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1. Construction of the signaling network 

In order to construct the integrin-signaling network, we identified the proteins and 

components that are part of the signaling pathways and their immediate upstream and 

downstream components. This was done by an extensive literature search. The signaling 

network was limited to those components whose activities directly affect the dynamics of 

Arp2/3, gelsolin and G-ATP-actin. This simplification allows us to maintain the interface 

between signaling network and the motility machinery at a manageable level. The 

network was constructed in a modular fashion, allowing for the identification of the 

regulatory loops that can drive the dynamics.  

The interaction network for integrin mediated signaling was constructed from primary 

literature and the Science Signaling map for the integrin signaling network (1). Overall, 

our interaction network consists of 84 biochemical reactions between 43 components. 

The complete list of reactions along with the references is provided in Table S1. The 

network was constructed in modules based on functional consequences of signaling. The 

focus of the signaling network is only on the dynamics of the actin remodeling proteins 

Arp2/3, profilin and gelsolin. The complete signaling network (Figures S1 and S2) was 

further divided into modules that follow the behavior of key components of interest. 

Modular construction of the network allowed us to constrain the network by comparing 

experimental and simulation results for timescales of activation and inactivation. This 

approach allows for assembly of larger networks from experimentally constrained models 

(Bhalla and Iyengar 1999). The biology of the individual modules is described briefly in 

the following sections. 

1.1 Integrin-FAK-Src module 

In this module, the immediate early events following integrin activation by 

fibronectin are included. When fibronectin or a similar extracellular matrix ligand binds 

to the integrin receptor, the receptors form clusters and are activated. We did not 

separately detail the different isoforms of integrin subunits or cluster formation and 
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mechanotransduction by the integrin receptors.  This interaction is represented as a single 

reaction of integrin binding fibronectin. The activated receptor then binds FAK and leads 

to the activation of this kinase by autophosphorylation. FAK and Shp2 activate Src via 

phosphorylation and dephosphorylation respectively. FAK also activates Csk, the c-

terminal Src kinase, which in turn inactivates Src. Therefore, FAK participates in both 

activation and inactivation of Src.  

1.2 Talin-PIPKI module 

In this module, the activation of Talin and PIP kinase type I leading to PI(4,5)P2 

synthesis are modeled. This is one of the early events associated with focal adhesion 

formation and the role of PIP kinase I in integrin signaling has been well-studied (2,3). 

Talin is activated by PI(4,5)P2 and ligand-bound integrin receptor via a binding reaction. 

This activated talin is now capable of activating PIP kinase type I. Activation of PIP 

kinase leads to the synthesis of PI(4,5)P2 forming a positive feedback loop. Shp-1 a 

phosphatase, inactivates PIPKI, and PI(4,5)P2 inactivates Shp1.  

1.3 Rho module 

Rho is a small GTPase known to play an important role in stress fiber formation. 

Rho is activated by p190RhoGEF and inactivated by p190RhoGAP. Src indirectly down 

regulates Rho by phosphorylating and activating p190RhoGAP. Shp2 and PTP 

dephosphorylate p190RhoGAP. FAK activates p190RhoGEF by phosphorylating it. 

Combining these interactions with the Integrin-FAK-Src module allows for the study the 

complex role of Src and FAK in activation of Rho. RhoGTP activates PIPKI by binding 

and presenting it to Src for phosphorylation. Thus, the RhoGTP module also interacts 

with the Talin-PIPKI module. It should be noted that there are multiple GAPs and GEFs 

that can play a role in the GDP/GTP cycle and can act of many of the Rho-family 

GTPases. However, in this model, it is assumed that the GEFs and GAPs function 

exclusively for each small Rho-GTPase family member. A uniform spatial distribution of 

the Rho-GTPases is assumed. 
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1.4 Rac module 

Rac plays an important role in the formation of lamellipodia. In this model, there are 

two Rac GEFs that are modulated by the upstream signaling processes. Tiam1 is 

activated by PI(3,4,5)P3 and Dock/Elmo is activated by the force sensing scaffold protein 

p130Cas via Crk and also by RhoGTP providing the connection between the Rho and 

Rac modules. Src activates p130Cas and RacGAP via phosphorylation, thus playing a 

dual role in the activation and inhibition kinetics of Rac. Another loop exists between 

Rac and PI(3,4,5)P3, where PI(3,4,5)P3 activates Tiam1 and Rac activates PI3K, which is 

responsible for PI(3,4,5)P3 synthesis. 

1.5 Cdc42 module 

Cdc42 is responsible for filopodia formation and activates N-WASP by directly 

binding to it. Src activates PIX/Cool, a Cdc42GEF (4). It is known that Cdc42GAP is 

activated by phosphorylation but not much is known about protein kinase involved. 

Therefore, we assumed that FAK phosphorylates and activates Cdc42GAP. The 

interaction of Src and FAK leads to complex dynamics as FAK directly activates 

Cdc42GAP and indirectly activates Cdc42GEF via Src. 

1.6 Arp2/3 Module 

Arp2/3 is a seven subunit complex that is responsible for binding to the side of an 

existing filament and nucleating a new filament branch. Arp2/3 is activated separately by 

N-WASP and WAVE. The branching mechanism, interaction with actin and orientation 

angle of the newly formed branch are well-documented (5-7). WASP activation requires 

binding of Cdc42 and PI(4,5)P2, to relieve the inhibitory conformation of WASP (8). 

WAVE on the other hand does not have an inhibitory conformation but is activated by 

the binding of PI(3,4,5)P3 and Rac (9).  
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1.7 Profilin Module 

Profilin functions as a nucleotide exchange factor, promoting ATP exchange on G-

ADP-actin. It is required for filament nucleation events; polymerization of actin filaments 

takes place only after a nucleus of 3 or more G-ATP-actin monomers is formed (10). 

Activation of profilin is carried out through a series of scaffolding proteins.  The signal 

for profilin activation comes directly from activated integrin via a series of binding 

reactions. Integrin activates α-actinin, an actin bundling protein. Direct interactions with 

of α-actinin, zyxin and VASP with actin filaments or monomers are not considered in 

this model. Activated α-actinin binds to zyxin, which subsequently activates VASP. 

Activated VASP binds to profilin and activates it. PI(4,5)P2 inhibits both profilin and α-

actinin by direct binding interactions.  

1.8 Gelsolin module 

Gelsolin functions as a capping protein, capping the barbed ends of growing 

filaments.  Gelsolin is inhibited by PI(4,5)P2 binding. Gelsolin bound to PI(4,5)P2 cannot 

cap existing actin filaments but free gelsolin can (11). Regulation of gelsolin depends on 

PI(4,5)P2 and calcium kinetics regulated by upstream signaling. Gelsolin is activated by 

calcium release from the endoplasmic reticulum (12). Because the half-life of a capped 

filament is about 30 minutes (13), the deactivation of gelsolin during the isotropic 

spreading phase of about  5-8 minutes need not be considered.  

2. Development of a multi-compartmental ordinary differential equation model for 

the signaling network 

The interactions from the signaling network are converted to biochemical 

reactions (Table S1). The biochemical reaction network was translated into a multi-

compartmental ordinary differential equation model in the Virtual Cell suite (14).  

Because the signaling network involves reactions in both the cytoplasm and the plasma 

plasma membrane, incorporating a measure of spatial dimension is important. 
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Compartmental models are used to limit components to specific compartments and 

interactions between components are resolved using flux definitions. The model cell has 

two main compartments - the plasma membrane and the cytoplasm. For purposes of 

calcium release, the endoplasmic reticulum is modeled as a distributed compartment in 

the cytoplasm. The full table of reactions and kinetic parameters along with assumptions 

and references is presented in Table S1. Table S4 lists the components that flux between 

different compartments as a result of reactions. 

2.1 Kinetic parameters and initial concentrations 

Many of the kinetic parameters including binding constants and enzymatic rate 

constants were obtained from the literature (Table S1). In some cases, the kinetic 

parameters were not available. For these reactions, the kinetic parameters were assumed 

to be in the same range as parameters for similar components. Sensitivity analysis for 

these assumed parameters showed that the dynamics of the signaling network was robust 

over a range of values tested.  

For many components, we were also able to obtain estimates of the initial 

concentrations of the components (Table S2). In the cases where a literature reference for 

the initial concentration could not be found, estimates based on similar components were 

used.  

2.2  Experimental Constraints of network dynamics 

The dynamics of key components in the signaling network were validated against 

experimental data in the literature to ensure that the time courses from the simulations 

were in reasonable agreement with the experimental observations. The goal here was not 

to obtain an exact quantitative match but to determine if there was a qualitative 

agreement in the temporal dynamics of the  activation/ deactivation profiles.  

In order to validate the signaling dynamics, experimental data in published 

literature was used and the time course from the experiments was converted to 
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normalized activation kinetics using ImageJ software. The comparison was restricted to 

normalized concentrations because the exact concentration of the individual components 

was not known. In each case, the concentration dynamics from the literature was saved as 

as an image file that was loaded into ImageJ. Using the measurement tools in ImageJ, the 

concentrations of the active components were obtained at different time points. These 

values were then normalized using the maximum concentration to obtain dimensionless  

fraction of maximum concentrations. Similarly, the dynamics from the simulations were 

used within the same time range and normalized. The entire process is detailed in Figure 

S3. 

As shown in Figure S4, the concentration profiles of the six components shown 

have a good agreement with the experimental observations. Although, the goal was to 

obtain the dynamics of Arp2/3, gelsolin and G-ATP-actin from the signaling model, the 

activation kinetics of Arp2/3 and gelsolin were not compared from the literature because 

the predominant experimental approach to measuring the experimental activity of Arp2/3 

and gelsolin is the fluorescence measurement of actin polymerization (15,16). This is not 

the same as time course of Arp2/3 or gelsolin activation by their respective upstream 

signaling counterparts. The temporal profiles of FAK (17), Src (17), p130Cas 

phosphorylation (18), Cdc42 activation (19), Rac activation (19) and PLC-γ 

phosphorylation (20) from experiments were compared to the dynamic profiles from the 

ODE simulations. The experiments chosen for validation were based on integrin 

signaling, mostly in fibroblasts for cell spreading assays.  

