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Abstract

The main part of my PhD work focused on the application of an advanced
integrated technique, based on the coupling of an atomic force microscope (AFM)
and a stimulated emission depletion (STED) microscope in the study of amyloid
fibrils formation. This coupled system allows the acquisition of super-resolution
fluorescence images, perfectly overlapped with AFM topography. Exploiting the
extended capability offered by this technique, | highlighted some important
features on the mechanisms followed by the labeled and unlabeled proteins
through their aggregation pathway. The results demonstrates that labeled
molecules are involved only in selected pathways of aggregation, among the
multiple that are present in the aggregation reaction.

In a second part of my work, | investigated the process of interaction between
Alpha-synuclein (a-Syn), the pathological peptide associated to the Parkinson’s
disease, and model lipid membranes. The aim of this study was to identify
molecular mechanisms that are indicated as the base of neurodegeneration, not
only in Parkinson’s disease, but also in a large class of disorders, indicated as

protein misfolding diseases.
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Figure 1.1 - Regulation pathways of protein folding in the ER. The
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fold into their three-dimensional structures. Correctly folded proteins are then
transported to the Golgi complex and then delivered to the extracellular
environment. However, the incorrectly folded proteins in which they are
ubiquitinated and then degraded in the cytoplasm by proteasomes follow another
pathway, the unfolded protein response. Modified from ref. °.

Figure 1.2 - (a) X-ray fibril diffraction pattern of insulin fibrils and (b) EM
(from ref. 32). (c) AFM image of insulin fibrils desiccated on mica. Scale bar: 200
nm.

Figure 1.3 - Schematic representation of the amyloid aggregation process.

Figure 1.4 - The amyloidogenic and non-amyloidogenic processing of APP.
Image from ref. &.

Figure 1.5 - Structure of Insulin. Upper line: From left to right: the
monomeric hormone (A and B chains) forms dimers via anti-parallel association of
B chain a-helices and C-terminal B-strands; assembly of three dimers to form
hexamer. Images from RCSB Protein Data Bank (PDB) 2ZP6. Bottom line: primary
structure of monomeric human insulin.

Figure 1.6 - Model for nucleus formation and growth from insulin protein
in acidic environment (a) Prior to nucleus formation, “elongation” dominates;
after nucleus formation, ‘broadening” occurs (from ref. 139). (b) (Right) View of
fibril model, looking down fibril axis. One layer of fibril model is made by stretching
both monomers of native insulin (left) in a horizontal direction converting the
deep blue helix of the B chain and the deep red helix of the A chain into extended
B-strands. The spine of the fibril consists of a dry steric zipper formed by the
mating of the central two strands from the B-chains of the two insulin molecules,
plus two outer strands from the A-chains of the two molecules (from ref. 2¢9). (c)

Surface representation of 3D maps of the four insulin fibril structures. (From left



to right) Structure of the fibril with a pair of protofilaments twisting around each
other. The four-protofilament compact fibril. The six-protofilament fibril. The
twisted ribbon. The protofilaments are well resolved in the first three structures,
but are less clear in the twisted ribbon (from ref. 3¢).

Figure 2.1 - Simplified Jablonski energy diagram representing fluorescence.
The purple arrow represents the absorption of light. The red arrow represents
vibrational relaxation from singlet-excited state, S, to Si. This process is a non-
radiative relaxation in which the excitation energy is dispersed as vibrations or
heat to the solvent and no photon is emitted. The green arrow represents
fluorescence to the singlet ground state, So. (Image from Wikimedia Commons)

Figure 2.2 - Schematic configuration of laser scanning confocal microscope
optical setup. The light coming from the laser passes an (excitation) pinhole, and
a dichroic mirror rejects it and focused by a microscope objective to a small spot
on the sample. A dichroic mirror reflects one wavelength while transmits the
others All the light originating from the in-focus plane will pass freely through the
pinhole, whereas the pinhole will mainly block light arising from an out-of-focus

plane. (Image from http://zeiss-campus.magnet.fsu.edu ).

Figure 2.3 - (a) Conventional confocal microscopy compared with
Stimulated Emission Depletion (STED) nanoscopy. It uses (in addition to a
fluorescence excitation laser) a second, ring-shaped laser to quench fluorescence.
(b) Schematic configuration of STED system. (Image from http://zeiss-

campus.magnet.fsu.edu).

Figure 2.4 - (a) Schematic representation of a Scanning Probe Microscope.
b) Different acquisition modes, with (constant signal) or without (constant height)
Z-feedback loop.

Figure 2.5 - (a) Lennard-Jones potential (red curve), describes interactions
between atoms depending on their distance, d. It results from the sum of two
contributions, related to attractive and repulsive interactions (Image from

http://www.uni-leipzig.de). (b) Simplified scheme of AFM photo-detection system

(optical path elements are not shown). Cantilever deflection results in a shift in
laser spot position on PSPD. AFM main signal (vertical deflection) is calculated

from (A+B)-(C+D), while frictional torsion (lateral deflection) is (A+C)-(B+D).
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Figure 2.6 - AFM imaging modes (modified from ref. 27°)

Figure 2.7 - Schematic representation of a force vs distance curve.

Figure 2.8 - AFM/STED Schematic representation. The confocal and STED
images are acquired in reflection, while the AFM probe is reaching the sample
from above, providing a 3D topographical view at high resolution.

Figure 3.1 - Schematic representation of Insulin Labeling procedure. In Step
1 labeling of insulin. The following step are: Step 2, purification; step 3,
quantification; step 4, final solution of labeled and unlabeled insulin in three dye-
to-protein ratio; step 5, fibrillation process.

Figure 3.2 - Molecular structure of dimeric insulin at pH 2.0. (a) Ribbon
structure showing the secondary structural motifs, and (b) space filled
representation of the same dimer. The length and diameter of the cylinder was
estimated to be 42 and 22 A, respectively!%. (Image from ref. 139)

Figure 3.3 - (a) JPK Nanowizard lll with Zeiss inverted optical microscope.
(b) Motorized stage with sample holder. (c) Cantilever holder. (d) Description of

JPK Nanowizard Ill. Images modified from http://www.jpk.com.

Figure 3.4 - AFM cantilever. (a) Rectangular silicon cantilever for
intermittent contact imaging in air. (b) Silicon tip of cantilever in a. (c) Triangular
silicon nitride cantilevers for imaging in liquid. (d) Silicon nitride tip of cantilever in
C.

Figure 3.5 - Correlative AFM/STED setup (a). NanoWizard || AFM stage and
head in the inset. (b) Images of the same area can be acquired in different modes.
The excitation and depletion lasers arrive from below (inverted optical
microscope). The confocal and STED images are acquired in fluorescence, while
the AFM probe is reaching the sample from above, providing a 3D topographical
view at high resolution.

Figure 3.6 - Direct overlay procedure. Panel a shows the total overlay
procedure. In the first row of this panel, we show a cartoon of the collected optical
image with inherent aberrations, AFM and the corrected image (Image modified
from ref. 7). Second row depicts the direct overlay software, which calibrates the

pictures and makes a grid automatically. The panel b shows the reflection images
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made on a 30 um x 30 um of optical field of view by moving the tip in 25 um x25
Km regions in order to calibrate this area using 9 points, as shown.

Figure 3.7 - Insulin fibril 1:19 dye-to-protein ratio. AFM (a), Confocal (b)
and STED (c) were analysed by using the Colocalization function by ImagelJ (NIH,
Bethesda, MD, USA). The ratio of colocalization is the ratio between the number
of colocalized pixels (white pixels in d and e) and the total number of pixel that
composed the fibrils in the AFM images.

Figure 4.1 - Thioflavin T kinetic. Time course aggregation of a 50 uM
solution of insulin at 60 °C, monitored by ThT fluorescence increase (ThT 100 uM).
Emission wavelength: range 470-540 nm; excitation wavelength: 450 nm; slit
width: 1nm. Aliquots of 50 uL of solution were taken away at different time
processes. The points indicate the aliquots extracted in time and the
corresponding ThT normalized value.

Figure 4.2 - AFM images of unlabeled insulin aggregated species sampled
at different instant of kinetic and desiccated on mica. a: t= 0; b: t= 3 days; c: 4 days;
d: t = 6 days; e: t=12 days f: t= 14 days. Scale bars a-f: 2 um. Z-range 7 nm (a, b, c),
15nm (d, e, f).

Figure 4.3 - AFM image of mature insulin fibrils. (a) Overview of preformed
insulin in water diluted 100 times (scale bar: 500 nm). (b) Details of structure (scale
bar: 200 nm) and (c) relative profile. (Z-range: 15 nm).

Figure 4.4 - ATTO 488-Insulin 1:19 dye-to-protein ratio aggregated by AFM.
The images sampled at different instant of kinetic: (a) 0 day, (b) 6 days, (c) 12 days
(d) 14 days. Scale bar: 2 um. Z-range: 7 nm (a, b), 15 nm (c, d).

Figure 4.5 - Insulin aggregation in three dye-to-protein ratios. AFM images
performed after 10 days incubation in denaturing conditions. (a) 1:19, (b) 1:99, (c)
1:499. Scale bar: 1 um. Z-range: 10 nm.

Figure 4.6 - AFM image of mature insulin fibrils labeled 1:19. (a) Overview
of preformed insulin in water diluted 100 times (scale bar: 1 um). (b) Details of
structure (scale bar: 200 nm) and (c) relative profile. (Z-range: 10 nm).

Figure 4.7 - The lateral broadening effect led by the tip size. (a) AFM image

in dry condition of insulin fibrils structure (Scale bar: 100 nm. Z-range: 10 nm). (b)
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The profile cross-section indicate a height of 4 nm and a length of 30 nm. (c)
Schematization of broadening effect in AFM image due to tip size effect.

Figure 4.8 - Correlative technique on amyloid fibrils from bovine insulin in
1:19 dye-to-protein ratio. The STED and Confocal images are overlaid with AFM
topography. Scale bar: 1 um.

Figure 4.9 - ATTO 488-Insulin fibrils 1:19 images. AFM (a, c), STED
microscopy (b, d) and the correlative images obtained by c and d (e). The ratio of
colocalization in this particular field of view is indicated by the histogram (inset e).
Scale bars: (a, b) 5 um, (c-e) 2 um. Z-range: (a, ¢) 5 nm.

Figure 4.10 - Detail of insulin 1:19 fibrils in AFM (a), STED (b), Confocal (c).
(d) AFM profile comparison of the same fibril displayed a not continuous
distribution of fluorophore. Optical microscope scale bar 2 um.

Figure 4.11 - Insulin fibrils obtained from 1:99 (a-c), and 1:499 (d-f) dye-to-
protein ratio. AFM images (a, d), STED microscopy images (b, €) and correlative
images obtained by the previous (c, f). Several fibrils are totally unlabeled. This
result resembles the one obtained at a dye to protein ratio of 1:19. The ratio of
colocalization is shown by the blue bar in the inset histograms. Scale bar: 1 um. Z-
range: (a, d) 10 nm.

Figure 4.12 - ThT fluorescence intensity kinetics of AB. Time course
aggregation of a 25 uM solution of AB140 (a) and ABi-a2 (b), monitored by ThT
fluorescence increase (ThT concentration was 50 uM). Emission wavelength: 482
nm; excitation wavelength: 450 nm; slit width: 1nm.

Figure 4.13 - AFM images of amyloid-B peptides just after resuspension of
the lyophilized peptide in the aggregation medium. AB1.4; (a) unlabeled, (b) 1:19,
(c) 1:99, (d) 1:499. AB1-a0 (e) unlabeled and (f) 1:19. Scale bar: 1 um. Z-range: 10
nm. Insets scale bar: 200 nm. Prefibrillar aggregates are not present at the
beginning of the aggregation process.

Figure 4.14 - Amyloid B fibrils. AFM was used to follow the aggregation of
APB1-22 and to characterize the morphology of the fibrils. (a) Unlabeled, (b) 1:19, (c)
1:99, (d) 1:499. ABi-40 (e) unlabeled and (f) 1:19. Scale bar: 1 um. Z-range: (a) 10
nm, (b, ¢, d, e, f) 20nm.
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Figure 4.15 - Amyloid aggregates from HF488 ABi4;. Different
concentrations of fluorescent peptides were present. The dye to protein ratios are
(a-c) 1:19, (d-f) 1:99, (g-1) 1:499. Also at the higher dye-to-protein ratio (a-c) some
fibrils were not displayed by fluorescence images (e.g., see the withe arrows).
Scale bar 2 um. Z-Range (a, g) 10 nm, (d) 5 nm. Overlay graph on the right.

Figure 4.16 - AFM/STED on HF488 AP1.40 aggregates. Fibril imaged by AFM
(a) and STED (b). The overlapped image (c) in which the green color represent STED
fibrils, red color AFM fibrils and in white color the ratio of co-localization. The dye
to protein ratio is 1:19. Scale bar 2 um. Z-Range (a) 10 nm.

Figure 4.17 - Amyloid aggregates formed from ABi.a; in the absence of
fluorescent monomers and subsequently labeled via indirect immunolabeling. All
the features displayed in the AFM images (a, d) are also visible in the STED images
(b, ) and are colocalized (c, f). Interestingly, the fibrils size, measured by AFM, is
larger with respect to the unlabeled fibrils, confirming the presence of a large
amount of antibody on the fibrillar aggregates. Scale bar (a-c) 2 um, (d-f) 1 um. Z-
range (a, b) 30 nm. Inset (f) graph of colocalization.

Figure 4.18 - A stochastic aggregation of the labeled/unlabeled peptides
should bring to the formation of uniformly labeled fibrils. Our experiments
indicate a different scenario where just a fraction of the fibrils has a labeled
component. Other fibrils, dark in the STED analysis, are unlabeled. These two
products are the results of different aggregation pathways. The correlative
technique here employed gives an answer to the above question.

Figure 5.1 - Schematic representation of plasma membrane.

Figure 5.2 - Phase separation in a supported lipid bilayer containing DOPC,
Sphingomyelin (SM), Cholesterol and GM1 imaged using AFM. (a) Typical
morphology. Scale bar: 1 um. (b) Cross section was taken along the white line in a
(X-axis). The difference in height between the two phases is ~ 2.2 nm. Images and
plot profile from Oropesa et al.”®. (c) Particular view of lipid lo and |, domains. Scale
bar: 200 nm

Figure 5.3 - Electron microscopy image of prefibrillar aggregates. The

images refer to the a-syn mutant (A53T) aggregation, involved in Parkinson’s
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disease. In the first stage of aggregation the protein shows a characteristic pore-
like structure?®®. The images show an area of 30.5x30.5 nm.

Figure 5.4 - Primary and secondary structure of a-syn. To right shows the
three main domains of a-syn. The N-terminal is an amphipathic domain that
contains the three point mutations (white bars) linked to the autosomal dominant
form of PD. The central region is a highly hydrophobic domain that was originally
identified in patients with AD or LBD, which is the precursor of the non-
amyloidogenic component of the extracellular senile plaque (NAC), which
promotes the protein aggregation. The C-terminal domain has an acidic character,
which possesses anti-amyloidogenic properties.

Figure 5.5 - Schematic representation of the vesicle fusion protocol
employed in this work.

Figure 5.6 - Difference in thickness between outer (a) and inner (b) leaflet.

Figure 5.7 - AFM images of SLB sampled before (a-c) and after
administration of a-syn aggregates solutions (d-f). After 10 min incubation, a-syn
induce destabilization on the defected-free bilayer. Scale bar 2 um (a, d), 500 nm
(b, €) and 200 nm (c, f). Z-range 10nm.

Figure 5.8 - The neural inner plasmatic model membrane
(DOPC/DOPE/SM/POPS/ch) by AFM. The profile section (with the dark line) below
the image shows the roughness in the initial stage of the scan session. Scale bar 1
um (a, b), 500 nm (c). Z-range 6 nm (a, b), 10 nm (c).

Figure 5.9 - AFM Images of a-syn interaction with
DOPC/DOPE/SM/POPS/ch bilayer. After 10 min incubation time oligomers peptide
induced removal of bilayer parts and consequent holes formation. (a) 20 nM and
(b) 70 nM concentration of a-syn deposited. The black line indicates a profile

section (showed below). Scale bar 1 um. Z-range 10 nm.
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Summary

The main aim of my PhD was to apply a new and original approach in the
study of misfolded protein aggregation, a phenomenon related to several diseases
(e.g., Alzheimer's and Parkinson's diseases). In particular, | investigated the
morphological properties of amyloid fibrils derived by a mixture of labeled and
unlabeled peptides by applying an advanced integrated system obtained from the
coupling of a standard atomic force microscope (AFM) and a super-resolution
optical microscope. This approach is new in the field of misfolded protein
aggregation.

In the first chapter of this thesis, | introduce amyloid proteins and related
diseases, i.e. amyloidosis. Chapter 2 gives an overview on the microscopy
techniques employed (super-resolution fluorescence microscopy and Atomic
Force Microscopy, AFM).

