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Actin-microtubule dynamic composite forms responsive active matter with memory

Active cytoskeletal materials in vitro demonstrate self-organising properties similar to those observed in their counterparts in cells. However, the search to emulate phenomena observed in the living matter has fallen short of producing a cytoskeletal network that would be structurally stable yet possessing adaptive plasticity. Here, we address this challenge by combining cytoskeletal polymers in a composite, where self-assembling microtubules and actin filaments collectively self-organise due to the activity of microtubules-percolating molecular motors. We demonstrate that microtubules spatially organise actin filaments that in turn guide microtubules. The two networks align in an ordered fashion using this feedback loop. In this composite, actin filaments can act as structural memory and, depending on the concentration of the components, microtubules either write this memory or get guided by it. The system is sensitive to external stimuli suggesting possible autoregulatory behaviour in changing mechanochemical environment. We thus establish artificial active actin-microtubule composite as a system demonstrating architectural stability and plasticity.

.

Active materials are composed of a large team of energy-dissipating constituents. Local interactions of these constituents lead to an emergence of a collective self-organising behaviour [START_REF] Shaebani | Computational models for active matter[END_REF] , which has been widely studied with networks of cytoskeleton filaments in vitro [START_REF] Needleman | Active matter at the interface between materials science and cell biology[END_REF] . From the transient formation of patterns like asters and vortices [START_REF] Nédélec | Self-organization of microtubules and motors[END_REF][START_REF] Surrey | Physical properties determining selforganization of motors and microtubules[END_REF] to constantly percolating active matter [START_REF] Sanchez | Spontaneous motion in hierarchically assembled active matter[END_REF][START_REF] Duclos | Topological structure and dynamics of three-dimensional active nematics[END_REF][START_REF] Sumino | Large-scale vortex lattice emerging from collectively moving microtubules[END_REF][START_REF] Sciortino | Pattern formation and polarity sorting of driven actin filaments on lipid membranes[END_REF][START_REF] Inoue | Depletion force induced collective motion of microtubules driven by kinesin[END_REF] , which can be pre-programmed [START_REF] Wollman | Transport and self-organization across different length scales powered by motor proteins and programmed by DNA[END_REF] or dynamically controlled [START_REF] Ross | Controlling Organization and Forces in Active Matter Through Optically-Defined Boundaries[END_REF] , these synthetic out-of-equilibrium systems are considered to reconstitute, to a certain degree, the emergence of biological self-organisation [START_REF] Needleman | Active matter at the interface between materials science and cell biology[END_REF][START_REF] Vignaud | Directed cytoskeleton self-organization[END_REF] . However, the ability of cells to develop, maintain, and adapt their internal organisation is not a mere consequence of the reorganisation of existing cellular components. Cells also dynamically assemble and disassemble their components. By this constant renewal of their cytoskeletal polymers, cells can maintain their architecture over longer periods, but they can also remodel it rapidly [START_REF] Misteli | The concept of self-organization in cellular architecture[END_REF][START_REF] Dogterom | Actin-microtubule crosstalk in cell biology[END_REF] . Since the active cytoskeletal networks implemented up to now were made mostly of chemically stabilised polymers, they thus neglected fundamental dynamical properties that confer the living matter: its plasticity and adaptability.

In search of overcoming this major limitation, we wondered whether, in an in vitro assay, a combination of active self-organisation of cytoskeletal polymers with their dissipative self-assembly could constitute a more realistic life-like matter. Inspired by recent research on cytoskeletal cross-talk [START_REF] Dogterom | Actin-microtubule crosstalk in cell biology[END_REF][START_REF] Huber | Cytoskeletal crosstalk: When three different personalities team up[END_REF] , we aimed at coalescing microtubules and actin filaments in a growing active composite. To do so, we developed a kinesin-driven motility assay of dynamic microtubules in the presence of growing actin filaments and a depletant. Unlike previously reported cytoskeletal composites, which relied on stabilised pre-assembled biopolymers [START_REF] Lee | Myosin-driven actin-microtubule networks exhibit self-organized contractile dynamics[END_REF][START_REF] Farhadi | Active Self-Organization of Actin-Microtubule Composite Self-Propelled Rods[END_REF] , our system includes the self-assembly in situ, enriching the set of possible behaviours.

