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ABSTRACT

The biological membranes of eukaryotic organisms contain functidnighly dynamicnano-
domains called "lipid rafts" (LRs) which are enriched in cholesterol, sphingolipids aadd&R|
proteins. They are involved in several biological processes which implicate or are medidited by
plasma membrane as protein trafficking, ineatracellular cellsignaling chemotaxis and cell
polarity. Moreover, LRs seem to have a critical role i@ tmset of some neurodegenerative
RAaSlIasSa adzOK a GKS 1fTKSAYSNRAE RAaSIasS 6! 5¢
disorders.In the last two decades, the complexity of studyswrchdomains in living cells has
caused a growing interest in the uaed design of artificial membrane modglghich mimic the
structure and composition of biological membranes. In this contgxtyrinoted the formation and
investigated the properties of lipid raft domains in artificial lipid bilayersekgloiting Atomic
Force Microscopy (AFM). AFM providiegactgreat advantagefor the investigation ohanoscale
surfacepropertiesof biological samples in ne@hysiological environmenfirst, | compared two
different fabrication methods for the production of artifididipid bilayers, the drojgasting and

the direct vesicle fusion techniques. | started from em@nponent lipid membranes and |
progressively moved t@ardsmore complex modelsasbinary and ternary lipid compositioni
order to study themain LRgeaturesin relation to specific biological phenomersaich as protein

lipid interactiors involved in particular pathological diseasd he direct vesicle fusion method
appeared to be the most suitable approach in term of reproducibility, stability and corfttiplicd
composition. | took advantagieom this method forcarrying out anorphological characterization

of raft-like model membranes composed by phosphocoline (DOPC), sphingomyelin (SM) and
cholesterol focusing in particular on lipid phase behavior. Membs exhibited the coexistence

of two lipid phases, the fluid phase made by DOPC, and themukded phase made by SM and
cholesterol, the latter resembling rafike domains.

With selected Scomponent lipid systems, | thanvestigaed the distribution of GM1ganglioside

a LR marker, into my system, demonstrating its preferential localizatitme nano-domains and
highlighting the feasibility and versatility of model membrane technology. For the first time, |
studied thebinding of synthetic fulllength Prion protein (Pf#p, carrying a @erminal membrane
anchor (MA)to LRs domains. The conversion of kb the scrapie isoform PP which displays
high propensity to aggregate leading to cytotoxicity, has been reported to take place into LRs and
to be influenced by lipihnchors. | demonstratedith this studythe propensity of this protein to
specificallytarget LRdomains of my artificial systemsbseningan aggregation processcurring
even at low protein concentrations. A comparative anialygith PrP lacking of MA is however

required to assess the role of lipahchor into the protein distribution and aggregation.



Finally, m the last part of my research | focused on the study of the role of ioos in the
interaction betweeralpha synelein { S) and lipid membraness is the central protein of PD and

the presence of amyloitiS fibrils is the main pathological hallmark of the disease. Several factor
such as membranbinding, pH and metal ionsoncentration can promotein vivoand in vitro
protein aggregation forming different kind of structures. Iron represents a big challenge for
finding therapeutic approaches against the disease. Increasing concentrations of iron have been
found in the brain of PD patients and a strong interplay between, ioxidative stress antlS
aggregation has been postulated. Recently several evidences have showed that intermediate
aggregated products, called oligomers, rather than fibrils are the elements which cause
neurotoxicity. By AFM in combination with attenuated total reflectance airfd (ATRR)
spectroscopy, | compared the structural behavior of thiéd-type (wt) and a mutant form ofh S
(A53T)in presence of Féions and the effect of théron ionson the interactionwith my artificial
membrane, and specifically with Rs. | demastrated that iron strongly promotes the formation

of h Soligomers with a greater propensity of the mutant form to aggregate.-iRI Bata revealed

that the mutant is characterized by a bigger content efheet secondary structures and a mere
pronounced stuctural disorder as well as a better ability to form complexes with iron. At the
same time, the AFM comparative analysis of protein monomers vs oligomers showed oligomer
accumulation, with the formation oprotein clusters, on raflike domains. On the carary,
monomersin absence of iron ionkind to the membrane (wt" Sto both lipid phases, the mutant
A53Th Sto the fluid phaseonly) leading to extensive defect sites atalslight aggregation. The
protein clustering on raftike domains suggests a possible rolé 8foligomers in interfering with

the biological proceses that are modulated by proteins enriched on LRs. The administration of
iron-inducedh Soligomers to neuronal cellgrimary cultures woule a promising next step in
order to gain new insights into the relation between iron, LRs and the 1iaditbrial aggregation

of hS.



INTRODUCTION

1. Biological membranes

Biological membranes represent one of the most important structures in cell biology. Cell
membrane acts as a physical barrier separating intracellular environment from the extracellular
one and maintaining cellular homeostasis. In eukaryotic scathembranes surround also cell
organelles, as Golgi apparatus, endoplasmic reticulum and mitochondria. Beside its structural role
in compartmentalizationthe cell membrane is involved in a variety adllular processes such as
signaling, celtell interactions and ion conductivity. Membrane components both communicate
with intracellular and extracellular environment, by interacting wikructural proteins of
cytoskeleton as actin and tubulingand wih small molecules and polymercompounds of
extracellular matrix (ECM)

In spite of their different functions, the basic structure af the biologial membranes is a lipid
bilayer. Cell membrane is a very complex and highly dynamic structtitte thousands of
different phospholipi@ with a variety of saturation and length of acyl chains. In additiothto
varioustypes of phospholipidsmembrane proteins and sugars are also key components of the
structure. While lipids primey exert a struatral role, membraneroteins arethe nanomachines

that carryout specific membrane functios) enabling membranes to send and receive messages
and to transport molecules in and out of celledlacompartments

In 1972, Singer and Niglson proposed thet TR d2X 2 & | A @ daseriBeStiedynamic and

fluid structure of plasmanembrane The model is baseash the thermodynamics principles dhe
organization oflipids and proteins of a biological membrafeAccording to the model, the
membranewas represented aa unifom fluid lipid bilayerof phospholipidsin which globular
integral proteins and glycoproteinsvere able to laterally diffuse within the plane of the bilayer
(Fig. B). The model emphasizedtie fluidity of the membrane and the coestence of lipids and
proteins, without the presence of any membrane sabmpartmentalization However,in the

next two decadesa large number of studiesdas highlighted the lateral heterogeneity of
membrane, featuring theresence of different susompartments that differ in theicomposition

and biophysical propertiesand that limit the mobility of many membrane proteins within the
bilayer. In vivo, the first evidence of the presence of membrane heterogeneity has been observed
in epithelial cells which have been shown to be morggically and functionally polarized,
displaying a selective delivery of lipids to their apical and basolateral $idéss new view of

membrane structurehas brought to formally develop a new model of plasmmembrane



organization, cadld the dlipid rafts modet * (Fig. B). According to the raft hgothesis, the
interaction between specific lipids in th@ane of the bilayer drivethe formation of functional
ordered membrane domains, the scalled lipid rafts, which are involved several biological
events such asignal transduction and membrane trafficking pathwaysd other biological
processesWe wil briefly review the principle components of biological membranes and the
biophysical properties that govern the integrity and functionality of these essential cellular

structures.

TheFluid MosaicModel TheLipid RaftModel

Figurel. The Fluid Mosaic Membrane Modelnd the Lipid Raft Mdel of biological membrane structure(A) The
picture represerns a section view of a cell membrane with globular integral membrane protaindomly distributed in
the plare of a completely fluid bilayer. The membradees not contain other membrarassociatedstructures or
membrane domains of different compositionsrom Singer and Nicholson, 1972B) The picture, generating from
Monte Garlo simulations, represesta modern view of membrane structurehich exhibis lateral heterogeneities,

cluster and domain formatiowithin the membrane planeg=rom Eeman and DeIeBOOQS.

1.1Lipid composition of celllar membranes

Lipids aredescribed asvater-insoluble biomolecules that are highly soluble in organic solvents
They are amphipdiic, containing a hydrophobic domain (or apolar end) and a hydrophilic domain
which interacs with aqueous environmentThe seHassaiation d the hydrophobic portions
minimizes the total surface in contact witlwater, leading to an increasef system entropyThe
polar headof lipids inteacts with water and other heaptoups generating an energeticallyaile
system in aqueous solati °. At physiological concentration, lipids are able to assemble into
different structural associations (lamellamicellar andcubic), according to the volume of their

polar headgroups and fatty acyl chains. This abilityeferred to as lipid polymorphisms’.



However, biological membranes are mostly lamellar and this is due tdlifygidand proteinlipid
interactions which make the lamellar state energetically more favorable.

Lipids have a variety of biologlamles: they are used for energy storage signaing molecules

acting as first and second messengers in signal tramisshi@ndas structural building blocksf
biomembranes.Biological membranes are characterized by a different lipid composition which
even differs among membrane compartmerit¢Fig 2). For example, the total number of lipid
species in cellular lipidome is likely to be in the thousahda possible reason fothis lipid
complexity is to guarantee a robust apparatus even in presence of local environmental changes,
such as pH and osmolarity.The most abundant lipids of eukaryotic cell membrarare
glycerophospholipids, sphingolipids and sterdlee former two ae classified according to their

polarheadgroup, acyl chaintgth and degree of saturation.

Percentage of total lipids

Human Bovine heart E. coli
Myelin Mitochondria Cell
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Sulfoquinovosyldiacylglycerol

~

o

LRl Sphingomyelin 17.5 85 0 0

CATTNT Il Ganglioside 10 26 0 0 0

Cholesterol 25 26 3 0 0

Figure2. Lipid membrane composition of different cell membranes

1 GlycerophospholipidsGlycerophospholipidare the major structural lipslin eukaryotic
cell membranes. Their hydrophobic portion is a dyacylglicerol (DAG)glhgceride
consisting of twdatty acidchains estrified to aglycerolmolecule(in C1 and C2)he acyl
chains can be saturated or aissaturated with varying lengthA phosphate group is
attached to theC3 of theglycerol molecule giup rise to several kind of phospholipids
such as phospatidic acid (PA), phosphatidylcholine (PC), phospatidylserine (PS),
phosphatidylinositol (P1), and cardiolipin (EL)PC self assables spontaneously into
planarlipid bilayer and represent more than %® of total glycerophospholipids in most

eukaryotic membranes. has one cisunsaturded acyl chains which renders the molecule
8
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fluid at room temperature(Fig. 3)'*. In biological membrargeglycerophospholipids are
usually present with the acyl chain GflL saturated with 188 carbons and with longer
unsaturated C2Their degree of saturation contributes to the elasticity of the membrane,
influencing insertion and sequestration of the proteins. Moreover, it has to be corslder
that lipids are not onlythe structural constituents of thenembrane but they actively
participate to several membrane processes. For exanghlesphatidylethanolamineRB

due to its conical geometry, imposes a curvature stress @tC bilger, mediating
membrane proteinaccommalation and modulating their activity*2 PAinsteadis the
biosynthetic precursor of all glycerolipids and acts as a signaling lipid, recruiting cytosolic

proteins to the membrané®,

Choline

Hydrophilic head

Hydrophobic tails

Figure3. Representation othe structure of phosphatidylcholine (PCFromRodriguezBerdiniand Ferrero, (20])614.

1 Sphingolipids. Sphingolipid molecules are built onceramide backbone, which is
composed of sphingosine and a fatty acid. In cell membrane they are usually present with
both acyl chains saturated with 16 to 24 carbons IfFRig. 4) The major sphinggdids in
mammalian cells are sphingomyeligM) and the glycosphingolipids (GSt%)SM
moleculeshave a PCor PEheadgroup andpack more ightly into bilayer due to he
unsaturation of the acyl chain§phingolipidsare enriched in lipid rafts beingble to form
specific interaction with cholesterolvhich modulates their phase in membrafeee next
paragraph) SM is specially found in neuronal cell membranevith a geater
concentration on the outer than the inner leaflet. Moreover, it is a component of myelin,
the structure that surround axon neuronal membrane, and pilays significant roles in
signaling pathways.hEe degradation and synthesis &M produce indeed, important

second messengers for signal transduction



Among glycosphingolipidsgangliosides such as GMGM2, GM3, have to be mentioned.
They have two acyl chains embedded the plasma membrane andne or more
carbohydrate residues linked to a hydrophobic lipid moiety through a glycosidic lirlkage
addition, they have terminal sialic acids linked to sugar charhich are implicated in
neural transmission and synaptogenedibeyare found predominantly in nervous system
andare concentrated on cell surfagespecially on lipid raft domairls They areénvolved

in many signaling processes like cell to cell adhesion, receptor binding and signal
transduction *°. Accumulation of ganglionsides in cell lysosomes causes a group of

diseases, called gangliosidosis (i.e -$aghs diseasg).

i CH,

v
o=p—0~ \ OH
CH__
CH3; CH,—O N £
Iy /

CHa—tE—CHy  0=C -
CH3

Sphingomyelin

Figure4. The structure of sphingomyeliriThe formula and the spasfilling model of the moleculare

reported. From Nelson et al, 2018

Sterols. Sterols are organic molecules characterizedaldysed fourring core structure.
They represent themajor nonpolar lipids of plasma membrane. Thmeost abundant
sterolin mammalian memianesis cholestero(Fig. 5) representing ca 30% of the total
lipid content. Cholesterol is able to interact witHipid membrane by inserting
perpendicularly into the lipid bilayer. The hydroxyl group forms hydrogarbwith the
carbonyl oxygen gbhospholipidheadgroups while the hydrocarbon tail positions itself in
the nonpolar core of the bilayer. Cholesterol is preferentially present into lipid rafts
where it stronglydisplays higher affinity for saturated acythains, likeSM instead of
unsaturated ones®. It plays an important role regating membrane fluidity by paakg
the acyl chaisand increasing the rigidity of the bilayer. Thigect of cholesteroresults
in the reduction of bilayer permeability, while the effect on laterdfusion of proteins

and lipids within the plane of the membrane is minirffal

10
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Figureb. The structure of cholesterolCholeserol is representedA) by a formula(B)by a schematic

drawing, andC)as a spacdilling model From Alberts et al, 2@,

1.2 Membrane proteins

Membrane proteinsare responsible for carrying out most @kllular membranefunctions

representing 50% of membrasén weight Protein content vdes dependingon cell type and

subcellular compartmentsSome proteins are bound only to the membrane surface, whereas

others cross the membrane bilayer having both extracellular and cytoplasmic doBased on

the nature of lipidprotein interactions,membrane proteins &n be classified into two wide

categories integral proteins and peripheral proteifis(Fig. 6)

1.

Integral proteins. These proteins have one or more hydrophobic portions that are

inserted into the lipid bilayer, anchoring the protein ttee membrane. Amonghis class,

some proteirs, called transmembrane proteins, span the entire membrageone or

more membranespanning domains which are usually K S 6f @25 &ydrophobic

aminol OA Ra 2 NJsh¥edztTiadsihdmBrané proteins with KSf A 0Sa R2 Yl Ay
dzadz- £t £t &8 NBOSLIWI2NB Ay@g2f SR Ay &aAdghedtshy3d S©@
structure form pores in membrane and have a rolethe uptake and disposal of small

molecules across the membrani mntrast to transmembrane proteins, ame integral

proteins areanchoredto one membrane leaflet by a lgbitail, covalently bound to the

protein structure One class of these proteimsinserted into the extracellular leaflet by
glycosylphosphatidylinositol (GPI) anchdvieny GRanchor proteinsare associated with

lipid rafts >,

11



2. Peripheral proteins.These proteins do not interact with the hydropholgore of lipid
membrane, instead are bound to the membrane by direct interactions with lipid
headgroupsor by indirect interactions with integral proteins. Peripheral protdimsated
on cytosolicside ofthe membrane perform a wide range of functions such as anchoring
cytoskeleton proteins with membrane and triggeringtracellular pathways. One
important goup of peripheral proteins are watesoluble enzymes, such as
phospholipases which hydrolyzeeadgroups of phodmwlipids andare involvedin the

degradation of damaged cefls

Associatedvith
outer monolayer
(GP¥anchorproteins)

Transmembrangroteins ®\ NH,
P -2-0-0-00-P
CYTOSOL
® COOH ' @
Associatedvith Peripheralproteins
cytoplasmidnner
monolayer

Figure6. Membrane proteins classificationTransmembrane proteins cross the bilayer @+ & Ay 3f @ad KSf AEZ
Ydzt GALX S @) IaSttAOSac NNBf & hiGKSNI YSYONI yS LINRPGSAY@ +FNB SEL

{2YS 2F (KS&S IINB yOK2NBR (2 GKS O&id2a2tA0 adNKFIO 0@
monolayer of the lipid bilayer through the hydrophobic face of the h¢lixOthers are attached to the bilayer solely by

a covalently attached lipid chain of6) via an oligosaccharide linker, to phosphatidylinositol in the -ogtosolic

monolayer. (7, 8§ many proteins are attached to the membrane only by fmvalent interactions with other

membrane proteinsirom Alberts et al, 2002

2. Physicaland structuralproperties of cell membrans

2.1 LipidHipid interactions and fhaseseparation

In solution lipids spontaneously selésemble forming lipid bilayer, vaich allows tight packing of
adjacent side chains with the maximum exclusion of water from the hydrophobic domain. The
organization of lipids in the bilayer is strongly affected by the nature of acyl chains, the

12



headgroups and physicalammeters such as ion content, pH and temperatéiteAt a given
temperature a lipid bilayer can exist in either a liqdidordered (" or Ld) or a solidordered
phase (8) (Fig. 7A). The difference between these two phasesdterred to the fluidity of the
hydrophobic domainsLipids in soliebrdered state havehe hydrocarbon chains fully extended
and closely packedhereasthe hydrocarbon chainef lipids in fluid stateare randomly oriented

and fluid.Each lipid haa specific tansition temperature () at whichit undergeesa transition

from gel tofluid phase. T, mainly involves thedisordering of hydrocarbon chains, asdveal
factors can directly affecthe phase transition temperature including hydrocarbon length,
unsaturdion, charge, and headgroup specf$> As the hydrocarbon length is increased, van der
Waals interactions become stronger requiring more energy to disrupt the ordered packing, thus
the phase transition temperature increasedskewise, introducing a cis double boimto the acyl
group puts a kink in the chain which requires much lower temperatures to induce an ordered
packing arrangementSaturated lipids as SM hawesually higher T, compared to unsaturated
ones The presence of cholesterol strongly increases the pilerity of the system, exhibiting a
dual effect on lipid bilayef’. Cholesterol stabilizes the membrane interacting wifib Lh phase

and ordering the acyl chains. At the same time it disordeesSophase with a transition to a new
phase called liquidrdered phase L{0) in which the molecules are more tightly packed and
ordered than inLlh phase®”*® Notwithstanding itsability to irteract with both lipid phasest has

been showed that cholesterol prefers to interact with ordered unsaturated lipids such as SM
althoughfor non completely cleareasors °. As a matter of fact its a peculiar feature of lipid
rafts being enriched in cholesterol and SM.

