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Abstract

Polarity is a fundamental feature of almost all cells. It generally refers to the asymmetric or-
ganization of several cellular components. The plasma membrane, for example, exhibits both
a transbilayer and a lateral asymmetry in most eukaryotic cells. Lipids are asymmetrically
distributed between the cytoplasmic and the extracellular leaflet of the membrane and seg-
regate laterally together with specific proteins to form dynamic nanoscale assemblies, known
as rafts. Polarity can also specifically describe the asymmetric distribution of key molecules
within a cell. These molecules, known as polarity determinants, can orient a multitude of
specialized cellular functions, such as cell shape, cell division and fate determination.

In the framework of this thesis, we aimed to reconstitute essential features of membrane
unmixing and cell polarity with a “bottom-up” synthetic biology approach. We worked with
both: pure lipid systems, whose unmixing is driven by the asymmetric distribution of lipids
in the two leaflets, and a lipid-protein system, whose polarization is instead due to reaction-
diffusion mechanisms. In both cases, we used Giant Unilamellar Vesicles (GUVs) and Sup-
ported Lipid Bilayers (SLBs) to model biological membranes and employed modern biophys-
ical techniques, such as fluorescence correlation spectroscopy, to quantitatively characterize
lipid bilayers and protein-lipid interactions.

In the pure lipid systems, we first reconstituted membrane transbilayer asymmetry, ap-
plying a cyclodextrin-mediated lipid exchange method, which enables us to enrich membranes
with lipids of choice. The enrichment of the membrane with sphingomyelin and/or choles-
terol triggers the segregation of lipids into two coexisting asymmetric phases both in SLBs and
GUVs, whereas exchanging different amounts of phosphatidylglycerol with the outer leaflet
of the GUV membranes controls vesicle shape. Tuning the lipid content of model membranes
revealed that small changes in the composition of one leaflet affect the overall lipid miscibility
of the bilayer and that membrane shape transformations are possible also in absence of a
protein machinery and as a consequence of the lipid redistribution in the membrane.

In the protein-lipid system, we aimed to reconstitute a minimal polarization system in-
spired by the C. elegans embryo at one-cell stage, which polarize along the anterior-posterior
axis by sorting the PARtitioning defective (PAR) proteins into two distinct cortical domains.
In this system polarity is maintained by the mutual inhibition between anterior (aPARs:
PAR-3, PAR-6 and PKC-3) and posterior (pPARs: PAR-1, PAR-2 and LGL-1) PARs, which
reciprocally antagonize their binding to the cortex, mutually excluding each other. We focused
on LGL-1, which acts directly on PAR-6. Submitting LGL-1 to model membranes allowed us
to identify a conserved region of the protein that binds negatively-charged membranes and
to determine its lipid binding affinity and specificity. Selected LGL-1 mutants were then gen-
erated to better understand the electrostatic mechanism involved in the membrane binding.
LGL-1 was finally combined with PKC-3 to generate a functional membrane binding switch.






Zusammenfassung

Polaritat ist eine Grundeigenschaft fast aller Zellen und bezeichnet die asymmetrische Organ-
isation verschiedener zelluldrer Bestandteile. Zum Beispiel besitzt die Zellmembran bei den
meisten eukaryotischen Zellen sowohl eine Asymmetrie zwischen als auch innerhalb der Lipid-
schichten. Das heifit, Lipide sind asymmetrisch in der zytoplasmatischen und der extrazel-
luldren Lipidschicht der Membran verteilt und bilden zusammen mit spezifischen Proteinen
auf lateraler Ebene dynamisch-geordnete Nanostrukturen, sogenannte Lipid Rafts.

Polaritat kann zudem die asymmetrische Verteilung bestimmter Schliisselmolekiile inner-
halb einer Zelle beschreiben. Diese als Polaritatsdeterminanten bekannten Molekiile bedin-
gen eine Vielfalt spezieller Zellfunktionen so wie z.B. Zellform, Zellteilung und Zellschicksal.
Diese Arbeit versucht wesentliche Eigenschaften von Zell- und Membranpolaritédt mit Hilfe
des sogenannten “Bottom-up”-Ansatzes (“von unten nach oben”) der synthetischen Biolo-
gie nachzubilden. Es wurden zwei Systeme etabliert, um Polarisation mit Minimalsyste-
men zu reproduzieren. Zum einen reine Lipidsysteme, deren Polarisation durch die asym-
metrische Verteilung von Lipiden in den zwei Lipidschichten entsteht, zum anderen Lipid-
Proteinsysteme, deren Polarisation sich stattdessen aus Reaktions-Diffusions Mechanismen
herleitet. In beiden Fallen wurden Riesenvesikel (GUVs) sowie gestiitzte Lipiddoppelschichten
(SLBs) fiir die Modellierung biologischer Membranen verwendet und moderne biophysikalische
Techniken, wie die Fluoreszenz-Korrelations-Spektroskopie, fiir eine quantitative Charakter-
isierung von Lipiddoppelschichten und Protein-Lipid Interaktionen angewendet.

Um die Asymmetrie der Membrandoppelschicht in reinen Lipidsystemen zu rekonstru-
ieren, wurde eine Anreicherung einer der Lipidschichten der Membran mit den gewiinschten
Lipiden durch Anwendung eines mit Cyclodextrin kontrollierten Lipidaustauschprotokolls
vorgenommen. Die Anreicherung der Membran mit Sphingomyelin und/oder Cholesterol
induzierte die Aufteilung der Lipide in zwei koexistierende, asymmetrische Phasen sowohl in
SLBs als auch GUVs. Die Vesikelform hingegen wurde durch den Austausch verschiedener
Mengen Phosphatdylglycerol in der dusseren Lipidschicht der GUV-Membranen verdndert.
Eine Anpassung des Lipidgehaltes von Membranen im Modellsystem zeigte, dass kleine
Anderungen in der Zusammensetzung einer Lipidschicht die Mischbarkeit der Lipide der Dop-
pelschicht beeinflusst und dass Formverdnderungen der Membran, selbst in Abwesenheit eines
Proteingeriistes, als Konsequenz einer Lipidumverteilung in der Membran moglich sind.

