
 

 

 

 

 

 
 

FONDAZIONE ISTITUTO ITALIANO DI TECNOLOGIA (IIT) 

 

UNIVERSITÀ DI GENOVA 

 

Doctoral School on ñPhysics and Bio-Nanoscienceò 

XXXIV Cycle 

 

 
 

 

Advanced microscopy techniques applied to the 

in-vitro study of Ŭ-syn aggregation and toxicity 

mechanism 
 

                Doctor of Philosophy (Ph.D.) Thesis 

 

 

 

 

 

 

 

Supervisor: Alberto Diaspro  

Tutor: Claudio Canale, Silvia Dante  

PhD candidate: Samira Jadavi  



 

2 

 

 

  

 

Dedicated to my father who took life in his hands, 
 
my mother, from whom I learned love, 
 
and my brothers for their self-sacrifice to compensate my absence for my 
parents.  
 

  



 

3 

 

Contents 

 

 

Abstract .......................................................................................................................................... 7 

List of Abbreviations .................................................................................................................... 8 

Chapter1 ...................................................................................................................................... 15 

Protein misfolding and related diseases .................................................................................... 15 

1.1 Protein folding and protein misfolding ........................................................................... 15 

1.2 Amyloidosis: Amyloid-related disease ............................................................................ 20 

1.3 The structure of amyloid aggregates ............................................................................... 21 

1.4 Parkinsonôs disease (PD) and related proteins ............................................................... 24 

1.4.1 Alpha-synuclein (Ŭ-syn) structure ............................................................................ 26 

1.4.2 Ŭ-syn cytotoxicity ....................................................................................................... 28 

Chapter 2 ..................................................................................................................................... 30 

Cell membrane ............................................................................................................................ 30 

2.1 Membrane lipids ............................................................................................................... 34 

2.2 Membrane fluidity ............................................................................................................ 37 

2.3 Model membranes ............................................................................................................. 39 

2.3.1 Lipid vesicles............................................................................................................... 40 

2.3.2 Supported lipid bilayers (SLBs) ............................................................................... 42 

Chapter 3 ..................................................................................................................................... 44 



 

4 

 

Experimental techniques ............................................................................................................ 44 

3.1 Microscopy techniques for biological applications ........................................................ 44 

3.2 Scanning Probe Microscopy............................................................................................. 47 

3.3 Atomic force microscopy (AFM) ..................................................................................... 49 

3.3.1 AFM Imaging modes ................................................................................................. 51 

3.4 Force spectroscopy technique and related methods ...................................................... 54 

3.4.1 Quantitative imaging mode ....................................................................................... 55 

3.5 Confocal microscopy ......................................................................................................... 57 

3.6 STED microscopy.............................................................................................................. 60 

3.6.1 Basic principles........................................................................................................... 60 

3.7 Correlative AFM-optical fluorescence microscopy ....................................................... 63 

3.7.1 Pioneering attempts ................................................................................................... 63 

3.7.2 The advent of super-resolution: AFM-STED correlative microscopy .................. 65 

Chapter 4 ..................................................................................................................................... 69 

Interplay between cell membrane and amyloidogenic Ŭ-syn .................................................. 69 

4.1 Materials and methods ..................................................................................................... 70 

4.1.1 Materials ..................................................................................................................... 71 

4.1.2 Lipid vesicle preparation and characterization ...................................................... 72 

4.1.3 Peptide Preparation ................................................................................................... 72 

4.1.4 AFM experiments....................................................................................................... 73 



 

5 

 

4.1.5 QCM-D analysis ......................................................................................................... 78 

4.1.6 Calcein release assays ................................................................................................ 80 

4.2 Results ................................................................................................................................ 81 

4.2.1 Atomic force microscopy on supported lipid bilayers ............................................ 81 

4.2.2 QCM analysis ............................................................................................................. 90 

4.2.3 Vesicle leakage experiments ...................................................................................... 92 

4.3 Discussion and conclusion ................................................................................................ 94 

Chapter 5 ..................................................................................................................................... 98 

Correlative AFM -STED nanoscopy applied to the in- vitro study of protein misfolding 

aggregates .................................................................................................................................... 98 

5.1 Materials and methods ................................................................................................... 100 

5.1.1 Site-specific labelling of Ŭ-syn and fibrillation  ...................................................... 100 

5.1.2 Labelling Ŭ-syn with ATTO NHS -esters and fibrillation ..................................... 101 

5.1.2 AFM measurements ................................................................................................. 102 

