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Abbreviations used 

F-actin Filamentous actin 

nSRF model non-structurally-resolved filament model 

SRF model structurally-resolved filament model 

Pi Phosphate 

ATM Globular actin (monomeric form) with incorporated ATP 

ADM Globular actin (monomeric form) with incorporated ADP 

ATF Filamentous actin protomer (F-actin) with incorporated ATP 

APF Filamentous actin protomer (F-actin) with incorporated ADP-Pi 

ADF Filamentous actin protomer (F-actin) with incorporated ADP 

FTB Barbed ends of filaments, terminating by ATP-actin  

FPB Barbed ends of filaments, terminating by ADP-Pi-actin 

FDB Barbed ends of filaments, terminating by ADP-actin 

FTP Pointed ends of filaments, terminating by ATP-actin 

FPP Pointed ends of filaments, terminating by ADP-Pi-actin 

FDP Pointed ends of filaments, terminating by ADP-actin 

CBM Barbed-end capping protein (capper) in monomer (free) form 

CBF Barbed-end capper bound to filament 

CPM Pointed-end capper in monomer (free) form 

CPF Pointed-end capper bound to filament 

FOM Formin in monomer (free) form 

FOF Formin, bound to filament barbed ends 

ARM Arp2/3 complex in monomer (free) form 

ARF Arp2/3 complex associated with filament 

FRP Arp2/3 complex associated with filament pointed end (pointed ends of 

filaments, terminating by ARP2/3 complexes) 

FRB Arp2/3 complex associated with filament with no bound actins (barbed 

ends of filaments, terminating by ARP2/3 complexes) 
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Abstract 

We report on an advanced universal Monte Carlo simulation model of actin polymerization 

processes offering a broad application panel. The model integrates major actin-related reactions, 

such as assembly of actin nuclei, association/dissociation of monomers to filament ends, ATP-

hydrolysis via ADP-Pi formation and ADP-ATP exchange, filament branching, fragmentation 

and annealing or the effects of regulatory proteins. Importantly, these reactions are linked to 

information on the nucleotide state of actin subunits in filaments (ATP hydrolysis) and the 

distribution of actin filament lengths. The developed stochastic simulation modelling schemes 

were validated on: i) synthetic theoretical data generated by a deterministic model and ii) sets of 

our and published experimental data obtained from fluorescence pyrene-actin experiments. Build 

on an open-architecture principle, the designed model can be extended for predictive evaluation 

of the activities of other actin-interacting proteins and can be applied for the analysis of 

experimental pyrene actin-based or fluorescence microscopy data. We provide a user-friendly, 

free software package ActinSimChem that integrates the implemented simulation algorithms and 

that is made available to the scientific community for modelling in silico any specific actin-

polymerization system. 

Key words: Actin; Filament; Polymerization; Model; Monte Carlo simulation; Software.  
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1. Introduction 

Actin is a protein capable of self-assembling into dynamic filaments that form the actin 

cytoskeleton. This process is required for many crucial physiological functions like morphogenesis, 

cell migration and division or cell communication. In cells, actin monomer assembly and filament 

organization are controlled in time and space by associated proteins [1-4]. Because of its essential 

functions in cells, it is not surprising that perturbations of the actin cytoskeleton are associated with 

numerous diseases, including cancer, myopathies- and neurodegenerative disorders. For example, 

uncontrolled migration of cancer cells leads to metastasis and is significantly dependent on 

perturbed actin polymerization [5, 6]. In addition, several pathogens, like Listeria monocytogenes, 

use actin polymerization for their propulsion inside infected cells [7, 8]. Thus, a thorough 

understanding of how actin polymerization is regulated to generate forces and movement will lead 

to a better understanding of how it contributes to these physio-pathological processes [9].  

Many biophysical models have been proposed for the mechanisms by which actin filament 

assembly generates force that is translated into movement (see [10] for review). In addition, specific 

biochemical models were established to evaluate the effects of regulatory proteins on the actin 

polymerization reaction such as nucleation and filament elongation in the presence of formins [11-

13] or the Arp2/3 complex [14-16], effects of capping [14, 17, 18], or of severing proteins [19-21]. 

These deterministic models rely on solving differential equations. One of the efficient non-

analytical approaches which in principle can describe the actin polymerization processes is the 

Monte Carlo simulation [22]. Obviously, stochastic Monte Carlo models have a considerable 

potential because: i) they can describe adequately many actin-polymerization processes 

simultaneously, such as spontaneous or stimulated actin nucleation, (un)branching, fragmentation, 

annealing, complete depolymerisation, (un)capping, two-step ATP-hydrolysis [18, 23]; ii) in 

addition stochastic models have the advantage that they can be applied to complex situations 

involving structural information and distribution of actin filament lengths [24, 25]. Moreover, 

Monte Carlo models are easy to understand, since the simulation algorithms are made from so-
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called first principles known on the studied systems, and not requiring a strong mathematical 

background [26, 27]. However, so far, no comprehensive universal Monte Carlo model and 

software of actin-polymerization reactions with a broad application panel for various actin 

polymerization processes are available. 

In this paper, we developed a systematic Monte Carlo simulation formalism and an computational 

tool for modelling and analysing the main actin polymerization reactions, uniquely including the 

nucleotide compositions of monomers and filaments, and the distribution of actin filament lengths. 

This tool was evaluated using well-characterized reactions such as actin association to and 

dissociation from filaments, assembly of actin nuclei (spontaneous and stimulated by capping-

proteins or formin), filament capping-related reactions, ATP-hydrolysis and ATP recharge of actin 

monomers, filament branching, fragmentation and annealing. The simulation models and 

computational algorithms were integrated in the stand-alone executable software package 

ActinSimChem.  

2. Model 

2.1. The model formalism 

Actin polymerization is used by cells as a source of mechanical forces, which can be translated into 

cell propulsion. The process of actin assembly is influenced by the concentration of monomeric 

actin charged with ATP or ADP nucleotide, physical and biochemical conditions and, importantly, 

by different actin-regulatory proteins: actin nucleators such as the Arp 2/3 complex and formin, 

different end cappers and severing proteins like cofilins [9]. In this work, we considered the 

reactions between ATP- and ADP-actin monomers (ATM, ADM, cf. the section Abbreviations 

used), formin (FOM, a protein stimulating actin monomer assembly), actin nucleator Arp 2/3 

complex (ARM), and end cappers (CBM, CPM, regulating actin filament dynamics at barbed (B) or 

pointed (P) ends). Kinetic actin polymerization experiments have shown that capping proteins also 

nucleate actin polymerization in the presence of excess actin ATP-monomers [28].  
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Diagrams, showing the formalization of actin polymerization processes, are given in Fig. 1. Actin 

monomers self-assemble to form trimers with the rate constant kSNUC. Actin filaments grow from 

these “nuclei” by addition of monomers. The structural asymmetry of the filament ends is correlated 

with dissimilar assembly and disassembly rates. An actin filament grows under appropriate 

conditions approximately ten times faster at the barbed end than at its pointed end. The growing 

process is reversible and it is controlled by a polymerization-depolymerization equilibrium. The 

aging of F-actins occurs when ATP hydrolyses with the rate constants kTTOP and kPTOD via the ADP-

Pi “intermediate” state, consisting in ADP with a weakly associated phosphate. ATP hydrolysis 

results in weakening of actin subunit interaction and destabilization of the actin filament. Free 

ADP-actin monomers exchange their nucleotide for ATP because of the higher affinity of 

monomeric actin for ATP [29]; we introduced here the rate constant kDTOT to describe this process. 

Free ends of a filament can be reversibly capped by either barbed or pointed end cappers. Capping 

proteins or formin promote actin nucleation, mostly by stabilizing actin trimers, at much higher 

rates (kCBNU, kCPNU and kFNUC) when compared to the rate of spontaneous actin nucleation (kSNUC). In 

addition, formin being attached to the barbed end of nucleated actin oligomers, can significantly 

speed up barbed end elongation of the filament [11]. Branching reactions of Arp2/3 complex with 

F-actins are realized according to the mechanism of side branching [14]. The reactions of filament 

fragmentation and annealing were integrated as reported in [25]. We assume spontaneous 

fragmentation occurs in a manner invariant to position and nucleotide state of the actin-protomer 

(the rate constant kFRGM). Annealing reaction consists in adhesion of free barbed ends and pointed 

ends of filaments with the rate constant kANNL. Other hypotheses on mechanisms of filament 

branching, fragmentation, annealing, nucleation, capping, can accordingly also be integrated within 

the frame of our simulation scheme.  

To build the simulation model for actin polymerization we made the following assumptions: 

• Actin-polymerization is simulated in a cubic volume of the size V with periodic boundary 

conditions. 
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• Since free actin monomers and free actin-associated proteins (cappers, Arp2/3, formins) 

diffuse rapidly [30-33], we assumed their spatial distribution is homogeneous. 

• Quantities of monomeric proteins, i.e. the numbers of molecules NATM, NCBM, etc. in the 

volume V, are calculated from the initial molecular concentrations [ATM]t=0, [CBM]t=0, 

etc.  

• Filaments are simulated as independent objects.  

• The total concentrations of the monomeric proteins are constant over the volume V.  

The flow diagram of the developed integrative stochastic simulation model of actin polymerization 

processes is shown in Fig. 2A. The core of this model is the ability to reproduce any complex actin 

polymerization system in a unique and universal way, whatever particular actin-based system is 

used. It combines various molecular reagents, chemical reactions and structures of actin filaments 

within a unique stochastic simulation scheme (Fig. 2B). The integrity of this modelling approach is 

based on an open-architecture principle, allowing easy incorporation of new reagents, additional 

actin-polymerization reactions, filament structures or even new stochastic simulation algorithms.  