Im Protein-Lipid System wurde die Nachbildung eines Minimalpolarisationssystems
angestrebt, wie man es beim C. elegans Embryo im Einzellstadium beobachten kann. Dieser
wird durch Anordnung der PARtitioning defective (PAR) Proteine in zwei unterschiedliche
kortikale Bereiche entlang der Vorder-Hinterachse polarisiert. In dem PAR-System wird die
Polaritit durch gegenseitige Inhibition der vorderen (aPARs: PAR-3, PAR-6 und PKC-3) und
hinteren (pPARs: PAR-1, PAR-2 und LGL-1) PAR-Proteine aufrechterhalten. Diese hem-
men die gegenseitige Bindung an den Kortex. Da LGL-1 direkt auf PAR-6 einwirkt, wurde es
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als potentielles Schiisselmolekiil der Zellpolarization in kiinstlichen Membranen rekonstruiert.
Durch Rekonstruktion von LGL-1 in Membranmodellen konnte die konservierte Region des
Proteins, die mit negativ geladenen Membranen interagiert, sowie dessen Bindungsaffinitat
und -Spezifitat gegeniiber Lipiden quantitativ gemessen werden. Darauf folgend wurden LGL-
1 Mutationen hergestellt, um die bei der Membranbindung auftretenden elektrostatischen
Mechanismen besser zu verstehen. Zuletzt wurden LGL-1 und PKC-3 kombiniert, um die
Membranbindung von LGL-1 reproduzierbar zu inhibieren.
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INTRODUCTION






Chapter 1

Introduction

1.1 Relevance of polarity for living systems

Polarity is a fundamental feature of almost all cells [1], it generally refers to the asymmetric
spatial organization of several cellular components, including cytoskeleton, cellular organelles,
and plasma membrane [2]. The plasma membrane, for example, exhibits both a transbilayer
and a lateral asymmetry in most eukaryotic cells. Lipids are asymmetrically distributed be-
tween the cytoplasmic and the extracellular leaflet of the membrane (Figure 1.1, A), with Sph-
ingoMyelin (SM) being enriched in the extracellular leaflet and PhosphatidylEthanolamine
(PE) and PhosphatidylSerine (PS) in the cytoplasmic one. In cells transbilayer asymmetry
results from the movement of selected lipids across the bilayer. At least three mechanisms
to exchange lipids between leaflets are known: (1) spontaneous lipid transbilayer movement,
whose rate is determined by the biophysical properties of both the lipid and the membrane; (2)
ATP-independent protein-mediated transbilayer movement, which can be lipid selective, but
cannot move lipids against gradient. (3) ATP-dependent protein-mediated lipid translocation,
which is lipid-selective and can move lipids against gradient upon ATP hydrolysis [3]. At the
same time, lipids segregate laterally in the membrane and form dynamic nanoscale assemblies
together with specific proteins (Figure 1.1, B). Those assemblies, also known as rafts, are rich
in sterols and sphingolipids and are responsible for membrane subcompartmentalization and
functions such as trafficking, endocytosis and signaling [4].

Polarity can also specifically describes the asymmetric distribution of key molecules within
the cell [5]. These molecules, known as polarity determinants or regulators, are essential
for polarity and can orient a multitude of specialized cellular functions, such as cell shape,
cell adhesion and migration, the uptake and release of molecules, and cell division and fate
determination [1]. Examples of model cells and organisms to study polarity are:

Epithelial cells show an apical-basal polarization pattern with four distinct cortical do-
mains: the apical domain, the Tight Junction (TJ), the Adherens Junction (AJ), and
the basolateral domain (Figure 1.2, A). This polarized organization allows epithelial
cells to arrange in sheets, which function as barriers between compartments and to
regulate the transport of molecules between them [6].

Motile cells assume an elongated morphology (Figure 1.2, B) and relocate selected proteins
or restrict their activities either to the leading or lagging edge [7]. This polarized



4 1. Introduction

Figure 1.1 — Membrane transbilayer and lateral asymmetry. [A] SM is enriched in the extracellular
leaflet, whereas PE and PS in the cytoplasmic leaflet. [B] Lipids segregate laterally in the membrane
and form dynamic nanoscale assemblies rich in sterols and sphingolipids known as rafts.

distribution allows motile cells to generate a distinct front and back and thus to move
in one direction [5].

Neurons polarize by forming a single axon and multiple dendrites [8], which are radically
different in morphology, signaling properties, cytoskeletal organization, and physiolog-
ical function [9] (Figure 1.2, C). This polarization provides neurons with specialized
domains for either receiving (dendrites) or transmitting (axons) cellular signals, thus
allowing neural activities [9].

The budding yeast Saccharomyces cerevisiae breaks symmetry to switch from isotropic
growth to growth along a polarized axis in order to enter the mitotic cell cycle and
grow a bud or to form a mating projection (shmoo) toward a cell of the opposite mating
type [10] (Figure 1.2, D).