First, we tested the behaviour of each component separately. We attached kinesin-1 molecular motors to the passivated glass surface of the imaging chamber (Fig. 1 a) and flew in microtubule seeds that bind to the motors and glide in the presence of ATP. Free tubulin dimers added to the buffer together with GTP enabled the elongation of microtubules from the seeds. A crowding agent included in the buffer promoted cohesion of microtubules that are, otherwise, subject to electrostatic repulsion. In accordance with previous studies [START_REF] Inoue | Depletion force induced collective motion of microtubules driven by kinesin[END_REF][START_REF] Saito | Understanding the emergence of collective motion of microtubules driven by kinesins: role of concentration of microtubules and depletion force[END_REF] , the resulting attraction manifests by the transient formation of microtubule bundles (Fig. 1 b). These parallel and antiparallel bundles form as a result of the collisions of gliding microtubules (Fig. S1). The growth of microtubules translates into increased surface occupancy and increases the probability of their collisions. Consequently, the initially short, disordered microtubules evolve in an ordered network of long, quasi-aligned microtubule streams (Fig. 1 b, c, Fig. S2, and Supplemental Movie 1), and so the global nematic order, a metric of orientation-ordering, grows until it saturates, preceding the saturation of microtubule assembly (Fig. 1 d and Fig. S3). Correlation analysis revealed that these streams form increasingly stable architecture (Fig. 1 e, f, Fig. S4) despite being supported by dynamic microtubules that stay motile within the streams as photobleaching experiments confirmed (Fig. 1 g, Supplemental Movie 2). Notably, the concentration of free tubulin and microtubule seeds in the assay has to exceed a certain threshold for the emergence of such stable orientation order (Fig. 1 h). The density of microtubules and thus the probability of their collisions is, therefore, central to the self-organising behaviour we observed.

Next, we studied the ordering of growing actin filaments in the experimental chamber in the absence of microtubules (Fig. 2 a, Supplemental Movie 3). Actin filaments are not motile in our assay since they do not interact with kinesin motors. Crowding agent depletes actin filaments from the volume of the chamber to the glass surface, where a growing network forms locally nematic order (Fig. 2 b), similarly to previous report [START_REF] Seara | Entropy production rate is maximized in non-contractile actomyosin[END_REF] . As a result, in contrast to motile microtubules, the actin network alone does not show orientationally ordered architecture at a larger scale (Fig. 2 c,d and Fig. S5). Importantly, as the increasing surface occupancy reduces the mobility of the filaments, their organisation remains structurally stable, as the correlation analysis confirmed (Fig. 2 e). Varying the concentration of actin monomers within the range used in this study did not affect this emerging organisation significantly (Fig. 2 f).

After demonstrating that motile dynamic microtubules form self-renewing ordered architecture while growing actin forms a stable network, we merged these polymers in a composite system (Fig. 3 a) and studied how the interactions between them influence the ordering behaviour. Our central observation is that they do interact with each other. When microtubules encountered actin filaments, they occasionally caught the filaments and moved them temporarily, effectively organising the actin network (Fig 3 b and Supplemental Movie 4). More often, though, microtubules and actin filaments interacted cohesively. In such a case, denser regions of the actin network steered the microtubule trajectory, effectively guiding gliding microtubules (Fig 3 c and Supplemental Movie 5). These mutual interactions combine and constitute a feedback loop where microtubules organise actin filaments that in turn guide microtubules (Fig. 3 d). Within a few minutes after commencing the experiment, this feedback in the dynamic composite system gave rise to an alignment between microtubules and actin filaments, which are forming overlapping streams and bundles, respectively (Fig. 3 e, Supplemental Movie 6). The reaching of this steady order preceded the saturation of the assembly of both cytoskeletal components (Fig. 3 f, Figs. S3-6). By comparing the structural stability of this composite with that of microtubules alone, we concluded that actin stabilises the emerging order (compare Figs. S3-6). An unexpected manifestation of this behaviour is that we could consistently observe the ordering of microtubules at a density that would not support ordering in the absence of an actin network (Fig. 3 g, Fig. S3).

To further investigate this unexpected emerging property of the composite, we tested how it would respond to the removal of one of its components. When we depolymerised microtubules either by adding CaCl2 or decreasing the temperature below 12°C, the actin network retained its ordering thanks to its cohesion and low turnover (Fig. 4 a, Supplemental Movie 7). Strikingly, when we, instead of microtubules, disassembled actin filaments using gelsolin, an actin severing protein, we observed microtubule dispersion (Fig. 4 b, Supplemental Movie 8). These observations highlight the role of the actin network in maintaining the order of microtubules over time.