In Chapter 3, the different experimental approaches and methods
employed in this thesis are reported. A focus on the results obtained by means of
correlative AFM-STED microscopy on the aggregation of insulin and two isoform
od Amyloid-B peptides have been reported in Chapter 4.

In parallel | carried out a second activity aims to define the molecular
mechanism at the base of the interaction between a pathological petide, a-Syn,
and lipid membranes. In particular, since a-Syn is present in both the cytosolic and
the extracellular environment, | examined the interaction between this peptide
and artificial lipid membranes that mimic the composition of both the internal and
the external leaflets of the cell membrane. In Chapter 5, | present results related,
obtained by AFM technique, investigating the process of interaction between a-

syn and solid supported lipid membranes.
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Chapter 1
Amyloid diseases

A wide range of human diseases, including Alzheimer's and Parkinson's
disease, Spongiform Encephalopathies, systemic amyloidosis and type Il diabetes
is characterised by uncorrected self-assembly and deposition of proteins material
commonly called amyloid fibrils'. In each of these disease states, peptide passes
from its soluble and functional form into an insoluble fibrillar species that
deposited and accumulated in the body tissue, displaying a specific tinctorial
affinity for Congo red and Thioflavin T (ThT)3. These peculiar chemical identities of
the amyloid fibril-forming protein allowed the clinical classification of the
amyloidosis; some human amyloid-related disorders have been reported in Table
1.14

The term amyloid was employed by the German physician scientist
Rudolph Virchow in 1854 to describe the cerebral corpora amylacea stained with
iodine-sulfuric acid®. It was originally thought that amyloid was cellulose by nature
(from the old Greek amylon=starch). However, it was Friedreich and Kekulé who
dissected the amyloid-rich segments from the spleen of a patient with
amyloidosis. In contrast to Virchow, they performed direct chemical analysis of the
material extracted and reached the definitive conclusion that the main substance
was protein®.

During the 19th and early 20th centuries, investigations on the nature of
amyloid evolved from the macroscopic observations of the tissues to the study of
amyloid structure. The availability of light microscope technology and
histopathologic dyes (ThT and Congo red) highly specific, led on to conclude that
amyloid was structurally amorphous’. Cohen and Calkins in 1959 started electron
microscopic studies of diverse origins, humans and animals, amyloid tissues
demonstrating that amyloid deposits exhibit a similar fibrillar submicroscopic

structures.
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Table 1.1 | A summary of the main Amyloid diseases and components of their

associated fibrillary deposits. (Data from ref.

clinical syndrome

9

fibril component

Alzheimer’s disease

spongiform encephalopathies
Parkinson’s disease

fronto-temporal dementia
amyotrophic lateral sclerosis
Huntington disease

cerebellar ataxias

Spinocerebellar ataxia 17
dentatorubro-pallido-luysian atrophy
Kennedy disease

familial British dementia

familial Danish dementia

primary systemic amyloidosis
secondary systemic amyloidosis
familial Mediterranean fever

familial amyloid polyneuropathy (FAP)
familial amyloid polyneuropathy (FAP)
senile systemic amyloidosis

Finnish hereditary systemic amyloidosis

hemodialysis-related amyloidosis (DRA)

familial non-neuropathic systemic
amyloidosis

type Il diabetes

hereditary cerebral haemorrhage with
amyloidosis

Inclusion-body myositis (IBM)
Injection-localized amyloidosis

AB peptides (wild-type or mutant); Tau (wild-
type or mutant)

prion protein (full-length or fragments)
a-synuclein (wild type or mutant)

Tau (wild type or mutant)

superoxide dismutase (wild type or mutant)
huntingtin (polyQ expansion)

ataxins (polyQ expansion)

TATA-boxbinding protein (polyQ expansion)
atrophin 1 (polyQ expansion)

androgen receptor (polyQ expansion)

ABri peptide

ADan peptide

Ig light chains (full-length or fragments)
serum amyloid A (fragments)

serum amyloid A (fragments)

transthyretin (over 45 variants or fragments
thereof)

transthyretin (wild type or fragments thereof)

gelsolin (fragments of the mutant protein)
B2-microglobulin

lysozyme (mutant)

pro-islet amyloid polypeptide (fragments)
cystatin-C (minus a 10-residue fragment); AB
peptides

AB peptide

Insulin

Today, amyloid is known to have the same core structure, a network of

polymeric unbranched fibrils resulting from ordered polymerization of specific

proteins®.

The diseases characterized by the formation and deposition of amyloid

fibrils, are generally defined as protein misfolding diseases, that include some of

the more well-known neurodegenerative pathologies, such as Alzheimer’s and

Parkinson’s diseases. In this context are included also nonneuropathic localized

amyloidosis, relates to a group of diseases where aggregation occurs in a single
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type of tissue other than the brain and nonneuropathic systemic amyloidosis
relates to diseases in which aggregation occurs in multiple tissues.

Some of these conditions, such as Alzheimer and Parkinson’s diseases, are
predominantly sporadic, although hereditary forms are well documented. Other
conditions can arise from specific mutations and are hereditary, e.g. the lysozyme
and fibrinogen amyloidosis. In addition, the 85% of the amyloid diseases are
sporadic amyloidosis, and the 10% a hereditary forms, while the 5% can also be
transmissible in humans, as well as in other mammals, defined spongiform

encephalopathies'®.

1.1 Protein folding and misfolding

The proteins, synthesized on ribosomes as linear chains of amino acids in a
specific order following the DNA information encoded, attain own specific
function through the folding process'!. The folding path is the way in which the
random coiled proteins reach the native structure in the conformational space
which is characteristic for each biological molecules?. This polypeptide self-
organization is a crucial event occurred after or during the translational process in
the cytoplasm or specific compartments, such as mitochondria or the endoplasmic
reticulum (ER) of the cells'>. In the last 50 years, many theoretical and
experimental works have been combined to explain protein folding dynamics,
defining the so-called ‘from sequence to folding structure’ dogma'3. How this
process occurs is one of the most complicated and fascinating problems in the
study of molecular biology: passing from the Levinthal’s paradox (the apparent
contradiction between the number of possible conformations and the actual
rapidity by which the protein chain assume its stable conformation - less than a
second), to a new ‘folding funnel’ view, in which only a small number, energetically
favorable, of all possible conformations, need to be sampled during its
transition'4’. The code for the folding process of a random polymer into these
well-defined structures is overall contained within the sequence of amino acids in
a polypeptide chain (primary structure)!®. The primary stabilizations, that are
achieved in nearly every native protein, are the ‘secondary’ structure, i.e. the beta

turns and omega loops along with helices and the sheets, obtained by means of
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the hydrogen bonding between the amide and carbonyl groups of the main chain
and several other non-covalent interactions, electrostatic interactions, Van der

Waals forces, and hydrophobic interactions.

R‘bosome

Transport out

Ubiquitin-
proteasome

Degraded !

protein Golgi

Figure 2.1 | Regulation pathways of protein folding in the ER. The synthesized
proteins, by ribosome, are translocated into the ER, where, with the help of a series of
molecular chaperones and folding catalysts (not shown), they fold into their three-
dimensional structures. Correctly folded proteins are then transported to the Golgi
complex and then delivered to the extracellular environment. However, the incorrectly
folded proteins in which they are ubiquitinated and then degraded in the cytoplasm by
proteasomes follow another pathway, the unfolded protein response. Modified from
ref. %,

The relationship between the sequence and the fold in polypeptides and
the rapidity in which the folding process enables the correct structure to be found
for any given sequence represents a clear example of biological complexity, the
‘protein-folding problem’®. Inside this regards, the cells exhibit a complex
regulatory system to promote a biological functional conformation for the
proteins?® (Figure 1.1). The molecular machinery complex consists of molecular
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chaperones, to favor folding of polypeptide chains (both in the cytosol and in the
endoplasmic reticulum) and the ubiquitin-proteasome pathway, to promote their
degradation when the three-dimensional correct structure is not achieved?!.
However, despite the incredible organization of cells and intrinsic ability of
evolved protein sequences to avoid unfolding/misfolding nevertheless occur,
resulting in either to protein misfunction or to the accumulation of protein
aggregates?”?3, In a crowded cellular environment, surrounded by interacting
proteins, nascent polypeptides face a formidable challenge in finding the correct
interactions that result in a folded and functional protein. Such events can be
associated with changing in environmental conditions, such as pH or temperature,
misprocessing phenomena chemical modification, aberrant interactions with
metal ions or moreover from specific mutations in the sequence®?*. However,
several proteins become trapped in meta-stable intermediate structures which
are usually recognised by proteasomal machinery and degraded or refolded by
chaperones?. Alternatively, they can also misfold and self-associate leading to
formation of either amorphous compounds or structures of elongated ordered
morphology, known as amyloid fibrils. Most frequently it was found that this
amyloid aggregation occur through the formation of multiple kinetic
intermediates. In this scenario, it has been suggested that the generic amyloid
state may constitute a deep and sharp energetic minimum representing the most
stable state that multiprotein systems can adopt?2%=2%, An accumulation of these
fibrils can result in a range of human diseases commonly referred to as

amyloidosis.

1.2 Amyloid structure and aggregation process

Regardless of the protein structure from which they originate, amyloid
fibrils show many shared properties, including the peculiar structure, as
determined in detail using experimental techniques. A typical cross-B super-
secondary structure, in parallel or anti-parallel way, models the core structure of
each filaments whose strands are perpendicular to fibril axis®*3!. Cross-B

structures results in a peculiar X-ray diffraction pattern where typical inter-sheets
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and inter-strand distances, are evident resulting respectively 11 A and 4.8 A 3233

(Figure 1.2 a).

Figure 1.2 | (a) X-ray fibril diffraction pattern of insulin fibrils and (b) EM (from
ref. 32). (c) AFM image of insulin fibrils desiccated on mica. Scale bar: 200 nm.

The structure is made particularly stable by the presence of an highly
organized non-covalently bonds originating from a protofilament backbone
consisting of B-sheet conformation?”:34,

A typical fibril consists of two to seven proto-filaments, twisted around
each other to form supercoiled rope-like structures , with an average diameter of
4-10 nm determined through AFM and electron microscopy (EM)
measurements3>36,

The fibril architecture of a number of peptides, including Amyloid B1-40 and
Amyloid Bi-42, have been proposed using constraints obtained from solid-state
NMR3’, and are also consistent with molecular dynamics simulations32. In addition,
advances in micro-crystallographic techniques enabled the discovery of a high-
resolution structure of a peptide extracted from N-terminal segments of Sup35
and many others species, reported by Eisenberg’s group®. Their studies have
confirmed that many peptides, which are unrelated by sequence, adopt the
characteristic cross-B pattern in the fibril state. The spine of the amyloid fibril
contains dry steric zippers structure formed from self-complementary*®
sequences suggesting a common structural features, shared by amyloid diseases,
at the molecular level®4L,

Real-time monitoring of fibril growth is made possible by highly specific
probe, such as ThT, a commonly used dye to diagnose amyloid fibrils, both ex vivo
and in vitro*?>*3. The benzothiazole dye ThT exhibits fluorescence quantum vyield
enhancement upon intercalation into the cross-B super-secondary structure
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because of the rotational immobilization of the central C—C bond connecting the
benzothiazole and aniline rings*%’. Upon the binding, the dye changes its
absorption/emission spectrum from 385 nm (free dye absorption) / 445 nm (free
dye emission) to 450 nm / 482 nm33484%_Since fluorescence intensity variation, in
first approximation, appears to depend on the presence of molecule in amyloid
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.

The mechanism by which amyloid fibrils are formed seems to resemble the
process of crystallization or ordered aggregation of proteins, i.e. a nucleation-
polymerisation process, in which the amyloid growth proceeds through several

steps9°! (Figure 1.3).
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Figure 1.3 | Schematic representation of the amyloid aggregation process.

This mechanism has been proposed for many of the proteins responsible
for amyloidosis, first of all the Alzheimer AB peptide and the prionic protein®2.

The input to follow this partially unfolding/refolding way come from
destabilized native conformations®? via mutations or denaturing conditions such
as non-native pH values® and elevated temperatures®. In particular several

studies indicate that during the microscopic processes, the intermolecular
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hydrophobic interactions display a significant role as the determinants of the
formation rate of the misfolded monomers into different types of oligomers>®>’,
At the onset of the fibrillation process, early aggregates are distinguished as an
oligomeric protein with a diameter of 2.5-5.0 nm, as confirmed by AFM studies>®.
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. During the elongation
step, the presence of fibrillar templates promotes the quick incorporation of
amyloidogenic monomers, amyloid complete structure start forming, and the
kinetics turns out to be fast®. This cooperative phase is followed by a plateau.
Amyloid aggregates corresponding to each phase of the kinetics can be

characterized using different techniques, including AFM®°,

1.3 Alzheimer’s disease and related protein

Alzheimer’s disease (AD) is the most frequent neurodegenerative disease
and the most common cause of dementia in humans, with an estimated
prevalence of one in nine people over age 65 and of more than one in three people
over age 85°*. Clinically, initial symptom of AD is impaired short-term memory that
changes to profound memory failure and impairment of cognitive functions,
consequently neuronal degeneration and death. Despite the remarkable
improvements in understanding of the pathogenesis of the disease have been
made over last several decades, the accurate mechanism of AD remains unclear.
Nowadays the argument about a potential therapeutic strategy is still open®2.

AD neuropathology exhibits two hallmark features: senile plaques
containing depositions of Amyloid B (AB) proteins and neurofibrillary tangles
(NFT), deriving from hyperphosphorylation of microtubule-associated Tau
proteins in neurons®, Since the discovery by psychiatrist and pathologist Alois
Alzheimer in 1906, several theories have been formulated to explain the
pathogenesis of AD®%%4, The central hypothesis for the cause of AD is the failure of

the protective degradative mechanism of the cells leading to the accumulation of
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toxic concentrations of AB, which aggregates, into plaques thus causing neuronal
degeneration and consequently leading to dementia - the amyloid cascade
hypothesis®>®. The high heterogeneity and polymorphisms of amyloid
aggregates, lead different path of cytotoxicity resulting from several cellular
mechanisms in which they are involved, specific for every aggregation state. For
example it has been shown that, in the AD, the presence of ABi-22 small oligomers
impair long-term potentiation®” and raise ER stress®®; whereas the presence of the
major fibrillar aggregates of the same protein is associated with the neuro-
inflammatory response®%%79, In addition, it is still widely debated that despite it
seems to have a negligible role in the pathogenesis of amyloid-related
neurodegenerative disorders, the presence of mature fibrillary aggregates can
provocate some symptoms in systemic amyloidoses’?. Although the direct causal
link between AB and impaired neuronal function and memory is still under
elucidation, several studies indicate that cell dysfunction is derived from the ability
of small aggregates to interact with the cellular membranes, leading to loss of
membrane integrity and ultimately to cell death’?"74, Oligomers interact with
plasma membrane’>>! affecting important biophysical properties, such as
microviscosity, molecular order, membrane potential and permeability.
Membrane lipid composition, especially with respect to the content of cholesterol
and anionic lipids, plays a fundamental role in determining the nature of
AB/membrane interaction’®7°. The neurologically disruptive nature of AP
prefibrillar oligomers has been established in various studies conducted on
Alzheimer’s8-82, Parkinson’s’3#3 | and Huntington’s®*, which can induce oxidative
stress, apoptosis, and abnormal calcium homeostasis in neurons. On the contrary,
mature fibrils appear to be harmless.

A deep understanding and visualization of the involved molecular
mechanisms could lead to new strategies for the treatment of this widespread

pathology.
1.3.1 Amyloid B1-22 and Amyloid B1-40

AB peptides are involved in AD as the main component of the amyloid
plaques found in the brains of Alzheimer patients. AB aggregates originate from

an integral membrane glycoprotein, the Amyloid Precursor Protein (APP). This
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ubiquitous protein is located in plasma membrane, as well as in endoplasmic
reticulum, Golgi apparatus, and mitochondria. APP can be metabolized following
two different pathways®>% (Figure 1.4): the secretory pathway and the
amyloidogenic pathway. In the former, occurring more frequently, APP may be
cleaved between residue 16-17 of the AB domain®’. The event, called a-secretase
cleavage, operates in cholesterol poor membrane regions and precludes AB
formation. The soluble a-secretase cleaved APP (a-sAPP) is secreted and the C-
terminal fragment (C83) is processed by y-secretase, resulting in a not
amyloidogenic soluble 3-kDa peptide (p3). In the amyloidogenic pathway, The AB
fragment is generated beginning with an initial APP cleavage at amino acid residue
672 to define the N-terminus of AB. The cleavage is referred to as B-secretase
cleavage, which is located in cholesterol rich membrane domains, and results in
the secretion of the soluble B-secretase cleaved APP ectodomain (B-sAPP) from
neurons and transfected cells. The remaining C-terminal fragment containing the

transmembrane and cytoplasmic domains (C99).

