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Abstract. Used in ecology, economics and social science, agent-based mod-
elling is also increasingly used in the life science. We use this technique to model
and simulate the processing of actin filaments. These filaments form a major part
of the cell-shape determining cytoskeleton and contribute to a number of cell
functions. In our paper, we develop and investigate three models with different
levels of detail. Our work demonstrates the potential of individual-based mod-
elling in systems biology.

1 Introduction

Agent-based simulations are a promising application emerging in life sciences [15].
Applications of agent-based technologies in systems biology include studies in which
each cell is modelled as an agent [28]. Examples include bacterial chemotaxis [6], the
phenomenon where cells direct their movements in response to external signals, models
of epidermal tissue [10], the formation of a 3D skin epithelium [26] or a hybrid model,
and combination of agent-based simulations and differential equations to analyse the
cell response to epidermal growth factors [30]. Moreover, agent-based models for in-
tracellular interactions representing the carbohydrate oxidation cell metabolism [4], the
cell cycle [27], the NF-κB signalling pathway [21] and molecular self-organisation,
with the focus on packing rigid molecules [29], have been proposed.

Actin polymerisation is a molecular process that generates long filaments with a
barbed and a pointed end from single actin molecules that become part of the cytoskele-
ton. The cytoskeleton provides the physical structure and shape of cells, as well as plays
an important role in a number of cell functions, including cell motility [3,19], endocyto-
sis [8], or cell division [20]. Understanding of actin organisation has important implica-
tions for practical medical applications, including the development of new topographies
for implant surfaces [14,17].

Here we focus on the spatial and time dependent simulation of actin polymerisa-
tion. The literature describes a number of models analysing the cell motility driven by
actin filaments, using partial differential equations [16]. Another study used Brownian
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Fig. 1. The physical size of the actin molecule determines the size of an agent in the simulation.
For the two dimensional simulation the width and height of an actin agent is set to 50Å×50Å [18].

dynamics to analyse the self-assembly process of actin and the dynamics of long fila-
ments [11]. The distribution of the length of actin filaments inside a cell was analysed
with a discrete and continuous model [5]. Different models using stochastic π-calculus
as a representative of process algebra, have also been published [2].

In this paper we describe simulations using an agent-based approach with commu-
nicating X-machines [9], implemented in a software called Flexible Large-scale Agent-
based Modelling Environment (FLAME) [13]. This allows us to analyse the spatial and
time dependent behaviour during the composition of the filament structure by free actin
with a high degree of physical realism. The outline of the paper is as follows. Section
2 explains the three models in detail. Section 3 discusses the output of the models and
Section 4 sums up the conclusions and gives a brief outlook for further studies.

2 Agent-Based Simulation

An agent is formally defined as an finite-state machine. Because the finite-state ma-
chine model is too restrictive for general system specification, an extension with a
memory, the so called X-machine promise a better implementation [12]. If a system
contains more than one agent, the particular X-machines must be able to communi-
cate together and this leads to a communication X-machine system [9]. This concept is
implemented in the software named Flexible Large-scale Agent-based Modelling Envi-
ronment (FLAME) [13].

Using the actin model generated by X-ray analysis [18] we fix the size of one
molecule to 50Å×50Å. The dimension of the molecule is shown in Figure 1. Each
agent contains an identification number and two binding sides to connect to another
agent, namely bottom-bound (BB) and top-bound (TB) and can switch between three
different states (free, bottom-bound, fully bound). A free binding side is denoted with
the constant −1. As long as both binding sides are marked with −1 (free), the agent
is randomly rotating and moving around in a distance of 1–200Å, which is an ap-
proximation for the computational expensive calculation of Brownian dynamics. If a
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Fig. 2. An actin-agent can be in three different states. A free molecule can bind to an already
bound initial agent (BB = 0). The already bound actin-agent then become fully bound. Then the
third actin-agent can bind to the second actin-agent which become fully bound and so on.

molecule binds to another, then the identification number of the counterpart is stored
in the BB (respectively TB) variable; the agent becomes immobilised and its rotation
will be adapted. The precondition for binding is, that one of the agents is already bound
(bottom-bound). This leads to the condition that at least one agent has to be stuck in
the beginning of the simulation. This is done by initialising one agent with BB = 0.
If a free agent binds to an already bound one, the second becomes then fully bound
(BB �= −1, TB �= −1). The whole schema of the actin–actin interactions is also shown
in Figure 2.

