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Abstract

We report the development of a coarse-grained Langevin dynamics model of a lamellipodium
featuring growing F-actin filaments in order to study the effect of stiffness of the F-actin filament,
the G-actin monomer concentration, and the number of polymerization sites on lamellipodium
protrusion. The virtual lamellipodium is modeled as a low-aspect-ratio doubly capped cylinder
formed by triangulated particles on its surface. It is assumed that F-actin filaments are firmly attached
to a lamellipodium surface where polymerization sites are located, and actin polymerization takes
place by connecting a G-actin particle to a polymerization site and to the first particle of a growing
F-actin filament. It is found that there is an optimal number of polymerization sites for rapid
lamellipodium protrusion. The maximum speed of lamellipodium protrusion is related to competition
between the number of polymerization sites and the number of available G-actin particles, and the
degree of pulling and holding of the lamellipodium surface by non-polymerizing actin filaments. The
lamellipodium protrusion by actin polymerization displays saltatory motion exhibiting pseudo-
thermal equilibrium: the lamellipodium speed distribution is Maxwellian in two dimensions but the
lamellipodium motion is biased so that the lamellipodium speed in the direction of the lamellipodium
motion is much larger than that normal to the lamellipodium motion.
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1. Introduction

Cell migration is an important part of many cellular activities such as wound healing, tumor
cell metastasis, and morphogenesis [9] and is a complex biological process accompanied with
activities of the actin cytoskeleton, plasma membrane, integrin adhesion receptors and
signaling systems activating numerous proteins. Protrusion occurring at the cell leading edge
is the very first step in the cell migration cycle, followed by adhesion of the protrusion to the
substrate, translocation by contraction and retraction, and de-adhesion of the cell posterior.
Protrusion of the cell's leading edge relies on the treadmilling of actin filaments, such that new
actin filaments are polymerized at the forward or leading edge of the cell (barbed end) whereas
old actin filaments dissemble toward the rear (pointed end) of the lamellipodium which is a
broad, flat sheet-like structure with ranging from 1 to 10 micrometers in width [1,12] and
approximately 0.2 um in thickness [1].
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Although it is well known that the actin polymerization is involved in cell migration from the
biological point of view, the exact mechanism of force generation is still not clear. One possible
mechanism of force generation at the cell leading edge, lamellipodium, would be a
polymerization “Brownian Ratchet” model proposed by Peskin et al. [37]. They proposed that
when the end of an actin filament is in contact with cell membrane, growth of the actin filament
could act as a ratchet to push the cell membrane forward. In this model, movement of the cell
membrane caused by thermal energy produces space between the cell membrane and a growing
F-actin filament. When there is enough space for G-actin monomer to locate between the
growing F-actin filament and the cell membrane, the insertion of G-actin monomer
(polymerization) takes place. The inserted G-actin monomer prevents the cell membrane from
backsliding to its original position and ratchets the cell membrane forward generating a
protrusive force. Mogilner and Oster [33] modified the original Brownian ratchet model by
combining it with the elastic properties of an actin filament and proposed an “Elastic Brownian
Ratchet” model where F-actin filaments readily bend so that cell membrane does not need to
fluctuate to allow actin insertion. In this case, most of Brownian motion occurs in the bending
of actin filaments and when the actin filament bends sufficiently far from the cell membrane,
actin monomers can be inserted and polymerized. Both models require an uncoupling of the
cell membrane from actin filaments to allow actin polymerization to occur.

Much attention has been given to the bacterial pathogen Listeria monocytogens as a simplified
model system because its motion shares many of the essential features of actin-based cell
motility. Listeria monocytogens propels itself through the host cell cytoplasm by polymerizing
a network of host cell actin filaments [6,21,22,28-31,33,44,45]. Actin monomers are
polymerized by proteins at the posterior end of the bacteria at the same rate as that of the
bacterial cell propulsion, indicating that the growth of actin filaments causes the bacteria to
move forward [45].

Using a high-resolution laser-tracking technique, Kuo and McGrath [28] found that
fluctuations of Listeria body are much smaller than the size of G-actin monomer, and
Listeria has episodes of motility with pauses spaced at about 5 nm corresponding to the
periodicity of the actin filament. Gerbal et al. [22] used optical tweezers to attempt to detach
the actin tail from Listeria body by applying a force of 10 pN between the bacterium and its
tail for several minutes and failed to pull the tail from the bacterium. These findings suggest
that as actin filaments elongate, they remain firmly attached to motile bacterial surface. In this
case, growing filaments push the bacterium surface forward at the same time that other non-
polymerizing actin filaments pull and hold the bacterium [22]. Based on these observations,
several models such as a “Stacked Rubber Band” model of Gerbal et al. [21], a “Lock, Load
& Fire” model of Dickinson and Purich [15], and a “Tethered Ratchet” model of Mogilner and
Oster [33] have been developed. Particularly, in the “Stacked Rubber Band” model, Gerbal et
al. developed a continuum (macroscopic) model of Listeria propulsion and proposed that the
addition of new actin filaments induces elastic deformations in the gel: the previously formed
layers are compressed by a new polymerized layer at the bacterium surface. Thus, the protrusive
force is generated by using the free energy produced by actin polymerization which is first
stored as elastic energy. However, this model does not provide a detailed molecular mechanism
at the microscopic scale.

Many attempts have been made to measure protrusive force generated by actin filament

polymerization by using glass microneedles [30], atomic force microscope [36,39], and optical
traps [19], giving values for the protrusive force in the range of several nN/um? [19]. In

particular, Prass et al. [39] have directly measured the lamellipodial protrusive force using an
atomic force microscopy of which a cantilever is placed in the path of a migrating keratocyte
in order to obtain the maximum force that the lamellipod could produce and the characteristic
force-velocity relation for the lamellipod. Although it has not been measured in lamellipodia,
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protrusive force in other actin based structures is strongly associated with the mechanical
properties of actin filament bundles crosslinked by actin-binding proteins such as a-actinin in
cytoskeletal bundles, fascin in filopodia, and plastin in microvilli and stereocilia, mediating
actin bundle stiffness [13]. We expect that the protrusive force in lamellipodium and its
extension is also affected by the mechanical property of crosslinked actin filament bundles,
which is associated with elastic energy stored during actin polymerization.

Computer simulations and theoretical studies [3,16,17,24,25,40-42,46] have improved our
understanding of the behavior of lamellipodium protrusion, cell migration and Listeria
propulsion. They are useful not only because their results can be both quantitatively and
qualitatively compared with experimental results but also because they can describe the
behavior of the systems using multiple variables and identify key parameters that play crucial
roles in the overall behavior of the systems.

Recently, Schaus et al. [42] have developed a 2D stochastic computer model of lamellipodial
protrusion based on the dendritic-nucleation/array-treadmilling mechanism with incorporating
diffusion, stochastic kinetics, and elastic filament and plasma membrane mechanics. In this
work, they could establish the self-organization of lamellipodiual actin filaments into
orientation at £35 degrees with respect to the direction of protrusion. This pattern was robust
with respect to plasma membrane surface and bending energies and to actin concentration,
under the condition of protection from capping at the leading edge. However, it is not clear
whether the similar pattern would be established when their model is adopted in 3D.

Satyanarayana and Baumgaertner have used Monte Carlo methods to simulate actin-based cell
migration in two dimensions [41]. In this study, a cell was modeled as a ring polymer on the
square lattice and polymerization kinetics for the actin network were controlled by appropriate
reaction probability. Various scaling laws were established that relate the size of the model
cell to the concentration of polymerized and unpolymerized actin molecules and the length of
the enclosing membrane. However, the primary drawbacks of these particle-based (actin-
based) Monte Carlo simulations of cell migration in two dimensions are the unrealistically
small size of the model cell or membrane, and a time scale which is too short to study cell
migration behavior induced by actin polymerization. Therefore, it is desirable to develop more
elaborate cell or membrane models, for example, in three dimensions and using appropriate
length and time scales to relate the simulations to realistic situations. Such a model would
permit molecular-level insights into cell protrusion and the role of actin polymerization for
generating protrusive force acting on the cell membrane.