Non-amyloidogenic Pathway Amyloidogenic Pathway

.

Figure 1.4 | The amyloidogenic and non-amyloidogenic processing of APP. Image

from Ref. 2%,

After a successive intramembrane cleavage by y-secretase, amyloid

peptides consisting in 39-42 residues are released. The AB forms in brain deposits,
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which are thought to be more involved in AD pathogenesis, are the ones with 40
and 42 residues, two isoforms of different length. The 40-residue peptide AB1-40
represents the most abundant AB isoform in the brain in vivo®, whereas the more
aggregation-prone, 42-residue variant APi-4 is the major proteinaceous
component of the extracellular senile plaques that are the hallmarks of this
disease®. Despite they only differ by two amino acids in the C-terminal region, yet
they display markedly different aggregation behavior®?.

AB amyloid fibrils have been analyzed with several biophysical and
biochemical techniques, such as solid-state NMR spectroscopy, Electron
Microscope (EM), AFM, ThT kinetics studies or mutagenesis?’3437.92,

These analyses have provided a wealth of information about specific
structural details of the peptide in the fibril and the fragment comparison. The
results obtained by using scanning transmission electron microscopy (STEM),
suggest that APia0 and APBi42 share the same fundamental protofilament
structure. Some different morphologies observed would, therefore, arise mainly
from the different packing and number of protofilaments®.

Kinetics study, using fluorescence lifetime imaging (FLIM), shown a clear
difference between the two peptides to form mature fibrils within live neuronal
cells. HF88AB, 4o appears to exhibit a lag phase in its aggregation, whereas "F488AB;.
42 shows no such effect and aggregates rapidly soon after it is internalized into the
cells®®. The latter confirmed by in vitro studies of ThT fluorescence spectroscopy,
that exhibit a decreasing in the rate constants for APia4o, relative to ABi-a,
indicating higher energy barriers to overcome for all microscopic processes during

the fibrillation pathway®9>,

1.4 The generic nature of amyloid structure

One of the remarkable characteristics of the amyloid diseases is that,
despite the difference between the associated precursor, amyloid fibrils are very
similar in their overall properties and appereance?®®. Starting from this evidence,
several studies, in the last two decays, supported the idea that the ability of the
protein structure to self-organize into polymeric assemblies is a generic property

of the polypeptide chains®’. In vitro studies report how a range of proteins, with
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no known connection with any disease in vivo, undergoes conversion in vitro into
fibrils very similar to those associated with amyloid disease®°. Since first
evidence (summarized in Table 1.2)%190101 seyeral studies highlight many other
proteins, unrelated to any amyloid disease, able to form amyloid fibrillar
aggregates in vitro. This ability occurs under appropriate destabilizing condition,
e.g. low pH, lack of specific ligands, high temperature, or the presence of specific
co-solvents, such that the native structure was partially or completely

disrupted?®:102.103,

Table 1.2 | Proteins unrelated to diseases that form amyloid fibrils in vitro (Ref.
from 8, data updated at 2003)

Domain/Protein Year
SH3 domain p85 phosphatidyl inositol-3-kinase (bovine) 1998
Fibronectin type Ill module (murine) 1998
Acylphosphatase (equine) 1999
Monellin (Dioscoreophyllum camminsii) 1999
Phosphoglycerate kinase (yeast) 2000
B1 domain of IgG binding protein (Staphylococcus) 2000
Apolipoprotein Cll (human) 2000
ADA2H (human) 2000
Met aminopeptidase (Pyrococcus furiosus) 2000
Apocytochrome c¢ (Hydrogenobacter thermophilus) 2001
HypF N-terminal domain (Escherichia coli) 2001
Apomyoglobin (equine) 2001
Amphoterin (human) 2001
Curlin CgsA subunit (Escherichia coli) 2002
VI domain (murine) 2002
Fibroblast growth factor (Notophthalmus viridescens) 2002
Stefin B (human) 2002
Endostatin (human) 2003

As already mentioned above, the core structure of the fibrils is stabilized
primarily by interactions, particularly hydrogen bonds, involving the polypeptide
main chain. Because the main chain is common to all polypeptides, this
observation explains why fibrils formed from polypeptides of very different

sequence seem to be so similarl®1%, The propensity to assume fibrillary
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conformation under given circumstances can vary markedly between different
sequences. The relative aggregation rates for a wide range of peptides and
proteins correlates with the physicochemical features of the molecules such as
charge, secondary-structure propensities and hydrophobicity. In a globular
protein, the polypeptide main chain and the hydrophobic side chains are largely
buried within the folded structure. The propensity to convert into amyloid fibrils
increase considerably when the structures are exposed, for example when the
protein is partly unfolded (e.g. at low pH) or fragmented (e.g. by proteolysis)!.

The revolutionary discovery that the proteins can undergo fibrillation if
placed in a specific denaturing condition, represent an important step forward in
the investigation of amyloid pathologies. Therefore, the capability to reproduce
the amyloid aggregates behaviour, also in terms of toxicity, employing a highly
simplified system can offer additional insights into the molecular details of
amyloid fibril formation107.108,

This approach is particularly useful, for instance, to obtain very controlled
processes of aggregation, avoiding the variability displayed in the aggregation of
some pathological peptides, such as the ones involved in AD, which can be difficult

to handle during some kind of experiments.
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1.5 Insulin fibrillogenesis

In this section, a brief introduction of the model protein employed in this work is
provided. We have chosen bovine insulin to study amyloid fibrils. The fibrillation
process of insulin is very well characterized. Moreover, suitable conditions in order
to obtain fibrils on a timescale that is compatible with the experimental time scale

can be selected, making this peptide suited for in vitro experiments®%10%,

1.5.1 The model system: bovine Insulin

Insulin is a protein hormone with a largely a-helical structure, which plays
a crucial role in the carbohydrate metabolism and several other body systems, e.g.
vascular compliance, and it is naturally produced in the Islets of Langerhans in the
pancreas’®. It has been a well-studied fibril-forming protein widely investigated
and commercially available in large quantities, at reasonable price, resulting as an

excellent model system to study fibrillation.
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Figure 1.5 | Structure of Insulin. Upper line: From left to right: the monomeric
hormone (A and B chains) forms dimers via anti-parallel association of B chain a-helices
and C-terminal B-strands; assembly of three dimers to form hexamer. Images from RCSB
Protein Data Bank (PDB) 2ZP6. Bottom line: primary structure of monomeric human
insulin.
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Primary structure of bovine insulin was reported by Sanger in 195111112,
Mainly the protein is composed of 51 residues located along two polypeptidic
chains the A-chain, which consists of 21 amino acids, and the B-chain of 30 amino
acids, linked together by two interchain and one intra-chain disulfide bonds?!0.113
(Figure 1.5). Bovine insulin differs from the human type by changing two
aminoacids in the sequences of the A-chain and one of the B- chain!416 The
secondary structure of the A-chain and B-chain consists of two a-helices and a
combination of one a-helix and a B-strand, respectively. Non-covalent interactions
between residues of the two chains stabilize the tertiary arrangement and
determine the structure of the monomer with a hydrophobic core and polar
residues located on the external surface. Assembling of monomers in higher
hierarchical species is strongly dependent on physical and chemical parameters of
the solution as pH, solvent composition, and temperature as well as on insulin
concentration.

Several human diseases are related to an aberrant mechanism of insulin
production. Besides insulinoma, metabolic syndrome, polycystic ovary syndrome,
a high social impact is represented by the diabetes Type | and Type Il related to
the insulin deficiency and insulin resistance, respectively. Also, amyloid deposits
have been observed in type Il diabetes patients and in normal aging after
subcutaneous insulin infusion and repeated insulin injections!?’. Aggregation and
fibrillation of insulin cause problems during production, storage, and delivery!,
Actually, during the preparation of recombinant insulin for clinical use, it is
subjected to low pH, high ionic strength, increased shear, and organic solvents, all
conditions that promote fibrillation. For all these reasons, in the last decades, the
insulin-based pharmacological formulation has attracted the interest of many
researchers.

Insulin from the bovine pancreas is not an amyloidogenic protein in vivo.
On the other hand, it has been demonstrated that peptides and proteins that are
unrelated to disease have a generic ability to form amyloid fibrils upon

destabilization of their native structure induced by particular environmental

conditionsl00:101,119-121
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1.5.2 Insulin fibril formation

Insulin is mainly stored into an inactive form with long-term stability, i.e.
zinc-coordinated hexamer, while zinc-free insulin is a dimer formed at a low
concentration over the pH 2-8 range, shifting to a tetramer at protein
concentrations of >1.5 mg/ml. Nielsen et al. studied the effect of pH on the
association of human and bovine insulin. At pH 7.4 insulin is hexameric and it
dissociates upon decreasing the pH. At pH 3 insulin exists as a tetramer, at pH 2.0
is monomeric in acetic acid and at pH 1.6 insulin is dimeric'?%. Formation of insulin
fibrils is a physical process in which non-native molecules interact with each other
to form linear, biologically inactive aggregates!®. The early in vitro studies on
insulin fibril formation has been shown to result in the formation of insoluble
aggregates which are rich in B-sheet structures by using infrared dichroism and
wide angle x-ray diffraction?3124,

Moreover, in vitro at low pH and high temperature, insulin is very prone to
form amyloid fibrils'?>, thus constituting a suitable model system to study some
different and unknown aspects of the amyloid molecular mechanisms. The model
has been used both to characterize the mechanical properties of individual

amyloid fibrils and to determine the growth rate of amyloid fibrils?®127,
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In the last two decay, regarding insulin protein, many different molecular
mechanisms responsible for amyloid formation and protein aggregation have
been proposed. It has been shown that the formation of insulin fibrils occurs from
different phases, similar to those described in Section 1.2, in which a number of

reactions take place.
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Figure 1.6 | Model for nucleus formation and growth from insulin protein in
acidic environment (a) Prior to nucleus formation, “elongation’”” dominates; after nucleus
formation, ‘broadening” occurs (from ref. 23%). (b) (Right) View of fibril model, looking
down fibril axis. One layer of fibril model is made by stretching both monomers of native
insulin (left) in a horizontal direction converting the deep blue helix of the B chain and
the deep red helix of the A chain into extended B-strands. The spine of the fibril consists
of a dry steric zipper formed by the mating of the central two strands from the B-chains
of the two insulin molecules, plus two outer strands from the A-chains of the two
molecules (from ref. 2%). (c) Surface representation of 3D maps of the four insulin fibril
structures. (From left to right) Structure of the fibril with a pair of protofilaments twisting
around each other. The four-protofilament compact fibril. The six-protofilament fibril.
The twisted ribbon. The protofilaments are well resolved in the first three structures, but
are less clear in the twisted ribbon (from ref. %).
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Nielsen et al. conducted insulin aggregation studies with human insulin,
bovine insulin and insulin mutants at various conditions, including incubation at
60 °C, pH 1.6 at insulin concentrations of 2 mg/ml. All of their kinetic results was
monitored by the fluorescent probe, thioflavin T, and shown to be consistent with
a nucleation-dependent elongation mechanism via the initial formation of a
partially folded intermediate conformation'?*, They concluded that both
nucleation and fibril growth were influenced by external factors, such as
hydrophobic and electrostatic interactions!?2. Several other studies highlight how
this process can be influenced, in term of time, by other growth mechanisms such
as secondary nucleation (the presence of already formed fibrils in solution)'?® and
the behaviour of insulin fibrillation in confined environments!?°.

Furthermore, the measure of the temporal formation of insulin oligomers,
in different solvents, by small-angle neutron scattering (SANS), suggest a universal
pathway for amyloid nucleus and precursor formation using insulin model*3°, This
study suggests that, as described for B-amyloid peptide oligomers by scanning
tunnelling microscopy and small-angle x-ray scattering'?>13%, as well for insulin,
the elongation occur by the assembly of individual monomers to the growing fibril.
In addition, studies during the early stages of in vitro fibrillation of insulin,
demonstrate that the generated nucleus, during the initial critical phase,
comprises three dimer units or six monomeric units. The nucleus of three
cylindrical-shaped insulin dimers join end-on to form a hexameric nucleus
(elongation in Figure 1.6a) which then aggregates side-on with other nuclei and
preformed aggregates leading to the formation of protofilaments (broadening in
Figure 1.6a). SANS data on insulin molecules showed that prior to nucleus
formation, the length of the precursors increases linearly while their radius
remains constant. After nucleus formation, the radius increases as per the close
geometric packing of the cylinders, and length increases by about 1/12th of the
nucleus length due to sliding of the adjoining nuclei®3°.

A more thorough knowledge of the structure and mechanism behind the
formation of amyloid fibrils in general is essential for the understanding of the
processes of amyloidosis. In the next sections, we are going to propose a new and

original approach in the investigation of protein aggregation by using an advanced
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integrated system obtained from the coupling of a standard atomic force
microscope and a super-resolution optical microscopes. | disclose some limits that

are inherently related to fluorescence methods.

1.6 — Amyloid cytotoxicity

One of the most essential aspects in the plasma membrane study is that a
physiological alteration can bring about numerous pathological consequences. For
several years a misleading theory about the nature of the toxic agent in
Alzheimer's, Parkinson's (the most known diseases that involve protein
deposition), and other degenerative age-related diseases took place. For years,
most researchers have backed the notion that clumps of long amyloid fibrils
located in the brain and other organs are responsible for killing neurons and other
cells. In Alzheimer's, these clumps are termed amyloid plagques and consist
primarily of the polypeptide amyloid B protein; in Parkinson's, they are called Lewy
bodies and contain the protein a-synuclein.

An increasing quantity of recent experimental data suggests, however, that
in many cases at least the species that are most highly toxic to cells are the pre-
fibrillar aggregates (sometimes referred to as amorphous aggregates, protein
micelles or protofibrils) rather than the mature fibrils into which they often
develop’38+136:250 |n particular, a number of reports concerning AB-peptides, o-
syn and transthyretin indicate that these early aggregates are the most toxic
species!3>2°17254- in addition, the presence of such species has also been reported
for huntingtin and possibly the androgen receptor?> in diseased transgenic mice.

Such toxicity is likely to arise from the ‘misfolded’ nature of the aggregated
species and their precursors and from the exposure of regions of the protein (e.g.
hydrophobic residues and the polypeptide main chain) that are buried in the
native state. As many of these regions are likely to be aggregation-prone (or
‘sticky’) they may be able to interact with membranes and other cellular
components’?. Indeed, in an ensemble of small aggregates containing misfolded
polypeptide chains there will be a vast array of exposed groups of amino acids,
some of which may mimic regions of the surfaces of native proteins. Such

aggregates are therefore likely to be able to interact inappropriately with the

35



binding partners or receptors of a wider range of different proteins. Indeed, the
intrinsic instability of pre-fibrillar species that enables them to assemble further
and become organised into more highly ordered structures itself reflects the

existence of accessible regions of the structures.

Figure 1.7 | Electron microscopy image of prefibrillar aggregates. The images
refer to the a-syn mutant (A53T) aggregation, involved in Parkinson’s disease. In the
first stage of aggregation the protein shows a characteristic pore-like structure?®. The
images show an area of 30.5x30.5 nm.

In agreement with these conclusions, pre-fibrillar assemblies have been
shown to interact with synthetic phospholipid bilayers and with cell membranes,
possibly destabilising them and impairing the function of specific membrane-
bound proteins?>62%8,

In particular, it was observed how the membrane lipid composition,
especially with respect to the content of cholesterol and anionic lipids, plays a
fundamental role in determining the nature of amyloid protein/membrane
interaction’47677.253 The exact mechanism by which amyloid peptide cause
damage to the cell is still an open question. The answer may be found in the
interaction with the cell interfaces area>842¢0,_ Several studies performed on cells
and model systems indicate that toxic oligomers can permeabilize the cell
membrane through the creation of pore-like structures?®'-263, altering the

physiological ionic balance (Figure 1.7).

The membrane itself can act as a catalyst for fibrillization26426>, Another
option is that aggregates interfere with the normal cell processes occurring at the
plasma membrane level, binding some portions of the external leaflet?6:267, or
penetrating inside the double layer of phospholipids, causing variations in

important membrane properties such as fluidity?®®. Other experiments suggested
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that the main toxic effect is membrane disruption

detergent-like mechanism?’!

269,270

,which could happen via a

induced by peptides aggregation at the surface.
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Chapter 2
Microscopy techniques

In this Chapter, | describe the techniques used in this work. The first part is
focused on optical fluorescence techniques, with a brief introduction to confocal
microscopy. Specific attention is focused on the reference of super-resolution
microscopy. The second part is centered on the scanning probe principles, with a
specific overview on AFM.

