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Abstract 

Incorporating growth into contemporary material functionality presents a grand challenge in 

materials design.  The F-actin cytoskeleton is an active polymer network which serves as the 

mechanical scaffolding for eukaryotic cells, growing and remodeling in order to determine changes 

in cell shape. Nucleated from the membrane, filaments polymerize and grow into a dense network 

whose dynamics of assembly and disassembly, or ‘turnover’, coordinates both fluidity and rigidity.   

Here, we vary the extent of F-actin nucleation from a membrane surface in a biomimetic model of 

the cytoskeleton constructed from purified protein.  We find that nucleation of F-actin mediates 

the accumulation and dissipation of polymerization-induced F-actin bending energy.  At high and 

low nucleation, bending energies are low and easily relaxed yielding an isotropic material.  

However, at an intermediate critical nucleation, stresses are not relaxed by turnover and the internal 

energy accumulates 100-fold.  In this case, high filament curvatures template further assembly of 

F-actin, driving the formation and stabilization of vortex-like topological defects. Thus, nucleation 

coordinates mechanical and chemical timescales to encode shape memory into active materials. 
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Introduction 

In contrast to engineered materials, biological materials have the capacity to spontaneously grow 

and remodel. The cortical actin network in non-muscle cells is an apolar, disordered network of 

crosslinked filamentous actin (F-actin) coupled to the plasma membrane.[1]  The network is 

responsible for accumulating the internal active stresses that coordinate  cortical flows and diverse 

changes in cell shape that occur during cell polarization, migration and division.[2-4]  The cortex is 

highly dynamic, constantly assembling and disassembling, renewing itself in seconds to minutes. 

[5-7] Assembly of cortical F-actin is in part mediated by formin nucleation, where linear polymers 

grow with accelerated assembly kinetics and entangle into a viscoelastic gel.   In combination with 

F-actin disassembly which is modulated by depolymerization and severing, nucleated F-actin 

assembly determines F-actin network turnover.[8-14] Turnover is linked to cortical tension through 

its ability to relax applied mechanical stress.[15-17]  However, altered assembly kinetics of F-actin 

have also been shown to alter the steady-state architecture of F-actin networks  which in turn may 

influence network mechanics.[18-20]  Thus controlling turnover and mechanics simultaneously 

presents new possibilities for the engineering of active material. 

Here, we present a novel, engineered biological material whose growth dynamics characteristically 

determine the architecture and mechanics of the material itself.  First, we detail the coordinated 

assembly of an active and dynamic actin-membrane composite gel, composed of purified protein 

and lipid.  Then, we vary the concentration of nucleating proteins coupled to a membrane surface, 

while retaining a constant and limiting concentration of total actin, restricting F-actin growth 

principally to the membrane surface. As the extent of nucleation is varied we measure the 

accumulation and dissipation of internal energies, which arises from F-actin polymerization forces. 

We explore how nucleation determines dissipation, through coordinating the timescales of 
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mechanical relaxation and the timescales of chemical turnover. Finally, we determine how the 

balance of these timescales encodes structural memory. 

Materials and Methods 

Buffer Preparation.  G-buffer is composed of 2 mM Tris-HCl pH 8.0 and 0.1 mM CaCl2, 0.2 mM 

ATP, 1 mM NaN3, and 0.5 mM DTT.  F-Buffer is composed of 10 mM Imidazole, 1 mM MgCl2, 50 

mM KCl, 0.2 mM EGTA, and 0.5 mM ATP at pH 7.5.  The vesicle buffer is 100 mM NaCl, 20 mM 

HEPES, pH 7.3.  The storage buffer for the myosin is 0.5 mM PIPES, pH 7.0, and 0.45M KCl. The 

Formin (mdia1) Buffer is 20 mM HEPES (pH 7.4), 1 mM EDTA, 200 mM KCl, 0.01% NaN3, and 

the pH is set to 7.4 at room temperature with KOH and stored at 4C before use.  The stock 

concentration of the formin used is 35 µM.  The Profilin Buffer is as follows: 20 mM Tris/HCl, pH 

7.5, 150 mM KCl, 0.2 mM DTT.  The stock concentration of profilin is 200 µM. 

Bilayer Preparation.  Egg Phosphatidyl Choline (EPC, Avanti Polar Lipids), FITC Green DHPE 

(Molecular Probes) and Nickel-NTA (Avanti Polar Lipids) are combined in chloroform and dried 

in a glass container under Ar gas.  Bilayers are prepared in a ratio of 91% EPC /8.6% NTA /0.4% 

DHPE for formin attachment.  These dried combinations are then resuspended in vesicle buffer 

and vortexed for 10s.  The solution is then sonicated for upwards of 5 minutes to generate small, 

unilamellar vesicles (SUVs).  The SUVs are then added to Piranha treated coverslips to coat them 

with a phospholipid bilayer in a custom-built imaging chamber (Chamlide).  The phospholipid 

bilayer is maintained hydrated in approximately 500 µL ATP-free F-buffer.[21] 

Protein Preparation.  2.0 µM dark F-actin and 0.64 µM Alexa-568 actin are nucleated by mdia1 

in F-buffer and crowded to the phospholipid bilayer surface with 0.25 % methyl-cellulose (MC) 
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(14,000 MW, Sigma).  The F-actin is allowed to polymerize for approximately 1 hour on the 

microscope at 25C.[21, 22] 

Imaging. 25 mm coverslips are sandwiched in a custom-built chamber (Chamlide).  Sample 

fluorescence is monitored using a Ti-E microscope (Nikon) with a spinning disk confocal head 

(Yokagawa), a HQ2 Coolsnap CCD camera (Roper Scientific) and a 60x 1.4NA oil immersion 

objective lens (Nikon).  The microscope and confocal head are controlled using Metamorph 

software (MSD Analytical Technologies).  

