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ABSTRACT Many different cell types are able to migrate by formation of a thin actin-based cytoskeletal extension. Recently, it
became evident that this extension consists of two distinct substructures, designated lamellipodium and lamellum, which differ
significantly in their kinetic and kinematic properties as well as their biochemical composition. We developed a stochastic two-
dimensional computer simulation that includes chemical reaction kinetics, G-actin diffusion, and filament transport to investigate
the formation of growing actin networks in migrating cells. Model parameters were chosen based on experimental data or theoretical
considerations. In this work, we demonstrate the system’s ability to form two distinct networks by self-organization. We found a
characteristic transition in mean filament length as well as a distinct maximum in depolymerization flux, both within the first 1–2 mm.
Theseparation into twodistinct substructureswas found tobeextremely robustwith respect to initial conditions and variationofmodel
parameters. We quantitatively investigated the complex interplay between ADF/cofilin and tropomyosin and propose a plausible
mechanism that leads to spatial separation of, respectively, ADF/cofilin- or tropomyosin-dominated compartments. Tropomyosinwas
found to play an important role in stabilizing the lamellar actin network. Furthermore, the influence of filament severing and annealing
on the network properties is explored, and simulation data are compared to existing experimental data.

INTRODUCTION

Many cells are able to migrate in a directed fashion, which is

of enormous relevance for various biological systems and

indispensable for multicellular organisms. Typically the cell

protrudes by formation of a thin cytoskeletal extension, des-

ignated lamellipodium and lamellum, with actin as the main

structural component. Within this cytoskeletal extension, actin

filaments are densely packed with their fast growing plus-ends

mostly oriented toward the cell front (1,2). It has been shown

experimentally (3,4) as well as theoretically (5) that actin poly-

merization provides sufficient force to extend the cell during

locomotion.

The growing cytoskeletal extension is not a homogenous

entity. Speckle microscopy (6–8) as well as electron micros-

copy (2) and fluorescence data (9) have revealed that the

leading actin network in motile cells is composed of at least

two different types of actin networks. In this article, we dis-

tinguish between lamellipodium and lamellum following the

definition of Chhabra and Higgs (10). Initiated directly at the

cell membrane, the lamellipodium extends ;1–2 mm back to

where the lamellum begins. The lamellum typically covers a

larger area and spans up to the convergence zone, whichmarks

the transition between the cytoskeletal extension and the cell

body (Fig. 1). Electron micrographs reveal detailed actin net-

work design (2,11). Beneath the leading membrane, a den-

dritically branched actin network dominateswith predominantly

short filaments, while the network further away from the leading

membrane mainly consists of long unbranched actin filaments.

It has been shown that the actin branches at the front are

induced by Arp2/3 complex, which was found to be highly

enriched in the lamellipodium (11). Recently, however, the

existence of the highly branched network at the cell front has

been challenged (12,13). Further experiments on motile cells

will have to ascertain actin network design. Speckle mi-

croscopy techniques have allowed observation of actin

polymerization dynamics within lamellipodia (6–8,14,15).

For the lamellipodial actin network, significantly higher po-

lymerization as well as depolymerization activity was found

as compared to the lamellum (7). Experimental data indicates

that most of the total depolymerization takes place within this

first zone (14). Moreover, experiments have revealed that the

lamellipodium shows a high level of actin-bound ADF/

cofilin while tropomyosin is virtually absent, whereas the

lamellum was found to be dominated by tropomyosin (2,8,9).

Characteristics of these two networks, however, might differ

substantially between different cell types.

The dynamics of branched actin networks have been

studied using in vitro bead and pathogen motility assays

(4,16) or actin polymerization-driven vesicles and oil drops

(17–19) as well as computer simulations and mathematical

models (reviewed by Mogilner (20)). Elaborate models have

been developed to understand the growth of branched actin

networks against obstacles (21–23). In addition to these

microscopic models, macroscopic elastic continuum models

based on experimental data on bead motility have been

suggested (24,25). Furthermore, computer simulations have

been used to study the organization of actin filaments at the

leading edge of motile cells and have considered interactions

between actin filaments and the cellular membrane (26,27).

Few approaches, however, have sought to model the whole

cytoskeletal extension (28,29). To date, no model has been

able to explain the formation of lamellipodium and lamellum.
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In this study, we focus on three important questions: First, we

search for a minimal set of mechanisms sufficient to explain

the formation of two distinct networks that differ in filament

length and depolymerization rate. Second, plausible mech-

anisms to further control actin filament length and actin

disassembly are investigated. Third, we study how spatial

separation of the actin bound proteins ADF/cofilin and tropo-

myosin can be achieved.

We investigate actin network growth using Monte Carlo

computer simulations. The Monte Carlo approach allows us

to mimic cell experiments with a control of parameters that

extends beyond that of in vivo systems.

A typical simulated actin network is shown in Fig. 1 to-

gether with the underlying distributions of filamentous and

monomeric actin. The simulation’s essential elements are

outlined in Fig. 2. Internal polarity of the system is introduced

by restricting filament nucleation sites to one boundary of the

system, reflecting nucleation triggered by local signaling at

the plasma membrane of motile cells. We model the modu-

lation of F-actin assembly and disassembly by the important

actin-associated proteins ADF/cofilin, tropomyosin, and a

plus-end capper. This work proposes and explores a plausible

mechanism of the formation of distinct lamellipodial and

lamellar networks by self-organization. The most important

criteria used to distinguish the two networks are mean fila-

ment length and depolymerization flux. We define the mean

filament length (in mm) as the arithmetic mean of all fila-

ments crossing a line parallel to the leading edge and the

depolymerization flux as the actin concentration transfer per

time from the filamentous to the monomeric actin pool (in

mM/s). Both properties are measured along the x axis. We

show that spatial separation of ADF/cofilin and tropomyosin

takes place only if we consider ADF/cofilin deactivation.

We obtain respective ADF/cofilin unbinding rates which

are significantly higher than values measured in vitro and

which can possibly be explained by Lim kinase-triggered

phosphorylation (30). The properties of our in silico actin

networks are in good agreement with numerous experiments

with different kinds of cells. Even without assuming further

mechanisms for filament nucleation and elongation, e.g., by

proteins of the formin family (31), two different subnetworks

form in a self-organized manner, suggesting that lamellipo-

dium and lamellum originate from one single common nu-

cleation source.

METHODS

Computer simulation

The computer simulation presented is implemented in MATLAB (MatLab

7.5.0, R2007b, The MathWorks, Natick, MA) and uses the kinetic Monte

Carlo method. Actin monomer movement is described as stochastic

Brownian motion. Probabilities of biochemical events are derived from

known on- and off-rate equations. Time is discretized into fixed time steps

(typically 50 ms) that are fine enough to capture the system dynamics while

still accomplishing the simulation within a reasonable computation time

(typically #1 day). In each time step, the stochastic events experienced

change the system state. After a certain simulated time (typically;1–3 min)

FIGURE 1 (A) Illustration of cytoskel-
etal architecture within fish keratocytes.

The shaded narrow rectangle specifies the

scope of the computer simulation. Lp,

lamellipodium; La, lamellum; Cz, con-
vergence zone. (B) Simulated actin net-

work based on values from Table 1.

Angular variance used was 20� at 635�.
(C) F-actin concentration along the x axis

(in mM). (D) G-actin concentration along

the x axis (in mM).
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the system reaches a steady state where the network properties fluctuate only

slightly (Fig. 3).

