorescence of TMA-DPH in the absence (F0) or presence (F) of various 
concentrations (monomer equivalents) of OAs, in the absence (various shades of red circles) and 
in the presence (various shades of grey diamonds) of 5 µM TRO in 0.3 mg/ml LUVs containing 
different percentage of GM1 (A) and CHOL (B). The straight lines through the data points 
represent the best fits to Eq. 5 (various shades of red lines) and Eq. 6 (various shades of grey 
lines). (C,D) Bar plots reporting the KSV values obtained from TMA-DPH fluorescence quenching 
in LUVs containing different percentages of GM1 (C) and CHOL (D) in the absence (various shades 
of red) and in the presence (various shades of grey) of 5 µM TRO. Experimental errors represent 
SEM of 2-5 experiments. The symbols ** and *** refer to p values <0.01 and <0.001, respectively, 
relative to KSV values of OAs without GM1 (C) and without CHOL (D) in the absence of TRO; $ and 
$$$ refer to p values <0.05 and <0.001, respectively, relative to KSV values of OAs without GM1 
(C) and CHOL (D) in the presence of TRO. 
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 Since TRO was found to preferentially bind to GM1 and CHOL in LUVs (Errico et 

al., 2020) we repeated the TMA-DPH quenching experiment using LUVs containing TRO 

and various contents of GM1 and CHOL, in order to investigate whether the reduction of 

the KSV induced by this aminosterol could be affected by the lipid composition of LUVs. 

TRO induced a significant reduction of the TMA-DPH fluorescence quenching at all GM1 

and CHOL concentrations, with an almost complete protection from quenching at low 

OAs concentration, and an evident quenching at higher concentration of OAs, but still 

lower than the corresponding values in the absence of the aminosterol (Fig. 3.8). In the 

presence of TRO, the KSV value in the linear portion of the plot was found to increase 

with GM1 content and to slightly decrease with CHOL content, confirming the 

relationships observed in the absence of the small molecule (Fig. 3.8C,D).  
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3.2 Quantitative attribution of the protective effects of aminosterols 

against protein aggregates to their chemical structures and ability to 

modulate biological membranes 

3.2.1 All three aminosterols bind to LUVs 

Following the observation that TRO appeared able to strongly interact with lipid 

membranes and partially penetrate them (Errico et al., 2020), we first investigated 

whether the other aminosterols SQ and ENT-03 (Fig. 1.9 and 1.13) were able to bind to 

our LUV system. To this aim, the fluorescence anisotropy (r) values of 10 µM BODIPY™ 

TMR-X-labelled aminosterol (AM-BODIPY) and Alexa Fluor® 594-labelled aminosterol 

(AM-A594) were measured in the absence and presence of 0.5 mg/ml LUVs incubated 

with the three aminosterols for 15 min. BODIPY and A594 labelled the distal primary 

amino group of the polyamine chain, which is known to stick out of the membrane from 

previous studies on TRO (Errico et al., 2020) and is not expected, therefore, to affect the 

aminosterol-membrane binding affinity significantly. In addition, the two probes have 

different chemical properties. BODIPY has a lower molecular weight, is hydrophobic and 

has a neutral net charge, whereas A594 has a higher molecular weight, is hydrophilic and 

has a negative net charge. These differences enable the assessment of whether the 

probe chemistry affects dramatically the LUV-aminosterol binding affinity.  

 The incubation of all BODIPY-labelled aminosterols with LUVs showed a highly 

significant increment of r (p<0.001, unpaired, two-tailed Student’s t-test, Fig. 3.9A, Table 

3.1), suggesting a lower rotational freedom of the probe in presence of LUVs. A similar 

result was obtained with A594-labelled aminosterols (p<0.001, Fig. 3.9B, Table 3.1). r 

values of 10 µM L-Arg-BODIPY and L-Arg-A594, used here as negative controls of similarly 
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labelled small molecules that have no predicted ability to bind to LUV bilayers, increased 

only marginally or did not increase significantly in the presence of LUVs (Fig. 3.9A,B).  

 

Figure 3.9. Changes in fluorescence anisotropy and emission of the three fluorescently labelled 
aminosterols in the presence of LUVs. (A,B) Fluorescence anisotropy (r) values at 570 nm for 
BODIPY (A) and at 617 nm for A594 (B), of 10 µM L-Arg (grey), TRO (blue), SQ (red) and ENT-03 
(green) labelled with BODIPY (A) and A594 (B), obtained in the absence and presence of 0.5 
mg/ml LUVs. (C,D) Fluorescence emission corresponding to the integrated area between 550-
650 nm for BODIPY (C) and 600-700 nm for A594 (D), of 10 µM L-Arg (grey), TRO (blue), SQ (red) 
and ENT-03 (green) labelled with BODIPY (C) and A594 (D), obtained in the absence and presence 
of 0.5 mg/ml LUVs. Bars indicate mean ± SEM (n=5. n.s., non-significant; ***, p<0.001 relative to 
corresponding values in the absence of LUVs (Student’s t-test). 
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L-Arg-BODIPY displayed a slight, but significant, increase of r when incubated with 

LUVs, that was not reproduced with L-Arg-A594, possibly due to the hydrophobic nature 

of the BODIPY dye that caused clustering of L-Arg-BODIPY molecules or transient 

interactions with the membrane. We also investigated possible fluorescence emission 

changes of fluorescently labelled aminosterols (10 µM) when incubated with LUVs (0.5 

mg/ml) for 15 min (Fig. 3.9C,D, Table 3.1).  

Table 1. Fluorescence anisotropy and intensity of aminosterols incubated with LUVs 

AM r (- LUVs) r (+ LUVs) 

Fluorescence  

(- LUVs) 
(a.u.) 

Fluorescence  

(+ LUVs) 
(a.u.) 

KD (mg/ml) 
KD 

(µM) 

L-Arg-
BODIPY 

0.0155±0.0004 0.0595±0.0016 3994±8 3964±87 - - 

TRO-
BODIPY 

0.0271±0.0008 0.2173±0.0033 4010±8 8828±154 0.0302±0.0032 38.7±4.1 

SQ-
BODIPY 

0.0289±0.0009 0.2221±0.0038 4136±51 19358±635 0.0169±0.0023 21.6±2.9 

ENT-03-
BODIPY 

0.0258±0.0010 0.2296±0.0017 3994±15 6435±201 0.0321±0.0064 41.1±8.2 

L-Arg-
A594 

0.0294±0.0007 
0.0302 ± 
0.0007 

4085±7 4141±63 - - 

TRO-A594 0.0493±0.0009 0.1630±0.0020 4483±29 8471±779 0.1516±0.0545 195±70 

SQ-A594 0.0440±0.0025 0.2349±0.0014 4678±23 16612±1431 0.0620±0.0093 79±12 

ENT-03-
A594 

0.0471±0.0014 0.1301±0.0057 4541±38 7304±362 0.1164±0.0603 148±81 

Table 3.1. Anisotropy (r) at 570 and 617 nm and intensity area between 550-650 and 600-700 
nm for BODIPY and A594-labelled L-Arg and aminosterols, respectively, in the absence and in the 
presence of 0.5 mg/ml LUVs. KD values obtained from the binding experiments expressed in 
mg/ml and µM of total lipids. Experimental errors are standard error of the mean (SEM) of n=5 
technical replicates. 

All aminosterols displayed a highly significant increase in fluorescence emission 

when incubated with LUVs, confirming their ability to bind to LUVs (p<0.001). Notably, 
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SQ labelled with both dyes showed a greater increase compared to the other two 

aminosterols, as noticed also for the r value of SQ-A594 (p<0.001). This can be attributed 

to the shorter polyamine group of SQ relative to TRO and ENT-03, which reduces the 

distance of the dye probe from the membrane. Fluorescence of 10 µM L-Arg-BODIPY and 

L-Arg-A594 did not change significantly upon LUV addition (Fig. 3.9B,C, Table 1). 

3.2.2 SQ exhibits the highest affinity among the three aminosterols for LUVs 

Since all three labelled aminosterols increase their fluorescence upon LUV binding, we 

exploited this spectroscopic property to obtain quantitative measurements of the 

affinity of the three labelled aminosterols for LUVs. They were therefore incubated for 

15 min (10 µM) with increasing concentrations of unlabelled LUVs and observed in all 

cases a significant increase in fluorescence emission (Fig. 3.10). By fitting the data points 

to a standard binding curve (Eq. 9, see Section 2.14), it was possible to obtain KD values 

of all labelled aminosterols (Fig. 3.10, Table 3.1). With both fluorescent dyes, SQ 

confirmed the highest increase of fluorescence upon LUV binding and also showed a KD 

value approximately 2-fold lower relative to the other two aminosterols, (p<0.05), 

indicating a higher affinity for LUVs compared to the other two aminosterols. This 

observation can be attributed to the shorter hydrophilic spermidine moiety of SQ, as 

opposed to the longer hydrophilic spermine moiety of TRO and ENT-03, which increases 

the overall hydrophobicity of SQ and explains its higher affinity for LUVs. By contrast, 

TRO and ENT-03 displayed similar KD values in both analyses with BODIPY and A594 

(p=0.8198 and p=0.7380, respectively, non significant).  

The KD value determined with BODIPY for a given aminosterol was about 4-fold 

lower than that determined for the same aminosterol with A594, indicating that the 
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chemistry of the probe affects the aminosterol-LUV affinity to some extent. However, 

the rankings and relative differences of the KD values determined for the three 

aminosterols are similar when determined with either probe, indicating in both cases 

that TRO and ENT-03 have similar affinities for the LUV membrane, within experimental 

error, and that SQ has a ca. 2-fold higher affinity.  