2.3: Variation of initial conditions 

As noted in Table S2, some initial concentrations were assumed in the signaling 

model. The values were chosen to be within a physiologic range, based on values used in 

other models of signaling networks (Table S2). The values of these initial conditions 

were varied to test for the effect of the effect of varying initial conditions on the 

concentrations of Arp2/3, gelsolin and G-ATP-actin and the net rate of polymerization. 
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3. Development of a hybrid model integrating the ODE signaling network model 

with the stochastic cell spreading model. 

The compartmental ODE model of signaling network was coupled with a three-

dimensional stochastic model of cell spreading (21) to obtain an integrated model of cell 

spreading regulated by signaling (Figure 1 main text). Briefly, the spreading model is a 

stochastic spatio-temporal model of consisting of actin filament elongation, branching 

and capping reactions. The plasma plasma membrane physical properties are represented 

by surface load (p, pN.µm-2) and bending rigidity (Kb, pN. µm). The spreading model is 

implemented in C++ using discrete differential geometry methods. The output from the 

ODE model was saved as a text file with active Arp2/3 and gelsolin and G-ATP-actin 

concentration as a function of time. The stochastic spreading model accepts model 

parameters, reactions and concentrations as input files and runs the Gillespie's algorithm 

for the actin filament elongation, branching and capping reactions. This model was 

modified to access a look-up table that was generated by the text file containing the levels 

of  activated Arp2/3 and gelsolin and G-ATP-actin at every time step of the computation 

(using linear interpolation when necessary). The flowchart for the process is outlined in 

Figure 1B. The numerical simulations for the ODE model were run in the Virtual Cell 

suite and the concentrations of Arp2/3, gelsolin and G-ATP-actin were exported as text 

files. This text file is then used an input file to the spreading program. When the 

spreading model is initialized, it uses the parameters file to initialize the number of 

filaments (4000), the allowed reactions, kinetic parameters and the plasma membrane 

parameters (Table S3). Once this is initialized, the spreading model uses Gillespie's 

algorithm to compute the reaction rates and corresponding wait times. As the spreading 

model runs, at each time step, t, the concentrations of Arp2/3 gelsolin  and G-actin are 

updated based on the text file from the multi-compartment ODE model of the signaling 

network (Figure 1B). The spreading model interpolates the concentrations linearly to 

obtain the concentrations at the exact time step for the Gillespie's algorithm.  

Stochastic spatio-temporal model of cell spreading 
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 This is a 3D model of actin filament growth constrained in a 0.2-µm region 

above the glass slide on which the cell spreads to conform with TIRF microscopy used to 

observe and quantify cell spreading. The conditions stated in Table S3 describe the initial 

status of a spreading cell: a spherical surface with 4000 evenly distributed actin filaments 

ready for growth. The reason why cell spreading model is constrained in a 0.2-µm region 

is that the actin dynamics at the leading edge of an isotropic spreading cell is thoroughly 

studied and this is the region that has active remodeling of the actin cytoskeleton during 

spreading. Our model does not attempt to simulate any parts other than the 0.2-µm thick 

leading edge of the spreading cell. Therefore, the volume of the spreading cell is not 

maintained constant as it should be in a study where the entire cell is explicitly modeled.  

 The structure of filament network, surface geometry of cell plasma membrane, 

and molecular concentrations are treated naturally in 3D, and no 2D or quasi-3D 

approximations are used. Since we assume that the leading edge of the spreading cell 

occurs only within a narrow 0.2-µm region above the glass slide, the model terminates 

the growth of all actin filaments that go beyond this region.  This leads to a flat-disk 

appearance of the spreading cell. 

 During cell spreading, the absolute area of the plasma membrane surface at the 

leading edge increases as the leading edge protrudes outwards. Such area increase is 

realized by the removal of invaginations in the plasma membrane or fusion of inner 

plasma membrane reservoir to cell surface to meet the need of cell spreading. When 

uncapped filaments elongate and push the cell plasma membrane, the mechanical energy 

associated with the change of surface geometry is represented as change in surface 

curvature. This energy change regulates filament growth negatively and is incorporated 

as a feedback feature in our model, where change in energy becomes the negative 

regulator of reactions underlying filament growth. This energy change of cell plasma 

membrane is estimated by the work that actin filaments have to do in order to break and 

reform the surface. These concepts are implemented in the model using computational 

geometry methods linking the actin filament biochemistry to plasma membrane 

biophysics.  

 

Biochemical Core of the Model 
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The spreading model consists of three filament reactions - filament elongation, filament 

branching and filament capping. These three reactions are based on the dendritic 

nucleation model and capture the fundamental dynamics of a growing filament network 

(15). The filament elongation reaction is modeled as the addition of an actin monomer to 

the barbed end of an existing filament, increasing the filament length by δ (Table S1). 

The branching reaction is mediated by Arp2/3 and the rate of branching reaction depends 

on the number of existing filaments, the availability of actin monomers and the Arp2/3 

concentration. The filament branch occurs at a 70° angle to an existing filament.  

 

Local Plasma membrane Regulation of Cell Spreading: 

The three actin filament remodeling reactions are modulated by the interaction of 

the cytoskeleton with the plasma plasma membrane. The elastic Brownian ratchet model 

proposed by Mogilner and Oster (22) is adapted in three dimensions to model the 

filament-plasma membrane interactions. The actual reaction velocity in the presence of a 

load is less that the reaction velocity for a freely growing filament without any resistance 

and is dependent on the probability that a gap of width (δ) is created between the filament 

tip and the load (in this case, the plasma membrane) (22). The modified rate constant is 

given by  

 - Eqn 1 

where  ΔE is the energy change required to push the plasma membrane forward by a 

distance δ. ΔE is a local parameter and depends on the location of the growing filament 

and the area of the plasma membrane it is pushing. ΔE is computed as follows. 

There are three main contributions to the energy change - plasma membrane 

surface energy, filament flexibility and the plasma membrane bending rigidity (23,24).  
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We treat the actin filaments as rigid filaments based on the assumption that filament 

bending undulations are much faster than the polymerization kinetics (22,25,26). We 

include two major contributions to the plasma membrane energy change - the plasma 

membrane surface energy and the plasma membrane bending energy.  

The plasma membrane surface energy characterizes the work required by the 

filament to push an area dA (µm2) of the plasma membrane forward to accommodate an 

actin monomer of length (δ=0.275nm). We characterize the plasma membrane surface 

resistance by a pressure p (pN/µm2). this is the load offered by the plasma plasma 

membrane, similar to the definitions in (22,24,27). We use p=100 pN/µm2 (22) as our 

control.  The energy contribution from the plasma membrane surface term is given by 

 - Eqn 2 

The other important contribution comes from plasma membrane bending. The 

plasma membrane bending rigidity is a physical property that characterizes the flexibility 

of the plasma membrane Kb (pN. µm). By incorporating this term, we are accounting for a 

bendable rather than rigid plasma membrane. The bending energy contribution is then 

given by 

  - Eqn 3 

where H is the local plasma membrane curvature (µm-1). We use a value of Kb=0.08 

pN. µm (24). 

Therefore, the net change in energy that affects the biochemical rates is 

 - Eqn 4 

3.1 Interpolation and time steps 
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In order to ensure that the interpolation and the time interval of concentration 

input did not affect the spreading model, simulations were conducted with time intervals 

of the concentration profiles for 0.01 s and 1 s, 5 s and 10 s. The results of each condition 

were averaged over 24 simulations and show that the behavior is the same (Figure S5) 

and that the interpolation allows us to accurately read the concentrations of Arp2/3, 

gelsolin and G-ATP-actin over time. Thus, the time step in the text file input to the 

spreading model does not alter the spreading behavior simulated. 

4. Model Assumptions and Simplifications 

In developing the integrated modeling for signaling and spreading, some 

simplifying assumptions were made. Here we discuss these assumptions, the reasons for 

making them and the impact on the results if those assumptions are neglected. The 

assumptions were made with the proviso that if the output from the integrated model did 

not correlate with experimental observations of spreading, the model would  be modified. 

Since the isotropic spreading behavior obtained from the integrated model was in good 

agreement with the observed experimental spreading behavior, the assumptions described 

here were retained and the model was not changed. 

Integrin clustering and isoforms of subunits 

 Integrin clustering is an important phenomenon that regulates the unique aspect of 

integrin signaling – inside-out signaling and outside-in signaling (28,29). By means of 

this mechanism, integrins act not only as receptors responding to an extracellular 

stimulus but also as force transducers and substrate rigidity sensors. Additionally, these 

clusters also allow for the formation of nascent adhesion sites. These properties are 

important for motility processes. However, in this signaling model, integrins are treated 

as receptors. The reason for making this assumption is that the model focuses on the 

concentration profiles of activated Arp2/3, gelsolin and G-actin-ATP (via profilin 

activation). The mechanotransduction aspect of integrin signaling plays an important role 

in later phases of spreading, such as retraction and blebbing. In fact, once intiated, 
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isotropic spreading has been observed even in the absence of integrin mediated signaling 

(30,31). Therefore, this assumption is reasonable for modeling isotropic spreading. 

Multiple GEFs and GAPs for Rho-GTPases and crosstalk between them 

 The signaling model does not account for the multiple guanine nucleotide 

exchange factors (GEFs) and GTPase activating proteins (GAPs) that are capable of 

maintaining the GTP-bound state for Rho, Rac and Cdc42. Many of the GEFs and GAPs 

are known to act on more than one small RhoGTPase (32). Including these interactions 

would make the signaling network more complex; however there is no current evidence 

that the shared GEFs or GAPs limit signal flow to one GTPase versus another. Hence it 

was assumed that this cross regulation, if it occurred, would not significantly affect 

spreading. The simulations supported this assumption and hence this simplifying 

assumption was not changed. 

Spatial localization of signaling components 

 Many signaling proteins have spatially distinct patterns of activation. For 

example, Rho is more active at the trailing edge, and Rac at the leading edge (33-35). 