Actin monomers are assumed to diffuse independently undergoing ran-

dom walks. In each time step Dt, every single G-actin monomer is displaced

by Gaussian-distributed values Dx and Dy. The variance of the distribution

and the length of a time step are related by the Einstein-Smoluchowski

equation

VarðDxÞ ¼ Æx2æ ¼ 2DDt; (1)

where D is the diffusion coefficient of monomeric actin in the network. The

valueDt has a strong influence on computation time andmust be chosen to be

sufficiently small to model all events independently. For the data presented,

time was discretized in 50-ms steps, which are small enough to model the

fastest actin binding proteins (with rates of;1 s�1) and which is well below

the typical lifetime of an actin monomer in solution (see also Appendix).

Cyclic boundary conditions were applied to the two biochemically inactive

system boundaries, while the two active boundaries (x¼ 0 and x¼ 10 mm) are

modeled as perfectly reflecting borders. Nucleation takes place exclusively at

the leading edge with a constant nucleation rate rnuc. The nucleation rate was

estimated based on experimental data as described in the Appendix, where we

also discuss alternative nucleationmodels. A random angle a of either135� or
�35� with respect to the x axis is associated with every new filament. For

comparison, we used two Gaussian distributions peaked at635� with respect
to the x axis, mimicking experimentally observed angular distributions (32).

Varying the angular variance around the peak values from 0 to 20�, we found
that the different angular distributions did not significantly alter the average

network properties in our model. Coarse-grained pseudo fluorescence pictures

of the actin network for different angular distributions can be found in the

Supplementary Material, Data S1.

Average rate equations for plus-end growth are known from experiments

(33,34). Under consideration of the Brownian ratchet model of Mogilner and

Oster (5), plus-end growth is described by ðdn=dtÞ ¼ kon Ge�d cosa f =kBT �
koff ; with kon and koff the on- and off-rate constants, d cosa the length in-

crement per monomer in x direction, and kBT the thermal energy. The average

force F along the leading edge of a cell has been estimated to be ;100 pN

mm�1 (28). To obtain the force f per growing filament, we divide the total

force by the number of growing filaments at the front. The local G-actin

concentration G is determined by counting the number of monomers that are

located in a defined area around the plus-end. For all data shown we used a

probe area of ;0.04 mm2 to determine the local G-actin concentration (for

discussion of this value, see Appendix).

FIGURE 2 Scheme of themodel. Actinmonomers perform randomwalks determining local G-actin concentrationG. Constant nucleation takes place at x¼ 0.

Filaments subsequently grow until capped. Network transport velocity equals the mean of the filaments’ growth velocities. F-actin monomers are subject to

stochastic chemical reaction events, which occur with rate-dependent probabilities in every time step Dt. The convergence zone is mimicked by instantaneous

disassembly at the rear of the system. Detailed description of the model is given in the text.

FIGURE 3 Simulation results for different

initial conditions. (A) The system converges to

a steady state after;1–2 min of simulated time.

Although the simulation starting without F-actin

displays stronger oscillations, both initial states

converge to the same steady state. (B) Steady-
state F-actin concentration curves show no sig-

nificant variations upon strong variation of the

initial percentage of F-actin.
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Plus-end capping andminus-end uncapping are modeled as first-order and

zero-order reactions, respectively, with rates given in Table 1. The proba-

bility that a growing plus-end is capped within a certain time step Dt can be

expressed as

pcapðDtÞ ¼ 1� e
�rcap3Dt

: (2)

Minus-ends of nascent filaments are assumed to be capped by Arp2/3

complex. Uncapping takes place with a rate ruc, thus the probability that

uncapping has happened after time Dt is

p
�
ucðDtÞ ¼ 1� e

�ruc3Dt
: (3)

In a similar fashion, we modeled stochastic binding of ADF/cofilin and

tropomyosin to actin filaments. The probabilities for plus-end capping, mi-

nus-end uncapping, and tropomyosin and ADF/cofilin binding or unbinding

are applied each time step to each F-actin monomer.

Minus-end disassembly strongly depends on the state of the terminal

F-actin monomers. For undecorated and tropomyosin-decorated F-actin, we

assume the same dissociation rate of 0.3 s�1, while ADF/cofilin decoration

leads to a 30-fold increase in off-rate (33). Thus, we consider ADF/cofilin to

be a depolymerization enhancer as proposed by most experimental studies

(33–35) instead of being a direct polymerization promoter (36). We average

over the terminal 10 F-actin monomers to determine the mean dissociation

rate. Depending on the number of ADF/cofilin-decorated monomers nac
within this terminal end, we get the mean dissociation rate

Æroffæ ¼ 1=10ðnac 3 303 0:3 s
�1 1 ð10� nacÞ3 0:3 s

�1Þ:
(4)

For comparison, minus-end disassembly was also modeled without averaging,

taking into account only the state of the very terminal F-actin monomer.

Although we were still able to reproduce experimental data (data not shown),

the averaged off-rate better reflects the fact that filaments partially decorated

withADF/cofilin already showsignificantly higher depolymerization rates (33).

Without averaging, the filament destabilizing effect of ADF/cofilin is under-

estimated,which results in comparably low off-rates and only slight differences

between partially ADF/cofilin decorated and ADF/cofilin free filaments.

All F-actin traversing the border of our system (at x ¼ 10 mm) instanta-

neously disassembles. This ad hoc mechanism was used to limit network

extension as observed in motile cells (14) and is discussed below (see As-

sumptions and Model).

The total actin concentration was 350 mM for all simulation runs. As

initial conditions, we chose either a randomized uniform distribution of

G-actin monomers or a randomized distribution with 80% of actin in fila-

mentous form. An exponential initial length distribution was assumed for the

actin filaments together with a random position and a random angle of635�.
In both cases, we started without bound ADF/cofilin or tropomyosin. We

could not observe significant differences between steady-state values that

originated from the two different initial conditions (Fig. 3).

Filament severing and annealing

We assume that a filament can only be fragmented where ADF/cofilin is

bound. At every ADF/cofilin-decorated F-actin monomer, we apply a con-

stant severing rate rsev. Recently, a nontrivial relation between ADF/cofilin

concentration and severing activity was reported (37). This, however, has not

been included in this model. We ignore filament diffusion after severing, i.e.,

in our simulation the filaments are transported with the network even after a

fragmentation event. We justify this with the fact that, in entangled actin

networks, filament diffusion is very slow (38). Furthermore, the lamellipo-

dial actin network is believed to contain transient cross links (39–41). Both

arguments do not apply to very short fragments, which indeed will be able to

diffuse within the network. Nevertheless, the negation of filament diffusion

seems a valid first approximation.

Filament annealing demands a more complex modeling approach because

it is a second-order reaction that additionally depends on the length of the

actin filaments (42,43). Following Andrianantoandro et al. (43), we describe

filament annealing by

�dNðxÞ=dt ¼ k

LðxÞ=d3NðxÞ2 (5)

¼ kanneal 3NðxÞ; (6)

where N(x) is the number concentration of filaments and k the annealing rate

constant (in mM�1 s�1 times length in subunits). L(x) is the mean filament

length at position x (inmm) and d the length increment permonomer (see Table

1). Following Fass et al. (44), we use a length-dependent pseudo-first-order

annealing rate kanneal. To determineN(x), only filamentswithout cappedminus-

ends are considered. This reflects the fact that in ourmodelArp2/3 is treated as a

minus-end capper.During annealing, thefilament farther away from the leading

edge is removed and pasted to the minus-end of the front filament.