The soil nematode Caenorhabditis elegans at one-cell stage polarizes along the anterior-
posterior axis by sorting polarity determinants, the PARtitioning defective (PAR) pro-
teins, into distinct cortical domains [11] (Figure 1.2, E). The posterior PARs (pPARs)
(pPARs: PAR-1, PAR-2 and LGL-1) localize to the posterior pole where the fertilizing
spermatozoan entered the oocyte [12, 13, 14, 15], whereas the anterior PARs (aPARs)
(aPARs: PAR-3, PAR-6 and PKC-3) localize to the opposite anterior pole [16, 17, 18].
This polarized distribution allows the C. elegans embryo to undergo asymmetric cell
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division, thus generating two daughter cells that inherit distinct molecular components
and, ultimately, distinct fates [5].
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Figure 1.2 — Examples of cell polarity in model cells and organisms: [A] epithelial cells (adapted
from Coradini and colleagues [19]), [B] a motile cell (adapted from Cramer [20]), [C] a neuron
(adapted from http://www.med.nagoya-u.ac.jp/Yakuri/projects_e/projects_e03.htm), [D] the
budding yeast S. cerevisiae (adapted from Mogilner and colleagues [21]), and [E] the C. elegans
embryo at one-cell stage (adapted from Seydoux [22]).

The importance of polarity for living systems is emphasized by the close connection be-
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tween its loss and tumor formation and development [23, 24, 25]. The first tumor suppressor
gene discovered and described in the modern scientific literature was in fact a polarity reg-
ulator, the Drosophila Lethal (2) Giant Larvae (LGL). Loss of LGL causes massive tissue
disorganization, tumor-like growth and lethal phenotypes in several organisms. At the cel-
lular level it leads to disruption of cell polarity, failure of asymmetric cell division, and thus
loss of proper cell fate determination [26].

Tracing back the discoveries that led to the current understanding of polarity, one realizes
that multiple research approaches were necessary and contributed synergically to unravel
the cell biological roles and working mechanisms of polarity determinants. The polarity
determinants of the C. elegnas embryo, for example, were discovered by genetic analysis, which
also provided first indications about their corresponding protein functions. Following gene
cloning and sequence analyses provided details about protein domains whereas cell biology
approaches and biochemical investigations shedded light on both protein cell localization and
interactions [27]. At the same time, models characterized by different levels of biological detail
and mathematical complexity were developed and started to play an increasingly important
role in the discovery of polarity mechanisms [21]. In particular the combination of computer
modeling and experimental testing, the so called experiment-theory feedback loop appears to
be an extremely powerful tool.

Besides individual differences of each system, the distribution of polarity determinants
could be mathematically described with reaction-diffusion models. In a reaction-diffusion
system, pattern formation arises by the interaction of two components with different diffusion
rates [28]: a slowly diffusing “activator” and a rapidly diffusing“inhibitor”. Gierer and Mein-
hardt specified that pattern formation is possible only if a locally restricted self-enhancing
reaction is coupled with a long-ranging antagonistic reaction [29]. In these conditions a ho-
mogeneous distribution of the two components is unstable and any random fluctuation can
initiate pattern formation. There are different conceivable ways to satisfy these general re-
quirements for pattern formation within a cell [30]: the self-enhancing reaction can take place
at the membrane in the form of a cooperative binding of one component to the membrane or
of a mutual exclusion of the two components from the membrane; the antagonistic reaction
on the other hand must spread more rapidly within the cytoplasm in the form of a depletion
of or an equilibrium with the unbound molecules (Figure 1.3, A-B).

Recently, a synthetic biology approach was presented as an alternative and complementary
strategy to investigate polarity. Chau and colleagues engineered an artificial polarization
circuit that produces phosphatidylinositol (3,4,5)-trisphosphate poles when expressed in yeast,
demonstrating that it is possible to design a polarizing system from scratch and that synthetic
biology could potentially reveal the design principles of polarity [5].

1.2 Bottom-up synthetic biology: a viable approach to under-
stand polarity

Reconstituting essential features of polarity with a minimal set of physically controllable
molecules represents a parallel and viable approach to understand polarity. This strategy,
also known as “bottom-up”, belongs to the large and heterogeneous field of synthetic biology,
whose different streams were attemptively categorized in five interconnected branches [31,
32]: bio-engineering, synthetic genomics, unnatural molecular biology, protocell, and in silico
(Figure 1.5).
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Figure 1.3 — Sorting of polarity determinants within a cell. [A] Simulations showed that two
polarity determinants (red and green) can sort into distinct cortical domains within a cell. [B] In this
model, both molecules are assumed to aggregate at the membrane, but their aggregation is mutually
exclusive (locally restricted self-enhancing reaction). At the same time, any aggregation at the
membrane reduces the number of monomers dispersed in the cytoplasm (long-ranging antagonistic
reaction) (adapted from Meinhardt [30]).

Bio-engineering, synthetic genomics and unnatural molecular biology work all at the ge-
netic level, either to integrate designed genetic circuits in a cell [33], to replace the natural
genome with a minimal chemically-synthesized one [34], or to develop new types of nucleic
acid and genetic codes [35]. On the other hand, the protocell branch of synthetic biology aims
to construct a synthetic cell that shows the minimal and sufficient structural conditions for
life [36], either incorporating a minimal and sufficient amount of existing macromolecules into
liposomes (protocell “top down” approach), or building more and more complex biological
structures from very simple molecules with prebiotic reactions. The interest of in silico syn-
thetic biology, instead, crosses all other branches, providing them with computational models,
e.g. for the design of standard biological components or synthetic circuits [31].