5.1.3 Correlative AFM-STED .......................................................................................... 102 

5.2 Results .............................................................................................................................. 105 

5.3 Discussion and conclusion .............................................................................................. 109 

Chapter 6 ................................................................................................................................... 112 

A future perspective: correlative light and electron microscopy (CLEM) .......................... 112 

6.1 Electron microscopy ....................................................................................................... 113 



 

6 

 

6.1.1 Transmission electron microscopy (TEM) ............................................................ 115 

6.1.2 Negative staining in TEM microscopy ................................................................... 118 

6.2 Insulin: a model protein for the in vitro study of amyloid fibrils ............................... 118 

6.3 Materials and methods ................................................................................................... 119 

6.3.1 Insulin labeling and fibrillation  .............................................................................. 119 

6.3.2 Sample preparation for correlative confocal-TEM imaging ............................... 120 

6.3.3 Confocal microscopy measurements ...................................................................... 121 

6.3.4 Transmission electron microscopy measurements ............................................... 122 

6.4 Results and discussion .................................................................................................... 122 

6.5 Discussion and conclusion .............................................................................................. 123 

References .................................................................................................................................. 125 

 

 

 

 

 

 

 

 

 

 



 

7 

 

Abstract 

 

In this work, I applied advanced microscopy techniques to study the molecular mechanisms 

of Ŭ-synuclein (Ŭ-syn), the amyloidogenic protein responsible for Parkinson's disease.   

           The toxicity of Ŭ-syn is likely related to its interaction with the neuronal membrane. It is 

known that Ŭ-syn is present in both the cytosolic and extracellular space, and it has been 

demonstrated that both components have a role in neurodegenerative processes. To study the effect 

Ŭ-syn on lipid membranes, I used two complex lipid mixtures, preparing lipid bilayers that 

modeled the external and internal leaflets of the neuronal membrane.  Exploiting this original 

approach, I investigated how Ŭ-syn may act on membrane structure and stability when it presents 

in the cytosol or the extracellular space. We have compared the action of Ŭ-syn in monomeric form 

and at different concentrations (1 nM, 40 nM, and 200 nM). I used atomic force microscopy (AFM) 

in different acquisition modes, and I complemented the results with QCM-D, and vesicle leakage 

experiments.  

           In a second work, I characterized amyloid aggregates formed by Ŭ-syn, applying a 

correlative technique based on the coupling between AFM and stimulated emission depletion 

(STED) microscopy. In particular, I focused on the definition of the eventual influence that the 

presence of fluorescent dye molecules can have on the aggregation process of the peptide. I 

demonstrated that the use of a site-specific labeling method is fundamental to avoid modification 

of the aggregation process.  
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Introduction  

 
Misfolding can result in the aggregation of soluble proteins into intractable amyloid fibrils. 

Regardless of the sequence or the structure of the functional states of the proteins, amyloids possess 

a unique and universal cross-ɓ quaternary structure that are about 10 nm in diameter and rich in ɓ-

sheets. This phenomenon is associated with a range of increasingly common human disorders, 

including Alzheimer's and Parkinson's diseases, type II diabetes, and several systemic amyloidosis. 

It has been evidenced that the toxicity of amyloidogenic proteins is likely related to their 

interactions with asymmetric neuronal membrane, characterized by the mutually disruptive 

structural perturbations. Membrane surfaces promote the conversion of amyloid-forming proteins 

into toxic aggregates, and amyloidogenic proteins, in turn, compromise the structural integrity of 

the cell membrane. Nowadays, the exact mechanism by which the toxic aggregates cause damage 

to the cell is still an open question. New biophysical approaches are fundamental to reveal new 

insights into the unraveled mechanism that drive this kind of aggregation. 

 In this context, several bulk measurements, including UV circular dichroism (CD), Fourier 

transform infrared spectroscopy, and Thioflavin T (ThT) have been done to characterize the 

process of aggregation in-vitro as a function of time. However, high heterogeneity and multi-

pathways behavior of the aggregation process limits the application of bulk measurements in 

understanding specific parameters related to specific properties of each aggregate present in 

solution. Single molecule microscopy techniques, including atomic force microscopy (AFM), 

electron microscopy (EM), and super-resolution optical microscopy techniques (SR) such as 

stimulated emission depletion (STED) microscopy have been extensively utilized in the last 
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decade in the study of molecular mechanism associated with misfolded protein diseases at the 

nanoscale.  