Plotting of simulation data

Unless otherwise mentioned, all simulation curves were averaged from 60

frames taken at intervals of 1 s (simulated time). Within this time period the

TABLE 1 Parameters and constants incorporated in the model; parameter estimations are explained in the Appendix

Symbol Value Description Source

k1on 12 mM�1 s�1 On-rate constant of ATP-actin monomers to uncapped plus-end. (57)

k�off 0.3 s�1 Off-rate of ADP-actin monomers from minus-end. (57)

k�off;AC 30 3 0.3 s�1 Off-rate of ADF/cofilin-actin monomers from minus-end. (33)

l 10 mm Length of lamellipodium/lamellum. (2)

h 0.17 mm Mean height of lamellipodium/lamellum. (46)

d 2.7 nm Filament length increment per monomer. (34)

D 5 mm2 s�1 G-actin diffusion coefficient. (74)

A 350 mM Total actin concentration. Estimated in Appendix, based on (32,40,46).

B ;100 mm�1 Growing plus-end density at the leading edge. (66)

F 100 pN mm�1 Membrane resistance force per unit edge length. (28)

rnuc 100 mm�1 s�1 Steady-state nucleation rate at the leading edge. (28,66)

rcap 1 s�1 Plus-end capping rate. Estimated in Appendix based on (34,67).

rac 0.5 s�1 ADF/cofilin binding rate to ADP-F-actin. Estimated in Appendix, based on (33,69,70).

r�ac 0.2 s�1 ADF/cofilin unbinding rate. Fit parameter.

rtm 0.2 s�1 Tropomyosin binding rate to ADP-F-actin. Estimated in Appendix, based on (71).

rhyd 0.3 s�1 ATP hydrolysis rate within F-actin. (54)

ruc 0.5 s�1 Minus-end uncapping/debranching rate. Estimated in Appendix, based on (2).
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network undergoes approximately one full array treadmilling cycle, i.e.,

based on typical velocities of ;10 mm/min, the whole network is recycled

completely. By this average, we obtain mean value curves where most

steady-state fluctuations are smoothed out (Data S1).

For comparison with experimental fluorescence images we coarse-

grained our simulation data. To mimic the limited optical resolution of fluo-

rescence microscopy, we applied a Gaussian blur based on an estimated

optical resolution of 0.61 3 l/NA (45), similar to the method developed in

Schaub et al. (32).

ASSUMPTIONS AND MODEL

In this study, we focused on modeling the central part of the

keratocyte cytoskeletal extension (Fig. 1). As a reasonable

approximation, we model a system that is 1-mmwide, 10-mm
long, and 0.17-mm in height. Parameters and variables used

in the simulation are summarized in Tables 1 and 2. One of

the short boundaries of the system represents the cell’s

leading edge where filament nucleation takes place. The

opposite boundary functions as a convergence zone, i.e., all

F-actin traversing this border of the system disassembles. The

actin network is modeled in two dimensions due to the ex-

treme flatness of the lamellar network in motile cells (46).

Our frame of reference is fixed to the cell’s leading edge.

Thus, in our frame of reference the F-actin network is

transported backward with respect to the leading boundary at

x¼ 0, whereas in the laboratory frame it remains stationary in

the case of migrating keratocytes.

Every actin monomer is modeled individually. We dis-

tinguish freely diffusing actin monomers in solution (G-actin

monomers) and actin monomers incorporated into filaments

(F-actin monomers). While G-actin monomers perform two-

dimensional randomwalks, F-actin monomers are part of one

of the possible F-actin subpopulations and are transported

away from the leading edge with the network. The F-actin

subpopulations modeled are ATP-F-actin, ADP-F-actin,

ADF/cofilin-F-actin, and tropomyosin-F-actin (Fig. 2). Fila-

ment transport with respect to the leading edge depends on

the polymerization rate of the uncapped filaments at the

leading edge. As a first approximation, we assume retrograde

filament transport with constant velocity throughout the

system based on observations of keratocytes (47–49). The

network transport velocity is derived for each time step by

taking the arithmetic mean of all growing plus-ends within

100 nm behind the leading edge.

In each time step, all F-actin monomers are addressed in-

dependently for stochastic binding and unbinding of several

actin-associated proteins. The simulation includes plus-end

capping (e.g., by CapZ), minus-end decapping, ADF/cofilin

and tropomyosin binding to F-actin, ADF/cofilin unbinding,

and ADF/cofilin-induced severing as well as filament an-

nealing. The rates and rate constants used are given in Table 1.

Filament nucleation takes place exclusively at the leading

edge (x ¼ 0) with a constant rate rnuc (see Table 1). Experi-

mentally observed 635� angles are assigned randomly to all

newly formed filaments (2,32). Actin polymerization at un-

capped plus-ends depends on local G-actin concentration,

whereas actin disassembly at the minus-ends is concentration-

independent (34) but varies strongly for actin decorated with

ADF/cofilin or tropomyosin. ADF/cofilin binding to F-actin

enhances actin monomer dissociation from the minus-end 20–

30-fold (30-fold in our model) (33). Thus, in agreement with

indications from a majority of experimental studies on ADF/

cofilin behavior, we consider ADF/cofilin to increase depoly-

merization (33–35). Contrary hypotheses that ADF/cofilin

might act as a polymerization promoter have not been included

in our model (36). Nevertheless, we are able to reproduce

findings fromGhosh et al. (36). In vitro experiments show that

binding of ADF/cofilin additionally promotes filament sever-

ing (37,50). In our model, severing takes place at F-actin

monomersdecoratedwithADF/cofilinwith a severing rate rsev.
In contrast toADF/cofilin, tropomyosin decoration has a strong

stabilizing effect on F-actin by slowing down minus-end de-

polymerization (51) and inhibiting filament severing (52).

To focus on tropomyosin’s main functions, filament sta-

bilization and inhibition of ADF/cofilin binding, we ignore

its detailed molecular structure. Tropomyosin-binding be-

havior is reduced in complexity by assuming it to attach to

single F-actin monomers with a constant rate rtm instead of

binding to six or seven neighboring monomers as reported by

Cooper (53). Thus, we explore the lower bounds of the ef-

fects caused by tropomyosin binding. Functions of tropo-

myosin other than blocking of ADF/cofilin binding and

inhibition of filament severing (e.g., promotion of annealing)

have not been included in our model.

ADF/cofilin preferentially binds to ADP-F-actin, which

results in binding characteristics that are delayed by ATP

hydrolysis (33). Significantly lower binding rates to ATP-F-

actin are neglected andwe assumed a similar binding behavior

for tropomyosin. Thus, in our model both ADF/cofilin and

tropomyosin only bind toADP-F-actin. Randomhydrolysis is

assumed (54) with an ATP-hydrolysis rate of rhyd ; 0.3 s�1

(Table 1). In vitro, both ADF/cofilin and tropomyosin have

been shown to bind to ADP-F-actin with high affinity, leading

to negligible unbinding rates regarding the short turnover

times inmotile cells (55). However, based on indications from

live-cell experimental datawe assume that ADF/cofilin can be

deactivated, most likely by phosphorylation (e.g., by Lim

kinases) (30,56,57). We incorporated this deactivation by

assuming a significantly higher unbinding rate for this mol-

TABLE 2 Variables incorporated in the model

Symbol Unit Description

G(x, y) mM Local G-actin concentration.

Jd(x) mM s�1 Depolymerization flux.

M(x) mM Minus-end concentration.

N(x) mM Number concentration of filaments.

F(x) mM F-actin concentration (F-actin monomer

concentration).

L(x) mm Mean filament length.

Mux(x) mM Uncapped minus-end concentration.
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ecule. Lacking experimental data, the respective intracellular

ADF/cofilin unbinding rate r�ac remains the model’s primary

unknown quantity. We used r�ac as a fitting parameter leading

to testable predictions for the ADF/cofilin unbinding rate.