The use of artificial membrane systefmas beeninstrumentalto study lipid behavior and phase
transitions of biological membranes. Depending on the lipid compositiorpic Hiilayer can
exhibits different physidastates including single liquid phase, two coexisting liquid phases, lquid
solid phase coexistence and single solid phaBkereecomponent (high T, lipid/low T
lipid/cholesterol) model membranes have the minimal number of components that yield complex
phase behavior. Several studies have been performed on different ternary lipid mixtures as a
function of temperature and relative molecular concentration. Different phase diagrams which
summarize and identify each phase including the presence of coexiglieges, at all
compositiors, are now available for a better and easierterpretation of the biological
membranes. In FigrB is reported a phase diagram of a threemponents lipid mixture that
contains cholesterol, DOPC and SM in excess water, deterrairsfCfrom confocal fluorescent
microscopy of ternary giant unilamellar vesicles (GU¥3he dagram displays coexistiig and

Lh domainsandshows that arincreasing cholesteraoncentration can inducthe formation of a

boundary between théh ¢Locoexistence regioandthe liquid-solid coexistence region

13
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Figure 7. Lipid phase transition. (ADifferent physical state adopted by aitipbilayer in liquid environmen{B)Phase
diagram for a threecomponent lipid mixturemade of DOPC, SMind cholesterol,determined at 25 °C based on
confocal fluorescence microscopy images. The composifidBC/SM/Chadre given in mole fraction€Eachside is
divided into ten fractiongach of which corresponds an increasef 10% molar of each component§he dark regions

are liquid phases rich in SM and cholesterol while the bright regions are rich in DOPC. The scale barsmare 20
Adapted from Veatch and Keller, 2605

2.2 Membraneasymmetry

Plasmamembraneis asymmetric in thecompositionof lipids and proteins The outer leaflet
consists mainly of PGM and GPRhanchor proteins whereas PE and PS are the predominant
phospholipids of the inner leaflet as well as PI, whichgdayimportant role in cell signalingig.

8). Cholesterols distributed irboth leaflets being presenin about the same molar amouts the
phospholipids but apparentlyenriched within the inner leaflet**? For instance, a study basen
quenching of fluorescenceind fluorescence photobleaching d¢#vo fluorescent cholesterol
molecules dehydroergosteroand NBDcholestero) have showed an enrichment of cholesterol in
the inner leaflet of human erythrocyte plasma membrafe

Maintenance of membrane asymmetnjis an active process which is performed by several
LINPGSAYyad ¢NIyatz20rGA2y 2F f ALARB2ZENRNYYRYSAE f QI
by enzymesknow as lipid translocgs or flippases, which requifel Phydrolysis to perform this
transbilayer movement. ATBinding cassette transporters (ABC) seem to move (flop)
phospholipids from the inner to the outer leaflet whereagyPe ATPases control movement of
lipids to the cytoplasmic layer (fliff) Membrane asymmetnyjis known to affect various bilayer

14



properties such as shape, permeability and stabilifyor instance, thenteraction of PS with
skeletal proteins improved mechanical stability of membrane of red bloelts *. Local and
global changes of transbilayer asymmetry are directly involved in many cellular processes. For
example, apoptotic cells show a collapse of lipid asymmetry which resutis iRS exposure that

is usedas recognition signaby macrophage&®. In addition,PE exposure is essential for cell cycle

progression”®.

GSLs PC SM
~100% 50-77% 82-100%
s

- [y

m
- LR

PI, PIPs PS PE
80-100% 94-100% 87-100%

Figure8. Schematic repreentation of lipid asymmetry irerythrocyte membrane The colors indicate the asymmetric
distribution of phospholipids. The range in percentage indicdtesamount present in the preferred leafleErom

Fujimoto and Parmryd, 2078

2.3 Lipid diffusion

Besides transbilayer lipid movements which are slow in physiological conditions and relatively
easy to maintain,ipids even undergo lateral diffusiothat happens when molecules exchange
place in the same leaflefThe rapid thermal diffusionor Brownian diffusion withinthe two
dimensional plane of the membrane maké® membrane a two dimensional fluid entityhis
effect occursvery quickly,with a diffusion coefficienaround 10" and 10° cmé/sec (at room
temperature) that means a single lipid moves around all erythroepmbrane cell in around 1
sec.Lateral diffusion coefficienfD)) of lipids is one of the n&i important dynamical parameters

of biological membranes and it is closely related to the membrane structure. Different
experimental technique are used to calculate this coefficient and are typically based
fluorescence microscopy approaches®**°. Generally, lateral diffusion coefficient is strongly
affected by the packing of lipids and thy molecular orderinga denser lipidpacking in the
bilayer leads to a decrease of B The2D diffusion of molecule®f the sizeof lipids is treated
using the free area theory. The theargnsiders a particle perfming a twedimensional random

walk. Foreachdiffusionstep a moleculeequires sufficient free area to move and t@n minimal

15



energy to performengagethe step®. It was found that Pdepends on the degree of saturation of
lipid acyl chains. Oncreases with increasing number of doulends, as a consequence of the
increased headgroup arda

Sincein a realcellular membrane the lateral diffusion of lipids is influenced by proteins, raft
domains and interactions witthe cytoskeleton, various artifici@mhodel membrane systems have
been developedin order to investigate howeach of the before mentionedactors can affect
44,45

lateral movements of lipids

membranes(i.e. DOPC/SM/Chol) have demonstrated thaisbatout 2:10fold smaller in thelLo

In general, several studies othree-component model

phase and the activation energy for the diffusion prodesthe Lois higherthan for the Lh phase
46

2.4 Lipid-protein interactions

Lipidprotein interactions are very important for thgtabilization of protein structuresegulation

of protein activity and for partition of proteins in different lipid domains, as in lipid r#ftshe
molecularlevel, these interactions driviie complex organizationf plasmamembrare.

In general, membrane rpteins with different length of thig transmembrane domain§TMDy)
tend to localize into different lipid environment$o minimize the energetically unfavable
exposure of hydrophobic residues to aqueous environmdsdr instance, proteins with long
TMDs segregate with loAghains lipid mtecules (hydrophobic matcimg). When a length
mismatch is pesentbetween TMDs andhe lipids associated with the proteingrotein-protein
interactions induce the formation déteral proteinrich aggregateghydrophobiamismatching) *
(Fig. 9) Membrane proteirs are usuallysurrounded by a layer of lipid molecules which interacts
with the membranepenetrating surface of the protein. These lipid molecules are called annular
lipids, because they form a ring around the protein. They adaptlistorted conformation
interacting withthe surface of the protein and are in rapid exchange with ibiodk lipid of the
membrane®®“*°. Some evidences havproposed the presence of lipidinding sites o membrane
proteinswhich are boundo different lipid moleculesTheseareasare referredto as norannular
lipid motifsand are located between transmembrahehelicesor at proteinprotein interfaces®.
These interactions are essential for the partition of the proteins in different membrane domains
or for the regulation of their activity.For instance,the HIV glycoprotein gp4l, contains
cholesterotbinding sites that regutas their distibution into lipid raft domains®. The function of
several G proteitoupled receptor is cholesterdlependent, although it is not clear whether the
interaction is specific ith a weltknown protein region oif the effect translats into a physical
change of the surrounding membrane. Voltage-atvannes are other proteinswhoseactivity is

lipid-dependent®. For instancepotassium channeldirectly bind the membrane phospholipids
16



phosphatidylinositol 4,5%isphosphate(P1(4,5)p) leading to an increased probability of channel

opening™.

Hydrophobic mismatch

Protein Association

Protein properties

embrane propertie

stressed  relaxed  stressed

Figure9. Influence of the lydrophobic mismatch on membrang@rotein organization h membrane Due to protein
insertion, the hydrophobic mismatch induces stress and curvature in the membrane (purple areas in the membrane). In
order to reduce membrane stress, the proteins can associate or move to membrane areas of increased thickness, as

membrane areas with higher cholesterol content (green, lower righitym Gahbauer et al, 2076

3. Lipid rafts

The first evidence of the laterheterogeneity of membrarewas observed in the 19703 Upon
extraction of plama membrane with colchon-ionic detergents, the membrane could halseen
separated in detergentsoluble membrane (DSMgarts and detergentresistant ones (DRMs).
DMRs appared to be enriched in cholesterol, sphingolipids and glycosilphospatidylinosit} (G
anchored proteins and areeferred to as lipid rafts®®>”. However,it quickly became clear that
DMRs do not reflect the native composition and organization of lipid rafts in living cells. For
instance, the protein content can vagccording to the choice and concentration of detergents
used forthe extraction®,

Since its initial formalization, the condegf lipid rafts has generated a huge amount of interest as
well as controversy, due to the limitation in the available methodologies for the characterization
of the physicochemical principles of lipid rafts homeostasis. To overcome timeiations in
order to better investigate the identity and the physical and chemical properties of these
domains, several biophysical and biochemical tools such as optical microscopy techniques, single
particle tracking SPTand model membrane technology have been depelh>*® In 2006,a new
consensus definition of lipid raftsas coined, by which lipid rafere smdl (10200 nm in size),
heterogeneoushighly dynamiqin terms of both lateal mobility and associaticdissociatior),

functional membrane nanodomains, enriched in cholesterol and sphingolipids that segregate
17



proteins and compdamentalize cellular processes (Fig. 10nhey have the potential to form
microdomains(> 300 nmin sizg upon clustering induced by proteprotein and proteinlipid
interactions *°. Lipid rafts are even characterized by the presence ofgligsides, lipidated
proteins (GPJanchor proteinsid transmembrae proteirs . Gamgliosides representa particular
class of glicosphingolipids invell in celicell communication andvere found to interact with
rich-cholesterol ordered domains in plasma membrarfé Lipidated proteins insert into raft

domains by GPI or palmitoyl anchors were some of the first pistt be indentified in DMR4

Lipid raft Non-lipid raft

Extracellular ~\ 8
space by o

\;L © '

Intracellular GPCR ¥

B v . cholesterol p-/
space L

G protein

Figure 10. Lipid raft organization inplasma membraneRaft are enriched iphospholipids, glycosphingolipids, and
cholesterol, and serve aactive platform for receptors, such as G proteaoupled receptors (GPCRs), and other

signaling moleculesrom Villar et al., 2018

Lipid rafts are present in both the inner and outer leaflets ©frametric cell membrane and form
functional platforms for the redation of cellular processe®. However, it is very important to
note that the plasma membrane displaya large variability in terms of raft abundance and
localization of differat proteinswithin lipid rafts, and this is dependent aell types generating

a cellspecific organization of ptein receptors and effectors®. Recently, several studies have
shown the presence of #se domains in cells using different biophysical and biochemical
approaches such as superesolution fluorescence microscopy techniqué§®, Raman
spectroscopy”® as well asmallangle neutron scatteringSAN$®, and suggesting a key role for
membrane heterogeneity iniflerent cellular functions. However, the microscopy detection of
lipid raftsin vivoremains the major challenge because of their dimensions simait lifetime as

well asthe precise identification aheir exact nature and role in various cellular phenomena.
3.1 Cellularfunctions of lipid rafts
The generafunction globally accepted andttributed to lipid rafts (and to membrane lipid order

phase in general) is to segregate asldsterspecific elements, such as proteins, regulating their
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interactions with other membrane compents and thus compartimentalizeellular processes
Lipid rafts can regulate the activity of theissociated components in different wayor example,
they co-localizemolecules triggering reactions as iase of enzymes and substratsg 11A), or

they can directly affect the conformation of the proteinsodulatingtheir activities(Fig 11 B)

%™ Here are reported some examples of lipid rafts in cell funetion

B

Increasing the concentration Induction of a conformational
of signalling molecules change

0090 Unsaturated lipids

T Saturated lipids

‘ Cholesterol

Figure 11. Mechanisms by which lipid rafts can modulate the activity of their assembled molecules creating a

catalytic platform. (A) Molecules can be brought together, increasing the probability of their interaction, and thereby

triggering a cascade pathway@) Protein receptors can be activated by raft-dependent modification of their

conformation.From Sezgin et at., 2017

)l

Intracellular trafficking. Lipid rafts seem to play a key role in the adassic, clathrin
independent, endocytic pathway whidghvolves the activity of a specific subset of rafts,
called caveola¢Fig. 12)Theyare flasklike plasma membrane invagination$ 50-100 nm

in diameterby which cell internalizes several membrane components and extracellular
ligands . Caveolae are enriched in specific raft proteins, called caveolins, whose
oligomerization is the key determinant for the formation of these membrane
invaginations. They are expressed in various tissues and cell types smbath muscle,
fibroblasts, endothelial cells, and adipocytes. The functions of caveolae include
endocytosis, calcium signaling, and regulation of various signaling events, as well as they
canbe used by pathogens to penetrate the cell, as the Simians\4u (SV40Y. In this
context, exosomegEXOs)heed a special mentioifsee Appendix A)EXOsare small
extracellular vesicles (EYensuring transport of moleculégtween cells and throughout

the body. EVs contain specific signatu(BNA, DNA and proteshand, functioning as
inter-cellular messengers, have been shown to strongly impact on the fate of recipient
cells”>"® EXOshave been proposed to play an important protumorigenic role, stimulating
tumor cells growth, suppressing the immune response and even being part of the cancer
progression and the metastatic proceg®cent finlings have demonstratechft domain
involvement in molecule sorting iIBXOswhich appeared to be enriched in G&hchor

proteinsthat areusually present in DRMs of several types of ¢élis
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Figure12. Structure and composition of caveolae, a special type of lipid rafftaveolins, cavinand pacsinZare the

main proteins that shape caveolae, whereByn2, EHD2 and filamin A reguldteeir dynamics. Caveolabave

EHD2
X S ‘@ Pacsin2
Actin filaments - —

Signaling
molecules,

CoRne-gat0er oo 20es0

(IS AR LT ] N

{ 4 4 A LR

RO BB |
Stress fibers

functional or physical association with the cytoskeletBilamin A is the main protein mediating a linkage with stress

fibers, hut other yet unidentified linkers might exist (indicated as unknown linker). Regulators of stress fibers (Abl

kinases and mDial) thatfluencecaveolae organization and trafficking are shown next to RhoA, the main regulator of

stress fibers, which is retated by CaviFrom Echarri and Del Pozo, 2015

T Communication with cytoskeletonProteins involved in the stabilization of microtubules,

such as Rho, RacGTPases, chaderin, actin, tubulin, and myosibeeavisolated in raft

domains™®®. Lipid raft interactions with cytoskeleton are important for several biological

processes, such as signaling, migration and cell admeglaring adhesion, raftare

internalized in an actirand microtubuledependent manner allowing cells to detach from

the extracellular matrix wh&as, upon new adhesion evemntrafts return to the cell

membrane®’. Moreover, raftscytoskeleton interactions are important for cell fate and

cell mechanical adaptatioff.

1 Immune signaling Several studies haveemonstrated thatlipid rafts modulate various

innate and adaptive immune responségarious immunecells, such as B cells, T cells,

basophils and mast ce]l present protein receptors associated with lipid rafts and

involved in signaling pathways leading to inflammationmunoglobulinE (IgEjmediated

signaling pathway was the first one that was showrbe associated with lipid raft§®.

¢KS

AA3YyFEAyI OFLadOlRS AyAGALGSa

6KSY

L39

cells and basophilsincreasing their association with lipid rafts. The effect is the

recruitment of various molecules which cause tegranulation of mast celfé. Several

other immune-associatedsPianchor proeins have been found in DMRaggesting their
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preferential association with lipid raft©ther immunereceptors were found in DSMs of

888 Moreover, it

immature cells, but they translocate to DMRipon receptoractivation
was shown that lipid rafts alter cytokine signaling, which is regulated by
compartimentalization of cytokine receptors on raft domains creating a signalétigrm

for the recruitment of kinases and adaptor molecules.