Presently, to simulate actin polymerization processes, we used nR = 21 molecular reagents 

participating in M = 28 chemical actin-related reactions (cf. Table 1). Reagents are globular and 

filamentous actins (with incorporated ATP/ ADP-Pi/ADP nucleotide), barbed and pointed ends of 

filaments (terminated by ATP-/ADP-Pi-/ADP-actins), barbed and pointed end capping proteins, 

formin and the Arp2/3 complex (either as free forms or associated with filaments). The filaments 

are represented as consequences of protomer associations characterised by the number of 

protomers, the nucleotide states of these protomers, the number and types of pointed and barbed 

ends, pointers to filamentous ends and actin related proteins, branching units, i.e. the sites for 

growth of ‘daughter’ branches. Any daughter branches to a ‘mother’ filament are similarly 

organised.  

2.2. The simulation of reactions 
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To simulate the chemical interactions between molecular reagents in the actin filaments a proper 

discrete-event Monte Carlo simulation methodology is needed. Several stochastic simulation 

strategies have been implemented and compared. More specifically, we developed new simulation 

schemes based on the updates of the Gillespie's "direct" method and its modifications: the “first 

reaction” method [34], the "next reaction" method of Gibson-Bruck [35] and the τ-leap algorithm 

[36]. The best results were obtained for the one generated on the base of the Gillespie's "direct" 

algorithm [see Supplementary material]. A flow diagram of the stochastic simulation scheme 

implemented in our model is shown in Fig. 2B.  

The simulation starts in block 1 by setting the volume V, the initial numbers of molecules 

N = (NATM, NADM, …, NFRB), and the rate constants K = (kSNUC, kCBNU, …, kDTOT). In block 2 the 

concentration-dependent reaction rates ai, where i is the index running for 28 reactions {SNUC, 

CBNU, …, DTOT} (cf. Table 1), are calculated using Eq. (1) or Eq. (2).  

( ) ∏
=

−−=
i

i
n

j
j

n
Aii NVNka

1

1610 ,    (1) 

where  

ni is the number of reagents participating in the i-th reaction; 

ki is the experimental concentration-independent rate constant, given in the same units as in Table 1 

(s-1, μM-1s-1, μM-2s-1, and μM-3s-1 for n = 1, 2, 3, and 4 respectively); 

NA is the number of Avogadro; 

Nj is the number of molecules of j-th type, contained in volume V. This number is linked with the 

concentration of the j-th reagent as Cj = Nj/V. 

Eq. (1) is applied if only one molecule of each reacting reagent is simulated in the i-th reaction. If 

more than one molecule of at least one reagent participates in the reaction, as, for instance, in the 

formin-initiated nucleation, then Eq. (2) can be calculated based on an analogy with [37]. 
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where 

mi
j is the number of molecules of j-th reagent, required for occurrence of i-th reaction. 

∑
=

=
in

j

j
ii m

1
η  is the total number of molecules, participating in the i-th reaction. For instance for the 

formin-initiated nucleation nFNUC = 2 (ATM and FOM are the reagents for this reaction), mFNUC
ATM 

= 3, mFNUC
FOM =1 and ηFNUC = 4. 

The selection of the type of the next reaction is performed in block 3 using a random number 

generator so that the probability to select r-th reaction is proportional to the value of ar, where r is 

the index running for 28 reactions {SNUC, CBNU, …, DTOT}.   

The time towards the reaction τ is calculated in block 4, using an assumption that the flow of 

reaction-events is a Poisson flow [34], and, therefore, the times between events are exponentially 

distributed. Using the method of inverse functions, the time τ can be calculated as 

)ln(
1

ξτ
−

⎟
⎠

⎞
⎜
⎝

⎛
−= ∑

i
ia      (3) 

where ξ  is the uniformly distributed random number from the interval (0,1).  

The f-th filament, to which the reaction will be applied, is randomly selected among the total 

number nF of filaments in block 5 using a new realization of a random number generator. The 

filament selection procedure is a numeric routine governed by a complex density probability 

function of the numbers of branches, pointed and barbed ends for the current state of filaments 

distribution. If the annealing reaction is gambled then two new random numbers are generated. This 

step is not needed in case of the nucleation reactions. 

In block 6 the p-th filamentous unit in the f-th filament is generated, using a new realization of a 

random number generator, on which a reaction either of hydrolysis, branching, or fragmentation 

occurs. This step is ignored in case of nucleation, association, dissociation, capping, uncapping, 

annealing reactions. 
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The reaction is performed in block 7 in accordance with a formal scheme listed in Table 1. Each 

reaction results in a modification of the number of molecules and structure of one of the filaments. 

Exceptions to this are the hydrolysis and recharging reactions, which affect only structure of 

proteins. Nucleation and fragmentation reactions result in appearance of new filaments. Annealing 

reaction leads to the disappearance of one of the filaments. Branching reaction yields a new 

filament branch. When one type of the actin-monomer dissociation reactions occurs, the length of 

the filament is checked. If it contains less then 3 actin protomers − the filament dissociates, 

releasing all attached proteins (i.e. formin, capping proteins). The ATP-related type of F-actin ends 

(FTB, FDB, FTP, FDP) can be changed after association and dissociation reactions. 

Finally, the systems time t is increased by τ (block 8), and if the simulation time is less than the 

predefined maximal simulation time tmax (block 9), the algorithm returns to block 2. Otherwise 

simulation stops in block 10, providing a list of output characteristics, i.e. evolution of 

concentrations in time, the distribution of filament lengths, and actin nucleotide states in filaments. 

2.3. Non-structurally-resolved filament (nSRF) and structurally-resolved filament (SRF) models 

We developed two variants of structural representations of actin filaments: the non-structurally-

resolved filament (nSRF) model and the structurally-resolved filament (SRF) model.  

In the nSRF model a filament is represented by the number of ATP-containing actins (ATF), the 

number of ADP-Pi-containing actins (APF), the number of ADP-containing actins (ADF) and by 

type and state of the barbed and pointed ends. Selection of the state of actins (ATF/APF/ADF) 

bound to filament ends is performed as follows. The state of a last attached protein is stored in a 

model parameter called as "state of barbed/pointed end". It thus defines the states of the 

corresponding ends of the filament, i.e. FTB/FTP, FPB/FPP, FDB/FDP, FRB/FRP, CBF/CPF, or 

FOF. After dissociation of a monomer from the filament, the state of the next filament bound-actin 

monomer, that will define a new type of end, is selected preferably from ATF actins. If no ATF 

actins are left, the filament end switches into ADP-Pi- (preferably) or ADP-related form. The SRF 

model is similar to the nSRF model but is additionally represented by the bidirectional list of actin 
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types (ATF/APF/ADF) and actin-accessory proteins (CBF/CPF/FOF/ARF), which defines mutual 

positions of protomers in the filament. During filament growth, a marker is stored in the 

bidirectional list to define ATP/ADP-Pi/ADP-state of each actin or subunit and/or actin-associated 

protein in filament. The list has two access points – pointers to the barbed and pointed ends. This 

organization permits swift addition/removal of monomers at the ends and splitting/merging of lists 

for fragmentation/annealing reactions. When Arp2/3 induced-branching is included, the pointers to 

‘mother’ and ‘daughter’ filament branches are stored in the SRF and nSRF models. The SRF model 

also stores positions of attachment points on the ‘mother’ filament or branch regarding the pointed 

end. 

Using the SRF model is more time-consuming due to processing the bidirectional list. The nSRF 

model is aimed to speed up the simulation by simplifying the representation of filaments. The SRF 

model is more accurate than the nSRF model and, by accounting for mutual positions of ATP- and 

ADP-actins in filaments as described above, it gives a powerful opportunity for the evaluation of 

nucleotide compositions without any restrictions and conditions imposed on the distribution of 

filament lengths. By using the SRF model one is additionally able to check: (i) depolymerization of 

preformed actin filaments networks, (ii) filament severing, for example, by cofilins, which have a 

higher affinity for ADP-actin [38], (iii) other polymerization processes taking in account the nature 

of the nucleotide such as the Arp2/3 association and side branch initiation which is preferable 

occurring at an ATP-charged protomer.  

2.4. Error analysis 

Stochastic deviations in the simulated results, yielding asymptotic solutions of the investigated 

processes, are inherent to the Monte Carlo simulation technique. In addition, powerful 

computational facilities are required. Increasing a volume V and averaging the results of nA 

independent simulations help to reduce the stochastic deviation. Therefore, we developed a 

verification rule for an optimal selection of the simulation volume V and the number of averaging 

nA (see Supplementary material). An increase of nA is preferable over an increase of V. The latter 
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has a bottom cut-off to avoid any discontinuity at low concentrations and rare reactions. We 

estimated a possibly minimal volume needed for analysis of actin polymerization processes. 

Assume that the minimal number of reacting molecules is equal to 20. If the minimal initial 

concentration of a reagent is 1 nM then the minimal volume becomes Vmin ≈ 33 μm3. If the 

polymerization starts from a low-rate nucleation with the rate constant of ~10–9–10–8, the selection 

of a larger volume of V > 125 μm3 may, however, be required.  

3. Additional experimental procedures 

The developed models were evaluated for analysis of experimental data from fluorescence pyrene-

actin polymerization assays. Below we used data reported in literature [14] or generated as 

described in 3.1.  