The convergence zone in our model is not described by

molecular mechanisms and is primarily phenomenologically

motivated. At the rear of the actin network extension, mo-

lecular motors (e.g., myosin II) are highly enriched, which

leads to network contraction (58). It has been shown that

within the convergence zone, actin depolymerizes and that

this depolymerization is coupled to myosin activity (14).

From the leading edge, the dense actin network extension

typically spans;10mm (11), which justifies the choice of our

simulation geometry.We assume all filaments to be rigid rods,

which is a reasonable approximation because simulated mean

filament lengths are typically ;0.5 mm, and hence clearly

below the persistence length of actin filaments (59). The actin

network within the lamellipodium is a dense entangled net-

work (2,32), and several authors assume that it is highly cross-

linked by transient cross links (39–41). This is reflected by the

fact that the actin gel within the lamellipodium is only weakly

compressible, which makes the description as an incom-

pressible gel a reasonable simplification (41). Furthermore, it

has been found for migrating keratocytes that actin filaments

remain approximately stationary relative to the substrate (47–

49). Based on these findings, we assume stiff coupling be-

tween the pushing filaments at the front and the whole actin

network. This approach excludes any conclusions concerning

changes in filament ordering, bending, or elastic properties of

the growing network. Our main interest, however, is not a

detailed structural reproduction of the leading actin network

but an explanation of the separation of the two distinct net-

works by means of self-organization. Similar to Mogilner

and Edelstein-Keshet (28), we effectively consider Arp2/3 a

minus-end capper. Newly generated filaments have capped

minus-ends, and uncapping takes place with a rate ruc ; 0.5

s�1 (Table 1). Thus, we do model Arp2/3 branching but—for

technical reasons—do not model Arp2/3 branching geometry

in detail. It should be mentioned at this point that it is still

uncertain to which extent Arp2/3-induced branches dominate

the leading actin network (12,13). Finally, consistent with the

effect of high cellular concentrations of profilin and other

sequestering proteins, minus-end growth as well as sponta-

neous filament nucleation are neglected (34).

RESULTS AND DISCUSSION

Experimental data from motile cells can
be reproduced

Using model parameters for keratocytes based on estimates or

taken from literature (Table 1), we obtained actin network

properties in agreement with experimental data. We typically

achieved growth velocities between 10 and 15 mm/min and

filament densities of ;500 filaments intersecting an area of

1 mm2, which is consistent with experimental data (1,2,13,60).

Under the assumption that all filaments adopt angles of635�
with respect to the normal to the front, this filament density

corresponds to an F-actin concentration of ;400 mM.

A comparison with data from Svitkina and Borisy (11)

shows that simulated F-actin and ADF/cofilin-F-actin pro-

files agree well with measured fluorescence curves (Fig. 4).

FIGURE 4 Simulated concentration curves for F-actin,

ADF/cofilin-F-actin, and tropomyosin-F-actin, normalized

to compare results with experimental fluorescence curves

(11). (A) F-actin as well as ADF/cofilin-F-actin signals are

in good agreement with data from Svitkina and Borisy

(11). ADF/cofilin-decorated F-actin dominates within the

first ;2 mm, whereas for x $ 2 mm, tropomyosin is the

dominating element. (B) Localization of the ADF/cofilin-F-

actin maximum shows a strong dependence upon variation

of the hydrolysis rate rhyd for the ATP-F-actin / ADP-F-

actin reaction. AC, ADF/cofilin; TM, tropomyosin.
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In particular, fluorescence data (11) show a crossover of

bound ADF/cofilin intensity and F-actin intensity, i.e., the

fraction of F-actin decorated with ADF/cofilin decreases after

reaching a first maximum at ;2 mm. This can only be ex-

plained with an ADF/cofilin deactivating element, which in

our model is realized by a combination of ADF/cofilin un-

binding (r�ac) and tropomyosin binding (rtm), and with a

timescale of ADF/cofilin deactivation of a few seconds.

Spatial separation could only be achieved with a significant

difference between ADF/cofilin and tropomyosin unbinding

rates. Whenever the unbinding rates of ADF/cofilin and

tropomyosin were similar, the respective distributions

showed no spatial separation, and fluorescence data could not

be reproduced (Data S1), not even with unrealistically pro-

nounced differences in binding rates (data not shown). ADF/

cofilin unbinding rates (r�ac) necessary to reproduce the fluo-

rescence curves from Svitkina and Borisy (11) are typi-

cally;0.2 s�1,while at the same time tropomyosin unbinding

is assumed to be negligible.

The transition from mainly short to mostly long actin fil-

aments takes place at ;1 mm (Fig. 5 B), which is in good

agreement with experimental observations (2,7).

Speckle microscopy studies have revealed that most of the

actin disassembly takes place within the lamellipodium and

the lamellipodium-lamellum junction (14). We show that

depolymerization throughout the network depends strongly

on the protective function of tropomyosin, i.e., on assumed

tropomyosin binding kinetics (Fig. 6). Without tropomyosin,

the depolymerization flux had a maximum at 2–2.5 mm, and

actin disassembly was less pronounced within the first 2–3

mm. With tropomyosin the depolymerization flux is limited

to a higher degree to the front part of the network (Fig. 6 A).

In agreement with findings from Schaub et al. (49) and Ponti

et al. (7), we find that polymerization takes place within a

narrow zone at the leading edge (within a few nanometers;

data not shown).

The lamellum is not an independent structure
but evolves from the lamellipodium by means
of self-organization

Using the Monte Carlo simulation described, we obtained

two distinct substructures within the growing actin network.

The two distinct subnetworks achieved can be characterized

by at least three properties (Fig. 5):

1. Within the initial ;1 mm, we found a transition from

short filaments to significantly longer ones.

2. The actin disassembly profile drops after the first ;1–2

mm, where it has its maximum. Related to this, we found

a drop of the minus-end concentration as well as a

maximum of the mean dissociation rate at ;2 mm,

respectively.

3. The actin network organized into a mostly ADF/cofilin-

dominated front part and a subsequent tropomyosin-

dominated section. This is in good agreement with

experimental observations (8,9), which point out that

tropomyosin is absent from regions of the leading edge.

Thus, tropomyosin can potentially be considered a

marker of the lamellum.

As a further important aspect of the lamellipodium-la-

mellum system, Ponti et al. (7) found distinct kinematics for

the lamellar and lamellipodial actin network. These charac-

teristics observed in epithelial cells, however, are not present

FIGURE 5 Simulated actin network charac-

teristics, indicating a transition between two

distinct substructures that is located ;1–2 mm

behind the leading edge. (A) The uncapped

minus-end concentration Muc(x) reaches a max-

imum at x ;1.5 mm. Similarly, the total depo-

lymerization flux Jd shows a maximum between

1 and 2mm. (B) Themean dissociation rate Jd(x)/

Muc(x) shows a maximum at 1.5–2 mm. The

mean filament length strongly increases within

the first ;1 mm, an important indicator of the

transition between the two distinct substructures.

The F-actin concentration steadily decreases

within the lamellum. Lp, lamellipodium; La,
lamellum.
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in the fast moving keratocytes (48). Since we use the kera-

tocyte as our primary model system, our aim was not to re-

produce the two kinematically distinct actin networks. It

would be necessary to abandon the assumption of in-

compressibility to allow different transport velocities within

the actin network. This could be part of future modeling at-

tempts.