Models of this spatial segregation and of actin polymerization have been developed and 

highlight the role of location in actin remodeling (34,36). However, the resolution of this 

spatial localization is at a micron level or cellular scale (leading edge versus the trailing 

edge) rather than at the nanometer level of the lamellipodium width.  Since the spreading 

model focuses on the stochastic remodeling of actin filaments at the leading edge we 

assumed that the spatial distribution of these components was uniform at the leading 

edge. It is possible that including the spatial variation of Arp2/3, gelsolin and G-ATP-

actin along with diffusion capabilities will lead to a spatial variation in polymerization 

behavior. The main goal of developing this model is to obtain the dynamics of fast 

isotropic spreading. Since the radius maps for spreading behavior from the integrated 

model showed qualitatively similar dynamics in simulations experiments, we did not  

include the spatial dimension in signaling. Recent studies have begun to explore the 
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spatial aspect of actin polymerization (36) and as more details emerge, the current 

signaling model can extended to include this information. 

Other actin reactions 

 In this spreading model, we have included only a subset of actin reactions. We 

have not included filament severing, depolymerization, annealing and bundling. All of 

these reactions are important for maintaining the structure of the cytoskeleton. However, 

since the model is based on the dendritic nucleation model of actin polymerization (37) 

and in vitro reconstitution experiments have established that a small subset of actin 

reactions is sufficient to capture motility behavior (15), we did not include the other 

reactions. Including these reactions will most likely change the relationships for the rate 

of actin polymerization and the filament size distribution. However, as we show later, the 

dynamics of polymerization are limited by the plasma membrane biophysical properties 

and including these reactions would most likely not have a large impact on the observed 

polymerization dynamics. 

Filament bundling and actin filament rigidity 

 The interaction of actin filaments with the plasma plasma membrane was modeled 

using the elastic Brownian ratchet model (26). This is already a generalization of the 

Brownian ratchet model (38) to include the elasticity of the growing polymer. Therefore, 

we do not explicity include the filament elasticity in the plasma membrane energy 

requirements.  While we include α-actinin in our signaling model for profilin activation, 

we do not include filament bundling in the spreading model. Filament bundling is 

mediated by α-actinin (39-41) and the elastic properties of a bundle of filaments may be 

different from a single filament depending upon bundle thickness. Filament bundling is 

an important event in filopodia formation and stress fiber formation. For the purposes of 

actin remodeling in the lamellipodia, where the filaments predominantly exhibit a 

branched network structure (42), we assumed that these interactions are not necessary to 

model fast isotropic spreading. Recently, Urban et al noted that in their experiments that 

the actin filaments at the leading edge may be predominantly unbranched (43). Future 



 15
	  

models can incorporate this possibility as the molecular mechanisms underlying the 

growth and force-generation capabilities of unbranched actin networks are elucidated.  

Unidirectional control from signaling to spreading 

This model treats the output from the signaling network as an input to the 

spreading model, but there is no explicit effect of the spreading dynamics on the 

signaling model. It is also likely that the plasma membrane-imposed load will affect the 

dynamics of integrin signaling.  This effect is modeled within the spreading model where 

plasma membrane forces control the actin remodeling reactions. The simplifying 

assumption of unidirectional control from signaling to spreading was made in order to 

keep the hybrid model computationally tractable. It is likely that a fully-integrated model 

of signaling and spreading would involve feedback from the spreading dynamics to 

signaling as well. In building a uni-directional model, we made the assumption that the 

changes to the signaling dynamics by the changing cell size and shape are not likely to be 

critically important. As the numerical simulations were conducted, testing of the 

predictions of the experiments and comparisons between experiments and simulations 

indicated that our simplifying assumption was valid. Further, the unidirectional 

information flow from the signaling model to actin filament cell spreading model is 

reasonable since for the time period of fast isotropic cell spreading, the change in cell size 

is not significant to change the volume of the cell in the juxtamembrane region and does 

not lead to large dilution effects on concentrations of signaling components. Plasma 

membrane area increases by exocytosis during later stages of spreading, but in isotropic 

spreading, the rearrangement comes from the plasma membrane folds and flattening of 

the cell on the surface (44).  

5. Sensitivity of F-actin concentration to kcapping and G-ATP-actin 

The value of kcapping was varied as 20, 35, 50 µM-1s-1 (the base value is 35 µM-1s-1). 

Decreasing the capping rate only slightly decreased the fold change in spreading radius 

and rate of polymerization (Figure S7A and C). The shape evolution did not depend on 

rate of capping reaction (Figure S7B).  
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The initial concentration of G-ATP-actin in the model was varied as 0, 5, 10, 15 

µM (10 µM is the base value in the signaling model). When the initial concentration was 

set to zero, although the concentration of G-ATP-actin increased in response to signaling, 

spreading did not occur because of the low rates of polymerization (Figure S8C). The cell 

spreading size showed a dependence on the initial concentration of G-ATP-actin (Figure 

S8A) and there was a corresponding dependence on the rate of polymerization (Figure 

S8C). Spreading shape however did not change for the different G-ATP-actin 

concentrations (Figure S8B), suggesting that the compliance factor (Figure S7D, S8D) 

was a stronger controller of the shape evolution than G-ATP-actin or kcapping. 

6. Role of individual components 

 In the simulations discussed in this section, the values of p and Kb are maintained 

at 100 pN/µm2 and 0.08 pN. µm respectively. 

 6.1 Integrin receptors  

When the signaling is turned off from the integrin receptors and the feedback 

feedback loops involving Arp2/3-Tiam 1 and Shp2 activation of Src were also turned off, 

there was no activation of Arp2/3 or gelsolin in the signaling network. The concentration 

of G-ATP-actin remains unchanged from the initial value of 10 µM (Figure S9A). This 

resulted in a condition where spreading did not occur. Integrin knockouts exhibit 

impaired spreading and motility behavior (45-48).  In such systems, signals from integrin 

would be zero and there would be no basal activities in the down stream feedback loops. 

Hence in the simulations the feedback loops were also turned off. 

 Analysis of the maximum rates of polymerization (Figure S9B) shows that in the 

absence of signaling trigger, the rate of polymerization is at a constant low value (the 

only contributing term in equation for Rfree in the main text is kelongation[G-ATP-actin]). 

Because Arp2/3 is not activated and G-ATP-actin is at a low constant value, the initial 

steep increase in maximum rate of polymerization is missing in the absence of signaling. 
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This reiterates our finding that signaling network trigger is important for the initiation of 

isotropic spreading. 

6.2 FAK knockout  

Focal adhesion kinase is an important tyrosine kinase that is autophosphorylated 

in response to integrin activation. In the absence of FAK, the feedback loop with Csk and 

Src is disrupted. As a result, Src stays activated longer. FAK is also required for the 

activation of p190RhoGEF and Cdc42GAP. Further, Cdc42GAP is not activated resulting 

in longer and higher activation of Cdc42GTP and subsequent activation of WASP and 

Arp2/3. Therefore, in the absence of FAK, Arp2/3 activation is higher (Figure S6). 

Because the profilin/G-ATP-actin and the gelsolin loops are not directly by FAK, their 

activation is not affected to a large extent. The maximum rate of polymerization is similar 

at early times in the presence or absence of FAK. This results in a spreading behavior 

similar to that of control spreading behavior (Figure S10). The shape dynamics 

(circularity) are not affected by the changes in the signaling dynamics.  

6.3 Src knockout  

In the model, Src participates in the regulation of many components (Table S1). 

When no Src is available in the signaling network, many downstream components do not 

get activated. This results in a lower concentration of Arp2/3 and gelsolin being activated 

(Figure S11). For the Arp2/3 loop, the activity of Src is required for PIX/Cool activation. 

When there is no Src present, Cdc42 cannot be activated, therefore the only Arp2/3 

activation comes from the Rac-WAVE pathway. Since WASP is not activated, there can 

be no activation of the WASP-PIX/COOL feedback loop. For gelsolin to be activated, 

Src is required for PLC-γ phosphorylation. The calcium dynamics from the ER to the 

cytoplasm in the absence of PLC- γ are at a basal level only, resulting in a low level of 

gelsolin activation (Figure S11). Absence of Src does not alter the G-ATP-actin levels, 

since this pathway is maintained by a series of binding events directly mediated by 
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integrin receptors. The maximum rate of polymerization is similar at early times for 

control and in the absence of Src and deviates at later times (Figure S11). However, the 

spreading behavior is similar in both cases; the differences in the dynamics of size and 

shape evolution are extremely small.  

6.4 RPTP depletion  

RPTP-α has been shown to be important in mechanotransduction of signals from 

the substrate to the actin cytoskeleton. In the signaling model, RPTP- α is important for 

signal transduction and maintaining the phosphorylated states of many components. The 

main activation step for RPTP- α comes from the integrin receptors directly. RPTP- α 

activation is limited also by a downstream loop coming from Rac. Depleting RPTP in the 

system by setting the initial concentration to zero leads to a decrease in the activation of 

Arp2/3 (Figure S12). Lack of RPTP disrupts Src activation and FAK activation. This 

results in low level signaling through the modules to Arp2/3. G-ATP-actin activation is 

not affected, but gelsolin activation is affected because of the low level of kinase 

signaling upstream (Figure S12). The maximum rate of polymerization is similar to that 

of the case where no Src is present (see Figure S12). The spreading behavior is again 

robust, showing no big changes between the control and the absence of RPTP- α.  

6.5 Talin depletion 

Setting the concentration of talin to zero changes the signaling dynamics of 

Arp2/3, gelsolin and G-ATP-actin. This is because talin plays an important role in the 

activation of PIP kinase type I γ . In its absence, PIP kinase type I γ  activation is now 

entirely dependent on the priming events by RhoGTP and Cdc42GTP. The activation of 

PIP kinase type I γ  by Cdc42 is limiting because the resulting synthesis of PI(4,5)P2 by 

PIP kinase type I γ  activation uses up PI(4,5)P2 and Cdc42 for WASP activation. The 

absence of talin thus alters the balance of PI(4,5)P2 synthesis in terms of timing and 

concentration. Since PI(4,5)P2 is a key signaling component that directly impacts the 
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activation of the three actin remodeling proteins, altering the dynamics of PI(4,5)P2 

synthesis changes the dynamics of Arp2/3, gelsolin and G-ATP-actin activation (Figure 

S9). As a result, Arp2/3 activation is increased nearly two fold while gelsolin activation is 

decreased by half. While the concentration of G-ATP-actin does not change a lot, the 

dynamics are different. As a result, the maximum rate of polymerization is higher in the 

absence of talin at later times (Figure S13). Correspondingly, the cell spreading size is 

marginally larger in the absence of talin, but the shape dynamics is similar to that of 

control. The large differences in free rates of polymerization are translated into small 

changes in observed rates of polymerization because of the plasma membrane-imposed 

resistance to actin polymerization.  