Although the “bottom-up” approach could be assimilated to the protocell “top down”
approach and shares with it the common ultimate goal of designing a minimal cell [37, 38|,
the originating scientific disciplines as well as the techniques and strategies used to achieve
this goal differ significantly. “Bottom-up” synthetic biology originates from biophysics and
quantitative biology, from which it inherited the reductionist and quantitative nature, and
aims to understand a biological system identifying the smallest functional unit that repro-
duce the essential features of the system, and at the same time can also be quantitatively
understood and technically mastered [37]. Several biological functions, such as cytokeletal
rearrangements, protein-driven membrane transformations, and circadian oscillations were
already successfully reconstituted in in vitro systems of reduced complexity [37]. Among
those systems, the reconstitution of actin comet tails (Figure 1.5) perfectly exemplifies the
“bottom-up” synthetic biology approach and demonstrates that it is indeed possible to re-
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Figure 1.4 — Categorization of the synthetic biology approaches. Synthetic biology comprises five
interconnected branches: bio-engineering, synthetic genomics, unnatural molecular biology, bottom-
up/protocell, and in silico (adapted from Deplazes [31]).

constitute polarization events with a small and well-characterized sets of molecules, and by
doing this to learn more about the fundamental requirements of the system.

Actin comet tails are cylindrical structures made of a large number of short actin fila-
ments cross-linked together in a dendritic meshwork [43]; they are formed by several intra-
cytoplasmic pathogens (e.g. Listeria monocytogenes, Shigella flexneri, and Rickettsia spp.)
to move rapidly through the host cell. This network of cross-linked actin filaments can be
stripped down to five key components: (1) actin, (2) Actin-Related-Protein 2 and 3 com-
plex (Arp2/3), which nucleates branched actin networks, (2) a Nucleation Promoting Fac-
tor (NPF), such as the Wiskott-Aldrich Syndrome protein (WASp) or the Actin assembly-
inducing protein (ActA), which recruits and activates Arp2/3, (4) an Actin Depolymerizing
Factor (ADF)/Cofilin, which disassembles actin filaments, and (5) a capping protein, which
prevents the further growth of actin filaments by capping their barbed ends [44, 42]. When
NPFs are bound to the surface of bacteria (Figure 1.5, A) [39], immobilized on plastic beads
(Figure 1.5, B) [40] or anchored on phospholipids vesicles (Figure 1.5, C) [41, 45], in presence
of the other four components, the actin filaments polymerize allover their surface forming
a homogeneous cloud. The actin-coated particles do not move at first, the actin cloud gets
eventually polarized resulting in a directed movement of the particle (Figure 1.6, D). This
symmetry breaking in the polymerization of the actin filaments is thought to be a consequence
of the stochastic variation in actin filament polymerization and crosslinking dynamics in the
cloud surrounding the particle. Random local fluctuations in filament density and crosslink-
ing are in fact self-reinforced and can lead to the symmetrically coated particle being forced
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out of the cloud and initiating a comet tail formation [43]. The reconstitution of minimal
actin comet tails allowed to individually probe each system component, such as actin regula-
tors [46], protein surface density [40], particle size [43] and shape [47], revealing their specific
role and interplay with other components. Additionally, this approach helped to clarify the
general mechanism of actin-based motility [44] and to quantitatively describe its fundamental
parameters, i.e., the forces arising from actin polymerization [41, 45].

. actin network

Nucleation Promoting Factor (NPF)

Figure 1.5 — Reconstitution of minimal actin comet tails. Actin comet tails can be reconstituted
anchoring NPFs: [A] on the surface of bacteria (adapted from Loisel and colleagues [39]), [B] on
plastic beads (adapted from Bernheim-Groswasser and colleagues [40]) or [C] on phospholipids vesi-
cles (adapted from Upadhyaya and colleagues [41]). [D] Actin-coated particles do not move at first,
the actin network gets eventually polarized resulting in a directed movement of the particle (adapted
from Loose and Schwille [42]).

1.3 GUVs and SLBs as model membranes to reconstitute po-
larization events

In order to reconstitute minimal actin comet tails, NPFs needed to be localized on a spherical
object that mimic the bacterial surface. ActA, which acts as a NPF in L. monocytogenes, is in
fact localized on the bacterial surface. Moreover, ActA is not homogeneously distributed, but
it is rather polarized and its density is higher at the site of the comet tail [43]. Similar to ActA,
most other polarity determinants localize to specific domains of the plasma membrane where
they polarize the action of other cellular systems [1]. Therefore any attempt to reconstitute
polarization events with a “bottom-up” synthetic biology approach cannot prescind from
using model systems for phospholipid membranes that resemble their biological counterparts.

Phospholipid model membranes can be either free-standing or supported on a solid surface.
Liposomes are an example of free-standing membranes. They are vesicles whose lumina are
enclosed by a lipid bilayer made of phospholipids, and they are usually categorized according
to their size, lamellarity and production strategy in four main groups (Figure 1.7):

MLVs are large (hundreds of nanometers to several microns), their walls are made of mul-
tiple concentric layers of lipid bilayer which confer them the characteristic “onion-like”
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Figure 1.6 — Liposomes. Liposomes with different sizes and lamellarity can be generated with
distinct methods: Small Unilamellar Vesicless (SUVs), Large Unilamellar Vesicles (LUVs), Multi-
Lamellar Vesicless (MLVs) and Giant Unilamellar Vesicles (GUVs). Liposomes are not drawn to
scale.

structure, and they form when phospholipids dried in sheets are hydrated. MLVs are
the starting point for the production of small and large unilamellar vesicles.

SUVs are small (few nanometers), their walls are made of a single lipid bilayer and are

usually prepared from MLVs by sonication using a cuphorn, bath, or probe tip sonicator.
SUVs are unstable and fuse spontaneously at temperatures below the phase transition
of the lipid forming the vesicle [48], which makes them ideal to prepare supported
membranes. Their small size helps minimizing unwanted light scattering in circular
dichroism measurements.

LUVs are large (hundreds of nanometers), their walls are made of a single lipid bilayer

and can be prepared by a variety of methods including extrusion of MLVs, detergent
dialysis, fusion of SUVs, reverse evaporation, and ethanol injection. Alike SUVs, LUVs
are stable few days on storage [48] and can be produced within a very narrow diameter
range.