Accordingly, in this paper we present a virtual model lamellipodium utilizing actin
polymerization for its directional motion (protrusion) as the first step of the cell migration
cycle. It is noted that the model lamellipodium we have developed is not of a whole cell but
of a part of a cell. The model uses a coarse-grained Langevin dynamics method that allows us
to simulate a lamellipodium of size comparable to a real one and on a time scale long enough
to study lamellipodium protrusion. We adopt a coarse-grained model (defined in Section 2
below) because, short of using prodigious levels of computing power, it is unlikely that one
can model inamolecularly detailed way the full process of cell migration cycle using molecular
simulation methods such as Monte Carlo and molecular dynamics simulations due to the
biological complexity and resulting computational requirements. At the cost of details of
essential components of actin polymerization with simplification of their roles, our aim in this
paper is to develop a particle-based virtual model lamellipodium, in three dimensions, which
could play the role of a bridge between microscopic and macroscopic models of protrusive
force generation by actin polymerization.

J Stat Phys. Author manuscript; available in PMC 2010 March 28.
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The model we develop allows us to study the effect of stiffness of the F-actin filament, G-actin
monomer concentration, and number of polymerization sites on lamellipodium protrusion. In
our simulation-based model, F-actin filaments are firmly attached on the lamellipodium surface
as observed from experiments [22,28] and the force opposing a compression force is generated
by imposing a bond angle (bending) potential at the interface between lamellipodium surface
and F-actin filaments. This combined protrusive force from actin polymerization results in
lamellipodium extension at a certain mean speed. Our approach reveals how the mean speed
of a lamellipodium depends on the number of polymerization sites at the lamellipodium surface
and the number of available G-actin particles, providing a microscopic mechanism for
protrusive force generation by actin polymerization.

The remainder of this paper is organized as follows. Section 2 contains a description of our
model and the simulation methodology. In Section 3, the results of our model lamellipodium
are shown with analysis of motion of the model lamellipodium in terms of mean-square
displacement of the center of mass of the lamellipodium and its mean speed. Finally, in Section
4, we summarize our results.

2. Model and Simulation

2.1. Coarse-grained Langevin-dynamics-based model of lamellipoi dum protrusion

We developed a coarse-grained (bead-spring) Langevin-dynamics-based model of
lamellipodium protrusion induced by actin polymerization. A coarse-grained system was used
to reduce the overall number of particles involved in the system and subsequently to reduce
the computational time per simulation time step. In doing so, we ignore several of the details
of the chemical structure of components such as G-actin monomers, polymerization sites and
cell membrane molecules.

Our system consists of particles comprising the virtual lamellipodium, G-actin particles, F-
actin filament (polymerized G-actin), polymerization sites, and extracellular matrix (ECM)
surface. The virtual lamellipodium enclosing the G-actin particles is on top of the ECM surface
that is modeled as a hexagonally packed sheet. The polymerization sites where actin
polymerization takes place forming F-actin filaments are locally positioned on the
lamellipodium surface. We model a virtual lamellipodium as a low-aspect-ratio doubly capped
cylinder (see Fig. 1). The cylinder was formed by wrapping a hexagonally packed sheet
consisting of C x L particles around the cylinder axis. Here, C is the number of particles forming
the circumference of the cylinder and L is the number of particles along the cylinder axis. Both
ends of the cylinder are closed by a flat circular cap with C particles in its circumference. All
particles belonging to the virtual lamellipodium are connected with the six nearest-neighbors,
as is typical of the head groups in a two-dimensional lipid bilayer. As seen in Fig. 1, the
conformation of the virtual lamellipodium was relaxed before the simulation run and during
this relaxation it assumed a bell shape.

With the geometry of our simulation system established, we next define various interactions
which control the static and dynamic properties of a system. Each particle forming the virtual
lamellipodium, is connected to its six nearest neighbors via a harmonic bond potential,

1
2
Ubond== kspring (b—bo)”,

2 (1)

where Kspring is the spring constant set to be Kspring = 100kgT / 2, kg is the Boltzmann constant,
T the absolute temperature, and o the particle diameter. b is the distance between neighboring
particles, and the equilibrium bond length by is set to be bg = 1.0c. Potentials of the form Eq.
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1are frequently used to describe effective interactions between segments of a polymer. Because
of the similarity of the energy function to that of a spring, bead spring models for
macromolecular systems, consisting of centers of force (beads) connected by forces of the form
Eqg. 1 are typical coarse-grained models for polymers in which each bead represents a
significant segment of the polymer chain (in fact, they typically represent portions of the chain
that can be considered inflexible over the domain of the portion) [8].

In addition to the harmonic bond potential, all particles in the system (particles for virtual
lamellipodium, G-actin particles, F-actin filaments and ECM surface) interact via the
truncated-shifted Lennard-Jones (LJ) potential,

12 6 12 6
o (o8 o [
(—) —(—) -(Z) HE) | s

0, r>Teur 2)

U, (I’,'j)={ 4.,

where rj; is the distance between two interacting it and jt" particles and rgy is a cutoff distance
beyond which the interactions are ignored. The value of LJ interaction parameter g j is set to
be g j = kgT. The truncated-shifted LJ (TSLJ) potential is frequently used to model the
interaction between the particles (beads in a bead-spring model of polymers) in coarse-grained
representations of macromolecular systems. The usual LJ potential does not include the last
two terms (i.e., corresponds to ¢t — o0) and includes short-ranged repulsion (modeled by the
r12 term) and long-ranged attraction (modeled by the r-6 term) due to dispersion interactions.
In Langevin dynamics simulations, it is typical to ignore the interaction beyond a cutoff
distance r¢t, beyond which it has little effect on the dynamics; by subtracting the value of the
LJ potential at the rg, the TSLJ potential goes smoothly to zero at r¢;, and hence has no
discontinuity.

F-actin filaments are assembled by G-actin particles forming long polymers, thus interactions
between particles in the F-actin filaments are given by bond interactions and non-bonded
interactions, TSLJ, (Egs. 1 and 2, respectively). In addition, a bond angle (bending) potential
is used to model the stiffness of actin filaments between the two bonds connecting any three
consecutive particles of an F-actin filament as follows:
1 o\2
Uangle: @) :Ekangle(ai =17/ ) . @)

This potential is harmonic in the bond angle 6;, defined as the angle between the a. - p and 8 -
v bonds connecting three consecutive particles o - B - v, tending to constrain the angle to its
equilibrium value 6°. In our model, 6° = =, corresponding to the three particles being collinear.
The quantity Kangje is the angle harmonic constant; larger values of kangle make the actin
filament stiffer.

