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Abstract: Understanding the connection between me-
chanics and cell structure requires the exploration of the
key molecular constituentsresponsiblefor cell shape and
motility. One of these molecular bridgesisthe cytoskele-
ton, whichisinvolved with intracellular organization and
mechanotransduction. In order to examine the struc-
ture in cells, we have developed a computational tech-
nigue that is able to probe the self-assembly of actin
filaments through a lattice based Monte Carlo method.
We have modeled the polymerization of these filaments
based upon the interactions of globular actin through
a probabilistic model encompassing both inert and ac-
tive proteins. The results show similar response to clas-
sic ordinary differential equationsat low molecular con-
centrations, but a bi-phasic divergence at realistic con-
centrations for living mammalian cells. Further, by in-
troducing localized mobility parameters, we are able to
simulate molecular gradients that are observed in non-
homaogeneous protein distributionsin vivo. The method
and results have potential applicationsin cell and molec-
ular biology as well as self-assembly for organic and in-
organic systems.

1 Introduction

The ability of a cell to sense and respond to mechan-
ics is important due to the diversity of associated ab-
normal maladaptive responses, which include coronary
heart disease and congestive heart failure (Jensen et a,
1994; Kiss et a, 1995; Takeishi et a, 2001). Research
inthe field of mechanotransduction has explored the link
between mechanical stimulation and biochemical signal-
ing through molecular mechanisms including ion chan-
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nelsand molecular conformational changes(Sachs, 1991;
Wang et al, 1993; Yamazaki et al, 1998; LeDuc et al,
1999). Research into signaling responses has provided
insight into the regulation of the mitogen-activated pro-
tein kinase pathways including p38 and Jun, showing
identifiable changes in gene expression profiles in re-
sponseto mechanical stimulation (Resnick et al, 1997; Li
et al, 1999; Meyer et a, 2000; Ferrer et a, 2001). While
the precise mechanism for this cascade has not been de-
termined, it is well known that the cytoskel eton plays an
essential role in this process. The actin cytoskeleton is
linked from the extracellular into the intracellular envi-
ronment through a series of proteins forming a mature
heterocomplex called the focal adhesion complex (FAC).
The FAC is comprised of proteins including transmem-
brane integrins, vinculin, paxillin, and talin (Wang et al,
1993; Moulder et al, 1996; Tang et a, 2002). As the
integrins bind to the extracel lular matrix, a physical con-
nection is extended through the cell membrane. The cy-
toskeleton has al so been implicated influencing a variety
of cellular processes including cell motility where there
is a significant increase in actin polymerization at the
leading edge of chemotactic cells (Valerius et al, 1982;
Hodgson et a, 2000; Chen et a, 2003). Also, during cell
division, the microtubule and actin organization is im-
portant in the formation of the mitotic spindle for chro-
mosome division and pinching of the cell in cytokinesis
(White et al, 1981; Alfa et a, 1990; Rao et a, 1990;
Schaerer-Brodbeck et al, 2000). To probe the cytoskele-
ton and its effects on the mechanochemical signaling, un-
derstanding the assembly of these spatiotemporally vari-
able systemsisrequisitein the biological realm.

As our knowledge of biological systems becomes more
intricate, computational modeling efforts are becoming
essential in understanding the implications of low-level
manipulations across whole systems. Probing the me-
chanical behavior of the cytoskeleton and its interaction
with diverse intracellular systems will require the amal-
gamation of novel computational methods integrated
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Figure 1: The crowded cellular environment and LaBB (Lattice Based Biological Monte Carlo) modeling system.
(A) Drawing of the crowded molecular environment for in vivo cellular conditions(B) Schematic of the LaBB model
depicting globular actin (G-actin) binding and linear filament polymerization on a square lattice grid.

