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Interplay between membrane tension and the actin cytoskeleton determines shape changes
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rendu la réussite de cette thèse possible.

Preface

Cell membrane deformations are essential to ensure cellular processes such as motility, division, intracellular transport and signalling. These deformations range from global shape changes such as cell rounding or elongation during cell division, to protrusions and invaginations, which allow the cell to probe its environment and uptake external components. Strikingly, membrane deformations rely on the activity of the cytoskeleton, and in particular of actin, a biopolymer that forms a dynamical network. The precise role of actin and its implication in the different mechanisms at work during cell shape changes still need to be elucidated.

The goal of my PhD was to study how the actin cytoskeleton is able to deform a membrane to ensure essential cellular functions. To address this question, I used an in vitro reconstituted system to mimic shape changes with a minimal set of components: lipids and purified proteins. A branched actin network is grown at the surface of giant unilamellar vesicles, thereafter called liposomes. With this biomimetic system, I controlled experimental parameters such as membrane tension, varied by applying an osmotic shock, and actin network architecture, varied by modifying the protein composition. This manuscript is divided into four chapters:

• Chapter 1 introduces the context of this study and the main notions required to understand this work. I start by defining the membrane and the actin cytoskeleton and describing what is known on their physical and biochemical properties. I present how actin polymerization and filament organization allow force generation and membrane deformation. Then, I move to the biological 1 Preface context and I review cell shape changes driven by actin in cells. Finally, I describe the different kinds of biomimetic systems that are used to study membrane and actin interactions.

• Chapter 2 presents the main results I obtained during my PhD. I reproduced a wide variety of cell-like membrane deformations by reconstituting a branched actin network at the outer surface of liposomes. We characterize how they depend on membrane tension, actin network meshsize and nucleation promoting factor density. Combining our experimental results with theoretical modelling, the results of this part unveil the mechanisms of actin-driven membrane deformations, and more precisely the role of tension and network architecture.

• In Chapter 3, we attempted to reproduce the invasion of the bacteria Shigella flexneri into liposomes mimicking cells from the immune system, the T cells. I describe in this chapter how we produced these liposomes in order to make them invaded by the bacteria.

• Chapter 4 describes a microfluidic device, currently in development, to trap liposomes in wells, which are used as microreactors for isolated liposomes, and to monitor in real time the membrane deformations induced by the actin polymerization. This device allows to introduce sequentially the proteins and to tightly control in time and space the whole process of actin polymerization in a high-throughput method. I show that we succeeded in trapping liposomes and promoting actin polymerization at their surface and I present the future guidelines to obtain a fully optimized method.
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What is the cell membrane?

A eukaryotic cell is a dynamic and complex object of around 50-100 µm in size surrounded by a membrane, a selective barrier to the outside environment.

It contains a nucleus and many other organelles, in contrast to prokaryotic cells.

To fulfill central cellular functions such as movement, reproduction or intracellular transport, the membrane is permanently remodeled. Protrusions at the edge of a cell serve to probe the environment; invaginations allow the cell to uptake external components and global cell shape elongation participates to cell division. Despite the fact that these membrane deformations present a wide range of sizes, directions and functions, they all share a common feature: they result from physical forces exerted on the cell surface. These forces can be divided between internal forces, generated by the assembly of proteins either within the membrane itself or within the cell, and external forces, from the neighbouring cells or the extracellular matrix. Within the cell, they come mostly from the activity of a system of filaments, the cytoskeleton, which sets the mechanical properties of the cell. The cytoskeleton arranges into networks that are able to push, pull and contract the membrane. However, the intrinsic physical properties of the membrane, such as bending rigidity and tension, result in resistance to deformation. Therefore, there is a balance of forces between the resisting cell membrane and the cytoskeleton.

1.1 What is the cell membrane?

Membrane composition and general properties

A cell membrane is a two-dimensional dynamic structure with a thickness of 5-10 nm which defines cell boundaries. The plasma membrane separates the inside of the cell from the outside while other membranes form internal compartments such as organelles or vesicles. They are involved in many different cellular processes such as sensing external cues for the plasma membrane or transmitting electric signals in the case of a neuronal membrane. However, all membranes share common properties and structure. First, a membrane is semipermeable, only water and small molecules can go through, and it is also fluid, meaning its components can diffuse laterally to adapt to stimuli. Second, a membrane is made of a double layer of lipids in which

The shape of cells: a story of membrane and actin What is the cell membrane? protein molecules are embedded (Fig. D.1). Third, a membrane is asymmetric, the lipid composition of the outer and inner layer of the membrane differs, as each layer does not interact with the same environment. (A) Cross section of a plasma membrane from a human red blood cell. Electron microscopy image. (B) Three-dimensional scheme of a membrane. Lipids are in red and proteins in green. From [START_REF] Alberts | Molecular Biology of the Cell[END_REF].

Lipids are molecules which constitute 50% of the mass of the membrane, the remaining coming essentially from proteins. Lipids are amphipathic, they have hydrophilic heads and hydrophobic tails. The most abundant membrane lipids are the phospholipids, composed of a phosphate head and two fatty acid tails (Fig. 1.2). As hydrophobic tails can not form energetically favorable interactions with water, phospholipids spontaneoulsy aggregate with hydrophilic heads facing the aqueous phase and hydrophobic tails facing each other. The phospholipid bilayer then spontaneously turns into a sealed compartment, which ensures no contact between water and hydrophobic tails and allows cell compartmentalization (Fig. 1.3). The most common phospholipids are phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS) and phosphatidylinositol (PI).

Phospholipid heads have various sizes, shapes and charges which allow selective and specific interactions with proteins. Lipid composition and lipid organisation in membranes, such as lipid domains, are crucial to recruit and activate specific proteins involved in cell membrane functions.

Cell membranes contain also a large number of membrane-associated proteins, which participate to cell morphogenesis, signalling and transport. There are either
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Figure 1.3 -Self-sealing property of a phospholipid bilayer. The lipid bilayer spontaneously rearranges to eliminate the free edges exposed to water. The closed structure is the most stable and energetically favorable configuration. From [START_REF] Alberts | Molecular Biology of the Cell[END_REF].

transmembrane proteins, which cross the entire bilayer, or peripheral proteins, which link to phospholipids or transmembrane proteins. Several membrane-associated proteins are able to locally deform the membrane while others regulate cell shape changes by triggering the action of the cytoskeleton in response to external stimuli.

Physics of membrane

The membrane is commonly modeled as an elastic material due to the ability of the lipid bilayer to stretch and bend. On the one hand, the stretching energy depends on the membrane tension γ, and the change in the surface area of the membrane under stretch ∆A. On the other hand, the bending energy depends on the membrane bending rigidity κ, the mean curvature of the membrane C (as the membrane surface has two-dimensions and thus one curvature in each direction), the spontaneous curvature C 0 , which corresponds to the equilibrium curvature of the membrane, and is integrated over the whole membrane area. The sum of these two energies give rise to an elastic energy, E l , which allows to link the physical properties of the membrane to its shape (see Eq. D.1) [Helfrich, 1973]:
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E l = E stretch + E bend = γ∆A + A 1 2 κ(2C -C 0 ) 2 dA (1.1)
This theory of membrane mechanics is established for a pure lipid bilayer. For cells, the two essential physical parameters involved in cell membrane deformability, membrane tension and membrane bending rigidity, are different than for pure membranes. Membrane tension is the sum of the force needed to stretch the lipid bilayer plus the contributions of membrane proteins and attachments to other cellular components, such as the cytoskeleton [START_REF] Diz-Muñoz | Use the force: membrane tension as an organizer of cell shape and motility[END_REF]. Membrane bending rigidity depends on the composition of lipids and membrane proteins. Tension and bending rigidity underlie the force of the membrane that resists deformation under cytoskeleton pushing. In cells, this force has been estimated to tens of pico-newton (pN) [START_REF] Hochmuth | Deformation and flow of membrane into tethers extracted from neuronal growth cones[END_REF][START_REF] Shao | Micropipette suction for measuring piconewton forces of adhesion and tether formation from neutrophil membranes[END_REF].

What is the actin cytoskeleton?

The cytoskeleton is an interconnected network of biopolymers; this network organizes spatially the interior of cells and establishes cell movement, cell shape and cell tracks for spatial organization. The cytoskeleton is composed of three families of filaments: microtubules, actin filaments and intermediate filaments (Fig. 1.4). Microtubules provide trails for the organization of cellular components and intracellular transport. Actin filaments organize into networks and drive cell shape changes and cell motility. Intermediate filaments contribute to mechanical strength and resistance to shear stress. Altogether, the cytoskeletal filaments underlie the mechanical and dynamical rearrangements of eukaryotic cells, as well as intracellular transport.

Each type of filament is constructed from the assembly of small protein subunits but has distinct mechanical properties and dynamics. At the scale of the cell, microtubules are rigid hollow tubes with a diameter of around 25 nm, formed by the protein tubulin. Actin filaments are thin, semi-flexible structures with a diameter of 5-9 nm, formed from subunits of globular actin (G-actin). Intermediate filaments are flexible, rope-like fibers with a diameter around 10 nm, made of various proteins such as vimentin. In each case, filament assembly relies on specific accessory proteins
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that give rise to a highly dynamic and adaptable cytoskeletal system. Therefore, the cell can generate a broad range of cytoskeletal structures to maintain its integrity and to resist external forces. Adapted from [START_REF] Rodriguez | Review on cell mechanics: experimental and modeling approaches[END_REF] and [START_REF] Small | Coumarin-phalloidin: a new actin probe permitting triple immunofluorescence microscopy of the cytoskeleton[END_REF].

All these cytoskeletal polymers are crucial to cellular mechanics. However, this study focuses on cell shape changes involving the actin cytoskeleton. In the next part, I will describe the major features of actin.

From G-actin to F-actin

Actin structure

Actin is one of the most abundant protein in most eukaryotic cells. This highly conserved protein exists in two states: monomeric (G-actin) and filamentous (Factin).

Monomeric actin, or G-actin, is a globular protein with molecular weight of 43 kDa and around 5.5 nm in diameter (Fig. D.2 A) [START_REF] Kabsch | Three-dimensional structure of the complex of actin and dnase i at 4.5 a resolution[END_REF]. This protein organizes into two lobes separated by a deep cleft that binds a nucleotide, ATP (adenosine triphosphate) or ADP (adenosine diphosphate), and a divalent cation, M g 2+ or Ca 2+ . Structurally, G-actin is an asymmetrical molecule composed of four
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subdomains shaping two different accessible sides for binding proteins. Under physiological salt conditions, this asymmetry results in a "head-to-tail" association of actin monomers to form an actin filament (F-actin) (Fig.

D.2).

Filamentous actin, or F-actin, is a double-stranded helical filament with a step size of 37 nm (Fig. D.2 B). As all actin monomers are oriented in the same direction, actin filaments are polar with two distinct ends called the barbed and the pointed ends. Depending on the concentration of G-actin monomers, the barbed end can be more dynamic and elongate 10 times faster than the pointed end. The mechanical properties of actin filaments depend on a characteristic length called the persistence length l p . Actin filaments shorter than l p ∼ 10 µm [START_REF] Isambert | Flexibility of actin filaments derived from thermal fluctuations[END_REF] behave like rigid rods whereas longer filaments are able to bend. However, in cells, many parameters such as temperature, mechanical constraints or actin-binding proteins regulate the mechanical properties of actin filaments. Adapted from [START_REF] Otterbein | The crystal structure of uncomplexed actin in the adp state[END_REF]. (B) Scheme of an actin filament as a double-stranded helix with a twist repeating every 37 nm. Adapted from [START_REF] Alberts | Molecular Biology of the Cell[END_REF].
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Actin dynamics

Actin polymerization is a polycondensation process consisting of three steps: nucleation, elongation and steady state (Fig.

D.3 A).

Nucleation is thermodynamically unfavorable and results in a lag period at the beginning of polymerization. Actin monomers associate to form oligomers or polymerization nuclei. Stable nuclei, suitable for elongation, consist of actin trimers but their formation is slow, which explains the delay to start the polymerization.

Elongation occurs once actin trimers are nucleated and depends on the concentration of actin monomers. At the ends of the filament, actin assembles and disassembles by the addition and removal of actin monomers. The rate of addition of monomers, k on , is inversely proportional to the concentration of free subunits, C, while the rate of loss, k of f , is constant. During the growth of the filament in vitro, monomers are used and C decreases up to a critical concentration C c . The steady state is reached when the number of monomers added per second, k on C, is equal to the number of monomers lost per second, k of f (Eq. 1.2), thus giving the critical concentration C c (Eq. 1.3).

k on C = k of f (1.2) C c = k of f k on (1.3)
Consequently, filament elongation is only possible if the concentration of actin monomers C is higher than the critical concentration C c , otherwise, the filament depolymerizes. This critical concentration depends on the end of the actin filament, barbed or pointed, and of the nucleotide bound to actin, ATP or ADP (Fig. D.3 B) [START_REF] Pollard | Rate constants for the reactions of atp-and adp-actin with the ends of actin filaments[END_REF]. Whereas the critical concentration for polymerization of ADP-actin is the same at both ends (C c,ADP = 2 µM), in presence of ATP-actin, the critical concentration differs between the barbed end, C c,AT P = 0.12 µM, and the pointed end, C c,AT P = 0.6 µM (Fig. D.3, A and B) [START_REF] Pollard | Actin and Actin-Binding Proteins[END_REF].
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The steady state appears when a precise balance between assembly and disassembly of the filament is reached, at a constant length. In the presence of ATP, the difference of the critical concentrations at the two ends of the filament coupled with the irreversible hydrolysis of ATP to ADP [START_REF] Carlier | Direct evidence for adp-inorganic phosphate-f-actin as the major intermediate in atp-actin polymerization. rate of dissociation of inorganic phosphate from actin filaments[END_REF] induces a net assembly of ATP-actin at the barbed end and a net disassembly of ADP-actin at the pointed end with an identical rate; this is called "treadmilling".

Following an actin monomer inside the filament shows that it first incorporates at the barbed end in ATP-actin form, then it migrates, ATP is hydrolyzed so that the monomer becomes ADP-actin, and finally it disassembles at the pointed end [START_REF] Fujiwara | Microscopic analysis of polymerization dynamics with individual actin filaments[END_REF][START_REF] Pollard | Cellular motility driven by assembly and disassembly of actin filaments[END_REF]. Hydrolysis of ATP is an essential step of the steady state, it happens as filaments age and triggers disassembly of ADP-actin at the pointed end. Over time in the filament, actin acts as ATPase and ATP is hydrolyzed randomly first to ADP-P i and then to ADP and phosphate (P i ). The first phase is fast (half time ∼ 2 sec ) and the polymerization properties of ADP-P i actin are similar to ATP actin [START_REF] Blanchoin | Hydrolysis of atp by polymerized actin depends on the bound divalent cation but not profilin[END_REF][START_REF] Fujiwara | Polymerization kinetics of adp-and adp-pi-actin determined by fluorescence microscopy[END_REF]. Conversely, the dissociation of the phosphate to leave ADP-actin is slow (half-time ∼ 6 min) (Fig. D.3, B and C) [START_REF] Carlier | Direct evidence for adp-inorganic phosphate-f-actin as the major intermediate in atp-actin polymerization. rate of dissociation of inorganic phosphate from actin filaments[END_REF]. Adapted from [START_REF] Alberts | Molecular Biology of the Cell[END_REF]. (B) Rate constants for actin association and dissociation in ATP or ADP form at the pointed end (top) and the barbed end (bottom). K values are the critical concentrations, association rates are in µM -1 .sec -1 and dissociation rates are in sec -1 . (C) Hydrolysis of ATP to ADP-P i in an actin filament. (B,C) adapted from [START_REF] Pollard | Cellular motility driven by assembly and disassembly of actin filaments[END_REF].

At steady state, under physiological conditions, the treadmilling of pure actin
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filaments is very slow (< 1 monomer ∼ 5.5 nm per second) whereas cells can move quickly ( ∼ 170 nm per second for keratocytes). Since pure in vitro actin dynamics do not reflect the cellular behavior, actin polymerization must be regulated by other proteins to influence its dynamics and to arrange the filaments into networks that are able to move the cell at such a speed.

From filaments to networks

Hundreds of actin regulatory proteins have been identified, they are divided into different categories depending on their roles: actin nucleating proteins initiate filament formation; capping proteins (CP) terminate filament growth; polymerases promote faster or more sustained filament growth; depolymerizing factors and severing factors disassemble filaments; crosslinkers and stabilizing proteins organize network structures. The following section describes some of these proteins (Fig.

1.7).

Figure 1.7 -Overview of actin accessory proteins. Actin growth and dynamics are regulated by proteins involved in nucleation, elongation, capping, severing, cross-linking of actin filaments. From [START_REF] Pollard | Actin and Actin-Binding Proteins[END_REF].
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F-actin regulating proteins

In cells, the concentration of actin monomers is very high, 300 µM, whereas the in vitro critical concentration was measured at ∼ 0.1 µM. This difference is explained by the activity of different proteins, interacting either with actin monomers or filaments, that are able to maintain a pool of monomeric actin quickly available in case of need.

Profilin is a 13-14 kDa protein that preferentially binds to ADP-actin monomers.

Bound profilin reduces the affinity of actin monomers for ATP and ADP, it catalyzes nucleotide exchange by dissociating bound ADP from the depolymerized monomers [START_REF] Mockrin | Acanthamoeba profilin interacts with g-actin to increase the rate of exchange of actin-bound adenosine 5'-triphosphate[END_REF][START_REF] Vinson | Interactions of acanthamoeba profilin with actin and nucleotides bound to actin[END_REF]]. Thus, profilin increases the regeneration of ATP-actin monomers. Moreover, it prevents the formation of oligomers and spontaneous nucleation of filaments in the bulk. Profilin forms a complex with an actin monomer which sterically inhibits nucleation and elongation at pointed ends of filaments but not elongation at barbed ends. The addition of the ATP-actinprofilin complex to the filament reduces the binding affinity of profilin to ATP-actin so that, in filaments, profilin rapidly dissociates, freeing the barbed end for further elongation [START_REF] Courtemanche | Interaction of profilin with the barbed end of actin filaments[END_REF]. Therefore, profilin favors the growth of filaments at barbed ends. However, it has been shown that at high concentrations, it slows down elongation and even promotes disassembly [START_REF] Jégou | Individual actin filaments in a microfluidic flow reveal the mechanism of atp hydrolysis and give insight into the properties of profilin[END_REF].

Other proteins interact with actin filaments to maintain the pool of actin monomers inside the cells. These proteins either regulate the growth of actin filaments, as capping protein, or depolymerize the filaments, as Actin Depolymerization Factor ADF/cofilin.

Capping protein is a heterodimer that strongly binds to the barbed ends of actin filaments and prevents further elongation. Barbed ends are rapidly capped, with a half-time for CP dissociation of 30 min. As a consequence, capped filaments can only disassemble at pointed ends [START_REF] Schafer | Dynamics of capping protein and actin assembly in vitro: uncapping barbed ends by polyphosphoinositides[END_REF]. Capping protein thus regulates the barbed end availability for actin polymerization and tunes the length of filaments. Controlling the length of filaments not only limits the consumption of
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actin monomers, it also modifies the structure of actin networks, such as the mesh size for a branched network [START_REF] Kawska | How actin network dynamics control the onset of actin-based motility[END_REF], which, in turn, regulates the driving forces required to deform the cell membrane.

ADF/cofilin is a small 15 kDa protein that binds actin monomers and filaments [START_REF] Blanchoin | Interaction of actin monomers with acanthamoebaactophorin (adf/cofilin) and profilin[END_REF]]. ADF/cofilin inhibits nucleotide exchange when bound to actin monomers, in contrast to profilin, but its main role is to severe actin filaments [START_REF] Blanchoin | Interaction of actin monomers with acanthamoebaactophorin (adf/cofilin) and profilin[END_REF][START_REF] Nishida | Opposite effects of cofilin and profilin from porcine brain on rate of exchange of actin-bound adenosine 5'-triphosphate[END_REF]. ADF/cofilin binds preferentially to ADP-actin in filaments and accelerates the phosphate dissociation, producing ADP-actin in seconds rather than minutes [START_REF] Blanchoin | Mechanism of interaction of acanthamoeba actophorin (adf/cofilin) with actin filaments[END_REF][START_REF] Cao | Energetics and kinetics of cooperative cofilin-actin filament interactions[END_REF]. It also alters the helicoidal structure of the filament favoring its severing [START_REF] Mccullough | Cofilin-linked changes in actin filament flexibility promote severing[END_REF][START_REF] Mcgough | Cofilin changes the twist of f-actin: implications for actin filament dynamics and cellular function[END_REF].

Actin nucleating proteins

In cells, actin filaments are nucleated by specific proteins, as spontaneous nucleation is inhibited by profilin. Moreover, these actin polymerization nucleators define the architecture of actin networks.

Formins are homodimeric proteins that nucleate actin filaments by stabilizing actin dimers [START_REF] Pring | Mechanism of formin-induced nucleation of actin filaments[END_REF][START_REF] Pruyne | Role of formins in actin assembly: nucleation and barbed-end association[END_REF]. They contain a formin homology 2 (FH2) domain that interacts with the barbed end of an actin filament and a formin homology 1 (FH1) domain that binds profilin and attracts profilin-bound actin monomers [START_REF] Goode | Mechanism and function of formins in the control of actin assembly[END_REF]. Formins remain bound to the barbed ends of filaments while the processive movement of the FH2 domain allows the elongation of the filament by addition of the actin monomers provided by the FH1 domain [START_REF] Pring | Mechanism of formin-induced nucleation of actin filaments[END_REF][START_REF] Watanabe | p140mdia, a mammalian homolog of drosophila diaphanous, is a target protein for rho small gtpase and is a ligand for profilin[END_REF]. Therefore, formins are able to nucleate and elongate actin filaments through their barbed ends and to protect them from capping proteins (Fig. 1.8 A). Complete assignment of biological functions of formins is still in progress but they are known to be involved in the formation of unbranched and bundled filaments.
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The Arp2/3 complex (Actin-related proteins 2/3 complex) consists of seven proteins, including Arp2 and Arp3, with similar structures to actin [START_REF] Machesky | Purification of a cortical complex containing two unconventional actins from acanthamoeba by affinity chromatography on profilin-agarose[END_REF]. Once activated, the Arp2/3 complex initiates actin polymerization or interacts with an existing filament [START_REF] Machesky | The arp2/3 complex: a multifunctional actin organizer[END_REF]. It acts as a nucleator of new filaments and blocks their pointed ends. Besides, it induces a Y-like arrangement between actin filaments with an angle of 70° [START_REF] Machesky | The arp2/3 complex: a multifunctional actin organizer[END_REF][START_REF] Mullins | The interaction of arp2/3 complex with actin: nucleation, high affinity pointed end capping, and formation of branching networks of filaments[END_REF][START_REF] Rouiller | The structural basis of actin filament branching by the arp2/3 complex[END_REF]. The nucleation by the Arp2/3 complex is auto-catalytic; each new filament stimulates the nucleation of more filaments [START_REF] Mullins | Cytoskeletal mechanisms for breaking cellular symmetry[END_REF]. Therefore, the Arp2/3 complex results in the formation of branched actin structures [START_REF] Pollard | Cellular motility driven by assembly and disassembly of actin filaments[END_REF]].

The Arp2/3 complex is constitutively inactive, its activation is a concerted process involving a nucleation-promoting factor (NPF) or activator, a pre-existing filament and actin monomers (Fig. 1.8 B). The most common mammalian NPFs are Wiskott-Aldrich Syndrom protein (WASP), Neural WASP (N-WASP), and suppressor of cyclic AMP activator (SCAR), also called WASP-family verprolin-homologous protein (WAVE) [START_REF] Rotty | New insights into the regulation and cellular functions of the arp2/3 complex[END_REF]. All these activators share a common C-terminal domain VCA, or WCA, which is sufficient to activate the Arp2/3 complex and to promote polymerization of branched actin filaments in vitro. The VCA domain consists of a WASP-homology-2 domain, also called verprolin-homology domain (WH2 or W or V), and a central, or cofilin homology (C), and acidic (A) region, designated as CA. The V portion binds to monomeric actin and facilitates the formation of a nucleus for the polymerization while the CA portion binds to the Arp2/3 complex and mediates the activation by promoting an activating conformational change of the complex [START_REF] Ti | Structural and biochemical characterization of two binding sites for nucleation-promoting factor wasp-vca on arp2/3 complex[END_REF]. However, nucleation-promoting factors are initially inactive due to autoinhibitory interactions and the activation process of the Arp2/3 complex requires a signalling cascade between membrane lipids, enzymes and proteins (Fig. 1.8 B).

In this work, I used a purified fragment of human WASP, the proline-rich domain VCA (pVCA), physically links to the membrane through functionalized lipids (see the description of our experimental system in chapter 2, section 2.1.2 -A branched actin network around a liposome).
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What is the actin cytoskeleton? (3) A new branch is formed with an angle of 70°on the side of the pre-existing filament.

Adapted from [START_REF] Campellone | A nucleator arms race: cellular control of actin assembly[END_REF].

Cross-linkers

Formins and the Arp2/3 complex promote two main architectures of actin filaments: formins generate bundles of unbranched actin filaments whereas the Arp2/3 complex promotes branched actin networks. These structures are stabilized by a large family of proteins called cross-linkers that ensure physical connections between filaments [START_REF] Matsudaira | Actin crosslinking proteins at the leading edge[END_REF]. Cross-linkers are proteins that contain two actin-binding domains (ABDs) and the distance between these two domains defines their cross-linking properties. Proteins with a short distance between ABDs promote bundling. The main actin bundlers are fascin, fimbrin and α-actinin. Fascin forms the tightest bundles and α-actinin the loosest. Other cross-linkers with a long
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distance between ABDs, such as filamin, promote the formation of less-organized networks of filaments. Moreover, another branching agent is the Arp2/3 complex as it nucleates branches with a 70°angle that are able to entangle within a network. (D) Tight bundle of actin cross-linked with fimbrin, as found in filopodia protrusions (see section 1.3.1.1 -2D cell motility: crawling). Adapted from [START_REF] Pritchard | Mechanics of biological networks: from the cell cytoskeleton to connective tissue[END_REF].

Molecular motors

Molecular motors are proteins converting chemical energy, coming from the hydrolysis of ATP, into mechanical energy to produce force and generate movement.

Myosins are the molecular motors that interact with actin filaments in a polar manner. Myosin molecules consist of: 1) one or two heads, which bind ATP and actin filament and allow myosin to "walk" towards one end of a filament, 2) a neck, which acts as a lever arm to transduce forces, 3) a tail, which binds to cargo molecules or to other myosin subunits. More than twenty classes of myosins have been identified

and are involved in a variety of processes such as cell contraction, adhesion and intracellular transport. The cycle of myosin to walk on a filament and to generate a force is divided into 5 steps (Fig. 1.10):

1.

2.

3.

4.

5.

Figure 1.10 -Cycle of force generation by myosin. Schematic representation of myosin cycle to produce force, as explained in the text. From [START_REF] Alberts | Molecular Biology of the Cell[END_REF].

1. The cycle starts with the head of myosin in a folded state, also called rigor configuration, that binds to an actin monomer without any bound nucleotide, ATP or ADP.

2. A molecule of ATP binds to the head of myosin that detaches from the actin monomer.

3. The hydrolysis of ATP into ADP-Pi induces the unfolding of the myosin head.

This conformational change results in a displacement of the myosin head of around 5 nm.

4. The myosin head binds to a new actin monomer and releases the Pi.

The shape of cells: a story of membrane and actin

What is the actin cytoskeleton?

5. The binding causes the release of ADP and the refolding of the head of myosin.

The movement of the head causes the generation of a few pN force (2-4 pN) on the actin monomer. The cycle ends with the myosin head in the rigor configuration allowing for a new cycle to start.

One myosin of particular interest for our purpose is the myosin II of non-muscle cells, which ensures the contraction of the cell cortex during cell motility, and the formation of the contractile ring during cytokinesis (see section 1.3 -Actin-driven cell shape changes). Myosin II molecules have two heads, which bind to actin filaments and move towards the barbed ends, and a coiled-coil tail that allows to form bipolar myosin mini-filaments (Fig. 1.11). This bipolar structure links two actin filaments so that myosin II mini-filaments can be seen as dynamic cross-linkers able to generate contraction within the actin network (Fig. 1.9 C). The mechanisms of contraction induced by myosin II will be described in the following section (see section 1.2.3.3

-Actin network contractility). 

Physics of the actin cytoskeleton

The regulatory proteins presented above modulate the dynamics and the architecture of actin networks (Fig. 1.9) which, in turn, regulate the physical properties of these networks and the forces they produce. At the macroscopic scale, actin networks are viscoelastic materials: they exhibit both viscous and elastic behaviors under force application, depending on a characteristic viscoelastic relaxation time τ ve . For deformations applied at times shorter than τ ve , the behavior of the network
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is elastic, it instantaneously returns to its original shape when the force is removed, and relies on an elastic modulus (or Young's modulus) E. The Young modulus depends on the architecture of the network and especially on its cross-linking density [START_REF] Gardel | Elastic behavior of cross-linked and bundled actin networks[END_REF]. For deformations at times longer than τ ve , the network is viscous, it flows like a fluid, and relies on a viscosity η. With this description, the viscoelastic relaxation time can be estimated as τ ve = η E . I will present in the chapter 2 how the viscoelastic properties of the network impact the formation of membrane deformations.

The formation of membrane protrusions through polymerization of an actin network suggests that actin polymerization induces forces. Thermodynamic estimations revealed that actin polymerization, more precisely addition of an actin monomer, can produce a force in the pico-newton range [START_REF] Hill | Microfilament or microtubule assembly or disassembly against a force[END_REF]. Several theories have emerged from this idea [START_REF] Mogilner | On the edge: modeling protrusion[END_REF]: at the microscopic level, the "elastic ratchet" and "tethered-ratchet" theories propose respectively that thermal fluctuations of the actin filament or transient attachments to the membrane allow the insertion of an actin monomer that results in a pushing force against a load, and at the macroscopic level, the elastic propulsion model considers the actin network as a continuum able to accumulate stresses upon growth at the membrane surface. However, none of these models can explain all the experimental data obtained in vivo and in vitro.

In the following part, I will briefly present physical models which illustrate that the architecture of a network determines the productive force exerted against the membrane.

Addition of an actin monomer at the barbed end of the filament is related to a change of free energy ∆G p so that polymerization occurs if ∆G p < 0. This change of free energy depends on the concentration of monomeric actin C, necessarily above the critical concentration C c , previously described, as: ∆G p = -k B T ln( C Cc ), where k B is the Boltzmann constant and T the absolute temperature. When actin polymerizes against the membrane, it produces a mechanical work W , resulting in a new condition for polymerization: ∆G p + W < 0. The mechanical work W is related to

The shape of cells: a story of membrane and actin What is the actin cytoskeleton? the resisting force applied by the membrane on the filament F , and the displacement normal to the surface induced by monomer addition δ, as W = F * δ. A critical mechanical work, W c , corresponds to ∆G p + W c = 0. This critical mechanical work gives rise to the critical force F c that the membrane can exert on the filament before actin polymerization ceases [START_REF] Peskin | Cellular motions and thermal fluctuations: the brownian ratchet[END_REF] as

F c = k B T ln( C Cc ) δc
, where δ c is the critical normal displacement of the membrane that monomer addition induces. For a given concentration of monomeric actin C, ∆G p is constant, therefore it imposes that the critical mechanical work, W c = F c * δ c , is constant as well. As a consequence, the critical force F c is inversely proportional to the normal displacement δ c , meaning that the more the membrane pushes on the filament the less it is displaced upon addition of a monomer. Besides, this critical force is equivalent to the normal component of the force that a filament can exert to push the surface of the membrane. Therefore, a bit counter intuitively, a constant mechanical work implies that the more the filament pushes perpendicularly to the membrane, the less the membrane is displaced upon addition of an actin monomer, and conversely. We will see right after how these normal force and displacement are impacted by filament orientation by comparing the case of a filament perpendicular or tilted with respect to the membrane.

Bundle of actin filaments

For a filament perpendicular to the membrane, addition of a monomer results in a displacement δ perpendicular = a, which corresponds to half the size of an actin monomer, due to the double helix arrangement. The normal component of the force exerted by an actin filament on the membrane is thus

F perpendicular = k B T ln( C Cc ) a (Fig.

A).

A bundle of filaments not cross-linked is composed of N parallel filaments, oriented perpendicular to the membrane (Fig. 1.12 B). The resulting force exerted by the bundle, F bundle , is equal to the sum of the forces exerted by the N perpendicular actin filaments such as F bundle = N * F perpendicular , where N is the number of filaments (Fig. 1.12 B). If the membrane exerts a resisting force F , the condition for the actin bundle to be able to push the membrane forwards is:
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F bundle = N * F perpendicular > F . In cellular structures known as filopodia (see section 1.3.1.1 -2D cell motility: crawling), the resisting force of the membrane at the tip of actin bundles has been estimated as F ∼ 10-50 pN [START_REF] Hochmuth | Deformation and flow of membrane into tethers extracted from neuronal growth cones[END_REF][START_REF] Peskin | Cellular motions and thermal fluctuations: the brownian ratchet[END_REF][START_REF] Shao | Micropipette suction for measuring piconewton forces of adhesion and tether formation from neutrophil membranes[END_REF]. Experiments on in vitro actin filaments have estimated F perpendicular ∼ 1 pN [START_REF] Footer | Direct measurement of force generation by actin filament polymerization using an optical trap[END_REF][START_REF] Kovar | Insertional assembly of actin filament barbed ends in association with formins produces piconewton forces[END_REF] while it has been calculated that the thermodynamic limit corresponds to a polymerization force ∼ 9 pN for physiological conditions [START_REF] Hill | Microfilament or microtubule assembly or disassembly against a force[END_REF]. Therefore, with F perpendicular ∼ 1-9 pN and F ∼ 10-50 pN, a bundle of around 10 filaments can initiate a protrusion (Fig. 1.12 C).

Once initiated, the protrusion continues to grow by addition of new monomers at the tip of each filament of the bundle. However, the elongation of the protrusion is not infinite and, depending on the number of filaments, two other limitations arise: the buckling of actin filaments and the diffusion of actin monomers.

The buckling of actin filaments occurs when the resisting force of the membrane, F , is superior to the force that a filament can bear before it buckles, F buckling .

F buckling depends on the persistence length of an actin filament l p , the length of the protrusion L, and the stiffness of the bundle, which relies on the cross-linking of the filaments and the number of filaments N . The equilibrium of the two forces leads to a critical length of the bundle, which is proportional to the number of filaments.

Addition of monomers at the tip of each filament in the bundle, to promote elongation, requires the diffusion of G-actin from the base to the tip of the bundle.

When the bundle becomes longer, diffusion of the monomers to the tip takes longer time and the G-actin concentration at the tip decreases. Consequently, the growth of the protrusion slows down and when it stops completely the maximal length is reached. Calculations show that this maximal length is inversely proportional to the number of filaments in the bundle. Intuitively, this can be understood as follows: the elongation of a thicker bundle requires each time addition of more G-actin monomers so the concentration of G-actin available at the tip decreases rapidly and the growth stops faster, which results in a shorter bundle.

Comparison of the maximal length of the protrusion as a function of the number of filaments in both cases gives that for 10 to 30 filaments protrusion length is limited
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A branched network of actin filaments

For a filament tilted, with a contact angle θ, addition of an actin monomer induces a normal displacement with respect to the membrane δ tilted = a sin θ. The corresponding critical force is then

F tilted = k B T ln( C Cc ) a sin θ = F perpendicular sin θ
, where F perpendicular is the force calculated for a filament oriented perpendicular to the membrane (see above). As sin θ < 1, the force normal to the membrane exerted by the filament is higher for a tilted filament than for a perpendicular one, at the expense of the displacement as δ tilted < δ perpendicular , i.e. when tilted, the filament exerts more force perpendicularly to the membrane but it displaces less the membrane forwards (Fig.

1.13 A) [START_REF] Dmitrieff | Amplification of actin polymerization forces[END_REF].

For a branched actin network, the polymerization mediated by the Arp2/3 complex implies that filaments grow in many directions: away from, tangential to or towards the surface. The filaments growing away from the membrane do not participate directly to the generation of force. However, in presence of capping proteins, they are rapidly capped, in the order of seconds, and they contribute to maintain an active zone of actin polymerization close to the surface [START_REF] Achard | A 'primer'-based mechanism underlies branched actin filament network formation and motility[END_REF]Sykes The shape of cells: a story of membrane and actin

What is the actin cytoskeleton? [START_REF] Sykes | Cell biology: actin filaments up against a wall[END_REF]. Conversely, filaments tangential to and towards the membrane encounter the surface with diverse orientations and contact angles, as shown experimentally both in vitro and in vivo [START_REF] Achard | A 'primer'-based mechanism underlies branched actin filament network formation and motility[END_REF][START_REF] Svitkina | Analysis of the actin-myosin II system in fish epidermal keratocytes: Mechanism of cell body translocation[END_REF][START_REF] Vinzenz | Actin branching in the initiation and maintenance of lamellipodia[END_REF][START_REF] Weichsel | Two competing orientation patterns explain experimentally observed anomalies in growing actin networks[END_REF][START_REF] Weichsel | Reconstructing the orientation distribution of actin filaments in the lamellipodium of migrating keratocytes from electron microscopy tomography data[END_REF]. If we consider that a branched actin network corresponds to N filaments tilted with respect to the membrane, the resulting pushing force exerted normal to the membrane by the network, F branched , is the sum of the normal forces, F tilted , exerted by the N tilted filaments, so that

F branched = N * F tilted = N * F perpendicular sin θ > F bundle .
Therefore, a branched actin network exerts more force at the surface of the membrane but produces a smaller protrusion (δ tilted < δ perpendicular ) compared to a bundle of filaments. Moreover, the polymerizing zone constrained to grow at the surface due to the capped filaments must create an additional propulsive force to push the membrane forwards (Fig.

1 .13 B). All together, these arguments are consistent with the measurement in vivo The theoretical models presented above highlight that the arrangement of the actin filaments, bundle of filaments and branched network, regulate the productive force exerted by the cytoskeleton and the shape of membrane protrusions it
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generates. Such models provide hints to understand the diversity of membrane protrusions sustained by actin in cells, as will be described in the next section (section 1.3 -Actin-driven cell shape changes).

Actin network contractility

As shown in the previous part (see section 1.2.2-Molecular motors), the bipolar structure of myosin II mini-filaments allows to bind two actin filaments. It also allows to exert either a contractile or an extensile force, depending on the orientation of actin filaments when myosin are sliding (Fig. 1.14 (a)). In muscle cells, actin filaments and myosin II mini-filaments adopt an ordered organization, called sarcomeres, which always results in contraction. In non-muscle cells, in the absence of cross-linkers, actin networks contain randomly oriented filaments and contractile and extensile forces equally distributed. However, contraction usually dominates in actomyosin structures. The main mechanisms proposed to explain this feature are either contraction by buckling of actin filaments or self-organization of actin filaments in contractile, sarcomere-like configurations. In the first mechanism, the idea is that the cross-linking of randomly oriented actin filaments delimits portions of filaments so that, upon myosin II activity, the generation of contractile and extensile stresses occurs within these portions of filaments. This results in an internal stress build-up in the network. When the stress becomes large enough, the portions of filaments have no other choice but to buckle, where the cross-linkers block them, to relax the internal stress. This relaxation results in a global contraction of the whole structure (Fig1.14 (b)) [START_REF] Lenz | Contractile units in disordered actomyosin bundles arise from f-actin buckling[END_REF][START_REF] Murrell | Forcing cells into shape: the mechanics of actomyosin contractility[END_REF]. The second mechanism relies on the organization of actin filaments in a contractile configuration. For instance, the formation of radial arrays, called asters [START_REF] Kruse | Actively contracting bundles of polar filaments[END_REF],

with a cluster of myosin II and barbed ends of actin filaments localized at the center while pointed ends point outward. In this configuration, a myosin II mini-filament linking two asters will move towards the center of each structure, bringing them closer. The other possibility to achieve a contractile organization is the action of actin filament treadmilling. If the treadmilling occurs faster than myosin movement, then the expansion oritentation can become a contraction configuration (Fig. 1.14 (a) and (c)) [START_REF] Koenderink | Architecture shapes contractility in actomyosin networks[END_REF][START_REF] Oelz | A combination of actin treadmilling and cross-linking drives contraction of random actomyosin arrays[END_REF]. From [START_REF] Koenderink | Architecture shapes contractility in actomyosin networks[END_REF].
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Actin-driven cell shape changes

As presented above, actin filaments polymerize and arrange into networks of different architectures that are able to produce forces against the membrane. I will now move to the cellular context and describe the various cellular processes that involve deformations of the membrane triggered by the activity of the actin cytoskeleton.

Cell motility

Cell motility is the ability of the cell to move spontaneously by using the chemical energy it produces through the hydrolysis of ATP. Cells move for numerous needs such as morphogenesis, immune defense and tissue repair. Abnormal cell motility is found in various pathologies, for instance cancer cell spreading or neuronal defects.

Eukaryotic cell motility can mainly be divided into two modes, which do not exclude each other: crawling and blebbing motions. Crawling occurs on 2D surfaces for adherent cells that can assemble and disassemble adhesion points to translocate their body forward. Blebbing is a mode of motility of amoeba, such as Dictostelium discoidum, and is used by cells in 3D matrices. Blebbing occurs for embryonic cell migration or cancer cell invasion [START_REF] Charras | Blebs lead the way: how to migrate without lamellipodia[END_REF]. The movement of these cells is achieved by the polarized formation of spherical membrane protrusions, called blebs, at the leading edge. Both crawling and blebbing are complex, dynamic and tightly orchestrated processes dependent on the actin cytoskeleton and membrane protrusions. Their mechanisms and the main structures they rely on are described below.

2D cell motility: crawling

Crawling relies on lamellipodia and filopodia, which are actin-rich plasma membrane protrusions at the leading edge of the cell, and on the cell cortex, which is the contractile structure, dependent on the activity of the molecular motor myosin II, pushing the cell forwards and ensuring coherent movement (Fig. D.4). Crawling is a four-step process (Fig. 1.16):
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2. Filopodia form at the front of the lamellipodium and new adhesion points with the substrate are created.

3. The cell cortex contracts the rear to propel the cell body forwards.

4. Adhesion contacts at the back are disassembled.

This locomotory cycle has been derived from fibroblast cell movement in which the previous mechanistic steps are nearly consecutive, which allowed to observe the cell shape changes. In other cells such as fish or amphibian keratocytes, these different phases are more simultaneous, therefore cells seem to glide and to maintain a constant shape.

Lamellipodia

The lamellipodium is a two-dimensional sheet of plasma membrane generated by the actin cytoskeleton, which extends at the front of the cell. It has a thickness of

The shape of cells: a story of membrane and actin

Actin-driven cell shape changes 4) The rear of the cell detaches from the substrate and the cell body retracts. From [START_REF] Lodish | Molecular cell biology[END_REF].

around 200 nm and a width comprised between 1 to 5 µm. The actin network underlying the lamellipodium is based on the Arp2/3 complex and contains branched and entangled actin filaments with a branching angle of about 70° [START_REF] Svitkina | Organization and Treadmilling of Actin Filament Array in Lamellipodia[END_REF][START_REF] Svitkina | Analysis of the actin-myosin II system in fish epidermal keratocytes: Mechanism of cell body translocation[END_REF]. Electron microscopy and actin staining with phalloidin in keratocytes have shown that more branches are formed at the leading edge (Fig. 1.17) [START_REF] Svitkina | Organization and Treadmilling of Actin Filament Array in Lamellipodia[END_REF]. This supports the mechanism of force generation by which the front of motile cells is pushed out by an actively polymerizing zone constrained at the membrane surface, as described in section 1.2.3.2 -A branched network of actin filaments.

Filopodia

Filopodia are one-dimensional finger-like protrusions from the lamelliopodium at the free front of migratory tissue sheets. These long (micrometers) and thin ( ∼ 200
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nm) structures act as mechanical antennae to probe the surrounding environment of the cell as they eventually grow or retract depending on their loads [START_REF] Bornschlogl | Filopodial retraction force is generated by cortical actin dynamics and controlled by reversible tethering at the tip[END_REF]. They are also precursors of focal adhesions [START_REF] Partridge | Initiation of attachment and generation of mature focal adhesions by integrin-containing filopodia in cell spreading[END_REF][START_REF] Schäfer | One step ahead: Role of filopodia in adhesion formation during cell migration of keratinocytes[END_REF] and participate in cell-cell signal transmission [START_REF] Bornschlogl | Filopodial retraction force is generated by cortical actin dynamics and controlled by reversible tethering at the tip[END_REF]. Filopodia are composed of bundles of unbranched and parallel actin filaments, with their growing ends towards the membrane. Other structures used for cell motility share similarities with filopodia such as microspikes, which are within the lamellipodium, or retraction fibers, which remain attached to the substrate after
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In sensory cells, which allow signal transmission to the brain, specific filopodia organizations are found. For instance, in neurons, lamellipodium and filopodia arrange in a "fan-shaped" protrusion, called growth cone. This protrusion terminates the axons, long extensions of the nerve cell that conduct the input signal, and allows to guide the axonal motion in response to specific cues. Another example is the stereocilium, or hair bundle, of the hair cells. Hair cells are found in the cochlea of the inner ear of mammals and are indispensable for hearing and balance. Stereocilia are pencil-like shaped structures, composed of tightly packed, regularly cross-linked parallel actin filaments that taper at the junction with the hair cell body (Fig. 1.19

C) [START_REF] Tilney | Actin filaments, stereocilia, and hair cells of the bird cochlea: Iv. how the actin filaments become organized in developing stereocilia and in the cuticular plate[END_REF][START_REF] Tilney | The organization of actin filaments in the stereocilia of cochlear hair cells[END_REF]. They are organized into 3-10 rows of graded lengths in a staircase-like arrangement and connected through tip links (Fig. 1.19, A and B). Sound waves displace bundles towards the taller row and this movement results in electrical input to the auditory nerve [START_REF] Hudspeth | The cellular basis of hearing: the biophysics of hair cells[END_REF].

