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ABSTRACT
Actomyosin cortex, a thin network underlying cell membrane, is known to generate a large portion of tensile forces required for various cellular processes. Recently, theoretical studies predicted that buckling of actin filaments breaks symmetry between tensile and compressive forces developed by myosin motors, resulting in tensile stress at a network level. However, the significance of the filament buckling of the cortex has yet been demonstrated either computationally or experimentally. Here, we investigated buckling-dependent stress generation of the cortex-like actomyosin network using an agent-based computational model consisting of actin filaments, actin cross-linking proteins (ACPs), and molecular motors. First, we explored a wide parametric space of filament length and the densities of ACP and motors. It was found that the importance of the buckling varies depending on conditions; with higher ACP/motor densities and longer actin filaments, symmetry breaking induced by buckling is more severe. We explained why the buckling is more likely to occur under such conditions. In addition, by analyzing temporal evolutions of filament behaviors, we showed that some of the buckled filaments become subjected to tensile forces in a later stage, which was not predicted by the theoretical models.

INTRODUCTION

Cells are intrinsically mechanical, which requires production of mechanical forces for a wide range of processes including cell migration, cell-to-cell interaction, and cytokinesis (Tee, Bausch et al. 2009, Chaudhuri, Gu et al. 2015). Recent experimental studies have demonstrated that the contractility of cell cortex, which is a thin actomyosin network underlying a cell membrane, is the main source of mechanical forces. Major components of the actomyosin network include filamentous actins (F-actins), myosin motors, and actin crosslinking proteins (ACPs). Reconstituted actomyosin networks built with these constituents have shown an ability to generate forces and exhibit contractile behaviors (Alvarado, Sheinman et al. 2013). Although it has been known well how muscles generate forces via a highly organized actomyosin unit called sarcomere, the intrinsic mechanism of force generation within disorganized actomyosin structures like the cell cortex still remains elusive. 
The myosin motors pull pairs of F-actins in opposite directions, which results in both compressive and tensile forces. Recent theoretical studies that assumed presence of non-identical motors and non-linear elastic responses of F-actins have predicted that F-actins are buckled in response to the compressive forces, leaving only tensile forces on F-actins (Lenz, Thoresen et al. 2012, Martin, Margaret et al. 2012, Lenz 2014). Propensity for buckling is inversely proportional to bending stiffness of F-actins, so it is likely that bending stiffness plays a key role in the mechanism of actomyosin contractility. Considering that the bending stiffness can be varied over a wide range by various factors such as binding of cations on F-actins (Bidone, Kim et al. 2015), cells may be able to control force generation and contractile behaviors of actomyosin structures via regulation of bending stiffness. However, the significance of bending stiffness has been tested in neither computational nor in vitro studies. In addition, since effects of critical factors for contractile behaviors of actomyosin structures, such as density of ACPs and length of F-actins(Bendix, Koenderink et al.) are not considered in the theoretical studies, it is not clear under what condition the symmetric breaking led by F-actin buckling plays an important role for force generation. 
	 In this study, we assessed the relative sensitivity of the networks to kb at various combination of actin filament length, ACP densities, and motor densities at both the reference bending stiffness (kb*) or at 10 times the bending stiffness (100kb*.) A point was chosen based on highest sensitivity for microanalysis where we assessed the relationship between maximum stress and bending stiffness by running 6 simulations at intermediate bending stiffness values for linear regression fitting. Finally, we studied the time evolution of individual filament’s deformation and tensile forces to further study the symmetry breaking behavior of the network.   

METHODS

We simulated a thin three-dimensional actomyosin network with the dimension of 8×8×0.5 μm, using an agent-based model consisting of actin filaments, ACPs, and myosin motors. Details of the model are described in a previous work (Jung, Murrell et al. 2015). Briefly, the actin filaments are simplified into serially connected cylindrical segments (Fig. 1). 
[image: ]
Figure 1. A schematic diagram depicting the model used in this study. Actin filaments (cyan), ACPs (yellow), and motors (red) are simplified by cylindrical segments connected by elastic hinges with various extensional and bending stiffnesses. 
ACPs are comprised of two cylindrical arms, connected by elastic hinges. Motors are modeled after myosin II thick filaments; a motor has a backbone structure with multiple arms, and each of the arms represents several myosin heads. Motions of actin filaments, ACPs, and motors are governed by the Langevin equation without inertia. The Euler integration scheme is used to calculate the temporal evolution of particle positions. Bending and extensional stiffnesses of the actin filaments, ACPs, and motors govern their equilibrium angles and distances, respectively. ACPs bind to actin filaments to form cross-links between pairs of actin filaments as well as unbind following Bell’s equation. A motor arm binds to an actin filament and walks toward its barbed end, generating tension in the actin network.  
We monitored the time evolution of stress generated by the actomyosin networks under various conditions including the densities of ACPs and motors and the length of actin filaments with either a reference (κb*) or 100-fold greater bending stiffness (100κb*). The maximum stress obtained with 100κb* is divided by that obtained with κb* to estimate the importance of bending stiffness given a condition; ratio of the stresses close to one indicates a negligible role of F-actin buckling, whereas the ratio close to zero is indicative of its critical role. Although buckling is known to induce severing of F-actins (McCullough, Grintsevich et al. 2011), we did not incorporate a severing event in the model.