Modelling filament assembly kinetics. The simultaneous growth of multiple actin filaments is 

modelled using stochastic growth simulations. Linear actin filaments grow from a fixed number 

of formin nucleators and are released in the bulk, in a finite monomer pool shared by all the 

filaments. After releasing a filament, a formin nucleator can generate another filament. In an 

attempt to mimic diffusion limited growth, we limit the length of the filament produced by formin 

nucleator to be proportional to the amount of G-actin in bulk. Once released the filaments can 

polymerize further or depolymerize. Given a limited resource of monomers, the assembly rate of 

actin filaments is taken to be proportional to the available amount of monomers in solution.[23, 24] 

We estimate the turnover time by calculating rate of change of filament length at long times, as 

this is a measure of how long it takes to renew the material in a filament. The details of the model 

are presented in the Supplementary Notes. 
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Results 

F-actin Nucleation Determines Network Architecture 

Here we use a simple, in vitro, quasi-two dimensional model of the cortex amenable to high 

resolution imaging.[21]  The model cortex is comprised of a minimal set of components, including 

G-actin, profilin, mdia1, and a model membrane (Figure 1A, Methods).  Formin is attached to the 

membrane via an interaction between its purification His tag, and the NTA-Ni embedded in the 

membrane.  Methylcellulose (MC, 0.25%) is kept in solution and used to keep the concentration 

of protein high at the membrane surface.  The bulk concentration of formin is varied in the 

following concentrations: 10 nM, 100 nM, and 1 µM.  The initial concentration of G-actin across 

different experiments is held constant at 2 µM dark G-actin and 0.6 µM Alexa-568 G-actin.  A 

complete description of statistics and corresponding snapshots from experiments are available in 

the supplement (Figure S1, S2).   

Formin will nucleate and elongate F-actin from the G-actin pool. Filament elongation occurs at 

different timescales.  Individual filaments can only be observed at 10 nM formin. Initially, the 

filaments elongate quickly (~150 subunits s-1) as expected by formin nucleated growth.[25] 

However, they switch to a slow mode of elongation (~10 subunits s-1) consistent with release from 

formin and slow elongation of profilin-actin alone (Figure 1B,C).  Thus, at 10 nM formin, filaments 

are initially coupled to the membrane through their formin interactions but then released from the 

surface.  At the network level, we measure the fluorescence of a field of view, and characterize the 

growth of the network as a whole (Figure 1D).  Growth of the network shows an exponential 

behavior, growing quickly initially (R1, ~0-20 min), and slowing down at long times (R2, >20 min).  

The polymerization does not always fully plateau within experimental timescales (~ 1 hr) (Figure 
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1E).  We further show that the rate of growth of the network is principally formin-dependent. Fast 

growth of the network does not proceed until formin is added (Figure 1E, inset). 

At 10 nM, formin elongates F-actin from the surface, generating filaments approximately 100 µm 

in length (Figure 1F, Movie 1). The filaments remain adjacent to the membrane due to the effects 

of MC and entangle into a structurally homogeneous network.  As the length of the filaments far 

exceed their persistence length, the filaments are floppy and fluctuate thermally.   

At 100 nM mdia1, F-actin fluorescence intensity is more spatially uniform than at 10 nM mdia1, 

indicating an increase in F-actin surface density (Figure 1F, Movie 2).  At this concentration, 

spatial patterns can be observed in the F-actin network, such as circular arrays with lengthscales 

between 5 and 100 µm.   These patterns are reminiscent of topological defects of the active gel 

model, in the activity-driven formation of spirals and vortices.[26, 27] Often, the curvatures of the 

filaments observed can be much larger than what is expected based on the persistence length of F-

actin (lp ~ 15 µm), suggesting the accumulation of non-thermal energies.[28]   

At 1 µM, neither individual filaments nor spatial patterns in the F-actin network can be 

distinguished, as fluorescence intensity at the surface is spatially uniform (Figure 1D, Movie 3).  

Now, F-actin grows orthogonal to the surface of the membrane.  Z-stacks indicate the F-actin 

density is highest at the membrane surface (z= 0 µm) and decreases with distance from the surface 

(Figure 1G, Movie 4).  This can also be seen when formin is coupled to membranes that coat the 

inside of a rectangular microfluidic channel.  This geometry allows for visualization across with 

thickness of the F-actin network within a single optical slice, which shows a very dense ‘gel-like’ 

network (Figure 1G inset).   
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With increasing density of formin, there is an increased density of F-actin (and likewise a decrease 

in F-actin mesh size) and a change in the pattern of F-actin, from entangled to gel (Figure 1H).  

Similarly, there is a change in the mean filament length, from approximately 100 µm as measured 

at 10 nM mdia1 (Figure 1B), to an estimated length of approximately 5-10 µm, for 1 µM mdia1 

(Figure 1G). To understand the mechanism of F-actin length control by changing formin 

concentration, we implemented a stochastic model of filament assembly from a finite pool of 

nucleators, where the total amount of actin (F-actin + G-actin) is conserved. As a limiting pool of 

G-actin is shared by all growing filaments, the F-actin assembly rate is proportional to the amount 

of available monomers in solution (Figure 1I, Methods). As a result, the dynamics of F-actin 

network assembly can be altered by changing the concentration of membrane-bound formin. By 

simulating the model, we find that at long times the mean number of filaments is higher and 

filament length is smaller at larger concentration of formin (Figure 1J,K). For a fixed pool size, 

the mean filament length decreases with an increase in number of nucleators (Figure 1L).  

F-actin Nucleation and G-actin Competition Govern Network Turnover 

Turnover of F-actin and membrane (FITC-DHPE) is assessed using Fluorescence Recovery After 

Photo-bleaching (FRAP) (Figure 2 A,B, Movie 5).  A circular region, approximately 10 µm in 

diameter is bleached with a 410 nm laser, and the fluorescence of either membrane or actin 

recovers over an exponential timescale, τ1 , (Figure 2C, Equation S6).   

F-actin network recovery depends upon the concentration of surface bound formin.  At 10 nM 

mdia1, F-actin network recovery is fast, τ1=1.7 +/- 1.2 min (Figure 2D).  Thus, the network 

recovers very quickly.  By contrast, at 100 nM mdia1, the recovery time increases to 21.8 +/- 17.8 

min.  At 1 µM mdia1, the timescale is statistically indistinguishable from 100 nM at 12.6 +/- 7.3 
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min. Thus, at high formin concentrations, the network recovers more slowly than at lower 

concentrations. However, these timescales are much shorter than non-nucleated actin (Figure S4) 

and stabilized F-actin (Figure S5).  In the cell, F-actin turnover is determined by factors that alter 

disassembly, such as severing proteins or proteins that accelerate depolymerization.  Therefore, to 

understand how the turnover varies under the assumption of a constant disassembly rate, we turn 

to a computational model and explore the influence of a variable assembly rate. 