The staircase-like organization, the stiffness and the length of stereocilia are essential features for frequency selectivity and hair cell sensitivity [START_REF] Mcgrath | Stereocilia morphogenesis and maintenance through regulation of actin stability[END_REF].
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Mechanism of filopodia elongation is well understood (see section 1.2.3.1 -Bundle of actin filaments), however, the initiation of these protrusions is still under debate. One model, called the "convergent elongation model", suggests that filopodia emerge from the dendritic network of the lamellipodium through filament reorganization into a bundle, as supported by electron microscopy images [START_REF] Svitkina | Mechanism of filopodia initiation by reorganization of a dendritic network[END_REF]]. The other one, called the "tip nucleation model", proposes that a pre-existing cluster of proteins formed at the membrane nucleates a group of filaments that instantly elongate and arrange in bundle, independently of the underlying branched actin network (Fig. 1.20). Despite evidences for the convergent elongation model, some questions remain, as knocking out the Arp2/3 complex does not prevent filopodia formation [START_REF] Wu | Arp2/3 is critical for lamellipodia and response to extracellular matrix cues but is dispensable for chemotaxis[END_REF].

Although the term filopodia commonly refers to a long protrusion of membrane containing bundles of actin, another type of filopodia that contains a branched actin network was found in neurons and is called dendritic filopodia. Dendritic filopodia are thin and elongated protrusions that precede the formation of dentrites spines in neurons. Dendritic spines are mushroom-like shaped structures, composed of a mixture of branched and linear filaments, which receive electrical signal inputs (Fig.

1.21, A and B) [START_REF] Hotulainen | Defining mechanisms of actin polymerization and depolymerization during dendritic spine morphogenesis[END_REF][START_REF] Korobova | Molecular architecture of synaptic actin cytoskeleton in hippocampal neurons reveals a mechanism of dendritic spine morphogenesis[END_REF]. They play an important role in memory formation and learning. The correct morphogenesis of dendritic spines is essential to neurotransmission as alterations in dendritic spine shapes are found in many neurological disorders [START_REF] Calabrese | Development and regulation of dendritic spine synapses[END_REF].

The example of these two types of filopodia in cells nicely illustrates cell redundancy as the actin cytoskeleton is able to produce similar membrane deformations through different mechanisms.

The cortex

The cortex is a thick layer of cytoskeleton beneath the plasma membrane. This shell of 100-500 nm thickness ensures a resistance to mechanical deformation and is essential for the contraction of the rear of the cell during crawling. The cortex consists of a complex network of cross-linked actin filaments, myosin II molecular (D) Scheme of the two models proposed for filopodia initiation. From [START_REF] Svitkina | Mechanism of filopodia initiation by reorganization of a dendritic network[END_REF][START_REF] Yang | Filopodia initiation: focus on the arp2/3 complex and formins[END_REF]. The shape of cells: a story of membrane and actin
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3D cell motility: blebbing

Blebbing relies on spherical membrane protrusions called blebs, which do not grow through actin polymerization but through hydrostatic pressure. A bleb is initiated either by the rapid detachment of a patch of membrane from the cortex or by a local rupture in the actin cortex. Contraction of the cortex on the opposite side generates pressure so that the bleb is inflated for 5-30 s and form a spherical protrusion, 1-10 µm in diameter, filled with cytosol. Finally, the actin cortex reforms under the bleb membrane and the bleb retracts (Fig. 1.22) [Charras et al., 2006;[START_REF] Cunningham | Actin polymerization and intracellular solvent flow in cell surface blebbing[END_REF].

To lead to movement, the formation of blebs has to be polarized at the front of the cell. A first scenario to explain movement generation is that when a bleb forms at the front of the cell, new adhesions are created between the bleb and either the surrounding matrix or the neighboring cells. These new adhesions result in a flow of cytoplasm in the direction of migration and the displacement of the cell in the same direction (Fig. 1.23, left). This model is suitable for 3D environments and, in principle, for 2D substrates as well, if adhesion to the substrate or to neighboring cells is strong enough to allow traction of the cell. Another mechanism has been proposed for the movement of cells in absence of cell-substrate adhesions and under confinement, for example between two coverslips. In this mechanism, designated as chimneying, a cell exert compressive forces on the sides of confinement and a bleb grows at the front through contraction of the rear. Then the bleb makes contacts with the substrate and pushes against the sides at the front, which stabilizes the position of the cell and allows to squeeze the cell body forwards (Fig. 1.23, middle).

For 3D matrices, migration through blebbing is attributed to a combination of the two mechanisms presented above (Fig. 1.22, right) [START_REF] Charras | Blebs lead the way: how to migrate without lamellipodia[END_REF][START_REF] Paluch | The role and regulation of blebs in cell migration[END_REF]. 

Bacterial invasion

Severial bacterial pathogens, such as Listeria monocytogenes, Rickettsia and Shigella flexneri, have the ability to exploit the actin cytoskeleton of host cells to invade them (Fig. 1.24) [START_REF] Gouin | Actin-based motility of intracellular pathogens[END_REF]. To first enter the cell, bacteria induce rearrangements of the host actin cytoskeleton to be engulfed by the cell membrane.

The cell entry mechanism depends on the type of bacteria. Some bacteria, such as Listeria monocytogenes, use a "zipper mechanism": bacterial surface proteins bind to transmembrane receptors of the cell and drive actin remodelling for the bacterium
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Actin-driven cell shape changes uptake. Others, such as Shigella flexneri, use a "trigger mechanism": via secretion systems, the bacteria deliver effectors into the cytoplasm, which induces actin-rich membrane extensions surrounding the bacteria, followed by engulfment (Fig. 1.25) [ [START_REF] Cossart | Bacterial invasion: the paradigms of enteroinvasive pathogens[END_REF].

Once released inside the cell, through escape from the vacuole in which they are contained after engulfment, some bacteria, such as the ones mentioned above, move through actin-based motility. A branched actin network is initiated at the bacterial surface and grows as a comet-like structure. Elongation of the branched filaments generates the force necessary to propel the bacteria (Fig. 1.26, A and B) [START_REF] Cossart | The actin-based motility of the facultative intracellular pathogen listeria monocytogenes[END_REF][START_REF] Gouin | A comparative study of the actin-based motilities of the pathogenic bacteria Listeria monocytogenes, Shigella flexneri and Rickettsia conorii[END_REF][START_REF] Mounier | Intracellular and cellto-cell spread of listeria monocytogenes involves interaction with f-actin in the enterocytelike cell line caco-2[END_REF][START_REF] Sanger | Host cell actin assembly is necessary and likely to provide the propulsive force for intracellular movement of listeria monocytogenes[END_REF][START_REF] Tilney | Actin filaments and the growth, movement, and spread of the intracellular bacterial parasite, Listeria monocytogenes[END_REF]. This observation has motivated pioneering works on beads mimicking actin-based motility, which will be presented in section 1.4.1 -From beads to the diversity of biomimetic systems. In some cases, the propulsion of the bacteria allows them to further spread to neighbouring cells by forming a protrusion containing the bacterium and its actin tail that projects into the adjacent cell. Then, different mechanisms, depending on the bacteria family, allow the disassembly of the
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Actin-driven cell shape changes protrusion and the entry of the bacteria in the new cell [START_REF] Sechi | The isolated comet tail pseudopodium of listeria monocytogenes: a tail of two actin filament populations, long and axial and short and random[END_REF][START_REF] Talman | Actin network disassembly powers dissemination of listeria monocytogenes[END_REF].

Trigger mechanism (Shigella, Salmonella, others) Zipper mechanism (Listeria , others) From [START_REF] Haglund | Pathogens and polymers: microbe-host interactions illuminate the cytoskeleton[END_REF]. 

Endocytosis

Endocytosis is the process the cell uses to take up external elements, from molecules to small organisms like bacteria. During this process, the plasma membrane first invaginates or "buds", then the bud elongates and the membrane deformation appears tube-shaped before it breaks into a vesicle that detaches from the
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Actin-driven cell shape changes membrane to move towards the center of the cell (Fig. 1.27). Adapted from [START_REF] Perry | Yolk transport in the ovarian follicle of the hen (gallus domesticus): lipoprotein-like particles at the periphery of the oocyte in the rapid growth phase[END_REF].

Observation of the process of endocytosis is difficult because the size of the endocytic intermediates is around 50 nm, which is below the resolution limit of optical light microscopy (around 200 nm). The textbook view assumes that the initiation of membrane invagination entirely relies on coat-protein assembly. This is supported by in vitro reconstitution systems using pure membranes and purified coat proteins which are able to produce curved membranes [START_REF] Alberts | Molecular Biology of the Cell[END_REF]. However, recent electron microscopy studies correlated with fluorescence microscopy [START_REF] Berro | Synergies between aip1p and capping protein subunits (acp1p and acp2p) in clathrin-mediated endocytosis and cell polarization in fission yeast[END_REF]Kukulski et al., 2012;[START_REF] Rodal | Negative regulation of yeast wasp by two sh3 domain-containing proteins[END_REF] reveal that this is not the case, at least unambiguously in yeast [Kukulski et al., 2012], and in mammalian cells under certain conditions [Boulant et al., 2011]. When coat proteins are recruited to the plasma membrane, the surface of the membrane remains flat. Membrane deformation into a bud only appears when polymerization of a branched, Arp2/3-based, actin network is triggered at the membrane [START_REF] Idrissi | Ultrastructural dynamics of proteins involved in endocytic budding[END_REF]Kukulski et al., 2012;[START_REF] Picco | The contributions of the actin machinery to endocytic membrane bending and vesicle formation[END_REF]. Conversely, in conditions where cells are treated with actin depolymerizing agents, the membrane never deforms and remains flat, even though coat proteins and most molecules of the endocytic machinery are correctly recruited. (Fig. 1.28). The branched actin network then promotes the elongation of the bud and once the vesicle detaches from the membrane, it arranges into a comet-like structure to transport the vesicle into the center of the cell, as observed

The shape of cells: a story of membrane and actin

Actin-driven cell shape changes during bacterial invasion (see section 1.3.2.1 -Bacterial invasion). 

Cell division

The initial project of my PhD was to mimic in vitro the membrane-coupled actin dynamics during division of mouse oocytes. For that reason, I will briefly present the main features of cell division that rely on cell shape changes driven by actin activity in mammalian cells.

For both cell motility and intracellular transport, the main actin-based membrane protrusions are lamellipodia-like and filopodia-like structures, respectively driven by the assembly of branched networks and actin bundles. For cell division, or cell cycle, another actin structure plays a major role: the actin cortex.

Mitosis and cytokinesis

During cell cycle, cells have to duplicate their genetic material, the deoxyribonucleic acid (DNA) organized into chromosomes, and to divide into two daughter cells.

The cell undergoes drastic shape changes during this process, which depend on the action of microtubules and actin. Once the genetic material is duplicated, the cell
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Actin-driven cell shape changes enters the mitosis phase, during which chromosomes are segregated, followed by cytokinesis, the physical separation of the cell into two. For most animal cells, mitosis and cytokinesis can be described with the following sequence in term of cell shape changes: 1) at early mitosis, the cell rounds up, 2) it elongates through a polarization axis, 3) a furrow is established at the equatorial plane of the cell and constricts up to the scission of the membrane to obtain two cells (Fig. 1.29).

Cell rounding Spindle positioning

Cell elongation Spindle extension

Contractile ring assembly 1. The cell rounding implies a huge remodelling of the actin cytoskeleton. At the leading edge, protrusions, such as lamellipodia and filopodia, cease while retraction fibers, thin actin-rich cable-like protrusions, form to attach the cell to the substrate. The cell edges retract inward until the cell is completely round [START_REF] Cramer | Investigation of the mechanism of retraction of the cell margin and rearward flow of nodules during mitotic cell rounding[END_REF]. These events are driven by the reorganization of the actin network as a thin and stiff cortical actin layer. The increase in cortical rigidity and cortical tension is essential for cortical stability and correct mitosis. However, its origin is not completely understood and can either come from the contractility of the cortex, the actin filament cross-linking or the coupling between the cortical cytoskeleton and the membrane [START_REF] Carreno | Moesin and its activating kinase Slik are required for cortical stability and microtubule organization in mitotic cells[END_REF][START_REF] Fischer-Friedrich | Quantification of surface tension and internal pressure generated by single mitotic cells[END_REF][START_REF] Kunda | Moesin controls cortical rigidity, cell rounding, and spindle morphogenesis during mitosis[END_REF][START_REF] Maddox | RhoA is required for cortical retraction and rigidity during mitotic cell rounding[END_REF][START_REF] Stewart | Hydrostatic pressure and the actomyosin cortex drive mitotic cell rounding[END_REF].

2. The cell elongates in the direction of the extension of the mitotic spindle, the structure driven by microtubules that segregate chromosomes. The elongation

The shape of cells: a story of membrane and actin Actin-driven cell shape changes is accompanied by blebbing at the poles [START_REF] Boucrot | Endosomal recycling controls plasma membrane area during mitosis[END_REF][START_REF] Fishkind | Microinjection of the catalytic fragment of myosin light chain kinase into dividing cells: Effects on mitosis and cytokinesis[END_REF] and molecular motors, myosin II, diffusively localizing at the equatorial region [START_REF] Hickson | Rho-kinase controls cell shape changes during cytokinesis[END_REF]. As blebbing releases cortical tension [START_REF] Charras | Non-equilibration of hydrostatic pressure in blebbing cells[END_REF][START_REF] Tinevez | der Gucht[END_REF], the formation of blebs helps to reduce the contractile tension at the cell poles to ensure cell shape stability [START_REF] Sedzinski | Polar actomyosin contractility destabilizes the position of the cytokinetic furrow[END_REF]. Conversely, it has been shown that the equatorial region stiffens before cytokinesis, consistent with the localization of myosin II, which contracts the actin network [START_REF] Matzke | Direct, high-resolution measurement of furrow stiffening during division of adherent cells[END_REF]. At this stage, the cortex is no more uniform and a gradient of cortical tension is observed, with a maximal tension where the cell will be splitted. The localization of the cleavage corresponds to the midpoint of the mitotic spindle, to ensure an equal repartition of the genetic material between the two cells. The mechanism of spindle centring is not completely elucidated yet and under debate but evidences arose to support the idea that the cell cortex is involved in correctly positioning the cleavage plane [START_REF] Kunda | The actin cytoskeleton in spindle assembly and positioning[END_REF][START_REF] Mcnally | Mechanisms of spindle positioning[END_REF][START_REF] Théry | Cell shape and cell division[END_REF]].

3.

Once the division plane is determined, a cortical flow allows the transport of cytoskeletal elements to the cleavage position to assemble into an actin structure, called the contractile ring, at the cell cortex. This contractile ring is composed of tightly packed, unbranched, elongated actin filaments aligned parallel to the axis of the separation, and associated with myosin II, and other actin-related proteins such as formins (Fig. 1.30) [START_REF] Henson | The ultrastructural organization of actin and myosin ii filaments in the contractile ring: new support for an old model of cytokinesis[END_REF]. The contractile ring contracts the membrane until creating a neck-like structure.

Finally, the contractile ring disassembles and membrane proteins are recruited to perform the scission of the membrane and obtain the two daughter cells [START_REF] Frémont | Membrane traffic in the late steps of cytokinesis[END_REF].
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Oocyte meiosis

Contrary to mitosis, which aims at producing two identical copies of a parent cell, the division of a reproductive cell, called meiosis, produces cells with half of the genetic material. Female gametes, or oocytes, are large, around 100 µm of diameter compared to 10 µm for somatic cells, and round cells. Whereas they lack the microtubules involved in mitosis, oocytes have a thick actin cortex of around 1-2 µm beneath their membrane and a highly dynamic actin meshwork composed of actin microfilaments in their cytoplasm [START_REF] Uraji | Functions of actin in mouse oocytes at a glance[END_REF]. Actin has been identified to take over various essential functions commonly relying on microtubules in mitotic cells, such as long-range vesicle transport, nuclear positioning, spindle migration and anchorage, polar body extrusion and accurate chromosome segregation [START_REF] Uraji | Functions of actin in mouse oocytes at a glance[END_REF]. In particular, the thick cortex and the cytoplasmic meshwork are highly remodeled to promote spindle migration. The cortex becomes thicker with the formation of an inner layer of branched actin network that results in the exclusion of molecular motors from the cortex and a decrease of cortical tension (Fig. 1.31 A) [START_REF] Chaigne | A soft cortex is essential for asymmetric spindle positioning in mouse oocytes[END_REF][START_REF] Chaigne | A narrow window of cortical tension guides asymmetric spindle positioning in the mouse oocyte[END_REF][START_REF] Chugh | Actin cortex architecture regulates cell surface tension[END_REF]. Meanwhile the actin cytoplasmic meshwork density drops at the beginning of spindle migration before increasing at later stages (Fig. 1.31 B and C) [START_REF] Azoury | Spindle positioning in mouse oocytes relies on a dynamic meshwork of actin filaments[END_REF][START_REF] Azoury | Symmetry breaking in mouse oocytes requires transient f-actin meshwork destabilization[END_REF]. These events thus trigger the force imbalance necessary to move correctly the spindle towards the periphery of the cell. Therefore, the actin cytoskeleton is involved in the proper cell division of oocytes as the misplacement of the spindle can lead to abnormal embryos.

The previous sections introduced the main concepts of actin-driven cell shape Adapted from [START_REF] Azoury | Spindle positioning in mouse oocytes relies on a dynamic meshwork of actin filaments[END_REF][START_REF] Azoury | Symmetry breaking in mouse oocytes requires transient f-actin meshwork destabilization[END_REF].

changes at the molecular scale, through the biochemistry of actin dynamics and membrane properties, and at the cellular scale, through the overview of cellular processes relying on actin-based membrane protrusions. In the following section, I will describe the approach I used during my PhD to understand the role of actin in membrane deformations at a scale in between the molecules and the cell.

The shape of cells: a story of membrane and actin Building to learn: biomimetic systems 1.4 Building to learn: biomimetic systems Cellular processes are complex and regulated by numerous proteins that interact with each other. Moreover, cells have redundant mechanisms to fulfil one specific function, which may even interfere with our understanding of biological questions.

To address this complexity, two major experimental approaches have been developped: the "top-down" and "bottum-up" approaches. The top-down approach consists to start at the cell scale and to remove cell components to understand their roles in their natural environment. The bottom-up approach is going the other way around: it starts at the molecular level and components are added up to mimic a cellular process. This approach is based on simplified cell-free systems also called reconstituted or biomimetic systems. Biomimetic systems allow to control the number of components, as well as their respective ratio, to reveal the minimal requirements for cellular function reconstitution. The reduction of parameters also makes the reconstituted systems more suitable for theoretical modelling. Numerous bottomup systems have been developed to study actin-based cell motility and actin-based membrane deformations and they are described below.

A biomimetic system to study actin dynamics was first inspired by the invasion of the bacteria Listeria monocytogenes into cells. As previously described (see section 1.3.2.1 -Bacterial invasion), Listeria hijacks the actin cytoskeleton to move within the cell and from cell to cell (Fig. 1.26). To understand this phenomenon, the cell was first reduced to cell-free extracts, without membranes and organelles.

These studies have allowed to identify bacterial surface factors and cellular proteins essential for the polymerization of actin comets [START_REF] Goldberg | Shigella flexneri surface protein icsa is sufficient to direct actin-based motility[END_REF][START_REF] Kocks | The unrelated surface proteins acta of listeria monocytogenes and lcsa of shigella flexneri are sufficient to confer actin-based motility on listeria innocua and escherichia coli respectively[END_REF]. For instance, for Listeria, the Actin-assembly protein, ActA, distributes at one pole surface of the bacteria and activates the Arp2/3 complex of the cell. This initiates the actin polymerization at the bacterial surface and the formation of a comet-like structure that propels the bacteria [START_REF] Kocks | Polarized distribution of listeria monocytogenes surface protein acta at the site of directional actin assembly[END_REF][START_REF] Skoble | Three regions within acta promote arp2/3 complex-mediated actin nucleation and listeria monocytogenes motility[END_REF][START_REF] Welch | Actin polymerization is induced by arp 2/3 protein complex at the surface of listeria monocytogenes[END_REF]. Thereafter, the idea emerged to find the proteins necessary and sufficient to induce the movement of bacteria. Consequently, cellular extracts have been replaced by purified proteins and the minimal protein

The shape of cells: a story of membrane and actin Building to learn: biomimetic systems composition have been identified to be: actin, the Arp2/3 complex, ADF/cofilin and capping protein [START_REF] Loisel | Reconstitution of actin-based motility of Listeria and Shigella using pure proteins[END_REF].

From beads to the diversity of biomimetic systems

To further reduce the system, Listeria itself was replaced by polystyrene beads uniformly coated with an activator of the Arp2/3 complex, either the bacterial activator of the Arp2/3 complex, ActA, [START_REF] Cameron | Motility of acta protein-coated microspheres driven by actin polymerization[END_REF][START_REF] Noireaux | Growing an actin gel on spherical surfaces[END_REF][START_REF] Wiesner | A biomimetic motility assay provides insight into the mechanism of actinbased motility[END_REF], or mammalian activators, such as WASP, to get closer to cell environment [START_REF] Bernheim-Groswasser | The dynamics of actin-based motility depend on surface parameters[END_REF][START_REF] Fradelizi | Acta and human zyxin harbour arp2/3-independent actin-polymerization activity[END_REF]. These beads, first placed in cellular extracts and then in solution with the minimal set of purified Identifying the minimal requirements for actin-based motility is not the only role of the bead system. The mechanism of bead propulsion by an actin comet also evidences the forces underlying the actin network. The polymerizing zone is constrained to the activated surface due to the presence of capping proteins. This results in stress build up in the actin network (see section 1.2.3.2 -A branched network of actin filaments). The stress is perpendicular at the bead surface while tangential further in the network [START_REF] Noireaux | Growing an actin gel on spherical surfaces[END_REF]. The tangential stress at the edge of the network is able to initiate a fracture in the network which turns into a breakage called "symmetry breaking" [van der Gucht et al., 2005]. The breakage thus results in unbalanced forces and a comet-like growth of the network leading to bead propulsion [START_REF] Achard | A 'primer'-based mechanism underlies branched actin filament network formation and motility[END_REF]van der Gucht et al., 2005;[START_REF] Van Oudenaarden | Cooperative symmetry-breaking by actin polymerization in a model for cell motility[END_REF]. The force production is tightly controlled by the coupling of biochemical and physical properties of the network. In particular, the entanglement of the network is critical to promote stress build up and symmetry breaking and Adapted from [START_REF] Cameron | Dendritic organization of actin comet tails[END_REF]. (B) Scheme of the stress build-up into the actin network around the bead, leading to symmetry breaking and comet formation that propels the bead. Adapted from [START_REF] Plastino | The actin slingshot[END_REF].

no sufficient branching at the bead surface or the filaments are too long. COnversely, for high concentrations of CP, filaments are too short to be entangled and a cohesive network can not form [START_REF] Kawska | How actin network dynamics control the onset of actin-based motility[END_REF]. The lengths in nanometers correspond to estimated mesh size of the corresponding actin networks. From [START_REF] Kawska | How actin network dynamics control the onset of actin-based motility[END_REF].

In addition to spherical objects, other substrates with different geometries have been used depending on the questions addressed. Glass rods coated with activators of the Arp2/3 complex allowed to mimic 2D-lamellipodium and to investigate its movement [START_REF] Achard | A 'primer'-based mechanism underlies branched actin filament network formation and motility[END_REF]. Micropatterning allowed to tune nucleation geometry and demonstrated that geometrical boundaries govern the actin network architecture [START_REF] Reymann | Nucleation geometry governs ordered actin networks structures[END_REF]. This provided a way to produce specific actin structures in a controlled manner, such as parallel or anti-parallel bundles of filaments, and to further study the effect of other actin-binding proteins, for instance myosin II [START_REF] Reymann | Actin network architecture can determine myosin motor activity[END_REF]. Deformable objects, such as oil droplets [START_REF] Boukellal | Soft listeria: actin-based propulsion of liquid drops[END_REF] or liposomes (see section 1.4.2 -Actin-membrane systems), provide tools to study the mechanical constraints exerted by the actin network and the organization of activators, which are free to move in these systems, through the observation of shape deformations. For instance, whereas the bead system provided experimental evidences of the tangential stress at the outer layer of the network, the presence of the compressive stress is not demonstrated due to the solid and undeformable nature of beads. The radial compression was evidenced with these deformable objects [START_REF] Boukellal | Soft listeria: actin-based propulsion of liquid drops[END_REF][START_REF] Delatour | Actin-based propulsion of functionalized hard versus fluid spherical objects[END_REF]. Besides the variety of surface geometries, these biomimetic systems allow to control the biochemistry of the actin network by varying the density of activators and the ratios of proteins in the polymerization solution. Therefore, the effect of each protein on physical parameters, such as actin dynamics, actin network topology, actin-binding protein activity and force production, can be addressed [START_REF] Achard | A 'primer'-based mechanism underlies branched actin filament network formation and motility[END_REF][START_REF] Kawska | How actin network dynamics control the onset of actin-based motility[END_REF][START_REF] Noireaux | Growing an actin gel on spherical surfaces[END_REF][START_REF] Reymann | Actin network architecture can determine myosin motor activity[END_REF]van der Gucht et al., 2005;[START_REF] Van Oudenaarden | Cooperative symmetry-breaking by actin polymerization in a model for cell motility[END_REF].

Actin-membrane systems

The previous systems provide significant knowledge about the interplay between the biochemical and the physical properties of the actin networks. However, in these cases the nucleation promoting factors (NPFs) are often fixed whereas in vivo they are coupled with a fluid membrane that enables their movement. To decipher actinmembrane interactions, as well as actin-based membrane shape changes, several membrane model systems have been developped.

Protein attachment to the membrane

Whereas the coating of beads with an activator of the Arp2/3 complex is made through electrostatic interactions, the reconstitution of actin-membrane system requires the anchorage of actin to the membrane. Such attachment is achieved either by direct interactions between actin or actin-binding proteins and specific lipids, such as PIP 2 lipids which bind N-WASP, or by artificially linking NPFs to the membrane. Generic strategy for chemical attachment of NPFs to lipid membranes is to use streptavidin tagged proteins, which bind to biotinylated lipids with high affinity and specificity (dissociation constant K d ∼ 10 -13 -10 -15 M), [START_REF] Wong | Direct force measurements of the streptavidinbiotin interaction[END_REF] or histidine (His) tagged proteins, which bind to Nickel-chelating lipids (Ni-NTA lipids), with tunable affinity depending of the length of His-tags [START_REF] Nye | Kinetic control of histidine-tagged protein surface density on supported lipid bilayers[END_REF]. Another possibility is to use proteins that interact both with lipids and with actin filaments, such as ezrin which binds PIP 2 lipids and actin filaments. However, in the latter case, actin filaments have to be pre-formed implying that the follow up of actin polymerization is not possible.

Supported lipid bilayers

Supported lipid bilayers (SLBs) are model systems for biological membranes.

They allow the lateral diffusion and rotational mobility of lipids. They are obtained by fusion of small lipid vesicles onto glass coverslips. Membrane proteins can also be inserted to the lipid bilayer and confer specific function to this artificial membrane.

The confinement of the membrane to the surface enables the use of surface analytical techniques, such as total internal reflection fluorescence microscopy (TIRFm) and atomic force microscopy (AFM). These techniques allow to visualize interactions between the membrane and proteins, at a single molecule level, in real time and at nanoscale [START_REF] Crane | Fluorescence microscopy to study domains in supported lipid bilayers[END_REF][START_REF] Loose | Biomimetic membrane systems to study cellular organization[END_REF][START_REF] Mingeot-Leclercq | Atomic force microscopy of supported lipid bilayers[END_REF][START_REF] Nye | Kinetic control of histidine-tagged protein surface density on supported lipid bilayers[END_REF]. SLBs provide valuable insights into membraneactin interactions and are widely used to study the activity of myosin-actin networks [START_REF] Ideses | Spontaneous buckling of contractile poroelastic actomyosin sheets[END_REF][START_REF] Köster | Cortical actin and the plasma membrane: inextricably intertwined[END_REF][START_REF] Murrell | F-actin buckling coordinates contractility and severing in a biomimetic actomyosin cortex[END_REF]. Remarkably, bundles of actin filaments, growing perpendicular to SLBs, have also been reproduced from a minimal system of frog egg extracts and purified proteins, such as actin, the Arp2/3 complex and N-WASP [START_REF] Lee | Self-assembly of filopodialike structures on supported lipid bilayers[END_REF]. However, the glass slide support of the bilayer causes some limitations, for example the diffusion kinetics are impacted by the interactions between lipids and the glass surface and membrane deformations can not be addressed. For these reasons, another membrane model has been developped: the liposomes.

Liposomes

Liposomes are spherical vesicles composed of a lipid bilayer, which encloses aqueous compartments. They display different sizes depending on their formation method. Small unilamellar vesicles (SUVs) and large unilamellar vesicles (LUVs) range 40 -200 nm in diameter, and are slightly deformable. Their size is below the diffraction limit of light (around 200 nm) so their observation is limited to electron

The shape of cells: a story of membrane and actin Building to learn: biomimetic systems microscopy (EM). They provide static information of membrane shape and protein function. To visualize membrane deformations with optical microscopy, the formation of giant unilamellar vesicles (GUVs) has been developed. With a diameter between 1 and 100 µm, they are also called cell-sized liposomes since they compare in size with animal cells that are 10-30 µm and plant cells that are 10-100 µm.

Hereafter, the term "liposomes" will always refer to GUVs or cell-sized liposomes.

Liposome membranes are prone to fluctuations and low in curvature. Furthermore, they are easy to produce and compatible with many types of microscopy, from epifluorescence to confocal and TIRF microscopy, and mechanical perturbation techniques, such as pipette aspiration, optical tweezers or AFM [START_REF] Cherney | Optical trapping of unilamellar phospholipid vesicles: investigation of the effect of optical forces on the lipid membrane shape by confocal-raman microscopy[END_REF][START_REF] Roux | Membrane curvature controls dynamin polymerization[END_REF]. In addition to their size close to the one of cells, liposomes mimic physical properties of biological membranes such as fluidity, tension and deformability. They thus appear as good candidates for protein-membrane reconstituted systems.

Various techniques are available to make liposomes. Historically, one of the first methods to prepare giant vesicles was the controlled hydration of a thin dry film of phospholipids (egg polyphosphatidylcholine, EPC). This method is delicate and produces small amounts of liposomes, because many multilamellar vesicles are formed. Other protocols have been developped to form liposomes with a high yield, such as electroformation, inverted emulsions and microfluidic techniques. These methods will be briefly described in the next section and then placed in the context of actin-based systems.

Liposome preparation techniques Electroformation

The electroformation technique consists in hydrating a dried film of lipids under an electric field (Fig. 1.34 A) [Angelova and Dimitrov, 1986]. This method leads to a high yield of liposomes with a large range of sizes. The electroformed liposomes are stable and can be kept for one week at 4°C. Although this technique allows fast and robust production of a large number of liposomes, only low ionic strength

The shape of cells: a story of membrane and actin Building to learn: biomimetic systems solutions can be used due to the electric field. These low salt concentrations and the electric field distort proteins and thus electroformation is not suitable for protein encapsulation. For the same reason, low percentage of charged lipids can be used, contrary to the reality of physiological membranes. Moreover, the lipid asymmetry of biological membranes is not enabled by the electroformation.

Variations of electroformation protocols have been developped to address some of these limitations. For instance, hydration on agarose gel or polyvinyl alcohol gel (PVA gel) allows the use of high ionic strength solutions and thus the encapsulation of proteins during the process with an efficiency of around 50 % [START_REF] Tsai | Encapsulation of active cytoskeletal protein networks in cell-sized liposomes[END_REF][START_REF] Weinberger | Gel-assisted formation of giant unilamellar vesicles[END_REF].

Our experimental protocols (see section 2.1.1 -Liposome formation) are not concerned by the previous limitations as we use mainly uncharged lipids (we use mainly EPC) and sucrose buffer. Most of the liposomes prepared during my thesis were generated with the electroformation technique. Such protocol offers the advantage of having numerous liposomes in few hours and a distribution of liposome size, which enables to study the effect of size in our system.

Inverted emulsion technique

Contrary to the electroformation, the inverted emulsion technique allows to form two lipid layers with different lipid compositions. This method is thus very convenient for membrane asymmetry. Besides, there is no limitation concerning the composition of the solutions so the inverted emulsion technique is suitable for protein encapsulation [Pautot et al., 2003a,b].

The main steps of the inverted emulsion process are the following (Fig. 1.34 B):

• A water-in-oil emulsion is formed from droplets of the inside aqueous solution into a mineral oil containing lipids. Lipids spontaneously arrange at the droplet surface and stabilize the emulsion, which generates the inner leaflet of the liposome.

• A second oil containing lipids, which can be different from the first lipid oil in the case of membrane asymmetry, is placed over the outside aqueous solution.
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This leads to the formation of a monolayer of lipids at the interface, the further outer leaflet.

• The inverted emulsion is placed over the second oil and the aqueous droplets fall onto the lipid monolayer at the interface.

• The emulsion is forced to pass through the second lipid layer by centrifugation and liposomes are obtained in the outside aqueous solution.

Despite the fact that this method is powerful for membrane asymmetry of liposomes and protein encapsulation, it is very sensitive and the efficiency of encapsulation is highly dependent on the proteins, the lipid composition and the experimentalist. As a consequence, increasing system complexity considerably lowers the yield of liposome formation and protein encapsulation.

Microfluidic devices to prepare liposomes

To address the drawbacks of the previous inverted emulsion technique, such as polydispersity (if unwanted) and low encapsulation efficiency, microfluidic approaches have been developed (Fig. 1.34 C-E). They offer the advantage to produce monodisperse liposomes in a controlled and reproducible environment.

The jetting method consists in applying a pulse jet flow against a planar lipid bilayer [START_REF] Funakoshi | Formation of giant lipid vesiclelike compartments from a planar lipid membrane by a pulsed jet flow[END_REF][START_REF] Kamiya | Cell-sized asymmetric lipid vesicles facilitate the investigation of asymmetric membranes[END_REF][START_REF] Richmond | Forming giant vesicles with controlled membrane composition, asymmetry, and contents[END_REF][START_REF] Stachowiak | Unilamellar vesicle formation and encapsulation by microfluidic jetting[END_REF] and allows to create membrane asymmetry (Fig. 1.34 C). However, this technique needs a specialized equipment and the liposomes generated are unstable because of residual organic solvant in the lipid bilayer.

The inverted emulsion principle has been coupled with droplet-based microfluidics to generate liposomes either by solvent evaporation of water-oil-water (W/O/W) double emulsion droplets (Fig. 1.34 D) [START_REF] Arriaga | Ultrathin shell double emulsion templated giant unilamellar lipid vesicles with controlled microdomain formation[END_REF][START_REF] Deshpande | Octanol-assisted liposome assembly on chip[END_REF][START_REF] Shum | Double emulsion templated monodisperse phospholipid vesicles[END_REF] or emulsion transfer [START_REF] Upadhyaya | types de réseaux d'actine: un premier contenant des CP et un deuxième n'en contenant pas. Nous avons ensuite examiné pour ces deux réseaux d'actine, présence ou absence de CP, l'influence de la tension de membrane des liposomes sur la brisure de symétrie du réseau d'actine et les changements de forme des liposomes. Nous avons ainsi pu observé qu'en présence de CP, indépendemment de la tension de membrane (liposomes tendus et dégonflés), le réseau d'actine brise la symétrie et les liposomes sont déformés. Cependant, en l'absence de CP, le réseau d'actine ne se fracture pas et les liposomes conservent leur forme sphérique. De manière surprenante, lorsque la tension de membrane est diminuée (liposomes dégonflés)[END_REF][START_REF] Matosevic | Layer-by-layer cell membrane assembly[END_REF][START_REF] Ota | Microfluidic formation of monodisperse, cell-sized, and unilamellar vesicles[END_REF][START_REF] Tan | Controlled microfluidic encapsulation of cells, proteins, and microbeads in lipid vesicles[END_REF]. In addition to be compatible with charged lipids and ionic buffers, inverted emulsion techniques allow to produce monodisperse liposomes with asymmetric membranes. Nevertheless, removal of oil trapped in the bilayer in these methods, as well as in the classical inverted emulsion technique, is a critical step and often results in defects as oil may affect physical properties of the (A-B) from [START_REF] Cameron | Motility of acta protein-coated microspheres driven by actin polymerization[END_REF], (C) from [START_REF] Richmond | Forming giant vesicles with controlled membrane composition, asymmetry, and contents[END_REF], (D) from [START_REF] Deshpande | Octanol-assisted liposome assembly on chip[END_REF] and (E) from [START_REF] Blosser | CDICE method produces giant lipid vesicles under physiological conditions of charged lipids and ionic solutions[END_REF].

membrane [START_REF] Blosser | CDICE method produces giant lipid vesicles under physiological conditions of charged lipids and ionic solutions[END_REF]. One method overcomes this issue, the continuousdroplet interface-crossing encapsulation (cDICE, Fig. Microfluidic strategies are still evolving with aims of simplicity, stability of the liposomes, reduction of volume sample to produce more and more complex artificial cells [START_REF] Sato | Creation of Artificial Cell-Like Structures Promoted by Microfluidics Technologies[END_REF][START_REF] Weiss | Sequential bottom-up assembly of mechanically stabilized synthetic cells by microfluidics[END_REF].

Liposomes and actin network reconstitution

Reconstitution of an actin network inside liposomes Encapsulation of proteins inside liposomes provides a configuration close to the cell. It has been used to promote the actin polymerization in a confined environment and the formation of actin cortex-like structures beneath the membrane of liposomes. Furthermore, experimental parameters such as actin network topology, contractile activity, membrane tension or membrane-actin attachment are tunable.

However, the formation of a cortex structure depends strongly on the concentrations of the encapsulated proteins and on the actin-membrane anchoring. More generally, encapsulation is limited by the amount of proteins to encapsulate, as high concentrations considerably reduce the successful formation of liposomes.

G-actin monomers encapsulated with ATP and salts spontaneously polymerize into long filaments but remain in the bulk of the liposome. To control the start of actin polymerization, liposomes encapsulating the actin machinery are produced at low temperature, ∼ 4°C at which actin does not polymerize, and the reaction starts when the system is back to the room temperature. Another strategy is to enclose the proteins without ATP and salts and to create membranous pores, with α-hemolysin for instance, to allow ATP and salts to diffuse inside the liposome and trigger the actin polymerization at the desired time [START_REF] Pontani | Reconstitution of an actin cortex inside a liposome[END_REF].

To form an actin network beneath the membrane, the only anchorage of actin filaments to the membrane is not sufficient, as shown by the observation of bulk actin polymerization even with a "sandwich" linkage of biotinylated lipids-streptavidinbiotinylated actin [START_REF] Carvalho | Actin polymerization or myosin contraction: two ways to build up cortical tension for symmetry breaking[END_REF][START_REF] Tsai | Encapsulation of active cytoskeletal protein networks in cell-sized liposomes[END_REF]. To promote the formation of a cortex-like actin structure, actin nucleation is triggered at the membrane with Ni-NTA lipids binding His-tagged N-WASP to activate the Arp2/3 complex (Fig.

1 .35). Using the inverted emulsion technique, this leads to the formation of a thin actin network with a thickness around 0.2 -0.4 µm inside liposomes (Fig. 1.35

A, top images) [START_REF] Pontani | Reconstitution of an actin cortex inside a liposome[END_REF]. Similar results have been obtained with the cDICE method (Fig. 1.35 A, bottom images).

Reconstituted actin cortices provide insights into the effective role of actinmembrane interactions in cell mechanics [START_REF] Campillo | Unexpected membrane dynamics unveiled by membrane nanotube extrusion[END_REF]Guevorkian et al., 2015;[START_REF] Murrell | Spreading dynamics of biomimetic actin cortices[END_REF]. Notably, it has been evidenced that the reconstitution of an active actomyosin network at the inner surface of liposomes is able to generate various global shape deformations, reminiscent of blebbing and tether extrusions.

These deformations depend on a balance between membrane tension and membraneactin attachment density [START_REF] Loiseau | Shape remodeling and blebbing of active cytoskeletal vesicles[END_REF]. Moreover, capping proteins have been identified as regulators of membrane deformations through modulation of the kinetics of actin network growth [START_REF] Dürre | Capping protein-controlled actin polymerization shapes lipid membranes[END_REF]. At low concentration of CP, an homogeneous actin layer is formed. When CP concentration is increased, this layer turns into actin patches that generate either membrane protrusions, for low concentrations, or bent domains, for high concentrations. These deformations have been rationnalized by the kinetics of network assembly and the topology of the network, which are tuned by the concentration of CP. Finally, all these findings bring additional evidences that the physical and biochemical coupling in actin networks govern membrane deformations.

Reconstitution of an actin network at the outer surface of liposomes

The advantage of reconstituting an actin network at the outer layer of liposomes is that the actin network growth is not limited due to an infinite pool of proteins.

Besides, liposomes can be prepared through electroformation, which allow to observe numerous liposomes in parallel, and the same experimental parameters as for

The shape of cells: a story of membrane and actin Building to learn: biomimetic systems protein encapsulation (actin network topology, contractile activity, membrane tension or membrane-actin attachment) can be controlled.

The use of this reconstituted system revealed that the mechanism of symmetry breaking of the actin network around a liposome relies, not only on the tangential stretching observed around beads, but also on the radial compression at the surface of the liposome [START_REF] Delatour | Actin-based propulsion of functionalized hard versus fluid spherical objects[END_REF][START_REF] Giardini | Compression forces generated by actin comet tails on lipid vesicles[END_REF][START_REF] Upadhyaya | Probing polymerization forces by using actin-propelled lipid vesicles[END_REF].

A liposome under radial compression is deformed and pushed against a region of the actin network that becomes thinner up to create a hole, through which the liposome escapes. The thinning originates from a reduced polymerization at the inner surface of the network and occurs where the actin network is mechanically weaker, probably due to a density of activators less important there than in other regions. When this weak part of the actin network can no longer oppose the liposome pushing force, it breaks the symmetry. Therefore, the liposome deformation and the symmetry breaking are a signature of stress build-up within the actin network ( More generally, the deformability of liposomes allows for a direct read-out of the effects of actin regulatory proteins on membrane deformations and on force production [START_REF] Caorsi | Cell-sized liposome doublets reveal active tension build-up driven by acto-myosin dynamics[END_REF][START_REF] Carvalho | Actin polymerization or myosin contraction: two ways to build up cortical tension for symmetry breaking[END_REF]. In following chapters, symmetry breaking and liposome deformation will serve as markers for the formation of a cohesive actin network.

Furthermore, the symmetry breaking of the actin network is accompanied by a segregation of the activators at the rear of the liposome [START_REF] Boukellal | Soft listeria: actin-based propulsion of liquid drops[END_REF][START_REF] Delatour | Actin-based propulsion of functionalized hard versus fluid spherical objects[END_REF][START_REF] Giardini | Compression forces generated by actin comet tails on lipid vesicles[END_REF][START_REF] Upadhyaya | Probing polymerization forces by using actin-propelled lipid vesicles[END_REF] and it has been shown that membrane-bound actin networks are able to induce clustering and phase separation of lipids [START_REF] Liu | Actin polymerization serves as a membrane domain switch in model lipid bilayers[END_REF]. These results illustrate that the actin cytoskeleton can influence membrane organization. Conversely, membrane properties have been shown to modulate actin filament arrangement. For instance, increasing membrane tension of liposomes can trigger the formation of inward protrusions filled in with bundles of actin [START_REF] Liu | Membrane induced bundling of actin filaments[END_REF] In this chapter, I address the role of actin in membrane shape changes with a branched actin network grown at the outer surface of liposomes. I will present in more details our experimental system and how I control experimental parameters such as membrane tension and actin network architecture. I will then describe and discuss the wide variety of cell-like membrane deformations obtained with this biomimetic system. I will start at the macroscopic scale, with global shape changes, such as pear, kiwi, "cup" or "wrinkled" shapes, continue at the micron scale, with localized inward and outward membrane deformations, and end at the filament scale, with the study of actin organization in inward membrane deformations. All these works outline that membrane tension and network architecture are key regulators in the mechanisms of actin-driven membrane deformations.

Experimental system

To mimic shape changes with a minimal system of membrane and purified proteins, a branched actin network is grown at the outer surface of electroformed liposomes. The following section describes the experimental approaches used to build the system.