   During my PhD, I developed my research career on two main issues: the first issue was 

focused on the interaction of monomeric Ŭ-synuclein (Ŭ-syn), the amyloidogenic protein 

responsible for Parkinsonôs disease, with model lipid membranes that mimic the outer and inner 

cellular leaflets, with the aim of investigating how Ŭ-syn may act differently when it presents in 

the cytosol or the extracellular space. The second issue was the characterization of the aggregation 

process of amyloidogenic Ŭ-syn by advanced correlative techniques, in particular correlative 

AFMïSTED measurements, to the in vitro study of amyloid aggregates formation starting from 

monomeric peptides. On one side, label-free AFM as a primary technique in the study of amyloid 

fibrils and aggregates in vitro enables the visualization of molecular dynamics, including the 

nucleation rates of fibrillogenesis, as well as mapping the progression of variations in 

morphologies, and the development of structural hierarchy, happening near physiological 

conditions. On the other side, optical microscopes based on fluorescence as a mechanism of 

contrast can access the local distribution of specific molecular species. The coupling between AFM 

and super-resolved fluorescence microscopy solves the resolution mismatch between AFM and 

conventional fluorescence optical microscopy.  

   This thesis is organized in the following way: the first chapter introduces the protein 

misfolding and related diseases, introducing Ŭ-syn as an amyloidogenic peptide. In chapter 2, a 

brief introduction on cell membrane, lipid compositions and model membranes are provided. 

Chapter 3 gives an overview of the used microscopy techniques; Specific attention is focused on the 

stimulated emission depletion (STED) and atomic force microscopy (AFM).  A brief historical view 

on correlative microscopy is presented and the progress of correlative AFM-STED microscopy 
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techniques in biological research is summarized as well. In Chapter 4, I examined the interaction 

of a-syn with supported lipid bilayers that mimic the inner and outer neuronal membrane leaflets. 

In Chapter 5, a focusing on the results obtained by means of correlative STED-AFM recordings 

on Ŭ-syn aggregates have been reported. Chapter 6 is a short overview on a preliminary, but 

promising, study. I characterized insulin fibrils aggregated in vitro from a solution of partially 

labeled monomers. I verified that just a part of the fibrils is fluorescent after fibrillation. I applied 

transmission electron microscopy (TEM) on amyloid fibrils samples, trying to disclose the 

structural diversity between fluorescent and non-fluorescent aggregates. 
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Chapter1  

Protein misfolding and related diseases 

 

 

              1.1 Protein folding and protein misfolding 

 

  The balance between proper protein folding and protein misfolding defines how 

functionally active proteins are produced within the cell. Historically, studies of protein folding 

began in the 1950s when several hypotheses, including ribosomal modifications, thermodynamic 

principles, and additional cellular components were raised to identify how proteins fold into their 

conformations 1. In the late 1950s and early 1960s, Christian Anfinsen and his colleagues were 

among the first who proposed a theory to understand how proteins fold, a theory that would remain 

generally accepted for two decades 2ï5. Anfinsen studied the enzyme Ribonuclease A, known as 

RNase, a small protein of about 100 amino acids (a.a) responsible for cleaving single-stranded 

RNA. He proposed that the proteinôs amino acid sequence was sufficient information for the 

correct folding of the protein to kinetically find a stable configuration with the lowest possible free 

energy. Anfinsen was awarded the Noble prize in chemistry for his theory. The self-renaturation 

phenomenon was also described for other proteins in vitro, and it became general knowledge that 

the proteins spontaneously fold into their conformations without any cellular help. Anfinsenôs 

theory was challenged, in the late 1970s and early 1980s, when bacteria with recombinant genes 

were used to manufacture certain proteins on a mass scale. Instead of forming properly folded 

proteins, bacterial methods formed aggregates of misfolded proteins, having the same amino acid 

sequence but drastically differing structures 6ï8 (Fig 1.1). 
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Figure 1.1 ƅ Representing transmission electron micrograph of inclusion bodies (arrowed) 

formation in E.coli as an evidence of protein misfolding in vivo (Image from 9). 

