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Shape and motility of a model cell: A computational study
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We have investigated the shape, size, and motility of a minimal model of an adherent biological cell
using the Monte Carlo method. The cell is modeled as a two dimensional ring polymer on the square
lattice enclosing continuously polymerizing and depolymerizing actin networks. Our lattice model
is an approximate representation of a real cell at a resolution of one actin molecule, 5 nm. The
polymerization kinetics for the actin network are controlled by appropriate reaction probabilities
which correspond to the correct experimental reaction rates. Using the simulation data we establish
various scaling laws relating the size of the model cell to the concentration of polymerized and
unpolymerized actin molecules and the length of the enclosing membrane. The computed drift
velocities, which characterize the maotility of the cell, exhibit a maximum at a certain fraction of
polymerized actin which agrees with physiological fractions observed in experiments. The
appearance of the maximum is related to the competition between the polymerization-induced
protrusion of the membrane and the concomitant suppression of membrane fluctuatio2804©
American Institute of Physics[DOI: 10.1063/1.1778151

I. INTRODUCTION coated beads, this model has been extended to describe the
growth and branching of actin filaments at the leading edge
The migration of a biological cell plays a prominent role of a preexisting array by using either the dentritic nucleation
in normal physiological processes as well as in pathologyschemé in which the rate of filament nucleation does not
Examples are embryogenesis, wound healing, and metastdepend on the number of existing filaments, or the autocata-
sis. Basic to our understanding of the functional aspects dfftic branching modef;*° in which the filament generation
migration are the physical principles of cell motility and rate explicitly depends on the current filament density. Fur-
chemotaxis. Cell motility and chemotactic migration are re-ther, mathematical modeling of actin dynamics at a molecu-
lated to changes in cell shape which are due to specific realar level as well as at a cell level to understand the protrusion
rangements of the actin cytoskeleton. These rearrangmendsd shape of the leading edge has been achiv@dHow-
often involve a rapid response of actin, which polymerizesever, none of the models proposed so far has considered the
into new filaments in regions of the cell that are specified byeffects of a flexible load like a membrane, and neither has
the activated signaling cascades at the plasma membrane fokken into account the space-time correlation between the
lowing reception of extracellular stimuii:* These signals leading and trailing edges of the cellular membrane modu-
give rise to cell polarity and directional motility, by tightly lated by the continuously remodeling actin network. Re-
regulating protrusion, adhesion, and cell body translocatiomently, first studies in this direction had been under-
processes. In the absence of chemotactic stimuli, cells exaken*~'®Here we continue this line of studies focusing on
hibit persistent random walk. the shape and actin-based motility of a model cell.
Theoretical studies of cell motility began with investiga- In this work we present results of our investigations on
tions on the mechanism responsible for membrane protruthe relation between cytoskeletal actin arrangements and the
sion. The polymerization of actin filament network is centralshapes of a cell. Scaling laws between the area of the cell
to protrusion. The earliest models, trying to explain how theand the amount of polymerized actin network are estab-
polymerization of a rigid polymegactin filament can push a lished. The motility of the cell is characterized by the rela-
load, elaborated the Brownian Rachet mechanism built otion between its drift velocity and the fraction of polymer-
thermodynamic ideas.The first implementation of this ized actin. The results are based on the analysis of Monte
modef considered polymerization of an immobile filament Carlo simulations of a simple model cell. The model and the
near a fluctuating load. The fluctuations of the load provideresults are quantitative in the sense that its input parameters
enough space for monomers to intercalate at the tip of theuch as reaction probabilites and the calculated quantities
growing polymer. As the filament elongates, it preventssuch as drift velocities can be compared to experimental re-
(ratchet$ the backward motion of the load and thus moves itsults.
forward. Modifications of thits7$basic model include the effect
of fluctuating elastic filamentsMore recently, in the context
of movement of microbial pathogehisteria and protein Il. MODEL AND SIMULATION TECHNIQUE

It is not possible presently to model the cell shape and
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Kalpakkam, India. cesses mediated by signaling proteins and valid for all types
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of cells. Therefore we restrict our attention to one of thehas a siz& of about 5 nnx5 nm and is located at any of the
simplest cells, which is the keratocyte residing in the epidervertices of the square lattice enclosed by the membrane. The
mis, the outermost layer of the skin. The keratocyte is inddentification of the lattice constant to the size Gfactin
volved in the formation of tissue and in wound healing, bothfixes our length scaleG-actin molecules diffuse freely from
requiring the cell’s ability to autonomously migrate within one lattice point to another. No excluded volume constraint
the skin tissue. It is in fact one of the fastest moving ¢8lls is imposed among-actin molecules. Excluded volume con-
with a speed of 0.5um/s. The particular choice of keratocyte dition, however, is imposed between membrane Graktin

is based on the fact that the crescentlike shape of the cell iolecules, and hence the membrane is impenetrable for actin
almost constant as it moves and most of the actin network ig1olecules. TheG-actin molecules introduce an additional
stationary relative to substratum, with negligible retrogradecomplication. The Brownian motion of the diffusirtg-actin
flow.2”*® The motility of the keratocyte is assumed to be molecules exerts an internal pressure on the enclosing model
based largely on a continuously remodeling actin networkmembrane, which leads to an expansion of the enclosed area
Futhermore, we neglect in our model the cell body, i.e., thednd a strechting of the membrane. The latter effect, although