Liposome formation

The mixture of lipids used to generate liposomes contains EPC lipids, 0.1% biotinylated-PEG lipids, and 0.5 % TexasRed lipids, for a total concentration of 2.5 mg.mL -1 . EPC lipids make the base of the bilayer while biotinylated-PEG lipids attach to the activator of the actin polymerization through the biotin, the PEG acting as a spacer, and TexasRed lipids allow observation through fluorescence microscopy.

Liposomes are prepared using the electroformation technique due to its ease of implementation and its high yield with the previous lipid composition (see section and Dimitrov, 1986]. Briefly, 10 µL of the lipid mixture are spread onto indium tin oxide (ITO)-coated plates under vacuum for 2 h. A chamber is formed using the ITO plates (their conductive sides facing each other) filled with a sucrose buffer, called TPI (see Appendix A), and sealed with hematocrit paste. Liposomes are formed by applying an alternate current voltage (10 Hz, 1 V rms) for 2 h.

1.4.2.3 -Liposomes) [Angelova
For observation, liposomes are diluting twice in a isotonic working buffer, called TPE (see Appendix A), that contains salts, to promote further the polymerization of actin, and less sucrose than the TPI. This creates a sucrose concentration difference between the buffers, which first helps the liposomes to settle at the bottom of the observation coverslip (more sucrose inside liposomes) and second induces an optical index difference allowing the observation by phase contrast microscopy. The two solutions have the same osmolarity of 200 mOsm, as measured with a Vapor Pressure

Osmometer. In addition to phase contrast microscopy, liposomes are also observed through their fluorescent lipids with the use of epifluorescence microscopy. We obtain liposomes with a wide distribution of diameter, with an average radius around 7-10 µm, and around 10 liposomes per field of view.

A branched actin network around a liposome

To activate actin polymerization at the liposome surface, a fragment of human WASP, the proline rich domain-verprolin homology-central-acidic sequence (pVCA), purified as in [START_REF] Carvalho | Actin polymerization or myosin contraction: two ways to build up cortical tension for symmetry breaking[END_REF], binds to the biotinylated lipids of the membrane through a streptavidin tag, this protein is thus called streptavidin-pVCA (S-pVCA).

Liposomes are incubated for 15 min at room temperature with 350 nM of S-pVCA.

After the coating with S-pVCA, unbound S-pVCA molecules must remain in the solution, as we estimate the concentration of S-pVCA to be slightly higher than the 

A system under control

As already mentioned in chapter 1, one strength of biomimetic systems is the control of experimental parameters. In our system, we can control both the topology of the actin network, by varying the protein composition of the polymerization solution, and the tension of the membrane, by applying osmotic shocks. In the following part, I will describe how we precisely control these parameters (Fig ξ has been drawn for clarity but the real mesh size would be the mean diameter of all the circles we can draw in between the filaments. This model allows to write the Young's modulus and the viscosity as a function of the mesh size (Eq. 2.1) [START_REF] Kroy | Force-extension relation and plateau modulus for wormlike chains[END_REF].

E ≈ k B T l p ξ 4 ; η ≈ k B T l p τ ve ξ 4 (2.1)
where k B is the Boltzmann constant, T the absolute temperature and l p the persistence length of an actin filament.

Moreover, the entanglement of filaments is set by the biochemistry of the actin [START_REF] Kawska | How actin network dynamics control the onset of actin-based motility[END_REF]. Therefore, by varying the molecular composition of the polymerization solution, we can tune the mesh size to obtain a more or less dense network. It has been shown on beads that lowering the concentration of the Arp2/3 complex or CP enables to increase the mesh size and consequently loosen the actin network [START_REF] Kawska | How actin network dynamics control the onset of actin-based motility[END_REF]. However, these conditions around liposomes lead to the formation of very thin actin networks that are not really comparable to the networks we obtain in reference conditions. To conserve a thick and cohesive network, while decreasing the mesh size of the network, we use the ability of profilin to inhibit branching [START_REF] Pernier | Profilin interaction with actin filament barbed end controls dynamic instability[END_REF]. Therefore, with an increasing concentration of profilin, there are less Arp2/3 complex molecules present within the network and thus less branches. As a consequence, filaments are less entangled, the cavities formed by the entanglements are larger and the average of all cavity diameters, i.e. the mesh size, is higher. We thus get loosened networks, as characterized by the absence of symmetry breaking and faint actin intensities compared to networks in reference conditions (Fig. D.7 bottom images). Nevertheless, increasing the profilin:actin ratio considerably slows down the actin polymerization [START_REF] Pernier | Profilin interaction with actin filament barbed end controls dynamic instability[END_REF]. We find that the best compromise between time of polymerization and network thickness to obtain a visible, thick network, comparable to the network obtained in reference conditions (1:1 profilin:actin ratio), is a profilin:actin ratio of 5:1. Therefore, actin polymerization is triggered the same way as above, except with 15 µM profilin (instead of 3), and during a longer time (overnight instead of 1-2 h). (Top) Scheme of an increase of actin network mesh size, ξ. Actin filaments (red) are entangled and branched due to the Arp2/3 complex (yellow). The mesh size is the average of the diameters of circles that can be drawn between entangled filaments. (Bottom) Example images of a dense network leading to symmetry breaking with a profilin:actin ratio 1:1 (left) and a loosened network, uniform with faint fluorescence intensity with a profilin:actin ratio 5:1 (right). Scale bars: 5 µm.

Membrane tension

Membrane tension of electroformed liposomes with the same lipid composition and preparation as ours has been estimated previously to 10 -6 N.m -1 [START_REF] Caorsi | Cell-sized liposome doublets reveal active tension build-up driven by acto-myosin dynamics[END_REF]. We can then modulate membrane tension by creating an osmotic pressure difference between the inside and the outside of liposomes. Indeed, the membrane will tend to equilibrate the osmotic pressure on both sides: either water leaves the inside of liposomes to "dilute" a higher solute concentration outside, this is an hypertonic shock, or water enters inside the liposomes to "concentrate" a lower solute concentration outside, this is an hypotonic shock. This equilibrium is fast, within tens of min [START_REF] Olbrich | Water permeability and mechanical strength of polyunsaturated lipid bilayers[END_REF]. Consequently, increasing the osmolarity of the outside solution leads to water leaving the inside of the liposome so that the apparent liposome volume decreases. Therefore, this results in a decrease in membrane tension. Conversely, decreasing the osmolarity of the outside solution results in an increase in membrane tension. From the Helfrich equation, provided in chapter 1 (see section 1.1.2 -Physics of membrane, Eq. D.1), we know that the stretching energy of the membrane depends linearly on its tension, γ. Increasing the membrane tension thus increases the energy to provide at the membrane to stretch it and should prevent from deformations. Conversely, for a decrease in membrane tension, less energy is required to stretch the membrane and deformations should be favored.

Membrane tension is changed by incubation of liposomes in a solution with higher, equal or lower osmolarity than the inside solution (200 mOsm). We modified the osmolarity of the outside solution by diluting it either with a concentrated solution of sucrose (hypertonic shock) or with pure water (hypotonic shock). Liposomes are incubated with 350 nM of S-pVCA and then the S-pVCA coated liposomes are placed in the hypertonic or hypotonic solutions for 30 min, to allow the omostic pressure equilibrium, prior to actin polymerization. Once the membrane tension of liposomes is modified, they are placed in the actin polymerization solution, prepared respectively in the hypertonic or hypotonic solution. With both the hypertonic and hypotonic solutions, we observed an important decrease of symmetry breaking events, signature of our reference conditions, whereas the protein concentrations for actin polymerization were the same. Actually, we realized that dilution of the outside solution results in a decrease of the concentrations of salts and ATP, which affect the polymerization (Fig. 2.4). As a consequence, we prepared hypertonic (400 mOsm), isotonic (200 mOsm) and hypotonic (95 mOsm) buffers by varying only the sucrose concentration (320 mM, 95 mM and 0 mM respectively), all other reagents being the same. The final concentrations of salt and ATP are thus constant in all conditions (hypertonic, isotonic and hypotonic). We then trigger the growth of the actin network for the different membrane tensions as previously described: 1) liposomes are coated with S-pVCA, 2) they are diluted in a working buffer at a given osmolarity to modify membrane tension and 3) liposomes are placed in the actin polymerization mix, prepared with the same buffer as for the change in membrane tension.

With the protocol described above we can trigger either an increase or a decrease in membrane tension. However, as the aim of this project is to investigate membrane deformations, the focus is held on the decrease in membrane tension.

Liposomes with decreased membrane tension are named deflated liposomes, in opposition to non-deflated liposomes. We will see in the following parts the effect of membrane tension at different times of actin polymerization:

• prior to actin polymerization; this will be described in the sections D.3.1.1 -La brisure de symétrie and 2.3.1 -Tubes and spikes,

• from 5 to 30 min after the beginning of actin polymerization; this will be presented in the section D.3.1.2 -Flambement et plissement,

Time of acquisition

Actin polymerization is a dynamic process with initiation, elongation steps and steady state (see section 1.2.1 -Actin dynamics).

Acquisition of the first seconds of the actin polymerization is difficult due to observation chamber preparation. Most of the time the sample is on the microscope after around 2-3 min. This prompted us to propose a new method (see chapter 4)

to access the early stages of the polymerization. Here, we observe liposomes after 3 min of polymerization. After 60 min, the steady state (see chapter 1, section 1.2.1 -Actin dynamics) is reached and the sample is scanned from 60 up to 120 min. The main results presented in this chapter are from the data at steady state, to ensure that we observe final liposome shapes. Note that in the case of polymerization with a high concentration of profilin, acquisition was done after 20 h of actin polymerization, both in control and loosened network conditions. The morphologies of liposomes and actin networks in control conditions observed after 20h of actin polymerization are similar to the ones after 60 min, which illustrates that the steady state is reached after 60 min.

Although actin filaments do not elongate anymore at steady state, we observed that liposomes deform either into a "cup" shape, designated as buckling, or a "wrinkled" shape, designated as wrinkling. We noticed the volume decrease of our sample, which implies that the outside solution evaporates (Fig. 2.5). In fact, the evaporation of the solution increases the osmolarity outside the liposomes and results in a spontaneous osmotic shock. This surprising observation led us to study the deformations of actin shells under osmotic shock (see section D. . Furthermore, we adapted our observation chamber to avoid uncontrolled deformations: the sample is placed between two coverslips, spaced by high vacuum grease (Dow Croning, Michigan, USA), and surrounded by mineral oil (Sigma Aldrich, Issouri, USA). In this simple way, the sample is not in contact with air, which prevents from solution evaporation.

The next part describes the membrane deformations we obtain with our reconstituted system under controlled conditions. We characterize them and propose physical mechanisms to explain their formation.

Global shape changes

I will present here two projects in which with the same starting ingredients we trigger different morphologies of liposomes. In the first part, we look at the effect of capping proteins and liposome membrane tension (see section D.3.1.1 -La brisure de symétrie). In the second part, we study the effect of osmotic shock on actin shells surrounding liposomes (see section D.3.1.2 -Flambement et plissement).

Symmetry breaking of an actin network around a liposome

From the bead system, we know that a cohesive actin network exerts compressive stresses perpendicular to the surface and tangential stretching in the outer layer.

This stress build-up leads to a fracture of the shell, the symmetry breaking, for a concentration window of the Arp2/3 complex and CP (chapter 1, section 1.4.1 -From beads to the diversity of biomimetic systems, see Fig. D.8 and 1.33). Whereas beads are solid and do not deform, substrates such as oil droplets or liposomes appear deformed into pear or elongated shapes during symmetry breaking because the actin network pulls on the rear of these deformable objects. The deformability of these objects have thus allowed to evidence the presence of compressive stresses in the actin network, not accessible with the solid bead surface, and their involvement in symmetry breaking mechanisms [START_REF] Boukellal | Soft listeria: actin-based propulsion of liquid drops[END_REF][START_REF] Delatour | Actin-based propulsion of functionalized hard versus fluid spherical objects[END_REF][START_REF] Giardini | Compression forces generated by actin comet tails on lipid vesicles[END_REF][START_REF] Upadhyaya | Probing polymerization forces by using actin-propelled lipid vesicles[END_REF].

Whereas it has been reported that the propulsion of liposomes by an actin comet tail is not strictly dependent on their deformation [START_REF] Delatour | Actin-based propulsion of functionalized hard versus fluid spherical objects[END_REF], the correlation between symmetry breaking of the actin network and liposome deformations has not been fully investigated. To address this question, we use two different actin networks (Fig. 2.6):

• an actin network in presence of CP, where the branching and elongation of filaments is limited to the surface. This actin network is known to promote symmetry breaking, both on beads and on liposomes, and to create radial compression and tangential stretching;

• an actin network in absence of CP, where filaments elongate both at the surface and at the outer layer and form a network homogeneous rather concentrated at the surface and loose away. This actin network has been reported to not lead to symmetry breaking on liposomes [START_REF] Lemière | Cell-sized liposomes that mimic cell motility and the cell cortex[END_REF] and the stresses exerted are less understood as the polymerization is not constrained to the membrane.

We first characterize the role of CP on symmetry breaking and liposome defor- 

Data analysis

We characterize liposome deformation and symmetry breaking of the actin network by observing simultaneously membrane and actin by fluorescence.

Characterization of membrane deformations

We characterize the global deformation of a liposome as the deviation of its shape from the initial spherical shape. To do so, for each liposome we measure the form factor, e = b a , which is the ratio of the short, b, and long, a, radii of the best ellipse that fits its apparent contour on a fluorescent membrane image. Spherical liposomes have a form factor equal or close to 1. From eye observation, some liposomes are clearly spherical or clearly deformed whereas others are more difficult to classify. We measure the form factors of the liposomes with ambiguous shapes and from these results we take e = 0.95 as a threshold that separates spherical from deformed liposomes. Among the deformed liposomes we do not distinguish between the different final shapes such as pear or dumbbell shapes.

Characterization of the symmetry breaking of the actin network

Actin networks, in the presence or absence of CP, are observed at steady state, after 60 min and more of actin polymerization, to ensure that all networks that should break the symmetry do so. This implies that we do not observe directly the breakage in the network but we need to characterize it once it has happened. From recurrent visual observation, we know how to distinguish comets and symmetry breaking from other kind of actin networks (homogeneous, heterogeneous), except for some ambiguous cases that are questionable. To make a decision, independent on the analyst, on these delicate cases we looked for a way of characterization that could classify the actin networks we observed into two categories: presence or absence of symmetry breaking. The main feature of symmetry breaking is the resulting asymmetry of the actin network, so we based our classification on the characterization of the anisotropy of the actin network (Fig. 2.7, images a to f). We took 12 unambiguous examples of actin networks, clearly identified as symmetry breaking event or not, and we looked for a method that would give the same classification as ours. Our idea was to look for an asymmetry of the actin fluorescence intensity. We took the intensity profile of the actin fluorescence along a 30 pixel width contour of the liposome, detected on fluorescent membrane image. From this profile, we obtain the maximum, I max , and minimum, I min , fluorescence intensities over the contour length and we define a parameter Asym = Imax-I min

Imax

. Next, we obtained two classes:

• for Asym ≤ 0.5, we do not observe symmetry breaking .

• for Asym ≥ 0.5, we observe both true symmetry breaking cases and heterogeneous networks.

We thus needed further analysis for the case Asym ≥ 0.5. For this purpose, we measured the width of the fluorescence distribution at half-height, w, from the smoothed plot of the normalized intensity I-I min Imax-I min , where I is the fluorescence intensity, as a function of the normalized contour length. We found that the actin networks which did not break the symmetry had either more than one peak that crosses the half-height, i.e. normalized intensity = 0.5, or a peak with a width at halfheight w < 0.25. Therefore, with our method, symmetry breaking is characterized by Asym ≥ 0.5 and w < 0.25. We then applied this method, summarized in Figure 2.7, to all our liposomes and compared the results to our visual classification. We found differences for only 2-3 liposomes over 539, so we concluded that this way of classification was suitable to characterize the symmetry breaking of an actin network through its anisotropy.

Results

With our new method of characterization, we obtain that 47. the liposome, which thus evidences the radial stresses exerted by the actin network [START_REF] Boukellal | Soft listeria: actin-based propulsion of liquid drops[END_REF][START_REF] Delatour | Actin-based propulsion of functionalized hard versus fluid spherical objects[END_REF][START_REF] Giardini | Compression forces generated by actin comet tails on lipid vesicles[END_REF][START_REF] Upadhyaya | Probing polymerization forces by using actin-propelled lipid vesicles[END_REF]]. In the absence of CP, the tangential and compressive stresses may be lower and less efficient as polymerization occurs in the whole volume of the network, which is consistent with the absence of symmetry breaking. However, it has been reported symmetry breaking around beads without CP and with a high concentration of the Arp2/3 complex, which suggests that increasing the stresses at the bead surface allows to fracture the actin layer [START_REF] Achard | A 'primer'-based mechanism underlies branched actin filament network formation and motility[END_REF].

The actin network in the presence of CP is expected to exert an orthogonal

pressure p = E h R 2
, where E is the Young's modulus ∼ 10 4 Pa [Marcy et al., 2004] and h is the thickness of the actin network. With h R ∼ 0.2, we obtain p ∼ 10 2 Pa. This pressure is counterbalanced by the Laplace pressure ∆P , as ∆P ∼ γ R , with R the typical radius of liposomes, R ∼ 10 µm, and γ the typical membrane tension for non-deflated conditions, γ ∼ 10 -6 N.m -1 . The Laplace pressure is thus estimated as ∆P ∼ 10 -1 Pa. Comparing the pressure exerted radially by the actin network, p, to the opposing pressure of the liposome, ∆P , we clearly see that the actin network, at least in the presence of capping proteins, is prone to deform the membrane. In the absence of CP, it is difficult to define a thickness of the network as the filaments grow mainly away from the liposome. Besides, it has been measured that, in the absence of CP, the Young's modulus of the actin cloud away from the surface of a bead is around 1 Pa [START_REF] Bussonnier | Mechanical detection of a long-range actin network emanating from a biomimetic cortex[END_REF]. This suggests that the orthogonal pressure of the network must be lower than the previous estimate of p and eventually equal to ∆P , as neither symmetry breaking nor membrane deformations are observed. Therefore, decreasing the Laplace pressure, i.e. decreasing membrane tension, should rescue the symmetry breaking and membrane deformations. This is exactly what we observed in this study, which reveals that, even in the absence of CP, the actin network exerts compressive stresses at the surface of liposomes.

Conclusions

We conclude that the presence of capping proteins is essential to generate the symmetry breaking of the actin network, as already reported around beads [START_REF] Achard | A 'primer'-based mechanism underlies branched actin filament network formation and motility[END_REF][START_REF] Carvalho | Actin polymerization or myosin contraction: two ways to build up cortical tension for symmetry breaking[END_REF][START_REF] Lemière | Cell-sized liposomes that mimic cell motility and the cell cortex[END_REF], and that symmetry breaking of the actin network triggers liposome deformations. We then use the deformability of liposomes to evidence the presence of compressive stresses within the actin network even in the absence of CP. Whereas without CP in the actin network, the radial compression is less visible, we reveal it by deflating liposomes, which allows the symmetry breaking of the actin network to happen. Finally, we provide evidence that there is a balance between membrane tension and actin network structure to regulate liposome shape changes induced by actin polymerization. This illustrates the robustness of the cell that can counterbalance the perturbation of one parameter to not affect the final state required.

Article 1: Interplay between membrane tension and the actin cytoskeleton determines shape changes

Camille Simon,Valentina Caorsi,Clément Campillo and Cécile Sykes Physical Biology,15(6), 2018

Introduction

Changes in shape are crucial for mammalian cells to accomplish their vital functions such as motility, trafficking, or division. These functions are achieved through deformations of the cell membrane into either protrusions, such as lamellipodia, filopodia, or invaginations, such as endocytosis, or into a global shape change such as a dumbbell-shape or an elongated one in the case of division. Such structures are essentially based on a polymerizing actin cytoskeleton growing underneath the plasma membrane [1,2]. This actin network can arrange in different organizations (parallel bundles, branched network) to drive cell shape changes [3].

The mechanism of force production based on actin dynamics was first studied by observing intracellular parasites that hijack the actin machinery for their own propulsion. The movement of Listeria monocytogenes is indeed based on the dynamic assembly of an actin network activated at its surface [4,5]. Beads coated with an activator of actin polym-erization mimic this actin-based movement and move within cell extracts or purified proteins, propelled by the same 'actin tail' that propels Listeria [6,7]. In particular, a branched actin network, generated by the Arp2/3 complex, is able to create mechanical stresses that build up during the growth of the actin network. At the bead surface, these stresses operate perpendicularly to the surface whereas further at the external edge of the network, they are tangential [8]. Such a stress buildup results in a breakage of the actin network (called 'symmetry breaking'), as soon as the tangential stress at the edge of the network exceeds a threshold value that is sufficient to break a bond in the network and initiate a fracture [9]. As a consequence, unbalanced forces following symmetry breaking lead to the onset of actin-based propulsion [6,9,10]. Propulsion of hard objects based on actin polymerization involves mechanical deformations within the actin network over a distance that is about twice the size of the object, as evidenced by photobleaching the actin network [11]. Such deformations are the signature of stresses within the actin network,

Abstract

The ability of mammalian cells to deform their membrane relies on the action of the cytoskeleton. In particular, the dynamics of the actin cytoskeleton, assembling at the plasma membrane, plays a crucial role in controlling cell shape. Many proteins are involved to ensure proper growth of the actin network at the cell membrane. The detailed structure of this network regulates the force that is necessary for membrane deformation. We address here how the presence of capping proteins, which limit the length of actin filaments and thus affects network topology, influences membrane shape. We use a system of liposomes, activated to polymerize actin at their surface, and placed in a mixture of purified proteins that reconstitutes actin dynamics. Our system also allows the variation of membrane tension by deflating the liposomes. We show that membrane deformations are clearly favored in the presence of capping proteins in the actin network. Moreover, in the absence of capping proteins, membrane deformations appear only when the liposomes are deflated. Our results unveil that the interplay between membrane tension and actin network structure and dynamics governs cell shape. that can be transmitted to the object and lead to its propulsion and compression.

When oil droplets or liposomes are used instead of beads or bacteria (which have a hard wall and therefore are not deformable), the same mechanisms are at work except that, this time, the surface is deformable and fluid. Symmetry breaking of the actin network occurs, oil droplets and liposomes undergo actin-based motility [12][13][14]. They are deformed into a pear or a symmetrical elongated kiwi shape depending on the attachment strength of the network to the surface (for a review see [15]). This propulsion is accompanied by a convective movement of the activators of actin polymerization on the membrane [16,17]. Deformations of liposomes can lead to vesicle pinch off under the sole effect of actin polymerization [18].

Changing the mechanical properties of the actin network, through modifying the composition of the protein mixture, affects the propulsion velocity of beads and time for symmetry breaking, leading generally to bell-shaped curves as a function of protein concentrations [9]. With the Arp2/3 complex promoting the formation of new branches at the liposome surface and capping proteins tuning filament length, there is a way of modulating the detailed network topology through the relative concentrations of both proteins. Indeed, as already shown on beads and liposomes, the concentration of capping proteins, relatively to the one of the Arp2/3 complex, modulates the actin network architecture, such as the network mesh size and entanglement, quantified in [19]. However, little is known about the role of the detailed actin structure, or of membrane tension on liposome shape changes. In fact, actin polymerization and membrane tension forces may play against each other. Here, we characterize how liposomes deform during symmetry breaking, and address how this phenom enon depends on the organization of the actin network, and on membrane tension. These parameters can be perfectly controlled in a reconstituted system of liposomes placed in an actin mix that promotes actin polymerization. We generate liposomes at the surface of which a dynamic branched actin network grows from the assembly of purified proteins. We show that symmetry breaking of the actin network is correlated with liposome deformability and depends on network composition and membrane tension.

Methods

Reagents, lipids, proteins Chemicals are purchased from Sigma Aldrich (St. Louis, MO, USA) unless specified otherwise. L-alphaphosphatidylcholine (EPC) and 1,2-distearoylsn-glycero-3-phosphoethanolamine-N-[biotinyl polyethylene glycol 2000] (biotinylated lipids) are purchased from Avanti polar lipids (Alabaster, USA). Texas Red ® 1,2-dipalmitoyl-sn-glycero-3phosphocholine, triethylammonium salt is from Thermofisher (Walthham, USA). Actin is purchased from Cytoskeleton (Denver, USA) and used with no further purification. Fluorescent Alexa-488 actin is obtained from Molecular Probes (Eugene, Oregon, USA). Porcine Arp2/3 complex is purchased from Cytoskeleton and used with no further purification. Mouse α1β2 capping protein is purified as in [20]. Untagged human profilin and SpVCA are purified as in [21]. A solution of 30 μM monomeric actin containing 15% of labelled Alexa-488 actin is obtained by incubating the actin solution in G-Buffer (2 mM Tris, 0.2 mM CaCl2, 0.2 mM DTT, pH 8.0) overnight at 4 °C. All proteins (SpVCA, profilin, capping protein, actin) are mixed in the isotonic or hypertonic working buffer. The isotonic working buffer contains 25 mM imidazole, 70 mM sucrose, 1 mM Tris, 50 mM KCl, 2 mM MgCl2, 0.1 mM DTT, 1.6 mM ATP, 0.02 mg ⋅ mL -1 β-casein, adjusted to pH 7.4. The hypertonic working buffer differs only by its sucrose concentration and contains 25 mM imidazole, 320 mM sucrose, 1 mM Tris, 50 mM KCl, 2 mM MgCl2, 0.1 mM DTT, 1.6 mM ATP, 0.02 mg mL -1 β-casein, adjusted to pH 7.4. Osmolarities of the isotonic and hypertonic working buffers are respectively 200 and 400 mOsmol, as measured with a vapor pressure osmometer (VAPRO 5600).

Liposome preparation

Liposomes are prepared using the electroformation technique [22]. Briefly, 10 μL of a mixture of EPC lipids, 0.1% biotinylated lipids and 0.1% TexasRed lipids with a concentration of 2.5 mg ⋅ mL -1 in chloroform/methanol 5:3 (v/v) are spread onto indium tin oxide (ITO)-coated plates and placed under vacuum for 2 h. A chamber is formed using the ITO plates (their conductive sides facing each other) filled with a sucrose buffer (0.2 M sucrose, 2 mM Tris adjusted at pH 7.4) and sealed with hematocrit paste (Vitrex Medical, Denmark). Liposomes are formed by applying an alternate current voltage (10 Hz, 1 V rms) for 2 h. Liposomes are then incubated with an activator of actin polymerization (S-pVCA, 350 nM) for 15 min. Liposomes ('non-deflated') are used right away for polymerizing actin in the isotonic working buffer. For 'deflated' liposomes, an extra step is added, as they are diluted twice in the hypertonic working buffer at 400 mOsmol and incubated for 30 min. The final solution is therefore at 300 mOsmol.

Actin cortices with a branched network

Actin polymerization is triggered by diluting the non-deflated or deflated liposomes 6 times in a mix of respectively isotonic or hypertonic working buffer containing final concentrations of 3 μM monomeric actin (15% fluorescently labelled with AlexaFluor488), 3 μM profilin, 37 nM Arp2/3 complex, 25 nM capping protein. Note that the final concentrations of salt and ATP in both isotonic and hypertonic conditions are 0.3 mM NaCl, 41 mM KCl, 1.6 mM MgCl 2 , 0.02 mM CaCl 2 and 1.5 mM ATP. Hypertonic conditions only differ from isotonic conditions by 250 mM sucrose. To be able to keep the same actin activity in nondeflated or deflated conditions, one point of attention is that reagent concentrations for actin polymerization must be unchanged in concentration, as noted above for both conditions. Therefore we can investigate the exclusive role of membrane tension, independently of actin dynamics.

Observation of liposomes

Observation in 2D: epifluorescence (GFP filter cube, excitation 470 nm, emission 525 nm; Texas red filter cube: excitation 545-580 nm, emission 610 nm-IR), phase contrast and bright-field microscopy are performed using an IX70 Olympus inverted microscope with a 100× or a 60× oil-immersion objective. Images are collected by a charge coupled device CCD camera (CoolSnap, Photometrics, Roper Scientific).

Image analysis

Image analyses are performed with FIJI software and data are processed on Matlab and Excel.

Characterization of membrane deformations

Liposome contour is detected from membrane fluorescence images either using the Wand tool on FIJI software or detected manually. Liposome shape is then characterized by its elliptical form factor (latter named 'form factor') e = b a where b and a are respectively the minor and the major axis of the ellipse best fitting the liposome contour (same area, orientation and centroid as the original selection, FIJI software).

Analysis of the symmetry breaking of the actin network

To characterize the anisotropy of the actin network representative of a symmetry breaking event, we first detect the contour of the liposome on fluorescent membrane images (see above). We next record the actin fluorescence profile (I is the fluorescence intensity) along this contour on a 30 pixel width and obtain I max and I min as respectively the maximum and minimum of the fluorescence intensity over the contour length. We define Asym = Imax-Imin Imax . Then, we proceed in two steps using images (a) and (b) of figure S1 as references for an unambiguous symmetry breaking event.

-For Asym > 0.5, we state that there is an asymmetry in the actin network that may reveal a symmetry breaking event (figure S1(a)-(d)) that will be further analyzed by the width of the fluorescence distribution (see below). Then, raw intensity profiles, plotted as a normalized intensity I-Imin Imax-Imin as a function of the normalized contour length, are smoothed by a moving average filter of span 5 ('smooth' function on Matlab, and figure S1).

⚬ Cases where profiles have more than one peak that crosses the half-height (normalized intensity =0.5) are considered as nonsymmetry breaking events because the actin is not distributed only one side. ⚬ For other profiles, we measure the width at half-height, w, and we set a threshold of w = 0.25 for a true symmetry breaking event (evaluated from figure S1, images (a) and (b)).

-If Asym 0.5, we conclude that the actin network does not break the symmetry (figure S1, images (e) and (f)).

Results

Observation of the actin network symmetry breaking around cell-sized liposomes

In order to observe the symmetry breaking of an actin network, based on what was observed around hard spheres [19], a dynamic, branched, Arp2/3-based, actin network is reconstituted at the outer surface of electroformed liposomes (Methods). The Arp2/3 complex is activated at the membrane surface through the use of a fragment of WASP (the Wiskott-Aldrich syndrome protein), pVCA, tagged with a streptavidin, hereafter named SpVCA. This protein SpVCA is grafted to the biotinylated lipids of the liposomes through its streptavidin tag (Methods and figure 1(a)).

Liposomes, once coated with SpVCA, are then placed in a mixture containing monomeric actin, profilin, the Arp2/3 complex and capping proteins (CP) (figure 1(a), left). As already reported, the presence of CP in the actin polymerization mixture allows to break the symmetry of the actin network within a few to tens of minutes, depending on liposome size [21,23]. Indeed, the actin network grows by forming new branches at the liposome surface, therefore putting the network under tension, especially at the outer layer, until a critical stress is reached, and the actin shell breaks open [9]. We observe liposomes after 60 min of incubation in the actin mix. Whereas they are mainly spherical initially, at 60 min, they appear highly deformed by the symmetry breaking event into a pear or dumbbell (figure 1(c), top row). Symmetry breaking of the actin network is defined as the presence of an asymmetric actin network around the liposome (Methods). Such a symmetry breaking event is spontaneous, and is generally followed by directional actin-based motion with the growth of a propelling, growing actin 'comettail', as it was called for the propulsion of bacteria such as Listeria [4,24] or of beads mimicking Listeria [7,6]. We indeed observe such comet tails, as illustrated in supplementary figures S1(a) and (b) (stacks.iop. org/PhysBio/15/065004/mmedia). In order to define the symmetry breaking event in a quantitative way, we use the fluorescence images and define a threshold of asymmetry of the fluorescence of actin along the membrane contour (Methods and figure S1). We find that in the presence of CP, 47.3% of liposomes display a symmetry breaking event. Using this system, we now investigate how the occurrence of symmetry breaking depends on the presence of CP and membrane tension.

Role of capping proteins (CP) in actin-based symmetry breaking

To investigate the role of CP in actin-based symmetry breaking, we reconstitute an actin network in the absence of CP at the outer surface of liposomes (figure 1(a), right). The actin polymerization mixture thus contains only monomeric actin, profilin and the Arp2/3 complex, in the same conditions as previously used, with omission of CP. The absence of CP leads to a strong decrease in the occurrence of symmetry breaking of the actin network as we find that only 0.6% of liposomes display symmetry breaking in the absence of CP compared to 47.3% in the presence of CP (see above). Thin and homogeneous actin networks are indeed mainly observed (example in figure 1(d), top row). Thus, we conclude that capping proteins are essential to generate the symmetry breaking of the actin network, in line with what was observed with beads in the same spherical conditions [10].

Change of membrane tension in our system

To unveil the role of membrane tension in symmetry breaking of the actin network and how membrane shape changes, membrane tension of liposomes is decreased prior to actin polymerization (figure 1(b)). To do so, liposomes are first coated with the promotor of actin polymerization, SpVCA, and then deflated by incubation in a solution with higher osmolarity (400 mOsmol instead of 200 mOsmol).

In fact, increasing the osmolarity of the outside solution creates an osmotic pressure difference, which equilibrates fast (within 30 min) with water leaving the inside of liposomes (scheme figure 1(b)) [25]. As a consequence, the apparent liposome volume decreases (images figure 1(b)), resulting in a decrease of membrane tension. While increasing the osmolarity of the outside solution is necessary to deflate liposomes, it is important that all actin reagents are carefully at the same total concentration as in non-deflated conditions (Methods). Indeed, as an example, a decrease in ATP and salt concentration leads to a different percentage of symmetry breaking events in non-deflated conditions (figure S2).

Effect of liposome deflation on membrane shape and symmetry breaking, in the presence or absence of capping proteins Liposome shapes are characterized by their form factor e, the ratio of the short and long radii of the best ellipse that fits their apparent contour on fluorescent membrane images (Methods). A form factor of 1 refers to a spherical liposome whereas a form factor closer to zero characterizes an elongated shape. We first observe liposomes only, i.e. in the absence of any actin dynamics. Non-deflated liposomes display a distribution of form factor close to 1 (figure 2(a), 83.0% of liposomes display a form factor between 0.95 and 1). As expected, deflated liposomes display a slightly broader distribution of form factors (figure 2(b), 66.0% of liposomes display a form factor between 0.95 and 1), and their contour fluctuates with time [26]. When the actin mix is present, liposome form factor measurement is complemented by the characterization of symmetry breaking (Methods). One striking result is that distributions of form factors are broader in the presence of an actin network than in its absence (figures 2(c), (d) and (f)), where respectively 54.7, 53.0, and 30.2% of liposomes display a form factor between 0.95 and 1), except when CP is absent and in non-deflated liposomes (figure 2(e), 91.7%). Actin network symmetry breaking is observed more often for more deformed liposomes (green bars fill in purple bars of lower form factor, figure 2(c)). Strikingly, in the absence of CP and when liposomes are deflated, there is a huge increase of the occurrence of actin network symmetry breaking (figures 2(e) and (f)). In the presence of CP, the difference is less impressive, although there is more correlation of symmetry breaking with increased liposome deformation in deflated liposomes than in non-deflated ones (figures 2(c) and (d)). The more the liposomes are deformed (lower form factor), the more they display symmetry breaking (as seen by the coincidence of green and purple bars at lower form factor (figures 2(c), (d) and (f)). These results reveal that membrane tension, and the presence of CP, are key parameters to regulate the mechanical effects of actin dynamics, especially the ability of the network to break the symmetry and deform the membrane.

Discussion

Using a biomimetic system which allows to precisely control physical parameters, such as actin network detailed structure, or membrane tension, we find conditions that favor membrane deformations induced by actin polymerization. For that, we first confirm that liposome deformation is correlated with the asymmetry of the actin network, as the occurrence of symmetry breaking is mainly observed when liposomes have a lower form factor (figures 2(c), (d) and (f)).

In the presence of CP, filaments branch and elongate only at the surface of the liposomes, generating a perpendicular stress at the liposome surface and a tangential stress in the outer layer, which behaves as a dead zone of the network that builds up stress. This process can lead to symmetry breaking as described in the introduction [8,9,19]. This is the case in the concentrations we use here as a reference system for proper symmetry breaking to happen (37 nM Arp2/3 complex, 25 nM CP). In the absence of CP, a case that is less studied with liposomes, filaments elongate both at the liposome surface and at the outer layer of the actin shell. Therefore, the outer layer of the actin network is an active zone that grows and reforms constantly. As a consequence, we expect that the tangential stress of the outer layer is less pronounced than in the presence of CP. Consequently, in the absence of CP, symmetry breaking events are only rarely observed, as shown on beads [10], and on our liposome system (compare figures 2(c) and (e)). Note nevertheless that symmetry breaking was observed around beads at very high concentrations of the Arp2/3 complex, an indication that a stress could build up in the absence of CP [10]. The absence of symmetry breaking without CP in our system may therefore be attributed to an under-threshold of tangential stress in the outer layer whereas the orthogonal stress at the surface of the liposome should be unchanged. A way of revealing this possible remaining orthogonal stress at the surface of liposomes in the absence of CP is to decrease their membrane tension. This way, liposomes are expected to deform more easily if stresses buildup orthogonally to their membrane.

We find, indeed, that lowering membrane tension of liposomes in the absence of CP leads to a huge increase of symmetry breaking events and liposome deformations (compare figures 2(e) and (f)). This experiment proves that stresses are present at the liposome surface when CP is absent. They are revealed only when the membrane is deflated, as in these conditions, there is not enough opposing pressure to sustain these stresses (unlike when the membrane is non-deflated), and symmetry breaking occurs. In other words, decreasing membrane tension in liposomes resumes symmetry breaking and membrane deformations, and points to the importance of the interplay between membrane tension and network organization. Such parameters, especially membrane tension and liposome initial shape are not yet included in symmetry breaking theoretical models [6,9,[27][28][29]. Based on our experiments, the process of symmetry breaking of the actin network may be theoretically addressed to unveil the role of tension, initial shape, and network topology on the ability of a dynamics network to actually deform a membrane.

Interestingly, decreasing liposome tension in our reference conditions of protein concentrations in the presence of CP reveals the efficiency of actin dynamics to deform liposomes. This is observed by comparing figures 2(c) and (d) where the distribution of form factors is broader for deflated liposomes and symmetry breaking always matches lower form factors.

Membrane tension values of electroformed liposomes have been estimated previously in the same conditions as our non-deflated conditions, here, to 10 -6 N • m -1 [30]. Given the typical radius of our liposomes, R = 10 μm, we can estimate the Laplace pressure to be ΔP = 10 -1 Pa in non-deflated liposomes. The opposing pressure exerted by the actin network in the presence of CP is expected to be

p = E Ä h R ä 2
where E is the Young modulus of the actin network, on the order of 10 4 Pa [8,31], h the thickness of the actin network and R the radius of the spherical liposome. Taking h R on the order of 0.2 (see images), leads to an actin pressure on the order of 4 • 10 2 Pa, and represents an overestimate of the orthogonal pressure that may occur in the absence of CP. These estimates however reveal that the stresses exerted by the actin network in the presence of CP are well over the Laplace pressure and that the liposome system is prone to deformation under the effect of the actin network. In the absence of CP, these deformations indicate the presence of stresses, and only appear when membrane tension is lowered and liposome shape able to change.

A careful examination of the effect of membrane tension and protein composition unveils here that cell shape changes may redundantly rely on both membrane tension and actin network details. This result is supported by recent results on endocytosis, where actin dynamics and membrane tension may play a crucial role on membrane deformation, a role that was previously attributed to coat proteins [2,32,33].

Conclusion

Our biomimetic system provides evidence that both the actin structure (presence of capping proteins) and membrane tension govern liposome shape changes induced by actin polymerization. When the actin structure lacks capping proteins, the sensitivity of the system to membrane tension is higher, and a decrease in membrane tension rescues membrane deformation in the absence of capping proteins. Theoretical approaches still need to be developed to unveil the mechanistic origin of this phenomenon. In cells, robustness is ensured by redundancy mechanisms, and may be illustrated by this observed sensitivity to membrane deformations by actin dynamics. In vitro systems are a powerful tool to dissect and quantify detailed mechanisms of shape changes, compared to the complexity of cellular systems.

Liposome shape changes under buckling and wrinkling of actin shells

For this second part, we study the effect of a difference in osmotic pressure on actin shells, contrary to the project previously described where we looked at the effect of changing membrane tension on liposomes prior actin polymerization. As already mentioned (see section 2.1.3.3 -Time of acquisition), when a decrease in membrane tension is applied after polymerization of an actin network, for instance through evaporation of the outside solution (section 2.1.3.3 -Time of acquisition, Fig. 2.5), we observe large scale deformations of the liposomes into cup or wrinkled shapes. The cup shapes are reminiscent of the shapes of buckling spherical capsules, coated with thin polymer shells, under an osmotic shock [START_REF] Gao | Elasticity of hollow polyelectrolyte capsules prepared by the layer-by-layer technique[END_REF][START_REF] Knoche | Osmotic buckling of spherical capsules[END_REF]. The formation of these shapes is induced by the buckling of the elastic shell and depends on its thickness [START_REF] Datta | Controlled buckling and crumpling of nanoparticlecoated droplets[END_REF][START_REF] Gao | Elasticity of hollow polyelectrolyte capsules prepared by the layer-by-layer technique[END_REF][START_REF] Li | Surface wrinkling patterns on a core-shell soft sphere[END_REF][START_REF] Quilliet | Anisotropic colloids through non-trivial buckling[END_REF]. The wrinkled shapes are reminiscent of the more uniform deformation undergone by core-shells coated with an elastic layer upon osmotic compression [START_REF] Li | Surface wrinkling patterns on a core-shell soft sphere[END_REF] as well as a liposome under acto-myosin contraction [START_REF] Ito | Wrinkling of a spherical lipid interface induced by actomyosin cortex[END_REF][START_REF] Nishigami | Non-periodic oscillatory deformation of an actomyosin microdroplet encapsulated within a lipid interface[END_REF]. In a more biological context, red blood cells, which have to be highly deformable to pass through narrow vessels, are also sensitive to osmotic pressure and change their shape when placed in hypotonic or hypertonic solution.

In the following part, I will show that we obtain, in a controlled manner, cup and wrinkled shapes of liposomes coated with an actin network. Besides, by varying the thickness of the actin network, we find conditions for which they preferentially occur.

The experimental part was designed by Valentina Caorsi, postdoctoral researcher in the team, and performed by Rogério Lopes Dos Santos, research engineer, under my supervision, whereas the theory was done by our collaborators, Rémy Kusters, Pierre Sens and Jean-François Joanny.

Cup and wrinkled shapes

Rather than a spontaneous solution evaporation, a controlled osmotic shock is applied once actin has polymerized around liposomes (see section 2.1.3.2 -Membrane tension) and gives rise to liposome deformation into either a cup or a wrinkled shape (Fig. D.10 A). Note that here when we perform the osmotic shock we stop the actin polymerization as we dilute the solution of proteins into the hypertonic buffer. We wait 15 min for osmotic equilibrium and we start the acquisition.

To address how the shell thickness impacts the occurrence of buckling and wrinkling, we modify the thickness by varying the time of actin polymerization from 5 to 30 min, prior the osmotic shock. Indeed, time of polymerization monitors the quantity of actin that polymerizes within the growing network and thus control its thickness. We measure the actin network thickness, h 0 , from the fluorescence intensity profiles of actin and membrane. The position of the liposome surface is defined by the peak of the membrane fluorescence profile and h 0 is defined as the distance between the position of the membrane and the one of the half maximum amplitude of the actin fluorescence profile. We obtain a range from 250 nm to 3 µm. Furthermore, we visually categorize liposomes into cup shapes or buckling, if they have only one concavity localized on one side, or wrinkled shapes or wrinkling, otherwise. We find that liposomes with a thin actin network display mainly cup shapes whereas thick actin networks promote wrinkled shapes (Fig. D.10 B).

Theoretical models

To better understand the apparition of these two regimes, wrinkling and buckling are investigated with theoretical modelling. The total energy of a wrinkled or buckled actin shell is the sum of a stretching energy, F s , and a bending energy, F b , which depend both on the shape of the liposome, such as its volume reduction due to the osmotic shock, δv, and on the properties of the actin network, such as its thickness, h 0 , and its Young's modulus, E. Each shape is favored when the total energy is minimized, which gives rise to the relation Eq. 2.2 for wrinkled shape and Eq. 2.3 for buckled shape: 

h 0 C max = 2 √ 1 + σ P √ 3 δv (2.2) h 0 C max = h 0 R 0 (1 + σ P ) 1 4 δv 1 4 (2.3)
where C max is the maximal curvature of the liposome shape, R 0 is the radius of the undeformed liposome and σ P ≈ 0.4 is the Poisson ratio of the actin network, as previously measured on branched actin networks [START_REF] Gardel | Elastic behavior of cross-linked and bundled actin networks[END_REF]. Remarkably, the maximal curvatures of both cup and wrinkled shapes do not depend on the elastic modulus of the actin network, E, as it involves the ratio of the two energies F s and F b that depend linearly on E. Thus, the elastic properties of the actin network are included only through the Poisson ratio. However, note that the validity of the equation 2.2 is still debated.