In a stochastic model, turnover timescale (τsim) of F-actin is determined by the balance of F-actin 

assembly and disassembly. The rate of assembly depends on the concentration of formin molecules 

(Nf), and by the release rate of formin. Formin-mediated assembly elongates filaments quickly, 

until filaments reach approximately 100 µm, and the filament is released.  The released filament 

continues to elongate at a slower pace, and new filaments are nucleated from the newly available 

formin molecule.  Using this formalism, we find that the turnover of F-actin is very sensitive to 

formin concentration.  As the concentration is increased, the turnover timescale increases.  We 

find that the turnover timescale increases as the quantity of G-actin is exhausted from its limited 

pool (Np), as this is when depolymerization occurs.  Thus in this case, despite that the disassembly 

rate is presumed constant, the turnover is variable.  We also suggest that depletion of G-actin 

causes the transition from fast growth in R1 to slower growth in R2 (Figure 1E).  As pool size 

plays an important role in determining the turnover timescale, we plot the simulated turnover 

timescale as a function of pool size in stochastic simulations (Figure 2E). To better decipher the 

interplay between pool size (Np) and number of nucleators (Nf) we plot the turnover timescale as 

a Nf and Np phase space (Figure 2F). These results show that turnover is slowest when the number 

of nucleators is high and pool size is low. 
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Templated F-actin Assembly Regulates Relaxation of Internal Energy 

At intermediate concentrations of formin (100 nM), patterns and topological defects can be seen in 

the F-actin network (Figure 3A, Movie 4).  The initial pattern and location of defects appears 

static, but broadens in width and increases in fluorescence intensity.  This suggests that filament 

curvatures are established early during polymerization of the network, and serves as a ‘template’ 

for further growth of F-actin.  We independently estimated the energy distribution by quantifying 

the curvature of structures (Figure 3C, Equation S2). We see that the mean radius of curvature (R) 

of filaments on the inner surface of defects depends upon the concentration of formin at the surface 

(Figure 3C inset).  At 10 nM formin, filament curvature is low, corresponding to a maximum mean 

energy ~ 10-20 J (Figure 3C).  This energy is above kBT (~ 10-21 J) presumably due to effects of 

crowding agents (MC) in two dimensions and mild entanglement. By contrast, at 100 nM formin, 

the curvature of filaments is higher and coarsens to an approximate mean energy of ~10-19 J.  Thus, 

with an order of magnitude increase in formin concentration there is an order of magnitude increase 

in the mean bending energy. We also estimated the field energy stored in these structures using 

Frank Free energy equation (Equation S3) and considering the contributions both from bend and 

splay terms (Figure 3B, Equation S4). Temporal evolution of bend, splay, and total free energy is 

shown in Figure 3D.  Comparing bending energies from Figure 3C and 3D we estimate the Frank 

constant, K33 to vary between 1.38 to 4.6 pN. This is of the same order as that of a lyotropic liquid 

crystal.[29] At steady state, these broadened filament structures remain fixed in time, despite 

continued steady-state polymerization dynamics.  When photo-bleached the F-actin recovers its 

fluorescence intensity, although does not alter its structural organization (Figure 3E).  The same 

filament organization can be seen qualitatively at the recovered state as can be seen prior to photo 
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bleaching.   Again, the structure does not change significantly, as the mean energy for the network 

remains nearly constant in time, while the F-actin continues to polymerize (Figure 3F). 

As the bending energy increases from 10 to 100 nM formin, we seek to understand how this impacts 

the mechanics of the F-actin network. Plotting integrated intensity as a function of area fraction 

covered by filaments (φ) for the whole image in Figure 3G we show that coarsening occurs across 

the entire sample. This suggests that the vortex-like structures retain the same area but increase in 

intensity. We developed a continuum theory of growing soft filaments to explain curved F-actin 

assembly at intermediate formin densities (Supplementary Notes). The growth of actin filaments 

results in the accumulation of mechanical pressure acting on the surrounding filamentous network 

(Figure 3H, Supplementary Notes). This growth pressure (an increasing function of filament 

density) will not significantly affect network architectures at low formin densities due to negligible 

steric hindrance. Filament curvatures remain low at very high formin densities as the filaments are 

shorter than their persistence lengths. At intermediate formin densities, both the filament density 

and mean length are sufficiently high, such that the competition between filament polymerization 

and bending forces induces actin filament buckling (Figure 3I, Supplementary Notes). These 

curved filaments then polymerize while maintaining their curvatures, resulting in the observed 

templated assembly of F-actin (Figure 3J). Thus, the curvatures are highest at intermediate formin 

concentration (Figure 3I). The temporal dynamics of filament length and curvature from the 

continuum theory predicts that curvature sets in before the filaments reach an equilibrium length 

thus substantiating the idea of templating. We find that these results match experiments even 

without any explicit consideration of structure and may be pronounced further in case changes in 

organization or dimensionality are considered. 
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 F-actin Nucleation Determines Mechanical Relaxation Time 

We estimate network viscoelasticity by quantifying the thermal fluctuations of F-actin within the 

network as a function of time (Figure 4A,B). To this end, we take the autocorrelation of F-actin 

fluorescence intensity over time to determine a relaxation timescale τ2 (Figure 4C, Equation S7). 