The simulations of the model lamellipodium were performed in a statistical mechanical
ensemble in which the number of particles (N), volume (V), and temperature (T) are held
constant (the NVT ensemble). Periodic boundary conditions [4] are used to eliminate boundary
effects. However, because of the short range of the bead-bead potentials, there is no interaction
between the model lamellipodium and its periodic images. Hence, in essence, the model
lamellipodium is isolated in an infinite ECM sheet. The constant temperature is achieved by
coupling the system to a thermal bath represented by a Langevin thermostat.[2] This simulates
the particles being surrounded by an implicit solvent (i.e., a solvent which is not explicitly
represented in the simulation) with which they are in thermal equilibrium. In this case, the
equation of motion for the it" particle is

J Stat Phys. Author manuscript; available in PMC 2010 March 28.
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dt i i i (4)

where m is the particle's mass. 7,1) is the net deterministic force acting on the it particle
obtained from the forces generated by harmonic bond (Eqg. 1), TSLJ (Eq. 2) and bond angle
bending (Eg. 3) interactions with the relevant neighboring particles. The hydrodynamic drag

of the solvent on the particles is included through the frictional force 7?: — V&, Where 3 is
the it particle's velocity and & is the friction coefficient coupling the system to the thermal bath
and isequal to &=m/ 3, where 7 jisthe standard LJ-time. In a more precise form of Langevin
dynamics, the parameter & would be related to the viscosity of the solvent and the size of the
particle; in the model presented here, we choose & to be a typical value, namely that for a

polymer dissolved in an implicit solvent consisting of its particles. The quantity _F>f is the

stochastic force modeling random collisions between a particle and the solvent, and can be

calculated using the fluctuation-dissipation theorem [18]. It has the properties of zero average
—R —R Ry ’

value, <Fi (’)> =0 and 5-functional correlations, <Fi 0).F; (’ )> =65k,To (’ —4 ) The

velocity-Verlet algorithm [20] with a time step At=0.002t,_jwas used to integrate the equations

of mation (4).

2.2. Details of simulation

Simulations were carried out by the following procedure. An ECM surface over which our
model lamellipodium moves was built with a hexagonally packed sheet consisting of 70x80
particles of diameter, c. At the beginning of a simulation, the virtual lamellipodium of the low-
aspect-ratio doubly capped cylinder of size CxL (150x15) (The total number of particles
comprising of the virtual lamellipodium is 5852 when both particles of the cylinder and two
end caps are counted.) was put 1.5¢ above the ECM surface whose position was fixed during
the simulation. Bonds were connecting particles of the lamellipodium to their six nearest-
neighboring particles on the lamellipodium surface making the virtual lamellipodium stable in
shape as well as preventing G-actin particles from escaping. In this case, the lamellipodium
was rigid and was not allowed much deformation. In addition, collisions between G-actin
particles and lamellipodium membrane particles further helped stabilize the lamellipodium
shape.

The cutoff distance rq,: was 2.5¢ between ECM particles and bottom particles of the low-
aspect-ratio doubly capped cylinder (combination of attractive and repulsive interactions in
TSLJ), and it was V20 between all other pairs (purely repulsive interaction in TSLJ). Because
the initial distance between the ECM and the bottom of the model lamellipodium was 1.5c,
which was smaller than the cutoff distance rt = 2.50, the attractive interaction of TSLJ led
the model lamellipodium to be always near the ECM.

In our model, the attachment of lamellipodium associated with ECM through ligand-receptor
bindings was not explicitly taken into account. Instead, it was assumed that average of this
interaction was continuously acting on the ECM surface in the form of the above-described
TSLJ potential. On the lamellipodium surface, we located multiple polymerization sites, Mp,
(i.e.,Mp=1,3,5,7,9,11, 15, 21, 27, and 33) whose distance between nearest polymerization
sites was carefully chosen to be larger than a capture radius R¢ = 2.0c, which will be described
below. This allowed us to simulate actin polymerization processes that would not compete with
nearest neighboring polymerization sites. The first polymerization site was taken from
lamellipodium membrane particles of half-height from the bottom of the cylindrical-shaped

J Stat Phys. Author manuscript; available in PMC 2010 March 28.
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model lamellipodium. Next polymerization sites were regularly distributed in a rectangular
area of lamellipodium surface with an equal distance in between them and with the first
polymerization site being in the middle of the rectangular area. The overall location of the
polymerization sites are biased to one side of the lamellipodium. (see Fig. 1) G-actin particles,
as the last component of the model system, were randomly distributed inside the low-aspect-
ratio doubly capped cylinder with density from ¢ = 0.0188573 to ¢ = 0.1505573.

Now that we have all the ingredient for running a simulation, the actin polymerization process,
the most crucial step, is described as follows: the actin polymerization process is modeled as
successive bond formation. A first bond is formed by connecting a G-actin particle and a
polymerization site with an equilibrium bond length 2c if the G-actin particle was within the
capture radius R, = 2.0c from the polymerization site. Next, other G-actin particles within

R from the polymerization site, but the closest one to the polymerization site, form a next
bond. In this case, two new bonds are formed and one old bond is removed: A G-actin particle
is connected to a polymerization site and to the first actin particle of a growing F-actin filament
while the bond between the polymerization site and the first actin particle is removed. Further
polymerization events are performed by repeating the last polymerization process, and
independently occurs at different polymerization site (see Fig. 2). In this way, we are modeling
firmly attached actin filament.

It is noted that transient tethering might occur in biology as the model of Mogilner and Oster
suggests [33]. However, modeling of polymerization process in our simulation is based on the
experimental observations showing that listeria tail firmly attaches to listeria body from optical
tweezer experiments [22]. Of course, it does not say all actin filaments are attached to the
listeria body. It is not clear whether the same filament-attachment mechanism causes the
generation of protrusive force in lamellipodium protrusion. It is our assumption that the same
mechanism would be the cause for the force generation in lamellipodium protrusion because
listerial motion shares many of the essential features of actin-based cell motility. However,
some actin filaments may be attached and others not, or they are only transiently attached
during the actin polymerization process. Considering a distribution of transiently attached actin
filaments, or a distribution of attached and unattached actin filaments could be another system
that we can look at in the future.

After an F-actin filament achieves a degree of polymerization Ny = 10, its length N, is kept
constant for the rest of the simulation run by removing a bond connecting a particle at the
terminal end as a new G-actin particle is added to the filament. In doing so, we are assuming
that polymerization phase is in a steady state with no net change in the total mass of filaments
and that the energy required for polymerization is supplied by the energy released from the
depolymerization process. However, this energy transfer is not taken into account explicitly in
our simulation; rather, this assumption is a justification why the polymerization and
depolymerization can take place without any obvious energy sources. Depolymerized G-actin
particles are available for further polymerization when they move to proximity of the
polymerization sites. Note, however, that this is diffusion-limited - a depolymerized particle
has to diffuse to the near vicinity of the polymerization site in order to be used again. Thus,
filament length will affect the polymerization rate. We have not studied this effect; however,
it would be good topic for future work.

To model the stiffness of filaments, an angle harmonic potential is imposed to the first two
bonds connecting three consecutive particles with angle harmonic constant, Kange, (i-€.,
kangle =0, 5, 10, 20, 40, 60, 80, and 100 kgT/rad?). The F-actin filament beyond two consecutive
bonds from the polymerization sites was fixed in space. That is to say that fixed F-actin
filaments have velocity and force values of 0. In real cells, the polymerized actin filaments
adhere to the extracellular matrix individually by means of transmembrane integrin receptors

J Stat Phys. Author manuscript; available in PMC 2010 March 28.
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[25,47] and other integrin-associated proteins, which is modeled here by keeping the F-actin
filament fixed in space. The thermal motion and stiff bond angle potential pushes the
lamellipodium wall away from the F-actin filament to accommodate the added particles. It
should be noted that the kinetics of the polymerization process is not explicitly taken into
account in our simulations; however, we would expect that including the polymerization
kinetics would decrease the net polymerization rate normalized for G-actin concentration, kp,
which is determined by the G-actin monomer concentration, c, and the size of the capture
radius, R, in our simulation.

We use periodic boundary conditions in the x and y directions with simulation box size Ly =
700, Ly = 69.30, and L, = 42c. The ECM is located at z = 15¢. Each simulation run lasted
1x107 integration steps and the final 8x10° integration steps have been used for calculating
various physical quantities such as mean-square displacement of the center of mass of the
virtual lamellipodium and its mean speed.