The field of optical microscopy dates back to at least the 17th-century. It
was not until the German mechanic Carl Zeiss started producing microscopes in
the late 19t century that a more reliable method was established*2. Employing
the Abbe’s formula for the calculation of the maximal resolution achievable from
an optical microscope, published in 1873, an essential milestone in the history of
microscopy was achieved'#3. According to this, the lateral resolution, d, i.e. the

minimum distance between two points is:

_ 1.22A
NAobj + NAcond

,where A is the wavelength of the light, NAos; is the numerical aperture of
the objective, and NAcond is the numerical aperture of the condenser. Numerical
aperture is defined as the refractive index of the imaging medium (n) multiplied
by the sine of the aperture angle (a): NA= n sin(a). Additional enhancement has
been made to the basic design of the optical microscope. One such modification
has been the development of fluorescence microscopy to look at samples that
hold fluorescent properties. Fluorescence microscopy has become an
indispensable tool in biology and in life sciences because of its unique advantages:
it is a largely non-invasive technique and it can probe the deeper layers of a
specimen at ambient conditions and enables spectroscopic diagnosis with
chemical sensitivity. The photophysical process in a conventional fluorescence
microscope is best described by Jablonski diagrams!4* (Figure 2.1). Even though
fluorescence microscopy has enabled an improvement in visual perception, the

resolution is ultimately restricted by the, above mentioned, diffraction limit and,
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further, by the conditions imposed by the Rayleigh criterion. It is possible to
increase resolution by using short wavelength excitation sources and by increasing
the numerical aperture of the objective lens, which thus increases the area over
which the objective collects light from the sample. This, however, does reach a
limit in experiments when the length scale of a sample reaches around 200-300

nm, in line with the A/2.
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Figure 2.1 | Simplified Jablonski energy diagram representing fluorescence. The
purple arrow represents the absorption of light. The red arrow represents vibrational
relaxation from singlet-excited state, S, to Si. This process is a non-radiative relaxation in
which the excitation energy is dispersed as vibrations or heat to the solvent and no photon
is emitted. The green arrow represents fluorescence to the singlet ground state, S..
(Image from Wikimedia Commons)

In this scenario, several advanced concepts aimed at pushing the
diffraction limits by reducing the focal spot size. Confocal fluorescence
microscopy#>, described in the next section, is one of them.

Importantly, in 1994, by Hell and Wichman'*® STED super-resolution
technique was introduced, breaking the diffraction limit.

Due to the intrinsic resolution limitations imposed on optical microscopy,
other forms of microscopy are required to probe objects past the diffraction limit.

One such technique is that of scanning probe microscopy#’, which can measure
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both surface topography at the atomic scales. One of the most useful and largely
utilized forms of scanning probe microscope is the AFM.

Considering that every technology entails have intrinsic limitations, |
thought that correlative techniques are a necessary step towards the achievement

of a richer set of informations.

Photomultiplier
Detector
- Pinhole Aperture

- Barrier Filter
Dichromatic

= Pinhole
Aperture

- Objective

Specimen
Focal
Planes

Figure 2.2 | Schematic configuration of laser scanning confocal microscope
optical setup. The light coming from the laser passes an (excitation) pinhole, and a
dichroic mirror rejects it and focused by a microscope objective to a small spot on the
sample. A dichroic mirror reflects one wavelength while transmits the others All the light
originating from the in-focus plane will pass freely through the pinhole, whereas the
pinhole will mainly block light arising from an out-of-focus plane. (Image from
http://zeiss-campus.magnet.fsu.edu).
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2.1 Confocal microscope

In many areas of current research interest, such as cellular biology,
Confocal fluorescence microscopy result to be a useful approach. Due to the
relative ease with which extremely high-quality images can be collected from
specimens prepared for conventional optical microscopy, it has been extensively
employed. The confocal principle relies on upon enhancement of both lateral and
axial resolution, overcoming the limitations of the traditional wide-field
fluorescence microscopes. Since the development of the ‘automated scanning’
concept using a fluorescence microscope'*® and the first optical sectioning
design'®, it has been gave the opportunity to produce the first clear images of
focal planes deep within a thick sample, leading to the development of the laser
scanning confocal microscope!*°,

In a conventional fluorescence microscope, in which the entire sample is
flooded with light from a light source, all the sample within the optical path is
excited at the same time. Consequently, the fluorescence detected by the
microscope's photodetector is comprising a large unfocused background part. In
contrast, the confocal microscope bases its working principle on the introduction
of a small aperture (pinhole) in order to eliminate out-of-focus signal. In detail,
both of the laser beams, focused on the specimen, and fluorescence light emitted
by the dye molecule, are passing through a small pinhole before reaching the
photomultiplier (detector). The focal point in the sample and the pinhole lie in
conjugate planes; this optical arrangement is called ‘confocal’. Since only the light
from the focal point can pass the pinhole and can be measured by the detectors!>?,
the resolution increases but at the expense of decreasing signal intensity. It should
also be specified that the resolution in confocal microscopy is limited by the size
of the focal spot. The full-width half-maximum (FWHM) radius (Ar) of the focal
spot produced by an objective with numerical aperture NA=nsina focusing light of

wavelength A is

A _ A
2nsina NA

,where n is the refractive index of the medium in which the objective is

Ar =

working and « is the maximal half-angle of the light cone that can exit the lens.
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For a typical oil immersion objective (n = 1.516), an objective with NA=1.4
and light of wavelength A = 640 nm the FWHM of the focal spot would be about
230 nm. This would not allow a detailed observation of nanometric features, such
as the amyloid fibrils investigated in this work®2, Figure 2.2 shows the scheme of

the optical path in an inverted configuration of a modern confocal microscope.

2.2 Super-resolution fluorescence techniques

In the last two decays, a series of original approaches open the way to a
new class of far-field microscopy, defined as SR optical microscopy or merely
nanoscopy techniques, that shattered the diffraction barrier, improving spatial
resolution by an order of magnitude or more over the diffraction limit. These
techniques have the potential to provide new insights into biological processes at
the, hitherto inaccessible, molecular scale suggesting new amazing applications
for the next future?®3,

The use of light in far-field optical nanoscopy has been brought to the
forefront with the 2014 Nobel Prize for chemistry®>*, with fluorescent stimulated
emission depletion microscopy (STED). It was achieved a real optical lateral
resolution of~30 nm and single-molecule microscopy capable of revealing intra-
cellular details of tens of nm using the super localization of fluorescent marker
molecules?>>1>7, Several other techniques, as well as STED, in the field of SR optical
techniques are based on the use of fluorescent molecules. , such as stochastic
optical reconstruction microscopy (STORM)*8160 nhotoactivation localization
microscopy (PALM), reversible saturated optical fluorescence transitions

(RESOLFT)*®2, and structured illumination microscopy (SIM)163.164,
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Figure 2.3 | (a) Conventional confocal microscopy compared with Stimulated
Emission Depletion (STED) nanoscopy. It uses (in addition to a fluorescence excitation
laser) a second, ring-shaped laser to quench fluorescence. (b) Schematic configuration
of STED system. (Image from http://zeiss-campus.magnet.fsu.edu).

2.2.1 Stimulated Emission Depletion Microscopy (STED)

Stimulated emission depletion (STED) fundamentally overcome the far-
field diffraction limit in fluorescence microscopy. The underlying idea is to switch
the marker molecules in a controlled way between a bright (fluorescent) state and
a dark state'®. The switching is performed by utilizing the process of stimulated
emission. As shown in figure 2.3, compared with a conventional confocal microscope,
it uses, in addition to a fluorescence excitation laser, a second, ring-shaped laser
to quench fluorescence. In particular, in order to switch off the ability of the
markers to fluoresce, a second beam of light inducing the stimulated emission,
called STED beam, is overlaid to the focal spot of the excitation laser. The depletion
laser is spatially shaped into an optical vortex beam, commonly referred to as a
doughnut beam such that it has an intensity minimum at its centre (coaligned with
the maximum of the excitation laser). This confines fluorescence emission to the
centre of the focal spot and reduces the size of the effective focal spot from which

fluorescence can be emitted. The technique is derived from the Confocal basic
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principle thereby the coaligned depletion and excitation beams are scanned across
the samplel®>,

A complete depletion from the periphery of focal volume can be ensured
by increasing the number of events, which is simply done by increasing the
depletion laser intensity in this doughnut-shaped depletion focus and thence
gaining a higher resolution. The use of the STED on biological material sets limits
on the depletion laser intensity since the sample can easily undergo to photo-
damages?®®. Besides, the power of the STED depletion laser source is limited
through a photobleaching effect, i.e. an irreversible chemical degradation of a
fluorophore into a non-fluorescent species, when the intensity is too high. The
phenomenon occurs from excited states where molecules have more energy and
a greater probability of reacting with their surroundings, becoming non-
fluorescent (photobleached). In this regard, it is necessary to find the right balance
between lost of information and lost of resolution67:168,

Since the first work describing STED microscopy as super-resolution
method in 1994 by Hell et al. and its demonstration in 2002 a range of STED
methods have been developed based around this principle!®. In general, these
techniques differ in the type of laser used for depletion, pulsed or continuous
wave (CW), and the depletion intensity required for a given resolution. The STED
pulses beam, despite the highest efficiency with the lower average power, require
synchronization with their excitation counterparts. The apparent need for
sophisticated pulse preparation hampered the wider use of this technique!’°. In
order to greatly simplifies the system, STED microscopy has been implemented
with CW lasers, making the use of pulses obsolete in many cases. Among the
greatest challenges for implementing microscopy is choosing suitable fluorescent
probes due to the potential involvement of fluorescent dark states in
photobleaching. In short, the fluorophores trapped in the triplet state must be
able to relax to the ground state before the depletion beam moves to the next
spatial location. It has been suggested that STED with CW lasers can be further
improved by using time-gated detection which rejects lower resolution early
emitted photons?’*. Viable for fluorophores with low triplet yield, the use of time-

gated modes coupled with CW light sources (gCW-STED) greatly simplifies the
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implementation of this concept of far-field fluorescence nanoscopy, opening the

way for a versatile tool for biological nanometer scale investigation'®,
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Figure 2.4 | (a) Schematic representation of a Scanning Probe Microscope. b)
Different acquisition modes, with (constant signal) or without (constant height) Z-
feedback loop.

2.3 Scanning Probe Microscope — the blind

microscope

The history of SPM starts in 1981 with the invention of the first member of
the family, the scanning tunnelling microscope (STM) by Gerd Binnig and Heinrich
Rohrer, that led to winning the Nobel Prize in 198672, The revolutionary
microscope was capable of displaying the topography of surfaces down to atomic
resolution. The invention constituted a major breakthrough in the field of physics.
SPM techniques are based on the interaction between the sample and a sharp
probe, which is scanned over its surface following a raster path. SPM scanners are
made of piezoelectric ceramic materials, which can experience a mechanical
deformation if an electric potential is applied, allowing the very accurate
displacement of the tip. The most commonly used SPM scanners are piezoelectric
tubes capable of controlling probe movements in X, Y, and Z at the same time.

However, in recent years the use of flexure scanners, based on piezoelectric stack
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actuators, is generally preferred, since they allow a complete decoupling of
motions in different directions, avoiding the intrinsic non-linearity of piezoelectric
tubes.

During imaging acquisition, the interaction between the sample and the
probe generates a signal at each scanned point (cantilever deflection, cantilever
amplitude/frequency of oscillation). Such signal depends on the distance between
the probe and the sample allowing the reconstruction of surface topography. SPM
system can work in either in constant-height mode or constant-signal mode
(Figure 2.4). In the first, the vertical position of the probe is kept constant, and the
relative probe-sample distance is directly derived from signal measurement.
Whereas, in constant-signal mode a Z-feedback loop controls probe vertical
position in order to obtain a specific signal value; the topography is then
reconstructed considering the vertical displacement of the piezo. The constant-
height mode is faster and extremely sensitive. On the other hand, due to the
uncontrolled probe-sample distance, the probe can heavily damage the sample.
Constant height mode can be used only on flat samples and for small scan areas.

In scanning tunneling microscopy (STM) measurements, a bias voltage is
applied between a conductive or semi-conductive sample and STM probe, which
consists in a sharp, conductive tip. When the tip gets close enough to the sample
(typically 10 A far), electrons start tunneling through the gap. The tunneling
current detecting result extremely precise and depend exponentially on tip-
sample distance, allowing imaging of conductive or semi-conductive flat surfaces

with an atomic resolution.

2.3.1 Atomic Force Microscopy (AFM)

The AFM is considered the most successful member of the SPM family.
Since the origin in 1986173, It has been demonstrated to be a powerful tool for
imaging biological samples in physiological-like conditions, resolving single
molecules and without any label or sample treatments. The significant advantage

of AFM, concerning STM technique, is that it also works on insulating samples.
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Furthermore, it operates in a large number of working conditions, including air,

vacuum, and liquid.
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Figure 2.5 | (a) Lennard-Jones potential (red curve), describes interactions
between atoms depending on their distance d. It results from the sum of two
contributions, related to attractive and repulsive interactions (Image from
http://www.uni-leipzig.de). (b) Simplified scheme of AFM photodetection system
(optical path elements are not shown). Cantilever deflection results in a shift in laser
spot position on PSPD. AFM main signal (vertical deflection) is calculated from (A+B)-
(C+D), while frictional torsion (lateral deflection) is (A+C)-(B+D).

Working principles

Its working principle is based on the interatomic forces between the probe,
generally a sharp tip attached to a suspended cantilever, and the sample. The
probe consists of a sharp tip, with a typical radius of curvature (ROC) of 10—-30 nm
that is attached to the free end of a micro-machined cantilever. The probe
cantilever is brought very close to the sample, enabling the tip atoms to interact
with the atoms of the sample. These interaction forces deflect the cantilever and
the changes in either the static deflection or its dynamic properties are measured
to extract the image'’4. The AFM tip perceives two different force regimes. These
forces, described by Lennard-Jones potential (Figure 2.5a) are characterized by a
long-range attractive regime, that include the van der Waals, magnetic and
electrostatic forces with an interaction range up to 100 nm, and by a short-range
repulsive regime, due to the overlapping of electron clouds and to the repulsion
between atomic nuclei.

However, the force exerted by the sample on tip induces a bending on a
cantilever. The most employed approach for quantifying cantilever deflection is

the one based on optical lever principle!’>. In this detection system (Figure 2.5b),
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a laser beam is focused on cantilever surface, which is coated with a reflective
material. The laser spot is reflected on a position-sensitive photodetector (PSPD),
which generates a proportional voltage signal. In the absence of interaction, laser
reflection is centered on the PSPD. Cantilever bending causes a shift in laser spot
position on PSPD, which is proportional to cantilever deflection. Four segments
compose PSPD used in AFM, allowing the detection of both vertical and lateral
deflection?’®,

The cantilever probe is basically a force transducer. It senses the
interaction between the tip and the sample and transforms it into a measurable
bending of the cantilever. The force is obtained by applying Hooke’s law: F = -kd,
where F is the force exerted by the sample on the tip (and vice-versa), and d
represents the vertical deflection. The elastic constant k depends on cantilever
geometry: short, thick cantilevers present high k values, while long, thin
cantilevers are softer. Reference k values are generally reported for commercial
probes, but, if we are interested in knowing exactly the applied force, it is
advisable to calibrate each cantilever before measuring. This can be done, for
instance, using the thermal noise method'”’. After calibration, force can be easily

derived from the measured deflection.
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Figure 2.6 | AFM imaging modes (modified from %9°),

AFM Imaging mode

AFM probe can sense objects operating in different modes, depending on
the type of sample and on the nature of tip-surface interactions. The main

operating modes are indicated as contact mode (static method), intermittent
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contact mode, non-contact mode, and force modulation mode (dynamic
methods), which exploit different interaction force regimes (Figure 2.6). As
previously discussed, the most frequently used configuration is constant-signal
mode in which Z-feedback loop is active and works to keep a measured variable
constant, matching it with a chosen setpoint value.

Contact imaging mode operates in repulsive regime where the tip is
pushing on the sample and positive force values are measured. Before starting, a
force setpoint is chosen, generally low, in order to reduce the interaction with the
sample. A feedback control system, during the scan, compares the measured force
with the setpoint, driving the piezo in order to maintain the force constant.
Contact mode provides the highest resolution and highest stability in AFM
imaging.

In intermittent contact mode the tip oscillates near the surface with a
frequency close to the resonance of the system. The amplitude of oscillation of
the cantilever is the feedback parameter that is maintained constant during the
scan, i.e. the more the tip gets close to the sample, the more the free oscillation
amplitude is reduced. Intermittent contact involves both repulsive and attractive
regime. Since the tip detect the sample in the lower part of the oscillation
(repulsive contact force), the interaction with the sample is extremely reduced
with respect to contact mode, as well as the lateral force exerted during scanning.
Therefore, intermittent contact should be preferred in case of soft, delicate
samples, such as the biological ones.