To compare the theory and the experiment, we thus need to extract two more parameters from our data: the maximal curvature of the liposome shape, C max , and the relative decrease of the liposome volume, δv. The maximal curvature, C max , is obtained by evaluating the curvature at each point along the curvilinear abscissa s, obtained from the fluorescence of the membrane. This contour also allows to infer

δv as δv ≈ R 3 -R 3 0 R 3 0
where R, the mean radius of the deformed liposome, is calculated by fitting a circle that minimizes the square deviation (method of least squares) and R 0 , the undeformed radius of the liposome is estimated as

R 0 = » s
2π . This estimate is only valid for small values of δv. We then plot together the experimental results and the theoretical predictions both for wrinkling (Eq. 2.2) and buckling (Eq. 2.3) and we observe agreement for small deformations (Fig. 2.11). The validity of theses predictions is limited, as expected, for large deformations, h 0 C max , or large volume reduction, δv. (A) Maximal radius of curvature multiplied with the shell thickness, C max h 0 as a function of the osmotic compression δv for the wrinkled shells. The dashed line represents the analytic prediction, Eq. 2.2. (B) C max h 0 as a function of the dimensionless number δv 1/4 (h 0 /R 0 ) 1/2 for the buckled shells. The dashed line indicates the theoretical prediction, Eq 2.3.

We next wonder which conditions favor one shape over the other and we compare minimal energies of wrinkling and buckling. We get the following condition for which buckling should be favored:

δv > c ( h 0 R 0 ) 6 5 
( 2.4) where c is an unknown numerical constant since the energy for buckling comes from scaling arguments due to an undetermined geometrical pre-factor that characterizes the bending strip of the cup shape. Combining the experimental results and the theoretical criterion (Eq. 2.4), with a constant c ≈ 22, shows a clear separation between the two families of shapes (Fig. 2.12). However, although the experimental data show unambiguously two families, the previous theoretical criterion for the separation between buckling and wrinkling may be modified as the expression of the total energy of the wrinkling state is still under discussion.

Buckling Wrinkling

Figure 2.12 -Buckling vs Wrinkling. Phase diagram for wrinkled and cup shapes as a function of the volume change δv and the ratio of the actin thickness h 0 over the liposome radius R 0 . This shows that wrinkled and buckled states can be well separated according to the theoretical criterion given by Eq.2.4 with a pre-factor of ≈ 22.

Conclusions

We show here that we can trigger the deformation of a liposome surrounded by an actin network into a cup or a wrinkled shape by applying an osmotic shock and controlling the thickness of the network. Thin actin shells promote buckling while thick ones favor wrinkling. In addition, combining experiment with theory allows us to predict under which conditions buckling or wrinkling occurs as a function of network thickness and osmotic compression. More generally, we demonstrate here that actin network properties are crucial to control the type of membrane deformation.

D R A F T

Buckling of actin shells

Remy Kusters Global changes of cell shape under mechanical or osmotic external stresses are mostly controlled by the mechanics of the cortical actin cytoskeleton underlying the cell membrane. Some aspects of this process can be recapitulated in-vitro on reconstituted actin and membrane systems. In this paper we investigate how the mechanical properties of a thin branched actin network polymerized on the membrane of a liposome controls shape changes under volume reduction through osmotic stress. Combining experiments with a theoretical description, we establish the conditions under which the liposome surface and the surrounding actin network undergo wrinkling or buckling under hyper-osmotic stress. We also calculate the magnitude of the deformation as a function of the thickness of the actin shell and the size of the liposome. Thicker shells develop wrinkles whereas thinner ones promote buckling for a given liposome size. Larger liposomes undergo buckling whereas small ones wrinkle for a given network thickness. We thus unveil the mechanism by which cellular membranes, when associated with an underlying cytoskeleton that can adapt in thickness, accommodate their shape under mechanical compression. revealed by an analysis of their temporal undulations (1,2).

The spherical volume enclosed by a thin elastic shell can be reduced, for example, by an osmotic shock. In that case, compressive stresses build up that can cause sharp points and bends to develop. An initial spherical shell can undergo "buckling", and a bowl-or cup-like shape is reached if the bend is localized. In the case of multiple sharp points that form at the same time, the final shape appears wrinkled or crumpled. Buckling, crumpling and wrinkling by volume reduction are therefore unambiguous signatures of the solid elastic properties of the shell material. Exact buckled shapes can be described by an energy optimization of bending and stretching (3)(4)(5) and such a mechanism applies to thin polymer shells or fluid droplets coated with solid colloidal particles (Pickering emulsions) (6)(7)(8). The obtained cup-like shapes are reminiscent of stomatocytes and provide a conceptually simple way to produce colloids with two different faces (Janus colloids) (6). Buckling of thin elastic polymer shells occurs under a critical osmotic shock that is increased when the shell 31 is thicker (9).

32

Cancer cells are sensitive to their external mechanical envi-33 ronment and, under stress, activate changes in their cytoskele-34 ton (10). Conversely, the cytoskeleton, and in particular the 35 cell cortex, the thin actin network underneath the cell mem-36 brane, can activate cell shape changes (11). In all cases, global 

Significance Statement

Cells constantly deform to move and squeeze through the complex physiological environment of our body. Therefore, they need to optimize their shape and adapt to external stresses, shall they be purely mechanical or osmotic. A composite structure of importance in this process is the lipid membrane and its underlying thin shell made of a network of the biopolymer actin. By using a reconstitution approach, we study here how a cell mimic, made of a liposome covered with an actin shell, changes its shape under volume loss. We observe that spherical liposomes deform into cup-like shapes, a signature of the elastic properties of the shell. This phenomenon is reminiscent of the buckling and wrinkling of polymer capsules developed for encapsulation applications. Osmotic shock on liposomes after actin polymerization. The actin polymerization reaction is stopped by diluting liposomes twice either in isotonic working buffer (200 mOsmol,control) or in hypertonic working buffer (400 mOsmol, osmotic shock) and incubated for 15 min. After the osmotic shock, the final solution is at 300 mOsmol resulting in a 100 mOsmol osmotic pressure difference. Effect of an osmotic shock on liposomes coated by an actin shell. We apply a controlled osmotic shock of 100 mOsm (corresponding to 25 kPa) by diluting twice the liposomes surrounded by an actin shell (solution at 200 mOsm) in a hypertonic solution (400 mOsm). After the osmotic shock, we obtain the same two types of shapes as observed under spontaneous evaporation: either a cup or a wrinkled shape (Fig. 1 C). The cup shapes are reminiscent of the shapes of buckled spherical capsules under an osmotic shock (9)( 5) and the wrinkled shapes are reminiscent of that of a liposome under acto-myosin contraction (19) (20). Again, we confirm that naked liposomes subjected to a decrease in volume (osmotic shock) display dynamical thermal shape undulations (Supplementary movie 2). In contrast, actin covered liposomes do not display visible temporal shape undulations, but instead, their shapes remain constant over time. Their morphological response to the osmotic shock is a signature of the elasticity of the actin shell surrounding the liposome and the thickness of the elastic shell determines its capacity to undergo buckling (9). Our experimental system allows for a perfect control of their thickness by varying the actin polymerization time, which monitors the quantity of actin that polymerizes within the growing network (17). We obtain an actin shell thickness, h0, ranging from 250 nm to 3 µm. We observe that liposomes with a thin actin shell are more likely to undergo buckling under an osmotic shock, whereas wrinkling is favored for thick actin shell (Fig. 1D). To rationalize these findings, we study theoretically the two types of deformation.

Wrinkled shapes-to be checked and updated or suppressed.

We consider an initially spherical liposome with a radius R0 and an area S0 = 4πR 2 0 before the osmotic shock. Due to the osmotic compression, the mean radius of the deflated liposome decreases to R and the relative decrease of its inner volume is δv = (R 3 0 -R 3 )/R 3 0 or R R0(1δv/3), to first order in δv. As shown in Fig. 1 C, the surface of a wrinkled liposome displays small spatial undulations around the average radius R, which remain unchanged over time and are therefore clearly distinct from thermal fluctuations. The wrinkling undulation occurs at wavelengths much smaller than the radius of the liposome and in order to expand the undulation in eigenmodes, we ignore, to first approximation, the curvature of the liposomes and introduce a wave-vector q defined in the tangent plane of the average surface. We expand the undulation in classical Fourier modes with an amplitude δq for a wave-vector of modulus q. The area of the liposome can then be written as S = 4πR 2 1 + 1 2 q (qδq) 2 (Fig. 2B). This deformation is accompanied by a stretching and a bending of the elastic shell with free energies Fs and F b respectively. For thin shells of elastic modulus E, Poisson ratio σp and thickness h0, the two-dimensional shell stretching modulus is Eh0/(1σp) (3). To lowest order in δv and δq, the stretching energy is equal to (See detailed calculation in the SI):

Fs = Eh0S0 4(1 -σp) - 2 3 δv + 1 2 q (qδq) 2 2
.

[1]

The first term accounts for the compression of the actin shell associated to the decrease of its average radius, and the second one accounts for the area stored in the wrinkles. In the thin plate approximation, the bending rigidity of the 240

F b = Eh 3 0 S0 24(1 -σ 2 p ) q q 4 δ 2 q . [2]
241

The total energy of a wrinkled shell is the sum of these two sidering deformation with the optimal wave-vector q * , which 252 leads to:

253 Fwr = Eh 0 S 0 δv 2 (1 -σp) 1 9 - (1 + σp) 6 δ q * h 0 2 + (1 + σp) 2 4 δ q * h 0 4 . [4]
254

This elastic energy is minimal for δ * q * = h0/ 3(1 + σp). The 255 equilibrium energy of the wrinkled state is:

256 Fwr = πEh 3 0 3(1 -σp) R0 h0 2 δv 2 .
[5]

257

Using Eq. 3, the maximal curvature of the wrinkle corre-258 sponding to wave-vectors with the lowest elastic energy reads

259 h0Cmax = h0q * 2 δ * q * = 2 √ 1 + σp √ 3 δv. [6]
260

The maximal curvature is mostly determined by the shell This theoretical prediction is compared to the curvature of the experimentally obtained wrinkled actin shells in Fig. 2C (See materials and methods for detailed description of shape analysis). We have used σp ≈ 0.4, in accordance to previous measurements on branched actin networks (21), so that there are no adjustable parameters in Fig. 2C. The theoretical prediction is valid for small deformations and is hence expected to break down for either large deformations, Cmaxh0, or large osmotic pressure drops δv, as can indeed be observed in Fig. 2C.

Buckled shapes. The osmotic pressure drop can also give rise to buckling, leading to cup shapes with a large concave region (See Fig. 1C). The buckling of elastic shells is a well known phenomenon (3,4), and can be understood analytically as follows (3). For moderate buckling, the buckled shape remains axi-symmetric and the deformed (concave) region is almost the mirror image of its initial, non-deformed shape, with most of the elastic energy concentrated in a narrow "bending strip" of width a connecting the convex and concave regions (See Fig. 2B). We call r and d the radius and depth of the concave region respectively and α is the polar angle defining the latitude of the bending strip (see Fig. 2B). Assuming r R0 gives the following geometrical relations: r/R0 = sin α ∼ α and d/R0 = 2(1 -cos α) ∼ α 2 . The relative volume decrease is expressed as δv ∼ dr 2 /R 3 0 ∼ α4 . The width a of the bending strip is then obtained by balancing bending and stretching stresses in the bending strip. Calling ζ the typical radial displacement of the shell in the bending strip, the curvature is of order Cmax ∼ ζ/a 2 , giving the bending energy density (3). Moreover, matching the edges of the bending strip with the convex and concave regions of the buckled shell imposes that Cmax ∼ α/a, or ζ ∼ αa. Taking this constraint into account and integrating the energy densities over the area of the bending strip ∼ ra yields the total energy,

∼ Eh 3 0 (1-σ 2 p ) (ζ/a 2 ) 2 .
F buck =Fs + F b ∼ Eh0 (1 -σp) (aα) 3 R0 + Eh 3 0 (1 -σ 2 p ) R0α 3 a . [7]
Minimizing the buckling energy with respect to the width of the bending strip a yields a ∼ √ h0R0/(1 + σp) 1/4 . This leads to an estimate for the energy of the buckled actin shell:

F buck ∼ Eh 3 0 (1 -σp)(1 + σp) 3/4 R0 h0 δv 3/4 . [8]
The maximal curvature (located at the edge of the bending strip) reads,

h0Cmax ∼ h0 α a ∼ h0 R0 (1 + σp) 1/4 δv 1/4 . [9]
As for wrinkling, the maximal curvature does not depend on the elastic modulus. It depends however on the liposome radius and sub-linearly on the volume change δv. In order to check this scaling, we compare the experimentally obtained shapes for the buckled shells with Eq. 9 in Fig. 2 D. The shapes of the actin shells follow the predicted scaling of the maximal radius of curvature. The only unknown in Eq. 9 is a geometrical constant of order one. In fact, a constant of unity captures well our data (Fig. 2D). Note that this relation is valid for h0/R0 1 and hence it is expected to break down for thick actin shells, as observed in Fig. 2 D.

Our energy estimates predict therefore two generic shape changes after an osmotic shock: buckling for thin actin shells and wrinkling for thick actin shells

Buckling versus wrinkling SEE LATER IF WE KEEP THIS.

Inspection of the estimated energies of the wrinkled and buckled states (Eq. 5 and Eq. 8) shows that the buckled shape energy scales with a lower power of the volume change δv than the wrinkled shape. Consequently, buckling is expected to occur preferentially over wrinkling for large volume change. Comparing the energies of the two states, Eq. 5 and 8, we predict that buckling should be favored over wrinkling for:

δv > c h0 R0 6/5
. [10] Note that this conditions involves an unknown numerical constant c, since the energy of the buckled state (Eq. 8) is obtained from scaling arguments and is therefore known within a numerical prefactor which depends on the precise shape.

As discussed before, buckling occurs preferentially over wrinkling for thin actin layers (see Fig. 1 E). Guided by the theoretical analysis -Eq. 10 -which highlights the importance of the relative volume change δv, we represent the occurrence of buckling and wrinkling for all the analysed liposome shape after osmotic shock in the 2-dimensional space (h0/R0, δv) in Fig. 3. We find indeed a clear separation between the two families of shapes (buckling and wrinkling) separated by the criterion provided by Eq. 10, with a geometrical constant c ≈ 22. This shows that wrinkled and buckled states can be well separated according to the theoretical criterion given by Eq.10 with a pre-factor of ≈ 22.

Buckling Wrinkling

Conclusions TO BE ADAPTED DEPENDING ON 351 CHANGES IN WRINKLING THEORY

352 By combining experimental observation and theoretical analy-353 sis, we show here that the morphological changes of a liposome 354 covered with an actin shell in response to an osmotic shock can 355 be accurately controlled by monitoring the time of incubation 356 and hence the thickness of the actin shell. We predict, (i) 357 under which condition buckling or wrinkling occurs and (ii) 358 the magnitude and spatial extend of deformation as function 359 of the thickness of the actin shell and the osmotic compression. 360 Comparing the experimentally observed shapes with the theo-361 retical predictions for the transition from buckling to wrinkling 362 demonstrates how actin shell mechanics controls the mode 363 of deformation. The buckling to wrinkling transition can be 364 intuitively understood by considering the energetic cost (both 365 bending and stretching) of a localized deformation. For thin 366 shells localizing this strain over a small bending strip (buck-367 ling) is energetically more favorable compared to spreading 368 out the deformation over the entire shell (wrinkling), favoring 369 a localized and buckled shape for thin actin shells.

370

The results we present here are in line with various obser-371 vations of localized deformation in constrained growth in me-372 chanical systems, i.e., the wrinkling to fold transition observed 373 in various supported elastic media (8,(22)(23)(24) and buckling 374 transition in virus shells (25,26) and pollen grains (27). One 375 major advantage of our reconstituted system is our ability 376 to finely tune the structural parameters of the actin shell 377 (mostly its thickness here) so as to explore the phase diagram 378 of possible shape transitions. Tuning the incubation time of 379 the branched actin network or shell thickness and the amount 380 of osmotic compression of the shell, directly controls the in-381 trinsic mechanical response and applied force that sets the 382 deformation. Supporting Information Text

Modeling of wrinkling

In this supplementary information we outline the derivation of the bending/stretching energy and characteristic wavelength for wrinkling of an actin shell. The parameters we use are given in table below and correspond to the scheme in Fig. 2B.

Symbol Explanation

R0

Undeflated radius of the liposome

R

Mean radius of the deflated liposome h0

Thickness of the actin layer q

Wave-vector of the wrinkling δq

Wrinkle amplitude

E Elastic modulus

To model the periodic wrinkling of the liposome surface, we consider a liposome with an non-deflated surface area S0 = 4πR 2 0 . Due to the osmotic shock the inner volume of the deflated liposome decreases with δv = R 3 0 -R 3 /R 3 0 . This reduction of volume is accompanied by wrinkling of the liposome surface with a characteristic wave-vector q and amplitude δq around an average radius, R < R0. This wrinkling corresponds to a deformed surface area of the actin shell that equals

S = 4πR 2 1 + 1 2 q (qδq) 2
, to lowest order in δq. To first order in δv, we can express the average deformed radius,

R R0(1 -δR) = R0(1 -δv/3). [1]
The total deformation energy of the shell is composed of a stretching and a bending energy, Fs and F b respectively.

The stretching energy can be calculated as,

Fs = Eh0S0 4(1 -σp) S -S0 S0 2 = Eh0S0 4(1 -σp) (1 -δv/3) 2 1 + 1 2 q (qδq) 2 -1 2 , [ 2 
]
where σp is the Poisson ratio. This equation can be expanded up to lowest order in δv and δq, resulting in Eq. 1,

Fs = Eh0S0 4(1 -σp) - 2δv 3 + 1 2 q (qδq) 2 2 , [ 3] 
The bending rigidity of an elastic shell of thickness h0 is approximately Eh 3 0 / 12(1σ 2 p ) , hence the bending energy equals,

F b = 1 2 Eh 3 0 S0 12(1 -σ 2 p ) q q 4 δ 2 q . [4]
The total energy of the shell is thus the sum of the stretching and bending energy of the actin shell,

Ftot/S0 = Eh0 4(1 -σp) - 2δv 3 + 1 2 q (qδq) 2 2 + Eh 3 0 24(1 -σ 2 p ) q q 4 δ 2 q . [5]
Next, we group the different terms with respect to their order of δq, and obtain,

Ftot/S0 = Eh0 9(1 -σp) (δv) 2 + Eh0 24 q 1 (1 -σ 2 p ) h 2 0 q 4 - 4 (1 -σp) q 2 δv δ 2 q + Eh0 16(1 -σp) q (qδq) 2 2 .
[6]

Note here, that the first term is independent of δq, the second term scales as δ 2 q and the last with δ 4 q . UP TO HERE IT IS OK.

CHECK IF IT IS CORRECT TO NEGLECT THE 3d TERM IN THE FOLLOWING (not sure)

To identify the wave-vector q with minimal energy, for a given δv, we calculate ∂Ftot/∂q = 0, which up to lowest order in δq results in,

q * = 2δv(1 + σp) h0 . [7]
Note that q = 0 corresponds to a change of liposome volume and is thus included in δv. Assuming that the liposome shape is dominated by the lowest energy wave-vector given by Eq.7, the energy of the wrinkled state reads,

Ftot =Eh0S0δv 2 1 9(1 -σp) - 1(1 + σp) 6(1 -σp) δq h0 2 + (1 + σp) 2 4(1 -σp) δq h0 4 .
[8]
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To obtain the optimal δq, we calculate ∂Ftot/∂δq = 0, which gives δq * /h0 = 1/ 3 (1 + σp). Inserting this back into Eq. 8 gives,

Ftot = π 3(1 -σp) Eh 3 0 R0 h0 δv 2 . [9]
Using Eq. 7 we can also write down the maximal curvature of the wrinkle which corresponds to Eq.6 of the main text.

Kusters et al.

Micron scale deformations

This section will be dedicated to actin-driven membrane deformations occurring at the micron scale. First, I will present our recent findings about the mechanisms that drive inward and outward membrane deformations with the same branched actin network. These deformations are respectively reminiscent of dendritic filopodia in neurons and endocytic invaginations in cells presented in chapter 1. Secondly, I

will introduce new results that may explain how a branched actin network can form protrusions filled either with a dendritic network or with bundles of actin filaments.

Tubes and spikes

In this part, a branched actin network is grown at the surface of liposomes, using the reference conditions presented in section 2.1 -Experimental system. After 60 min of actin polymerization, 63.0 % of the liposomes display outward deformations or "tubes", with a thin cylindrical shape, which radiate from the liposome surface and extend into the network, 2.3 % of liposomes show inward deformations or "spikes", with a large conical shape, which point towards the liposome interior (Fig. D.11), while 6.1 % of liposomes carry a mix of both deformations and for 28.6 % of liposomes no membrane deformations are visually detectable and hence "undetermined" (Fig. 2.15 A, left bar). To ensure that these deformations are not artefacts from our experimental system, independent of the actin network, such as effects of our engineered activator S-pVCA, we show that:

• the presence of the actin network is essential to produce tubes and spikes: we photodamage the network and we observe that the deformations disappear while the membrane rounds up (Fig. 

Effect of membrane tension and actin network mesh size

Starting from this striking observation that membrane deformations in both directions and with the same types of morphology emanate simultaneously from the same actin polymerization at the surface of liposomes, we wonder on which parameters they depend. It has been shown that the force required to pull a tube of pure membrane is f tube = 2π

√ κγ, with κ the membrane bending rigidity and γ the membrane tension. Lowering membrane tension γ will decrease the force needed to pull the membrane f tube and thus facilitate the formation of tubes so we should observe more liposomes displaying tubes. Conversely, increasing membrane tension should decrease the occurrence of membrane deformations. To test our assumptions, we first lower the membrane tension of liposomes prior to actin polymerization, by applying an hypertonic osmotic shock (see section 2.1.3.2 -Membrane tension). We find that the proportion of deflated liposomes that display tubes (with or without spikes) does not significantly change compared to non-deflated liposomes (74.8 % for deflated liposomes compared to 69.1 % for non-deflated ones). However, we observe that the number of deflated liposomes displaying spikes (with or without tubes) is almost 10 times higher than for non-deflated liposomes (65.0 % compared to 8.4 %)(Fig. 2.15 A). We then increase the membrane tension of liposomes, through an hypotonic osmotic shock, but this does not affect significantly the frequency of liposomes displaying tubes and spikes (Fig. 2.15 B). These results indicate that spikes form when membrane tension is lowered whereas tube formation is not sensitive to membrane tension in the observed range.

Another parameter that can affect the formation of membrane deformations is the actin network mesh size. Our reference conditions correspond to a dense and stiff actin network with a small mesh size, around 50 nm as estimated from [START_REF] Kawska | How actin network dynamics control the onset of actin-based motility[END_REF], which generates symmetry breaking. We increase the network mesh size by increasing the concentration of profilin (see section 2.1.3.1 -Actin network architecture). A loosened actin network growing at the surface of non-deflated liposomes does not impact the occurrence of spikes, already low with a dense network, but slightly reduces the number of liposomes displaying tubes (74.8 % of liposomes display tubes when profilin is in excess compared to 91.4 % in reference conditions).

We then decrease the membrane tension of liposomes prior triggering the polymerization of a loosened actin network. We find that for deflated liposomes the number of liposomes displaying tubes and spikes significantly increases compared to nondeflated liposomes (92.9 % and 31.5 % of deflated liposomes displaying tubes and spikes respectively compared to 74.8 % and 3.6 % for non-deflated liposomes)(Fig.

C

). This suggests that the effect of the actin network mesh size is counterbalanced by the effect of membrane tension.

All together, these results highlight that we can modulate membrane deformations by varying membrane tension and actin network mesh size. Furthermore, we learn that spikes are more sensitive to membrane tension than tubes whereas tubes show slight dependence on network mesh size.

Characterization of tubes

To obtain more details about the formation of tubes, we examine how the actin network grows and how this correlates with tube shape. To visualize where new actin monomers are inserted, we perform a two-colour experiment. We trigger actin polymerization at the surface of liposomes with monomeric actin labelled in red. After ization solution with the same protein concentrations as before but with monomeric actin labelled in green. Red actin corresponds to the first polymerization and green actin corresponds to fresh monomers added 20 min later. Green regions thus indicate newly polymerized actin. We find that new actin monomers (green) incorporate at the liposome surface and along tubes, as well as older monomers (red), as indicated by the yellowish color in these regions. We confirm this by labelling the free barbed ends of the network, through addition of fluorescent CP once polymerization is stopped after 20 min (see section 2.1.3.3 -Time of acquisition), and by labelling the activator S-pVCA. In addition, the labelling of the Arp2/3 complex attests to the dendritic nature of the network, as the branching agent is found in the whole actin volume (Fig. 2.16 A). We also measure the length of the longest tubes and the thickness of the actin network and we find that they almost correlate linearly.

More precisely, these tubes grow simultaneously with the actin network (Fig. 2.16 B and C). Besides, using confocal microscopy, we observe that tubes with different lengths are embedded within the actin network. These results reveal that the branched actin network grows from the surface to the outer layer, thus new tubes can be formed either at the initiation or during the growth of the actin network, which would explain the presence of a tube length distribution. Furthermore, the presence of the activator and new monomers along the tubes suggests that they are constantly attached to the actin network, which is consistent with the simultaneous growth of tube and actin network.

Characterization of spikes

We repeat the two-colour experiment, the labelling of the free barbed ends, of the activator S-pVCA and of the Arp2/3 complex and we examine the correlation between the actin network and the shape of spikes. Here, new actin monomers insert at the liposome surface in spikes, both at the tip and on the sides. Besides, spikes are filled in with a branched network as indicated by the labelling of the Arp2/3 complex (Fig. 2.17 A). However, no clear correlation is observed between the thickness of the actin network and the geometrical characteristics of spikes, such as their longitudinal length and their basal width. This suggests that the shape of the spike may not be directed directly by the actin network but may depend either on the initial perturbation of the membrane prior to polymerization (see model for spikes 2.3.1.4 -Spikes) or on the local organization of the activator at the surface (see section 2.3.2 -Spikes: two actin network organizations). In addition, spikes initially elongate with time and then reach a final length when actin polymerization slows down whereas the width is roughly constant over time (Fig. 2.17 B).

Theoretical models

The previous experimental results allow our collaborators, Rémy Kusters and Pierre Sens, to elaborate models to rationalize the formation of spikes and tubes. I will briefly describe their assumptions and the main predictions they obtain.

Tubes

Previous studies on pure membrane demonstrated that initiation of a pure membrane tube requires a pulling force at the tip of the tube larger than f tube = 2π √ 2κγ, where κ and γ are respectively the membrane rigidity and the membrane tension. In the present situation, tube pulling requires also that the actin network is physically attached to the membrane, achieved through the activator pVCA. The force exerted by an actin network growing at the velocity v g normal to the surface, bound to the tip of a tube that elongates at a velocity L, can be estimated as a drag force using the Stokes law:

f drag = 6πηr tube (v g -L)
, where η is the network viscosity and r tube the radius of the tube. This radius depends on κ and γ as r tube = » κ 2γ . At steady state, the force exerted by the actin is balanced by the resisting force of the tube, f drag = f tube , and therefore the tube extraction velocity is:

L = v g (1 - f tube 6πηr tube v g ) = v g (1 - 2γ 3ηv g ) (2.5)
To extract tube, we need L > 0 i.e. γ < 3 2 ηv g . We thus obtain a condition for tube formation depending on the membrane tension. In addition, using the relationship η ≈ k B T lpτve ξ 4

, as previously described in section 2.1.3.1 -Actin network architecture, the condition for tube extraction is finally:

γξ 4 < 3 2 k B T l p τ ve v g (2.6)

Spikes

To model the formation of spikes, we still consider an uniform actin polymerization at a velocity v g normal to the liposome surface. In this configuration, actin polymerization on a flat membrane does not generate any mechanical stress whereas small perturbations of the membrane are able to create viscous stress. We thus assume the presence of a localized perturbation of the membrane with amplitude A and width b. Numerical calculations show that the velocity gradients in the actin network, generated by the deformed membrane, induce a normal pushing force in the center of the perturbation and pulling forces at the periphery. The normal stress at the center of the perturbation scales as σ nn ≈ -ηA 2 b -3 v g . This stress is balanced by the membrane elastic restoring stress σ memb = -γC + κ∂ 2 s C where C is the membrane curvature, C ∼ A b 2 , and ∂ s is the curvilinear derivative, ∂ s ∼ 1 b . With a width b larger than the characteristic length » κ γ , the membrane stress is dominated by membrane tension and σ memb ∼ -γC. Therefore, the membrane perturbation will develop if the stress exerted by the actin polymerization is larger than the membrane stress, giving a critical condition on the amplitude of the perturbation A < γb ηvg . Spontaneous membrane perturbations can be achieved by the membrane instabilities generated through thermal fluctuations, we thus wonder if they could be sufficient to initiate spike formation. With our previous notation, they can be estimated as

( A b ) 2 ∼ k B T 4πκ
, which gives a new critical condition depending on membrane tension. A spike can develop if:

γ < ηv g k B T 4πκ (2.7) With η ≈ k B T lpτve ξ 4
, we finally obtain a condition that depends both on membrane tension and actin mesh size:

γξ 4 < k B T l p τ ve v g k B T 2πκ (2.8)
We thus obtain two predictive models, depending on our two experimental parameters, membrane tension and actin network mesh size, to explain the presence or not of tubes and spikes.

With numerical values relevant for this study, l p ∼ 10 µm, τ ve ∼ 1 -10 s, 

Conclusions

We demonstrate here that a branched actin network is able to mimic the initiation of endocytosis-like and dendritic filopodia-like deformations. These deformations, called respectively tubes and spikes, coexist at low membrane tension or low network mesh size whereas they should be inhibited at high membrane tension and high mesh size. At intermediate tension and mesh size, only tube formation is favored. We thus highlight how the interplay between membrane and actin regulates actin-driven membrane deformations.

Articles https://doi.org/10.1038/s41567-019-0464-1 1 Laboratoire Physico Chimie Curie, Institut Curie, PSL Research University, CNRS UMR168, Paris, France. 2 Sorbonne Universités, UPMC Univ. Paris 06, Paris, France. 3 LAMBE, Université Evry, CNRS, CEA, Université Paris-Saclay, Evry, France. 4 LPTMS, CNRS, Univ. Paris-Sud, Université Paris-Saclay, Orsay, France. 5 ESPCI-Paris, Paris, France. 6 These authors contributed equally: Camille Simon, Rémy Kusters, Valentina Caorsi. 7 These authors jointly supervised this work: Pierre Sens, Cécile Sykes. *e-mail: pierre.sens@curie.fr; cecile.sykes@curie.fr M any cell functions rely on the ability of cells to change their shape. The deformation of the cell membrane is produced by the activity of various proteins that curve the membrane inwards or outwards, by exerting pulling and pushing forces or by imposing membrane curvature via structural effects. When cells take up external material, it is often associated with membrane invaginations followed by vesicle transport. This process is called endocytosis. Such inward deformation of the cell membrane can be initiated by specific proteins, such as clathrin, which coat the membrane and impose geometrical constraints that bend the membrane inwards. In this view, the action of the actin cytoskeleton, a filamentous network that forms at the membrane, is crucial only at a later stage for membrane elongation. Nevertheless, correlation methods revealed unambiguously that, in yeast, membrane bending is not triggered by the presence of coat proteins, but by a dynamic actin network formed at the membrane through the Arp2/3 complex branching agent 1-3 . In mammalian cells, clathrin-mediated endocytosis requires the involvement of actin if the plasma membrane is tense (for example, following osmotic swelling or mechanical stretching 4 ). However, the exact mechanism of membrane deformation in this process is still poorly understood. Strikingly, the same type of branched actin network is able to bend the membrane the other way in, creating outward-pointing membrane deformations, called dendritic filopodia. These structures are precursors of dendritic spines in neurons, and essential for signal transmission 5 . Dendritic filopodia differ from conventional filopodia, localized at the leading edge of the cell, where actin filaments are parallel. Whereas the pioneering work of Liu et al. 6 already established how thin filopodia form by bundling actin filaments, the production of a dendritic filopodia-like membrane protrusion containing a branched actin network has never been investigated.

How the same branched actin structure can be responsible for the initiation of filopodia, which are outward-pointing membrane deformations, as well as endocytic invaginations that deform the membrane inward is what we want to address in this paper. Such a question is difficult to investigate in cells that contain redundant mechanisms for cell deformation. Actin dynamics triggered at a liposome membrane provide a control on experimental parameters such as membrane composition, curvature and tension, and allow the specific role of actin dynamics to be addressed. We unambiguously show that the same branched actin network is able to produce both endocytosis-like and dendritic filopodia-like deformations. With a theoretical model, we predict under which conditions the stress exerted on the membrane will lead to inward-and/or outward-pointing membrane deformations. Combining experiments and theory allows us to decipher how the interplay between membrane tension, actin dynamics and actin network structure produces inward or outward membrane deformations.

Membrane tubes and spikes

Liposomes are covered with an activator of the Arp2/3 complex, pVCA, the proline-rich domain-verprolin homology-centralacidic sequence from human WASP, which is purified with a streptavidin tag, and that we call hereafter S-pVCA. A branched actin network grows at their surface when placed in a mixture containing monomeric actin, profilin the Arp2/3 complex and capping protein (CP) ('reference condition' , Methods and Fig. 1a). Strikingly, the membrane of liposomes is not smooth, but instead displays a rugged profile: membrane tubes, hereafter called 'tubes' , radiate from the liposome surface and extend into the actin network (Fig. 1b), even when comet formation has occurred 7,8 (Supplementary Fig. 1a). The initiation of these tubes is reminiscent of the early stage of Camille Simon 1,2,6 ,Rémy Kusters 1,2,6 ,Valentina Caorsi 1,2,6 ,Antoine Allard 1,2,3 , Majdouline Abou-Ghali 1,2 , John Manzi 1,2 , Aurélie Di Cicco 1,2 , Daniel Lévy 1,2 , Martin Lenz 4 , Jean-François Joanny 1,2,5 , Clément Campillo 3 , Julie Plastino 1,2 , Pierre Sens 1,2,7 * and Cécile Sykes 1,2,7 * Cell membrane deformations are crucial for proper cell function. Specialized protein assemblies initiate inward or outward membrane deformations that the cell uses respectively to uptake external substances or probe the environment. The assembly and dynamics of the actin cytoskeleton are involved in this process, although their detailed role remains controversial. We show here that a dynamic, branched actin network is sufficient to initiate both inward and outward membrane deformation. The polymerization of a dense actin network at the membrane of liposomes produces inward membrane bending at low tension, while outward deformations are robustly generated regardless of tension. Our results shed light on the mechanism cells use to internalize material, both in mammalian cells, where actin polymerization forces are required when membrane tension is increased, and in yeast, where those forces are necessary to overcome the opposing turgor pressure. By combining experimental observations with physical modelling, we propose a mechanism that explains how membrane tension and the architecture of the actin network regulate cell-like membrane deformations.

Actin dynamics drive cell-like membrane deformation

NAtuRe PhySiCS | www.nature.com/naturephysics Articles NaTure PhySiCS endocytosis. Interestingly, some liposomes display another type of membrane deformation, characterized by a conical shape (hereafter referred to as 'spikes') that points towards the liposome interior (Fig. 1b); these spikes are reminiscent of dendritic filopodia structures in cells. Some of the liposomes carry both tubes and spikes, while others are 'undetermined' , as no membrane deformation is visually detectable (Fig. 1b). Spikes have a wide base of a few micrometres and a length that spans at least half of the liposome diameter. In contrast, tubes are thin, with a diameter under the resolution limit of optical microscopy (less than a few hundred nanometres). When membrane tension is unaffected, 63.0% of liposomes display only tubes, 2.3% only spikes, while 6.1% of liposomes carry a mix of both, and 28.6% are undetermined (Fig. 1c, non-deflated liposomes). To examine how membrane tension affects the occurrence of tubes and spikes, liposomes are deflated by a hyper-osmotic shock (Methods) before actin polymerization is triggered. This treatment leads to a huge increase in the number of liposomes displaying spikes: 65.0% of deflated liposomes display spikes (with or without tubes), compared to 8.4% in non-deflated conditions (Fig. 1c, P < 0.0001). Yet, the frequency with which tubes (with or without spikes) are observed is essentially unaffected: 69.1% for non-deflated liposomes compared to 74.8% for deflated liposomes (not significant, P = 0.24 > 0.05, Supplementary Fig. 1b). An increase in membrane tension by a hypo-osmotic treatment (Methods) does not change the occurrence of tubes and spikes significantly (Supplementary Fig. 1c).

Membrane tubes and spikes exclusively rely on the presence of the actin network, as they disappear when the network is destructed 7 

(Fig. 1d,e and Methods). A possible effect of membrane pre-curvature induced by pVCA attachment to the membrane is ruled out (Supplementary Information and Supplementary Fig. 2).

Characterization of tubes

To assess where new actin monomers are incorporated during tube growth, we incorporate differently labelled monomers (green) after 20 min (Methods). As previously observed for actin networks growing around polystyrene beads 9,10 , new monomers insert at the liposome surface (Fig. 2a). Strikingly, new (green) monomers are also observed within the already grown (red) actin network (Fig. 2a), indicating new actin incorporation on the sides of membrane tubes (tubes are evidenced by phase-contrast imaging, Fig. 2a, top). This observation is confirmed by the localization, along tubes and at the liposome surface, of S-pVCA (Fig. 2b), the Arp2/3 complex (Fig. 2c) and free barbed ends (Supplementary Fig. 3). Moreover, the presence of the Arp2/3 complex everywhere in the whole volume of the actin network demonstrates its dentritic nature (Fig. 2c). We find that the average length of the longest tubes increases linearly with network thickness (Fig. 3a,b). In fact, maximal tube length roughly equals the thickness of the actin network, independently of membrane tension (Fig. 3b, slope 0.89 ± 0.04), albeit deflated liposomes produce a smaller actin cortex. Moreover, we find that tubes grow simultaneously with the actin network (Fig. 3c,d and Supplementary Fig. 4). Tubes shorter than the network thickness are also present, as evidenced by confocal microscopy (Supplementary Fig. 5a).

The origin of the accumulation of membrane fluorescence detected at the tip of some of the longer tubes is unclear. We observe that S-pVCA forms aggregates on membranes and sticks membranes together, even in the absence of actin (Supplementary Fig. 6). It is possible that small vesicles are attached via S-pVCA to the membrane before polymerization starts and are pushed outward by actin growth. However, the presence of different tube lengths (Supplementary Fig. 5) rules out the possibility that tubes could be formed only by pre-existing attached vesicles.

Characterization of spikes

We find that new actin is incorporated at the tips of the spikes as well as at the sides (Fig. 4a), consistent with the localization of S-pVCA (Fig. 4b). Spikes are filled with the Arp2/3 complex and CP (Fig. 4c and Supplementary Fig. 7), characteristic of a branched network. A clump of actin is observable at the base of the spikes (Fig. 4d). The thickness of the clump bears no clear correlation with the length of the spikes (Supplementary Fig. 8a), but slightly correlates with their width (Supplementary Fig. 8b). Spikes initially elongate with time until polymerization slows down; the basal width of spikes, however, remains roughly constant over time (Fig. 4e and Supplementary Fig. 8c).

effect of network mesh size and membrane tension

Lowering the Arp2/3 complex or CP concentrations could, in principle, result in loosening the network, but fails to form a cohesive thick enough (>500 nm) network 11 . Using the property of profilin to inhibit branching and therefore loosen the actin network 12 , we obtain a visible, thick, network comparable to reference conditions (Supplementary Fig. 9a andMethods). We find that the occurrence of tubes is reduced in these conditions (74.8% of liposomes display tubes when profilin is in excess compared to 91.4% in reference conditions, Supplementary Fig. 9b, P < 0.0001). Strikingly, decreasing membrane tension in loosened network conditions significantly increases the presence of tubes and spikes (Supplementary Fig. 9b, P < 0.0001).

theoretical models for spikes and tubes

The appearance of large-scale membrane deformations (spikes) driven by a uniformly polymerizing actin network is rationalized using analytical modelling and numerical finite-element calculations (Methods). The actin network behaves as a viscoelastic material with an elastic behaviour at short time and a viscous behaviour at long time due to network rearrangement, the crossover time being on the order of 1-10 s (refs. 13-15 ). We focus on the viscous behaviour as the growth of the network occurs on timescales of tens of minutes.

We model the growth of the actin network with a uniform actin polymerization velocity v g normal to the liposome membrane (motivated by Fig. 4a) and solve the hydrodynamic force balance equation at low Reynolds number (the 'Stokes equation') (Methods). Actin polymerization on a flat membrane results 
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NaTure PhySiCS in a uniform actin flow that does not generate any mechanical stress. Small perturbations of membrane shape modulate the actin velocity field and generate viscous stress on the membrane. For a periodic deformation (Fig. 5a, left), the actin stress varies as the square of the deformation amplitude (Methods) in agreement with actin growth on a curved surface 13,16 . For a localized (Gaussian) membrane perturbation

= -∕ u x A ( ) e x b ( ) 2
with amplitude A and width b (Fig. 5a, right), we calculate the pressure and velocity fields in the actin layer numerically (Fig. 5b). Velocity gradients in the growing actin layer, generated by the deformed surface, induce a normal pushing force at the centre of the perturbation, and pulling forces at the periphery of the perturbation (Fig. 5c), that amount to a zero net force when integrated over the deformation area. This contrasts with existing models of filopodia formation, which usually consider bundled actin filaments exerting a net pushing force on the membrane that do not precisely address the force balance within the actin network 6,17,18 . Here, we do not a priori distinguish the detailed structure of the actin network at the membrane from the one in the protrusion, treating the actin network as a continuum.

A scaling analysis of the Stokes equation, confirmed by our numerical calculation, leads to a normal stress at the centre of the perturbation (x = 0) that scales as σ nn ≈ -ηA 2 b -3 v g , where η is the viscosity of the actin layer (Supplementary Fig. 10a,b). An intuitive understanding of this scaling behaviour is given in the Supplementary Information.

The normal stress σ nn is balanced by the membrane elastic restoring stress 19 

σ γ κ = -+ ∂ C C memb s
2 , where γ is the membrane tension, κ is the bending rigidity, C is the membrane curvature (~A/b 2 ) and ∂ s the curvilinear derivative (~1/b). Considering that b is larger than the characteristic length γ κ γ = ∕ , the stress is dominated by membrane tension. The balance of actin polymerization and membrane stresses defines a threshold amplitude A* = γb/(ηv g ). When the amplitude of the perturbation is smaller than this threshold (A < A*) the membrane stress dominates and the perturbation relaxes. Above the threshold (A > A*) the force exerted by the network is dominant and the instability develops. We now evaluate whether such a perturbation could be reached by thermal fluctuations characterized by the Boltzmann constant k B and the temperature T. The average membrane thermal roughness at length scales larger than the actin mesh size ξ, characterized by the average of the gradient of the membrane shape ∇h, is given by

          <|∇ | >~+ κ λ ξ π π ( ) h log 1 k T 2 4 2 2 B
(ref. 19 ). Identifying <|∇ | > h 2 with (A/b) 2 (provided λ and ξ are on the same order), spikes are predicted below a threshold tension:

γ η κ ≈ ∕ π v k T * ( 4 ) g B 
. Evaluating actin network viscosity η as the product of the elastic modulus (E) times the viscoelastic relaxation 
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NaTure PhySiCS time (τ ve ): η ≈ Eτ ve ≈ 10 4 Pa s (with E ≈ 10 4 Pa (ref. 20 ) and τ ve ≈ 1 s (refs. 14,15 )), κ ≈ 10 k B T and v g ≈ 10 -9 m s -1 (Fig. 3d, note that this velocity is lower than the polymerization of a single actin filament because the network grows under stress 16 ), we find γ* ≈ 10 -6 N m -1 . This value is in the range of membrane tension for non-deflated liposomes 21 , but is larger than the tension of deflated liposomes, leading to the prediction that deflated liposomes are prone to the formation of spikes, in agreement with our experimental results (Fig. 1c). Spike initiation also depends on the structure of the actin network through the value of the network viscosity η. Using the relationship 22 η ≈ k B Tl p τ ve /ξ 4 , with l p being the persistence length of the actin filament (~10 μm) 23 , we find the following condition for spike initiation:

γξ τ κ < π k Tl v k T 2 (1) ve 4 B p g B
In contrast to 'thin' spike-like protrusions 6 , the spikes we consider here are formed by the growth of a branched network with a uni-form polymerization along the liposome membrane (Fig. 4). The compressive stress resulting from actin polymerization (shown in Fig. 5b) explains that spikes are much wider than the ones previously observed 6 , and that they grow faster than the surrounding actin layer (Supplementary Information and Fig. 4).

The initiation of membrane tubes in the reference condition requires a pulling force at the tip of the tube larger than κγ = π ≈ f 2 2 2 pN tube (refs. 24,25 ; Fig. 5d with the above estimates). The tube radius (

κ γ = ∕ ≈ r (2 ) 20 nm tube
) is smaller than the size of the actin mesh through which it is pulled. This situation differs from spikes where the flow of the actin network is enslaved to the shape of the membrane, thus generating a wider deformation. In our case, tube pulling requires physical attachment of the actin to the membrane through the activator pVCA 26 .