 

Figure 3.10. Binding of the three aminosterols to LUVs. Binding plots reporting the fluorescence 
emission at 572 nm (A) and 612 nm (B), of 10 μM BODIPY (A) and A594 (B) labelled TRO (blue), 
SQ (red), ENT-03 (green) and L-Arg (grey) versus LUV concentration. The lines through the data 
points represent the best fits to Eq. 9. Each graph reports the obtained KD value in units of mg/ml 
and µM of total lipids. Experimental errors are SEM (n=5). 

Since the two probes add a hydrophilic and hydrophobic component to the 

aminosterols, it is likely that the binding constant of a given unlabelled aminosterol is 

intermediate between these two values. Negative controls with labelled L-Arg and 

increasing concentrations of LUVs showed the lack of variation in fluorescence, 

confirming that the binding abilities of labelled aminosterols to LUVs were mediated by 

the aminosterol rather than the fluorescent probe bound to them (Fig. 3.10).  
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 To explore the kinetics of the aminosterol-LUV binding, TRO-A594 as a 

representative aminosterol and LUVs were rapidly mixed using a stopped-flow apparatus 

to final concentrations of 10 µM and 0.5 mg/ml, respectively, and the TRO-A594 

fluorescence change during the binding process was monitored in real time (Fig. 3.11A). 

Two kinetic phases were observed, occurring on the time scales of ca. 500 ms and 10 s, 

respectively, therefore indicating that the binding was very rapid and that after a time of 

15 min explored here binding has attained equilibrium. This holds true even at the lowest 

LUV concentration (0.12 mg/ml) tested (Fig. 3.11B,C). These two phases may either 

represent the signature of a two-step binding mechanism, or reflect two ligand 

subpopulations that bind LUVs with different kinetics. Assignment of the two phases to 

well defined molecular events is beyond the scope of the present analysis. 

 

Figure 3.11. Investigation of the binding between TRO-A594 and LUVs in real-time. (A) 
Representative trace, showing the fluorescence emitted during the binding of 10 µM TRO-A594 
with 0.20 mg/ml LUVs. The inset shows the first two seconds of recording, to highlight the first 
fast phase. The continuous line represents the best fit of experimental data to Eq. 10. (B,C) Plots 
of the apparent rate constants 𝑘1 (B) and 𝑘2 (C) obtained from best fits of the experimental 
traces to Eq. 10 versus [LUVs]. The continuous lines represent linear fits of the experimental 
values to Eq. 11 (B) and 12 (C). 

3.2.3 SQ exhibits the lowest occupancy within LUVs among the three aminosterols  

The steric hindrance and chemical properties of the dyes bound to aminosterols could 

in principle have an impact on the interaction of aminosterols with LUVs. Therefore, we 

sought an additional experimental approach to probe the incorporation of TRO, SQ and 
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ENT-03 in their free unlabelled form with LUVs. To this aim, a light scattering analysis 

using only unlabelled species was carried out (0-100 µM aminosterols, 0.5 mg/ml LUVs, 

15 min). Since light scattering intensity is proportional to the second power of the mass 

of the light scattering particles, by incubating LUVs with increasing concentrations of the 

three aminosterols, it was possible to obtain a measure of the increase of LUV mass due 

to aminosterol incorporation in these three cases (Fig. 3.12).  

 

Figure 3.12. Light scattering intensity of LUVs in the presence of increasing concentrations of 
the three aminosterols. Plots reporting the square root of the light scattering intensity of LUVs 
with (IAM) and without (INO) aminosterol, respectively, versus aminosterol concentration, 
representing the increase in LUV mass due to TRO (A), SQ (B) and ENT-03 (C) incorporation. The 
indicated aminosterol concentrations correspond to the values reported on the x axis at 
saturation points. Experimental errors are SEM (n=3). 

 

All aminosterols induced an increase in light scattering intensity, and thus LUV 

mass, until a saturating concentration, after which they exhibited a plateau phase, where 

no more aminosterols were incorporated. SQ reached the plateau at a significantly lower 

concentration compared to the other aminosterols (Fig. 3.12B, p<0.05), whereas TRO 

and ENT-03 displayed similar saturating concentrations (Fig. 3.12A,C, p>0.05). The 

saturating concentrations were found to be 35±7 µM, 12±4 µM and 43±5 µM for TRO, 

SQ and ENT-03, respectively. These values can also be obtained from the LUV mass 
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increase at saturation, which yields the mass of incorporated aminosterols, which were 

found to be 35±4 µM, 15±2, 43±4 µM for TRO, SQ and ENT-03, respectively, in very good 

agreement with those estimated above. All aminosterols did not show a significant 

increment of LUV diameter (Fig. 3.13), ruling out that the observed increase of light 

scattering intensity upon aminosterol addition was due to an increase in LUV size. This 

analysis indicates that aminosterols bind to LUVs even without fluorescent labelling and 

allows the maximum aminosterol occupancy to be estimated for all three aminosterols.  

 

Figure 3.13. Size distributions of LUVs incubated with the three aminosterols. Plots reporting 
the size distributions of LUVs incubated with the indicated increasing concentrations of (A) TRO, 
(B) SQ and (C) ENT-03. 

To obtain an independent estimate of the aminosterol occupancy at LUVs at 

saturation, we employed a microfluidic technique using LUVs and TRO as a 

representative aminosterol, obtaining a value of ca. 28−35 μM TRO at saturation, in 

agreement with the value of 35±4 μM TRO estimated with light scattering (Fig. 3.14). In 

details, TRO-A594 displayed a high ratio of fluorescence values in the diffused channel 

versus total fluorescence (Fd/(Fd+Fund)), which is typical of a small highly diffusible 

molecule and led to a value of apparent hydrodynamic radius of 725±35 pm, consistent 

with that of a molecule of the size of TRO-A594 in a monomeric form (expected value of 
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700-800 pm). Moreover, the small value of Fd/(Fd+Fund) measured for TRO-BODIPY in the 

presence of LUVs ruled out that the molecule was even in part monomeric or assembled 

into low-molecular weight micelles and rather indicates that the molecule was entirely 

bound to LUVs, in agreement with the binding plot showing that binding saturation was 

achieved at these concentrations of TRO-BODIPY and LUVs (Fig. 3.10A).  

 

Figure 3.14. Microfluidics of different concentrations of TRO-A594 in the absence or presence 
of LUVs. Ratio of fluorescence values in the diffused channel versus total fluorescence 
[Fd/(Fd+Fund)], determined with the microfluidic technique, for 10 µM and 50 µM TRO-A594 (1:10 
of dye:TRO) in the absence of LUVs (dark blue), for 10-100 µM TRO-A594 (1:10 of dye:TRO) in 
the presence of 0.5 mg/ml LUVs (n=1, medium blue), for 20 µM TRO-BODIPY (1:10 of dye:TRO) 
in the presence of 0.5 mg/ml LUVs (pale blue) and for 2 µM CHOL-BODIPY (1:10 of dye:TRO) in 
the presence of 0.5 mg/ml LUVs used as a positive control of a molecule bound to LUVs (purple).  

The similar value of Fd/(Fd+Fund) measured for CHOL-BODIPY in the presence of 

LUVs, used here as a positive control of a molecule bound to LUVs, confirmed full binding 

of TRO-BODIPY to LUVs. Values of Fd/(Fd+Fund) measured at low concentrations of TRO-

A594, in the presence of LUVs, were intermediate, indicating partial binding of the 

labelled molecule to LUVs, in agreement with the binding plots showing pre-saturation 

conditions at these concentrations of TRO-A594 and LUVs (Fig. 3.10B). As the 

concentration of TRO-A594 increases, the value of Fd/(Fd+Fund) also increases, with a 
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value at 100 µM TRO-A594 close to that of TRO-A594 in the absence of LUVs. This 

indicates that LUVs are saturated with TRO-A594 under these conditions and the 

excessive TRO-A594 pool remains unbound. The TRO-A594 concentration at which 

Fd/(Fd+Fund) starts to increase is roughly 28-35 µM, in agreement with that determined 

with the light scattering analysis (Fig. 3.12A). Moreover, the Fd/(Fd+Fund) value measured 

at 100 µM TRO-A594 is consistent with concentrations of ca. 65 µM and ca. 35 µM 

unbound and bound in pre-saturating conditions, respectively, lending further support 

to a saturating value of ca. 35 µM determined with the light scattering analysis.  

3.2.4 All three aminosterols partially neutralise the negative charge of LUVs, with an 

efficacy TRO  ENT-03 > SQ 

Since 5 µM aminosterol and 1.0 mg/ml LUVs are concentrations at which binding is 

complete (all aminosterol is bound to LUVs and LUVs are not yet saturated), we carried 

out the following analyses at these concentrations, in all cases after co-vesiculating 

aminosterols with the lipids of LUVs to rule out incomplete binding. In particular, we 

evaluated the effect of the three aminosterols on three physicochemical properties of 

the LUV lipid bilayer previously found to be altered by TRO and thought to represent 

important factors for the vulnerability of the lipid plasma membrane to misfolded 

protein oligomers (Errico et al., 2020): the membrane negative charge, monitored with 

ζ potential measurements, the resistance of the bilayer to a BTF perpendicular to the 

bilayer plane, monitored with AFM on SLBs, and the distribution of lipids in the 

membrane, monitored with lipid-lipid FRET. 

 The ζ potential was measured by Gabriella Caminati’s group at the Department 

of Chemistry of the University of Florence, using naked LUVs and LUVs co-vesiculated 
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with TRO, SQ or ENT-03 (Fig. 3.15A, Table 3.2). For naked LUVs, a negative value of ζ of 

−23.6±0.7 mV was found at 20 °C (Errico et al., 2020), whereas values of -18.7±0.3, -

21.0±0.5 and -18.7±0.3 mV (mean±SEM) were obtained for LUVs co-vesiculated with 

TRO, SQ and ENT-03, respectively, at the same temperature (Fig. 3.15A, Table 3.2). These 

variations indicate, in all cases, a partial neutralization of the total negative surface 

charge of LUVs, or molecular packing of the charged lipid heads, upon aminosterol 

addition (p<0.001, p<0.05, p<0.001, respectively). SQ induced a smaller decrease 

compared to TRO and ENT-03 (p<0.01), which showed by contrast comparable decreases 

(p>0.05). This is in agreement with the chemical properties of the three aminosterols, 

with SQ carrying a spermidine group, which is shorter and less positively charged than 

the spermine group of TRO and ENT-03.  

