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Abstract

Peptide—membrane interactions are implicated in a broad range of biological processes such as
protein trafficking, cellular signalling, and ion channel formation, which are fundamental for the
development of cellular functions but they are also involved in pathogenic events. Such interactions
are highly dynamic and spatially heterogeneous and involve multiple complex mechanisms, which
are strongly dependent on both the membrane lipid composition and structural details of the
bioactive peptide chains, and may furthermore change depending on environmental conditions. All
this makes the investigation of the phenomena associated with them highly complex.

This PhD thesis focuses on the use of suitable model systems to analyse complex events involved in
such peptide-membrane interaction. This allowing systematic studies as membrane composition can
be easily tailored, adding complexity to the system one step at the time, e.g., by adding different
lipids and/or protein to the membrane composition. The aim of the work is to highlight the driving
forces involved in the protein-membrane interaction (hydrophobic, electrostatic, van der Waals
interactions) and induced modifications both in protein structures and lipid bilayer physical state.
The action on model membranes of protein and peptides with highly different features in terms of
exposed charges, hydrophobicity, size and structural complexity was analysed by means of classical
spectroscopy methods and quantitative microscopy techniques such as Raster Image Correlation
Spectroscopy (RICS) and Fluorescence Lifetime Imaging Microscopy (FLIM). Modifications in protein
structures and aggregation states were assessed in parallel with membrane modifications.

A new experimental protocol is provided that combines the use of multiple dyes and the phasor
approach to analyse fluorescence lifetime imaging microscopy (FLIM) measurements, as a method
to highlight membrane modifications in real time and in a non-invasive mode also revealing sub-

resolution details on membrane changes at different depths.
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Chapter 1

This chapter provides a brief general introduction on the basics concepts useful to underlie the
scientific issues and the experimental choice in this thesis. Protein folding and aggregation in the
energy landscape perspective are briefly described, highlighting the dominant interactions involved
that are also common to protein-membrane interactions. Useful properties of proteins, membranes
and peptides in relation with their function are provided along with the fundamentals of model
membranes as relevant tools for revealing “Common mechanisms underlying membrane

modifications induced by protein interactions”.

1.1. Protein folding, misfolding and aggregation

A living organism is a highly evolved system consisting of a large number of molecular networks. In
such networks a key role is played by proteins, large biomolecules that play many critical roles in
the body and are required for the structure, function and regulation of the tissues and organs?.
Proteins are constituted by a precise sequence of amino acids linked together by peptide bonds.
Short chains, containing less than 20-30 residues, are commonly called peptides.

Amino acids, the building blocks of the proteins, are small organic molecules that consist of an alpha
(central) carbon atom linked to an amino group, a carboxyl group, a hydrogen atom, and a variable
component called side chain with different chemical characteristics. Side chains can be non-polar,
positive or negative charged and polar but uncharged %3. Their chemistry is critical to protein
structure because it can modulate intramolecular specific interactions between single residues of
the aminoacidic chains bringing to a functional structure that is at the basis of the correct
functionality of the living systems. Such process, referred as folding, has been subjected of a large
number of studies since the 70’s, and involves molecular interactions as electrostatic, hydrophobic,
hydrogen bonding and Van der Waals that induce the protein to assume a certain shape or
conformation.

Electrostatic interactions may be long range, directionless, columbic interactions, or short range and
well oriented (like salt bridges), Van der Waals attractions are weak, short-range interactions among
fixed or induced dipoles and hydrogen bonds occur when a hydrogen atom is shared between
generally two electronegative atoms 4.

A dominant driving force for protein folding is the hydrophobic effect, which

arises from the fact that water molecules seek to form hydrogen bonds with each
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other or with other polar molecules, hindering the exposure of hydrophobic
surfaces to the solvent #°. To minimize the free energy, the non-polar groups of the protein cluster
reducing the number of the “ordered” water molecules surrounding it. Hydrophobic effect is not
due to the interactions between side chains of hydrophobic amino acids per se (mainly van der
Waals), but rather to the increase in entropy, gained by the removal of hydrophobic surfaces from
ordered solvating water ®7.

To understand how these forces play together to induce a protein to its native three-dimensional
structure, typically a “folded conformation”, it is necessary to briefly explain the four levels of
protein structure: primary, secondary, tertiary, and quaternary 3.

The linear sequence of amino acids in a polypeptide chain is considered the primary structure of the
protein and can drive the folding of the amino acid chain into certain patterns known as alpha
helices and beta sheets kept together by hydrogen bonds. These folding patterns make up
the secondary structure of a protein. The spatial relationship of the secondary structures to one
another generates the overall three-dimensional structure of a protein, called tertiary structure,
stabilized by hydrophobic interactions, but also through salt bridges, hydrogen bonds and disulphide
bonds (S-S). The latter occur between the side chains of cysteine by oxidation of two thiol groups
(S-H). In addition, there are proteins, that are made up of multiple polypeptide chains, also known

as subunits that when they join together give the protein its quaternary structure.

Each protein has its own unique native shape that almost always correspond to the structure that

is most thermodynamically stable under physiological conditions.

energy

amyloid fibrils

intramolecular contacts intermolecular contacts

Figure 1.1. A schematic energy landscape for protein folding and aggregation. The surface shows the
multitude of conformations ‘funneling’ towards the native state via intramolecular contact formation, or



towards the formation of amyloid fibrils and amorphous aggregates via intermolecular interactions. Figure
and caption are adapted from the original paper®.

Both protein folding and aggregation involve inter-residue interactions of essentially identical
character; for this reason, it is now accepted that they are controlled by general physical principles.
The interplay between long- and short-range electrostatic forces, hydrophobic interactions and
short-range protein—protein interactions as H-bonding regulates the onset and the evolution of
aggregation processes and the nature of the final aggregate structure. The stability, the folding and
the aggregation pathway of proteins can be described by using a free energy landscape with
multiple minima®?® (Fig. 1.1). Each point on the energy landscape describes a specific conformation
of the protein characterised by intra and intermolecular contacts®. The shape of the energy
landscape is affected by the contribution of enthalpic terms due to interactions between aminoacids
and to both enthalpic and entropic terms due to the interaction with the environment. The minima

represent stable states for the protein molecules®1°,

In specific conditions, it is accepted that a protein chain can spontaneously fold using only the
information contained in the primary amino acid sequence; clearly, details of the folding depend on
the particular environment in which the process takes place®*!. The energy landscape surface allows
the protein to fold into native state through any of a large number of pathways and intermediates;
the more the funnel surface is smooth, the more the folding process is rapid. Depending on
environmental conditions fluctuations in the unfolded or partially folded states may drive the
reactions toward native as well as non-native contacts. In these cases when the protein loses its
native structure, a population of unfolded or not correctly folded states starts increasing and it is
said that the protein is denatured'®. These states are characterized by a not so packed structure and
such open arrangements of the protein molecules enhance the tendency to interact each other
forming disordered aggregates often referred as amorphous aggregates, or highly ordered protein
aggregates named amyloid fibrils. These are long (in the um range), narrow (most often 5-10 nm in
width), unbranched assemblies typically resulting from intertwined protofilaments, each consisting
of a double B-sheet that runs along the fibril axis, where each monomeric unit provides a number
of parallel or antiparallel B strands (the “cross-B” structure)'?'3. Although amyloid fibrils represent
the most stable state for a protein'*!, by changing solution conditions, and so the equilibria
between hydrophobic, electrostatic and hydrogen bonding interactions, it is possible to induce

structural modifications in protein molecules or in aggregates'®18, For example, changes of the pH,
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which regulate protein net charge, modify the electrostatic interactions between single proteins
and therefore the supramolecular assembly kinetics and the resulting aggregate morphology*’~%.
Assembly and disassembly of aggregates can be then regulated by environmental conditions'®°. In
Chapter 4 of this thesis the effect of pH and temperature on the aggregation states of a-casein will
be discussed.

The complexity of protein life resulting from a coupling of chemistry and “movement” on different
time and space scale gives proteins the extraordinary capabilities to interact also with other
molecules such as other proteins, metals, lipids etc. underling the dynamic processes in living cells

fundamental for life20-22,

1.2. Membrane composition

Biological membranes consist of two layers of lipid molecules that form a bilayer, which is
intercalated with proteins, carbohydrates, and their complexes??4. These bilayers separate cell
from the external environment or create intracellular compartments, constituting selective
permeability barriers®®. The main components of the bilayer are usually the amphiphilic
phospholipids constituted by a hydrophilic phosphate head and a hydrophobic tail consisting of two
fatty acid chains. The polar head group can be either charged or neutral (zwitterion). When
phospholipids are exposed to water, the polar head groups of lipids like to stay in water while the
hydrophobic hydrocarbons tails try to avoid it. Therefore, phospholipids self-assemble
spontaneously and rapidly into a two-layered sheet with the hydrophobic tails pointing toward the
center of the sheet. The driving forces are the hydrophobic and the van der Waals interactions
between tails?>. Membranes thus form non-covalent cooperative structures. Physico-chemical
interactions due to charged and polar groups, ion pairs, hydrogen bonding, and other less specific
electrostatic interactions, impart important properties both to membranes. The nature of the
phospholipids present in the membranes significantly influences the charge, thickness, phase and
fluidity of bilayers?*26. Membrane fluidity, inversely proportional to membrane viscosity, is a
complex parameter, influenced both through some biophysical (temperature, electrical charges,
pH) and biochemical factors (protein/phospholipids ratio, phospholipids/cholesterol ratio, degree
of fatty acids unsaturation). Fluidity determines how easily solvent molecules, lipids and proteins
can diffuse laterally in the plane of the membrane?’. It is also related to water accessibility of the
bilayer?®?°, In model, this property can be tailored combining lipids with different melting

temperatures (Tm), which depend on some properties such as chain length, degree of unsaturation
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and head group shape?’. Above T, lipids are in a fluid liquid crystalline phase and so more accessible
to water molecules, while below this in a more solid gel phase. In addition to phospholipids, also
the other molecules included in the bilayer such as sterols, carbohydrates and integral (enzymes,
transporters, receptors) and peripheral proteins, in variable proportions, can influence membrane
fluidity. Changes of membrane fluidity have also been found connected with pathologies such as
Huntington disease 3°. In particular, it has been discovered that a perturbation in biosynthesis of
fatty acid or disruption of transport mechanisms of lipid, involved in this disease, induces an

increased membrane fluidity and shift toward liquid disordered phase 3°

. In apoptotic cells
membrane fluidity was observed to decrease due to the increase of water accessibility of the

membrane31-33,

Lipid order can be sensed either through monitoring the local viscosity by molecular rotors 3 or lipid
packing by mechanosensitive dyes 3> as well as through local polarity using solvatochromic dyes.
Solvatochromic dyes generally detect ordered lipid phases as less polar environments because their
tight packing excludes polar water molecules and freezes dipolar relaxation processes 3637,
Furthermore, differences in terms of phospholipid and sterol composition are at the basis of the
different properties that characterize organisms such as bacteria and mammals. In particular, the
cell membranes of bacteria are rich in acidic phospholipids, such as phosphatidylglycerol, cardiolipin
and phosphatidylserin that are responsible for their overall negative charge. Other components,
such as the lipopolysaccharides in Gram-negative and teichoic or teichuronic acids in Gram-positive
bacteria, present in the cell wall confer an additional negative charge to the surfaces of these
organisms 20,

In mammalian cells, acidic phospholipids are usually only present in the inner leaflets of plasma
membranes, while the outer leaflets are mainly composed of zwitterionic phospholipids such as
phosphatidylethanolamine, phosphatidylcholine, and sphingomyelin that provide a membrane with
a neutral net charge®. Mammalian cell membranes, unlike those of bacteria, have a high content of
cholesterol that stabilizes the phospholipid bilayer and decrease its permeability to solutes3®3°, Since
membranes form the boundaries between-biological systems, their permeability for various
molecules is crucial for function and control.

The differences in bilayers composition in term of exposed permeability, charges, fluidity etc. can

have different effects in protein interaction, insertion and action.

1.3. Protein/peptide-membrane interaction



Protein-membrane interactions are implicated in a broad range of biological processes, such as
protein trafficking, cellular signaling, ion channel formation that are fundamental for the
development of cellular functions®°. Beside peripheral and integral membrane proteins, mentioned
above, there is a class of proteins, known as amphitropic, which reversibly interacts with lipid and
membranes during their biological activity 4.

Examples are vinculin and a-actin that transiently interact with the hydrophobic part of membranes,
regulating the interaction between membrane and cytoskeleton“®*. Other are the Protein kinase C
and cytildylyltrasferase that, binding the membrane lipids, regulate in the protein’s catalytic
functions or the Phospholipases implicated in cellular communication. Also the a-lactalbumin and
a-casein belongs to this family #>43. They are biosynthesized in the rough endoplasmic reticulum (ER)
of the mammary gland cells during the lactogenesis and need to bind the lipid membranes of the ER
microsomes to be transferred to Golgi apparatus during their secretory pathway. These organelles
of the secretory and endocytic pathways are distinguished by their luminal acidity that varies from
pH 8 to pH 4.7%4. As explained before, these wide pH modifications may induce changes in both key
residues or in global charge of the proteins that produce protein conformational changes altering
the protein ability to interact with targets or to exploit specific functions. pH variations of similar
extent will be used, in the Chapter 4, to mimic such charge changes on a-casein, which consequently

modify protein-membranes interactions.

However, whether membranes or intracellular organelles are the targets of proteins, the interaction
with membranes is the key factor in carrying out the activity. During the interaction, both the
protein and the membrane may experience a series of structural changes*. Due to common nature
of the involved stabilizing interactions, proteins can affect the configuration of the membrane
surface, increasing or not the surface curvature, the fluidity of the lipid structures*¢=3, At the same
way, lipids can induce structural transitions of proteins*®°° favoring or not the exposure of reactive
non-polar group or regions and/or charged groups buried inside the native structure of the proteins,
necessary for the binding and/or to drive the stabilization or dissolution of aggregates. This is what
occurs, for example, to a-lactalbumin and apocytochrome ¢, which are relatively unstructured
and/or flexible in solution but become partly a-helical upon interacting with anionic lipids 5.

Many researchers had provided strong evidence that the forces involved in the protein-membrane
interactions are especially the ionic and the hydrophobic ones °2°3. lonic bonds, strong interactions
that occur between ionic species of the opposite charges, can occur between the positively (Arg,

Lys, His) or negatively (Asp, Glu) charged residues of proteins and the anionic or cationic head groups
6



of the lipids in the membranes, respectively. In the other hand, hydrophobic interactions could
involve the hydrophobic segments of the proteins and the hydrocarbon chains of the membranes,
driving the insertion of a hydrophobic protein segment into the lipid bilayer.

Therefore, these interactions strongly depend on both the membrane lipid composition®*>> and
structural details (e.g. charge, hydrophobicity, steric hindrance) of the bioactive peptide chains, and
may furthermore change depending on environmental conditions (temperature, pH, presence of co-
solvents). For example, the temperature influences the fluidity of phospholipid bilayer and
consequently its permeability to the molecules but it also effects on the conformation and the
aggregation state of the proteins. By modifying temperature, as well pH, it is in fact possible to
denature the protein and induce the exposure of buried portions fundamental for the bond with
the membranes. An example is provided by the a-lactalbumin that binds the negatively charged
lipid membranes at mild acidic conditions (pH<4.5) since it requires protonation of key acidic

residues on protein and a loosening of the tertiary structure. The binding does not occur at pH 6-7

42,56

1.4. Protein -membrane interaction: toxicity

It is well established that proteins that are 'misfolded’, i.e. that are not in their functionally relevant
conformation, are devoid of normal biological activity *’. Many diseases, often known as misfolding
or conformational diseases, ultimately result from the presence in a living system of protein
molecules with structures that are 'incorrect’, i.e. that differ from those in normally functioning
organisms. Such diseases include conditions in which a specific protein, or protein complex, fails to
fold correctly (e.g. cystic fibrosis, Marfan syndrome, amyotonic lateral sclerosis) or is not sufficiently
stable to perform its normal function (e.g. many forms of cancer)’. They also include conditions in
which aberrant folding behavior results in the failure of a protein to be correctly trafficked (e.g.
familial hypercholesterolemia, al-antitrypsin deficiency, and some forms of retinitis pigmentosa)
>7.In addition, they often aggregate and/or interact inappropriately with other cellular components

leading to impairment of cell viability and eventually to cell death.

Considerable attention is presently focused on a group of protein folding diseases known as
amyloidosis %, The formation of amyloid structures is generally believed to be involved in
pathologies such as Alzheimer’s and Parkinson’s diseases, as well as non-neuropathic conditions
such as type Il diabetes and systemic amyloidosis'*2, Both mature amyloid fibrils and transient

oligomeric species ®3%* formed during protein aggregation or released by mature fibrils®> were found

7



to be cytotoxic through different mechanisms, which often involve membrane destabilization %68,
Specific molecular structural characteristics of prefibrillar oligomers that include the small size,
exposure of hydrophobic surfaces, and unsaturated edge-strands enhance their ability to induce
neurotoxicity 29970, For example, the severity of cognitive impairment in Alzheimer has been shown
to better correlate with low-molecular weight and soluble AB aggregates’. In the same way, the
use of rifampicin to prevent human IAPP (hlAPP) fibril formation (linked with type Il diabetes), but
not the oligomerization, was proven to be insufficient in protecting beta-cells from apoptosis®°.

Amyloid oligomers can interact with biological membranes, with affinities that, as mentioned above,
can be modulated by several factors including the properties of the membrane and the lipid
composition. The latter can generate a wide range of different surface environments in terms of
hydrophilicity/hydrophobicity, electrostatic charge, polarity, fluidity, curvature, and lateral pressure
that can influence profoundly protein conformational changes and folding. In this way membranes
may act as conformational catalysts and active surfaces that can favor their misfolding and
aggregation prone conformations, by direct interaction with protein hydrophobic or charged groups
or for the accumulation of proteins in a crowded environment at liquid/lipid interface or by
favouring nucleation mechanisms33°8, For example, an important lipid player affecting membrane
efficiency to recruit and unfold proteins/peptides and to nucleate amyloid growth is cholesterol
although its action is controversial. Some data suggest that cholesterol, clustered with ganglioside
lipids and sphingomyelin to form rigid microdomains known as lipid rafts, anchors the
amyloidogenic proteins to membranes and influences their fibrillization rates’®. This is the example
of the AB peptide whose toxicity is associated with the formation of oligomeric-AB/cholesterol
domain complexes’®’3 in the cell membrane. Otherwise, several pieces of evidence support a
protective role of increased cholesterol against amyloid growth. It has been observed that a
reduction of the cholesterol content results in increased ganglioside GM1, the most abundant
negatively charged lipid found in the outer leaflet of the neuronal cell membranes, expression. GM1
can bound by AP peptide and act as a seed for AP aggregation accelerating amyloid fibril

formation’.

In turn, the aggregation may induce disruptive structural alterations in cell membranes trough a
number of mechanisms including specific membrane pores formation, membrane destabilization or
thinning or breakage due to induced growth of lipid bilayer rigidity. In some cases, it was also
observed that amyloid growth into or amyloid adsorption to lipid bilayers can heavily damage

membranes by extracting membrane lipids and modifying profoundly membrane stability and
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order, lipid packing, and hydration at the interfacial region, as was shown in the case of B2-
microglobulin 7> and lysozyme’®. Another molecular mechanism proposed is based on the lipid-
chaperone hypothesis’”’® . According to the latter, free lipids in the aqueous phase could interact
with amyloidogenic proteins in the water phase, giving rise to a lipid-protein complex, globally
possessing a higher hydrophobicity and, in turn, a higher affinity to the membrane compared to the
bare protein. A detailed understanding of the relation between aggregation and membrane
disruption requires the characterisation of the interactions involved in the binding to membranes
of amyloidogenic proteins in fibrillar, oligomeric or in native state and of the membrane bound

peptide conformation in a given aggregation state °%.

Another example of protein whose structure and consequent fibril formation is influenced by lipid
membrane is the alpha-synuclein (a-Syn), a 140-residue natively unfolded protein abundantly
expressed in neurons, especially presynaptic terminals. Itis included in the family of the amphitropic
proteins’® and directly involved in Parkinson disease.

Several studies have demonstrated that a-Syn is able to interact only with phospholipid vesicles
containing acidic phospholipids such as phosphatidylserine and phosphatidylinositol, while it has
been shown that membranes constituted by neutral phospholipids such as phosphatidylcholine and
phosphatidylethanolamine do not bind the protein. It was suggested that the amphipathic N-
terminal region of a-Syn, rich in positively charged lysines, is directly involved in the binding to
negatively charged lipid membranes demonstrating that electrostatic forces play an important role
in the binding, even if different studies have also shown that they are not the sole driving force.
After binding, it adopts an extended helical conformation, while C-terminal region of the protein
remains unbound and available for potential interactions with other proteins. As a-Syn, also AB
peptide®®8! B-2 microglobulin and hIAPP peptide®? have all been shown to shift to an a-helical
structure upon negative charged membranes binding. However, there are also evidences that some
brain lipids are able to resolubilize mature B-amyloid fibrils into oligomeric toxic species®. Some
works have also demonstrated that elements of the basement membrane, such as laminin, collagen
IV and entactin inhibit the formation of beta-amyloid protein fibrils. This discovery may provide a

new therapeutic way for Alzheimer’s disease®*#,
1.5. Proteins and peptides as anticancer- antimicrobial agents

Epidemiological studies have shown that some proteins and peptides have also the ability to protect
against cancer and infections and that a lot of them are effective to both types of treatment®’,
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Among them, bacterial proteins are a promising group of bioactive compounds and potential
anticancer and/or anti-infection drugs. They include enzymes (arginine deiminase, L-asparaginase),
bacteriocins (pediocin, colicin), toxins (botulinum toxin A, exotoxin A) etc . Although they often act
on intracellular targets, the interaction with membranes is necessary to arrive to cytoplasm88-°,
There are also proteins naturally produced by mammals, like human and bovine a-lactaloumin that
have demonstrated to induce death of tumor cells, acting on nucleus, but they have also
demonstrated to have antimicrobial effects against Gram positive bacteria 4>°1. Other proteins, with
antibacterial activity, are lysozyme, phospholipase A2 and lactoferrin that are part of the innate
immune system in most mammals. Lysozyme, for example, naturally found in bodily secretions such
as tears, saliva, has shown antibacterial activity by cleaving the peptidoglycan component of

bacterial cell walls, leading to cell death 2.

Also peptides that can be produced by prokaryotes (nisin, gramicidin from Lactococcus
lactis, Bacillus subtilis, and Bacillus brevis), by humans (cathelicidins and defensins) 3 or generated
by the proteolysis of a-lactalbumin, B-lactoglobulin and lactoferrin have shown the ability to kill
pathogenic microorganisms, including Gram-positive and Gram-negative bacteria, viruses, protozoa,
and fungi .

In higher organisms, they constitute important components of the innate immunity, protecting the
host against infections; in contrast, bacteria produce peptides in order to kill other bacteria
competing for the same ecological niche. All these peptides belong to the family of the
“antimicrobial peptides” (AMPs).