3.1. Actin polymerization assays using proteins purified from tissues or produced in E. coli 

Actin was prepared from rabbit skeletal muscle [39] and further purified using Sephacryl S-300 

(Pharmacia) in G-buffer [5 mM Tris-HCl, pH 7.7, 0.1 mM CaCl2, 0.2 mM ATP, 0.2 mM 

dithiothreitol (DTT), 0.01% NaN3]. Actin was labelled with Pyrene on Cys374 following Kouyama 

and Michashi [40]. To produce recombinant formin FH1-FH2 domain, the corresponding mouse 

formin cDNA (mDia-1) was cloned into the pQE30 vector (Qiagen). The production of the His 

tagged-FH1-FH2 domains was carried overnight at 16°C, after induction with 1 mM IPTG. Proteins 

were purified from bacterial lysates using Talon® Metal Affinity Resin (Clontech) and eluted by 

500 mM Imidazole. The His tagged-FH1-FH2 protein was dialysed against 100 mM Tris pH 7.5; 

100 mM KCl; 1mM DTT.  

Polymerization of pure actin (3 or 2 µM, 20% pyrene-labeled, in G-buffer) or actin in the presence 

of formin, was induced by addition of KCl and MgCl2 to final concentrations of 100 and 1 mM, 

respectively. The fluorescence increase, proportional to filament formation, was followed as 

function of time using a F-4500 fluorimeter (Hitachi) (excitation at 365 nm and emission at 388 

nm). Experimentally obtained fluorescence data were corrected for background fluorescence by 
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subtraction of the constant, equal to fluorescence at t = 0 s. Subsequently, the fluorescence units 

were rescaled, to fit simulated concentrations. Several studies have shown that the pyrene 

fluorescence intensity of ADP F-actin is substantially stronger than that of ATP F-actin [23, 41]. 

Consequently the relative amounts of ATP F-actin and ADP F-actin has been included in 

correlating pyrene intensity and F-actin concentration. In this work, the best quality of fit to 

experiments, giving the minimum error (Supplementary material, Eq. B1), was obtained for a 

ratio of 0.5 of F-ATP to F-ADP-actin. 

3.2. Model validation 

First, the source code was verified (see Supplementary material). Second, we tested and validated 

the Monte Carlo model by comparison with synthetic theoretical data. A system of corresponding 

differential equations was used for a number of pre-selected sets of biochemical parameters 

published elsewhere. Third, we compared the computational efficiency and agreement of various 

actin filament models: non-structurally-resolved (nSRF) and structurally-resolved filament (SRF) 

models. Finally, we applied our model for the analysis of pyrene-actin based fluorescence actin-

polymerization experiments: i) actin polymerization, ii) actin polymerization in the presence of 

actin-capping protein [14], or iii) formin. 

4. Results and discussion 

4.1. Strategy for model evaluation and analysis 

We evaluated the performance of the developed models on well-characterized theoretical and 

published data. We considered fundamental reactions including monomer assembly into filaments, 

filament end capping and assembly of actin oligomer nuclei by capping protein or formin. The 

complete list of the reactions events simulated is shown in Fig. 1. Our simulations are performed for 

V =125 μm3 and nA =50. For computational reasons and taking into account its minor effect on the 

systems considered in our tests we do not include in the simulations the reactions associated with 

the ADP-Pi “intermediate” nucleotide state. Instead, we approximated the filament aging reaction 
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(hydrolysis of ATP in filaments) with the overall rate constant 0.0007 s-1, which is assumed to be a 

lowest limit for an approximative two-step hydrolysis rate constant (including phosphate release), 

and is a product of rate constants for hydrolysis 0.3 s-1 [42] and phosphate release 0.0026−0.004 s-1  

[43, 44]. 

We compared the nSRF model with a deterministic kinetic model for the simplest situation, in 

which the behaviour of the actin system can be described by a system of differential equations. 

Such deterministic models have been used to describe actin polymerization kinetics (see e.g. [13, 

14, 45, 46]). Subsequently, we compared and evaluated simulations obtained with the SRF and 

nSRF models, a key step towards the model validation. First, agreement between two independently 

implemented models gives a good confidence that no technical or logical errors were made during 

programming of the modelling algorithms. Second, this comparison helps to investigate the 

application range of the nSRF model, i.e. to determine when the simplifications of the nSRF model 

are acceptable and do not lead to significant changes in simulation results. Finally, to further 

evaluate the robustness of the developed models, we applied the simulation models to some selected 

experimental data and evaluated how reagents affect the reactions.  

4.2. Evaluation of the developed models by analytical solutions 

4.2.1. Polymerization reaction of actin 

Actin assembly is a simple model system. The concentration of F-actin only slowly increases in the 

early phase (the so-called lag phase) due to slow spontaneous nucleation. Then a period of fast 

elongation follows, during which the concentration of F-actin increases more rapidly. Consequently 

globular actin decreases and asymptotically approaches to the so-called critical concentration Cc. 

The critical concentration, which is independent from the initial actin concentration, can be 

calculated via association/dissociation rates, Eq. (4). 

Cc = (kDITB+ kDITP) /(kASTB+ kASTP)     (4) 

We initially assume that no ATP-hydrolysis occurs in a system, i.e. no aging of F-actins, and, thus, 

only ATM and ATF actins exist in this system. This assumption is needed to build the system of the 
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analytical equations (see Supplementary material) and not a limitation linked to the presented 

simulation (see 4.3.1). The rate constants (for references see Table 1) used in modelling are: kSNUC = 

10–8 μM–2s–1, kASTB = 11.5 μM–1s–1, kASTP = 1.3 μM–1s–1, kDITB = 1.4 s–1, kDITP = 0.8 s–1. The nSRF 

model was launched and tested at three initial actin concentrations [ATM]t=0 = 3, 6 and 12 μM. 

Predicted F-actin concentrations obtained either by the nSRF model or by the analytical model (Eq. 

(C1), Supplementary material) for the actin systems with different actin concentrations are plotted 

in Fig. 3A and indicate a good agreement between simulated and analytical data.  

4.2.2. Actin polymerization reaction in the presence of capping protein 

Addition of barbed-end capping protein in the system above introduced two effects: i) increase of 

the nucleation rate and ii) inhibition of further elongation from the barbed end by capping. The 

analytical model for actin polymerization in the presence of a barbed-end capping protein was 

reported in [14] and briefly given in Supplementary material (Eq. (C2)). Again, no aging of F-

actins is assumed (this is necessary to avoid tracking the ATP/ADP state of the ends for each 

separate filament). The numerical experiments were launched with the rate constants: kSNUC = 10–8 

μM–2s–1, kCBNU = 10–5 μM–3s–1, kASTB = 11.5 μM–1s–1, kASTP = 1.3 μM–1s–1, kDITB = 1.4 s–1, kDITP = 0.8 

s–1, kASCB = 3 μM–1s–1, kDICB = 4 x 10–4 s–1 (cf. Table 1). Predicted concentrations of F-actin by the 

nSRF (circles, diamonds) and analytical model (lines) for the initial protein concentrations [ATM] 

t=0 = 2 μM, and [CBM] t=0 = 0.1, 0.01 μM are plotted in Fig. 3B. The fact that the results of 

simulated and analytical models of actin polymerization, with or without capping protein, are in 

good agreement validates the developed simulation model. 

A broader range of examples and tests of the models is shown in Supplementary material (Fig. S1 

– S2). Fig. S1 demonstrates that simulations that predict the average filament length and the 

filament length distribution at steady-state changed drastically in presence of fragmentation and 

annealing, in line with [25]. Fig. S2 shows a simulation of overshoot occurrence under various 

conditions of polymerization kinetics. 
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4.3. Comparison of the nSRF and SRF models 

4.3.1. Polymerisation of actin in the absence of other proteins 

A major difference between SRF and the nSRF model (and, a fortiori, previous analytical models) 

is, that the former inherently incorporates the possibility of aging of F-actin. This is now taken into 

account and simulated as a stochastic reaction with the rate constant 0.0007  s–1. The SRF model 

combines information about type and position of each monomer in the filament, whereas in the 

nSRF model it is assumed that ATP-containing F-actins (ATF) are allocated near the filament ends, 

and ADP-actins (ADF) in the middle. The latter, rather rough approximation of the F-actin aging 

mechanism may result in biased models solutions, in particular for a time period longer than 1000 

seconds, assuming a slow rate constant ∼ 10-3 s–1 for the hydrolysis reaction.  

Fig. 4A plots the predicted concentrations of F-actin resulting from the SRF (symbols) and nSRF 

(lines) models for three initial concentrations of actin [ATM]t=0 = 3, 6 and 9 μM. The concentration 

of F-actin slowly increases in early phase, consistent with the experimentally observed lag phase 

(see e.g. Fig. 5B), due to slow spontaneous nucleation (kSNUC =10–8 μM–2s–1). During fast elongation 

the concentration of F-actin increases, consequently globular actin decreases and asymptotically 

approaches the critical concentration Cc which here is 0.17 µM. Therefore, the concentration of F-

actin asymptotically approaches values of 2.83, 5.83 and 8.83 μM (Fig. 4A).  

During nucleation and elongation the rates of ADP-actin association and dissociation do not play an 

important role, because of fast ATP-actin recharge in the monomer pool and significant prevailing 

of the ATP-actin association reactions. At this stage no deviation can be detected when comparing 

both models, therefore the nSRF model can be used instead of SRF to predict systems behaviour in 

the non-equilibrium elongation phase of the filament. The simulation time required by the nSRF 

model for an actin system is about 30 times lower than that of the SRF model. 

To evaluate the effect of ATP hydrolysis and filament aging, we varied the model parameters. We 

assumed that no actin recharge occurred and, to make the effect of aging more pronounced, we 

increased the aging rate up to one hundred times, and increased the rate of spontaneous nucleation 
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up to kSNUC =10–6 μM–2s–1. Since the effect may appear only when association no longer prevails 

over dissociation, a long time period of tmax = 8000 s was considered. The simulation results of the 

system for [ATM]t=0 = 2 μM are shown in Fig. 4B. No deviation was observed for the period of 

filament elongation, however, the subsequent late dissociation phase significantly differed for the 

two models. This deviation occurred even if actin ATP-recharge was switched on, however to a 

much lesser degree (data not shown).  