The force exerted by the growth of the actin network (moving away from the liposome surface at a velocity v g ) on the filament bound to the tip of the tube (moving at a velocity L

) is equivalent to a friction force (Supplementary Information), which can be crudely estimated using the Stokes law:

η = π -ḟ r v L 6 ( ) drag tube g
(Fig. 5e). At steady state, this force has to balance the tube force 

         ̇= - η π L v 1 f r v g 6 tube tube g .
Tube extraction is possible provided ̇> L 0. This is indeed the case for liposomes under reference conditions (γ ≈ 10 -6 N m -1 ), for which η η

π = π = ≈ γ η γ π ( ) r v v f f 6 6 10 f v tube g 4 g 3 
2 tube tube tube g (with the above estimates). Note that ̇≳ . L v 0 9 g , explaining why tubes initiated early during actin growth actually span the entire actin layer. A tenfold increase of membrane tension could in principle prevent tube formation. Hypo-tonic treatment does not change the occurrence of tubes (Supplementary Fig. 1c), suggesting that the tension does not reach a sufficiently high level under these conditions. Using the relationship 22 η ≈ k B Tl p τ ve /ξ 4 the condition for tube extraction is:

γξ τ < k Tl v 3 2 (2) e 4
B p g v (Supplementary Fig. 10d). Increasing the actin mesh size indeed significantly reduces the occurrence of membrane tubes (Supplementary Fig. 9). Omitting CP, in principle, also decreases network mesh size, and no membrane tubes have been reported in these conditions 6,27 . In yeast, actin is absolutely required for endocytosis, probably because of the high turgor pressure that opposes inward membrane deformations 28-30 . The force needed to overcome the turgor pressure can reach 1,000 pN 31 , almost three orders of magnitude larger than the actin force in our in vitro conditions.

Using yeast-relevant parameters for actin dynamics (polymerization velocity v p = 50 nm s -1 (ref. 1 ) and actin network viscosity η = 10 5 Pa s as estimated from the same scaling law as above and with a Young's modulus E ≈ 10 4 Pa, for an actin network in cell extracts 32 and τ ve ≈ 10 s), the drag force generated by the actin network on a tube of radius r = 10 nm is on the nanoNewton order. It is thus in principle able to overcome the turgor pressure and to trigger membrane deformation leading to endocytosis (Supplementary Information).

The cell is a robust system where redundant mechanisms ensure proper function, which makes detailed cell mechanisms difficult to decipher. This is true for membrane deformations into filopodia 5 or endocytic intermediates 1 . Here, we show that a branched actin network growing at a membrane is able to mimic the initiation of either an endocytosis-like or a dendritic filopodia-like deformation. Our results support recent findings that the initiation of dendritic filopodia and endocytosis primarily relies on the growth of a branched actin network 1,3,5 .

Endocytosis is intimately dependent on the existence of a physical link between the actin network and the plasma membrane in yeast as well as in mammalian cells under high cell tension. Controlled endocytosis is abolished in yeast if this link is suppressed, although already endocytosed vesicles retain their extraordinary capacity to polymerize actin and even undergo actin-based motility 3,33 . In our reconstituted system, the membrane-pVCA-network linkage is essential to produce tubes, as the absence of one of these links precludes tubular membrane deformation (Supplementary Information, Supplementary Fig. 2a and Fig. 5d). In fact, the pVCA region interacts with branched actin networks both through the binding of the Arp2/3 complex 26 and through tethering of actin filament free barbed ends 34 . Note that another form of pVCA was shown to induce clustering and phase separation of lipids in the absence of CP, but not membrane deformations 26 . Here we show that, through our membrane-pVCAnetwork linkage, actin dynamics alone have the remarkable capacity to initiate endocytosis-like membrane deformations with a width smaller than, or of the order of, the actin mesh size.

A class of model for filopodia initiation assumes a particular actin organization in the protrusion, typically that of bundled actin filaments 6,17,18,35,36 . Supported by our dual-colour actin measurements and by labelling of the Arp2/3 complex and CP, our model for spike initiation assumes that actin polymerization occurs uniformly at the membrane, which indicates that new actin is incorporated all along the conical membrane surface, and not only at the tip of the protrusion as observed by Liu et al. 6 . Moreover, our characterization reveals that the actin network is branched during the entire growth process. Decreasing membrane tension decreases the critical amplitude for spike nucleation and increases the likelihood of spike formation (Fig. 6) oppositely to thin actin filament protrusions 6 , thus revealing the very different nature of these two types of protrusion, both in their initiation, and in their subsequent growth dynamics. Spikes are mimics of filopodia, especially in the case of dendritic filopodia whose formation relies on the Arp2/3 complex-branched network 37 .

Our experimental and theoretical results are summarized in Fig. 6, where the thresholds for spike and tube formation (equations ( 1) and ( 2)) are shown together with the explored experimental conditions. We conclude that tubes and spikes coexist at low tension or low mesh size whereas we predict that they do not form at high tension and high mesh size. At intermediate tension and mesh size, only tubes form, but not spikes. We thus highlight how membrane deformations induced by actin polymerization can be modulated by the interplay between membrane tension and actin network mesh size.

Online content

Any methods, additional references, Nature Research reporting summaries, source data, statements of data availability and associated accession codes are available at https://doi.org/10.1038/ s41567-019-0464-1. 
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Methods

Reagents, lipids and proteins. Chemicals are purchased from Sigma Aldrich unless specified otherwise. l-alpha-phosphatidylcholine (EPC), 1,2-distearoylsn-glycero-3-phosphoethanolamine-N-[biotinyl polyethylene glycol 2000] (biotinylated lipids), 1,2-dioleoyl-sn-glycero-3-[[N(5-amino-1-carboxypentyl) iminodiacetic acid]succinyl] nickel salt (DOGS-NTA-Ni) are purchased from Avanti polar lipids. Texas Red 1,2-dipalmitoyl-sn-glycero-3-phosphocholine, triethylammonium salt is from Thermofisher. Actin is purchased from Cytoskeleton and used with no further purification. Fluorescent Alexa Fluor 488 actin conjugate and Alexa Fluor 546 actin conjugate are obtained from Molecular Probes. Porcine Arp2/3 complex is purchased from Cytoskeleton and used with no further purification. Biotin is purchased from Sigma-Aldrich, diluted in dimethylsulfoxide. Mouse α1β2 CP is purified as in ref. 38 . Untagged human profilin and S-pVCA (the pVCA sequence starts at amino acid Gln 150) are purified as in ref. 8 . S-pVCA is fluorescently labelled on the amino-terminal amine with Alexa Fluor 546 at pH 6.5 for 2 h at 4 °C, desalted and then purified on a Superdex 200 column. His-pVCA-GST (GST-pVCA) is purified as for PRD-VCA-WAVE 39 and His-pVCA is essentially the same without the glutathione Sepharose step. Mouse α1β2 CP is fluorescently labelled with Alexa Fluor 488 C 5 -maleimide (ratio of 1:1 protein/label) for 1 h at room temperature and then at 4 °C overnight under agitation. Porcine Arp2/3 complex is fluorescently labelled with Alexa Fluor 488 C 5 -maleimide (ratio of 1:10 protein/label) at pH 7.2 for 3 h on ice and then purified on a PD Minitrap G-25 column.

A solution of 30 μM monomeric actin containing 15% of labelled Alexa Fluor 488 actin conjugate is obtained by incubating the actin solution in G-Buffer (2 mM Tris, 0.2 mM CaCl 2 , 0.2 mM dithiothreitol (DTT), 0.2 mM ATP, pH 8.0) overnight at 4 °C. All proteins (S-pVCA, profilin, CP, actin) are mixed in the isotonic, hypertonic or hypotonic working buffer. The isotonic working buffer contains 25 mM imidazole, 70 mM sucrose, 1 mM Tris, 50 mM KCl, 2 mM MgCl 2 , 0.1 mM DTT, 1.6 mM ATP, 0.02 mg ml -1 β-casein, adjusted to pH 7.4. The hypertonic, isotonic and hypotonic working buffers differ only by their sucrose concentration (hypertonic: 320 mM sucrose; isotonic: 70 mM sucrose; hypotonic: no sucrose). Osmolarities of the hypertonic, isotonic and hypotonic working buffers are respectively 400, 200 and 95 mOsmol, as measured with a vapour pressure osmometer (VAPRO 5600). In the case of experiments with DOGS-NTA-Ni lipids, all proteins are diluted in a working buffer containing 280 mM glucose, 10 mM HEPES, 0.5 mM DABCO, 100 mM KCl, 4 mM MgCl 2 , 1 mM DTT, 10 mM ATP and 0.05 mg ml -1 β-casein.

Liposome preparation. Liposomes are prepared using the electroformation technique. Briefly, 10 μl of a mixture of EPC lipids, 0.1% biotinylated lipids or 5% DOGS-NTA-Ni lipids, and 0.1% Texas Red lipids with a concentration of 2.5 mg ml -1 in chloroform/methanol 5:3 (v/v) are spread onto indium tin oxide (ITO)-coated plates under vacuum for 2 h. A chamber is formed using the ITO plates (their conductive sides facing each other) filled with a sucrose buffer (0.2 M sucrose, 2 mM Tris-adjusted at pH 7.4) and sealed with haematocrit paste (Vitrex Medical). Liposomes are formed by applying an alternating current voltage (10 Hz, 1 V) for 2 h. Liposomes are then incubated with an activator of actin polymerization (S-pVCA, 350 nM) via a streptavidin-biotin link for 15 min. Isotonic liposomes are used right away for polymerizing actin in the isotonic working buffer. To obtain deflated or tense liposomes, an extra step is added: they are diluted twice in the hypertonic (400 mOsmol) or hypotonic (95 mOsmol) working buffer respectively and incubated for 30 min. The final solution is therefore at 300 mOsmol or 110 mOsmol respectively.

Biotin-blocking experiments. S-pVCA labelled with Alexa Fluor 546 and biotin are diluted in the isotonic working buffer and incubated for 10 min to reach a final concentration of 350 nM S-pVCA and various concentrations of biotin (87.5 nM, 175 nM, 262.5 nM, 350 nM). Note that 350 nM of biotin corresponds to a full saturation of the streptavidin sites of S-pVCA. Unlabelled liposomes (99.9% EPC lipids, 0.1% biotinylated lipids) are then diluted twice in this solution and incubated for 15 min. Tubes and spikes are visualized by the fluorescence of S-pVCA.

Actin cortices with a branched network. Our condition of reference ('reference condition') corresponds to condition 1 and non-deflated liposomes.

In condition 1, actin polymerization is triggered by diluting the non-deflated, deflated or tense liposomes 6 times in a mix of respectively isotonic, hypertonic or hypotonic working buffer containing final concentrations of 3 μM monomeric actin (15% fluorescently labelled with Alexa Fluor 488), 3 μM profilin, 37 nM Arp2/3 complex, 25 nM CP. Note that the final concentrations of salt and ATP in all conditions (isotonic, hypertonic, hypotonic) are 0.3 mM NaCl, 41 mM KCl, 1.6 mM MgCl 2 , 0.02 mM CaCl 2 and 1.5 mM ATP.

Condition 2 follows the same protocol as in condition 1 with unlabelled monomeric actin, unlabelled liposomes (99.9% EPC lipids, 0.1% biotinylated lipids) and S-pVCA labelled with Alexa Fluor 546.

In Fig. 1c, non-deflated liposomes n = 311 are distributed as follows: 215 from 3 experiments in condition 1 and 96 from 2 experiments in condition 2. Deflated liposomes n = 123 are distributed as follows: 92 from 2 experiments in condition 1 and 31 from 1 experiment in condition 2.

Condition 3 follows the same protocol as in condition 1 with unlabelled monomeric actin and Arp2/3 complex labelled with Alexa Fluor 488 C 5 -maleimide.

Condition 4 follows the same protocol as in condition 1 with unlabelled monomeric actin and CP labelled with Alexa Fluor 488 C 5 -maleimide.

Actin cortices with a loosened branched network. Actin polymerization is triggered the same way as above (condition 1), except with 15 μM profilin (instead of 3), and during a longer time (overnight instead of 1-2 h). Reference conditions correspond to non-deflated liposomes in condition 1, except that observation is performed 20 h after the initiation of polymerization.

Photo-damage of the actin network. The actin network area to photo-damage is defined with a diaphragm. The area is illuminated for 15 s with a Hg lamp and a FITC filter cube and the illumination is repeated until the actin is completely destroyed or at least no longer detectable by eye.

Two-colour experiment. Liposomes are first incubated with 350 nM S-pVCA for 15 min. This solution is then diluted threefold into a mix of isotonic buffer containing 3 μM actin (15% Alexa568-labelled, red), 37 nM Arp2/3 complex and 25 nM CP. After 20 min of incubation in these conditions, the solution is diluted 3 times in a mix of the same protein concentrations containing 15% Alexa488labelled actin, green.

Free actin filament barbed end labelling. S-pVCA-activated liposomes (labelled membrane) are placed in a mix containing 3 μM unlabelled monomeric actin, 37 nM unlabelled Arp2/3 complex and 25 nM unlabelled CP. After 20 min of incubation in these conditions, the solution is diluted 5 times in the working buffer to stop actin polymerization. This solution is then incubated with 75 nM labelled CP. Image acquisition is performed right after the addition of fluorescently labelled CP.

Cryo-electron microscopy. To prepare small liposomes, a mixture of EPC lipids and 0.1% biotinylated lipids with a concentration of 1 mg ml -1 in chloroform/ methanol 5:3 (v/v) is dried and resuspended under vortexing in a buffer containing 25 mM imidazole, 1 mM Tris, 50 mM KCl, 2 mM MgCl 2 , 0.1 mM DTT, 1.6 mM ATP and 0.02 mg ml -1 β-casein. Liposomes are then incubated with S-pVCA (350 nM) for 15 min and finally flash-frozen for cryo-electron microscopy. Images were recorded under low-dose conditions with a Tecnai G2 Lab6 electron microscope operating at 200 kV with a TVIPS F416 4K camera and with a resolution of 0.21 Å per pixel.

Observation of liposomes.

For observation in two dimensions, epifluorescence (GFP filter cube, excitation 470 nm, emission 525 nm; Texas Red filter cube: excitation 545-580 nm, emission 610 nm-IR), phase-contrast and bright-field microscopy are performed using an IX70 Olympus inverted microscope with a 100× or a 60× oil-immersion objective. Images are collected by a CCD (chargecoupled device) camera (CoolSnap, Photometrics, Roper Scientific).

For observation in three dimensions: confocal and bright-field microscopy are performed using an inverted confocal spinning disc Roper/Nikon with a 100× or a 60× oil-immersion objective and lasers with wavelengths of 491 nm for actin and 561 nm for lipids. A FITC filter cube (excitation filter: 478-495 nm/emission filter: 510-555 nm) and a TxRed filter cube (excitation filter: 560-580 nm/emission filter: 600-650 nm) are used to acquire respectively actin and lipids fluorescence. Images are collected by a CCD camera (CoolSnap HQ2, Photometrics, Roper Scientific).

For three-dimensional data, z-stacks are acquired using the software Metamorph on each wavelength with a z-interval of 0.5 μm.

Image analyses of liposomes, tubes and spikes.

Image analyses are performed with ImageJ software and data are processed on Matlab. The thickness of the actin network and the length of the tube membranes are obtained from fluorescence intensity profiles (Fig. 3a). The first peak of the membrane profile determines the liposome surface and the second peak determines the end of the membrane tube. The actin network thickness is the distance between the first peak and the half-width at half-maximum of the actin fluorescence profile. The length of the membrane tubes is obtained as the peak-to-peak distance of the membrane fluorescence profile. The size of the spikes (length, width) and the actin network is determined by the corresponding positions of the inflexion points. Fluorescence profiles in each case (membrane, actin) are fitted with a polynomial function. The first maximum and the second minimum of the fit derivative, corresponding to inflexion points of the profile, determine the membrane or actin edges. The size is then the distance between the two edges. From the actin fluorescence profile, the actin network thickness at the base of the spike is defined as the distance between the first maximum and the first minimum of the fit derivative.

To determine whether shorter tubes are present in addition to the easily visualized long ones, we measure the total fluorescence intensity of the membrane on an arc that is displaced along a radial axis r from close to the liposome surface to the external part of the network. We hypothesize that tubes maintain a constant diameter along their length, as is established for pure membrane tubes 24 . In these conditions, if all tubes have the same length, the total intensity should show a plateau as a function of r, until falling off to zero at an r where there are no more NAtuRe PhySiCS | www.nature.com/naturephysics
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Statistical analyses.

All statistical analyses are performed using MedCalc software. An N -1 chi-squared test is used to determine the statistical significance. Differences among samples were considered statistically significant when P < 0.05.

Theoretical model for spike initiation.

To calculate the stress exerted by a viscous network polymerizing at a curved surface we consider an incompressible Stokes flow, described by force balance and incompressibility; that is, σ ∇ → ⋅ → = 0 and ∇ → ⋅ → = v 0, where → v is the velocity of the network and σ → is the viscous stress in Cartesian coordinates, given by

         σ η = -δ + + ∂ ∂ ∂ ∂ p ij ij v x v x i j j i
. Polymerization of the actin network is encoded in this model by imposing the velocity of the network, normal to the surface of the curved interface. Moreover, we impose a stress-free boundary condition at the outer layer, both for the normal as well as the tangential stress; that is, σ nn = 0 and σ nt = 0. Note that, in the limit we consider, an infinitely thick network, this corresponds to a uniform velocity in the z-direction.

We determine the first-order correction of the normal stress on a deformed surface characterized by u(x) = u 0 exp(iqx) along the x axis (u 0 is the deformation amplitude and q is the wavevector; Fig. 5a,left). We seek a solution for the velocity field within the network of the form v j = v j (z)exp(iqx), where the index j represents the coordinate x or z, and a pressure field of the form p = p(z) exp(iqx). Assuming that the network grows normal to the surface, the first-order correction of the x-component of the velocity field satisfies the boundary condition δv x (z = 0) = -v g ∂ x u(x) at the interface (z = 0). We assume here a network of large thickness and require that the first-order correction to the velocity vanishes at z→∞. The first-order corrections to the velocity and pressure in the network read δv x (z) = -iqu 0 (1qz)v g exp(-qz), δv z (z) = -q 2 u 0 v g zexp(-qz) and δp(z) = -2ηq 2 u 0 v g exp(-qz). At this order the actin normal stress turns out to vanish at any point of the liposome surface: σ nn (x,z = 0) = 2η∂ z v zp = 0. This implies that the membrane is linearly stable against small deformations in the presence of a growing actin network.

The second-order correction for the actin stress is in principle difficult to calculate, as the different modes of deformation are coupled. An analytical estimate can be obtained by expanding the surface normal vector up to second order, which yields the following scaling for the normal stress at the liposome surface,

σ η ∝ -q u v n n 3 0 2 
g . This weakly nonlinear analysis reveals that there is a non-zero normal stress acting on the membrane, which we will later compare with the membrane contribution to address system stability.

To get a numerical solution for the normal stress in a 'localized' spike-like perturbation on the interface, as opposed to the periodic one presented above, we use a finite-element method from Mathematica with default settings. We implement a geometry as described in Fig. 5a (right), where the lower surface is parametrized with a Gaussian deformation as mentioned before (that is,

= - - = ( ) u x z z A ( , ) e xp 0 x b 2
) and we choose the height of the system to be much larger that the extent and amplitude of the perturbation (h = 2 μm). Note that here, b, the characteristic lateral length of the localized perturbation, is related to the wavenumber q ≈ 1/b used for the linear analysis. To account for a constant polymerization, perpendicular to the lower surface we impose the velocity on the lower surface, that is,

∂ = = ∂ ̂+ ∂ v u x z v u x z x u x z z ( ( , ) 0) ( ( , ) ( , ) ) x z g
, where v g is the normalized polymerization velocity, and a vanishing normal and tangential stress at the upper boundary z = h, that is, σ nn (z = h) = 0 and σ nt (z = h) = 0. Using this approach we find the same scaling with amplitude and width of the perturbation as found for the weakly nonlinear analysis for a sinusoidal perturbation. Note also that here, by imposing the normal velocity at the interface, a choice that is motivated by the dual-colour images in Fig. 4a, we do not impose the tangential stress on the membrane, and hence this stress has to be balanced by an in-plane viscous stress in the membrane, which at this stage we do not model. These finite-element model simulations allow us to visualize the velocity field as well as the pressure throughout the network, indicating the increase in pressure inside the local perturbation caused by the local convergence of the velocity fields (Fig. 5b).

Reporting Summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.
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Sample size

Sample size was not pre-determined. However, our main result is that actin dynamics can deform a membrane. To address which physical parameter was important to this effect, we have compared different conditions with a Chi-squared test that gave satisfactory p-values that confirmed our direct observation.

Data exclusions Liposomes that did not show any actin signal in fluorescence microcopy were excluded, since they were not affected by actin.

Replication

Experiments were repeated 2, 3 or 5 times and displayed the same features Randomization The same batch of proteins were used in all experiments. Experiments were reproducible among two experimentalists (CS and VC, co-first authors).

Blinding

Blinding was used among authors for analysis. Data collection was randomized in taking random images.
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Cytoskeleton-mediated membrane reshaping in endocytosis

Camille Simon 1,2 and Cécile Sykes Therefore, this view became the textbook view. However, a recent careful electron microscopy study correlated with fluorescence microscopy revealed that this is not the case, at least unambiguously in yeast [132] and in mammalian cells under certain conditions [133]. Indeed, when coat proteins are recruited to the plasma membrane, the surface of the membrane remains unmistakeably flat and does not deform (figure 23). Membrane deformation into a bud only appears when actin polymerization is triggered at the (flat) membrane (figure 23). Conversely, in conditions where cells are treated with actin depolymerizing agents, the membrane never deforms and remains flat, although coat proteins and most molecules of the endocytic machinery are correctly recruited. Therefore, actin dynamics and its assembly into growing filaments is the main player of membrane deformation during the early stage of endocytosis. Moreover, it is now established that the growing actin network involves the Arp2/3 complex machinery that elongates actin filaments through side branching [134]. However, the physical mechanism that generates membrane budding through actin filaments that branch at the membrane surface is still poorly understood. It may involve membrane tension and protein concentration. However, the minimal actin network structure that is able to pull on the membrane is not yet known. Simplified reconstitution systems, high resolution imaging technologies, and cell manipulations will help to address these questions. 2) there is a physical link between the membrane and the network [138]. This branched network, extensively studied in vitro as a continuous viscoelastic network, has a mesh size of 30-50 nm, about the same size as the width of a tubular endocytic invagination. Therefore, the pull-out of the membrane relies only on a few filaments that are part of a more extended actin network. One of the challenges is to understand the role of these few filaments that are bound to the membrane strongly enough to exert a point pulling force, and part of a wider spread actin network that grows from the membrane around this point. The existence of this surrounding outward-growing network is evidenced by its filtering effect of size-excluded ribosomes that are absent from an 'exclusion zone' of about 200 nm around the endocytic site. Interestingly, another effect of a growing actin network, which polymerization is triggered at a membrane, can be that it concentrates, by convection, proteins at the surface [139], as it may be the case for clathrin (see the scheme in figure 23). Finally, crosslinkers that change the mesh size of the network and its rigidity, are shown to be crucial for the formation of the invagination [138]. How crosslinkers can change the force needed to pull out the membrane is to be understood.

Advances in science and technology to meet challenges. Detecting the early stage of membrane invagination is still a challenge, in cells, and also in in vitro systems that may reproduce some stages of endocytosis. A technological advance here may be to design curvature sensors that would, for example, emit a change in fluorescence signal.

In vitro systems are of choice to address how (and if) a (simple) dynamically branching network is able to drive membrane deformations at the scale of endocytosis. A pure membrane can be designed to recruit a nucleation promoting factor (NPF) that triggers the assembly of fluorescent actin monomers into branches [140]. The incorporation of fluorophores in the membrane allows its direct visualization. Such systems, using pure membranes and the dynamic machinery of actin with the branching agent, the Arp2/3 complex, already provide the scientific proof that a membrane can be tubulated in these conditions (figure 24, and unpublished results). Time imaging of the membrane deformation and its surrounding will allow to follow the early stage of membrane invagination. Bending and the subsequent growth of the plasma membrane invagination require the plasma membrane to be physically linked to the actin network. Attachment of the actin cytoskeleton with the membrane is here provided by the NPF (that activates the Arp2/3 complex) bound to the membrane with a biotin-streptavidin link (figure 24), and is sufficient to provide membrane pulling. Such systems, with the advantage that the attachment of the cytoskeleton to the membrane can be tuned, can be further complexified with the addition of crosslinkers for example. Membrane tension may affect the initial membrane invagination for endocytosis, as suggested in the complex context of mammalian cells [133]. This aspect can also be addressed with in vitro systems by the use of a micropipette aspiration technique where membrane tension is controlled.

Concluding remarks. It appears increasingly clear that endocytosis relies on a fine tuning of local activation and orchestration of actin dynamics [135]. A way to prove it is to reconstitute endocytic-like deformations in vitro, in a minimal system that activates actin dynamics at a membrane. In general, in vitro systems provide powerful tools to address the exclusive role of specific proteins, or physical parameters, in cell functions. Nevertheless, the 'simplicity' of reconstituted systems needs to be constantly paralleled to the complexity of cellular systems, so that we gain a complete understanding of cell mechanisms and functions. Since more than 30 proteins participate to the job in cells [134], the precise chronology of the mechanism of endocytosis will be established with further back and forth studies of simplified, controlled systems, and whole cell systems.

Actin-driven cell-like membrane deformations

Micron scale deformations

Spikes: two actin network organizations

In the previous works, I have demonstrated the surprising capacity of a homogeneous network growing at a membrane to generate inward and outward membrane deformations. We have pointed out the importance of the interplay between membrane and actin to govern the formation of these membrane deformations. Interestingly, our spikes, filled in with a branched actin network and favored by a decrease in membrane tension, differ from the similar inward deformations, previously reported by Liu et al. [START_REF] Liu | Membrane induced bundling of actin filaments[END_REF], which are made of bundle of actin filaments and preferentially form when membrane tension is increased. The same discrepancy is observed in cells for filopodia that are either conventional at the leading edge of the cell and made of parallel filament bundles [START_REF] Svitkina | Mechanism of filopodia initiation by reorganization of a dendritic network[END_REF] or dendritic in neurons and sustained by a branched actin network [START_REF] Korobova | Molecular architecture of synaptic actin cytoskeleton in hippocampal neurons reveals a mechanism of dendritic spine morphogenesis[END_REF].

Therefore, we can ask what triggers the difference in actin filament organizations to deform the membrane into filopodia. To address this question, we investigate the role of nucleation promoting factor density in two geometries, planar with supported lipid bilayers (SLBs) and spherical with liposomes, to couple membrane deformations with actin dynamics.

For this project, we collaborate with Anne Bernheim-Grosswasser at Beer-Sheva University in Israël and her PhD student, Shachar Gat. They provide all the results on supported lipid bilayers. As numerous methods and analyses differ from the previous studies, a complete section Material and methods (2.3.2.4 -Material and methods) is provided at the end of the chapter.

Experimental systems

Liposomes and supported lipid bilayers (SLBs) are two complementary experimental set-ups. Liposomes allow us to image shape changes, such as out-of-plane deformation, associated with actin network nucleation and growth, by epifluorescence microscopy. SLBs enable us to follow actin nucleation, actin network assembly and reorganization at the membrane surface during each step of membrane treatment and actin network growth, in a planar geometry, using TIRFm (Total Internal Reflection Fluorescence microscopy).

The same composition of lipid membrane is used to form liposomes by electroformation and SLBs by exposing small unilamellar vesicles (SUVs) on hydrophilic glass surfaces. We then investigate the role of NPF density by varying the concentration of S-pVCA from 100 nM to 3.5 µM, with 350 nM as reference condition (see section 2.1.2 -A branched actin network around a liposome).

Results

With the SLB system, our collaborators look at the organization of actin as a function of S-pVCA concentrations. For this purpose, they follow changes in actin fluorescence and actin network structural organization as a function of time (Fig. 2.19 A). It is known that the branched nucleation of actin at the SLB surface promotes the formation of actin 'asters' [START_REF] Haviv | Reconstitution of the transition from lamellipodium to filopodium in a membrane-free system[END_REF] (white arrow-head in Fig. 2.19 A) that grow, densify and eventually merge to form a uniform layer. They observe here that at low concentrations of S-pVCA (lower than the reference i.e.

350 nM) few actin asters form and do not succeed in covering the surface whereas at high concentrations, numerous asters are present and lead to the formation of a dense actin layer (Fig. 2.19 B). Besides, the evolution of actin intensity over time indicates that, the higher the concentration of S-pVCa is, the faster the steady state is reached and the denser the actin layer is (Fig. 2. 19 C and D). Finally, at steady state the actin network appears patchy for low concentrations of S-pVCA whereas it is homogeneous for high concentrations (Fig. 2.20 A).

For S-pVCA concentrations that show asters at steady state (Fig. We compare the results found on SLBs with our liposome system. We observe that after the growth of the branched actin network at S-pVCA concentrations lower than the reference condition (350 nM), more liposomes display spikes (Fig. 2.21 A and B) (see section 2.3.1 -Tubes and spikes). For these low concentrations, we also notice that the actin layer formed around liposomes appears less homogeneous than when S-pVCA is incubated at reference condition (Fig. 2.21 A, two first columns).

At higher concentrations of S-pVCA, since the membrane is saturated with S-pVCA (see Appendix B, calculation of available biotin sites), too many S-pVCA molecules remains in the solution and polymerization occurs also in the bulk, which prevents from an efficient actin polymerization at the membrane surface. This explains the fluorescent background on actin images (Fig. 2.21 A, two last columns). This issue was not encountered on SLBs as they are washed after S-pVCA incubation to remove the unbound molecules (see 2.3.2.4 -Material and methods). From experimental observations, despite there is not yet quantitative data to support this, we noticed that the dynamics of the actin polymerization seem to impact the formation of spikes. Indeed, we observed that with a very active pVCA the polymerization speeds up and the spike formation is disfavoured. Although evidences are missing at this time, the slow and localized growth of the actin network may be the best conditions to form spikes.

We then wonder if the spikes could be correlated to some extent to the asters observed on SLBs, as spikes mainly form at 35 nM and 100 nM of S-pVCA corresponding to conditions for aster formation. We measure the area at the base of spikes at steady state and we count the number of spikes per liposome for these two concentrations. As for aster area (Fig. 2.20 B), we find that spike base areas are smaller at 35 nM of S-pVCA than the ones at 100 nM (Fig. 2.21 C). Besides, on average, asters and spike base areas are of the same order of a few micrometer size.

The number of spikes per liposome decreases from S-pVCA concentration of 35 nM to 100 nM (Fig. 2.21 D), contrary to the number of asters per image (Fig. 2

.20 D).

This observation hints that only a fraction of actin asters turns into spikes around liposomes. Finally, these results suggest that lower density of actin branches and smaller asters are more efficient in producing spikes.

A closer look at the morphology of spikes reveals the presence of two categories of shapes. Some spikes are very thin, almost cylindrical, whereas others have the typical conical shape, with a wide base, previously described (see section 2.3.1 -Tubes and spikes). To test if these different shapes could come from a different organization of the actin network, we use a fluorescent Arp2/3 complex at low concentrations of S-pVCA (35 and 100 nM). We obtain the two populations of spikes in both concentrations. Strikingly, we observe, visually, that the wider spikes are filled in with the Arp2/3 complex, as previously observed, whereas some of the thin ones appear to contain only low amounts, if not at all (Fig. 2.22). To confirm more quantitatively eye observations, we compare the fluorescence signal of the Arp2/3 complex inside the spike to the signal in the actin network. We calculate a relative difference in intensity as ∆I = I spike -I background I network -I background * 100. For spikes that are undoubtedly filled in with the Arp2/3 complex, we find on average ∆I > 30 %. We assume that ∆I < 10 % corresponds to spikes that do not contain the Arp2/3 complex. For the remaining spikes, the difference is between 10 and 30 % and we can not conclude firmly if they contain or not the Arp2/3 complex (Fig. 2.22 B). We then assess if the presence of the Arp2/3 complex correlates with spike morphology. We obtain that spikes without the Arp2/3 complex are thin while those with the Arp2/3 complex are wide. However, among thin spikes the behavior is spread from the absence to the presence of the Arp2/3 complex. Moreover, it appears that the thin spikes that are not filled in with the Arp2/3 complex more often coincide with very localized actin networks whereas the wide spikes are observed for more homogeneous layers (Fig. 2

.22 C).

More experiments and analyses are needed to confirm these results. However, they suggest that the same branched actin network could form both conventional and dendritic filopodia-like deformations, depending on the NPF density and the network homogeneity. Last two colums: 3D reconstruction for z-stack confocal images. White arrow heads point toward spikes. (B) Distribution of the Arp2/3 complex fluorescence intensity difference between the spike interior and the actin network. Below 10% we assume that spikes do not contain the Arp2/3 complex and above 30 % we consider that spikes are filled in with the branching agent. n = 27 spikes. (C) Arp2/3 complex fluorescence intensity difference as a function of the spike width. The colored points (green, blue, red, yellow) correspond to the example images in (A).

Conclusions

We combine SLBs and liposomes to investigate the effect of NPF density. On SLBs, we observe that the concentration of the activator of the Arp2/3 complex, pVCA, at the membrane, impacts the dynamics, the density and the homogeneity of the actin network. Low concentrations promote only the formation of asters and never lead to a homogeneous network whereas increasing the concentration allows the fast growth of dense and homogeneous networks. In parallel, we find that low concentrations of pVCA favor the formation of inward membrane deformations, spikes, on liposomes. In addition, we identify two morphologies of spikes, which seem to arise from two different arrangements of the actin filaments, either parallel bundles for thin spikes or branched filaments for wide spikes, both emanating from the same branched, Arp2/3-based, actin network. A lower density of activators and a localized actin network seem to favor thinner filopodia-like structure, although it is difficult to confirm given the small number of this kind of filopodia we succeeded to produce. A next step would thus be to decrease membrane tension, as we have shown previously that it increases the occurrence of spikes, and to find the conditions that trigger specifically the formation of thin spikes at low concentrations of activators.

S-pVCA in the incubating solution between 0.035 µM-3.5 µM. Liposomes are used immediately at the end of the incubation step.

Supported lipid bilayers

SLBs are formed by flowing 1 mg.mL -1 solution of small unilamellar vesicles (SUVs) in membrane buffer (10 mM Tris-HCl, pH 7.4, 2 mM MgCl 2 , and 50 mM KCl) in a flow-cell chamber prepared using piranha-treated glass slide and glass coverslip. The chamber volume is ∼ 40 µL. The SUVs are 50 nm in diameter and have the same lipid composition as the liposomes. After 15 min incubation at 37°C the excess vesicles are washed with 2 volumes of membrane buffer. A solution of S-pVCA is then loaded into the chamber and incubated for 15 min at RT. Excess S-pVCA is rinsed with 3 volumes of buffer. We use the same S-pVCA concentrations as those used in the liposome system.

Formation of a branched actin network

To promote polymerization on the liposome surface, a volume of 5 µL S-pVCA- We then apply a median filter (2,2) to the subtracted image to remove high frequency noise [START_REF] Blanton | Improved background subtraction for the sloan digital sky survey images[END_REF]. We then generate a binary image by histogram equalization, where we set the background fluorescence (intensity of pixels located in between individual actin asters) to zero. The rest of the pixels is set to 1. For S-pVCA concentrations ≥ 350 nM, we replace the Gaussian filter step with a rolling ball algorithm with radius of curvature of 50 pixels (as described in [START_REF] Sternberg | Biomedical image processing[END_REF]) to correct possible uneven illumination. Then the original image is subtracted pixel by pixel from the smoothened image. Image binarization is then performed: the background intensity is estimated by those 5% of all pixels with the lowest intensity and setting their intensity to zero. The intensity of the rest 95 % of the pixels is set to 1.

The images were analyzed for t =30, 80, and 110 s (during actin network growth) and at steady state conditions using Particle Analyzer algorithm as plug-in for ImageJ.

From the analysis we determine the distribution of asters area and mean number of asters per image area (each image contains 512x512 pixels 2 which corresponds to an area of 117x117 µm 2 . We set the minimal size of an aster as 0.05 µm 2 (i.e.

1 pixel 2 ). Errors in number of asters per image correspond to the standard deviation of experimental values. The fraction of surface coverage of actin asters was calculated from the total number of pixels with non-zero intensity (n) divided by the total number of pixels per image (512x512 pixels 2 ). The percentage of surface coverage per image is thus given by: %coverage = n N 0 * 100. Errors correspond to the standard deviation of experimental values.

Estimating the lipid clusters area and number of lipid clusters per SLB surface at various stages of the experiment.

To determine the size and number of individual lipid clusters in a given image we first suppress the background fluorescence by applying a Gaussian filter (σ = 5) to that image. The Gaussian filtered image is then subtracted pixel by pixel from the original image. We then apply a median filter (5,5) to the subtracted image to remove high frequency noise [START_REF] Blanton | Improved background subtraction for the sloan digital sky survey images[END_REF]. Images were analyzed using Particle Analyzer algorithm as plug-in for ImageJ. From the analysis we determine the average lipid clusters area and the number of lipid clusters per image area (each image has 470x470 pixels 2 which corresponds to an area of 108x108µm 2 ). Errors in average lipid clusters area and number of lipid clusters per image at steady state correspond to the standard deviation of experimental values. We set the minimal size of a cluster as 0.05 µm 2 (i.e. 1 pixel 2 ).

Liposome system

Occurrence of spikes.

In all conditions, each liposome displaying a spike structure visually detectable in both membrane and actin signal is counted. To obtain the occurrence of spikes, the number of liposomes displaying spikes is divided by the total number of liposomes.

The error bars correspond to the standard deviation of independent experiments (N=2).

Estimating spike base area and length.

To determine the spike base area (resp. length), the base width (resp. length) of a spike is measured from the fluorescent signal of the membrane. A line of 5 pixels thick is drawn at the base of the spike (resp. from spike base to tip) to obtain a fluorescence profile which is fitted with a polynomial function. The first maximum and the second minimum of the fit derivative, corresponding to inflexion points of the profile, determine the membrane edges. The base width (resp. length) is then the distance between the two edges. The base area is estimated as the area of a disc of diameter the width of the spike base.

Presence of the Arp2/3 complex inside spikes.

To test if Arp2/3 is present inside spikes, we measure the average intensity of the Arp2/3 complex fluorescence on a two pixel width line inside the spike, from the base to the tip, and within the actin network. The average intensity in the same lines is also measured in the background, which corresponds to the signal of the Arp2/3 complex in solution. We then calculate the relative difference in intensity as

∆I =

I spike -I background I network -I background * 100. From eye observations, we set that for ∆I higher than 30 % the Arp2/3 complex is present whereas below 10 % difference it is absent.

Conclusion

In this chapter, I have shown experimentally that a branched actin network has the ability to deform the membrane in a wide variety of shapes, relying on different mechanisms of formation. Furthermore, these results highlight the advantages of biomimetic systems to address, in controlled conditions of membrane tension and actin network architecture and supported by theoretical modelling, how membrane deformations are generated by actin dynamics. Pioneering works by Liu et al., in the same geometry as we used, demonstrated the capacity of a branched actin network to cluster and segregate lipids [START_REF] Liu | Actin polymerization serves as a membrane domain switch in model lipid bilayers[END_REF] and to generate inward membrane deformations towards liposome interior through the bundling of actin filaments [START_REF] Liu | Membrane induced bundling of actin filaments[END_REF]. In addition, the Bausch laboratory shows that formation of contractile actin networks encapsulated into liposomes is prone to drive deformations that are reminiscent of blebbing [START_REF] Loiseau | Shape remodeling and blebbing of active cytoskeletal vesicles[END_REF] while actin patches can bend the membrane in two directions, inwards and outwards [START_REF] Dürre | Capping protein-controlled actin polymerization shapes lipid membranes[END_REF]. All these works provide complementary ways to address how membrane deformations are generated by actin dynamics and illustrate the versatility of the actin cytoskeleton: although the actin network is made from the same ingredients, it forms, in each work, different structures and deform membranes through different mechanisms.

Chapter 3 Shigella flexneri is a Gram-negative enteroinvasive bacterium responsible for bacillary dysentery, a disease causing high levels of mortality in children under 5 year old in low-income countries. Shigella flexneri invades a large diversity of cells by delivering virulence proteins or effectors through a syringe-like structure, called Type 3 secretion system (T3SS). In epithelial cells, these effectors manipulate the host actin cytoskeleton to generate plasma membrane ruffles and promote Shigella flexneri engulfment and hence invasion into cells (see chapter 1, section 1.3.2.1 -Bacterial invasion). However, Shigella flexneri also interacts with cells from the immune system such as T cells. T cells, a type of leukocytes (white blood cells), are part of the adaptive immune system, which determines the specificity of immune response to antigens (foreign substances) in the body. Once a pathogen is detected through a cell, T cells rapidly migrate to the site of invasion and launch several mechanisms to eliminate the foreign substance. T cells are thus essential to protect our body against parasites. Nevertheless, pathogens have evolved strategies to subvert the host immune system. For instance, Shigella flexneri interactions with T cells, through T3SS dependent mechanisms, impair T cell migration [START_REF] Konradt | The shigella flexneri type three secretion system effector ipgd inhibits t cell migration by manipulating host phosphoinositide metabolism[END_REF][START_REF] Salgado-Pabón | Shigella impairs t lymphocyte dynamics in vivo[END_REF], 2014] and thus slow down the immune response.

Mimicking T cell invasion by

Shigella flexneri

Understanding the new mechanisms developed by pathogens to disrupt our immune defenses is thus crucial to provide efficient treatments to cure infectious diseases such as bacillary dysentery.

In the following part, I will describe the key features of Shigella flexneri interactions with T cells and present an attempt to mimic Shigella flexneri invasion in liposomes resembling T cells.

Shigella flexneri and T cells

As previously mentioned in chapter 1 (see section 1.3.2.1 -Bacterial invasion), upon attachment Shigella flexneri injects T3SS effectors into a host cell that promotes actin remodelling and bacterium engulfment into the cell. This mechanism is called "invasion" as the bacterium physically enters the cells. However, it has been shown recently that in the case of T cells, the main targeting mechanism used by Shigella flexneri to impact the cell is the injection of the T3SS effectors without entry of the bacteria into the cell, which is named "injection-only" mechanism.

Both targeting pathways, "invasion" and "injection-only", result in preventing migration of T cells to the sites of infection. Another important point is that invasion of Shigella flexneri or injection only of T3SS effectors occurs only for activated T cells, which means they have encountered their specific antigen. Non activated T cells are neither invaded nor injected [START_REF] Konradt | The shigella flexneri type three secretion system effector ipgd inhibits t cell migration by manipulating host phosphoinositide metabolism[END_REF][START_REF] Pinaud | Injection of t3ss effectors not resulting in invasion is the main targeting mechanism of shigella toward human lymphocytes[END_REF]. To explain why Shigella flexneri targets only activated T cells, the main assumption is that activated cells express surface molecules that favor interactions with Shigella flexneri, contrary to non activated T cells.

The activation of T cells is a complex process that includes modification of the plasma membrane composition with, in particular, an accumulation of cholesterol and a high increase in the proportion of the lipid GM1 (Fig. 3.1 A) [START_REF] Tani-Ichi | Structure and function of lipid rafts in human activated t cells[END_REF]. To test if the change in plasma membrane composition is involved in the specific interaction between activated T cells and Shigella flexneri, the plasma membrane of non activated T cells was artificially enriched with either cholesterol or GM1 and incubated with bacteria. The artificial enrichment of cholesterol in the plasma membrane of non activated T cells does not promote neither invasion nor injection-only mechanism. However, non activated T cells enriched with GM1 are targeted by Shigella flexneri, with a percentage similar to the one of activated T cells. Furthermore, as already reported [START_REF] Mounier | Secretion of shigella flexneri ipa invasins on contact with epithelial cells and subsequent entry of the bacterium into cells are growth stage dependent[END_REF] and explained in chapter 1 (see section 1.3.2.1 -Bacterial invasion), the presence of actin is required to allow Shigella flexneri engulfment into cells and invasion. Actin is also essential for T3SS effector delivery and the injection-only mechanism. Indeed, if activated and GM1-loaded non activated T cells are incubated with an actin inhibitor, latrunculin B, the percentage of targeted cells (both for non activated GM1-loaded and activated T cells) considerably decreases (Fig. 3.1 D) [START_REF] Belotserkovsky | Glycan-glycan interaction determines shigella tropism toward human t lymphocytes[END_REF]).

These results suggest that the main requirements for T cell targeting by Shigella flexneri are a membrane enriched with the lipid GM1 and the presence of an actin network.

Mimicking T cell invasion by Shigella flexneri

Shigella flexneri and T cells

We started a collaboration with Ilia Berlotserkovsky, a post doctoral researcher at Institut Pasteur, who has provided the findings that membrane enrichment in GM1 and the presence of actin are key features to promote interactions between T cells and Shigella flexneri [START_REF] Belotserkovsky | Glycan-glycan interaction determines shigella tropism toward human t lymphocytes[END_REF]. We tested if a minimal system of liposomes with a membrane containing GM1 lipids and encapsulating an actin network can promote injection of Shigella flexneri effectors or bacterial invasion. 3.2 B) [START_REF] Pinaud | Injection of t3ss effectors not resulting in invasion is the main targeting mechanism of shigella toward human lymphocytes[END_REF]. In this project, as we do not have the cytoplasmic components that remove the esters of CCF2-AM inside our liposomes, we use the CCF2 substrate without the esters, CCF2-FA (Free Acid) from ThermoFisher Scientific. This molecule is cleaved by addition of β-lactamase and we can measure the difference in signal intensity for both green and blue channels. Hereafter, this molecule will be named CCF2 and refers to the uncleaved state (green signal) unless specified. 