1 Synaptic transmission and plasticityLipid rafts were demonstrated to be involved in
neuronal communicationbeing presenin neurons and glial celf8*°. They contribute to
neurotransmitter exocyosis at presynaptc terminals, and to cluster neurotransmitter
receptors and their downstream effectorfhe C&*-dependent release of vesicle content
at synaptic terminus, is impaired by deased cholesterol levels". Moreover, a large
number ofproteins involved in this exotig process, sch as SNARE proteins (SNAP25,
VAMP2 and Syntaxin), have been found in DRiR3everal studies have been focused on
correlation between cholesterol and synaptic plasticifihe synaptic plasticity is affected
by the shuttling of several synaptic proteins between rafts and-radts domains, leading

to strengthen or weakerthe synaptic activitie®verthe time.

3.2 Lipid rafts and disease

Recent data havelemonstratal that lipid rafts are linked to different kind of diseassuch as
cancer, cardiovascular diseasand neurodegenerativediseass as well as hospathogen
interactions Rafts provide a specific environmefur signaling molecules and protein receptors,
such as &@roteins or members of the tyrosine kinase Src family (SFKs), which are associated with

the onsetof many kind of diseases.

1 Cancer Lipid rafts are implicateéh signaling pathways in cancer progression as well as
they play a critical role in cancer cell adhesion and migration. Alternation of cell adhesion
and migration are directly correlated withggressive invasioand metastatic spread of
cancer, and these processes involve remodelingexifacellular matrixof the tumor
microenvironment and adhesion molecules at the cancer cell suffaéeSeveral studis
havedemonstrated that CD44, the major cell adhesion protein of cancer cells, is localized
into lipid rafts and that raftsegulate functionality of this proteinmpairment of rafts by
cholesterol depletion, lads to an increased shedding of CD44 in human glioma ells
Celtcell adhesion is facilitate by the activty of transmembrane receptorsintegrins)

which allow cells to bind ésacellular matrix components or ligaa@n other cells. The
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organization of lipid rafts in the plasma membrane can directly affee activity of
integrins and, therefore the atesion process®. When integrins engage their
extracellular ligands, they cluster and-cluster a number of cytoskeletgaroteins among
which the SFKsare implicated in controlling signal transduction downstream of the
integrins and are activated in lipid rafRafts disrupton havebeenshownto inhibit SKFs
activity, abrogating adhesionf breast cancer cellS’. Apoptosis is onether key cell
process associated with lipid raft integri#poptosis is a pragmmed cell death process
which is extremely important for removing excess of celig] for thedevelopment and
the prevention of cancer. The processlsaracterized by receptordependent pathway
which requiresthe binding of a ligand taleath receptos, such as Fa&D95)or TNF
(tumor necrosis factor) leading to a downstream cascadehich concludes with an
apoptotic cell death.Fas andother various molecules downstrearof the signaling
apoptotic pathwaylocalize in lipid raftsAlteration of raft inegrity can prevent cell death

with a possible onset of tumors and metasta&is.

Hostpathogen interactions During the infection process, pathogens take advantages of
cellular lipids for their entire life cycle. The interactions range from membbamging to
release of infectious particles into host cells. Pathogenic microorganisms and both
enveloped and nomnveloped viruses exploit cholesterolclii domains of plasma
membranesI{pid rafts) to penetratethe cell andassembly platform for th@rodudion of

viral envelope'®. Thisphenomenais due to the enrichment of cellular receptors on lipid
rafts which are targeted by viral and bacterial products, suchhatera toxin, allowing
penetration of the pathogens and positioning viral envelope components in close
proximity during assembly® %, For instance HIV taks advantage of lipid raft
components for botrentering to cell andassemblingviral envelope. CD4 is the lipid raft
receptor, which is targeted by HIV to penetrate the cell, and some repoatse
demonstrated that alsohe coreceptors CXCR4 and CCRS5 barlocalized to these
domains'®!% At the same tine, pathogens cause lipid raft disruption by the depletion of
cholesterol, which leads to inactivation of immune responses facilitating the infectious
process. Moreover, targeting lipid rafts alters host signaling and endocytic pathways
which allow pathoges to reprogram cell lipid composition and host cell metabolism for
the production of infective particles. Another effect of lipid rafts on virus infections is the
formation of virological synapses, which represent the contact zones formed between

virus aml host cells, and facilitatde transmission athe infection °®.
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1 Cardiovascular diseaseTheinvolvement of lipid rafts ircardiac health and diseases is
related to their activity as platform for receptaignaling in endothelial cells afteries
and the heart muscle. In particular, the association of angiontensin Il peptide to its
receptor in raft domains can caudg/pertensionand pathological hypertrophypy its
vasoconstriction activity’’. Another example is represent by potassium ion channels Kv1,
Kv2 and Kv4 in the heart, that are associated with both cavemtdecaveoladree rafts,
and their disruptn can cause hypertension, ishia and leart failure'®. Rafts are even
involved in the pathogenesis of atherosdsis, adisease of the blood vessels, thiat
characterized by extreme cholesterol deposition in arterial wall and subsequent uptake by
macrophages®. The uptake cause a transformation macrophages into foam cells, which
are accumulatel as plaques in blood vessels leading to stroke and heart attacks. The
uptake of cholesterol by immune cells is mediated by lipoproteins and the psosEems

to be raftdependent, being the LBieceptor CD36 localized on raft domain®

1 Neurodegenerative diseased\lterations of the molecular composition of lipid rafts are
I 3420AFGSR 6AGK aSOSNIf ySdzZNPRSIASYy &N (GA DS
AlzheimdD & R(ADR) $Pliod Sisease and amyotrophic lateral sclerd&i¢® Simikar
modifications in lipid raft matrix trigger processesaiwed in amyloidogenesis, aberrant
protein misfolding and toxic signalinm particular in early stages of different disea¥e
Several protein markers of neurodegenerative disease, as alpha synacdlefhd NJ t 5% ! |
(amyloidbeta-peptide) for AD and the prion protein PrPhave been demonstrated to be
integrated into lipid raftsL y ' 5 G KS | OO dz&tdahd faragioyi of plaque! i S|
which causdhe progressive neuronal death. The amyloid prsoun protein (APP) and the
i - (BACE)and '-secretasel NB (G KS LINBOddz2NE2NB Ay@d2f dSR
aggregation. APRanslocateson rafts,where clustering with flotiin 1, regulates amyloid
generation"®*t a2 NE2 GSNE SONB A | & § R Y Adledsk thioughhd KS ! |
binding of lipids present on these domair$*'® In Prion disease the accumulation of
pathological Pr, caused by the aberrant misfolding of Prlakes place in lipid raftsn
addition, dteration in lipid raft homeostasis, especially the cholesterol content, have been

shown to affect the aggregation of the proteff.
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4. Protein misfolding, aggregationand role of lipid rafts in

t F NJAYyazyQa RA&SI &S

Several neurodegenerative disorddrave ascommonfeature the aberrant misfolding and the
aggregation of specific proteins, called amyloid proteidsnyloid proteins constitute a
heterogeneous group of proteins characterized by the high propensity to adopt an incorrect
conformation and the tendency to aggregatdhe deposits found in patients with amyloid
pathologies have in common many aspects. It waseoved in fact, that in all of these cases there
is the presence of amyloid fibrils composed by copies of the same protein. These fibrils are long
0HMmM >YOU 220 anK),Astfaighi mnolinbrancled. The protein, in these thredimensional
aggregates, is @& y A T Sheet doyfformation, perpendicular to the main axis of the fibfil
Amyloid fibrils (either ex vivo or in vitro) are hystorically defined by three main criteria: green
OANBFNARAY3ISYOS dzZlry aillAyAy3d Al Ksheétsgeandary wSRS
structure. Moreover, amloid fibrils have been widely studidabth in tissue samples and in vitro
studiesby the use of fluorescent intercalating agents as Thioflavihal inserts itself into the
groovesformed by side chains of amirazids composing-sheets™*!?° . The aggregation process
is complex and includes different organization states of the proteins, as dimers, trimers,
tetramers, soluble and spherical oligomers, lareor annular protoibrils, to reach the final
aggregated produowvhich is represergd by the matureamylod fibrils (Fig. 13)
()
TSN
C :)\a

Unfolded protein

I \ / Spherical oligomers

48 ) '
Je 0 1
N~ 1Y/ > (2/17

C

X
Folding intermediate )
1 Partially-structured

Soluble oligomer Amyloid protofibrils
conformation or ‘l
/ nucleus
N 7

‘%< SN,

I&

Native protein Mature amyloid fibrils

Figure 13. Protein misfolding and amyloid formation.Amyloid fibril formation starts from partially (un)folded
conformers, which can form by partial unfolding of globular proteins, pdulding of natively unfolded proteins, or by
conformational change in folding intermediates.The conversion of partially structured conformations into fibrils occurs
through prefibrillar aggregates (spherical oligomers and/or protofibrils). The scale iba#&M images of spherical

oligomers, protofibrils and mature fibrils are, respectively 200, 400 and 55@-ram Kumar et Udgaonkar, 20¥4.
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Several studies have been highlighted the involvement of lipid rafts in the |oafical aberrant

protein misfolding and aggregation at several levels. Moreover a great amount of data suggest

that the interaction of misfolded protein species with the membrane, especially with lipid rafts, is

one of the key eventhat cause neurotoxicit 2. The use of model membranes for the
investigation of the relation between amyloid proteinsch lipd membranes has provided
information about the mechaniss controlling the aggregation, the structure of aggregated
species and the interaction witthe cell membrane'®®. For that reason we presertiere a
particular case study, focimy onthe interaction ofl f LIK | & & y dheOderfirdl groteinhof 0
t I NJ]Ayaz2zyQa RA&SIAaS:I ¢ A G KonpkiedsBriodtidistasebveralA R
retainsmany unclear pointghere is a substantial evidence that binding'ofaggregates wittihe
lipid membrane represents a relevant factorfor neurotoxicity and development ofthis

neurodegenerative disease

41t  NJ AyazesQa RAASHa

Parkii 2 Yy Q& (RD)isidhé ¢f e most common neurodegeneratigisorderwith increased
prevalence at late agaffecting more than % of poplation over the age of 60 art?o at the age
of 80 years.Neurologically,PD is characterized by the los$ the integrity of dopaminergic

neurons insubstantia nigra pars compac{&NP{; the area of the brain wolved in the activation

of the movemens ' Although the exact mechanisms underlying the loss of dopaminergic

neurons are still under debate, clinically this impairmentminates indifferent motor symptoms,
such asslowed movements (bradkinesia) tremors, loss of automatic movements, rigid muscles
and postural instability***'*’. In addition, PD pathology ofSNPCis always accompanied by
disorders of other areas of central nervous syste(@NS)which can lead to otbr clinical
symptoms, as cognitive impairmengastrointestinal dysfunctions, sleep disorders and olfactory

dysfunctions'®®. The main neuropathological hallmark ®Dis the presence of cytoplasmic

fibrillar inclusionscalled lewy body.These abnormal aggregates are composed by amyloid fibrils
2F h{ 1 3a20AF0SR 6AGK 23G§KSNI LINE ( SAYRFigq tapK |
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Substantia nigra

Diminished substantia
nigra as seen in
Parkinson's disease

Figure14. Newodegeneration ofSNPGand Lewy bodies neuropathologfA)t | NJ Ay a2y Qa RA &SI as$s
alteration of SNCP The loss of dopaminergic neurons is evident in poettem brains of PD patients as a
depigmentation of this ared.ewy body in a neuron of th®NPB), in a pyramidal cell of the hippocamp(G) and in

cingulatedcortex (D) (arrows).(E)Lewy body (aww) and Lewy neuritis (arrowheads) in t8B&PC(F,G)Cortical Lewy

bodies (B;D) hematoxyligeosin staining; () anti" -synuclein immunostainindzrom Taipa eal, 2012"*"

PD is considered a smdic chronic disorderedor 90% of caseseven though the causes are
unclear with a possible role dhe exposure to chemicals and a toxic environméfit The
remaining 10%of caseds familiar and a genetic correlah with the development of thelisease
was identified™®, It has been discovered th@NA sequence variants lead to rare familiar forms
of the disease . Sporadic and familiar forms of PD have maiiicadl and pathological aspects in
common, as mitochondrial dysfunction, proteinphosphorylation, ®gidative stress, protein
misfolding and impairment of theubiquitin proteasome system (UPS)he first evidence of
genetic contribution in the onset of PD have been reported in the 1997, with the discovered of a
point mutation ini K S gehe{SNCH the Aa53Thr (A53T), in members with a familiar autosomal
dominant PD history®*. In addition, other severgloint missensemutations of SNCAyene, linked
with PD, have been later discoveredihese comprise&30P, E46K, H50D, G51D and A53E,

highlightingtheroleof { Ay GKS Ay AGALl G AFN Sevgrat ther GedeS hagelJY Sy (i

been implicated in the disease, involving both dominant andseive mutations. In particular,
mutations in the leucine rich repeat kinaseLRRKRad in autosomal dominanmanner, whereas
parkin, PTENnduced putative kinase IP(NK}, D31, are autosomal recessive genes. Defects in
the ubiquitin carboxyterminal esterase L1YCHL)Y gene were observed only in one case of
familiar PD and its correlation with the disease is still uncl&al* Interestingly PDwas also
associated with structurabNCAaberrations, i.e. duplicationand triplications, suggesting that
AYONEBI aSR f@othété its pathdogitaf aggtehafideading to toxiticy andesulting in

disease condition§™'* Transgeni@nimal modelk, expressing high leve of humarwild-type or
26
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Ydzi I yG  F 2 haveshovdthe Mfofmation of lesions very simildo those found in PD
patients, providing evidence of the central role bf{ | 3 3 NB&pathdgenesis of P

For that reason much greater efforts have been carried foutd (i dzR & A y @ terinfofSts h {
biological functions,mechanisms and factors which aievolved inits aggregationand its

connection with thedisease

4.2 Alpha synuclein

Human alpha synuclein is a 140 amino a¢lids460 Daprotein codified by theSNCAgeneand
abundantly localized in neurons at presynaptic termirfafs* It is considered an Intrinsically
Disordered Protein (IDP) artacks a defined secondary structure in solutiofihis characteristic is
presumably due to the aminoactdtomposition of the protein that has a high negative charge at
neutral pH andow hydrophobicity™°. The primary sequence of the protein can thgided into

three main rg@ions(Fig. 15)

T N-terminal tail (residues 160) which is composed by imperfeaepetition of 11 amino
acids with a highly conservedexameric motif (KTKEGV)It is predicted to form
I Y LIK A LIhelidésy €imilar to those of lipibinding domains of apolipoprotein§***2

1 Central hydrophobic domainNAC, residues 635) which is responsible fof {
I 33INB Il GA2Y | -ghBet rERaN)didfilangegtS>24F |

1 Cterminal region (residues 9640), that is rich in acidicesidues and can block fibril

assembly®,

G51D

1 92 140

A30P E46K | A53T . N-terminal amphipathic region NAC domain
A53E
H50Q . C-terminal acidic region
| Il I [\ v
MDVFMKGLSK AKEGVVAAAE KTKQGVAEAA GKTKEGVLYV GSKTKEGVVH GVATVAEKTK
VI VII

EQVTNVGGAV VTGVTAVAQK TVEGAGSIAA ATGFVKKDQL GKNEEGAPQE GILEDMPVDP
DNEAYEMPSE EGYQDYEPEA

Figure15. Primt NB a4 0 NHzO(G dzZNB 2 F b { sihvgMed inPDaTheliNteBmjhal 8cfainy i deriiral 2 v
hydrophobic NAC region and thet€@minal tail are shownThe imperfect hexameric sequences (KTKEGV) are marked
by roman numbers {VIl) in the primary proteirsequence. Arrows indicate point missense mutations associated with
familiar PD case&rom Ghosh et al, 201%.
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In spite ofseveralpublished studies, its biologichinction remainsstill controversial Besides its
Ay@2t @SYSyYy G Ay G KEeytole iNd finylifeeyit@ellulaRrbceses have Been
proposed The main function attributed td {is to support neurotransmitter release and to
modulate vesicle trafficking at neurahsynaptic terminals(Fig. 16) The neurotransmitter
secretion from presynaptic gsicles is strongly regulated by the activity of membrane fusion
proteins as SNARE proteindith its chaperone activity? {maintairsthe SNARE structure during
the assembly/disassembly cycle of presynaptic vesicles. During the assembly step, unfolded
cytosolich {monomers bind preynaptic membrané dzNJ/ A y-Belixxoffdorthatibn and leading
to neuroprotection **"**® Moreover, binding to the membrane! { modulates the vesicle
trafficking by reducing botlthe amount and the speed ofesicle recycling fromrsynapses to the
presynaptic ared™. h {is also involved in the regulation of dopami(®A)biosynthesisin vitro
studies have been suggested tHat{downregulates the enzyme tyrosine hydroxylasel) Tthe
rate limiting enzyme ithe synthesis oDA®®. Moreover,h {can modulate DA uptake. DA uptake
is due to the activity of the membrane protein dopaminersporter (DAT), which perforsthe
re-uptake of DA fom the synapse and its deliveback to thepresynaptic terminal. In normal
brain,h {controlsthe level ofDA by decreasing DAT activity, On the contrary, in PD brains, the
direct binding ofh {to DAT via its NAC sequence leads to the membrane clusteritieof
transporterinducingan increased uptake of DA in neurofibereforeh { | 3 3 NBétllicddA 2y 2 NJ
expression of the proteican cause cell damage as a consequence obxiative stressvhich is
related to DA metabolisnt®. Other functionsattributed to h {are the role in neuronal
differentiation by the activation of ERK/MAPK pathwa$’sthe maintenancef polyunsatuated
fatty acids levels®, and the suppression of aptosis in dopaminergic neurorsy reducing the

protein kinase C activit}f°.
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Figurel16. SchematilNB LINB & Sy i | ( A 3 requitingsynaplicdmsiClés HyhamicaAt presynaptic terminals,
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4.3 Alphasynuclein aggregation pathway

