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Abstract

In this work | applied advanaemicroscopy techniques to stuthemoleculamechanisms
of Us y n u c isyn), the afmylbidogenic protein responsible for Parkinson's disease.

The t oxisymistikely reldted td its interaction with the neuronal membrane. It is
known -syh is foreséht in both the cytosolic and extracellsigace, and it has been
demonstrated that both components have a role in neurodegenerative processes. To study the effect
Usyn on lipid membranes, | used two complex lipid mixtures, preparing lipid bilayers that
modeled the external and internal leaflefsthe neuronal membrane. Exploiting this original
approachl i nv e st i-sgnantyaa onmembraté structure and stability when it presents
in the cytosol or the extr acel-synihmonomericforeme . We
and at diferent concentrations (1 nM, 40 nM, and 200 nM). | used atomic force microscopy (AFM)
in different acquisition modes, and | complemented the results with-QCahd vesicle leakage
experiments.

In a second work, | characterized amyloid aggiegdormed byUsyn applying a
correlative technique based on the coupling between AFM and stimulated emission depletion
(STED) microscopy. In particular, | focused on the definition of the eventual influence that the
presence of fluorescent dye molecutes have on the aggregation process of the peptide. |
demonstrated that the use of a-sipecific labeling method is fundamental to avoid modification

of the aggregation process.
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Introduction

Misfolding can result in the aggregation of soluble proteins into intractable amyloid fibrils.
Regardless of the sequence or the structure of the functional staterotéimes, amyloids possess
aunique and universalcrebs quat ernary structure that-are ab
sheets. This phenomenon is associated with a range of increasingly common human disorders,
including Alzheimer's and Parkinsoniseases, type Il diabetes, and several systemic amyloidosis.

It has been evidenced thdtet toxicity of amyloidogenicproteins islikely relatedto their
interactions withasymmetric neuronal membraneharacterized by thenutually disruptive
structuralperturbations. Membrane surfaggemote the conversion of amyleidrming proteins

into toxic aggregates, and amyloidogenic proteins, in turn, compromisdrtietural integrity of

the cell membranéNowadays, the exact mieanism by which the toxic aggregates cause damage

to the cell is still an open question. New biophysical approaches are fundamental to reveal new
insights into the unraveled mechanism that drive this kind of aggregation.

In this context, several bulk maaements, includingV circular dichroisn{CD), Fourier
transform infrared spectroscopgnd Thioflavin T (ThT) have been done to characterize the
process of aggregation-intro as a function of time. However, high heterogeneity and multi
pathways behawor of the aggregation process limits the application of bulk measurements in
understanding specific parameters related to specific properties of each aggregate present in
solution. Single molecule microscopy techniques, including atomic force microscopy A
electron microscopy (EM)and superesolutionoptical microscopytechniques (SR¥yuch as

stimulated emission depletion (STED) microscdve been extensivelytilized in the last
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decade in the study @holecular mechanism associated with misfolded protein diseasbs
nanoscale

During my PhD, | developed my research career on two main issues: the first issue was
focused on the interaction of monomefigsynuclein ( 9yn), the amyloidogenic prate
responsi bl e f orwitkPraadd lipid smembranes thhi nen@catle ®uter and inner
cellular leaflets, with the aim of investigating h&wsyn may act differently wheit presers in
the cytosol or the extracellular spatbe second issue wthe characterization difie aggregation
process of amyloidogenittsyn by advanced correlative techniques, in particular correlative
AFMTi STED measurements, to the in vitro study of amyloid aggregates formation starting from
monomeric peptideOn one sid, labelfree AFM as a primary technique in the studyofyloid
fibrils and aggregates in vitrenablesthe visualization of molecular dynamics, including the
nucleation rates of fibrillogenesis, as well as mapping the progression of variations in
morphologies, and the development of structural hierarchy, happening near physiological
conditions.On the other sidegptical microscopedased on fluorescence as a mechanism of
contrast can access the local distributiogpafcific molecular species. Theupling between AFM
and superesolved fluorescenamicroscopy solves the resolution mismatch between AFM and
conventionafluorescence optical microscopy.