This result indicates that when ATP-actin recharge exists in the system, the simplified nSRF model 

can be used during the periods of lag-phase and fast filament elongation. To further confirm this 

result, we considered more complex systems including actin regulatory proteins that cap or nucleate 

actin polymerization. 

4.3.2. Actin polymerization reactions in the presence of end cappers or nucleating proteins  

A barbed-end capping protein initially promotes assembly of oligomeric actin nuclei and 

subsequently inhibits elongation of the filament barbed end by remaining associated with it [14, 17] 

thereby it can affect the critical concentration. Previous reports on modelling of actin 

polymerization suggested that the nucleation reaction involves 6 actin monomers, without however 

excluding that nucleation with 3 monomers might be also possible [14]. We used 3 actin molecules 

and an attached capping protein as a filament nucleus for simplification (see reaction with the rate 

constant kCBNU in Table 1).  

Fig. 4C shows the results of the simulation for 3 μM actin in the presence of 0.01 or 0.1 μM barbed-

end capping protein, respectively. The nucleation rate of the capping-protein was set to 10–5 μM–3s–

1. Nucleation activity of the capping protein considerably increased the rate at which actin filaments 

formed, as a function of capping protein concentration. The steady-state F-actin concentration was, 

however, higher for lower capping protein concentration: 2.51 μM for [CBM]t=0 = 0.01 μM vs. 2.41 

μM for [CBM]t=0 = 0.1 μM. No deviation could be observed between the results of SRF (symbols) 

and nSRF (lines) model for the time between 0 and 2000 s (Fig. 4C). For longer times slight 

deviations appeared (not shown), as observed for the system with actin alone. 
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Next, we analyzed the effect of pointed-end cappers at similar concentrations. We assumed that this 

protein had similar properties (including rate constants) as the barbed-end capping protein, with the 

difference that it attached to the pointed end of the filament. Fig. 4D revealed a good agreement 

between models. The time scale of the plot was between 0 and 1000 s, since, as was expected, the 

F-actin elongation rate was approximately 3 times faster than that in the presence of the barbed-end 

capping protein. Moreover, the steady-state concentrations of F-actin were around 2.9 μM (for both 

CPM concentrations) due to the difference in critical concentrations of monomeric actin for free 

barbed (~ 0.12 μM) and pointed (~ 0.61 μM) ends.  

4.3.3. Formin-mediated effects on actin polymerization system  

There are two main functions of formin in actin polymerization: it assembles actin and acts as a 

processive motor of filament elongation. In the presence of profilin, formin effectively generates 

long ADP-rich filaments, as was reported in [11]. The elongation rate in this situation may reach 

values of 110 μM–1s–1. In the absence of profilin, the elongation is less efficient, with a rate constant 

of 9 μM–1s–1 [12].  

In our simulations we used the information from [11] and [13] to estimate formin-associated rate 

constants (see Table 1, reaction with rate constants kFNUC, kFASB, kDIFB). The rate of spontaneous 

association of formin to a free barbed-end was put arbitrary, kASFB = 3 μM–1s–1, however, this 

reaction does not demonstrate a high influence on the polymerization, because usually all free 

formins tend to nucleate new filaments. The result of the comparison of SRF and nSRF models for 

a 2 μM actin assay is given in Fig. 4E. Note, that the time window of the simulation [0; 200 s] is 

very different from the previous situations and that the speed of filament growth has increased 

significantly. For both formin concentrations tested, the final F-actin concentration is equal to 1.997 

μM, calculated as extrapolation to longer times, with almost all actin molecules in the F-form. 
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4.3.4. Effect of the full reaction set on actin polymerization system  

We theoretically compared the simulation results for the condition in which all reagents and 

reactions are present (Table 1, Fig. 1). Selected initial concentrations are: [ATM] = 2 and 3 μM; 

[CBM] t=0 = 0.01 μM, [CPM] t=0 = 0.01 μM, [FOM] t=0 = 0.001 μM, [ARM] t=0=0.01 μM. This is a 

very complex situation since barbed end capping protein interferes with formin and formin lowers 

the binding of capping protein to barbed ends by 100 fold without, however, competing for barbed 

end binding ([11], supplement data on gelsolin). In addition, several reactions including the Arp2/3 

dependent branching reaction, change the number of (barbed) filament ends. Despite this 

complexity, the comparison of F-actin behaviour for two tested actin concentrations shown in Fig. 

4F, demonstrates that the results for SRF and nSRF models were in a good agreement. Using our 

model, we can in addition investigate an effect of the branching reaction, in terms of the relevant 

rate constant and the concentration of the Arp2/3 complex, on the average filament length at steady 

state. We developed two mechanisms of the side branching: the Arp2/3 complex random nucleation 

to only ATF or to either ATF/APF/ADF. The latter case, despite not yielding a difference between 

nSRF and SRF models even at steady state, is needed to validate the simulation algorithms (Fig. 4F, 

inset). The average filament length in the steady-state phase decreases with the concentration of the 

Arp2/3 complex by both nSRF and SRF models – as is indeed expected from previous analytical 

calculations [47]. In Supplementary material we show an additional simulation example 

demonstrating that the outcome of Arp2/3 –complex association and side branch initiation, which 

preferably occurs at an ATP-charged protomer, may differ for SRF and nSRF models (see Fig. S3). 

Based on the synthetic data we obtained for systems with increasing complexity and from 

comparing the two models where one model ignores the positional information of actin monomers 

in the filament, one is lead to conclude that unless the system is deprived of ATP-actin, both models 

yield the same result. This surprisingly suggests that the relative positions of ATP-actin and ADP-

actin protomers within a filament are not important. One possible explanation is that the ATP 

hydrolysis rate does not influence the early time kinetics because it is very slow (0.0007 s-1). This 
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interpretation explains why kinetic models without ATP hydrolysis are also successful. Once the 

system reaches the steady state phase, however, the nucleotide status may play a significant role for 

actin polymerisation (as demonstrated in Fig 4B) for severing of filaments by cofilin (at ADP-actin 

protomers) or branching by Arp2/3 complex (at ATP-actin protomers as shown in Fig S3, 

Supplementary material). In this case the developed SRF will yield more accurate results.  

Additional numerical tests on validation of the developed models, in particular, effects of capping 

protein concentration and of various rate constants on actin polymerization, are reported in 

Supplementary material. Collectively, this leads to the following conclusions. Increasing the 

concentration of capping proteins leads to increase of the overall polymerization rate due to faster 

nucleation. Interestingly, if we exclude the nucleation activity of capping proteins, pointed-end 

capping proteins had no significant effect on actin polymerization kinetics. Second, we detected that 

already a moderate, twofold increase/decrease in monomer association/dissociation rates at the 

barbed ends strongly affects actin polymerization kinetics and almost no effect can be seen for the 

pointed ends. The simulation shows that increasing the nucleation rate results in a considerable rise 

in polymerized actin. Finally, variation in the aging rate does not modify the actin polymerization 

kinetics until steady-state is reached.  

4.4. Evaluation on experimental data 

To further evaluate the robustness of the developed models, we applied them to fitting of 

experimental data.  

4.4.1. Actin polymerization 

The simulation for 2 and 3 μM of actin concentrations has been performed with the same nucleation 

rate kSNUC = 4.1x10–9 μM–2s–1. The results of the comparison are given in Fig. 5A. Possible 

inconsistency between simulated and experimental data would result in curvature difference. 

Simulated and experimental data were however in good agreement, although small non-significant 

differences could be observed (3 μM of actin, top curve). 
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4.4.2. Actin polymerization in the presence of capping proteins 

We next evaluated the effect of barbed end capping protein. We tested our models on data 

published previously in [14]. Keeping the actin concentration constant (2 μM), the concentration of 

CBM was increased between 0 and 25 nM. The resulting change in pyrene fluorescence in time is 

given by solid lines in Fig. 5B. These experimental data and the simulation results, presented by 

symbols, highly correlated. The best fitting was obtained with the nucleation rate kCBNU = 1.2x10–5 

μM–3s–1 only slightly differed from the 10–5 μM–3s–1 used in numerical tests of sections 4.2.2. − 

4.3.2.  

4.4.3. Formin-actin polymerization 

The experimental assay included 6 μM actin and 0.2 μM formin (in the absence of profilin). First, 

we fixed the formin-enhanced elongation rate of actin filament, taking the value of kFASB = 9 μM-1s-1 

[12]. Then the nucleation rate was fitted. The best fit (Fig. 5C) was obtained for a nucleation rate 

constant of kFNUC = 4.7x10-7μM-3s-1, which is ~10 times higher than the value for spontaneous actin 

nucleation. We could get acceptable fittings with other combinations of values for kFASB and kFNUC, 

for example, with kFASB = 90 μM-1s-1 and kFNUC = 4.7x10-8 μM-3s-1, indicating that the elongation rate 

and nucleation rate are highly correlated.  

4.5. Software ActinSimChem 

Although numerous software packages are available for biochemical kinetic modelling, no 

dedicated, Windows-based software which meets all the needs arising from analysis of any specific 

actin polymerization system is currently available. Therefore a new stand-alone software package, 

ActSimChem, for the here presented Monte Carlo simulation of actin polymerization processes has 

been developed (for details see Supplementary material). ActSimChem provides the possibility 

for: i) switching between the nSRF and SRF models; ii) input/variation of the model parameters; iii) 

a compact set of the stochastic modelling algorithms (including the developed modifications of the 

Gillespie's "direct", the “first reaction”, the "next reaction" methods); iv) simulation of actin 
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polymerization (currently up to 21 molecular and 28 chemical actin-related reactions); v) graphical 

representation of simulation results; vi) storage of the results. The program and its manual can be 

obtained on request or can be downloaded from the website http://actinsim.uni.lu. 