6.6 PIP kinase type I γ  depletion   

PIP kinase type I γ is required for the synthesis of PI(4,5)P2 from PI(4)P. In the 

absence of PIP kinase type I γ , Arp2/3 activation is greatly diminished. The activation of 

Arp2/3 through the WAVE pathway is not as affected but the activation of WASP is 

decreased. The net result is a decreased activation of Arp2/3 (Figure S10). Gelsolin 

activation is also affected because of the lower levels of PI(4,5)P2 in the system. G-ATP-

actin and profilin activation are higher because the lower levels of PI(4,5)P2 result in 

lower inactivation of α-actinin and profilin (Figure S14). The rate of polymerization is 

lower in the absence of PIPKI but the early values are similar. This rate of polymerization 

seems sufficient to initialize spreading. The shape dynamics are not affected by changes 

in the signaling dynamics (Figure S14). 

6.7 PI(4)P depletion  

The phosphatidylinositol phosphates control most of the regulation in this 

signaling network. In order to identify the role of PI(4)P in signaling, its initial 

concentration was set to zero. When PI(4)P is absent, PI(4,5)P2 and PI(3,4,5)P3 are 

available only in small quantities (PI(4)P is the most abundant of the three phospholipids 



 20
	  

(49)). The removal of PI(4)P results in the same behavior as the absence of PIPKI. 

Arp2/3 activation and gelsolin activation are diminished and G-ATP-actin is slightly 

elevated (Figure S15). The size and shape evolution of the spreading cell show no 

changes during phase 1 spreading (Figure S15). 

6.8 Cdc42 depletion  

Cdc42 is a direct activator of N-WASP. When no Cdc42 is present, Arp2/3 

activation is limited (Figure S6). Arp2/3 activation occurs by Rac activation of WAVE, 

which is unaffected by the absence of Cdc42. Gelsolin and G-ATP-actin dynamics are 

not affected. Therefore, absence of Cdc42 results in lowering the activation of Arp2/3 by 

about 10 fold compared to control (Figure S6). The dynamics of Cdc42 knockout or 

WASP inhibition are similar, the net effect on Arp2/3 is the same. In the absence of 

Cdc42, the spreading size is somewhat decreased but circularity does not change.  This 

was a surprising effect but experiments with Cdc42DN and wiskostatin mediated 

inhibition of WASP showed similar results where phase 1 spreading was not affected 

(Figure S6). Recently, Nolen et al. noted that inhibition of Arp2/3 by Arp2/3 specific 

inhibitors did not alter keratocyte motility appreciably (50) and suggested that even small 

quantities of Arp2/3 are sufficient to maintain cell motility. Based on the analysis 

presented in the main text, the sensitivity parameters for branching are in fact not 

dependent on Arp2/3 concentration and G-ATP-actin may be the driving biochemical 

component. This combined with the role of plasma membrane-imposed resistance may 

allow for actin polymerization and spreading to occur during the isotropic phase. 

6.9 PLC-γ  depletion  

Depletion of PLC- γ  or calcium in the endoplasmic reticulum does not alter the 

kinetics of activation of Arp2/3 and G-ATP-actin. However, the activation of gelsolin is 

affected because the only calcium signal available is from the basal release and not by the 

active PLC- γ . This results in gelsolin activation that is about 15-fold lower than in 

control (Figure S16). Arp2/3 and actin dynamics are not affected. As a result the 
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spreading size is somewhat larger than control, with no change in circularity.  These 

results are in agreement with experimental observations that PLC- γ  null cells are still 

able to spread, suggesting that PLC-γ  is not essential for spreading (51,20). 

6.10 α-actinin depletion 

α-actinin is required for the activation of profilin. When there is no α-actinin 

present in the system, profilin activation is diminished and therefore, G-ATP-actin 

concentration is also reduced (Figure S17). Interestingly Arp2/3 activation is increased in 

the absence of α-actinin. This is because PI(4,5)P2 is no longer inactivating α-actinin and 

therefore, more PI(4,5)P2 is available for Arp2/3 activation via Cdc42 and WASP. 

Comparing the rates of polymerization shows that the free rate of polymerization in the 

absence of α–actinin is lower than that of control (about 100 reactions per second). The 

observed rate of polymerization is similar for both cases indicating that the plasma 

membrane-imposed load is able to correct for the large differences in free rates of 

polymerization and allow for spreading behavior.  

The only case where we were unable to obtain spreading behavior was when all 

the components in module 1 of the signaling network and the phosphatidylinositol lipid 

pathway (PI(4)P, PI(4,5)P2, PI(3,4,5)P3, PI3 kinase, PIP kinase type 1 g, FAK, Src, Shp2, 

Talin) were all set to zero. 

Experimental observations in the literature on the role of various components 

Activation of the Arp2/3 complex is regulated by multi-component complexes 

containing signaling proteins, phospholipids and cytoskeletal proteins (22). Phospholipids 

play an important role in regulating cytoskeleton interactions. PI(4,5)P2, along with 

Cdc42 relieves the autoinhibition of N-WASP, which then activates the Arp2/3 complex 

(23).Similarly, WAVE is activated by Rac and PI(3,4,5)P3 (24). The actin modulating 

proteins VASP, WASP, profilin and the Arp2/3 complex localize to the periphery of the 

protruding lamellipodia (25-27).  Studies with knockouts of PLC-γ have revealed that at 
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low fibronectin concentration, the adhesion formation in fibroblasts is diminished. 

However, PLC-γ is not  essential for spreading and adhesion but facilitates these 

functions (28). Similarly FAK (-/-) cells showed reduced migration speeds and increased 

focal adhesion formation, but the absence of FAK did not completely abolish cell 

migration (29). Src-deficient fibroblasts had deficiencies in adhesion formation and the 

initiation of spreading take longer in these cell (30). Thus, Src kinase is believed to play a 

role in regulating the focal adhesion location and turnover. Nevertheless even in the 

absence of Src, the fibroblasts were able to spread. Cdc42DN cells showed similar 

spreading kinetics to wild-type cells (31) during the isotropic phase.  
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Tables 

Table S1: Reactions and Kinetic Parameters for Signaling Network 

Module 1 for signaling network 

 Name Reference Compartme
nt 

Nature Kinetic 
Parameters 

Reference Notes 

Integrin, FAK and Src activation 
1 Integrin + fibronectin => integrin*   (51,52) 

 
Plasma 
Membrane 

Binding Kf=100 µΜ−1.s−1 
Kb=0.168 s-1  

(53) Integrin binding fibronectin 

2 Integrin* + FAK => FAKp (51,52) Plasma 
Membrane 

Binding Km=6.7 µM 
Kcat=0.9375 s-1 

(54) FAK autophosphorylaton 

3 FAKp + Shp2 => FAK (55) Cytoplasm Enzymatic Km=1.7 µM 
Kcat=0.11 s-1 

(56) FAK is inactivated by Shp2 by 
dephosphorylation 

4 FAKp + Src => Src*  (51,52) Plasma 
Membrane 

Enzymatic Km=6.7 µM 
Kcat=0.9375 s-1 

(54) FAK activation of Src 

5 FAKp + Csk => Csk*  (51,52) Cytoplasm Enzymatic Km=6.7 µM 
kcat=0.9375 s-1 

(54) FAK activates Csk 

6 Shp2+ Src => Src*  (57) Plasma 
Membrane 

Enzymatic Km=1.7 µM 
Kcat=0.11 s-1 

(56) Shp2 activates Src 

7 Csk* + Src* => Src (51,52,57) Plasma 
Membrane 

Enzymatic Km= 4 µM 
Kcat=0.15 s-1 

(58) Csk inactivates Src 

8 Shp2 + Csk* => Csk  (57) Cytoplasm Enzymatic Km=1.7 µM 
Kcat=0.11s-1 

(56) Shp2 dephosphorylates Csk 

9 RPTP + Src => Src* (57) 
 

Plasma 
Membrane 

Enzymatic Km=10 µM 
Kcat=0.11s-1 

(59) Src is activated by RPTP 

10 RPTP + Integrinbound => RPTP* Assumed Plasma 
membrane 

Enzymatic Km=0.5 µΜ 
Kcat=0.2 s-1 

assumed Activation of RPTP by activated 
integrins, based on the observations in 
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(60) 
11 RPTP* => RPTP Assumed Plasma 

Membrane 
First order 
inactivation 

Kf=1.0 s-1 Assumed Inactivation of RPTP 

 

Module 2: Talin and PIPKI activation 
12 Talin + PIP2 => TalinPIP2  (61) Plasma 

Membrane 
Binding Kf=1 µΜ−1.s−1 

Kb=5 s-1 
Est PIP2 binding activates Talin 

13 Integrin* + TalinPIP2 => Talin*  (61) Plasma 
Membrane 

Binding Kf=3.9 µΜ−1.s−1 
Kb=2.1 s-1 

(62) Ligand bound integrin activates Talin 

14 Talin* + PIPKI => PIPKI*  (61) Plasma 
Membrane 

Binding Kf=100 µΜ−1.s−1 
Kb=17 s-1 

(61) Activated Talin activates PIPKI 

15 PIPKI* + Src* => PIPKIp (63) 
 

Plasma 
Membrane 

Enzymatic Km=2.2 µM 
Kcat=0.025 s-1 

(64) Src phosphorylates PIPKI (activation) 

16 PIPKI* + FAKp => PIPKIp  
(61) 

Plasma 
Membrane 

Enzymatic Km=6.7  µM 
Kcat=0.9375 s-1 

(54) FAK  phosphorylates PIPKI 
(activation) 

17 PIPKIp + Shp1 => PIPKI (63) Plasma 
Membrane 

Enzymatic Km=660 µM 
Kcat=1.063 s-1 

(65) Shp1 inactivates PIPKI 

18 PIPKI* + PI4P => PIP2 (63) Plasma 
Membrane 

Enzymatic Km=37 µM 
Kcat=0.19 s-1 

(66) Synthesis of PIP2 by PIPKI 
This is the basal reaction; Assumption  
that the basal reaction has 10% of the 
activity of the activated reaction.  