This thesis is organized in the following way: the first chapter introdueeprttein
misfolding and related diseaséds,n t r o d-sym as mrgamyloidogenic peptide chapter 2, a
brief introduction on cell membrane, lipid compositions and model membranes are provided.
Chapter3 gives an overview of the used microscopy techrsgBpecific attation is focused on th
stimulated emission depletion (STE&)d atomic force microscopy (AFMA brief historical view

on correlative microscopig presente@nd the progress of correlative AFBMTED microscopy
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techniques in biological researshsummarized as welh Chapter, | examined the interactio

of a-synwith supported lipid bilayerthat mimictheinner and outer neuronal membrane leaflets

In Chapter5, afocusing on the results obtained by meansasfelative STERAFM recordings

on Ussyn aggregates have been report€thapter 6 is a short overview on a preliminary, but
promising, study. | characterized insulin fibrils aggregated in vimmfa solution of partially
labeled monomers. | verified that just a part of the fibrils is fluorescent after fibrillation. | applied
transmission electron microscopy (TEM) on amyloid fibrils samples, trying to disclose the

structural diversity between flwescent and nefluorescent aggregates.
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Chapterl

Protein misfolding and related diseases

1.1 Protein folding and protein misfolding

The balance between proper protein folding and protein misfolding defines how
functionally active proteins are produced within the cell. Historically, studies of protein folding
began in the 1950s when several hypotheses, including ribosomal modific#temodynamic
principles, and additional cellular components were raised to identify how proteins fold into their
conformations’. In the late 198s and early 1960s, Christian Anfinsen and his colleagues were
among the first who proposed a theory to understand how proteins fold, a theory that would remain
generally accepted for two decades Anfinsen studied the enzyme Ribonuclease A, known as
RNase, a small protein of about 100 amino acids (a.a) responsible for cleavingstmglied
RNA. He proposed that the proteinds foantme no ac
correct folding of the protein to kinetically find a stable configuration thighowest possible free
energy. Anfinsen was awarded the Noble prize in chemistry for his theory. Tiierssliration
phenomenon was also described for other prst@ivitro, and it became general knowledge that
the proteins spontaneously fold into their c
theory was challenged, in the late 1970s and early 1980s, when bacteria with recombinant genes
were used to marfacture certain proteins on a mass scale. Instead of forming properly folded
proteins, bacterial methods formed aggregates of misfolded proteins, having the same amino acid

sequence but drastically differing structutéqFig 1.1).
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Figure 1.1b Representing transmission electrorcrograplof inclusion bodies (arrowed)
formation in E.coli as an evidence of protein misfolding in viveagefrom 9).

Also, several other discoveries, incladithe trafficking of proteins across membranes,
rai sed questions about spontaneously protein
discovered a protein that assisted the refolding process of proteins that had crossed into the
mitochondria of yast mutant!’. The discovery of these proteins and other organisms
demonstrated: although all the infortioa about protein folding resides within the primary
structure, many large proteins which undergo formation of tertiary or quaternary structures may

require additional help to fold properly. Chaperons are proteins that stabilize partially or
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improperly fdded polypeptides, facilitating correct folding by providing proper
microenvironments, where interactions between a protein and its surroundings favor certain
conformations. They have a large chamber in their center, where unfolded protein chains are
shieded from other unfolded proteins to prevent aggregation. Several types of molecular
chaperons are found in organisms ranging from bacteria to humans. Two major families of
chaperons, including Hsp70 family, and the chaperonins are both well stu@iece a protein is
synthesized ctranslationally on the ribosome, a combination of local andlocal interactions

forms the secondary and tertiary struetirThe primary motifs of protein and the secondary
struct ulmelsi cae-sheed)nfaimed because of hydrogen bond interactions between
amide hydrogens and car thaedy lc esheelsgiahs,doops,lamd a d d i
other structuresan form due to the hydrogen bonds. Tertiary structure is determined primarily by

the interactions of the amino acid sidechains which contribute to hydrogen bonding, disulfide
bridges, and ionic bonding. Tertiary structure is also dependent on the arienfagidechains,

inward and outward, based on their hydrophobicity. These processes happen in a pathway that
mini mizes the resulting free energy.Fgfl,2the p
summarizes a selection of the most important ofahdifferent states from a mechanistic and

biological perspective.
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Figure 1.2 b Pathways of amyloid formation. This includes the formation of-non
amyloidogenic oligomers without crebssheet core, which give rise to the larger ciiosheet
containingoligomers and proceed further to fibriReference from™.