 

Also, several other discoveries, including the trafficking of proteins across membranes, 

raised questions about spontaneously protein foldingôs theory. In the late 1980s, researchers 

discovered a protein that assisted the refolding process of proteins that had crossed into the 

mitochondria of yeast mutant 10. The discovery of these proteins and other organisms 

demonstrated: although all the information about protein folding resides within the primary 

structure, many large proteins which undergo formation of tertiary or quaternary structures may 

require additional help to fold properly. Chaperons are proteins that stabilize partially or 
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improperly folded polypeptides, facilitating correct folding by providing proper 

microenvironments, where interactions between a protein and its surroundings favor certain 

conformations. They have a large chamber in their center, where unfolded protein chains are 

shielded from other unfolded proteins to prevent aggregation. Several types of molecular 

chaperons are found in organisms ranging from bacteria to humans. Two major families of 

chaperons, including Hsp70 family, and the chaperonins are both well studied 9. Once a protein is 

synthesized co-translationally on the ribosome, a combination of local and non-local interactions 

forms the secondary and tertiary structures. The primary motifs of protein and the secondary 

structures are Ŭ-helices and ɓ-sheets, formed because of hydrogen bond interactions between 

amide hydrogens and carbonyl oxygens. In addition to Ŭ-helices and ɓ-sheets, turns, loops, and 

other structures can form due to the hydrogen bonds. Tertiary structure is determined primarily by 

the interactions of the amino acid sidechains which contribute to hydrogen bonding, disulfide 

bridges, and ionic bonding. Tertiary structure is also dependent on the orientation of sidechains, 

inward and outward, based on their hydrophobicity. These processes happen in a pathway that 

minimizes the resulting free energy of the protein consistent with Anfinsenôs theory. Fig 1.2 

summarizes a selection of the most important of these different states from a mechanistic and 

biological perspective.  
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Figure 1.2 ƅ Pathways of amyloid formation. This includes the formation of non-

amyloidogenic oligomers without cross-ɓ-sheet core, which give rise to the larger cross-ɓ-sheet 

containing oligomers and proceed further to fibrils. Reference from 11. 

 

In some circumstances, regardless of the sequence or the structure of the functional states 

of the soluble proteins, partially unfolded proteins and protein folding intermediates escape the 

quality-control activities of the chaperons and degradative pathways. Protein misfolding does 
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occur so that the soluble protein can convert into nonfunctional and potentially damaging protein 

aggregates 12. Proteins, that are not properly folded, often have exposed hydrophobic residues on 

their surface, which are normally buried in the native state, that render having ɓ-sheet structure, a 

process that is often accompanied by an increase in compactness and size. There are different types 

of protein aggregates, including amorphous aggregates characterizing the initial oligomers, and 

formation of amyloid fibrils, representing a remarkable manifestation of the multiplicity of 

pathways existing in protein aggregation and of the structures and morphologies that can be 

generated 13. Table 1.1 lists the proteins and the disorders that have been identified to be associated 

with the formation of amyloid fibrils or other types of aggregates, respectively. 
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Table 1.1 | human diseases associated with formation of extracellular amyloid deposits or 

intracellular inclusions with amyloid-like characteristics (Image modified from 11). 

  

            1.2 Amyloidosis: Amyloid-related disease 

Amyloidosis are a group of protein misfolding associated with number of inherited and 

inflammatory disorders, characterized by deposition of predominantly extracellular fibrillar 

proteins, displaying a specific tinctorial affinity for Congo red and Thioflavin T (ThT), result in 

tissue damage and function compromise 14,15. Experimental evidence indicate that the aggregates 

accumulate almost entirely in the intra-or extracellular compartment where the protein normally 

resides. The word ñamylinò is a Greek word means starch 16. Matthias Schleiden, a German 

botanist, was the first to use the term ñamyloidò in botany when applying this technique to analyze 

plant preparations, for starch, referring to ñstarch-likeò to refer to ña normal amylaceous 

component in plantsò 17. One of his ideas was the use the iodine starch test to study chemical and 

anatomical composition of a plant cell. Originally described in 1814 by Jean Jacques Colin and 

Henri François Gaultier de Claubry, this test is based on detection of a blue stain produced in the 

reaction of starch with iodine in the presence of sulfuric acid. A German pathologist, Rudolf 
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Virchow, applied it in the medical literature in 1854 16. He used the word ñamyloidò to describe 

some deposits in nervous system which showed the same color reaction with iodine and sulfuric 

acid, i.e., a change from brown to blue, typical to starch. Only five years later, it was discovered 

that those deposits were mainly proteinaceous.  