2.3. Conversion of units

To understand the results of our coarse-grained Langevin dynamics simulation and to make
comparisons with experimental observations, we convert the two basic reduced units, length
o and time scale 7, to real units. First, it is assumed that our lamellipodium size is about 2.5
um as a usual lamellipodium has size of 1 - 10 um [1,12]. This allows us to determine particle
size inreal units. In our simulation, there are 150 particles along the circumference of the virtual
lamellipodium having diameter, 150c/7 which is assumed to be 2.5 um, resulting in the particle
size being ¢ = 0.052um. The height of the model lamellipodium, 0.68 um, is estimated from
this particle size. The size of G-actin monomers is well-known and approximately 5 nm.
Therefore, our G-actin particle corresponds not to a single G-actin monomer but a few hundreds
of G-actin monomers. In such a representation, polymerization and depolymerization events
are assumed to be averaged over long time and large length scales.

The number of G-actin monomers inside a G-actin particle can be estimated, when it is
considered that F-actin filaments are highly cross-linked and compacted as in a polymer melt
state and it is assumed that size dependence of F-actin filaments is given by R = N2| following
that of a Gaussian polymer chain, where R is the size of small section of F-actin filaments or
o inour simulation, N the number of G-actin monomers inside the section, and | the size of G-
actin monomer. Thus, in our calculation, N = (R/I)2 = 110 or 100 - 150. It is important to note
that since a G-actin particle is corresponding to 100 - 150 G-actin monomers, this scaling also
applies to other particles. For example, the effective number of polymerization sites in our
simulation is not of the order of tens but of thousands.

The effective number of polymerization sites or actin filaments per unit length is estimated as
NAVp, /(2Vpo) where Vp is volume of a particle and AV, volume of outer shell of the particle
with the w3idth of G-actin monomer size. The numerical factor of 2 in the denominator stems
from the consideration that polymerization-related proteins are located in the inward
hemispheric shell of the particle. Using these values, the effective number of F-actin filaments
per micrometer is calculated to be 600um-1 which is similar to the observed value of
240um-! reported by Abraham et al. [1]. With the length scale ¢ = 0.052um and effective
number of G-actin monomers per particle N = 110, the G-actin monomer concentration in our
simulation corresponds to the range from 24 uM to 192 uM. In real cells, G-actin monomer
concentration has a range from several to hundreds of uM and the concentration of polymerized
actin is known to be about 1000 uM [38].

To determine the simulation time-scale, we need to know dynamic quantities such as the
diffusion coefficient of G-actin particle D, which can be related to the mean square
displacement {r(t)2)=((r(to + t)-r(tg))?) of the particles by (r(t)?) = 6Dyt where t is the time.

J Stat Phys. Author manuscript; available in PMC 2010 March 28.
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We cannot directly determine Dy, in our simulation; however, we can deduce it from an
experimental observation that the diffusion coefficient, Dg, of G-actin monomer is 30 um?2/
sec at low G-actin monomer concentration [1]. If there is no possibility for G-actin particle to
interact with other G-actin particles due to a low monomer concentration, the time required to
move a distance equal to the G-actin particle size (o) is equal to t :TLJ:GZ/Dp, which is the
simulation time scale that we need to know. Dynamics of particles, such as our system
controlled by the random force or thermal fluctuation, corresponds to Rouse dynamics[10,
18]. In this case, the diffusion coefficient of a polymer chain of length N is inversely
proportional to N, resulting in Dy = Dg/N and subsequently leading tor; =62 N/Dg = 0.0522
x110/30 = 0.01sec. Detailed system information and conversion of units is summarized in
Table 1.

In order for us to make sure that we get the relation 1 j =c 2/DIO from our model, the mean
square displacement of particles at low G-actin particle concentration ¢ = 0.001673, or 0.13
uM, was plotted in Fig. 3. The dashed line in the plot shows the slope of the best-fit to the
obtained data and has a value of 66 2 /1, 3, in our simulation units, which should be equal to 6
Dy indicating the random motion of particles. From this relation, we verify that 7 :GZ/Dp. In
addition, when the motion of an isolated particle is governed by Eq. 4, its mean square
displacement, {r(t)2), can be analytically solved as follows [10]:

2

(5)

where vg is the initial velocity of the monomer. The solid line in Fig. 3 is this analytical solution
which matches exactly with simulation data.

3. Results and Discussion

3.1. Movement of the virtual lamellipodium

The G-actin particles move in a random walk (including non-overlapping) fashion inside the
virtual lamellipodium. When a G-actin particle approaches one of polymerization sites on the
lamellipodium surface within the capture radius 2¢ = 0.104um, a polymerization event takes
place. A G-actin particle is polymerized by connecting it to the first particle of the growing F-
actin filament and then to the polymerization site, thereby forming two new bonds. To maintain
the steady state of a polymerization phase, we eliminate two old bonds once the polymerization
length is equal to N,=10; one bond connecting the first F-actin particle and the polymerization
site, and the last bond of the F-actin filament that is attached to the last G-actin particle of the
chain. Since the newly formed bonds have a tendency to become straight by the imposed bond
angle (bending) potential with the angle harmonic constant kangle and the rest of bonds stay
fixed at their positions, there exists a protrusive force to push the virtual lamellipodium
outward. In this case, the virtual lamellipodium exhibits ballistic motion ({r(t)2) o t 2).

It should be noted that in our simulation we are not simulating individual G-actin
polymerization and depolymerization processes in which many proteins such as nucleating and
branching complex, Arp2/3, capping proteins, and severing and depolymerizing factor, ADF/
cofilin are involved, but rather we are simulating averaged polymerization and
depolymerization events over longer time and larger length scales that are much larger and
longer than real length and time. Also, Y-shaped actin network formation with 70° between
junctioned F-actin filaments [38] and periodic lamellipodium contractions or the formation of
actin waves depending on ECM rigidity [23] cannot be addressed by our model due to the
representation of the G-actin particle as a section of G-actin monomers and the long time scales
simulated.
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To show the characteristics of the motion of the virtual lamellipodium, we plotted trajectories
of the center of mass of the virtual lamellipodium with a G-actin monomer concentration ¢ =
48uM with various number of polymerization sites My, in Fig. 4. In this figure, the angle
harmonic constant is kang|e:100kBT/rad2. One can immediately notice from Fig. 4 that the
virtual lamellipodium exhibits directional motion. It is interesting to point out that if
polymerization sites were uniformly distributed along the circumference of virtual
lamellipodium of a low-aspect-ratio doubly capped cylindrical shape, the motion of
lamellipodium would not exhibit this directional motion. (i.e., itwould on average be isotropic.)
A virtual lamellipodium with too few (Mp, = 3) or too many (M = 33) polymerization sites
travels a shorter distance from the origin when compared with those with moderate number of
polymerization sites. With no polymerization event, the virtual lamellipodium showed a
movement in a random-walk fashion because the most dominant force acting on the virtual
lamellipodium is the random force as in Eq. 4. The direction of the lamellipodium movement
is mainly governed by the location of the polymerization sites. As My, increases, the area where
polymerization events take place also increases. This leads high fluctuation in the direction of
the lamellipodium motion. Thus, in Fig. 4, we see the direction of the lamellipodium motion
changes as M, increases.

It is also important to note that even if polymerizations took place at the polymerization sites,
the virtual lamellipodium did not show perfect directional motion unless the bond angle
potential was imposed, indicating that stiffness of F-actin filament of Young's modulus of
103-10% Pa [21] plays an important role in generating protrusive force. On the other hand,
polymerization of soft materials such as a polysaccharide gel with lower elastic modulus of
10-1-101 Pa [35] may generate a protrusive force if rapid polymerization would occur in a
chamber such as a nozzle, with one end capped and the other open, which results in the
improvement of the elastic properties of the polysaccharide gel by the compression of the gel,
as is observed in cyanobacteria, myxobacteria and flexibacteria [27].