Growing evidence supports also an anticancer activity of some AMPs. For example, LL-37, the only
cathelicidin in humans, has been shown to inhibit tumor growth in colon cancer and gastric cancer
95,96'

However, it has also been discovered that LL-37 is able to interact with extracellular DNA and to
mediate uptake and nuclear transfer of functional plasmid DNA in mammalian cells®’. In fact, it is
not excluded that some of AMPs can also act as cell penetrating peptides (CCPs). Peptides belonging
to this family are able to pass through the cell membrane and to act as vectors for the delivery of
chemically conjugated biomolecules such as peptides, oligonucleotides, and chemotherapeutics
% It is not clear if there is an evidence difference between AMPs and CPPs because some AMPs are
able to cross membrane bilayers and some CPPs show antimicrobial activities and thus, a clue to
their different activities is derived from their interactions with the lipid bilayer 2°. Anyway, the nature

of the primary sequence appears to be of great significance for the activity, as a high content of
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cationic amino acids is a prerequisite for their initial association with negatively charged membrane
components. In addition, the ratio between the cationic lysine (Lys) and arginine (Arg) residues
influences membrane selectivity since the guanidino functionality of Arg promotes a more efficient
interaction with eukaryotic membranes as compared to Lys. This is, however, most often at the
expense of increased cytotoxicity. In opposite, a high Lys content has been correlated with selectivity
towards bacterial cells over eukaryotic cells.®®

An example of peptide, known to be both a charrier for drugs and also an antibacterial and
anticancer agent, is the Trasportan 10 peptide. Chapter 3 of the thesis will be focus on the study of
the behavior of this peptide in presence of lipid membranes, different both for membrane and
internal composition, with the aim to understand the forces driving or hindering the peptide-
membrane interaction and the effects induced both on peptide conformation and on physical-

chemical properties and integrity of the membranes.
1.5.1. Antimicrobial peptides

Today, the interest toward AMPs, results from the rapidly increasing resistance toward conventional
antibiotics, from the side effects of chemotherapy and drug resistance of some cancer types, which

are forcing scientists to identify new and non-conventional anti-infective therapies®,

AMPs are relatively short peptide, commonly consisting of 10-50 amino acids, and their secondary
structures include a-helix, B-sheet and loops. They display an overall positive charge ranging from +
2 to + 11 (often due to the Lys and Arg residues), and contain a substantial proportion (typically 50%)
of hydrophobic residues such as tryptophan and phenylalanine 3819101 The combination of charged
and hydrophobic domains plays a key role in the interaction with natural membranes; the charged
moieties are involved in the initial interaction with the bilayer while the hydrophobic domain is
crucial for insertion 29°3, The selectivity of these peptides toward microbial cells and/or cancer cells
is connected to the differences in membrane composition between microbial, cancer and mammal
cells 87102 The propensity of these peptides to adsorb, fold, and form functional structures or
aggregates at the membrane surface, even at low peptide/lipid ratios, suggests that an attractive
force operates between them. The negative charged surface of bacteria is determinant for the
interaction driven by electrostatic forces with cationic AMPs while the presence of zwitterionic
phospholipids in mammal’s membranes hinder the action of AMPs. Furthermore, compared with
normal cells, the anionic composition of cancer cells’ membrane surface confers the targeting

specificity of AMPs 23, Although the AMPs share many characteristics with amyloid-forming proteins,
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such as the affinity for negatively charged membrane surfaces and the conversion from random-coil
structures to a-helixes upon initial contact with membrane surfaces, the presence of cholesterol,
present in mammal’s membranes, hinders the binding of AMPs!%2. However, there is a limit beyond
which increasing positive charge and/or hydrophobicity no longer confers increased activity®2. For
the magainins for example, a net charge of 6 to 7 led to an increased hemolytic propensity and a
loss of antimicrobial activity. This decrease in antimicrobial activity may result in part from
excessively strong peptide interactions with phospholipid head groups, thereby preventing
translocation of the peptide into the cell interior.
About hydrophobicity, although it is required for effective membrane permeabilization, increasing
levels of hydrophobicity are strongly correlated with mammalian cell toxicity and loss of
antimicrobial specificity 3. Therefore, it is important that antimicrobial peptides are moderately
hydrophobic and positively charged, such that they optimize activity against negative microbial cell
membranes.
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Figure 1.2. Schematic illustration of bacterial killing mechanisms by AMPs. Figure and caption are adapted
from the original paper ¥’.

A simply classification of AMPs is based on mechanism of action (Fig. 1.2) &. Several models,
including “toroidal pore”, “barrel-stave” and “carpet” models, have been proposed describing the
events occurring at the bacterial cytoplasmatic membrane 87193 and which ultimately can lead to its
permeabilization and/or disruption, leading to cell death. AMPs can in fact act on membranes by
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modifying their physical integrity by inducing the formation of pores, thinning or breakage of the
membrane 3%%7,

The main differences between these models lie in the lipid structure around the pores and the pore
stability. In the barrel-stave model, the lipids maintain a lamellar organization and the peptides form
well-defined and stable bundles, which, when they are of a sufficient diameter, can serve as a pore.
In the case of the toroidal-pore model, the lipids create a toroidal-shaped opening covered with the
peptides in different orientations and the pores are generally less stable or transient. In the carpet
model, peptides accumulate on the membrane surface and destroy the cell membrane in a
‘detergent’-like manner inducing the formation of micelles. In contrast, some AMPs penetrate the
membrane without significantly disrupting it to interact with intra-cellular targets leading to cell

death.
1.6. Model cell membranes to study protein/membrane interaction

Model cell membranes are systems in which the lipid organization mimics the arrangement of lipids
in natural cell membranes. Given the structural complexity of membranes, for the presence of many
interconnected variables, the understanding of lipid—protein interaction is a complex biophysical
problem and the use of models is useful 194, As explained above, the cell membrane consists in fact
of two layers with an asymmetric lipid composition and contains proteins with high specialization,
such as specific ion-channels and receptors and it is organized in micro domains, termed rafts,
essential for the biological function of membrane proteins. For this reason, it is preferable to study
and to understand the properties of model systems whose composition can be easily tailored. This
approach allows to analyze single, specific features of protein-membrane interaction and add
complexity to the system one step at the time, e.g., by adding different lipids and/or protein to the

membrane composition.
1.6.1. Liposomes: simple artificial model lipid membranes

Liposomes are frequently used as simplified models for cellular membranes in basic studies and are
self-closing spherical particles consisting of lipid bilayers that encapsulate an internal aqueous
environment so that, depending on the size they can be assimilated to certain types of organelles
membrane 1%, Additionally, because of their ability to compartmentalize their internal aqueous
environment from the external environment, they can be used in drug delivery and membrane
integrity assays. The procedure for making liposomes is relatively simple and relies on hydrophobic

interactions between lipid molecules and an aqueous solution 01,
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As shown in Fig. 1.3, they can be prepared as multilamellar vesicles (MLVs), which are concentric
multi-bilayer vesicles having an onion-like structure with an average diameter ranging between 1
um and 5 um or can be formed into large (LUVs, > 100-250 nm to 1 um in diameter), small (SUVs,

20 to 100 nm diameter) or giant (GUVs, > 5 um diameter) unilamellar vesicles %6197,
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Figure 1.3. Classification of liposomes based on their lamellarity and size.

The size of the liposome produced affects the curvature of the bilayer and as a consequence it
affects lipid packing, this in turn may modulate the ability of some proteins to bind.

The bilayer of GUVs is thought to possess more similar physical properties to the bilayer 19%of cells
and has shown a great advantage over smaller liposomes such as LUVs and SUVs in investigating the
physical properties and structural changes of liposomes 1°4647.108 "Sq far, almost all studies of
liposomes have been carried out on a suspension of many small liposomes such as LUVs and SUVs
using light scattering, fluorescence spectroscopy, electron spin resonance, and X-ray scattering. In
these studies, the average values of the physical parameters of liposomes have been obtained from
large numbers of liposomes, and thereby much information has been lost. In contrast, studies of
single GUVs provide information on the structure and physical properties of single GUVs as a
function of time and spatial coordinates (the single GUV method) >>19-110_|n this way, the single
GUV method provides a great deal of new information on the structure and function of bio
membranes and lipid membranes, which cannot be obtained by the studies on the suspension of
LUVs and SUVs. For example, the single GUV method has been successfully used to study shape
change of vesicles, membrane fusion and vesicle fission in real time by microscopy . In addition to
unilamellar giant vesicles, some studies have also used giant multilamellar vesicles (GVs) because it
has been found that higher degree of lamellarity can induce greater stability 1. These systems have
been used to study the effect of a-Syn and a- lactalbumin on lipid bilayers, with different lipidic

composition, trough spectroscopy and advanced fluorescence microscopy techniques 4748112,
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However, although the lipidic GVs represent the simplest bio mimicking model compartment that
allow, in the first phases, the investigation of biological processes (permeability, fluidity and
dynamic behavior of cell membranes), they present a significantly lower level of complexity of
membranes of living cells. GVs can in fact only approach living cells to a certain degree due to the
lack of a cytoplasmic medium and simultaneous presence of more than one type of membrane

protein inside their membrane.
1.6.2. Giant Plasma Membrane Vesicles as model membranes

The problems connected with synthetic vesicles have brought the scientists to the development of
a method to produce cell-mimicking compartments giant plasma membrane vesicles (GPMVs),
directly from living cells 113, These systems are an interesting alternative to synthetic vesicles as an
experimental model system for use in a wide range of assays.

These systems present a high stability and provide experimental tractability similar to synthetic
membranes. Importantly, the membrane and internal composition directly mirror the composition
of the cells from which they originated, except for larger cellular organelles and intracellular
structures (e.g., nuclei, Golgi apparatus, vesicles). This combination has allowed investigation of
GPMVs composition, physical properties, dynamics, and potentially signaling and transport in

isolation from the complexity of living cells.

Widely used common cell lines like HepG2, Hela, Caco-2 have already been used for the production
of GPMVs and pretty simple protocols have been developed. In particular, their formation can be
induced in short time (1-2 hours) by using of a “vesiculation buffer” 113114 Chemically induced
plasma membrane vesiculation was first observed in the 1970s 1%, Basically, the simple preparation

protocol is sketched in Fig. 1.4.
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Figure 1.4. Overview of GPMVs preparation protocol. Figure and caption are adapted from the original paper

116

Once formed, the vesicles present a perfectly spherical shape, with a diameter of about 10 pm.
GPMVs can be visualized by bright-field microscopy because of the refractive index difference
between the cytoplasm inside the GPMVs and the buffer outside (Fig. 1.5). Alternatively, GPMVs
can be imaged using fluorescence microscopy by labeling cellular plasma membranes with

fluorescent markers before vesiculation, or direct labeling of isolated vesicles.

Figure 1.5. Example of GPMYV isolated from HepG2 cells. Figure adapted from the original paper 1.

Because of the main experimental advantages, and despite of the fact that they still present several
important differences with live cell membranes, GPMVs constitute a widely used tool in recent
membrane biophysics studies as they provide the possibility of having large experimental

repeatability.

Moreover, GPMVs are excellent models in biophysical studies for the analysis of molecular
interactions, which are difficult to measure in live cells due to the complex reaction due to functional
activity which may hinder repeatability. These structures provide a clean system free from artifacts
that can be caused by endo- and exocytosis processes and disturbances from intracellular dynamics.
GPMVs have been used in several experimental settings including membrane phase separation,
membrane dynamics, membrane composition, drug delivery, and lipid-protein interactions 2. In
addition, in the recent years the complexity of GPMVs has been increased encapsulating within
them nanocompartments, containing enzymes, which act as artificial organelles. This, in order to

mimic the architecture and functionality of eukaryotic cells.
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Chapter 2

Experimental approach

In this chapter the fundamentals of the experimental techniques used in this thesis will be shortly
described together with summary of the methods used in the performed experiments.

Main aim of this chapter is to highlight the rationale of combining bulk spectroscopic information
with quantitative microscopy to analyse such complex multiplayer, spatially heterogeneous
phenomena as protein-membrane interactions. The presented approach allows to monitor the time
evolution of the involved events, since the early stages, providing information from the different
point of view of both protein molecules and membranes.

Bulk experiments, such as circular dichroism (CD) and steady state fluorescence in cuvette, give the
possibility to systematically investigate the occurring reactions, providing averaged information on
the behavior of an ensemble of molecules. Quantitative fluorescence microscopy methods are used
to follow dynamic events, in real time without sample manipulation, providing information on the
occurring events with molecular details. In this way, protein fate can be simultaneously evaluated
with membrane changes giving, as an output, quantification and localization of spatially

hete rogeneous events.

Techniques

2.1. Fluorescence

Fluorescence is a really powerful parameter useful for studying biological systems and the dynamic
processes occurring between them. In fluorescence, light absorption promotes an electron to an
excited state, resulting in light emission when the excited electron returns to the ground state
undergoing a radiative transition 8. The processes, which occur between the absorption and
emission of light, are usually illustrated by the Jablonski diagram (Fig. 2.1). In particular, excitation
by absorption of light lifts electrons of the molecules within femtoseconds from the ground state
So to higher singlet excited states. Then, the electrons undergo vibrational relaxation to the lowest

vibrational level of the excited state (denoted as Si) by non-radiative processes called internal
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conversions. Once the dye molecules have reached the lowest vibrational level of S1, they can relax
to the ground state So by a radiative or non-radiative process.
Fluorescence is a radiative process in which the molecules (fluorophores) decay from the S; to the

ground state by emitting detectable photons (on the timescale of 107 s).

Sz AT
' | Internal
1 Conversion
- .
Sy v ?\'{
Absorption |
Fluorescence
T‘\/ ): h\),-_ "
|
2
So i {

Figure 2.1. Jablonski diagram. The figure is adapted from first chapter of 1%,

The energy loss in vibrational relaxations and internal conversions to reach the level S1 results in a
shift to longer wavelengths (red shift) of fluorescence emission with respect to absorption (Stokes
shift).

The efficiency of the emission is defined by the quantum yield (®), which is the ratio of the photons
emitted over the total photons absorbed %' | Furthermore, it can be shown that @ is the ratio of
the rate of the radiative transition (kr) to the sum of rates of all transitions (kr + knr), in which the
excited state is involved. Therefore, any molecular mechanism leading to a non-radiative

depopulation of the excited state reduces the quantum yield:
0= kr/ kr + knr (1)

The other important characteristic feature of fluorescence is its time response 2. In particular, the
population of the excited molecules generated at the moment of excitation, t = 0, starts to decrease
exponentially through the radiative (k;) and non-radiative (knr) transitions to the ground state. The

characteristic time of this process, 1, is called the fluorescence lifetime:
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T= 1/ kr + knr (2)

Both fluorescence spectroscopy and fluorescence microscopic techniques were used to analyse the
fate of proteins, their aggregation/disaggregation processes as well as their absorption and/or
insertion into membranes. At the same time, these methods allowed to study and quantify
morphological and physical modifications occurring in the membranes. The parallel analysis of
intrinsic (tryptophan) and extrinsic dyes (Nile Red, ANS, Pyrene, Laurdan and di-4-Aneppdhq) was

essential for a comprehensive understanding of the processes.
2.2. Steady state fluorescence spectroscopy in bulk

Fluorescence spectroscopy measurements provide bulk information about the sample and the

events occurring within it.

2.3. Fluorescence microscopy

In order to visualize and to follow in real time, in a non-invasive way and at sub-cellular level
aggregation processes, protein-membrane interactions, and consequential possible morphological
vesicles modifications, fluorescence spectroscopy was coupled with fluorescence microscopy such
as confocal and two-photons microscopy. Both methods give information on the events dynamics
and chemical interactions at resolution down to about 200 nm where the spatial resolution of an
instrument is its capability to resolve details in a specimen?>123,In particular, it can be quantified
as the minimum distance that can be measured between two objects in an image still allowing

distinguishing them as separates. The resolution limit can be described by the Abbe’s following law:

Ax= L/2NA (3)

where Ax is the minimum distance between two points in the image, A is the wavelength and NA is

the numerical aperture and is defined as:

NA= n*sin o (4)

with n being the refractive index of the surrounding medium and o half of the angle of the aperture

of the objective.
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2.3.1. Confocal laser scanning fluorescence microscopy (CLSM)

Confocal laser scanning microscopy (CLSM) is a widely used technique that enables the three-
dimensional imaging of biological samples by selectively accessing the fluorescence signals from
different planes inside the sample and assembling the planar images to generate three-dimensional
images.

CLSM aims to overcome some limitations of traditional wide-field fluorescence microscopes!?2. In a
conventional (i.e., wide-field) fluorescence microscope, the entire specimen is flooded evenly in
light from a light source: all parts of the sample can be excited at the same time and the
resulting fluorescence is detected by the microscope's photodetector or camera including a large
unfocused background part. In contrast, using CLSM the images are created by sequentially
measuring all the pixels in an image. This is accomplished by scanning a focused laser beam across
the sample and measuring the intensities at each position. CLMS fundamental element is a pinhole
that blocks the fluorescence generated from the regions out from the focal point, to eliminate out-
of-focus signal. As only light produced by fluorescence very close to the focal plane can be detected,
the image's optical resolution, particularly in the sample depth direction, is much better than that
of wide-field microscopes. However, as much of the light from sample fluorescence is blocked at
the pinhole, this increased resolution is at the cost of decreased signal intensity and to offset this
drop in signal after the pinhole, the light intensity is detected by a sensitive detector. Measured
fluorescence signal comes from molecules localized in a tiny region at the focus. As the focus
position moves in the x-y plane, light is delivered to sequential points of the sample and the emission
signal reconstructs the distribution of fluorescent objects with high resolution providing optical

sections of the sample.

2.3.2. Two-photon microscopy

Unlike the one-photon excitation, which typically requires photons with energies in the ultraviolet
or visible spectral range, to generate fluorescence by means a two-photon process, two different
photons with energies in the infrared range must be absorbed simultaneously by the same
fluorophore'??. The sum of the energy of the photons required in a two-photon absorption event
must be equal to the energy needed for the single-photon absorption. This phenomenon may also
occur with multiple photon absorption e.g. three-photon excitation needs the absorption of three

photons and so on. The comparison between one-photon and a two-photon excitation process is
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schematically illustrated in Fig. 2.2, where the transition to the excited state induced by two photons
is of lower energy with respect to the energy gap between the two electronic levels. The near
infrared excitation has the advantage of reducing photo-damages of samples along the excitation
beam trajectory permitting minimally invasive experimental measurements also for long acquisition
time. In addition, in two photons microscopy, the excitation is limited in a single point with the
sample, so that in other parts of the specimen, two-photon absorption generally does not occur
minimising the out-of-focus background signal. The near infrared excitation enhances the ability to
image deeper (to millimeter scale) in the samples as the contribution of light scattering effects is
reduced. This because scattering intensity can be considered inversely proportional to the fourth
power of wavelength of incident light on a sample; then it is critically reduced if the excitation

wavelengths are doubled.

1-photon excitation

I

Energy state diagram

2-photon excitation

>

Fig. 2.2. Jablonski diagram and schematic representation of the localization of one-photon and two-photon
excitation. In the first case, all the molecules in the illuminated volume pass to the excited state by the
absorption of a single photon, while in the second case only molecules at the focal point are excited by the
absorption of two photons and emit fluorescence.

In this thesis, two-photon excitation is used for Laurdan measurements, as it enables UV light
excitation of the dye avoiding photo-bleaching phenomena that would occur otherwise. The use of

pulsed laser also allows FLIM measurements.

2.4. Fluorescence lifetime imaging microscopy (FLIM)
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FLIM is a fluorescence imaging technique where the contrast is based on the fluorescent lifetime of
chromophores in the sample. FLIM measurements present several advantages when dealing with
biological samples which are dynamical and highly heterogeneous 24,

A feature that limits the quantitative interpretation of intensity-based fluorescence images is the
lack of knowledge of fluorophore concentration at different locations. A fluorescent dye, for
instance, can inhomogeneously accumulate in different regions of a cell due to the intrinsic
heterogeneous physicochemical features of the environment. As the measured fluorescence
intensity linearly depends both on the quantum yield and on the number of molecules, it is not
always easy to separate the two effects. The most important advantage of FLIM over fluorescence
intensity imaging is that fluorescence lifetimes are independent of fluorophore concentration and
laser excitation intensity 1'%, These advantages clearly overcome the apparent difficulty in data
analysis and interpretation that data traditionally required specific expertise, complex fitting
procedures and the need of sophisticate hardware.

Analysis of FLIM data can be simplified by using the phasor approach that avoids some of the
problems of the exponential analysis and provides a graphical global view of the processes affecting
the fluorescence decay occurring at each pixel transforming the histogram of time delays into a
point in a two-dimensional space termed the phasor plot 1?°. The s and g coordinates in the phasor
plot are the normalized Fourier sine and cosine transforms and are defined by the following

relations:
gij (@) = [,” 1(t) cos(nwt)dt/ [ 1(t)dt (5)

sij(@) = [J71(t) sin(nwt)dt/ [ 1(t)dt (6)

where w is the laser repetition angular frequency, and the indexes i and j identify a pixel of the
image. Since these quantities are normalized to the total number of photon counts, they are
independent of the intensity and carry information only on the shape and position of such a curve.
Single exponential lifetimes lie on the so-called “universal circle”; long lifetimes are located near the
origin (0 on the x axis), while short lifetimes are shifted on the circumference toward the bottom
right intersection with the x axis (1 on the x axis). Phasors follow the vector addition rule so that a
double exponential decay would lie within the universal circle and along a straight line connecting
the phasors of the two isolated components. The distance between each point of the cloud in the
phasor plot and the single exponential phasors on the universal circle represents the fraction of

each component.
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In real measurements, data in the phasor plot appear as clouds of points representing the
fluorescence lifetime distributions that can be selected using colored cursors in order to obtain that

the corresponding pixels are mapped back with the selected color to the image pixels.

FLIM image Phasor

Single exponential

I\ __________________________________ Universal circle

Short lifetimes

Long lifetimes

Multiple exponential

Fig. 2.3. Schematic showing the relationship between the FLIM image and phasor plot with the “universal
circle” illustrated. Each intensity pixel value in the image has a corresponding point (pink and green) in the
phasor plot. Single exponential lifetime (pink) lies on the universal circle line, while multi-exponential lifetime
inside the universal circle. The horizontal (g) and vertical (s) components for an arbitrary lifetime
measurement are also shown. The figure is adapted from the original paper %°.

FLIM images reported in this thesis were collected in the time domain using the Leica TCS SP5
microscope coupled with a PicoHarp 300 TCSPC Module (PicoQuant, Berlin, Germany) and the
phasor transformation and data analysis are performed using the SimFCS software available at

the www.Ifd.uci.edu.3.

2.5. Raster Image Correlation Spectroscopy (RICS)

Fluorescence microscopy gives also the opportunity to measure the diffusion properties of single
fluorescent particles and characterize their interactions. This can be due using RICS, which is a
technique that quantifies the molecular dynamics of fluorescent or fluorescently labelled molecules
by measuring fluorescence intensity fluctuations in images taken on confocal microscopes. RICS
analysis provides an average value of the diffusion coefficient (D) within selected areas in an image
127128 |n the hypothesis of free diffusing molecules, D depends on molecular size, shape, and
properties of the surrounding fluid. For a spherical particle, the diffusion coefficient is given by the

Stokes-Einstein relation:
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D= kT
6mnR

(7)

where k is the Boltzmann constant, T is the temperature (room temperature in our case - 298 K), n

is the viscosity of the media (water solution in our case -1.16 cP), and R is the radius of the diffusing

molecule. So that larger diffusion coefficient D reveals smaller size of the diffusing particles and

changes of its value can provide information on association/aggregation and/or binding processes

of molecules.