The criteria mentioned directly correspond to criteria used

by various experimentalists to distinguish lamellipodium and

lamellum (7,10,14). Thus, we suggest that both networks do

not form due to independent mechanisms but originate from

the same source, i.e., from Arp2/3-induced nucleation at the

leading edge. This also means that, although lamellipodium

and lamellum are structurally and spatially distinct networks,

we do not expect them to be stacked on top of each other,

consistent with assumptions by Danuser (61) and Koestler

et al. (13). With nucleation taking place exclusively at one

side and the polymerization driving the network along one

specific direction, the system possesses internal polarity. The

temporal separation imprinted in a multistep reaction scheme

is thus translated into a spatial separation manifested as two

different network structures.

The steep increase of actin filament length at a certain

distance from the leading edge can be better understood by

examining filament length distributions (Fig. 7). At the

leading edge, we find an exponentially decaying distribution

that mainly arises from stochastic plus-end capping. Subse-

quently the capped filaments are transported backward and

continuously depolymerize at their minus-ends. Although

short as well as long filaments depolymerize from their mi-

nus-ends, the system starts with a higher number of short

filaments that vanish quickly. Thus, the filaments that remain

after the first micrometer do not show an exponential length

distribution and are, on average, much longer. This finding

might also explain quantitative fluorescence speckle mi-

croscopy data (7): similar to Koestler et al. (13), we suggest

that long-lived speckles can be understood to belong to the

long filaments while the short-lived speckles predominantly

FIGURE 6 Dependence of F-actin network properties on tropomyosin binding rate rtm (left panel) and ADF/cofilin binding rate rac (right panel). (A)
Depolymerization flux decreases with increasing tropomyosin binding rate. The maximum of the depolymerization flux shifts toward the leading edge from

;3 mm without tropomyosin to ;1 mm with a high tropomyosin binding rate. (B) Mean dissociation rate strongly depends on tropomyosin binding. Without

tropomyosin the mean dissociation rate reaches a plateau after;3 mm, while with tropomyosin a local maximum appears, with position and height depending on

tropomyosin binding rate. (C) The decline of F-actin concentration decreases upon enhanced tropomyosin binding. (D) Depolymerization flux increases with

increasing ADF/cofilin binding rates rac. (E) Higher depolymerization flux is based on a strong increase of the mean dissociation rate. Increase of ADF/cofilin

binding shifts the maximum off-rate away from the leading edge. (F) F-actin concentration drops due to enhanced disassembly when ADF/cofilin binding rates are

increased. Spatial separation into ADF/cofilin-dominated and tropomyosin-dominated substructures is more pronounced with higher ADF/cofilin binding rates.

All rates were set to the values given in Table 1 except those illustrated within the respective figures. AC, ADF/cofilin; TM, tropomyosin.
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emerge from the many short filaments at the leading edge and

vanish quickly.

Self-organization of the network into two distinct substructures

is a robust effect. We started from different initial conditions to

study the stability of the system’s steady state. Independent of

whether all actin was initially purely monomeric or whether

most of it was randomly distributed as actin filaments, the same

steady-state network was obtained (Fig. 3).

Interestingly, even in the absence of tropomyosin, the

network formed two distinct actin sections (Fig. 6). In ad-

dition, in the presence of tropomyosin we can distinguish an

ADF/cofilin dominated region closer to the leading edge

and a mostly tropomyosin-dominated region closer to

the rear (Figs. 4 and 6). This is in agreement with fluores-

cence measurements in epithelial cells (8) and fibroblasts

(62). Since tropomyosin inhibits Arp2/3-induced filament

branching (63), this distribution could account for the

mostly unbranched architecture of the lamellar actin net-

work (2). Moreover, we found that the stabilizing effect of

tropomyosin indeed plays a fundamental role in the self-

organization process of the actin network: by varying the

tropomyosin-binding rate, the F-actin concentration curve

as well as the actin disassembly profile can be adjusted (Fig.

6). Moreover, we find that an increased tropomyosin bind-

ing rate (i.e., an increased tropomyosin concentration)

slows down the network growth significantly and shortens

the lamellipodium (Fig. 6 and Fig. 8 A). This is consistent
with experimental data that state a loss of the lamellipodium

and a decreased protrusion time after injection of skeletal

tropomyosin into epithelial cells (15).

We find drastic changes of the network properties upon

regulation by ADF/cofilin. As expected, raised ADF/cofilin

binding rates (i.e., higher ADF/cofilin concentrations) lead

to a higher mean dissociation rate (Fig. 6 E) and thus to

FIGURE 7 Filament length distribution at different distances x from the leading edge depending on filament severing and annealing. (Top row) Length

distributions without severing and annealing. At the leading edge (x ¼ 0–0.1 mm), filament length is distributed nearly exponentially. At x ¼ 1–1.1 mm, the

pronounced peak of short filaments has vanished. (Center row) Length distributions with ADF/cofilin-induced filament severing. A second peak (marked

black) at length ;2.5 mm arises ;5 mm behind the leading edge. (Bottom row) Length distributions with filament annealing. Filament annealing shifts the

length distributions toward longer filaments. At distances .;5 mm, short filaments are rare.
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significantly higher depolymerization flux (Fig. 6 D). This
enhances actin turnover and accounts for the more rapid

decline of the F-actin concentration (Fig. 6 F). Due to the

faster turnover, we observe higher growth velocities (Fig. 8

B), which is in agreement with experimental observations on

migrating cells upon activation of caged cofilin (36).

Filament severing and annealing regulate
network properties

ADF/cofilin-induced severing has little effect on the overall

depolymerization profile but changes the filament length

distribution, which is consistent with Monte Carlo simulation

results obtained by Fass et al. (44). Astonishingly, a strong

increase of ADF/cofilin induced filament severing leads to

only slightly increased depolymerization (Fig. 9 A). Coun-
terintuitively, filament severing was found to drastically in-

crease mean filament length (Fig. 9 B). This can be explained
by the fact that severing by ADF/cofilin creates both a new

minus- and a new plus-end. Although the minus-ends con-

stantly depolymerize while the plus-ends are capped rela-

tively quickly, the very high G-actin concentrations within

the lamellum (50–100 mM; Fig. 1 D) result in significant

filament elongation before capping. Simple calculations

render this hypothesis plausible (Appendix and Data S1). In

agreement with the calculations, we see a filament-shortening

effect within the first 2 mm and a filament-lengthening effect

further back (Fig. 9 B). The increase in the number of fila-

ments due to severing, together with the observed filament

lengthening effect, leads to an increase of the total amount of

polymerized actin, explaining experimental findings from

Ghosh et al. (36). We observed an increase from 74% of actin

in its filamentous form without severing to 84% with high

severing activity (rsev ¼ 2 3 10�4 s�1; data not shown).

In addition to severing, filament annealing also induces an

increase of mean filament lengths, which was observed in

several in vitro studies (42,43). The role of filament annealing

in motile cells, however, is still a matter of debate (57). In

particular, it remains uncertain to what extent annealing takes

place between CapZ-bound filaments. It has been shown that

annealing still occurs in the presence of high CapZ concen-

trations, but with drastically reduced rates (43). Tropomyo-

sin, on the other hand, might enhance filament annealing

FIGURE 8 Network growth velocities as functions of ADF/cofilin and

tropomyosin binding rates. (A) Increased tropomyosin binding rates slow

down network growth by limiting actin turnover (Fig. 6, A and B). (B)

Higher ADF/cofilin binding rates result in faster actin turnover (Fig. 6,D and

E), increasing network growth velocity. Error bars are standard deviations

(n ¼ 8 simulation runs for each data point).