Figure 5 shows the mean-square displacement {r(t)2) of the center of mass of the virtual
lamellipodium averaged during the simulation run as a function of time for different number
of polymerization sites, Mp, at G-actin monomer concentration 48 uM with Kangje=100kgT/
rad2. There exist two distinct regimes. For shorter time intervals t < t*, the motion of the virtual
lamellipodium is diffusive, which is implicated by the linear dependence of the mean-square
displacement on the time interval t. For longer time intervals t > t*, the virtual lamellipodium
exhibits ballistic movement. Therefore, the mean square displacement of the center of mass of
the virtual lamellipodium has two contributions: one due to ballistic motion with average
velocity vi_and the second due to random motion caused by velocity fluctuation. In these cases,
the mean-square displacement can be expressed as follows [27]:

2\ .22
(r0?) =viP+6D, 1, ©

where Dy is the diffusion coefficient of the virtual lamellipodium. Crossover between the
diffusive and ballistic regimes takes place when both terms become of the same order of
magnitude. It is important to note that we have a movement transition of the model
lamellipodium from diffusive to ballistic regime, whereas for a molecular motion in a thermal
equilibrium, the transition is reversed. The appearance of the ballistic regime indicates the
existence of the constant protrusive force acting on the virtual lamellipodium. The magnitude
of this force depends on the number of polymerization sites and degree of stiffness of the F-
actin filaments, as discussed in the following sections.
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3.2. Velocity of the virtual model lamellipodium

The velocity of the virtual lamellipodium can be obtained by calculating the square root of a
slope in the ballistic regime in a plot of a mean-square displacement divided by time versus
time. Alternatively, in order to obtain a better statistical value, we defined the speed of the
virtual lamellipodium as the displacement of the center of mass of the virtual lamellipodium
during 10% integration time step and averaged over the simulation runs to obtain the mean speed
and used this mean speed for dynamical analysis of the lamellipodium motion. The velocity
value of the virtual lamellipodium obtained from the slope in the ballistic regime was always
within one tenth of the standard deviation of mean speed.

Figure 6 depicts the mean speed of the virtual lamellipodium during simulation runs for
different number of polymerization sites with angle harmonic constant kang|e:100kBT/rad2 at
various G-actin monomer concentrations. The magnitude of mean speed is in a range of 2 to
12 um/min which is similar to observed experimental values ~ 0.3 um/sec or 18 um/min [1,
38] and ~ 6pum/min [11], and theoretical values < 0.3 pm/sec [5]. In the case of the virtual
lamellipodium with no polymerization events at G-actin monomer concentration c=192uM,
the mean speed was 1.5 um/min, and the direction of motion changed continuously in a random-
walk fashion. It is noted that this random motion with stochastic force results from thermal
fluctuation, however, a polymerizing model lamellipodium with randomly distributed
polymerization sites along the circumference of the model would also exhibit a random motion.
In this case, the origin of stochastic force for the lamellipodium motion is the random
directional change of protrusive force. Thus, the non-uniform distribution of polymerization
sites as in our simulation provides the source of directed motion and significant lamellipodium
speed.

Figure 6 clearly shows that there are an optimal number of polymerization sites for rapid
lamellipodium protrusion. Interestingly, this result agrees with other models in the literature
[25,32] where polymerized actin filaments are not attached to the lamellipodium surface. The
optimal number of polymerization sites showing the fastest motion of the virtual lamellipodium
at different G-actin monomer concentrations is indicated by arrows in Fig. 6. The optimal
number of polymerization sites at low G-actin monomer concentration c=24uM is 5 and
increases with increasing G-actin monomer concentration and reaches a plateau. Keeping the
number of polymerization sites the same, the virtual lamellipodium moves faster at higher G-
actin monomer concentration.

In general, the virtual lamellipodium with more polymerization sites and more available G-
actin particles has more frequent polymerization events and subsequently generates stronger
protrusive force resulting in faster lamellipodium motion because the protrusive force is
additive. That is, although the average polymerization rate at each polymerization site is
constant for a given simulation, the net protrusive force is obtained from the sum of individual
protrusive forces at the polymerization sites. However, if there were too many polymerization
sites, such that a large number of G-actin particles were consumed in a short period of time,
then the number of available G-actin particles to be polymerized would decrease as would the
net polymerization rate normalized for G-actin concentration, defined as the number of
polymerization events per time and G-actin monomer concentration, resulting in weak
protrusive force in the long term. For this reason, there are an optimal number of polymerization
sites for achieving rapid lamellipodium protrusion. The number of available G-actin particles
to be polymerized increases with increasing G-actin monomer concentration. The optimal
number of polymerization sites or the peak position of maximum speed, therefore, increases
with increasing G-actin monomer concentration.

In order for us to see how the mean speed of the virtual lamellipodium is associated with a
polymerization rate, the net polymerization rate normalized for G-actin concentration, kp, as a
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function of the number of polymerization sites is plotted at different G-actin monomer
concentrations in Fig. 7. As seen in Fig. 7 (a), at low G-actin monomer concentrations such as
c=24 and 48 uM, the net polymerization rate normalized for G-actin concentration first
increases as the number of polymerization sites increases and then decrease at the number of
polymerization sites My=11 and M,=21, respectively. On the other hand, at high G-actin
monomer concentrations such as c=96 and 192 pM, the net polymerization rate normalized for
G-actin concentration continuously increases as the number of polymerization sites increases.

The dependence of the net polymerization rate normalized for G-actin concentration on the
number of polymerization sites at low G-actin monomer concentrations explains the existence
of the optimal number of polymerization sites for rapid lamellipodium protrusion as shown in
Fig. 6. However, it is not completely satisfactory because the peak positions showing the
maximum net polymerization rate normalized for G-actin concentration are off from those
showing the fastest lamellipodium motion in Fig. 6. This is more dramatic in the case of high
G-actin monomer concentrations where the continuous increase in the polymerization rate
takes place. This discrepancy between the dependence of the mean speed and that of the net
polymerization rate normalized for G-actin concentration on the number of polymerization

sites can be explained by means of the polymerization rate constant, klo,, which is obtained by
dividing kp by the number of polymerization sites, Mp, as shown in Fig. 7 (b). Now, the

maximum peaks in k) at different G-actin monomer concentrations match well with those of
maximum mean speed.

The mean speed of the virtual lamellipodium has two contributions. One is due to a competition
between the number of polymerization sites and the number of available G-actin monomers as
mentioned earlier and in other literature [32], and the second is as follows: F-actin filaments
under polymerization events push the lamellipodium surface outward while other non-
polymerizing filaments (fixed in space) pull and hold the lamellipodium surface stalling on
lamellipodium protrusion. As a polymerization event rarely occurs at multiple polymerization
sites at the same time, the mean speed of the virtual lamellipodium is inversely proportional
to the number of polymerization sites. Therefore, the mean speed of the virtual lamellipodium

can be expressed as V,7<2:k,,/M,,. The actin monomer assembly rate constant at the barbed end
of lamellipodium or polymerization rate constant, is reported ~ 12 uM-1sec1 [38] which is
within our simulation results, 5 ~ 60 uM-1secl.

In our simulations, protrusive force is generated by the compression of F-actin filaments
occurring near the lamellipodium surface. This compression force is opposed by the stiffness
of the F-actin filament which is imposed by the bond angle (bending) potential. This process
of protrusive force generation is somewhat similar to that of the “Stacked Rubber Band” model
[21] where the previously formed layers are compressed by a new polymerized layer at the
bacterium surface. However, our model differs from the “Stacked Rubber Band” model which
is developed in a continuum (macroscopic) scale in that ours is dealing with protrusive force
generation on a microscopic scale.