ζ measurements versus temperature were then used to determine the 

phospholipid gel to liquid-crystalline phase Tm of LUVs in the absence and presence of 

each aminosterol (Fig. 3.15A,B). The transition is described by a sharp change in the ζ 

potential (Fig. 3.15A), that is more evident in corresponding first derivative plots (Fig. 

3.15B). The Tm of this LUV system is dominated by SM (Tm of 35-40 °C), since DOPC (Tm 

of -17 °C), which is the most abundant lipid, is already in a fluid-like phase in the 

examined temperature range (Attwood et al., 2013; Shaw et al., 2012).  
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Figure 3.15. The three aminosterols increase the transition temperatures of LUVs. (A) ζ 
potential and (B) fitted curves (left axis) and first derivative curves (right axis) of ζ values as a 
function of temperature for naked LUVs (black square), and aminosterol-containing LUVs: TRO 
(blue), SQ (red), and ENT-03 (green). Experimental errors are standard deviations (n=5). In each 
case, the Tm corresponds to the minimum of the first derivative curve. 

Table 3.2. Experimental values of the physicochemical perturbations of the membrane induced 

by aminosterols (AMs) 

 ζ  

(mV) 

∆ζ 

(%) 

BTF  

(nN) 

∆BTF 

 (%) 

rGM1-CHOL  

(Å) 

∆rGM1-

CHOL  

(%) 

rCHOL-CHOL 

 (Å) 

∆rCHOL-

CHOL (%) 

- AMs -23.6±0.7 0% 2.73±0.09 0% 65±1 0% 72±1 0% 

+ TRO -18.7±0.3 100% 4.2±0.2 100% 79±1 100% 58±1 100% 

+ SQ -21.0±0.5 53% 3.5±0.2 52% 72±1 50% 64±1 57% 

+ ENT-03 -18.7±0.3 100% 3.0±0.1 18% 73±1 57% 63±2 64% 

Table 3.2. ζ potential, BTF, GM1/CHOL and CHOL/CHOL mean shortest distance (r) experimental 
values and their corresponding normalized percent values obtained in the absence and presence 
of TRO, SQ and ENT-03. BTF errors were evaluated as half of the range of variability of mean 
values from different series of measurements for each condition. Experimental r errors are SEM 
(n=3 technical replicates). ζ potential errors are standard deviations (n=5).  
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For naked LUVs, the Tm was observed at 24.5±2 °C. All aminosterols induced an 

increase of the transition temperature of LUVs, up to values of 46±2 °C (p<0.01), 35±2 °C 

(p<0.05) and 46±2 °C (p<0.01) with LUVs co-vesiculated with TRO, SQ and ENT-03, 

respectively, indicating trend variations similarly to those measured with ζ at 20 °C. The 

transition width is about 6 °C for the naked LUVs, but becomes larger with aminosterol, 

up to 16 °C in the case of TRO-containing LUVs, confirming that aminosterols modify the 

packing of the bilayer and the system disorder (Biruss et al., 2007). 

 

3.2.5 All three aminosterols increase the BTF of SLBs, with an efficacy of TRO > SQ > ENT-

03 

The resistance of the bilayer to a force applied perpendicular to its plane was analysed 

by AFM by the Annalisa Relini’s group at the University of Genoa, which allowed us to 

determine the BTF required to penetrate the bilayer with the AFM tip. Measurements 

were performed on SLBs in the absence and presence of each aminosterol (Fig. 3.16). As 

previously described, SLBs with this lipid composition display the coexistence of two 

different phases: gel-phase domains, called Lβ or So, enriched with SM, CHOL and GM1, 

that float in a liquid-disordered phase, called Lα or Ld, enriched with DOPC (Errico et al., 

2020; Oropesa-Nuñez et al., 2016). The largest fraction of breakthroughs was observed 

on Lα regions, while most of the Lβ regions displayed the absence of breakthrough events 

(Errico et al., 2020). The presence of aminosterols determined an increase in BTF values 

relative to aminosterol-devoid SLBs (BTF of 2.73±0.09 nN; Table 3.2). TRO caused the 

largest increase, followed by SQ and then ENT-03, with BTF values of 4.2±0.2 nN, 3.5±0.2 

nN and 3.0±0.1 nN, respectively (Fig. 3.16; Table 3.2).  
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Figure 3.16. The three aminosterols increase the mechanical resistance of lipid bilayers to 
indentation or BTF. BTF distributions measured on SLBs formed from LUVs prepared in the 
absence (A, grey) and in the presence of 5 µM TRO (B, blue), SQ (C, red) and ENT-03 (D, green). 
Distributions were obtained from at least six independent force maps. The statistically significant 
difference between aminosterols was calculated using a Kruskal-Wallis test, which resulted in 
p<0.001, and a Dunn test, which highlighted a difference between each group with p<0.05. 
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3.2.6 All three aminosterols redistribute cholesterol (CHOL) and GM1 lipids in LUVs, with 

efficacy TRO > SQ  ENT-03 

Using lipid-lipid FRET, TRO was previously found to reorganize the spatial distribution of 

CHOL and GM1 molecules in LUVs, therein clustering CHOL molecules, separating CHOL 

from GM1 molecules, clustering GM1 molecules and maintaining mutual distances of 

SM and DOPC from CHOL (Errico et al., 2020). To investigate whether SQ and ENT-03 

could have a similar impact, we carried out a series of lipid–lipid FRET experiments in 

the absence and presence of each aminosterol. In these experiments, 0.0625% of a given 

lipid (relative to the total lipid content in LUVs) was labelled with a donor (D) fluorescent 

probe and the same fraction of CHOL was labelled with an acceptor (A) fluorescent 

probe, namely BODIPY FL and BODIPY 542/563, respectively. Four different 

combinations of FRET pairs (GM1-D/CHOL-A, CHOL-D/CHOL-A, SM-D/CHOL-A and 

DOPC-D/CHOL-A) were then analysed in the presence of SQ and ENT-03 and then 

compared to data obtained with LUVs without aminosterols and with LUVs with TRO (Fig. 

3.17A-D). Both SQ and ENT-03 induced a similar and significant increment of FRET 

efficiency (E) in the CHOL-D/CHOL-A pair (p<0.001) and a reduction in the GM1-D/CHOL-

A pair (p<0.01), indicating a reduction of the mean shortest distance between CHOL 

molecules or GM1 molecules and an increase of the distance between CHOL and GM1 

molecules (Fig. 3.17E,F; Table 3.2). This behaviour was similar to that induced by TRO 

(p<0.001 relative to absence of aminosterol), but was found to occur to a significantly 

lesser extent (Fig. 3.17E,F; Table 3.2). Neither SQ nor ENT-03 showed variations in the 

FRET E for the SM-D/CHOL-A and DOPC-D/CHOL-A pairs (p>0.05), in agreement with the 

effect of TRO (Fig. 3.17E,F; Table 3.2). 
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Figure 3.17. The three aminosterols redistribute CHOL and GM1 molecules in LUVs. (A-D) 
Fluorescence spectra of LUVs containing the indicated D-labelled lipid (green), A-labelled CHOL 
(orange), and both (blue) in the absence (A) and in the presence of TRO (B), SQ (C) and ENT-03 
(D). (E) FRET efficiency (E) values obtained for the various pairs using Eq. 3 in the absence (grey) 
and presence of TRO (blue), SQ (red), ENT-03 (green). Experimental errors are SEM (n=5). The 
symbols *** refer to p values of <0.001 relative to r values obtained in the absence of 
aminosterols. (F) Mean shortest distances (r) between the indicated lipid-D and CHOL-A in 
absence and presence of aminosterols obtained from FRET E values reported in panel E using Eq. 
4.  
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3.2.7 All three aminosterols displace αS from DMPS LUVs, with efficacy TRO  ENT-03 > 

SQ 

Previous works showed that TRO and SQ were able to displace αS from SUVs composed 

of DMPS (Perni et al., 2017; Perni et al., 2018), and that this displacement could be 

monitored as a change from a LUV-bound αS conformation enriched with α-helical 

structure and a free, unbound, substantially disordered αS conformational state (Perni 

et al., 2017; Perni et al., 2018). We repeated the experiments with TRO and SQ, and also 

extended the analysis to ENT-03, using DMPS LUVs rather than our ordinary LUVs to 

replicate the previously established protocol (Perni et al., 2017; Perni et al., 2018) and 

because the strength of the binding of αS to lipids is strongly influenced by the chemical 

properties of the lipids (Zhu et al., 2003; Galvagnion et al., 2015; Galvagnion et al., 2016). 

To this aim, 5 µM αS was incubated with 0.2 mg/ml DMPS LUVs for 30 min and then with 

increasing aminosterol concentrations for 15 additional min. All aminosterols were 

found to displace αS from LUVs in a dose-dependent manner, as shown by the 

progressive apparent two-state change from a typical α-helical CD spectrum, with 

negative peaks at 222 and 208 nm and a positive peak at 192 nm, to a typical random-

coil spectrum, with a single negative peak at 198 nm (Fig. 3.18A-C). This conformational 

change was compared for the three aminosterols as a progressive increase of mean 

residue ellipticity at 222 nm, showing that SQ is slightly less effective, as it requires higher 

concentrations to displace the protein from the membrane relative to TRO and ENT-03, 

which had similar displacement activities (Fig. 3.18D). This ranking suggests that the 

aminosterol-induced displacement of αS from DMPS LUVs is mainly driven by 

electrostatic effects, given that TRO and ENT-03 are more positively charged than SQ at 

physiological pH.  
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Figure 3.18. Far-UV CD analysis of αS displacement exerted by the 3 aminosterols. (A-C) Far-UV 
CD spectra of αS in the absence and presence of DMPS LUVs incubated with increasing 
concentrations of TRO (A), SQ (B) and ENT-03 (C). Spectra were blank subtracted and normalized 
using Eq. 1. (D,E) Mean residue ellipticity at 222 nm (D) and 192 nm (E) of αS incubated with 
DMPS LUVs and increasing concentrations of TRO (blue), SQ (red) and ENT-03 (green).  