One of the key molecular eveimvolved in the pathogenesis of PD is the aberrant misfolding and
I 33 NB I G K'2THhere2afeR » T T S\EBgyedatedthat have been associated with the
pathogenesis oPD including oligomers, protofibrils, and fibri{§ig. 17) Several studies have
been performed folinvestigatingthe h {aggregation and the mechanisms which are at the basis
of this pathogenic procesdslipically, the unstructured {is able to selassemblein vitro into
highly ordered aggregates, giving rise to amyloid fibrils, which arenttia components of Lewy
bodies indopaminergic neuronand the neuropathological hallmiaof PD*®**° Thus, ithas been
shown thatthe fibrillar forms obtaired in vitroresemble the fibrils extracted from the brain of PD

patients'®®1"°

A hS OLIGOMERS B h SFIBRILS

Figurel7. Atomic Force MioscopyA Y 38& 2 F h{ 2f A 3 2eSohghmers aré-3 imyinfheighth ThelA £ & 0 . U
fibrils show the characteristic twist of mature fibrils and are 10 nm in height. The images are 3 pm gglaptd
from Fink, 20068™

Although several factors have been shoto promotein vitro aggregatiorand fibrillizationof h' S
(pH, temperature, membranbinding, metal ions)nany aspects are still unknovamd the entire
biochemical processeems to behighly complexTheabnormalaggregatiorand accumulation of

h {starts from a partially folded intermediasewhich contairhydrophobic patches on its surface
enhancing hydrophobic interactions betweenoleculesinvolved in the aggregation process
172173 These interactions can form an amyloidogenic nucleus which recruits soluble piotein
form fibrils**°. During theaggregatiorprocessh {undergoesa change in the secondary structure
FTNRY |y dzy¥2f RSR ¢lesf frciire (b fvhich -StiRndsh ayelpérpendicular to

the main axis of the fibrit’". In vitro aggregation of {follows a typical nucleaticdependent
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model and the entire kinetics can be measured by Dynamics Light Scattering, Foamfoim
Infrared SpectroscopyFTIR) andFluoresceResonance Energy Transf@fRET)measurements
7L Theaggregatiorprocessis characterized by an initial lag phase, where transsenly stage

h {aggregates, calledligomers are observedFig. 18A). Several oligomeric species of different
morphologies, including spherical, chdilke, and annular oligomersakie been observed prior to
h {  FA06NR " UsudlyMHeifi docghtration graswup to 1520% at the end of the lag
phase,and rapidly decrease as soon as fibril growtbceedsduring the elongation phaselhe
final phase is called saturation pleaand the fibils formed remairin equilibrium with the soluble
proteins '1. The entire process is known as primary nucleation is strictly concentration
dependent(Fig 18 B). An increase athe concentration oft {in solution enhances the rate of
fibrillization®. In addition,it has been discovered that mature fibrils can even trigger a secondary
nucleation process. Thigocessis characterized byhe fragmentation of the prdormed fibrils
leading to an increased number of ends for fibrilenglation as well as the interaction of

monomerswith the surface of fibrils(Fig. 188) *"".
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Figure18. Aggregation pathway of {(A){ AIY2ARI f 3ANR 6 (G K OdzNBWth tAefthre® 2lipliet G A2y 27
phases (lag phase, elongatiphase, stationary phas€B) Schematic illustration of primary and secondary aggregation

pathwayofh {Adapted from Ghosh et al 201%.

Genetic mutations associatewith familiar PD can alter the aggregatikineticsof the proteinas

well as the propensity to form fribrils and/or oligomerfBhe mutant A53T as well as the E46K
species,display an accelerated fibril formation whereas thmitant A30P shows an enhante
oligomer formation and a decesed fibriformation rate compared to the wild type {*"%,
Several mechanisnmgavebeen proposedor explaining the different aggregation behaviortbé
mutant " { species They include modifications of th@hysicachemical properties andthe
secondary protein structureaffecting the intramolecular interactions and, therefore the
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formation of the hydrophobic patches on the surface of the protédespite the agggation

process of wildype h {and the mutant species has been extensively studied in different
conditions bothin vivoand in vitro, the exactstructure of the aggregated species which are
responsible for theneurodegeneration in PD remamot totally dear. Recently, it has been

highlighted that the oligomers represent the main protein toxic species which contribute to the
development and thepathogenesis of PB*’. The role of oligomers in neuronal dysfuntions,
Oeli2EAOAGE YR OStt RSIGK X8 obng BdidcBeavidehad &2t A S
support the SEA &GSy OS 27F @I NA 2 dza vivo indeg path@Bysidoigald & LIS ¢
conditions. SD®esistant dimerslow and high molecular weight oligomers have been detected in

the brain of PD patientand in brains of transgenic animalodels of synucleinopatés *4"1818¢
Accumulation of {oligomers has been shown &iter membrane permeabilizatioti’. Moreover,

it has been demonstrated that in tragenic miceoverexpressing" {the accumulationof
oligomerswasassociated with the loss of several presynaptic proteins, resulting in theptiesn

of the synaptic vesiclesnd eventual neurodegeneratioli®*®® Converselyh {amyloid fibrils also
play a role irthe spread of the disease. Exogenous adde dfibrils can penetate inside the cell
and promotethe aggregation of endogenotis {into Lewy bodylike cytoplasmic inclusiat®**

So, the neced#ty to better understand the mechanisms that trigger the toxicity and the role of the

differenth {protein species is essential for the development of therapies agRiDs

4.5 Alpha synuclein interaction with biological membrase

Interaction oft {with biological membranes has been extensively studied using both cellular and
model membrane systemdeingh {lipid interactions one of the key factors that can triggef
aggregation’®'%2 |t has been demonstrated thdipido A YRAYy 3 o6& h{ Aa 2yS
increase severdbld the protein aggregatiof?>'*°. The binding of monomerit {to a membrane

requires two steps, involving the-tdrminal tail and the hydrophobic NAC region. After firet
anchoring of the Nerminal domain to the membrané, {undergoesa structural transformation

i 2 -helix During thisprocess the @erminal domain displays only week interactismvith the

membrane 2°%202

. NMR spectroscopyexperiments performed with micellebound h { have
suggestedhat the first 100 residues df {are directly involved in the interaction and form two
curved helicesthe helix N (residues-37) and helix C (residues-92) with a Inker represented
by residues 38l4, maintaining the @erminal tail unblded ?®. Several studies performed on
artificial lipid bilayers containing biologically relevant lipid molecthigge demonstrated that {
exhibits preferential binding for negativegharged phospholipidsuch asphosphatidylinositol
(P1), phosphatidylglycerol (PG) and phosphatidylserine?#®%8) This protein behavior is related

to the presence of positivglcharge lysine residues in tidterminal tail promoting dectrostatic
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interactions with thenegativelycharge membrane surfac®. In general, lipid composition and
physical properties of membrasgas chargecurvature and packing defectare the main factors
that modulae lipid-binding properties ofmonomerich {*°*?°” Moreover, missense mutations
that cause rare inherited foreof PD can alter the membrane bindiagility of " { For example,
the mutant A30P and A53E areharacterized by a weaker interaction with the membrane,
whereas A5F and E46K show higher membrabiading propensity*>*°® Membranebindingis
facilitated by lipids with small headgroupnd polyunsaturated chains because they are
responsible ofa less packing ahe bilayer leaving more defects available fér {insertionin
membrane ?°#° Moreover, the curvature of lipid membrane seems to be crucial hin
membraneinteraction. Monomersexhibit a preference binding for small unilamellar vesicles
(SUVs10-100 nm in diameter) due to the higher membrane cureae than large unilamellar
vestles(100 nm- 1 pmin diameter)**#2 For this reasoncomplementary measurements with
different surface techniques oplanar supportedipid bilayer could elucidate the rolef 6 {lipid
membrane interactiomemoving the contribution of membrane curvature.

According to the physiological function 'of{in presynaptic vesicles, {interaction/colocalization
with ganglisides (GMs) have been described usaiigular dichroism @D spectroscopy and
molecular simulationd***% GMs areglycosphingolipids composed of a ceramisickbone and
one or more sugarsas headgroupand are supposed to ibd h {through the formaton of
hydrogen bonds between sugar alcohols andside chaing'®. The ganglioside GM1 is enriched
into lipid rafts, liquidordered domains of cell membranesnd involved in many cellular
processesA studyhasdemonstratedthat, in HeLa celld, {colocalizes with GMIsupposing that
this interaction is essential for synaptic localization of the protein. Jdme procedures have
beenperformedon the detergent resistant membranes extracted by HelLa aellssupposed to
be raft domains of the cell, demonstratihg{associatiorf*>. The situation is anyway controversial
and the binding of {to lipid rafts is still under debate.

As for naive " { several studies have been concentrated in elucidating the activity of aggregated
species oft {in the binding of biological membranes. Especially oligomers actinagybeen
extensively investigated, being considered the protein intermediates wdiigplay neurotoxicity
and membrane perturbation in PE. As withmonomesrs, the Nterminal domainplays a key role

in the interaction of oligomers with lipid bilayer®eletion of amino acidicresidues 211
suppresses oligomeristeraction with LUVS™. Oligomers show preferential affiy for liquic-
disordered phase of membrane and in general they display much more affinity for
biomembranes comparetb monomers, without being affected by highembrane curvature or
packing defects”*® The cellular disfunctions causéy the interactions of oligomerswith
biological membrangare due to the destabilization and pegabilization ofthe membrane by

the protein, which lead to alteration bthe calcium flux, dispersion of intnaescicular dopamine
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and depolarization of mitochondrial membrane, all phenomena potentially indoiné>D?'>**

Different mechanisms ofnembranepermeabilization havédbeenproposed forh {oligomers and
comprise membrane disruption, generation of membrane pores and-éipichction from the
bilayer (Fig. 19) Several evidences based on electrophysiology, vesicle dye leakage assay and
atomic force nicroscopyhavedemonstratal the existerte ofa membranepore-like mechanism

by h {oligomers®**# Solubleh {oligomersobtained bycoldinduced dissociation of amyloid
fibrils have been shown to form catieselective pordike channet in a variety ofplanar lipid
bilayers (for instance PC and PC/FB)the presenceof a trans-negative potential®®2 Similar

results have been observed witton-induced” {oligomers'?*

r

= l,\) 3-sheet Structure
Amyloid Fibrils

Soluble Protein

Figure 19. Barrel model forh {oligomer pore formation on lipid membane.h { 2 f A 32 YS NRA-BheeSB y NA OK SR
structures, form ring structures with a central pore. The oligomers could occur in the extracellular($pacat the

plasma membrané2). From Pacheco et al, 2015
4.6 Alpha synucleimndmetal ionsin - NJ] Ay2a2y Qa RA&SI &S

In addition to membranéinding, some studies have been focused on the relation between PD
progression and metal iorsuch as ira, copper and othebiologically relevanmetals. Based on
epidemiological studies, exposure to specific metals has been considered a risk factor#r PD
% Elevated concentrations of severdifferent metals have been found in the brain of PD
patients In details, biocemical analysis of Lewy bodies SNPQf PDbrain has regaled high
levels of iron and laminum as well as a decrease irf#ee® ratio and an increase in the ferritin,

a Fé"-binding protein??"??°, Several studies have demonstrated the effect of different metal ions
in promoting thein vitro aggregation oft { by the initial formation of stable proteinmetal
complexes which lead to the exposure of hydrophobic patches on thecuidf the protein,

enhancing the aggregation procesS8 These metaprotein products have been characterizby
33



Nuclear Magnetic Resonance (NMR) spectroscopy, highlighting the presemoetatbinding

sites manly located at @erminal domain oft {#*!

. The maping of this regiorhasidentified three

amino acidic residuesAspl121, Asnl122, GlA@3, which areinvolved in the binding of many

different metal ionswith very low selectivelyMoreover, a weak metabinding site is also present

at the Nterminal tail of " { but there is a general consensubkat the metatinduced h {
aggregatiorinvolvesexclusively the @&rminal domain of the proteid®.

Particularly interesting is the role of iron and globally the aelh homeostasighat is now

accepted as om of the factors that is involved in the neurodegeneration of RChas been
demonstrated thatiron is accumulatel at high concentratiorin the brain of PD patienand that

its amount strongly correlates with disease stage and sevéiiti’> Beside the effect of iron in
promoting in vitro aggregation df {the role of ion in the pathogenesis of PDaksorelated to

the redox chemistry supported by the metal. Iron is involved in the production ofdhetive

oxygen species (ROS), and pathological iron accumulation promotes oxidative stress and
neurotoxicity leading protin aggregation, glathione consumption, lipid and nucleic acid
modifications®*. Severalexperimental evidencebave shown thairon and h { ispRy a strong
interconnectionAy OSff > ySOSNIKStSaa Ad Aa y20 ifOf SI NJ
increased levels ohe protein lead to iroraccumulationNeurons oveiS E LINS & Bagkeybéen h {
shown to displayncreased iron levelsompared to cells expressitmsal levels of the proteifi®.

At the same timejt has been demonstrated thateatment of cell culturesoverexpressing S

with an excessf iron stimulates the formation oft {aggregatesAs expected, theaggregation of

h {is dependent on the amount and the species of proteipressed*. Moreover, it has been

shown thath {RNA sequence contains an iebldS & L2y asS St SYSyid oLw9O0 06A:
untranslated region, highlighting that iron can control the eegsion of the protein at
translational levef*’. This finding strengthens further thEathological interplayetween irm and

h {in the neurodegeneration oPD, openindgo new therapeutic approaches that can target the

iron amount in neurons.

5. Artificial model membranesa great tool for studyindipid raft

domains

Biological membranedisplay ahuge complexityand dynamisnbeing composedy more than
one thousand different lipid species and several &infl membrane proteins. The existence of
lipid domains, lipid asymmetry antthe coexstence of phases are some of the reasons why
membranes are so extremely compleMany e@llular processes depend on thability of the

membraneto compartimentalize different areas, regulating the communication between the
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extracellular environment and the cytoplasmic sidéne difficuly of studying the plethora of
biological processes of cellambranes in realime in living systems halseen motivated the
development ofa wide variety of different artificial model systems which mithie situation ofa
real membranen terms oflipid composition andnembrane asymmetr§™®. Particularly, the study
of lipid rafts represents a big challenge in membrane biophysics because they are sr28i0 (10
nm) and highly dynami¢®>. Model membranes are very useftibols to chemically and
biophysicallyinvestigate these functional domairas well as their interactions with other lgs
and membrane proteins, revealing functional details thah be transfared to the investigation

of real celular membrane$*®. Several ifferent model systems are available to study lipid phase
separation and lipidbiomolecules interactions, displaying advantages andadiiantages
according to the purpose for which they are used. Here we report seranplesof model

membranes together with their biological applicaticansd methodsof preparation

5.1 Membrane nodels

Supported lipid bilayerand liposomes represerthe most common artificial membrane systems
Supported lipid bilayer (SLBs) atable and robusbiomimetic model membranes typically made
by a single planar lipid bilayesupported onto aclean andsolid surface such as mica, glass or
quartz®*®?*. They are used to study lipid phase behaviour and lateraboization of biological
membranes usinghe common surface analytical techniques suchasmmic force microscopy
(AFM)?*, fluorescence microscopy® infrared spectroscopy (IR spectroscop}) %rays and
neutron reflectivity *****® They are also suitable for studyitigid-protein interactions and in
general interaction of biomlecules with the lipid bilayeHowever, the presence @ space that

is only 12 nm widebetween the bilayer and the solid support rendersesge systemsiot so
suitable for studying transmembrane protsinwhich mostly appear immobila the SLB*". For
that reason,many modifications of planar S§,Bsuch as tethered*® or polymer cushioned lipid
bilayer **°, have been developed in time to expand the biological applications. Tlystens
allowto increasdlongterm membrane stability and to introducaore space between the bilayer
and the solid support in order to better study big transmembrane proteaw®iding problems of
denaturation and interfered mobility along the membrane.

Liposomes are lipidic vesicles formed by the hydrophobic effect when lipids are dispersed in
agueous solution.They are suitable to study membrane phase behavior, and membrane
processes such as cell adhesion, membrane pore fitomand molecular recogniin. They can

be prepared as multilamellar (multiple layers) or unilarmwe(single layerpy different methods as
extrusion, sonication anélectroformation®®. Unilamellar vesicles are easy poepare and to

manipulate andare classifiedaccordingto their dimensions as smalSUVs, 1100 nm), large,
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(LUVs, 100 nm1 um) and giant unilamellar vesicles (GUVs, > 1(fig) 205>,

Planar Bilayer
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Figure20. Schematic representatiomf different model artificial lipid bilayer commonly used in biophysical research

and their approximate sizeAdapted from Pfefferkorn et al, 201%.