nucleus and other organelles. The latter cell type is known a8egligible in real cells, has an influence, however, on the
a cytoplast? shape and motility of our model cell. This is discussed in

detail in Sec. IIC. It should be noted that in real cells, in
contrast to our model cell, the delicate balance between the
internal and the external pressure exterted by the cytoplasm
We consider a cell of a keratocyte type or a cytoplastand the surrounding media, respectively, is maintained and
which adheres to a flat substrate in such a way that almogegulated by a complex signal-mediated network of mem-
the whole cell is spread out. The adhesion is reversible. Ifrane proteins as channels and transporters and dthers.
this case and since we are mainly interested in the projected Filament actin (F-actin) The G-actin molecules can po-
cell shape and the dynamical organization of the cytoskellymerize and form rigid filaments by association at both ends
eton, the cell can approximately be modeled by a flexibleof an existing filament. The actin monomers in the filaments
ring, representing the cell membrane, which encloses a ce@re called=-actin. Excluded volume effect between filaments
tain number of actin molecules. For simplicity and computa-and diffusingG-actin molecule is neglected. Excluded vol-
tional reasons the cell is modeled on a two dimensionatme effect among filaments, however, is included. The fila-
square lattice. The first quantitative input to our model is thements are immobile. This fact takes into account the strong
size of actin monomer given by 5 nm. We fix the lattice adhesion of--actin to the extracellular substrate mediated by
constant of our square lattice to the actin size;5 nm. We & macromolecular complex containing integrin, vinculin, and
use the Monte Carlo method in order to simulate the modePther protein$? which are not included explicitly in the cell
cell. Hence we assume that all partich’eembrane' actin model. The immobilization of-actin filaments represents
molecules can be described by overdamped Langevinthe necessary force in order to have a traction of the cell and
particles?® is necessary to break the symmetry responsible for the con-
Membrane The plasma membrane of a biological cell is Servation of total momentum of the system.
a highly complex two-dimensional surface consisting of a Actin-associated proteing host of actin-associated pro-
lipid bilayer which coexists, among others, with aggregateéeins aid the treadmilling of actin network and membrane
of integral membrane proteins and a peripheral membran@rotrusion. For example, ADF/Cofilin, Profilin, and Thy-
cortex'® Constant remodeling of the cell membrane takedNOSiNep, are involved in sequestration @-actin whereas
place by various mechanisms as there are, e.g., endocyto§igPZ and/or Gelsolin cap the growing filaments. Profilin
and exocytosis. Since the complexity of the cell membran&0und ATP-G-actin enhances the barbefdst growing end
cannot be captured by a single model membrane suitable f&@Ssociation and inhibits the pointéslow growing end as-
simulations, we have to restrict our studies to a minimalisticociation. ADF/Cofilin binding toF-actin accelerates the
modeling approach and approximate therefore the cell menf20inted end depolymerization. CapZ and Gelsolin cap
brane by an elastic two-dimensional ring, similar as in pre_barbed ends _Iead to ffaster growt_h of uncapped barbed ends.
vious successful studi#son the thermodynamic behavior of All these actin associated proteins essentially enhance the

two dimensional vesicles. Specifically, our membrane modefr€admilling by increasing the asymmetry in the critical con-
is represented by a flexible closed ring embedded on thgentration of ATP-G-actin at barbed and pointed ends. Since

square lattice. The ring is non-self-avoiding and should ex2Ur @m is to model the effects of continuously remodeling

hibit the usual random walk conformation where the en-actin network and fluctuating flexible load like membrane on

closed area and the radius of gyratioR scale according to F:ell motility, we do nqt consider the actin as§ociated protei.ns

A~R2~L, whereL is the number of segments of the ring on N OUr mt_)del_. A typical snapshot of the simulated cell is

the square lattice. Conformational changes of the ring ard€Picted in Fig. 1.

achieved by Monte Carlo methods, where randomly chosen - ,

pairs of two successive segments of the chain perform a kinﬁ‘ Probabilities and reaction rates

jump to one of the neighboring sites. The trial move is re-  The Monte Carlo simulation of cell motility involves the

jected if the attempted site is occupied by an actin moleculeimplementation of Brownian motion of the membrane and
Globular actin (G-actin) The model membrane encloses G-actin monomers together with the polymerization and de-

a fixed numbemN of actin molecules. Each actin molecule polymerization reactions of actin filaments. Having fixed the

A. The geometry and length scales of membrane
and actin models
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340 T T | Nucleation There are two types of nucleation for
O G-actin F-actin. The spontaneous nucleation by forming a binary
A F_actin complex of twoG-actin molecules with probabilityV,,, and

320~ i the “branching” nucleation by forming a new filament as a

branch from the side of an existing filament. The branching
nucleation is modeled following the “dendritic nucleation”
7 model?®*28 1t is known that the activated protein complex
Arp2/3(i.e., actin related proteins 2 an@l@n associate with
an existing filament and can nucleate there a new filament as
a branch from the mother filament at an angle of about 70°.
This leads to the formation of a branched network. In our
| [ I | model on the square lattice, the branching process is imple-
240 260 280 300 mented as follows. If &-actin is found to be on the adjacent
ot of the model cell. The anen circles renrdSeiin. the row to an .exigting filament, a new daughter filament is cre-
Elll(eac-i %r.iasnrg])?é)ss r:pr.;serﬁ—actin molécules. 'FI)'he length ofehe memt;rane is gted at t_hIS site with prObablhthr' I.f there is al.read.y a
L =300, the total number of actin moleculesNs=500. The length scale is filament in that row, then the nucleation attempt is rejected.
in units of the lattice constant. The Arp2/3 molecule is not explicitly taken into account in
our model because of its large physiological concentration,
in particular near the cell membrane where it becomes acti-
. . . . vated. Therefore it can be assumed that activated Arp2/3 is
lattice spacing to be the size of o&actin monomer, we ; . o o
present at very high concentration within a certain distance