RICS images are acquired through raster scanning (Fig 2.4 (a)). The ‘raster’ in RICS refers to the order
in which these pixels are collected to generate an image ?’. The top left pixel is measured first.
Thereafter, the top row of pixels is collected from left to right. The laser then travels back to the left
of the image without collecting any pixels and begins a second row. Rows are collected in this
manner from top to bottom until an entire image is obtained. At the end, the obtained images
contain information on the microsecond time scale for pixels along the horizontal scanning axis,
millisecond time scale along the vertical scanning axis or between scan lines, and on the sub-second
to second or longer time scale between successive images. Basing on it during a raster scan, a fast-
moving fluorescent particle will be observed across more pixels (Fig. 2.4 (b)) compared to a slower
particle (Fig. 2.4 (e)) *"1?°. This can be quantified, calculating from the image the spatiotemporal
correlation of fluorescence intensity fluctuations (Fig. 2.4 (d) and (g)).

Image autocorrelation is calculated on each image using the following equation 128:

_<IQI(x+Ey+y> _
G(Ev)= <I(x,y)> <I(x,y)> (8)

where i(x,y) is the intensity at each pixel of the image, & and y are the x and y spatial correlation

shifts, and d(i)=i - <i> and the brackets <&> represent averaging over all coordinates of one image.
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Figure 2.4. The principle of laser scanning microscopy imaging for raster image correlation spectroscopy
(RICS) analysis. (a) images consist of pixels from line-by-line scanning. The detectable fluorescent signal (blue
circles) and undetectable cases (grey circle) of: (b) fast; and (e) slow moving molecules (green circles) from
scans result in the image ((c, f), respectively). The spatial correlation of: (d) fast; and (g) slow moving
molecules. Black and red lines represent the correlations calculated from the x-and y-direction pixels,
respectively. Figure and caption are adapted from the original paper!*®.

The output of measurements are spatial autocorrelation functions, calculated using SimFCS
software, like those reported in the Fig. 2.5 (b) and (e). The autocorrelation functions can be fitted
using the equation (8), giving as results D and Gg) values; the latter is inversely proportional to the

concentration of the fluorophore 28, The fits of the autocorrelation functions are reported in panels

(c) and (f).
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Figure 2.5. (a) and (b) 256x256 images of representative examples of slow and fast molecules, respectively.
(b) and (e) the two-dimensional spatial correlation functions of images (a) and (d). (c) and (f) are the fit of the
autocorrelation functions (b) and (e). The figures and caption are adapted from the original paper 3.

2.6. Intrinsic fluorescence

Proteins display intrinsic fluorescence that is provided by aromatic amino acids, mainly tryptophan,
considering that phenylalanine has a very low quantum vyield, and emission by tyrosine in native
proteins is often quenched*®.

Tryptophan (Trp) fluorescence is highly sensitive to the environment polarity. For example, the
decrease in fluorescence intensity with a shift of the emission spectrum toward higher wavelength
(red shift) is due to the exposure of Trp residues to polar environment. In opposite the shift of the
emission spectrum towards lower wavelengths (blue shift) indicates an increase in hydrophobicity
or compactness around Trp residues. Changes in emission spectra from Trp can occur in response
to protein conformational transitions, aggregation processes, binding to other molecules, or
denaturation. All these processes can affect the environment surrounding the indole ring and this

reflects in spectra changes.

2.7. Extrinsic fluorescence for protein characterization

The use of various extrinsic fluorescent dyes offers additional possibilities for protein
characterization. Extrinsic dyes can be covalently attached to proteins (e.g., via the e-amino group

of lysine, the a-amino group of the N-terminus, or the thiol group of cysteine) or can interact non-
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covalently with them, e.g. via hydrophobic or electrostatic interactions '32. Interactions between
dye molecules and proteins can lead to changes of fluorescence emission by a change of the
preferred relaxation pathway and for this reason have been used for numerous applications in
protein sample characterization such as to monitor refolding and unfolding processes, to assess
surface hydrophobicity, to probe active sites of enzymes, to characterize aggregation and fibrillation

and to monitor conformational changes induced by chemical degradation 32,

An example of fluorescent dye covalently attached to peptide, reported in this thesis, is the
Carboxyfluorescein. It, linked to the N-terminus of the peptide Trasportan10 (TP10), was used to
localize the peptide and analyse peptide behaviour in presence of model membranes with different
lipidic composition. Changes of its fluorescence properties (fluorescence intensity, maximum
wavelength, lifetime) reflect modifications in the environment surrounding the fluorophore. In
particular, fluorescein-based dyes are often used to monitor environmental properties as they are
critically sensitive to the pH or the hydrogen-bond character of the environment 133134, Changes in
the spectral properties of these molecules have also been noted when fluorescein is conjugated to
biomolecules, when it is associated with micelles and membranes, when it is incorporated into cells
133 Therefore, the analysis of Carboxyfluorescein fluorescence changes gave information on
eventual TP10 aggregation and/or absorption/internalization in lipid bilayers. In opposite, examples
of dyes non-covalently attached, used in the thesis for protein characterization, are the 1-
anilinonaphthalene-8-sulfonate (ANS) and Pyrene 13>, ANS is a hydrophobic, negatively charged dye
whose fluorescence is sensitive to the environment with respect to polarity and viscosity. It is
typically used to analyse surface hydrophobicity of proteins and unfolding/folding aggregation
conformation. Its interaction with proteins, via hydrophobic and electrostatic interactions between
the negatively charged sulfonate groups of ANS and positively charged amino acids (e.g. histidine,
lysine and arginine) can result in changes of polarity and viscosity of the surrounding environment
and consequential changes in its emission spectrum. In particular, the exposure to a more

hydrophobic environment induces a strong fluorescence and a blue shift of its spectrum.

Pyrene is a hydrophobic, uncharged dye frequently used to the evaluation of the critical micelle
concentration (CMC) 136137, Some proteins, thanks to their amphiphilic structure, are in fact able to
assemble together in micellar structures constituted by a hydrophobic core and a hydrophilic shell.
In presence of micelles, Pyrene, for its hydrophobic nature, prefers to enter into the micellar

structures and this induces changes in its fluorescence spectrum. In particular, the ratio of the
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intensities between the third and the first vibronic components of the Pyrene emission spectrum
(bands I at 373 nm and Il at 383 nm) is a measure of the local polarity and gives information on
CMCs of numerous surfactants and micelle stability to environmental changes. In this thesis, ANS
and Pyrene were used to evaluate the ability of the amphiphilic a-casein to form micelles at
different environmental conditions (pH, temperature), to evaluate their hydrophobicity and their

stability to pH variations.

2.8. Extrinsic fluorescence for membrane properties characterization

As reported in previous section membrane fluidity is one of the main determinants of the molecular
mobility in the phospholipid bilayer and for this reason essential for numerous cell functions
including cell growth, solute transport, signal transduction 138139, At the same time, it can be
influenced by changes of environmental parameters such as pH, temperature, ionic straight and by
the presence of biomolecules that can temporary or permanently interact with them. Therefore,
since fluidity regulates cell bioactivity and membrane integrity and even slight changes of it may
cause aberrant function and pathological processes, studying this property is fundamental 3.

Fluorescent dyes are frequently used to distinguish the liquid order phase and liquid disorder phase
of biological membranes that differ for the concentration and molecular dynamics of water
molecules inside them. Examples of dyes used are Laurdan and di-4-ANEPPDHQ whose structures
and the emission spectra in different lipid environments 142141 gre reported in Fig. 2.6. The spectral
properties of Laurdan and di-4-ANEPPDHQ alter in response to lipid packing and a blue shift of
around 50 nm in the emission peak for both dyes is observed for membranes in liquid ordered (lo)
phase (highly packed phospholipids-few water molecules in the bilayer) relative to membranes in
liquid disordered (l4) phase (more water molecules in the bilayer) 49, In fact, when the dyes are in
membranes characterized by liquid disordered phase, the energy required for solvent reorientation
is higher and decreases the excited state energy of the probes. This is reflected in a red shift of the
probe's emission spectrum, which can be quantified by the Generalized Polarization (GP) ***function

defined as

GP = (I1400-460—1470-530)
(I1400-460+1470-530)

and

GP = (Is00-580—1620-750) (9)
(Is00-580+1620-750)

for Laurdan and di-4-ANEPPDHQ, respectively 143,
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Figure 2.6. Schematic molecular structures and emission spectra in different lipid environments of (a)
Laurdan and (b) Di-4-aneppdhq. The spectral ranges where spectral variation used to calculate GP is usually
measured are highlighted with colored bands. The figure is adapted from original paper *3.

However, although these two dyes operate by the same mechanism, they report at different depths
in the phospholipid bilayers: the fluorescent naphthalene moiety of Laurdan probes the interphase
region between the lipid head groups and the first C-atoms of the hydrophobic acyl chains, whereas
the chromophore of di-4-ANEPPDHQ aligns with the acyl groups deeper in the hydrophobic core 14,
Based on this, the complementary use of Laurdan and di-4-ANEPPDHQ can be advantageous to
analyse, at different depths, how membrane order regulates protein interaction and/or insertion
and to detect changes in bilayer’s hydration induced by protein presence.

Differences in the lipid phase organization, surrounding the dyes, reflect in different lifetime values.
When the lipids are in a disorder phase and the water molecules easily move into the bilayer, the
lifetime of the dyes is characterized by shorter values than when the dyes are inserted in ordered
lipid phase bilayers with less amount of water molecules inside. This is illustrated in Fig. 2.7 for
Laurdan molecule; di-4-ANEPPDHQ has been shown to follow analogous behaviour. Detailed
explanation of the interpretation of lifetime distribution position in the phasor plot will be given in

Chapter 3- section 3.2.3.
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Figure 2.7. Schematic representations of membranes in ordered and disordered lipid phases. Red arrows
represent Laurdan inserted in the membrane, and blue spheres represent the water molecules. The colored
spots in the phasor plot represent the lifetime distribution of the dye in the different conditions. The figure
is adapted from original paper ¥4,

In order to obtain information on membrane polarity, Nile Red (NR) was used in this thesis as lipid
stain. It is an uncharged, hydrophobic dye that has been used for monitoring organization,
fluctuation, and heterogeneity in membranes. Its absorption, fluorescence lifetime and
fluorescence quantum yields depend on the solvent polarity #°. It is characterised by negligible
fluorescence when in water environment that significantly increases in apolar solvents or when the
dye bounds to hydrophobic materials, such as phospholipid membranes. A more hydrophobic
environment also induces a blue shift of the emission spectrum of the dye as well as an increase of
its lifetime 46, The phasor plot, showing how the fluorescence decay of NR shifts towards higher

values decreasing solvents polarity, is reported in Fig. 2.8.
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Figure 2.8. Phasor plot showing the lifetime distributions of NR in methanol (red), ethanol (green), propanol
(blue), butanol (magenta), and hexanol (cyan). Figure and caption are adapted from the original paper*.

2.9. UV-vis absorbance

Accurate determination of protein concentration is essential for quantitative biochemical,
biophysical, molecular, and structural biology studies. The absorbance of ultraviolet-visible (UV-vis)
radiations by intrinsic chromophores, is one commonly used method to measures samples
concentration¥.

Monochromatic light is sent to a sample with an incident intensity (lo). If a part of this light is
absorbed by the sample, the intensity of the light output (1) will be lower and the absorbance can

be expressed by
A= log lo/! (10)

For each molecule, only those photons with a certain energy level can be absorbed as defined by
the difference in energy between the orbital of the unexcited electron and a higher energy orbital.
Particularly useful to calculate protein concentration is the absorbance at 280 nm (Azs0), which
offers high specificity, as it arises strictly from the rings of aromatic amino acids such as tryptophan
(Trp), phenylalanine (Phe) and tyrosine (Tyr) residues, even if tryptophan is the main contributor.

The correlation between absorbance and concentration is expressed by the Beer-Lambert law,
A=Cde (11)

where A is the absorbance, C the protein concentration (M), d the path length of the cuvette (cm™)

and ¢ is the molar extinction coefficient (M~tcm™).

2.10. Circular dichroism

Circular dichroism (CD) spectroscopy is an analytical technique used to analyse optically active
(chiral) materials and measure the difference in the absorption of left and right circularly polarized
light. In the far —UV, this technique presents a remarkable sensitivity to the backbone conformation
of proteins 8149, At these wavelengths the chromophore is the peptide bond and the signal arises

when it is located in a regular, folded environment.

As reported in Fig. 2.9 the alpha helix motif displays large CD bands with negative ellipticity at 222

and 208 nm, and positive ellipticity at 193 nm. Beta-sheets exhibit a broad negative band near 218
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nm and a large positive band near 195 nm, while disordered extended chains have a weak broad
positive CD ban near 217 nm and a large negative band near 200 nm. It can be considered that the
spectrum of a protein is basically the sum of the spectra of its conformational elements. Based on
this, CD spectroscopy is a powerful method in structural biology used to examine proteins,
polypeptides, and peptide structures and to monitor any structural alterations that might result
from changes in environmental conditions, such as pH, temperature and ionic strength and/or

interaction with other molecules.
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Figure 2.9. Different secondary structures of proteins by CD measurements. Figure taken by the original

paper 0,
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Chapter 3

Peptide-membrane interactions monitored by fluorescence lifetime imaging: a
study case of Transportan 10

3.1. Introduction and purposes

In this section, the interaction between the amphipathic peptide Transportan 10 (TP10) with
synthetic POPC-POPG giant vesicles (GVs) and giant plasma membrane vesicles (GPMVs) derived by
HepG2 cells was explored by means time resolved quantitative fluorescence microscopy methods,

described in previous sections.

TP10 is a 21 residues peptide that belongs to the family of the antimicrobial and cytolytic or
cytotoxic amphipathic peptides. It contains a high proportion of positively charged amino acids (four
lysines), no negative charges and the N-terminus that impart it a formal +5 charge at neutral pH (Fig.

3.1) 15,

Figure 3.1. Helical wheel projection of Tp10 adapted from the original paper *. Black symbols represent
positively charged residues, white, hydrophobic residues, dark gray, hydrophilic (uncharged), and light gray,
residues with intermediate polarity. The C-terminus is amidated; therefore, it carries no charge.
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In comparison with some of the most studied amphipathic a-helical antimicrobials, TP10 presents
the largest charge. This high charge is a feature in common with the polycationic CPPs which makes
it multifunctional *°1. Due to its potential applications TP10 was selected for this study.

TP10 is known to translocate, alone or together with molecular cargoes, across the plasma
membrane of living cells improving the pharmacokinetics and the transport of drugs across
biological barriers'®, It was demonstrated that TP10 presents high pharmaceutical potential in vitro
and in vivo as carriers for proteins (streptavidin, avidin) >3 but also nucleic acids, opening an
intriguing perspective for gene delivery applications +1¢, In addition, it was found that the ability
of this peptide to translocate through cell membranes can be accompanied by toxic effects as result
from membranes perturbation at high peptide concentrations. Various mechanisms of penetration
and membrane modification by TP10, as well as other membrane active peptides, have been
proposed to date including pore formation and transient membrane modifications>’, which also
imply peptide conformational transitions. In cells, penetration is believed to involve both
endocytosis and direct translocation?*®%°, as described above while in vitro in membrane models,
TP10 is found to induce graded release of the contents of phospholipid large unilamellar vesicles
with competing mechanisms often acting in parallel including toroidal, sinking raft and carpet
models. Confocal fluorescence microscopy on negatively charged giant unilamellar vesicles,
constituted by DOPC and DOPG as phospholipids, highlighted pore formation and translocation
phenomena showing labeled peptide passage into the lumen.

Membrane composition #1921 details of the specific environment and peptide concentration >°
define if and how TP10 translocates or modifies membranes as well as its potency.

Interestingly, TP10 showed cytotoxic effects towards carcer cells °2153, not however causing any

152 This selectivity, due to the higher

significant changes in the normal cell membranes
concentration of the anionic phospholipids phosphatidylserine (PS) and phosphatidylethanolamine
(PE) exposed in the outer membrane of the former than in the latter, together with the
overexpression of anionic glycoprotein and altered fluidity!®, makes the TP10 a good choice for the
treatment of oncological patients 1°2162,

Some studies have also demonstrated TP10 ability to interact with bacteria or model membranes
that mimic the bacterial bilayer composition, thus revealing its antimicrobial activity. For example,
the growth of intracellular fluorescence in E. coli, B. subtilis, S. aureus and C. albicans when
incubated with fluorescein-labelled TP10, demonstrated peptide permeabilization with a

163

consequential potent growth inhibition 3. Its selectivity toward microbial cells was studied
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evaluating the antibacterial activity of TP10 also in presence of human cell cultures. Results
indicated that there is a concentration range within the TP10 can inhibit bacterial growth without
damaging human cells; only a very high peptide concentration starts to inhibit mammalian cell

growth inducing their death.

These specific properties certainly depend on structural characteristics of the peptide, on its local
concentration at the membrane, and on tumoral and bacterial membranes composition. Bacterial
and tumoral cell membranes share common features. These, pointed out as possible reasons of the
selective of action of the peptide, include different membrane composition and fluidity, more

negative charge, higher transmembrane potential than mammalian ones %41,
3.1.1. Tp10 action on POPC-POPG model membranes

In the first part of the work, the behaviour of TP10 peptide in presence of POPC:POPG model vesicles
was evaluated. The zwitterionic phosphatidylcholine (POPC), commonly found in cell membranes,
and the anionic phosphatidylglycerol (POPG) were chosen to mimic the negatively charged bacterial
membranes 1%, As detailed in Chapter 1, since the membrane composition acts a crucial role in
protein-membrane interactions and controls the membrane binding and insertion activity of protein
molecules, the effect of the presence of cholesterol on lipid bilayer composition was evaluated. The
rationale of this choice is based on the fact that it is well known that cholesterol, a constituent of
eukaryotic membranes but rarely found in prokaryotic ones &, stabilizing the phospholipid bilayers

makes them more rigid, reduces the activity of AMPs.

Here, fluorescence spectroscopy was used coupled with confocal and multiphoton microscopy, to
localize in real time and in a non-invasive mode the TP10 and to analyze the physical modifications
induced by TP10 on POPC:POPG giant vesicles (GVs) with and without cholesterol. As reported in
Chapter 1, GVs are here used as model systems because they possess similar physical properties to
cell membranes and their size (around 10 um diameter) allows the visualization of events occurring
at the surface. These models have been already used to analyze both the fate of the peptide '*° and
the modifications affecting the membranes #7*8, with sub-micron resolution.

To highlight membrane fluidity changes, the properties of two fluorescent membrane dyes were
exploited: Laurdan and di-4-ANEPPDHQ. As described in Chapter 2, both dyes are sensitive to their
lipid environment and their fluorescence emission spectra display a red shift when the environment
changes between the liquid-ordered and disordered phases 2, this also being connected to

shortening of fluorescence lifetime. Furthermore, these dyes can be used to sense physico-chemical
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aspects of the membranes at different length scales within the bilayer as they occupy diverse
locations being the di-4-ANEPPDHQ located in more internal parts 49143, These dyes are also
characterized by different charges so they may interact differently with membrane environment
due to electrostatics. Using fluorescence lifetime imaging microscopy (FLIM), it was possible to
analyze events occurring at the membrane interface and within the membrane, in terms of both
TP10 and lipid bilayer physical states. In addition, information on TP10 localization were gained by
imaging Carboxyfluoscein fluorescence signal when covalently bound to TP10 (CF-TP10).
Importantly by evaluating lifetime properties of this dye it was possible to distinguish peptide
adhesion to the membrane from its insertion into the membrane

By combining multiple information, it was possible to reveal that TP10 adsorbs on the GVs surface
and, at sufficiently high concentration, it inserts into the membrane, where two distinct lipid phases
coexist. At first, TP10 induces modifications in the outer part of the membranes and then, depending
on the balance between hydrophobic and electrostatic interactions, it propagates in the innermost
regions experiencing environments with different structural organization and distinct fluidity. The
peptide-membrane interaction has effects both on peptide, inducing a conformational change of
TP10, and on lipid bilayers fluidity increasing their rigidity following dehydration. In addition, the
reported results reveal that the insertion is a necessary but not sufficient condition for pore
formation in membranes; only increasing peptide concentration over a threshold value, the
formation of pores occurs. This was observed evaluating the permeation of the fluorescent dye
Alexaass (700 Da) from the outside to the inside of membranes by means of confocal laser scanning

microscopy.
3.1.2. Tp10 action on giant plasma membrane vesicles

The limited complexity in term of membrane and internal composition of lipidic and synthetic GVs,
due to their lack of a cytoplasmic medium, create the needs of using different and more complex
model membrane. For a closer natural cell-mimicking environment, membranes containing a large
fraction of lipids and proteins and a cytoplasm medium inside vesicles are in fact essentials and for
this reason GPMVs seemed a good choice. In recent work '/, GPMVs have also been made more
complex by supplementing them with nanocompartiments serving as artificial organelles (i.e.
enzymes encapsulated in polymersomes equipped with channel porines). This in order to mimic the
architecture and complex functionality of eukaryotic cells, for example by studying at the same time

but separately enzymatic reactions occurring in different co-encapsulated artificial organelles.
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However, for the presented study that aims to study what happens to physical-chemical properties
of membranes and the forces that drive the peptide-membrane interactions, the simplest model of

GPMVs was chosen.

The second part of the study presents experiments aimed at clarify the action of TP10 on GPMVs
derived from HepG2 cancer cells, simply by adding a special “vesicular buffer”!!3 to cells that induces
the formation of vesicles with the same membrane and cytosol environment as the donor cells (see
Chapter 2 for details). In particular the use of model membranes from the human liver cancer cell
line (HepG2) may provide useful information on the mechanisms underlying the possible
antitumoral activity of this peptide. It is well known that in the last decade CPPs have demonstrated
great potential in tumor therapy, because their conjugation with different cargos enhanced cellular
uptake of cargo into cells 1718 However, previous works have also tested the direct anticancer
activity of some CPPs and the TP10 cytotoxicity towards two tumor cell lines, in particular the
erytroblastic leukemia and breast cancer ones, was demonstrated. Although the mechanism of the
anticancer activity is not fully understood, perturbation of the membrane, which induces the
formation of pores and the leakage of intracellular compounds (such as the lactate dehydrogenase),

is involved 168163

Here, FLIM measurements were performed to evaluate changes in term of membranes’
hydrophobicity and fluidity induced by TP10, by monitoring lifetimes changes of Nile Red and di-4-
ANEPPDHQ, respectively. Nile red is a hydrophobic, fluorescent dye whose properties (absorption
and fluorescence spectra, quantum yields and lifetime) depend on the polarity of the environment
due to a large change in its dipole moment upon excitation #°, Specifically, in water medium NR
present vanishing fluorescence, while in organic solvent or in apolar environments it gives a strong
fluorescence and an emission blue shift. Due to the remarkable sensitivity of the absorption and
fluorescence properties of NR to the environment, it has been exploited in biophysical studies of
local polarity in various micro heterogeneous environments including micelles, cyclodextrins and
lipid membranes #6170, NR properties have been studied to analyze how membrane order and
fluidity are influenced by lipid composition, chain saturation and the cholesterol but nothing was
found about using this dye to monitor membrane changes such as a consequence of peptide
interaction 71,

The information coming from Nile Red experiments were complemented with the ones on

membrane fluidity resulting from di-4-ANEPPDHQ, which is used here to monitor changes of the
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physical order of membranes.

Results indicate that initially TP10 interacts with GPMVs inducing an increase of membrane fluidity,
which leads to an increase of the number of water molecules in the phospholipid bilayer and thus
to loosely packed membranes (disordered membranes). It is known that the movement of water
across the membrane is a natural biological process and the maintenance of water balance is critical
for cell survival'’?; therefore, its alteration can lead, as a result of the variation of the osmotic
pressure between inside and the outside of the lipid bilayer, to cell lysis.