19 PIPKIp + PI4P => PIP2  
 

(63) Plasma 
Membrane 

Enzymatic Km=37 µM 
Kcat=1.9 s-1 

(66) Synthesis of PIP2 by PIPKI 

20 PIP2 + Shp-1 => Shp-1 inactive  (1) 
 

Plasma 
Membrane 

Binding Kf=0.1 µΜ−1.s−1 
Kb=0.01s-1 

Est PIP2 inactivates Shp1 

21 PTEN + PIP3 => PIP2 (67) Plasma 
Membrane 

Enzymatic Km= 5 µM 
Kcat=0.006 s-1 

(67) PTEN  dephosphorylates PIP3 

22 FAKp + PI3K => PI3K*  (51,52) Plasma Enzymatic Km=6.7 µM (54) FAK activates PI3K 
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Membrane Kcat=0.9375 s-1 
23 PIP2 + PIP2ppase => PI4P (68) Plasma 

Membrane 
Enzymatic Km=200 µM 

Kcat=640 s-1 
(68) PIP2 is dephosphorylated by 

PIP2ppase 
24 PIP2+PI3K* => PIP3 (69) Plasma 

Membrane 
Enzymatic Km = 50 µM 

Kcat=0.1433 s-1 
(70) PIP3 synthesized by PI3Kinase 

25 Shp2 + PI3K * => PI3K Assumed Plasma 
membrane 

Enzymatic Km=1.7 µM 
Kcat=0.11s-1 

Assumed PI3K inactivation 

 

Module 3: RhoA activation 
26 FAKp + p190RhoGEF => 

p190RhoGEFp 
(71) Cytoplasm Enzymatic Km=6.7 µM 

Kcat=0.9375 s-1 
(54) FAK activates p190RhoGEF by 

phosphorylation 
27 RhoGDP + p190RhoGEFp => RhoGTP (71) Plasma 

Membrane 
Enzymatic Km=2.83 µM 

Kcat = 1s-1 
(72) GEF activity 

28 p190RhoGAPp + RhoGTP => 
RhoGDP  

(57) Plasma 
Membrane 

Enzymatic Km=2.83 µM 
Kcat=0.99 s-1 

(73) GAP activity 

29 Shp2 + p190RhoGAPp => 
p190RhoGAP 

(57) Plasma 
Membrane 

Enzymatic Km=1.7 µM 
Kcat=0.11 s-1 

(56) Shp2 inactivates p190RhoGAP 

30 Src* + p190RhoGAP => 
p190RhoGAPp 

(57) Plasma 
Membrane 

Enzymatic Km=2.2 µM 
Kcat=0.025 s-1 

(64) Src activates p190RhoGAP 

31 RhoGTP => RhoGDP (74) Plasma 
Membrane 

Intrinsic Kf=0.02616s-1 (75) Intrinsic hydrolysis 

32 RhoGTP + PIPKI => PIPKI*  (76) Plasma 
Membrane 

Binding Kf=0.1 µΜ−1.s−1 
Kb=0.01 s-1 

Est Rho activates PIPKI 

33 RPTP* + p190RhoGAPp => 
p190RhoGAP 

(57) Plasma 
Membrane 

Enzymatic Km=10 µM 
Kcat=0.11 s-1 
 

(59) RPTP inactivates RhoGAP 

34 P160ROCK +  RhoGTP => 
p160ROCK* 

(69) Plasma 
Membrane 

Binding Kf=10 µΜ−1.s−1 
Kb=4290 s-1 

(77) Rho Kinase activation by RhoGTP 
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35 P160ROCK* + RPTP* => p160ROCK Assumed Cytoplasm Enzymatic Km=10 µΜ 
Kcat=0.11s-1 

(59) Using RPTP to inactivate p160ROCK 

36 p160ROCK* + PIPKI* => PIPKIp (76) Plasma 
Membrane 

Enzymatic Km=2.2 µM  
Kcat=7 s-1 

(78) Phosphorylation of PIPKI by 
p160ROCK 

 

Module 4: Rac Activation 
37 Src* + p130Cas => p130Casp (51,52) Plasma 

Membrane 
Enzymatic Km=2.2 µM 

Kcat=0.025s-1 
(64) Src phosphorylates p130Cas and 

activates it 
38 RPTP + p130Casp => p130Cas  (57) Cytoplasm Enzymatic Km=10 µM 

Kcat=0.11 s-1 
(59) RPTP inactivates p130Cas 

39 Shp1 + p130Casp => p130Cas  
 

(79) Cytoplasm Enzymatic Km=660 µM 
Kcat=1.063 s-1 

(65) Shp1 dephosphorylates p130Cas 
(inactivation reaction) 

40 p130Casp + Crk => p130CaspCrk  (51,52) Cytoplasm Binding Kf=1 µΜ−1.s−1 
Kb=0.1s-1 

Est P130Cas binds with Crk 

41 Dock180Elmo + p130CaspCrk => 
Dock180Elmo * 
 

(69) 
 

Cytoplasm Binding Kf=1.0 µΜ−1.s−1 
Kb=0.5 s-1 

Est DockElmo is activated by Cas-Crk 
complex via binding 

42 RhoGTP + Dock180Elmo => 
Dock180Elmo*  

(80) Plasma 
Membrane 

Binding Kf=1.0 µΜ−1.s−1 
Kb=0.1 s-1 

Est RhoGTP activates RacGEF DockElmo 

43 Dock180Elmo* + RacGDP => RacGTP (80) Plasma 
Membrane 

Enzymatic Km=1.35 µM 
Kcat=1 s-1 

(72) GEF activity 

44 PIP3 + Tiam1 => Tiam1*  
 

(69) 
 

Plasma 
Membrane 

Binding Kf=1 µΜ−1.s−1 
Kb=0.1 s-1 

Est PIP3 activates Tiam1, a RacGEF 

45 RacGTP + PI3K => PI3K*  
 

(69) 
 

Plasma 
Membrane 

Enzymatic Kf=0.1 µΜ−1.s−1 
Kb=0.01 s-1 

Est Rac activates PI3K 

46 Tiam1*+RacGDP => RacGTP  (69) 
 

Plasma 
Membrane 

Enzymatic Km=1.35 µM 
Kcat=1 s-1 

(72) I assumed that Tiam1 has the same 
activity as p190RhoGEF for kinetic 
parameters. 
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47 RacGTP => RacGDP (74) Plasma 
Membrane 

Intrinsic Kf=0.050166s-1 (75) Intrinsic hydrolysis 

48 RacGTP + RacGAP* => RacGDP (73) Plasma 
Membrane 

Enzymatic Km=2.83 µM 
Kcat=0.99 s-1 

(73) RacGAP activity. This reaction is 
formulated based on the similar 
reaction for p190RhoGAP and I used 
the same values as for p190RhoGAP 

49 RacGAP + Src* => RacGAP* assumed Plasma 
Membrane 

Enzymatic Km=2.2 µM 
Kcat=0.025s-1 

(64) Src activates RacGAP 

50 RacGTP + RPTP => RPTPinactive  (80) Plasma 
Membrane 

Binding Kf=10 µΜ−1.s−1 
Kb=1 s-1 

Est RPTP is inactivated by RacGTP 
binding 

51 RacGAP* + RPTP*=> RacGAP Assumed Plasma 
Membrane 

Enzymatic Km=10 µΜ 
Kcat=0.11s-1 

(59) Need to inactivate RacGAP 

 

Module 5: Cdc42 Activation 
53 Src* + PIXCool => PIXCool*  (3) Plasma 

Membrane 
Enzymatic Km=2.2 µM 

Kcat=0.025 s-1 
(64) PIXCool is activated by Src 

54 PIXCool* + Cdc42GDP => Cdc42GTP (3) Plasma 
Membrane 

Enzymatic Km=1.35 µM 
Kcat=2.3 s-1 

(72) PIXCool is a Cdc42GEF  

55 Cdc42GTP => Cdc42GDP (74) Plasma 
Membrane 

Intrinsic Kf=0.032 s-1 (75) Intrinsic hydrolysis 

56 Cdc42GTP + Cdc42GAP* => 
Cdc42GDP 

(81) Plasma 
Membrane 

Enzymatic Km=3.08 µM 
Kcat=1.52 s-1 

(81) Cdc42GAP activity 

57 Cdc42GAP + FAKp => Cdc42GAP* Assumed Plasma 
Membrane 

Enzymatic Km=6.7  µM 
Kcat=0.9375 s-1 

(54) Because Src activates PIX/Cool which 
is a Cdc42GEF, I used FAK to 
activate Cdc42GAP. This is based on 
the feedback nature of the Src and 
FAK and their interactions. (Balance) 

58 Cdc42GAP*+ RPTP*=> Cdc42GAP Assumed Plasma Enzymatic Km=10 µM (59) Cdc42GAP inactivation to balance 
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membrane Kcat=0.11s-1 Cdc42GAP activation 
59 Cdc42GTP + PIPKI => PIPKI*  (76) Plasma 

Membrane 
Binding Kf=0.1 µΜ−1.s−1 

Kb=0.01 s-1 
Est Cdc42 activates PIPKI 

 

Module 6: Arp2/3 Module 
60 PIP3 + RacGTP + WAVE => WAVE* (69) Plasma 

Membrane 
Binding Kf=2.2X10-5 

µΜ−1.s−1  
Kb=1.65 s-1 

(82) PIP3 and Rac activate WAVE. I used 
the same values as for WASP 
activation by PIP2 and Cdc42 

61 WASP*+PIX/Cool => PIX/Cool* (83) Plasma 
Membrane 

Binding Kf=0.01 µΜ−1.s−1 Assumed WASP activates PIX/Cool creating a 
Cdc42 feedback loop 

62 WAVE* + Arp2/3 => Arp2/3* (69) Cytoplasm Binding Kf=10 µΜ−1.s−1 
 

(7,84) Arp2/3 activation by WAVE 

63 PIP2 + Cdc42+ WASP => WASP* (69,85) Plasma 
Membrane 

Binding Kf=0.2 µΜ−1.s−1 
 

(82) PIP2 and Cdc42 activate WASP 

64 WASP* + Arp2/3 => Arp2/3* (69) Cytoplasm Binding Kf=10 µΜ−1.s−1 
 

(7,84) Arp2/3 activation by WASP 

65 Tiam1 + Arp2/3* => Tiam1* (86) Plasma 
Membrane 

Bindng Kf=10 µΜ−1.s−1 
Kb=1 s-1 

Assumed Tiam1 and Arp2/3 interaction links 
Rac activation to actin polymerization 

 

Module 7: Gelsolin Module 
66 PIP2 + gelsolin =>gelsolin_inactive (87-89) Plasma 

Membrane 
Binding Kd = 20 µM 

Kf=1 µΜ−1.s−1 
Kb=20 s-1 

(90) PIP2 inactivates gelsolin (a capping 
protein) allowing actin filament 
elongation to occur.  

