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Finger-like membrane protrusions are favored by heterogeneities in the actin network †

Finger-like protrusions in cells are mostly generated by an active actin cytoskeleton pushing against the cell membrane. Conventional filopodia, localized at the leading edge of the cells, are long and thin protrusions composed of parallel actin filaments that emanate from a branched actin network. In contrast, dendritic filopodia, precursors of dendritic spines in neurons, are entirely filled in with a branched actin network. Here, we investigate in vitro how the dynamics of branched actin structures, polymerized at a membrane surface, trigger the formation of both protrusion types. Using supported bilayers and liposomes, we show that a decrease in the amount of activation sites at the membrane surface leads to the appearance of heterogeneities in the actin network coverage. Such heterogeneities promote the formation of membrane protrusions, and the size of heterogeneity patches matches the one of the protrusion base. Protrusion shape, cylindrical or conical, directly correlates with the absence or the presence of actin branches, respectively.

Cell membranes deform during cell processes such as division, motility, endocytosis, under the combined action of membrane proteins and the cytoskeleton 1 . In particular, the growth and assembly of the actin cytoskeleton are activated at membranes where it polymerizes and branches, thus generating a force sufficient to deform the membrane. One single actin filament, in principle, is able to generate a sufficient force (1-9 pN) to produce a finger-like membrane deformation if the actin filament is fixed at its non-growing end 2,3 . Moreover, a homogeneous branched network growing at a membrane was shown to generate inward and outward membrane deformations 4 .

Inward and outward deformations of the cell membrane refer, respectively, to endocytosis and filopodia formation. For both types of deformation, the membrane curves inward or outward with a radius of curvature on the order of about 100 nm. There-

fore, the details of the composition of the membrane that may explain its curvature has attracted most attention, whereas the role of actin dynamics in pushing or pulling on the membrane has been less quantified, although in cells, actin is always present at sites where the cell membrane deforms.

Endocytosis is the process of external material uptake by a cell. It involves, at its onset, an inward membrane curvature at the site of contact. External material can be substances the cell needs for its metabolism, or bacteria, or even viruses. Thus, the initial membrane curvature for endocytosis spans from micrometers to below tens of nanometers, evoking a limited number of proteins or lipids involved in the process. Research has therefore focused a lot on lipidomic and proteomic approaches to reach an understanding of the endocytic machinery. As usual in such complex biological phenomena, many proteins and lipids have been found to play a crucial role, and endocytosis is nowadays understood as a whole orchestra piece with proteins and lipids working in concert [START_REF] Idrissi | Proceedings of the National Academy of Sciences[END_REF] . Actin-based forces have occupied physicists for a while, to understand how a single filament [START_REF] Mogilner | [END_REF] or a network of filaments 7 could deform a membrane. Mimicking experiments, using purified proteins and non-charged lipids have allowed to address the details of the physical mechanism of membrane deformation: the actin network has elastic and viscous properties, and its growth close to the membrane is able to deform it very efficiently 4,8,9 . Experiments in yeast revealed that the growth of actin filaments is, indeed, what deforms the membrane for endocytosis 10 , whereas lipids and proteins that precede the de-formation assemble in "plateforms", plane membrane structures that support the recruitment of actin polymerization activators at the membrane 11 . A lipodomic/proteomic approach of liposomes bathed in cell extracts 12 led to two distinct hypothesis that could explain membrane deformations, driven either by spontaneous membrane curvature, or by actin filament growth. Using experimentally controlled systems mimicking the cell membrane and its underlying cytoskeleton, in the absence of any curvature protein, tubular membrane deformations are obtained 4 that are strikingly reminiscent of the ones obtained in 12 . Moreover, experiments based on the synthetic cell approach reveal that actin polymerization into a branched network can also push the membrane into structures that are similar to the ones that deform and even rupture the nuclear membrane in starfish oocytes 4,13 .

Filopodia refer to long, actin-rich, cellular protrusions that are believed to sense cell environment. As for endocytosis, a large effort has been dedicated to decipher the molecular players of filopodia formation, as biochemistry and molecular biology tools became available. Two "models" have been proposed to explain filopodia formation, the "tip-elongation" one, in which proteins, localized at a membrane spot, nucleate actin filament elongation that pushes the membrane, whereas the "convergent-elongation" model relies on the convergence of branched actin filaments into a bundle through elastic interactions with the membrane 2,14,15 . However, different filopodia are observed in vivo in the synapse of neurons and in vitro in reconstituted actin cortices 16 that do not contain specifically parallel actin filaments, but a branched, dendritic actin network 17 .