have then to reconcile the time scale in our simulation withr from the cell membrane. However. it can be shown b
the experimental time scale which can be related to experi-ARP "~ ' ’ ) by
mulations that the results, as presented in the following

mental reaction rates. The reaction rate constants in ouf iion. d ¢ sianificantly d d th |
model simulations, however, cannot be used directly, bu?ecgn, o no |S|gr_1|!r:can y depen dog.ﬁ €va u_er,g{p. |
have to be implemented in terms of the corresponding reac- eaction rules The reaction and diffusion time scales

tion probabilities. Therefore, in this subsection, we describé'® different in the present problem and hence aftédonte
relevant polymerization reactions, the corresponding algoSarlo cycles, wheres-actin molecules and the membrane

rithms, and procedures in order to fix the Monte Carlo timeP€rform random displacements, a reaction cycle starts. One
scale and the reaction probabilities. of the actin molecules is randomly selected. Then for either
Polymerization and depolymerizatioBuring the poly- G- or F-type molecule, a random choice with equal probabil-
merization step the association ofGaactin molecule to an ity is made between an association or dissociation process.
existing F-actin filament occurs at certain rates at both endsThe resulting four possible choices lead to the following re-
Since the association of ATP bour@tactin can be distin- actions:
guished between “barbed” and “pointed” ends, the rate con- (1) If a dissociation process @-type molecule is cho-
stantskg and kg, respectively, differ accordingfy!®2324  sen, this step is stopped.

300

280

260

The same holds for the depolymerization rakgsandkp , (2) If an association process for @-type molecule is
albeit their difference is smaller. The concentrati@h chosen, then a successful event may happen, provided one of
changes according to the rate equation, the ramdomly selected nearest neighbor sites is occupied by
either aG- or F-actin. TheG-G nucleation step takes place
d_C:_k+ C+Ko o (2.1 with probability W,,. The Arp2/3-mediated branching step,
dt B(P) B(P) G-F, takes place with probability,,, provided the selected

Under equilibrium conditionsdC/dt=0, and the critical F-actin is located near the membrane within the distance of

concentrations for barbed and pointed ends are equal, i.d.are- If the selected=-actin molecule is one of the ends of a
C* —kg/ki; =kp/ki . However, cells under physiological _fliame+nt, theJrJ end polymerization takes place with probabil-
conditions exhibit ATP hydrolysis of Mg-ATRG-actin sub- 1Y Wg OrWp. ,
sequent to its binding to the barbed end, which leads to an (3) If an association process for dftype molecule is
asymmetry in the critical concentrations at the two endschosen, then a successful event may happen, provided one of
kg/kg <kp/kg . The critical concentrations of ATR-actin the ramdomly selected nearest neighbor sites is occupied by
are known from experiments and are approximatelygM @ G-actin molecule. Analogous to cag@), the Arp2/3-

at the barbed end and QuM at the pointed end This asym- ~ mediated branching stefs-F, takes place with probability
metry between the critical concentrations at both ends leadé/wr, Or in case of one of the ends of the filaments, @

to an augmented association Gfactin at the barbed end, end polymerization takes place withlg or Wy .

and an augmented dissociation at the pointed end. This effect (4) If a dissociation process for af-type molecule is

is well known and termed “treadmilling?®? Indeed, the chosen, then this process takes place with probabiltigs
related gradients of concentration Gfactin and their con- or Wy , if the selectedr-actin molecule is one of the ends of
comitant flow from the reaftrailing edgeé to the front(lead-  the filaments. Dissociation of a branching point is neglected
ing edge of the cell is observed in experimefitsand in  except for the case where the branching point is the pointed
computer simulation&* end of a filament.
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TABLE |. Experimental values of various parameters used and compared in 0.008 T T
the present study. The values ki are taken from Ref. 29.
O Barbed end association

Quantity Value 0.006 = & Ppointed end association
Typical cell size 15&75%10 um
Lamellipodia size 1685X0.2 um kON 0.004
Actin size 5nm
Concentration of ATP 20@M
Concentration of ADP 2M 0.002
Lamellipod actin concentration 250M 1
Diffusion coefficient ofG-actin (Ref. 295 30 um?/s |
ke 11.6 M st 0 400 600 800 1000
kg 14s
ks 13uM 15! C (uM)
kp 08st

FIG. 2. Number of polymerization events per Monte Carlo st@’@‘m, at
barbed and pointed ends of a single filament as a function of actin concen-
tration C.