3.2.8 All three aminosterols protect the plasma membrane of cultured cells from Aβ 

oligomers, with efficacy TRO > ENT-03 > SQ 

Thanks to a collaboration with Claudia Capitini from the European Laboratory for Non-

Linear Spectroscopy (LENS) at the University of Florence, we then pursued our 

comparative analysis from LUVs to cultured cells (human neuroblastoma SH-SH5Y cells) 

to investigate whether all three aminosterols would bind to the plasma membrane of 

cells and protect them from misfolded protein oligomers. All three aminosterols were 

labelled with BODIPY™ TMR, which is a neutral and hydrophobic probe that does not 

alter the positive net charge of the aminosterol. SH-SY5Y cells were treated with 5 µM 

TRO-BODIPY, SQ-BODIPY, or ENT-03-BODIPY for 30 min at room temperature and 

analysed with confocal scanning microscopy (Fig. 3.19A). All three aminosterols 
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prominently bind to the plasma membrane, in accordance with the results obtained with 

LUVs. Moreover, cells treated with L-Arg-BODIPY, used here as a negative control, show 

the total absence of BODIPY-derived fluorescence (Fig. 3.19A), confirming that the 

binding observed using AM-BODIPY is fully attributable to the aminosterol, rather than 

the hydrophobic probe.  

The protective effect of the three aminosterols against the ability of misfolded 

protein oligomers to cause cell dysfunction was evaluated by Roberta Cascella from our 

lab in Florence using ADDLs comprised of Aβ42 as sample oligomers and evaluating the 

influx of calcium ions (Ca2+) from the extracellular space to the cytosol of cultured SH-

SY5Y cells, which is thought to be the earliest insult following the oligomer-membrane 

interaction (Demuro et al., 2005; Diaz et al., 2009; Decker et al., 2010; Alberdi et al., 

2010; Fani et al., 2022). SH-SY5Y cells were treated for 15 min with ADDLs (1 μM, 

monomer equivalents) in the absence or presence of different concentrations of 

aminosterols and then their Ca2+ levels were evaluated with a specific fluorescent probe 

that enters inside the cells and produces green fluorescence (F) only when bound to Ca2+ 

(Fig. 3.19B,C). ADDLs caused a 660±30% increase of Ca2+ relative to untreated cells, 

indicating a markedly heightened state of toxicity. Co-incubation of the ADDLs with 

aminosterols caused a decrease of Ca2+ levels with a clear dose-dependence and 

aminosterol type dependence. In particular, TRO was found to be more effective than 

ENT-03 at corresponding concentrations, and the difference was statistically significant 

when all doses were analysed together (p<0.01). TRO and ENT-03 were both more 

effective than SQ (p<0.001 in both cases). At the highest aminosterol concentration 

tested (5 µM), all three aminosterols were able to completely suppress the ADDL-

induced Ca2+ influx down to the levels of untreated cells (Fig. 3.19C). 
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3.2.9 A global fitting analysis determines quantitatively the chemical factors of 

aminosterols and the physico-chemical determinants of membrane involved in 

aminosterol-induced membrane protection 

All data of Ca2+-derived fluorescence (F) shown in Fig. 3.19C were converted into 

normalized response (R) values ranging from 0% (no effect) to 100% (full effect) using: 

𝑅 = 100 ⋅
(𝐹0 − 𝐹)

(𝐹0 − 𝐹𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑)
 

(17) 

where F0 and Funtreated are the F values with and without ADDLs, respectively, both 

without aminosterols (corresponding to 659±30% and 100±15%, respectively). The 

obtained R values were plotted versus aminosterol concentration in one single semi-log 

plot to obtain the typical dose-response curve used in pharmacology (Fig. 3.19D). The 

resulting plot was then fitted to the Hill equation, typically used to analyse dose-

response curves and found to satisfactorily fit most dose-response curves (Di Veroli et 

al., 2015): 

𝑅 =
100

1 + (
𝐸𝐶50

[𝐴𝑀]
)

𝑛 
(18) 

where [AM] is the aminosterol molar concentration, EC50 is the molar aminosterol 

concentration at which R was 50% and n is the Hill coefficient. EC50 and n were 

parameters free to float in the fitting procedure and values of 1.62±0.25·10-7 M and 

0.78±0.09 were obtained, respectively (Fig. 3.19D, r=0.9291, RMSD=8.17%). A fairly 

good agreement was found between theoretical R values re-determined with Eq. 18 for 

all three aminosterols and corresponding experimental R values (Fig. 3.19E, r=0.9291, 

RMSD=8.17%). Nevertheless, the agreement was not entirely satisfactory due to 

differences among the three aminosterols. 
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Figure 3.19. The three aminosterols bind to the plasma membrane of SH-SY5Y cells and prevent 
the increase of intracellular Ca2+ levels induced by ADDLs (global fitting analysis). (A) 
Representative confocal microscopy images of SH-SY5Y cells incubated for 30 min at RT with 5 
µM of L-Arg-BODIPY, TRO-BODIPY, SQ-BODIPY, or ENT-03-BODIPY (probe:molecule of 1:10). Blue 
and red fluorescence indicate Hoechst-labelled nuclei and AM-BODIPY, respectively. (B) 
Representative confocal scanning microscopy images of free Ca2+ levels in untreated SH-SY5Y 
cells or in cells treated for 15 min with 1 µM ADDLs in the absence or presence of 1 µM 

aminosterols. (C) Intracellular free Ca2+-derived fluorescence in untreated SH-SY5Y cells or in 
cells treated for 15 min with ADDLs in the absence or presence of the indicated concentrations 

of aminosterols. Experimental errors are SEM (n=4). *** symbols refer to p values <0.001 
relative to untreated cells. §§ and §§§ symbols refer to p values <0.01 and <0.001, respectively, 

relative to ADDLs without aminosterols. (D) Normalised dose-response curve obtained from 

Ca2+-derived fluorescence data of all aminosterols in (C) and fitted to Eq. 18. (E) Plot reporting 
theoretical versus experimental response values obtained from Eq. 18. (F,G,H) Normalised dose-
response curves for TRO (blue), SQ (red) and ENT-03 (green) obtained from Ca2+-derived 
fluorescence data in (C). In each plot, the lines through the data do not represent independent 
fitting procedures using Eq. 18, but result from global fitting using only Eq. 20, in all cases with 
corresponding values of ζ potential, BTF and FRET data. Experimental errors are SEM (n=4). (I) 
Plot reporting theoretical versus experimental response values obtained from Eq. 20.  
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 To improve the agreement and identify the aminosterol-induced membrane 

alterations responsible for the observed changes of R values at corresponding 

aminosterol concentrations, we recognise two different contributions to the EC50 of the 

aminosterols: the change in charge and the change in packing, which add to an offset 

EC50 value in the absence of these two changes (EC’50): 

𝐸𝐶50 = 𝐸𝐶50
′ + 𝑘𝑐ℎ𝑎𝑟𝑔𝑒 ∙ 𝛥𝜁 + 𝑘𝑝𝑎𝑐𝑘𝑖𝑛𝑔 ∙ 𝛥𝑝 (19) 

The two contributions were considered additive, in the absence of knowledge of a well-

defined relationship, as generally done in empirical equations (Hastie & Tibshirani, 

1990). This leads to a phenomenological Hill equation, where all R values were analysed 

in a multi-variable and multi-parameter global fitting procedure: 

𝑅 =
100

1 + {
(𝐸𝐶50

′ + 𝑘𝑐ℎ𝑎𝑟𝑔𝑒 ∙ 𝛥𝜁 + 𝑘𝑝𝑎𝑐𝑘𝑖𝑛𝑔 ∙ 𝛥𝑝)
[𝐴𝑀]

}

𝑛 
(20) 

where Δζ is the experimentally determined and normalized change of ζ observed upon 

aminosterol addition (corresponding to the percent values reported in Table 3.2); Δp is 

the experimentally determined and normalized change of lipid distribution and packing 

observed upon aminosterol addition (corresponding to the averaged three remaining 

percent values reported in Table 3.2); kcharge and kpacking are the proportionality constants 

for Δζ and Δp, respectively; EC’50 is a parameter corresponding to EC50 when Δζ and Δp 

are both equal to 0 and corresponds to the EC50 for a hypothetical non-natural 

aminosterol that does not affect ζ and p; n has the same meaning described for Eq. 18. 

 This equation represents a Hill equation integrated with the kcharge·Δζ and 

kpacking·Δp factors. Its three independent variables ([AM], Δζ and Δp) are used to express 

one dependent variable (R), upon the global fitting of the four constants (EC’50, kcharge, 
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kpacking and n) using all the available data. Fitting all R values to Eq. 20 yielded values of 

5.94±0.59·10-7 M, –3.99±0.82·10-7 M, –1.03±0.22·10-7 M and 0.795±0.015 for EC’50, 

kcharge, kpacking and n, respectively. The equation can describe well the behaviour of the 

three aminosterols plotted separately in three independent graphs (Fig. 3.19F-H), where 

the three solid lines through the data do not represent the results of three independent 

fitting procedures, but are rather the result of one equation determined from the global 

fitting. A very good and improved agreement was found between theoretical R values 

re-determined with Eq. 21 for all three aminosterols and the corresponding 

experimental R values (Fig. 3.19I, r=0.9890, RMSD=4.49%).  