In some circumstanceregardless of the sequence or the strectidithe functional states

of the soluble proteingartially unfolded proteins and protein folding intermediates escape the

guality-control activities of the chaperons and degradative pathways. Protein misfolding does
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occur so that the soluble protein @amvert into nonfunctional and potentially damaging protein
aggregate$?. Proteins, that are not properly folded, often have exposed hydrophobic residues on
their surface, which are normally buried in tregive state, that rendara v i -sheet sbructure, a

process that is often accompanied by an increase in compactness and size. There are different types
of protein aggregates, includirmgnorphousaggregatesharacterizing the initial oligomerand

formation of amyloid fibrils, representing a remarkable manifestation of the multiplicity of
pathways existing in protein aggregation and of the structures and morphologies that can be
generated? Table 1.1lists the proteins and the disorders that have been identified to be associated
with the formation of amyloid fibrils or othéypes of aggregates, respectively

Disease Aggregating protein or peptide

Neurodegenerative diseases

Alzheimer's disease Amyloid [ peptide

Spongiform encephalopathies Prion protein or fragments thereof
Parkinson’s disease a-Synuclein

Dementia with Lewy bodies a-Synuclein

Frontotemporal dementia with Parkinsonism Tau

Amyotrophic lateral sclerosis Superoxide dismutase 1

Huntington’s disease Huntington with polyQ expansion
Spinocerebellar ataxias Ataxins with polyQ expansion
Spinocerebellar ataxia 17 TATA box-binding protein with polyQ expansion
Spinal and bulbar muscular atrophy Androgen receptor with polyQ expansion
Hereditary dentatorubral-pallidoluysian atrophy Atrophin-1 with polyQ expansion

Familial British dementia ABri

Familial Danish dementia ADan

Nonneuropathic systemic amyloidoses

AL amyloidosis Immunoglobulin light chains or fragments
AA amyloidosis Fragments of serum amyloid A protein
Familial Mediterranean fever Fragments of serum amyloid A protein
Senile systemic amyloidosis Wild type transthyretin

Familial amyloidotic polyneuropathy Mutants of transthyretin
Hemodialysis-related amyloidosis P2-microglobulin

ApoAl amyloidosis N-terminal fragment of apolipoprotein Al
ApoAll amyloidosis N-terminal fragment of apolipoprotein All
ApoAlV amyloidosis N-terminal fragment of apolipoprotein AlV
Finnish hereditary amyloidosis Fragments of gelsolin mutants

Lysozyme amyloidosis Mutants of lysozyme

Fibrinogen amyloidosis Variants of fibrinogen a-chain

Icelandic hereditary cerebral amyloid angiopathy Mutant of cystatin C

19



Nonneuropathic localized diseases

Type Il diabetes

Amylin, also called islet amyloid polypeptide (IAPP)

Medullary carcinoma of the thyroid

Calcitonin

Atrial amyloidosis

Atrian natriuretic factor

Hereditary cerebral haemorrhage with amyloidosis

Mutants of amyloid 3 peptide

Pituitary prolactinoma Prolactin
Injection-localized amyloidosis Insulin
Aortic medial amyloidosis Medin

Hereditary lattice corneal dystrophy

Mainly C-terminal fragments of kerato-epithelin

Corneal amyloidosis associated with trichiasis

Lactoferrin

Cataract

v-Crystallins

Calcifying epithelial odontogenic tumors Unknown

Pulmonary alveolar proteinosis Lung surfactant protein C
Inclusion-body myositis Amyloid 3 peptide
Cutaneous lichen amyloidosis Keratins

Table 1.1| human diseases associated with formation of extracellular amyloid deposits or

intracellular inclusions with amyloitike characteristicsifhagemodified from'?).