Reaction probabilitiesSince the experimental reaction
rateskgjp cannot be used directly in simulations, but instead
reaction probabilitiedVg , one has to establish a relation N .
between them. In order to calculate these probabilities, w&Vents per Monte Carlo Stdqg(P)' which are related to each

; : ON _ /p+
defineW;, =1 for barbed end polymerization and calculate °ther by the concen;;gﬂoﬁ according tokgp)=(Kg(p)) C-
W;, for the pointed end using the relation The linear increase dfgp) with concentration is verified by

simulation and shown in Fig. 2. Since the experimental val-
ues kg(P) are given in units ofuM, one has to establish a
correspondence between the actin concentra@oim uM
and the number of actin molecules on the square lattice
where the rate constants are the experimental values as list@ghich is calculated as follows. Since 1 mol contains 6.023
in Table I. The same can be done for the depolymerizatiork 1023m0|ecu|e& 1uM Correspondjé to a concentration of
ratesWg p, which we chooseWg =0.0003 and calculate 600 molecules perm®. Since in our model one lattice site
Wp by using the corresponding relation to E@.2. The  has a volume of 125 nin1 uM corresponds to 0.75 mol-
value of Wy has been choosen in order to ensure that th@cules per 108100 lattice sites. A typical lamellipod actin
filaments are much shorter than the cell size during the simuconcentration in a keratocyte is of the order of 2&M,
lations. which corresponds to 187 molecules per %A00 lattice
Monte Carlo step and time scalé basic question dur-  gjtes. we have estimatdétg ) from the slopes of the lines
ing a simulation combining the Brownian motion of particles ghown in Fig. 2 and have obtained reaction times for poly-
a}nd chemical reactions among the particles is their relative,qrization at barbed and pointed ends from E43) using
time scales. In other words, how many Monte Carlo steps fofhe physiological concentrations and the reaction rates of po-

Brownian motion have to be performed during two SUCeSSIVeymerization at barbed and pointed ends, which are given in
chemical reaction attempts. We have solved that problem by ;1 | |n principle,ts should be equal top. In our simu-

identifying the average reaction time as our basic time lation, however, we estimateds=0.658us and tp
scale which is then used to estimate the corresponding num: 1 695 ,,s This discrepancy is due to a large statistical er-
ber of Monte Carlo steps, from the Brownian motion of ., ¢ the small valuek®N<0.008. Therefore we fix our
the particles. The procedure of calculatimgs explained in simulation time scale as the averagetgfandtp, r=0.875

the foIIov_vmg subsection. . ) us. The depolymerization events per Monte Carlo step are
In .pr|n0|ple, the reactlon times can _be calculated fromalso measured. Since depolymerization events are concentra-

the ratio of+the exp'erlmental polymerl'zatlon'raté’(P), and tion independent, we obserké’(FpF)/WB_(P)=0.95t0.03, very

the rate(kgp)) estimated from the simulation of a single ¢j,qe 16 the expected value 1. It should be noted that if one

W5 kg

=r 2.2
Wz kg @2

filament, converts the depolymerization events per Monte Carlo step
(Kapy) to events per second using the simulation time sealie
tgp)= T (2.3 values(kgp)) are two orders of magnitude more than the
B(P) experimental numbers listed in Table I. This is due to the

Where<k§(p)> is in units of the number of events per Monte large depolymerization probabilityvg =0.0003, which we
Carlo step and pexM. Therefore we have simulated a single have assumed in order to ensure that the lengths of the fila-
(de)polymerizing filament in a box with periodic boundary ments do not exceed the size of the simulated model cells.
conditions containindN actin molecules. Just in analogy to For computational reasons we cannot simulate model cells of
in vitro experiments, we have performed Monte Carlo simu-many um diameter comparable to real cells, but rather cells
lations of this system with the aim to measure the averagef the order of 1um corresponding th <400. The values of
rates(kg(P)> of polymerization. However(kg(PQ cannot be reaction probabilities and the time scale, as used in the
measured directly, but rather the number of polymerizatiorMonte Carlo simulations, are summarized in Table II.
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TABLE II. Model parameters and reaction probabilities. — T T T T T T T T
Quantity Value 01k _
Lattice constang 5 nm E &
Typical cell size 106100 lattice A I W
Monte Carlo stepr 0.875us — T 7
W, 0.01 12 r 1
W, 0.1 i 6 N
Wy 1 bi=%
Wg 0.0003 N
W, 0.11 0.01F ;
Wp 0.005 r ]
1 1 1 Il | - i 1 1 1 1 1 i 11
0.1 N 1
?q
L
C. Brownian motion FIG. 3. Scaling of cell area as a function of numbeiG#ctins,N, where

the symbols correspond to SIN<500 in steps of 50, and contour length of
Since the polymerization reactions and the Brownianmembranel =100, 200, 300, 400, for the case of nonpolymerizing actin.
motion of G-actins and membrane occur on different time
scales, one has to relate the reaction time se&bethe num-
ber of Monte Carlo stepsn, between two successive reac- |||. CONEFORMATIONS OF A MOTILE CELL
tion attempts. One Monte Carlo step is defined, as usual,
one attempted move of all Brownian particles, i®-actins
and membrane beads. In the following paragraph we present the scaling analy-
The diffusion coefficient of &G-actin molecule isDg ~ Sis of the cell's area for the case wheBeactin molecules
=30um?/s, which is known from experimentsIn order to remain unpolymerized. This is the reference system for the
reconcile this value with the value obtained by Monte CarloSUbseqguent case of polymerizing actin molecules. The size of
simulations of freely diffusings-actins, one has to adjust the the cell depend; on the membrane contour 'e"lg‘*“d the
number of Monte Carlo stepsn, per time unitr to their number ofG-actin monomersN. The area occupied by the

time-dependent mean square displacemert®?(7)) cell exhibits the scaling relation

=4Dg7. Since after a timer=0.875us aG-actin has per- A~L2f(N/L%2). 3.0
formed a random walk ofn steps on the lattice with lattice )
constanta=5 nm, its average mean square displacement iEigure 3 shows the collapse of the data corresponding to the