T cell activation time

Liposome formation and encapsulation

Liposomes, which mimic activated T cells through their membrane composition, are formed using the inverted emulsion technique to encapsulate both the dye CCF2

and the actin machinery required to produce an actin cortex. To resemble activated T cells, the membrane of liposomes is composed of DOPC, Sphingomyelin (SM), the lipid GM1 and cholesterol (Chol) in a molar ratio 2:1:1:2. We add 0.1 % of biotinylated lipids to promote actin activation at the membrane and growth of an actin cortex. Lipids are dissolved in mineral oil, at a final concentration of 0.5 mg.mL -1 , and sonicated for 30 min in warm water (∼ 30°C) to facilitate the homogeneous mixing of lipids.

The emulsion is obtained by gently pumping back-and-forth with an Hamilton syringe a few microliter droplet of the internal solution in the oil-lipid solution at a volume ratio 1:50. The internal solution contains the internal buffer (see Appendix A) and the molecules (proteins, dye) to encapsulate. In the meantime, the assembly of a monolayer of lipids, to form the outer leaflet of the membrane, is prepared by placing 30 µL of the oil-lipid mixture on top of the same volume of the external solution, consisting of the culture medium of bacteria (Dulbecco's Modified Eagle's medium, DMEM) and 0.5 mg.mL -1 β-casein, adjusted in osmolarity with a glucose solution. Then 50 µL of the emulsion is poured on top of the oil-lipid solution and the three-level sample is centrifuged to allow emulsion droplets to pass through the lipid monolayer. We obtain liposomes with a low yield, in average one liposome per field of view (compared to 10 liposomes per field for electroformation). The incorporation of the lipid GM1 into the membrane is tested by incubating the liposomes with a labelled cholera toxin that binds GM1.

We increase the complexity of the solution to encapsulate step by step. We first encapsulate a solution of 6.5 µM of monomeric actin, 15 % fluorescently labelled with Alexa-Fluor 594 (red). As previously observed [START_REF] Pontani | Reconstitution of an actin cortex inside a liposome[END_REF], we obtain bulk polymerization inside liposomes (Fig. 3.3, left). We then encapsulate an actin polymerization solution containing 6.5 µM monomeric actin labelled with Alexa-Fluor 594, 6.5 µM profilin, 74nM Arp2/3 complex and 365 nM S-pVCA, which led once to the formation of a very thin actin layer at the membrane (Fig. 3.3, middle).

However, the formation of an actin cortex was not reproducible, although many experimental conditions have been tested (Fig. 3.3, right) [START_REF] Dürre | Capping protein-controlled actin polymerization shapes lipid membranes[END_REF][START_REF] Pontani | Reconstitution of an actin cortex inside a liposome[END_REF]. Because of short time schedule, we decided to keep the following conditions: 6.5 µM monomeric actin labelled with Alexa-Fluor 594, 6.5 µM profilin, 74nM Arp2/3 complex and 350 nM S-pVCA, and to perform experiments with liposomes that contain an actin network in bulk. In addition, the complexity of the membrane composition and the encapsulation of many proteins decreased considerably the yield of liposome formation. Therefore, we optimized the centrifugation process to ensure at least tens of liposomes per experiment.

Actin only

Actin machinery (Actin, profilin, Arp2/3, S-pVCA) -CP + CP Separately, we check that we can observe the two states of CCF2: uncleaved CCF2 (green) and cleaved CCF2 (blue). We encapsulate 10 µM of CCF2 mixed with β-lactamase, which induces cleavage of CCF2, and this leads to blue fluorescence intensity clearly higher than the green one (Fig. 3.5 A). In principle, we should thus be able to detect a shift in fluorescence upon injection of β-lactamase effector.

However, encapsulating 2 µM of uncleaved CCF2 (green) shows very low levels of fluorescence intensity both in green and blue channels, whereas we would expect a higher green signal than blue (Fig. 3.5 B). This may have been due to our microscope settings that are not optimized to the CCF2 molecule. 

Results

In parallel to the preparation of liposomes that mimic T cells, other members of the team, Antoine Allard and Clément Campillo, have investigated with optical tweezers if Shigella flexneri binds activated and GM1-loaded T cells. They did not observe significant attachments, which suggests that GM1 may not be the essential component to membrane-bacteria binding. Despite this negative result, we decided to continue the experiments with liposomes and Shigella flexneri.

We prepare liposomes containing 2 µM of CCF2 and an actin mixture (6.5 µM monomeric actin 6.5 µM profilin, 74 nM Arp2/3 complex and 350 nM S-pVCA).

Liposomes are then mixed without (non-infected) or with bacteria (volume ratio 1:1). The solution is centrifuged for 5 min at 300 g to promote interaction between liposomes and Shigella flexneri and let at room temperature for 1 h. We do not detect the signal of cleaved CCF2 (blue) independently of bacterial presence, and the uncleaved CCF2 fluorescence (green) shows no significant difference. This first experiment was done in our laboratory at Institut Curie as liposomes have to be prepared right before the experiment. However, as already noticed, the non-optimized settings of our microscope are problematic to detect CCF2 fluorescence at 2 µM. We thus decided to continue the experiments with bacteria at Institut Pasteur, where CCF2 cleavage has been already observed in T cells.

We next wonder if our previous negative results are due to experimental conditions such as the non-optimized concentration of CCF2 or to ineffective injection of Shigella flexneri effectors. To answer this question, we prepare liposomes containing the actin mixture and different concentrations of CCF2 (5, 2, 0.2 or 0.04 µM). We obtain many liposomes per preparation (non-infected). Then, for each concentration, liposomes are incubated with bacteria that are able to inject or not the β-lactamase effector, called respectively β-lac injector or control strain. Unfortunately, due to bad distribution of liposomes, we obtain many vesicles with both strains only with the lowest CCF2 concentration. In that case, levels of fluorescence are very low and the analyses reveal no significant change in cleaved CCF2 fluorescence (blue) between non-infected liposomes and liposomes incubated with the injector or control strains.

We then decide to focus on the concentration used for T cells, which is 1 µM CCF2. Liposomes containing the actin machinery and CCF2 are mixed without or with bacteria capable of injecting β-lactamase. Once again, we find no difference in fluorescence levels between infected and non-infected liposomes. 

Conclusions and perspectives

Here, we reconstitute liposomes with a membrane composition close to the one of activated T cells and containing both an actin machinery and a FRET substrate T cells which led to start this work have been published in [START_REF] Belotserkovsky | Glycan-glycan interaction determines shigella tropism toward human t lymphocytes[END_REF].

The initiation of membrane deformations driven by actin dynamics, as shown in chapter 2, occurs at the scale of tens of seconds. To investigate the details of this initial step, we have to monitor in live the actin polymerization on liposomes.

At this time, the actin polymerization starts in a tube, preventing from looking at the early stages of the reaction. Our wish is thus to couple the beginning of actin polymerization with the beginning of observation. In the following section, I will present the method we are setting up, which aims at immobilizing liposomes, exchanging protein media and promoting actin polymerization at the surface of liposomes, all of these steps occurring under the microscope.

A device to trap liposomes

Experimental techniques have been used to immobilize liposomes such as micropipette aspiration, optical tweezers, microfluidic device trapping liposomes into indentations etched in the channel ceiling [START_REF] Yamada | Trapping and release of giant unilamellar vesicles in microfluidic wells[END_REF]. The two first methods provide the observation of single liposomes. In the latter technique, a liposome is squeezed and pushed by a flow into a channel of height smaller than the liposome diameter and comes across an indentation with a larger height. This allows the relaxation of its shape and its trapping in the indentation. Inside the indentation, without flow, the liposome is spherical, however, when a moderate flow is applied the liposome pushes against the walls of the channel and deforms. When the flow exceeds a critical value, the liposome is released from the anchor [START_REF] Yamada | Trapping and release of giant unilamellar vesicles in microfluidic wells[END_REF]. Despite the fact that the device is composed of many channels allowing multiple liposome observation (typically 50 liposomes), this method causes liposome deformations. Moreover, it is size selective as the efficient trapping depends on the height of the channel and the flow velocity, which are related to the radius of the liposomes. To keep the size polydispersity of the liposomes and to not affect them prior actin polymerization, as it is in our "tube" protocol, our idea is to use a microfluidic device consisting of wells [START_REF] Wollrab | Still and rotating myosin clusters determine cytokinetic ring constriction[END_REF], microreactors in which the liposomes are trapped, surmounted by an injection chamber, allowing a sequential exchange of media. We can thus control the different steps, in particular the initiation of the polymerization, and follow the real-time evolution of the actin network
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then cut and peeled off from the molds. The upper part is punched at the inlet and outlet to allow injection of solutions.

The last step is the assembly of the device. The PDMS wells and a glass slide are cleaned with isopropanol to remove all dusts from the surface. We bond the back of the PDMS layer with the wells and the glass with a 2 min air plasma treatment.

This treatment activates the surface creating Si-OH functions both on PDMS and glass that once in contact form strong and permanent links Si-O-Si. Once the wells are attached to the glass slide, the interior of the wells and the upper part are activated as well with an air plasma treatment for 30 seconds. In addition, the plasma activation allows to make the PDMS hydrophilic and to introduce aqueous solution in the device. The hydrophilicity of the PDMS decreases over time (it lasts around 20 min), so after assembly of the device we directly introduce with a pipette tip a solution of β-casein at 0.5 mg.mL -1 at the inlet. The excess of liquid volume is aspirated at the outlet with a kimwipe. The device is incubated with the solution for 15 min at room temperature to passivate the PDMS surface and to prevent adhesion of the liposomes. The microfluidic device is therefore ready to use.

Results

All the results presented here, unless specified, have been obtained through manual injection with a pipette tip and have not been followed in time under the microscope. In the following part, I will present that we succeeded in immobilizing the liposomes in the wells, injecting different protein solutions, even though optimization of this part is still needed, and polymerizing actin at the surface of the trapped liposomes. The remaining work and the improvements to provide will be discussed in the perspective part .
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Trapping liposomes

Liposomes are prepared using the electroformation technique as previously described (Chapter 2, section . Prior liposome injection, the solution of β-casein is replaced by the external buffer by introducing two times 20 µL of the buffer, to ensure that all the device is well filled with the external buffer. We then introduce 10 µL of liposomes and let them incubate for 10 min. The sucrose concentration difference between the solution inside the liposomes and the external buffer results in the sedimentation of the liposomes (see section 2.1.1 -Liposome formation). The device is rinsed with two volumes (20 µL) of external buffer to remove the liposomes untrapped. We observe many liposomes inside the wells (Fig.

A

). Besides, we look at localized liposomes before and after washing and we observe that they are still in the wells, sometimes slightly displaced, indicating that liposomes are trapped but free to move in the volume of the wells (Fig. 4.2 B). This suggests that they do not adhere on the surface. However, one remaining critical point is the formation of air bubbles during injection that prevents liposomes from entering inside some of the wells (Fig. 4.3, top). To limit the formation of these bubbles, Baptiste Vauléon, intern in the team, provided ways of improvements: he used solutions degassed prior use and pushed the bubbles out by gently pressing on the device under water so that the only fluids able to enter the device during this process are liquids. This technique gave positive results: the wells unreachable due to the air can then be filled with the solution of liposomes and after washing new liposomes are trapped (Fig. 4.3, middle and bottom). Nevertheless, the problem comes again when the next solutions are injected and this method is not adapted to monitor reactions. A more suitable technique is to create a pressure increase inside the device to detach the air bubbles. This will be achieved with the implementation of the injection system (perspective section 4.3 -Perspectives). Finally, from these observations, we can still conclude that our system allows to trap liposomes, in principle without perturbing them (tension or shape).
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Polymerizing an actin network

The following step is to trigger actin polymerization at the surface of the trapped liposomes. We first verify that we can exchange solutions inside the wells by dif- et al., 2008], we find τ ∼ 100 sec < 2 min, which is consistent with our observation.

The same estimation with G-actin gives τ ∼ 10 min. Therefore, we should observe beginning of actin polymerization around 10 minutes following G-actin injection.

To induce actin polymerization, after liposome trapping as presented above, we All together, these results provide evidences that our method is prone to work successfully: liposomes are trapped inside wells and actin polymerization can be triggered at their surface. However, the device is not completely up and running, we have not followed yet the experiment in real time as manual injection required to remove the chip from the microscope. We thus need to implement the injection system to be able to change solutions smoothly when continuing to observe the same liposomes trapped in wells.
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Perspectives

We have established the principle of our method, however, improvements and optimization remain to be done. In this section, I will present the directions we are following to obtain a valuable tool.

Injection system

A missing point in the current device is the injection system. Our aim is to have an easy-to-use system that allows to place the microfluidic device under the Once the injection system will be implemented, the first stage of optimization will be to improve the distribution of liposomes in the wells. As previously shown, more than one liposome is trapped inside the wells. A first way to achieve one liposome per well is to dilute the solution of liposomes, to decrease the number of liposomes injected, and to do multiple rounds of injection with this lower number of liposomes. For instance, we can inject a lower concentrated solution of liposomes, wait for sedimentation ( ∼ 5 min), flush an external solution to remove liposomes not trapped and repeat the process until we reach a good yield of single liposome trapped per well. The following milestone to obtain a robust system will be to characterize the concentration of proteins that diffuse inside the wells upon injection. For this purpose, one idea is to generate calibration curves depending on the concentration of the solutions injected. For instance, we can inject a fluorescent solution of the protein at different concentrations and monitor the fluorescence intensity over time.

The maximal intensity will then be compared to the initial intensity, and the time to reach the steady state will determine the time to wait before washing and injecting the following solution. Mathematical estimates, as the one for G-actin, should also help to find the right parameters to control the delivery of proteins.

New design of the device

To facilitate the implementation of all the requirements described above, a new design of the device was considered from the advices of Pr. Axel Buguin (UMR 168).

Actually, a depth of 200 µm height for the wells, chosen to prevent liposomes from escaping during exchange of solutions, is not especially necessary; wells with 100 µm height would be sufficient for our purpose and would facilitate the device fabrication.

Reducing the diameter of the wells may also help to limit the trapping of multiple liposomes, as the average diameter of liposomes is around 20 µm. Besides, the channels on the sides of the upper part, which were added initially to help guiding the liposomes inside the wells, are not useful, even problematic for the removal of air bubbles, and will be thus removed. Following the idea of redesigning the device, we think to modify also the fabrication process. At the moment, we use the resin mold for each preparation of PDMS wells that comprises a delicate peeling off step and can cause damages of the mold. Another approach developped in [START_REF] Wollrab | Still and rotating myosin clusters determine cytokinetic ring constriction[END_REF] consists of the following steps (Fig. 4.6):

1. to pour liquid PDMS on the resine mold, 2. to cure and peel off the PDMS layer, which becomes a stamp in cured PDMS, 3. to spin coat a droplet of PDMS on a coverslip and to press the stamp on the spin-coated layer, From [START_REF] Wollrab | Still and rotating myosin clusters determine cytokinetic ring constriction[END_REF].

This method allows to make multiple molds in PDMS, as it is less constraining and expensive than preparing resin molds, and thus many devices can be made in parallel. Furthermore, the thickness of the layer between the coverslip and the bottom of the wells depends on the pressure exerted on the stamp and can reach values below the 280 nm we obtain with the spin coating method. In particular, this will allow to visualize the wells at higher magnification, which is important to observe small deformations.

Image acquisition

The final step of the optimization process is the image acquisition to generate high-throughput data. Finding a good compromise between the magnification and the fast time acquisition will be the challenge of this part. We can image the whole device at low magnification in less than one minute (Fig. 4.3), however we can not access the details of the liposomes. Conversely, acquisition at higher magnification leads to a better resolution but takes around 30 min to image the device, which is not suitable with our aim to follow changes at the scale of the minute. The first option is
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to reduce the number of wells to 50 or 100 wells (instead of ∼ 8000 currently) when redesigning the device. Another perspective is to create delayed starts in the device.

For instance, actin polymerization requires salts and ATP to start. Caged ATP is a biologically inactive nucleotide analog that releases the free nucleotide ATP upon UV illumination. If we use caged ATP in our solution, actin polymerization will start only where the device has been illuminated with UV. Therefore, we can start the reaction in a delimited area, perform image acquisition over a defined time and repeat the same in the other regions, up to cover the entire device.

Conclusions

I have presented here the early stages for the development of a new method to follow actin polymerization at the surface of liposomes in real time, while generating high throughput data. We succeeded in fabricating a microfluidic device that enables to trap liposomes inside wells and to trigger actin polymerization at their surface by exchange of protein solution. These promising results incite us to carry on the optimization of the device by setting up a precise and controlled injection system, rather than manual injection with a pipette tip. Once optimized, this device could become a useful tool for the observation of liposomes in real time upon actin polymerization and more generally for observation in dynamics reactions on micrometer size objects that need to be isolated.

Conclusion and perspectives

The main objective of this work was to decipher the relative contribution of the actin cytoskeleton and the cell membrane in the formation of cell shape changes.

To explore this research field, I used the knowledge about biomimetic systems in the team to couple actin and membrane in a minimalist system. We reconstituted a branched, Arp2/3-based, actin network from a minimal set of purified proteins at the surface of cell-sized liposomes, which mimic the cell membrane. This system allows us to reproduce diverse cell-like situations.

In chapter 2, tuning the physical parameters of the membrane, by varying its tension, and the actin network topology, by varying its meshsize, with the dual fluorescence of membrane and actin, allowed us to precisely correlate membrane deformations with the growth of the actin network. We found that, as in cells, we were able to reproduce a wide variety of membrane deformations driven by the actin network. In collaboration with theoreticians, we investigated the mechanisms of formation of these various membrane deformations. The general conclusion of these findings is that membrane deformations in our biomimetic system, and surely to some extent in cells, rely on a tightly controlled balance between membrane and actin mechanics.

The aim of the second part of this work, presented in chapter 3, was to increase our understanding of how the bacteria Shigella flexneri, responsible of the disease bacillary dysentery, alter our immune system by interacting with T cells. In collaboration with Ilia Belotserkovsky, we looked for the minimal requirements to promote infection of a T cell by the bacterium. We mimicked T cells by liposomes with the same membrane composition and encapsulate inside them the purified proteins necessary to form a branched actin network and a fluorescent dye allowing the detection of bacterial targeting. Whereas the first assumption on how bacteria and T cells bound to each other was not proven, we tried, nevertheless, to "infect" with bacteria our liposomes mimicking T cells. This attempt failed to provide positive results, and can be attributed either to an issue of our optimization system or to missing clues from cellular context to properly mimic T cells. I showed here that I was able to form a microfluidic chip that allow to trap liposomes, to exchange protein solutions and to promote actin polymerization at the surface of these trapped liposomes.

The first perspective of this work is to complete the optimization of the microfluidic device, by following the guidelines presented in chapter 4 (section 4.3). This would allow to repeat the experiments that show membrane deformations and to bring new pieces of work to unveil how a cell can fulfil its numerous functions based on membrane-coupled actin dynamics.

Furthermore, we could add molecular motors or cross-linkers to investigate their impacts on the actin network and correlated them with membrane deformations in details. We could also think to use photo-switchable molecules, such as caged ATP or blebbistatin (which inhibits myosin once activated by photolysis), to test different conditions in the same assay: all wells can be initially filled with the same mix of proteins while a selective reaction can be triggered in each well by photo-switching a specific molecule.

Another perspective is to use the reconstitution of an actin network at the surface of liposomes to investigate other biological processes related to the actin cytoskeleton. As already mentioned in chapter 1, initially my PhD project was to mimic the thickening of the actin cortex of mouse oocytes and the subsequent exclusion of myosin II from the cortex, observed in vivo during meiosis (chapter 1, section 1.3.3.2) [START_REF] Chaigne | A soft cortex is essential for asymmetric spindle positioning in mouse oocytes[END_REF][START_REF] Larson | Cortical mechanics and meiosis ii completion in mammalian oocytes are mediated by myosin-ii and ezrin-radixin-moesin (erm) proteins[END_REF]. I did not have time to start this work as we obtained results on membrane deformations that we could not ignore but investigating meiosis by mimicking the actin cytoskeleton of an oocyte could give insights into the mechanisms that drive this process, in particular myosin II exclusion, which are still unknown.

In vitro systems provide powerful and rich tools to elucidate isolated mechanisms involved in biological processes. Identifying the minimal requirements to mimic cellular functions allows to extend considerably our knowledge. Building a minimal cell will need more time but, with the development of synthetic biology and advances in experimental techniques, we are already able to reproduce some major features of the cell such as motility, energy supply or protein expression [START_REF] Ganzinger | More from less -bottom-up reconstitution of cell biology[END_REF][START_REF] Göpfrich | Mastering complexity: towards bottomup construction of multifunctional eukaryotic synthetic cells[END_REF][START_REF] Schwille | Maxsynbio: avenues towards creating cells from the bottom up[END_REF]. However, I would like to point out that building a biomimetic system that works properly is not that easy.

For instance here, lipids and purified proteins have intrinsic activity and properties, independent of the experimentalist, and can be very sensitive to small experimental changes such as temperature shifts, buffer composition, etc. These changes are prone to completely disrupt experiments and may require to start again optimization of the process by adapting one by one all the components of the system. The difficulty to reproduce cell behaviors reminds that in vitro reconstituted systems are still far from the reality and the complexity of cellular systems. Therefore, to obtain a complete understanding (if this is possible) of cell mechanics and functions, a constant back-and-forth between the "simplicity" of biomimetic systems and the complexity of cells is essential.

Experimental buffers

Outside geometry Note: ATP and β -casein are added on ice. pH is adjusted at 7.4 with HCl and osmolarity is checked to be ∼ 200 mOsm. Then the solution is filtered using a 0.22 µm mesh size filter and stored in 1 mL aliquots at -20°C.

The hypertonic and hypotonic buffers are identical except that the concentration of sucrose:

• the hypertonic buffer contains 320 mM sucrose, its osmolarity is measured at 400 mOsm

• the hypotonic buffer do not contain sucrose, its osmolarity is measured at 95 mOsm

A.1.3 Buffer for actin preparation: G-buffer

Unlabelled filamentous actin, purchased from Cytoskeleton, in powder form is resuspended with 100 µL of cold water Milli Q to a concentration around 10 mg.mL -1 (equivalent to ∼ 232.5 mM),

aliquoted and kept at -80°C.

To prepare monomeric actin for polymerization experiments, filamentous actin is diluted in Gbuffer, that depolymerize filaments, for a final concentration of 30 µM G-actin. To ensure complete depolymerization, the solution is kept on ice for at least one night before use. The composition of G-buffer is the following: The concentration of biotin in solution is therefore: Membranes in cells are the boundaries of numerous internal compartments such as organelles and vesicles. Such membranous structures constantly reorganize during intracellular trafficking, a process ensuring the targeted movement of substances in the cell interior. For example, flat membrane surfaces within the endoplasmic reticulum mature into highly curved cylinders and spheres (1). In particular, trafficking involves tubular intermediates pulled by 5 molecular motors walking on microtubules (2). These dynamical rearrangements of membranes motivated the identification and the study of specialized proteins that bind to the membrane and directly act on its curvature (3)(4)(5). However, the orchestration of morphological changes needs pauses and shape stabilization processes that are often neglected (1).

C biotin = n v N a = 7 
Moreover, experiments on living cells show that the actin cytoskeleton is associated with 10 intermediate tubular membranes. But how actin is involved in tube fate remains an open question (6,7). An attractive idea is that actin might play a role by applying physical forces and stresses, that could ultimately lead to tube scission. Alternatively, an actin layer could have a stabilizing effect on a membrane (8). These hypothesis are difficult to address in the complex intracellular environment. Besides the size of transport vesicles and width of membrane tubes, 15 between ten to hundred nanometers, are comparable with the actin network meshsize. This questions whether actin polymerization could affect tube morphology.
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Here, we isolate the role of the actin cytoskeleton on membrane tube morphology in a biomimetic assay made of a membrane tube at the surface of which we polymerize an actin network. The preformed membrane tube is extruded from a liposome and held by an optically 20 trapped bead. Such tubes are stable under a non-zero point force F = 2π √ 2κσ, where κ is the membrane bending energy and σ the membrane tension ( 9). An adapted microinjection system sequentially delivers the activator of actin polymerization targeted to the membrane, then actin monomers that polymerize on the tube surface. The actin network is branched through the Arp2/3 complex, thus mimicking the situation in cells (10,11). We show here that in the 25 presence of an actin sleeve, a membrane tube can be stable even when the external pulling force vanishes. The membrane tube, surrounded by its actin sleeve, can be further pulled by the optical tweezers, at a force and a speed mimicking the pulling of membrane tubes by molecular motors walking on microtubules (12).

The actin network, made of entangled actin branches, produces a variety of outcomes under 30 pulling, which depend on the thickness of the actin sleeve around the membrane tube. At a sleeve thickness higher than a few hundreds of nanometers, the network is unable to disentangle and a sheath of actin remains around the membrane tube that maintains its radius. We show that less that one minute of network growth is enough to obtain a stabilization of the tubular structure of the membrane that is robust and lasts for tens of minutes. At smaller sleeve thicknesses,
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discontinuous regions appear and smaller tube radii are observed in portions where the actin sleeve is absent. Therefore we never observe actin-induced scission of these membrane tubes, but rather, actin provides a way of modulating the radius of tubes along their length.

Results

Actin network growth around a membrane tube We polymerize a branched actin network after a few seconds (Fig. 1A(c)) and continues to grow (Fig. S1A). After 2 minutes, a sleeve of actin is obtained around the membrane tube (Fig. 1A(d)), whereas it fails to form when pVCA 55 is omitted (Fig. S1, compare B and C). We define this composite system of membrane tube sheathed with an actin sleeve as "membrane-and-actin-sleeve" (MaAS).

MaAS characteristics under pulling forces comparable to the cellular situation To mimic tubular intermediates pulled by molecular motors walking on microtubules, we subject MaAS to elongation by moving the stage at a controlled speed of 0.5 -4 µm/s to reach tube lengths 60 of 15 -30 µm. We observe two cases. The first is an escape of the bead from the optical trap after a short MaAS elongation of less than 1 µm. In this case, the MaAS, thereafter called "escaped MaAS", retains its shape indicating that the rigidity of the actin sleeve is strong enough to hold the bead in position even outside the trap (Fig. 1B). The tube does not retract, and this lasts for tens of minutes (Fig. S2). What we observe strikingly differs from a membrane 65 4 tube in the absence of actin that would totally retract and reincorporate in the liposome within hundreds of milliseconds (13). In the second case, a MaAS continuously elongates during stage displacement, and is thereafter called "elongated MaAS" once the stage is stopped (Fig. 1C).

Note that the actin sleeve in elongated MaAS might be discontinuous. We then explore whether the amount of actin in the sleeve may be different in these two cases. For any sleeves whose tearing force exceeds the maximum tweezing force, the optical tweez-6 ers will give in before the sleeve does, and based on Fig. 2E we thus predict that any sleeve thicker than ∼ 10 meshes results in an escaped MaAS, while a thinner sleeve yields an elon-115 gated MaAS. This corresponds to a critical sleeve radius of e ∼ 300 nm, consistent with our experimental estimate above.

Interestingly, this phase diagram reveals that the rigidity of the actin network increases almost exponentially as a function of the number of meshes. Our findings highlight that a small variation of the amount of actin, through a difference in a few units of meshes, displaces 120 the system efficiently from a stable to an unstable state.

Morphology of elongated MaAS

A striking observation in elongated MaAS is that the membrane tube is continuously present whereas the actin sleeve appears discontinuous (Fig. 3A).

Interestingly, higher actin fluorescence along the tube correlates with higher lipid fluorescence, revealing that a thicker membrane tube is present under stable actin sleeve regions (Fig. 3A).
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To quantify this effect, for each MaAS, we define the membrane tube radius r M where the actin signal is maximal, and r m where the actin signal is minimal (including equals to zero) along the tube (respectively "M" and "m" in Fig. 3A and Fig. S3A-C). With r 0 the membrane tube radius before the MaAS is pulled, the relative variation of radius reads δr/r 0 = (r Mr m )/r 0 and is obtained directly from lipid fluorescence intensities (Fig. 3A and Fig. S3A-C and sup-130 plementary materials). Moreover, elongating a MaAS reveals three different situations that are sketched in Fig. 3B: in two of them, the sleeve maintains roughly its initial length but sits either next to the bead (Fig. 3A and Fig. 3B-a) or next to the liposome (Fig. 3B-b); in the third situation, the actin sleeve extends together with the membrane tube (Fig. 3B-c) The heterogeneity along the tube, through the ratio δr/r 0 , is close to zero before pulling ("Ref" condition, Fig.
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3B) and increases when the MaAS is elongated, revealing the presence of radius heterogeneity along the tube (a, b and c, Fig. 3B). According to our classification, this increase is significant 7

for the b-type, where the actin sheath stays close to the liposome. Independently of the (a, b and c) classification, the relative variation of radius increases in a high actin content situation (Fig. 3C).
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Theoretical consideration of MaAS elongation The increase in force necessary to obtain an elongated MaAS is proportional to its elongation (Fig. 2B) and the proportionality factor is slightly higher for b-types (Fig. S4A). This may be due to a hindrance of lipids flow under the actin sleeve that is higher in b-types than in a and c types. To account for this observation, we propose a model of force build-up assuming that lipids reaching the bare part of the tube 145 are forced to go through the actin sleeve. As sketched in the inset in Fig. 3D, we model the bare section of membrane tube as a cylinder of a length and radius r m , that both vary over the course of tube extension, and the actin sleeve section has a fixed length L and a radius r M , that may also vary. The sleeve as well as the liposome are sheathed by actin, which binds to the membrane with an energy per area W > 0. This yields the following modified Helfrich energy 150 function for the system ( 17)

H = 2π r m κ 2r 2 m + σ + W + 2πLr M κ 2r 2 M + σ (1)
where κ is the bending rigidity of the membrane and σ the tension of the liposome.

Initially, the bead is in close contact with the actin sleeve, implying that = 0, from which we deduce r M, initial = r 0 = κ/2σ from the minimization of H. Assuming that the tube is pulled fast enough to prevent any substantial flow of lipids from the liposome to the MaAS, 155 increases under the constraint of constant area A = 2πr m + 2πr M L. We thus minimize H with respect to r m and r M while fixing A for a given (supplementary materials). The resulting tube force reads F = dH/d . For small values of W/σ we thus obtain

F = 2πκ r 0 (1 + /L) (2) 8 
Therefore, F increases linearly with , in agreement with the observations of Fig. 2B upon tube pulling (supplemental materials). Equation ( 2) implies an apparent spring constant k = 160 dF/d = 2πκ/(r 0 L), and fitting this relation with our experimental measurements leads to κ = 17k B T (Fig. 3D) close to the bare membrane value of 12k B T , where k B T is the thermal energy. We thus validate our assumption of lipids flow hindrance under the actin sleeve.

For the a and c-types configurations of Fig. 3B and S4A, the slope of the initial forceelongation is lower and close to the one of naked tubes, consistent with our assumption that the 165 contact between the sleeve and the tube is largely responsible for limiting the lipid flow to the MaAS.

This theoretical description allows us to estimate the difference in radii between the actin sleeve and bare tube sections, through a calculation to next order in W/σ, yielding

r M -r m r 0 = W 2σ 1 (1 + /L) 3 (3) 
In practice this expression gives a good qualitative description of the dependence of the radius 170 difference even for fairly large values of W/σ 1 (supplementary materials). While comparing these predictions with our experimental measurements would in principle allow a determination of the actin binding energy to the membrane, we find in practice that these measurements do not yield a consistent value for W/σ, probably in part because the tension σ of the vesicle is not controlled in our experiment (supplementary materials). As a result, rather than determining 175 the specific value of W/σ, in the following we place ourselves in the small-W/σ regime, which yields results qualitatively similar to the ones obtained at larger W/σ (Fig. S5).

Relaxation of elongated MaAS

When maintained for several minutes, we observe that lipids fluorescence homogenizes along the tube as a function of time in elongated MaAS (dotted lines, Fig. 4A,B), more visible in cases b (Fig. 4B) where the heterogeneities are higher.
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Simultaneously, the force relaxes and mirrors radius relaxation (Fig. 4C,D). The characteristic 9 time of force relaxation, estimated through an exponential fit, is longer for elongated MaAS than for naked tubes (Fig. 4E).

During the initial rapid pulling step, the membrane becomes tenser and thinner than would be the case for a pure membrane tube. This results in the force increase of equation ( 2) for 185 b-type. As the bead is held in position, relaxation occurs through lipids slowly flowing from the liposome towards the MaAS. By balancing the membrane forces driving this flow with the dissipation due to the friction of a membrane of viscosity η against a density ρ of actin attachment points, we compute the force relaxation dynamics to lowest order in W/σ as:

F = 2πκ r 0 1 - (2L + ) (L + ) 2 e -t/τ -1/2 (4) 
where the relaxation time is given by (supplementary materials):

190 τ = ρηL(L + )r 2 0 κ (5) 
The fit of our data using equations ( 4) and ( 5 to when pVCA is omitted (Fig. 5B and grey filled circles in Fig. 5C). Interestingly, regions of membrane tubes devoid of actin in elongated MaAS noticeably thicken when the MaAS retracts whereas they remain intact under the sleeve (arrow heads, Fig. 5A). Note that such a situation 205 of a MaAS at zero force provides an even larger range of tube radii than when the tube is under force.

Actin network in all MaAS types All three MaAS types presented above are gathered in a diagram with their corresponding actin and lipid fluorescence intensities and reveal distinct regions depending on their types (see sectors or bands respectively in Fig. 5E or inset). We 210 find that for a given tube radius, the amount of actin determines MaAS fate: escaped MaAS occur at the highest actin content that correspond to highly entangled networks (filled circles in Fig. 5E and Fig. 2C-top), and elongated MaAS separate in two sectors depending on their retraction fate (emptied circles and crosses in Fig. 5E). Note that thin tubes (lipid intensity low) cannot provide any sufficient support for the growth of an actin sleeve (empty sector zone top 215 left corner, Fig. 5E), as their radius are too small to authorize correct building and growth of the actin network. Considering that we saturate nickel lipid sites with pVCA, the concentration of activators of polymerization at the surface of tubes is equal to the concentration of nickel lipids, and therefore proportional to the lipid intensity I lipid . Assuming that the quantity of actin I actin in the sleeve is proportional to the quantity of activators the ratio I actin /I lipid depends on 220 the sleeve thickness and varies between sectors in Fig. 5E (or bands in inset) depending on the nature of MaAS (escaped, elongated, partial or total retraction).

Taking our estimate above for the sleeve radius in escaped MaAS (10 meshsizes, Fig. 2E) and matching it to the escaped MaAS sector (Fig. 5E), sleeve radius estimates for elongated MaAS can be inferred by their sector slopes. We find that elongated MaAS partially retracted 

Discussion

In summary, MaAS diversity can be explained by the thickness of their actin sleeve. Either they are totally cohesive by filament entanglement and their behaviour is controlled by the actin 235 network elasticity, or they are extensible because actin filaments disentangle massively.

The role of actin in the morphology of intracellular membranes during trafficking or shaping the endoplasmic reticulum has been questioned in the last decade (1,4). The impressive ability of actin dynamics to change rapidly the shape of membranes (21)(22)(23)(24) naturally points to a similar role in membrane reorganization during trafficking. However, we show here un-240 ambiguously that a branched actin network grown through the Arp2/3 complex activated at the membrane surface has a stabilizing effect on the shape of the membrane tube rather than works as a scissionner.

Interestingly, the presence of a discontinuous actin sleeve allows some portions of tubes to get thinner under force whereas they get thicker when the force vanishes. Such a mechanism 245 allows a membrane tube to provide portions of different radii along its length. This could explain the localization of specialized proteins such as BAR domains that detect curvature for scission (25) or dynamin that actively squeezes tubes in a curvature-dependent fashion (26).

Moreover, portions of membrane tubes of different radii are connected by neck structures that may further serve for mechanisms of membrane reorganization. what counts to obtain a membrane tube with a variety of radii. Note that a totally stabilizing network of 10 meshes is formed in few seconds, consistent with the characteristic time of tubular intermediates morphology changes in cells (7). An additional role of actin, demonstrated here 255 for membrane tubes, is that it hinders lipid mobility, a mechanism proposed earlier to promote tube scission (27). by an XY AOD pair (MT80-A1 51064 nm, AA Opto Electronic, France). A water-immersion objective (PLAN APO VC 60x A/1.2WI IFN 25 DIC N2, Nikon, Japan) is used for imagery.

To pull a membrane tube, a streptavidin-coated polystyrene bead (3.05 µm diameter, streptavidin-coated, Spherotech, Illinois, USA), which serves as a handle to maintain the tube, is first trapped optically. A biotinylated liposome, slightly adherent to the bottom surface of the chamber, is then attached to the bead. By moving away the stage at a constant speed, a tube forms between the liposome and the bead. The position of the bead relative to trap center is recorded based on the back focal plane technique (32). We record the interference signal between the unscattered laser light and the light scattered by the bead, imaged on a Quadrant PhotoDiode (QPD, PDQ-30-C, Thorlabs, Germany) placed on the optical path. After proper calibration, the voltage from the QPD is proportional to the bead displacement. Trap stiffness k trap is deduced from the power spectrum of the bead fluctuations around the center of the trap. We find k trap = 58.4 ± 2.3 pN/µm over 25 independent experiments. Altogether, calibrations of the QPD and the trap stiffness provide force measurements from the bead displacement in the trap.

Finally, the chamber is mounted on a 2D piezo stage (MS 2000, ASI, USA) that controls its positioning and allows its displacement at a controlled velocity. The tube elongation ∆ is experimentally calculated from the known speed v of the stage and the position x of the bead with respect to the trap center. Then, during elongation vt = ∆ + ∆x where ∆x = ∆F QPD /k trap is the relative bead displacement in the trap. Finally, tube elongation yields ∆ = vt -∆F QPD /k trap .

Chamber and micropipette preparation Prior to experiments, we sonicate glass coverslips (0.13 -0.16 mm, Menzel Gläze, Australia) in 2-propanol for 5 minutes, extensively rinsed with water and dried under filtrated compressed air. Then the glass surface is activated by a plasma cleaner (PDC-32G, Harrick Plasma, USA) during 2 minutes, followed by a 30 minutes passivation using 0.1 g/L PLL(20)-g [3.5]-PEG(2) (SuSos, Switzerland) in a 10 mM Hepes solution (pH 7.4). The experimental chamber is made of two glass coverslips separated by a 1 mm steel spacer. The chamber is filled with a 100 µL polymerization mix (P-solution) in TPE containing 3 µM profilin, 37 nM Arp2/3 complex, 25 nM CP, 2 µL liposomes in TPI, and 1 µL polystyrene beads diluted 100 times in TPE.

Micropipettes are prepared from borosilicate capillaries (0.7mm/1.0 mm for inner/outer diameter, Harvard Apparatus, USA), using a puller (P2000, Sutter Instrument, USA) with parameters previously described in (31). Micropipette tips are then micro-forged (MF 830, Narishig, Japan) up to an internal diameter of 10 µm. Micropipettes are filled by aspirating 1 µL of the desired solution. Mineral oil is filled on the other side of the micropipette using a MicroFil (250 µm ID 350 µm OD 97 mm long, World Precision Instrument, UK). We prepare two micropipettes: the first one contains 2 µM pVCA, 0.01 g/L sulforhodamine-B (to monitor the microinjection), in TPE; the second one contains 3 µM actin-488 and 3 µM profilin, in TPE inj , adjusted to the osmolarity of 200 mOsm/kg with TPA. Note that profilin is present in the actin microinjection pipette and in the P-solution, so that actin polymerization is prevented in the micropipette and in solution, and occurs only at the membrane surface. Each micropipette is set up into the chamber, one on each side connected to two separated reservoirs to control the injection pressure. The chamber is sealed on each side by adding mineral oil, to block evaporation over the time of the experiment.

Fluorescence intensity We define a box centered around the tube, the height of which is kept at 50 pixels corresponding to 6.9 µm (Fig. S3A-C). The background fluorescence per pixel along the x axis is taken on the first pixel row at the top of the box and is subtracted to each 25 A cubic portion of the grown system of dimension ( x 0 , y , z ) is cut (in the stationary regime), discretized into monomers and will be used as initial configuration for our simulations.

Coarse-grained numerical model We developed a minimal coarse grained model for branched actin networks. The actin filaments of the grown structure shown in Fig. S6A are represented by a series of discrete monomer beads of diameter d (Fig. S6B) that interact through a potential Relaxation of the structure With this model, we have performed molecular dynamics simulations. The simplicity of the model allows us to run large scale simulations with up to N 10 5 monomers, which is essential for a statistical analysis of the microscopic dynamics. The initial configuration composed of N monomer in a simulation box of size ( x 0 , y , z ) is prepared with the protocol which consists in (i) starting from a grown structure configuration, (ii) turning on 520 the interactions and (iii) letting the network reach mechanical equilibrium where the residual stresses are relaxed by monitoring the box size through a barostat. Once the pressure vanishes, the kinetic energy is then completely drawn from the system by means of a dissipative microscopic dynamics:

m d 2 r i dt 2 = -∇ r i U -η f dr i dt , (9) 
Here η f is the damping coefficient associated with coupling of the monomer motion to the 525 surrounding fluid. All simulations are performed in the over-damped limit which correspond to η f = 1. The time step δt 0 used for the numerical integration is δt 0 = 0.005. All simulations discussed here have been performed using a version of LAMMPS (34).

Uniaxial deformation To determine the network mechanical response, each monomer configuration can be submitted to a series of incremental strain steps (35,36). In each step we 530 increase the cumulative deformation strain by an amount δγ = x-x 0

x 0 = 0.01 by first applying an instantaneous linear deformation Γ δγ , corresponding to simple uniaxial deformation in the x axis, to all monomers:

r i = Γ δγ r i =    1 + δγ 0 0 0 1 0 0 0 1    r i (10) 
The Lees-Edwards boundary conditions are updated as well, to comply with the increase in the cumulative strain. The configuration {r i } is no longer a minimum of the potential energy,

535

and the small deformation step induces unbalanced internal forces. Hence we relax the linearly deformed configuration by letting the system free to evolve in time while keeping the global strain constant:

r i = T T r i . ( 11 
)
where T T is the time evolution operator for a specified time interval T and given by the damped dynamics 9.

540

After n steps, the cumulative strain is γ n = n δγ and the network configuration is

r i,n = (T T Γ δγ ) n r i,0 , (12) 
where {r i,0 } denotes the configuration of the starting inherent structure.

In this procedure instead of using an energy minimization algorithm after each linear deformation step, we follow the natural dynamics of the system (with a viscous energy dissipation) for a prescribed time interval T . We can therefore define a finite rate of deformation γ = δγ/ T 545 We probe the quasi-static limit for which γ → 0 and is sufficiently small so that our results do not depend on its specific value (Fig. S6C). Disregarding effects due to monomer inertia, the microscopic dynamics 9 introduce a natural time scale τ 0 = η f d 2 /κ, corresponding to the time it takes a monomer subjected to a typical force κ/σ to move a distance equal to its size. To mimic the cohesion of the actin filaments on the surface of the membrane we fix the z position 550 of the monomer at the top of the box where z = z and let them free to move in the xy plane.

28

Stress and force calculation The average state of stress of the network is given by the virial stresses as σ αβ = -1

x y z i σi αβ , where the Greek subscripts stand for the Cartesian components x, y, z, ( x , y , z ) the size of the system and σi αβ represents the contribution to the stress tensor of all the interactions involving the monomer i (37,38). The latter contribution is cal-555 culated for each monomer, by splitting the contributions of the two-body and the three-body forces according to the following equation:

σi αβ = - 1 2 N 2 n=1 (r i α F i β + r j α F j β ) + 1 3 N 3 n=1 (r i α F i β + r j α F j β + r k α F k β ) (13) 
The first term denotes the contribution of the two-body interaction, where the sum runs over all the N 2 pairs of interactions that involve the monomer i. The couples (r i , F i ) and (r j , F j ) denote respectively the position and the forces on the two interacting monomers. In the same 560 way, the second term indicates the three-body interactions (bending) involving the monomer i and two neighbors denoted by the label j and k.

Note that for overdamped athermal semi-flexible actin networks in the quasi-static limit, the kinetic contribution -(1/ x y z ) i m i δv i α δv i β to the global stress tensor (from the fluctuations of the monomer velocities with respect to the average) is negligible. Under uniaxial deforma-565 tion, the average force F is then given by the average stress σ xx extracted from the simulations times the cross-section of the network. To derive the corresponding force for the whole cylinder actin sleeve of inner radius r 0 = 25 nm and variable thickness z , the cross-section is given by S = π[((r 0 + z ) 2r 2 0 )]. The force unit is our simulation has a unit of κ/d, since the meshsize is given by mesh = d/ √ β, this lead to κ/d = k B T p /(β 2 mesh ). To convert in SI 570 units we haven chosen k B T = 4.10 -21 J, p = 10 µm (15) and mesh = 30 nm (16). All our results are taken in the quasi-static limit. Fig. S6C shows force-deformation curves for different rates of deformation. This limit in reached for sufficiently slow relaxation that correspond to γquasi-static ≤ 8.10 -7 τ -1 0 .