Other kind of information can be indirectly derived from these main
acquisition methods: in contact mode, for instance, lateral deflection describes
the friction between tip and sample’®, while in intermittent contact different
materials can be distinguished from the phase shift, which they induce between
the driving signal and the detected one. These secondary imaging modes
represent a valid tool for investigating the properties of different sample

components!7%180,

Force spectroscopy technique and related methods

The AFM tool is able to obtain other valuable information on sample

properties in addition at the capability to perform high-resolution images, even
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simultaneously. The cantilever, in fact, can be moved along vertical direction on a
fixed X-Y position. Starting from a distance far from the sample where the tip-
sample interaction is null, the cantilever is approached toward the sample until
contact occur and a certain deflection (setpoint) is reached. At this stage, the
cantilever is retracted and brought back to the starting situation. The force acting
on the tip is measured and plotted against piezo displacement, generating a force-
distance curve®®! (Figure 2.7). There are a huge number of applications of force
spectroscopy, from nano-mechanical investigations of elastic properties to protein
unfolding and studies of single chemical bonds. In the last years, a large number

of application are related to biological field8%183,
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Figure 2.7 | Schematic representation of a force vs distance curve.

The designed method ‘Force Volume’ concern the acquisition of Force-
distance curves on different X-Y position of the sample, possibly regularly spaced
in a grid, and also in Z position, collecting the data points in a tridimensional space.
The topography of the corresponding area can be obtained as well as in a
conventional contact-imaging mode. Height information can be derived for each
X-Y point, during the movement performed by the piezo to reach the maximum
force setpoint. Furthermore, the information extracted from force-distance
curves, representing local physical properties of the sample, can be remapped
with a direct reference to the topography. This process can be done automatically

during real-time measurement, but in most of the cases it requires a post-
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processing. The main drawback of conventional Force Volume is that curve
acquisition is extremely time-consuming. Different techniques have been
developed to obtain high-speed force volume, including Bruker Peak Force and JPK
Quantitative Imaging (Ql) mode. In QI mode, the X-Y position is maintained
constant during each FD curve acquisition allowing the lateral movements of the
tip to be carried out without any interaction between the tip and the sample. This
feature can be exploited to image the sample avoiding dragging artefacts, in which

the force setpoint is maintain as low as possible, to avoid sample deformation?84,

Table 2.1 | Comparison of high-resolution imaging techniques in molecular and
cell biology. Data from ref. 18,

Technique . . Super-resolution Trasmission electron Scanning electron
Atomic Force microscopy = . . .
[feature microscopy (STED, STORM) microscopy microscopy
Resolution | <1nm 20-50 nm 0.2-10 nm 2-10 nm
Sample Sample on support; . Sample on grid;
. . . Fluorescence labelling; . . . .
preparation |physiological (buffer . . dehydrated (negative Freeze/critical point drying
. physiological (buffer . g .
and solution, temperature, stain); vitrified (cryo- and metal shadwing

solution, temperature, CO2)

environment | CO) electron microscopy)

Dehydration, ice crystal Dehydration, metal

Artefacts Tip, force, scanning Bleaching, toxicity oo, bemearae | dEdenils, e deme

Imaging under native .
. . . . Solve atomic structures of
conditions; no staining, Access to three-dimensional

labelling or fixation cellular structure; high
Advantages | necessary; high signal-to- |spatiotemporal resolution;

proteins; conformational |Imaging surfaces of
snapshots of proteins and tissues, cells and

. ) o ) complexes; molecular- interfaces at nanometre-
noise ratio; assessment of 'monitoring biomolecular K .
. . . e resolution structures scale resolution
multiple physical, chemical | processes in life cells .
. . within the cell
and biological parameters
S . Imaging restricted to . .
Limitations | Restricted to surfaces Eing No life processes No life processes

fluorescence labels

2.4 Correlative Nanoscopy

Correlative nanoscopy is a new term coined from microscopy methods
which correlate two or more different techniques that can visualize and study
nanometer-scale details of the sample!®. Despite the improvement obtained in
the field of microscopy, every single technology entails some intrinsic limitations.
Table 2.1 describe advantages and limitations of high-resolution imaging
techniques'®. The aforementioned AFM technique, for instance, because its
ability to work in liquid, controlled conditions (temperature, pH, ionic strength,

etc.), and label-free has been considered a preferred method to characterized
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biological structure. On the other hand, in spite of this wide range of
demonstrated abilities, this technique alone does not allow the specific
identification of individual elements of a heterogeneous sample. This limitation
could be restrictive in some molecular environments, such as multi-proteins
aggregation or biomembrane .

Fluorescent microscopy is a very popular tool expecially in biological
science due to its ability to noninvasively image in all-spatial dimension. Attaching
fluorophores to the molecule of interest with antibody, direct covalent labelling
or genetic modification is highly specific, enabling sensitive measurement with low
background. The use of fluorescent molecules is a key procedure, because,
properly labeled, produce the main signal at the basis of the image formation
process. Actually, an affordable technique to control (visualize) the fluorophore
distribution within the sample, as well as the rise of unpredictable anomalous
processes induced by the fluorophore, and that occur locally on a submicron scale,
is missing. Several attempts to overcome this limitation were made in the past
decades. Moreover, because of the high complexity of biological system a single
type of technique is often not enough to obtain an exhaustive characterization of
the sample itself. For this reason, the coupling of high-resolution systems could
unravel mechanisms that are still open. The study proposed in this thesis was
carried on through the use of a technique that combined STED microscopy and

AFM.

2.4.1 AFM/STED techniques

AFM can be complemented by optical microscopy in many ways. This can
include using the faster imaging speed of an optical microscope to quickly screen
a sample and select regions of interest for high resolution AFM imaging*’-188 or
combining chemical identification — from fluorescent labelling of the sample — with
high resolution AFM imaging to correlate structure with chemical species'®. In
particular, AFM has been correlated with confocal microscopy imaging of the actin
cytoskeleton however, due to the limited optical resolution, actin filaments in
dense structures could not be observed'®’. Therefore, it has been necessary
integrate an optical microscope with a lateral resolution as close as possible to

that achieved by scanning probe techniques. In the last years, applications of SR
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techniques integrated with AFM have been reported on vitro cells'®>1>°, opening

the way to new modalities, e.g. nanomanipulation®%1%2,
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Figure 2.8 | AFM/STED Schematic representation. The confocal and STED
images are acquired in reflection, while the AFM probe is reaching the sample from

above, providing a 3D topographical view at high resolution.

In Figure 2.8 a schematic representation of a combined AFM/STED

microscope is shown. The setup and the calibration system will be described in

detail in Chapter 3.



Chapter 3
AFM/STED correlative on proteins
aggregation

This chapter provides a description of the methodology used during my
PhD. The main objective was to obtain new insights on the aggregation process
followed by a mixture of fluorescently labeled and unlabeled. For this purpose, it
has been proposed a new approach in the study of misfolded protein aggregation,
based on the use of a combined system that couple the capability of an AFM, a
primary technique in the study of amyloid aggregation in vitro, with that of a
stimulated emission depletion (STED) microscope. In particular, amyloid
aggregates derived from insulin and two different alloforms of B-amyloid peptides,
ABi1.12, and AB1-40 Were investigated.

The aggregation process of the peptides was also followed by standard
methods (ThT fluorescence, dynamic light scattering and AFM). These techniques
were presented in the first part of the Materials and Methods, together with the
labeling methods employed. Experimental details of AFM/STED correlative

nanoscopy are described in sections 3.9.

Materials and Methods

3.1 - Insulin labeling

Bovine insulin was purchased from Sigma-Aldrich (St Louis, MO, USA) and
used without further purification. The protein was labeled with fluorescent dyes,
ATTO 488 NHS ester (Sigma-Aldrich, St Louis, MO, USA). NHS-esters readily react
with amino groups of proteins, i.e., the e-amino groups of lysine or the amino-
terminus, forming a chemically stable amide bond. In step 1 of figure 3.1, the

potential binding sites on the monomeric insulin structure are shown.
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Labeling was done in a solution of sodium bicarbonate 100 mM at pH 8.3,
and mixing monomeric insulin at a final concentration of 2 mg/ml (0.35 mM), with
1 mM ATTO 488, previously diluted in dimethylsulfoxide (DMSQO) (Thermofisher,
Waltham, MA, USA).
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bovine insulin " Asus

-
B ‘ Ty I
- Menchmmae [\ J\ /> «/W\[A
=
I.fu‘n]‘ Detector
D
B chain
Step4 Step 5
A488-insulin \[_ insulin
=X :
@ CaPs., cCReY Be® 1:19

e

— ~“~. 1:99
—~ G080 .. 09e0e.. 0P 1499

+

r:;;

Figure 3.1 | Schematic representation of Insulin Labeling procedure. In Step 1
labeling of insulin. The following step are: Step 2, purification; step 3, quantification; step
4, final solution of labeled and unlabeled insulin in three dye-to-protein ratio; step 5,
fibrillation process.

After 1 hour under stirring, the proteins were separated from the excess of
free dye via filtration with Amicon Ultra, centrifugal filters (MWCO 3K, Merck
Millipore, Milan, ltaly) (Figure 3.1 — step 2). Immediately after filtration the
concentration of the labeled proteins was determined spectrophotometrically
(E280nm 5840 Micm™) (Cary spectrophotometer, Agilent, Technologies, Santa
Clara, CA, USA) (Figure 3.1 — step 3) and adjusted at 1 mg/ml. The unlabeled insulin
monomers were added in HCl solution, pH 2, to a final dye-to-proteins ratio (i.e.,

labeled: unlabeled insulin) of 1:19, 1:99 and 1:499 (Figure 3.1 — step 4).

3.2 — Labeled and unlabeled Insulin fibrillogenesis

The fibrillation solution consists of pH 2 Hydrochloric acid (HCl) 37%
(Sigma-Aldrich, St Louis, MO, USA) diluted in deionized water. Insulin is dimeric
under this condition%1%3 (Figure 3.2). Lyophilized insulin peptide was dissolved,

at the final concentration of 1 mg/ml (0.2 mM), in HCl solution.
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The aggregation was performed on unlabeled insulin or mixed solution
at different dye-to-protein ratio (i.e., number of labeled:unlabeled insulin
monomers) 1:19, 1:99 and 1:499.

Fibrillation of labeled (described in section 3.1) and unlabeled insulin
peptides took place at 60°C in glass vials, without agitation®®. AFM was used to
verify the fibrillation process in the presence and without fluorescent molecules.

The aggregation process was followed for at least 2 weeks. Immediately
after the incubation time, the protein samples were diluted 100 times with water
and applied onto freshly cleaved muscovite mica for AFM control measurements
and on microscope coverslip for AFM/STED images. The dilution of the samples
with water immediately quenches the aggregation process. Moreover, for dry
condition measurement, deposition on the mica surface is followed by a gently
drying procedure by means of a low nitrogen flow to obtain water evaporation,
which eventually prevents further aggregation. Successively, AFM images have

been taken for each sample.

Figure 3.2 | Molecular structure of dimeric insulin at pH 2.0. (a) Ribbon structure
showing the secondary structural motifs, and (b) space filled representation of the same
dimer. The length and diameter of the cylinder was estimated to be 42 and 22 A,
respectively®®. (Image from ref. 13)

3.3 — Fibrillogenesis of unlabeled and labeled AR;.
42 and AB1.40

Lyophilized synthetic human AB1.42/AB140 (Bachem, Bubendorf,
Switzerland) were dissolved in 100% hexafluoroisopropanol (HFIP) solution

(1mg/ml), aliquoted and then stored at -20°C. The storing buffer HFIP is used to
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avoid aggregates formation before starting the incubation. Beside solvent
evaporation, fibrils were prepared by incubating the AB protein in 50 mM sodium
hydroxide.

Synthetic ABi-a2/AB1-a0-HilLyte Fluor 488 (HF488) (Anaspec, San Jose, CA,
USA) were dissolved in 1% Ammonium hydroxide solution (1mg/ml), aliquoted
and then stored at -20°C. Labelled peptides were used without further
purification. Fluorescently labeled amyloid fibrils were prepared by dissolving
unlabeled AP in saline phosphate buffer and adding HF488 labeled AP to give a
final dye-to-protein ratio 1:19, 1:99 and 1:499 at the 25 uM final protein
concentration.

Unlabeled and labeled protein solutions were sonicated for 5 min and
centrifuged for 10 min at 15000 rcf to separate possible aggregates. The pelleted
fractions were discarded, and the supernatant was incubated at 25°C for 1 day
without agitation'®. AFM and DLS were used to exclude the presence of pre-
aggregated peptides at the beginning of the fibrillation process. The samples were
deposited on the substrate (as previously described for insulin), rinsed with
deionized water to remove salts and dried under a mild nitrogen flow before

AFM/STED imaging.

3.4 — Immunolabeling analysis of AB1.4> peptide

Labeling of the fibrils was done by standard immunofluorescence staining.
AB1-22 was prepared as above described in 3.3 section and, a drop of solution after
1 day of aggregation in vitro was deposited on the microscope coverslip previously
cleaned and treated with 1M MgCl,. The fibrils were then slightly rinsed, and
incubated overnight with mouse monoclonal ABi-42 antibody (Abcam, Cambridge,
UK), diluted in 1% BSA (Bovine serum albumin). The primary monoclonal antibody
recognize specifically the amino-terminal residues 1-17 of human AB. The samples
were rinsed three times with 1% BSA and then incubated with Alexa Fluor 488
secondary antibody (Sigma-Aldrich, St Louis, MO, USA), diluted in 1% BSA for 2
hour, rinsed again with 1% BSA and PBS.
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3.5 - Thioflavin T assay

ThT were purchased from Abcam (Cambridge, UK). The stock solutions
were prepared by dissolving ~30 mg dry powder in 1 ml water. The solution was
filtered through 0.22 um syringe filters and stored protected from light at 4°C for
less than 2 weeks. ThT solution was diluted at different concentration for each
proteins. The final concentration of 100 uM with 50uM of insulin protein, while
ThT at 50 uM with 25uM of AB has been used. A twofold molar excess of ThT is
used to ensure saturation of the binding sites. The fluorescence was measured
using FluoroMax-4 spectrofluorometer (Horiba Jobin Yvon Inc.) using an excitation
of 450 nm*2, The time evolution of emission maximum which is taken in account
as fluorescence intensity measure observed was in the insulin-bound ThT at 490

nm, while in AB-ThT at 488 nm.
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Figure 3.3 | (a) JPK Nanowizard Ill with Zeiss inverted optical microscope. (b)
Motorized stage with sample holder. (c) Cantilever holder. (d) Description of JPK
Nanowizard Ill. Images modified from: http://www.jpk.com.

3.6 - Light scattering.

Dynamic light scattering (DLS) measurements were performed with a

Malvern instrument Zeta Sizer NanoZS system (Malvern Instruments Ltd.,
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Worcestershire, UK) at a protein concentration of 0.05 mg/ml ABi-22 and ABi-40
was dissolved in water, after pretreatment 100% hexafluoroisopropanol and
centrifugation for seed removal. The measurements were done immediately after

10 min centrifugation at 15000 rcf.

Figure 3.4 | AFM cantilever. (a) Rectangular silicon cantilever for intermittent
contact imaging in air. (b) Silicon tip of cantilever in a. (c) Triangular silicon nitride
cantilevers for imaging in liquid. (d) Silicon nitride tip of cantilever in c.

3.7 - Atomic Force Microscopy measurements

AFM control measurements were performed by using a Nanowizard Ill (JPK
Instruments, Berlin, Germany) mounted on an Axio Observer D1 (Carl Zeiss,
Oberkochen, Germany) inverted optical microscope (Figure 3.3). Following a well-
established methodology'?%19>1% 3 drop of the sample solution (20 pl) was
deposited on cut muscovite mica mounted on glass slides. The samples were
adsorbed, rinsed with deionized water to remove salts and dried under a mild
nitrogen flow before AFM imaging.

Images have been acquired in both air and liquid in intermittent contact
mode, using rectangular silicon cantilevers (TESPA, Bruker, MA, USA) with nominal
spring constant 42 N/m, resonance frequency 320 kHz, and a tip with curvature
radius 8 nm, for imaging in air (Figure 3.4 a, b), and triangular silicon nitride
cantilevers (DNP, Bruker, MA, USA) with nominal elastic constant of 0.24 N/m,
resonance frequency of 64 kHz, and a tip with a typical curvature radius of 20-60
nm, for imaging in liquid (Figure 3.4 ¢, d). All images were acquired as 512 x 512

pixels images with a scan rate between 0.6 and 1.0 Hz.
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Figure 3.5 | Correlative AFM/STED setup (a). NanoWizard Il AFM stage and head
in the inset. (b) Images of the same area can be acquired in different modes. The
excitation and depletion lasers arrive from below (inverted optical microscope). The
confocal and STED images are acquired in fluorescence, while the AFM probe is reaching
the sample from above, providing a 3D topographical view at high resolution.