Amyloid is not a single entity. There are more than 20 different proteins that can aggregate 

to form fibrils, and the mechanism of fibrils formation of each of these proteins is different 18. 

These fibrils are highly ordered and unbranched with a high degree of ɓ-sheet structures, which 

resist to degradation of proteolytic enzymes, thereby causing cytotoxicity and diseases. 

Amyloidosis can be classified as systemic or localized, depending on whether they affect tissues 

throughout the body or only in a limited area. Neurodegenerative disease including Alzheimerôs 

disease and Parkinsonôs disease, in which such aggregates are in the brain, to type II diabetes, in 

which deposits form in the pancreas, to systemic conditions, in which deposits can be found in 

multiple organs, including the liver and the heart. 

 

         1.3 The structure of amyloid aggregates 

A common feature of almost all protein conformational diseases is the formation of 

amyloid aggregates caused by destabilization of the Ŭ-helical structure and the simultaneous 

formation of a ɓ-sheet 14,19,20. These ɓ-sheets are formed between alternating peptide strands. 

Linkages between these strands result from hydrogen bonding between their aligned pleated 

structures. Hydrogen bonds between parallel ɓ-strands make the system particularly stable. Such 

ɓ-linkages with a pleated strand between from one molecule being inserted into a pleated sheet of 

the next lead to hydrogen bond formation between molecules. The prerequisites for ɓ-linkage 

formation are the presence of a donor peptide sequence that can adapt a pleated structure and a ɓ 



 

22 

 

sheet that can act as an acceptor for the extra strand 21ï23. Structural studies of amyloids started in 

the 1930s using X-ray diffraction. In 1935, William Thomas Astbury and Sylvia Dickinson 

described a typical X-ray diffraction pattern, later referred to as ñcross-ɓò structure. From X-ray 

diffraction measurements, it is possible to determine inter-sheets and inter-stands distances, which 

are 10-11 Å and 4.7 Å, respectively 24,25 (Fig 1.3). 

                                                               

   

Figure 1.3 ƅ (from left to right) Typical X-ray fibril diffraction pattern, showing the 4.7 

Å meridional and 10-11 ¡ equatorial reflections that define the basic crossɓ structure 21. 

Transmission Electron Microscopy of Ŭ-syn fibrils formed in vitro from synthetic peptide 

dissolved in water.  AFM image of Ŭ-syn fibrils. Z range in AFM image: 20.9 nm. 

 

 A typical cross-ɓ super-secondary structure, in parallel or anti-parallel way, models the core 

structure of each filaments whose strands are perpendicular to fibril axis. A typical fibril consists of 

two to seven proto-filaments unbranched, twisted like a rope around a hollow cavity, with an average 

diameter of 7.5ï10 nm determined through AFM and electron microscopy (EM) measurements 26
. In 

addition, advances in micro-crystallographic techniques have confirmed that many peptides, regardless 

of their sequence, adopt the characteristic cross-ɓ pattern in the fibril state 27. The spine of the amyloid 

fibril contains dry steric zipperôs structure formed from self-complementary sequences 28, suggesting 

that amyloid diseases are similar not only on the fibril level but also on the molecular level 29.  
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The kinetics of fibrillization can be investigated with Thioflavin-T (ThT) assay, Congo red 

(CR), or their derivatives, which are thought to form ordered arrays along the lengths of the fibrils 

that give rise to specific spectral responses 30,31. ThT associates with cross-ɓ structure of amyloid 

fibrils because of the rotational immobilization of the central CïC bond which connects the 

benzothiazole and aniline rings 32, changing its absorption/emission spectrum from 385 nm (free 

dye absorption)/ 445 nm (free dye absorption) to 450 nm/ 482 nm.  Since this variation only 

depends on the aggregated state and not on the interaction with monomeric or dimeric peptides, 

fluorescence signal at the new emission wavelength is a direct measurement of fibril formation. 

Amyloid peptides aggregate in vitro following a nucleation-polymerization process 33 (Fig 1.4), 

starting from a solution of soluble monomeric. In this initial condition, the aggregation process is not 

thermodynamically favored, a lag phase is observed, and the protein must overcome a significant 

energy barrier. 
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Figure 1.4 ƅ Depiction of the nucleation polymerization pathway for amyloid 

fibrillogenesis (adapted from reference 34). 