The polymerisation of actin filaments is characterised by a 70◦ angle branching on
several positions mediated by the Arp2/3 protein [25]. To simulate this branching pro-
cess, a new agent with a third binding side was implemented. The orientation of the
branching side to the left or right was set randomly. This agent is restricted to bind
only to actin-agents, so that a Arp2/3-Arp2/3 combination is prohibited. In Figure 3
the scheme for the interactions and state changes is illustrated. Similar to the actin-
agent, the size of this agent was determined from published measurements [24]. Figure
4 shows the approximated dimensions of Arp2/3.

An agent-based model has to include the reaction kinetic in a reasonable way. Due
to the nature of spatial simulations with individual molecules, this may be done by
an interaction volume, which defines a reaction zone around a particular agent (see
Figure 5). Andrews and Bray (2004) developed an algorithm to determine this volume,
but considered more detailed interactions. Another way is described by Pogson et al.
(2006) where the interaction radius r is calculated by:

r = 3

√
3kΔt

4πNA103

where k is the kinetic rate constant, Δt the discrete time interval and NA is Avogadro’s
constant (6.022×1023). The rate constant for actin-actin assembly was determined with
11.6μM−1s−1 [7] and leads to a radius of 0.166Å for Δt = 1s. If two or more agents
enter the interaction volume at the same time step, the closest molecule to the reaction
molecule assembles to it, if two or more have the same distance, one will be chosen by
chance.
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Fig. 3. In addition to the actin-agent (Figure 2), the simulation was extended with a second type of
agent for Arp2/3. This agent can bind to an bottom-bound actin-agent. Then another actin-agent
can bind to the top-binding side of the Arp2/3-agent, the next actin-agent to the middle binding
side and the Arp2/3-agent becomes fully bound.

Fig. 4. The physical size of Arp2/3 determines the size of the agents in the simulation [24]

To compare our results with the simulation of Cardelli et al. (2009), we used the
same number of 1200 free actin agents and 30 Arp2/3 agents. Cardelli uses this number
of agents to simulate a concentration of 1200 μM. For concentration values in a spatial
simulations, it is necessary to calculate the volume of the environment:

nActin = NA × V × c [1/mol× l ×mol/l]

V = 1200/(NA · 1200× 10−6)

V = 1.66× 10−18 l = 1.66× 10−21m3 ,

where nActin is the number of molecules, NA is again Avogadro’s constant, c is the
concentration of molecules and V is the volume. Assuming the environment as a cube,
the length of a side is approximately 1184.0Å.
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Fig. 5. The interaction boundary (dashed circle) defines the reaction volume around an agent. If
a second agent enters this area, the reaction takes place

Fig. 6. The time plot shows the result of the simulation for a simple actin polymerisation with
1200 agents and a time step Δt = 1s. Inset: Linear slope of the binding process in the beginning

For a simulation including the dissolving of actin from a filament, we used the rate
constant of 5.4 s−1 for ADP-actin at the barbed end from the literature [7]. Only agents
with a free top-bound (in case of Arp2/3 also middle bound) can be released from the
filament. To avoid an instant re-coupling, the molecule will be moved to outside the
interaction boundary.

Our present agent-based simulation takes place in a 2D environment, so that we have
to introduce a factoring constant of 100 for the radius, the dissolving rate constant and
the size of the environment, following the paper of Cardelli et al. (2009).