1.2 Amyloidosis: Amyloid-related disease

Amyloidosis are a group of protein misfolding associated with number of inherited and
inflammatory disorders, characterized by deposition of predominantly extracellular fibrillar
proteins, displaying a specific tinctorial affinity for Congo red and Thiafl& (ThT), result in
tissue damage and function compronis®. Experimental evidence indicate that the aggregates

accumulate almost entirely in the inwa extracellular compartment where the protein normally

resi des. The word

botani st |, was t he f

plant preparations f or

component ¥ Omofhis @aas veadthe use the iodine starch test to study chemical and
anatomical composition of a plant cellriginally described in 1814 by Jean Jacques Colin and
Henri Francois Gaultier de Claubry, this test is based on detection of a blue stain produced in the

reaction of starch with iodine in the presence of sulfuric acid. A German pathologist, Rudolf

starch,

rst

fiamyl i n'® Matthdas @chle@lene & Germaro r d
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Virchow, applied it in the medical literature in 1884 He used the word f@Aamy
some deposits in nervous system which showed the sanrerea@tion with iodine and sulfuric
acid, i.e., a change from brown to blue, typical to starch. Only five yearsilateas discovered
that those deposits were mainly proteinaceous.

Amyloid is not a single entity. Thesgemore tharR0 different proteisthat can aggregate
to form fibrils, and the mechanism of fibrils formation of each of these proteins is différent
These fibrils are highly or de rshedtstactdes, whidnr anc h
resist to degradation of proteolytic enzymes, thereby causing cytotoxicity and diseases.
Amyloidosis can be cladgged as systemic or localized, depending on whether they affect tissues
throughout the body or only in a |limited area
di sease and Parkinsondés disease, i niabetesiicth suc
which deposits form in the pancreas, to systemic conditions, in which deposits can be found in

multiple organs, including the liver and the heart.

1.3 The structure of amyloid aggregates

A common feature of almost all proteconformational diseases is the formation of
amyl oid aggregates ¢ au shelital $trycturd amsl tha bimultanenast i o n
format i esmeet'd%? a T bsheas afe formed between alternating peptide strands.
Linkages between these strands result from hydrogen bonding between their aligned pleated
structures. Hy d r o g e-strarid® mallesthe bystéemiparacalariyptaaSwuch | e | b
b-linkages with a pleated strand between from one molecule being inserted into a pleated sheet of
the next |l ead to hydrogen bond f or mditkagen bet

formation are the presence of a donor peptide sequeredt can adapt a pl eat e
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sheet that can act as an acceptor for the extra sttah®tructural studies of amyloidsasted in

the 1930s using Xay diffraction. In 1935, William Thomas Astbugnd Sylvia Dickinson

described atypical X ay di ffraction patt-onst tFaro ey e ef er
diffraction measurements, it is possible to determine-stieets and intestands distances, which

are 1011 A and 4.7 A, respectivefl}?°(Fig 1.3).

Figure 1.3b (from left to right) Typical Xray fibril diffraction pattern, showing the 4.7
A meridional and 1441 | equatori al reflections *that d
Transmission EI ec-yndibils formedriro @to drpny synthétic péptide
di ssol ved i n wa-byafibrils. Z rAngeMn AFkhengge: 2% nm.U
A typical crossb s tsqr@ndary structure, in parallel or apdirallel way, models the core
structure of each filaments whose strands are perpendicular to fibril axis. A typical fibril consists of
two to seven protfilaments unbranched, twisted like a rope aarhollow cavity, with an average
diameter of 7.510 nm determined through AFM and electron microscopy (EM) measureffiénts
addition, advances micro-crystallographic techniques have confirmed that many peptides, regardless
of their sequence, adopt the characteristicebossp at t e r n i ?hTheé dpiee ofthelamyloidl st a't

fibril contains dry stericziper 6 s st r uct u{cenplénemtamnpeqliende®, suggestimgl f