 The model and resulting Eq. 20 were validated using the leave-one-out cross-

validation (LOOCV) method, in which each experimental R value was left out from the 

analysis, one by one, to re-determine, through the global fitting, the four constants of 

Eq. 20 and the resulting theoretical R value corresponding to the left-out experimental R 

value. A good agreement was found between re-determined theoretical versus 

experimental R values (Fig. 3.20, r=0.982, RMSD=5.70%), indicating the ability of Eq. 20 

to predict new R values that are not present in the analysis. 

What can we learn from this analysis? The kcharge and kpacking values are both 

negative, indicating that both the partial charge neutralization and compaction of the 

membrane contribute to the increase of aminosterol potency (corresponding to a 

decreased EC50 value). Their relative contributions amount to 79±7% and 21±7%, 

respectively, indicating that the charge effect is predominant. A hypothetical non-natural 

aminosterol that does not affect ζ and p (for example having a monoamine group and a 

shorter tail on the other side) would have a potency 6-7-fold lower than that of TRO. TRO 

appears the most effective aminosterol because it produces the highest effects in terms 
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of both membrane neutralization and compaction. ENT-03 is marginally, albeit 

significantly, less effective because it has a much lower effect on membrane compaction. 

This feature accounts for only 21±7% of the effect, therein explaining why its potency is 

only slightly lower. By contrast, SQ appears markedly less effective because it leads to a 

much lower change in charge than TRO and ENT-03, despite a packing effect similar to 

that of ENT-03. 

 

Figure 3.20. Plot reporting theoretical versus experimental R values obtained using the leave-
one-out cross-validation (LOOCV) method. To obtain this plot, each experimental R value was left 
out from the analysis and Eq. 20 was re-determined using the remaining experimental R values 
(four constants and theoretical R value corresponding to the one left out). 

 We also included the different binding affinities (KD) of the aminosterols for LUVs 

as a parameter in the global fitting, but this has not resulted in any improvement, 

particularly because the least protective SQ has also the highest binding affinity for the 

lipid bilayer, suggesting that binding affinity is a less relevant factor. This can be 

rationalized by the fact that the lipid concentration is very high in the two-dimensional 

carpets of cells, making the aminosterols work in a saturation regime similar to that of 



 

121 
 

high LUV concentration in the conditions explored in Fig. 3.10. On different grounds, 

aminosterol occupancy on the membrane is also not a factor because all aminosterol 

concentrations tested here on cells (0-5 µM) are well below the aminosterol 

concentrations determined experimentally at saturation on LUVs (12-50 µM), and the 

latter are certainly even higher in cell cultures.  

3.2.10 Potency and membrane perturbations can be attributed to specific aminosterol 

chemical groups  

To attribute the potency as well as the kcharge and kpacking parameters and their numerical 

values to discrete chemical groups within the aminosterols, we repeated the analysis 

using modifiers of the Hill equation that account for chemical differences between the 

three aminosterols (apolyamine and aSO3/COO) rather than experimental observables (Δζ and 

Δp): 

𝑅 =
100

1 + {
(𝐸𝐶′50 + 𝑎𝑝𝑜𝑙𝑦𝑎𝑚𝑖𝑛𝑒 + 𝑎𝑆𝑂3/𝐶𝑂𝑂)

[𝐴𝑀]
}

𝑛 
(21) 

where [AM] and R are the independent and dependent variables, respectively; EC’50, 

apolyamine and aSO3/COO are constants free to float in the global fitting analysis using all the 

available data. apolyamine and aSO3/COO are parameters accounting for the change of the 

EC’50 parameter when a spermine, rather than a spermidine, and a -SO3
-, rather than a -

COO- group, are present in the aminosterol, respectively. The two parameters were 

constrained to 0 when the spermine and -SO3
- groups were absent and replaced by 

spermidine and carboxylate, respectively. Fitting all R values to Eq. 21 yielded values of 
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3.83±0.39·10-7 M, –2.36±0.47·10-7 M and –0.55±0.12·10-7 M for EC’50, apolyamine and 

aSO3/COO, respectively (r=0.9820, RMSD=4.50%).  

 The apolyamine and aSO3/COO values were again found to be negative, indicating that 

the longer spermine and SO3
--containing tail cause a potency increase (or EC50 decrease) 

relative to a hypothetical non-natural aminosterol having a spermidine and carboxylate 

group. They account for 81±7% and 19±7% of the effect, respectively, in good agreement 

with the values obtained with the experimental analysis and confirming that the charge 

effect of the polyamine is predominant over the chemistry of the tail on the other side 

of the molecule that causes a redistribution of lipids and increased packing. The net 

positive charge of aminosterols allows a larger decrease of the negative charge of the 

cell membrane provided by GM1, which is a physicochemical change reported to be 

crucial in protecting biological membranes from Aβ oligomer binding and resulting cell 

toxicity also using other compounds, such as europium positive ions (Williams et al., 

2015). The EC’50 value obtained for the hypothetical non-natural aminosterol with 

spermidine and carboxylate (3.83±0.39·10-7 M), which is higher than that of any 

aminosterol analysed here having at least the spermine (triamine) or SO3
- group, is lower 

than the hypothetical non-natural aminosterol of the previous analysis having a 

monoamine group and a shorter tail on the other side (5.94±0.59·10-7 M). Since all 

natural and non-natural aminosterols studied here have a steroid scaffold their EC50 

values remain in the 10-8-10-7 M range. 
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3.3 Study of the interaction of Brb with lipid membranes and its potential 

role against misfolded protein oligomers 

3.3.1 Brb interacts with the membrane of LUVs 

The natural compound Brb possesses a predominantly hydrophobic structure and has 

been reported to be able to cross the blood–brain barrier (Wang et al., 2005; Tan et al., 

2013; Shou & Shaw, 2022), so we first assessed whether this alkaloid could be able to 

interact with the membrane of LUVs with different lipid compositions. Therefore, we 

used LUVs with two different lipid compositions: model-LUVs composed of 65% (mol) 

DOPC, 33% (mol) SM, 1% (mol) CHOL and 1% (mol) GM1, known to exhibit an optimal 

segregation of lipids into distinct domains and widely used in the previous sections and 

works (Oropesa-Nuñez et al., 2016; Errico et al., 2020; Barletti et al., 2023); and neuronal 

LUVs composed of 44% (mol) DOPC, 16% (mol) SM, 35% (mol) CHOL and 5% (mol) GM1, 

enriched in CHOL and GM1 content to better mimic the lipid composition of neuronal 

membranes (Ingólfsson et al., 2017).  

In a first experiment, we labelled LUVs with TMA-DPH and DPH, incubated them 

with increasing concentrations of Brb, and we observed a reduction in the fluorescent 

emission of these two lipophilic probes with the increase of Brb concentration using both 

LUV compositions (Fig. 3.21). In particular, in all conditions we observed a linear 

quenching at low concentrations of Brb, and an exponential trend at higher 

concentrations, suggesting the coexistence of both dynamic and static quenching 

(Lakowicz, 2006) (Fig. 3.21). We then first fitted the obtained data with a linear Stern-

Volmer equation (Eq. 5) up to 30 and 50 µM for LUVs labelled with DPH and TMA-DPH, 

respectively, in order to obtain KSV values, and then we obtained KST values with Eq. 7, as 
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described in section 2.13 (Fig. 3.21). Brb induced a higher quenching on DPH-labelled 

LUVs (Fig. 3.21C,D) than TMA-DPH-labelled (Fig. 3.21A,B), suggesting that, unlike 

aminosterols, this alkaloid interacts more deeply within the hydrophobic core of the 

bilayer. Moreover, the quenching was higher in neuronal-LUVs (Fig. 3.21B,D) than model-

LUVs (Fig. 3.21A,C) with both the probes used, suggesting a higher affinity of Brb for 

neuronal LUVs. More generally, these results indicate that Brb is able to interact with 

both model- and neuronal-LUVs. 

 

Figure 3.21. Interaction of Brb with LUVs. Stern-Volmer plot of (A,C) model-LUVs and (B,D) 
neuronal-LUVs labelled with TMA-DPH (A,B) and DPH (C,D) and incubated with increasing 
concentrations of Brb. KSV and KST values were obtained by fitting the plots with Eq. 5 and Eq. 7, 

as described in section 2.13. Experimental errors are SEM of 3-7 experiments. 
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To obtain an independent measure of the interaction between Brb and LUVs, and 

to rule out that the interaction observed with fluorescence quenching experiments could 

depend on the lipophilic probe’s properties, we then probed the incorporation of Brb 

within unlabelled LUVs. To this aim, a light scattering analysis was carried out using 

model-LUVs and neuronal-LUVs incubated with increasing concentrations of Brb, on the 

theoretical grounds that incorporation of Brb within LUVs membranes causes an increase 

of LUV mass and, consequently, light scattering intensity (Fig. 3.22). As reported in 

section 3.2.3, light scattering intensity is proportional to the second power of the mass 

of the light scattering particles, so by plotting the square root of the ratio of light 

scattering intensity with Brb and light scattering intensity without Brb (sqrt(IBrb/INO)) 

versus Brb concentration, it was possible to measure the increase of mass upon Brb 

addition (Fig. 3.22).  

 

Figure 3.22. Light scattering intensity of LUVs in the presence of increasing concentrations of 
Brb. Plot reporting the square root of the light scattering intensity of (A) model-LUVs and (B) 
neuronal-LUVs with (IBrb) and without (INO) Brb, respectively, versus Brb concentration, 
representing the increase in LUV mass due to Brb incorporation. The count rate values measured 
with corresponding Brb concentrations in the absence of LUVs were subtracted from those 
measured with both Brb and LUVs to remove Brb light scattering contribution. Experimental 
errors are SEM of at least 3 experiments. 
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In particular, at saturating concentration of Brb, mass increases of 1.17 ±0.008 and 

1.194±0.002 were obtained for model- and neuronal-LUVs, respectively. Brb was 

therefore able to bind to both types of LUVs, confirming fluorescence quenching results. 