3 Results

3.1 Actin-Actin Interactions

Figure 6 shows the time plot of the growth of one filament. The curve shows in the
beginning a linear increase (see inset of Figure 6), but later becomes logarithmic. After
390 seconds 50 agents were integrated in the filament, which corresponds to a filament
of length 0.25μm. A length of 1μm is reached after 1882 seconds and at the end of
one hour, 240 agents form a filament with a length of 1.2μm. In agreement with pub-
lished measurements [7], the increase in length of actin is linear in the beginning of the
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Fig. 7. The figure (cropped for better illustration) shows the end result of the simulation for one
hour with 1200 actin-agents and 30 Arp2/3-agents. The black points mimic the free actin, the
blue the agents bind to the filamental structure.

simulation. The logarithmic curve on can be explained by the decreased number of free
molecules and the spatial phenomena, by which the simulated filament is growing close
to the boundary of the environment. The number of reachable free molecules close to
this boundary is then much lower. The difference in the speed of elongation is related
to two reasons:

1. Actin filaments can growth on both side, whereas the simulation allows only the
growth at the barbed end.

2. Actin can build small motile fragments, which then elongate the filament [25]. This
increases the speed of polymerisation significantly.

3.2 Branching Process

Figures 8(a) and 8(b) show the time plots for the actin and arp agents respectively. Both
time curves are sigmoidal with an inflection point around 1300 seconds.

Adding a new agent for the Arp2/3 protein, we simulated the actin polymerisation
with the branching process. To visualise this, Figure 7 shows a snapshot of the spa-
tial distribution at the end of one hour. In this simulation an overall filament length of
1μm was reached after 578 seconds. At the end of one hour, nearly all agents were
involved in the filament structure, 1121 actin agents were fully bound. Additionally 28
Arp2/3 agents are fully bound, two of them had an open binding side. In contrast to the
filament formation, solely with actin, the branching process accelerate the elongation
significantly. The snapshot in Figure 7 shows the spatial consideration and is in good
agreement with previously published simulations [2, Figure 17].

3.3 Disassembly Process

To model the disassembly of actin and Arp2/3 molecules from the filamental structure,
we added a new probability for each agent.



IBM for Actin Polymerisation 189

(a) Time plot of actin-agents. (b) Time plot of arp-agents.

Fig. 8. The time plots show the result of the branching simulation for 1200 actin-agents, 30
Arp2/3-agents and a time step Δt = 1s

(a) Time plot of actin-agents. (b) Time plot of arp-agents.

Fig. 9. The time plots show the result of the branching simulation, including the disassembly
process, for 1200 actin-agents, 30 Arp2/3-agents and a time step Δt = 1s

After introducing this new variable, the assembly of the actin filament slowed down.
As shown in Figure 9(a), the assembly of 200 molecules and therefore an overall length
of 1μm is reached after 760 seconds. After one hour, the filament contained 717 fully
bounded actin-agents and is branched out at 14 different positions (see also Figure 9(b)).
This model shows therefore a comparable time progression to the simulation of Cardelli
et al. (2009), especially for Arp2/3, although our filamental growth is somewhat slower.

4 Conclusions and Outlook

Instead of the commonly used rate equations to simulate intracellular molecular pro-
cesses, we introduced an agent-based approach. This allowed us to overcome some
restrictions imposed by differential equation models, more precisely any number and
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any distribution, as well as spatial behaviour of molecules can be easily modelled.
Our model simulates actin polymerisation, an important key player for different cell
functions.

The spatial outcome of our model is comparable to alternative models of
Cardelli et al. (2009), using the stochastic π-calculus. Because the FLAME-framework
produces XML-files for each time step, we are also able to create an animated version
for tracking the filament formation (not shown here). Additionally a time dependent
analysis of the behaviour of the single molecules and the filaments can be done. The
limit in using the agent-based approach is only given by computational purposes.

Our overall aim is the development of a biophysical realistic model for actin poly-
merisation in human cells. The advantage of our approach is the possibility to to ex-
tend the simulation to a massive number of molecules with the aid of the parallelised
FLAME software version and, more important, the easy implementation of external in-
fluences. This should enable us to analyse observed phenomena of actin clustering on
titan pillar surface structures [14] with applications to implant technologies. This inter-
esting issue makes it necessary to include more proteins like capping proteins which
stop the elongation of the filament [23].
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