This is associated with an increase in the polarity of the environment to which NR is exposed.

Furthermore, over the time, these changes have led to the disintegration of almost all membranes.
3.2. Experimental results and discussion
Tp10 action on POPC-POPG model membranes

3.2.1. TP10 interaction with POPC:POPG and POPC:POPG:Chol model membranes studied by

fluorescence spectroscopy and microscopy

Fig.3.2 reports LSCM measurements for exploring the interaction of TP10 peptide with POPC:POPG
GVs whose composition was also enriched by the cholesterol presence in the bilayer. Representative
1024x1024-pixel images are shown of non-labelled POPC:POPG (in a ratio of 2:1) (Fig. 3.2 a) and
POPC:POPG:Chol (in a ratio of 2:1:2) (Fig. 3.2 b) GVs after 20 h of incubation with CF-TP10 (1.3 uM).

The CF-TP10 signal is shown in green. As can be seen in Fig. 3.2 (a) green fluorescence is uniformly
distributed and no co-localisation occurred between CF-TP10 and GVs containing cholesterol. The
GV shape appears as black regions. A few bright micron-scale amorphous structures in these
samples are identified as CF-TP10 peptide aggregates. An opposite behaviour is found in Fig. 3.2 (b)
where a clear co-localisation between the measured green fluorescent signal and GVs is found
indicating that TP10 accumulates at the membrane interface and that, in average, no significant
changes in GVs shape and morphology is induced by this accumulation. Control measurements (not
shown) were carried out via adding free CF to POPC:POPG vesicles to confirm that the dye alone do

not localize at the membrane surface under the same experimental conditions.
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CF-TP10 POPC:POPG:Chol
CF-TP10 POPC:POPG

Figure 3.2. 1024x1024 pixels representative LSCM measurements of (a) POPC:POPG:Chol GVs and (b)
POPC:POPG GVs after addition of 1.3 uM CF-TP10. The CF fluorescence intensity signal was collected under
laser excitation at 470 nm in the range 500-600 nm. Measurements were acquired at equilibrium after 20 h
of incubation. In panel (a), CF fluorescence is found to primarily be distributed in the solution and the GVs
profiles are identified as dark areas with vanishing fluorescence indicating that no co-localisation exists
between CF-TP10 and POPC:POPG membranes. A few brighter structures are identified as CF-TP10
aggregates. In panel (b), co-localisation between CF-TP10 and GV structures is clearly evident, indicating that
CF-TP10 is located at the membrane.

To obtain further information on the possible interactions at molecular level between CF-TP10 and
the model membranes, spectral bulk measurements on CF-TP10 fluorescence emission, added to
GVs containing cholesterol or not, were carried out. As described in Chapter 2, the analysis of
fluorescent emission spectra of extrinsic dyes, in this case of the CF covalently attached to peptide
in the N-terminus, offers the possibility for peptide characterization. Changes in spectral intensity,
shape, and position of the fluorescence spectra, due to relaxation phenomena, reflect modifications
of environment surrounding the dye in terms of polarity, viscosity, hydration 118133, Changes of the
spectra have also been described for fluorescent dyes conjugated with biomolecules, when they are
associated with membranes or incorporated into cells 138, Therefore, observed shift can be used to
obtain a coarse description of the environment around the labelled peptide and to localize it. Fig.
3.3 reports normalised emission spectra of CF-TP10 (1.3 uM), acquired before and after CF-TP10
addition to (a) POPC:POPG:Chol and (b) POPC:POPG GVs. No significant changes in fluorescence
emission spectra position are found for POPC:POPG:Chol samples (Fig. 3.3 (a)) whilst a significant
blue shift of the emission maximum from about 530 nm (black line) to about 520 nm (pink line) is
evident for POPC:POPG samples (Fig. 3.3 (b)). The observed shift occurs within the first 5 min after
the addition of CF-TP10 to POPC:POPG GVs, then the signal remains stable for at least 24 h. These
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spectroscopic data are in line with what found by the LSCM measurements, adding further
information at the molecular level. In the presence of cholesterol, TP10 remains in the outer solution
not interacting with the membranes, whilst in POPC:POPG GVs data indicate a clear change in the
environment of CF-TP10, suggesting internalisation of the peptide into the membrane or close

interaction with it.

a) b)

~ 1.0 1 — CF-TP10 — 1.0 A —— CF-TP10
S5 —— CF-TP10 + POPC:POPG:Chol 5 —— CF-TP10 + POPC:POPG
8 8
[}] ()]
2 2
()] (]
2 3
5 0.5 1 5 0.5 1
= =
L L
£ £
(=] Q
b b

0.0 Y y Y 0.0 T y T

500 550 600 650 500 550 600 650
Wavelenght (nm) Wavelength (nm)

Figure 3.3. (a) CF-TP10 normalised fluorescence emission spectra (Aex.=480 nm), acquired before (black line)
and after 20 h (green line) from the addition of CF-TP10 to POPC:POPG:Chol. (b) CF-TP10 normalised
fluorescence emission spectra (Aexc= 480 nm), acquired before (black line) and after 20 h (pink line) from the
addition of CF-TP10 to POPC:POPG GVs.

Bulk measures to explore variations in membrane phase properties occurring upon TP10 addition
to the GVs samples were performed by monitoring Laurdan fluorescence spectra changes. As
reported in Chapter 2, Laurdan is a gold standard dye used to monitor changes in membrane
organization reporting membrane packing and fluidity '#%173. The fluorescence signal of this
molecule depends on the physical state of the phase and changes from liquid-ordered phase to
liguid-disordered phase induce a shift of the Laurdan spectrum. The quantification of these spectral
changes is usually obtained by calculating the generalized polarization (GP) which allows to
distinguish the liquid (-0.3<GP<0.3) from the gel phase (GP>0.4) of the membranes *2. In Fig. 3.4
the time evolution of the GP ratios, obtained from the analysis of Laurdan fluorescence spectra
variations, measured after the addition of TP10 to POPC:POPG (pink circles) and POPC:POPG:Chol
(green circles) GVs, are reported.

Results show that the GP value measured for POPC:POPG:Chol GVs is, as expected and in line with

literature values, higher than the one measured for samples in the absence of cholesterol, indicating
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a higher rigidity and compactness of the membrane 747>, It is not surprising to find that this value
remains constant after TP10 addition to cholesterol-containing membranes, that no TP10-
membrane interactions occur confirming what previously observed in Fig. 3.2 (a) and 3.3 (a).
Analogous results were previously obtained for TP10 and other CPPs and were attributed to the
suppression of thermal fluctuations of the membranes and to the presence of rigid lipid-phases
induced by the cholesterol presence. Indeed, as previously suggested, phospholipids above their gel
liquid phase (-2,15 °C and 0,85 °C for POPC and POPG, respectively) interact with cholesterol
increasing their orientation order and rigidity. Cholesterol presence may also modify the
hydrophobic matching between membrane and peptides, having consequences on their interaction
with the lipid bilayer. On the other hand, Laurdan GP in POPC:POPG samples before the addition of
TP10 indicates that the membrane is in its liquid phase and results more accessible to the solvent
142 After the addition of TP10, the GP value rapidly increased, i.e. within the first 5 min. This small
but significant change towards a higher GP value can be interpreted as an indication of a progressive
change in membrane fluidity towards a more ordered phase. Similarly, to what was observed in
previous studies 4748112 it is possible to infer that under the tested conditions TP10 not only
accumulates at the surface, but also inserts into the membrane causing dehydration and stiffening

of the lipid bilayers. This is also in line with the results presented in Fig. 3.3 (b).
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Figure 3.4. Time evolution of GP ratios, obtained from the analysis of Laurdan fluorescence spectrum
variations, due to the addition of CF-TP10 to POPC:POPG (pink circles) and POPC:POPG:Chol (green circles)
GVs. Laurdan fluorescence emission spectra were acquired in the range 370-650 nm as a function of time
every 5 min. Excitation wavelength was A= 380 nm and excitation and emission bandwidth were 5 nm. The
cuvette was gently shaken prior to all measurements to keep the sample uniformly dispersed. These
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measurements reveal that the interaction between CF-TP10 and GVs occurs only in membranes where
cholesterol is not present.

It is worth nothing that the observed TP10 effects do not induce membrane changes in morphology
or disruption phenomena. This being in line with a previous study where TP10 action on GUVs was
evaluated ° and where TP10 was found to translocate trough the single bilayer. Furthermore, by
monitoring the gradual loss of AF647 fluorescent dye from GUVs, the peptide was found to form
pores in membranes in a concentration-dependent manner.

Under the present conditions, after the immediate peptide/membrane interactions, the system
remains stable for several hours and no translocation of the peptide is evident. This is not surprising
due to the differences in the experimental setup and in the membrane model systems both in terms
of lipid composition and lipid organisation °*. Electrostatic interactions between TP10 positive
charges and the anionic head groups of the POPC:POPG lipids vesicles may produce peptide
anchoring on the surface®*'’¢. However, TP10 was suggested to induce bilayer perturbation by
causing mass imbalance after adhesion to the outer part of the membrane and/or via a closer
interaction possibly resulting in changes in membrane rigidity. Its aggregation at the membrane may
also occur, as previously reported for others CPPs for which the action was linked to aggregation.
The evidence that TP10 only interacts with cholesterol-free membranes is an important finding for

selective targeting of CPPs to bacterial membranes over eukaryotic ones.

3.2.2. FLIM analysis on CF-TP10 fluorescence lifetime to distinguish peptide adsorption from

insertion into the membrane

To further explore the occurring interactions between TP10 and negatively charged membranes in
the lipid disordered phase, FLIM measurements were performed. To better highlight the changes of
physical properties of vesicles membranes and understand the mechanisms of action of the peptide,
we explored two different concentration regimes during the time adding TP10 to the membrane at
a 300 nM concentration (500:1 lipid:protein ratio) and at 1.3 uM concentration (115:1 lipid:protein
ratio) where significant effects are observed. TP10 was previously found to penetrate GVs in a
concentration dependent manner!’’ so that by changing concentration regime, we explored two
largely different conditions where the equilibrium between monomers and possible aggregates was
critically shifted toward the aggregated state at higher concentration. Diffusion driven interaction
was obviously altered and internalisation into the membrane possibly favoured at higher

concentration.
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In Fig. 3.5., FLIM results on unstained POPC:POPG GVs acquired 1 h and 20 h after the addition of
CF-TP10 peptide at 300 nM and 1.3 uM final concentrations are reported. These experiments arise
from the observations reported in Fig. 2 (b) that reveals CF fluorescence signal sensitivity to TP10
internalisation. FLIM measurements were analysed by means of the phasor approach 2>, FLIM
calibration of the system was performed by measuring the known lifetime of the fluorescein that is
a single exponential of 4.0 ns 178, As reported in detail in Chapter 2, this fitting-free analysis provides
a global view of fluorescence molecules decays at each pixel in the images: each pixel of the intensity
images is mapped in a point in the phasor plot corresponding to the measured fluorescence lifetime.
This gives the possibility to localize using coloured cursors specific pixel clouds in the phasor plot
and identify the corresponding pixels in the image 12°,

Fig. 3.5 shows representative 256x256-pixels intensity images of (a and g) 1.3 uM CF-TP10 in
solution after 1 h and 20 h respectively, and POPC:POPG GVs samples 1 h and 20 h after the addition
of (b and h) 300 nM and (c and i) 1.3 uM CF-TP10. The phasor plot, corresponding to these
measurements and reported in panel (o) presents two main distinguishable lifetime distributions
lying on the universal circle, indicating that CF fluorescence decays can be described as single
lifetime decays. By selecting lifetime these distributions using two circular cursors (cyan 1i=3.7 ns,
pink 1:=3.2 ns), the corresponding pixels are mapped back in the images according to the same
colours. In particular, the lifetime maps reported in panels (d-f) and (I-n) refer to measures acquired
after 1 h and 20 h, respectively. A few pixels with shorter lifetime distribution are also observed and
selected using a red cursor. Measurements on TP10 in solution after 1 h, reported in panel (a) and
(d), reveal, as expected, a uniform intensity and lifetime distribution, all pixels in panel (d) present
a lifetime distribution centred at about 3.7 ns '7°. Data shown in panel (g) and (l) reveal that system
is stable also after 20 h. The intensity maps in Fig. 3.5 (b) and (h), where CF-TP10 was added to GVs
at lower concentration, if compared to the intensity maps in Fig. 3.5 (c) and (i), when higher peptide
concentration was added to GVs, show that in each sample CF fluorescence was not evenly
distributed, but that, in average, the samples with higher concentration of TP10 presented higher
intensity. Fig. 3.5 (e) and (m) reveal that the measured fluorescence lifetimes of CF, added to GVs
at lower concentration, are different over a single structure indicating that the dye is experiencing
different environments. Pixels exist with lifetime comparable to the one measured on the sole
peptide in solution (cyan), other pixels are characterised by a fluorescence signal with lower lifetime
distributions (pink). The observed decrease in lifetime may be ascribed to water molecule depletion

from the environment of the dye or other mechanisms, which increase non-radiative decay
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processes, e.g. the aggregation of the dye bringing to self—-quenching mechanisms or the closer lipid
membrane interaction of the dye due to the insertion of the peptide in the membrane %%, |n
particular, in samples at 300 nM both after 1 h (Fig. 3.5 (e)) and 20 h (Fig. 3.5 (m)), results indicate
that CF-TP10 mainly interacted with aqueous phases (cyan), without closely interacting with the
membrane, and only few pixels present reduced lifetime (pink). Measurements obtained at higher
concentration (1.3 uM) after 1 h and 20 h (Fig. 3.5 (f) and (n)) reveal that although the GVs maintain
their regular morphology almost all pixels are coloured in pink indicating a dense packing of CF-TP10
and/ or a higher interaction with membranes. These data also reveal that changes observed after
1h do not present significant modifications if repeated after 20 h: once changes occurred, the
sample remains stable at least for 20 h. A few pixels highlighted by the red cursor in the phasor plot

correspond to amorphous structures that we identify as large peptide aggregates.
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Figure 3.5. Phasor analysis of FLIM measurements on CF-labeled TP10. The signal was acquired under laser
excitation at 470 nm and collected in the range 500-650 nm. Intensity maps of (a and g) 1.3 uM CF-TP10
solution in phosphate buffer 20 mM pH 7, POPC:POPG GVs added of (b and h) 300 nM and (c and i) 1.3 uM
CF-TP10, acquired after 1h and 20h. (d-f) and (I-n) Lifetime maps corresponding to (a-c) and (g-i)
measurements respectively, coloured according to the colour code obtained from the phasor plot (o).
Clusters of pixels corresponding to different lifetime distribution were identified in the phasor plot and
highlighted by coloured circular cursors: these pixels are mapped in images (d-f) and (I-n) with corresponding
colours. The choice of the size and the position of the circles is arbitrary. A magnification of the region
highlighting area of interest is reported in the dashed lines surrounded inset.

3.2.3. Insertion of TP10 affects membrane properties: FLIM analysis of membrane sensitive dyes
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Taking into account previous data, it is possible to infer that TP10 at high concentration is inserted
in the membrane layers. With the aim of focusing on membrane structure changes, fluorescence
spectroscopy and FLIM experiments on two similar dyes, Laurdan and di-4-ANEPPDHQ, used to label
POPC:POPG vesicles, were performed40:141,143,

Both dyes are reported to sense membranes trough analogous mechanisms related to water
molecules accessibility of the lipid bilayer. Importantly for our purposes, these dyes are known to
locate at different depths in the membrane as di-4-ANEPPDHQ is sensitive to deeper regions in the

141

hydrophobic core

Fluorescence bulk spectroscopy experiments were performed on Laurdan dye whose analysis is
shown in Fig. 3.6. This reports GP variations as a function of time that as reported above reflect
variations of membrane order/ packaging correlated to the accessibility of membrane to water
molecules and to the dipolar relaxation of these molecules at the membrane interphase#?. Fig. 3.6
compares the already observed effects measured after adding 1.3 uM TP10 (Fig. 3.4) to analogous
measurements obtained at 300 nM concentration. Data reveal that a decrease in the fluidity of the
membrane occurs within 5 min and that the changes are critically larger at higher peptide

concentration.
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Figure 3.6. Time evolution of GP ratios obtained from the analysis of Laurdan fluorescence spectrum
variations, measured in bulk, after the addition of TP10 300 nM (cyan circles) and TP10 1.3 uM (pink circles).

Fig. 3.7 and 3.8 show the phasor analysis of FLIM measurements on Laurdan-stained POPC:POPC

GVs acquired in the so called blue channel (410-460 nm) and green channel (480-540 nm),
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respectively. By collecting the signal separately in the two channels, it is possible to discriminate the
effect of TP10 on the membrane polarity (fluidity, blue channel) and dipolar relaxation (hydration,
green channel)'®. Dipolar relaxation (DR) refers to the capability of polar solvent molecules in the

proximity of the dye to reorient!88.,

In Fig. 3.7 (a-c) and (g-i) 256x256 fluorescence intensity images of the analysed samples are
reported. Specifically, in panel (a and g), the signals of GVs before the addition of TP10 are reported
together with images acquired after 1 h (b and c) and after 20 h (h and i) from the addition of the
peptide at 300 nM (b and h) and 1.3 uM (c and i). Finally, in panels (d-f) and (I-n) are reported the
corresponding phasor maps obtained from the same measurements in which each pixel is coloured
according to the corresponding selection in the phasor plot (Fig. 3.7 (0)). In the phasor plot the
superimposition of the analysis of all measurements is reported. The phasor analysis of Laurdan
fluorescence lifetime was previously used to separate ordered and disordered phases both in
synthetic and in cellular membranes and importantly to evaluate different properties and changes
in the membrane structure distinguishing polarity changes and dipolar relaxation allowing pixel by

pixel understanding of these two parameters in the membrane.

Two lifetime distributions are evident, the first selected by the cyan cursor is outside the universal
circle, which corresponds to pixels (cyan) localized at the membrane in the sample where TP10 is
not present and at low TP10 concentration. The other lifetime distribution lies on the universal circle
and is highlighted with pink cursor and only corresponds to pink pixels in the sample where the
higher concentration of TP10 is added. Fluorescence lifetime distributions of Laurdan outside the
universal circle can be rationalised considering conditions wherein an excited-state reaction occurs,
as for example, fast interconversion processes between Laurdan molecules experiencing highly

dynamic heterogeneous environment*¥,

In the sample at 300 nM no significant changes occurred for lifetime measured in this channel with
respect to the one measured for untreated samples. Interestingly, the lifetime distribution of
Laurdan in GVs after the addition of the peptide at 1.3 uM shifts to a position on the universal circle
(s coordinate remains constant, while g coordinate is reduced). In line with what reported in a recent
work by L. Malacrida et E. Gratton®, it is possible to ascribe these changes to a reduction of
membrane fluidity and the final position of the lifetime distribution, single exponential (lifetime 2.7

ns) indicates homogeneous lipid environment with coexisting lipid phases. Also, in this case it is
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important to underline that the measurements acquired after 1 h or 20 h do not present significant

changes.

After 1h After 20 h
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TP10 0.3 uM
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Figure 3.7. Phasor analysis of 256 x 256 pixel FLIM measurements on Laurdan in POPC:POPC GVs in the range
410-460 nm, Aexe= 780nm. Fluorescence intensity images on Laurdan before (a and g) and after 1 h (b and c)
and 20 h (h and i) from the addition of TP10 300 nM (a and h) and 1.3 uM (c and i). (e-f) and (h-n) Phasor
color maps in which each pixel is colored according to the color of the corresponding cursor in the phasor
plot (0). The choice of the size and the position of the cursor is arbitrary.

In Fig. 3.8 (a-c) 256x256 fluorescence intensity images acquired in the green channel of POPC:POPG
GVs labelled with Laurdan (a) before and after 1 h from the addition of (b) 300 nM and (c) 1.3 uM
TP10 are reported. In panel (d-f) the corresponding intensity maps are reported in which each pixel
is colored according to the color of the cursor in the phasor plot (Fig.3.8 (0)). As shown for
measurements acquired in the blue channel, only at high peptide concentration it is possible to
highlight a difference in Laurdan lifetime and in particular a movement from the outside (green
cursor) to the inside (red cursor) of the universal circle. This can be ascribed to a decrease of the
membrane hydration levels accompanied by a decrease of DR mechanisms possibly due to lipid
compaction. Analogous measurements acquired after 20 h (not reported) did not revealed

significant changes.
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Figure 3.8. Phasor analysis of 256 x 256 pixel FLIM measurements on Laurdan in POPC:POPC GVs in the range
480-540nm, Aexc= 780nm. Fluorescence intensity images on Laurdan before (a) and after 1 h from the addition
of TP10 300 nM (b) and 1.3 uM (c). (g) Phasor plot obtained from measurements (a-c). (d-f) Phasor color
maps in which each pixel is colored according to the color of the corresponding cursor in the phasor plot. The
choice of the size and the position of the cursor is arbitrary.

We next performed FLIM experiments on the same samples using di-4-ANEPPDHQ with the aim to
analyse changes in the inner part of the membranes. di-4-ANEPPDHQ, being aligned with the acyl
groups, is in fact located in a more internal and hydrophobic region with respect to Laurdan
molecule %!, Moreover, this dye contains in its structures two positive charges, which in the present

model systems contribute to the reduction of the mobility of the dye within the bilayer 4.

In Fig. 3.9 (a-c) and (h-l) we present 256x256 pixels of di-4-ANEPPDHQ_ fluorescence intensity maps
in GVs before and after 1 h (a-c) and 20 h (h-l) from TP10 addition at 300 nM and 1.3 uM
concentrations. Differently from what observed before, changes on a longer time scale, in the signal
reporting for membrane changes under the conditions where TP10 is inserted into the membrane
(at 1.3 uM concentration), are found. In this case, measurements acquired 1 h after the addition of
the peptide do not superimpose with the ones acquired under stable conditions after incubation for

20 h, indicating that, membrane reorganisation, following TP10 addition in the presence of this dye,
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requires longer time. In line with previous results, as shown from the intensity images, no significant
changes were found in relation to the GVs size and shape. In Fig. 3.9 (d) and (m) phasors lie inside
the universal circle indicating that di-4-ANEPPDHQ lifetimes, in these conditions, are characterised
by non-single exponential decays '%°. Measurements acquired after 1 h (Fig. 3.9 a-g) show a quite
broad lifetime distribution reflecting the loosely packed membrane in the fluid phase. No significant
changes are observed in samples where peptide was added at the lower concentration while a tiny
broadening of the distribution toward higher lifetimes is observed in the sample at higher
concentration. To visualise that, we used three arbitrary adjacent cursors centred on the straight
line, coloured in yellow, green and pink. As can be seen, only in the sample at higher concentration
few pink pixels are revealed at the membrane, indicating that characteristic lifetime of the dye is
slightly higher in this region. Characteristic lifetimes vary from shorter (yellow) to longer (pink) as
the observed distribution moves counter-clockwise in the universal circle. Membrane changes
toward less fluid state. The same graphical representation is used for phasor analysis of samples
incubated with the peptide after 20 h (Fig. 3.9 m-p). The phasor plot seems to reveal a broader
distribution (two main maxima are identified). This visualization in three colours at the late stages
of incubation shows that the sample, after the addition of 300 nM TP10, is mostly characterised by
fluorescence lifetimes selected by the green cursor (green pixels), a reduced number of yellow pixels
with respect to the control sample and few pink pixels which are characteristic of higher lifetimes
are also present. At the higher concentration, lifetime distribution is shifted toward higher lifetimes,
so that almost all GVs are selected using the pink cursor, which singles out pixels with more rigid

membranes.