5. Concluding remarks 

We have developed and compared two stochastic simulation models of actin polymerization 

processes connecting multiple main actin polymerization-related biochemical reactions including 

spontaneous and enhanced actin nucleation, association/dissociation at filaments barbed and pointed 

ends, filament branching, fragmentation and annealing. Additionally the action of different actin-

accessory protein that regulate filament dynamics, the structural composition of filaments and the 

distribution of filament lengths can be simulated. We evaluated the computational efficiency and 

simulation accuracy of the nSRF and SRF models, that differ in presentation of structural, i.e. ATP-

hydrolysis-related, properties of actin filaments. In the majority of numerical tests, the nSRF model 

considerably saved computational time and still gave outcome characteristics at the same 

confidence level as the complete SRF model. This result realistically enables the nSRF model to be 

applied for experimental data fitting and for deriving reaction rate constants on the same manner as 

reported in [48-50]. For situations were ATP-actin monomers are limiting the SRF model needs, 

however, to be used. 

The presented stochastic methodology forms a considerable improvement upon recently reported 

models [23, 24] in at least four ways. First, the number of already incorporated actin-polymerization 

reactions is very high. This allows evaluating outcome of complex biosystems closer to 

physiological situations, thus adding predictive power. Second, the Monte Carlo-based simulation 

algorithms are efficient and robust. Third, the open-architecture principle in the integrated 

modelling of actin-associated reactions events and filaments structures ensures flexibility in 

combination with a broad applicability. This architecture allows upgrading the utilised stochastic 

simulation algorithm for any newly-developed advanced modelling technique on the one hand, and 

permits further extension of the simulated system for additional actin-interacting proteins and 
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polymerization mechanisms on the other hand. Fourth, we provide a free and user-friendly software 

package ActinSimChem, that contains the developed simulation algorithms. The package can be 

used to simulate in silico the numerical time-resolved outcome under form of the actin filament 

concentration and distribution of filament lengths for a complex set of actin-polymerization 

processes. This unique tool for simulation or fitting experimental data, will allow biologists 

comparing existing actin-polymerization systems and more easily design and interpret complex 

experiments in which more than “reaction” on actin is taking place.  

As demonstrated potential of our model, we performed in this article several numerical experiments 

on simulations of known and well-established actin polymerization systems. The results of these 

computer tests underscored important aspects of actin dynamics, namely that: i) under the 

conditions used, the reactions at pointed ends and by pointed-end capping proteins do not exhibit a 

significant effect on actin polymerization, unless pointed-end capping proteins work as nucleators; 

ii) the aging reaction has a minor effect on early state actin polymerization kinetics and only has an 

effect when equilibrium is reached; iii) nucleation and elongation are correlated when considering 

time evolution of actin in the filamentous form. 
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TABLES 

Table 1. Simulated reactions and corresponding rate constants (for abbreviations of reagents see the 

section Abbreviations used).  

Reaction and equation Symbol Values [ref.] 

Spontaneous nucleation of the filament  

3 ATM → 3 ATF + FTB + FTP * 

kSNUC 2.3x10-11 μM-2s-1 [51]; 1.1x10-9 

μM-2s-1 [14];  ~ 2x10-8 μM-2s-1 [52] 

Formin-initiated nucleation 

FOM + 3 ATM → 3 ADF + FOF + FDP 

kFNUC 7x10-5 μM-3s-1 [13] 

Nucleation by barbed-end capping protein 

CBM + 3 ATM → 3 ATF + CBF + FTP 

kCBNU used in simulations – 10-5 μM-3s-1; 

for six ATM – 2.94x10-5 μM-6s-1 

[14] 

Nucleation by pointed-end capping protein 

CPM + 3 ATM → 3 ATF + CPF + FTB 

kCPNU no data 

ATP-actin association at barbed end 

FxB** + ATM → FTB + ATF 

kASTB 11.5 μM-1s-1 [53] 

ADP-actin association at barbed end 

FxB + ADM → FDB + ADF 

kASDB 3.8 μM-1s-1 [53] 

ATP-actin association at pointed end 

FxP + ATM → FTP + ATF 

kASTP 1.3 μM-1s-1 [53] 

ADP-actin association at pointed end 

FxP + ADM → FDP + ADF 

kASDP 0.16 μM-1s-1 [53] 

Dissociation of ATP-actin from barbed end 

FTB → FxB + ATM(+FRP) 

kDITB 1.4 s-1 [53] 

Dissociation of ADP-Pi-actin from barbed end 

FPB → FxB + ADM(+FRP) 

kDIPB 1.4 s-1  [25, 53] 
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Dissociation of ADP-actin from barbed end 

FDB → FxB + ADM(+FRP) 

kDIDB 7.2 s-1 [53] 

Dissociation of ATP-actin from pointed end 

FDB → FxB + ATM(+FRP) 

kDITP 0.8 s-1 [53] 

Dissociation of ADP-Pi-actin from pointed end 

FPP → FxP + ADM(+FRP) 

kDIPP 0.8 s-1  [25, 53] 

Dissociation of ADP-actin from pointed end 

FDB → FxB + ADM(+FRP) 

kDIDP 0.27 s-1 [53] 

Capping of the barbed end 

CBM + FxB → CBF 

kASCB 3.0 μM-1s-1 [54] 

8.0 μM-1s-1 [14] 

Capping of the pointed end 

CPM + FxP → CPF 

kASCP ~ 0.25 − 1.0 μM-1s-1 [14]  

Uncapping of the barbed end 

CBF → CBM + FxB 

kDICB 4.0x10-4 s-1 [54] 

4.2 s-1 [14] 

Uncapping of the pointed end 

CPF → CPM + FxP 

kDICP no data 

Association of formin to barbed end 

FOM + FxB → FOF 

kASFB no data 

Detachment of formin from barbed end 

FOF → FOM + FDB 

kDIFB 7.5 x 10-4 s-1  [11] 

Formin-initiated association at barbed end 

FOF + ATM → FOF + ADF 

kFASB for mDia formin in the presence of 

profilin 45-110 μM-1s-1 [11, 12] 

without profilin – 9 μM-1s-1 [12] 

Arp2/3 association to the F-actin 

AxF+ARM → AxF+ARF+FRB 

kASRT 5.4 x 10-4 μM-3s-1 [14] 
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Dissociation of the Arp 2/3 from the pointed end 

FRP[+ARF] → ARM+FxP 

kDIRP 0.0018 s-1 [14] 

Fragmentation: ^ → FyB+FxP kFRGM no data 

Annealing:  FyB+FxP →^  kANNL no data 

ATP-hydrolysis: ATF → APF kTTOP 0.3 s-1 [42, 55] 

Phosphate release: APF → ADF kPTOD 0.0026 s-1 [43, 55] 

Recharge of monomeric actins in the pool 

ADM → ATM 

kDTOT ~20 (pro) s-1 [56] 

* An experimental and theoretical study, reported in [52], indicates that the trimer is the critical 

nucleus for spontaneous nucleation of actin monomers. The spontaneous actin nucleation can be 

well approximated by a third order nucleation step for an actin monomer concentration higher or 

equal to 2 μM [14]]. Other hypotheses on mechanism of spontaneous filament nucleation, including 

explicit, coupled nucleation steps may be implemented within the frame of our simulation scheme. 

** FxB stands for the types of barbed ends: FTB, FPB, FDB and FRB; FyB for FTB, FPB, FDB; 

FxP for FTP, FPP and FDP and AxF for ATf, APF and ADF; ^ denotes the position between two 

actin protomers in filament. 
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Captions for figures 

Fig. 1. Diagrams of simulated actin-polymerization processes (for the non-mentioned rate constants 

see Table 1, for abbreviations of reagents see the section Abbreviations used). 

Fig. 2. Integrative stochastic simulation model of actin polymerization processes. (A) Schematic 

diagram of the developed simulation model. Presently, we incorporated nR = 21 molecular reagents 

participating in M = 28 chemical actin-related reactions (cf. Table 1). SSS – stochastic simulation 

scheme. (B) Flow diagram for the stochastic simulation scheme. Vector N = {Nk} = (NATM, NADM, 

…, NFRB) contains the number of molecules of each reagent. The evolution vector N in time is 

denoted as N(t). 

Fig. 3. Predicted concentrations of F-actin by the nSRF (symbols) and analytical models (lines) for 

(A) actin polymerisation and (B) actin polymerisation in presence of a filament barbed end capping 

protein, (A) [ATM]t=0 = 3, 6 and 12 μM (bottom, middle and top curves), kSNUC  = 10–8 μM–2s–1, (B) 

[ATM]t=0 =  2 μM, [CBM] t=0 = 0.1 μM (top curve) and 0.01 μM (bottom curve), kCBNU = 10-5 μM-

3s-1. If a parameter is not mentioned specifically, the value from Table 1 is used.  

Fig. 4. Predicted concentrations of F-actin by the SRF (symbols) and nSRF (lines) models in 

function of time.  

(A) Actin polymerisation, [ATM]t=0 = 3, 6 and 9 μM (bottom, middle and top curves in the 

plot), kSNUC=10–8 μM–2s–1. 

(B) Actin polymerisation without monomer recharge (kDTOT = 0 s–1), simulated for a long 

time period, [ATM]t=0 = 2 μM, kSNUC = 10–6 μM–2s–1 and kTTOD = 10–2 s–1. 

(C) Actin polymerisation in presence of a filament barbed end capping protein, [ATM]t=0 =3 

μM, [CBM]t=0 = 0.1 μM (top curve) and [CBM]t=0 = 0.01 μM (bottom curve), kCBNU = 10–5 μM–3s–1. 