with experimental results in a more inclusive setting.
As with any highly complex system, though, identify-
ing the relevant constituents is essential to building ef-
ficient models while generating meaningful data. This
requires characterizing the input of the pertinent subsys-
tems in the context of a larger venue. Current systems
biology approachesto modeling cellular biochemistry re-
quire many abstractions. One critical generalization that
is conventionally employed isremoving spatial consider-
ations. Classica methods assume that biochemical re-
actions transpire in a large, homogeneous, uncrowded
environment; the individual reactants can combine and
diffuse together without steric hindrance from molecules
uninvolved with a given reaction (Gamble et al, 1987,
Hernandez-Cruz et a, 1990; Goodsell, 1993). These
models are parameterized for kinetic rate constants gen-
eraly derived experimentally in vitro under conditions
closely matching those assumed by the models. This
strategy, while convenient, is not an accurate depiction
for a cell or sub-cellular compartment (Fig. 1A), in
which closely packed molecules, abrupt local concen-
tration gradients, minimal individual subunits, and irreg-
ularly shaped or small compartments create deviations
from theideal environment assumed by the classical sm-
ulations (Minton, 2001; Hall, 2002; Marx, 2003).

We developed the LaBB (Lattice Based Biologica
Monte Carlo) model to examine spatial considerationson

cellular biochemistry. We specifically implement a sim-
plified model of assembly and disassembly for actin fila-
ments. We mathematically model the one-dimensional
constrained formation of actin filaments from globu-
lar actin (G-actin) to study the kinetics and thermody-
namics of actin polymerization and depolymerization.
These properties are examined as functions of actin
monomer and inert particle concentrations as well asin-
duced molecular gradients indicative of directed motil-
ity. Space-aware modeling methods are compared to
a space-free simulation method using classical ordinary
differential equations (ODEs) where kinetic rates have
been well established in order to determine conditions
under which spatial factors produce measurable effects
on cellular biochemistry. Here we examine a defined
one-dimensional constrained system in biological fila-
ment assembly in order to understand their behavior in
the physiological milieu.

2 Methods

We implement a probabilistic coarse-grained variant of
cellular automaton, LaBB, to account for spatial influ-
ences on macromolecular assembly systems. This de-
scribes a system as a grid of discrete spatial units, each
with a discrete state as well as rules governing how the
unit state can transform over time with relation to the
attributes of the adjoining sites. These coarse-grained
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models utilizing small parameter spaces are effective for
probing how high-level system properties can develop
from low-level physical relationships for determining
emergent properties for system response (Henson et al,
2001; Levine et a, 2001; Shabunin et al, 2002). LaBB
is a specia instance of the generalized class of Monte
Carlo models, where a system transitionsamong an array
of discrete states with respect to a defined set of proba
bilities (Puskar et al, 2004).

Actin organizes itself into filaments from an initial
monomeric form and is polarized with two structurally
different ends. The LaBB model represents actin
monomers as discrete units which move according to a
Brownian motion model with periodic boundary condi-
tionsalong arectangular lattice (Fig. 1B). Inert particles
can either move or remain stationary depending upon
the boundary conditions imposed upon them. Initialy,
monomers and inert particles are placed randomly on the
lattice. The monomers have one of four orientations and
with each time step all unbounded monomer states are
updated. Their movement is based upon a probability for
occupying the four adjacent positionsor remaining in the
same lattice position. A monomer cannot move into an
already occupied adjacent site, and thus particles occupy-
ing these bordering positionsincrease the probability for
anon-mobile response. A binding interaction potentially
proceeds when a filament end is adjacent to a monomer
or two free monomers are in adjoining sites with the
proper orientation. Once bound, actin is not allowed to
change location or orientation. The model also incorpo-
rates a probability of shedding monomers from the ends
of actin filaments, similar to the disassociation rate for
non-spatial models. The assembly of linear molecular fil-
aments has its genesis as an initial distributed monomer
form proceeding to filaments, which resultsin a pseudo
steady-state response. L attice density, orientation, spatial
location, and binding and unbinding probabilities collec-
tively represent both entropic and enthal pic components
of binding that would be captured by association and dis-
sociation ratesin anon-spatial representation or by those
rates in a diffusion-reaction model.