3.8 - Stimulated Emission Depletion Microscope

Commercial Leica STED continuous wave gated microscope (Leica TCS SP5
gated STED-CW, Leica instrument) has been used. STED Images have been
collected by a Hybrid detector in the spectral range 470-520 nm'’%1%7, We have
used an HCX PL APO CS 100x 1.4NA oil objective (Leica Microsystems, Mannheim,
Germany) and a scan speed of 1000 Hz for 1024 pixel per line with a 32-line
average and a time-gated detection of 1.2 ns. The selected dye was ATTO 488 for
insulin and HiLyte Fluor 488 for AR measurements, which are suitable for 488 nm

excitation and 592 nm depletion wavelengths.

3.9 - Correlative AFM/STED

A NanoWizard Il AFM head (JPK , JPK Instruments, Berlin, Germany) was
mounted on a commercial Leica STED-gCW microscope, described above (Figure
3.5a). The optical microscope stage was exchanged with an AFM compatible stage

(JPK Instruments, Berlin, Germany) (Figure 3.5a inset), which features minimum
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mechanical coupling of noise to the AFM cantilever. This procedure is made simple
by the availability of suitable mountings for microscope commercial models. The
overlay between AFM and STED images (Figure 3.6) was performed by using the

Direct Overlay software (JPK Instruments, Berlin, Germany).

Mial a

Opticalimage AFMimage Corrected

= 0| a

Figure 3.6 | Direct overlay procedure. Panel a shows the total overlay
procedure. In the first row of this panel, we show a cartoon of the collected optical
image with inherent aberrations, AFM and the corrected image (Image modified from
ref. 1), Second row depicts the direct overlay software, which calibrates the pictures
and makes a grid automatically. The panel b shows the reflection images made on a 30
pm x 30 um of optical field of view by moving the tip in 25 um x25 um regions in order
to calibrate this area using 9 points as shown.

Direct overlay requires an image calibration file created for an objective
and field-of-view from an image sequence of AFM movements. In detail, this
overlay image is a grid of at least 9 points which nonlinearly shifts, rotates and
stretches the optical image to correct for all possible optical aberrations. The AFM
software makes this grid from sequential reflection images of the tip’s actual
movement in specific piezo positions with a finite pixilation and scan size. The grid
has been done for a 30 um x 30 um, shown in Figure 3.6b and the AFM software
visualizes the respective overlay of AFM images on 25 um x 25 um inside this
calibrated area.

The correlative images and the level of co-localization between AFM and
optical images is calculated by using the colocalization function of Imagel
(Bethesda, USA)'®81%% and deriving the ratio of colocalization. An example is shown
in Figure 3.7. In particular, the Colocalization Threshold plugin was employed. The
threshold was automatically determined by the software, by using the Costes

autothreshold method?2%°.
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All the correlative images of insulin samples were acquired in liquid

working in tapping mode. The AFM/STED images on AB samples were performed

in air.

Figure 3.7 | Insulin fibril 1:19 dye-to-protein ratio. AFM (a), Confocal (b) and
STED (c) were analysed by using the Colocalization function by ImageJ (NIH, Bethesda,
MD, USA). The ratio of colocalization is the ratio between the number of colocalized

pixels (white pixels in d and e) and the total number of pixel that composed the fibrils in
the AFM images.

62



Chapter 4
Characterization of misfolded protein
aggregates by AFM/STED correlative

microscopy

4.1 Amyloid fibrils from Insulin

In this study, as it was already said, bovine insulin has been chosen since
the structure of insulin fibrils is well known, as well as the number of monomers
that are present in a unit length of an insulin fibril3°,

Aggregation kinetic was monitored by means ThT assay, to support AFM
data. Numerous studies have been performed to investigate the physico-chemical
and spectroscopic properties of ThT upon binding and it’s the binding
mechanism?°%, Nielson et al. reported that ThT did not affect the kinetics of insulin
fibril formation at 60°C'?%, but other study suggest ‘increasing the ThT
concentration results in a slightly slower fibrillation process’?%2. Xue et al.
compared B2-microglobulin fibrillation in the presence and absence of ThT and
concluded that ThT has no significant effects on B2-microglobulin aggregation?3,
Regarding APi-a0 aggregation experiments, D’Amico et al. suggest that ThT
promotes APBi40 aggregation?®. All these studies reported above and others,
showing as the changing, in the presence of ThT molecules, during the amyloid
formation process are concentration-dependent and different for protein
species*,

The AFM is considered a primary technique in the study of amyloid fibrils
and aggregates in vitro, taking advantages of label-free ability, and it has been
extensively utilized in the last decade!®>204-206, The greatest achievement of the
AFM is the possibility to study proteins in different environments and enabling the
visualization of dynamic events like the nucleation and fibril formation and
aggregation. The AFM can take images in solution at distinct time points as well as
generating time-lapse images about the initial steps of amyloid formation like seed

formation and about growing fibrils and about the development of matured
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aggregates. With this technique is possible to study the rates of fibrillogenesis, as
well as mapping the progression of variations in morphologies and the
development of structural hierarchy. Furthermore, events can be studied under
conditions close to the native physiological state?®’.

In the last decade a new class of far-field microscopy, SR optical
microscopy, described in chapter 2, gave new impetus to the investigation of
nanometric structure, e.g. amyloid aggregates®*298-210. . SR techniques are
fluorescence microscopy modes, based on the use of fluorescent molecules. Ideal
molecular dyes must provide high specificity, brightness, and stability. While the
two former properties are mostly related to the molecular structure of the
fluorochrome itself, the specificity depends on the method used to recognize and
bind a particular molecular target?!l. Furthermore, the influence of the
fluorescent dye on the biological processes under investigation should be minimal.
In particular, covalent fluorescent labeling is a procedure commonly applied in
vitro?!2. The fluorophores employed for covalent labeling are small molecules
(<1kDa) and are widely used in the study of dynamic processes of inter-molecular
interaction. In spite of this, previous reports highlighted that covalent linkage of
fluorophores can affect the visualization, dynamics and/or biological properties of
molecular system?3-215, However, it is not trivial to have a direct and unambiguous
assessment of the efficiency and homogeneity of the labeling, as well as on the
influence that the fluorescent tag has on the molecular activity.

The work described here as well as the one illustrated in the next chapter
is addressed on the correlation of SR fluorescence microscopy and label-free AFM
as a means to study the aggregation process of a non-pathological protein, insulin
from the bovine pancreas covalently labeled with NHS-dye fluorophore. These
results demonstrate that the integration of AFM with super resolution
fluorescence microscopy can be used to validate the results deriving from
fluorescence microscopy, but also to highlight important features on molecular

processes.
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4.1.1 — Insulin fibrillation Kinetics

Variations of ThT fluorescence signal over time from insulin solution
containing ThT at 100 Mm concentration were measured, displaying a sigmoidal
behaviour which is typical of amyloid aggregation kinetics for insulin samples in
analogous conditions (Figure 4.1). The twofold molar excess of ThT is used to

ensure saturation of the binding sites.
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Figure 4.1 | Thioflavin t kinetic. Time course aggregation of a 50 uM solution of
insulin at 60 °C, monitored by ThT fluorescence increase (ThT 100 uM). Emission
wavelength: range 470-540 nm; excitation wavelength: 450 nm; slit width: 1nm.
Aliquots of 50 L of solution were taken away at different time processes. The points
indicate the aliquots extracted in time and the corresponding ThT normalized value.

ThT data show the three main steps occurring in the fibrillation process. As
it is evident, lag phase lasts for about four days followed by an elongation phase
that reaches the plateau in eight days.

Aliquots of insulin-HClI solution were taken at different times to be
investigated by AFM, and stored at 4 °C in order to slow down the aggregation
process. Concentration and temperature are the two parameters that influence
the rate of fibrillation. Five aliquots were extracted during the lag-phase, lasted

four days, in which prefibrillar aggregates and few small protofibrils are formed.
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The other two aliquots correspond, respectively, to the elongation phase, in which
protofibrils grow, and to the final plateau, characterized by the presence of
mature fibrils. Repeatability of the sigmoidal behaviour has been verified by

conducting a triplicate monitoring of the aggregation process.

Figure 4.2 | AFM images of unlabeled insulin aggregated species sampled at
different instant of kinetic and desiccated on mica. a: t=0; b: t=3 days; c: 4 days; d: t=6
days; e: t= 12 days; f: t= 14 days . Scale bars a-f: 2 um. Z-range 7 nm (a, b, ¢), 15nm (d, e,
f).

4.1.2 — AFM characterization of /label-free Insulin

aggregates

AFM was used as a consolidated technique to follow the aggregation of
insulin and to characterize the morphology of the fibrils. Insulin solution was
diluted 100 times with deionized water, 20 pl aliquots were deposited on freshly
cleaved mica substrate for AFM measurement. As reported in the sample
preparation section the dilution of the samples with water immediately quenches
the aggregation process, and the dry conditions prevents further unspecific
aggregation. The corresponding topographies are shown in Figure 4.2. At the
beginning of the lag-phase (time 0 — Figure 4.2 a) only small species are present,

sizing few tens nanometers with a thickness (height) of less than 1 nm. As
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aggregation goes on (time 3 days — Figure 4.2 b), |larger globular aggregates and
few protofibrils form, characterized by a lateral size ranging from 20 to 80 nm and
a thickness of few nanometers. The elongation start in 4 days of incubation (Figure
4.2 c), a few small fibrils are present, with a length ranging from 500 nm to 2 um
and around 5 nm in thickness. In this part of fibrillation, short fibrils replaced

prefibrillar aggregates.
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Figure 4.3 | AFM image of mature insulin fibrils. (a) Overview of preformed
insulin in water diluted 100 times (scale bar: 500 nm). (b) Details of structure (scale bar:
200 nm) and (c) relative profile. Z-range: 15 nm.

The amount of fibrils increase during the elongation step (Figure 4.2 d, e).
Mature fibrils appear in the last part of the kinetics (Figure 4.2 f). The process
reaches equilibrium when most soluble proteins are converted into fibrils, in terms
of ThT-kinetic is referred to the last part of the elongation phase. The AFM images
show mature fibrils with a length of several microns and a relatively small
diameter. In the lateral dimension, the fibrils show a variable size, ranging from 30
to 80 nm. Unlabeled fibrils have a height of 5.6+1.7 nm. AFM images support
morphologically the general properties of amyloid insulin structure. In Figure 4.3,
an investigation at a larger resolution of mature fibrils to highlight characteristic

features slightly evident in fig. 4.2 e and f.
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In Figure 4.3a is clearly noticeable some characteristic traits of the mature
amyloid fibrils, i.e. the tendencies to bend, twist, and agglomerate. Moreover, in

Figure 4.3b is visible the classical helix structure: parallel tubular fibers, twisted

ribbon like structures®®.

Figure 4.4 | ATTO 488-Insulin 1:19 dye to protein ratio aggregated by AFM. The
images sampled at different instant of kinetic: (a) 0 day, (b) 6days, (c) 12days (d) 14days.
Scale bar: 2 um. Z-range: 7 nm (a, b), 15nm (c, d).

4.1.3 - AFM characterization of ATTO 488-Insulin
aggregates

ATTO 488 with NHS-esters, for coupling to primary amines on the proteins,

has been used. Monomeric bovine Insulin present three possible -NHS binding site
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exposed from the structure, two of which concern the strands N-terminus and one
from a Lysine group on the B-chain.

The hydrophilic nature of ATTO labels minimizes the risk of interference
with the protein polymer self-assembly?®. Labelling was done preferentially at the
N- terminus by means of a judicious choice of the reaction pH, using phosphate
buffer, as described in Methods section. Moreover, in order to have an optimal
labeling ratio for SR technique, the different ratio between the fractions of labeled
relative to unlabeled protein were used. Higher labeling density would
compromise resolution?!” and mainly might potentially lead to steric interferences

of the dye with the fibrils.

Figure 4.5 | Insulin aggregation in three dye to protein ratio. AFM images
performed after 10 days incubation in denaturing conditions. (a) 1:19, (b) 1:99, (c) 1:499.
Scale bar: 1 um. Z-range: 10 nm

Three dye to protein ratio (i.e., labeled:unlabeled insulin) were tested:
1:19, 1:99 and 1:499. AFM was used to characterize morphologically the formed
structure and to verify that the presence of the dye was not precluding then
formation of the fibrillary aggregates. Following the procedure described
previously, few microliter of 1:19 labelled insulin was imaged at 0, 6, 12, 14 days
of incubation time (Figure 4.4). A large number of long unlabelled insulin fibrils
(with a thickness of 5.6+1.7 nm) at time 6 days (as is shown in Figure 4.2d) are
displayed. However, AFM image of 1:19 labelled insulin sample at the same time
(Figure 4.4b) reveal the presence of larger globular aggregates and small
protofibrils. At the concentration considered, the kinetics of aggregation appear

slightly delayed by the presence of the fraction of labelled monomers.
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Fibrils have a variable length, and the thickness is slightly affected by the
presence of the dye. In Figure 4.5 are shown, in sequence, the morphologies of
the three different concentrations. In particular, the mean thickness are: 6.3+2.7
nm for 1:19 samples (Figure 4.6), 7.5£2.5 nm for 1:99 and 7.6£2.5 nm for 1:499. In
lateral dimension is possible to observe ranging from 50 to 100 nm. On the other
hand, the apparent lateral dimension of all AFM-imaged objects are
overestimated as a result of the influence of the geometry of the probe tip, with a
finite size, that is in the same order that a protein molecule?!®21°, The knowledge
of the approaches in both measurement and data analysis when using AFM
technique are essential for the correct interpretation of surface topographic

features.
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Figure 4.6 | AFM image of mature insulin fibrils labeled 1:19. (a) Overview of
preformed insulin in water diluted 100 times (scale bar: 1 um). (b) Details of structure
(scale bar: 200 nm) and (c) relative profile. (z-range: 10 nm).

A qualitative evaluation of fibrils shape

In this section, | intend to give a brief insight for the characterization of
protein aggregates structure via AFM. Concerning to handling details, one of the
most important factors to take into account is the AFM tip. In fact, tip geometry

can give overestimation the size of the sample, while it does not affect the height
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measurements. The major effects with regards to tip geometry are those leading
surface feature broadening as a result of tip curvature's radius being, in this
specific case, larger than the size of features. During the study of fibril morphology,
several factors contribute to define the apparent fibril size and shape. In particular,
the measured fibril width appears much larger than the real fibril size as a result

of, so-called, ‘tip-broadening’ effects (Figure 4.7).
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Figure 4.7 | The lateral broadening effect led by the tip size. (a) AFM image in dry
condition of insulin fibrils structure (Scale bar: 100 nm. Z-range: 10 nm). (b) The profile
cross-section indicate a height of 4 nm and a length of 30 nm. (c) Schematization of
broadening effect in AFM image due to tip size effect.

Here we roughly consider the fibrils structure as a cylinder, with a circular
cross-section, therefore the apparent width (W’) is related to the height (h)

according to the equation,

W' = Vv8Rh

,where R is the radius of curvature of the tip and h the measured
thickness??°, With the values of height above reported and considering the
nominal R of the tip employed in this work we found that insulin fibrils are

significantly flattened, likely due to the interaction and binding at the substrate.
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In particular, the mean value of W/W’, where W is the measured fibril
width, is 1.7+0.5 in 1:19 samples, 2.6+0.6 in 1:99, 2+1.1 in 1:499, and 1.5£0.4 in

label-free insulin.
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Figure 4.8 | Correlative technique on amyloid fibrils from bovine insulin in 1:19

dye-to-protein ratio. The STED and Confocal images are overlaid with AFM topography.
Scale bar: 1 pm.

4.1.4 - AFM/STED on Insulin aggregates

Correlative AFM/STED technique has been applied in the study of mature
fibrils, i.e., aggregates after 14 days of incubation in denaturating conditions.

In Figure 4.8 is shown an example of image obtained consecutively by
techniques on the same scan area, highlighting the difference between
conventional confocal microscopy (in green above) and STED microscopy (in green

below), and showing the overlap with AFM (red hot colour).
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The resolution of the STED microscopy image is significantly enhanced with
respect to the confocal microscopy image. The fibrillar aggregates at the three
different dye to protein ratio (called 1:19, 1:99, 1:499 in the following) were

imaged, following the procedure described in the Methods section.

Figure 4.9 | ATTO 488-Insulin fibrils 1:19 images. AFM (a, c), STED microscopy
(b, d) and the correlative images obtained by c and d (e). The ratio of co-localization in
this particular field of view is indicated by the histogram (inset e). Scale bars: (a, b) 5 um,
(c-e) 2 um. Z-range: (a, ¢) 5 nm.

SR fluorescence images acquired on the 1:19 sample (Figure 4.9 b, d) show
a significant presence of unlabeled fibrils, detectable only by using AFM (Figure
4.9 a, c). Only a fraction of the fibrillar aggregates is displayed in the optical image.
In particular, some long fibrils are completely missing (white arrow in figure 4.9),
indicating that the labeled monomers were not taking part in the formation of this
aggregates. In addition, a heterogeneous distribution of the dye-insulin molecules
led to the formation of two other species: aggregate entirely fluorescent
(continuous distribution of fluorophores) and aggregate not homogenous
fluorescent (discontinuous distribution of fluorophores).