(R¥(7))=a2m, which leads tan=4Dg7/a?, and hencen scaling b'eh.a.vior presgnted in E8.1). The scaling function
~5. has the limiting behaviors

aﬁ?. Cell containing unpolymerized  G-actin

It should be noted that the present types of reaction- const for x>1
diffusion processes are uncoupled in the sense that a possible f(x)~ Wb for x<l (3.2
diffusion step is performed independent of the following re- '
action steps. A model of coupled reaction-diffusion processewhich leads to the asymtotic behaviors for the area of the cell
would require considerations of dependencies of a possible N
diffusion step on the total local reaction possibilities. The L2 for —>1
latter model is not considered in the present work. Similarly A~ L 3.3
as in the case oB-actin, the number of Monte Carlo steps
for the Brownian motion of the membrane beads has to be

defined with respect to the time scaleOne natural choice is . , ) o
Using a systematic numerical procedure we have optimized

the relaxation timeT o, Of the membrane measured in units h ¥ f the dat h in Fia. 3. and found th
of Monte Carlo steps. Simulations of a cell containing unpo- € coflapse of the data, as Shown In Hg. 3, and found the
. . . : . crossover exponent; =1.2+0.1. It is suggestive to assume
lymerizedG-actins provide data for the correlation function =, ~~ : . . .
. . ¢1=06/5. The asymptotic behavior of scaling function shows
of the radius of gyration of the cell membrane,

. . . that the area is proportional 1o? in the high-density limit
2 2
(RY(R(0)), which decays exponentially according fo corresponding to an inflated cell, andltan the low density

~eXp(—UTen). It turned out that the relaxation time is of jinit corresponding to random walk ring behavior. In the
the same order of magnitude as defined for@actins, €.9.,  pigh-density limit, the monomers diffusing inside exert an
m~5 Monte Carlo steps. Therefore, for the sake of simplic-internal pressure on the membrane and keep the cell inflated.
ity, we also defined for the cell membrame=5 Monte In order to compare this result with previous simulations
Carlo steps as one unit time step of of self-avoiding rings(without internal particles under a

In all the following equations and figures, tirhés mea-  pressure increment between the interior and the ext&rior,
sured in units ofr=0.875us and all lengths in units of the we performed a similar simulation by applying an internal
lattice constana=5 nm. positive pressure on the membrane. The area of the cell

N
LNY41  for E<1,
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TT1T Il T T LI II T T T T TTFET | N Io IC 0.08 1 I | |
L p M& o2 A
+ 0.006 &o © 5
1 * 0.008
10 x 001 o = 006l x X4 -
- O 0.02 -
A - 0004 pg O . R
_2 r A 0.05 < N A o> \7/S LU IR
v b v 007 v 1 — & o1k .
= > Q.1 N 4 L 0.04 — F 3
© 0.2 o u ]
L v N C ]
Yol Ag 0.01 :—Jf —
o+ X + 0O w0 0 0 = 2 |
10°E 0.02 £ 3
Ll I| 1 1 11 1193 l' 1 1 4 411t IJ 1 1 0001 —ll(lllll | '”““| L
102 103 v 104 | | ’ | 0.001 0|.01 0.1
pL 0.02 0.04 N 0.06 0.08 0.10
FIG. 4. Scaling of cell area as a function of positive internal pressure. )

L

. . . FIG. 5. Scaling of cell area as a function of the number of total actin
obeys the same scaling behavior as observed preV|61U3|yymonomersN, where the symbols correspond toSR<500 in steps of 50,

but with the ideal chain exponemt=1/2. The scaling behav- and contour length of membrane=100, 120, 140, 160, 200, 240, 300,

ior 340, 400, for the polymerization case. The inset shéws N for small
N/L.
A~L2"f(pL"?) (3.4)
is shown in Fig. 4. The asymptotic behavior of the scaling
function is consistent with a Pincus-like argunféri? The area of the cell exhibits a discontinuous transition at the
(U1 critical concentrationc* = (N/L?)* ~0.020+0.003 from a
x?Ph=1" for x>1 “motile” i i i
F(x)~ 3.5 motile” phase (Fig. 6), corresponding to a locomoting cell
xYev=2) " for x<1. ' with low G-actin concentration, to a “static” phag€ig. 7),

where longF-actin filaments are absent and the cell is prac-
tically immobile (see also Sec. IV on cell dynamjcsThe
cell assumes an ellipsoidal shape in the motile phase, which
pL? for pL>1 compares well with the shapes of keratocytes and
L for pL<1. (3.6 cytoplastst® The inflated shape .in the sta'lt.ic phase is not ob-
) S served under regular physiological conditions, but we specu-
Comparing the results presented in Figs. 3 and 4, we COMate that it may be related to abnormal cell behavior as in
clude that the statistical ensemble corresponding to a ceflancer where accurate and regulated actin polymerization is
with internal Brownian particles is different and more rich asgpsent. The behavioA~L N at low concentrationgEq.
compared to a cell with an applied positive pressure. How<3_9)] can be understood as follows. At fixéd the width of
ever, the asymptotic behaviors of both the scaling functionghe model cell is proportional tb. Since the cell is filled
coincide with respect to their dependence on the lebgdh \yith Jinear filaments, the length of the cell must be propor-