Generally,different criteria have to be taken into account in the choice of freper model
system Each model shoulde chosenconsidering advantages, disadvantagtse experimental
information neededand the feasibility of the experimerft®. For instance, planar SLBs are more
stable than liposomes and are more suitable for studying tw@me-active insertion of molecules
within the bilayer. Moreover, not all lipid compositions can be represdirt liposome system, as

a membrane made by only sterols. Finally, the choice of lipid mixgrenportant because
increasinghe complexityof the systemcould be render the biophysical interpretation of results
more difficult. It is therefore essential to design the experiments evaluating the balance between

its complexity and feasibilit§*%

5.2 Model membranepreparations

Planar SLB=an be preared usinglifferent methods. Thenost useful are briefly described:

1. LangmuirBlodgett (LB)/Langmuir Schafer (LSThis technique is a procedure for the
fabrication of mono- or multilayer membrane The apparatus consists in a Teflon bath
with moveablebarriers Lipids are deposited at aiwater interface dissolved in solvents.
The movement of the barriers is used to compress lipids, creating a lipid monokdiest

Langmuir film. During the compression of lipids pressurevs area isotherm can be
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recorded, giving nformation about the lipid packing(Fig. 21) Usually, the surface
pressure of the monolayer is set to the value of 32 nN/m, which matches that of biological

membranes.
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Figure21. Theoretical surface pressuresarea isotherm of a Langnir film and molecules in different phasegt low
pressure, the area covered by lipid molecules is high because of the lack of layer organization (gas phase, G). Increasing
the lateral pressure, the molecules start to standing up (liquid phaseld) until the formation of a uniform monolayer

(solid phase, S).

Thefirst lipid monolayer is then transferred to the solid support by quickly immersing a
clean hydrophilic slide into the water subphasedasiowly retracting it througtthe
interface forming he sacalled LangmuiBlodgett film(in case ofvertical deposition) or
LangmuitSchaefer film (in theaseof horizontal deposition) (Fig. 22)t this point, it is
possible to transfer a second lipid monolayer from the LB trotmthe substrate,

compleing the bilayer formation.
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Figure22. Schematic representation of Langmtiiodgetttechnique (A) After the formation, the first lipid monolayer
is transferred to on a solid hydrophilic support moved through the solution with constant lifting sp@ed.second

layer is obtained with the subsequent immersion of the support.
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Repeated deposition can be achieved to obtain welfanized multilayers on the solid
substrate. LB and LS cycles can also be combined to obtain desired structures and
thicknessesThe most common multilayer deposition is theype multilayer, which is
produced when the monolayds depositedin both up and down directions. When the
monolayeris depositedonly in the up or down direction the multilayer structurecislled

either Ztype or Xtype (Fig. 23)
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Figure23. Three possible lipid membrane configuration using LangnBiodgett technique.The Vtype represent the

typical lipid bilayer, in which the hydrophobic tails of one monolayer are in contact with the tails of anaiteFloe X

and Ztype are characterized by the formation of stacked lipid monolayers in which lipid head groups are in contact with

the tails of another monolayer.

The main advantages of LB/LS method is the possibility to produce lipid bilayers that
maintain lipid asymmetry for several hous. Moreover, it allows a precise control of the
monolayer thickness and packing density. However,the main disadvatage of the
process iduring the transfer of the monolayer, which can leads to thing ofthe

subphass.

2. Dired vesicle fusionlt is the most common method to produce SEBsTipically, SUVs

or LUVs of specific lipid composition are placed in contact with a flat and clean hydrophilic
surface and after a certain time of incubation (ime range of minutes) the vesicles
rupture to form a ontinuous lipid bilayerand the excess of vesiclissemoved by buffer
washing The fusion of vesicles on the surface is affected by the lipid composition, size,
surface characteristics, pH, andnic strength®°. The mechanism is notompletely
understood but it isknown that the process involves adsorption of the vesicles on the
surface, deformation, flattening and rupture to form a continuous $Ei§. 24) The
simplicity of the process makes this technique a great approach for piogluil Bs of
different lipid composition.However, the main disadvantages represented by the

impossibilityto produceSLBs with lipid asymmetric composition.
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Figure24. Simulation of vesicle fusioprocessonto hydrophilic surface FromWu et al, 2013°".

3. Drop-casting. Lipids are dissolved in organic solvents such as chloroform, decane,
acetone, alcoholic solvents or a mixe of them. Lipidsolutionis than directly spread on a
solid support and let to evaporate favoring the satisembly of lipid¢Fig. 25) The main
advantge of this method is that it is easy and fast be performed, and it does not
required any specific instrumentatiocfi®?*° It is used especially for structural studies by
NRM or Xray scattering expements because of the multilamellar characteristics of the
membrane obtained. However, it is difficult to control the exact number of layer formed

and it is not suitable for transmembrane protein incorporation into the bilayer.

Figure25. Drop casting 6 lipid solution. The picture depicts the deposition process of lipids by solution spreading. A

syringe is used to deposit a drop of lipid organic solution at the center of a silicon wafer suppontSeul et al, 1990
258

4. Spin coating.As for dropcasting method,spin coating is charactegd by the the
spreading of lipid dissolved in organic solution on clean solid support. The substrate is
than rotated using a spin coaterxgloiting the centrifugal forces to obtained a well
oriented lipid films(Fig. 26Y%°. After the evaporation of residual solvent under vacuum,
the lipid film is hydrated ira specific buffer. According to the rinsing processl buffer
conditions, the membrane obtained are formed by one to thstacked lipid bilayers
61,262 This method allows the incorporation of peptides or truncated integraigins but

it is not suitable for larger proteins which are denaturated in the organic solvent. Recent
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evidences have shown that the method can be apply to created membrane with a

coexistence ofd.and ld domains®®*,

i

>
Deposition Spinning Bvaporation

Figure26. Schematic representation of spin coating proceddoe the production of lipid bilayers

6. Analytical techniques to characterized artificial lipid bilayers

Supported lipid bilayers offers pretical advantages over liposome systems, allowing the
application of a broad group of analytidethniques for characterization, imaging and analysis o
these model membrane system&mong several available techniques, AFM is considargaeat

and versatile tool to study artificial lipid bilayer. The main advantage of this method is the
possibility to performed imaging of a lipid membrane in physiological environment with a
nanoscale resolution. At the same time, AFM can provide infaomaabout the mechanical
properties of the bilayerSeveral AFMbased studies has been performed in order to investigate
lipid rafts in model membranesand biomolecule interactions with these domaifg& %
Fequently, AFM is coupled with other techniques, where thigh resolution of AFM is combined
with the chemical information gained from optical and spectroscopy technidtireddere we
report a description of AFM principles together with the different work modalities the

investigation of biological samples.
6.1 Atomic force microscopy

The Atomic force microscope (AFM) isnear field surface microscopytechnique that was
developed by Bining et al. in 1986%. It belongsto the scanning probe microscopy (SPM) family,
a dass of instruments that investigate the properties of a sample at or near the surface.

The AFM operatescanning a sharp tip over the surface of a sample and meathésteraction
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betweenthe tip and thesample A typical AFM apparatus is charactedzgy a tip mounted on

the free endof aflexible cantileverwhichis deflected in respons® force changes between tip
and the sampleThe tip and the cantilever gether are often referred to a#\FM probe. During
scanning the cantilever deflection is rsigred by the useof laserlight that is localizé on the
upper surface of the cantileveusually coated with a reflective layer. Change in position of the
reflected laser light is recorakeby a 4-quadrant photaletector and convertedinto an electrical
signal. These electronic information are subsequently tsém a piezoelectric actuatomwwhich
moves accurately th&FM probe and the sample in theY plane in a raster manner. The number
of lines scanned in a surface urdbntributes to the resolution of t image. A Zctuator,

composed byiezoelectric material as well, controls the vertical movement of théRig. 27)

V/K V|
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~ Cantilever

Feedback Loop

Piezoelectric Positioner

Figure27. Schematic representation of an Atomic Force Microscapsed to probe cells and their constituents in
three-dimensions A laser beam is focused on top of the free end of a cantilever and reflected on a four elements

photodiode, sensitive to the laser shifts during the radike scanning of the samplErom Braet and Taatjes, 201%.

The central component of theAFMis thetip which is typically made of silicorgoxide or silicon
nitride and has a radius of curvature of 10 nm for standprdbes (Fig. 2&\). Smaller radii of
curvature adlow reaching higer resolution(Fig 28 B). For this aim, carbon nanotubd€NT)
terminated tips have beenecognized among alternative choice for AFM probe due to the small
diameter (<10 nm), robust mechanical propies and chemical inertnes$-if 28 C) The soft
microsized cantilever has a spring constant that may vary accordintpegosample and the

application (from few tens of pN/nm to few tens of nN/nm),
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Figure28. Scanning electron microscopy of AFM tigd) Example of one standard AFM prolfB)High resoltion AFM
tip. (C)CNTHerminated AFM probe.

YYy26Ay3d GKS adAFTFySaa 2F (GKS OFyGAft SGSNE Ay TFA
relationship between the force required to deflect the cantilever and its deformation:
F=-kz

Where F is thedrce, k is the stiffness of the cantilever, and z is the distance the lever is bent.

AFM is avery versatiletool for obtaining 3D topographic imagesf a sampleat high spatial
resolution. Generally, AFM is able to acquire image data with lateral rémol(ih the xy plane)
down to 0.3 nm and vertical resolution (in theazis) down to 0.1 nrff®. Sample preparation for
AFM imaging imninimal, withoutrequiring any labeling, fixing or coating treatmefitcan operate

in air and aqueous environment, making it suitable to study biological samples in physiological
conditions.Besides the imaging, AFM allows to quantitatively measureiphlyproperties of a
sample such as elasticity, stiffness, adhesion, surface friction, -angr intramolecular
interactions®®. The AFM can work idifferent operational modes which differ mainly in the way
the tip is moving over the sampl@he primarymodes of AFM imaging am®ntact modeand
dynamic mode (taping modeand noncontact modg. In contact mode (or static modehe
probe is maintained in constant contact with tiserface of sampleRepulsive forces dominate
the interaction between the probe and the sample. itteal conditions, when the tip starts
approaching the surface, loaginge Vander Waals interactios predominate; when the tip is
near (some Angstroms) the surface, shortange repulsive forces dominate. From the measure
of the cantilever deflection, it is possible to calculate the forceh# interactionbetween the

probe and the surface, qualitatively described by the Lernwdamkgpotential curve(Fig. 29)
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Figure29. AFM forcedistance curveWhen tip is far from the surface, no deflection occursintermittent-contact the
tip is pdled toward the surface (attractive regime). In contact region, the tip is in hard contact with the surface

(repulsive regime).

During the scanning, the deflection signal gittess vertical deflection of theantilever. Tie error
signal is the differencketween the deflection signal and the AFM feedback systerhpoint
value, andtiis the input to the feedbackihe output of the feedback guides thegtuator, which
movesthe sample otthe probe in the zxisin order to maintain e interaction with tle surface

constant. In this way, it is possible to reconstrtie topographic profile of theample (Fig. 30)
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In dynamicmode, the AFM cantileveis driven to oscillate near iteesonancefrequency. The
amplitude of this oscillation issed as feedback parameter fibre imaging of the sample.

In Tapping Mode the amplitudeof the oscillation, influenced by lorgnge forces, controls the
feedbacksystemand the error signal (difference between the gxint and the amplitude) is the
input for the feedback system. The outpebntrols the zactuator and the tip movement.
Moreover, during the scanning it is possiblerézord the variation in the plse of the oscillatin
whichOl'y 6S (K2dzZa3kKd 2F +Fa | aRStlFre¢e¢ Ay (GKS 2a0Af{
in and out of contact with the sampleThis signal is particularlyseful in the case of a
heterogeneous materidbecause gives informan aboutthe chemical properties of the sample,
being sensitive to viscoelastic properties and adhesion forces, with little participation by elastic
properties. Since the tip toucks intermittently the surface, the damage of the sample is
significantly reduced. Despite thdifficulties of operating in tapping moda liquid environment

due to thesignificant dumping of oscillation frequencileyg the viscosity of the aqueousedium,

it is widely applied ifbiology for the study of living celldipid membranes®”®, DNA moleculeg™

and amyloid ibrils "%

In noncontact mode the tip is positioned at a certain constant distance from the surface (within
few of nanometers) where attractive forces (electrostatic, magnetic, attractive van der Waals
forces) predminate. Once the tip approaches the surface, it starts to feel it. Variations in the
resonance frequency, the amplitude and the phase of the oscillation are linked to the
characteristics of the surface and to the -8pmple interactions. All these parameteare
monitored in order to reconstruct the topography of the sample.

The choice of AFM mode is based on the surface characteristics and on the sample hardness.
Contact mode is preferred for hard surfaces, but there is the possibility of tip contamination
damage of the sample. For that reason, in casagingof biological and soft sample&pping

mode or nonrcontact modeare favaed.
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RESULTS AND DISCUSSION

7. Optimization of dropcasting method for the production of

complex artificialmodel membranes

Model membranes represent a very useful tool for investigating the behavior of lipids within the
bilayer and, inparticular, biological events that take place on plasma membrane and that are
difficult to be studied in living systems. Sewdr techniques have been developed for the
production of artificial membranes of different lipid compositjosuch liposome fusion, spin
coating and solvat-assisted lipid bilayer formatio™. The protocol for the formation of an
artificial membrane system genally requires reproducibility and a high ratio of advantages over
disadvantageslin the first part of my project | worked on the optimization of the digsting
technique for the fabricatiomf model membranegontaining lipid raftsl focusedon membranes
with different lipid compositiorexploitingdifferent parameters that can affect the quality of the
lipid bilayer. Dropcasting is characterized by the spreading of organic lipid migtoinea clean
substrate in order to promote the sedfssembly of lipids during ¢hevaporation of the solvent
and the consequent formation of SLB. | initially concentrated on the choice of tisesuitable
solvent, the concentration of lipids and the conditions ampledryingin order to reach the
formation of homogeneous, well ammbled and reproducible artificial membranes, ideally
formed by a single lipid bilayeThen | increased the complexity of my systeynpromoting the
formation of two-component and threecomponent membrangwith the final am to produce a

model membrane nmickingthe presence ofipid rafts.
7.1 Onecomponentlipid bilayers

In the first step | produced oreomponent membrang made byDOCPI tested different lipid
concentratiors and three different solvents in order tobtain a homogeneous membrane
charaderized bya small number ofipid bilayers.Type of slventsusedand lipid concentratios

are reported in @ble 1. After the spreading of organic lipid solution on a clean substrate, glass in
my case, the evaporation of the solvent represents the firgical step for the formation of
model membrane of high quality. The drying process is usually performed in a clean cell
incubator at a fixed temperature (30 °C) and withthjgercentage of humidity (800%). These
parameters show the best results compdr to the drying of sample performed at the

temperature of the room and without any control of humidity. Another important parameter is
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the solvent or the right mixing of different solvents, to prevent too fast desiccation hampering a

proper selfassemblyof the molecules.

1
DOPC concentration 0.1
(mg/ml) 0.01

Isopropanol (IPA)
Solvents Chloroform/Methanol 1:1
Chloroform/Decane 1:1

Tablel. DOPC concentration and solvents tested fbetfabrication of onecomponentmembrane on glass.

Best results as evaluated by AFM topography measuremenigre obtained with the
intermediate concentration (0.1 mg/mland withthe use of chloroform/decane 1:1 as solvent.
The high boiling point of decane @L% °C) mixed with chloroform @bing point = 61 °C) allovis

fact a slow evaporation which promotes completeself assembly of lipidsobtaining a lipid
bilayer that homgenoudy covers the glass supporffter sample drying) characterized the
membrane by AFM working in tappirmode in air at room temperature AFM imagesshow a
discontinuoustopmost lipid bilayer of DOPC characterized by an average height3af 1.0 nm

(Fig. 31 AC). In order to quantify the total number of lipid bilayers obtained by this procedure, |
used the scratch approach which consists of mechanical removing of all the lipid bilayers leaving
only the hard, unstretchable glass substrate as refeeenThe calculation of scratch depth
highlights the presence of a multistacked DOPC membrane, made by multiple lipid bilayers (in the
range of 3&40) (Fig. 31 ). The use of smallépid concentration (0.01 mg/mér <) produces

the formation of smalldispersed and nowontinuous lipid patches on the glass, and therefore is

not suitable for the production of uniform and regular membrane bilayer (data not shown).
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Figure 31. AFM imagesf a DOPC bilayer in air deposited on a glass surfgeg.AFM tgography of flat lipid
membranewith a central discontinuity which alles to measure the height of the lipid bilay€B) Height profile.(C)
One DOPC bilayer is characterized byegrage hight of 5.3+ 1.0 nm (D) AFM topography of the scratch made ay
scalpel. On the right side, a DOPC membrane is present, whereas on the left side glass can be ¢B}elsigtht
profile indicates the presence of a membrane formed by480ipid bilayers. AFM measurements were performed in

tappingmode in air at roomemperature.