Fibrils in which the distribution of the fluorophore is discontinuous (white
arrow in Figure 4.10) have a homogeneous thickness, supporting the idea of a
regular distribution of protofilaments along the fibrils and, roughly, a same

amount of monomers per unit length along the whole fibril.
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The ratio of co-localization between AFM and STED images is 0.25 for this
specific field of view. An analysis of 10 images acquire from samples derived from

3 different preparations indicates a value of correlation of 0.42+0.11.
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Figure 4.10 | Detail of insulin 1:19 fibrils in AFM (a), STED (b), Confocal (c). (d)
AFM profile comparison of the same fibril displayed a not continuous distribution of
fluorophore. Optical microscope scale bar 2 pm.

The same experiment was repeated on 1:99 (Figure 4.11 a-c) and 1:499
(Figure 4.11 d-f) samples - 3 preparations per each sample. As expected, the
correlation between the AFM and STED images decreases at lower dye to protein
ratio, and the ratio of colocalization is 0.29+0.07 (1:99, n=10) and 0.19+0.09
(1:499, n=10).

74



Figure 4.11 | Insulin fibrils obtained from 1:99 (a-c), and 1:499 (d-f) dye to
protein ratio. AFM images (a, d), STED microscopy images (b, e) and correlative images
obtained by the previous (c, f). Several fibrils are totally unlabeled. This result resembles
the one obtained at a dye to protein ratio of 1:19. The ratio of colocalization is shown
by the blue bar in the inset. Scale bar: 1 um. Z-range: (a, d) 10 nm.
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4.2 - Characterization of AR aggregation

Biophysical techniques can be used to study protein aggregation and give
information about, for instance, aggregation kinetics??1??2, These techniques
generally average over a large number of aggregating molecules and cannot be
used to read out the length or shape of individual fibrils. On the other hand, high-
resolution microscopy methods such as AFM and EM have been applied to
studying fibril growth with resolutions lower than 1 nm®%223224_ Moreover, SR
fluorescence microscopes were applied in the study of the molecular mechanism
associated with misfolded protein diseases. In particular, Direct-STORM technique
was used to investigate the aggregation of AP both in vitro and in situ, offering a
useful approach in the study of the morphological differences between the species
217 By using two-color dSTORM, the polarized elongation of AB1.4 fibrils was also
demonstrated??®. Immunolabeled tau filaments from brain sections were imaged
with a resolution of 77 nm by using STED microscopy®?. In a recent study, the
preferential localization of y-secretase in the presynaptic and postsynaptic
compartment has been characterized by STORM and STED microscopy?%®. In the
field of Parkinson’s disease, amyloid fibrils from a-synuclein were imaged with an
unprecedented resolution by using binding-activated localization microscopy
(BALM)??’, Two-color d-STORM has been employed to study the elongation of
preformed a-synuclein fibrils, providing new insights into the role of seeding in the
fibrillogenesis??8. Finally, the fibrillation of human lysozyme, involved in a fatal
form of hereditary systemic amyloidosis was characterized in details??°.

The molecular mechanism involved in cross-B structure proteins
aggregation into fibrillar structures is nowadays an open question. In-depth
analysis of the dynamics of these processes can lead to a better understanding of
the cause of these diseases and assist progress in the search for therapeutic
intervention?3°,

The workplan of this section is to use of the correlative technique AFM-
STED, to analyze the eventual affection induced by the presence of a fraction of
fluorescent AB molecules on the aggregation process. We used a largely employed

fluorescent AB and together well established protocols for protein aggregation3..
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4.2.1 — AP fibrillation Kinetics

AB1-42 and AB1-40 aggregation kinetics was investigated using ThT assay.
Dilution of ThT stock solution was done in PBS buffer at the final concentration of
50 uM and used with 25 uM of AB protein at 25°C.

The fluorescence was measured using an excitation of 450 nm and an
emission of 482 nm. Aliquots of AB-Tht solution, immediately after mixing, were
investigated directly by spectrofluorometer over 4 hours. The kinetic course graph
in Figure 4.12, with the characteristic phase of amyloid aggregation, shows that Ap1-

42is slightly faster than AB1-40, with a smaller Lag-phase.
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Figure 4.12 | ThT fluorescence intensity kinetics of AB. Time course aggregation of
a 25 uM solution of ABi.40(a) and AB1-42 (b), monitored by ThT fluorescence increase (ThT
concentration was 50 pM). Emission wavelength: 482 nm; excitation wavelength: 450 nm;
slit width: 1nm.

4.2.2 - AFM characterization of AB1.42 and AB1.40 fibrillar

aggregates

The aggregation of AB1-42 was induced using standard protocol proposed in
the literature3%19 and described in Chapter 3. The characterization of the initial
state of the aggregation was made to exclude the presence of pre-existent fibrillar

aggregates that could induce important artefact in the analysis.
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AFM images acquired just after the resuspension of the lyophilized peptide
in the aggregation medium are shown in Figure 4.13 and are indicating the

presence of a monodisperse distribution of globular aggregates.

Figure 4.13 | AFM images of amyloid-p peptides just after resuspension of
the lyophilized peptide in the aggregation medium. AB1.42 (a) unlabeled, (b) 1:19, (c)
1:99, (d) 1:499. AB140 (e) unlabeled and (f) 1:19. Scale bar: 1 um. Z-range: 10 nm.

Insets scale bars: 200 nm. Prefibrillar aggregates are not present at the beginning of
the aggregation process.

The dynamic light scattering (DLS) confirm the data with a mean size for

ABi-42 0f 2.0£0.4 nm and for AB1-40 of 2.4+0.3 nm.

AFM images support ThT measurement, after 1 day of aggregation the

fibrillar proteins are present (Figure 4.14) and completely formed in branched
fibrils.
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Figure 4.14 | Amyloid B fibrils. AFM was used to follow the aggregation of AB;.
22 and to characterize the morphology of the fibrils after 1 day of aggregation. (a)
Unlabeled, (b) 1:19, (c) 1:99, (d) 1:499. AB1.40(e) unlabeled and (f) 1:19. Scale bar: 1 um.
Z-range: (a) 10 nm, (b, ¢, d, e, f) 20nm.

4.2.3 - AFM/STED on AB1.4> and AB1.40 aggregates

The well-established correlative method tested on insulin aggregation, has
highlighted a new and important scenario about aggregation studies. In order to
have a more general view and to extend the result to a pathological peptide
synthetic ABi1-42/AB1-a0-HiLyte Fluor 488 (HF488) has been used. Correlative
AFM/STED technique has been applied on mature fibrils, i.e., aggregates after 1
day of incubation at 37°C. Following the same procedure explained for insulin, the
HF488-aggregates was investigated in three different ratios between the fractions
of labeled relative to unlabeled protein: 1:19, 1:99, 1:499. The correlative images
indicated the presence of different types of aggregates (Figure 4.15); with a
significant unlabeled fraction of fibrils already present at a dye to protein ratio of

1:19 (Figure 4.15 a-c). The correlation between AFM and STED images, i.e., the
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population of fibrils that are visible in fluorescence microscopy, decreases
at lower dye to protein ratio: 0.45+0.13 (1:19), 0.26+0.11 (1:99), and 0.16+0.04
(1:499).

Figure 4.15 | Amyloid aggregates from HF488 AB1.42. Different concentrations of
fluorescent peptides were present. The dye to protein ratios are (a-c) 1:19, (d-f) 1:99, (g-
1) 1:499. Also at the higher dye to protein ratio (a-c) some fibrils were not displayed by
fluorescence images (e.g., see the withe arrows). Scale bar 2 um. Z-Range (a, g) 10 nm,
(d) 5 nm. Overlay graph on the right.

These results, derived from two different preparations, and from a total
number of 15 images per each sample, are summarized in discussion section
(Table 4.1). Furthermore, these results have been confirmed on HF488 ABi-ao,
analysing 22 different images from two different preparations at 1:19 dye-to-
protein ratio. The presence of a significant population of unlabeled fibrils is

evident in Figure 4.16 a-c.
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Figure 4.16 | AFM/STED on HF488 AB1.40 aggregates. Fibril imaged by AFM (a)
and STED (b). The overlapped image (c) in which the green color represent STED fibrils,
red color AFM fibrils and in white color the ratio of co-localization. The dye to protein
ratio is 1:19. Scale bar 2 um. Z-Range (a) 10 nm.

4.2.4 - Characterization of immunolabeled ABi-1

aggregates

Amyloid fibrils from ABi42 were labeled via indirect immunolabeling,
following a well-established procedure (See Chapter 3). After the conjugation with
the fluorescent secondary antibody, we found that all the fibrillar aggregates
displayed by AFM were also visible in the STED image. As a consequence of this,
the correlation between the AFM and STED images (Figure 4.17) is very high for all
the images acquired (n=12) and for the two preparations.

The level of co-localization between AFM and STED images has been
guantified to 0.92+0.05. The typical cross-section of the fibrils, measured by AFM
(Figure 4.17 a, d), is significantly increased as a consequence of a massive binding
of antibody molecules at the fibril surface, with a mean height value of 20.4+7 nm.
This indirect proof of the presence of the molecular dyes is a final example of the
potentialities that are opened by the use of a correlative technique in the study of

intermolecular interaction.
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Figure 4.17 | Amyloid aggregates formed from ABi.4; in the absence of
fluorescent monomers and subsequently labelled via indirect immunolabeling. All the
features displayed in the AFM images (a, d) are also visible in the STED images (b, e) and
are colocalized (c, f). Interestingly, the fibrils size, measured by AFM, is larger with
respect to the unlabeled fibrils, confirming the presence of a large amount of antibody
on the fibrillar aggregates. Scale bar (a-c) 2 um, (d-f) 1 um. Z-range (a, b) 30 nm. Inset
(f) graph of co-localization

4.3 - Discussion

Amyloid aggregates derived from insulin and two different alloforms of B-
amyloid peptides, ABi42, and APi40 were images by correlative AFM-STED
microscopy. The aggregation started from solutions of mixed unlabeled and
labeled proteins/peptides at different dye to protein ratio (1:19, 1:99, 1:499). The
dye to protein ratio of 1:19 was chosen following well established methods and
largely employed?3-233, while 1:99 and 1:499 were used as a control, in order to
evaluate how the presence of fluorescent aggregates rescale with the
concentration of the dye. Insulin was labeled by covalently binding a fluorophore
at the free amine groups, while fluorescent AB1-42 and APi-40 presented a single
fluorophore at a terminal group and was purchased by an external company. In

both the cases, we found that, at all the three dye to protein ratio under
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investigation, fluorescent fibrils coexist with a significant fraction of aggregates

that are mainly, or entirely unlabeled.
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Figure 4.18 | A stochastic aggregation of the labeled/unlabeled peptides should

bring to the formation of uniformly labeled fibrils. Our experiments indicate a different
scenario where just a fraction of the fibrils has a labeled component. Other fibrils, dark
in the STED analysis, are unlabeled. These two products are the results of different

aggregation pathways. The correlative technique here employed gives an answer to the
above question.

Insulin from the bovine pancreas is not an amyloidogenic protein in vivo.
In particular, we chose insulin since the structure of insulin fibrils is well known, as
well as the number of monomers that are present in a unit length of an insulin
fibril*39 . From Small Angle Scattering experiments, it was calculated that an insulin
fibrils with a circular cross-section of 6 nm in diameter is formed by 7
protofilaments and the number of monomer per unit length was calculated.
Comparing this model with the morphological features of our insulin fibrils
(average thickness and aspect ratio is reported in Insulin section) and with the
assumption of an indistinct aggregation - in which fibrils are the result of the
stochastic assembly of labeled and unlabeled monomers - we deduce that at least
1 labeled molecules every ~ 6 nm along the fibril axis must be expected in 1:19
samples, 1 every 30 nm in 1:99 samples and 1 every 150 nm in 1:499 samples.
Considering this rough estimation, if the labeled monomers take part to the
aggregation process stochastically, considering the resolution achieved in our
experimental conditions, the fibrils must appear homogeneously and entirely
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fluorescent upon STED microscopy visualization, at least in the case of 1:19 and
1:99 samples (Figures 4.9, 4.11a-c). The presence of a large population of
unlabeled fibrils indicates the coexistence of distinct aggregation pathways, some
of them allow the contribution of the labeled peptide in the formation of
aggregates, and the others preclude this contribution (Figure 4.18).

The presence of directly labeled monomers is not only slowing the kinetics
of the aggregation of insulin, but is favoring the coexistence of the different
aggregation pathways bringing to two distinct final products: labelled and
unlabeled fibrils. We pointed out that the presence of these two species of
aggregates can be evinced only by applying a couple AFM-fluorescence
microscopy correlative technique, but we also noted that only super-resolution
microscopy is providing the sufficient capability of discerning between different
filaments that are tightly packed in a confined space.

The same procedure has been applied to the Alzheimer’s associated
peptides ABi-42 and APi-a0, demonstrating that the phenomenon described in
details for insulin is general in the process of aggregation of misfolded proteins.
Furthermore, unlabeled aggregates are present also when the peptides are
labeled with a single dye at the N-terminus, a part of the polypeptide chain that
has been classically considered as scarcely relevant in fibrillation processes?2>233,
In Table 4.1, an overview of the data obtained for the different peptide species
and dye to protein ratios. The colocalization values (the ratio between the number
of co-localized pixels and the total number of pixel that composed the fibrils in the
AFM images) show a lower amount over the decreasing of the dye, how we
expected, but also very similar values among the different species for each
concentration. Suggesting a similar behavior in the aggregation process in

presence of the dye molecule of insulin and AP peptides.
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By using a standard indirect immunolabeling method, we have been able
to display the entire population of fibrils within the sample, demonstrating that
the loss of information evinced from directly labeled samples is not related to an

instrumental limit, but is inherently related to the sample properties.

Table 4.1 | The ratio of colocalization calculated for the different peptide species
and dye to protein ratios.

Insulin AB 1-42 AB 1-40
0.42+0.11 0.45+£0.13 | 0.47+0.04 1:19
0.29+0.07 0.26+£0.11 - 1:99
0.19+0.09 0.16£0.04 - 1:499

As a whole, these results indicate that the integration between AFM and
super-resolution fluorescence microscopy represents not only a complement but
a fundamental tool to validate the results deriving from fluorescence microscopy,
and that it can drive the experiments towards more accurate and less invasive
methods of labeling. AFM-STED microscopy could be a fundamental test in the
validation and in the quality control of the new dyes employed for the in vitro

study of molecular processes.
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Chapter 5
Interaction between plasma membrane
and amyloid protein

5.1 - Plasma membrane and membrane model

The membrane of cells is the interface through which all interactions of the
cell with its direct outer world take place (Figure 5.1). It is a complex structure
involved in important biological processes, including bidirectional transport of
molecules and cell-cell communication. The two principal components of
biological membranes are lipids and proteins, perfectly organized at the molecular
level in a cell-dependent ratio?34. Different kind of lipids composes the membrane
structure: glycerophospholipids, sphingolipids, and sterols?3>. However, lipids are
not uniformly distributed between the two membrane leaflets?36-238;
phosphatidylcholine, which accounts for more than half of phospholipids in most
of the eukaryotic membranes, is mainly located in the outer leaflet, as well as
sphingolipids, while phosphatidylserine, phosphatidylethanolamine and
phosphatidylinositol are predominantly found in the inner leaflet. Cholesterol
resides for more than 70% in the cytofacial leaflet. Nevertheless, its presence and
distribution in the exofacial leaflet are fundamental in determining lateral lipid

organization.
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Figure 5.1 | Schematic representation of plasma membrane.
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The membrane basic structure consists of a double layer of amphiphilic
lipid molecules, with the polar parts pointing toward the aqueous medium and the
hydrophobic moieties facing each other. Plasma membrane, ranging from only a
few nanometers in thickness, is selectively permeable, generally less permeable
to large, polar solutes and therefore drugs and biomolecules interacting with the

cell must first permeate the membrane.
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Figure 5.2 | Phase separation in a supported lipid bilayer containing DOPC,
Sphingomyelin (SM), Cholesterol and GM1 imaged using AFM. (a) Typical morphology.
Scale bar: 1.0 um. (b) Cross section was taken along the white line in a (X axis). The
difference in height between the two phases is ~ 2.2 nm. Images and plot profile from
Oropesa et al.”®. (c) Particular view of lipid |, and |, domains. Scale bar: 200 nm.

The first modern model was proposed by S.J. Singer and Garth L. Nicolson
in 1972, called the fluid mosaic model?3°. The model has evolved somewhat over
time, but it still best accounts for the structure and functions of the plasma
membrane as we now understand them. However, this model did not take into

account a central aspect of the lipid bilayer structure, the lateral organization of
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the membrane that is involved in several functions such as signal transduction,
protein and lipid sorting, and endocytosis. In 1997 it was introduced a new concept
asserting the not uniformity in the lipid distribution in cell membrane matrix?%. It
is thought that different types of lipids actively phase-segregate, forming distinct
compartments?4!, different in composition and physical properties.