FIGURE 9 Filament severing (left panel) and annealing (right panel) significantly alter actin network design. (A) ADF/cofilin-induced filament severing

slightly effects the depolymerization flux. (B) Severing causes significantly increased mean filament lengths due to rapid elongation of newly created plus-ends

at the rear of the network filaments. (C) Filament annealing leads to a shift of the depolymerization flux maximum toward the leading edge and strongly

decreases the depolymerization flux further away from the leading edge. (D) Mean filament length strongly increases upon enhanced annealing. All rates were

set to the values given in Table 1 except those illustrated within the respective figures.
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(42). Based on Andrianantoandro et al. (43) and Fass et al.

(44), we incorporated filament annealing dependent upon

both the local mean filament length and the local filament

concentration (see Methods for detailed description).

Annealing rate constants k with significant effects on

network properties were found to be in the range of 0.05

mM�1 s�1 to 0.5 mM�1 s�1 times filament length in subunits

(Fig. 9, C and D). Below this range, annealing was too slow

in comparison to the short network lifetime (;1 min) to

significantly affect it. Annealing rates above this range were

unrealistically fast. The rates found are plausible with regard

to experimental data (42,43) (see Appendix). Filament an-

nealing has two main effects: First, it drastically increases the

mean filament length (Fig. 7 and Fig. 9 D); and second, an-

nealing strongly decreases the number of free minus-ends,

which lowers the total integrated depolymerization flux.

Reducing the number of minus-ends also slows down the

turnover of the network, and hence we observe a depoly-

merization flux that concentrates closer to the leading edge

(Fig. 9 C).
It might be a combination of annealing and severing that

accounts for the very long actin filaments in lamellar net-

works. Furthermore, cross-linker proteins such as filamin

interconnect actin filaments and hence will also crucially

determine cytoskeletal architecture. Filamin induced cross

linking leads to weblike actin networks (39) and might

combine actin filaments in a way such that barely any free

ends remain visible, as seen in electron micrographs (2,11).

Another important parameter for regulating the mean fil-

ament length is the capping rate rcap. As expected, we found
that (while adjusting the nucleation rate to obtain similar

velocities) the average filament length increases with de-

creased capping rates (Data S1). Knowing that all three

mechanisms—severing, annealing, and decreased capping

rates—produce longer filaments, it is difficult to tell which

one might dominate in cells. Regulating filament length via

capping does not appear a very reasonable strategy for cells

due to the strong effect capping has on many network

properties in parallel such as density of growing plus-ends,

growth velocity, or F-actin concentration. We found that both

annealing and severing only slightly affect the overall F-actin

concentration and depolymerization profile but have a strong

impact on mean filament length. Little is known about fila-

ment annealing and severing in vivo. Considering the fact

that most filament plus-ends are tightly bound to capping

protein, the detailed mechanism of filament annealing re-

mains vague. In vitro experiments, however, indicate that

annealing still occurs, although strongly decreased (43).

Severing is very likely to be important in lamellipodial net-

works, and internal stress might even increase severing rates

known from in vitro studies. At this point, it is not possible to

determine whether annealing, severing, or both are mainly

responsible for the filament lengthening observed in cells.

However, based on the two very distinct length distributions

we observed (Fig. 7), this probably can be revealed by more

detailed analysis of the lamellar network (see Appendix,

Experimental Tests of the Model).

CONCLUSIONS

Through the use of a simplified two-dimensional in silico

model of the cytoskeletal extension of motile cells, this study

demonstrates the system’s ability to form two distinct self-

organized networks which coincide with the lamellipodium

and the lamellum discussed in the literature. Within the first

1 mm from the leading edge we found a transition from short

to longer actin filaments. Approximately 1–2 mm behind the

leading edge the depolymerization flux reaches its maximum

and drops within the subsequent part of the simulated net-

work. These findings were robust with respect to a variation

of the initial conditions.

These findings prove that two different networks can form

without the need to assume multiple distinct nucleation

mechanisms. A single filament nucleation mechanism, sto-

chastic capping, F-actin transport and (de-) polymerization at

the filament ends are already sufficient for a spatial separation

into two distinct zones by means of self-assembly. In con-

trast, the role of alternative nucleation mechanisms like for-

mins for lamellipodium and lamellum formation remains

poorly understood, demanding further experimental and

theoretical studies (31).

By comparison to existing experimental data we found that

a molecular mechanism that causes ADF/cofilin detachment

is necessary to explain observed ADF/cofilin and tropomy-

osin distributions in cells (8,9,11). We proposed and quan-

titatively tested a plausible reaction scheme that leads to

respective domination of ADF/cofilin at the front and of

tropomyosin further back. The spatial separation of ADF/

cofilin- and tropomyosin-dominated compartments that we

found in the simulated networks is of great interest given the

fact that tropomyosin binding has been shown to inhibit

Arp2/3-induced filament branching in vitro (63). This sug-

gests that the tropomyosin-enriched lamellum can be asso-

ciated with Arp2/3 suppression, leading to a network without

Arp2/3 branches. This is in agreement with electron micro-

graphs and fluorescence stains showing the Arp2/3 distri-

bution in cells (11). In addition, we found that filament

stabilization by tropomyosin plays a crucial role in regulating

the depolymerization flux and F-actin concentration profiles.

In our model, filament length within the lamellum was

controlled by varying severing activity or filament annealing

rates. An increase of either one results in higher mean fila-

ment lengths within the lamellum. High annealing rates

dramatically increase the mean filament length within the

lamellum, with a strong decrease in the fraction of short actin

filaments. More knowledge of the molecular details of fila-

ment annealing is necessary, however, to further understand

its role in the establishment of lamellar architecture. An-

nealing rates sufficient to significantly alter mean filament

lengths in our model are 1–2 orders-of-magnitude below
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values measured in vitro in the absence of capping protein but

are in good agreement with decreased values in the presence

of capping protein (43). The role of tropomyosin and capping

protein in regard to filament annealing will have to be in-

vestigated further to draw conclusions on in vivo annealing

behavior. Moreover, the influence of the structural order in-

herent to the actin network on annealing has not yet been

considered.

It has already been argued by various authors that, due to

the creation of new plus-ends, ADF/cofilin induced severing

causes an increase of total F-actin instead of simply en-

hancing actin network disassembly, which is confirmed by

our results. Additionally, we found that filament growth after

severing is sufficient to even yield a net increase of average

filament length. This is due to the high G-actin concentrations

further back from the leading edge of the simulated actin

network. Although both severing and annealing cause an

increase of the mean filament length, the respective filament

distributions for each mechanism differ strongly. While an-

nealing reduces the number of short filaments and thus shifts

the length distribution to longer ones, filament severing in-

duces a second subpopulation of long filaments that exists in

addition to the main population of filaments of shorter

lengths.

We still find an irreconcilable gap between in vitro mea-

surements and in vivo data. The in vivo visualized spatial

offset between F-actin and ADF/cofilin-F-actin (11) (Figs. 4

and 10) could be reproduced using an actin hydrolysis rate of

;0.3 s�1, a value that corresponds to the rate for the ATP-

actin / ADP1Pi-actin reaction measured in vitro (54). It is

known that actin hydrolysis is followed by release of phos-

phate on a timescale of minutes in vitro (33) and that this step

is requisite for efficient ADF/cofilin binding (34). We found,

however, that lower simulated hydrolysis rates shift the dis-

tribution of F-actin bound ADF/cofilin in such a way that

agreement with in vivo data could no longer be obtained. Our

results thus show that if phosphate release is really necessary

for efficient ADF/cofilin binding, it must be drastically ac-

celerated in cells.