7.2 Twecomponentmembranes

After the determination of the best parameters for the assembly of the membranenext step
was to move to the production ofbinary lipid bilayers. | use@OPC in combination with
sphingomyelin (SM) and | anabd the obtained samples by AFM. From this moment on , |
worked in a liquid environment in order to move t@ards more physiological condition The
membrane was covered with IM-Q H,O and gently rinsed in order to remowhe upmost
stacking lipidbilayes, ideally remaining withone single lipid bilayer. T91model membrane
system waduilt from DOPC and Stk 50:50 molar ratio. DOPC and SM é&péds characterized
by different T,: at environment temperature the DOPC agpected to bein fluid phase (L 0

whereas SM is inolid state(S9 (see the extrapolation from the threeomponent phase diagram
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at paragraph 2.1 for zero cholesterol molar concentratickFM topographyonfirms this phase
separation pictureshowing that the membrane is characterizeoly two coexisting phases, where

the bright domains represent the SM in So phase surrounded by a fluidrgirik made by DOPC

(Fig. 32 A)The SM domains are 012um in lateral dimension and theK SA A K G @F NA I (A 2
between the 8 | y pPhasp Bbws tat these domains protrudérom the fluid environment

with an average height of 1.50.9 nm(Fig. 32 C). This value is in agreement with the current
literature. A previous study on fullyydrated DOPC bilayer on mica has in fact demonstrated that
this onecomponent membrane has a full thickness of 5 fith Ovine brain SM phase behavior
studied bypolarizing light microscopy, &i#fential scanning calorimetgnd Xray diffraction

" showed that at 25°C diow the phasetransition (37 °C), the measured lipid thickness was 6.35
nm. These values support the protrusion of around 1 nm of the SM domains in the fluid DOPC
matrix measured in my membranesHowever, the two phases appear very roughin the
presenceof multiple lipid phases or of non completed phase separation. This effect can be
observed in the graph of Fig. 32 C, where height distribution along the entire image (A) is shown.
Two broad peaks, with a high error value are shown, indicating the pcesef heterogeneous

height distribution over the sample.
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Figure32. AFM image of DOPC/SM membrane 50:50 in molar ratidignid environment. (A) The AFMtopography
shows the presence of two lipid phases, the So (SM) ahd L6 5 and thé relative ratioBoth phases display high
values of roughness (R4R) The height profile along the white line in (A) highlights the presence of rough ph&jes.
Distribution of heights across the entire image (AFM measurements wengerformed in tappingmode inMilli-Q HO

at room temperature.
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From the area of the two phases in the image of Fig. 32 A | can calculate a relative percéntage o
the two lipid phases (L= 69.5%, So= 36).5vhich does not match with the prediction made from

the initial lipid mixture molar ratio (50:50). Imaging several areas on different binary membranes
produced in the same conditions, | observed a high heterogeneity in the SM domains, which were
characterized by different domain size and morphology, makimgrhodel system not so suitable

for studying lipid phase behavior (Fig. 33). Therefore we can conclude that thecastipg
method is characterized by scarce reproducibility as well as a poor control of the lipid membrane
composition. Clearly, the presea of multiple lipid bilayers before the washing step complicates
the scenario and does not ensure to find the same distribution of lipid molecules in each lipid

bilayers.

Hetereogeneity of SM domains

Figure 33. AFM images of several SM domains in DOPC/SM model membi@iesiads have different morphology

and cover different areas of membrane.

In order to quantify the thickness of the membrane after the washing treatment, | performed
AFM nanoshaving'® by means of a hardspring constanD.76 nN/nm) siliconnitride AFM tip,
operated in solutio at high speed and with the maximum range of oscillation on the sarhple,
was able to removedn an area of the membrane of about>in x 1>m, all the lipid bilayers from

the substrate in a highlyaccurate way creating a trench surrounded by walls catisig of lipid
membrane (Fig. 34)n this way an absolute height measurement was possible. The hole in the
bilayer shows that all lipids are extracted from the membrane. The depth of the hole of about
14.0 nm is compatible with the presence of two lipithyers (6.5 nm) underlying that the rinsing

procedure allows to remove almost completely the excess of lipid bilayers from the system.
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Figure 34. AFM nanoshaving of DOPC/SM membrane 50:50 in molar ratio in liengironment (A) The AFM
topograply shows that the nanoshaving of ligithkes place in a very small area @in x 1um) in clear mode(B) The
membrane is made by two lipid bilayef@epth of the hole is around 14 nmynderlying the feasibility of the washing

treatment.

7.3 Threecomponent membranes

Here | introduced cholesterol in my model systeim produced aternary membrane made by
DOPC, SM and cholesterol in 40:40:20 molar ratio. Cholesterol is a key lipid midipiderafts,
interacting with high affinity with SM and changitige structure of the previous twaomponent
membrane(see the threecomponent phase diagram of Fig. AFMtopographicanalysis shows
that cholesterol changes the morphology of the membrane whichoiw characterized byhe
presence obright domainsof bigger lateral dimensions compared to the binary membrane (Fig.
35). Thedistribution of height shows that a decrease in thé of the two coexisting phases can be
observedkZ = 1.6t 0.7 nm). This effect is due to the cholesterol interaction with SM which leads
to a change in the phase tife sphingolipid from So to Lo phageferred to as the phase of lipid

rafts °

. In particular @olesterol introdices a disorder factor in the SM domains which
corresponds toa lipid phase characterized by intermediate features between the So phase and
the fluid phase.In practice, the hydrophilic heads of SMs locally interact with cholesterol to
screen its hydrophobihead.SMcaninteract with the OHgroup of cholesterol by its phosphate
oxygen, whereas its NH group is involved in intermolecutboitls between SM molecule$he
intercalation of cholesterol causes a worst packing of SM acyl chains with a decretse of
thickness of the SM islands. The effect on cholesterol on DOPC/SM membranes has been
extensively studied. An AFkbased work has showed thatQPC/SM/Chol membrane with 40

40% mol Chol displayed a decrease@f(LoLh) from 1.2 nm in 10% Chol to 0.6 nm irf4hol
276
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However, also with this lipid composition, raft domains and the flygdl Imatrix appear not so

flat and clean, in agreement with a non optimal ssedembly of the lipids.
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Figure 35. AFM image of DOPC/S®&hol membrane 40:40:20n molar ratio in liquid environment (A) The AFM
topography show the presence of two lipid phses, the LdSMCho) and b 6 5 Iphade {B) The height profile
highlights the presence of rough phases as in the previous binary membré&DgDistribution of height. AFM

measurements were performed in taprmode in MIli-Q HO at room temperature

As for the DOPC/SM membrandnvestigated several areas of different ternary membranes. Also
in this case there is a high heterogeneity in the morphology of the bilayers, highlighting again the
low reproducibility of the drogcasting method (Fig. 36).

Figure36. AFM images ofeveral SM domains in DOPC/SM model membrarteil islands have different morphology

and cover different areas of membrane.
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7.4 Application of drop-casting method to study membranearbon nanotube

interactions

Despite disadvantageas poor reprodudiility, poor control of lipid composition and phase
separation in samples produced krop-casting this method is suitable for the study of
interactions between artificial cell membranes and nanostructured biocompatible mateasils,
carbon nanotubes (CNY. CNIbased biomaterials have promising features for the design and
development of bioelectronic prosthetic devices for nowelural interfaces (see Appendix. B)
CNTs are conductive nhanomaterials which were shown to improve the growth of axons, when
used to interface cultured neurong’’?"® Moreover, they have been shown to enhance the
synaptic connections between neuror€®?° |mprovement of celtell communication is
fundamental in neural netwosg however the role and dynamics of CNieraction with the
cellular surface remaipoorly understood In this framework, | was involved bye group of Prof.
LauraBallerini from SISSA (Scuola Internazionale Superiore di Studi Avangatdy if multiwall

(MW) CNTs, once interfaced to neurons, affect synaptic transmission by modulating lipid
membrane structure and dynamic¢&’. The investigtion focused in particular on cholesterol,
which is present in large amount on neuronal membranes and is known to regulate presynaptic
vesicle release. My involvement in the study was about the applicatiairayFcasting for the
production ofsupported ipid membranes (SLMslirectly on MWCNTSs substrates supported by
glassto study the interactiorbetween these nanostructuresndartificial lipid bilayersl prepared

a binary membrane made by DORGd cholesterol in a 2:1 ratiand used the AFM for the
topographic analysis of the membrane interfaced tatrol substrates (as glass) and MWCNTs
(Fig. 37 AC)in liquid environment| found that lipid islands grown on MWCNTs and on control
glass substrates display similar morphology (Fig. 37 A and C). HowElkreveals the ability of
MWCNTSs to pierce the membrane through the SLB entire thickness (Fig. 37 C), with the occasional
appearance of localized areas where multiple lipid bilayers are piled on the surface, a condition
that was not present in the conti@ample as can be appreciated by the relative height profiles of
Fig. 37 Aand C.
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Figure37. AFM image of the interaction between SlBand MWCNTSs. (A)FM Topography of an incomplete SLB
made by DOPC and cholesterol (£afio) deposited on a contrajlass surface. The height profile shows that the lipid
islands has average height of 0.2 nm (B) Topography of a MWCNTSs carpet deposited on glass viaasing.(C)
Topography of SisBleposited on a MWCNTSs substrate. White arrpaist the MWCNT hility to pierce SLS indicated
by CNTs emerging from the upper membrane laydfM measurements we performed in tappingnode inliquid

buffer at room temperature.

AFM measurements were coupled with MigRaman spectroscopy analysis (Fig. 38). Raman
spectroscopy is frequently associated to AFM imaging, providisgectroscopicafingerprint by
which molecules can be identifiedihe idea was to chemically identify the CNT component which
pierces the SLBs. The vibrational Raman spectrum of lipids (jnisetharacterized by peaks
associated with €N stretching (715 cni®), @C strething (1090 cil), CH deformation (1305
cm™ and 1440 critf), and C=C stretching (1655 &wibrations.The Raman spectrum of MWCNTs
alone on glass (Fig. 38 C, in gresmwstwo broad peaksentered at 1350 cfi and 1590 crit

that are commonlyassigned to the presence of disorden graphitic materials and tdhe
tangential vibrations of the carbon atoms, respectivélyhen SLBs were deposited on glass (Fig.
38 B, in orange}he strong contribution of the substrate was evident. Here the peak at 1440 cm
corresponding to CHdeformation in lipids was also visible in spite of the low amount of lipid
forming the membraneln SLMson MWCNTSs, the charteristic two peaks at 1356m™* and 1590
cm™ present on the tublar structures protruding from the membrane (imaged in Fig. 38 D)
confirm the presence dfIWCNTSs, as suggested by the AFM morphoto@lysisin this spectrum

(in blue in Fig. 38 A, blue arrdmthe peakat 715 cni', atributed to lipid speciesis evident as
well. Thiscanbe due to the laser spot diameter (aio500 nm) which is larger compared with
MWCNTs diamete(50-250 nm), resulting in a contribution of the surrounding Stdshe

nominal MWCNRaman spectrum.
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Figure 38. Raman spectroscopy of model membrane on MWCNRaman spectra were acquired in the highlighted
areas (colored dots) in the AFM images B,C aaddbired at high magnificatiofglass substrate in yellow, SLB on glass
in orange, MWCNTSs on glassgreen and SLB above MWCNTSs in blue). The spectra of MWCNTSs with (blue spectrum)
and without (green spectrum) SLM were vertically shifted for illustrative purpose. The reference spectrum of lipids (red
spectrum) was acquired on a matayer membranes saple (not shown) in order to minimize Raman signal from the

underlying glass surface.

7.5 Discussion

The use ofhe drop-casting method for the fabrication of complex model membranes highlighted
some disadvantages especially when the system is madedyit more lipid species. Too many
parameters such as temperature, humidity and the type of solwotaisenaffect the entire self
assembly process of lipids. Ewathen the best parameterare chosenthe method is notery
reproducible, giving rise to memdéne of good quality in only the0% of experiments. With two

or three-component bilayers| noted thatthe membrane seems to be characterized by multiple
lipid phases in both fluid phase and ordered lipid domglirase which are not flat as ithe
preserce of good selassembly or unique lipid phase. The presence of ripple intermediate phase
could be a hypothesis for explaining the presence af homogeneous lipid phases. The ripple
phase is an additional lamellar phase characterized by a periodidiorensional undulations on
the surface of the membrane, corresponding to a partidisordered lipid phasé®. This phase
has been shown to exist in multilamellar bilayers of saturated PCsaturated lipids with other
headgroups, and only for temperatisabove the pretransition and below J****** Considering

that the T, of SM is 37 °C and the sefsembly of the lipids in the dregasting was performed at

54



30 °C (above the preansition temperatue of M), it is possible thathe systeminvolvesa
partial presence of ripple phaseHowever, | was not able to directly visualized by AFM the
presence of peculiar structural features on the surface related to this lipid phase.

Anather feature that has to beaaken into account is the cleénessof the membrane. The
presence of small bright spo{gspecially in ternary membranef 1-2 nmin height makest
difficult to introduce a further complexity in the system as the insertion of a lipidatetein or
GMs involvesheights similar to theones ofcontaminatingstructures. Moreover, the hydration
step could destabilize the membrane and create artifacts, with the risk to wrongly interpret the
experimental data. Generally the method is suitable for the prouctof multistacked lipid
bilayers that are required for the application of techniques based @ayXscattering or NMR
spectroscopyfor the sake of signal intensiti functional example of drepasting application in

the field of lipid nanotechnology veathe study of the interaction between membranes and
MWCNTSs. This study has highlighted the ability of CNTs to pierce the lipid bilayers, supporting the
hypothesis that these nanomaterials are able to locally interact with the structure of lipid
moleculesmodulating the synaptic activity of neuro®. These results supported the findings
from neuronal cultured cells in which the MWCNTs microenvironment deen shown to
promote the construction of more synapsg§22°2%>

After having tested the suitability and feasibility of drogsting in model membrane technology, |
decided to m@e toward amore establishednethod for the production of complex lipid bilayer,
the direct vesiclefusion method. Then, | compared the two methods in order to find the

technique with the higher benefits/disadvantagedio for mimicking lipid raft of celhembrane
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8. Raftlike lipid bilayersby direct vesicle fusion and applications

in biomoleculelipid interactions

The generation of SLBs onto a solid support by the direct fusion of lipid vesicles is one of the most
characterized methodhimodel membrane technologyThis method is easy and reliable and can
drive the formation of complete layers within few hours. ltglely accessible since it does not
require advanced equipment and allows the production of very high qualityBs. These
advantagesconfer tovesicle fusin an important role irmdvaned SLBbasedresearchplatforms,
particularly for the fabrication of complex, mutimponent SLBs that more accurately mimic
native cell membranes®. Vesicle fusion has also the remarkable adage that the same
preparation protocol can be used for all lipid vesicle composigohighlighting the strong
versatility of the method.

In order to produce flat, homogeneous symmetric membranes with multiple lipid composition |
started from a batch of ipary and ternary multilamellar vesicles, which then underwent
extrusion through golycarbonate filter with a defined pore siné 100 nm for the formation of
controlled unilamellar vesicles of the same size (see paragraph 5.1). The extrusion metid in f
allows for the beshomogeneity ofLUVs (large unilamellar vesicleie distributionin the final
suspensiorwhen compared with othemethodologies, as sonication, homogenization and freeze
thaw sonicatiorf®”. The only prerequisite in this procedure, especially when is about complex lipid
compositions, is the extrusion temperature, which should be above thef The various lipids. In
this manner, | first produced a ternary membrane made by DOPC, SM and ciallpkiging with

the relative concentration of the three molecules to find the highest stability conditions
mimicking physiological membranes composition (DOPC/SM (50:3) Ghel, DOPC/SM (66:33)

+ 5% Chol, DOPC/SM (66:33) #@2Chol). Finally, 1 usedwgh ternary SLBs for studying the
distribution in the membrane of the GM1 ganglioside, a lipid raft marker, as well as of a
pathological lipidateeprotein PrF® in order to investigate the potential of this model membrane

tool in the study of lipid rafbiomolecule interactions .
8.1 Ternarymembranes

| first produced a membrane made by DOPC avid®:50 in molar ratio) with® of cholesterol,
in order to mimic rafilike domainsDespite cholesterol concentration in real cellular membrane
varies between he 15% and 5% of he total lipid compositioi®, | started from adw cholesterol

concentration (86 molar) to study its role in the formation of artificial membranés. we will see
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in the next paragraph, the chosen concentration allows to create stable lipidioaftins and to
distinguish them morphologically from the rest of the membrane.

The membrane was fabricated on freshly cleaved mica. | used $2¢Colution (5 mM) to better
promote the initial adsorption and rupture of LUVs on mica surface. Dival¢éiohsasuch as Ga

and Md" are commonly used to promote SLB formation, especially withativelycharged
vesicles”®*®* However, the same procedure performed in MiHO produced a high quality

SLB as well (data not shown), without any measurable variations of membrane morphology.
Oveall, with the lipid composition of my model membranes (DOPC/SM/Chol), the presence of
divalent cations for the formation of SLBs does not appear to be essential. Moreover, the
following rinsing step removes almost completely any presence of such divalentleaving the
membrane incubated in only MHp) HO.

| successively analyzed the lipid bilayer formation by AFM working in tapmde in liquid
environment. Extended SLBs form within 15 minutes of vesicle incubation. After a gentle rinse, to
remove the excess of vesicles, the sample can be analyzed by AFM. In analogy with the
measurements shown in the previous chapter, AFM topography analysis shows a membrane
characterized by two coexisting phases, due to the different physical state of SM andadbOPC
environment temperature (Fig. 39). Comparing the SLBs obtained by vesicles fusion with the ones
produced by drogcasting, it is possible to note that the morphological quality of the new mixed
lipid bilayers appears to be much higher here: the flatnefsthhe membrane produced by direct
vesicle fusion is appreciable from the AFM topographic image (Fig. 38eA)wo phasesLh and
So,are very well separated in the plane of the bilayer, without any presence of intermediate
phasesor contaminating brigh spots. The roughness values measured dn dnd So phase
domains are reported in Fig. 39 D, in comparison with the same values ofcastipg prepared
membranes (see paragraph2). The SLB produced by vesicle fusion sho@dcdd decrease of
roughnessfor both lipid phases with respect to the dragasted lipid bilayer (vesicle fusior L
73.7+1.6 pm, So= 1156 +8.1 pm;dropcastihngg HpH Py F HO DPp LIYThe { 2T
distribution of topographic heights shows that tleedered lipid areagSM+Chol) protrude from

the fluid DOPC phase with an average height of 1.2 +i.2Mloreover, the ratio of thesurface
covered by theli 6 2  LJK | S8) Srithe dnprhbdane is 48:53.0 and matches almost perfectly

with the initial lipid molar ratig underlyng that the vesicle fusion method allows a very good

control of lipid membrane composition.
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Figure39. AFM image of DOPC/SM membraf0:50in molar ratio) with 5% of cholesteroln liquid buffer. (A)The

Ra (pm)
Ra (pm)

topographyimage shows the coexistence ofwo lipid phases, the &(SM-Cho) and I 6 5 .hThefrelative surface
ratio is indicated (B) The height profile highlights the presence of good lipid phase separai@yDistribution of
height. (D) Roughness comparison of drgpsting and vesicle fusion method, for both lipid phagdavl meaurements

were performed irtappingmode in MilliQ HO at room temperature

In the same way as for dregasted SLBs, | used AFM nanoshaving for the quantification of the
bilayer thickness after the rinsing step (Fig. 40). AFM topography shows thatrenbirgle lipid
bilayer (height around 6.5 nm) is present on the mica surface, highlighting the strength of the
vesicles fusion method for obtaining a homogeneous, clean and highly reproducible SLB system

for the study of lipid rafts behavior.
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Figure40. AFM nanoshaving of DOPC/SM membra@®:50 in molar rati9 + 5% Cholesteraéh liquid buffer. (A)AFM
topographyimage showsa hole of(1 um x 1um) in correspondence ofanoshaving (B) AFM topographic profile
across the hole area showing thdtetdepth of the hole corresponds tone singlélipid bilayer (around 6.5 nm)AFM

nanoshavingvasperformed in tappingmode inMilli-Q HO at roomtemperature.