(D) Actin polymerisation in presence of a filament pointed end capping protein, [ATM]t=0 = 

3 μM; [CPM]t=0 = 0.1 μM (top curve) and [CPM]t=0 = 0.01 μM (bottom curve), kCPNU = 10–5 μM–3s–

1.  
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(E) Formin-initiated actin polymerization, the top curve corresponds to 0.1 μM of formin, 

the bottom curve to 0.01 μM; kFNUC = 7x10–5 μM–3s–1, kFASB = 110 μM–1s–1. 

(F) Actin polymerisation in the presence of all reagents (ATM, CBM, CPM, FOM, ARM) 

included and branching to either ATF/APF/ADF. The top curve corresponds to 3 μM of actin, the 

bottom curve to 2μM. (Inset) Decrease of the average filament length <L> in the steady-state phase 

with the concentration of the Arp2/3 complex (2 μM of actin). [CBM]t=0=[CPM]t=0=0.01 μM, 

[FOM]t=0=0.001 μM, [ARM]t=0=0.01 μM, kSNUC = 10–8 μM–2s–1, kCBNU = kCPNU = 10–5 μM–3s–1, kFNUC 

= 7x10–5 μM–3s–1, kFASB = 110 μM–1s–1, kFRGM = 1.8×10-8 s–1, kANNL = 10-8 μM–1s–1, kASRT = 10-5 μM–

1s–1, kDIRP = 10-3 s–1. If a parameter is not mentioned specifically, the value from Table 1 is used. 

Fig. 5. Comparison of the simulation results (symbols) with experimentally obtained data (solid 

lines).  

(A) Actin assay with [ATM]t=0 = 2 μM (bottom curve) and 3 μM (top curve). Experimental 

fluorescence data were corrected for background and normalized by amplitude to fit simulated 

concentrations. During simulation kSNUC = 4.1x10–9 μM–2s–1, the other rates are the same as listed in 

Table 1. 

(B) Experimental data showing the effect of capping-protein nucleation from [14] (solid 

lines). Experimental assays contain 2 μM of actin and various concentrations of barbed-end capping 

protein: [CBM]t=0 = 0, 5, 15 and 25 nM. 

(C) Formin-initiated actin polymerization. Here the comparison of the experimental 

fluorescence data (solid line), normalized by amplitude, and simulation results for two models of 

formin-actin polymerization (symbols) are given. The experimental sample contains [ATM]t=0 = 

6 μM and [FOM]t=0 = 0.2 μM. Black triangles corresponds to the model with kFASB = 9 μM–1s–1 and 

kFNUC = 4.7x10–7μM–3s–1. White circles corresponds to the model with kFASB = 90 μM–1s–1 and 

kFNUC = 4.7x10–8μM–3s–1.  
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Supplementary material 
 
to the manuscript: 
 
An Integrative Stochastic Simulation Model Linking Major Biochemical Reactions of 
Actin-Polymerization to Structural Properties of Actin Filaments 
 
Aliaksandr A. Halavatyi, Petr V. Nazarov, Sandrine Medves, Marleen van Troys, Christophe Ampe, Mikalai 
Yatskou, Evelyne Friederich 
 
 

Evaluation of the biochemical parameters 

To investigate further the consistency of systems behaviour, we tested the effects of variations of 
biochemical parameters on the simulation results.  
 
Sensitivity to concentrations 
 
We first evaluated the influence of concentration effects. The concentration of actin monomers affects two 
key steps of the polymerization kinetics (see Fig. 4 A, Manuscript): the rate of spontaneous nucleation, 
which is, at least in a cubic, proportional to actin monomer concentration (Table 1, Manuscript) and the 
elongation rate. Capping proteins work as a filament nucleator and cap the corresponding ends of filaments, 
stopping both elongation and dissociation at that end. Both effects are depicted in Fig. S4 A (barbed-end 
capping protein) and S4 B (pointed end capping proteins). Obviously, increasing the concentration of these 
proteins leads to increase of the overall polymerization rate due to faster nucleation. Even for barbed-end 
capping proteins this holds true, however, the effect is less pronounced then in the case of pointed-end 
cappers, because the filaments exclusively elongate from their minus end. As a consequence, the critical 
concentration (steady-state concentration of actin monomers) is higher in the presence of barbed-end capping 
proteins. 
 
If we exclude the nucleation activity of capping proteins, i.e. setting kCBNU =kCPNU = 0, the concentration 
dependency significantly changes. As expected from experimental data, the increase of barbed-end capping 
protein concentration leads now to a decrease of the polymerization rate (Fig. S4 C). A saturation effect can 
be observed in this plot since almost no difference in actin dynamics can be seen using a concentration of 
capping proteins of 0.1 to 1 μM. This corresponds to the situation when all barbed ends are capped.  
 
Interestingly, pointed-end capping proteins had no significant effect on actin polymerization kinetics (Fig. S4 
D). Concentration variation of the pointed-end capping protein by a factor of 1000, ranging from 0.001 to 1 
μM, did not affect actin polymerization kinetics under the assumption that the capping protein does not act as 
a nucleator. 
 
Among the proteins we considered, formin had the most pronounced effect. It works both as a nucleator and 
an enhancer of the elongation [1] and this is evident from Figures 4E and 5C, Manuscript. Due to its high 
nucleation ability, almost no lag phase is observed in the simulations and in the pyrene-actin experiments for 
formin-containing samples. 
 
Sensitivity to the rate constants  
 
We estimated the effects of various rate constants on actin polymerization. The association and dissociation 
rate constants of ATP-actin monomers to or from actin filaments were first investigated (Fig. S4 E and F). 
Fig. S4 E shows that already a moderate, two fold increase (top curve, squares) or decrease (bottom curve, 
triangles) in monomer association and dissociation rates at the barbed ends strongly affects actin 
polymerization kinetics. However, if the same numerical experiment is performed for the pointed ends, 
almost no effect can be seen (Fig. S4 F). This is due to the fact that the actin exchange at the pointed ends is 
approximately 10 times slower than that at the barbed ends and thus elongation proceeds mainly via the 
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barbed end. This underscores why in cells the actin system requires a more extensive array of barbed end 
regulators. 
 
Fig. S4 G shows the effect of the spontaneous nucleation (the rate kSNUC) on actin polymerization. The 
change in kSNUC  from 10–9 to 5x10–9 μM–2s–1 leads to significant changes in the predicted concentration of F-
actin protomers (diamonds and triangles in Fig. S4 G). The simulation shows that increasing the nucleation 
rate results in a considerable increase in polymerized actin due to the formation of oligomeric nuclei. It 
suggests that the spontaneous nucleation is an important effect that plays a key role in polymerization and 
thus cannot be neglected or shut off during analysis of experimental systems with computational models. 
However, our simulations do not provide the exact value of the elongation rate constant at which nuclei 
started to grow since the elongation process may generally be depended on other systems parameters, such as 
association/dissociation rates of monomers at plus ends, that often might hardly be distinguishable in 
experiments.  
 
Fig. S4 H demonstrates the effect of filament aging on the concentration of F-actin. Variation in the aging 
rate does not modify the actin polymerization kinetics until steady-state is reached. Moreover, changing of 
kTTOD from 7x10–4 s–1 to 0.7 s–1 has only a minor effect on the steady state level of protomer concentration. 
This is not surprising since polymerization of pure actin is uncoupled from ATP hydrolysis. 
 

Validation of the source code 

To ensure the quality of the simulation algorithm we performed several validation procedures. Our 
simulation algorithms were tested against reported analytical models covering some selected idealised actin 
systems of a relatively limited number of reagents and reactions. Any further update of the simulation model, 
by adding additional reagents or reactions, does/will not perturb the stochastic simulation scheme since the 
procedure of decision control at each simulation step is integrative and hierarchically built in terms of 
reagents and reactions. The extension of the model with new reagents and reactions consists in updating 
classes of individual filaments and properties of simulated volume. In order to control a balance between 
internal/external objects of the classes and limits for systems parameters we developed a dedicated debug 
system. The debug procedure summarizes any quantities of objects of check-in properties and compares the 
matching with numbers of currently simulated molecules for the considered reagents, e.g. – a number of 
filament branches with capped barbed ends or a number of the ATF protomers. For SRF model an additional 
validation step was implemented that verifies the nucleotide sequence of filament subunits.  
 
In order to extensively validate the source code, the debug procedure was launched after simulation of each 
reaction shown in Fig. 1, Manuscript. The code was verified for a wide range of reaction rate constants, 
typically covering ±2 orders of magnitudes from the values presented in Table 1, Manuscript, and validated 
for simulated volumes higher than 30 μm3.  
 

Comparison of the simulation algorithms 

 
We examined several formulations of the main stochastic simulation algorithm. In particular, the exact 
Gillespie’s "direct" and "first reaction" and the "next reaction" algorithms [2]. The inexact "τ-leap" algorithm 
has been tested as well. 
 
The “next reaction” algorithm is the improvement of the “direct” and “first reaction” algorithms, where three 
specific features are implemented: i) in each modelling iteration just one random number is generated (versus 
two random numbers in the “direct” method and l random numbers in “first reaction” algorithm, where l is 
the number of reactions in a system); ii) an advanced search of a minimal value for the reaction time due to 
indexed priority queue; iii) re-calculation of reaction probabilities ai, (cf. Eq. (1), (2), Manuscript) for those 
reactions that were affected in the current simulation cycle; subsequently, the dependency graph is 
constructed. In this graph, nodes represent the reactions in the system, an edge from the i-th node to j-th node 
is drawn if the i-th reaction influences the probability aj of j-th reaction. For our models the a priori 
prediction of this graph is not evident, because many reactions have multiple outcome and can potentially 
change different concentrations, e.g. the dissociation of an ATF monomer from a barbed end can result in 
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changing either two concentrations, [ATF] and [ATM], or four concentrations, [ATF], [ATM], [FTB], 
[FDB], or even more concentrations in the case of complete filament dissociation. Therefore in our 
realization of the Gibson-Bruck algorithm, we introduced only the repeatable usage of the random events 
times and advanced search of minimal time. 
 