Investigating the processes underlying the formation of the

convergence zone between lamellum and cell body will be of

enormous relevance for a greater understanding of cell mi-

gration. The observed steep decline of F-actin concentration

can probably not be explained by currently known actin

disassembly mechanisms. Using an ad hoc mechanism we

found that an actin disassembly zone at the rear of the net-

work plays a crucial role for cell motility. Without this

boundary condition, network growth slows down signifi-

cantly and network extensions reach values far beyond those

observed in vivo.

A more detailed knowledge about several essential mo-

lecular players will be necessary to both further understand

actin network growth in motile cells and test the presented

model (additional tests of our model are proposed in the

Appendix). More quantitative data on ADF/cofilin regulation

in cells will help us to understand its role in modulating the

network design. Little is known about the interactions be-

tween tropomyosin and ADF/cofilin or Arp2/3. A richer un-

derstanding of these fundamental mechanisms may shed light

on the significant differences between results obtained in re-

constituted motility assays and those frommotile cells (31). To

this end, extended reconstituted model systems could address

several of these important remaining open questions regarding

lamellar organization, thus providing a more extensive un-

derstanding of this important cellular component.

APPENDIX

Nucleation

The process of actin filament nucleation, i.e., the creation of new actin

filaments, is the subject of a rich field of ongoing research. Themost common

forms of actin nucleation treated in literature are Arp2/3-driven nucleation

(F-actin-dependent tip and side branching, and F-actin-independent de novo

nucleation (64)), spontaneous nucleation, and nucleation by formins and

spire protein. Profilin and thymosin-b4 are known to strongly inhibit

spontaneous nucleation in cells, and so we assume spontaneous nucleation

to be negligible (34). Furthermore, formins have mostly been associated with

filopodial growth. For lamellipodial actin growth there is no clear evidence

that formins play a significant role, which is why we only focus on Arp2/3-

driven filament generation.

To nucleate filaments, Arp2/3 has to be activated by WASP/WAVE

proteins that are located at the plasma membrane. It is still a matter of debate

whether the Arp2/3 complex diffuses freely after activation or remains

attached to theWASP/WAVE protein (26,64,65). Following arguments from

Carlsson (22), we consider a nucleation scenario where Arp2/3 and its

FIGURE 10 Computer-generatedpseudo-fluorescencesig-

nals. The simulated F-actin network (A) is coarse-grained

using a Gaussian blur to mimic the optical resolution limit

of light microscopy (see text), yielding pseudo-fluorescence

F-actin (B) andADF/cofilin (C) signals. An angular variance
of 15� was used. (D) Overlay of F-actin and ADF/cofilin

signal is in qualitative agreement with experimental data

(11).
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activation are rate-limiting. Thus, new filaments form at a rate nearly

independent of the F-actin concentration at the leading edge, and we assume

a constant nucleation rate rnuc (in mm�1 s�1). The assumption of a constant

nucleation rate is adequate for our purpose of focusing on steady-state

conditions (28). The total number of growing plus-ends in the system’s

steady state can be calculated from the nucleation rate rnuc and the capping

rate rcap (in mm�1 s�1 and s�1, respectively) as

B ¼ rnuc 3

Z N

0

ð1� expð�rcap 3 tÞÞdt ¼ rnuc
rcap

; (7)

where B is a one-dimensional number density. One possible way to

determine B for living cells are stall force measurements. Using AFM

techniques, stall forces for keratocyte lamellipodia have been obtained

(60,66). In combination with the Brownian ratchet model it is possible to

infer the density of growing actin filaments, which then corresponds to;100

polymerizing actin filaments per micrometer of the leading edge (66). This

filament density is in agreement with previous estimates by Abraham et al.

(46). Assuming that capping takes place with a rate of rcap;1 s�1 (34,67), we

therefore estimate the steady-state nucleation rate to be 100 mm�1 s�1.

Detailed studies of the initiation phase of actin network growth would

demand more sophisticated nucleation models, which include all main parts

of the activation cascade (65). As an alternative to the assumption of a

constant nucleation rate, we tested G-actin-dependent nucleation with a

linear relation between the G-actin concentration at the front and the

nucleation rate. In Data S1, we present data obtained with G-actin-dependent

nucleation, which is very similar to steady-state results with a constant

nucleation rate. Upon variation of the simulations parameters, however, the

system reacts slightly differently (see Data S1). This has been expected,

because any nonconstant nucleation rate introduces a feedback mechanism.

This might include an F-actin or a G-actin dependence, which will be

systematically studied in future simulation approaches.

Total actin concentration

Various approaches have been used to determine the total lamellipodial actin

concentration. It is believed that most of the lamellipodial actin is in its

filamentous form. Fleischer et al. (40) estimated the actin concentration to be

;250 mM by comparing tessellation models to electron micrographs.

Schaub et al. (32) compared coarse-grained simulation data with fluores-

cence pictures and electron micrographs and found an actin concentration of

;900 mM. Upon variation of the total actin concentration we obtained the

best fit for an actin concentration of 350mM(data not shown). This total actin

concentration was used for all data shown.

Debranching

In ourmodel we consider Arp2/3 debranching as minus-end decapping, similar

to Mogilner and Edelstein-Keshet (28). Although debranching caused by ATP

hydrolysis on Arp2/3 has been studied in vitro (68), the measured rates are far

too low to explain electron micrographs of keratocyte lamellipodia/lamella (2),

which show that the Arp2/3 induced branches are limited to the foremost 1-mm

region of the cytoskeleton. Assuming a typical network transport velocity of

;0.25 mm/s, we estimated the debranching rate ruc to be ;0.5 s�1.

Tropomyosin and ADF/cofilin binding

ADF/cofilin binding rate constants have been estimated by Blanchoin and

Pollard (69) and Muhlrad et al. (70). Typical cellular ADF/cofilin concen-

trations are in the range of 20–100mM (34).We ignore effects of cooperative

binding and simply assume a single constant binding rate rac to ADP-F-actin

of 0.5 s�1, which corresponds to a concentration of ;10 mM of free ADF/

cofilin. The resulting F-actin-bound ADF/cofilin concentrations are typically

;100 mM, which determines the ratio of unbound/bound ADF/cofilin to be

;1:10.

Depending on the choice of the ADF/cofilin binding and unbinding rates

(rac, r
�
ac), different tropomyosin binding rates rtm lead to reasonable agree-

ment with fluorescence data. For plausible ADF/cofilin binding rates of

;0.5–1 s�1, those of tropomyosin have to be ;0.1–1 s�1. This is in good

agreement with in vitro assays where the half-time of tropomyosin assembly

with actin filaments was found to be ;1 s�1 (71). Based on experiments

carried out by Ono and Ono (55), we assume tropomyosin unbinding to be

negligible on the short timescales relevant for the system presented.

Together with the first-order hydrolysis reaction of F-actin monomers,

tropomyosin and ADF/cofilin binding and unbinding can be described using

the chemical rate equations

dAatp

dt
¼ �AatpðtÞ3 rhyd

dAadp

dt
¼ AatpðtÞ3 rhyd 1AacðtÞ3 r

�
ac � AadpðtÞ

3 rac � AadpðtÞ3 rtm

dAac

dt
¼ AadpðtÞ3 rac � AacðtÞ3 r

�
ac

dAtm

dt
¼ AadpðtÞ3 rtm; (8)

where Aatp, Aadp, Aac, and Atm stand for the respective fraction of ATP-

F-actin, undecorated ADP-F-actin, ADF/cofilin-bound F-actin, and tropo-

myosin-bound F-actin. Together with appropriate boundary conditions

Aatpð0Þ ¼ 1

Aadpð0Þ ¼ Aacð0Þ ¼ Atmð0Þ ¼ 0; (9)

these equations can be solved analytically, yielding

AacðtÞ ¼ �C1 3 e
�rhyd3t �k1 1 u1 3 e

l1t � v1 3 e
l2t

� �
AtmðtÞ ¼ C2 3 e

�rhyd3t
k2 � u2 3 e

l1t � v2 3 e
l2t

�
1w23e

rhyd3t�: (10)

The constants within the exponential can be calculated to be

l1;2 ¼ rhyd � 1

2

�
rac r

�
ac rtm 6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðrac r�ac rtmÞ2 � 4k

�
a rtm

q �
;

(11)

while the constants k1, k2, u1, u2, v1, and v2 only depend on the system

parameters rhyd, rac, r
�
ac; and rtm.