As we are interested in the trapping of bending energy, we chose to measure τ2 for a 1 µM case at 

z = 1µm. This choice is motivated by the fact that due to tethering and out of plane growth of 

filaments there is no bending energy at z = 0 µm. At 10 nM formin, the filaments are long and 

floppy, and thus correlation is lost quickly.  By contrast, at elevated levels of formin (100 nM & 1 

µM), fluctuations are significantly reduced, and τ2 increases.  However, relaxation is the slowest 

for intermediate concentrations of formin, and likewise has the highest τ2  (Figure 4C,D).  We thus 

compare turnover timescales to relaxation timescales to understand the extent to which turnover is 

responsible for relaxation (Figure 4E). Thus, we suggest that turnover is sufficient to relax the F-

actin network in the low and high concentrations of formin (where bending energy is low), but is 

decoupled at 100 nM (where the bending energy is high) (Figure 4F).  We confirm the relaxation 

times for high concentrations of formin using MSD analysis of myosin embedded motors 

(Equation S1), which shows a transition to fluid like behavior at 10 minutes, matching the turnover 

timescale of 10 min for 1 µM formin (at z = 1 µm) (Figure S3). Thus, indeed it would appear that 

at concentrations other than 100 nM formin at which curvatures are inset, mechanical relaxation 

timescales are correlated to turnover timescales.  However, a direct link between myosin motion 

and network mechanics is still unclear as motions of myosin are actively driven. 
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Discussion 

In our model system, the propensity to grow and remodel is principally determined by the 

dynamics of F-actin nucleation by formin nucleating proteins.  The concentration of formin 

coupled to the membrane in combination with a limited supply of G-actin determines the length 

and density of F-actin, as well as the kinetics of F-actin network assembly.  The combination of 

the release of F-actin by formins and a basal de-polymerization rate determines the balance of 

assembly and disassembly, what is termed turnover.  We find that when surface nucleation is low, 

long filaments entangle to yield a low viscosity material with fast turnover.  By contrast, when 

surface nucleation is high, filaments are short, and assemble into a viscoelastic gel with lower 

turnover.   In these cases, the networks are structurally isotropic and the relaxation time of the 

networks scale with the turnover time, suggesting that internal energies are dissipated.  However, 

at intermediate nucleation, there is a characteristic anisotropic structure formed that exhibits long-

lengthscale spatial patterns, with high curvatures resembling vortices as predicted by active gel 

models.[26, 27] These patterns emerge within the initial minutes of polymerization, and coarsen with 

time, retaining their initial curvatures.  This suggests that F-actin curvatures are established and 

stabilized early, and guide the assembly of latter F-actin, a process we term templating.  As a result 

of templating, the energies of bending and splaying are not dissipated but increase with time 

approximately 100-fold over thermal energy.  Surprisingly, the system retains its structural 

organization despite its continued turnover.  These results indicate that templating and the 

accumulation of bending energy are uniquely determined by a characteristic set of assembly 

conditions and resists relaxation by assembly driven turnover.   

Filament nucleation by formin may play unique structural and mechanical roles in the cell.  First, 

the accumulation of polymerization forces may be characteristic to formin-based nucleation, as we 
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have yet to observe it with other nucleators.  Furthermore as formin nucleation is putatively 

dependent upon load, the accumulation of internal forces may further feedback on its own 

assembly kinetics.[30, 31]   Alternatively, the increased F-actin curvature associated with this load 

may signal to well-known curvature sensing F-actin binding proteins to drive further biochemical 

events and downstream secondary effects, such as severing by cofilin.[32, 33] Separately, the 

processivity of formin and release of F-actin may also be a feature actively used by the cell.  As 

we show that loss of processivity increases the number of filaments which in turn competes for 

soluble G-actin to alter its own assembly rate, it may also establish a competition with other 

nucleators, or with myosin molecular motors.[34] Also, as the probability of filament release by 

formin increases with filament length, filaments of different length will adhere differentially to  

the membrane. Thus formin alters myriad physical features of the cytoskeleton. 

How to encode memory into programmable materials is an outstanding problem in materials 

science.  Here, we show that nucleation as a single parameter can non-monotonically alter the 

storage or relaxation of internal energy, providing fine-tuned precision and control over the 

encoding of mechanical and structural information.  As a mechanism for storage, the balance of 

kinetic and mechanical effects drives templating, the guided assembly of internal structure that 

follows F-actin bending due to polymerization forces.  Thus, storage and erasure is explicitly an 

out-of-equilibrium property.  These results provide new mechanisms and design principles gleaned 

from biological systems in the programming of memory into soft and active materials.   
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Figure 1.  F-actin nucleation determines dynamics and architecture of network assembly.  

(A) Experimental setup where F-actin is nucleated from his-tagged mdia1 bound to NTA lipids 

within a model membrane.  (B,C) Elongation rates of individual F-actin at 10 nM formin (N=4, 5, 

p<10-7).  (D) F-actin fluorescence of network growth at 1 µM mdia1 concentration over time.  (E) 

Normalized fluorescence intensity over time for the network in (D).  (E,inset) Fluorescence 

intensity for a network where formin is added to proflin-actin at a later time (time=0 min). (F) 
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Organization of F-actin for different concentrations of formin.  (G) F-actin network nucleated from 

a microfluidic surface for a size view.  (H) Mesh-size of the F-actin network as a function of formin 

concentration (N=3,4,3, p=ns) (I) Schematic of stochastic model for F-actin assembly from a 

limiting pool of G-actin.  Model results for number of F-actin filaments (J), mean filament length 

(K), and equilibrium filament length for different number of nucleators (L). The pool size is 107 

monomers for results in J-L. All scale bars are 10 µm. All error bars are mean ± 1 standard 

deviation. 
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Figure 2.  F-actin nucleation in a limited G-actin pool determines network turnover.  (A) 

Fluorescent F-actin (z=0 µm) over time, as FRAP is performed twice. Dark circles indicate FRAP 

region.  Scale bar is 10 µm. (B) Fluorescence of FITC-DHPE within the phospholipid bilayer over 

time.  Dark circles indicate FRAP region.  (C) Quantification of data in A & B.  F-actin recovers 

quickly for the first FRAP, more slowly for second FRAP, while membrane recovers equally well 

in both cases.  (D) F-actin recovery times (τ1) at different concentrations of formin (N=4,3,5), bars 

are experimental data and filled circles are the model result.  (E) Recovery times for a fixed number 

of nucleators decrease with pool size (Np).  (F) Log of recovery time for various pool size and 

number of nucleator combinations. Pool size and nucleator number alter recovery time. 
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Figure 3.   Intermediate nucleation induces defect formation and resists relaxation by 

turnover. (A) F-actin fluorescence of the growth of a network from 0.1 µM mdia1. (B) Left panel 

depicts director vector field (red, 𝑛𝑛�) over an actin bundle. The second and third panel are false 

color coded image of splay (red) - bend (green) energy density, and total distortion free energy 

density over the same bundle.(C) Bending energy of F-actin at the measured radii of curvature (R) 

(inset). N=4 independent experiments.  Blue corresponds to [mdia1]=10 nM, red corresponds to 

[mdia1]=100 nM.  (D) Temporal evolution of splay, bend, and total distortion free energy density. 