67 Calcium + buffer  buffered_calcium (91) Cytoplasm Binding Kf=5.5 µΜ−1.s−1 
 

(91) Calcium concentration in the 
cytoplasm is kept low by the buffering 
protein 

69 Calcium + gelsolin_inactive => 
gelsolin_active  

(92) Cytoplasm Binding Kf=0.1 µΜ−1.s−1 
 

Est Gelsolin is activated by calcium 
binding 
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70 PLCg+Src*=> PLCg* (19) Plasma 
membrane 

Enzymatic Km=2.2 µΜ 
Kcat=0.025s-1 

(64) 
 

PLCg is activated by Src 

71 PIP2 + PLCγ* => DAG + IP3 (91) Cytoplasm Enzymatic Kcat=0.1188 s-1 (91) PIP2 hydrolysis 
72 PLCγ* => PLCγ (91) Cytoplasm First order Kf=0.2 s-1 (91) Inactivation of PLCg 
73 DAG => degradation (91) Plasma 

membrane 
First order Kf=0.025 s-1 (91) Degradation of DAG 

75 calciumER => Calcium (93) ER to cyto 
flux 

Channel flux  (93) This flux is taken from the paper by  
Loew and colleagues 

76 PI3K + gelsolin*  PI3K* (94) Plasma 
membrane 

Binding Kf=0.01 µΜ−1.s−1 
Kb=0.001 s-1 

assumed PI3K is activated by gelsolin 

 

Module 8: Profilin module 
77 Integrin* + α-actinin =>  α-actinin* (95) Plasma 

membrane 
Binding Kd=0.016 µM 

Kf=100 
µΜ−1.s−1 
Kb=1.6 s-1 

(95) Ligand bound integrin activates α-
actinin by binding 

78 α-actinin* + zyxin => zyxin*  (95) Cytoplasm Binding Kd=1.07 µM  
Kf=1 µΜ−1.s−1 
Kb=0.00107 s-1 

(96) Activated actinin can now bind to 
zyxin 

79 α-actinin + PIP2 => α-actinin_inactive (38) Plasma 
membrane 

Binding Kd = 23 µM 
Kf=1 µΜ−1.s−1 
Kb=23 s-1 

(38) PIP2 binds to α-actinin and inhibits its 
activity 

80 Zyxin* + VASP => VASP* (97) Cytoplasm Binding Kd=74 µM  
Kf=0.1 µΜ−1.s−1 
Kb=0.0074 s-1 

(97) VASP is activated by zyxin 

81 VASP* +2 Profilin =>2 Profilin* (98) Cytoplasm Enzymatic Kd=84 µM  
Kf=10 µΜ−1.s−1 
Kb=0.0084 s-1 

(98) 
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82 PIP2 + profilin => profilinPIP2 

 
(87,99) 
 

Plasma 
Membrane 

Binding Kf=0.1 µΜ−1.s−1 
Kb=0.01 s-1 

Estimated Profilin is inactivated by PIP2 binding 
Use the same value for cofilin and 
profilin 

83 PI3K + profilin*  PI3K* (94) Plasma 
membrane 

Binding Kf=0.01 
µΜ−1.s−1 
Kb=0.001 s-1 

Estimated PI3K is activated by profilin 

84 G-ADP-actin + profilin*=> G-ATP-
actin 

(100) Cytoplasm Binding Kf=11.6* 
[profilin*] 
µΜ−1.s−1 
 

(100) Profilin binds to G-ADP actin and 
mediates the exchange of ADP to 
ATP.  
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Table S2: Initial Conditions 

Number Species Compartment Initial Concentration 
(units) 

Notes Reference 

1 RhoGDP Cytoplasm 0.5 µΜ The value of Rho 
was measured as 34 
ng/106 cells in 
COS1 cells. 
Conversion of this 
value to uM results 
in an approximate 
concentration of 1 
uM per cell. The 
value chosen for our 
simulation is within 
that range and 
changing the initial 
concentration of 
RhoGDP did not 
alter the kinetics of 
Arp2/3, gelsolin and 
G-ATP-actin.  

(101) 

2 P190RhoGEF Cytoplasm 0.01 µΜ Assumed – varying 
the concentration of 
GEFs and GAPs in 
the signaling model 
did not significantly 
alter the dynamics 
of Arp2/3, gelsolin 
and G-ATP-actin 
activation. 

 

3 Shp1 Cytoplasm 0.1 µΜ The concentration 
of Shp-1 ranges 
between 0.001-1% 
of total protein 
concentration 
depending on cell 
type. Assuming a 
total protein 
concentration of 300 
g/l (102), the 
calculated 
concentration of 
Shp1 has an upper 
limit of 0.05 uM. 
Since the actual 

(103) 
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values are not 
known, we use a 
concentration of 0.1 
uM. 

4 Csk Cytoplasm 0.5 µΜ Assumed to be 
similar to Src and 
FAK values. 
Variation of this 
concentration  does 
not significantly 
alter the 
concentrations of 
Arp2/3, G-ATP-
actin and gelsolin. 

 

5 WASP Cytoplasm 9 µΜ  (85) 

6 p130Cas Cytoplasm 2 µΜ Assumed -  
p130Cas is a 
scaffold protein 
whose intracellular 
concentration is not 
known. In our 
model, we assumed 
the initial 
concentration to be 
in the same range as 
that of other 
proteins that 
participate in 
binding reactions 
and complex 
formation 
(e.g.VASP) 

 

7 RacGDP Cytoplasm 0.5 µΜ The value of Rho 
was measured as 82 
ng/106 cells in 
COS1 cells. 
Conversion of this 
value to uM results 
in an approximate 
concentration of 3 
uM per cell. The 
value chosen for our 
simulation is within 
that range and 
changing the initial 
concentration of 
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RacGDP did not 
alter the kinetics of 
Arp2/3, gelsolin and 
G-ATP-actin. 

8 Tiam1 Membrane 20 molecules/µm2 Assumed – varying 
the concentration of 
GEFs and GAPs in 
the signaling model 
did not significantly 
alter the dynamics 
of Arp2/3, gelsolin 
and G-ATP-actin 
activation. 

 

9 RPTP Membrane 50 molecules/µm2 Assumed – variation 
of the initial 
concentration of 
RPTP does not 
significantly alter 
the kinetics of 
Arp2/3, G-ATP-
actin and gelsolin. 

 

10 Crk Cytoplasm 0.1 µΜ Assumed   

11 Talin Cytoplasm 2 µΜ Assumed –Talin is a 
scaffold protein 
whose intracellular 
concentration is not 
known. In our 
model, we assumed 
the initial 
concentration to be 
in the same range as 
that of other 
proteins that 
participate in 
binding reactions 
and complex 
formation 
(e.g.VASP) 

 

12 Cdc42GDP Cytoplasm 0.5 µΜ The value of Cdc42 
was measured as 26 
ng/106 cells in 
COS1 cells. 
Conversion of this 
value to uM results 
in an approximate 
concentration of 1 

(101) 
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µM per cell. The 

value chosen for our 
simulation is within 
that range and 
changing the initial 
concentration of 
Cdc42 GDP did not 
alter the kinetics of 
Arp2/3, gelsolin and 
G-ATP-actin. 

13 P160ROCK Cytoplasm 0.1 µΜ Assumed  

14 FAK Cytoplasm 0.5 µΜ Assumed – We 
assumed that the 
amount of FAK in a 
cell was similar to 
the amount of Src 
and calculated the 
concentration using 
number of 
molecules as 4 X 
105 per cell in a 
volume of 
approximately 1500 
um3. 

 

15 Shp2 Cytoplasm 0.1 µΜ Assumed to be the 
same as Shp1 

 

16 PIPKI Cytoplasm 0.1 µΜ This value was 
assumed. Variation 
of initial 
concentration of 
PIPKI affected only 
Arp2/3 kinetics. But 
the rate of 
polymerization and 
spreading behavior 
was not affected. 

 

17 Dock/Elmo Cytoplasm 0.01 µΜ Assumed – varying 
the concentration of 
GEFs and GAPs in 
the signaling model 
did not significantly 
alter the dynamics 
of Arp2/3, gelsolin 
and G-ATP-actin 
activation. 
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18 Arp2/3 Cytoplasm 10 µΜ  (104)  

19 WAVE Cytoplasm 9 µΜ Assumed to be the 
same as WASP 
concentration 

 

20 Profilin Cytoplasm 5 µΜ  (99) 

21 Fibronectin ECM as density 50 molecules/µm2 Fibronectin 
concentration used 
in spreading 
experiments was 6.6 
mg/ml on a 3.1 cm2 
surface – This 
corresponds to a 
density of 5.83 X 
1019 molecules/µm2 

on the surface. 
Therefore the 
assumption is  that 
fibronectin 
concentration is 
greater than the 
density of integrin 
receptors and is not 
limiting. 