The protrusive pressure acting on the lamellipodium surface is calculated during simulation
runs for the system with parameters c=24uM, M,=5, and kang|e:1OOkBT/rad2 and it is 69
kgT/c® or 2 nN/um? at 298K which is in a good agreement with the experimentally observed
values, 2 nN/um? for keratocytes [39] and ~ 10 nN/um? for fibroblasts [1].

Figure 8 shows how mean speed of the virtual lamellipodium relies on the stiffness of F-actin
filament which is described by the angle harmonic constant kangje in the bond bending energy
as seen in Eq. 3. In this case, the intrinsic persistence length is directly proportional to Kangje-
The persistence length, L, is defined as the length of n filament particles which forms an arc
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of 1 radian with a bond bending energy of kgT. From the definition, we define that the intrinsic
persistence length is L = kanglec/kgT [43]. Thus, in our simulation, L, varies from 0 to 100c
or 0 - 5.2um. We note that the maximum persistence length in our simulations is smaller than
range of experiment values, 10 - 20um [26]. However, the fundamental mechanism to generate
a protrusive force from stored bending energy does not change.

When there are only a few polymerization sites (M, = 3) on the lamellipodium surface (see
Fig. 8 (a)), a F-actin filament with low stiffness kanige < 20kgT/rad? is unable to generate strong
enough protrusive force to push the lamellipodium surface outward as can be seen by
comparing the mean speed of the virtual lamellipodium in this regime, 1.4 um/min, with that
of the lamellipodium with no polymerization events, 1.5 um/min. As the F-actin filament
becomes stiffer, the model lamellipodium exhibits faster motion and its mean speed reaches a
plateau. Interestingly, the mean lamellipodium speed scales with higher G-actin monomer
concentrations, and the plateau in the lamellipodium speed plot is also higher. On the other
hand, with a large number of polymerization sites (Mp, = 21) on the plasma membrane (see Fig.
8 (b)), even an F-actin filament with low stiffness kanige < 20kgT/rad? enables the model
lamellipodium to move forward by generating strong enough protrusive force, providing that
there are enough available G-actin particles to polymerize with. However, lamellipodium
motion at low G-actin monomer concentration such as ¢ = 24uM becomes sluggish at the
highest value of angle harmonic constant kangje = 100kgT/rad 2 in our simulation due to the
reduction of polymerization rate per polymerization site as discussed before.

3.4. Distribution of mean speed of virtual lamellipodium

The distribution of lamellipodium speed provides information about distribution of
lamellipodium displacement during short period of time. The lamellipodium protrusion by
actin polymerization displays saltatory lamellipodium motion, which is defined as irregularly
alternating active and passive periods of motion, because the model lamellipodium moves
forward when actin polymerization takes place, while it does not move much in a non-
polymerizing state. In our simulation, although polymerization takes place within a very short
time, one integration time step, it takes some integration time steps for an actin filament to
stretch itself out and to push the lamellipodium surface forward in response to the nature of
stiff filament. Thus, while a filament pushes the lamellipodium surface forward, the
lamellipodium motion is in a non-steady state. For the case of salutatory lamellipodium
movement, distribution of lamellipodium displacement or that of lamellipodium speed will
exhibit a Poisson distribution if analyzed on time scales short enough to exclude non-steady
states of the lamellipodium motion. Although velocity has not been measured for lamellipodia
protrusion, distribution of cell velocity was found to follow the Poisson distribution in several
cell types using computer controlled video icroscopy [14].

On the other hand, if the fluctuation of lamellipodium displacement was analyzed on a long
time scale, then the relative fluctuation in stationary lamellipodium motion would become
small and the distribution of lamellipodium speed would follow a Gaussian or Maxwell
distribution. In deed, according to the report of Betz et al. [7] on a bistable stochastic process
of neuronal growth, distributions of lamellipodium retraction and protrusion are Gaussian.
Interestingly, cells in aggregates of neural retinal cells obtained from chicken embryos also
showed a Maxwell distribution for the cell velocity [34]. In our simulations, since averaged
actin polymerization occurs within a very short time, one integration time step, and trajectories
of the center of mass of the virtual lamellipodium were analyzed on a long time scale, ~10%
integration time steps, the distribution of lamellipodium speed will be Maxwellian.

Figure 9 shows the distributions of lamellipodium speed with angle harmonic constant kangje
= 100kgT/rad 2 at various number of polymerization sites. In agreement with expectations, the
speed distributions obtained from our simulations fit with Maxwell distributions, P(s) = as exp
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(- bs?) where a and b are fitting parameters and s is the lamellipodium speed. We can determine
the most probable speed smax by differentiating the Maxwell speed distribution and finding its

maximum, and find that s, =(1/25)"/% In addition, the mean speed (s) from the Maxwell
distribution can be found by integrating sP(s) and is equal to {s) =(/4b)"*, The root mean

square of the speed, Srms=+/ [, o $2P (5)ds=(1/b)'? |ast but not least, is defined as the square
root of the average squared speed and can be related to the thermal energy: s2, =2k, T/m by

rms

using the energy equipartition theorem in two dimensions. By combining the above two
equations, we obtain b=m/2k,T. If 1/, obtained from the simulation is close to the Maxwell

rms
distribution parameter b, then it indicates that the motion of the lamellipodium is in the thermal
equilibrium. For the case of sz = 3 and kangle = 100kgT/rad 2, the parameter b obtained from

fitting the curve is 0.0865min%/um? and the root mean square of the speed, Syms, is 3.605 um/
min. Thus 1/s2,,=m/2k,T=0.0769min’/um? and this value is close to b = 0.0865min/um?

rms
confirming that the motion of the model lamellipodium is originating from the collective
thermal motion of the individual particles of the lamellipodium exhibiting pseudo-thermal

equilibrium. That is, true thermal equilibrium would result in equipartition of the thermal

energy, such that Sﬁﬁi where |l is the direction of the lamellipodium motion and L is the normal
direction to the lamellipodium motion. However, in our case, the lamellipodium motion is

biased so that Sﬁ > 57. Note that there are interrelations among three speeds described above.

For instance, the ratio of the mean speed to the most probable speed is (s) /smax= v/7/2 in two
dimensions and the obtained ratio {s)/smay from Fig. 9 is equal to 1.15 which is close to

V7/2 = 1.25 and the typical speeds are related as follows: Smax < {S) < Srms-

4. Conclusions

We developed a particle-based virtual model lamellipodium where actin polymerization takes
place at the interface between plasma membrane and actin filaments. A coarse-grained
Langevin dynamics method was applied to this model and successfully showed that this
particle-based method could be used to connect between microscopic and macroscopic models
of protrusive force generation at the cell leading edge induced by actin polymerization.

We have studied the effect of stiffness of F-actin filament, G-actin monomer concentration,
and number of polymerization sites on the protrusion of a virtual model lamellipodium utilizing
actin polymerization for its directional motion. When F-actin filaments are firmly attached on
the lamellipodium surface, the protrusive force acting on the lamellipodium surface is
generated by the growth of F-actin filaments with an imposed bond angle (bending) potential
at the interface between the lamellipodium surface and the F-actin filaments. It is found that
stiff F-actin filaments, which can store large enough elastic energy during actin polymerization,
are necessary to generate protrusive force when G-actin monomer concentration is low, on the
other hand, less stiff F-actin filaments can also generate protrusive force if enough G-actin
monomers are supplied for actin polymerization.

