




FAs in the corners of the square and triangular cells that were
oriented in parallel with their attached myofibrils (Fig. 3D, I).
Numerical results revealed the same accumulation pattern of FAs,
as indicated by the density of bound integrin located in the corners
(Fig. 3E, J). The dynamics of the simulation results are depicted in
Fig. 3C, E, H, and J and Video S1, S2, S3, and S4. As previously
observed in the simulation shown in Fig. 2, the predominant
orientation of the premyofibrils occurs quickly and the parallel
bundling increased with time to further stabilize the myofibrillar
architecture with respect to the geometric cues in the ECM. These
data suggest that FAs localize and mature at the corners because
the premyofibrils that align along the longest axes of the cell are
the strongest by virtue of their greater propensity for parallel
bundling and binding myosin motors [24,25].

In contrast, myocytes cultured on circular ECM islands (Fig. 3K)
for the same period of time have random myofibrillar architectures
(Fig. 3L) [26], which is recapitulated in the model (Fig. 3M).
Without an external cue to break the geometric symmetry,
computer simulations suggest that myofibrillar polarity will emerge
after a longer period of time, (almost five times as long as other
shapes). Transient multi-pole patterns develop within cellular
microcompartments (Video S5) and at equilibrium there is local
bundling and nascent myofibril formation, but no overall cell
organization (Fig. 3M, Video S5).In vitro, vinculin stains irregularly
around the myocyte perimeter (Fig. 3N).In silico, after a similarly
prolonged simulation, FAs appear as opposing bands along the cell
periphery (Fig. 3O, Video S6). It is important to note that this
patterning is due to a random, intercellular, symmetry-breaking
event and that while the model will always converge, circular cells
both in silicoand in vitro, after 2–3 days in culture, often display
irrepeatable cytoskeletal structures. Together, the simulation and
experimental results summarized in Fig. 3 suggest that the
orientation of the premyofibrillar network is regulated by ECM
cues. These cues promote stabilization of the network and FAs,

facilitating parallel bundling of the nascent myofibrils. Further-
more, our model predicted that the polarized myofibrillar network
has a preference to align along the longest axis of cells.

Model versus Experiment: Contractility
Proper functioning of myocytes requires the correct myofibrillar

configuration for coordinated contraction [5]. To correlate
myofibrillar structure with contractile function, we investigated
the spatial patterning of sarcomeric proteins and conducted
traction force microscopy on the cultured myocytes. Fluorescent
micrographs of myocytes immunostained against sarcomerica-
actinin revealed distinct myofibrillar patterning on ECM islands of
heterogeneous boundary curvature (Fig. 4A, F). The sarcomeric Z-
lines register in the internal angles of the corners of both the
square and triangle and are perpendicular to the orientation of the
actin fibers. To measure myocyte contractile stresses, we
engineered ECM islands on soft substrates. When freshly
harvested myocytes are cultured on these substrates, they remodel
to assume the shape of the island in the same manner as they do
on rigid substrates (Fig. 4B, G). Unlike myocytes cultured on the
rigid substrates, myocytes on soft substrates do not contract
isometrically and can be observed to shorten as in traditional
assays of single myocyte contractility (Fig. 4C, H, Video S7 and
S8). To visualize substrate deformation due to myocyte contrac-
tion, fluorescent beads were embedded in the substrate and bead
movement was detected using high speed fluorescence microscopy.
The nominal stress field exerted on the substrate due to systolic
contraction, with the resting myocyte position defined as the
reference state, was calculated from substrate deformation with the
known substrate mechanical properties and assuming that the
substrate is linearly elastic. In the videos (Videos S9 and S10), the
substrate displacement vectors, as depicted by the white arrows,
are directed inward during systole, indicating that the substrate is
pulled towards the center of the myocyte by the shortening FA-