The crossover exponent is fitted ¢e=2. This corresponds to
the asymptotic behavior of the area

the ring. tional to N which leads to Eq(3.9).
The discontinuous transition from the motile to the static
B. Cell containing polymerizing  F-actin phase can also be characterized in terms of the fraction of

We consider in this subsection the case where polymer-
ization and depolymerization are included. In order to exam-

ine the shape of a cell, the effect of tReactin filaments is of 460 r
interest. The result is summarized in Fig. 5 which shows the L=160 o G-actin
scaling behavior of the area of a cell containi@ectin and N =500 A F-actin
polymerizedF-actin molecules, a40 - B
A~L?f(N/L?) (3.7
with the asymptotic bahaviors
. const for x>1 420 — .
X) ~ 3.8
(X) x¥2 for x<1 38
and hence
400
) N 220 240 260 280
L= for —>1
L FIG. 6. Snapshot of the model cell at low concentratiorGedictin in the
A~ N 3.9 presence of polymerization processes. Open circles déhaigtin, full tri-
NY2L  for —<1. angles represerft-actin molecules. The length scale is given in units of the

lattice constant.
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280 T depolymerizingF-actin filaments and the enclosing mem-
brane dominates. Their corresponding concentratibiR?
andL/R?, respectively, and the radius of gyration of the cell

B | membraneR?~ A, lead to an approximate free energy con-

260 tribution of repulsion of the order of

F N L R4 (3.10
rep “d od ! :

240 |- . RTR

X . S ) where the space dimensichhas been introduced, as usual,
L =140 i?'a‘:t_m for the sake of generality. The entropic contribution to the
220 N = 500 | | -actin free energy is attributed to the elastic free energy of the
220 240 260 280 polymer ring by
FIG. 7. Snapshot of the model cell at high concentratioiedctin in the R?
presence of polymerization processes. Open circles déhaigtin, full tri- Fe~—. (3.11

L

angles represerfit-actin molecules. The length scale is given in units of the

lattice constant. Minimizing the total free energf =F o+ F¢ with respect

to R, one obtains

F-actin,Ng /N, as shown in Fig. 8. Consider the case where ~ R%Z~ A~ N2(d+2) 4(d+2) (3.12

the Ieng_thl_. of the. membra!’le Is fixed and the concentrauonwhich is ind=2 identical to Eq.(3.9). It should be noted
of G-actin is continuously increased. For smill the frac-

tion N /N is large, giving rise to movements of the cell. At that in the case of a Se'g;g‘i%')d.'”g polymer rirg=N, the_
. . Nk x . standard Flory resuR~L is recovered. These studies
the critical concentration, N/L°)* =c*, the fraction of

S . : show that with respect to the simulations of the cell for mo-
F-actin discontinuously drops to a low value, which corre-. .
. ) T : tility, the parameters such as membrane contour lebgthd
sponds to the static phase. The fractioredictin in a motile . .
. ) number of G-actin N have to be chosen corresponding to
phase is constany /N~0.895+0.006, and independent of low-density motile phase
L andN. This fraction is in agreement with the experimen- y P '
tally measured fractiof?
The transition between the motile and the static phases
can be understood as follows. Since the fractiyV/N re-  C. Cell with external particles
. ey 2
mains constant at densitiégL“<c”, the actual amount of In real cells a delicate control of the pressure increment

. . . . . - 2
F-actin must continuously increase with increasiNgL”.  pepyeen the interior and exterior, i.e., between the cytoplasm

This leads to a continuous expansion of cell with a concomiy g the surrounding media, exists and is maintained and

tant stretching of the cell membrane. Consequently, the ﬂucr'egulated by a complex signal-mediated network of mem-
tuations of the cell membrane become depressed which preg;.- o proteins as channels and transporters and dfrexs.
hibit further polymerization processes near the Ieadingperimentally, the pressure incremeAR=p;— Pey, Can be

membrane edge. This allows the depolymerization processes;sily controled by, e.g., variation of the osmotic strength of
at the rear of the cell to dominate and to shrink the filament,o solvent. In the present model cell, however, we have

network. The cell becomes essentially filled up w@kactin - qnsjdered so fafSecs. 11l A and 11l B the special situation
only (Fig. 7). The scaling behavior of E¢3.9) for low con-  \yhere the external pressurefis,=0 and the efflux of par-
centrations can also be understood by a simple Flory-typgcies is strictly prohibited. In principle, the osmotic effect
argument. At low concentrations,<c*, the repulsion be- |4 pe taken into account in simulations studies by a
tween the fluctuating body of continuously polymerizing- chemical potential controling the exchange of molecules be-

tween the interior and exterior. This, however, is out of the
scope of the present work. But we will consider in the fol-

1.0@ O(ql& ! L ' lowing a special case in order to get a first idea of how the

0.8 +100 — results, as obtained in Secs. IllA and IlI B, do change by

Ne ;ﬁg considering the effects of external particles on the cell mem-
‘N 06 0160 - brane.