2 Theory

575

Here we present the detailed derivation of the results presented in the main text for the elongated MaAS pulling force, effective spring constant and the radii of the coated and naked sections of the MaAS. We start from the modified Helfrich free energy detailed in the main text, which assumes that a membrane reservoir with tension σ covered by actin is in contact with a membrane tube 580 of bending rigidity κ and length L+ which is coated by actin over a length L. Over this length, the interactions between the actin and the membrane is modeled by a binding energy per unit surface W , yielding 14) where r M and r m denote the radii of the coated and naked sections of the tube, respectively. In equation ( 14), the terms proportional to κ account for the bending energies of two cylinders of 585 radii r m and r M , respectively. To rationalize the form of the other terms, the transfer of a unit of 29 surface of membrane from the actin-covered reservoir to the actin-free naked tube comes at a cost that is the sum of the work performed against the surface tension of the membrane and the unbinding of that unit of surface from the actin, hence the factor σ + W in the first term of the right-hand-side of equation ( 14). Conversely, the transfer of membrane from the reservoir to the 590 coated section of the tube only involves the cost associated with working against the membrane tension. Indeed, while some membrane-actin bonds are broken when the membrane leaves the reservoir, an equal number is reformed as it joins the coated tube, implying that there is no net change in binding energy. Here we work in the ensemble where the lengths L and are fixed, implying that the often-introduced free energy contribution -F (L+ ) accounting for the action 595 of an external tube pulling force F would only contribute an irrelevant constant. Prior to the extension of the MaAS (i.e., for = 0), minimizing this expression with respect to r M yields a coated tube equilibrium radius r 0 = κ/2σ.

H = 2πr m κ 2r 2 m + σ + W + 2πr M L κ 2r 2 M + σ ( 
Here we first study the changes to this initial state during the extension of a type-b elongated MaAS in Sec. 2. As the MaAS is being pulled relatively quickly, we assume that the lipid 600 exchange with the reservoir over the duration of this step is negligible, although membrane flows within the MaAS reach a fast equilibrium. Section 2 then discusses the subsequent relaxation of the MaAS as the length of the tube is maintained over longer time scales, allowing the lipids to flow from the reservoir into the MaAS. This separation of time scales makes the implicit assumption that the internal relaxation of the MaAS is much faster than its equilibration with 605 the membrane. While approximate, this approach yields a good agreement with experimental measurements as shown in the main text, suggesting that it captures the essential features of the MaAS relaxation. The dimensionless membrane area a = A/(2πr 0 L) thus remains equal to its initial value throughout the MaAS extension. For an initially equilibrated MaAS, this initial value is a = 1.

In this section we however discuss the more general case of an arbitrary but constant value of a. This slight generalization will prove useful in Sec. 2, where lipid flows imply a change of the MaAS area and an increase of a. In this general case, the constraint of fixed area reads 615 a = r m r 0 λ + r M r 0 (16) where we have defined λ = /L. Although the total area of the MaAS is fixed, we consider that lipids can freely balance within the MaAS, implying that the system adopts the most energetically favorable values of r m and r M compatible with the constraint of equation ( 16). This constraint is automatically satisfied if we write the two radii as functions of a single free variable x as 620 r m = r 0 ax/λ r M = r 0 a(1x) (17) Introducing the dimensionless Hamiltonian H = H/2πL √ 2κσ and the dimensionless binding energy w = W/σ, this implies that the equilibrium configuration of the MaAS is determined 30 by minimizing

H = λ 2 2ax + 1 2a(1 -x) + a(1 + wx) 2 (18) 
with respect to x. The two first terms in the right-hand side of equation ( 18) account for the bending energies of the naked and coated sections of the MaAS respectively. The third term 625 described the binding energy within the coated region, and the surface tension terms are grouped within the fourth term. Minimizing with boils down to solving the following equation:

λ 2 (1 -x) 2 -x 2 = wa 2 x 2 (1 -x) 2 (19) 
As all fourth-order polynomial equations, this equation has an explicit analytical solution, although a rather cumbersome one (Fig. S5).

Combining equation (19) with equations ( 17) for a = 1 allows to infer the value of the 630 radii r m and r M at the end of the elongation phase. Taking our experimental values leads to w (17 ± 10) (n = 4 b-types). We find in practice that these measurements do not yield a consistent value for w, probably in part because the tension σ of the vesicle is not controlled in our experiment. As a result, in the following we place ourselves in the small-w regime, which yields results qualitatively similar to the ones obtained at larger w, with the added advantage of 635 yielding expressions that are much more readable than the full solution of equation (18).

The most energetically favorable value of x thus reads

x = λ 1 + λ - λ 2(1 + λ) 4 wa 2 + O(w 2 ) (20) 
which we then use to derive the dimensionless versions of two quantities measured in the main text, namely the tube force and difference between the two MaAS radii:

F = F 2π √ 2κσ = ∂ H ∂λ a = 1+λ a + O(w) δr = (r M -rm) r 0 = wa 2 2(1+λ) 3 + O(w 2 ) (21) 
which yield equations ( 2) and ( 3) of the main text upon setting a = 1 as is appropriate for the 640 initial extension of the MaAS. The linear dependence of F on λ in the small-w expression of equation ( 21) is in good agreement with the form of the initial force increase observed in Fig. 4C, D of the main text. Equation ( 21) additionally implies that

k = ∂F ∂ A = 2π √ 2κσ L = 2πκ r 0 L (22) 
which we use to infer r 0 from the fit of Fig. 3D.

Membrane flow and force relaxation

In our experiments the length L + of the MaAS is 645 held fixed following the elongation step discussed in Sec. 2. As this length is maintained over long time scales, lipids flow from the reservoir, driven by the difference in membrane chemical potential between the MaAS and the reservoir. We denote this difference in membrane chemical potential per unit area as µ = dH/dA, where the total derivative indicates that H must be minimized with respect to x prior to the 650 31 differentiation with respect to A. This minimization reflects our approximation that the internal degree of freedom x relaxes quickly compared to the time scales involved in lipid flow and therefore compared to any change in the value of A. Combining equations ( 18) and ( 20), we find

μ = µ 2σ = d H da = 1 2 - (1 + λ) 2 2a 2 + O(w) (23) 
To compute the dynamics of the lipid flow, we assume that the associated dissipation stems 655 primarily from the friction between the flowing lipids and the stationary actin in the coated section of the MaAS. Denoting by ρ the surface density of the actin attachment points onto the membrane, by η the surface viscosity of the membrane and by v the velocity of the lipids, the friction stress within the coated section of the MaAS is given by Darcy's law as Σ = ρηv, implying a dissipated power P d = 2πr M Σv. This dissipated power equals the power liberated 660 by the flow of lipids from the reservoir to the MaAS, which by definition of the chemical potential difference µ reads P l = µdA/dt. Equating P d and P l while noting that dA/dt = 2πr M v, we find that the MaAS area is governed by the following evolution equation:

da d t = - 1 2 a 1 + λ - 1 + λ a ( 24 
)
where we have defined the dimensionless time as 

which we combine with equation (20) to derive the force relaxation law of equation ( 4) of the main text. [START_REF] Alberts | Molecular Biology of the Cell[END_REF].

Introduction

La membrane est généralement modélisée comme un matériau élastique en raison de la capacité de la bicouche lipidique à s'étirer/se comprimer et à se courber. D'une part, l'énergie à fournir pour étirer/comprimer la membrane dépend de sa tension γ et de la variation de surface engendrée par l'étirement/compression ∆A. D'autre part, l'énergie de courbure dépend de la rigidité de la membrane κ, de sa courbure moyenne C et de sa courbure spontanée C 0 . La somme de ces deux énergies résulte en une énergie élastique, E el , qui permet de relier les propriétés physiques de la membrane aux déformations qu'elle subit (voir Eq. D.1) [Helfrich, 1973]:

E el = E etir + E courb = γ∆A + A 1 2 κ(2C -C 0 ) 2 dA (D.1)
Cette théorie a été établie pour une bicouche lipidique pure. Dans le cas des cellules, la tension et la rigidité de la membrane cellulaire dépendent également de la contribution des protéines ainsi que des attachements de la membrane à d'autres composants cellulaires tel que le cytosquelette [START_REF] Diz-Muñoz | Use the force: membrane tension as an organizer of cell shape and motility[END_REF]. Ces deux paramètres contribuent à la force qu'exerce la membrane pour résister aux déformations imposées par le cytosquelette. Dans les cellules, cette force a été estimée à quelques dizaines de pico-newton (pN) [START_REF] Hochmuth | Deformation and flow of membrane into tethers extracted from neuronal growth cones[END_REF][START_REF] Shao | Micropipette suction for measuring piconewton forces of adhesion and tether formation from neutrophil membranes[END_REF]. A) [START_REF] Kabsch | Three-dimensional structure of the complex of actin and dnase i at 4.5 a resolution[END_REF] French abstract

Résultats

D.3.2 Déformations localisées

Notre système a également permis de reproduire des déformations localisées, à l'échelle du micron, telles que de larges invaginations vers l'intérieur du liposome, appelées "spikes", et de fines protrusions irradiant de la surface, appelées "tubes".

En faisant varier la tension de membrane et l'architecture du réseau d'actine, nous avons mis en évidence l'importance essentielle de ces deux paramètres et leur interdépendance [START_REF] Simon | Actin dynamics drive cell-like membrane deformation[END_REF]. En résumé, nous avons montré que les tubes et les spikes coexistent à faible tension de membrane, indépendemment de la taille de maille du réseau. Au contraire, pour des tensions plus élévées, la formation de tubes seuls est majoritairement observée et l'augmentation de la taille de maille permet d'obtenir une proportion significative de liposomes sans aucune déformation.

En collaboration avec R. Kusters et P. Sens, nous avons proposé un diagramme de phase prédictif de ces déformations en fonction de la taille de maille du réseau et de la tension de la membrane. des réticulants, qui le rigidifient. Dès lors, l'impact de ces nouveaux facteurs sur les déformations de membrane pourra être examiné en détail. D'autres phénomènes biologiques, proches des thématiques de l'équipe, pourront également être appréhendés telle que la division asymétrique des ovocytes de souris. En effet, elle ne dépend que de l'actine et est associée à un épaississement du réseau d'actine [START_REF] Larson | Cortical mechanics and meiosis ii completion in mammalian oocytes are mediated by myosin-ii and ezrin-radixin-moesin (erm) proteins[END_REF] ainsi qu'à l'exclusion des myosines de ce réseau [START_REF] Chaigne | A soft cortex is essential for asymmetric spindle positioning in mouse oocytes[END_REF]. Ces étapes sont cruciales pour la division correcte de l'ovocyte. Cependant, les mécanismes à l'origine de ces événements, notamment l'exclusion des myosines, ne sont pas compris. Le couplage de nos systèmes biomimétique et microfluidique serait ainsi un bon outil pour révéler ces mécanismes. 

D.4 Conclusion
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Figure 1 . 1 -

 11 Figure 1.1 -Membrane structure. (A) Cross section of a plasma membrane from a human red blood cell. Electron microscopy image. (B) Three-dimensional scheme of a membrane. Lipids are in red and proteins in green. From [Alberts et al., 2015].

Figure 1 . 2 -

 12 Figure 1.2 -Phospholipid molecule. Example of the phosphatidylcholine (PC), one of the most abundant phospholipid in cell membranes. (A) Scheme of the different parts of the phospholipid. (B) Chemical formula. (C) Space-filling model. (D) Classical drawing of a phospholipid, as used in Fig. D.1 B. From [Alberts et al., 2015].
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 14 Figure 1.4 -Cytoskeletal filaments. (Top) Schemes of the different cytoskeletal filaments. (Bottom) Immunofluorescence images of human skin fibroblast stained for the top corresponding filament. Scale bar: 10 µm. (A) Microtubules; stained with anti-tubulinrhodamine. (B) Actin filaments; stained with coumarin-phalloidin. (C) Intermediate filaments; stained with anti-vimentin-fluorescin. Adapted from[START_REF] Rodriguez | Review on cell mechanics: experimental and modeling approaches[END_REF] and[START_REF] Small | Coumarin-phalloidin: a new actin probe permitting triple immunofluorescence microscopy of the cytoskeleton[END_REF].
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 15 Figure 1.5 -G-actin and F-actin. (A) Ribbon representation of G-actin bound to ADP. The molecule is divided into four domains (different colors) with a cleft to bind ATP or ADP and cations (red dots). Adapted from[START_REF] Otterbein | The crystal structure of uncomplexed actin in the adp state[END_REF]. (B) Scheme of an actin filament as a double-stranded helix with a twist repeating every 37 nm. Adapted from[START_REF] Alberts | Molecular Biology of the Cell[END_REF].
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 16 Figure 1.6 -Pure actin filament dynamics. (A) Time course of actin polymerization in vitro. Adapted from[START_REF] Alberts | Molecular Biology of the Cell[END_REF]. (B) Rate constants for actin association and dissociation in ATP or ADP form at the pointed end (top) and the barbed end (bottom). K values are the critical concentrations, association rates are in µM -1 .sec -1 and dissociation rates are in sec -1 . (C) Hydrolysis of ATP to ADP-P i in an actin filament. (B,C) adapted from[START_REF] Pollard | Cellular motility driven by assembly and disassembly of actin filaments[END_REF]].
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 18 Figure 1.8 -Nucleators of actin polymerization. (A) Formin-mediated actin polymerization. (1) A formin dimer binds to the barbed end of a filament through its FH2 domains while the FH1 domains recruit profilin-actin monomers. (2) A FH1 domain adds the actin monomer to the filament and the FH2 domain steps toward the barbed end. (3) The second part of the dimer repeats the process: addition of the monomer bound to the FH1 domain, FH2 domain steps towards the barbed end. (4) The formin stays bound to the barbed end preventing capping of the filament. (B) Nucleation by the Arp2/3 complex. (1) Activation of the Arp2/3 complex by the VCA domain of NPFs close to cell membrane. (2) Cooperatively with the activites of the VCA domain, a pre-existing filament and a monomer, Arp 2 and Arp 3 become the first actin subunits in the new filament.(3) A new branch is formed with an angle of 70°on the side of the pre-existing filament. Adapted from[START_REF] Campellone | A nucleator arms race: cellular control of actin assembly[END_REF].
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 19 Figure 1.9 -Different actin networks. (A) A branched actin network nucleated by the Arp2/3 complex at the surface of the membrane. (B) A cross-linked actin network with filamin. (C) Bundle of actin cross-linked with α-actinin and myosin II molecular motors.(D) Tight bundle of actin cross-linked with fimbrin, as found in filopodia protrusions (see section 1.3.1.1 -2D cell motility: crawling). Adapted from[START_REF] Pritchard | Mechanics of biological networks: from the cell cytoskeleton to connective tissue[END_REF].
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 111 Figure 1.11 -Structure of myosin II. (A) One molecule of myosin II. (B) Myosin II molecules form bipolar filaments called mini-filaments. Adapted from [Alberts et al., 2008].

Figure 1 . 12 -

 112 Figure 1.12 -Force generation by a bundle of actin filaments. (A) Addition of a monomer straight against a load corresponds to a force F perpendicular with a displacement δ perpendicular = a, half-size of an actin monomer. Adapted from [Dmitrieff and Nédélec, 2016]. (B) Scheme of the actin filament arrangement in filopodia in cells and their characteristic scales. (C) Expected length of filopodia as a function of the number of bundled filaments. The elongation is limited by membrane resistance at low number of filaments, by buckling at intermediate numbers and by G-actin diffusion at large numbers. (B,C) from [Mogilner and Rubinstein, 2005].
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 113 Figure1.13 -Force generation by a branched actin network. (A) Addition of a monomer when the filament contacts the load with an angle θ corresponds to a perpendicular force F tilted with a displacement δ = asinθ < a. Adapted from[START_REF] Dmitrieff | Amplification of actin polymerization forces[END_REF]. (B) Activation of the Arp2/3 complex at the membrane surface triggers the formation of branches in all directions. Forward-facing branches and tangential filaments allow the amplification of forces to push the membrane forward. Capped filaments maintain the active polymerizing zone near the membrane. From[START_REF] Sykes | Cell biology: actin filaments up against a wall[END_REF].

Figure 1 . 14 -

 114 Figure 1.14 -Contraction of actin networks. (a) Randomly organized actomyosin networks generate contractile and extensile stresses. (b) In presence of cross-linkers, these contractile and extensile stresses are generated in the portions of filaments between two cross-linkers. This leads to buckling of actin filament, relaxation of extensile forces and finally contraction. (c) Depending on kinetics, contraction may be driven by selforganization of contractile configurations: either by arrangement of actin filaments and myosin II into asters, or by actin treadmilling. From [Koenderink and Paluch, 2018].
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 115 Figure 1.15 -Actin structures in the moving cell. Scheme of the different actin structures involved in cell movement: lamellipodium (iii) and filopodium (iv) are at the leading edge, stress fibers (ii) are anchored at focal adhesion sites (purple) and the cortex (i) contracts the rear of the cell. Zooms highlight the detailed architecture of the actin network. From [Blanchoin et al., 2014].
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 116 Figure 1.16 -Textbook view of a moving cell. Scheme of the different steps of cell crawling. (1) Cell movement begins with the extension of the lamellipodium at the leading edge of the cell. (2) New focal adhesions are formed to allow the lamellipodium to adhere to the substrate. (3) The cytoplasm in the cell body flows forward. (4) The rear of the cell detaches from the substrate and the cell body retracts. From[START_REF] Lodish | Molecular cell biology[END_REF].
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 117 Figure 1.17 -Actin filaments in keratocyte lamellipodia. Electron microscospy images. a) Overview of the keratocyte. b-d) Actin network in the lamellipodium (b, white rectangle in a) from the leading edge (c) to the back of the cell (d). More branches are observed at the leading edge. (b) Scale bar: 1 µm. e-h) Branched actin filaments (arrowheads) in the whole structure of the lamellipodium: at the extreme leading edge (e), within the brushlike zone (f), in the central lamellipodia (g), and close to the lateral edge of the lamellipodia (h). Scale bars: 50 nm. From[START_REF] Svitkina | Analysis of the actin-myosin II system in fish epidermal keratocytes: Mechanism of cell body translocation[END_REF].
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 118 Figure1.18 -Growth cone in neurons. Scheme of a nerve cell with a growing axon terminated by a growth cone, fan-shaped protrusion composed of a lamelliopodium and filopodia. Inset: F-actin in the growth cone. Scale bar: 5 µm. Adapted from[START_REF] Dent | The growth cone cytoskeleton in axon outgrowth and guidance[END_REF][START_REF] Tan | Crmp4 and crmp2 interact to coordinate cytoskeleton dynamics, regulating growth cone development and axon elongation[END_REF].
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 119 Figure 1.19 -Stereocilia in hair cells. (A-B) Electron microscopy images of stereocilia with a staircase-like organization. (A) Outer hair cell. Scale bar: 1 µm. (B) Inner hair cell. Scale bar: 1 µm. (C) Actin structure in a stereocilium, x 140,000. Adapted from [McGrath et al., 2017; Tilney et al., 1980].
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 120 Figure 1.20 -Filopodia structure and initiation models. (A) Electron microscopy images of a filopodium made of a tight bundle of actin filaments. (B) Two sub-bundles merge to form a filopodium. (C) Zoom in of the boxed region in (B). the root of the sub-bundle shows many branches (encircled). Scale bars: 0.2 µm.(D) Scheme of the two models proposed for filopodia initiation. From[START_REF] Svitkina | Mechanism of filopodia initiation by reorganization of a dendritic network[END_REF][START_REF] Yang | Filopodia initiation: focus on the arp2/3 complex and formins[END_REF].
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 121 Figure 1.21 -Actin in dentritic filopodia and dendritic spine. (A-B) Electron microscopy images of a dendritic filopodium (A) and a mushroomlike shaped dendritic spine (B). (A) Scale bar: 0.5 µm. (B) Colors in the left inset corresponds to axons (purple), dendrites (yellow) and spines (cyan). Yellow boxes are enlarged in panels with corresponding numbers. Scale bar: 0.2 µm. (C) Model for dendritic spine formation. Adapted from [Korobova and Svitkina, 2010].

Figure 1 . 22 -Figure 1 . 23 -

 122123 Figure 1.22 -Actin structure of cortex and bleb. (A) Electron microscopy image of the actin cortex of a HeLa cell. Inset: entire cell. Scale bar: 500 nm. (B) Electron microscopy image of a bleb in a dividing HeLa cell. Scale bar: 1 µm. (C) Confocal images of actin (green) and membrane (red) during a blebbing event initiated by membrane detachment. White arrows point the intact cortex beneath the detached membrane. Scale bar: 1 µm. Adapted from[START_REF] Charras | Reassembly of contractile actin cortex in cell blebs[END_REF]. (D) Scheme of the formation and retraction of a bleb. Initiation: membrane detachment from the cortex (left) or local rupture in the actin cortex (right). Expansion: membrane inflation results from the pressure in the cytoplasm (P int ) that generates a flow of cytosol inside the bleb. Cortex assembly: when bleb expansion stops, the actin cortex reassembles beneath the membrane. Retraction: myosin II is recruited at the cortex and the bleb retracts. Adapted from[START_REF] Charras | Blebs lead the way: how to migrate without lamellipodia[END_REF].
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 124 Figure 1.24 -Overview of bacterial invasion process. Steps leading to Listeria monocytogenes dissemination inside cells. From [Weddle and Agaisse, 2018].
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 125 Figure 1.25 -Bacteria entry mechanism. (A) Zipper mechanism: bacteria express an invasion protein on their surface, which binds to a host receptor and initiates actindependent engulfment. (B) Trigger mechanism: bacteria inject protein effectors across the host cell membrane via a secretion system, leading to actin-rich membrane protrusions.From[START_REF] Haglund | Pathogens and polymers: microbe-host interactions illuminate the cytoskeleton[END_REF].
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 126 Figure 1.26 -Actin comet tails of bacteria. (A-B) Actin-based motility. (A) Fluorescent image of the bacteria Listeria monocytogenes (red) moving in a cell, using actin comet tails (green behind bacterium). Scale bar: 10 µm. From Julie Thériot. (B) Electron microscopy image showing actin filament organization of the tail propelling the bacterium. Scale bar: 1 µm. Adapted from[START_REF] Kocks | monocytogenes-induced actin assembly requires the acta gene product, a surface protein[END_REF].
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 127 Figure 1.27 -Electron microscopy time series of the endocytosis of particles to form yolk spheres in hen ovarian follicle. Adapted from[START_REF] Perry | Yolk transport in the ovarian follicle of the hen (gallus domesticus): lipoprotein-like particles at the periphery of the oocyte in the rapid growth phase[END_REF].
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 128 Figure 1.28 -Endocytosis initiation under debate. Newly evidenced chronology of membrane bending by actin dynamics that may further assemble coat proteins. Inset: Original textbook view : coat proteins first bend the membrane by spontaneously assembling. From [Bassereau et al., 2018].

Figure 1 . 29 -

 129 Figure 1.29 -Localization of actin and microtubules during cell division. Fluorescent images of actin (red) and microtubules (green) at different stages of the cell cycle in HeLa cells. Scale bars: 10 µm. Adapted from [Heng and Koh, 2010].
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 130 Figure 1.30 -Actin structure of the contractile ring. Electron microscopy images of the contractile ring at low (A), medium (B) and high (C) magnification. Scale bars: 10 µm , 1 µm, 200 nm; respectively. From [Henson et al., 2017].
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 131 Figure 1.31 -Actin network remodelling during spindle migration in mouse oocyte. Time-lapses of wild-type mouse oocyte during meiosis. F-actin (white) and DNA (red) are labelled. (A) Actin cortex thickening from nuclear envelop break down (BD) until 7h after BD. Lower panels correspond to zoom in (dashed white rectangles in the top panels) and the orange bar indicates cortical F-actin thickness. Scale bar: 10 µm. Adapted from [Chaigne et al., 2013]. (B-C) Density of the cytoplasmic actin meshwork drops (B) then increases (C). Scale bars: 10 µm. Adapted from[START_REF] Azoury | Spindle positioning in mouse oocytes relies on a dynamic meshwork of actin filaments[END_REF][START_REF] Azoury | Symmetry breaking in mouse oocytes requires transient f-actin meshwork destabilization[END_REF].

  proteins, are propelled by a branched actin network continuously growing at their surface, mimicking the movement of Listeria (Fig. D.8 A).
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 132 Figure 1.32 -Actin comets on beads. (A) Electron microscopy images of an actin comet generated at the surface of a bead coated with ActA and placed in Xenopus egg extract (top image). Bottom images: zoom-in of the boxed regions in top images. Arrows point the branching of the network. Scale bar: 1 µm. Adapted from[START_REF] Cameron | Dendritic organization of actin comet tails[END_REF]. (B) Scheme of the stress build-up into the actin network around the bead, leading to symmetry breaking and comet formation that propels the bead. Adapted from[START_REF] Plastino | The actin slingshot[END_REF].

Figure 1 . 33 -

 133 Figure 1.33 -Symmetry breaking depends in CP and the Arp2/3 complex concentrations. Experimental and simulated actin networks around beads as a function of concentrations in CP and the Arp2/3 complex. The black-dotted line delimits the conditions where symmetry breaking and comet formation occur. The insets (red-dotted rectangles) show examples of multiple symmetry breaking (indicated by black arrows).The lengths in nanometers correspond to estimated mesh size of the corresponding actin networks. From[START_REF] Kawska | How actin network dynamics control the onset of actin-based motility[END_REF].
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 134 Figure 1.34 -Techniques of cell-sized liposome generation. (A) Electroformation. (B) Inverted emulsion technique. (C) Jetting technique. (D) Double emulsion and solvent evaporation techniques. (E) Continuous-droplet interface-crossing encapsulation (cDICE).(A-B) from[START_REF] Cameron | Motility of acta protein-coated microspheres driven by actin polymerization[END_REF], (C) from[START_REF] Richmond | Forming giant vesicles with controlled membrane composition, asymmetry, and contents[END_REF], (D) from[START_REF] Deshpande | Octanol-assisted liposome assembly on chip[END_REF] and (E) from[START_REF] Blosser | CDICE method produces giant lipid vesicles under physiological conditions of charged lipids and ionic solutions[END_REF].

  Fig. D.8 B).
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 135 Figure 1.35 -Reconstitution of an actin network at a liposome surface. (A) Reconstitution of the network inside liposomes. (Left) Scheme of the system; proteins not to scale. (Right) Images of an actin cortex inside a liposome and bulk polymerization. The formation of an actin cortex at the inner surface requires the actin machinery (VCA, the Arp2/3 complex, profilin) and nucleation of actin at the membrane (left images) otherwise only bulk polymerization occurs (right images). Top: encapsulation by the inverted emulsion technique, scale bars: 5 µm. From [Guevorkian et al., 2015]. Bottom: encapsulation by cDICE method, scale bars: 20 µm. From [Dürre et al., 2018]. (B) Reconstitution of the network outside liposomes (Left) Scheme of the system; proteins not to scale. (Right) Image of an actin network reconstituted at the outer surface of a liposome. Scale bar: 20 µm.

  sites of available biotin (see Appendix B). As a consequence, to prevent activation of the actin polymerization in bulk, we dilute six times the solution of liposomes coated with S-pVCA in the polymerization solution. This dilution factor appears as a good compromise between limiting the presence of unbound S-pVCA molecules and keeping a reasonable density of liposomes. The polymerization solution contains a final concentration of 3 µM monomeric actin (15% fluorescently labelled with Alexa Fluor 488), 3 µM profilin, 37 nM Arp2/3 complex and 25 nM CP. Actin polymerization starts instantaneously after protein mixing and a branched actin network grows at the liposome surface. The dual fluorescent labelling of membrane and actin then allows for their simultaneous observation over time(Fig. D.5). Furthermore, this polymerization solution, which thereafter will refer to our reference conditions, has been optimized in the lab to trigger the formation of thick and cohesive actin networks, characterized by the observation of numerous comets and symmetry breaking events (see section 1.4.1 -From beads to the diversity of biomimetic systems).

Figure 2 . 1 -

 21 Figure 2.1 -Experimental system. Example images of fluorescently labelled membrane and actin when an actin network is grown at the surface of a liposome. Overlay of the membrane (magenta) and the actin (green). Scale bar: 5 µm.

  At the macroscopic scale, a branched actin network is characterized by viscoelastic parameters, such as an elastic modulus E, a viscosity η, and a viscoelastic relaxation time τ ve (see chapter 1, section 1.2.3.2 -A branched network of actin filaments). At the microscopic scale, the viscoelastic properties of the network rely on the cross-linking and the entanglement of actin filaments, which are characterized by a typical size called the mesh size ξ. In fact, the mesh size reflects an average of the possible diameters of the spherical cavities formed by entangled filaments (Fig. D.7, scheme). Note that in the schemes of Figure D.7, only one circle of diameter

Figure 2 . 2 -

 22 Figure 2.2 -Regulation of the network mesh size. (Top) Scheme of an increase of actin network mesh size, ξ. Actin filaments (red) are entangled and branched due to the Arp2/3 complex (yellow). The mesh size is the average of the diameters of circles that can be drawn between entangled filaments. (Bottom) Example images of a dense network leading to symmetry breaking with a profilin:actin ratio 1:1 (left) and a loosened network, uniform with faint fluorescence intensity with a profilin:actin ratio 5:1 (right). Scale bars: 5 µm.
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 23 Figure 2.3 -Decreasing membrane tension. (Top) Scheme of a decrease in membrane tension induced by incubation of a liposome in a solution containing a higher sucrose concentration than the inside of the vesicle. (Bottom) Example images of non-deflated (left) and deflated (right) liposomes. Note that the two liposomes here are independent. Scale bars: 5 µm.

Figure 2 . 4 -

 24 Figure 2.4 -Effect of ATP and salt concentrations. Percentage of liposomes displaying actin-based symmetry breaking as a function of the ATP and salt concentrations in the actin mixture (3 µM monomeric actin (15 % fluorescently labelled with AlexaFluor488), 3 µM profilin, 37 nM Arp2/3 complex, 25 nM CP). One symbol represents one experiment and the number of liposomes is indicated in parenthesis. Actin symmetry breaking was determined visually.
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 25 Figure 2.5 -Solution evaporation has an effect on liposome shapes. (Top) Time lapse of membrane deflation induced by evaporation-based osmotic shock on a bare liposome. (Bottom) Time lapses of buckling and wrinkling induced by evaporation-based osmotic shock, at room temperature, on liposomes covered with an actin shell. Time indicated is the time after actin polymerization stops. Epifluorescence images of membrane (magenta) and actin (green). Scale bars: 5 µm.

  mations. Then, for both actin networks, in the presence or the absence of CP, we examine how symmetry breaking and deformations are affected by the membrane tension of liposomes.

Figure 2 . 6 -

 26 Figure 2.6 -Effect of capping proteins on actin network architecture. Schemes of the reconstitution of the branched actin network at the outer surface of liposomes (left, in the presence of CP, right, in the absence of CP); proteins not to scale.

Figure 2 . 7 -

 27 Figure 2.7 -Analysis of actin network symmetry. (a, b) Examples of unambiguous symmetry breaking events with the formation of a propelling "comet-tail" on one side of the liposome with Asym > 0.5. (c, d, e, f) Other examples of actin networks with lower values of Asym. All cases of Asym > 0.5, (a, b, c, d), are further analyzed through their actin fluorescence intensity profile along the liposome contour(a', b', c', d'). The condition to define a symmetry breaking event is either the absence of multiple peaks or a peak width, w, superior to 0.25. Cases of Asym ≤ 0.5 ,(e, f), are directly considered as no symmetry breaking events. Scale bars: 5 µm.
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 2829 Figure 2.8 -Membrane deformations and actin network symmetry breaking. (A) Representative examples of liposome deformations induced by actin polymerization in different conditions (indicated). Membrane (left), actin (middle), and overlay (purple: membrane, green, actin). All scale bars: 5 µm. (B)-(E) Distribution of liposome form factors for non-deflated (dark purple bars) and deflated liposomes (light purple bars) and count of actin symmetry breaking (green bars); note that green bars are always contained in the purple bars, as all liposomes of a population are characterized for form factor whereas only a portion of them display a symmetry breaking event. (B) and (D) At 25 nM CP for non-deflated and deflated liposomes, respectively. (C) and (E) At 0 nM CP for nondeflated and deflated liposomes, respectively. (B)-(E) Examples of epifluorescence images of membrane (purple) and actin network (green) with indicated liposome form factor. Images surrounded by green boxes correspond to actin symmetry breaking whereas images surrounded by purple boxes do not show symmetry breaking of the actin network. All scale bars: 5 µm.
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Figure 1 .

 1 Figure 1. Experimental system. (a) Schemes of the purified proteins (legend) for the reconstitution of the branched actin network at the outer surface of liposomes (left, in the presence of CP, right, in the absence of CP); proteins not to scale. (b) Illustrative scheme of the method to obtain deflated liposomes (light purple, right) from non-deflated ones (dark purple, left) with corresponding examples of epifluorescence images of membrane (TexasRed-DHPE). (c) and (d) Epifluorescence images of representative examples of liposome deformations induced by actin polymerization in different conditions (indicated). Membrane (left, TexasRed DHPE), actin (middle, Alexa488-actin), and overlay (purple: membrane, green, actin). All scale bars, 5 μm.

Figure 2 .

 2 Figure 2. Membrane deformations and actin network symmetry breaking. Distribution of liposome form factors for non-deflated (dark purple bars) and deflated liposomes (light purple bars). (a) and (b) In the absence of actin ((a) n = 329 and (b) n = 586). (c)-(f) In the presence of actin with the additional count of actin symmetry breaking (green bars); note that green bars are always contained in the purple bars, as all liposomes of a population are characterized for form factor whereas only a portion of them display a symmetry breaking event. (c) and (d) At 25 nM CP for non-deflated (n = 203 from 3 experiments) and deflated liposomes (n = 83 from 2 experiments), respectively. (e) and (f) At 0 nM CP for non-deflated (n = 157 from 4 experiments) and deflated liposomes (n = 96 from 3 experiments), respectively. (a)-(f) Examples of epifluorescence images of membrane (purple, TexasRed DHPE) and actin network (green, Alexa488-actin) with indicated liposome form factor. Images surrounded by green boxes correspond to actin symmetry breaking whereas images surrounded by purple boxes do not show symmetry breaking of the actin network. All scale bars, 5 μm.
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 210 Figure 2.10 -Buckling and wrinkling under controlled osmotic shock. (A) Buckling and wrinkling induced by controlled osmotic shock on liposome covered with an actin shell. Epifluorescence images of membrane (magenta) and actin (green). Scale bars: 5 µm. (B) Frequency of liposomes displaying buckling or wrinkling as a function of the actin thickness h 0 .
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 211 Figure 2.11 -Comparison of experimental results and theoretical predictions.(A) Maximal radius of curvature multiplied with the shell thickness, C max h 0 as a function of the osmotic compression δv for the wrinkled shells. The dashed line represents the analytic prediction, Eq. 2.2. (B) C max h 0 as a function of the dimensionless number δv 1/4 (h 0 /R 0 ) 1/2 for the buckled shells. The dashed line indicates the theoretical prediction, Eq 2.3.

  Cytoskeletal mechanics| Buckling | ActinCellular deformations are produced by a wealth of active dynamical processes occuring near the cell membrane, locally curving the membrane inwards or outwards. Most cells display a cytoskeleton underneath their lipidic membrane. Such composite objects are able to adapt to various external stresses by changing their shape and mechanics, and therefore optimize their movement within the body. The "simplest" example of a membrane-cytoskeleton cell is the red blood cell (RBC), with its thin spectrin cytoskeleton. RBC shapes can vary among discocyte, stomatocytes and echonocytes by possible changes of spontaneous non-zero curvature of the membrane(1). Different RBC shapes display distinct mechanical behaviors, as

37 shape

 37 changes are directly impacted by the mechanics of the 38 cytoskeleton and small perturbations of the cortex structure 39 may deeply change the equilibrium shape and mechanical prop-40 erties of the cells. Examples are alterations in the cross-linked 41 spectrin network of red blood cells(12) or perturbations of 42 the cortical actin layer of eurkaryotic cells(13).43Here, we use as a model system a liposome coated on its 44 external surface by a thin dynamic branched actin network 45 on the model of the cell cortex but in the absence of any 46 myosin molecular motor. Our experimental setup allows for a 47 fine control of the branched, polymerized, actin layer. Under 48 spontaneous evaporation of the solution, water leaks out of 49 liposomes and we observe both buckling and wrinkling under 50 spontaneous volume loss. A controlled change in volume of 51 the liposome is applied through a controlled hyper-osmotic 52 shock which led us to observe a buckling of the actin network 53 layer that matches the shape of the liposome membrane. We 54 interpret our experimental observations in light of theoretical 55 developments in the context of thin polymer shell buckling. 56 We further study how the shape of the liposome changes by 57 a volume decrease when the thickness of the grown actin layer 58 is varied. Wrinkling occurs for thicker shells than buckling. 59 In cells with an underlying cytoskeleton, the thickness of the 60
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  The authors declare no conflicts of interest.D R A F Tcytoskeletal network is therefore a way of protecting from or providing buckling.MethodsReagents, lipids and proteins. Chemicals are purchased from Sigma Aldrich (St. Louis, MO, USA) unless specified otherwise. L-alpha-phosphatidylcholine (EPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl polyethylene glycol 2000] (biotinylated lipids). TexasRed® 1,2-dipalmitoyl-sn-glycero-3phosphocholine, triethylammonium salt is from Thermofisher (Waltham, Massachussetts, USA). Actin is purchased from Cytoskeleton (Denver, USA) and used with no further purification. Fluorescent Alexa Fluor 488 actin conjugate is obtained from Molecular Probes (Eugene, Oregon, USA). Porcine Arp2/3 complex is purchased from Cytoskeleton and used with no further purification. Mouse α1β2 capping protein (CP) is purified as in (14). Untagged human profilin and Streptavidin-pVCA (S-pVCA, where pVCA is the proline rich domain-verprolin homology-central-acidic sequence from human WASP, starting at amino acid Gln150) are purified as in (15). A solution of 30 µM monomeric actin containing 15% of labeled Alexa Fluor 488 actin conjugate is obtained by incubating the actin solution in G-Buffer (2 mM Tris, 0.2 mM CaCl2, 2 mM ATP, 0.2 mM DTT, pH 8.0) overnight at 4°C. The isotonic (resp. hypertonic) working buffer contains 95 mM (resp. 320 mM) sucrose, 1 mM Tris, 50 mM KCl, 2 mM MgCl2, 0.1 mM DTT, 2 mM ATP, 0.02 mg/mL β-casein, adjusted to pH 7.4. Osmolarities of the isotonic and hypertonic working buffers are respectively 200 and 400 mOsmol, as measured with a Vapor Pressure Osmometer (VAPRO 5600). All proteins (S-pVCA, profilin, CP, actin) are mixed in the isotonic working buffer. Preparation of liposomes with actin cortices. Liposomes are prepared using the electroformation technique (16). Briefly, 10 µL of a mixture of EPC lipids, 0.1% biotinylated lipids and 0.5% TexasRed lipids with a concentration of 2.5 mg/ml in chloroform/methanol 5:3 (v/v) are spread onto indium tin oxide (ITO)-coated plates under vacuum for 2 h. A chamber is formed using the ITO plates (their conductive sides facing each other) filled with a sucrose buffer (0.2 M sucrose, 2 mM Tris adjusted at pH 7.4) and sealed with hematocrit paste (Vitrex Medical, Denmark). Liposomes are formed by applying an alternate current voltage (10 Hz, 1 V rms) for 2 h. Liposomes are incubated for 15 min with 350 nM of S-pVCA, the activator of the Arp2/3 complex, which binds to the biotinylated lipids of the membrane through the streptavidin tag. Actin polymerization starts instantaneously when S-pVCA-coated liposomes are placed in a mix containing a final concentration of 3 µM monomeric actin (15% fluorescently labeled with Alexa Fluor 488), 3 µM profilin, 37 nM Arp2/3 complex and 25 nM CP. Different thicknesses of actin shells are obtained depending on the polymerization time, set from 5 to 30 min.
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 11 Fig. 1. A. (Left) Scheme of the experimental system; proteins not to scale. (Right) Merged example of membrane (magenta) and actin network (green) under isotonic conditions. Scale bars, 5 µm. B. (Top) Time lapses of membrane buckling and wrinkling induced by evaporation-based osmotic shock, at room temperature, on liposome covered with an actin shell. (Bottom) Time lapse of membrane deflation induced by evaporation-based osmotic shock on a naked liposome. Time indicated is the time after actin polymerization stops. C. Buckling and wrinkling induced by controlled osmotic shock on liposome covered with an actin shell. Epifluorescence images of membrane (magenta) and actin (green). Scale bars, 5 µm. D. Frequency of liposomes displaying buckling or wrinkling as function of the actin thickness h0.

Fig. 2 .

 2 Fig. 2. A. Example images and B. schematic representation of buckling and wrinkling induced by controlled osmotic shock. Epifluorescence images of membrane (magenta) and actin (green). Scale bars, 5 µm. C. Maximal radius of curvature multiplied with the shell thickness, Cmaxh0 as function of the osmotic compression δv for the wrinkled shells. The dashed line represents the analytic prediction, Eq. 6. D. Cmaxh0 as function of the dimensionless number δv 1/4 (h0/R0) 1/2 for the buckled shells. The dashed line indicates the theoretical prediction, Eq. 9.

242energies,

  Fwr = Fs + F b . The wrinkled shape is dominated by 243 the wave-vector with the lowest elastic energy q * , obtained by 244 minimization of the elastic energy. To lowest order in δq, of the actin shell h0 or increasing 248 the osmotically induced volume change δv is thus predicted to 249 decrease the typical wavelength of the wrinkles. The elastic 250 energy of a wrinkled shell energy can be estimated by only con-251

  261thickness h0 and the relative volume change δv. Note that the 262 maximal curvature does not depend on the elastic modulus of the actin network, as it involves the ratio of stretching to bending moduli of the actin shell which both depend linearly on the elastic modulus E. It however depends on the Poisson ratio, since bending and stretching involve different moments of the three-dimensional elastic stress within the actin shell.

  Compression in the bending strip occurs pri-D R A F T marily along circles of constant latitude with a strain tensor of order ζ/R, giving a stretching energy density ∼ Eh 0 (1-σp) (ζ/R0) 2

Fig. 3 .

 3 Fig. 3. Phase diagram for wrinkled and buckled shapes as a function of the volume change δv and the ratio of the actin thickness h0 over the liposome radius R0.
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 213214 Figure 2.13 -Tubes and spikes. Epifluorescence images of actin and membrane of liposomes displaying tubes (Top) and spikes (Bottom). The third row is a zoom in (white squares). White arrows point the indicated membrane deformations. Scale bars: 5 µm.
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 215 Figure 2.15 -Effect of membrane tension and actin network mesh size. Number of liposomes displaying different indicated behaviours as a function of membrane tension and actin network architecture. (A) Non-deflated and deflated liposomes surrounded by a dense actin network. (B) Non-deflated and tense liposomes surrounded by a dense actin network. (C) Non-deflated liposomes surrounded by a dense (left bar) or a loosened (middle bar) actin network. Non-deflated (middle bar) and deflated (right bar) liposomes surrounded by a loosened actin network.

Figure 2 . 16 -

 216 Figure 2.16 -Tubes. (A) Actin monomer incorporation. (Top) Two-color actin experiment. Left: a red actin network, labelled with Alexa Fluor 568, is grown for 20 min, and then an excess of green actin, labelled with Alexa Fluor 488, is added, so green regions indicate newly polymerized actin. Right: Zoom in of the corresponding polar plots. (Middle) Activator of actin polymerization, S-pVCA, labelled with Alexa Fluor 546. Left: Falsecolour image. Right: Zoom in (white rectangle); the membrane is indicated with a black dashed line. (Bottom) Left: confocal images of labelled membrane (Texas Red-DHPE, red) and the Arp2/3 complex (Alexa Fluor 488 C5-maleimide, green). Right: Zoom in (white rectangle). Scale bars: 5 µm. (B) Tube length as a function of actin network thickness. White circles: non-deflated liposomes. Grey circles: deflated liposomes. (C) Example of membrane and actin fluorescence intensities plotted over time (indicated) during actin and tube growth.
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 217 Figure 2.17 -Spikes. (A) Actin monomer incorporation. (Top) Two-color actin experiment. Left: a red actin network, labelled with Alexa Fluor 568, is grown for 20 min, and then an excess of green actin, labelled with Alexa Fluor 488, is added, green regions show where new monomers are inserted. Right: Zoom in. (Middle) Activator of actin polymerization, S-pVCA, labelled with Alexa Fluor 546. Left: False-colour image. Right: Zoom in (white rectangle). (Bottom) Left: confocal images of labelled membrane (Texas Red-DHPE, red) and the Arp2/3 complex (Alexa Fluor 488 C5-maleimide, green). Right: Zoom in (white rectangle). Scale bars: 5 µm. (B) Example of spike length and width over time from both actin and membrane signals.

v g ≈ 10 Figure 2 . 18 -

 10218 Figure 2.18 -Dependence of membrane deformations on membrane tension and actin network mesh size. Representative images of membrane and actin and schematic of membrane deformations as a function of mesh size ξ and membrane tension γ, derived from the theoretical model (equations 2.6 and 2.8). R corresponds to reference conditions (dense network, non-deflated liposomes, red dot in diagram); i, ii, iii and iv correspond to other experimental conditions with a different mesh size and membrane tension indicated qualitatively in the diagram. The arrows show in which direction membrane tension or mesh size is changed compared with the reference situation (R). The plain arrows indicate a change in membrane tension without affecting the polymerization conditions. The dashed arrows indicate that the conditions of actin polymerization are changed compared to the reference condition. All scale bars: 5 µm.