Filament severing

Filament severing is still a controversial topic. Although it has clearly been

shown that severing occurs in vitro, the biological implications and its role in

cell migration are not well understood (31,72). In vitro experiments have

shown that actin filament fragmentation is promoted by ADF/cofilin (37,50).

Obtained severing rates differ strongly, and the dependence of the severing

rate on ADF/cofilin concentration remains uncertain (37). Mogilner and

Edelstein-Keshet (28) assumed a constant severing rate along filaments of

;1 3 10�3 s�1 per F-actin monomer in cells. In the in vitro experiments,

values down to 33 10�5 s�1 per monomer have been measured using cofilin

concentrations of only 10 nM (37). These values are consistent with

estimates by Carlsson (73), who modeled filament severing in vitro with

rates in the range of 13 10�6 to 53 10�6 s�1 per subunit. This gives a range

of severing rates between 1 3 10�6 s�1 and 1 3 10�3 s�1 per F-actin

monomer that has been used in this study. Severing rates of;10�3 s�1 have a
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far too drastic effect on F-actin network, while rates at ;10�6 s�1 have no

visible effect on network properties. Modulation of the actin network by

severing rates between 10�5 s�1 and ;10�4 s�1 is shown in Fig. 9.

In contrast to previous studies which found that severing reduces the fila-

ment length (37,50), we obtained a significant increase of the mean filament

length due to filament severing. A simple calculation shows that this effect

can be explained by the overcompensation of shortening by growth due to

elevated G-actin concentrations away from the leading edge. If we take a

typical filament with a length of 0.5 mm and with a capped plus-end, the

mean filament length �l will drop from �l to �l=2 ¼ 0:25mm upon severing. In

our case, however, severing induces one uncapped plus-end that will con-

tinue to grow until being capped. Taking typical capping rates, the half-life of

an uncapped end is;1 s, and thus the increase in length during this period is

Dl ¼ d 3 (kon
1 G � koff

� ) (see Table 1). As shown in Fig. 1, the G-actin con-

centration away from the leading edge is much higher than at the front with

typical values of ;50 mM. This gives a mean elongation Dl of the filament of

;1.5 mm, which leads to a new mean filament length of �l9 ¼ �l=2 1
Dl=2; 1 mm: In good approximation, depolymerization will take place at a

very similar rate at both minus-ends and thus does not affect this simple

calculation. Furthermore, whenever the severed front (i.e., capped) part of the

filament is short, it will vanish quickly and thus enhance the increase of the

mean filament length. The mean filament length curves in Fig. 9 clearly show

that, in the front region, severing has a shortening effect while further back, the

mean length increases. A more detailed analytic analysis of this effect can be

found in Data S1.

Filament annealing

Filament annealing is considered a second-order reaction that depends on

filament length (42,43). The way annealing is incorporated in our model is

described in detail in Methods. In vitro experiments resulted in diverse

estimates for filament annealing rates. Whereas Andrianantoandro et al. (43)

estimated the proportionality constant (see Eq. 6) to be ;1000 mM�1 s�1

times filament length in subunits, Teubner and Wegner (42) appraised an

annealing rate constant of;1mM�1 s�1 without considering the influence of

filament lengths. Thus, for typical filament lengths in our simulated networks

of;100 subunits or more, the given annealing rates are in the range of 1–10

mM�1 s�1. It was found that saturating concentrations of capping protein

strongly decrease annealing rates, probably by a few orders of magnitude

(43). This would agree with the annealing rates for which we found

significant effects on network properties (0.05–0.5 mM�1 s�1 times filament

length in subunits). However, the detailed mechanisms by which capping

proteins and tropomyosin alter filament annealing behavior remains largely

unknown. Filament ordering (as observed in dense actin networks) might

have an additional effect on the annealing rate.

Choice of time discretization and probe area

The fastest actin binding proteins in our model are capping protein and ADF/

cofilin, both with binding rates of ;1 s�1. We found that the depolymer-

ization flux peaks at ;1–2 mm from the leading edge. Virtually all growing

plus-ends are located in very close proximity to the leading edge, thus an

actin monomer typically has to diffuse at least ;1 mm before adding to an

uncapped plus-end. To treat actin diffusion accurately, a simulation time step

should be smaller than this typical lifetime of an actin monomer in solution.

Taking a G-actin diffusion coefficient of D ¼ 5 mm2 s�1 (74) and Eq. 1, a

time step has to fulfill Dt , 0.1 s, which justifies our time discretization of,

typically, 50 ms. We further tested the dependence of simulation results on

the choice of the time step and found no significant differences when we used

slightly longer or clearly shorter time steps (10–100 ms, data not shown).

The probe area used is chosen based on the length of the time step and the

diffusion coefficient. We studied the effect of varying the probe size on the

simulation results. We found that the overall network properties remained

virtually unchanged as long as the probe area remained large enough to

contain a sufficient number of monomers to support filament growth during

one time step (data not shown). Based on these tests we have chosen a time

step of 50 ms for further simulations. This area is too large to capture the

stochastics of filament growth on a molecular scale. However, we are

interested in the overall network properties and do not aim to model the

fluctuations on the millisecond scale.

Experimental tests of the model

Several testable predictions arise from our model. Regarding the time

evolution of our system we believe that reconstituted in vitro experiments

might shed light on the initiation of actin network growth. Starting with

purely monomeric actin we see a very fast initial growth phase such that,

within ,1 min, ;80% of the actin has already been converted into its fila-

mentous form (Fig. 3 A). For the G-actin-dependent nucleation model, we

observed faster F-actin saturation due to a higher initial nucleation rate (data

not shown). Testing this initial growth phase in the context of our model

would require tight control of the total actin content, demanding well-sealed

microfabricated systems.

Specifically testing the predicted filament lengthening upon severing

would demand in vitro experiments out of equilibrium, e.g., with G-actin

concentrations much higher than the typical critical concentrations. One

possible way to achieve this would be to use preformed actin filaments that

are all capped at their plus-ends such that a high G-actin concentration can be

maintained (;20 mM or higher). Subsequent addition of ADF/cofilin will

cause severing of capped actin filaments and should lead to an increase of the

mean filament length as predicted by our model. Although both annealing

and severing lead to an increase of the mean filament length, the respective

length distributions differ (Fig. 7). In conjunction with a detailed analysis of

actin filament lengths within motile cells, these distinct, predicted charac-

teristics might provide a tool to determine the relative importance of filament

annealing and severing in cells.

In Fig. 6 we show the effect of variation of tropomyosin and ADF/cofilin

on the network properties. In vitro as well as in vivo experiments varying the

respective protein concentrations should be able to test our model. Similar to

previous experiments, it is possible to fluorescently image actin, ADF/cofilin,

and tropomyosin in cells (2,8). In the case of keratocytes, the obtained dis-

tributions should be directly comparable to the curves shown in this article.
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