(E) Fluorescence recovery over time for the FRAP indicates structure experiences turnover but 
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does not change its structural (vortex-like) organization. (F) Measurement of fluorescence 

intensity and distortion free energy density over FRAP region demonstrates that the local structure 

is preserved. (G) Non linear growth of intensity as a function of area fraction implies templating. 

(H) Schematic of growth pressure-driven buckling of F-actin. The growth pressure, P, depends on 

the local filament density. Filled arrows indicate the direction of filament growth. (I) Continuum 

model results show that normalized filament curvature is maximized at an intermediate formin 

concentration. (J) Model results show an initial increase in normalized filament curvature that 

reaches a steady-state at short times, while the filament keeps elongating at longer times. Region 

A indicates growth of curvature. Region B indicates templated assembly. This results in templated 

assembly of filaments.   All scale bars are 10 µm, *** indicates a p-value of  < 0.001. 
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Figure 4.  F-actin nucleation differentially mediates timescales of relaxation and turnover.  

(A) Fluorescence image of F-actin at 0 min (red) and 2 min (cyan) for mdia1=10 nM (left), 100 nM 

(middle) and 1 µM (right) indicate motion of F-actin with time. Scale bar is 10 µm. (B) Color 

overlay for 1 µM F-actin at z=0 µm shows immobile F-actin. (C) Autocorrelation decay of 

fluorescence intensity and viscoelastic timescale τ2. (D) Mean exponential timescale,  τ2 as a 

function of formin concentration (N = 3, 4, and 3 for 10 nM, 100 nM, and 1µM respectively).  (E) 

Relaxation timescale divided by turnover timescale indicates the extent to which mechanical 

relaxation is induced by chemical turnover.  The dashed line depicts the response of 1 µM network 

at z = 0 µm. The correlation timescales are significantly larger closer to surface due to possible 

tethering of filaments to formin nucleators. (F) Schematic of the relationship between geometric 

parameters, bending energy and timescales of relaxation. 
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can be tuned by varying the amount of actin nucleator. Small and large concentrations of 
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Supplemental Methods 

Particle Tracking.  Individual myosin thick filaments are monitored by spot tracking of the center 

of fluorescence intensity in Imaris (Bitplane).  The positions over time are recorded for calculation 

of the Mean Square Displacement (MSD).   

Mean-Squared Displacement (MSD).  The positions of myosin thick filaments (𝑟𝑟𝚤𝚤��⃑ ) are identified 

by the centroid of their fluorescence intensity and their trajectories are assembled by a 

minimization of least square method (Imaris, Bitplane).  The MSD will take the form:  

𝑀𝑀𝑀𝑀𝑀𝑀(Δ𝑡𝑡) = 〈1
𝑁𝑁

 ∑ �𝑟𝑟𝚤𝚤��⃑ (𝑡𝑡) − 𝑟𝑟𝚤𝚤��⃑ (𝑡𝑡 + Δt)�
2𝑁𝑁

𝑖𝑖=1 〉~Δ𝑡𝑡𝛼𝛼       (1) 

where α is a power law scaling factor.   For α<1, the network behaves subdiffusively, illustrative 

of caging or elastic-like behavior.  For α=1, the network behaves as a fluid as the probes move 

diffusively.  For α>1, there probes behave super-diffusively, being driven by active forces.  N is 

the total number of myosin thick filaments. 

Mesh Size Calculation: To estimate the size distribution of mesh made by filaments we extract a 

500x10 pixel long element from the experimental images. The extracted element is average along 

its short axis giving a 500x1 pixel long intensity profile. We normalize the intensities by the mean 

intensity of element. We then choose a cutoff to segment the intensity profile into region with 

filaments and region with no filaments and record the length of each filament free region. The 

process is repeated at multiple locations in the image and in various images. Finally we average 

over all measurements to get the mean mesh size. 

Filament Bending Energy.  Bent filaments are interpreted as beams with a bending energy 
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 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝐿𝐿𝐸𝐸𝐼𝐼
2𝑅𝑅𝑐𝑐2            (2) 

where EI is the flexural rigidity of actin, 𝐿𝐿 is the contour length of the polymer, and 𝑅𝑅𝑐𝑐  is the 

radius of curvature of the bend. We manually fit circles to filament bends in ImageJ, which 

generates a bias towards higher curvatures.[1] At low formin concentrations, filaments are long 

and contain multiple bends. At medium formin concentrations, it is difficult to discern one 

filament from bundles of filaments. Consequently, we define 𝐿𝐿 = 𝑅𝑅𝑐𝑐 . We define 𝐸𝐸 = 2 × 109 

N/m2 and the cross-sectional radius of an actin filament to be 4 nm. 

Estimation of Frank Free Energy.  If 𝑛𝑛� is the director field of the actin network then the Frank 

free energy of the network is given by 

𝐸𝐸 =  1
2
𝐾𝐾11(∇ ∙ 𝑛𝑛�)2 + 1

2
𝐾𝐾22(𝑛𝑛� ∙ ∇ × 𝑛𝑛�)2 + 1

2
𝐾𝐾33(𝑛𝑛� × ∇ × 𝑛𝑛�)2    (3) 

Where |𝑛𝑛�| = 1, and first, second, and third term in the equation correspond to splay, twist, and 

bend in the director field respectively. As the system is quasi 2D at 100 nM formin, we can neglect 

K22. Then using the approximation K11 = K33 = K, we have 

𝐸𝐸
𝐾𝐾

=  1
2

(∇ ∙ 𝑛𝑛�)2 + 1
2

(𝑛𝑛� × ∇ × 𝑛𝑛�)2        (4) 

Director field calculations.  The director field is calculated using custom Matlab code as 

described previously.[2] Briefly, a director field, 𝑛𝑛� is created from images of fluorescently labeled 

F-actin and the images are divided into small, overlapping 3.5 μm by 3.5 μm windows, and the 

local orientation director is calculated for each window.[3] Each window is then Gaussian filtered 

and transformed into Fourier space using a 2D fast Fourier Transform (FFT). Then, the axis of the 
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least second moment is calculated from the second order central moments of the transformed 

window.  The angle of the local F-actin director is defined as orthogonal to this axis. 