Fig. 1 |

 1 Fig. 1 | experimental system and observations. a, Scheme of the experimental system; proteins not to scale. b, Membrane deformations in both nondeflated (first three rows) and deflated conditions (last row). c, Top: liposome deflation. Bottom: number of liposomes displaying different indicated behaviours. Non-deflated liposomes, n = 311. Deflated liposomes, n = 123. d,e, Actin network photo-damage (yellow dashed rectangle) on a liposome displaying membrane tubes (d) or spikes (e). Phase-contrast and epifluorescence microscopy of membrane (Texas Red-DHPE, red) and actin network (actin-Alexa Fluor 488, green). All scale bars, 5 μm.

Fig. 2 |

 2 Fig. 2 | Actin incorporation during tube formation. a, Left: a red actin network is grown for 20 min, and then an excess of green actin is added, so green regions indicate newly polymerized actin. Right: corresponding polar plots. b, Activator of actin polymerization, S-pVCA. False-colour image and zoom in (white rectangle); the membrane is indicated with a dashed line. a,b, Phase-contrast and epifluorescence microscopy of the actin network labelled with Alexa Fluor 568 (red) and Alexa Fluor 488 (green) (a), and of S-pVCA-Alexa Fluor 546 (b). c, Confocal images of labelled membrane (Texas Red-DHPE, red) and the Arp2/3 complex (Alexa Fluor 488 C 5maleimide, green) and zoom in (white rectangle). All scale bars, 5 μm.
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 34 Fig. 3 | tube length compared to network thickness. a, Tube length and actin network thickness are measured from fluorescence intensity profiles (yellow dashed box) of the membrane (Texas Red-DHPE, red) and the actin (Alexa Fluor 488, green) channels (Methods). b, Tube length as a function of actin network thickness. White circles: non-deflated liposomes. Grey circles: deflated liposomes. c, Dynamics of tube growth (times indicate elapsed time from the start of actin polymerization). d, Fluorescence profile of the yellow dashed boxes shown in c. Membrane and actin fluorescence intensities plotted over time (indicated). Other examples are shown in Supplementary Fig. 4. a,c, Epifluorescence microscopy of membrane (Texas Red-DHPE, red) and actin (Alexa Fluor 488, green). All scale bars, 5 μm.

Fig. 5 |

 5 Fig.5| Model for spike initiation and tube formation. a, Scheme of the initiation of a periodic and localized membrane deformation by the growth of the actin network. b, Velocity field of a viscous network polymerizing over a membrane with a localized (Gaussian) perturbation (amplitude A = 0.1 µm, width b = 0.2 µm, polymerization velocity v g = 1 nm s -1 , viscosity η = 10 4 Pa s). Colour, pressure in the network layer. c, Corresponding distribution of actin and membrane normal stresses (σ nm and σ memb , respectively). d, Scheme of a membrane tube pulled by the actin network; the blue arrows indicate forces within the actin network. e, Velocity field of the actin network pulling the membrane tube. We assume a uniform polymerization v p at the liposome surface and model the presence of the tube as a disc with radius r tube = 20 nm at a distance from the membrane h = 100 nm. f, Force exerted per filament as a function of the distance to the centre of the tube, r, where we have chosen the distance between filaments polymerizing on the surface ξ = 30 nm, f tube = 2 pN, γ = 10 -6 N m -1 and ν = 0.4.

Fig. 6 |

 6 Fig. 6 | Dependence of membrane deformations on membrane tension and actin network mesh size. Representative images of membrane (Texas Red-DHPE) and actin (Alexa Fluor 488) and schematic of membrane deformations as a function of mesh size ξ and membrane tension γ, derived from the theoretical model (equations (1) and (2)). R corresponds to reference conditions (dense network, non-deflated liposomes, red dot in diagram); i, ii, iii and iv correspond to other experimental conditions with a different mesh size and membrane tension indicated qualitatively in the diagram. The arrows show in which direction membrane tension or mesh size is changed compared with the reference situation (R). The plain arrows indicate a change in membrane tension without affecting the polymerization conditions. The dashed arrows indicate that the conditions of actin polymerization are changed compared to the reference condition. All scale bars, 5 μm.
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Figure 23 .

 23 Figure 23. Schemes for early stage of endocytosis: newly evidenced chronology of membrane bending by actin dynamics that may further assemble coat proteins. Inset: original textbook view: coat proteins first bend the membrane by spontaneously assembling.

Figure 24 .

 24 Figure 24. In vitro reconstitution of membrane bending and tubule growth by sole actin dynamics. (a) Scheme of the experiments. (b) Confocal images of the membrane and actin, and 3D reconstructions. Scale bars, 1 µm.

  2.20 A), i.e. 35 and 100 nM, they determine the area of the asters and their average number per image. They find that asters formed with 35 nM of S-pVCA are fewer (N = 280 ± 40) and smaller (tight area distribution between 0 and 1 µm 2 ) than the ones formed with 100 nM of S-pVCA ( N = 400 ± 90, broader area distribution) (Fig. 2.20 B and C).
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 219220 Figure 2.19 -Branched actin network nucleation and growth on SLBs. (A) Dual TIRFm imaging of the lipid membrane (red) and the branched actin network (green) at increasing amounts of S-pVCA. (Column 1) Lipid membrane prior actin polymerization. (Columns 2-4) Timelapse TIRFm imaging of actin network assembly from mixing, i.e., t=0, to t=110 s. White arrow-heads mark the nucleation of actin asters (shown for image clarity at t= 30 s only). Scale bars: 10 µm. (Column 5) Intensity (density) profiles of the actin network along the lines drawn in columns 2-4 at three time points. (B) Average area of actin asters as a function of the fraction of surface coverage estimated at different time points. The grey dotted line points towards surface coverage of 0.5, which corresponds to the percolation threshold P c for 2D systems. (C) Average intensity of actin fluorescence as a function of time. The lines represent sigmoïdal fits (R 2 ∼ 0.99) to the experimental values (symbols). The decay time constant characterizing actin network growth is given by τ . (D) Average intensity of actin fluorescence at t=360 s as a function of S-pVCA concentration. Errors correspond to standard deviation of experimental values.
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 221 Figure 2.21 -Characterization of spikes on liposomes. (A) Phase contrast (upper row) and epifluorescence images of the lipid membrane (middle row, red) and the actin network (bottom row, green). White arrow heads point toward "spikes". Scale bars: 5 µm (B) Percentage of liposomes displaying spikes as a function of S-pVCA concentration. (C) Distribution of spike base area for S-pVCA concentrations of 35 and 100 nM. (D) Number of spikes per liposome for S-pVCA concentrations of 35 and 100 nM.
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 222 Figure 2.22 -Presence of the Arp2/3 complex inside spikes. (A) Representativeexamples of presence (two first lines, green and blue) or absence (third line, red) of the Arp2/3 complex inside spikes. The fourth line (yellow) shows an ambiguous case. First four columns: sum of slices from z-stack confocal images of the membrane (TexasRed, red) and the Arp2/3 complex (Alexa Fluor 488 C5-maleimide, green). Scale bars: 5 µm. Last two colums: 3D reconstruction for z-stack confocal images. White arrow heads point toward spikes. (B) Distribution of the Arp2/3 complex fluorescence intensity difference between the spike interior and the actin network. Below 10% we assume that spikes do not contain the Arp2/3 complex and above 30 % we consider that spikes are filled in with the branching agent. n = 27 spikes. (C) Arp2/3 complex fluorescence intensity difference as a function of the spike width. The colored points (green, blue, red, yellow) correspond to the example images in (A).

  coated liposomes is mixed with 25 µL of an actin polymerization solution, leading to final concentrations of 1.5 mM Tris-HCl, 40 mM KCl, 1.5 mM MgCl 2 , 1.5 mM ATP, 75 µM DTT, 0.02 mg.mL -1 β-casein, 57 mM sucrose, 20 mM imidazole, 3 µM G-actin (15 % actin labelled with Alexa-Fluor 488), 3 µM profilin, 0.037 µM Arp2/3 complex, and 0.025 µM CP. Actin polymerization on SLBs is promoted by flowing one volume of the actin polymerization solution in the SLB-coated flow chambers. In both systems, the actin polymerization solution is used immediately after mixing (defined as t = 0). Liposomes are imaged by phase contrast and epifluorescence microscopy. Imaging is performed using an IX70 Olympus inverted microscope with a 100x or a 60x oil-immersion objective. Images are collected by a charge coupled device CCD camera (CoolSnap, Photometrics, Roper Scientific). Supported lipid bilayers are imaged by total internal reflection fluorescence microscopy (TIRFm) on a Leica DMI6000B microscope. Samples are excited by total internal reflection illumination 488 and 568 nm (lasers excitation wavelength), and images are captured with an Andor back-illuminated DU-897 EMCCD camera controlled by Leica software (LAS-AF-6000, Leica Microsystems CMS GmbH, Germany). The illumination Estimating actin asters (or actin patches) area, number of actin asters per image, and the fraction of actin network surface coverage. Low S-pVCA concentrations (35 and 100 nM): We determine the actin asters area and number of individual actin asters in a given image during actin network growth (at t=30, 80, and 110 s) and at steady state (t = 30 min) by first suppressing the background fluorescence. This is done by applying a Gaussian filter (σ = 15) which blurs the image. Then, the Gaussian filtered image is subtracted pixel by pixel from the original image.
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 311 Figure 3.1 -Effect on lipids and actin on Shigella flexneri effector injection. (A) Modification of the plasma membrane composition of T cells upon activation: evolution of GM1 and cholesterol expression in human peripheral blood T cells. From [Tani-ichi et al., 2005]. (B) Percentage of targeted cells when non activated T cells are loaded with GM1 or GM3 lipids or cholesterol (Chol.). The number of targeted cells is determined through the detection of a β-lactamase effector (see 3.2.1.1 -Detection of Shigella flexneri effector injection). The control bacteria do not contain effectors. (C) Comparison of Shigella flexneri targeting-to-invasion ratios between non activated T cells not loaded or loaded with GM1 and activated T cells. "Targeted" cells are cells affected by the bacteria either through invasion or injection-only mechanism. "Invaded" cells are cells that contain the bacteria. (D) Effect of actin polymerization inhibition by latrunculin B (Latr. B) on Shigella flexneri targeting of activated and GM1-loaded non activated T cells. From [Belotserkovsky et al., 2018].
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 32 Figure 3.2 -Fluorescent dye to probe Shigella flexneri injection. (A) Principle of CCF2-AM cleavage by β-lactamase to induce a shift in fluorescence. (B) Example of T cells invaded or injected only detected by the CCF2-AM molecule. Adapted from [Pinaud et al., 2017].
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 33 Figure 3.3 -Actin encapsulation. Left: Encapsulation of 6.5 µM monomeric actin. Middle, right: Encapsulation of a solution containing 6.5 µM monomeric actin, 6.5 µM profilin, 74 nM Arp2/3 complex and 365 nM S-pVCA with 0 nM CP (middle) or 25 nM CP (right). A thin cortex is observed without CP whereas the network is in the bulk with CP. Epifluorescence images of actin-AlexaFluor594. Scale bars: 5 µM.

Figure 3 . 4 -

 34 Figure 3.4 -CCF2 encapsulation. (A) Encapsulation of 10 µM of uncleaved CCF2 and β-lactamase, i.e. cleaved CCF2. (B) Encapsulation of 2 µM of uncleaved CCF2. Green and blue fluorescence are shown and do not show large difference in intensity. Scale bars: 5 µM.

Figure 3 . 5 -

 35 Figure 3.5 -Liposomes and Shigella flexneri. (A) Example images of liposomes containing the actin mixture and CCF2 ( 2 µM) without or with bacteria. Yellow arrowheads show DsRed bacteria. Scale bars: 5 µm. (B) Analyses of CCF2 fluorescence for the indicated concentrations of CCF2. Analyses were done by Ilia Belotserkovsky.

  CCF2 to probe Shigella flexneri effector injection. Although we succeeded in forming the liposomes, interactions with Shigella flexneri do not show the expected shift in CCF2 fluorescence from green to blue, characterisitic of Shigella flexneri effector injection. Despite many attempts to improve the experimental system, we did not reach the settings that would allow us to investigate Shigella flexneri injection of effectors inside liposomes. This may be explained by the lack of attachment between membrane and bacteria, as suggested by the absence of binding between activated T cells or GM1-loaded non activated T cells and Shigella flexneri. More investigations and calibrations would have been necessary to continue this study. The results on

Figure 4 . 2 -

 42 Figure 4.2 -Trapping of liposomes. (A) Example image of trapped liposomes into 4 different wells. The dashed yellow line represents the edge of the well. Scale bar: 50 µm. (B) Two examples of liposomes present before and after flushing a large volume of the external solution (wash). This confirms that liposomes are trapped. Scale bars: 10 µm. All images show the fluorescent membrane (TexasRed DHPE).

Figure 4 . 3 -

 43 Figure 4.3 -Removing of air bubbles inside the device. Images of the whole device at low magnification when an air bubble (cyan dashed line) blocks a part of the wells (top), after removal of the air bubble and new injection of the solution of liposomes (middle) and after washing of the device (bottom). Yellow arrowheads point areas where new liposomes trapped inside the wells. Scale bar: 1 mm. Zoom in to show the liposomes inside the wells where there is no air bubble. Scale bar: 50 µm. All images correspond to membrane fluorescence (TexasRed DHPE).

  fusion. Sulforhodamine (red fluorescence) is added in the external buffer and we introduce 20 µL of this fluorescent solution in the device. Looking at the device few minutes after injection reveals that the wells are filled in with the fluorescent solution (Fig. D.14 A). If we consider that the injected solution is roughly water and rhodamine, the time required for diffusion up to the bottom of the wells can be estimated as τ ∼ h 2 D , where h is the height of the wells and D the diffusion coefficient of rhodamine in water. With l ∼ 200 µm and D ∼ 4.10 -10 m 2 .s -1 [Gendron

  introduce 10 µL of a solution at 350 nM of the activator, S-pVCA. The solution is incubated in the device for 15 min. We rinse the excess of S-pVCA by flushing external buffer and we inject 10 µL of an actin polymerization mixture containing 3 µM monomeric actin fluorescently labelled, 3 µM profilin, 37 nM Arp2/3 complex and 25 nM CP. The actin solution is prepared on ice right before the injection to avoid actin polymerization in solution. After 60 minutes of incubation, we observe that the actin polymerization works (Fig. D.14 B). A portion of the liposomes are covered with an actin network which even breaks the symmetry and forms a comet. This suggests that we succeeded in triggering the formation of a cohesive network in the wells, similar to the networks we obtain in tube. The remaining liposomes do not seem to trigger actin polymerization, showing the limitations of the device as it is at the present time (Fig. D.14).

FollowingFigure 4 . 4 -

 44 Figure 4.4 -Actin polymerization in the microfluidic device. (A) Diffusion of a fluorescent solution (Sulforhodamine, red) inside a well where a liposome is trapped. The liposome is observed through the fluorescence of its membrane (TexasRed DHPE). (B) Actin polymerization on liposomes trapped inside wells. Membrane (magenta) and actin (green) fluorescence are shown. Dashed yellow lines represent the edges of the wells. All scale bars: 10 µm.

  microscope at the beginning (before injection of liposomes) and to keep it in place until the end of the experiment while the different solutions are delivered. Three options are investigated: 1. the use of a difference of height between the inlet reservoir (solution to inject) and the outlet reservoir (waste) to create a differential of pressure and thus a flow of liquid (Fig. 4.5 A), 2. the use of a syringe pump connected to the inlet to push the solution inside the device (Fig. 4.5 B), 3. the use of a pressure pump, air is pressed on top of the solution to push it into the device. This method has the advantage to use only small volumes of solution. (Fig. 4.5 C)In all cases, the pressure increase generated in the device should help solving the problem of air bubbles. The first possibility has been tried and has shown promising results but it will need optimization to precisely control the height between the reservoir and to calibrate the flow rate in function of the height. The second possibility has not been examined yet but could facilitate the control of the solution delivery as the syringe pump is already calibrated. The last possibility has just been tried and should work as well, but, as for the first method, the optimized pressure to inject smoothly the solutions has to be found.

FollowingFigure 4 . 5 -

 45 Figure 4.5 -Possible injection systems. (A) Scheme of injection with a difference of height between the inlet reservoir and the outlet reservoir. The flow is regulated by modifying ∆ h. (B) Scheme of injection with a syringe pump. (C) Scheme of injection with a pressure pump.

Figure 4 . 6 -

 46 Figure 4.6 -Stamp method for PDMS device preparation. Scheme of the new method to prepare PDMS wells, as explained in the text. From [Wollrab et al., 2016].

Finally in the chapter 4 ,

 4 inspired by missing observations of the initiation of membrane deformations, I presented a new tool for a real time follow up of actin polymerization on many isolated liposomes in parallel. In principle, this tool could deepen our understanding of actin-based membrane deformations as well as open opportunities for other dynamical studies that require to isolate micron size objects.
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 6 10 23 = 1.25 * 10 -5 mol.m -3 (B.4) C biotin ≈ 10 -5 mol.m -3 = 10 -8 molar = 10 nmolar Upper estimate:We first estimate the concentration of biotinylated lipids in the lipid mix C biotin-P EG . The total volume of lipid mix is V tot = 50 µL, the biotinylated lipid concentration is C mbiotin-P EG = 0.1 mg.mL -1 , the volume of biotinylated lipid is V biotin-P EG = 4.8 µL and the molecular weight of biotinylated lipid is M biotin-P EG = 3014 g.mol -1 . Therefore, the concentration of biotinylated lipids reads:C biotin-P EG = C mbiotin-P EG * V biotin-P EG M biotin-P EG * V tot (B.5)Given that 10 µL of lipid mix are dried and resuspended in 500 µL of internal buffer, the concentration of biotin in solution C biotin is therefore:C biotin = C biotin-P EG * 10 500 = 6.4 * 10 -8 mol.L -1 ∼ 65 nmolar (B.6)In conclusion, the concentration of biotin sites in solution lies between 10 and 65 nM. Streptavidin is a tetrameric protein therefore one biotin is linked to 4 S-pVCA molecules and the concentration of S-pVCA must be higher than 65x4 = 260 nM to homogeneously coat the liposomes.The actin cytoskeleton shapes cells and also organizes internal membranous compartments. In particular, it interacts with membranes in intracellular transport of material in mammalian cells, yeast or plant cells. Tubular membrane intermediates, pulled along microtubule tracks, are involved during these processes, and destabilize into vesicles. While the role of actin in this destabilization process is still debated, literature also provide examples of mem-1 branous structures stabilization by actin. To directly address this apparent contradiction, we mimic the geometry of tubular intermediates with preformed membrane tubes. The growth of an actin sleeve at the tube surface is monitored spatio-temporally. Depending on network cohesiveness, actin is able to stabilize, or maintain membrane tubes under pulling. Indeed, on a single tube, thicker portions correlate with the presence of actin. Such structures relax over several minutes, and may provide enough time and curvature geometries for other proteins to act on tube stability.
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  at the surface of a preformed membrane tube containing nickel lipids. A histidine-tagged ver-3 sion of pVCA, the proline rich domain-verprolin homology-central-acidic sequence from human WASP that activates the Arp2/3 complex (supplementary materials), binds to nickel lipids and activates actin polymerization at the tube surface. To avoid unnecessary actin polymerization in the solution we provide actin monomers only once the membrane is activated for poly-45 merization. The time at which actin polymerization starts on the membrane tube is rigorously controlled by proceeding sequentially as follows. First, the preformed fluorescent membrane tube, maintained by an optically trapped bead, is bathed in a solution containing the other necessary proteins (P-solution with the Arp2/3 complex, profilin and capping protein, supplementary materials and Fig.1A(a)). Second, pVCA is targeted to the membrane by microinjection close 50 to the tube; proper injection is monitored by a sulforhodamine dye (Fig.1A(b)). Third, actin monomers are microinjected and this moment sets the time (t i in Fig.1A(c)) at which actin polymerization starts around the tube. Actin becomes visible by fluorescence on the membrane
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 5 Actin thickness imposes MaAS fate We visualize lipids and actin by confocal microscopy and concomitantly record the force F in the limit of 50 pN on the optically trapped bead (supplementary materials). First, we quantify the amount of actin by measuring the total actin fluorescence intensity of MaAS before pulling, normalized by the membrane tube fluorescence (supplementary materials). The actin content is clearly higher in escaped MaAS than in elon-75 gated MaAS (Fig.2A). Second, force-elongation curves of escaped MaAS reveal a linear dependence of the force F as a function of the tube elongation ∆ (filled circles, Fig.2B, supplementary materials). Escaped MaAS therefore appear linearly elastic (F = k∆ ), with an average spring constant k = 31 ± 6 pN/µm. A linear force-extension curve is also observed for elongated MaAS and naked tubes with drastically lower slopes, respectively 0.38 ± 0.11 pN/µm 80 and 0.30 ± 0.09 pN/µm (Fig.2B).Escaped MaAS are robust elastic structures where the membrane tube remains under the sleeve. The membrane tube is held by the bead that is 3.05 µm in diameter, much larger than the membrane tube diameter. Therefore, full tube retraction is retained by the bead and the presence of the actin sleeve. In these conditions, escaped MaAS behavior is dominated by the 85 contribution of the actin network. Therefore the thickness of the actin sleeve can be estimated from the elastic spring constant k. The actin network elastic modulus E was measured previously in similar experimental conditions as 10 3 -10 4 Pa(14). The spring constant k of the actin sleeve is related to the sleeve cross-section area S, MaAS length L, and E as k = ES/L.With L = 15 -30 µm and our experimental measurement of k 31 pN/µm, we find S = 90 10 -14 -9 × 10 -13 m 2 that leads to a sleeve radius of e = S/π 120 -550 nm. Note that we neglect here the hollowness of the sleeve which has a contribution to the section area that is one order of magnitude lower for a typical radius of 25 nm in our experiments.Simulation of a branched actin network under deformationTo account for the difference in MaAS fate depending on the actin content of the actin sleeve (Fig.2A), we perform detailed 95 molecular dynamics simulation of a entangled branched actin network under deformation (supplementary materials). Physically, our experimental observations suggest that thin actin sleeves are less cohesive than their thicker counterparts, and thus tend to fall apart to yield an elongated MaAS. Conversely, we reason that actin filaments in thicker sleeves are more extensively entangled, implying a more robust structure resulting in an escaped MaAS. To validate this picture 100 and determine the minimal actin thickness required for an escaped MaAS, we apply a uniaxial quasi-static deformation along the x axis of simulated networks with different thicknesses (Fig. 2C). While internal local stresses remain low in thin networks, large and strongly heterogeneous stresses develop in thick networks, since entangled filaments pull on one another to maintain network cohesion (Fig. 2C, compare bottom to top). Assuming an actin persistence length of 105 10 µm (15) and a network meshsize mesh = 30 nm (16) in the same protein mix as here, we derive the corresponding force-extension curves for a whole cylindrical actin sleeve of inner radius 25 nm and variable thickness z , which is shown in Fig. 2D. While all networks display an initial linear response, in thin networks, the force peaks at a relatively modest value F tear , following which the network looses its cohesion and the force decreases. By contrast, thick 110 networks display much larger tearing forces F tear . Fig. 2E compares this tearing force to our maximum tweezing force of 50 pN (dashed line) for different values of network thicknesses z .

  Fig. 5A and open circles in Fig.5C, D). Total retraction ends up with the bead at the liposome surface within a time that is smaller than 0.39 ± 0.10 s (n = 7, crosses in Fig.5C, D), similar 10
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  display a sleeve of thickness in the 45 -120 nm range (2-4 meshsizes), and that totally retracted 11 elongated MaAS display actin sleeves of less than 45 nm (∼ 2 meshsizes).This experimental diagram summarizes that a sleeve thickness of 10 meshsizes is enough to stabilize membrane tubes, whereas 2 to 10 meshsizes only partially stabilize them. MaAS behave like naked tubes below 2 meshsizes. Therefore, stabilization of membrane tubes is 230 highly sensitive to the number of meshes. Experiment and simulation highlight the importance of the cohesion of the the actin network around a membrane tube.

250 12 Whereas

 12 the actin network meshsize is very close to the radius of tubular intermediates in trafficking and membrane tubes in our experiments, the number of meshes, above two, is

Fig. 1 .

 1 Fig. 1. Effect of an actin sleeve on membrane tube stability. Lipids (magenta) and actin (green) are observed by spinning disk confocal imaging. (A and B) Left column: scheme of each step towards MaAS formation. (A) (a) Preformed tube held by optical tweezers, (b) microinjection of pVCA in a sulforhodamine-B solution, (c) microinjection of monomeric actin at t i , (d) the membrane tube is sheathed with an actin sleeve within 2 minutes. (B) Escaped310

Fig. 2 .

 2 Fig. 2. Actin sleeve thickness drive MaAS fate. (A, B) Escaped (filled circles, n = 8) and elongated (opened circles, n = 17) MaAS. Data shown as mean + s.d.. (A) Quantification of actin fluorescence per lipid fluorescence depending on MaAS fate. p-values calculated using 315

Fig. 3 .

 3 Fig. 3. Membrane tube radius in elongated MaAS. (A) Representative confocal images before pulling for reference (top) and after elongation (bottom). Magenta and green correspond 330

Fig. 4 .

 4 Fig. 4. Elongated MaAS relaxation. (A, B) Representative confocal images of relaxing elongated MaAS (images every 30 s). Scale bars: 10 µm. Dashed crosses indicate bead center. Dotted lines follow lipid fluorescence relaxation. (C, D) Corresponding curves as a function of 345

Fig. 5 . 18 Fig. 1

 5181 Fig. 5. Elongated MaAS retraction. (A, B) Time lapse overlay images after the trap is turned off for an elongated MaAS (A) and control (pVCA microinjection is omitted) (B). Arrow heads indicate regions devoid of actin that get thicker during retraction. Scale: 10 µm. Dashed crosses indicate bead center. (C-E) Empty circle: partially retracted; crosses: totally retracted. (C) Tube 355
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  MaAS radii and force during fast pulling The rapid extension of the type-b elongated MaAS implies the absence of lipid flow from the reservoir and the conservation of its area 610 A = 2πr m + 2πr M L(15) 

  of τ in equation (5) of the main text. Imposing the initial condition 665 a( t = 0) = 1 on equation (24) yieldsa( t) = (1 + λ) 2λ(2 + λ) exp -t/(1 + λ)
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 37 Fig. S1. Recruitment of actin to a membrane nanotube. (A) Actin background, around the membrane nanotube, as a function of time shows that actin injection is on going. Actin intensity along the tube show specific polymerization of actin along the tube, that reaches a plateau after few tens of seconds. These data are extracted from the experiment described in Fig. 1A. (B) Absence of actin when pVCA is omitted. (C) Polymerization of an actin network on a preformed membrane tube activated by pVCA. Scale = 10 µm. Dashed crosses indicate bead center.

Figure D. 1 -

 1 Figure D.1 -Structure de la membrane. (A) Coupe transversale en microscopie électronique de la membrane plasmmique d'un globule rouge humain. (B) Schéma en 3 dimensions de la membrane cellulaire. Les lipides sont présentés en rouge et les protéines membranaires en vert. D'après [Alberts et al., 2015].

D. 1 . 2

 12 Qu'est-ce que l'actine ? L'actine est l'une des protéines les plus abondantes dans la plupart des cellules eucaryotes. Cette protéine, hautement conservée, avec un poids moléculaire de 43kDa et un diamètre d'environ 5.5 nm, existe sous deux états: monomérique (actine G) et filamenteux (actine F). Un monomère d'actine, ou actine G, est une molécule asymétrique qui (Fig. D.2

Figure D. 2 -Figure D. 3 -

 23 Figure D.2 -Actine G et actine F. (A) Représentation en ruban d'un monomère d'actine lié à une molécule d'ADP. Le monomère d'actine est divisé en quatre domaines (différentes couleurs) avec une cavité permettant la liaison avec les nucléotides (ATP ou ADP) et les cations. Adapté de [Otterbein et al., 2001]. (B) Schéma d'un filament d'actine.Adapté de[START_REF] Alberts | Molecular Biology of the Cell[END_REF].

Figure D. 4 -

 4 Figure D.4 -Structures d'actine dans une cellule en migration. Schéma des différentes structures impliquées dans le mouvement cellulaire: le lamellipode (iii) et le filopode (iv) sont à l'avant de la cellule, les fibres de stress (ii) sont ancrés aux sites d'adhésion focale (violet) et le cortex (i) contracte l'arrière de la cellule. Les agrandissements montrent l'organisation détaillée du réseau d'actine dans les différentes structures. D'après[START_REF] Blanchoin | Actin dynamics, architecture, and mechanics in cell motility[END_REF].
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 5678 Figure D.5 -Système expérimental. Exemple d'un liposome couvert d'un réseau branché d'actine. La membrane (gauche) et l'actine (milieu) sont marqués par fluorescence. (Droite) Superposition de la membrane (magenta) et de l'actine (vert). Echelle: 5 µm.

Figure D. 9 -

 9 Figure D.9 -Déformations des liposomes et brisure de symétrie du réseau d'actine. (A) Images représentatives des observations obtenues pour chaque condition expérimentale (indiquée). Membrane (gauche), actine (milieu), et superposition (magenta: membrane; vert: actine). Echelles: 5 µm. (B)-(E) Distribution des facteurs de forme des liposomes (entre 0.95 et 1 : liposome non déformé, < 0.95 : liposome déformé) pour des liposomes tendus (violet foncé) et dégonflés (violet clair) et nombre de brisures de symétrie observées (barres vertes); les barres vertes sont toujours contenues dans les barres violettes puisque tous les liposomes d'une population sont caractérisés par leur facteur de forme alors que la brisure de symétrie n'est observée que pour une partie d'entre eux. (B) et (D) 25 nM CP pour des liposomes tendus et dégonflés, respectivement. (C) et (E) 0 nM CP pour des liposomes tendus et dégonflés, respectivement. (B)-(E) Images de la membrane (magenta) et du réseau d'actine (vert) avec le facteur de forme du liposome indiqué. Les images encadrées de vert correspondent à des cas de brisure de symétrie alors que les images encadrées de violet correspondent au cas où le réseau d'actine ne se fracture pas. Echelle : 5 µm.

Figure D. 11 -

 11 Figure D.11 -Tubes et spikes. Images en épifluorescence de la membrane et de l'actine de liposomes présentant des tubes (haut) et des spikes (bas). La troisième colonne correspond à l'agrandissement des zones encadrées. Les flèches blanches indiquent les déformations (tubes ou spikes). Echelles: 5 µm.

Figure D. 12 -

 12 Figure D.12 -Déformations de membrane en fonction de la tension de membrane et de la taille de maille du réseau d'actine. (Haut) Images représentatives des différentes situations observées. (Bas) Schéma représentant les déformations en fonction de la tension de membrane γ et de la taille de maille du réseau d'actine ξ. R correspond aux conditions de référence (réseau d'actine dense, liposomes tendus, point rouge sur le diagramme); i, ii, iii and iv correspondent aux autres conditions expérimentales indiquées qualitativement sur le diagramme. Echelles: 5 µm.

Figure D. 14 -

 14 Figure D.14 -Polymérisation d'actine dans la puce microfluidique. (A) Diffusion d'une solution fluorescente à l'intérieur d'un puit dans lequel un liposome est piégé. (B) Polymérisation d'un réseau d'actine à la surface de liposomes piégés dans les puits. La membrane (magenta) et l'actine (vert) sont observés. Les lignes pointillées jaunes représentent les bords des puits. Echelles: 10 µm.

L

  'objectif principal de ce travail était d'élucider quelles sont les contributions relatives du cytosquelette d'actine et de la membrane cellulaire dans les changements de forme des cellules. Pour s'affranchir de la complexité de la cellule, j'ai utilisé un système reconstitué pour mimer les déformations de la membrane à partir d'un nombre minimal d'ingrédients: des lipides et des protéines purifiées. Je reconstitue un réseau branché d'actine à la surface de liposomes, des vésicules unilamellaires géantes, mimant la membrane cellulaire. L'intérêt de ce système est le contrôle des propriétés physiques et mécaniques de la membrane (tension) et du réseau d'actine (longueur des filaments, taille de la maille). Dans un premier temps, le réseau d'actine est reconstitué à la surface externe du liposome et nous avons obtenu une grande variété de déformations de membrane, allant des changements de forme globale des liposomes à des déformations plus localisées, à l'échelle du micron, qui rappellent les déformations observées dans les cellules. En combinant expérience et modélisation théorique, nos résultats révèlent les mécanismes des déformations de membrane induites par l'actine, et plus précisément le rôle de la tension de membrane et de l'architecture du réseau d'actine. Dans un second temps, le réseau d'actine a été encapsulé dans un liposome pour tenter de mimer l'invasion de la bactérie Shigella flexneri, projet qui n'a finalement pas abouti. Enfin, pour approfondir notre compréhension des déformations de membrane et mieux comprendre les détails de leur initiation, nous avons débuté l'élaboration d'un dispositif microfluidique pour suivre précisément en temps réel toutes les étapes de polymérisation de l'actine et des déformations membranaires. Une fois optimisé, ce dispositif sera un outil utile pour étudier la dynamique d'objets de taille micrométrique qui nécessitent d'être isolés.
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  How membranes change shape during endocytosis has fascinated biochemists, biologists and physicists in the last twenty years. During endocytosis, the plasma membrane first deforms inward or 'buds', then the bud elongates and the membrane deformation appears tube-shaped before it breaks into a vesicle. Observation of budding, and of the whole process of endocytosis is difficult because the size of the endocytic intermediates is below the resolution limit of light microscopy. Initial budding has been first believed to entirely rely on coat-protein assembly (figure23, inset), and in vitro reconstitution systems using pure membranes and purified coat proteins were able to produce curved membranes[131].
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Table A

 A 

		.2 -TPE	
	Compound Molecular weight/Stock concentration Concentration
	Sucrose	342.3 g.mol -1	95 mM
	Tris	121.14 g.mol -1	1 mM
	KCl	74.55 g.mol -1	50 mM
	MgCl 2	203.3 g.mol -1	2 mM
	DTT	Stock at 1M	0.1 mM
	ATP	Stock at 0.2M	2 mM
	β -casein	Stock at 5 g.L -1	0.02 g.L -1

Table A

 A Note: ATP is added on ice. pH is adjusted to 8.0 with HCl. The solution is filtered using a 0.22 µm mesh size filter and stored in 500 µL aliquots at -20°C.Estimates of biotin sites available at the liposome surfaceNumber of Avogadro: N a =6*10 23 mol -1

		.3 -G-buffer	
	Compound Molecular weight/Stock concentration Concentration
	Tris	121.14 g.mol -1	2 mM
	CaCl 2	110.98 g.mol -1	0.2 mM
	DTT	Stock at 1M	0.2 mM
	ATP	Stock at 0.2M	0.2 mM
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Image Analysis

Image analysis is performed with ImageJ (NIH), Origin (OriginLab Corp.), and Matlab (MathWorks).

SLB system

Local changes in actin network and lipid membrane structural organization.

Lipid membrane: Lines of 30 µm drawn across the SLB are used to follow the changes in the intensity (density) profile and structural reorganization of the SLB along the various stages of the experiment. The lipid membrane is probedm: (1) before S-pVCA addition, (2) at the end of S-pVCA incubation phase but before TPE buffer wash, (3) after TPE buffer wash to remove excess (unbound) S-pVCA, and (4) at the end (i.e., at steady state) of actin network polymerization phase. The molds to obtain the different pieces of PDMS composing the device were fabricated using the dry film photoresist soft litography technique [START_REF] Stephan | Fast prototyping using a dry film photoresist: microfabrication of softlithography masters for microfluidic structures[END_REF], with the help of Ayako Yamada, researcher at Ecole Normale Supérieure (ENS). The main steps of this method are the following (Fig. D.13):

• Application of the photoresist: a 200 µm width dry films of epoxy resin (negative photoresist) are laminated on a disk of silicon or silicium (wafer or substrate), and the whole is heated to ensure adhesion between the photoresist and the substrate.

• UV printing: the photoresist is covered with a mask of the desired pattern and exposed to UV to cross-link the resin. The masks used for the device are presented in Fig. D.13 B. As we used a negative photoresist, these are the parts exposed to UV that remain. The UV exposition is followed by a baking step to pursue the cross-linking process.

• Development: the wafer with the photoresist is put in a development bath with slight stirring until all the resin not solidified by UV is removed. At the end of this step, the mold is revealed.

• Silanisation: to falicitate the peeling of PDMS, especially for small structures such as the pillars to produce wells, the surface of the mold is treated with a silane solution.

We finally obtain the two molds to produce the different pieces of the PDMS device.

PDMS device

PDMS is mixed with a curing agent (Sylgard 184) at a mass ratio of 10:1 and degassed under a vacuum pump for 10 min. Once degassed, the PDMS is poured on the molds and cured at 65°C for at least 4 h. For the wells, the PDMS is spin-coated on the mold before curing to obtain a thin layer (∼ 280 µm) below the end of the holes to allow observation through an inverted microscope. The PDMS pieces are Note: for Tris it is easier to prepare a solution at 100 mM rather than weighing for 2 mM. pH is adjusted at 7.4 with HCl and osmolarity is checked to be ∼ 200 mOsm. Then the solution is filtered using a 0.22 µm mesh size filter and stored in 1 mL aliquots at -20°C.

A.1.2 Buffer for actin polymerization: TPE

The composition of the buffer for actin polymerization evolved slightly during my PhD, without affecting our results, which explains some differences between Material and Methods sections in our publications. In particular, imidazole was removed to allow the use of Nickel lipids, instead of biotinylated lipids, as imidazole chelates the Nickel and prevents from binding to the activator of polymerization pVCA. Here is the composition up-to-date used for the buffer of actin polymerization:

Experimental buffers

Inside geometry

A.2 Inside geometry

For the inverted emulsion technique, different buffers as used.

A.2.1 Internal buffer

The internal buffer of the inverted emulsion technique corresponds to the buffer in which all proteins are diluted. A droplet of few microliters of the mix of proteins adjusted to the desired concentrations is then used to create the emulsion in mineral oil. 

A.2.2 External buffer

The external buffer of the inverted emulsion technique corresponds to the buffer in which liposomes are harvested at the end of the process. We calculate the number of biotin per volume unit in the solution containing liposomes (note that they are put in contact with 350 nM of S-pVCA i.e. 87.5 nM tetramers).

Lower estimate:

We first estimate the surface of liposomes S v per unit volume. The volume of one field of view is 90x70x300 µm 3 , the number of liposomes per field of view is 10, the average radius R of a liposome is 7 µm. Therefore, the surface of liposome per volume unit is:

We then estimate the number of biotinylated lipid n s per unit surface of membrane (liposome).

The area of lipid head is 0.4 nm 2 ; the molar percentage of biotinylated lipids is 0.1 % (1/1000), therefore:

The number of biotin per volume unit of solution n v reads: Liposomes are formed using the standard electroformation method (28). The lipid mix (molar ratio EPC/DGS-Ni/DSPE-PEG-biotin/Texas Red DHPE of 89.4/10/0.1/0.5) is dissolved at 2.5 g/L in chloroform/methanol at volume ratio 5/3. A volume of 5 µL of this solution is spread on an ITO-coated (Indium Tin Oxide) glass slide (63691610PAK, Sigma Aldrich, Germany). The film of lipids is dried in vacuum for 2 h. Then the films of lipid are hydrated with TPI by assembling the two conductive slides facing each other into a chamber sealed with Vitrex (Vitrex Medical A/S, Denmark). An oscillating electric field (10 Hz, 3 V peak to peak) is applied across the chamber during 2 h. Liposomes are stored at 4 • C for up to two weeks.

Preparation of liposomes

Proteins and reagents Actin and porcine Arp2/3 complex are purchased from Cytoskeleton (Denver, USA). Fluorescent Alexa Fluor 488 actin conjugate (actin-488) is purchased from Molecular Probes (Eugene, USA). Mouse α1β2 capping protein (CP) is purified as described elsewhere (29). His-pVCA-GST (pVCA, the proline rich domain-verprolin homology-centralacidic sequence from human WASP, starting at amino acid Gln150) is purified as for PRD-VCA-WAVE (30). Untagged human profilin is purified as in (22). A solution of 30 µM monomeric actin containing 15% of labelled actin-488 is obtained by incubating the actin solution in G-Buffer over two days at 4 • C. Commercial proteins are used with no further purification and all concentrations are checked by a Bradford assay.

Optical tweezers, image acquisition and tube pulling As previously described ( 31) we use a system that allows us to simultaneously measure forces with optical tweezers and record images with a spinning disk confocal microscope (CSUX1 YOKOGAWA, Andor Technology, Ireland) and by a high resolution sCMOS Camera (Andor Neo, Ireland). The optical tweezers are based on an infrared laser (λ = 1064 nm, P = 5 W, YLM-5-LP-SC, IPG Laser, Germany) controlled box pixel. We then determine the intensity of lipid, i lip (x), and the intensity of actin, i act (x) as the total fluorescence intensity along the vertical y axis (Fig. S3B). The actin (resp. lipid) fluorescence is then defined as the average of the intensity along the variable x, i act (x) x (resp. i lip (x) x ). The actin fluorescence per lipid fluorescence is determined as the ratio i act (x) x / i lip (x) x . Local intensities of actin or lipid (respectively I act (X) and I lip (X)) are sliding averages as defined in Fig. S3C.

The membrane tube radius is proportional to the number of fluorescently labeled lipids as described in (33) and shown in Fig. S3D. To quantify heterogeneities along a membrane tube, after elongation, we define relative variation of radii along a tube, compared to the initial radius, as the relative variation of lipid fluorescence, compared to the initial lipid fluorescence: δr/r 0 = δI lip /I lip,0 = (I m lip -I M lip )/i lip,0 , where the superscripts m and M respectively refer to region where actin intensity is minimal (resp. maximal). When the lipid tube is homogeneous, δI lip is centered around zero but can also have negative values due to our definition of m and M from the actin signal (Fig. S3A-C).

Characteristic relaxation and retraction times At the end of elongation, force relaxation is fitted by a first order decreasing exponential: F (t) = A exp (-t/τ rel ) + F fin , where F fin is the final value of the force. The maximal force after elongation is given by F max = A + F fin .

During retraction after the laser is turned off, we determine the tube length over time t by manual tracking using ImageJ. The characteristic retraction time τ ret is determined by the fit L(t) = a exp (-t/τ ret ) + L fin . We define that there is partial retraction if L fin is higher than 2 µm.

Statistical analysis

Results are represented as mean standard error mean (s.e.m.). Graphs show the mean standard deviation (s.d.). All statistical analyses are performed using MedCalc software. A t-test is used to determine the statistical significance and p-values are indicated (n.s., non significant; *p < 0.05, **p < 0.01, ***p < 0.001).

Supplementary Text 1 Simulation

A microscopic model for branched actin networks

Growth algorithm We first design the branched actin structure through a lattice-based growth model. In our model, filaments occupy the nodes of a three-dimensional regular (e.g., body centered cubic or BCC) lattice and grow unidirectionally, in one of the sixth x x + y y + z directions, with x,y ∈ {1, 0, -1}. Filaments grow longitudinally and branching happens with a probability β that sets the concentration of Arp2/3. It dictates the relationship between meshsize and thickness of the filaments d through mesh ∼ d/ √ β. Its exact value does not matter in the limit of thin filaments where β is small. We choose β = 0.03 which in practice is a good balance between accuracy in smallness and the computational time. To prevent nonphysical, exponentially growing actin densities, we impose that there can be only one filament per lattice site. After a transient regime, this process leads to an intertwined branched actin network of dimension shown in Fig. S6A where the density of the structure reach a constant.

composed of three terms:

The first term U bending is a three body interaction that accounts for the bending rigidity of the filaments. It is given by:

where κ sets the energy scale for the resistance to bending and is related to the persistence length of the filaments via p = κd/k B T . Here we will explore the athermal limit that correspond to 500 semi-flexible filaments. The angle θ is given by a triplet of three consecutive monomers (Fig. S6B). The equilibrium angle θ 0 is set equal to θ 0 = 180 • for all triplets to have straight filaments under no stress, however different values are used to account for the specific microscopic morphological structure of the branched actin, which are characterized by three angles at the branching point equal to: 70 • , 110 • and 180 • (Fig. S6B left panel).
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The second contribution in U bind monomers belonging to the same filament together through a finitely extensible nonlinear elastic (FENE) potential coupled to a repulsive Lennard-Jones term preventing monomers to overlap:

with r i,i+1 = r i+1r i , with r i denoting the position vector of the i-th monomer in the filament, r 0 is the maximum bond length extension, K the bonding energy scale and the strength of the 510 repulsive part.

Finally the last contribution is a truncated and shifted Lennard-Jones potential of form:

This term acts as an excluded volume between filaments with r c the cut-off distance chosen equal to the minimum of the Lennard-Jones potential r c = 2