GUVs are giant (few to hundreds of microns), their walls are made of a single lipid bilayer

and can be formed in several ways [49] including electroformation [50] and inverted
emulsion [51, 52, 53]. Their giant size made those vesicles extremely appealing for
scientists: they are, in fact, in the range of most biological cells, they can easily be
investigated by optical microscopy, and their membranes are almost flat with vanishing
curvature.

Supported Lipid Bilayers (SLBs) are, on the other hand, a supported membrane model

system. They consist of a lipid bilayer made of phospholipids adsorbed on the surface of a
solid substrate, such as glass or mica, and they can also be produced using different strategies
(Figure 1.8), which confer them specific characteristics and experimental advantages [54]:
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Figure 1.7 — Supported lipid bilayers. SLB can be prepared by a variety of methods which con-
fer them specific characteristics and experimental advantages: Langmuir-Blodgett (LB), Langmuir-
Schaeffer (LS), Vesicle Fusion (VF) and hybrid LB/VF or LS/VF bilayers. Adapted from Sanderson
[54].

LB and LS bilayers are assembled, transferring each preformed monolayer from an air/water
interface to the support in two subsequent steps [55]. These methods allow to control
the lateral pressure and the lipid composition of each leaflet [56].

VF bilayers are formed, exposing an hydrophilic support to SUVs, which adsorb to it,
eventually rupturing and spreading into a planar membrane [57]. This method is usually
preferred to any other because of its simplicity and protein compatibility. However, it
did not traditionally allow to control the lipid composition of each leaflet [58] - a feature
that we implemented as described in details in Chapter 4.

Hybrid LB/VF and LS/VF bilayers are produced fusing vesicles onto an existing mono-
layer. This method combined some of the advantages of the original methods.

Independently from the used method, the bilayer is not in direct contact with the support:
a thin layer of water (10-20 A) separates the absorbed bilayer from the solid support [59].
This water layer makes possible that the lipids in the leaflet close to the support (lower leaflet)
are kept mobile; their lateral mobility, in fact, does not differ significantly from the upper
leaflets’ one [60]. Nevertheless, the support influences the bilayer, e.g. slowing its overall lipid
mobility in comparison to free-standing membranes [61]. In order to minimize the effect of
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the support on the bilayer, a polymer cushion can be introduced between the solid support
and the bilayer, providing a deeper water layer, which not only reduces the frictional drag
between bilayer and solid surface [62], but is also convenient when transmembrane proteins
with bulky cytosolic or extracellular domains need to be reconstituted in SLBs [63].

GUVs and SLBs have been a particularly successful tool to model biological membranes.
They can in fact be produced with almost any biologically relevant lipid composition and
therefore exhibit features similar to their biological counterparts. Lipid lateral organization,
for example, could be investigated in both membrane model systems using raft-mimicking
mixtures of saturated and unsaturated lipids mixed with Cholesterol (Chol). The lipids of
a raft-mimicking mixture segregate into two different liquid phases coexistent in the same
membrane: a Liquid disordered (Ld) phase rich in unsaturated lipids and a Liquid Ordered
(Lo) phase rich in saturated lipids and Chol (Figure 1.9, A-B). GUVs and SLBs allow to
thoroughly and quantitatively characterize the lipid dynamics and structure of each phase,
being fully compatible with modern biophysical techniques including Fluorescence Correlation
Spectroscopy (FCS) [64, 65].

Figure 1.8 — Lipid lateral organization in model membranes. Lipids of a raft-mimicking mixture
segregate in GUVs [A] and SLBs [B] into two different liquid phases: a Ld phase rich in unsaturated
lipids and a Lo phase rich in saturated lipids and Chol. Scale bars are 5 and 10 pm, respectevely
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1.4 Biophysical characterization of model membranes dynam-
ics and lipid-protein interactions

Introduced in 1972 by Magde and colleagues [66], FCS became a popular technique for the
investigation of dynamic processes, which take place in solution or at the membrane, and
is now commonly used to measure local fluorophore concentrations and translational and
rotational diffusion coefficients [67, 68].

FCS is a single molecule technique based on the temporal autocorrelation analysis of the
signal fluctuations detected from fluorophores within a very small volume (~ fL). Such a small
detection volume can be provided by any Confocal Laser Scanning Microscope (CLSM) setup,
where the laser is focused to a diffraction limited spot by the objective and where a pinhole in
the emission channel provides tight axial confinement (Figure 1.9, A). The fluorescence signal
in the detection volume can vary both because the fluorophores move into and out of the
detection volume, as a consequence of diffusion or transport, and because of photophysical or
photochemical reactions, which cause fluctuations in the detected emission. This fluctuating
fluorescence signal is recorded as a fluorescence intensity trace (Figure 1.9, B) and analyzed
by calculating the autocorrelation curve (Figure 1.9, C), which measures the self-similarity of
the signal in time, relating the fluorescence signal with itself at different lag times.
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Auto-correlation
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Figure 1.9 — Principle of fluorescence correlation spectroscopy. [A] Typical FCS setup: fluorophores
in the detection volume are excited with an appropriate laser beam, emitted photons are collected by
the objective, spectrally filtered and detected with an Avalanche PhotoDiode (APD). Fluorescence
fluctuations are recorded as a fluorescence intensity trace [B] and correlated to yield an autocorre-
lation curve.[C]. The autocorrelation curve (black circles) is fitted to an appropriate model function
(solid line), thus determining the Diffusion time (7p) and the number of particles N of the fluo-
rophore. [D] Three-dimensional Gaussian detection volume with radius wo and aspect ratio S. In
order to transform N into concentration C' and 7p into Diffusion coefficient (D), wo and S have to
be known. Adapted from Chiantia and colleagues [68].