Both actin and non-reactant particles correspond to mu-
tually impenetrabl e sites affecting molecular mobility. In
a crowded environment the effect of specie concentra-
tions on polymerization should be discernible through
binding rates and filament length distributions. To study
this effect, LaBB model simulations are performed sep-
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arately over a range of actin and inert particle concen-
trations. Concentrations are based on the total monomer
and/or inert particles per volume; this is calculated as-
suming a unit grid spacing of 10 nanometers and a nor-
malized depth of 10 nanometers. The definitions for the
binding rates are derived directly from the numerical for-
mulation of the ODE model for this system, and grid
volumes normalize the rates between spatially different
models. The LaBB model separately tracks the changes
in free monomer and filament quantities; the rate con-
stants are cal culated using the numerical approximations
described in equation 1.

ag (t+At)—ay (t) N
k, = [T} X <a1(t)glaj(t) x Volume

N
K — [al(t%)t—alm} % <az(t)+gzaj(t)> x Volume
1

Each rate constant is estimated by averaging over five
simulations of 50,000 time steps. This alows compari-
son of the LaBB model, where the rate constant is po-
tentially a function of spatial factors, to traditional ODE
models, where the rate constant isa parameter of the sys-
tem presumed independent of solution concentration.

We first study the effect of crowding on molecular
polymerization by varying actin quantities between 100
and 5,000 monomers without inert particles, maintain-
ing a constant grid space of 100 by 100 lattice sites;
this eguates to pure actin concentrations of 16.6uM to
830 uM. We examine the influence of nonparticipating
molecules on these reactions by introducing stationary,
inert particlesin quantitiesof 0 to 6,000 while maintain-
ing a constant of 1000 monomers and a grid space of
100 by 100 lattice sites. Simulations for a range of grid
space reveal no noticeable grid size effects on binding
rates. Finally we bias the mobility probabilities in the
LaBB model to influence molecular migration to local-
ized areas. We finally examine these effects in a model
of extended cellular space. All smulationsareinitialized
with random distributions of particles across the space.

3 Resultsand Discussion

The organization of the actin assembly is modeled based
upon molecular interactions of G-actin monomers and
non-bindinginert particles. Snapshots taken during these
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Figure 2 : Snapshots of actin polymerization models with G-actin monomers, actin filaments, and inert particles.
(A) Simulation of actin polymerization at time zero for a high concentration of free G-actin (open circles) at 830
MM. (B) Simulation at a pseudo-steady state with polymerized filaments (solid circles) and free G-actin monomers.
(C) Initia distribution for 830 UM of total particle concentration with 166 uM of free G-actin monomers and 664
UM of inert particles (solid squares). (D) Simulation at a pseudo-steady state with the protein concentrations from
(C). All simulationsare 100 by 100 grid spacing with probabilitiesof polymerization of 1.0 and dissociation of 0.01.

simulationswith and without inert particlesindicate how
crowded molecular environments can affect polymeriza-
tion. In the absence of inert particles, actin monomers
initially have relatively unrestricted interactions (Fig.
2A). As binding and diffusion occurs, nucleated fila-
ments evolve through 2 monomers binding together. This
affects the polymerization due to the growth of filaments
and movement of monomers through the exclusionary
site congtraint. At a higher concentration the interfer-
ence between polymerized and individual monomers in-
creases, which amplifies their potential to occupy adja
cent sites and thus enhances the polymerization process

(Fig. 2B). Conversely, when inert particles are intro-
duced, they form obstaclesin the diffusion paths of actin
monomers (Fig. 2C). As the concentration of inert par-
ticles increases, a greater number of sites surrounding
the monomers and filaments are occupied by these par-
ticles. Therefore, the binding sites available for filament
growth are limited by inert monomer interference, which
decreases the meeting potential, inhibiting polymeriza-
tion (Fig. 2D).

The binding rates extracted from the LaBB model for the
pure actin concentrations, and also the combined inert
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Figure 3 : Binding rate constants for LaBB and ODE (Ordinary Differential Equation) models. (A) Binding rate
constants for the ODE model (solid line) and the LaBB maodel (open circle) for pure actin, and actin-inert particle
scenario (solid circle) for lower concentrationstypical of invitroconditions. (B) Divergence of binding rate constants
for the ODE and LaBB models at higher in vivo concentrations indicative of molecular crowding in cells. The error
bars are omitted for clarity; a standard deviation of 1% or lessis typical, with a peak value of 5% for the 830 UM

actin-inert particle data.