At the given stiffness of F-actin filaments, the mean speed of the virtual lamellipodium has
two contributions: One is due to a competition between the number of polymerization sites and
the number of available G-actin monomers and the second is due to a competition between the
number of polymerization events pushing the lamellipodium surface forward and the number
of non-polymerizing sites holding and preventing the lamellipodium surface from moving
forward. Due to those competitions, there exist an optimal number of polymerization sites for
rapid lamellipodium protrusion. The lamellipodium protrusion by actin polymerization
displays saltatory motion exhibiting pseudo-thermal equilibrium: the lamellipodium speed
distribution is Maxwellian in two dimensions but the lamellipodium motion is biased so that
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the lamellipodium speed in the direction of the lamellipodium motion is much larger than that
normal to the lamellipodium motion.

In this paper, we have focused on how a virtual model lamellipodium protrudes by actin
polymerization occurring at the cell leading edge. We found that various quantities such as
lamellipodium speed, polymerization rate constant, and protrusive pressure are in agreement
with observed experimental values although the process of actin polymerization was simplified
and modeled by using only two components, G-actin particles and polymerization sites, due
to computational complexities. However, it should be noted that other essential proteins for
the actin polymerization process such as nucleating and branching complex (Arp2/3), capping
proteins, and severing and depolymerizing factor (ADF/cofilin) should be explicitly included
in particle-based simulations such as molecular dynamics and Monte Carlo methods in order
to get closer to a realistic situation where protrusive force is generated by the formation of
branches and crosslinks of actin filaments found in real cells. Nonetheless, the results presented
above show how a simple actin polymerization process could generate a protrusive force used
for the directional motion of a virtual lamellipodium.

Acknowledgments

This work is supported by the National Cancer Institute under the Grant 5U54CA113007-02. One of the authors
(A.M.W) acknowledges grant support from the National Institutes of Health (IR01GM075126 and K22 CA109590).

References

1. Abraham VC, Krishnamurthi V, Taylor DL, Lanni F. The actin-based nanomachine at the leading edge
of migrating cells. Biophys. J 1999;77:1721-1732. [PubMed: 10465781]

2. Adelman SA, Doll JD. Generalized Langevin Equation Approach for Atom-Solid-Surface Scattering
- General Formulation for Classical Scattering Off Harmonic Solids. J. Chem. Phys 1976;64:2375—
2388.

3. Alberts JB, Odell GM. In silico reconstitution of Listeria propulsion exhibits nano-saltation. Plos Biol
2004;2:2054-2066.

4. Allen, MP.; Tildesley, DJ. Computer Simulation of Liquids. Clarendon; Oxford: 1987.
5. Atilgan E, Wirtz D, Sun SX. Mechanics and dynamics of actin-driven thin membrane protrusions.
Biophys. J 2006;90:65-76. [PubMed: 16214866]
6. Bernheim-Groswasser A, Wiesner S, Golsteyn RM, Carlier MF, Sykes C. The dynamics of actin-based
motility depend on surface parameters. Nature 2002;417:308-311. [PubMed: 12015607]
7.Betz T, Lim D, Kas JA. Neuronal growth: A bistable stochastic process. Phys. Rev. Lett
2006;96:098103. [PubMed: 16606320]
8. Bird, RB.; Curtiss, CF.; Armstrong, RC.; Hassager, O. Dynamics of Polymeric Liquids: Kinetic Theory.
Second Edition. John Wiley and Sons; New York: 1987.
9. Bray, D. Cell movement. Garland Publishing; New York: 1992.
10. Briels, WJ. Theory of Polymer Dynamics. 1998.
http://cbp.tnw.utwente.nl/PolymeerDictaat/polymerdynamics.pdf
11. Bryce NS, Clark ES, Leysath JL, Currie JD, Webb DJ, Weaver AM. Cortactin promotes cell motility
by enhancing lamellipodial persistence. Curr. Biol 2005;15:1276-1285. [PubMed: 16051170]
12. Cascone I, Audero E, Giraudo E, Napione L, Maniero F, Philips MR, Collard JG, Serini G, Bussolino
F. Tie-2-dependent activation of RhoA and Racl participates in endothelial cell motility triggered
by angiopoietin-1. Blood 2003;102:2482-2490. [PubMed: 12816861]
13. Claessens M, Bathe M, Frey E, Bausch AR. Actin-binding proteins sensitively mediate F-actin bundle
stiffness. Nat. Mater 2006;5:748-753. [PubMed: 16921360]
14. Czirok A, Schlett K, Madarasz E, Vicsek T. Exponential distribution of locomotion activity in cell
cultures. Phys. Rev. Lett 1998;81:3038-3041.

J Stat Phys. Author manuscript; available in PMC 2010 March 28.


http://cbp.tnw.utwente.nl/PolymeerDictaat/polymerdynamics.pdf

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jeon et al.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Page 16

Dickinson RB, Purich DL. Clamped-filament elongation model for actin-based motors. Biophys. J
2002;82:605-617. [PubMed: 11806905]

Dickinson RB, Tranquillo RT. A Stochastic-Model for Adhesion-Mediated Cell Random Motility
and Haptotaxis. J. Math. Biol 1993;31:563-600. [PubMed: 8376918]

Dimilla PA, Barbee K, Lauffenburger DA. Mathematical-Model for the Effects of Adhesion and
Mechanics on Cell-Migration Speed. Biophys. J 1991;60:15-37. [PubMed: 1883934]

Doi, M.; Edwards, SF. The theory of polymer dynamics. Oxford University Press; New York: 1986.
Footer MJ, Kerssemakers JWJ, Theriot JA, Dogterom M. Direct measurement of force generation by
actin filament polymerization using an optical trap. P. Natl. Acad. Sci. USA 2007;104:2181-2186.
Frenkel, D.; Smit, B. Understanding Molecular Simulations: From Algorithms to Applications.
Academic Press; New York: 2002.

Gerbal F, Chaikin P, Rabin Y, Prost J. An elastic analysis of Listeria monocytogenes propulsion.
Biophys. J 2000;79:2259-2275. [PubMed: 11053107]

Gerbal F, Laurent V, Ott A, Carlier MF, Chaikin P, Prost J. Measurement of the elasticity of the actin
tail of Listeria monocytogenes. Eur. Biophys. J. Biophy 2000;29:134-140.

Giannone G, Dubin-Thaler BJ, Dobereiner HG, Kieffer N, Bresnick AR, Sheetz MP. Periodic
lamellipodial contractions correlate with rearward actin waves. Cell 2004;116:431-443. [PubMed:
15016377]

Gracheva ME, Othmer HG. A continuum model of motility in ameboid cells. B. Math. Biol
2004,66:167-193.

Herrmann KH, Satyanarayana SVM, Sridhar V, Murthy KPN. Monte Carlo simulation of actin
filament based cell motility. Int. J. Mod. Phys. B 2003;17:5597-5611.

Isambert H, Venier P, Maggs AC, Fattoum A, Kassab R, Pantaloni D, Carlier MF. Flexibility of
Actin-Filaments Derived from Thermal Fluctuations - Effect of Bound Nucleotide, Phalloidin, and
Muscle Regulatory Proteins. J. Biol. Chem 1995;270:11437-11444. [PubMed: 7744781]

Jeon J, Dobrynin AV. Polymer confinement and bacterial gliding motility. Eur. Phys. J. E
2005;17:361-372. [PubMed: 15997338]

Kuo SC, McGrath JL. Steps and fluctuations of Listeria monocytogenes during actin-based motility.
Nature 2000;407:1026-1029. [PubMed: 11069185]

Mahadevan L, Matsudaira P. Motility powered by supramolecular springs and ratchets. Science
2000;288:95-99. [PubMed: 10753126]

Marcy Y, Prost J, Carlier MF, Sykes C. Forces generated during actin-based propulsion: A direct
measurement by micromanipulation. P. Natl. Acad. Sci. USA 2004;101:5992-5997.