Although the SLB obtained so far were already of high qualitycided tochange thdipid ratio
introducing an asymmetry in the composition to better follow the evoluttdmaft-like domains.

In particular, | focusedn the production ofmembranes made by DOPC andS66:33 in molar

ratio) with 3% cholesteral After AFM characterization, | increasatie corcentration of
cholesterol to 28 maintaining the same DOPC:&itlo (DOPC/SM (66:33) + 20% Cliolprder

to investigate possible morphological changesvithin the different lipid phasesinduced by
cholesterol. 286 of cholesterol ia reasonablehysologicalvalue for plasmaell membrane®*,

The membrane characterized by 5% of choleststwiws single raftike domains that protrude

from the fluid phase with an average height of £.0.2 nm (Fig. 41 A, C). These lipid islands have
heterogeneous lateral size distribution in the range of @20 um. Even in this case the surface
ratio of the two coexisting phasesh(iSo) derived from AFM images is 64.2:32.8 and matches well
with the initial lipid composition (Fig. 41 E). The membrane with 20% of cholesterol displays a
different morphology having raft domains with a more dendritic shapelagidg characterized by

a higher raft surface coverageh(Lo (57.0:43.0)) compared to the membrane with lower
cholesterol content (Fig. 41 B, F). This ratio can be rationalized assuming that cholesterol is mostly
sequestered by the SM in the solid ordengiaase, increasing its fluidity and promoting a So to Lo
transition [REF]JAssuming the same occupied surface per molecule (which is not exactly true
since since there are not reference values for itteinsic volume of cholesteréf?) we calculatel

the excess surface that is due to 20% cholesterdliced lipid ordering from the relative molar
percentage, finding DOPC/SM+Chol = 54:47, not far from the measured one. Indeed, the entire
volume acupied by the different phases change by changing chol content. The hydrophobicity of

cholesterol (contains only one OH group per molecule), normally screened by sequestering
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adjacent, polar lipids, introduces to the membrane a certain level of viscasitly dynamic
clustering of cheBM aggregates, reducing the rafts height with respect to the fluid, disordered
lipid phase around. This explanation is supported by the 20% decrease of the ak&réigelh)

value (0.9+ 0.2 nm) measured and kife slight increase of the ordered pba roughness when
moving from 5% to 2 chol (Fig. 4D). Finally, lipieraft domains appear more dendritic when
the level ofcholesterol is increased to 2& This is aign of diffusiodimited aggregation, which is

in agreement with the dynamic molecular clustering described above. Further studies are
required to corroborate this hypothesis.

Given the higher flatness of the lipid rafts in correspondence toB@PC/SM66:33) + 5% Chol)
membrane, and since our ultimate goal is to shed light on the interaction of biological relevant
biomolecules with lipigtaft containing membranes through topographic AFM measurements, we

decided from this moment on to use such SLB casitjpm as model systems for further studies.
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Figure41l. AFM images of rafike membranes (DOPC/SM (66:33)h presence of 5% (A) and 20 (B) of cholesterol,
respectively.The membrane with higher cholesterol content shows a higher lipid raft coveratja decrease in thieZ
(LoLh) valuecompared to the membrane with% of cholesterol. AFM measurements were performed in tappioge
in Milli-Q HO at room temperature (GD) Height distribution for 5% chol and 20% chol membrane, respecti&hp)
Lipid phase ratio(GH) Roughness of lipid phases are similar in both membraA&d/ images were collected in

tappingmode inMilli-Q HO at room temperature
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8.2 Stability of SLB iraqueoussolution

Before incubating biomolecules with the prepared membrant® stability of planar lipid
bilayers in Milli-Q HO as a function of time needs to be assessedparticular, | focused on our
most promisingthree component model membranmixture (DOPC/SM 66:33 #4dbcholesterol)
focusing on its structural integrity anoh the possble morphologicalchangesin the coexisting

two lipid phasesfter a prolonged incubation in liquid environmewfter 24 hours iMilli-Q HO,

the membrane maintains almost the 96 of its structural integrity, remaining clean and with very
flat domains Fig. 42)Thetopographicheight variatiorkZ between the2 | ypRas@(h.2+0.3

nm) does not change with respect ofie samevalue of theasprepared membrane (see for
reference the image in Fig. 41), as well as the relative ratio betweemd So phase (66.5:33.5).
However, there is clear @ence for the formation oflefect sites, in the form of damaged areas
(black holes, indicated by red arrows in the AFM images of Fig. 42) which seem to be essentially
located at the level othe Lh phase This phasds usually more prone to destabilizati by
environmental factors, being less packed and less ordered thawritiered domains [REFThe

black circular holes have a depth of 88 nm, which agrees with the extraction of the upper
fluid monolayer from the lipid bilayer membrane. Moreovehetsurface roughness of these
defect sites is 353.225.3 pm which is much higher thalme one ofboth lipid phases (L= 84.4+

5.8 pm, So = 13046.1 pm) (Fig. 42 G). Weaippose that the unfavorable exposure of lipid acyl
chains to water leads to an unstable situation with the lack of an optimal membrane packing and

the consequent increase of the roughness.
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Figure42. AFM topography of a DOPC/SM/Chol model membrane after 24 hoordlilli-Q HO. AFM image of the
membrane surface, 20x2](Df’n2 (A)and a zoom image, 5)15n2 (D), to highlight structural detail§C)The difference of

Defect sites

height betweenthe Lo and . LJKréniiBs constant(F) Relative ratio of _and So is reportedThe bilayer has only
5% of damagsites (B, B Height profiles(G)Roughness of lipid phases and damaged areas are indioaféd.images

were collected in tappingnode inMilli-Q HO at room mperature

Finally, from the comparison between the two images shawRig. 43ve can see that lipid rafts
after 24 h in MiliQ waterform lipid islands of bigger dimensi@nComparative analysis tfie
surface occupied byaft-like domainsat different incubation timeshoweda slight increasafter
24 h in MillkQ water (Fig. 43) After 1 h incubatiorthe membrane is characterized by ordered
domains with area distribution in the range of 0-0D0um®. After 24 h in liquid environment,
the membraneshowsa decrease ofround 80% in thenumber of raftlike islands,with the
domainarea distributed over a broad rangé alues (0.0%5.00pum?), due to domain coalescence

phenomena.
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Figure 43 Coalescence of rafike domains of DOPC/SM (66:33) %% hol (A) Membrane at time Q1 hour) and(B)
membrane at 24 hourin Milli-Q HO with relative ratio of lipid phases (lnd So) and the distribution df-domain
areas. Membrane at 24 hours shows a decrease in the number of raft domains which appéggenfdimension

compared to membrane at time 0.

When tested after a longer time in the same soluti@® hours Fig. 44) one can see that the
membrare further damages becoming extensively discontinuous, leaving lipid membrane patches
on the surface. Thdistribution of heights is still bimodal, but with a broader distribution around
each peak and with average height separatiok #f= 4.1+ 0.8 nm, confirming the presence of a
damaged, not homogeneous membrane made of both lipid bilayers-68.0hm thick) and
monolayer islands (2-3.0 nm thick)It isnow difficult to identify theordered and disorderetipid
phases.This resuldemonstrates that the system is suitable for investigating biological processes
until the 24 hoursin liquid buffer, maintaining a good stability and the original structural

properties.
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Figure44. AFM topography of a DOPC/SM/Chol model membranéea#8 hoursin water solution. (A) AFM image
and (C)distribution of height shows the presence of membrane patcf@s-eight profile. AFM image&ascollected in

tappingmode inMilli-Q HO.

8.3 GMU1distribution on lipid rafts

After the optimizaion of the protocol based on direct vesicle fusion for the production of multi
component SLBs mimicking lipid raft domaihselected the most stablenixture, the DOPC/SM
66:33 + S0 chol, andmoved towards the production of more corgx modek of raft-like
membranes. First, | introduced in the layer a new player, namely the GM1 ganglioside,
biologically relevant molecule directly correlated with lipid refts GM1 is aglycosphingolipid
that is more abundanty expressedin the nervoussystem. Its polar head is formed by a
polysaccharide and by one sialic acid residue, wigfold higher polar surface area with respect
to SM.In cells,GM1 is primarily, but not exclusivelyipcalized in the oute leaflets of plasma
membranes where it is involveid cellcell recognition and signal transduction within caveolae
and lipid rafts ** Moreover, these molecules have a role in several neurodegenerative disease
such as AD, where GMitas been proposed to initiatthe aggregation of amyloid peptides ?*®.
In orderto study GM1distribution into my model systen, | addedtwo different percentages %
and 2.5%) of GML1 tothe initial lipid mixture From these 4 components (DOPC, SM, Chol and
GM1) LUVs | produced then the SLB and used AFM to investigate membrane stability and
structural poperties. In the sample W 1% GM1 (Fig. 459ne can see that the membrane
morphology is very similar to the one with thee lipid components shown for instance in Fig. 41 A.
Two are the main differenceghe appearace of small nanodomains, mostly decorating the
borders of the Sogl &S 006t dzS I NNRga Ay CAIP np .0T GKS
42 A. The nanodomains protrude from the So phase of aBdutm (line profile in Fig. 45). Such
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domairs midht be originating from a phase separation of GEltchol domainsirom the SM
chol areas. The protruding height is consistent with the higher polar surface of GM1 head with

respect to SM.

DOPC/SM (66:33) + 5 % Chol + 1 % GM1
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Figure45. AFM topography oft SLB composed by DOSM/Chol + 26GM1.Blue arrows indicates GM1 nanodomains

on ordered raft domais in AFM image.

In the sample with 2.5% GM1 shown in Fig. 46, the number of nanodomains increases
consistently: mall circular islands of 2060 nm in diameter(as shown in the distribution of
equivalent disc radius values in the lowest panel on thetrigtFig. 46) protruding of aboud.5

2.0 nm from the So phase can be observésh thebiggerSo SMchol rafts these nanodomains

are againmainly distributed at the borderdo indicate a preferential GM1 insertion from So raft
periphery, as can be seentime zoomedin image of Fig. 47From the same imagiis possible to
highlight that even the smaller GM1 domaiwkichat a first glanceseened to be located on 'L
phase, are actuallgurroundedby a small crown of lipids iBo orderedohase further indicating

that the localization of these molecules take places anlthe rafts. AFM imagescquired after

1h, 2h and 3 h respectively show a progressngease ofthe GM1 nanodomainslensity (Fig.

45), especially after 2 h imaginghs phenomenaighlight the possibl@rogressive formation of
GM1-SMchol domainsvhich detach from the SMholSoislandsa 5+ N] K2 f S¢ | NBF ax

in this case, do not seem &volve in size with imaging time.
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Figure 46. AFM topography ofa SLB composed by DOMBI/Chol + 2.5%GM1. Imaging during time shows the

enrichment of richkGM1 nanodomains on rafike domains (& phase). These domains are-260 nm in size and 0:30

nm in height. AFM images were collected in tappingde inMilli-Q HO.
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Figure47. Zoom details ofSLB composed by DOBM/Chol + 2.5%M1.GML1 islands maigllocalize at the borders of

Sodomains(blue arrows) AFM image was collected inpgingmode inMilli-Q HO.
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8.4 LipidatedPrion protein(PrP) insertion into model membranes

Prions are pathogens that cause a group of neurodegenerative transmissible spongiform
encephalopathies (TSEs) also known as prions diseases. Desjpitehitidy heterogeneous
features, these disorders adharacterized by the conversion of the normal cellular prion protein
(PrP) into the toxic scrapie isoform (P¥Pin the central nervous system (CNShe finding of
PrP°as molecular hallmark of allSEs has made it possibledefinitively diagnose prion diseases
at both the pathological and molecular levels. Moreover, the discovery and further
characterization ofPrP° have provided enormous insights into the nature of prions. The
physiological funwons of prions remain still defined. However, several studied have been
revealed that PrPmay play a role in oxidative stress reduction, signal transduction, apoptosis
regulation adehesion of the extracellular matrix and the formation and maintenanaymdpses

2% As discussed in the introduction (paragraph 3.2)“AsPa GRanchored protein that is
predominatly localized in the outer leaflet of the neuronal cell membratie Although the
biological function of Prfhas not been fully understood yet, its membrane attachment via a GPI
anchor seems to be criticalifthe conversion into the pathological Ffgoform, which generates
highly insoluble, toxic aggregates. Several evidences support the idethéhlipid environment

has a key role in prion conversion and propagation, especially the association“afifPritpid

raft domains?®*3%. |n this framework, | was involved IBrof. G. Legnae(SISSA) in collaboration
with Prof. C. F. W. Becker (University of Wienthastudy of the interaction of a lipidateBrion
protein with raftlike artificial model membranes. | tested a fldhgth PrP (residues 2331, FL
PrP) modified with a Gterminal membrane anchor (MA) via a semisynthesis strat&gy |
produced a ternary membrane made by DORZ,(&5:33 in molar rat) with 5% cholesterol and
investigated the ability of FRBrRMA to interact withthis membrane in order to identify the effect

of lipid membrane composition on protein conversion and conformatiiter 1 h of incubation

of the SLB withFl-PrRMA (25nM), AFM analysis in liquid buffer shows the formation of large
protein clusters on Ighly ordered membrane domainsa)Swhereas similarly to the GM1 case,
the fluid phase of membrane is not involvéielg 48) Surprisingly, many raft domaissemnot to

be perturbed by the proteinin contrast with the typical mode of action of several @Rthored
proteins inother model membrane experiments. Several studies have higlddythat these
proteins are characterized by a first insertionthaé borders of highlyordered domains followed

by a diffusionin the central regiorand a final saturation of the surfacd these functional lipid
islands®#3%

The height profilalong the red line in th@x2 um? AFM imaggFig. 48 Bjeveals that the protein
clusters can be associated to the formation and accumulation of oligomers on lipid rafts. The main

results is thatFL-PrRMA is targeted to the ordered domains of the membrane but it is not
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possible to infer whether the interaction is driveby the MA which then promotes the
aggregation of the prionor by an intrinsic protein affinity for the Lo phaae well as thdy the

molecular interaction between PrP molecules

DOPC/SM (66:33) + 5 % Chol + FL-PrP-MA (1 h)
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Figure48. The interaction of FIPrRMA with raft-like model membrane. (AAFM topography of PrP aggregation and
the height profile.(B) Zoom AFM image reveals that the protein forms oligom@itac arrows)that preferentially
accumulate on aft domains (8 phase). AFM images were collected in tappimgde in Milli-Q HO at room

temperature.

Successively, analyged the membrane by AFM after 12of incubationwith FLPrRMA. As we

can see fromhe Fig. 49the membrane undergoes an extensive structural damage characterized
by many areas which can be associated to the extraction of the upper monolagenr® the

depth of these damaged site). However, the two lipid phases are still distinguisiiabéxpected,
bigger size raft domains arpresent as well as protein oligomer clusters. However, the
aggregation seems to have reached an equilibrium because cluster heights are similar to those

found from the membrane after 1 h of protein incubation.
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DOPC/SM (66:33) + 5 % Chol + FL-PrP-MA (12 h)
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Figure 49. The interactionof FL-PrRMA with raft-like model membraneafter 12 hours The membrane is highly

damaged, and oligomer clusters appear of bigger size following the increase in dimension of ligorafisise)

8.5 Discussion

The aplication of direct vesicle fusion method for the preparation of SLBs allowed to perform a
comparative analysis with the dregasting technique in order to explore the potentialities of both
methods for the fabrication o€omplex membrane model system&lthough dropcasting is an
easy and fast technique, the control of lipid composition and morphology is hard to be obtained.
Vesicle fusioninstead shows great advantages in terms of reproducibility, quality ttod
membrane and the possibility to create mddwystems with several lipid components. variance
with drop-casting binary and ternary complexes of high quality were qgaroed with a success
rate of 9®%, showing a very good control of lipid composition and the presence otepdrated
lipid phases.Moreover contaminating residues, which characterize heBsmade via drop
casting, are completelgbsent in membranes produced via vesicle fusiafowing to introduce
further protein components in the membrane anw study the distribution of nanometfri
molecular elements. Anothaelevantquality of SLB produced by direct vesicle fusethatthey
are alwayskeptin liquid buffer, without anypassage througfair, asin the case ofirop-casting.
Theformation of the bilayer at neaphysiological contions ensures to study lipid phase behavior
and lipidbiomolecule interactions without any artifacts caused by thevater transfer. The
investigation of membrane stability in liquid buffer showed that raft domains change their
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morphology over the timeforming domains of progressivelgigger dimensionThis effect was

not present in SLB created from drepsting, highlighting that lipid diffusion, which is responsible
for domain reorganization, is guaranteed only in membranes produced via vesicle fliglong

into account advantages and disadvantages of both metheds, agree with most of the
literature, saying thatvesicle fusiorhas to be considerethe method of choicein membrane
nanotechnology®.