X E‘zgg We consider the case where the external particle density

0.4 * v ggg 7 is the same as that of internal particles. The external particles

X 340 are also non-self-avoiding and interact with the membrane

027 v g * B x A : 403 . N by excluded volume interaction. We used periodic boundary

! | | | T conditions for the external particles. A typical snapshot of the

0 0.01 0.02 5y 003 0.04 0.05 cell in the environment of external particles and the periodic

") box is shown in Fig. 9. We simulated both the cases corre-

L sponding to a cell without polymerizatidfig. 10 and with

FIG. 8. Scaling of the fraction df-actin,Ng /N, as a function of the actin ponm_erization(Fig. 1:DThe sc_aling corresponding to the
densityN/L?2, 50<N<500 in steps of 50. cell with no polymerization is given by
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FIG. 9. Snapshot of the cell with particles inside and outside with polymer-FIG, 11. Scaling of cell area as a function of numbefGséctins,N, where
ization. the symbols correspond to SIN<500 in steps of 50, and contour length of
membranel, for the polymerization case and in the presence of external
particles.
A~L2f(N/L%). (3.13
The scaling function has the limiting behaviors The crossover exponent is fitted t@z=5/2 and the

const for x>1 asymptotic behavior is given by

f(X)~1{ 4 (3.19
xY2  for x<1, L2 for g>1
which leads to the asymtotic behavior A~ N (3.17
U S
L2 for g>l LNY?3s  for L<1'
A~ N (3.19  Analogous to the no-polymerization case, we observe a
LNY$2  for —<1, slower growth of area with increasing in the presence of
L external particles. As can be seen from Fig. 11, the discon-
The crossover exponent is fitted ,=3/2. In the low- tinuous transition observed in Fig. 5 is absent and the area
density limit, the area scales hsis in the case of no external shows a smooth transition towards the inflated limit.
particles. However, the area grows M%° in the case of no
external particles, whereas it grows B with external  IV. CELL DYNAMICS
particles. The presence of external particles compensates the
pressure exerted by the internal particles and therefore Ieac?gct

t_o a slower growth of area W'th _|ncr§a3|mg The simula- cally characterized by the formation of leading and trailing
tions of th_e cell with polymerlzgtlon m_the presence of X membrane edges which is a consequence of the asymmetric
te”.‘a' particles also show a similar scalmg bghaylor, but Wlthdistributions of the growing and shrinking ends of the actin
a different crossover exponent. The scaling is given by cytoskeleton. This spontaneous internal polarity determines

A~L2f(N/L%3). (3.16 the direction of cell motion and is maintained without exter-
nal signals(e.g., chemotaxjsfor a certain time(persistent
random wallk. The complex signal transduction pathways
with positive and negative feedback loops regulate the for-
mation of cell polarity, but we do not discuss the details
which are beyond the scope of this paper. We note that dif-
ferent signals converge on the activation of an Arp2/3 protein
complex, which leads to branching and autocatalytic poly-
merization.

The polarization of the cell is fundamental to the di-
ed migration of the cell. The cell polarity is macroscopi-

Illll T T T T T 17T T T T

0.1

T

A. Persistent random walk

0.01
It was shown theoretically and by simulatidhghat the

Lol Lol L Arp2/3-induced branching process corresponds to an auto-
0.01 N O catalytic polymerizatioft which gives rise to a persistent
0, random walk of the cell as observed in experiméritd?
L During this type of motion the cell moves with almost con-

) ) ) stant velocity in one direction for a certain time until it spon-
B et Ty SCotelnel et taneously changes i direction of moton. The wajectry of
membrane . = 100,120,...,400, for the nonpolymerization case and in theth® center of our model cell is shown in Fig. 12 as a typical
presence of external particles. example from our simulations. Persistent random walk can
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FIG. 12. The trajectory of a cell exhibiting persistent random walk- g5 14, Typical mean square displacement of the center of a cell exhibiting
directed motility, N=200, L=200.

be obtained by using the present model, where the simula- _
tions are carried out with small monomer concentration, higtB. Drift velocity
treadmilling rate, and Arp2/3-induced branching near the cell e motility of a cell can be characterized by its drift

membrane at both sides of the cell with respect to Yhe ¢|ocity. As discussed above, the cell persists to move in one
direction. During a nucleation process, where tBeactingirection before it changes its direction. In prinicple, the drift
monomers form & -actin filament, the subsequent growth ye|oity can be estimated from the persistent random walk.
direction of the linear filament is chosen at random. Since ifyowever. for the sake of convenience and clarity in comput-
is experimentally known that Arp2/3 is activated close to thejhg the drift velocity we consider here the case of a unidi-
membrane, we perfom branching from an existing filamentectional motility only. This can be achieved by confining the
only if the filament extends to a certain neighborhood of theArpZ/B-induced branching to only one direction. We study
membrane. In our simulations we choose the width of thisne grift velocity as a function of the fraction d-actin
range to be 0.2 times the size of the cell. As expected, thg_/N . since the fraction of-actin is controled by the re-
cell exhibits a persistent random walk which can also beycion probabilitieaVs,», we choose to vary the pointed end
decuced from the time-dependent mean square displacemeqi oy merization probabilityWp . The variation ofWs is
(Fig. 13. The dynamics at short and long times are govemedyiractiy related to the tuning of the treadmiling process,
by diffusion, whereas for intermediate times, the cell motion hich in turn is related to the average filament length and to
exhibits a drift. The spontaneous change of the direction ofe network remodeling time. Increasii¢, results in short-
motlon. can .b_e quqlltatlvely_ understood as follows. If theening the filament length and in a faster remodeling of the
branching initiates in one direction, there will be an explo-onvork Furthers also controls the monomer pool, which
sive growth of filaments in that direction due to the autocatas;g important for baFr)bed end polymerization. '