Asters of actin filaments form under the action of the branching nucleator, the Arp2/3 complex, both in vitro 18 and in vivo 19 . They can reorganize into stars in the presence of bundling agents, such as fascin, and parallel filament bundles appear that can push the membrane and are reminiscent of conventional filopodia 18,[20][21][22][23] . Their mechanism of formation relies on parallel filament bundles that emanate from dendritic branched networks. Bundled actin filaments then continue to grow leading to protrusion elongation. We reproduce here branched actin structures in vitro growing from membrane with two geometries, planar and spherical, to decipher how different structures (dendritic and parallel networks) emanate from a branched growing network and form, develop, and deform the membrane. We look into how the pure effect of actin polymerization through branching, triggered at the membrane surface, generates a large variety of shapes depending on the initial heterogeneity in the actin network.

Methods

Chemicals and proteins

Chemicals are purchased from Sigma Aldrich (St. Louis, MO, USA) unless specified otherwise. L-alpha-phosphatidylcholine (EPC) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl polyethylene glycol 2000] (biotinylated-PEG lipids) are purchased from Avanti polar lipids (Alabaster, USA). TexasRed c 1,2-dipalmitoyl-sn-glycero-3-phosphocholine, triethylammonium salt (TexasRed-DHPE) is from Thermofisher (Waltham, USA). Actin and porcine Arp2/3 complex are pur-chased from Cytoskeleton (Denver, USA) and used with no further purification. Alexa-Fluor 488 actin is obtained from Molecular Probes (Eugene, Oregon, USA). Mouse α1β 2 capping protein (CP) is purified as in 24 . Untagged human profilin and the nucleation promoting factor S-pVCA (Streptavidin-C-terminal active domain of Wiskott-Aldrich syndrome protein (WASP)) are purified as in 25 . Porcine Arp2/3 complex is fluorescently labeled with Alexa Fluor 488 C5-maleimide (ratio of 1:10 protein:label) at pH 7.2 for 3h on ice and then purified on a PD Minitrap G-25 column. A solution of 30 µM monomeric actin containing 15 mol % of labeled Alexa-488 actin is obtained by incubating the actin solution in G-Buffer (2 mM Tris, 0.2 mM CaCl 2 , 0.2 mM DTT, 0.2 mM ATP, pH 8.0) overnight at 4 • C . All proteins except actin, i.e. S-pVCA, profilin, and CP are diluted in a TPE buffer (25 mM imidazole, 70 mM sucrose, 1 mM Tris, 50 mM KCl, 2 mM MgCl 2 , 0.1 mM DTT, 2 mM ATP, 0.02 mg/mL β -casein, pH 7.4, 200 mOsm), before using them in the actin polymerization solution for triggering the formation of the branched actin network.

Preparation of liposomes and Supported lipid bilayers (SLBs)

Liposomes are prepared using the electroformation technique 26 . Briefly, 10 µL of a lipids mixture of (mol %) 99.8 % EPC, 0.1 % biotinylated-PEG lipids, and 0.1 % fluorescently labeled lipids (TexasRed-DHPE) 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 TPI buffer (0.2 M sucrose, 2 mM Tris, pH 7.4, 200 mOsm) 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 coated with S-pVCA by mixing the liposomes with a solution of S-pVCA for 15 min at room temperature. The S-pVCA molecules bind to the liposome surface via streptavidin-biotin links. We varied the concentration of 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 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 27 . The chamber volume is ∼ 40 µL. The SUVs are 50 nm in diameter and have the same lipid composition as that of the liposomes described above. After 15 min of incubation at 37 • C, the excess of 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 room temperature. Excess S-pVCA is rinsed with 3 volumes of TPE 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-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 β -casein, 57 mM sucrose, 20 mM imidazole, 3 µM G-actin (15 % actin labeled 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).