The autocorrelation curve is calculated from the fluorescence intensity trace as follows:

(1.1)

(6F (t)-0F (t+7))

G(r) =
(7) (F(0))?

Here G(7) is the autocorrelation function as a function of the lag time 7, F' is the fluorescence
intensity as a function of the time ¢ or ¢ 4+ 7, and the angular brackets ( ) refer to the time
average, so that dF(t) = F(t) — (F(t)).

The autocorrelation curve is then fitted to a mathematical function (Figure 1.9, C), which
best models the fluorescence fluctuations inside the detection volume, according to the char-
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acteristics of the system under investigation, e.g. single or multiple diffusing fluorophores
species. The model function should also account for fluorescence fluctuations which do not
originate from the diffusion of the fluorophores in the detection volumes, e.g. from photo-
physical phenomena such as triplet transitions and fluorophore blinking. Most importantly,
the model function takes into account the size and shape of the detection volume, which is
approximated by a three-or a two-dimensional Gaussian profile for measurements in solution
and at the membrane, respectively (Figure 1.9, D). As an example the autocorrelation model
functions describing three- and two- dimensional Brownian diffusion through these profile are:

G(r) = ~(1+ )1+ )2 (12)
G(r) = ~(1+ =) (1.3)

Fitting the autocorrelation curve to the appropriate mathematical model function allows
to extract parameters of interest, such as the average number of particles N and the diffusion
time of the fluorophore 7p. N is the average number of fluorophores in the detection volume
Vics = w2/ 3Sw8 (measurements in solution) or area Apcg = wwg (measurements at the
membrane) and can be used to calculate the fluorophore concentrations C' = N/Vpcg or
C = N/Apcs. Tp is the decay time of the correlation curve and can be used to calculate the
fluorophore diffusion coefficient D = %. In order to transform N and 7p into C' and D,
the radial dimension wy and eventually the aspect ratio S of the Gaussian detection volume
have to be known (Figure 1.10, D). Those parameters are usually determined calibrating the
system with a dye of known D.

Standard FCS as well as several improved FCS variations have been used to investigate
the properties of lipid bilayers [69, 67, 68, 70] and different aspects of protein-lipid interactions
[71] both in GUVs and SLBs. In particular:

The lateral organization of lipids can be investigated measuring the D of lipids in model
membranes [64]. Lipids in different domains show distinct dynamics, i.e. lipids in Lo
domains diffuse slower than lipids in L.d domains due to the higher lipid order and
packing (Figure 1.10, A).

Protein partitioning into lipid domains can be assessed measuring local concentrations
of fluorescently labeled proteins in different domains of the membrane (Figure 1.10,
B). These studies provided new insights into how lipid environment regulates protein
localization [72, 73, 65].

Membrane binding affinity and specificity of peripheral proteins can be probed
measuring changes in the 7p of fast-diffusing proteins upon their binding to slowly dif-
fusing liposomes [74, 75, 76, 77, 78] (Figure 1.10, C). Measurement of membrane binding
affinities with FCS was only reported for LUVs. In order to determine membrane-protein
affinities in GUVs, we developed two complementary strategies to measure Partitioning
Coefficients (K ps), in which the ligand is either added to the external solution (Chapter
7) or encapsulated in GUVs (Chapter 8). These strategies combine the advantages of
both established separation and titration methods, that is they allow to directly mea-
sure the free and membrane bound ligand concentrations without the need of physically
separating them.
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Figure 1.10 — Characterization of lipid bilayers and lipid-protein interactions with FCS. Standard
FCS and its variations have been used to investigate the lateral organization of lipids in a membrane
[A], and different aspect of protein-lipid interactions, including: [B] protein partitioning into lipid
domains, [C] membrane binding affinity and specificity of peripheral proteins, [D] protein dimeriza-
tion in membranes, [E] effect of protein binding on membrane structure and dynamics, and [F] effect
of lipids on protein structure and function.

Protein-protein interactions and protein oligomerization in membranes can be de-
termined performing Fluorescence Cross-Correlation Spectroscopy (FCCS), a FCS vari-
ation that allows to quantify protein interactions and their regulation by lipids [79, 80,
81, 82] (Figure 1.10, D).

Effect of protein binding on membrane structure and dynamics can be addressed
measuring changes in the D of lipids upon protein binding to the membrane (Figure
1.10, E). These studies demonstrated that proteins can slow down the lateral diffusion
of fluorescently labeled lipids not involved in the binding, i.e. inducing or expanding Lo
domains [83].
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Effect of lipids on protein structure and function can be studied combining FCS with
other techniques, e.g. electrophysiology, to quantitatively assess the effect of lipid phase
separation on ion channel structure and function [84] (Figure 1.11, F).

1.5 Experimental approaches to reconstitute unmixing and
polarization events in model membranes

In order to reconstitute unmixing and polarization events in a minimal system, we worked
with pure lipid systems, whose unmixing is driven by the asymmetric distribution of lipids
in the two leaflets, and with a lipid-protein system, whose polarization is instead driven by a
reaction-diffusion mechanism (Figure 1.11).

Llpld System Lipid-Protein System

embrane
ing switc
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Mutual Exc¢

Phase Shape Determinants
Separation Transformation Polarization

Figure 1.11 — Experimental approaches to reconstitute unmixing and polarization events in model
membranes. In pure lipid systems, lipid unmixing or vesicle shape transformations can be driven
by the asymmetric distribution of lipids in the two leaflets. In lipid-protein systems, polarization
is driven by a reaction-diffusion mechanism. In particular two determinants can polarize if they
reciprocally antagonize their binding to the cortex. The opacified parts of the cartoon were not
achieved experimentally.