lytic nature of polymerization kinetics and hence the cell 5 typical example of the time-dependent mean square
moves in that direction. When the filament network is SUfﬁ'dispIacement per time(R(t))/t, of the center of the cell
cientl_y dense, then it SUppresses the _membrane fluctuationg,s s time is shown in Fig. 14. At short times the cell ex-
allowing the depolymerization to dominate and free up ey giffusion and at long times a unidirectional drift. The
monomers. This facilitates the filaments in the opposite sudgmft velocity is estimated by fitting the data in the drift re-
to grow and change the direction of the cell. gime to a straight line with a unit slope.
Figure 15 shows the drift velocity as a function\af .
It is observed that the drift velocity exhibits a maximum at
Wy =W*~0.013 which is independent &f. Moreover, the
drift velocity is independent oN for the whole rangeV,
<W* and follows approximately a power law
~(W,)090% For Wy >W*, the drift velocity falls off
exponentially and more rapidly for largd. This can be
qualitatively understood as follows. The locomotion of the
cell is governed by the treadmilling of the actin network.
Arp2/3 induced branching creates more barbed ends than
pointed ends and enhances the polymerization at the leading
P edge. This, in turn, requires an adequate monomer reservoir
0001 il el il in order to maintain the steady state treadmilling process. At
102 10° 104 10° Wy <W*, due to branching and autocatalytic polymeriza-
t tion, a filament network is formed with a high fraction of

FIG. 13. Typical mean square displacement of a cell exhibiting a persistenF'aCtin and a _Sma” frac_tion_ oG-actin. If _W; becomes_
random walk. larger, theG-actin population increases. This leads to an in-
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FIG. 17. Drift velocity as a function of the fraction &f-actin N /N for
variousN, L=200. The vertical line corresponds to the optimal fraction that
maximizes the velocity.

FIG. 15. Log-log plot of scaled drift velocity as a function of pointed-end
depolymerization probablityv, for variousN, L=200. The broken line is
a fit indicating a power law- (W, )% for small W, .

creased number of polymerization events at the barbed ends, The dependency of the drift velocity on the amount of
and consequently the velocity becomes larger. In the range df-actin is shown in Fig. 17. The velocity exhibits a maxi-
W, <W* the treadmilling of an actin network occurs almost mum for an optimal value of the fraction of-actin,
in the form of a single cluster. With increasivg, the av-  (Ng/N)*~0.877+0.002, which is in agreement with physi-
erage filament length decreases and the velocity reaches atpgical fractions known from experimerttSpther theoreti-
optimum value atW*. For Wy >W*, the network breaks cal estimates! and our own estimate in the preceding sec-
into smaller clusters, which are short living and inefficient intion for a motile phaseFig. 8). It is observed that for
pushing the membrane and hence the velocity decreases rdg: /N> (Ng/N)* the velocity decreases rapidly and almost
idly. Thus, the regiotW, <W* is characterized by the pres- independent oN, whereas foNg /N<(Ng/N)* the velocity
ence of large long living treadmilling actin networks, while decreases more gradually and depends strongly on the con-
at Wy >W* short living small clusters of actin filament net- centration of actinN/L?, at fixed L =200.
works exist. Below the thresholdN/N)*, the dependency af on
The existence of large actin networks and their decomn, i.e., the rapid decrease of the velocity with increasihat
position into smaller cluster can be deduced from the fractiora given value ofN:/N, can be understood based on two
of F-actin,Ng /N, which is shown in Fig. 16 for one cell size competing mechanisms. IncreasiNgat fixed Nz /N means
L. At Wy <W* the fraction is close to its saturation. With that the number of membrane pushing barbed ends per mem-
increasingW, the fractionNg/N decreases slowly, almost brane length increases which would lead to an increase of the
independent of the total number of acthh and approxi- velocity. This promoting effect, however, is diminished by
mately according to a power laNg /N~ (Wp) 00440003 tha concomitant increase of suppression of the membrane
In the rangeW, >W*, the fraction ofF-actin decreases rap- fluctuations which reduces the cell’s velocity. The appear-
idly depending strongly o, which indicates the decompo- ance of the maximum aof as a function oNg/N at fixedN
sition of large networks into smaller clusters. is based on the same competitive effect: an increasing
amount of barbed ends enhances the events of polymeriza-
tion, but suppresses at the same time the frequency of mem-

10, 5 I ' l brane fluctuations. The first effect dominates Mg/N
B 5 <(Ng/N)*, whereas the second effect prevails above the
0.8~ n threshold.
N N g Our data seem to indicate that the maximal velocity at
_Fos- | 100 2 = the threshold is independent &f and of the order ofv
N * 150 8 a ~18um/s. This value, however, is one order of magnitude
04 % ggg + X & .- higher as compared to experimentally measured keratocyte
A 300 + X o0 speeds. An explanation for this discrepancy can be attributed
02k AT to the approximate and minimal representation of our model
| | | ‘]” cell as compared to real keratocytes. The model is two di-
0.01 0.02 0.03 0.04 mensional, and the nucleus and a host of cytoplasmic con-
W stituents, responsible for possible retarding effects, are not
P included.

FIG. 16. Fraction ofF-actin, N /N, as a function of pointed-end depoly- Itis interesting to note tha_t the Slm.ljlatlon results of Flg'
merization probablity,, for variousN, L=200. The dotted line indicates 17 can be compared to analytical considerations by Mogilner
the maximum of the velocity at, =W*. and Edelstein-Keshét. Their data, as depicted in Fig. 6 of
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