Fluorescence Recovery After Photobleaching (FRAP).  For fluorescence images of both F-actin 

and FITC-DHPE, a circular region is drawn in the image over which the fluorescence, I is 

measured.  Simultaneously, in a region far from the photo-bleached region, the fluorescence Ibg is 

measured.  Then, the quotient, I/Ibg is taken over time.  This value is fit to the following equation: 

𝐼𝐼/𝐼𝐼𝑏𝑏𝑏𝑏 = 𝑏𝑏1 − 𝑏𝑏2 ∗ 𝑒𝑒−𝑡𝑡/𝜏𝜏1.           (5) 

There are three coefficients fit, b1, b2 and 𝜏𝜏1 which is the exponential timescale for the recovery of 

fluorescence and the principal indicator of turnover.   

Image Autocorrelations.  For fluorescence images of F-actin at steady-state, we characterize the 

effective network viscoelasticity through autocorrelations. Images are background subtracted 

using a rolling ball region of 50 pixel, and Gaussian filtered with a filter of standard deviation 2 in 

ImageJ before analysis. Autocorrelations are calculated as 

〈𝐼𝐼(𝑡𝑡)𝐼𝐼(𝑡𝑡 + ∆𝑡𝑡)〉~𝑒𝑒−∆𝑡𝑡/𝜏𝜏2         (6) 

for time differences of  ∆𝑡𝑡 in image intensities 𝐼𝐼.  An exponential fit gives timescale 𝜏𝜏2 which is 

the exponential timescale for the decay in actin intensity over time and an indicator for network 

viscoelasticity. 

Myosin Motion to Probe Network Mechanics.  To further understand network mechanical 

properties beyond what is driven thermally, we embed probes in networks of high formin 

concentration to measure F-actin network fluctuations.  However, as an alternative to embedding 

passive particles as is commonly done in microrheology , instead we use active probes [4-6].  The 
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F-actin gels are thin and may resist the entanglement of probe particles, therefore we add myosin 

thick filaments which are well suited for their capacity to adhere and embed within the network.  

In myosin experiments, Alexa-642 labelled smooth muscle myosin dimers are added at 50 nM to 

the sample to polymerize.  Prior to addition, the smooth muscle myosin is spun with 15 µM F-actin 

stabilized with 30 µ dark phalloidin in F-buffer supplemented to 0.45M KCl at 39,000 rpm at 4C 

for 30 min.  The supernatant is removed, leaving behind enzymatically inactive motor in the pellet, 

thus reducing the propensity for excess ‘crosslinking’ in our assay. 

After approximately 20 minutes, dimers of smooth muscle myosin II are added slowly to 

the F-actin gel, and thick filaments polymerize into large (~1 µm) assemblies over time.  We add 

myosin filaments at densities that are too low to induce net contractility, as has been shown to 

occur at a critical threshold.[7, 8]  As thick filaments polymerize (~20 min), they embed into the F-

actin network (SFig 2AB).    Myosin motors will move, in part due to thermal fluctuation and in 

part due to its active motility.  We quantify these effects using the Mean-Square Displacement 

(MSD) of their motion within the network (SFig 2C).  Consistent with previous studies, we find 

that at short times, myosin motion is sub-diffusive, although transitions to a diffusive regime at 

between 2-10 minutes.[9] Relatedly, we measure the Non-Gaussian Parameter (NGP) which 

indicates the extent to which displacements are both larger and smaller than what is expected by a 

Gaussian distribution of displacements (SFig 2D,E).  The short-time behavior is non-Gaussian, 

with both exponential tails indicative of large displacements, as well as a peak in small, near zero 

displacements.  The large displacements are persistent walks by myosin, while the small 

displacements indicate an inhibition to motion.  The latter dominates, leading to sub-diffusive 

behavior.  At longer times, myosin motion is Gaussian, accounting for the diffusivity.  These 

behaviors are consistent with early time ‘caging’ and elasticity, and longer time ‘escape’ and 
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viscous behavior, as has been seen in gels of colloidal particles.[10]  Analysis of the NGP (SFig 2E) 

also shows a characteristic time of between 2 and 10 minutes.  This suggests an elasticity below 2 

minutes, viscosity beyond 10 minutes, and a viscoelastic response in between.  The timescale is 

comparable for τ1, (~ 10 min) for the turnover time for gel nucleated by 1 µM mdia1. 

Simulation of Growth of Actin Filaments.  We simulate our experiments using a simple 

stochastic model. The simulations are initialized with total number of g-actin monomers in 

simulation that we call pool size Np, and number of formin nucleators Nf. A monomer in the 

simulation is a coarse grained approximation. We ignore any detailed interaction between formin 

and filament. The role of formin is limited to creating filaments of a specific length from the 

monomer pool. At each time step we estimate the number fraction of free g-actin in the 

simulation (m). If there is sufficient free g-actin, formins will add new Nf actin filaments of 

length L0m monomers. We then re-estimate the amount of free g-actin and scale it with number 

of filaments in the system. This ratio gives us an estimate of free g-actin available per f-actin 

filament to polymerize. We then generate a random number and compare it with this ratio. When 

the random number is smaller than this ratio, we increment the length of the filament by 1 

monomer, otherwise we reduce the length by 1. This simple mechanism ensures that 

polymerization of actin filaments dominates at earlier stages, but as the pool of free g-actin 

depletes, depolymerization sets in. At equilibrium, the amount of material available for new 

filaments, as well as for growth of old filaments is equal to the amount of material released by 

depolymerization of filaments in previous steps. At each time step we record, number of actin 

filaments and mean length of filaments. This simulation runs for 104 steps, and we average over 

20 runs for the results shown in the paper. 
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Parameter Symbol Value 

Number of g-actin 

monomers/pool size 

Np 5x106 - 4x107 

Number of formin nucleators Nf 10-1000 

Rate of growth of actin from 

formin 

Rf 100 monomer/time step 

Rate of growth of free actin K+ Variable 

Rate of decay of free actin K- Variable 

Time step tsim 104 

Length of actin filament 

produced by formin 

L0 100 monomer 

 