The observed results suggest that at lower TP10 concentration the interaction is mostly at the
membrane surface and induces small changes in di-4-ANEPPDHQ environment. When TP10 was
added at the high concentration, the peptide inserted deeper into the membrane layer inducing
dehydration and stiffening with consequent increase of di-4-ANEPPDHQ lifetime and membrane
reorganisation. This requires longer time with respect to changes occurring closer to the water

membrane interface monitored by Laurdan.

49



After1 h

After 20 h

Figure 3.9. Phasor analysis of 256 x 256 pixel FLIM measurements on Di-4-ANEPPDHQ in POPC:POPC GVs
after 1 h (a-g) and after 20 h (h-p). Fluorescence intensity images on DI-4-ANEPPDHQ before (a-h) and after
1h (b), (c) and 20h (i),(l) from the addition of TP10 300 nM (b-i) and 1.3 uM (c-I). (d) and (m). Phasor plot
obtained from measurements (a-c) and (h-l) respectively, where fluorescence lifetime distributions are
highlighted using coloured cursors. The magnifications of the regions highlighting area of interests are
reported in the dashed lines surrounded inset. (e-g) and (n-p). Phasor colour maps in which each pixel is
coloured according to the colour of the corresponding cursor in the phasor plots. The choice of the size and
the position of the cursor is arbitrary.

In Fig. 3.10 the quantitative analysis of data in Fig. 3.9 is reported. Indeed, looking at the phasor
plots it is possible to draw a straight line where the lifetime distributions lie on (Fig. 3.9 d and m)
connecting two single exponential lifetimes of respectively 1= 2.5 ns and t=1.1 ns. This FLIM analysis
is based on the decomposition of the phasor plot data using these two principal lifetime components
identified via the intersection of the straight line, passing through the lifetime distributions cloud.

Following this model, it would be possible to infer that the membrane is characterised by two
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distinct lipid phases 182, and not a homogenous phase of intermediate order. The equilibria between
these phase changes following peptide insertion at different level in the bilayer.
In Fig. 3.10 we then show the phasor plot where principal components of the decays are highlighted
11=1.1 ns (blue cursor) and 1,=2.5 ns (red cursor) corresponding to less fluid and more fluid phase

respectively 182, Using two components model:
I(t) = Fle~t/"1 + Fye~t/%

The distance between each point of the cloud in the phasor plot and the single exponential phasor
represents the fraction of each component 33, In Fig. 3.10 (b-d) analysis of the data acquired 1 h
after the addition of TP10 is reported and in Fig. 3.10 (f-h) analogous results obtained after the
samples have reached the equilibrium at 20 h of incubation. Images are coloured in false colours
according to the F fraction of the T component. The scale goes from blue (pure fast component at
71=1.1 ns) to red (pure slow component at 1,=2.5 ns). This scale can be taken in account as a fluidity

scale going from less fluid to more rigid membrane configurations.
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Figure 3.10. Phasor analysis of 256 x 256 pixel FLIM measurements on di-4-ANEPPDHQ. (a) Phasor plot from
the analysis of the FLIM images acquired after 20h from the addition of TP10 to POPC:POPG labelled with di-
4-ANEPPDHQ. The two principal lifetime components, used for the quantitative analysis, are represented by
blue and red cursors. Lifetime principal components are t1 = 1.1 ns (blue) and t; = 2.5 (red). (b-d) Lifetime
fraction maps for the FLIM images on di-4-ANEPPDHQ before (b) and after 1h from the addition of TP10 300
nM (c) and 1.3 uM (d). (f-h) Lifetime fraction maps for the FLIM images on di-4-ANEPPDHQ before (f) and
after 20 h from the addition of TP10 300 nM (g) and 1.3 uM (h). (e) and (i) Phasor plots from the GVs after
1h (e) and 20 h (i) from TP10 addition.

An increase of di-4-ANEPPDHQ lifetime occurs after the addition of TP10 to POPC:POPG GVs and

this change depends on peptide concentration and on the incubation time. The fastest decay is
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dominant in GVs before the peptide addition and when TP10 was added in a concentration of 300
nM (F1 = 0.44).The average fraction F1 decreases increasing the concentration of the added peptide
(1.3 uM) being reduced from F; = 0.38 (after 1 h) to F1 = 0.29 (after 20 h). These results suggest that
the interactions between membrane and peptide, when the latter is a high concentration, occur not
only at membrane surface but also in the inner part of membrane inducing further reorganisation,
which result in increased rigidity. Electrostatic interactions with POPG charged heads could favour
the hold back the peptides at the surface, while hydrophobic interactions may tend to drive the
peptides into the hydrophobic core of the bilayer. In particular, in the phasor plot relative to the
data obtained for di-4-ANEPPDHQ lifetime at late stage of incubation two main distributions are
clearly evident. In this context, it is possible to infer that the dye experiences two main different
environments in terms of membrane fluidity that is induced by TP10 accumulation at the membrane

surface with following penetration in the inner parts.
3.2.4. POPC:POPG membranes induce conformational changes of inserted TP10

Structural properties and the secondary structure of CPPs have recently been reported to control
to a certain extent their cellular uptake mechanism and to be associated with a specific route of
entry. In particular, some works have demonstrated that secondary structures formation influences
the translocation process of peptides within the phospholipid bilayer. For this reason, to evaluate
whether conformational changes involve TP10 during its insertion into POPC:POPG model
membranes CD measurements were carried out 483, CD signal reflects peptide backbone
organization and it is widely used to analyze protein secondary structures (see Chapter 2). Fig. 3.11
shows the far-UV CD spectra of TP10 1.3 uM in phosphate buffer solution pH 7 in the presence and
in the absence of POPC:POPG GVs.

As can be seen the CD spectrum of this peptide in its free form, in line with the spectra found in
literature, is characterized by a minimum centred at 202 nm revealing that TP10 secondary structure
is mainly random coil. In the presence of POPC:POPG, TP10 spectrum presents two minima, the first
at about 208 nm and the second at about 225 nm. Spectral changes occur immediately after the
addition of the vesicles into the peptide solution and can be ascribed to a conversion of the peptide
secondary structure from a flexible random coil structure to a-helical structure, which is typically
found when short peptides or disordered proteins interact with lipid membrane 84 These results
are in line with previous work &performed on CPPs, included TP10, in presence of similar

membranes, constituted by DOPG and DOPC as lipids, where the conformational changes of the
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peptides toward o-helix structures occurred after peptide penetration into the bilayers.
Furthermore, the peptide-membrane interactions have been shown to perturb the stability of the

membranes by inducing the release of dyes from pre-loaded vesicles.
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Figure 3.11. Far-UV (195-255 nm) CD spectra of 1.3 uM TP10 in 20 mM phosphate buffer pH 7 (violet line)
and in presence of POPC:POPG GVs (orange line), dispersed in the same buffer pH 7. A change from random
coil to a-helix structures is observed when TP10 interacts with lipid vesicles.

3.2.5. High TP10 concentrations induce pores formation in the membranes

Based on above data, which revealed TP10 insertion in membranes at 1.3 uM concentration, and
based on previous results in licterature981>%18 that have demonstrated the ability of some CCPs to
form pores in the membrane, the translocation of the fluorescent probe Alexaass, from the outside
to the inside of POPC:POPG GVs in presence of TP10 was evaluated by means of LSCM
measurements.

Alexaass is a small fluorescent molecule with average diameter below 1 nm, which can be used to
evaluate the solvent accessibility of diverse structures at the nanoscale86187,

Fig. 3.12 presents representative 1024x1024-pixel images of non-labelled POPC:POPG GVs,
incubated for 1 h with (a-b) 1.3 uM and (c-d) 10 uM TP10 and after this time added of Alexaass (7
puM). The Alexasss signal is shown in cyan. Fig. 3.12 (a) shows that at the 1.3 uM peptide
concentration, the cyan signal is primarily distributed in the solution and the vesicles profiles are

visible as dark areas. This indicates that Alexa does not access the inner parts of the vesicles,
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suggesting that TP10 does not induce the formation of pores in the membranes or that it forms
pores with smaller sizes than the one that will allow Alexasss penetrate inside the membrane. In line
with suggestion from literature 12 and as a further control, the experiment was performed at higher
peptide concentration (10 uM). In these conditions as evident in panel (c) the cyan signal is almost
homogeneously dispersed and the vesicles are clearly visible only through transmission channel (Fig.
3.12 (d)). The increased concentration of the peptide then induces the permeation of Alexaass inside
the vesicles. The diffusion of Alexaass occurs without local disruption, rupture of the GVs, changes
in the local curvature of the membrane, membrane fusion and vesicle fission, indicating that TP10
forms pores in the membrane through which the membrane permeation of the dye occurs 109,

In addition, data suggest that the insertion of TP10 is a necessary, but not a sufficient condition, for
pore formation: only when peptide exceeds a threshold concentration, the TP10 molecules are

enough to form pores.

TP10 1.3 uM

TP10 10 puM

Figure 3.12. 1024x1024 pixels representative LSCM measurements of POPC:POPG GVs, incubated for 1 h
with (a-b) 1.3 uM and (c-d) 10 uM TP10 and then added with Alexaasss (7 LM). Measurements were acquired
after 1 h from the addition of the fluorescent dye. The Alexasss fluorescence intensity signal was collected
under laser excitation at 488 nm in the range 500-550 nm.
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Further information on the time taken for the dye to permeate is obtained from Fig. 3.13, which
shows the intensity maps of 256x256 images acquired (a and ¢) 1 h and (b and d) 20 h after Alexaass
(7 uM) addition to POPC:POPG GVs. The POPC:POPG vesicles were previously incubated for 1 h with
1.3 uM and 10 uM TP10. The intensity scale goes from blue, when the intensity of Alexaasss
fluorescence is zero or low to red when the fluorescence intensity of the dye increases. This choice
allows better visualising changes in fluorescence intensity that can be related to the concentration
of the dye. Fig. 3.13 (a) confirms that the lower peptide concentration (1.3 uM) is not enough to
form pores because no fluorescent signal appears inside vesicles (the inner part is blue) and it is high
only in solution (orange signal). In addition, measures acquired 20 h after fluorescent dye addition,
and showed in panel (b), reveal that the system is stable at least for this time. Fig. 3.13 (c) and (d)
show that at the higher TP10 concentration, pores are present in the membranes allowing the
permeation of the fluorescent dye in a time-dependent manner. After 1 h (panel (c)) from Alexaasss
addition, the permeation of the dye from outside to inside has already started (the inner part of
membranes appears green) but it did not reach the stability. In fact, measures acquired after 20 h
(panel (d)) demonstrate that the dye has continued to accumulate inside the vesicles, inducing an
increase of fluorescent intensity (orange). It is important to note that despite the presence of pores,
no changes in membranes morphology or disruption phenomena are highlighted. However, it is not
clear whether the progressive change in intensity is attributable to a different time required for
pores to form in the membrane or to the rate of membrane permeation of the fluorescent probe.
A model principally used to explain pore formation by a-helical peptides, is the toroidal pore one'88,
In this model, peptides in the extracellular environment take on a-helical structure as they interact
with the charged and hydrophobic membranes. Helices are initially oriented parallel to the
membrane surface and the hydrophobic residues of the bounded peptides displace the polar head
groups, creating a breach in the hydrophobic region and inducing positive curvature strain in the
membrane. The introduction of strain and thinning further destabilizes the membrane surface
integrity, making it more vulnerable to ensuing peptide interactions. At a threshold peptide-to- lipid
ratio, peptides orient perpendicular to membrane, helices begin to self-associate, such that their

polar residues are no longer exposed to the membrane hydrocarbon chains, and pores start to form
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TP10 1.3 uM

»

After 20 h

Figure 3.13. 256x256 pixels representative intensity maps of Alexaasss (7 UM) acquired after (aand c) 1 h and
(b and d) 20 h from its addition to POPC:POPG GVs, pre-incubated for 1 h with (a and b) 1.3 uM and (c and
d) 10 uM TP10. The scale bar goes from blue, when the fluorescence intensity is zero, to red when it increases.
At 1.3 uM peptide concentration the fluorescent signal stays outside vesicles, while at 10 uM peptide
concentration it grows also inside the vesicles in a time-dependent manner.

Tp10 action on giant plasma model vesicles

3.2.6. Fluorescence microscopy and FLIM analysis to analyse TP10 effect on GPMVs

In this second part of the work, GPMVs were used as model membrane. As reported before, GPMVs
combine the advantage of having both a cytoplasm and a cell membrane with a defined inner cavity
volume and long-term stability without requiring cell cultivation!'314, For this study, cancer liver
cell line (HepG2) was selected.

Fig. 3.14 shows representative images of HepG2 cells (a) before and (b) after 1 h from the addition

of the vesiculation buffer (see details in section 3.4.3). In panel (b) the presence of spherical vesicles,
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absent before vesiculation buffer addition and highlighted by the red arrows, is observed. These
vesicles present the membrane and internal composition directly mirroring the composition of the
cells from which they are originated except for larger cellular organelles. After vesicles formation,
GPMVs were separated from adherent cells by transferring the supernatant by pipetting in

eppendorf tubes and centrifuged.

b)

Figure 3.14. Images of HepG2 cells (a) before and (b) after “vesiculation buffer” addition. Vesiculation buffer
induces the formation of spherical vesicles, highlighted by the red arrows.

As suggested from preliminary experiments described in the last part of 3.2.5 section, a TP10
concentration of 10 uM was explored. At this concentration it appears that pores are formed in
model vesicles.

In Fig 3.15, 1024x1024 pixels representative images of isolated, perfectly spherical, unilamellar
GPMVs, labelled with the hydrophobic fluorescent dye NR (see details in section 3.4.3) commonly

183 'is reported. The images also reveal that the vesicles are free

used as a lipid stain in membranes
of contamination of large cytoplasmic organelles.
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Figure 3.15. 1024x1024 pixels representative LSCM measurements of GPMVs derived from HepG2 cells
labelled with (a) NR (Aex= 540 nm, range 580-700 nm).

Fig. 3.16 reports LSCM measurements aimed at exploring the interaction of TP10 peptide with
GMPVs by monitoring changes of membranes morphology and integrity. In Fig. 3.16 1024x1024
pixels representative images of GMPVs labelled with NR, (a) before and after (b) 1 h and (c) 20 h
from 10 uM TP10 addition, are reported. Panel (b) reveals that after 1 h from TP10 addition, the
GMPVs have started to modify. The presence of diffuse intravesical fluorescence and lipid inclusion
in the GPMVs lumen is clearly visible in the images. GPMVs were previously observed to be passively
permeable to various hydrophilic solutes® in contrast to synthetic giant vesicles; this may be
related to issue due to the preparation or imply mechanisms related to endocytosis, a fundamental
process of all eukaryotic cells in which extracellular material is taken up by the invagination of the
membrane to form encapsulating vesicles. It is known that endocytosis is one the main mechanisms
for internalization of cell-penetrating peptides °'*°2, which, by inducing a negative-curvature of the
membranes, cause an invagination of cell membranes 1193194 However, in the observed
conditions significant morphological changes highlight the occurrence of peptide-membrane
interactions and exclude passive permeation.

Fig 3.16 (c) reveals that the action of TP10 on the membranes is not completed within 1 h from the
peptide addition. In fact, these measurements performed after 20 h show that, although some

vesicles have maintained their integrity, TP10 continued to destabilize the greatest number of
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vesicles. In particular, some vesicles present edges which are thicker and not perfectly defined
anymore, while others are totally disrupted and their fragments appear as lipid cluster that diffuse

into the solution.

Before After 1 h After 20 h

5um

Figure 3.16. 1024x1024 pixels representative LSCM measurements of GPMVs derived from HepG2 cells
labelled with NR, before (a), after (b) 1 h and (c) 20 h from the addition of 10 uM TP10. The NR fluorescence
intensity signal was collected under laser excitation at 540 nm in the range 580-700 nm.

Now, in order to elucidate the mechanisms that bring the membranes to lose their integrity after
TP10 addition, changes of the fluidity and hydrophobicity of bilayers were analysed by means of the
analysis of fluorescence lifetime of NR and di-4-ANEDDPHQ. Unlike lipid GV, fluorescence lifetime
measurements of both dyes revealed that GPMVs are not stable structures but they change during
the time. For this reason, measurements reported below are accompanied by control
measurements on non-treated GPMVs measured at the same time after deposition in the
chambered coverglasses. In Fig. 3.17 (a and b) 256x256 pixels of NR fluorescence intensity maps in
GPMVs (a) in absence and (b) in presence of 10 uM TP10 are reported. The measurements are
carried out 1 h after peptide addition. Panels (c and d) show the corresponding phasor color maps
in which each pixel is colored according to the corresponding selection in the phasor plots (e and f).
In absence of peptide, the sample appears homogeneous and NR is characterized by a single lifetime
distribution, highlighted by a red cursor in the phasor plot (e). In presence of TP10, in the phasor
plot (f) a broadening of the lifetime distribution is observed. It is possible to qualitatively describe it
in terms of two different lifetime distributions highlighted using a red and a yellow cursor. The red
cursor highlights the lifetime distribution characterised by longer lifetime which superimposes to
the one measured in the absence of peptide (Fig. 3.17 e). The yellow cursor is used to highlight a
faster lifetime distribution. The direction of the lifetime modification is indicated in panel (f) by a
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red arrow. As evident in Fig. 3.17 (d), pixels where fluorescence lifetime is characterised by the lower
lifetime are found at the membranes, while the ones corresponding to the faster lifetime are found
within the vesicles.

The observed reduction in the fluorescence lifetime of NR at the edge of the vesicles, following
peptide interaction, could be interpreted as a decrease of the hydrophobicity 4¢'%, In other words,
NR appears to experience a more polar environment possibly due to an increase of the number of
water molecules in the hydrophobic bilayer. The presence of intravesical material characterized by
the same lifetime (red cursor) of vesicles before peptide addition may stem for the internalisation

of more hydrophobic lipids in the vesicles which could confirm the invagination.

Figure 3.17. Phasor analysis of 256 x 256 pixels FLIM measurements on NR ( Aexc= 540 nm, range 580-700
nm) in GPMVs derived from HepG2 cells. Fluorescence intensity images on NR (a) before and (b) after the
addition of 10 uM TP10. Both measurements were acquired after 1 h after peptide addition. (c) and (d) the
phasor colour maps in which each pixel is coloured according to the colour of the corresponding cursors used
to highlight the fluorescence lifetime distribution in the phasor plots (e) and (f) respectively. The choice of
the size and the position of the cursor is arbitrary.

The same measurements were then performed on GPMVs 20 h after 10 uM TP10 addition.
In Fig. 3.18 (a and b) 256x256 pixels of NR fluorescence intensity maps in GPMVs (a) in absence and

(b) in presence of 10 uM TP10 after 20 h from peptide addition, are reported. Panels (c and d) show
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the corresponding phasor color maps in which each pixel is colored according to the color of the
cursors in the phasor plots (e and f). Measurements performed on the control sample (panels a, c
and e) reveal that untreated GPMVs are not stable structures but they change during the time.
Lifetime distributions in the phasor plot (e) is broadened toward longer lifetimes main component,
selected using green cursor. The red cursor is in the same position as in Fig. 3.17 (e). The observed
changes indicate that NR environment is a homogeneous lipid environment 82 characterized by a
less water content, aging of the vesicles possibly leads to dehydration.

Measurements performed 20 h after TP10 addition (panels b, d, f), reveal a large heterogeneity of
the sample. Measured fluorescence lifetime changes are in the opposite direction with respect to
the one due to sample aging. In particular, there are some few vesicles that have maintained their
integrity and are characterized by the same fluorescence lifetime (green cursor) measured for
GPMVs measured in absence of TP10, while most of the membranes, which are distorted or
destroyed, present shorter lifetime (selected by red and yellow cursors). Some vesicles, as the one
indicated by the white arrow in panel (d), appear still intact but present irregular profile. In the
phasor map corresponding pixels are colored in red and yellow. These evidences may be rationalised
inferring that TP10 could induce increased water molecules accessibility at the external membrane
level. Membrane hydration process can be related to membrane disintegration in fragments mostly

colored in yellow color (lowest lifetime) in panel 3.18 (d).
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After 20 h

No TP10

Figure 3.18. Phasor analysis of 256 x 256 pixels FLIM measurements on NR ( Aexe= 540 nm, range 580-700
nm) in GPMVs derived from HepG2 cells. Fluorescence intensity images on NR (a) before and (b) after the
addition of TP10 10 uM. Both measurements were acquired after 20 h from TP10 addition. (c) and (d) the
phasor colour maps in which each pixel is coloured according to the colour of the corresponding cursors used
to highlight the fluorescence lifetime distribution in the phasor plots (e) and (f), respectively. The choice of
the size and the position of the cursor is arbitrary.

As an example, an analogous measurement, acquired zooming in the area of interest on the single
vesicle, is reported in Fig. 3.19. In panel (a) 256x256 pixels fluorescence intensity image of NR in
GPMV after 20 h from 10 uM TP10 addition, (b) the corresponding phasor color map and (c) the
phasor plot where the green and yellow cursors are in the same position of those reported in Fig.
17 (f). As described above, the sample 20 h after the incubation with TP10 presents a certain
heterogeneity and here a representative vesicle, still intact but critically modified in shape, was
chosen in order to highlight membrane modifications before the break. Panel (a) highlights that the
interaction with TP10 induces a change in the morphology of the membranes. The edges of vesicles
appear thicker with respect to the ones in Fig. 3.16 and “wrinkled”. This change, accompanied by
the decrease of NR lifetime shown in panel b (membranes are yellow coloured in the lifetime map),
can be explained as a decrease of membrane order and increase of water accessibility. NR lifetime

distribution at the membrane, within the experimental spatial resolution, is the same as the one
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measured for fragments (pixels are colored in yellow in the lifetime map), suggesting that this vesicle
may be immediately close to breaking. In these conditions it is reasonable to think that the TP10
perturbs membranes, also forming pores?>®, allowing to a high number of water molecules to
permeate inside the lipid bilayers, thus exposing NR to a more polar environment. In addition, the
different osmotic pressure between the outside of vesicles and the inside, could induce, in an
already perturbed membrane, an increase of the number of water molecules that go inwards. This

would lead the membranes to swell and burst.

After 20 h

Figure 3.19. (a) 256 x 256 pixels fluorescence intensity images on NR ( Aexc= 540 nm, range 580-700 nm) in
GPMVs, 20 h after TP10 10 uM addition. (b) Phasor colour map in which each pixel is coloured according to
the colour of the corresponding cursor in the phasor plot (c).

To confirm what speculated above about the change of fluidity of lipid bilayers, as a consequence
of peptide interaction, membranes were marked using di-4-ANEPPDHQ and FLIM measurements
were carried out. In Fig. 3.20 (a and b) 256x256 pixels of di-4-ANEPPDHQ fluorescence intensity
maps in GPMVs (a) in absence and (b) in presence of 10 uM TP10 are reported. The measurements
are carried out 1 h after peptide addition. Panels (c and d) show the corresponding phasor color
maps in which each pixel is colored according to the corresponding selection in the phasor plots
(panel e and f).