particleand actin concentrationsreveal uniqueresponses.
Since the ODE model does not account for concentration
effects, the binding rate is depicted at a constant value
over the entire range. This is derived from the LaBB
model at alow, pure monomer concentration of 16.6 uM
(< Img/mL) typical of in vitro conditions and consis-
tent with the inherent assumptions of the ODE. At these
low levels the estimated binding rates from the LaBB
model are nearly independent of concentration (Fig. 3A)
and exhibit virtually identical results to the ODE. But
as concentration increases, the model diverges from the
ODE solutionsfor both the pure monomer and the com-
bined monomer-inert particle scenarios (Fig. 3B). For
pure actin levels of 166 UM and above spatial effects be-
gin to influence binding rates significantly. At 400 puM,
the estimated binding rate from the LaBB model is 24%
greater than the apparent rate constant extracted at low
concentrations; 350 UM of total actin is hot uncommon
in cells (Alberts et a, 1994). Rate constants for the in-
ert particle simulations appear unaffected until total con-
centrations above 500 UM are reached. At 1.2 mM the
binding rate decreases 58% from the estimated value for
the same actin population without inert particles present
(Fig. 3B); total molecule concentrations from 0.8 to 8
mM are revealed in macromolecular crowding in vivo
(Minton, 2001).

The simulation reveals that with an increase in G-actin
proteinsinto the model, the effective polymerization rate
constant increases significantly. In cell motility, a rapid
increase in the polymerization process occurs at the lead-
ing edge of cells, which is associated with an amplifi-
cation of the individual monomer concentrations. Con-
versely, when the additional proteins in the simulation
are inert and thus have no ability to bind to the self-
organizing structures, the polymerizationis slowed. Fur-
ther, filament length distributions aso differ at higher
concentrations. For 830 UM monomer concentration,
the ODE and LaBB distributions are markedly different,
with an increase in the number of longer filamentsin the
LaBB simulation. With inert particles at 830 uM the fil-
ament length distributionsresulting from the LaBB sim-
ulations diverge from the ODE distributions as the num-
ber of longer filaments decreases (data not shown). The
effect of these changes on filament length distributions
suggests that they are likely to significantly impact even
gross morphological and mechanical properties of cell
structure models.

These results have important implicationsfor the model-
ing of cellular systems. The LaBB model shows signif-
icant deviations from constant reaction rates in the pres-
ence of either high reactant concentration or high con-
centration of an inert molecule that would not conven-
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Figure 4 : Snapshots and actin distribution in polarized filament formation. (A) Initial random distribution of 1000
monomers (open circles) on a 100 by 100 lattice. The entire lattice is divided equally into four quadrants (1, 11,

[11, 1V) of 25 by 100 sites distributed across the ordinate.

(B) Distribution of actin monomers and filaments (solid

circles) at 500 time steps with a probability of 2:1 for moving vertically toward quadrant 1. (C) Monomers and (D)
total filaments present in each quadrant as a function of time.

tionally be considered a reactant in the polymerization
reaction. Neither of these effects would appear in a tra-
ditional space-free ODE model or even a space-aware
reaction-diffusion model. The LaBB model converges
with the ODE model in low concentration domains typi-
cal of in vitro biochemistry conditions under which sim-
ulation parameters would traditionally be derived. Total
molecular concentrationsin cellular environments can be
around the order of 50-400 mg/mL (Minton, 2001; Marx,
2003). In these biologically-relevant high-concentration
domains, traditional models parameterized from low-
concentration in vitro simulations would yield markedly
different estimates of true reaction rates than a LaBB

model that accounts for steric hindrance and excluded
volume effects at physiological concentrations.

Another aspect of cellular biochemistry that may be inad-
equately accounted for in prior modelsisthe highly non-
uniform distribution of reactantsin the cell. For example
in actin polymerization during cell motility, a gradient of
monomer concentrationsis observed with a significantly
higher density at the leading edge. We model this gradi-
ent by introducing a transport mechanism for the actin to
simulate the polarized distribution of monomer concen-
tration toward the leading edge of a cell during chemo-
taxis. Initialy there isa uniform distribution of the actin
monomersin the simulation space (Fig. 4A). The biasis
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Figure5: Actin binding in athree dimensional LaBB and space-free ODE model. (A) Distributions of monomers
and dimers versus time for ODE and LaBB models from initial monomer concentrations of 830 uM. The figure
shows ODE monomer (solid line), ODE dimer (dashed line), LaBB monomer (solid circles), and LaBB dimer (open

circles) concentrations as a function of time. (B) Distributi
at 830 uM and 1500 pM. The figure compares dimer con

onof dimersversustime step for ODE and LaBB models
centrations versus time at 830 uM for ODEs (solid line)

and LaBB (solid circles) with dimer concentrationsversustime at 1500 uM for ODEs (dashed line) and LaBB (open

circles).