Importantly, these data suggest that actin acts as long-term structural memory for the microtubule network. We tested this hypothesis by reassembling microtubules after their depolymerisation. First, we let microtubules self-organise into streams in the absence of actin. After temperature-dependent depolymerisation, we re-polymerised the microtubules by increasing the temperature in the chamber. We observed that microtubules self-organised in streams again, but, importantly, the orientation of the streams was random and different from the initial orientation before the temperature shift (Fig. 4 c, Supplemental Movie 9). However, when we repeated this cycle in the presence of actin filaments, we witnessed a striking behaviour: the newly polymerised microtubule network recovered the ordering and orientation it had before disassembly (Fig. 4 d, Supplemental Movie 10). Therefore, microtubules could sense the order that was conserved in the organisation of the actin network. Actin filaments in our composite thus form a structural memory that acts as a template to sustain microtubule organisation [START_REF] Gan | Vimentin Intermediate Filaments Template Microtubule Networks to Enhance Persistence in Cell Polarity and Directed Migration[END_REF][START_REF] Li | Filament-guided filament assembly provides structural memory of filament alignment during cytokinesis[END_REF] .

The ability of the polymerised and ordered actin network to impose its order to microtubules reflects its structural stability. The stability stems from the low intrinsic actin turnover [START_REF] Blanchoin | Actin Dynamics, Architecture, and Mechanics in Cell Motility[END_REF] and entropic cohesion due to the presence of a crowding agent [START_REF] Ward | Solid friction between soft filaments[END_REF][START_REF] Hilitski | Measuring cohesion between macromolecular filaments one pair at a time: Depletion-induced microtubule bundling[END_REF][START_REF] Braun | Entropic forces drive contraction of cytoskeletal networks[END_REF] , which practically limits the possibility of network remodelling. This is in sharp contrast with the initial phase of the composite self-assembly when the ordering and alignment of biopolymers occur. At this stage of lower surface polymer density, growing and gliding microtubules organise actin filaments into a steady conformation that will, in turn, guide microtubules. This feedback loop, together with the continuation of the polymerization, reinforces the spatial ordering of the composite, highlighting the importance of the self-assembling nature of the composite for its emerging properties. Notably, the order that is supported by the actin memory in our system is reversible as it can be annihilated by chemical signalling in the presence of regulatory proteins. Fine-tuning of the actin or microtubule turnover, which is intrinsic to biological systems, might thus constitute a means of precise tuning of the emergent order.

Structural memory of the cytoskeleton is a property used for cellular self-organization. Firstly, cytoskeletal filaments can support self-templated growth, for example, during filament guided filament assembly of the actin network in C. Elegans embryos [START_REF] Li | Filament-guided filament assembly provides structural memory of filament alignment during cytokinesis[END_REF] . Secondly, one cytoskeletal network can serve as a template for the growth of another network, such as during microtubule guidance alongside actin bundles in growing neuronal tips [START_REF] Biswas | The microtubule-associated protein tau mediates the organization of microtubules and their dynamic exploration of actin-rich lamellipodia and filopodia of cortical growth cones[END_REF][START_REF] Sánchez-Huertas | The +TIP Navigator-1 is an actin-microtubule crosslinker that regulates axonal growth cone motility[END_REF] , or along intermediate filaments [START_REF] Gan | Vimentin Intermediate Filaments Template Microtubule Networks to Enhance Persistence in Cell Polarity and Directed Migration[END_REF] . Although these two mechanisms likely combine, the latter can support a higher diversity of outcomes due to the combination of two populations of filaments with different lifetimes, specificity for regulatory factors, and mechanical properties. The system we presented here combines both types of structural templating observed in living matter but reserves the long-term memory for actin filaments, emphasising its composite character.

Introducing dissipative self-assembly of the constituting filaments to an active cytoskeletal composite is, therefore, critical for the emergence of adaptive architecture with concurrent plasticity and stability. While this feature is highly relevant for biological questions, it may also serve as a basis for developing diverse artificial systems, including life-like materials [START_REF] Walther | Viewpoint: From Responsive to Adaptive and Interactive Materials and Materials Systems: A Roadmap[END_REF][START_REF] Kaspar | The rise of intelligent matter[END_REF] and synthetic cells [START_REF] Elani | Interfacing living and synthetic cells as an emerging frontier in synthetic biology[END_REF][START_REF] Schwille | MaxSynBio: Avenues Towards Creating Cells from the Bottom Up[END_REF] .