In absence of TP10, the di-4-ANEPPDHQ presents a single lifetime distribution, highlighted with the
pink cursor (panel c), which is located inside the universal circle; this in line with the presence of a
heterogeneous lipid environment'82, The addition of peptide to vesicles induces a broadening of the
cloud toward lower lifetime values and Fig. 3.20 (e) reveals that the measured fluorescence lifetime
of di-4-ANEPPDHQ is different over a single structure (indicated by white arrow) revealing that the

dye is experiencing different environments. Pixels exist with lifetime comparable to the one
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measured on vesicles in absence of peptide in solution (pink), other pixels are characterised by a
fluorescence signal with lower lifetime (cyan). The observed decrease in lifetime may be ascribed to
an increase of the number of water molecules in the lipid bilayer as a consequence of increase of
fluidity. This means that a same structure can present a different accessibility to water and so a
phase separation. The phase separation in intact plasma membranes, isolated from live cells, has
been already observed 3, This was attributed to tighter packing of cholesterol with phospholipids
containing long, saturated acyl chains (Lo) than with phospholipids containing two or more double
bonds in their acyl chains (Lg) °®. In addition, also the presence of proteins is an important
contributor to plasma membrane heterogeneity 1°7 and specific protein/protein and protein/lipid

interactions may define various classes of membrane microdomains.

After1 h

No TP10

TP10

Figure 3.20. Phasor analysis of 256 x 256 pixels FLIM measurements on di-4-ANEPPDHQ (Aexc= 470 nm, range
500-650) in GPMVs. Fluorescence intensity images on di-4-ANEPPDHQ (a) before and (b) after TP10 10 uM
addition. Both measurements were acquired at the same time, after 1 h from peptide addition. (c) and (d)
the phasor colour maps in which each pixel is coloured according to the colour of the corresponding cursors
used to highlight the fluorescence lifetime distribution in the phasor plots (e) and (f), respectively. The choice
of the size and the position of the cursor is arbitrary.

Also for di-4-ANEPPDHQ, measurements after 20 h from TP10 addition were carried out and are

shown in Fig. 3.21. These measurements confirmed what observed before with NR: vesicles are
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dynamic structures whose properties change during the time. In Fig. 3.21 (a and b) 256x256 pixels
of di-4-ANEPPDHQ fluorescence intensity maps in GPMVs (a) in absence and (b) in presence of 10
1M TP10 are reported. The measurements are carried out 20 h after peptide addition. Panels (c and
d) show the corresponding phasor color maps in which each pixel is colored according to the color
of the corresponding cursor in the phasor plot (e).

Panel (e) shows a shift of di-4-ANEPPDHQ lifetime, both in absence and in presence of TP10, toward
higher values. This means that the lipid bilayer undergoes a stiffening process that induce expulsion
of water molecules. Panel (c) illustrates that also in absence of peptide, after 20 h, the GPMVs are
heterogeneous in term of fluidity. Some of them are characterized by higher lifetime (red pixels-
lower fluidity), other by lower lifetime (green pixels- higher fluidity) and other present, in the same
structure, both lifetime distributions. This means that spontaneously the vesicles go toward a phase
separation, even if it is accelerated by TP10 presence (Fig. 3.20 (d)).

Measurements performed after 20 h from TP10 addition (panel d) show the presence of lipidic
fragments in solution colored in green. This is in agreement with NR measurements (Fig. 3.18 (d)),

which revealed that ruptured vesicles are the ones characterized by higher fluidity.

After 20 h

No TP10

TP10

Figure 3.21. Phasor analysis of 256 x 256 pixels FLIM measurements on di-4-ANEPPDHQ (Aexc= 470 nm, range
500-650) in GPMVs. Fluorescence intensity images on di-4-ANEPPDHQ (a) before and (b) after TP10 10 uM
addition. Both measurements were acquired at the same time, after 20 h from peptide addition. (c) and (d)
the phasor colour maps in which each pixel is coloured according to the colour of the corresponding cursors
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used to highlight the fluorescence lifetime distribution in the phasor plots (e) and (f), respectively. The choice
of the size and the position of the cursor is arbitrary.

3.3. Conclusions

The analysis of CPPs actions, using model membranes, appropriate dyes, and advanced fluorescence
techniques, may contribute to a deeper understanding on how membrane-active peptides act under
diverse biological conditions. Here, the fate of TP10 and its effects on two different model
membranes were analysed combining spectroscopy and quantitative fluorescence microscopy,
which allowed to disentangle the different processes involved in protein-membrane interactions
such as adhesion, insertion, pore formation and furthermore to reveal consequent morphological,

structural changes and variation in membrane fluidity.

In particular, POPC:POPG GVs were used as model negative charged membranes to mimic those of
bacteria and to evaluate the antimicrobial activity of TP10 and study its mechanism of action. The
membranes were also enriched with cholesterol to analyse how the presence of sterol affects the
interaction of the peptide with membranes that mimic eucaryotic ones. TP10 possible anticancer
effects were instead evaluated on GPM vesicles derived by HepG2 carcer cell line.
In the first part of the work, focused on the interaction between TP10 and POPC:POPG GVs, peptide
is found not to interact with the POPC:POPG membranes enriched with cholesterol despite of
attractive electrostatic forces due to its positive net charge and the negative charged lipids. This, in
line with the literature, occurs because the tighter packing of the lipids, induced by cholesterol,
reduce the permeability of the membrane and in the observed conditions completely depletes
peptide-membrane interactions. In the absence of cholesterol, a concentration dependent
interaction between TP10 and model membrane is found. At lower concentration only peptide
accumulation at the water membrane interface (adsorption) occurs, which does not induce
modification in the lateral organisation of phospholipids. At higher TP10 concentration, data reveal
the insertion of the peptide in the membranes, which induces the unstructured peptide to assume
a structured a-helix conformation and correlates with the reduction in membrane fluidity and
dehydration measured by Laurdan dye. Alteration of the bilayer fluidity caused by interaction with
the peptide can lead to instability of the membrane structure and to an enhanced membrane
weakness that can be the origin of altered cell and microbial behaviour. Interestingly, the analysis
of di-4-ANEPPDHQ, which is positively charged and located in a more internal region with respect

to Laurdan, reveals further details and shows that a slower membrane reorganisation occurs leading
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to the formation of micron sized domains with overall reduction in membrane fluidity. However,
results revealed that TP10 insertion is a necessary but not sufficient condition to induce pores
formation in the membranes. One of the main mechanisms proposed for a-helix CCPs is in fact the
toroidal pore one'®. Only at very high values of peptide concentration, the gradually permeation of
the fluorescent dye Alexasss from the outside to the inner part of the vesicles occurs as a
consequence of pores formation.

Data reported in second part of the work, relative to the interaction between TP10 and GPMVs,
demonstrated that, at peptide concentrations where pores are formed in giant vesicles, peptide
interacts with membranes, initially inducing an increase of their fluidity. This would allow to a high
number of water molecules to permeate the bilayers leading to a decrease of the hydrophobicity. It
is not excluded that the increase of water permeation is also connected to the formation of pores
following TP10 insertion. Hydrophobicity and fluidity were monitored by FLIM measurements of NR
and di-4-ANEPPDHQ, respectively. Furthermore, in the first part of peptide-membrane interaction,
the presence of TP10 induces the penetration in the membrane of vesicle components. Peptide-
membrane interaction is also related to an increase of membrane fluidity that consequently induces
a higher amount of water molecules to penetrate the membrane with a decrease of membrane
hydrophobicity. All this perturbs the stability and integrity of the membranes which progressively
change their morphology and undergo rupture process.

In conclusion, through FLIM measurements it is possible to analyse the properties of the molecular
environment of the fluorophore, to explore simultaneously the peptide localisation and the mutual
TP10-membrane interaction at a molecular level gaining in this way information that is hardly

accessible via intensity measurements alone.

3.4. Sample preparation and parameters used for measurements

TP10 preparation

TP10 and CF-TP10 (purchased from EZBiolab, Parsippany, New Jersey) were dissolved in 20 mM
potassium phosphate buffer (pH 7) and the peptide concentration was determined by absorption
measurement by means of a UV-Vis spectrophotometer (Jasco V-760), using an extinction
coefficient £2g0nm = 1298 Mt-cm™.

Giant vesicles preparation and staining

Giant vesicles (GVs) were prepared from POPC:POPG in a 1:2 molar ratio and POPC:POPG:Chol giant

vesicles (GVs) in a 1:2:1 molar ratio. POPC, POPG and cholesterol were purchased from Sigma-
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Aldrich. The lipid stocks were prepared by mixing the lipids in 3:2 chloroform:methanol solution and
dried overnight to form lipid films in round flasks on a rotary evaporator (Buchi (Flawil, Switzerland),
Rotavapor R-215, equipped with the Buchi Vacuum Controller V-855). The dry lipid films were
hydrated using a 20 mM potassium phosphate buffer at pH 7 and sonicated for 5 min. The resulting
sample comprised a heterogeneous distribution of multilamellar giant vesicles with a diameter of
several micrometers.

After the GVs formation, the sample was diluted 1:10 and, when needed, labelled using Laurdan
and di-4-ANEPPDHQ. Stock solutions of Laurdan (100 uM) and di-4-ANEPPDHQ (100 uM) were
prepared in DMSO and stored protected from light exposure. Both dyes were added to diluted GVs
in a probe-lipid molar ratio of 1:500 and left to equilibrate for 3 h before measurements.

Giant Plasma Membrane Vesicles (GPMV) preparation and staining

HepG2 cells were cultured in Eagle’s Minimum Essential Medium supplemented with 10% fetal
bovine serum, 2 mM L-glutamine and 100 units/ml of penicillin-streptomycin at 37°C in a humidified
5% CO; and were passaged once a week at 1:2 split ratio. Cells were used at about 70% confluence.
Briefly, HepG2 cells were treated with GPMV buffer (10 mM HEPES, 150 mM NaCl, 2 mM CaCl2, pH
7.4) with vesiculation agents (PFA solution (4% (wt/vol)), and were imaged by microscopy (Axio
Observer.D1, Zeiss) after 1 h of incubation at 37 °C 113,

After vesicles formation, GPMVs were separated from adherent cells by transferring the
supernatant by pipetting in eppendorf tubes. Although most cells remain attached to the flask,
cellular debris in the supernatant were separated from GPMVs by differential centrifugation (100g
for 10 min).

In accordance with the literature!!®, for fluorescence microscopy experiments, the GPMV
suspensions were added of Nile Red and Di-4-Aneppdhq in a final concentration of 4 uM and
allowed for 1.5 hours for dyes incorporation, prior to any experiment.

Steady state fluorescence spectroscopy in bulk

Fluorescence spectra were acquired at room temperature using a Jasco-FP-8500
spectrofluorometer equipped with a Jasco ETC-815 peltier as temperature controller in 1 cm path
length quartz cuvettes. The response time was 1 s, data interval of 0.5 nm and scan speed of 100
nm/min.

CF-TP10 fluorescence emission spectra were acquired, in the range 470-650 nm, using Aexc= 480 nm
with an excitation bandwidth of 2.5 nm, an emission bandwidth of 5 nm.

Laurdan fluorescence emission spectra were acquired in the range 370-650 nm as a function of time
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every 5 min. Excitation wavelength was Aexc= 380 nm and excitation and emission bandwidth were
5 nm. The cuvette was gently shaken prior to all measurements to keep the sample uniformly
dispersed.

Confocal laser scanning fluorescence microscopy (CLSM)

Confocal fluorescence microscopy measurements were acquired using a 63x/1.4 oil objective (Leica
Microsystems, Wetzlar, Germany) and a Leica TSC SP5 confocal laser scanning microscope. Scanning
frequency was 400 Hz.

Carboxyfluorescein fluorescence signal was detected in the range 500-600 nm, using Aexc= 470 nm.
Alexaasgs emission was acquired in the range 500-550 nm, using Aexc = 488 nm.

Nile red fluorescence signal was acquired in the range 580-700 nm, Aexc = 540 nm.

Fluorescent lifetime imaging microscopy

CF and di-4-ANEPPDHQ fluorescence was acquired using excitation at 470 nm from the pulsed White
Light Laser (Leica Microsystem) in the range 500-650 nm.

Nile red fluorescence was acquired using excitation at 540 nm from the pulsed White Light Laser in
the range 580-700 nm.

Laurdan fluorescence was acquired under two-photon excitation using Aexc=780 nm in two channels:
410-460 nm (blue channel) and 480-540 nm (green channel).

FLIM calibration of the system was performed by measuring the known lifetime of the fluorescein
(for di-4-ANEPPDHQ and CF-TP10) that is a single exponential of 4.0 ns®®. For Nile Red
measurements the lifetime calibration was obtained using Alexasgs considering a single exponential
decay with 3.9 ns while for Laurdan measurements Alexasos was used, considering a single
exponential decay with 3.4 ns lifetime.

Circular dichroisms

The CD spectra were recorded on a Jasco J-715 spectropolarimeter in the far-UV region (194-260
nm), using quartz cuvettes with a path length of 1 cm. All spectra have been acquired at room

temperature and for each spectrum, three accumulations have been acquired.
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Chapter 4

a-casein-membranes interaction depends on the initial state of protein
conformation

4.1. Introduction and purpose

In this chapter with the aim of deepening the general mechanisms underlying the development of
pathological or therapeutic conditions, the interaction between POPC:POPG model membranes and
a-casein, used as a model protein for its peculiar structural and functional characteristics, were
investigated.

Caseins are relatively small milk proteins (molecular mass in the range of 25 kDa) which belong to
the family of intrinsically disordered proteins (IDPs) *°. Several isoforms have been identified in the
heterogeneous casein protein family, including asi-casein, as;-casein, B-casein, and k-casein, the
main one being as (which includes as1 and as; caseins)?®%t, These components differ in their amino
acid, phosphorus and carbohydrate content, but all of them present an amphiphilic structure 2%2,
Due to the amphiphilic property, caseins exhibit a strong tendency to self-aggregate into
supramolecular structures, and, specifically, into the form of micellar structures which in aqueous
solution are held together by the balance of hydrophobic, hydrogen, electrostatic interactions2%2°%,
Caseins distinctive structural properties of IDPs and the capability to form amyloid fibrils also makes
them an interesting model system in relation to the analysis of potentially pathological protein-
membrane interactions. In particular, it was observed the fibril-forming property for k casein 2°3 and
as2 casein 2%% that is countered by the B- and as- casein acting in this contest as molecular
chaperones. In addition, some studies have also demonstrated the antibacterial activity 2°>2%of
short peptides characterized by a high number of positively charged amino acids isolated within the

sequence of this protein.

a-casein is a 23.5 kDa protein and its isoelectric point is in the range of 4.4-5.3 297, At alkaline pHs,
between pH 7.4 and pH 10, this protein is characterized by an overall low hydrophobicity, and by a
net negative charge 2% that induces the protein to unfold into an open structure characterized by a
random coil conformation 2%, Among caseins’ family, a-casein is one of the most studied and it is
thought to have a central role in micelles formation and in the transport process from the
Endoplasmatic Reticulum (ER) to Golgi apparatus within the secretory pathway of mammary

epithelial cells 210212,
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At alkaline neutral pHs, a-casein possesses a peculiar aggregative behaviour and it is prone to
interact with ligands and lipid interfaces in vivo, including biological membranes. By lowering the
solution pH, the net positive charge of casein molecules together with hydrogen bonds and
hydrophobic interactions allows casein chains’ folding into more structured conformations like a-
helixes and B-sheets and also aggregating in micellar structures. The difference in pH existing among
mammalian organelles, in particular between the neutral pH of ER and the mildly acidic pH of the
Golgi %12, may result in conformational changes of protein which could be key factors in the transport
phenomena involving casein molecules between these organelles. Moreover, these pH changes may
be involved in the functional self-assembly of casein in micellar structures in the Golgi apparatus
210,211.

The main physiological functions of micelles are related to the supply of ions such as calcium and
phosphate to neonates '3 and the binding of calcium phosphate to caseins seems to protect the
mammary gland from pathological calcifications2®.

Importantly, the compactness, hydrophobicity, and diameter of micellar structures depend on
environmental conditions: i.e alteration of the pH may lead to a change in micelle size and a
decreased stability 3”28, Notwithstanding the large number of studies, the structure and the
stability of casein micelles in different environment is still highly debated #*?'>. For example, there
are controversial opinions on the stability of micelles in alkaline solutions. For several decades, it
has been widely accepted that alkaline pH disrupts casein micelles 2627 Betsy Vaia et al., observed
that the rate and extent of disruption of casein micelles at alkaline pH increased with pH and they
are disrupted completely by increasing the pH to 10.0 2. Recently, in vitro studies have
demonstrated their resistance to these pH values. Although the increase of pH swells the micelle,
works have demonstrated that attractive forces amongst casein molecules are still sufficient to
maintain the micellar integrity even at pH 12 13218 Interestingly, due to their ability to self-assembly
and disassembly by changing the pH, they were proposed as emerging biomaterials for drug delivery
219221 gpecifically, micelle structures have been used for controlled release of hydrophobic bioactive
components (such as vitamins) and/or hydrophilic molecules that can be embedded in these nano-
supramolecular structures 222,

In the first part of the present study, the interaction between negatively charged POPC:POPG giant
vesicles (GVs), and a-casein has been analysed using as starting points two conformational states of
o-casein obtained in solution at different pH: micelles stabilised at pH 2 and casein in its native

conformational state at pH 7. The choice of such harsh pH as pH 2 is intended to stabilise micellar
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species presence in solution, possibly insolating them. This gave the possibility of studying the

general physical interactions which induce the loss of stability of these biological relevant species.

The key events and species occurring upon interaction of a-casein with negatively charged model
membranes were highlighted thanks to spatially resolved analysis, provided by advanced
microscopy. This overcomes the limitations of bulk experiments where key events and protein
intermediate states, occurring upon interaction with membranes, are often masked due to the large
heterogeneity of the sample in terms of number of species involved (e.g., different aggregation
states, protein-lipid co-aggregates etc.) and of their spatial distribution 2?3, By means of
spectroscopic methods, fluorescence imaging and Raster Image Correlation Spectroscopy (RICS), we
analysed this highly complex and spatially heterogeneous phenomenon, which involves i) the
protein’ structural changes and modification in the association states ii) membranes morphology
changes and iii) solvent effects.

Interestingly, obtained results indicate that the initial state of the protein establishes the course of
events that occur upon changes of pH and involve both the aggregation processes of ca-casein
molecules and their interaction with membranes. The two samples’ states induce, at the same final
conditions, a distinctly different effect on the morphology and stiffness of the membranes. The

latter was studied analysing variation of fluorescent Laurdan dye spectral properties.

The second part of the study is aimed at evaluating the effect of the temperature on a-casein
micelles by means the same experimental techniques used in the first part. In addition to pH, also
the temperature plays a key role in regulating conformational changes and activity of proteins3224,
In particular, high temperatures can disrupt hydrogen bonding and hydrophobic interactions that
hold the protein in a certain conformation, and lead protein to misfold and possibly to aggregate,
forming potentially toxic species 22>226, Previous works have already shown that the effect of
temperature on the size of the micelles is different depending on the environmental conditions.
Here presented results reveal that in acidic aqueous solution, high temperatures lead the micelles

to aggregate each other in larger structures, probably due to the increased hydrophobic effect 2?7,

The effect of these new species on POPC:POPC GVs was evaluate by means spectroscopic
measurements of Laurdan in cuvette, fluorescence microscopy and RICS analysis. These
experiments, which combine bulk and single vesicles measurements, demonstrate that although

micelles in their aggregated or not aggregated form seem to induce the same change on membranes
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morphology, there are small but significant differences in the interaction time of the two samples
with vesicles and in the stiffness of membrane induced by them. This confirms once again that the
initial state of the protein governs its fate. All these observations may be essential for understanding

the possible functional, pathological or therapeutic properties associated to a-casein proteins.

4.2. Experimental results and discussion
pH driven conformational states modify mutually disruptive a-casein membrane interactions

4.2.1. a-casein forms micelles at acidic pH values

In cellular environment, different conditions, as different local concentration of proteins or local
presence of different ions, changes in pH, carbohydrates compositions, may regulate multiple
mechanisms. They can either minimize aggregation or molecular interactions and maintain
functional state favourable or the opposite. In vitro it is possible, by varying the solvent properties,
to modify the association/ aggregation state. For example, dimethylsulfoxide (DMSO) and 2,2,2-
trifuoroethanol (TFE) were found to induce disaggregation by interfering with H-bonds stabilized [3-
structure 22822°, Exposing fibrils to ethanol or TFE—water mixtures resulted in protein aggregates
disassembly and reassembly, thus suggesting that changes in dielectric constant of the surrounding
medium is fundamental for the amyloid stability 16239231 Salt concentration and pH changes were
shown to both promote aggregation and trigger fibril association and dissolution 232,

In particular pH is one fundamental parameter that significantly affects protein conformation and
aggregation due to its effects on protein net charge?33234, With the idea that the balance between
hydrophobic and electrostatic interactions regulates protein conformational and aggregation state
and, following the same general laws, it regulates the effectiveness or protein membrane
interactions the first part of the work is aimed at characterising the differences in a-casein
aggregation state, secondary structure, hydrophobicity existing between a-casein at neutral and
acidic pH. To this aim, RICS analysis, circular dichroism and fluorescence spectra measurements of
two extrinsic dyes (Pyrene and Ans) were used.

Fig. 4.1 reports RICS analysis, which was used to not invasively assess the potential presence of
protein supramolecular assemblies in different solution conditions. Panel (a) shows 256x256 pixel
size representative images of 36 UM a-casein samples (containing Alexaasss labelled protein at 13
nM) in solution at pH 2 and pH 7 together with the spatial autocorrelation functions and the fitting.
Fluorescence images in panel (a) do not reveal the presence of structures with characteristic size

above diffraction limited resolution of the microscope (~200 nm) so that uniform fluorescence is
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measured. In line with this observation, the shape of the autocorrelation functions is characteristic
of free diffusion. Several measurements were performed on multiple areas of the samples and
diffusion coefficients obtained from RICS analysis are reported in panel 4.1 (b).

A critical difference is found between the two samples, being the diffusion coefficients in the sample
at pH 7 significantly larger than the one in sample at pH 2. The measured diffusion coefficient for a-
casein pH 7 sample is about 60.0 um?/s and, in line with literature, stems for the dominant presence
of proteins in the monomeric form or self-associated into dimeric or tetrameric structures 2. In a-
casein samples at pH 2 the measured D is about 31.0 pm?/s, indicating the presence of large slow
diffusing aggregates. This result is in accordance with data reported in literature showing that a-
casein has a great tendency to form micelles (about 10 subunits or more) at this pH and, accordingly,
this result indicates the presence of supramolecular micellar structures **’.

In order to verify if the protein exists in different aggregation states (i.e., different diffusion
coefficients), we used the moving average (MAV) subtraction tool. Indeed, in the cases where large
species are evident in the RICS measurements, immobile subtraction algorithm was used to
eliminate the contribution to fluctuations of all the immobile/slowly diffusing species residing in the
same pixel for a time longer than the acquisition time of multiple frames 33236, The number of the
frame averages used for the immobile substation is indicated by the MAV. By changing the length
of the MAYV, it is possible to select processes on different timescales, define the time scale of slow
intensity fluctuations that affect the RICS autocorrelation function and eliminate them. Our data,
reported in Fig. 4.1 (c) reveal that the autocorrelation functions, varying the MAV, are not affected
in their shape meaning that the sample is characterised by homogeneous size distribution over the

observed timescale.
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Figure 4.1. (a) Representative 256 x 256 confocal images of 36 uM a-casein in pH 7 and pH 2 labelled with
Alexasss (13 nM). Spatial autocorrelation function of the two samples and their respective fits are also
reported. The diffusion coefficients (D) are of about 60 pm? /s for a-casein pH 7 and of about 32 um? /s for
a-casein pH 2 (b) Diffusion coefficient distribution of the two samples. (c) Spatial autocorrelation functions
of 36 uM a-casein pH 2 without immobile fraction subtraction and after immobile fraction subtraction with
MAV=4, MAV=10 and MAV=20. In this case by changing the moving average the correlation function does
not undergo variations so that it is possible to exclude that, slow particles contribute to the diffusion.