Figure 2. Simulated dynamics of myofibril organization and immunostaining of actin alignment. (A) Simulated results for the dynamic
profile of myofibril organization in a stair-step-shaped myocyte. Red lines represent the myofibrils, with thicker lines representing regions of denser
myofibrils. The grey color scale represents the amount of local parallel coupling of the nascent myofibrils; color values are in arbitrary units
normalized to the highest values. As we start with a random distribution of free integrins, initially there were no fibers. The geometrical symmetry
break in the stair-cell is so strong that for random initial conditions the fibers generally align with the major diagonal as soon as they are formed.
However, nascent myofibrils become latterly coupled throughout the cell as evident by the diffuse grey shading att~ 0:3. As time elapsed, the
nascent myofibrils reorganized and oriented themselves along the longest cellular diagonal, and coupled to each other greatly increasing parallel
coupling. The steady state fiber organization matches the experimental results. (B) Immunostaining of the actin network from a myocyte with similar
shape agrees with the numerical prediction; scale bar: 10mm.
doi:10.1371/journal.pcbi.1001088.g002

How Muscle Cells Build Themselves

PLoS Computational Biology | www.ploscompbiol.org 4 February 2011 | Volume 7 | Issue 2 | e1001088



that the force-fiber length dependence is an essential contributor to

the emergence of an organized equilibrium in the myofibrillar

network. In these simulations, the absence of the force-length

dependence potentiated a less organized nascent myofibril

network, whereas mutual alignment of nascent myofibrils

enhanced parallel coupling. Eliminating the mutual alignment

alone (grey dot-dashed line), produces a minor effect in the stair

cell as shown in the inset of Fig. 5C, however, previous reports

suggest that the effect of mutual fiber alignment is seen at longer

time scales [1,21,22,23].

We asked how mutual fiber alignment would effect myofibrillar

organization in the circular cell, whose homogeneous boundary

curvature requires an internal, random symmetry break to achieve

equilibrium. By eliminating the ability of fibers to cooperatively

align in circular cells (grey-empty circle line Fig. 5C), we show that

the increase in parallel fiber coupling is solely depended on the

ability of the nascent myofibrils to mutually align. The importance

of mutual alignment is illustrated by contrasting the steady state

fiber organization in circle cell with mutual alignment (Fig. 5D)

and no mutual alignment (Fig. 5E). In the case of no mutual fiber

alignment the fibers in the circular cell remain randomly

organized, which is contradicted by experimental results (Fig. 3L

and Fig. 4N). In summary, our data suggests that the fiber length-

force dependence is necessary to reproduce myofibrillogenesis in

all cell shapes, while the importance of mutual fiber alignment

effect increases in cells with homogenous boundary conditions.

Discussion

Muscle morphogenesis is a hierarchal, self-organizing process

spanning from nanometer scale conformational changes in

proteins to bundled fibers sometimes a meter in length. We

reasoned that boundary constraints are a physical signal that is

conserved over all of these length scales and spatially organizes this

broad range of coupled structures. Based on previous experimental

evidence [17,26,27,28], we hypothesized that geometric cues in

the extracellular space help organize the assembly of the

contractile apparatus in the cytoplasm and developed computa-

tional and experimental models to recapitulate these events.

We report that distinct cytoskeletal architectures arise from two

temporally-ordered, organizational processes: the cooperative

interaction between premyofibrils and focal adhesions, as well as

the mutual alignment and parallel bundling of nascent myofibrils.