The differential solubility of the plasma membrane, treating the cells with
a cold detergent, such as Triton-X, was demonstrated?*2. One of those fractions,
defined as a detergent-resist membrane, or lipid raft, is enriched in cholesterol
and sphingolipids?*3. Lipid rafts are small liquid-ordered (L,) assemblies of
sphingolipids, cholesterol and raft-associated membrane proteins that diffuse
within the liquid disordered (Lo) lipid membrane. Raft and raft-associated
membrane proteins have been recognized has the responsible of a growing
number of physiological and pathological cellular processes and hence our interest
in them?”78244 Due to their small size (10-200 nm)?*® or to their possible transient
nature?*®, direct observation of these structures in the real cell membrane is still
missing. To test this hypothesis but to avoid the inherent complexity and
heterogeneity of the cell membrane, a simplified model capable of mimicking the
behavior of the extracellular membrane have been used to investigate the
segregation behavior of lipids and different proteins in predetermined lipid
mixture. Work in this direction has been performed using atomic force
microscopy’”78247 (Figure 5.2) and a combination of AFM and fluorescent

correlation spectroscopy?4824°,

5.2 — Alpha-synuclein: structure, functions, and

interactions

a-Synuclein is a physiological protein mainly observed in the presynaptic
terminal of the neurons. Although the function of native a-syn is not well
understood, studies suggest that it is associated with the synapse and involved in
synaptic activity, synaptic plasticity, neurotransmitter release, dopamine
metabolism, synaptic pool maintenance and vesicle trafficking?’??73. Disorders

characterized by a-syn accumulation, Lewy body formation and Parkinsonism (and

88



in some cases dementia) are collectively known as Lewy body diseases (LBD). It is
considered as a molecular biomarker for the detection of Parkinson disease (PD)
in its earlier stages?’4, also present in AD plaques as a hon-AB component (NAC).
The molecular mechanism(s) through which a-syn abnormally accumulates and

contributes to neurodegeneration in these disorders remains unknown.
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Figure 5.3 | Primary and secondary structure of a-syn. To right shows the three
main domains of a-syn. The N-terminal is an amphipathic domain that contains the three
point mutations (white bars) linked to the autosomal dominant form of PD. The central
region is a highly hydrophobic domain that was originally identified in patients with AD or
LBD, which is the precursor of the non-amyloidogenic component of the extracellular
senile plaque (NAC), which promotes the protein aggregation. The C-terminal domain has
an acidic character, which possesses anti-amyloidogenic properties.

The human a-syn protein is made of 140 amino acids with three domains:
an N-terminal lipid-binding region, a hydrophobic central domain and a C-terminal
acidic tail (Figure 5.3). a-Syn can be present as an a-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?’>. The N-terminal domain of a-syn is a positively charged
region, containing sequences repeats that are also present in the a-helical domain
of apolipoproteins (lipid-transport proteins). These repeats are responsible for the
ability to form a-helical structures and therefore important in a-syn-lipid
interactions. The core region of a-syn, known as NAC, is particularly rich in
hydrophobic residues and makes up the core region of amyloid fibrils as it forms
cross-B structure?’6277, The C-terminal domain of a-syn is present in a random coil
structure due to its low hydrophobicity and high net negative charge. In vitro
studies have revealed that a-syn aggregation can be induced by lowering pH or by
truncations of the C-terminal?’#27°, a-Syn can be found both as an intrinsically

disordered peptide in the cytosol but also with an a-helical conformation when
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associated to lipid membranes. It is therefore suggested based on its dynamic
structure, to play specific roles in different cellular locations.

Amyloid protein and lipid membranes interaction is of critical importance
in biology, potentially associated with toxicity and propagation of Parkinson’s
disease. Several techniques, such as spectroscopy, AFM, and protein chemistry
have been used to address and investigate the influence of lipid bilayer model,
that mimic the outer leaflet membrane, on the aggregation of a-syn?8°, On the
other hands, a well-characterized lipid composition and its relative SLB, for AFM-
a-syn interaction studies, that simulate the cytoplasmic leaflet of the membranes
is not still available.

Understanding the nature of the a-syn-membrane interaction, how it is
involved in the toxicity may inform future studies aiming to develop therapeutic

prevention and intervention.

5.3 - Materials and Methods

The experimental works described in this chapter are based on in situ AFM
application, previous described in chapter 2. The main aim is related to the
characterization of the affections induced by a-syn aggregates on Solid-supported
Lipid Bilayers (SLBs). Here, it has been investigated on two different SLBs
composition: a well-studied bilayer that mimic the outer (extracellular) leaflet
(following the protocols previously defined in our lab”8), and a new more complex
bilayer model that simulate the inner leaflet (cytoplasmic) of the membranes. |
will describe the procedures used in supported lipid bilayers preparation and the

potentialities of AFM in the study of these model systems.

5.3.1 - SLB preparation

SLBs used in the experimental work were prepared employing vesicle
fusion technique on mica substrate. Vesicle fusion consists in the deposition of a
large unilamellar vesicles (LUVs) suspension onto a hydrophilic substrate: vesicle

adsorption and spreading on the surface may lead, under specific conditions, to
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bilayer formation (Figure 5.4). LUVs solution has been made at ‘Italian Institute of
technology’ in Genova by Barbara Salis, following a standard protocol’%.

For external leaflet, lipid vesicles are formed by unsaturated 1,2-dioleoyl-
SN-glycero-3-phosphocholine (DOPC), sphingomyelin (SM) (brain, porcine) ina 2:1
molar ratio, cholesterol (Chol) 1% molar and 5% molar of ganglioside GM1 (brain,
ovine). At room temperature, each LUVs suspension was diluted 10 times with
ultrapure water. 40 pL of LUVs suspension 0.1 mg/mL were then administrated to
freshly cleaved mica, attached to a coverslip slide. Right after, 10 uL of CaCl2 10
mM were added, in order to trigger vesicle fusion. After a variable resting time,
preceding the beginning of bilayer formation (indicated by a variation of liquid
spreading on the substrate), samples were stored at 60°C in a close chamber with
100% relative humidity (r.h) for 15 minutes. The samples were cooled at room
temperature and, after 2.0 h, gently rinsed three times with ultrapure water to
remove excess vesicles from the liquid phase before AFM measurements. The

surface was kept hydrated during the rinse.

v +Ca%*
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Figure 5.4 | Schematic representation of the vesicle fusion protocol employed
in this work.

For the inner leaflet preparation was used the same vesicle fusion protocol
described above. Different lipid compositions were tested to produce inner
membrane models in order to fabricate a proper and stable SLB by vesicle fusion.

In particular, the final LUVs composition, in molar ratios, employed for the
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experiments is: 45% DOPC, 20% 1,2-diolyeil-phosphatidylethanolamine (DOPE),
20% SM, 10% 1-palmitoyl-2-oleoyl-SN-glycero-3-phospho-L-serine (POPS) and 5%

cholesterol. Using this lipid mixture, LUVs were fabricated in PBS 1X.

5.3.2 - Peptide preparation

Lyophilized a-syn (Sigma-Aldrich, St Louis, MO, USA) was dissolved, at the
final concentration of 1 mg/ml in ultrapure water. Aliquots of 200 ul were stored
at -20°C. Oligomers were prepared, starting from frozen aliquots, sonicated for 5
min, diluted at the selected concentration in ultrapure water and used for SLB
interaction studies. Regarding the external leaflet, a 1nM concentration of a-syn
was used, while for the inner bilayer increased concentration ranging from 20nM

to 200nM.
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Figure 5.5 | Difference in thickness between outer (a) and inner (b)
leaflet.

5.4.3 — AFM on Supported Lipid Bilayer

AFM measurements were performed by using the setup previously
described in Chapter 3. V-shaped DNP silicon nitride cantilevers (Bruker,
Massachusetts, US), with a nominal spring constant 0.24 N/m, a resonance

frequency in air ranging from 40 to 75 kHz, and a tip with typical curvature radius
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20-60 nm were used. Before a-syn administration, the morphological features of
SLBs were evaluated through AFM imaging. The AFM tip was lifted up 100 um from
the sample, the oligomer was administered, to the bilayer, and let incubating for
10 minutes before further measurements. AFM imaging on SLBs is performed in a
water environment to preserve the lamellar configuration of the bilayer. AFM
images are acquired both in intermittent contact mode. In all the cases, the
amplitude setpoint was kept above 70% of free oscillation amplitude to prevent
possible damages to the sample. The determination of the difference in thickness
between the ordered (Lg) and disordered (Lq) lipid phases (AZ) was determined by
analyzing image height distributions with the help of the JPK Data Processing
software (JPK Instruments, Germany). The actual spring constant of each

cantilever was ascertained in situ, using the thermal noise method.

Figure 5.6 | AFM images of SLBs sampled before (a-c) and after administration
of a-syn aggregates solutions (d-f). After 10 min incubation, a-syn induce destabilization
on the defected-free bilayer. Scale bar 2 um (a, d), 500 nm (b, e) and 200 nm (c, f). Z-
range 10nm.

5.4 - Results

Cell membranes have complex lipid compositions, including an asymmetric

distribution of phospholipids between the opposing leaflets of the bilayer.
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Although it has been well observed the lipid composition of the outer leaflet of
the plasma membrane and the formation of Lg domains, the lipids of the inner

leaflet remains unknown?281,
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Figure 5.7 | The neural inner plasmatic model membrane
(DOPC/DOPE/SM/POPS/ch) by AFM. The profile section (with the dark line) below the
image shows the roughness in the initial stage of the scan session. Scale bar 1 um (a,
b), 500 nm (c). Z-range 6 nm (a, b), 10 nm (c).

It is well known that the lipid composition of outer and inner leaflets of the
plasmatic neuronal membrane is different?®2. Both leaflets include
phosphatidylcholine (PC), sphingomyelin (SM) and cholesterol (ch). In particular,
the inner leaflet of the cellular membrane is more negatively charged than the
outer leaflet and, in addition, it is characterized by the presence of
phosphatidylethanolamine (PE). AFM result to be the most advantageous method
for the study of the SLB model system, due to the high lateral and vertical
resolutions. Indeed, it has been widely used to characterize supported model
membranes?®3284 a5 well as to investigate their interaction with peptides at the
nanoscale?®>28 The unique features of AFM allow the study of the presence of
different domains in the bilayer, including the difference in thickness between
coexisting lipid phases. Here, | compared the morphology of the SLBs before and
after the interaction with a-syn. In Figure 5.5, it is shown a typical bilayer
morphology with characteristic raft domain for each lipid composition. The first
morphology shown in Figure 5.2c is related to the microdomains thickness, which
range from 1 nm to 1.5 nm in the DOPC/SM/ch/GM1 SLB, while for inner leaflet
(DOPC/DOPE/SM/POPS/ch) less than 1 nm.
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The experimental protocol employed in this study, regarding the peptide
interaction, consisted in administering a-syn aggregates solution to defect-free
bilayers, incubating for 10 min, rinsing, and checking with AFM to determine
possible destabilizing effects. The integrity of DOPC/SM/ch/GM1 SLBs has been
verified with AFM before peptide administration: intermittent contact imaging
produced typical topography as expected for an intact SLB (Figure 5.6 a-c). In
addition, the process of bilayer phases formation can be monitored through image
acquisition at different time intervals after vesicles administration until it reaches
the complete stabilisation. Images were acquired at 10x10 um, 5x5 um and 1x1

um.
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Figure 5.8 | AFM Images of a-syn interaction with DOPC/DOPE/SM/POPS/ch
bilayer. After 10 min incubation time oligomers peptide induced removal of bilayer parts
and consequent holes formation. (a) 20 nM and (b) 70 nM concentration of a-syn
deposited. The black line indicates a profile section (showed below). Scale bar 1 um. Z-
range 10 nm.

Right after, SLB has been incubated with aggregates solutions at 1 nM
concentration, following the procedure described above. In Figure 5.6 d-f it is

shown the peptide effect obtained, after waiting 10 min, on the bilayer surface.
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The results indicate an evident disruptive interaction between a-syn and
DOPC/SM/ch/GM1 lipid membrane, indicated by the holes formation on the
surface. This result is in agreement with a large number of literature data>%7678,
which identify that low concentration of oligomers peptide induced removal of
bilayer parts and consequent holes formation. In our experiments it is clear that
the damage is higher in the fluid domain.

For the inner leaflet preparation was used the protocol described in
Methods section. Firstly, it has been tested the stability and the presence of the
phase on the bilayer. Initially, the lipid segregation within the bilayer appears not
well define (as it is shown in Figure 5.7 a). After the complete formation and
stabilization of the order phase domain (Figure 5.7 c), the protein solution has
been added on the bilayer. | observed that, as expected, the interaction is
concentration-dependent. The first visible effect on lipid bilayer was observed at
20 nM concentration of a-syn (Figure 5.8 a), at this concentration the formation
of holes is evident. Besides, increasing the protein concentration at 70 nM further
destabilization is obtained (Figure 5.8 b). In Figure 5.8 are reported images of the
same sample shown in Figure 5.7.

Also in this second case, the damage is prominently in the fluid phase
domain, indicating that the mechanical properties of the lipid membrane have a
central role in the definition of the mechanism of interaction between membrane
and pathological peptides/peptide aggregates. Furthermore, these results
indicates that a significant damage of the outer leaflet composition membrane is
obtained at concentration at least 20 time lower with respect to the membranes
that simulate the inner composition.

Studies performed by Barbara Salis in our lab by means of Quartz Crystal
Microbalance (QCM) confirmed the inner bilayer-protein interaction data
obtained in this study by AFM.

These results are preliminary, but in my thesis work, | set the condition for
the formation of the bilayer that mimic the inner leaflet composition, a
fundamental step to obtain further consistent and reproducible results. A further

step in this research activity would be represented by the introduction of some
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fluorescent components and in a combined analysis by using the integrated

AFM/STED setup described above.
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Chapter 6
General Conclusions

My work is focused on the application of advanced biophysical approaches
to the study of molecular processes involved in protein conformational diseases
that arise from uncorrected protein folding and subsequent aggregation.

My work can be divided into two phases. The main part is presented in
Chapter 4, and regards the study of the anomalous effects induces by the presence
of fluorescently labeled peptides on the fibrillation process of misfolded proteins.
The second part, described in Chapter 5, introduces a study on the interaction of
a particular amyloidogenic peptide, a-syn, and planar supported lipid membranes.

In particular, | show that the slowing of the kinetics of aggregation,
detectable with several techniques such as ThT binding, AFM, reported in this
study and others present in the literature (FTIR, time-lapse) is just an aspect of the
influence of the labeled monomers on the intermolecular processes. The results
obtained by applying for the first time correlative AFM-STED microscopy to this
biological problem revealed the rising of unexpected mechanisms of aggregation.
| clearly demonstrate that labeled peptides are following only selective
aggregation pathways, as a result of this, only part the amyloid aggregates,
generated by the aggregation of a mixture of labeled/unlabeled monomers, are
fluorescent. This novel findings generate a warning: fluorescence techniques are
not able to characterise all the products derived from the in vitro aggregation of
misfolded proteins. This statement reveals the importance to correlate
fluorescence data with other derived from label-free techniques. The loss of
information that is not only affecting the imaging, but also the spectroscopic
techniques based on the fluorescence of a dye molecule, is suggesting the primary
role that can be played by label-free techniques.

We pointed out that the presence of these two species of aggregates can
be evinced only by applying a coupled AFM-fluorescence microscopy correlative

technique.
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These findings, defining a new and not expected scenario, suggested the
need of new investigations aimed to characterize the physico-chemical properties
of the two species of aggregates, i.e., fluorescent and non-fluorescent aggregates.
Furthermore, the analysis should be extended to the bio-activity of the same
species with a particular focus on their toxicity.

In Chapter 5, | present a study on the interaction mechanisms of a-syn, a
peptide related to Parkinson’s disease, and lipid membranes. In particular, the role
of membrane composition is investigated. | focused my attention on two different
compositions of lipids, one that mimic the external part of the neuronal cell
membrane, and a second that resembles that internal leaflet of the membrane. |
observed that a-syn is able to damage both the model membranes, but
concentrating its destabilization on the fluid part of the membrane. Furthermore,
| found that the membranes derived from the external leaflet composition are
destabilized at a lower peptides concentration. The formation of pore-like
structure was not detected in my investigation, supporting the idea of a cytotoxic
mechanism related to membrane disruption. This result suggests a new aspect to
be considered in the definition of the mechanism of neurodegeneration in
Parkinson’s disease. The work on the bilayer that mimic the inner leaflet
composition has to be consider as a preliminary step toward the accomplishment
of a systematic investigation. However, in my PhD work | set the experimental
conditions that will allow the preparation of reproducible samples and a well-

defined method.
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