1.5 Experimental approaches to reconstitute unmixing and polarization events
in model membranes 17

In the lipid approach, we first reconstitute the transbilayer asymmetry of an eukaryotic
plasma membrane producing SLBs and GUVs with lipids asymmetrically distributed among
the two leaflets. To do so, we applied a so called cyclodextrin-mediated lipid exchange method
[85, 86], which allows to enrich membranes with lipids of choice in a controlled fashion. The
enrichment of the membrane with SM and/or Chol triggers the segregation of lipids into two
coexisting asymmetric phases both in SLBs and GUVs (Chapter 4 and 6), whereas exchanging
different amounts of PhosphatidylGlycerol (PG) with the outer leaflet of the GUV membranes
allows us to control vesicle shape (Chapter 5). We then explored how a transmembrane
protein, the influenza virus HemAgglutinin (HA), behaves in the presence of asymmetric
domains and, more specifically, whether its phase partitioning is affected. Tuning the lipid
content of model membranes allowed biologically relevant observations. Small changes in
the composition of the inner leaflet (e.g. of the plasma membrane) were found to affect
the overall lipid miscibility of the bilayer (Chapter 4), and the HA TransMembrane (TM)
domain was found to induce phase separation both in symmetric and asymmetric model
membranes (Chapter 6). Similarly, tuning the shape of giant vesicle proved that membrane
shape rearrangements, which resemble those taking place in biological systems, are possible
in absence of a protein machinery and as a consequence of the lipid redistribution in the
membrane (Chapter 5).
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Figure 1.12 — PAR-6/PKC-3/LGL-1 mutual elimination model. The PAR-6/PKC-3/LGL-1 com-
plex forms at the boundary between the anterior and posterior PAR domains. Here PKC-3 can
phosphorylate LGL-1 causing the whole complex to leave the cortex (Adapted from Hoege and
colleagues [14]).

In the protein-lipid approach, we aimed to reconstitute a minimal polarization system
inspired by the C. elegans embryo at one-cell stage. In this system polarity is maintained by
the mutual inhibition between aPARs and pPARs, which reciprocally antagonize their bind-
ing to the cortex, mutually excluding each other. We focused on LGL-1, which in nematodes
acts redundantly with PAR-2 to maintain polarity and can compensate for PAR-2 depletion
[14, 15]. Additionally to the several common features shared with PAR-2, LGL-1 offered one
interesting advantage, which makes the reconstitution of a minimal polarity system easier: it
directly antagonizes the aPARs acting on PAR-6. Based on this, a so-called “mutual elim-
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ination model” was proposed (Figure 1.12), in which the PAR-6/PKC-3/LGL-1 complex is
formed at the boundary between the anterior and posterior PAR domains. Here PKC-3 can
phosphorylate LGL-1 causing the whole complex to leave the cortex [14]. This is the minimal
system we intended and partially succeed to reconstitute in GUVs. We first submitted LGL-1
to model membranes, allowing us to identify a very well conserved region of the protein that
binds negatively-charged membranes and to determine its lipid binding specificity. Selected
LGL-1 mutants were then generated to better understand the electrostatic mechanism in-
volved in the membrane binding. LGL-1 was finally combined together with its antagonist
complex to generate a functional LGL /atypical Protein Kinase C (aPKC) membrane binding
switch (Chapter 8).
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Chapter 2

Materials and sample preparation

2.1 DMaterials

2.1.1 Lipids

Cholesterol from ovine wool (Chol), 1,2-DiOleoyl-sn-glycero-3-PhosphoCholine (DOPC),
1-Palmitoyl-2-Oleoyl-sn-glycero-3-PhosphoCholine  (POPC), 1,2-Di-(9Z-Octadecenoyl)-sn-
glycero-3-Phospho-L-Serine  (DOPS), 1-Palmitoyl-2-Oleoyl-sn-glycero-3-Phospho-L-Serine
(POPS), 1,2-DioleOyl-sn-glycero-3-PhosphAte (DOPA), 1,2-DiOleoyl-sn-glycero-3-Phospho-
(I'-rac-Glycerol) (DOPG), L-o-Phosphatidyllnositol (Soy) (sPI), Cardiolipin (Heart,
Bovine), 1,2-dioleoyl-sn-glycero-3-(phosphoinositol-3-phosphate) (PI(3)P), 1,2-dioleoyl-
sn-glycero-3-phospho-(1’-myo-inositol-4’-phosphate)  (PI(4)P),  1,2-dioleoyl-sn-glycero-3-
phospho-(1’-myo-inositol-5’-phosphate)  (PI(5)P),  1,2-dioleoyl-sn-glycero-3-phospho-(1’-
myo-inositol-3’,4’-bisphosphate)  (PI(3,4)P2), 1,2-dioleoyl-sn-glycero-3-phospho-(1’-myo-
inositol-3’,5-bisphosphate) (PI(3,5)P2), 1,2-dioleoyl-sn-glycero-3-phospho-(1’-myo-inositol-
4’ 5’-bisphosphate) (PI(4,5)P2), 1,2-dioleoyl-sn-glycero-3-phospho-(1’-myo-inositol-3’,4’,5'-
trisphosphate)  (PI(3,4,5)P3), L-a-phosphatidylinositol-4,5-bisphosphate  (bPI(4,5)P2),
SphingoMyelin from porcine brain extract (bSM) and 1,2-di-(9Z-octadecenoyl)-sn-glycero-
3-(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl nickel salt (DGS-NTA(Ni)) were
purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). Ganglioside GM1 was purchased
from Merck Millipore (Billerica, MA)