Our model assumes that the assembly of FAs and the parallel

bundling of actin based fibers is coupled by a positive feedback

loop and that the growing force on the FA potentiates its structural

reinforcement, as suggested by previous experimental work

[7,8,9]. By modeling the amount of bound and unbound integrin

and by marking the maturation of the premyofibril to a nascent

myofibril simply by increased contractility, we are able to predict

the organization of the contractile apparatus in cardiac myocytes

cultured on engineered substrates in a computationally efficient

manner. To achieve this efficiency, we ignore the details of the

Figure 4. Sarcomeric structure, traction force at peak systole, and model predictions. First column: Sarcomeric a-actinin
immunofluorescence delineates the Z-lines in triangular (A), square (F) and circular (K) myocytes. Z-line orientation indicated that the axis of
contraction was parallel to the longest axis of the cell. In the circular myocyte, most of the Z-lines aligned on the 1 to 7 o’clock axis with the dominant
axis of contraction expected to follow the 4 to 10 o’clock direction. Second column:DIC images of micropatterned triangular (B), square (G), and
circular (L) myocytes at full relaxation. Third column:DIC images at full contraction of the triangular (C), square (H), and circular (M) myocytes show the
cells shortened about 24%, 18%, and 14% along the longest cell dimension, respectively. Fourth column:The contractile traction map of the triangular
(D) and square (I) myocytes displayed high traction stresses at the cellular corners. The contraction map of the circular myocyte (N) indicated that the
cell broke radial symmetry, with the principal axis of contraction along the 3 to 9 o’clock axis. Fifth column:Numerical results of predicted traction (T)
of triangular (E), square (J), and circular (O) myocytes replicated experimental results. In the fourth and fifth columns, the color scale and arrows
represent the magnitude and direction of traction, respectively. Color values in simulated results are in arbitrary units; scale bars are 10 mm.
doi:10.1371/journal.pcbi.1001088.g004
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molecular constituents of the assembly of myofibrils [2,3,4].
However, we were able to account for all the dominant factors in a
course grained manner as indicated by the match between all our
models and experiments. By experimenting with our assumptions
in silicoand comparing them to data fromin vitroexperiments, our
results suggest that the force that the myofibrillar bundle exerts on
the substrate is fiber length-dependant [10,11,12] and that the
adjacent myofibrils exert ‘‘torque’’ on one another to facilitate
coupling [24], are necessary to describe how these myocytes build
and organize their internal cytoskeleton relative to extracellular
cues. Our computationally efficient model recapitulates the
elegant protein choreography of the sarcomere assembly, where
an ensemble of proteins assembles repetitively along the length of
the actin fiber template.

Several models of cell cytoskeleton assembly and mechanics
have been reported and it is worthwhile to compare and contrast
the efforts [14,15,29]. Our model is similar to the model by Novak
and colleagues [16] in that we have used reaction kinetics to
simulate the dynamic self-assembly and – organization of the
cytoskeleton. These approaches differ from that of Deshpande,
et al [14,15,16] who report a solid mechanics model and Pazek
and colleagues [14,15,29] who use a mechanochemical model. All
four of these models simulate the bound and free states of integrins
in some form and also model the increasing stabilization, or
maturation, of focal adhesions with increases in exerted force. The
Despande and Pazek models offer detailed mechanical analysis of
the cell-substrate interface, whereas our model, like the Novak
model, does not. While the Pazek, et al., model does not
recapitulate stress fibers, our model, like the Novak and
Deshpande models, does. Our model accounts for the specialized
case of the maturing striated muscle cell by mimicking the
transition of a premyofibril to the nascent myofibril, modeled by
an increased ability to generate tension. The Hammer and Novak
models omit the fiber length-force assumption that is critical to our
model’s ability to recapitulate our experimental data. Similarly,
the Desphande and Novak models explicitly do not account for
mutual alignment of fibers, whereas ours does. Our model, like the
Desphande et al. and Pazek models, calculates the load exerted on
the substrate by the contracting cell, where the Desphande and
Pazek models offer detailed descriptions of the solid mechanics at
this interface. Both our model and that by Novak et al., are similar
to larger scale models of myofibril adaptation in the left ventricle
[30], in the assumption that there is a network of fibers where all
integrins are connected to all other integrins. Each model,
including the one reported herein, varies in approach and further
work is required to test all of these models against experimental
data as we have attempted.

We were able to reproduce the results shown by Novak et al.,
[16], who predicted that with no fiber tension-length dependence,
and homogeneous boundary conditions the FAs would aggregate
to the perimeter. However, as ourin vitrowork shows even with a
homogeneous boundary condition, i.e. the circular cell, there
occurs a symmetry break, therefore it is necessary to introduce
fiber tension-length dependance and mutual alignment of fibers
for in silicoexperiments. We can also utilize the model to explore
the effect of cell boundary curvature, cell aspect ratios and
combinations of multiple cells on the myofibril distribution, as well
as the relative importance of mutual fiber alignment in three
dimensions. Additionally, it will be possible to integrate our model
with adhesion dynamics models using the same methods as Paszek
et al., to explore integrin clustering with contractile cells on
substrates with different material properties [29]. This combina-
tion of a mechanical model with our myofibrillogenesis model

could also allow for simulations of the rearrangement of the
extracellular matrix by contractile cells.