Image acquisition and analyses of liposomes and SLBs

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). For three-dimensional acquisition, confocal microscopy is performed using an inverted confocal spinning disc Roper/Nikon with a 100x oil-immersion objective and lasers with wavelengths of 491 nm for Arp2/3 complex 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 Arp2/3 complex and lipids fluorescence. Images are collected by a CCD camera (CoolSnap HQ2, Photometrics, Roper Scientific). Z-stacks are acquired using the software Metamorph on each wavelength with a z-interval of 0.3 µm. SLBs 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 settings, i.e. the lasers intensity, camera acquisition time, and the decay penetration length, are kept the same in all experiments. Image analysis is performed with ImageJ (NIH), Origin (Origin-Lab Corp.) and Matlab (MathWorks). For images at low S-pVCA concentrations (35 and 100 nM), we first remove background fluorescence by applying a Gaussian filter (σ = 15) and subtracting the Gaussian filtered image pixel by pixel from the original image. We then apply a median filter (2,2) to the subtracted image to remove high frequency noise 28 . We finally generate a binary image by histogram equalization, where we set the background fluorescence (intensity of pixels located in between individual actin asters) to zero and the rest of the pixels is set to 1. For images at 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 29 ) to correct possible uneven illumination. Then the original image is subtracted pixel by pixel from the smoothened image. The binary image is then obtained by setting to zero the 5% of all pixels with the lowest intensity and the remaining 95 % of the pixels is set to 1.

To determine the actin aster 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), we use the Particle Analyzer algorithm as plug-in from ImageJ. From the analysis, we determine the distribution of aster area and mean number of asters per image area (each image contains 512x512 pixels 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). 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 nonzero intensity (n) divided by the total number of pixels per image (N 0 = 512x512 pixels). 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 number of lipid clusters per SLB surface at various stages of the experiment. To remove background fluorescence, we use the same method as for actin signal images with a Gaussian filter (σ = 5) and a median filter (5,5). Using the same Particle Analyzer algorithm as described above, we determine the number of lipid clusters per image area (each image has 470x470 pixels which corresponds to an area of 108x108 µm 2 ). Errors in number of lipid clusters per image at steady state correspond to the standard deviation of experimental values. Presence of the Arp2/3 complex inside spikes. For each spike, we measure the mean intensity of the Arp2/3 complex fluorescence inside the spike, I spike , on a two-pixel width line that spans from the base to the tip. We then subtract the mean background intensity of the Arp2/3 complex, I s,background , evaluated using the same line positioned in the bulk solution. We then evaluate the mean intensity of the Arp2/3 complex fluorescence within the clump of actin network observable at the base of the spike, I clump , on a two-pixel width line along the base width, and subtract the mean background fluorescence I c,background , evaluated outside the liposome the same way as above. We then calculate the relative difference in intensity as ∆I = I spike -I s,background

I clump -I c,background .

Results

Experimental system

Cell mimicry is achieved here with a lipid membrane supporting a dynamically growing actin network. We follow how the actin network grows and how it correlates with membrane deformation. For that, we study two geometries in parallel. Spherical giant unilamellar vesicles (here called liposomes) allow us to visualize membrane indentations whereas planar supported lipid bilayers (SLBs) permit the detailed observation of actin network growth at the membrane. Liposomes and SLBs are coated with a nucleation promoting that activates actin polymerization through the branching agent, the Arp2/3 complex. The nucleation promoting factor we use is the fragment pVCA of WASP with a streptavidin tag to link it to the biotinylated lipids present in the membrane (see Methods). We call this fragment S-pVCA. A branched actin network grows from the activated membrane with the use of an actin polymerization solution in which the S-pVCA-coated liposomes are placed, or which is introduced in a flow chamber containing the S-pVCA-coated SLB (Methods and 25 ). Incubating liposomes with 350 nM of S-pVCA (referred to as the 'reference condition', or 'ref') triggers the growth of a branched actin network once placed in the actin polymerization solution (Fig. 1A, ref condition) 4,25 . In reference condition, symmetry breaking events happen and prove that our system is efficient to generate an actively polymerizing actin network 25 . Likewise, an actin network forms at the surface of SLBs pre-incubated with 350 nM of S-pVCA (Fig. 1B). Rarely, but observably around liposomes, elongated structures of membranes filled in with actin, hereafter called "spikes", point inward and are reminiscent of filopodia 4 . In the absence of actin, inward membrane deformations are not observed (Fig. 1A, 0 nM S-pVCA). This excludes that spontaneous membrane deformations may be induced by our liposome production method, as we use electroformation with non-charged lipids 30 . Additionally, spikes collapse when the actin network is photodamaged 4 . Altogether, these results confirm that the spikes observed here rely exclusively on actin network growth.

In order to assess if such spike formation may depend on the quantity of nucleation promoting factor and the actin network structure, we vary the nucleation promoting factor concentration, below and above 350 nM S-pVCA, in both liposome and SLB sys-tems.