Moreover neuronal-LUVs displayed a higher mass increase upon Brb addition compared 

to model-LUVs, indicating a higher incorporation of Brb in this type of LUVs, in agreement 

again with fluorescence quenching results where higher KSV values were obtained for 

neuronal-LUVs. DLS experiments ruled out an increase of LUV diameter upon Brb 

addition (data not shown). Therefore, the remarkable mass increase by about 15-20% 

suggests that Brb micelles also incorporate on LUV surfaces, causing an increase of mass 

and light scattering intensity.  

In a third experiment, we performed an equilibrium dialysis experiment incubating 

Brb without and with model- and neuronal-LUVs and then dialysing these samples 

against phosphate buffer, to investigate the binding of Brb to LUVs, and a possible 

incorporation of this alkaloid within LUV membranes. In particular, 2 ml of a solution 

containing 30 µM Brb with 0.2 mg/ml model-LUVs, 30 µM Brb with 0.2 mg/ml neuronal-

LUVs and 30 µM Brb without LUVs were dialysed against 3 ml of 100 mM sodium 

phosphate buffer, pH 7.0 for 24 h. Then, the fluorescence spectra of the permeates 

resulting from these three different samples were acquired by exploiting the intrinsic 

fluorescence of Brb (Fig. 3.23A). By interpolating the measured fluorescence emission 

value of the permeate with a calibration curve obtained from different known 

concentrations of Brb (Eq. 16), it was possible to measure the fraction of Brb that was 

free to cross the dialysis membrane and, by difference, the fraction that was retained in 

the inner chamber (retentate), which interacted stably with LUVs or that was 

incorporated within them (Fig. 3.23B).  
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The permeate derived from 30 µM Brb in the absence of LUVs contained a 

concentration of 9.8±0.2 µM Brb (Fig. 3.23B) rather than an expected concentration of 

12 µM, indicating that a small fraction of this alkaloid (2.2±0.2 µM) interacted with the 

dialysis membrane and could not cross it. The permeates derived from 30 µM Brb 

incubated with 0.2 mg/ml of model- and neuronal-LUVs contained 7.7±0.8 µM and 

5.3±0.9 µM, respectively (Fig. 3.23B). By subtracting the permeate Brb concentration in 

the presence of LUVs from that measured in the absence of LUVs, in was possible to 

obtain the actual Brb concentration incorporated in LUVs, which appeared to be 2.1±0.8 

µM and 4.5±0.9 µM for model- and neuronal-LUVs, respectively. These results confirmed 

the interaction of Brb with both types of LUVs and indicated that neuronal-LUVs 

incorporated a slightly higher fraction of Brb than model-LUVs, in agreement with the 

fluorescence quenching and light scattering results. 

  

Figure 3.23. Equilibrium dialysis of Brb incubated with LUVs. (A) Fluorescence spectra of the 
permeates derived from 24 h dialysis of 30 µM Brb (red); 30 µM Brb incubated with 0.2 mg/ml 
model-LUVs (black) and 30 µM Brb incubated with 0.2 mg/ml neuronal-LUVs (green). The plot 
also reports the fluorescence spectra of different known Brb concentrations (dashed lines). (B) 
Calibration curve reporting the fluorescence emission values at 550 nm of known concentrations 
of Brb. Data were fitted with Eq. 16. Fluorescence emission values at 550 nm of the three 
permeates described in (A) are also indicated, using the same colour code. Experimental errors 
are SEM of 3 experiments. 
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3.3.2 Brb stiffens the membrane of LUVs 

Since Brb exhibited the ability to interact with the lipid bilayer of labelled and unlabelled 

LUVs, we then investigated the effect of this alkaloid on the rotational diffusion of TMA-

DPH and DPH embedded in LUVs, and then on the packing of lipids in LUVs. To this aim, 

we performed fluorescence anisotropy experiments as a function of Brb concentration, 

using model- and neuronal-LUVs labelled with TMA-DPH and DPH, and incubating them 

with increasing concentrations of Brb. In the absence of Brb, the anisotropy (r) of DPH 

was lower than that of TMA-DPH in both model- and neuronal-LUVs, reflecting the lower 

degree of molecular packing of the lipids in the hydrophobic portion of the bilayer 

relative to the polar region, with consequent higher rotational freedom of DPH than 

TMA-DPH (Collins et al., 1990). Moreover, with both probes, neuronal-LUVs exhibited 

higher r values than model-LUVs in the absence of Brb, reflecting the greater packing of 

lipids induced by the higher CHOL content in the former type of LUVs (Chakraborty et al., 

2020). 
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Figure 3.24. Fluorescence anisotropy of probes embedded in LUVs as a function of Brb 
concentration. Anisotropy (r) values of model-LUVs (A,C) and neuronal-LUVs (B,D) labelled with 
TMA-DPH (A,B) and DPH (C,D) in the presence of increasing concentrations of Brb. Experimental 
errors are SEM of at least 5 experiments. 

The addition of Brb appeared to further stiffen their membranes, as indicated by 

an increase of probe fluorescence anisotropy in the presence of increasing concentration 

of Brb. The higher packing of lipids induced by Brb involved both the superficial polar 

heads region of the bilayer, as observed with TMA-DPH-labelled LUVs (Fig. 3.24A,B), and 

its hydrophobic core, as observed with DPH-labelled LUVs (Fig. 3.24C,D). Nevertheless, 

the increase of fluorescence anisotropy was higher for DPH than TMA-DPH in both LUV 

types, suggesting a larger stiffening of the membrane in the hydrophobic core of the lipid 

bilayer (Fig.3.24), probably as a result of the higher affinity of Brb for this portion of the 
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membrane, as indicated by fluorescence quenching experiments. From these data it 

emerges that the interaction of Brb with LUVs influences the degree of rotational 

diffusion of both TMA-DPH and DPH embedded in LUVs, particularly the latter, in both 

model- and neuronal-LUVs, stiffening the bilayer in a concentration-dependent manner. 

The impact of Brb on the rotational diffusion of TMA-DPH and DPH in LUVs, and 

therefore, on the packing of lipids, was also investigated by temperature-dependent 

probe fluorescence anisotropy. In fact, changes in the temperature-dependent 

fluorescence anisotropy upon Brb addition reflect perturbations in the probe rotational 

correlation time (Lúcio et al., 2006; Alves et al., 2017). As the temperature increased, the 

fluorescence anisotropy decreased for both probes and in both types of LUVs (Fig. 3.25), 

as expected following the temperature-dependent increase of fluidity of the membrane 

with temperature with resulting increase of the rotational freedom of the two 

fluorophores (Collins et al., 1990; Alves et al., 2017; Errico et al., 2020). The presence of 

Brb induced a significant increase of the fluorescence anisotropy of both TMA-DPH and 

DPH, particularly the latter, at all temperatures and with both model- and neuronal-LUVs 

(Fig. 3.25), confirming that Brb interacts with both the polar heads and the hydrophobic 

regions of the bilayer, and that this effect exerts an overall stiffing of the lipid bilayer. 
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Figure 3.25. Temperature-dependent fluorescence anisotropy of probes embedded in LUVs in 
the presence of Brb. model-LUVs (A,C) and neuronal-LUVs (B,D) labelled with TMA-DPH (A,B) 
and DPH (C,D) in the absence and presence of the indicated concentrations of Brb. Experimental 
errors are SEM of at least 3 experiments. 

3.3.3 Brb reduces the binding affinity of OAs for LUVs 

Since Brb displayed the ability to bind to the membrane of LUVs, and to induce an overall 

stiffening of the lipid bilayer, we then investigated whether Brb could induce a variation 

of the affinity of OAs for the membrane, similarly to what was observed with TRO in 

Section 3.1.4. To this aim, we prepared TMA-DPH-labelled model- and neuronal-LUVs 

incubated with 30 µM Brb, and then we incubated them with increasing concentrations 

of unlabelled OAs (Fig. 3.26). The presence of Brb in model-LUVs induced a significant 

reduction of TMA-DPH fluorescence quenching relative to the same LUVs without Brb, 
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with an almost complete absence of quenching at low concentrations of OAs up to ca. 6 

µM (Fig. 3.26A). At higher concentrations of OAs, the TMA-DPH quenching was evident, 

but remained lower than that observed in the absence of Brb at corresponding OAs 

concentrations, showing a reduction of the affinity of OAs for LUVs (Fig. 3.26A). With 

neuronal-LUVs, data were more challenging to decipher, since at low concentrations of 

Brb we observed an increased quenching, that then decreased until ca. 10 µM OAs, and 

then again proportionally increased as observed with OAs in the absence of Brb (Fig. 

3.26B).  

 

Figure 3.26. Interaction of OAs with LUVs with and without Brb. Stern−Volmer plots reporting 
the ratio of fluorescence of TMA-DPH in the absence (F0) or presence (F) of various 

concentrations (monomer equivalents) of OAs, in the absence (red) and presence of 30 μM Brb 
in (A) model-LUVs and (B) neuronal-LUVs. The straight lines through the data points represent 
the best fits to Eq.6 and 5, in the presence and absence of Brb, respectively. Experimental errors 
SEM of 5 experiments. 

This atypical trend could reflect the differences in lipid proportions used in 

neuronal-LUVs compared to model-LUVs. In neuronal-LUVs the proportion between 

DOPC and SM were maintained in a molar ratio of ca. 2:1 (mol/mol), but CHOL and GM1 

contents were significantly increased from 1% (mol) to 35% (mol) and from 1% (mol) to 
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5% (mol), respectively. To investigate whether the increased content of one of these two 

lipids could affect the quenching trend, we repeated the experiment increasing one lipid 

species at a time in modified LUVs: LUVs+CHOL, composed of 43% DOPC, 21% SM, 35% 

CHOL, 1% GM1; and LUVs+GM1, composed of 63% DOPC, 31% SM, 1% CHOL, 5% GM1. 