that amyloid diseases are similar not only on the fibril level but also on the molewel?.
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The kinetics of fibrillization can be investigated with Thiofladif{ThT) assay, Congo red
(CR), or their derivaves, which are thought to form ordered arrays along the lengths of the fibrils
that give rise to specific spectral respon$e€d ThT associates withcrofs st ruct ur e of
fibrils because of the rotational immobilization of the centraC®ond which connés the
benzothiazole and aniline ring$ changing its absorption/emission spectrum from 385 nm (free
dye absorption)/ 445 nm (free dye absorption) to 450 nm/ 482 nm. Since this variation only
depends o the aggregated state and not on the interaction with monomeric or dimeric peptides,
fluorescence signal at the new emission wavelength is a direct measurement of fibril formation.
Amyloid peptides aggregate in vitro following a nucleatmiymerizationprocess®® (Fig 1.4),
starting from a solution of soluble monomeric. In this initial condition, the aggregation process is not
thermodynamically favored, a lag phase is observed,tlamgroteinmust overcome a significant

energy barrier.

Nucleation phase Elongation phase

Unfolded state ndary

“‘«Wr@ ;
Y
@/ ¥

Nanve state

ThT fluorescence
s|uqy projAwy
[P1o]Awy]

Conformational
change

Fragmentation

Time —>
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Figure 1.4b Depiction of the nucleation polymerization pathway for amyloid
fibrillogenesis (adapted from referenty

At the onset of the fibrillation process, early aggregates are distinguished as an oligomeric
protein with a diameter of 2.5.0 nm, as confirmed by AFM. After the generation of a critical
oligomeric nucleus, protofildg, displaying the characteristic amyloid structure, start forming. The
formation of amyloid fibrils is not the only pathogenic form of amyloid deposition; these species
follow different possible pathways. They frequently associate with each other idtbkeeehains
or small annular rings, acting as precursors for the formation of extremely organized amyloids
such as longer protofilaments and eventually generating mature fibrils. Kinetics is extremely fast
during fibril elongation phase since the presert fibrillar templates promotes the quick
incorporation of amyloidogenic monomers. This cooperative phase is followed by a plateau, which
indicates that all the material in solution displays a fibrillar form. Amyloid aggregates
corresponding to each plea®f the kinetics can be characterized using different techniques,

including Atomic Force Microscopsf>3¢

1.4 Par ki n ¢PDaddselated motenss e

Par ki ns o nmnsdhe sedand mastscemmon neurodegenerative disorder characterized
by the loss of dopaminergic neurons in the brain ¢éli¥he major symptoms include muscle
rigidity, tremorat rest, abnormal speech, and &aiThe symptoms can be relieved, but the disease
itself cannot be completely cured. Il n the Pa
located in the substantia nigia Presynaptic terminals release dopamine, a neurotransthéter
signals the part of the brain that controls movement and coordination, from compartments known

as synaptic vesicles. Although the exact cause has not well understood yet, it has been observed
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Figure 1.5 b the image represents Lewy bodies and Lewy neurites, staiteda
polycl onal ant i bsgnddgeindmino acds 18685,iasylestatia sigra otla PD
patient (20 x magnification). The arrows point toward Lewy bodies, and the arrowhead points
toward a Lewy neurite. Scale bar: 50 &m. Phot
ASynucl einopathiesodo i s ah neueodegenepative diskasdse r m,
w h e r-sgnplays a key role, have no known cure but incorporate diseases such as Lewy bodies
dementia, multiple syst enmlalthaughmany & these diseades Pa r k
are associated with different genetic lesions, the hallmark sign thanesittie disease, formation
of Lewy bodies and Lewy Neurites, is common to allgpeucleopathie®’ (Fig 1.5) The name

synuclein points at the fact that antibodies for protein label both synapses andUisyiteis a

small protein that is abumadt in the human brain, found mainly at the tips of nerve cells (neurons)
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in specialized structures called presynaptic terminals and interacts with phospholipids and proteins
42 Although its function has not been elucidated completely, it is thought to be involved in different
processes®™, including synaptic vesicles trafficking, chaperone activity for neurotransmitter
release*®, and it has been proposed to promote dilation of the exocytotic fusion*pore
Aggregation ofa-syn into cross fibrillar structures is related to neurodegenerative disorders
Through hydrophobic interactionschoovalent modifications, including truncations, nitration, and
phosphorylation, the monomers can aggregate and form dimers which is stabilized Hy cross
structureslJsyn can also form rintike oligomers structures in vitro which can interact with the
membrane, allowing abnormal calcium influx leading to cell déatfihese misfolded structures

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

neurodegeneratidf.