(105) 

22 PI4P Membrane 15000 molecules/µm2  (48) 

23 P190RhoGAP Membrane 100 molecules/µm2 Assumed – varying 
the concentration of 
GEFs and GAPs in 
the signaling model 
did not significantly 
alter the dynamics 
of Arp2/3, gelsolin 
and G-ATP-actin 
activation. 

 

24 PIP3 Membrane 100 molecules/µm2  (48) 

25 Src Membrane 200 molecules/µm2 The number of Syk 
molecules per cell is 
measured as 
approximately 4 X 
105 molecules per 
cell; using a surface 
area of 2000 µm2 

gives us an estimate 
for the molecular 
density of Src. 

(106) 

26 Srcactive Membrane 0 molecules/µm2 Active  
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concentrations of 
src are set to zero in 
the model. 

27 RacGTP Membrane 0 molecules/µm2 Assumed  

28 PI3K Membrane 100 molecules/µm2 Assumed – variation 
of this value did not 
change the kinetics 
of Arp2/3, gelsolin 
and G-ATP-actin 
kinetics 

 

29 Integrin Membrane 36 molecules/µm2 The density of 
integrins is about 
180 molecules/µm2, 

because I am only 
modeling the 
leading edge, which 
is about 20% of the 
total cell volume, I 
reduce the integrin 
density to 20%. 
Adhesion 
complexes have a 
higher density of 
integrins. 

(107) 

30 RacGAP Membrane 100 molecules/µm2 Assumed – varying 
the concentration of 
GEFs and GAPs in 
the signaling model 
did not significantly 
alter the dynamics 
of Arp2/3, gelsolin 
and G-ATP-actin 
activation. 

 

31 PIP2ppase Membrane 100 molecules/µm2 Assumed to be in 
the same range as 
PI3K 

 

32 PIP2 Membrane 500 molecules/µm2  (48) 

33 PIX/Cool Membrane 100 molecules/µm2 Assumed – varying 
the concentration of 
GEFs and GAPs in 
the signaling model 
did not significantly 
alter the dynamics 
of Arp2/3, gelsolin 
and G-ATP-actin 
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activation. 
34 Cdc42GAP Membrane 100 molecules/µm2 Assumed – varying 

the concentration of 
GEFs and GAPs in 
the signaling model 
did not significantly 
alter the dynamics 
of Arp2/3, gelsolin 
and G-ATP-actin 
activation. 

 

35 PLC-γ Membrane 100 molecules/µm2  (48) 

36 Buffer Cytoplasm 0.2 µΜ  (93) 

37 Calcium ER 200 µΜ   (93) 

38 IP3 ER membrane 10 molecules/µm2  (93) 

39 Gelsolin 
(capping 
protein) 

Cytoplasm 1 µΜ Gelsolin 
concentration varies 
from  0.2-2 µM 

 

(90,108) 
 

40 VASP Cytoplasm 2 µΜ  (108) 

41 Zyxin Cytoplasm 2 µΜ Assumed same as 
VASP 

 

42 Alpha-actinin Cytoplasm 2 µΜ Assumed same as 
VASP 

 

43 G-ADP-actin Cytoplasm 20 µΜ Actin in ADP and 
ATP bound forms is 
present in large 
quantities (10- 100 
µM) 

(109) 

44 G-ATP-actin Cytoplasm 10 µΜ This was used as a 
baseline value. 
Concentration of G-
ATP-actin initial 
was varied in 
simulations. 
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Table S3: Parameters used in the spreading model 

No. Parameter Value Units References 
1 Rate constant of filament polymerization 11.6 µM-1s-1 (100) 
2 Diameter of Actin Monomer 

Although the diameter of individual actin monomer is 6 
nm, the distance between neighboring actin monomers in 
actin filament is 5.5 nm due to the double helix structure 
of polymerized actin filament (110). Since the purpose of 
using this parameter is to determine the length increment 
of actin filament caused by filament polymerization 
reaction, the model assumes the diameter of actin 
monomer to be 5.5 nm. During an elongation reaction, 
the increase in the filament length d=2.75 nm. 

 
5.5  

 
nm 

 
(110) 

3 Diameter of Arp2/3 protein 
High-resolution experiment reveals the crystal structure 
of Arp2/3 protein complex and determines its 
dimensional size around 7 to 15 nm (111). The model 
uses the 15 nm as the diameter of Arp2/3 protein.  

15 nm (111) 

4 Diameter of capping protein 
The diameter of capping protein is not known yet and 
must be estimated. Since capping protein is known to be 
a small molecule, the model assumes that it is smaller 
than Arp2/3 protein. And because capping protein can 
bind to the barbed end of double-helix actin filament, it 
implies that capping protein should be able to cover the 
size of two actin monomers. Therefore, the model 
assumes that the diameter of capping protein is 10 nm.  

10 nm Estimated 

5 Filament branching angle 70°  (112) 
6 Number of nucleated monomers 

This is the number of polymerized actin monomer in the 
initial actin filament nucleated by Arp2/3 protein in 
filament branching reaction. Based on the subunit 
structure of Arp2/3 protein, previous study suggests that 
the binding of two actin monomers to Arp2/3 protein be 
the initial step of creating a new actin filament (113). 

 
2 

  
(113) 

7 Number of monomers binding Arp2/3 
This parameter describes the number of polymerized 
actin monomers on an existing filament that bind Arp2/3 
during filament branching. (114) shows that the binding 
site of Arp2/3 on the existing filament covers about 6 to 
7 polymerized actin monomers.  

7  (114) 

8 Surface load from membrane 
This is the average resistance force imposed on growing 
actin filament by unit area of cell membrane. This 
parameter is estimated from previous computational 
study (24) where the resistance pressure used ranges 
from 50 to 200 pN/µm on a 0.17-µm thick lamellipodium 
which corresponds to 300 to 1100 pN/µm2. Because 
fibroblast cell is capable of buffering this resistance force 
with membrane reservoir during cell spreading (115), the 
model selects a constant intermediate value 100 pN/µm2 
for membrane resistance pressure.  

100 pN µm-2 (24) 
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9 Membrane Bending Rigidity 
We use the value of membrane bending coefficient as 
used in this model (23).  

0.08 pN. µm (23) 

10 Thickness of the leading edge  
For the fast membrane protrusion involved in cell 
spreading or cell migration, the leading edge of cell 
membrane is usually like a flatted sheet and its thickness 
has been well measured (116).  

200  nm (116) 

11 Initial cell diameter 
The value of this parameter is estimated directly from 
experiments where single fibroblast cell has spherical 
shape before it is dropped onto the glass slide coated 
with fibronectin signaling molecules. The initial diameter 
of spherical fibroblast cell is about a few microns before 
it starts spreading on glass slide. So the model assumes 
the initial cell diameter to be 2 µm.  

2 µm Estimated from 
experiment 

12 Thickness of the cortical region 
The filament network at the very leading edge is cross-
linked by highly branched and short filaments whereas 
the filament network inside cell is usually formed by 
straight and long filaments (117). Since this model only 
studies the actin dynamics of branched filament network, 
the model confines all filament reactions within the 50-
nm cortical region underneath cell membrane.  

50 nm Estimated 

13 Initial number of actin filaments 
The initial filament density was chosen so that it would 
be sufficient to initiate cell spreading. After being tested 
with various values, we decided to use 2000 actin 
filaments evenly distributed on spherical cell as the 
starting point of cell spreading simulation.  

4000  Estimated 

14 Thermodynamic constant kBT 
Calculated at 300 K, where kB is the Boltzmann constant 

4.1  pN.nm Calculated 

15 Rate constant of filament branching 
Because of the highly branched structure of filament 
network at the leading edge of spreading cell, filament 
branching reaction is known to be very fast during cell 
spreading process. Since filament branching reaction is a 
fourth-order reaction and the concentration of actin 
monomer is assumed as 20 µM, the model selects 1.25 
µM-3⋅s-1 as the rate constant of filament branching 
reaction such that the reaction rate remains moderately 
high (ranges between 10 to 100 reactions per second).  

1.25 µM-3s-1 Estimated 

16 Rate constant of filament capping 
Since the binding affinity of capping protein to the 
barbed end of actin filament is known to be high and the 
rate of filament capping reaction should match the rate of 
branching reaction during cell spreading, the model 
assumes the rate constant of capping reaction to be 35 
µM-1⋅s-1 such that the rate of capping reaction is 
comparable with but a little smaller than the rate of 
branching reaction (ranges between 0.35 to 70 reactions 
per second).   

35 µM-1s-1 Estimated 
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Table S4: Components that flux between compartment 

Name	   From	  
Compartment	  

Name	  	   To	  Compartment	  

Calcium	   ER	   Calcium	   Cytoplasm	  

Cdc42GDP	   Cytoplasm	   Cdc42GTP	   Plasma	  membrane	  

Dock/Elmo	   Cytoplasm	   Dock/Elmo	  active	   Plasma	  membrane	  

Shp-‐1	   Cytoplasm	   Shp-‐1	  inactive	   Plasma	  membrane	  

PIPKI	   Cytoplasm	   PIPKIp	  (active)	   Plasma	  membrane	  

RacGDP	   Cytoplasm	   RacGTP	   Plasma	  membrane	  

RhoGDP	   Cytoplasm	   RhoGTP	   Plasma	  membrane	  

Talin	   Cytoplasm	   Talin	  active	   Plasma	  membrane	  
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Figure Legends 

Figure S1: Modules in the signaling network 

The signaling network comprises eight modules regulating the activities of the actin 

regulating proteins Arp2/3, gelsolin and profilin. Module 1 focuses on integrin-fibronectin 

interaction and subsequent activation of FAK, Src and RPTP and their regulation by Shp-2 

and Csk. Module 2 introduces talin, PIP kinase type I g and the lipid pathway. Modules 3-5 

focus on the small RhoGTPases Rho, Rac and Cdc42 and the role of their respective guanine 

nucleotide exchange factor and GAPs. Module 6 is the activation of Arp2/3 by WASP and 

WAVE, module 7 focuses on gelsolin activation by calcium signaling and the balance by 

PI(4,5)P2 inactivation. Module 8 shows the activation of profilin by a-actinin, zyxin and 

VASP. PI(4,5)P2 provides the balance by inactivating a-actinin and profilin. Activated 

profilin allows for ATP exchange on G-ADP-actin, resulting in an increase in G-ATP-actin 

concentration. 