In summary, our study suggests that hierarchal organization of
muscle requires localized cues that guide myofibrillogenesis.
Specifically, a local symmetry break is required to potentiate the
assembly and organization of FA and actin complexes that are the
template for myofibrillar organization. Such cytoskeletal symme-
try-breaking has also been widely observed in other important
biological behaviors such as cellular migration [11], cellular
division [31], and formation of tissue sheets [32]. The symmetry-
breaking can arise from a static, external cue, such as a geometric
feature in the boundary conditions imposed on the cell, or from a
dynamic internal cue, such as a local overlapping of long fibers.
The multiple time scales of these interacting events suggest a
hierarchy of post-translational, self-organizational processes that
are required for coupling cellular form and function.

Materials and Methods

Mathematical Description of the Model
Model formulation. The model is based on the principles of

reaction kinetics. This allows us to track densities (or
concentrations) instead of individual molecular constructs. We
assume that the focal adhesions are formed by the binding of
integrins and that the integrins can exist in a free,r � rð Þ, or bound,
r rð Þ, form. The bound integrins are connected to pre-, or nascent,
myofibrils via an adsorption process (Eq. (5) & (6)). The myofibrils
are force bearing fibers and are approximated by a network which
connects every bound integrin to every other bound integrin in the
cell [16]. We model two types of myofibrils: pre-myofibrils and
nascent myofibrils. Premyofibrils mature into a more stable
nascent myofibril which can produce more force [1,13]. The
integrins are represented by three fields: unbound integrins,r � rð Þ
(Eq. (1)), bound integrins connected to pre-myofibrils,r p rð Þ(Eq.
(2)), and bound integrins connected to nascent myofibrils,r n rð Þ
(Eq. (3)). The total number of integrins is held constant throughout
the simulation. Bound integrins form FAs and the total density of
bound integrins is defined asr rð Þ~ r p rð Þz r n rð Þ. In the unbound
state, the integrins diffuse through the 2D cell. Diffusion is
assumed to be faster than all other processes in the cell, and
therefore it is approximated as instantaneous.

The higher the force exerted on a FA, the more stable it is, i.e.
at that point in space the rate of converting unbound integrin to
bound integrin is increased [7,8,9]. Our hypothesis is that the force
produced by each fiber is larger if the fiber is longer, however the
model includes the flexibility to test this hypothesis by making the
force independent of fiber length, i.e., changing the value ofL~ 1
to L~ 0 in Eq. (4). The increase in force due to an increase in the
number of fibers is bound by the equilibrium of the adsorption
process, attenuated byr

0
(Eq. (5) & (6)). We introduce a biasing

potential field,U (r) (Eq. (7)), acting on the free integrins, the net
effect of which is to cluster focal adhesions together if each has
fibers leading to the same distant point. This property can be
turned off by setting parametert ~ 0 in Eq. (1), or, the property
can be adjusted by varying the proximity of the effect, changing
the value ofj . The net force on the integrins is translated to the
substrate, and the traction stress vector on the substrate is
therefore given byT~ dF=dA [33]. The model is then expressed
as a set of equations, two of which are ODEs, where all variables
are defined in Table 1:

r � rð Þ~

Ð
V �rr { r p{ r n

� �
d2r

Ð
V e{ t U d2r

e{ t U ~ density of free integrinf g , ð1Þ

How Muscle Cells Build Themselves

PLoS Computational Biology | www.ploscompbiol.org 8 February 2011 | Volume 7 | Issue 2 | e1001088



Lr p

Lt
~ k0r � z k1 F r,tð Þj jr � { k{ 1r p{ k2 F r,tð Þj j r pz k{ 2r n~

~ change of bound integrin connected to pre{ myofibril density with timef g ,
ð2Þ

Lr n

Lt
~ k2 F r,tð Þj jr p{ k{ 2r n~

~ change of bound integrin connected to nascent myofibril density with timef g ,
ð3Þ