1.4.1Alpha-synuclein (J-syn) structure

The h usymmproteilis a sequence of 140 amino acids that are subdivided into three
partially overlapping regions: f¢rminal lipidbinding region, noramyloid b component, and
carboxyl Gterminal®® (Fig 1.6).Us yn can be -pelixetsueturein agssciation with
phospholipids (lipiebinding region) oan unfolded conformation in the cytosol, suggesting that it
plays specific roles in different cellular locations based on its dynamic strefttlibe N terminus
is a positively charged domain, including residuég9land it is rich in lysine. It also contains a
consensus sequence of KTKEGivhperfectly repeated throughout the sequence, enabling the
formation of an amphipathic helix upon interaction with lipid membr&hes It has been object
of debate whether the main physiological soluble formafyn is a tetramerstabilized by

KTKEGV repeat motif$*°5 or a monomet®, but there is consensus on the involvement of the
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monomer in the early

steps of

-pebxtcdnformatigns af a |

t h esynlepend on membrane curvatdfeln addition,in the random coil conformation, a

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

a short helix, rigidly bound to the membrane and comprising only the first 25 residues.
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The rest of the Nerminal region in an unstructured conformation weakly interacts with

the membrané®. Pathologic mutations af-syn (A30P, E46K, and A53T) associated witie

early development of PD are all located in théeNninal region, suggesting a central roleaef

synmembrane interactto i n

identified as the naAbc o mponent

Par ki
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n®¢ dhe Geentrald NAS edansai@ (originally

Al zhe

i mer 0s

composed of residues b, and it is involved in protein aggregation wtitle formation of cross

b structuré®»®2 The hydrophobicity is what allows the protein to-ssi§ociate and aggregate into
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crosshb structures. It is also found that delesoor mutations within this motif would decrease
oligomerization and fibrogenesis in vitro. The rest of the protein residues is in the disordered C
terminus. This domain is highly acidic and negatively charged. fheeG mi nal -gymisnai n o
present in aandom coil structure due to its low hydrophobicity and high net negative ciarge

One important residue to point out in this domain is serine129 which can be phosphorylated by
POK2 (polalike kinase2). Studies have shown that arttibs against)syn phosphorylated at

serine129 are indicators of Lewy pathologitésPhosphorylation alters the hydrophobicity and

further increases the chances of aggregation. This may be a causal eventiEpdsition otk

syn, given the fact that 90% Ofsyn deposited in Lewy bodies consists of phosphorylated serine.
Although not fully proven, it is suggested that the C termisusvolved in regulating nuclear

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

43,65

1.4.2U-syn cytotoxicity

Many in vitro and i n vi v o -symyaghelogy suehnas a | m ¢
oligomerization, toxicity and more recently neuronal propagation have been generated over the
years. In particular, cellular models have been crucial for deep comprehengierpathogenic
process of the disease and are benefieynal for
toxicity. The ability of Usyn to bind phospholipid membranes and fatty acids has been well
documented and is presumably necessary for theiprot@é s f uncti on i n regul a
trafficking 5%6%67 The toxicity of Usyn is likely related to its interaction with the asymmetric
neuronal membran&Vithin this scenario, pathological states may result from alterations of protein

folding as well as imbalance of cellular lipid homeostasis, the two factors being closely
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interconnectedT he i ncr e as e dsympto ondeego sggregatioroif theUpresence of
membranes versus in solution could be because théimensional surface of the lipid bilayer
increases the probability of molecular interactions needed for oligratieni®®®® It has also been

o b s e r v esgn exhibits &in ekhanced propensity to form high molecudgghvaggregates in

the presence of polyunsaturated fatty aétdé Membraneé n d u esyndggrggation may play

a role in neurodegeneration Igiggering membrane thinning, a process that could result in
increased ion permeabilitf>*727% | t has b esymintesabhtomore favobrabivith U
negatively charged lipids, and the key role of electrostatics has been demonstrated by modulating
the interaction with different ionic strengths or competing chafyes low lipid/protein ratios,
negatively <charged membr ane s-syrehyHaxauring prateme agg
recruitment at the membrane surface, providing nucleation sites. Increasing the lipid/protein ratio
usual | y-synadyredation dsie tdJa tetion of the amount of free monomer available for
aggregation, as the protein is mainly bound to the membrane infatibal state’>. However,

some cases in which aggregatisrenhanced at high lipid/protein ratios have also been reported