Once created and selected the best rife modelsystems]) complicated furtheithe scenarioby
adding a new molecular componetat the DOPC, SM cholestemmiixture to create a neviilayer.

| first studied the interaction and distribution of GM1 ganglionsides on memlsaSeveral
studies have shown #t GM1 has aelevantrole in many cellular and pathological processes,
such as the segregation and processing of the prion proteins. Therefore, the possibility to exploit a
complex model membrane that includes these functional molecidea promising tol to
investigate biological processes involving lipid raft domains. | predlunembrane characterized

by 1% and 2% molar concentration of GM1 molecules. AFM images showed that GM1 forms
small nanodomains of-2 nm in height which preferentially localizexh ordered domains of
membrane. The distribution was similar for both Gbtincentrations, however at 2% GM1 the
membrane displaya higher density of nanodomaim®mpared to the sample with% GM1This
support the idea thaGM1 at higher concentrationould in somehow modulate the organization

of membrane raft domains.

Then, or the first timein the literature,| tested the ability of lipidateénchor fulllength Prion
protein (FEPrP-MA), a membranebinding protein which in pathological condition®rin
aggregates responsible f@rion diseasgto interact with raftlike model membranesl tested in
particularthe effect of the @erminal membrane anchor (MA) on the activity of the protein and
on membranebindingcapability A great interest in @rminal membrane attachment of PfRvia
GPfanchor has been grawin the last yearsbecause itis the mechanism whickargets the
protein to the extracellular surface of cell membrane and has a presumed role in the conversion
of PrP into the toxic scrapidgsoform which leads to the formation of aggregated species. The
protein was modified by a semigyretic approach which provideseveral advantages over the
other classic strategie¥"*** Exogenous proteins usually expressed in high amount in bacterial
systems lack of podtanslational modifications. This limitations can be overcomepimducing

the protein in insect systemsbut the yield of protein produton is not satisfying. Another
approach consists to the isolation of Gfichor Prfrom neurons but contamination with other
compounds such as lipids and even misfolded®Rdhnot be excluded The advantage of
semisynthetic MA attachment strategy is ththe full-length proteinisin its native conformation
ready for single molecule investigation. Great efforts have been made to monitor the protein

binding and aggregation on membrane of small“Ryéptides by AFM® and scanning tunnel
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microscopy (STMY°but these protein structureslearly are an underestimated representation of
the real protein, anddo not representeither the structure and the activity of the fuléngth
protein . The application of AFM to study the-PtF-MA distribution on raftlike membrane, as
well as, the ra¢ of lipids in the aggregation process, is a smart strategy because it allows to
perform single moleculike analysis at the nanoscale with small amauof protein. AFM
imaging showed that FRrP-MA interacts with lipid raft domains without affecting ehfluid
phase of the bilayer. This could be due to the MA actiwitilich targets the protein to the
ordered islands of membrane. However, formation of aggregated protein clusters wiigtit
resemble oligomer accumulation are observed. Since that the-mt@ecular interactions among
PrP molecules promote the formation oligomers, we cannot exclude that this éffeatised by

the increase of local concentration of the protein on rafts via MA targeting. The concentration of
PrP has been shown to play dedn the aggregation proces’. One study has demonstrated
that full-length recombinant PrP display different behavior accordinthe concentration of the
protein incubated on SLBs made of POR@a(thitoyt2-oleoylsnglycere3-phosphocholine) and
POPS (palmitoy+2-oleoyksnglycere3-phosphol-serine)®®. At high concentration (400 nM) PrP
monomers formed spongkke aggregates of-8 nm in height, whereas at very low concentration

(4 nM) the formation of flat PrP layer of 2 nmheight was observed. In my case the protein was
incubated at intermediated concentration (25 nM) a condition which does not allow to
extrapolate thesingular contribution of MA and protein concentration in the activity of PrP
interacting with the SLBFor that reason, additional experiments at very low-FFE-MA
concentrationwill be performed, tdbetter elucidate the behavior of this lipidatgatotein on raft

like model membranes and gain new insights into the role MA in prion conversion and

aggregatn.

72



9. lIron-mediated interaction of Alpha Synuclein {S) with lipid

raft model membranes

After having studied lipid raft formation in SLBs and their interaction with gangliosides and lipid
tailed proteins, m the third part of mythesisproject | focused on the study of the interactions of
proteins relevantas mediators of neural signaling, as alpha sinucle®), (vith lipid rafts. My
attention was inparticular directed towards the mechanisms ©f aggregation and on the
influence that metals as iron (ll) can haee it. Therole of lipid rafts in the cemntal nervous
systems (CNS) iis fact known to becritical. They are implicated in neuronal signaling, neuronal
cell adhesion and axon guidand® Moreover, the inelvement of lipid rafts in the biological
functions ofh S has beemeported in several worksipid rafts are enriched in both preynaptic

and postsynaptic sites of neurons and play a key role in organizing the synaptic proteins that
modulate the homeostasis of vesicle exocytosis for neurotransrsitieleas ®. In this respect

h S is enriched ahe presynaptic terminals of neurons aiglthought to beocalized on lipid rafts,
where it suppors the correct assembland disassembly of synaptic vesicleg,nteracting with

the SNARE proteirfs®*® Recently, some evidences have shown that iron and other metal ions
canmodulateh Sexpression anghromote in vitro aggregation of S byinducingthe formation of
stable metah S complexgsimpairing theh Sfunction **°%*°. Aggregatef 'S are in fact globally
recognized asone of the key molecular events that contribute to the development and

progression ofeuro-degeneration®?

. Although the structural details as well as the conditions
which inducé Saggregation have not completely understood, it is accepted thetialsfavor this
process®™. Iron in particularis a biological essential element being implicated in the electron
transfer during cellular respiration and as cofactor in the catalysis of enzymatic reactions. At the
same time iron is potentially toxic when is presamtigh concentrations ithe cell. It has been
demonstrated that the total amount of iron increasehygsiologically in the brain with age and
that this fact could be correlated with the oldgeonset of P,

In this context, | wagherefore interested in understanding the effect of iroim promoting
structuralchanges in " Shound to membranesl used AFM to characterize proteaggregatef
wild-type 'S andof a mutant form of hS the A53T responsible for an early stage familiar
developmentof PD and more prone to aggregatiduccessively produced lipid rafsin SLB&y
direct vesicle fusion and investigated the effect of the protegieambraneinteraction before and

after metal treatment.
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9.1 In vitro ironmediated aggregation off S

In order to evaluate the effect of iron (II) in promotittte aggregation of S, performedan in
vitro incubationof 100 pg of 35 uM wild-type h Sin presence of 2 mM FeQalt solution.These
values of concentration for the protein and the metal haveehechosen in accordingith a
previous study ofn vitro aggregation of the protein mediated by metals, merhed by Uversky
and colleague&®.

First, | studied as a referenchetbehaviorof the bare wildtype h'S deposited on mica after 1 h
shaking in MilHQ water at 37° C (see Methddseasuredoy tappingmode AFM imaging in aiAs

can be seen from Fig. 50 fkere is a homogeneous background from which what resemble
sparse protein aggregates protrude. Thorighness of the background is abdiél.7 + 13.4 pm
slightly higher tha the roughness of bare mica measured in the same conditit2& 1{ + 7.3 ph
This is consistent with a mat of naggregated wt S Theglobular aggregatelsaveheights in the
range2-6 nm: the sparse presence of aggregates is clear in the topographic image and in the line
profile reported in Fig. 50-& but it is not evident in the height histogram in Fig. 50 B, due to the
small number of globular proteins. The aggregation in th&e&aprobably caustkby the shaking
step.

Then wth Shas been incubated fot hin the same conditions (MH-H,O at 37° C) but in the
presence ofron, and deposited on mica (Fig. 50 D). AFM images show the formatiglolmilar
aggregatescompatible with protein oligomeric species. The height disttibn of the spots
related tothe protein shows the presence of twoainpopulations of oligomerswith heights of
about 3-4 nmand 7 nm respectively (Fig. ®) (the fitting curve evidences the two Gaussians
distributions of aggregates, peaked at 3 andr). This result confirms the role of iron (ll) ions in

inducingh Saggregation.
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Figure50. AFMcharacterization of the iroamediated aggregation of wildype 1 S. (A), (B), (Ghow respectively AFM
topography, height distribution and height profile of wilghe h' S oligomers after incubation in Mil) HO. (D), E), (F)
represent the same analysis made on wijge ' S oligomers after the treatment with 2 mM FeGA\FM images were

collected in tappingnode in air.

At this point, | repeated the same type of experiments just described to in the case AB8®E S
mutant. The AFM image of Fig. 51 A shows that 1h incubatiokb8fTh Sin Milli-Q HO0 produces

the formation of bright features of-B nm height, compatible with globular protein aggregates, a
situation very similar with the previous experimenttbé wt h S.Even in this case, the presence of

few aggregates over the area of mica is underlined by the AFM topographic image and the line
profile (Fig. 51 A, C). Here, the roughness of the background is 4894t + 11.7 pm1,5fold the

one of mica, posibly indicating the presence of naggregated proteins, not visible in the AFM
topography image. Conversely, iron induces a strong protein aggregation (Fig. 51 D), more

pronounced with respect to the wt S case. Globular aggregates can be classifiedrateip
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oligomers exhibiting a normal distribution with a mean value peaked around 9 nm as highlighted
in the height distribution graph (Fig. 51 F).
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Figure51. AFMcharacterization of the iroamediated aggregation omutant A53Th S.(A), (B), (Cshowrespectively
AFM topography, height distribution and height profilensfitant A53Toligomersafter incubationMilli-Q HO. (D), (E),
(F)represent the same analysis made the mutant AS3T after treatment wit@ mM FeGl AFM images were collected

in tapping-mode in air.

The effect of iron on protein aggregation is very fast: oligomers form already after 1 h incubation,
both in the case of wildype and A53T mutaritS However, the aggregation is more pronounced
for the mutant and is characterized by a larger amount of oligomers with bigger dimensions
compared to the wiletype 'S After this preliminary test, | moved on to study the interaction of

iron with membraneboundh S
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9.2Interaction of monomerich S with lipid raft model membrans

In order to evaluate the effect #fSbhinding to a model lipid bilayer mimicking lipid raft domains, |
produced a planar lipid bilayer composed by DOPC, SM (66:33) and 5% chbfefitaxing the
samerecipe described in paragraph 8At variance with the experiments described in chapter 8,
in which the interaction of the GM1 ganglioside and the lipidated PrPc with lipid rafts,
respectively, were studied, here we removed any preseof metal ions in solution by washing
repeatedly the SBL (prepared from vesicle fusion with 5SmM,Cs€d the protocotlescribed in
Materials and Methods)prior to insert theh S protein. By incubating'S in Milli-Q water at
nominal pH of 7.0in fact,| wanted to discard any possible imduced protein conformation
more prone to aggregationn this way, by starting with almost 100% of the soluble, monomeric,
unstructured confrmation of 'S | could address more precisely the role of Iron (ll) ions in
promotingh S aggregation.

The binding of the protein was monitored vs. time, as previously described, by tapping mode AFM
imaging in liquid environment. This approach allowedavisualize and study submicrometric
raft domains and to investigate the localization of the protein inriatéion with the membrane.
The MIlli-Q waer-washed SBL, imaged in purdllMQ, is shown in Fig 52 A. In analogy with the
image shown in Fig. 44 (chapter 8) correspondinty a membrane with the same composition,
here | observed two phasesparated irheight of 1.2+ 0.2 nm On this membrane, 10Qg of 35

UM wild-type h S(final concentration = 4.AM) was incubated for 1 hour and then the surface was

imaged again by AFM.
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Figure52. AFM topography of lipid raft model membranélhe image shows the topography of artificial lipid bilayer
made by DOPC/SM (66:33 mol:m#lB% cholesterol (mol). The membrane is characterized by the coexistence of the
two lipid phases (Land 9). (A) Surface topography(B)Height profile.(C)Percentage offLand So phase. AFvhages

were acquired in tappingnode inMilli-Q H,O at room tenperature
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The interaction between the monomeric witdpeh { | Y R (Rigko$segnis to involve both

lipid phases, ordered and disordered, with the formation dfedent types of defects in the

membrane structurewhich appearst different topographt heightsn Fig53 B.

The phase which protrudewith about 2 nm from the bottom height of the image can be
attributed to the So phase. In fact, theurface coverage by this phase (2%3 is in good

agreement wih the one of the starting SBL (31.2%). Ttneghness of the domains belonging to

the So phase, however, shows dol increase in the presence of the monomeric protein. The

AFM topographic image indicates the presencearke-like defectsas well as of bright spots (blue

arrows in F 53 A) whichmight be assigned lipidrotein complexes and to proteiaggregates,
respectively hy G KS 2G0§KSNJ KIFIyRTE (GKS [ h LKThatRighS EKA 0 A (
RAFTFSNBEYOS 0Si6SSy (KSa 3 ayobid.anR dd @ddibad calsgdby G KS |
lipid-extraction and/or direct interaction of { A GK GKS 062G02Y -Helixe SNJ 27

conformation parallel to the membrane plane
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Figure53. AFM topography of lipid raft model membrane incubated with monomeric wilghe h { (&) The protein

(4.5 pM) interacts with both lipid phases in different manner. R&f¢ domains (So phase) are characterized by
AYRSYGSR 02NRSNE FyR avlff LINRGSAY | 33aNB3ALGSa 60fdz | NNB S
arrows).(B)Height profile(C)CK I y3S Ay (KS NRdzZaKySaa owlo 2F 2NRSNBR R2YlI )

Image werecollectedin tappingmode inMilli-Q H,O at room temperature

2§ GKSy GSaliSR GUKS AYyuUSNIrOdAzy o0Si6SSy GKS Y
membranes charaerized by the same lipid composition of the previous experiment. Here we
observed a different behavior with respect to the case of siild LIS h { &

Apart from white, aggregated phases, we observe one single type of défket.total area

covered by e hghest, large domains (292) is similar to the original area occupied by the So
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phase before introducing the protein (see Fig. 5Zhe roughness foSo phaseremains
2 AYRAOFGS GKI Gt

AAIYATAOIyGEe GKS &l v$

l.:.l

iKS

occur at the level of So domains. About B 3% of the total membrane area is now covered by

I yS¢ LKIFaSYy gAGK | KSAIKI
5-fold variation & (1 KS N dz3 Ky S Pdints 20Wardi tkeShyppthesisLdKd: péeferential

f 2 6 S NJORthe conbaydai

M

interaction of the A53T mutant protein with the DOPC phase. We can also note the presence of

small white spots (yellow arrow ind= 54A) that could be assigned to protein aggregates. Such

domains are much smaller in siand heighthen the ones seen in Fig. $8nd also with respect

to brighter spots in the same figure).
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Figure54. AFM topography of lipid raft model membrane incubated withonomeric A53T { (®) The protein (4.5

xalb AYGSNI OGa LINBFSNByGALf &

the interaction of the protein with DOPC. No variatimiRa occurs for lipid raftsq®hase). AFNmages were acquired

in tappingmode inMilli-Q H,O at room temperature

0,5

0,4

03

0,2

I 1 I 1

2 3
Offset (um)

HlLa
M So

Membrane Membrane

6 AlK

+ A53T aS

A

yY

G6KS 5ht/ o[h LKIFI&asSoo
distributed and extended (yellow arrowgB)Height profile(C)/ Kl y3S Ay GKS NRdAKySaa

79

owl 0

2



9.3 Interaction ofiron-inducedoligomers oft S with lipid raft model membanes

Ly 2NRSNJ G2 Fraairady | o0A2t23A0Ft NBfSGFryOS (2 i
these aggregated species on model membranes with the same composition as described
previously. Again,A y @S a G A 3dirah §IRolighrKeSnembfaneinteraction by AFM in Mi-Q

water. Here, we observed a totally new scenario. Them average sizglobular aggregates

observed on bare mica ingzi5Q are now coalescing on lipid raft domains, formuigsters of

globular protein aggregates of 2@D0 nm in diameter(Fig. 55A). The AFM zoofim image(Fig.

55 B) shows that the borders of such oligomer clusters have a height value that matches very well

with the height of raft domains, strengthening the hypothesis that the interaction of the protein

cluger with the membrane occurs o phase only. To further support it, we can notice that the
roughness on the two phases does not change (data not sh&@umprisingly, the accumulation of

the oligomers does not involve all lipid raft domains, underlyingporabably cooperative
mechanism which mediate this kind of membram®tein interaction.

¢KS AyOdzol A2y 2F 2t A3I2YSNE 2F GKS Ydisegxid !potc

B). The presence of clusters of aggregated oligomers can be observed also in this case.

Figure55. AFM topography of lipid raft model membrane incubated thiiron-induced oligomers of wild type. (4)

AFMtopographic imagewere acquired in tappingnode inMilli-Q HO at room temperature
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