2.1.2 Protonation of phosphoinositides using acid

All phoshoinositides were protonated to enhance their incorporation into liposomes. The pro-
tonation protocol was originally developed by Olga Perisic (MRC Laboratory of Molecular
Biology, Cambridge, UK) and used with minor modification. Briefly, lyophilized phoshoinosi-
tides were resuspended at 2.5 mM final concentration in subsequent steps with different
solvent mixtures: (1) chloroform; (2) 2:1:0.01 (v:v:v) mixture of chloroform, methanol and
hydrochloric acid 1N; (3) 3:1 (v:v) mixture of chloroform and methanol; and (4) chloroform.
After each step the lipid solution was dried 15 min under Ny; after step (1) and (2), the
solution was additionally dried for 1 h under vacuum. In step (2), the lipid solution was
incubated 15 min before drying. The lipid film was finally resuspended in chloroform at 1
mM final concentration and stored at -20°C up to few months.
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2.1.3 Fluorescent lipids

Atto655 and Atto647N-DOPE were purchased from ATTO-Tec (Siegen, Germany).
Atto647N-SM was was a gift of Erdinc Sezgin (University of Oxford, UK). 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-DOPE) and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-
DSPE) were purchased from Avanti Polar Lipids. Texas Red® 1,2-Dihexadecanoyl-sn-
Glycero-3-Phosphoethanolamine (Texas Red DHPE) triethylammonium salt was purchased
from Life Technologies Corporation (Carlsbad, CA).

2.1.4 Fluorescent dyes

Att0488 NHS-Ester was purchased from ATTO-Tec. Alexa Fluor® 488 carboxylic acid,
succinimidyl ester (Alexa488), Alexa Fluor® 488 hydrazide (Alexad88), Alexa Fluor® 647
carboxylic acid, succinimidyl ester (Alexa647) and DilC;g(3) (Dil) were purchased from Life
Technologies.

2.1.5 eGFP-His6 expression and purification

His6 tagged enhanced Green Fluorescent Protein (eGFP-His6) was cloned into the pGEX-
6P-1 vector using the restriction enzymes Sall and Notl and expressed in the E. coli strain
BL21(DE3). The protein was purified using Glutathione Sepharose 4 Fast Flow according to
the manufacturer’s instructions, followed by direct cleavage of the glutathione S-transferase
tag with PreScission Protease on the column.

2.1.6 PLAP purification and labeling

Commercially available Alkaline Phosphatase from human PLacenta (PLAP) was further pu-
rified and labeled with Alexa647 as previously described [87, 73, 88] with minor modifications.
In particular, Triton X-114 was precondensed before usage [89] and Superdex 200 10/300 GL
(GE Healthcare, Little Chalfont, United Kingdom) columns were used to both remove the
detergent and separate the labeled protein from the free dye. Labeled-PLAP purity and con-
centration were assessed by SDS-PAGE and absorbance at 280 nm, respectively. The degree
of labeling was approximately one dye molecule per PLAP monomer.

2.1.7 HA TM peptides synthesis and labeling

HA TM WildType (WT) and GS520AA peptides were a gift of Dr. Jorg
Nikolaus (Yale School of Medicine, CT). HA TM peptides contain 28 amino
acid residues of the transmembrane segment of the HA (strain Japan/305/57,
H2;  WT: Rh-BA-ILATYATVAGSLSLAIMMAGISFWMCSN-KKK, Mutant: Rh-BA-
ILATYATVAAALSLAIMMAGISFWMCSN-KKK). Both peptides were synthesized using
Fmoc-chemistry and 5-(and-6)-carboxyTetrAMethylRhodAmine (TAMRA), succinimidyl es-
ter at the N-terminus via a [-alanine. Three lysine residues were added at the C-terminal
to enhance peptide solubility and membrane insertion [90]. Both peptides were dissolved in
2,2,2-Trifluoroethanol (TFE) at 1 mg/mL and store at -20°C.
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2.1.8 LGL-1 expression and purification

LGL-1 (469-702) WT was cloned into the pGEX-6P-1 vector in which eGFP-His6 was
previously cloned using the restriction enzymes BamHI and Notl. The LGL-1 mutants
S661A /S665A /T669A (AAA), S661E/S665E/T669E (EEE) and R658A/K660A/RR671AA
(AAAA) were generated with the QuikChange® Lightning Site-Directed Mutagenesis Kit
(Agilent Technologies, Santa Clara, CA) according to the manufacturer’s instructions. All
clones were expressed in the E. coli strain BL21(DE3). The proteins were purified in presence
of 1% Triton X-100 using GSTrap HP columns, followed by direct cleavage of the glutathione
S-transferase tag with PreScission Protease on column and a second purification step with
a HisTrap HP column according to the manufacturer’s instructions. Protein concentrations
were determined using the BicinChoninic Acid (BCA) protein assay. Purified LGL-1 (469-
702) was pre-cleared at 120,000 g, 4°C for 30 min in a MLA-130 rotor (Beckman Coulter,
Pasadena, CA) and stored at -80°C in presence of 10% glycerol.

2.1.9 LGL-1 MTS peptides synthesis and labeling

The LGL-1 Membrane Targeting Sequence (MTS) WT and EEE peptides were synthesized
by Stefan Pettera and labeled by Dr. Stephan Uebel (Max Planck Institute of Biochem-
istry, Martinsried, Germany). The LGL-1 MTS peptide has 26 amino acid residues, which
corresponds to the part of the C-terminal LGL-specific domain of the C. elegans LGL-1
containing the three phosphorylation sites for PKC-3 (G5EEI1_CAEEL 656-681, acetyl-
FQRFKSLKKSLRKTFRRKKKGTETLM-amide). For imaging and FCS experiments the
peptides were labeled by coupling Atto488 NHS-Ester at the N-terminus. Both unlabeled and
labeled peptides were synthesized using Fmoc-chemistry and purified to > 90% by preparative
Reversed-Phase High-Performance Liquid Chromatography (RP-HPLC). Purity and identity
of the peptide were checked by analyt