Materials and Methods

Protein production and purification

Actin and tubulin were purified and labelled as described previously [START_REF] Vantard | Characterization of a 100-kDa heat-stable microtubule-associated protein from higher plants[END_REF] . Briefly, bovine brain tubulin was isolated in temperature-dependent cycles of polymerisation and depolymerisation [START_REF] Shelanski | Chemistry of the filaments and tubules of brain[END_REF] and purified from associated proteins (MAPs) by cation exchange chromatography. Soluble tubulin was stored in the BRB80 buffer (80 mM Pipes pH 6.8, 1 mM EGTA, and 1 mM MgCl2) in liquid nitrogen. Rabbit skeletal muscle actin was purified from acetone powder [START_REF] Spudich | The regulation of rabbit skeletal muscle contraction. I. Biochemical studies of the interaction of the tropomyosin-troponin complex with actin and the proteolytic fragments of myosin[END_REF] . The actin was gel-filtered and stored in G-buffer (2 mM Tris-HCl pH 8.0, 0.2mM ATP, 0.5 mM DTT, 0.1 mM CaCl2, and 0.01% sodium azide) at 4°C. Parts of the tubulin and actin were labelled with Atto488 and Alexa568 fluorophores (Molecular Probes), respectively, by the NHS ester coupling [START_REF] Isambert | Flexibility of actin filaments derived from thermal fluctuations. Effect of bound nucleotide, phalloidin, and muscle regulatory proteins[END_REF] and stored as the unlabelled proteins. All experiments were carried out with 20% labelled tubulin and 5% labelled actin. Microtubule seeds were polymerised in the presence of GMPCPP. Recombinant, truncated kinesin-1-GFP motor and gelsolin were expressed in E. coli cells and purified similarly to previously reported methods [START_REF] Case | The directional preference of kinesin motors is specified by an element outside of the motor catalytic domain[END_REF][START_REF] Nag | Ca2+ binding by domain 2 plays a critical role in the activation and stabilization of gelsolin[END_REF] and stored at -80°C.

In vitro assay

The in vitro gliding assay was performed in a flow chamber of approx. 15 uL, which was assembled from NaOH-cleaned glass coverslips using double-sided tape as a spacer. The channel's surface was functionalised by GFP polyclonal antibodies (Invitrogen, A-11122) by filling the channel with 100 µg ml -1 antibodies in the HKEM buffer (10 mM HEPES pH 7.2, 5 mM MgCl2, 1 mM EGTA, and 50 mM KCl) for 3 minutes. The remaining available surface was then passivated by introducing 1% w/v bovine serum albumin (BSA) in HKEM buffer for 5 minutes. Next, kinesin-1-GFP motors (60 µg ml -1 in wash buffer: 10 mM HEPES pH 7.2, 16 mM PIPES buffer (pH 6.8), 50 mM KCl, 5 mM MgCl2, 1 mM EGTA, 20 mM dithiothreitol (DTT), 3 mg ml -1 glucose, 20 µg ml -1 catalase, 100 µg ml -1 glucose oxidase, and 0.3% w/v BSA) were specifically attached to the antibodies during 3 minutes of incubation. The channel was then perfused with wash buffer, and microtubule seeds (10 uM or 1 uM polymerised tubulin in wash buffer) were optionally introduced for 5 minutes of incubation, during which the seeds attached to kinesin motors. The unbound microtubules were washed away with wash buffer. Finally, the imaging Tic-Tac buffer (10 mM HEPES pH 7.2, 16 mM PIPES pH 6.8, 50 mM KCl, 5 mM MgCl2, 1 mM EGTA, 20 mM dithiothreitol (DTT), 3 mg ml -1 glucose, 20 µg ml -1 catalase, 100 µg ml -1 glucose oxidase, 2.67 mM ATP, 1 mM GTP, 0.3% w/v BSA, and 0.327% w/v methylcellulose (63 kDa, Sigma-Aldrich, M0387)) was introduced. Free tubulin (20 % labelled and 80 % unlabelled tubulin) and actin (12 % labelled and 88 % unlabelled actin) were added to the imaging Tic-Tac buffer optionally, with concentrations indicated in the main text. The flow chamber was optionally sealed by a capillary tube sealant (Vitrex) and transferred for imaging.