First, we incubated LUVs for 15 min with increasing concentrations of OAs, and then we 

repeated the experiment pre-incubating LUVs for 15 min with 30 µM Brb (Fig. 3.27). 

 

Figure 3.27. Interaction of OAs with LUVs enriched with CHOL or GM1 with and without Brb. 
Stern−Volmer plots reporting the ratio of fluorescence of TMA-DPH in the absence (F0) or 
presence (F) of various concentrations (monomer equivalents) of OAs, in the absence (red) and 
presence of 30 μM Brb in (A) LUVs enriched in CHOL content (43% DOPC, 21% SM, 35% CHOL, 
1% GM1) and (B) LUVs enriched in GM1 content (63% DOPC, 31% SM, 1% CHOL, 5% GM1). The 
straight lines through the data points represent the best fits to Eq. 6 (A) and to Eq. 6 and 5 (B), 
in the presence and absence of Brb, respectively. Experimental errors SEM of 3 experiments. 

The fluorescence quenching of TMA-DPH in LUVs+CHOL in the absence of Brb was 

significantly lower than that observed with model-LUVs, and similar to that observed 

with neuronal-LUVs (Fig. 3.27A). This interesting behaviour was observed in previous 

studies, where membrane CHOL modulation, and in particular CHOL enrichment, 

affected oligomer-induced cell disfunction, resulting in a significant decrease of 

interaction of toxic oligomer with the cell membrane and internalisation (Evangelisti et 
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al., 2012; Evangelisti et al., 2016). The incubation of LUVs+CHOL with Brb displayed a 

further decrease of OAs quenching ability and therefore a further lower affinity of these 

toxic species for LUVs (Fig. 3.27A), similarly to observations with neuronal-LUVs. On the 

other hand, the quenching of TMA-DPH in LUVs+GM1 in the absence of Brb was linearly 

dependent on OAs concentration and fitted well with Eq. 5, as observed in model- and 

neuronal-LUVs. The addition of Brb determined the same atypical trend observed in 

neuronal-LUVs in the presence of Brb, but the overall OA-induced fluorescence 

quenching was lower than in neuronal-LUVs (Fig. 3.27B).  

These results suggest that the content of GM1 somehow alters the quenching 

trend of low concentrations of OAs in the presence of Brb, and in the future we will need 

to better understand this effect, since it could indicate a direct binding of Brb to this key 

lipid.  

3.3.4 Brb reduces OAs ANS binding 

Since Brb appeared to interact with the membrane of our LUVs and inhibit the binding 

of OAs to them, we then decided to investigate whether this alkaloid was also able to 

directly interact with misfolded protein oligomers in the absence of LUVs and possibly 

affect their morphology and structure. To this aim, we used the fluorescent probe 8-

anilinonaphthalene-1-sulfonate (ANS) to see whether the incubation of OAs with Brb 

could affect the hydrophobic exposure of this misfolded species. ANS is a fluorescent 

probe able to bind to solvent-exposed hydrophobic clusters and generates a marked 

increase in its fluorescence emission intensity and a blue shift of its maximum emission 

wavelength (Cardamone et al., 1992; Thirunavukkuarasu et al., 2008); ANS is widely used 
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to study hydrophobic exposure of misfolded protein oligomers (Campioni et al., 2010; 

Chiti & Dobson, 2017). 

Since Brb is a predominantly hydrophobic molecule, we first performed a control 

experiment with ANS and Brb alone in the absence of OAs, to rule out a possible direct 

binding of Brb to ANS. We incubated 50 and 100 µM ANS with increasing concentrations 

of Brb (3.28A,B). The absence of changes in the fluorescence spectra of ANS at all Brb 

concentrations confirmed the absence of a binding between this alkaloid and the 

fluorescent probe.   

 
Figure 3.28. OAs binding to ANS in the absence and presence of Brb. Fluorescence spectra of 
50 µM (A) and 100 µM (B) ANS incubated with increasing concentrations of Brb alone without 
OAs. Fluorescence spectra of 50 µM (C) and 100 µM (D) ANS incubated with OAs in the absence 
and presence of increasing concentration of Brb (5-100 µM).  
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The fluorescence spectra of ANS alone displayed a low fluorescence emission and 

a peak at ca. 510-530 nm, whereas we observed a significant increase in fluorescence 

emission and a blue shift of the peak wavelength to 470-490 nm when ANS was 

incubated with OAs, revealing the exposure of hydrophobic groups on the surface of the 

OAs (Fig. 3.28C,D). After the pre-incubation of OAs with increasing concentrations of 

Brb, we observed a progressive decrease in ANS fluorescence emission and a red shift of 

the peak wavelength to values similar to unbound ANS (Fig. 3.28C,D). These results 

suggest that the pre-incubation between Brb and OAs induced a reduction of the 

exposure to the solvent of hydrophobic clusters of these oligomeric species. 

3.3.5 Brb does not affect the secondary structure of OAs 

To further study the interaction between Brb and OAs, we used far-UV CD spectroscopy 

to investigate whether Brb could change the secondary structure of OAs. We incubated 

OAs with increasing concentrations of Brb for 15 min and then we acquired far-UV CD 

spectra (Fig. 3.29A). In the presence of Brb, we observed a modest flattening of the far-

UV CD spectrum of OAs, without significant changes in the spectrum shape (Fig. 3.29A). 

To evaluate whether this flattening of the spectra could be related to a real change in 

secondary structure or rather to the impact of Brb on the overall absorbance of the 

sample, we measured the HT signal at 208 nm (Fig. 3.29B) and 222 nm (Fig. 3.29C) of 

Brb alone and we compared these data with those of OAs incubated with the 

corresponding concentrations of Brb. The HT signals at the two wavelengths increased 

linearly and proportionally with Brb concentration alone, and the same trends and 

slopes were observed for Brb in the presence of OAs (Fig. 3.29B,C). This suggests that 

the flattening of the far-UV CD spectra of OAs in the presence of Brb is not determined 
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by changes in secondary structure induced by Brb, but rather by the progressive increase 

in the HT signal. 

Overall, Brb appears to bind to OAs in the absence of LUVs and decrease their 

solvent exposure of hydrophobic clusters while maintaining their intact secondary 

structure. 

 

Figure 3.29. Far-UV CD spectra of OAs incubated with Brb. (A) Far-UV CD spectra of 10 µM OAs 
(monomer equivalents) in the absence and presence of increasing concentrations of Brb. (B,C) 
HT values at 208 and 222 nm as a function of Brb concentration. 
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4. Discussion and conclusion 

Many neurodegenerative diseases are associated with the self-assembly of peptides and 

proteins into fibrillar aggregates. Soluble misfolded oligomers formed during the 

aggregation process, or released by mature fibrils, play a relevant role in 

neurodegenerative processes, and their aberrant interactions with neuronal membranes 

represent an important event in the mechanism through which these oligomeric species 

manifest their toxicity.  

The two natural aminosterols TRO and SQ, firstly isolated from the shark Squalus 

acanthias, are considered promising drug candidates in the context of 

neurodegenerative diseases, like AD and PD, since they have shown the ability to inhibit 

the interaction of misfolded protein oligomers with biological membranes, in vitro 

(cultured cells) and in vivo (C. elegans), as well as to dramatically change amyloid fibril 

formation by Aβ and αS in vitro using isolated proteins (Perni et al., 2017; Perni et al., 

2018; Limbocker et al., 2019; Limbocker et al., 2022). One relevant protective 

mechanism exerted by aminosterols occurs via their binding to biological membranes, 

and a previous study conducted on TRO revealed that this small molecule is incorporated 

into lipid membranes, particularly within their superficial hydrophilic portion and the 

interface with the hydrophobic portion (Errico et al., 2020). Through this binding, TRO 

appeared able to modulate the physicochemical properties of lipid membranes, by 

reducing their net charge, increasing the mechanical resistance to indentation and 

remodelling the spatial distribution of CHOL/GM1 lipids (Errico et al., 2020). All these 

alterations are known to contribute significantly to an increased resistance of the cell 
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membranes to the toxic action of misfolded protein oligomers (Errico et al., 2020; 

Limbocker et al., 2022). 

Another natural compound with peculiar therapeutic properties that suggest a 

potential protective effect in the context of neurodegenerative diseases is represented 

by the plant alkaloid Brb, which have been reported to possess antioxidant and anti-

inflammatory activities and to protect neuronal cells from death induced by oxidative 

stress, by reducing ROS generation and upregulating a cytoprotective enzyme with 

neuroprotector functions (Bae et al., 2013). Unlike aminosterols, there is no evidence 

that Brb interacts with the lipid bilayer of biological membranes. 

In the first part of the thesis (Section 3.1), we used liposomes in the form of LUVs 

composed of a variable and biologically compatible lipid composition and a pair of 

toxic/nontoxic oligomers formed by the same model protein HypF-N to measure 

quantitatively the affinity of the two oligomeric species for lipid membranes and possible 

changes induced by variations of lipid composition or addition of TRO. First, we 

measured the interaction of toxic/nontoxic oligomers and native HypF-N with the 

membrane through the fluorescence quenching of two lipophilic probes embedded in 

the polar and apolar regions of the lipid membranes, and a well-defined membrane-

oligomer binding assay using fluorescently labelled oligomers and unlabelled LUVs, to 

determine the Stern-Vomer (KSV) and dissociation constants (KD), respectively. With both 

approaches, we found that toxic oligomers have a membrane affinity 20-25 times higher 

than that of nontoxic oligomers. Interestingly, the binding with the lipid membranes is 

not associated with a change in structure in none of the HypF-N species investigated, as 

observed with far-UV CD, intrinsic fluorescence and FRET.  
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Using liposomes enriched with TRO, we found that the membrane affinity of toxic 

oligomers was significantly lower and at protective concentrations of the small molecule 

(5 µM TRO and < 10 µM monomer equivalents OAs), the binding of the OAs to the lipid 

membranes of LUVs was fully prevented. Furthermore, the affinity of toxic oligomers for 

the lipid membranes of LUVs was found to increase and slightly decrease with GM1 

ganglioside and CHOL content, respectively, indicating that physicochemical properties 

of lipid membranes of LUVs can modulate their affinity for misfolded oligomeric species 

(Fig. 4.1).  