RESULTS

In initial 85 simulations, we focused on the effects of variations in bending stiffness over a wide range of ACP densities, motor densities, and filament lengths. 
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Figure 2. Snapshots of the actomyosin networks taken at the beginning of simulations and a time moment when stress reaches a maximum with a reference (κb*) or 100-fold greater bending stiffness (100κb*). An increase in bending stiffness results in apparent changes in macroscopic network morphologies, such as decreasing pore size, increased buckling, and increased bundling. 
As seen in Fig. 2, with increased bending stiffness the network at maximum stress, has smaller pores, has relatively few buckled filaments, and is still homogeneous. At the reference bending stiffness, there is considerable bundling, has large pores, is heterogeneous in density. These are all predicted outcomes that stem from changing the stiffness of the filaments (Murrell and Gardel 2012). 
[image: ] Figure 3. Stress generated by the actomyosin networks. (Top) Maximum stress with the reference bending stiffness (κb*). (Bottom) Ratio of maximum stress obtained with 100κb* to that with κb*. Sensitivity of network stress to bending stiffness is greater with higher densities of motors and ACPs and longer actin filaments.  
Figure 3 shows a wide parametric assessment of networks under different conditions for kb sensitivity. The top row shows the maximum stress produced by networks at the reference bending stiffness; the second row shows the ratio of maximum stress produced by the network at 100 times the bending stiffness over the maximum stress produced by networks at the reference stiffness. The stress ratio was used as a measure of network sensitivity to kb. We see that both increasing motor density and/or ACP density leads to an increase in maximum stress and a decrease in the stress ratio, while increasing the filament length leads to lower stress and higher stress ratio. 
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Figure 4. Time evolution of stress generated by networks shows a clear difference between two cases with different bending stiffness. (motor density = 0.01, ACP density = 0.1, and filament Length = 2 μm) 
The time evolution of a single network shows that the bending stiffness is related to maximum stress as shown in Fig. 4.  We observe that with higher bending stiffness, blue, there is less stress produced and the time at which this maximum stress is reached is greater compared to reference bending stiffness, red. 
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Figure 5. An inverse proportionality between the maximum stress produced by networks and bending stiffness at motor density = 0.01, ACP density = 0.1, and filament Length = 2 μm, showing the critical role of bending stiffness in stress generation. 
After exploring the parameter space, a few specific points were selected for further analysis. The first point picked, red circle in Fig 3. Indicates, had the lowest stress ratio. The motor density of 0.001, crosslinking density of 0.01, and filament Length of 2.5um was further explored. We ran more simulations in order to see the relationship between intermediate bending stiffness and max Stress fig 5.  There is a clear linear relationship between the log of bending stiffness ratio and maximum stress with an r-value of .84. This trend was identified only at the point described above. 
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[bookmark: h.30j0zll]Figure 6. Changes in the distribution of tensile and compressive forces as network stress evolves. With a reference bending stiffness, filaments exhibit a higher propensity for buckling (low ratio of lengths) and experience largely tensile forces.  
Figure 6 shows the time evolution of the distribution of filaments ratio of lengths to axial force. All positive forces are extensile and all negative forces are compressive. The ‘Ratio of Lengths’ is defined as the end to end length of the filament divided by the contour length of the given filament. This is a measure of relative buckled state of the filament. Filaments with high ratios close to one are not buckled and vice versa. The graph on the left is the distribution at the start of the simulation (t = 0s.) The second figure is half between the start of the simulation and the time at which stress is maximal. The figure at the right shows the distribution of filaments at maximum stress (t = 53s.) At the start of the simulation both networks have normally distributed filaments. Over time, as stress is developed by the network, there are two major trends shown in Fig 6. First, the distribution of forces felt by the individual filaments becomes asymmetric with very few compressive forces present. Second, the number of buckled filaments increases as well as the relative buckled state of many filaments increases as seen by the migration of points, red, from high ratio of lengths to lower ratio of lengths. 

CONCLUSION:

In this study, we demonstrated that the relative importance of F-actin bending stiffness is dependent on conditions: the densities of motors and ACPs and the length of actin filaments. Below the minimum threshold of densities of motors and ACPs, lack of network connectivity results in negligible contraction and force generation, leading to network insensitivity to variations in bending stiffness. By contrast, the network behaviors are the most sensitive to bending stiffness with higher motor and ACP densities and relatively long filaments. We did notice that ACPs play a more significant role in the force generation than other parameters. This might be attributed to the enhanced bundling of actin filaments caused by an excessive amount of ACPs. In the future, we will investigate effects of extent of bundling on force generation governed by F-actin buckling. 
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