The comparison of the algorithms was performed for several compositions of the actin system: actin alone, 
actin with barbed-end capping protein, actin with pointed-end capping protein, actin with capping proteins of 
both types, actin with formin, and finally the mix of all mentioned reagents, except the Arp2/3 complex. The 
initial concentrations of reagents were: [ATM]t=0 = 2 μM, [CBM]t=0 = [CPM]t=0  = 10-2 μM, [FOM]t=0 = 10-3 
μM. The maximal simulation time tmax was 8000 s. Computer simulations were performed for a volume V 
equal to 8000 μm3. The resulted times spent for the simulations by the "direct" and "first reaction", "next 
reaction" algorithms are plotted in Fig. S5 A. The Gillespie's "direct" modelling technique has demonstrated 
the most efficient in time simulations. 
 
The “first’ reaction method was found as the slowest one among the modelling methods. It is due to 
enormous generation of random numbers in modelling of one reaction. The modelling by the “next reaction” 
algorithm was faster than “first reaction” method, but obviously slower than the Gillespie's direct algorithm. 
A similar observation for these three methods has been reported in [3]. According to the conclusions made 
by Cao et al, the “direct” algorithm works faster than the “next reaction” algorithm when the occurrence of a 
reaction influences probability values ai for a small number of reactions, i.e. each node of the directed graph 
has a few incoming and outgoing edges. In our case, when the current reaction may have an influence on 
many reaction probabilities ai, the realization of a dependency graph would not give any improvement for 
simulation speed, even if it was algorithmically realistic. 
 
The inexact "τ-leap" algorithm was found unusable for the systems under consideration here. It simulates 
properly the molecular systems where the number of molecules in a molecular pool significantly exceeds the 
number of reacting molecules during each time step. This is not the case in our modelled systems where the 
filament binding sites are approaching the low concentration of 10-10 M. 
 

Error analysis 

 
The analysis of the approximation error of the simulation model is an important factor to take into account 
when evaluating results of computer simulations. One of the chief concerns is to be able to get as accurate an 
approximation as possible. Increasing the simulated volume V or/and averaging the results of nA independent 
simulations may improve the approximation accuracy in simulations. We therefore discuss here the 
associated error statistics and computational efficiency of the developed models. 
 
As an approximation error we chose the sum of squared residuals E of the simulated data S and the precise or 
reference data F. Such reference data are expected to be either an exact solution or a stochastic 
approximation at nA→∞ and V→∞. Then, the equation for E is 
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where Nt is the number of data points, Si(n,V) and Fi are the simulated and reference concentrations, for 
example of F-actin at the time ti (i-th data point). 
 
As the values of nA and V are finite, any estimation of the sum of squared residuals E is a random variable. 
We estimate the expected value of E using Eq. B2.  
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where M is the number of independent statistical experiments, Em is the sum of squared residuals in the m-th 
statistical experiment. Manipulating with the summation order in Eq. B2 yields 
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Noticing that the expression in the square brackets is the variation 2

iσ  of a residual at the i-th time point Eq. 

(B2) transforms into Eq. (B4). The expected value for the sum of squared residuals 
∞→M

E  equals to the 
sum of variations in the time points Nt: 
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The problem of calculation of an approximation error is therefore converted to calculating the variations of 
the residuals at the selected time points. The simulated concentration Si(n,V), is a result of nA simulations in 
the volume V, that is 
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Assume that the simulated volume V can be approximated by the k small independent minimal (critical) 
volumes Vmin, V = k *Vmin, the size of which is calculated from the estimation of a certain amount of 
protomers required to simulate a representative filament structure. Then, the simulated concentration Sij(V) is  
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Where Nij and Nijl are the number of molecules in the volumes V and Vmin respectively, ∑
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simulated concentration of the F-actin in the l-th minimal volume Vmin. Putting Eq. B6 into Eq. B5 gives 
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Recounting for the index q = k(j–1)+l simplifies Eq. (B7) to  
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Suppose that the simulated concentration siq for the minimal volume at the i-th time point is a normally 
distributed random variable, with mean Fi and variance 2ˆ iσ . Then, the estimation of the variance of the 
concentration in the volume V after nA averaging at the i-th time point is  
 

Vn
V

kn A

i

A

i
i

min
22

2 ˆˆ σσ
σ ==      (B9) 

 
Combining Eq. (B4) and Eq. (B9) yields 
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∑
=

∞→
=

tN

i
i
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M Vn

V
E

1

2min σ̂ .    (B10) 

 
For the given system Vmin is constant, and, therefore, the expected value of the sum of squared residuals E is 
inversely proportional to nA and V. 
 
To control the computational efficiency of the developed models, we take the simulation time T, that is the 
time spent by a PC to compute a model in the “virtual” time range [t0, tmax]. Evidently, on the one hand, the 
simulation time T is a linear function of the number of simulations AnT ⋅= α , where α is a constant 
coefficient of proportionality. On the other hand, the simulation time T should be a function of the simulated 
volume V. We checked the dependence between V and T on two representative examples of actin 
polymerization systems: i) the actin polymerization and ii) full-reactant assay, except the Arp2/3 complex, in 
terms of the nSRF model. The corresponding results are shown in Fig. S5 B. We observed a nonlinear 
dependence between the simulation time T and the simulated volume V that can be well fitted using Eq. 
(B11).  
 

VVT ⋅+⋅= βγ 2       (B11) 
 
where γ, β are constants, coefficients of proportionality. It is well known [4] that the computational cost of 
the Gillespie’s direct method depends linearly on the number of reactions present in the system, that, in turn, 
are proportional to the simulated volume V, as is evident from the Eqs. (1) and (2), Manuscript. We justify 
the nonlinear computational cost as the consequence of the filament structure simulation. It algorithmically 
resulted from the procedure of searching a specific filament, for example, the filaments with ATP actin on 
the barbed end for the simulation of the reaction DITB (Table 1). We estimated the computational time of 
latter search that is proportional to the total number of filaments, i.e. to the volume V, and a sum of other 
minor calculations independent on the volume. Therefore, the total simulation time is the product of the 
computational costs required for simulating the bulk of reaction events and specific filament structures and 
searches. 
 
Eqs. (B10) and (B11) indicate that an increase in nA is computationally more efficient than expanding the V 
to minimize the computational time for the desired approximation error E.  
 

Analytical models for actin polarization systems 

Actin polymerization system. An analytical model of a pure actin system can mathematically be described 
by a balanced set of ordinary differential equations for changes in concentrations of reagents. This model can 
be used to interpret a simple system and to validate a simulation model (which can be used further for more 
complex systems). A similar analytical approach for the evaluation of filamentous actin kinetics was reported 
in [5]. In several reports [6, 7] equations were derived to study the nucleotide profile in the steady-state actin 
cycle (changes in concentrations were equated to zero). 
 
The aging (ATP-hydrolysis) is not considered in this analytical model. To include it, the nucleotide profile of 
filaments, dynamically changed with time, must be developed. 
 
The analytical model integrates as reagents: actin monomers (ATM), actin protomers (ATF), barbed ends 
(FTB) and pointed ends (FDB). Taking in account that [ATF] + [ATM] = A = const and [FTB] = [FDB], 
there are two linearly independent variables in this system, for example, [ATF] and [FTB]. The reagents 
participate in five biochemical reactions: spontaneous nucleation, associations at barbed and pointed ends 
and dissociations at barbed and pointed ends (cf. Table 1, Manuscript). The resulting set of differential 
equations is: 
 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 39

⎪
⎪
⎪
⎪

⎩

⎪
⎪
⎪
⎪

⎨

⎧

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−=

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−+

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−−=

3

3

][][

][][

][][][3][

ASTB

DITB
SNUC

ASTP

DITP
ASTP

ASTB

DITB
ASTB

ASTB

DITB
SNUC

k
kATFAk

dt
FTBd

k
kATFAFTBk

k
kATFAFTBk

k
kATFAk

dt
ATFd

, (C1) 
 
where ][][ ATMATFA +=  is the total concentration of actin monomers and protomers. The ratios 

ASTBDITB kk  and ASTPDITP kk  are the critical concentrations of actin monomers for barbed and pointed ends 
respectively. The critical concentration of barbed ends can be used in the nucleation part of the equations to 
approximate an effect of short filaments dissociations [5]. 
 
Actin and capping protein. The second analytical model considers the same reagents as in a pure actin 
system plus free and bound barbed-end capping proteins ((CBM) and (CBF)). Three additional reactions are 
included: nucleation by barbed end capping protein, capping of barbed end and uncapping of barbed end. 
The number of active pointed and barbed ends differs in this situation. This system, combining six reagents 
and eight reactions, is described by a set of three linearly independent differential equations C2, if: i) the 
total actin concentration is constant, [ATF] + [ATM] = A = const; ii) the total concentration of barbed end 
capping protein is constant, constCCBMCBF ==+ ][][ ; iii) the equality for total concentrations of 
barbed and pointed ends is ][][][ CBFFTBFTP += .  
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The ratios ASTBDITB kk  and ASTPDITP kk  are the critical concentrations of actins for barbed and pointed ends 
respectively. The critical concentration of barbed ends can be used in the actin nucleation part of the 
equations to approximate an effect of short filaments dissociations [5]. The ratio 
( ) ( )ASTPASTBDITPDITB kkkk ++  can be used in the barbed end capping protein nucleation part of the 
equations to approximate an effect of short capped filaments dissociations. 
 
The differential equations C1 and C2 were solved numerically using Mathematica 6.  
 