McBride MJ. Bacterial gliding motility: Multiple mechanisms for cell movement over surfaces. Annu.
Rev. Microbiol 2001;55:49-75. [PubMed: 11544349]

Mogilner A, Edelstein-Keshet L. Regulation of actin dynamics in rapidly moving cells: A quantitative
analysis. Biophys. J 2002;83:1237-1258. [PubMed: 12202352]

Mogilner A, Oster G. Force generation by actin polymerization Il: The elastic ratchet and tethered
filaments. Biophys. J 2003;84:1591-1605. [PubMed: 12609863]

Mombach JCM, Glazier JA. Single cell motion in aggregates of embryonic cells. Phys. Rev. Lett
1996;76:3032—-3035. [PubMed: 10060853]

Moreno J, Vargas MA, Madiedo JM, Munoz J, Rivas J, Guerrero MG. Chemical and rheological
properties of an extracellular polysaccharide produced by the cyanobacterium Anabaena sp ATCC
33047. Biotechnol. Bioeng 2000;67:283-290. [PubMed: 10620258]

Parekh SH, Chaudhuri O, Theriot JA, Fletcher DA. Loading history determines the velocity of actin-
network growth. Nat. Cell Biol 2005;7:1219-1223. [PubMed: 16299496]

Peskin CS, Odell GM, Oster GF. Cellular Motions and Thermal Fluctuations - the Brownian Ratchet.
Biophys. J 1993;65:316-324. [PubMed: 8369439]

Pollard TD, Blanchoin L, Mullins RD. Molecular mechanisms controlling actin filament dynamics
in nonmuscle cells. Annu. Rev. Bioph. Biom 2000;29:545-576.

Prass M, Jacobson K, Mogilner A, Radmacher M. Direct measurement of the lamellipodial protrusive
force in a migrating cell. J. Cell Biol 2006;174:767-772. [PubMed: 16966418]

J Stat Phys. Author manuscript; available in PMC 2010 March 28.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jeon et al.

40.

41.

42.

43.

44,

45.

46.

47.

Page 17

Rubinstein B, Jacobson K, Mogilner A. Multiscale two-dimensional modeling of a motile simple-
shaped cell. Multiscale Model. Sim 2005;3:413-439.

Satyanarayana SVM, Baumgaertner A. Shape and motility of a model cell: A computational study.
J. Chem. Phys 2004;121:4255-4265. [PubMed: 15332973]

Schaus TE, Taylor EW, Borisy GG. Self-organization of actin filament orientation in the dendritic-
nucleation/array-treadmilling model. P. Natl. Acad. Sci. USA 2007;104:7086—-7091.

Stevens MJ. Simple simulations of DNA condensation. Biophys. J 2001;80:130-139. [PubMed:
11159388]

Theriot JA. The polymerization motor. Traffic 2000;1:19-28. [PubMed: 11208055]

Theriot JA, Mitchison TJ, Tilney LG, Portnoy DA. The Rate of Actin-Based Motility of Intracellular
Listeria-Monocytogenes Equals the Rate of Actin Polymerization. Nature 1992;357:257-260.
[PubMed: 1589024]

Zaman MH, Kamm RD, Matsudaira P, Lauffenburger DA. Computational model for cell migration
in three-dimensional matrices. Biophys. J 2005;89:1389-1397. [PubMed: 15908579]

Zamir E, Geiger B. Components of cell-matrix adhesions. J. Cell Sci 2001;114:3577-3579. [PubMed:
11707509]

J Stat Phys. Author manuscript; available in PMC 2010 March 28.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Jeon etal.

Page 18
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(b)

Fig. 1.

(Color online) Snapshots of a virtual lamellipodium on ECM surface. Green particles represent
the virtual lamellipodium, pink ones polymerization sites, and blue ones ECM surface. A virtual
lamellipodium is modeled as a low-aspect-ratio doubly capped cylinder formed by wrapping
a hexagonally packed sheet. F-actin filaments are firmly attached to a lamellipodium surface
where polymerization sites are located, and actin polymerization takes place by connecting a
G-actin particle to a polymerization site and to the first particle of a growing F-actin filament
whose stiffness is given by bond angle potential. The thermal motion and stiff bond angle
potential pushes the lamellipodium wall away from the F-actin filament to accommodate the
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added particles. The conformation of the virtual lamellipodium was relaxed (a) before the
simulation run and (b) during this relaxation it assumed a bell shape.

J Stat Phys. Author manuscript; available in PMC 2010 March 28.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnue\ Joyiny Vd-HIN

Jeon etal.

Fig. 2.

(Color online) Schematic representation of the chain polymerization process: (1) particle
selection and (b) bond connection. The color code is as follows: cell - green; G-actin particles
- gray; F-actin filaments - red; polymerization sites - pink. Used system parameters in this
figure are as follows: angle harmonic constant is kangle = OkgT/rad? (flexible actin filament)
and the number of polymerization sites, Mp = 1.
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Fig. 3.

Mean-square displacement of particles during simulation runs at monomer concentration ¢ =
0.001673, or 0.13 uM. The dashed and solid lines in the plot are the best-fit to the data points
and the analytical solution of Eq. 5 for a single particle, respectively.
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(Color online) Trajectories of the center of mass of the model lamellipodium during simulation
runs for different number of polymerization sites with angle harmonic constant kangle=100
kgT/rad? at G-actin monomer concentration c=48 uM. Filled circles, triangles, squares, reverse
triangles, diamond, and stars correspond to the number of polymerization sites, Mp=3, 9, 15,
21, 27, and 33, respectively. At the beginning of simulations, the model lamellipodium is
located at the origin.
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(Color online) Mean-square displacement of the center of mass of the model lamellipodium
during simulation runs for different number of polymerization sites with angle harmonic
constant kgngle=100 kg T/rad? at G-actin monomer concentration c=48 pM. The solid lines with
slopes 1 and 2 are shown to demonstrate two different asymptotic regimes with diffusive and
ballistic motion, respectively. Notations are the same as in Fig. 4.
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(Color online) Mean speed of the model lamellipodium during simulation runs for different
number of polymerization sites with harmonic angle constant kang|e:100kBT/rad2 at different
G-actin monomer concentration c=24 uM (e), 48 uM (A ), 96 uM (m), and 192 uM (¥).
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Fig. 7.
(Color online) Dependence of polymerization rate on the number of polymerization sites. (a)
net polymerization rate normalized for G-actin concentration, k,, and (b) polymerization rate

constant, kg. Notations are the same as in Fig. 6.
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(Color online) Mean speed of the model lamellipodium during simulation runs for different
angle harmonic constant kangje With the number of polymerization sites (a) Mp=3 and (b)

Mp=21. Notations are the same as in Fig. 6.
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(Color online) Distribution of the model lamellipodium speed at G-actin monomer co
ncentration c=48 uM with angle harmonic constant kang|e:100k|g,T/rad2 at various number of
polymerization sites, Mp. Notations are the same as in Fig. 4.
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Table 1

List of Notations and System Parameters

Meaning

Value

size of G-actin particle, o

simulation time, 15

integration time, 0.002 1 ;

overall simulation time

size of simulation box (x x y x z)

size of a virtual model lamellipodium
size of ECM surface

G-actin monomer concentration, ¢
number of polymerization sites, M,
LJ interaction parameter, g ;

angle harmonic constant, Kagle

0.052 pm
0.01 seconds
0.00002 seconds
200 seconds

3.64 um x 3.60 pm x 2.18 pm

diameter: 2.5 um; height: 0.68 um (5852 particles)
length: 3.64 pm; width: 3.60 pm (5600 monomers)

24, 48, 96, and 192 M
1,3,5,7,9,11, 15, 21, 27, and 33
1.0kgT

0,5, 10, 20, 40, 60, 80, and 100 kg T/rad?
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