 

At the onset of the fibrillation process, early aggregates are distinguished as an oligomeric 

protein with a diameter of 2.5ï5.0 nm, as confirmed by AFM. After the generation of a critical 

oligomeric nucleus, protofibrils, displaying the characteristic amyloid structure, start forming. The 

formation of amyloid fibrils is not the only pathogenic form of amyloid deposition; these species 

follow different possible pathways. They frequently associate with each other into bead-like chains 

or small annular rings, acting as precursors for the formation of extremely organized amyloids 

such as longer protofilaments and eventually generating mature fibrils. Kinetics is extremely fast 

during fibril elongation phase since the presence of fibrillar templates promotes the quick 

incorporation of amyloidogenic monomers. This cooperative phase is followed by a plateau, which 

indicates that all the material in solution displays a fibrillar form. Amyloid aggregates 

corresponding to each phase of the kinetics can be characterized using different techniques, 

including Atomic Force Microscopy 22,35,36. 

 

           1.4 Parkinsonôs disease (PD) and related proteins 

            Parkinsonôs disease is the second most common neurodegenerative disorder characterized 

by the loss of dopaminergic neurons in the brain cells 37. The major symptoms include muscle 

rigidity, tremor at rest, abnormal speech, and gait 38. The symptoms can be relieved, but the disease 

itself cannot be completely cured. In the Parkinsonôs disease, the affected neurons are mostly 

located in the substantia nigra 39. Presynaptic terminals release dopamine, a neurotransmitter that 

signals the part of the brain that controls movement and coordination, from compartments known 

as synaptic vesicles. Although the exact cause has not well understood yet, it has been observed 
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that there is a close link between Parkinsonôs disease and a protein called alpha-synuclein (Ŭ-syn) 

40.  

 

Figure 1.5 ƅ the image represents Lewy bodies and Lewy neurites, stained with a 

polyclonal antibody directed against Ŭ-synuclein amino acids 126ï135, in substantia nigra of a PD 

patient (20 × magnification). The arrows point toward Lewy bodies, and the arrowhead points 

toward a Lewy neurite. Scale bar: 50 ɛm. Photo: Leire Almandoz Gil, Uppsala University. 

 

ñSynucleinopathiesò is a very broad term, associated with neurodegenerative diseases 

where Ŭ-syn plays a key role, have no known cure but incorporate diseases such as Lewy bodies 

dementia, multiple system atrophies, and Parkinsonôs disease 41. Although many of these diseases 

are associated with different genetic lesions, the hallmark sign that confirms the disease, formation 

of Lewy bodies and Lewy Neurites, is common to all the synucleopathies 39 (Fig 1.5). The name 

synuclein points at the fact that antibodies for protein label both synapses and nuclei. Ŭ-syn is a 

small protein that is abundant in the human brain, found mainly at the tips of nerve cells (neurons) 
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in specialized structures called presynaptic terminals and interacts with phospholipids and proteins 

42. Although its function has not been elucidated completely, it is thought to be involved in different 

processes 43, including synaptic vesicles trafficking, chaperone activity for neurotransmitter 

release 44, and it has been proposed to promote dilation of the exocytotic fusion pore 45. 

Aggregation of a-syn into cross-b fibrillar structures is related to neurodegenerative disorders 46. 

Through hydrophobic interactions and covalent modifications, including truncations, nitration, and 

phosphorylation, the monomers can aggregate and form dimers which is stabilized by cross-ɓ 

structures. Ŭ-syn can also form ring-like oligomers structures in vitro which can interact with the 

membrane, allowing abnormal calcium influx leading to cell death 47. These misfolded structures 

are toxic and affect the function of mitochondria and the endoplasmic reticulum causing 

neurodegeneration 48.  