Variation of nucleation promoting factor concentration

We incubate the membrane with lower (35 nM, 100 nM) and higher (1 µM, 3.5 µM) concentrations of S-pVCA as compared to the reference condition. Strikingly, at lower S-pVCA concentrations, when the liposome surface is not saturated with bound S-pVCA molecules (Supplementary Information), we observe more liposomes displaying spikes, and the actin layer formed around the liposomes appears less homogeneous than in reference condition (Fig. 1A). Even more visible on SLBs, the actin network appears noticeably patchy at low S-pVCA concentrations (Fig. 1B). In contrast, at higher S-pVCA concentrations, no spikes are observed (Fig. 1A andC) and the actin network grown on SLBs is homogenous (Fig. 1B andD). Since the SLB is confined to a rigid support, inward membrane deformations (such as spikes) cannot occur. We do observe though lateral reorganization of the membrane in the form of lipid clusters, but it is already present before actin is added (Fig. S1). Note that actin polymerization does not promote additional lipid clusterization (Fig. S1B).

Quantitative analysis of actin growth dynamics

We characterize the growth dynamics of actin on SLBs for all concentrations of S-pVCA by following actin fluorescence intensity and actin network structural organization as a function of time (Fig. 2A). The branched nucleation of actin at the SLB surface promotes the formation of actin "asters" 18 (white arrow-head in Fig. 2A). More asters are formed at higher concentrations of S-pVCA, as the fraction of covered pixels at early time increases with concentration (Fig. 2B). Indeed, 30 seconds after addition of the actin polymerization solution, only a few actin nucleation sites are observed at low S-pVCA concentrations (35 nM, 100 nM) whereas at higher S-pVCA concentrations (≥ 350 nM) numerous asters are already formed (Fig. 2A). Individual asters grow and densify with time as revealed by the increase in the fluorescence intensity (Fig. 2A, fluorescence intensity profiles) and aster size (Fig. 2B). Moreover, we observe the nucleation of new actin asters with time which increases the fraction of actin network surface coverage (Fig. 2B). This increase is far more prominent as the concentration of S-pVCA is elevated as depicted in Fig. 2B. Quantitative analysis of the intensity of individual asters versus time reveals that the temporal evolution of branched actin network density follows a sigmoidal function characterized by a characteristic time constant, τ (see Methods). The higher the S-pVCA concentration, the faster the steady state is reached (i.e. the smaller is τ, Fig. 2C), the denser is the actin network (i.e. higher average actin fluorescence intensity, Fig. 1D and Fig. 2C). Consistently, compared to reference conditions, lower concentrations of S-pVCA produce less fluorescence of the actin network around liposomes (Fig. 1A). At higher concentrations of S-pVCA for liposomes, the membrane is saturated with S-pVCA molecules (Supplementary Information) which leads to bulk polymerization and explains the fluorescent background of liposome images (Fig. 1A, last column). 

Comparison of aster area (SLB) and spike base area (Liposome) at steady state for low S-pVCA concentrations

We determine the area of the asters formed on supported lipid bilayers at steady state at S-pVCA concentrations of 35 and 100 nM (see Methods), which corresponds to the conditions for which spikes form on liposomes. For comparison, we determine the area of the spike base. We observe that the distribution of aster area on SLBs is narrower at 35 nM S-pVCA as compared to 100 nM S-pVCA, and so is the distribution of spike base area (Fig. 3A andB). Although the distribution of aster areas for a given S-pVCA concentration is wider than that of spike base areas, on average, aster and spike base areas are of the same order of a few micrometer size. On supported bilayers, the total number of asters increases with S-pVCA concentration, as can be already observed in Fig. 2. We find indeed that the average number of asters per image at 35 nM is N = 590 ± 50 and at 100 nM is N = 820 ± 70 (mean ± SD, Fig. 3C). Strikingly, we observe the opposite tendency in number of spikes per liposome: at the lower concentration of S-pVCA (35 nM), liposomes display more spikes than in reference condition (Fig. 3D). This observation reveals that even if more asters are present at a higher concentration of S-pVCA, only a fraction of them turn into spikes around liposomes. Conversely, a low concentration of S-pVCA is very efficient in producing spikes. This suggests that lower density of actin branches and smaller asters are more efficient in producing spikes. Note that spike length at steady state is not affected at S-pVCA concentrations of 35 and 100 nM (Fig. S4A).