In the experiment with chemical actin and microtubule disassembly, the channel was kept open, and the environment was humidified to prevent evaporation. To induce actin disassembly, a 2 µl drop of 80 µM gelsolin and 10 µM tubulin mixture (to prevent microtubule depolymerisation) in the imaging Tic-Tac buffer was dripped to the channel opening. The proteins reached the imaging area by diffusion. To prevent flow-induced reorganisation of the cytoskeletal networks, no additional flow was used. After equilibration, the concentration of gelsolin was approximately 10 µM. To depolymerise microtubules chemically, ~ 10 µM final concentration CaCl2 was used. To depolymerise microtubules by a physical factor, the temperature was decreased to ∽12°C. Microtubules were re-polymerised by increasing the temperature to 37°C again.

Imaging

Microtubules and actin filaments were imaged by total internal refraction fluorescence (TIRF) microscopy using an inverted microscope (Eclipse Ti, Nikon) with 100X 1.49 N.A. oil immersion objective (UApo N, Olympus). The Atto488 and Alexa568 fluorophores were excited by 491 nm and 561 nm lasers (Optical Insights), respectively, through the iLas 2 dual laser illuminator (Roper Scientific). The fluorescence signals were separated by the Dual-View beam splitter (Optical Insights) and recorded by the Evolve 512 EMCCD camera (Photometrics). The sample was mounted to the environmental chamber maintained at 37°C and, optionally, at high relative humidity. To cool the sample down to depolymerise microtubules, the heating was turned off. The accumulated heat was transferred to a precooled bath, leading to a temperature of ∽12°C measured by a sensor attached to the microscope objective. The photobleaching of microtubule streams was performed using a UV laser at the end of the experiments. The imaging was controlled by the Metamorph software (v. 7.7.5, Universal Imaging), with images taken every second.

Image processing and data analysis

Images were processed by FiJi (1.52v) [START_REF] Schindelin | Fiji: An open-source platform for biological-image analysis[END_REF] and custom Matlab (v 9.6, MathWorks, Inc.) procedures using the MIJ [START_REF] Sage | Making Interoperablility between ImageJ and Matlab Possible[END_REF] for running FiJi within Matlab. For presentation purposes, the contrast of images was adjusted. For analysis, the background of the 488-channel was subtracted using the built-in ImageJ function. The temporal profiles of the mean fluorescence intensities were obtained from ImageJ Plot Z-axis function. The kymographs were generated using the Multikymograph ImageJ plugin. As a measure of the orientation, we used the nematic ordering parameter, S, estimated from the mean resultant length of the director field [START_REF] Mardia | Statistics of directional data[END_REF] . The value of S was calculated in Matlab from the weighted histogram of the orientation director field, which was obtained by OrientationJ plugin [START_REF] Püspöki | Transforms and operators for directional bioimage analysis: A survey[END_REF][START_REF] Rezakhaniha | Experimental investigation of collagen waviness and orientation in the arterial adventitia using confocal laser scanning microscopy[END_REF] , as: ,
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where 𝑁(𝑡, 𝜙) is the number of pixels oriented in the direction of angle 𝜙 at time 𝑡 with coherency higher than 10 %. The mutual ordering parameter was calculated from the orientation director, OMT and Oa, and the orientation energy, EMT and Ea, fields, which were obtained by the OrientationJ plugin, as:
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where (𝑖, 𝑗) denotes the index within an image and the mask, 𝑀, is defined as 𝑀 (H,I) (𝑡) = 1 … 𝐸 KL(H,I) (𝑡) > 0.05 ∧ 𝐸 O(H,I) (𝑡) > 0.05 𝑀 (H,I) (𝑡) = 0 … otherwise.

To quantify the stability of the network organisation, the Pearson correlation coefficient of each frame of the experiment with all the consecutive frames was calculated. An exponential decay can approximate each series with two parameters: the correlation decay time (time constant), t, and the asymptotic correlation amplitude. The correlation coefficients and curve fitting were calculated using built-in Matlab functions.

Graphs were produced using Matlab, and the final figures were formatted using Inkscape. At least three independent experiments were performed for each condition. No data were excluded from the study. 

Fig. 1 .