 

Figure 4.1. Summary of the results obtained on the affinity of OAs and OBs for LUV lipid 
membranes. (A-C) Schematic representation of the affinity of the native protein (green, no 
affinity) (A), OBs (blue, low affinity) (B) and OAs (red, high affinity) (C) for the LUV lipid 
membrane. (D-F) Change of the affinity of OAs for the membrane due to addition of TRO 
(decreased affinity) (D), increase of GM1 concentration (increased affinity) (E) and increase of 
CHOL concentration (slightly decreased affinity) (F) in LUVs.  
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Taken together, these results indicate that the toxicity of the oligomers depends 

on their ability to bind and penetrate the lipid membranes, whereas nontoxic oligomers 

and native proteins do not have this action (Fig. 4.1A-C). Correspondingly, we have also 

found that changes in the composition of the lipid membranes themselves, including 

those induced pharmacologically with the addition of TRO, can decrease the affinity of 

the toxic oligomers for the lipid membranes (Fig. 4.1D-F). These results therefore offer 

quantitative insight on one of the fundamental molecular mechanisms of cellular 

degeneration caused by misfolded protein oligomers and suggest pharmacological 

approaches to increase the resistance of the cells to this type of insult. 

In the second part of the thesis (Section 3.2), we compared three chemically 

different aminosterols, TRO, SQ and ENT-03, characterized by different chemical and 

structural formulas and originally identified in different species, the latter of which was 

recently identified in the mouse Mus musculus, whereas TRO and SQ were originally 

isolated from the dogfish shark Squalus acanthias. By the application of an aminosterol-

LUVs binding assay with fluorescently labelled aminosterols we found that all the three 

small molecules exhibited the ability to bind to the lipid membrane, albeit with different 

binding affinities, and SQ showed the highest affinity for our LUVs model.  

The binding of the three aminosterols to the lipid bilayer of LUVs resulted in 

different perturbations of the physicochemical properties of the liposome bilayer, such 

as their surface charge, resistance to a mechanical BTF perpendicular to its plane and 

distribution of CHOL and GM1 lipids. Importantly, the binding of the three aminosterols 

to the membranes of cultured SH-SY5Y cells resulted into different degrees of protection 

against the action of misfolded protein oligomers of the Aβ42 peptide to Ca2+ influx. The 
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protection depends on aminosterol concentration, level of charge neutralisation of the 

membrane and change of packing resulting from lipid redistribution.  

 Using a global fitting analysis of all the dose-response curves obtained with the 

three aminosterols and an equation derived from a Hill equation integrated with the 

contributions of the change in charge and the change in packing of the lipid bilayer 

induced by these molecules, we described quantitatively the level of aminosterol-

mediated protection of the cell membrane as a function of all these factors, which 

allowed the quantification of the weights that the different types of membrane 

alterations have in this protection (Eq. 20) and the contributions of the various chemical 

groups of aminosterols in their protective mechanism against oligomers (Eq. 21). In 

particular, the results of this global fitting analysis allowed us to calculate the 

contributions of the various types of membrane alterations (Fig. 4.2A) and chemical 

groups of aminosterols (Fig. 4.2B) to the EC50 parameter in the experimental setting 

described here based on cultured SH-SY5Y cells and Ca2+ influx measurements as a 

readout of membrane destabilisation. This kind of approach also provides hints to 

anticipate the effects, on a similar experimental setting, of other aminosterols isolated 

from sharks (Rao et al., 2000), aminosterols present in other animals that will probably 

be discovered in the next few years, monoamino-steroid molecules present in plants 

(Janot et al., 1960; Emanoil-Ravicovitch et al., 1967; Kumar et al., 2007), as well as 

synthetic aminosterols (Fig. 4.2C). Hence, these results help establish molecular 

principles for the further study and rational optimization of aminosterols and, more 

generally, help elucidate the means by which the physicochemical properties of cell 

membranes can be targeted pharmacologically. 
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Figure 4.2. Contributions of the various membrane alterations and chemical groups of 
aminosterols to their potency in this experimental setting. (A) Contributions of the various 
types of membrane alterations and (B) of the chemical groups of aminosterols to the EC50 
parameter in this experimental setting. The numbers reported in (B) refer to the contributions 
to the aminosterol potency in membrane protection of SH-SY5Y cultured cells against misfolded 
protein oligomers of Aβ (ADDLs, 1 µm monomer equivalents) causing Ca2+ influx. The chemical 
formula in the image refers to TRO. (C) Representative AMs with their potencies (EC50 values) 
predicted in our experimental setting using the values reported in (B). The EC50 values predicted 
for TRO, SQ and ENT-03 are in good agreement with those observed experimentally. 

In the third part of this thesis (Section 3.3), we focused on a new molecule for 

which the scientific literature reports a lower level of information and even the evidence 

for its interaction with biological membranes is missing. We therefore started our 

investigation on the ability of Brb to interact with LUVs and then we assessed whether 

Brb modulates the packing of membrane lipids and to inhibit the binding of OAs to these 

lipid bilayers. 
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 The interaction of Brb with LUVs was observed with three different experiments: 

fluorescence quenching of lipophilic probes embedded in different regions of the bilayer 

of LUVs; dynamic light scattering analysis of increasing concentrations of Brb incubated 

with LUVs; and equilibrium dialysis of LUVs incubated with Brb against phosphate buffer. 

Using fluorescence quenching of two different lipophilic LUVs we found that Brb is able 

to interact with both the superficial polar heads region and hydrophobic core of the lipid 

bilayers, with a slightly higher affinity for the latter. We obtained a quantitative measure 

of the binding, in the form of dynamic (KSV) and static (KST) quenching constants, of this 

alkaloid with LUVs with two different lipid composition, the first known to exhibit an 

optimal segregation of lipid into distinct domain and widely used in the previous (model-

LUVs) (Oropesa-Nuñez et al., 2016; Errico et al., 2020; Errico et al., 2021; Barletti et al., 

2023; Errico et al., 2023), and the latter enriched in CHOL and GM1 content to better 

mimic the lipid composition of neuronal membranes (neuronal-LUVs) (Ingólfsson et al., 

2017). We measured higher KSV and KST values on DPH-labelled LUVs than TMA-DPH-

labelled, suggesting that, unlike aminosterols, Brb interacts more deeply within the 

hydrophobic core of the bilayer. Moreover, neuronal-LUVs displayed higher quenching 

than model-LUVs with both the probes used, suggesting a higher affinity of Brb for 

neuronal LUVs. 

The interaction between Brb and LUVs was then confirmed using dynamic light 

scattering (DLS) of model- and neuronal-LUVs incubated with Brb and also allowed to 

measure the increase of mass consequent to Brb addition. In particular, neuronal-LUVs 

displayed a higher mass increase upon Brb addition than model-LUVs, indicating a higher 

incorporation of Brb in this type of LUVs and confirming the previous fluorescence 

quenching experiments. Moreover, since we did not observe an increase of LUV 
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diameter upon Brb addition, the remarkable mass increase by about 15-20% suggests 

that Brb micelles also incorporate on LUV surfaces, causing an increase of mass and light 

scattering intensity. An equilibrium dialysis experiment further confirmed the interaction 

of Brb with LUVs, allowing to measure the fraction of Brb that interacted stably with LUVs 

or that was incorporated within them. Moreover we observed that neuronal-LUVs 

incorporated a slightly higher fraction of Brb than model-LUVs, in agreement with the 

fluorescence quenching and light scattering result. 

The interaction between Brb and LUVs determined a global stiffening of the lipid 

membrane, as demonstrated with Brb concentration- and temperature-dependent 

fluorescence anisotropy experiments. The addition of Brb to LUVs appeared to decrease 

the affinity of OAs for the membrane, as observed with fluorescence quenching of TMA-

DPH using OAs as quenchers, with an almost complete absence of quenching at low 

concentrations of OAs up to ca. 6 µM. Eventually, using ANS binding assay and CD, we 

demonstrated how Brb is able to reduce the exposure to the solvent of hydrophobic 

clusters of OAs, without significantly altering their secondary structure. 

In conclusion, in this thesis we investigated at the chemical and physical levels the 

therapeutic potential of different natural compounds, starting from aminosterols of the 

shark Squalus acanthias, to a new aminosterol found in mammals and eventually to a 

plant alkaloid that has been used in traditional medical systems in China and India. We 

found that all of them interact with the lipid bilayer of the membrane of LUVs and inhinit 

the binding of toxic oligomers for the membrane, therefore representing valuable 

therapeutic molecules to treat diseases associated with neurodegeneration. In the case 

of aminosterols, we measured the affinity of oligomers with the membrane with and 

without aminosterols in a quantitative manner, and we were also able, again in a 
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quantitative manner, to attribute the protective action of aminosterols to 

physicochemical perturbations of the membrane and well-defined chemical groups of 

these natural molecules. In the case of Brb, our study is perhaps more preliminary, but 

we found that this alkaloid is able to interact with LUVs with different lipid compositions 

and to decrease the affinity of toxic oligomers for the membrane. Moreover, we 

observed that Brb is able to shield the exposure to the solvent of hydrophobic clusters 

of toxic oligomers, without significantly altering their secondary structure. All these 

results suggest that Brb can also be a very promising molecule. 
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