Simulation of Growth of Actin Filaments: This is a list of multiple time scales that appear in 

this paper: 

Time scale Symbol (reference figure) Value 

Formin mediate growth (fast) - (Fig 1B) Ο(seconds) 

Profilin mediated growth 

(slow) 

- (Fig 1B) Ο(minutes) 

Fast network growth R1 (Fig 1E) 0-20 minutes 
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Slow network growth R2 (Fig 1E) >20 minutes 

Turnover time scale τ1 (Fig 2D) ~100-101 minutes 

Relaxation time scale τ2 (Fig 4D) ~101-103 minutes 

 

Mechanics of Curved Filament Growth: To understand the mechanistic origin of curved F-

actin assembly at intermediate Formin concentrations, we implemented a mean field model of a 

growing soft filament embedded in a filamentous meshwork. The system consists of nF 

semiflexible polymers contained in a volume V at temperature T. The mean filament length at 

time t is given by L(t), in monomer length units. The filaments are assembled from a finite pool 

of monomers, of total number N. The filament concentration is given by c = nF/V. The free 

energy of the system, F, can be written as a sum of chemical potential for filament assembly and 

mechanical energies associated with filament bending and network deformation, 

 

𝐹𝐹 = 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔ℎ + 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 + 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝐸𝐸𝑃𝑃        (7) 

 

where Egrowth is the chemical energy associated with filament assembly and disassembly, Ebend is 

the potential energy for filament bending, Estrain is the local strain energy of the polymer network 

sensed by a filament, and EP is the growth pressure from the surrounding network. For 

simplicity, we neglect entropic contributions. If µ is the chemical potential associated with 

filament growth, and µd is the chemical potential for filament disassembly, then the energy 

released by filament growth is given by: 
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𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔ℎ =  −µ𝐿𝐿 �𝑁𝑁 − 𝑛𝑛𝐹𝐹
2
� +  µ𝑑𝑑𝐿𝐿 =  −µ𝐿𝐿 �𝑁𝑁 −  𝑛𝑛𝐹𝐹𝐿𝐿

2
−  𝑘𝑘𝑑𝑑�    (8) 

 

where kd = µd/µ. The potential energy for filament bending and network strain energy are given 

by: 

 

𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝐿𝐿𝑝𝑝
2

𝐿𝐿
𝑅𝑅2

           (9) 

 

𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  𝐺𝐺(𝑐𝑐)𝑉𝑉
2

𝜀𝜀2          (10) 

 

where R is the radius of curvature of the filament, Lp is the persistence length, G(c) is the elastic 

modulus and ε is the strain in the filamentous network. In the mean field approximation, we 

assume that the local strain in the network arises from filament bending such that ε = 1 – d/L, 

where d = 2Rsin (θ/2) is the filament end-to-end distance, with θ = L/R. Growth of the 

surrounding filamentous network will impart a mechanical pressure, P, on the filaments, giving 

rise to the energy 

 

𝐸𝐸𝑃𝑃 =  −𝑃𝑃(𝑐𝑐)𝐴𝐴(𝐿𝐿 − 2𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �𝜃𝜃
2
�)         (11) 

 

where A is the area of cross-section of a filament. The effective free energy is then given by 

 

𝐹𝐹(𝑅𝑅, 𝐿𝐿) =  −𝜇𝜇𝜇𝜇 �𝑁𝑁 − 𝑐𝑐𝑐𝑐 𝐿𝐿
2
− 𝑘𝑘𝑑𝑑� + 𝐿𝐿

2
𝐿𝐿𝑝𝑝
𝑅𝑅2

+ 𝐺𝐺(𝑐𝑐)𝑉𝑉
2

�1 − 2𝑅𝑅
𝐿𝐿

sin �𝜃𝜃
2
��

2
− 𝑃𝑃(𝑐𝑐)(𝐿𝐿 − 2𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝜃𝜃/2)) 

              (12) 
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where c = nF/V. We assume that the elastic modulus of the F-actin network is dependent on F-

actin concentration as G(c)V ~ g0c2, and the growth pressure is assumed to be linearly 

proportional to filament concentration P(c)A ~ p0c, where g0 and p0 are constants.[11] We apply 

the above effective theory to describe curved F-actin assembly at intermediate concentrations. 

For simplicity we assume that an average filament is uniformly curved with a radius of curvature 

R = L/θ. For computational convenience, we rewrite the free energy as a function of L and θ 

 

𝐹𝐹(𝐿𝐿,𝜃𝜃) =  −𝜇𝜇𝜇𝜇 �𝑁𝑁 − 𝑐𝑐𝑐𝑐 𝐿𝐿
2
− 𝑘𝑘𝑑𝑑� + 𝐿𝐿𝑝𝑝𝜃𝜃2

2𝐿𝐿
+ 𝑔𝑔0𝑐𝑐2 �1 − χ�𝜃𝜃

2
��

2
− 𝑝𝑝0𝑐𝑐𝑐𝑐(1 − 𝜒𝜒(𝜃𝜃/2)) (13) 

 

where χ(θ) = sin(θ)/θ. The dynamics of length L and the angle θ are then given by: 

𝐿̇𝐿 = −𝜂𝜂𝐿𝐿
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

  

    = 𝜂𝜂𝐿𝐿 �𝜇𝜇(𝑁𝑁 − 𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑘𝑘𝑑𝑑) + 𝐿𝐿𝑝𝑝𝜃𝜃2

2𝐿𝐿
+ 𝑝𝑝0𝑐𝑐 �1 − 𝜒𝜒 �𝜃𝜃

2
���     (14) 

and 

𝜃̇𝜃 = −𝜂𝜂𝜃𝜃
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

  

    = −𝜂𝜂𝜃𝜃 �
𝐿𝐿𝑝𝑝𝜃𝜃
𝐿𝐿
− 𝑔𝑔0𝑐𝑐2 �1 − χ �𝜃𝜃

2
��

2
𝜒𝜒′ �𝜃𝜃

2
� − 1

2
𝑝𝑝0𝑐𝑐𝜒𝜒′ �

𝜃𝜃
2
��     (15) 

where ηL and ηθ are mobility constants and χ`(θ) = ∂χ(θ)/∂θ. We solve the above equations to 

obtain the dynamics of L(t) and θ(t), for a given filament concentration, c. From these data, we 

can compute the dynamics of filament curvature using the relation R-1(t) = θ(t)/L(t). The results 
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of numerical solution to the differential equations are shown in Fig. 3J in main text, for nF/N = 

0.12. For this intermediate value of nF/N, the growing filament quickly attains a curved 

morphology via buckling due to mechanical pressure from the surrounding network. The 

filament then continues to elongate at a constant curvature. This hoop-like growth of the filament 

acts as a template for curved self-assembly of other polymers in its vicinity. We further 

investigate the dependence of steady-state filament curvature on filament concentration. Figure 

3I in main text shows that R-1 exhibits a non-monotonic dependence of nF/N, the ratio of Formin 

to G-actin concentrations. At low nF/N, the filamentous network is dilute and does not generate 

sufficient force on a growing filament, which assembles in an approximate straight morphology. 