 

          1.4.1 Alpha-synuclein (Ŭ-syn) structure 

 The human Ŭ-syn protein is a sequence of 140 amino acids that are subdivided into three 

partially overlapping regions: N-terminal lipid-binding region, non-amyloid ɓ component, and 

carboxyl C-terminal 49 (Fig 1.6). Ŭ-syn can be present as an Ŭ-helix structure in association with 

phospholipids (lipid-binding region) or an unfolded conformation in the cytosol, suggesting that it 

plays specific roles in different cellular locations based on its dynamic structure 50. The N terminus 

is a positively charged domain, including residues 1-60, and it is rich in lysine. It also contains a 

consensus sequence of KTKEGV, imperfectly repeated throughout the sequence, enabling the 

formation of an amphipathic helix upon interaction with lipid membranes 51ï53. It has been object 

of debate whether the main physiological soluble form of a-syn is a tetramer, stabilized by 

KTKEGV repeat motifs 54,55, or a monomer 56, but there is consensus on the involvement of the 
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monomer in the early steps of pathological states. Both random coil and Ŭ-helix conformations of 

the Ŭ-syn depend on membrane curvature 57. In addition, in the random coil conformation, a 

dynamic equilibrium has been shown to occur between a helix formed by the whole segment and 

a short helix, rigidly bound to the membrane and comprising only the first 25 residues.  

                                    

Figure 1.6 ƅ The primary and secondary structure of Ŭ-synuclein. (Image modified from 
58). 

 

The rest of the N-terminal region in an unstructured conformation weakly interacts with 

the membrane 59. Pathologic mutations of a-syn (A30P, E46K, and A53T) associated with the 

early development of PD are all located in the N-terminal region, suggesting a central role of a-

syn-membrane interaction in Parkinsonôs disease 60. The central NAC domain (originally 

identified as the non-Ab component of Alzheimerôs amyloid plaques) is a hydrophobic domain 

composed of residues 61-95, and it is involved in protein aggregation with the formation of cross-

b structure 61,62. The hydrophobicity is what allows the protein to self-associate and aggregate into 
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cross ɓ structures. It is also found that deletions or mutations within this motif would decrease 

oligomerization and fibrogenesis in vitro. The rest of the protein residues is in the disordered C 

terminus. This domain is highly acidic and negatively charged. The C-terminal domain of Ŭ-syn is 

present in a random coil structure due to its low hydrophobicity and high net negative charge 63. 

One important residue to point out in this domain is serine129 which can be phosphorylated by 

POK2 (polo-like kinase2). Studies have shown that antibodies against Ŭ-syn phosphorylated at 

serine129 are indicators of Lewy pathologies 64. Phosphorylation alters the hydrophobicity and 

further increases the chances of aggregation. This may be a causal event for the deposition of Ŭ-

syn, given the fact that 90% of Ŭ-syn deposited in Lewy bodies consists of phosphorylated serine. 

Although not fully proven, it is suggested that the C terminus is involved in regulating nuclear 

localization of the protein and its interactions with other proteins, small molecules, and metal ions 

43,65. 

 

             1.4.2 Ŭ-syn cytotoxicity 

 Many in vitro and in vivo experimental models mimicking Ŭ-syn pathology such as 

oligomerization, toxicity and more recently neuronal propagation have been generated over the 

years. In particular, cellular models have been crucial for deep comprehension of the pathogenic 

process of the disease and are beneficial for screening of molecules capable of modulating Ŭ-syn 

toxicity. The ability of Ŭ-syn to bind phospholipid membranes and fatty acids has been well 

documented and is presumably necessary for the proteinôs function in regulating synaptic vesicle 

trafficking 51,66,67. The toxicity of Ŭ-syn is likely related to its interaction with the asymmetric 

neuronal membrane. Within this scenario, pathological states may result from alterations of protein 

folding as well as imbalance of cellular lipid homeostasis, the two factors being closely 
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interconnected. The increased propensity of Ŭ-syn to undergo aggregation in the presence of 

membranes versus in solution could be because the two-dimensional surface of the lipid bilayer 

increases the probability of molecular interactions needed for oligomerization 68,69. It has also been 

observed that Ŭ-syn exhibits an enhanced propensity to form high molecular weight aggregates in 

the presence of polyunsaturated fatty acids 70,71. Membrane-induced Ŭ-syn aggregation may play 

a role in neurodegeneration by triggering membrane thinning, a process that could result in 

increased ion permeability 49,53,72,73. It has been shown that Ŭ-syn interacts more favourably with 

negatively charged lipids, and the key role of electrostatics has been demonstrated by modulating 

the interaction with different ionic strengths or competing charges 74. At low lipid/protein ratios, 

negatively charged membranes enhance the aggregation rate of Ŭ-syn by favouring protein 

recruitment at the membrane surface, providing nucleation sites. Increasing the lipid/protein ratio 

usually inhibits Ŭ-syn aggregation due to a reduction of the amount of free monomer available for 

aggregation, as the protein is mainly bound to the membrane in alpha-helical state 75. However, 

some cases in which aggregation is enhanced at high lipid/protein ratios have also been reported 