52 and it has been suggested that aggregates can form on the membrane and then dissociate from
the membranesurfaé® | wi I | describe more in desyail the

and cell membranie chapter 4

29



Chapter 2

Cell membrane

The biological plasma membrane is a flexildemipermeable membrane that surrounds

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

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

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

plasma membrane is the lipid bilayer, a thinl(b nm) membkane made of a double layer of

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

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

significantly different among diéfrent cell types, are other important components of the memt§rane

outer face 3 hydrophilic (polar) head

... hydrophobic
% t phospholipid (nonpola)
o fatty acid tail

integral (intrinsic) proteins peripheral (extrinsic) protein

inner face © 2007 Encyclopadia Britannica, Inc.

Figure 2.1b Schematic representation of plasma membrane (fEoayclopadia
Britannica, Inc.2007).
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Membrane proteins can be classed as peripheral, or integral. Peripheral proteins sit on the
inner or outer surface of the plasma membrane, attached to the polar heads of the phospholipids.
Integral proteins span the wle plasma membrane and are firmly anchored between the fatty acid
tails arranged in ah-helix. They are key to another property of the plasma membrane, its
permeability. The transport of ions and large uncharged polar molecules is facilitated by integral
proteins such as selective ion channel proteins, carrier proteins, and receptor proteins which can
be passive or active, depending on whether they require cellular energy. This selective
permeability allows the plasma membrane to regulate what enteegigsithe cell. Moreover, the
fluidity of the membrane is vital for providing structural support to the cell and permitting
movement. Membrane fluidity is what allows the insertion of membrane proteins within the lipid
bilayer. In 1972, Singer and Nicolsenggested the fluid mosaic model of the membrane structure
based on thermodynamic principles of organization of the membrane lipids and pfot&ims
main drawback of this model was that it did not consider an asymmetry and lateral mobility of
proteins or lipids within the membrane matrix. However, further woskeycame the drawbacks
of the fluid mosaic model and led to the introductiorpbéseseparated lipid domains, with a
mean size between 1@00 nm, enriched in sphingolipids and steraddled lipid rafts®% 2, Lipid
rafts are strongly relatieto the high heterogeneity of membrane lipids, which can coexist in
different lipid phases, ordered and disordered liquid phases kndwmadL 4, respectivelyThey
differ in composition and physical properties from the surrounding regions and agétttmbave an

important role in many cellular processes, such as cell signaling and protein traffit¥iigig 2.2).
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Figure 2.2b Membrane raft structure. Lipid rafts are composed of cholesterol, saturated
phospholipids,and sphingolipids, such as glycolipids and sphingomyelin (SM)-g@étored
proteins and lipidated especially palmitoylatedgroteins have a higher affinity foplid rafts than
nontlipid rafts (Image from®)

Although the concepof lipid rafts was proposed more than twenty years®affF® adirect
observation of these structures in the plasma membrane is still missing, likely due to the challenging
technological issues imposed by their small $izeandto their possible transient nature. Indirect
evidences of the presence of distinct lipid phase domains were deovedifigle particle tracking
experiment§® %3 and from the evidence of lipid rafts resistance to-iomic detergents such as Triton
X-100 or BRE98, when used at low temperatures, provided the hypothesize that the lipid rafts can be
extractedfrom the plasma membrarfg®* 6. When such a detergent is added to the cells, the fluid
membrane will dissolve while the lipid rafts may remain intact and could bectdréFig 2.3).
However, the validity of the detergent resistant methodology of membranes still is an open question
due to complex behavior of the lipids and proteins within the membrane -dduaifponent model
systems can thus be used to reproduce rativiehin a scale which is suitable for mostiivitro

investigation techniques.
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