Software package ActinSimChem 

ActinSimChem is the stand-alone software package for the Monte Carlo simulation of actin polymerization 
processes. ActinSimChem integrates the nSRF and SRF models (switching between two models is optional). 
ActinSimChem provides the possibility for: i) input/variation of the model parameters; ii) simulation of actin 
polymerization; iii) graphical representation of simulation results; iv) storage of the results. The program and 
its manual can be obtained on request or can be downloaded from the website http://actinsim.uni.lu. 
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The ActinSimChem is designed as a simple network of bound object-oriented classes (cf. Fig. S6): 

• class CSimpleCell is an abstract parent class, in which the numbers of molecules for reagents are 
stored and the methods of stochastic chemical reactions simulations are implemented (the “direct” 
method, the “first reaction” method [4], the “next reaction” method [2]). The functions of the class 
operate by a list of 21 reagents in the same way for both nSRF and nSRF models. Procedures, 
which perform changes in the simulated system, are abstract in this class and are realized further in 
the child classes. 

• Class CCell is the child class to the CSimpleCell class that implements the nSRF model. The 
corresponding procedures control filaments, filament branches, and the numbers of molecules for 
reagents according the nSRF model. Classes CFilament and CFilBranch are used to describe 
filaments and filament branches correspondingly. 

• Class CCellStruct is the child of the class CSimpleCell that employs the SRF model. The 
corresponding procedures perform modifications of filaments, filament branches, and the number 
of molecules for reagents according the SRF model. Classes CFilamentStruct and the 
CFilBranchStruct are used to define filaments and filament branches correspondingly. 

• Class CFilament is required for definition of a filament in the nSRF model. The filament is 
represented by the number of proteins, branch units, and by a pointer to the first branch unit. 

• Class CFilamentStruct is used for description of a filament in the SRF model. The filament is 
represented by the number of proteins, branch units, and by a pointer to the first branch unit. 

• Сlass CBranch is utilised for description of a ‘daughter’ filament or a branch in the nSRF model. A 
branch is represented by the number of proteins, types of barbed and pointed ends. The class 
CFilBranch is a child class to the CBranch that defines a pointer to the filament unit, a pointer to 
the ‘mother’ branch unit, pointers to the ‘daughter’ branch units, and that manages branch 
structures in the nSRF model. 

• Class CFilBranchStruct is used for definition of a ‘daughter’ filament or a branch in the SRF 
model. Type and positions of proteins in filament branch are stored as a sequence of elements. The 
class CElement defines subunit. The class CFilBranchStruct is a child class to the CBranchStruct 
that contains a list of pointers to the ‘daughter’ branch units, a pointer to the ‘mother’ branch unit, a 
pointer to the filament unit, a position of the branch unit relative to pointed end of the ‘mother’ 
branch. 

• Class CElement is needed to manage filament subunits in the SRF model. In particular, type of 
protein (ATF, APF, ADF, CBF, CPF, FOF, ARF) and the links to the next and previous elements 
in the filament branch are stored. 

 
ActinSimChem was developed using the C++ Builder 2007. 
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CAPTIONS FOR FIGURES 
 
Fig. S1. Testing the model for annealing and fragmentation of actin filaments.  

(A) Examples of predicted average lengths of actin filaments for total actin concentrations [ATM]t=0 
= 2.0 μM (solid), 4.0 μM (dashed), and 6.0 μM (dash-dot) including normal fragmentation and annealing 
events. The Inset represents the steady state length distributions for simulations with 4.0 μM total actin both 
with and without normal fragmentation and annealing (black bars and grey bars, respectively). (B) Predicted 
average lengths of actin filaments for actin concentrations [ATM]t=0 = 2.0 μM (solid) and 4.0 μM (dashed) 
with (black color) and without (grey color) normal fragmentation and annealing. kFRGM = 1.8x10–8 s–1, 
kANNL = 0.10 μM–1s–1. Other reaction rates are the same as listed in Table 1, Manuscript. 
 
Fig. S2. Testing the model for the occurrence of overshoots in the concentration of polymerized actin.  

Examples of time series for predicted actin polymerization kinetics for three systems of initial actin 
concentration [ATM]t=0 =3.0 μM: (i) actin {kDTOT = 20 s–1} (–♦–), (ii) actin in the absence of excess ATP 
{kDTOT = 0 s–1} (–▲–), and (iii) actin in the absence of excess ATP with Arp2/3 complex-induced branching 
included {kDTOT = 0 s–1, [ARM]t=0=0.01 μM, kASRT = 10–5 μM–1s–1,  kDIRP = 10–3 s–1} (–●–). Other reaction rates 
are the same as listed in Table 1, Manuscript. 

As is reported previously, several mechanisms of actin polymerization may yield overshoots, for 
example, the absence of excess ATP, Arp2/3 complex-induced branching, severing, etc. [9]. We reproduced 
some of these overshoots. The maximum overshoot was observed for the actin system with an absence of 
excess ATP, resulting in the overshoot magnitude of Δ = Fmax – Fmin = ([ATM]t=0 – Cc

B,T ) – ([ATM]t=0 – Cc
B,D 

) ≈ 1.7 μM, where Fmax and Fmin are maximum and minimum steady state limits at the actin polymerization 
curve, Cc

B,T and Cc
B,D are the ATP- and ADP-actin critical concentrations at the barbed end. Polymerization 

overshoot became faster (kDTOT = 0 s–1) or enhanced (kDTOT = 0.01 s–1, data not shown) as high concentration 
of Arp2/3 complexes (> 0.1 μM) were included in simulation. No overshoot was observed for a high 
nucleotide exchange rate (kDTOT = 20 s–1) as is in presence of profilin.  
 
Fig. S3. nSRF (○) and SRF (♦) models differ when considering Arp2/3-complex dependent actin filament 
branching. 

Decrease of the average filament length <L> in the steady-state phase with increasing concentration 
of the Arp2/3 complex and its nucleation activity at ATF-protomers in a ‘mother’ filament. [ATM]t=0=3.0 
μM, [CBM]t=0=[CPM]t=0=0.01 μM, kSNUC  = 10–8 μM–2s–1, kCBNU = kCPNU = 10–5 μM–3s–1, kASRT = 10-2 μM–1s–1, 
kDIRP = 10-3 s–1, kFRGM = 1.8x10-8 s–1 kANNL = 10-8 μM–1s–1. If a parameter is not mentioned specifically, the 
value from Table 1 is used. 
 
Fig. S4. Sensitivity of actin systems to the concentrations of capping proteins and various rate constants. 

Plots (A-D) show the sensitivity of the system to barbed-end (A, C) and pointed-end (B,D) capping 
proteins. Spontaneous nucleation: kSNUC = 10–9 μM–2s–1, squares, circles, triangles and diamonds correspond 
to capping protein concentrations of 1, 0.1, 0.01, and 0.001 μM respectively. 

(A) Sensitivity to [CBM] working as a nucleator (kCBNU = 2x10–5 μM–3s–1), [ATM]t=0 = 2 μM.  
(B) Sensitivity to [CPM] working as a nucleator (kCPNU = 2x10–5 μM–3s–1), [ATM]t=0 = 2 μM. 
(C) Sensitivity to [CBM], when it does not works as a nucleator (kCBNU = 0), [ATM]t=0 = 6 μM. 
(D) Sensitivity to [CPM], when it does not works as a nucleator (kCBNU = 0), [ATM]t=0 = 6 μM.  
Plots (E-H) show the sensitivity of the system to the rates. In all plots the pure actin system was 

considered, with the same actin concentration [ATM]t=0 = 6 μM.  
(E) and (F) represents the effect of actin exchange at barbed and pointed ends respectively. Circles 

correspond to the experimentally determined exchange rates (see Table 1, reactions of elongation and 
dissociations). Lines with squares have been obtained for the case, when these rates are multiplied by 2, and 
triangles when they are divided by 2. 

(G) Sensitivity of the actin system to the spontaneous nucleation rate. Squares, circles, triangles and 
diamonds corresponds to kSNUC  of 15x10–9, 10x10–9, 5x10–9, 10–9 μM–2s–1. 

(H) Sensitivity of the actin system to effect of the actin aging in filaments. Circles correspond to 
kTTOD  = 7x10–4 s–1, squares  to kTTOD  = 0.7 s–1. 
 
Fig. S5. Comparison of different stochastic simulation schemes and computational efficiency.  
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(A) Comparison of the times spent for simulations by three stochastic simulation algorithms. White 
bars correspond to the Gillespie's "first reaction" algorithm, gray bars to "direct" Gillespie's algorithm and 
striped bars to a partially realized Gibson-Bruck's algorithm. 

(B) Simulation time increase in relation to the volume V of simulated systems (i.e. number of 
simulated events). Circles represent timing obtained for simulation of the actin polymerization system 
whereas triangles represent a simulation with the complete reaction and reagent set (excluding  the Arp2/3 
complex and its reactions). Solid and dashed curves resulted from the fits by an approximating regression 

VVT ⋅+⋅= βα 2 , where α and β are the fitted constants. 
 

Fig. S6. The network of the object-oriented classes in the program ActinSimChem. Class CSimpleCell is the 
abstract class that contains a stochastic simulation algorithm. Class CElement holds filament subunits in the 
SRF model. Classes CFilament and CFilamentStruct realize a model component of a filament in the nSRF 
and SRF models correspondingly. Classes CFilBranch and CFilBranchStruct are used to describe a filament 
branch in the nSRF/SRF models. Classes CCell and CCellStruct perform simulations according the nSRF 
and SRF models. 
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class CSimpleCell

class CFilament class CFilamentStruct

class CCell class CCellStruct

class CBranch

class CFilBranch class CFilBranchStruct

class CBranchStruct

class CElement

 
 
 

Fig. S6 
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