Differences in the aggregation state of proteins often coincide with their conformational changes
because the latter can determine an exposure of reactive hydrophobic, charged groups buried,
giving rise to new intermolecular interactions. Modifications of secondary structure of proteins,
which are strictly influenced by pH, are detected by monitoring their CD spectra in the far UV region,

where the main contribution to the spectra comes from the peptide backbone *°. Fig. 4.2 shows

the far UV CD spectra of a-casein at pH 7 and pH 2.

In line with data reported in the literature 2%, at pH 7 a-casein presents a CD spectrum characteristic
of a high content of a-helices and random coil structures. Increasing the pH above the isoelectric
point of protein molecules, gives rise to an increase of the negative charges that strengthen the
repulsive forces of the a-casein chain, which in turn, produces loose and expanded structures. At
pH 2 the spectrum shows a shift of the first minimum in ellipticity from 200 to 206 nm accompanied

by spectral changes which is indicative that random coil conformations are replaced by ordered
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conformations like a-helices and intermolecular B-sheets. At acidic pH, i.e. below the protein
isoelectric point, many amino acid residues in a-casein, such as lysine, arginine and histidine are
protonated. It is widely accepted that the ability of H* to form hydrogen bond is stronger than that
of the neutral H atomes, it is possible to infer that hydrogen bonds between aminoacidic residues are
stabilised within a-casein molecules in these conditions that lead to more structured conformations

which is revealed by the observed CD spectrum.
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Figure 4.2. Far-UV (194-260 nm) CD spectra of 36 uM a-casein pH 7 and a-casein pH 2.

To corroborate the idea that micelles are present in the sample at both pH values, experiments using
the hydrophobic Pyrene fluorescent dye were performed. Pyrene has been already used to probe
the existence of a-casein in micellar state and to investigate the influence of pH on micelles
properties **’. In Fig. 4.3 (a) the fluorescence emission spectra (Aexc = 330 nm) of Pyrene in solution
pH 2 and pH 7 in presence or not of the two a-casein samples are shown. These measurements are
aimed at corroborating the idea that micelles are present in the sample at pH 2 and that only small
fraction of a-casein molecules are organized in micelle structures at neutral pH. Variation in the
fluorescence intensity ratio between the peaks centred at 373 nm and 393 nm (l1/I3) is considered
an indicator of the presence of these structures and can be used as a quantitative determination of
its surrounding polarity. Pyrene I1/I3 drastically changes with the change in the polarity of the
medium; the value of |1/Izis higher when the probe molecules are in a more polar environment. In
presence of micelles in solution, its incorporation inside micelles because of their hydrophobic
character, induces the decrease of the I1/l5 ratio. The reported data show that Pyrene in aqueous
solution at both pHs is characterized by a peak ratio 11/I3= 1.10 + 0.01 (overlapped spectra). In the

presence of a-casein this value decreases to 1.06 + 0.01 at pH 7 and to 1.02 + 0.01 at pH 2. This
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result supports the hypothesis of a dominant presence of micellar structures at acidic pH and that
only small fraction of a-casein molecules is organized in micelle structures at neutral pH.

Additional measurements were also performed using another extrinsic dye, the ANS whose
fluorescence is strongly dependent on the polarity of the local environment around the
chromophore 2%, In water, the emission is relatively weak, with a maximum around 520 nm. Upon
binding to hydrophobic patches of proteins, the fluorescence spectrum is blue-shifted with a
maximum around 470 nm and the emission intensity is increased **’. In Fig. 4.3 (b) the fluorescence
emission spectra (Aexc= 350 nm), normalized for their absorbance at 275 nm, of ANS dissolved in the
two samples at pH 2 and 7 at the same concentration are reported. They show a high fluorescent
emission with a maximum centred at 470 nm for ANS added to a-casein sample at pH 2, while a
lower fluorescent emission, with a maximum centred at 480 nm, for ANS added to a-casein sample
at pH 7. Also in this case, results are in line with previously reported literature indicating a higher
affinity of ANS for a-casein in acidic conditions suggesting the presence of stable and compact

micellar structures 208,
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Figure 4.3. (a) Fluorescence emission spectra (Aexc= 330 nm), in the range 350-550 nm and normalized to
their value at 373 nm, of Pyrene (1 x 10" M) in solution pH 7 and solution pH 2, both in absence and in
presence of a-casein. Spectra in water solution in the absence of protein are overlapped. The results of the
ratio between the first and the third peaks are reported in the table in the inset. (b) ANS (9 x 10" M)
fluorescence emission spectra (Aexe= 350 nm, range 400-650 nm) in presence of 36 UM a-casein pH 7 and pH
2.

The results shown reveal that a-casein can form micelles in a pH-dependent manner, being their

formation significantly favoured at acid pH. This is in line with recent studies that have shown that
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micelles destabilisation is a pH-driven process. Changes in the surface charge and the consequent
conformational changes, modulated by electrostatic and hydrophobic interactions, may favour or
disfavour the formation and regulate the compaction of micellar structures 29228, The hydrogens
bonds, between a-casein molecules favoured at acid pH, together with the hydrophobic ones and
the so-called cation—Tt interactions between the cationic side chains of lysine, arginine and histidine
and the aromatic side chains of phenylalanine, tyrosine, or tryptophan residues play a key role in
the self-assembly of a-casein 2°1. The global observation of previous data makes clear the nature of
the two samples in the selected experimental conditions, revealing that a-casein monomers, with
a-helical and random coil structure, constitute the dominant population in sample at pH 7. At pH 2,
compact a-casein micellar structures are mainly present stabilised by intermolecular B-structures

whose formation is favoured by acidic pH.

4.2.2. Destabilization of a-casein micelles changing the pH

The conformational flexibility of a-casein proteins represents a really good chance to study in vitro
the molecular events controlled by pH changes. Indeed, pH alterations could force conformational
modifications and aggregation/disaggregation processes whose occurrence may be related to
different biological effects. This is common in intracellular environment where pH changes are
known to affect many cellular properties as they induce changes in membrane potential, in the
diffusion or action of different molecules, in functional interactions, in the state of polymerization
of the cytoskeleton etc. To regulate cellular functions, many organelles lysosomes, mitochondria
and endosomal vesicles act as functional compartments, which maintain their internal pH different
from the cytoplasmic one 212238 |n this scenario, as a model we analyse the fate of the two samples
characterized at pH 2 and pH 7 when the pH of the solution is brought to the isoelectric point of the
protein at pH 5.3. This is aimed at revealing the role of the electrostatic interactions in protein
stability, at highlighting key events and protein states and at focusing on how the “sample’s history”
affects the protein-protein and protein-environment interactions. In other words, we will verify that
environmental changes induced modifications in protein structures and those following
intermolecular interactions keep memory of the initial environmental conditions and protein

aggregation state.

Fig. 4.4 shows 256 x 256 representative confocal fluorescence microscopy image of a-casein at pH
2 (final concentration 36 uM labelled with Alexaasss (13 nM)), added to solution pH 7 to reach a final

pH of 5.3. At this pH, large amorphous aggregates are visible. Near the pl of the protein, the decrease
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in net charge weakens the intra- and inter- chain interactions, the stabilization of micelles decreases
too and they start to become closer to each other, coalesce and form denser aggregates that
precipitate in micron scale aggregates. Therefore, while at acidic pH it is possible to infer that the
a-casein molecules are preferentially held together by hydrogen bonds and cation-m interactions,

at pH 5.3 the main forces involved are likely to be the hydrophobic ones.

Figure 4.4. 256 x 256 representative confocal fluorescence microscopy image of 36 pM a-casein in pH 2
added to pH 7 solution reaching a final pH of 5.3. a-casein molecules at pH 5.3 assemble together in
amorphous larger aggregates.

To obtain accurate spatio-temporal information on protein diffusion and aggregation status during
this pH change, RICS measurements are performed. Fig. 4.5 (a) reports 256 x 256 pixel size
representative images of 36 UM micelles containing 13 nM component of protein labelled with
Alexasss together with the representative spatial autocorrelation function and the fitting calculated
in a 64 x 64 ROIs. As can be seen, an appreciable inhomogeneity in fluorescence signal attributed to
labelled proteins is found. This suggests the coexistence of multiple species in solution and the
presence of fluorescent protein aggregates. For this reason, to analyse RICS data MAV subtraction
was used in order to eliminate the contribution of the immobile molecules and to emphasize

processes on different timescale. The MAV=10 used for this analysis, given the experimental
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conditions (frame time=1.2 s), corresponds to a residence tie of ~10 s. The diffusion coefficients
distributions of these species obtained by RICS analysis in different areas of the sample are reported
in Fig. 4.5 (b). Data prove that when the sample is brought to pH 5.3 from micellar state, it shows a
heterogeneous distribution. In particular, large low diffusing protein aggregates with D=2 + 2 um?/s
are formed. In the same sample, other smaller diffusing species are found characterized by diffusion
coefficient values ranging from 17 um?/s to 70 um?/s. The latter is comparable to the diffusion
coefficient of a-casein pH 7 (Fig. 4.1. (b)). This means that, as expected, micelles are not stable

structures but undergo a partial disassembly and reassembly process when bring to pH 2 to pH 5.3.
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Figure 4.5. (a) Representative 256 x 256 confocal images, the corresponding spatial autocorrelation functions
of areas marked (64 x 64) and the respective fits of 36 UM a.-casein in pH 2 added to pH 7. Large amorphous
aggregates characterized (D ~ 2 pm?/s) coexist with smaller species (D ~ 42 um?/s). (b) Diffusion coefficient
distribution of the aggregated part and free one in solution.

Fig. 4.6 shows spectroscopic measures aimed at analyse if conformational modifications and
changes of polarity of the sample occurs as a consequence of pH alteration. In particular, fig 4.6 (a)
reports the far-UV CD spectra of a-casein before and after pH change from pH 2 to pH 5.3. These
bulk measurements show a decrease in magnitude when the protein is at pH 5.3, that is in accord
with the formation of larger aggregates near the isoelectric point, and a significant change in
spectral shape due to pH change. In particular, the first peak at 206 nm decreases in magnitude,
becoming almost equal to the second minimum at 222 nm. This suggest that the sample loses its
initial  structure and undergoing structural changes toward a-helix structures.
In addition, ANS fluorescence measurements were carried out to analyse if the observed
conformational change induces a different exposure of the hydrophobic residues. ANS spectra,

reported in Fig. 4.6 (b), reveal that a critical reduction in intensity and red shift occur when the
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sample is titrated at pH 5.3. Specifically, the decrease and the red shift (peaks are now centred at
480 nm) of ANS spectrum in presence of a-casein at pH 5.3 could be due to a different exposure of
the a-casein hydrophobic patches to the dye and/or the decrease of the electrostatic interactions
between the positive charges of a-casein and ANS negatively charged. Thus, ANS at pH 2 was in
close interaction with micellar structures, following the pH changes the affinity or the number of

the binding sites for this dye result to decrease.
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Figure 4.6. (a) Far-UV (194-260 nm) CD spectra and (b) ANS (9 x 10~ ¢ M) fluorescence emission spectra (Aexc=
380 nm, range 400-650 nm), normalized by absorbance, of 36 UM a.-casein brought at pH 5.3 (dotted lines)
in comparison with a-casein in pH 2.

Summing up, by changing solution conditions, electrostatic interactions between protein molecules
are critically modified. The observation that micelles quickly disassemble confirms the idea that
electrostatic controls the stability of micellar structures. At pH 2, many amino acid residues are
protonated so that intermolecular H-bonding capability is increased favouring micellar structures
formation. Increasing the pH, the ionization of acidic side groups of aminoacids like aspartic acid
(Asp) and glutamic acid (Glu) of the proteins increases, whereas that of the basic side groups
decreases; as a result, the net-negative charge and hence intermolecular repulsion increases, which
may lead to the loose structure of the o-casein micelles. Interestingly, by repeating the same
experiments series using the sample at pH 7 corrected towards pH 5.3, small CD spectral changes
are in line with the one observed in the literature for sample at similar pH values 2*(data not shown)

and macroscopic aggregation is not observed (confirmed below by measurements in Fig. 4.10 (a)).
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4.2.3. Aggregation state of a-casein regulates protein-membrane interactions induced by pH
switch

The study of disassembly and reassembly phenomena aims to highlight the events underling both
physiological and pathogenic processes. Depending on environmental conditions (i.e. pH,
temperature), proteins can go towards aggregation processes, which may be followed by abnormal
interactions with the environment. It is known that a-casein reacts very rapidly to environmental
changes and it is able to interact with multiple target molecules and in particular with lipid
membranes 211213239 This study aims to shed light on the significance of membrane interactions in
a-casein aggregation and disaggregation processes and to clarify if the interactions have adverse

effects upon lipid bilayer properties and morphology.

The data below highlight the events occurring when a-casein micelles are brought at the protein
isoelectric pH in a sample containing model membranes. Spectroscopic cuvette measurements of
Laurdan, used to label POPC:POPG GVs, in presence of a-casein micelles when the system is brought
to a final pH of 5.3, were performed. These experiments aimed to obtain bulk information on
membrane organisation in term of hydration and fluidity of phospholipid bilayers as a consequence
of protein interaction. As reported in detail in Chapter 2, the fluorescent signal of Laurdan molecule
strictly depends on the membrane phase (e.g., local and translational mobility) and its modification
induce changes in the GP values #2'7>, |n Fig. 4.7 Laurdan fluorescence analysis of the sample is
reported. This shows that at time zero, before protein addition, membrane is in the liquid phase (GP

~-0.04) and so more accessible to the solvent. A previous study 23°

, aimed at evaluating the role of
phase of the phospholipid membrane caused by its interaction with a-caseins, revealed that a-
casein particles interacted with bilayers in their liquid state and not with solid phase bilayers,
probably because of the compact lateral organization of the phospholipids in the solid phase that
prevents penetration of the protein. After a-casein addition, a progressive increase of the GP value
occurs, meaning a change of membrane fluidity toward a more ordered phase due to protein
interaction. In particular, an abrupt increase of the GP value from -0.04 to 0 in the first 5 minutes is
followed by a slow and more or less linear growth of the GP value to 0.03. After 50 minutes the GP
value seems to have reached the stability. The presented results show that the membrane stiffening

is mild but significant and that protein interaction induces dehydration of lipid bilayers resulting in

more rigid membranes 46-48140,142,

82



0.04

000 8¢
© -0.02 ;
-0.04 r
-0.06 * . :
0 20 40 60 80
Time (min)

Figure 4.7. Time evolution of GP ratios obtained from the analysis of fluorescence spectrum variations of
Laurdan (Aex= 380 nm, acquisition range = 370-650) used to stain POPC:POPG vesicles after the addition of a-
casein micelles.

In order to investigate if the morphology of single vesicles is affected by the a-casein presence and
to localize the protein during its interaction process, double color fluorescence microscopy
measurements were carried out. In particular, Fig. 4.8 shows representative fluorescence
microscopy measurements on POPC:POPG giant vesicles stained with Laurdan (magenta channel)
(a) before and (b) after 10 minutes from the addition of 36 uM a-casein labelled with Alexaass (13
nM) (green channel), initially in the micellar state at pH 2 towards a final pH of 5.3. Alexaass
fluorescence is used to follow the fate of protein, which is found to colocalise with GV’'s membranes.
Panel 4.8 (a) shows liposomes that in the absence of protein present a regular shape, with almost
spherical morphology; the sample shows a detectable heterogeneity in terms of size (ranging from
2 to 10 um) and in bilayer organisation. Panel 4.8 (b) demonstrates the spatial overlap between the
fluorescence signals acquired in the two channels that occurs after the addition of labelled protein,
thus indicating that the protein interacts with GUVs. Images also reveal that a-casein interacts only
with the outer part of the membranes. As can be seen, the green signal is revealed only at the edges
of GVs, while no protein is localised in the core. In the observed optical section of lipid membrane
structures, it is clearly evident that co-localisation occurs (white areas) between lipid layer and
proteins at the micronscale, suggesting that o-casein molecules are not only adsorbed on
membrane surface but they insert in the bilayer. This results in a dramatic membranes remodelling,

leading to the observed micronscale flower-like structures (one of them is highlighted by dotted
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box). The changes in membrane rigidity found by bulk measures (Fig. 4.7) are likely to be localised
on interactions sites where protein is localised in the external part of the vesicles. To confirm this,
two-photons experiments on Laurdan labelled membranes in presence of not labelled a-casein will
be performed. As already observed?, this experiment will allow to analyse the fluorescence signals,
obtaining GP measures on single vesicle and thereby providing information on the physical
characteristics of lipid bilayers and morphological changes induced by a-casein,
simultaneously.After a-casein addition, liposomes seem to semi-crystallize into co-aggregates with
spherical symmetry constituted by a central lipid core and an external shell with hybrid lipid- o-
casein composition. It is also evident that other structures are also present in the sample that appear
only made of protein molecules as they are not significantly stained by the lipophilic dye (green

micron scale structures, highlighted by dashed box).

a) b)

After

Before

Figure 4.8. 1024 X 1024 pixels representative fluorescence image shows POPC:POPG vesicles, stained with
Laurdan (magenta), (a) before and (b) after the addition of 36 UM Alexasss-micelles. In presence of 36 uM
Alexasss-micelles, the overlap of two colors indicates protein-vesicles co-localization that induces a clearly
membrane morphology modification. The boxes highlight a-casein aggregates formed at pH 5.3 (dashed) and
the liposome with a flower-like conformation (dotted) after protein interaction.

To gain further information on the interaction, RICS experiments were performed by adding 36 uM
micelles labelled with Alexass (13 nM) to unstained giant vesicles to a final pH of 5.3. Changes in

diffusion coefficient were monitored. Before a-casein addition, liposomes are only visible in the
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transmission channel, while upon interaction with o-casein, fluorescence is observed at the
membrane. In Fig. 4.9 (a) | report RICS analysis: 256 x 256 pixel size representative images of
liposomes in presence of Alexasss-micelles, where coloured squares represent 64 x 64 pixel regions
of interest (ROIs) where the analysis was performed. Corresponding spatial correlation functions
and fits are also shown. By analysing different ROIs in the image, we are able to disentangle the
contribution of freely diffusing a-casein structures in solution away from the membrane and a-
casein molecules in close proximity or interacting with the membrane. The diffusion coefficient
distributions of a-casein diffusing in solution, a-casein aggregated and a-casein that interacted with
liposomes are shown in Fig. 4.9 (b). After a-casein addition to the sample, the measured diffusion
coefficient in ROIs away from the liposome's membrane is variable and ranging from 17 um?/s to 65
um?/s, being comparable with data in Fig. 4.5 (b). These data suggest the disassembly of the
micelles. In these conditions a-casein molecules are likely to assume the same state as the one
measured at the same pH in the absence of membranes. Measurements in region where liposomes
are present show that a certain fraction of protein interacts with membrane structures: the
measured diffusion coefficient at the membrane drops to lower values 6 + 2 um?/s. This value is
distinguishable from diffusion coefficients reported for protein aggregates (2 + 1 um? /s) found in

the absence of liposomes which are also found in this sample.
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Figure 4.9. (a) 256 x 256 representative confocal images of liposomes interacting with a-casein in which
coloured squares represent 64 x 64 ROIs where RICS measurements are performed. Spatial autocorrelation
functions and relative fits, spatial correlation functions are marked with the same colour of the ROl in which
they are calculated. (b) Diffusion coefficient distributions of a-casein in its different states (free, aggregated
and bound to liposomes).

Interestingly, if the same experiment is repeated in conditions where the protein starts from its

native like state at pH 7 only minor changes are observed. In Fig. 4.10 the RICS analysis of a sample
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containing non stained liposomes is reported after the addition of 36 uM a-casein pH 7 labelled with
13 nM Alexaasss. Final pH of this sample is pH 5.3 as before. In panel 4.10 (a) a representative
fluorescence intensity image is reported where no structure with size above the optical resolution
are observed. The correlation function and respective fit are also reported whose analysis gives back
a diffusion coefficient of 47 + 10 um?/s, which is compatible with the presence of native protein
diffusing together with small oligomers, which may be formed due to the loss of electrostatic
interactions. Interestingly, in this case, the liposomes are only visible in the transmission channel
(Fig. 4.5 (b)), no significant fluorescence signal is observed at their surface and their morphology
remains unvaried. This clearly indicates that, in the observed conditions, no significant interaction

OCcurs
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Figure 4.10. (a) RICS analysis: right column: 256 x 256 representative confocal images of liposomes added of
a-casein-Alexasss (36 UM, pH 7). Final pH is brought to 5.3 value. Left column: spatial autocorrelation
functions and relative fits. (b) representative images of POPC:POPG liposomes in the transmission channel.
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The liposomes are visible only in the transmission channel indicating that no interaction occurs between
protein and membrane.

At pH 5.3, liposomes are negatively charged and the protein has a negligible charge disfavouring
both aggregation and protein adhesion to lipids. Summarising these results, it is possible to state
that a-casein interactions with membranes, in conditions where the net charge of the protein is

reduced close to zero by a sudden change in pH is regulated by the initial state of the protein.

Thermally induced a-casein aggregation states modulate interaction with model membrane

4.2.4. High temperature induces micelles aggregation: spectroscopic and microscopic

characterization

o-casein micelles described above where thermally treated at 70 °C for 24 h in order to induce
aggregation. This in line with the general idea that high temperatures induce aggregation processes
associated with protein unfolding, which allows hydrophobic parts of different proteins to form
intermolecular structures #>2424 The sample was characterised using the same protocol described
above. In the following, micelle samples described in previous section at room temperature in
solution at pH 2 will be referred as “N-c”, while the abbreviation “H-c” will be used to indicate the
sample after thermal treatment.

To assess sample aggregation RICS measurements are reported in Fig. 4.11, this allowing the direct
comparison with previously reported measurements. Although in recent years, dynamic light
scattering (DLS) has become the method of choice for evaluating particle size ?*!, to corroborate the
hypothesis that a.-casein micelles aggregate in larger structures at high temperature, RICS technique
has been chosen. RICS, presents the advantages to be sensitive to single molecules and allows MAV
subtraction which may represent a useful tool to separate the contribution to the signal of larger

species 33242 which often hinder DLS analysis.

Fig. 4.11 shows the RICS analysis of the a-casein sample in solution pH 2 subjected to heating
process. 256 x 256-pixel size representative image of 36 UM H-c, containing 13 nM component of
protein labelled with Alexaass, is reported together with the representative spatial autocorrelation
function and the fitting, obtained from the analysis of the sample. As can be seen an appreciable
spatial inhomogeneity of fluorescence distribution is found for H-c sample if compared to N-c one
(Fig. 4.1). This suggests the coexistence of multiple species in solution and the presence of
fluorescent protein aggregates. The measured D value for H-c sample (about 4 um?/s) is significantly
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smaller than the one measured for N-c sample (about 35 pm?/s, Fig. 4.1) revealing the presence of
larger aggregates in the H-c sample. In these cases, immobile subtraction algorithm was used to
eliminate the contribution of fluctuations due to these large species, which are found in the same
position for several time frames. The MAV algorithm was used and the length of the MAV was
optimized to the larger number of frames until the calculated autocorrelation function remained

the same. This procedure is aimed at eliminating the contribution of immobile species.
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Figure 4.11. Representative 256 x 256 confocal images of 36 uM H-c (at 70 °C for 24 h) in pH 2 labelled with
Alexasss (13 nM). Spatial autocorrelation function and the respective fit are also reported. The diffusion
coefficient is 3 um?/s.