Figure S2: Integrin signaling network 

The modules described in Figure S1 together form the signaling network from integrins to 

the regulators of actin – Arp2/3, gelsolin and profilin.  

Figure S3: Flowchart of the procedure used to compare experimental and simulation 

time course profiles for signaling components 

The concentration profiles of key components in the signaling network were validated 

against kinetics of activation from the literature. The graph from the literature shown on the 

top left is converted into tabular form using ImageJ software’s measurement tools. The data 

is then normalized to the maximum concentration. The data from simulation is used for the 

same time points and normalized. Comparison is made between the normalized dynamic 

profiles. 

Figure S4:  Comparison of the experimental and simulated activation kinetics of some 

components in the signaling network  
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In order to validate the time scales in the signaling network,  comparison of the simulated  

activation profiles of six components in the signaling network with experimental 

measurements from the literature are shown. The experiments for Src activation kinetics (17) 

and FAK activation kinetics (17) were conducted using fibroblasts spreading on fibronectin 

coated surfaces. PLC-γ phosphorylation by Src (20) was conducted in an experimental setting 

with fibroblasts spreading on Matrigel. Rho and Rac activation profiles were obtained for 

integrin-stimulated Rho and Rac activation at the immunological synapse (19). The kinetics 

of p130Cas phosphorylation by Src was obtained from (18), where fibroblasts were used to 

study integrin stimulation by fibronectin. The original experimental data was extracted from 

the images in the papers using ImageJ and normalized concentrations were compared to 

simulation data. Concentrations were normalized by dividing all the values by the maximum 

value within that time course. 

Figure S5: Varying the time steps to the input files does not alter calculations in the 

spreading model 

Four different different time steps (0.01s, 1 s, 5 s, and 10 s) in the input concentration file  

were compared and found that the linear interpolation step introduced during integration of 

the ODE model with the stochastic spreading model did not alter the spreading behavior. The 

results shown are an average of 24 simulations for each time step. 

Figure S6:  Isotropic spreading behavior in the absence of Cdc42 and WASP 

(A) Concentration profiles of (i) Arp2/3, (ii) gelsolin and (iii) G-ATP-actin when the 

initial concentration of Cdc42 or WASP is set to zero; (iv) Maximum rate of polymerization 

in reactions per second as expected from the signaling network alone. 

(B) Spreading behavior and rates of polymerization using these concentration show that 

there is not much change from the control spreading behavior. (i) Radius map, (ii) velocity 

map, (iii) fold change in radius, (iv) circularity, (v) observed rate of polymerization and (vi) 

compliance factor.  
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Figure S7:  Effect of Variation of kcapping  on isotropic cell spreading 

The value of kcapping was varied to test the sensitivity of F-actin to these values. Increasing 

kcapping only slightly decreased cell spreading radius while cell shape was not affected. (A) 

Rate of polymerization, (B) Fold change in radius, (C) Circularity and (D) Compliance 

factor. 

Figure S8: Variation of G-ATP-actin on isotropic cell spreading 

The value of  G-ATP-actin initial concentration was varied to test the sensitivity of F-actin to 

these values. Increasing G-ATP-actin decreased cell spreading radius while cell shape was 

not affected. (A) Rate of polymerization, (B) Fold change in radius, (C) Circularity and (D) 

Compliance factor. The G-ADP-actin initial concentration was maintained at 20 µM. 

Figure S9: Spreading behavior in the absence of integrin receptors 

(A) Concentration profiles of (i) Arp2/3, (ii) gelsolin and (iii)G-ATP-actin when the initial 

concentration of integrin receptors is set to zero and the feedback loops are turned off; (iv) 

Maximum rate of polymerization in reactions per second as expected from the signaling 

network alone. Arp2/3 and gelsolin are not activated in the absence of signaling trigger and 

G-ATP-actin remains at a constant value of 10 µM. When all basal activity is turned off in 

the signaling network, the spreading model cannot compute any filament reactions because 

the input is zero, a situation that we can regard as spreading failed to occur. 

Figure S10: Spreading behavior in the absence of focal adhesion kinase in the signaling 

network 

(A) Concentration profiles of (i) Arp2/3, (ii) gelsolin and (iii) G-ATP-actin when the initial 

concentration of focal adhesion kinase is set to zero; (iv) Maximum rate of 

polymerization in reactions per second as expected from the signaling network alone. 

 

(B)   Spreading behavior and rates of polymerization using these concentration show that 

there is not much change from the control spreading behavior. (i) Radius map, (ii) 
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velocity map, (iii) fold change in radius, (iv) circularity, (v) observed rate of 

polymerization and (vi) compliance factor. 

 

 

Figure S11: Spreading behavior in the absence of Src kinase in the signaling network 

(A) Concentration profiles of (i) Arp2/3, (ii) gelsolin and (iii) G-ATP-actin when the initial 

concentration of Src kinase is set to zero. (iv) Maximum rate of polymerization in 

reactions per second as expected from the signaling network alone. 

(B) Spreading behavior and rates of polymerization using these concentration show that 

there is not much change from the control spreading behavior. (i) Radius map, (ii) 

velocity map, (iii) fold change in radius, (iv) circularity, (v) observed rate of 

polymerization and (vi) compliance factor. 

 

Figure S12: Spreading behavior in the absence of RPTP in the signaling network 

(A) Concentration profiles of (i) Arp2/3, (ii) gelsolin and (iii) G-ATP-actin when the initial 

concentration of RPTP is set to zero. (iv) Maximum rate of polymerization in reactions 

per second as expected from the signaling network alone. 

(B) Spreading behavior and rates of polymerization using these concentration show that 

there is not much change from the control spreading behavior. (i) Radius map, (ii) 

velocity map, (iii) fold change in radius, (iv) circularity, (v) observed rate of 

polymerization and (vi) compliance factor. 

 

Figure S13: Spreading behavior in the absence of talin 
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(A) Concentration profiles of (i) Arp2/3, (ii) gelsolin and (iii) G-ATP-actin when the initial 

concentration of Talin is set to zero. (iv) Maximum rate of polymerization in reactions 

per second as expected from the signaling network alone. 

(B) Spreading behavior and rates of polymerization using these concentration show that 

there is not much change from the control spreading behavior. (i) Radius map, (ii) 

velocity map, (iii) fold change in radius, (iv) circularity, (v) observed rate of 

polymerization and (vi) compliance factor. 

 

Figure S14: Spreading behavior in the absence of PIPKI 

(A) Concentration profiles of (i) Arp2/3, (ii) gelsolin and (iii) G-ATP-actin when the initial 

concentration of PIP kinase type I γ is set to zero. (iv) Maximum rate of polymerization 

in reactions per second as expected from the signaling network alone. 

(B) Spreading behavior and rates of polymerization using these concentration show that 

there is not much change from the control spreading behavior. (i) Radius map, (ii) 

velocity map, (iii) fold change in radius, (iv) circularity, (v) observed rate of 

polymerization and (vi) compliance factor. 

 

Figure S15: Spreading behavior in the absence of PI(4)P 

(A) Concentration profiles of (i) Arp2/3, (ii) gelsolin and (iii) G-ATP-actin when the initial 

concentration of PI(4)P is set to zero. (iv) Maximum rate of polymerization in reactions 

per second as expected from the signaling network alone. 

(B) Spreading behavior and rates of polymerization using these concentration show that 

there is not much change from the control spreading behavior. (i) Radius map, (ii) 

velocity map, (iii) fold change in radius, (iv) circularity, (v) observed rate of 

polymerization and (vi) compliance factor. 
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Figure S16:  Spreading behavior in the absence of  PLC-γ   

(A) Concentration profiles of (i) Arp2/3, (ii) gelsolin and (iii) G-ATP-actin when the initial 

concentration of PLC-γ is set to zero. (iv) Maximum rate of polymerization in reactions 

per second as expected from the signaling network alone. 

(B) Spreading behavior and rates of polymerization using these concentration show that 

there is not much change from the control spreading behavior. (i) Radius map, (ii) 

velocity map, (iii) fold change in radius, (iv) circularity, (v) observed rate of 

polymerization and (vi) compliance factor. 

 

Figure S17: Spreading behavior in the absence of α-actinin  

(A) Concentration profiles of (i) Arp2/3, (ii) gelsolin and (iii) G-ATP-actin when the initial 

concentration of α-actinin is set to zero. (iv) Maximum rate of polymerization in 

reactions per second as expected from the signaling network alone. 

(B) Spreading behavior and rates of polymerization using these concentration show that 

there is not much change from the control spreading behavior. (i) Radius map, (ii) 

velocity map, (iii) fold change in radius, (iv) circularity, (v) observed rate of 

polymerization and (vi) compliance factor. 

Figure S18: Effects of variation of  the physical properties of the plasma plasma 
membrane on  simulated cell spreading characteristics 

(A) Spreading behavior with Kb=0 pN. µm, varying p (0, 100, 500 pN. µm-2). 
The plasma membrane surface resistance was varied (p=0, 100, 500) with Kb=0 
pN.µM. The spreading size is smaller for larger p (panel A(i)), but the spreading 
shape continues to be non-circular (panel A(ii)) for all conditions. 

(B) Spreading behavior with Kb=0.08 pN. µm, varying p (0, 100, 500 pN. µm-2) 
The plasma membrane surface resistance was varied (p=0, 100, 500) with 
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Kb=0.08. The spreading size is smaller for larger p (panel B(i)), and the 
spreading shape is circular for all conditions (panel B(ii)). 

(C) Spreading behavior with Kb=0.2 pN. µm, varying p (0, 100, 500 pN. µm-2) 
The plasma membrane surface resistance was varied (p=0, 100, 500) with 
Kb=0.2. The spreading size is smaller for larger p (panel C(i)) and also smaller 
compared to panels Ai and Bi; the spreading shape is circular for all conditions 
(panel C(ii)). 
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Module 2: Talin, PIPKI activation

Module 3: Rho activation

Module 4: Rac activation

Module 5: Cdc42 activation

Module 6: Arp2/3 activation

Module 8:Gelsolin activation

Module 7: Profilin activation
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