 1 Fig. 1. Motile dynamic microtubules system self-organises into quasi-parallel microtubule streams. a, Schematic representation of the system. b, Intensity inverted fluorescence micrographs of dynamic microtubule motility assay (top row) and the corresponding colourcoded orientation analysis (bottom row). c, Polar histogram of the orientation of microtubules is narrowing with time. d, Time trace of the global order, S, and fluorescence intensity, I, of dynamic microtubules in the motility assay. e, Time traces of equidistant vertical slices of Pearson correlation coefficient matrix of fluorescence micrographs of dynamic microtubule motility assay. f, The correlation slices in e can be approximated by an exponential decay with the parameters of the correlation decay time (time constant) and asymptotic correlation amplitude and represented by corresponding temporal profiles (inset). g, Intensity inverted fluorescence micrographs of photobleaching of microtubule stream (left, green arrowheads indicate the limits of photobleached area) formed during 30 minutes of ordering and the corresponding kymograph (right, orange lines indicate the photobleached area, green dashed lines indicate the front of receding photobleached areas, and asterisks denote the time of photobleaching). h, Time traces of the global order for various initial concentrations of microtubule seeds and free tubulin. All experiments were repeated at least four times with similar results. Data in h are represented as mean value (solid blue line) ± standard deviation (shaded area) (N = 4 per condition).

Fig. 2 .

 2 Fig. 2. Assembling actin filaments self-organise in a locally nematic fashion with low global order. a, Schematic representation of the system. b, Intensity inverted fluorescence micrographs of dense elongating actin filaments (top row) and the corresponding colourcoded orientation analysis (bottom row) show local nematic ordering. c, Polar histogram of the orientation of actin filaments is narrowing only a little with time, indicating low global order. d, Time trace of the global order, S, and fluorescence intensity, I, of growing actin system. e, Time traces of equidistant vertical slices of Pearson correlation coefficient matrix of fluorescence micrographs of growing actin system. f, Time traces of the global order for two initial concentrations of free actin monomers. All experiments were repeated at least four times with similar results. Data in f are represented as mean value (solid blue line) ± standard deviation (shaded area) (N = 4 per condition).

Fig. 3 .

 3 Fig. 3. Interactions between microtubules and actin filaments mutually promote the selforganisation of the cytoskeletal composite. a, Schematic representation of the system. b, Colour-coded maximum fluorescence intensity projections of gliding microtubule (top) pushing actin filaments (bottom), effectively organising them. c, Gliding microtubule steered and guided by actin filaments. Image representation as in b. d, Schematic representation of the interactions forming a feedback loop between actin and microtubules. e, Multichannel fluorescence micrographs of self-assembling and self-organising actin-microtubule composite. Individual fluorescence channels are displayed as intensity inverted images. The overlay image is non-inverted for clarity. f, Time traces of the global order, S, and fluorescence intensity, I, of microtubules (top) and actin filaments (centre), and their mutual alignment, Sc, (bottom) in the composite system. g, Time traces of the global order of microtubules (left) and the corresponding steady-state order (right) for three indicated initial biochemical conditions. All experiments were repeated at least four times with similar results. Data in g are represented as mean value ± standard deviation (left) and median ± 75 th percentile (right), where notches display the variability of the median between samples (N = 4 per condition).

Fig. 4 .

 4 Fig. 4. Response of the cytoskeletal composite to chemical and physical perturbations reveal the structural memory of the system. a, Intensity inverted fluorescence micrographs of microtubules (top) and actin filaments (centre) before (left) and after (right) the addition of CaCl2. Corresponding time trace of the global actin order (bottom). b, Inverted maximum fluorescence intensity projection (200 s) of microtubules (top) and intensity inverted fluorescence micrographs of actin filaments before (left) and after (right) the addition of gelsolin. Corresponding polar histograms of microtubule orientation (bottom) show microtubule dispersion. c, Intensity inverted fluorescence micrographs of microtubules (top) after the first (left) and second (right) cycle of microtubule polymerisation in the absence of actin. Corresponding polar histograms of microtubule orientation (bottom) show reorientation in different directions. d, Intensity inverted fluorescence micrographs of microtubules (top) and actin filaments (centre row) after the first (left) and second (right) cycle of microtubule polymerisation. Corresponding polar histograms of microtubule orientation (bottom) show the retention of the orientation. Time traces of the fluorescence intensities (top right) and global order (bottom right) of microtubules and actin filaments. The shaded area corresponds to the cooling cycle. All experiments were repeated at least three times with similar results.

Fig. S1 .