At intermediate values of nF/N, the competition between growth and bending leads to maximum 

curvature of growing filaments. At higher values of nF/N, filament lengths are smaller than Lp 

and are unable to bend. This results in a dense meshwork of short rod-like filaments. 
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Supplemental Figures 

Phenotype 1 nM 10 nM 100 nM 1 µM 

Total N 2 13 11 29 

Loose/Entangled 

Filaments 

2 12 3 2 

Swirls/Vortices 0 0 8 3 

Vertical/Dense 0 0 0 21 

Failed 

Polymerization 

0 1 1 3 

% 100 92 72.7 72 

 

Supplementary Figure 1.  Statistics of Qualitatively Distinct Phenotypes.  There are three 

principal phenotypes: loose, entangled filaments that occurs at and below 10 nM formin, 

swirls/vortices principally at 100 nM, and a vertical/dense network  at 1 µM.  Total experimental 

samples is N=55.  28 Control Samples were included, which include no profilin, no mdia1, no 

NTA, and different  independent experiments for these controls.  Thus, the total sample size is 

N=83 independent experiments. 
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Supplementary Figure 2.  F-actin coupling to bilayer influences network structure. A 

comparison of steady-state F-actin network structures for 100 nM mdia1 with nickel lipid (A) and 

without nickel lipid (B). Without nickel lipid, actin filaments are formed in solution, instead of at 

the membrane surface and are then crowded down to the surface through depletion forces (via 

Methylcelluose). These filaments organize into nematic like structures, consistent with previous 

work [8, 12]. Steady-state F-actin structures for 1 µm mdia1 with nickel lipid (C) and without nickel 

lipid (D). Scale bar is 10 µm. 
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Supplementary Figure 3.  Depth dependent structure of network after contraction by 

myosin.  (A) After the addition of myosin (cyan), the F-actin network structure (A) depends on 

depth. The F-actin network is contracted into heterogeneous puncta of high concentration actin at 

z=4.5 µm, while it remains unchanged at the base of the gel (z=0 µm).  This suggests that the 

bottom of the network is adherent to the bilayer.  As formin processively elongates filaments with 

a finite probability of detaching at each step, the probability of release may be proportional to the 

length of the filament.  As the length of the filament is shortest at 1 mM actin, the adhesion may 

be greater.  The lipid bilayer is located at z=0 µm. Scale bar is 10 µm.  (B) Thick filaments of 

smooth muscle myosin II embed within the F-actin network.  (C) The motion of the myosin 

molecules is calculated by the Mean-Square Displacement (MSD) which shows subdiffusive 

displacement at short times, and diffusive motion at long times.  (D) The Van Hove correlation is 

a distribution of filament displacements at a set time, which shows exponential tails indicating 

large steps and a larger than expected number of short steps.  (E)  The Non-Gaussian Parameter 

(NGP) indicates two timescales of myosin motion within the F-actin network, the latter being 10 
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minutes until the network behaves more diffusively – precisely the turnover time as measured for 

1 µM formin networks. 
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Supplementary Figure 4.  F-actin recovery in the absence of nucleator. (A) Each panel is a 

different region within the same sample.  F-actin within a single sample is very variable in its 

density when not nucleated from the surface.  (B) F-actin growth during polymerization of F-actin 

in the absence of formin, mdia, or NTA-Ni.  (C) Quantification of fluorescence intensity over time.  

Red line indicates an exponential fit, with a timescale of 15 minutes.  (D) Fluorescence recovery 

after photobleaching of F-actin where turnover is not formin-assisted.  (E)  Quantification of 

fluorescence intensity over time.  Red line indicates an exponential fit, with a long recovery 

timescale. 
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Supplementary Figure 5.  Phalloidin-labelled F-actin does not recover.  (A) F-actin 

fluorescence over time for Alexa-568 labelled F-actin is stabilized by phalloidin.  (B) 

Quantification of F-actin fluorescence over time. 
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Movie Captions 

Movie 1. F-actin network growth with low concentration formin. Growth of F-actin network 

with 10 nM mdia1. Time is hours:minutes:seconds. Scale bar is 10 µm. 

Movie 2. F-actin network growth with medium concentration formin. Growth of F-actin 

network with 100 nM mdia1. Time is minutes:seconds. Scale bar is 10 µm. 

Movie 3. F-actin network growth with high concentration formin. Growth of F-actin network 

with 1 µM mdia1. Time is minutes:seconds. Scale bar is 10 µm. 

Movie 4. Thermal fluctuations of F-actin network. Thermal fluctuations of F-actin network z=0 

µm and z=1 µm with 1 µM mdia1. Time is minutes:seconds. Scale bar is 10 µm. 

Movie 5. Fluorescence recovery after photobleaching of F-actin network. F-actin network is 

photobleached in a circular region. Active polymerization of new F-actin results in the 

fluorescence recovery in photobleached region. Note: F-actin structure before and after 

photobleaching is the same. Time is minutes:seconds. Scale bar is 10 µm. 

Movie 6. Two-color fluorescence recovery after photobleaching of F-actin network. An actin 

network is first polymerized with 568 nm fluorescent actin, then 642 nm fluorescent actin is added. 

The actin network is photobleached in a circular region for both 568 nm (left) and 642 nm (right). 

Fluorescence recovery is faster for 642 nm actin. Both actin channels recover structures with the 

geometries as the pre-photobleached geometries. Time is minutes:seconds. Scale bar is 10 µm. 
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