Estimate of the Arp2/3 complex content of spikes at low S-pVCA concentrations

A closer look at the structure of spikes at low S-pVCA concentrations reveals that they display different structures, either thin and long, or conical with a wider base (Fig. 4 and Fig. S4B). In order to characterize the branching degree of the network inside those different spikes, we use a fluorescent Arp2/3 complex to visualize the actin network, as actin and the Arp2/3 complex are intimately linked, and estimate the amount of branches through the network (Methods). The fluorescence intensity of Arp2/3 complex within the spikes is compared to that in the bulk solution and is normalized to the basal branched network intensity (i.e. the clump of actin at the base of the spike, as previously reported, 4 Methods). Negative values correspond to an absence of the Arp2/3 complex, as the spike contains less Arp2/3 fluorescence than the bulk solution, whereas positive values reveal the presence of the Arp2/3 complex within the spike. We find values that span from negative to positive values (Fig. 4), indicating that for around 10 % of spikes, the internal network is devoid of the Arp2/3 complex. Such spikes correlate with a thinner base, as is observed in the intensity/width diagram (Fig. 4B and Fig. S4B). Therefore, spikes can grow as membrane deformations, both in the absence or in the presence of the Arp2/3 complex available in the network. Moreover, we find that higher amounts of the Arp2/3 complex in the spike correlates with a wider spike base (Fig. 4).

Discussion

A homogeneous actin network that grows towards the membrane is able to deform it locally in a spike, as previously shown 4 . The continuous model used in 4 considers the actin network as a homogeneous viscous medium and therefore does not apply when this medium is heterogeneous. We investigate here experimentally the role of network heterogeneities in the mechanism of membrane deformations induced by actin polymerization 16 . At 350 nM S-pVCA and higher concentrations the system forms a percolated actin network at steady state, confirmed by the 90 % of the SLB surface covered with a dense actin layer, above the percolation threshold of 50 % for 2D systems 31 . Individual actin asters, i.e. actin network heterogeneities, persist only at the lowest S-pVCA concentrations of 35 and 100 nM. In these conditions, more spikes are observed around liposomes. The increase in the capacity of liposomes to form spikes is correlated with the appearance of individual actin asters i.e., more spikes are observed in the conditions of isolated asters. Furthermore, aster area correlates with spike base area (Fig. 3), thereby suggesting that spikes have their origin in asters. This positive correlation between heterogeneities in the actin coverage and occurrence of membrane de-formations is consistent with the formation of actin patches that generate membrane protrusions in reconstituted actin cortices 16 or that precede the formation of dendritic filopodia in the spinal cord of chicken embryos 32 .

Strikingly, spikes with different morphologies and structures are observed (Fig. 4). Elongated, cylindrical shape protrusions are devoid of actin branches whereas conical shape protrusions contain branches, as evidenced by fluorescent markage of the Arp2/3 complex (Fig. 4). Cylindrical protrusions, reminiscent of conventional filopodia, are explained by actin filaments that emanate from the branched network and grow as a parallel bundle through bundling effect of the membrane, as previously reported, 2 without the need for any actin crosslinker. In the absence of the membrane, bundlers such as fascin are necessary to orient parallel filaments emanating from a branched network 22,33 . Conical shape protrusions, reminiscent of dendritic filopodia in neurons, rely on constant actin filament branching at their membrane surface 4 . Their mechanisms of formation could rely either on a dynamic effect of actin filament growth 16 or an enhanced local branching on the surface of the initial heterogeneity 34,35 . Therefore, our experimental results recapitulate the variety of protrusion structures, with a different branching degree within the actin network, reported in in vitro systems 2,4,16 .