 S1 Fig. S1. Colliding microtubules form a minimal stream. The collision of parallel microtubules leads to polar ordering (left). Collision of antiparallel microtubules leads to nematic ordering (left). Both types of streams can merge, forming a larger mixed stream (see Fig. 1 g).

Fig. S2 .

 S2 Fig. S2. Microtubule ordering is concentration-dependent. Inverted maximum fluorescence intensity projection (30 min) of dynamic microtubule motility assay (top row) and corresponding non-inverted colour-coded orientation analysis (bottom row) for various initial concentrations of microtubule seeds, free tubulin, and actin monomers. All experiments were repeated at least four times with similar results.

Fig. S3 .

 S3 Fig. S3. Microtubule global order is concentration-dependent. Time traces of the global microtubule order for all initial concentrations of microtubule seeds, free tubulin, and actin monomers used in this study. Data are represented as mean value (solid blue line) ± standard deviation (shaded area) (N = 4 per condition).

Fig. S4 .

 S4 Fig. S4. Correlation analysis. a, Examples of Pearson correlation coefficient matrix of fluorescence micrographs of dense, dynamic microtubule (10 µM tubulin in microtubule seeds, 15 µM free tubulin) motility assay (left) and composite system (1 µM tubulin in microtubule seeds, 20 µM free tubulin, 2 µM actin monomers, centre) with corresponding time traces of equidistant vertical slices of this matrix. b, Time traces of the correlation decay time (time constant) and asymptotic correlation amplitude of Pearson correlation coefficient matrix for various initial concentrations of the constituents. Data in b are represented as mean value (solid blue line) ± standard deviation (shaded area) (N = 4 per condition).

Fig. S5 .

 S5 Fig. S5. Actin global order depends on microtubule concentration. Time traces of the global F-actin order for all initial concentrations of actin monomers, microtubule seeds, and free tubulin used in this study. Data are represented as mean value (solid blue line) ± standard deviation (shaded area) (N = 4 per condition).
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Supplemental Movies Captions

Supplemental Movie 1. Motile dynamic microtubules system self-organises into quasiparallel microtubule streams. A sequence of intensity inverted fluorescence micrographs of dynamic microtubule motility assay (initial concentrations: 10 µM tubulin in microtubule seeds, 15 µM free tubulin).

Supplemental Movie 2. Photobleaching of the microtubule stream reveals the conserved motility of microtubules within the stream.

A sequence of intensity inverted fluorescence micrographs of two consecutive executions of photobleaching of microtubule stream formed during 30 minutes of ordering.

Supplemental Movie 3. Assembling actin filaments self-organise in a locally nematic fashion with low global order. A sequence of intensity inverted fluorescence micrographs of dense elongating actin filaments (initial concentration: 2 µM actin monomers).

Supplemental Movie 4. Gliding microtubule organises actin filaments.

A sequence of multichannel fluorescence micrographs of a gliding microtubule (magenta) pushing on actin filaments (cyan), effectively organising them.

Supplemental Movie 5. Actin filaments guide gliding microtubule.

A sequence of multichannel fluorescence micrographs of actin filaments (cyan) deflecting a short gliding microtubule (magenta), effectively providing guidance. Supplemental Movie 6. Self-organisation of the cytoskeletal composite. A sequence of multichannel fluorescence micrographs of a composite of growing actin filaments (cyan) and dynamic motile microtubules (magenta)(initial concentrations: 1 µM tubulin in microtubule seeds, 20 µM free tubulin, 2 µM actin monomers). Supplemental Movie 7. Retention of the order of actin filaments. A sequence of multichannel fluorescence micrographs of microtubules' (magenta) depolymerisation after the addition of CaCl2 in the presence of actin filaments (cyan).

Supplemental Movie 8. Dispersion of ordered microtubules.

A sequence of multichannel fluorescence micrographs of microtubules' (magenta) dispersion after the disassembly of actin filaments (cyan) by gelsolin. Supplemental Movie 9. Re-orientation of microtubules. A sequence of intensity inverted fluorescence micrographs of dynamic motile microtubules undergoing a cycle of polymerisation, depolymerisation, and re-polymerisation in response to heating, cooling, and heating, respectively. Supplemental Movie 10. Memory effect in the cytoskeletal composite. A sequence of multichannel fluorescence micrographs of a composite of growing actin filaments (cyan) and dynamic motile microtubules (magenta) undergoing a cycle of polymerisation, depolymerisation, and re-polymerisation in response to heating, cooling, and heating, respectively.