introduced by altering the probabilitiesof protein motion
to be vectorally favorable from quadrant 1V toward |. The
polymerization in a pseudo steady-state is observed to
be a gradient with the highest concentration of the actin
filaments in quadrant | of the model (Fig. 4B). Thisis
quantified by examining the number of initial monomers
that are present in each of four quadrants, which are de-
fined by an equal distributed distance across the vertical
axis. Starting from an initial uniform monomer distribu-
tion, the concentration rapidly decreases in quadrant 1V
due to this polarized protein mobility (Fig. 4C). This G-
actin concentration differential is partially remediated by
the transition from a monomer to filamentous form that
is simultaneously occurring. The distribution of the to-
tal filament population (a summation of al actin assem-
bliesin non-monomeric form) isinitialy zero dueto the
initial conditions of polymer absence (Fig. 4D). Thein-
creasein total filamentsin quadrant IV isminimal due to
the movement of the free monomers toward quadrant 1.
The increase in the total filaments in quadrant | reaches
afina concentration that is multi-fold higher relative to
quadrant I1-1V. This polarization of actin filament quan-
tities has been observed in the chemotactic cells as cells

exhibit a gradient distribution of actin monomers and fil-
aments biased toward the leading edge.

This non-uniform distribution occurs at the leading edge
of cells where the height of the cell is minimal, sug-
gesting that a two-dimensional model will accurately de-
scribe the system. However a three-dimensional model,
although computationally more expensive, could provide
more insight into these systems. To address this, we de-
veloped an object oriented Java-based model with simi-
lar parameters to those used in the two-dimensional en-
vironment. The monomers have a higher degree of free-
dom due to the potential occupancy in 26 adjacent sites
versus the 4 used in the two-dimensional model. Fur-
ther the binding is also increased as there are 26 adja-
cent binding locations for mobile G-actin. The polymer-
ization and actin mobility is revealed to produce similar
protein-filament profiles compared to the relative con-
centrations of proteins and filaments as observed in the
two-dimensional studies (Fig. 5). Fig 5A shows that at
relatively low concentrations, ODE and LaBB solutions
converge in three dimensional models similarly to two-
dimensiona models. Comparison between lower and
higher concentration polymerization for single species
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(Fig. 5B) revedls a sharp divergence between ODE and
LaBB at high concentrationsthat isnot seen at |ower con-
centrations. Thislatter result is again consistent with the
two-dimensional results. Under the assumptions of the
current model, however, the three-dimensional simula-
tionsrequire a significantly higher concentration to yield
an evident effect in comparison to the two-dimensional
simulations. Thisislikely due to the greater difficulty of
two polymersinterfering with one another through steric
hindrance in a three-dimensional space.

The ability to understand the self-assembly of the actin
cytoskeleton will allow us to begin to study the link be-
tween mechanics and biochemistry through the forma-
tion and organization of cell structure that is known to
contribute to this mechanosensitive pathway. In these
studies, the LaBB model allows us to probe questionsin
these molecular environments that are relevant in a bi-
ological context. While the ODEs capture the overall
performance in actin formation, when there is an intro-
duction of non-homogeneity or gradient characteristics,
they must be continuously adjusted to capture the system
behavior. Molecular distribution and structurein cellsis
inherently a non-uniform system and thus a more robust
system is necessary. Even reaction-diffusion models that
explicitly account for spatial gradients will not account
for steric hindrance and excluded volume effects. The
LaBB systemisableto capture the essential behaviors of
these polymerization processes with a minimum of addi-
tional parametersrequired. Resultswith the LaBB model
suggest that spatial limitations have significant quantita-
tive effects at physiological concentrations. These results
also portend the utility of thissystem for examining other
structurally and spatially constrained systems linked to
the actin cytoskeleton, including the FAC and the extra-
cellular matrix. Thisindicates that exploring cell struc-
ture and cytoskeletal assembly can be the genesis for a
variety of studies involving cellular and molecular me-
chanics, transport, and organization.
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