Conclusions

We show here that spikes can form either from a continuous actin network or from a patchy, localized branched actin struc- ture. More spikes are formed when the concentration of actin nucleation promoting factors is lowered, pointing to a facility of spikes to form when the actin network is not homogeneous. In these conditions of a patchy, branched network, both dendritic and conventional filopodia-like membrane deformations are observed. Therefore, cell membranes underlined by a branched cytoskeleton increase their ability to deform into filopodia-like structures in the presence of inhomogeneities of the actin network. Then they have multiple ways to deform under the effect of actin filament growth, either into branches or into parallel filaments that exclude the Arp2/3 complex.
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 41 SLB system. Local changes in actin network and lipid membrane structural organization. To obtain fluorescence intensity (density) profiles of the lipids and the actin, lines of 3 pixel thick and 30 µm long are drawn across the SLBs at various time points of the experiment. Growth dynamics of branched actin networks. For each S-pVCA concentration, we measure the changes in actin fluorescence (which provides a measure of actin filament density) with time. To avoid edge effects, we use the central two third of the image where sample illumination is uniform. For each time point, we determine the mean actin fluorescence intensity in 10 regions of 10 µm 2 . The data points are fitted to a sigmoidal I = A 1+Be -t τ , where A and B are constants and τ is a characteristic time constant for actin network growth. Errors in mean actin fluorescence intensity correspond to standard deviation of experimental values. Intensity values were divided by a factor of 6000. Data is presented in arbitrary units. Estimating actin aster (or actin patch) area, number of actin asters per image, and the fraction of actin network surface coverage.
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 42 Liposome system. Occurrence of spikes. The occurrence of spikes equals the number of liposomes displaying spikes (visible in both membrane and actin fluorescence signal) divided by the total number of liposomes. Error bars correspond to the standard deviation of two independent experiments. Estimating spike base and tip width, spike length and spike base area. The base (resp. tip) width and length of a spike are measured from the fluorescent signal of the membrane. A line of 5 pixel thick is drawn at the base (resp. tip) of the spike (or 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 (resp. tip) width (or spike length) is then the distance between the two edges. The base area is equal to the area of a disc of diameter the width of the spike base i.e. π( spike base width 2 ) 2 .

Fig. 1

 1 Fig. 1 Impact of S-pVCA concentration on branched actin network structural organization around liposomes (A, C) and on flat supported lipid bilayers (B, D) at steady state. (A) Phase contrast (upper row), fluorescence imaging of the lipid membrane (middle row) and the actin network (bottom row). White arrow heads point to "spikes". (B) TIRFm imaging of the supported lipid membrane (upper row) and the branched actin network (lower row). (C) Number of liposomes displaying spikes. (35 nM, N = 77; 100 nM, N = 93; 350 nM, N = 53; 1000 nM, N = 40; 3500 nM, N = 36). (D) Average intensity of actin fluorescence as a function of S-pVCA concentration (see Methods and Fig. S2C). Errors correspond to standard deviation of experimental values. Images are acquired 30 min after addition of the actin polymerization solution. Bars are 10 µm.

Fig. 2

 2 Fig. 2 Branched actin network nucleation and growth on SLBs. (A) Dual TIRFm imaging of the lipid membrane and the branched actin network at increasing amounts of S-pVCA. The lipid membrane is labeled with TexasRed and actin is labeled with Alexa-Fluor 488. (Left to right, refers to columns 1-5). (Column 1): lipid membrane after TPE buffer wash to remove unbound (excess) S-pVCA and prior the addition of the actin polymerization solution. (Columns 2-4). Time-lapse 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). Bars are 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. Shown are the results for the various S-pVCA concentrations. The grey dotted line corresponds to surface coverage of 0.5. (C) Average intensity of actin fluorescence as a function of time. The lines represent sigmoidal fits (R 2 ∼ 0.99) to the experimental values (symbols). The decay time constant characterizing actin network growth is given by τ (see Methods). Conditions: the actin polymerization solution and membrane lipid composition are the same as in Fig. 1.

Fig. 3

 3 Fig. 3 Aster area in supported bilayers (SLB) and spike base area in liposomes (Lip) at steady state for low S-pVCA concentrations. Distribution of aster area (A) and spike base area (B) for S-pVCA concentrations of 35 and 100 nM. (C) Mean number of asters per SLB surface area. Errors correspond to standard deviation of experimental values. (D) Number of spikes per liposome. The black column is for 350 nM S-pVCA above which no spikes form.

Fig. 4

 4 Fig. 4 Presence of the Arp2/3 complex inside spikes at lower concentrations of S-pVCA (35 nM, 100 nM). (A) Representative images of the presence (two first rows, green and blue) or absence (third row, red) of the Arp2/3 complex inside spikes. The fourth row (yellow) shows an ambiguous case. First three columns: sum of z-stack confocal images of the membrane, the Arp2/3 complex and false colour image of the Arp2/3 complex. Last two colums: 3D reconstruction for z-stack confocal images (membrane in red, Arp2/3 complex in green). White double arrows indicate the clump of actin at the base of the spike. White arrow heads point toward spikes. Scale bars: 5 µm. (B) Arp2/3 complex fluorescence intensity values as a function of spike width. The colored points (green, blue, red, yellow) refer to rows in (A). Squares (resp. circles) refer to 35 nM (resp. 100 nM) S-pVCA. Note that a different batch of S-pVCA is used for these experiments compared to main figures. Due to a difference in protein activity, spikes are obtained in the 100 nM condition for actin and profilin set to 1 µM. N=25 liposomes, n = 27 spikes.
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