Fig. 4.12 compares results previously discussed in Fig. 4.2 and Fig. 4.3 on a-casein micelles pH 2 to
analogous measurements performed on H-c sample.

As shown in panel (a), circular dichroism spectra not reveal significant differences between the N-c
and H-c samples, indicating that the heating treatment does not alter the secondary structure of
micelles. H-c, as well as N-c, presents by two minima at 206 and 220 nm already attributed to a high
content of intermolecular beta-structures. Also Pyrene fluorescence spectra reported in panel (b)
are superimposable being the 11/l ratio for both samples is 1.02 + 0.01, confirming that this dye
senses analogous environment in terms of hydrophobicity and that the number of micelles in
solution does not change. A small difference is found in the fluorescence spectra of ANS as evident
in Fig. 4.12 (c). The N-c sample intensity results slightly but significantly larger while the spectral
profile and the position of ANS fluorescence emission remain the same. This difference could be
explained in terms of a reduced number of accessible hydrophobic binding sites 243244, due to
increased compactness of micellar structures induced by thermal treatment, which may cause

reduced accessibility of internal region of aggregates to the dye 243. Moreover, it is possible to think
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that micelles undergo aggregation, due to the increased hydrophobic effect, so that the non-polar
residues in the surface, involved in ANS binding in N-C, are not available as they can be involved in

intra-micelles interactions with other non-polar patches.
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Figure 4.12. (a) Far-UV (197-257 nm) CD spectra of 36 uM N-c and H-c (pH=2). (b) Fluorescence emission
spectra (Aexc= 330 nm), in the range 350-550 nm and normalized to their value at 373 nm, of Pyrene (1 uM)
in presence of N-c and H-c. (c) ANS fluorescence emission spectra (Aexe= 350 nm, range 400-650 nm) added
to 36 uM N-c and H-c solution.

All together these measurements suggest that a-casein micelles do not critically change in terms of
structure and in number but they interact to each other. Due to thermal treatment hydrophobic

interactions favour the clustering between intact micelles leading to micelle aggregates.

4.2.5. Micelle aggregates disaggregate and re-aggregate when brought close the isoelectric point.

In view of results reported in section 4.2.3 on N-c samples, the importance of electrostatic
interactions on the stability of micellar aggregates was also evaluated by RICS techniques by bringing
the sample from pH 2 to pH 5.3. This method can in fact be used to detect in real time and in a non-
invasive way the aggregation-disaggregation processes highlighting spatially heterogeneous
mechanisms. The measurements revealed that micelle aggregates are not stable structures and at
a pH value close to the isoelectric point, when the net charge decreases, they disassemble and form
amorphous aggregates with larger size. This is being an analogous behaviour to the one observed
for micelles subjected to the same pH switch. The RICS analysis performed on H-c sample allowed
to spatially and temporally follow the fast process that leads to the formation of these visible

structures in solution.

In Fig. 4.13 (a-d) 256x256 pixel size representative images, acquired in different times, of 36 uM
micelles aggregates containing 13 nM component of protein labelled with Alexaass, are shown. The

respective autocorrelation functions and fits are reported in panels (e-h) and (i-n), respectively. The
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spatial autocorrelation function immediately tapers off and the disappearing of the vertical
component, which takes in account for slower species, is evident (Fig.4.14 (b)). After that, the
autocorrelation function is progressively modified and, as a function of time, can be analysed to
recover the diffusion coefficients. In the representative image the progressive appearance on
micron scale diffusing aggregates is observed with larger size with respect to the one measured at
pH 2. Fig. 4.13 (o) shows the diffusion coefficient change over time as a consequence of pH
modification. The initial increase of D to the value of 65 + 10 um?/s reveals the presence of protein
in monomeric form or self-associated into dimeric or tetrameric structures. This is followed by a
decrease to 1.2 + 1 um?/s, passing through intermediate values of 20 + 10 um?/s. It is a very fast

process that reaches the stability within 10 minutes.

Finally, it is important to notice that as observed for micelles, not only large aggregates are present
in the sample but they coexist with smaller species. RICS allows to analyse samples in different
regions of interest (ROI) within the same image. 64x64 ROIs were analysed and representative
results are reported in Fig. 4.14, where a 256x256 pixel image of the sample, chosen as example,
containing two representative ROIs colored squares is shown. Results highlight the fact that the
sample is highly heterogeneous and that, at the end of the process, it contains micron-scale and
monomeric species. Specifically, for data reported in Fig. 4.14 the analysis results in a diffusion
coefficient of 1.9 + 0.2 um?/s where large clusters are observed (e.g. red square) and in diffusion

coefficients of 42 + 10 um?/s in areas where no aggregates are evident (e.g. green square).
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Figure 4.13. (a-d) Representative 256 x 256 confocal images of Alexasss-micelle aggregates, (e-h) their
respective spatial autocorrelation functions and (i-n) fits, acquired at different times, after their addition to
pH 7 solution ranging the final pH of 5.3. (o) Diffusion coefficients of the sample (pH=5.3) as a function of the
time.
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Figure 4.14. (a) Representative 256 x 256 confocal image, (b-c) the corresponding spatial autocorrelation
functions of areas marked (64 x 64) and (d-e) the respective fits of 125 pL of H-c (final concentration of 36
UM) added to 375 pL solution pH 7 (final pH 5.3). 64x64 pixel ROIs can be selected and the analysis leads to
D ~ 1.9 um?/s in ROIs where large cluster are observed (e.g. red square) and D ~ 42 pm?/s in region where
only sub-resolution species are present (e.g green square).
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Since disassembly and reassembly phenomena are at the bases of physiological but also pathogenic

245 and the interaction with membranes could have cytotoxic consequences 246247, the

processes
effect of micelle aggregates on model membranes, during the pH change from pH 2 to pH of 5.3,

was studied using the same protocol as the one described in section 4.2.3.

Fig. 4.15 shows 1024x1024 pixels representative fluorescence microscopy measurement on
POPC:POPG giant vesicles stained with Laurdan (magenta channel) after the addition of 36 uM
micelle aggregates labelled with Alexasss (13 nM) (green channel), final pH of 5.3. By comparing Fig.
4.15 with Fig. 4.8, no significant differences between the effect induced on vesicles by micelles in
their not aggregated (Fig. 4.8) or aggregated (Fig. 4.15) state are highlighted. In both cases protein
addition leads to a dramatic change in the morphology of the membranes that appear as “flower-
like” structures characterised by a lipidic core (magenta) and by the presence of lipid-protein co-

aggregates in the shell (white areas).

10 pm

Figure 4.15. 1024 X 1024 pixels representative fluorescence image shows POPC:POPG vesicles, stained with
Laurdan (magenta), after the addition of 36 UM Alexasss-micelles aggregates. The magnification highlights
the liposome where the overlap of two colors indicates protein-lipid interaction, which induces vesicles to
assume a flower-like conformation.

To confirm that there were no differences between H-c and N-c effects, RICS and Laurdan
measurements on vesicles in presence of micelle aggregates were performed. In this way

information on the spatiotemporal dynamics of protein in presence of lipidic structures and on the
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effect of protein interaction on membrane fluidity, respectively. In Fig. 4.16 (a) RICS analysis: 256 x
256 pixel size representative images of POPC:POPG GVs after the addition of 36 UM micelles
aggregates containing 13 nM component of protein labelled is reported. Corresponding spatial
correlation functions and fits are also shown. The colored squares represent 64 x 64 pixel ROIs
where the analysis was performed. After H-c addition, immediately the vesicles appear fluorescent,
that there is colocalization between membrane and fluorescently labelled protein. Since the
interaction with the membranes occurs immediately, within 5 minutes, and the disaggregation
process happens in the same temporal scale (Fig. 4.13 (0)), it is reasonable to think that the species
responsible of the interaction with GVs could be the intermediates ones that are formed during the
disaggregation-reaggregation process. It is already known that the cytotoxic effects are often
attributable to oligomers ?#7, forming during aggregation or released from mature fibrils, thanks to

small size and exposure of hydrophobic surfaces.

By analysing different ROls in the image, we were able to discern, between freely diffusing a-casein
molecule in solution away from the membrane, characterised by D of about 32 pm?/s and o.-casein
molecules in close proximity or interacting with the membrane that present D around 1 um?/s
indicating slower mobility of the aggregates with respect to the ones obtained by adding N-c to the
sample (D~6 um?/s, Fig. 4.9). This different behaviour could be referred to a change of the
environment, to which the proteins are exposed, in terms of hydration and packing of phospholipid
bilayer. To evaluate this hypothesis, we analysed the signal of the Laurdan used to phospholipid
bilayers and therefore membrane fluidity changes. The Laurdan GP variation of bulk measurements
as a function of the time is reported in Fig. 4.16 (b). We observe that GVs initially in the liquid phase

142 3fter

(GP~-0.04) go towards a progressive change in membrane fluidity to a more ordered phase
o-casein aggregates addition. By comparing these data with those reported in Fig. 4.7, it is possible
to highlight only a difference in the final membrane stiffening induced by the N-c (GP~0.03, Fig. 4.7)
and H-c (GP~0.04) samples. However, there is a significant difference between the two samples in
the interaction time with vesicles. H-c sample induces a faster increase of the GP value that reaches
the stability after 30 minutes. The higher GP value, could indicate that in the final state the presence

of protein leads to larger membrane dehydration resulting in more rigid membranes'*2. This could

explain the lower diffusion coefficient found when H-c interacts with liposomes if compared to N-c.
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Figure 4.16. (a) RICS analysis: right column: 256 x 256 representative confocal images of liposomes
interacting with 36 uM H-c labelled with Alexa488 (13 nM), in which colored squares represent 64x64 ROIs
where RICS measurements are performed. Left column: spatial autocorrelation function and relative fit,
spatial correlation function is marked with the same colour of the ROl in which they are calculated. (b) Time
evolution of GP ratios obtained from the analysis of Laurdan fluorescence spectrum variations, measured in
bulk, after the addition of H-c.

These results suggest that the released species and/or formed during the
disaggregation/reaggregation processes could be different between micelles and micelles
aggregates. This hypothesis was confirmed by circular dichroism measurements. Fig. 4.17 reports
CD spectrum, acquired in the far-UV region, of N-c sample (already reported in Fig. 4.6) compared
to the spectrum of H-c sample, both acquired at the stability after the samples are titrated at pH
5.3. An evident difference is observed between the final conformations of the two samples. The
spectrum of H-c pH 5.3, that shows a minimum of ellipticity centred at around 200 nm typical of
random coil structures, is significantly different from that of N-c pH 5.3 that revealed the presence
of a-helix structures in the sample. The purpose of the reported spectra is to underline that although
the two sample presented a comparable conformation in pH 2 (Fig. 4.11 (a)), during the pH change
they undergo different structural reorganization that probably leads to the formation of diverse

intermediated species responsible of the different effect induced on membranes.
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Figure 4.17. Far-UV (196-256 nm) CD spectra, normalized by absorbance, of 36 uM a-casein micelles (purple)
and micelle aggregated (orange) brought at pH 5.3.

This is once again proof that the initial state of the protein critically regulates the fate of a-casein,

its aggregation and effect on membrane structures.

4.3. Conclusions

The action of a protein in the cellular environment is dictated by its structure that strictly depends
on environmental conditions. Among the various effects, in the organism, a protein may experience
pH and temperature changes, which regulate its macromolecular properties such as the stability
and activity, being these two lasts not necessarily disentangled. The comprehension of the different
association/aggregation states of proteins and the evaluation of their behaviour in presence of lipid

membranes are essential to elucidate the basis of functional and pathological conditions.

In this chapter a-casein protein was characterised in different association states and the effect of
different molecular species were evaluated on model membranes. The results clearly put in
evidence that the initial conformational/structural properties and aggregation states of the protein
regulate its fate, as well as, the interaction with lipid bilayers.

The ability of a-casein to form small micelles at acidic pH was highlighted, which aggregate in larger
structures at increasing temperature. In these assembly states, protein secondary structures are
mainly characterised by intermolecular B-sheets. At pH 7, as expected, the protein is in its native
like state, exists mostly in monomeric form with a secondary structure presenting a high content of
a-helices and random coils. A main difference between a-casein at the two different pH values also

consists in the interaction with the hydrophobic dyes Pyrene and ANS, being the protein at pH 2 the
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one with larger affinity to both dyes. Once a-casein micelles and micelles aggregates are dissolved
at pH values close to the isoelectric point in absence and in presence of membranes, micelles
undergo a partial disassembly process accompanied by disordered aggregation into amorphous
structures (both oligomers and large micron-scale aggregates) characterized by different final
conformational states. At pH 7, the change of pH to the isoelectric point only induces slight
modifications in the diffusion coefficient. Results also show that proteins initially in their micellar
state or when micelles are aggregates are able to interact with the POPC:POPG GVs in liquid
disordered phase. In both cases at the equilibrium the protein is found to be localised in the external
part and its insertion in membrane layers is likely to exclude water, increasing the rigidity of the lipid
membranes in the regions where the protein is present.

Both micelles and micelle’s aggregates disassemble and result in reactive species which induce the
dehydration of the lipid bilayer being micelle’s aggregates impact larger and faster. This is possibly
due to the different highly reactive hydrophobic species generated by the disassembly/reassembly
processes that occur during the abrupt pH change which are mostly disordered in the case of
aggregates micelles disassembly. These species are able to quickly interact each other forming large
aggregates or to interact with membrane bilayers. Interestingly a-casein membrane co-aggregates
are formed with a flower-like shape that, to our knowledge, was not previously observed in the

literature as a result of protein-membrane interactions.

4.4. Sample preparation and parameters used for measurements

a-casein samples preparation

a-casein (purchased from Sigma Aldrich) was dissolved to a final concentration of 4 mg/mlin 25 mM
HCl with 100 mM NaCl 0.1 M (pH 2), or in 20 mM potassium phosphate buffer (pH 7) and filtered
through 0.2 um cellulose acetate membrane filters. Furthermore, a-casein dissolved in pH 2 was
subjected to heating process in a water bath at 70°C for 24 h.

Giant vesicles preparation and staining

POPC:POPG GVs were prepared with the same protocol reported in section 3.4.

Steady state fluorescence spectroscopy in bulk

Fluorescence spectra were acquired at room temperature using a Jasco-FP-8500
spectrofluorometer equipped with a Jasco ETC-815 peltier as temperature controller in 1 cm path

length quartz cuvettes. The response time was 1 s, data interval of 0.5 nm and scan speed of 100

96



nm/min.

Pyrene emission spectra were measured in the range 350-550 nm with the excitation wavelength
being 330 nm. The Pyrene concentration was 1.0 uM.

ANS emission spectra were acquired in the range 400-650 nm using Aexc= 350 nm with an excitation
bandwidth of 5 nm, an emission bandwidth of 5 nm. The ANS concentration was 9.0 uM.

Laurdan fluorescence emission spectra were acquired in the range 370—650 nm as a function of time
every 5 minutes. Excitation wavelength was Aexc = 380 nm and excitation and emission bandwidth
was 5 nm.

Confocal laser scanning fluorescence microscopy (CLSM)

Confocal fluorescence microscopy measurements, reported in this thesis, were acquired using a
63x/1.4 oil objective (Leica Microsystems, Wetzlar, Germany) and a Leica TSC SP5 confocal laser
scanning microscope. Scanning frequency was 400 Hz.

Alexasgs emission was acquired in the range 510-600 nm, using Aexc = 488 nm.

Two-photon microscopy

Laurdan emission was acquired in the range 430-450 nm (blue channel) and in the range 475-495
nm (green channel) using 2-photon excitation (Spectra-Physics Mai-Tai Ti:Sa ultra-fast laser), at 780
nm.

Raster Image Correlation Spectroscopy (RICS)

Images were acquired in single channel with an Olympus FluoView1200 confocal laser scanning
microscope (Olympus, Tokyo, Japan) using an UPLSAPO 60 x 1.2 NA objective using chambered
cover gasses (Lab-Teck Il Nunc). For RICS analysis, 70 frame image stacks were acquired (256 x 256
pixels) at different dwell time of 8, 10, 12.5, 20 ps/pixel. The electronic zoom was set at x16.3 (pixel
size of 0.05 um). Analysis was performed using the RICS algorithm of SimFCS program. RICS
autocorrelation function has been fitted using the diffusion model to calculate Go and D. The
excitation volume was calibrated by using a solution of Alexaass in water containing and setting the
diffusion coefficient to 350 pm?/s. For this measurement, the dwell time was reduced to 4 ps/pixel.
In the cases where large species are evident in the RICS measurements, immobile subtraction
algorithm was used to eliminate the contribution of fluctuations due to these species, which are
found in the same position for several time frames. The Moving Average (MAV) algorithm of SimFCS
was used and the length of the MAV was optimized to the larger number of frames until the
calculated autocorrelation function remained the same. This procedure was aimed at eliminating

the contribution of immobile species.
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Circular dichroism
The CD spectra were recorded on a Jasco J-715 spectropolarimeter in the far-UV region (194-260
nm), using quartz cuvettes with a path length of 0.5 mm. All spectra have been acquired at room

temperature and for each spectrum, three accumulations have been acquired.
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5. Conclusions and perspectives

The aim of this work was to understand how membranes and proteins act under diverse biological
conditions, elucidating the forces that drive the interaction between them and the effects induced
by the interaction both on conformation/aggregation states of proteins, and morphology and

physical-chemical properties of membranes.

To carry out this study, it was first analysed how membrane composition influences and regulates
the interaction of the small, cationic, amphiphilic TP10 peptide. Diverse model membranes,
extremely different in term of phospholipid bilayer complexity and inner composition, were used.
The interaction between the peptide and POPC:POPG GVs, POPC:POPG:Chol GVs and GPMVs
derived by HepG2 cell line was evaluated by the combined use of spectroscopic and advanced
microscopy techniques. The results have demonstrated that the interactions between TP10 and
membranes result in mutually structural perturbations of both the peptide and the membranes. On
one hand, membrane surfaces, depending on their chemical composition, can promote the
conformational change of the peptide. On the other hand, TP10, depending on membrane
composition, can modify membranes physical-chemical properties and disrupt membrane structural
integrity. Thanks to the parallel use of multiple targeted molecular reporters and FLIM/phasor
analysis it was in fact possible to distinguish TP10 absorption from insertion, evaluate its effect on
membrane hydration and fluidity, and its ability to form pores, modifying or not membrane
morphology and integrity. The presented results demonstrated that FLIM is an excellent, non
invasive technique for highlighting at single vesicle level and in 3 dimensions diverging aspects of

such multi-faceted complex phenomenon as peptide-membrane interaction.

The second part of the work aimed to analyse the effect of different association/aggregation states,
obtained varying environmental conditions (such as pH and temperature), of the a-casein on the
simplest POPC:POPG model membranes, in order to elucidate the basis of functional and
pathological conditions. a-casein presents highly different features in term of exposed charges,
hydrophobicity, size and structural complexity, if compared with TP10.

Also in this case spectroscopic techniques were used to carry out the study but coupled with RICS
technique. This method gave the possibility to analyze the aggregation states (monomers, micelles,
and micellar aggregates) of the protein in different environmental conditions and to follow in real
time the disaggregation and re-aggregation processes of micellar aggregates induced by pH

changes. The species formed during this disaggregation/aggregation process were considered the

99



responsible of the interaction with membranes. RICS was also useful to evaluate the different
interaction level of them with the bilayers, also monitoring the morphological modifications
affecting the membranes. The results clearly indicated that the initial conformational and
aggregation states of the protein regulate its fate and that the interaction with lipid bilayers induces
the formation of protein membrane co-aggregates with a flower-like shape not previously observed
in the literature, as a result of protein-membrane interactions. The global view of the results
suggested that electrostatic and hydrophobic interactions are the main forces involved in the
protein-membrane interaction and that, by using appropriate dyes and combining spectroscopy and
guantitative fluorescence microscopy, it is possible to disentangle the different processes involved
in these highly dynamic and heterogeneous processes. Nevertheless, it is not clear which are the
factors that lead to an increase of GPMVs fluidity after TP10 interaction. It has in fact been observed
that bothTP10 and a-casein induce dehydration and stiffening of POPC:POPG GVs. The opposite
behavior observed for GPMVs could be ascribed to the highly different membrane composition in
term of lipids and proteins. Based on the literature!'? it was reasonable to think that cholesterol
played a key role. It had been observed that a-syn induces cholesterol depletion from vesicles,
resulting in the formation of protein-cholesterol aggregates and increase of the disordered phase in
the bilayers. However, this hypothesis would appear to be excluded from the experiments
performed on POPC:POPG:Chol GVs since no interaction was observed between TP10 and these
membranes. Further, previous research?*®24° directly performed on GPMVs enriched or depleted of
cholesterol have shown similar results. It was also discovered that the accumulation of TP10 into
GPMVs is inhibited by ceramide possibly due to the formation of highly ordered ceramide
platforms that, interfering with the fluidity of the membrane, reduce the uptake of the
peptide?*8, Therefore, the reason for the different behaviour should be sought elsewhere.

In addition, preliminary experiments (not reported in this thesis) performed using GPMVs derived
from fibroblasts and TP10 revealed that the peptide is also able to interact with these vesicles,
modifying or not their morphology and integrity depending on peptide concentration. Fibroblasts
are mesenchymal cells that synthesize the extracellular matrix of connective tissue but play a key
role in diseases, cancer progression?°%2>! and inflammatory?>? and fibrotic conditions. For example,
in inflammatory diseases such as rheumatoid arthritis, it is now known that fibroblasts are the key
cellular source of inflammatory cytokines and chemokines that enable chronic tissue inflammation.
There are biological therapies (e.g., tocilizumab, targeting IL-6 receptor) that block fibroblast-

derived cytokines, relieving symptoms and slowing the disease but not able to eradicate it;
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moreover, currently there are no FDA-approved therapies that directly target fibroblasts in
inflammatory diseases. Yet several hypotheses suggest targeting of fibroblasts. First, although
targeting immune cells in inflammatory disease inevitably compromises the immune response to
infections, targeting stromal cells may circumvent immunosuppression while abrogating pathology
in the involved tissues. Second, fibroblast-targeted therapy may represent an alternative strategy
for patients resistant to conventional immunosuppressive therapies. In this scenario, the action of
TP10 against fibroblast, in addition to its ability (shared also with other CPPs?°32>%) to decrease

255 could pave the way for new therapies.

inflammatory cytokine release
In addition, the possibility to obtain vesicles, in a simple way, from normal cells could be of great
interest in drug delivery?®2>7, exploiting the natural targeting properties?>®2>° of the vesicles and,
due to their natural composition, resulting to be less immunogenic than artificial nanoparticulate
carriers. In conclusion, the presented approach could be directly applicable to various biological
systems in studies facing the challenge of analysing peptide/protein membrane interactions and
representing a significant technical advancement applicable for a wide experimental field including

studies of both functional (e.g., protein trafficking, cellular signalling, and ion channel formation)

and pathological (e.g., amyloid membrane toxic interactions) phenomena.
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