52, and it has been suggested that aggregates can form on the membrane and then dissociate from 

the membrane surface 76. I will describe more in detail the interplay between amyloidogenic Ŭ-syn 

and cell membrane in chapter 4. 
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Chapter 2 

  Cell membrane 

 
The biological plasma membrane is a flexible, semi-permeable membrane that surrounds 

all cells, forming a barrier between the intracellular fluid inside the cell and extracellular fluid 

outside the cell 77 (Fig 2.1). It is a complex structure involved in important biological processes, 

including bidirectional transport of molecules and cell-cell communication. The main structure of the 

plasma membrane is the lipid bilayer, a thin (5-10 nm) membrane made of a double layer of 

amphiphilic lipid molecules, with the polar parts pointing toward the aqueous medium and the 

hydrophobic moieties facing each other. Proteins, and carbohydrates, in a ratio which can be vary 

significantly different among different cell types, are other important components of the membrane 78.  

 

Figure 2.1 ƅSchematic representation of plasma membrane (from Encyclopadia 

Britannica, Inc. 2007). 
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Membrane proteins can be classed as peripheral, or integral. Peripheral proteins sit on the 

inner or outer surface of the plasma membrane, attached to the polar heads of the phospholipids. 

Integral proteins span the whole plasma membrane and are firmly anchored between the fatty acid 

tails arranged in an h-helix. They are key to another property of the plasma membrane, its 

permeability. The transport of ions and large uncharged polar molecules is facilitated by integral 

proteins such as selective ion channel proteins, carrier proteins, and receptor proteins which can 

be passive or active, depending on whether they require cellular energy. This selective 

permeability allows the plasma membrane to regulate what enters and exits the cell. Moreover, the 

fluidity of the membrane is vital for providing structural support to the cell and permitting 

movement. Membrane fluidity is what allows the insertion of membrane proteins within the lipid 

bilayer. In 1972, Singer and Nicolson suggested the fluid mosaic model of the membrane structure 

based on thermodynamic principles of organization of the membrane lipids and proteins 79. The 

main drawback of this model was that it did not consider an asymmetry and lateral mobility of 

proteins or lipids within the membrane matrix. However, further works overcame the drawbacks 

of the fluid mosaic model and led to the introduction of phase-separated lipid domains, with a 

mean size between 10 - 200 nm, enriched in sphingolipids and sterols, called lipid rafts 80ï82. Lipid 

rafts are strongly related to the high heterogeneity of membrane lipids, which can coexist in 

different lipid phases, ordered and disordered liquid phases known as Lo and Ld, respectively. They 

differ in composition and physical properties from the surrounding regions and are thought to have an 

important role in many cellular processes, such as cell signaling and protein trafficking 83ï86 (Fig 2.2).  

 

 



 

32 

 

 

Figure 2.2 ƅ Membrane raft structure. Lipid rafts are composed of cholesterol, saturated 

phospholipids, and sphingolipids, such as glycolipids and sphingomyelin (SM). GPI-anchored 

proteins and lipidated ï especially palmitoylated- proteins have a higher affinity for lipid rafts than 

non-lipid rafts (Image from 87) 

 

 
Although the concept of lipid rafts was proposed more than twenty years ago 83,88,89, a direct 

observation of these structures in the plasma membrane is still missing, likely due to the challenging 

technological issues imposed by their small size 81, and to their possible transient nature. Indirect 

evidences of the presence of distinct lipid phase domains were derived from single particle tracking 

experiments 90ï93 and from the evidence of lipid rafts resistance to non-ionic detergents such as Triton 

X-100 or BRE98, when used at low temperatures, provided the hypothesize that the lipid rafts can be 

extracted from the plasma membrane 89,94ï96. When such a detergent is added to the cells, the fluid 

membrane will dissolve while the lipid rafts may remain intact and could be extracted (Fig 2.3). 

However, the validity of the detergent resistant methodology of membranes still is an open question 

due to complex behavior of the lipids and proteins within the membrane. Multi-component model 

systems can thus be used to reproduce raft behavior in a scale which is suitable for most of in-vitro 

investigation techniques. 




























































































































































