F rð Þ~ Rp rð Þ
ð

~VV rð Þ
Rp r’ð Þ

r’{ r½ �

r’{ rj j 1{ L d2r’z

f0Rn rð Þ
ð

~VV rð Þ
Rn r’ð Þ

r’{ r½ �

r’{ rj j 1{ L d2r’~

~ net force at FAf g ,

ð4Þ

Rp rð Þ~
r p r,tð Þ

r
0
z r p r,tð Þz r n r,tð Þ

~ fraction of force bearing pre{ myofibril connections at FAf g ,

ð5Þ

Rn rð Þ~
r n r,tð Þ

r
0
z r p r,tð Þz r n r,tð Þ

~

~ fraction of force bearing nascent myofibril connections at FAf g ,and

ð6Þ

U rð Þ~{
ðð

~VV rð Þ~VV r’ð Þ
Rn r’ð ÞRn r’’ð Þ1z j

r’{ r½ �| r’’{ r’½ �j j
r’’{ r’j j

� � 2
" # { 1

d2r’’d2r’~

~ biasing diffusion potential fieldf g :

ð7Þ

For convex cells integration in Eq. (4) and (7) are performed over
the whole cell cultured on an ECM island, i.e.~VV rð Þ~ V. For
concave cells the integration is performed only for pairs of points
that are connected by fibers that are entirely contained within the
ECM island. We can formally represent this concept by defining a
2D space of pairs for eachr:

V r,r
0

n o
[ V2 and Vm[ ð0, r

0
{ r

�
�
�

�
�
�
�

, we define

~VV rð Þ: r’~
rm{ r

m
z r,rm[ V

n o
:

ð8Þ

The system of model equations (Eq. (1)–(7)) is discretized and
solved using MatLab (Fig. 1H and S3). The details on discretizing
the equations and the schematic representation of the MatLab
code can be found in the supplemental information (Text S1 and
Fig. S3).

Model output: Fibril distribution. To calculate the fiber
distribution, we use the above assumption that the fibers are
approximated by the network connecting all the integrins to each
other. To continue to operate with concentration fields instead of
individual integrins we calculate the total length of fiber passing
through each small area in a specified direction:
pre-myofibril network,

Sp
NN r,n̂nð Þ:

ðð
a1z a2ð ÞRp rz a1n̂nð ÞRp r{ a2n̂nð Þ

� 	
da1da2 , ð9Þ

nascent myofibril network,

Sn
NN r,n̂nð Þ:

ðð
a1z a2ð ÞRn rz a1n̂nð ÞRn r{ a2n̂nð Þ½ �da1da2 , ð10Þ

and the total myofibrillar network

Sall
NN ~ Sp

NN z Sn
NN : ð11Þ

The rest of the equations describing our method for calculating
the properties of the fiber network are the same for all three types
of fibers (pre-myofibril, nascent myofibril and overall networks).
Therefore, for brevity, we present them only once and a schematic
representation of these values can be found in the supplemental
information (Fig. S4). The fiber density,�SS, at any point in the cell
island is given by the length of fiber passing through the small area
around the point of interest,Stotal , normalized by the total length
of fibers in the cell,Scell:

Stotal rð Þ~
ðp

0
Sdh r,n̂nð Þdh~ Length of fiber indAf g , ð12Þ

Scell~
ð

V
Stotal rð Þd2r~ Length of fiber in cellf g , and ð13Þ

�SS rð Þ~
Stotal rð Þ

Scell
~ Fiber density indAf g : ð14Þ

Likewise, the density distribution of fibers in a small area around a
given point going in a given direction is calculated by dividing the
length of fiber in that direction by the total length of fiber in the
small area around that point:

S r,n̂nð Þ~
SNN r,n̂nð Þ
Stotal rð Þ

~ Angular fiber distributionf g : ð15Þ

In this model we assume that the network of fibers can be
estimated by considering that all integrins are connected to all
other integrins. In such a formulation, the fibers can be
approximated as straight rods at any given lattice point. The
OOP characterizes the degree of order of a distribution of rods,
and is zero for perfectly isotropic systems and one for completely
aligned rods. We calculate the OOP and the director of the fiber
distribution for each point in the cell [34]. The director is the main
orientation of a distribution of rods. We perform these calculations
by using the coefficients of the Fourier series of the fiber density
distribution,S r,n̂nð Þ:

a rð Þ~
2
p

ðp

0
S r,n̂nð Þcos2hdh , b rð Þ~

2
p

ðp

0
S r,n̂nð Þsin2hdh, ð16Þ

OOP rð Þ~
p
2
















a2z b2

p
~

Local orientational order parameterf g , and
ð17Þ

n̂n0 rð Þ~
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s" #

~

Main fiber directionf g :

ð18Þ

In drawing the fiber distributions, we assume that at any given
point the fibers approximately follow the main direction of the

ð2Þ

ð3Þ

ð6Þ

ð7Þ

How Muscle Cells Build Themselves

PLoS Computational Biology | www.ploscompbiol.org 9 February 2011 | Volume 7 | Issue 2 | e1001088



fiber distribution in the small area around that point (Eq. (18)). We
define the degree of local parallel coupling as the product of the
normalized nascent myofibril density and their degree of order:

y ~ OOPn

�SSn

max �SSn
� 	 ð19Þ

Model parameters. The parameters were fit using a stair-
shaped myocyte (Fig. 2), the detailed description can be found in
the supplemental information (Text S1). The parameter fit was

validated using three other shapes: square cell, triangular cell, and
a circular cell. Additionally, the hypotheses were tested by
adjusting the appropriate parameters on the circular and stair
shape cells. Parameter sensitivity studies are described in the
supplemental information (Text S1).

The model parameters were fitted using coarse grained
variables. The following parameters specify units in the simula-
tions and the computational time step:A~ 1, k0~ 1, Dt~ 0:1.
The total computational time for all shapes except the circle was
tmax~ 120, while the circle needed a longer time to achieve
equilibrium with tmax~ 500. Prior studies suggest that FA

Table 1. Model variables.

Variable Definition

A Total cell area, set to unity

dA Unit area

a(r), b(r) Fourier coefficients ofS r,n̂nð Þ

Dr Membrane diffusion coefficient of unbound integrin

F Net force exerted on the bound integrin atr

f0 Ratio of contribution to net force of nascent myofibrils to pre-myofibrils

k0,k1,k{ 1,k2,k{ 2 Rate constants for integrins binding to and unbinding from pre- and nascent
myofibrils

L Force is fiber length dependent (L~ 1), or independent (L~ 0)

n̂n Unit vector indicating the direction of a fiber

n̂n0 Director of the fibers at point r

OOP rð Þ Orientational order parameter of the fibers atr

Rp,Rn Fraction of bound integrin connected to each type of fiber

r Vector field defining each point in the 2D geometry

�SS rð Þ Density of fibers at pointr

S r,n̂nð Þ Fraction of fibers in directionn̂n about r

Sp
NN r,n̂nð Þ, Sn

NN r,n̂nð Þ, Sall
NN r,n̂nð Þ Length of fibers (pre-myofibrils, nascent myofibrils, and all, total, fibers

respectively) passing through a unit areadA in the direction n̂n+ Dh (Not
normalized to the total length)

Scell Length of all the fibers insideV, i.e. inside the cell

Stotal rð Þ Total length of fibers crossing unit areadA, per unit area

T Traction stress atr

t, Dt, tmax All time-scales, computational time step and the total simulation time

U Biasing potential function for mutual fiber alignment

a Spatial step along a fiber for integration

j Parameter that sets the size of the potential attraction well (inversely
proportional to the affected area)

r rð Þ Total density of bound integrin

�rr Total average integrin density (constant throughout the simulation)

r � rð Þ Density of unbound integrin

r p rð Þ Density of bound integrin connected to pre-myofibrils

r n rð Þ Density of bound integrin connected to nascent myofibrils

r
0

Constant that attenuates the rate of saturation of integrin-fiber connections

t Ratio of the biased diffusion coefficient to the diffusion coefficient

y Degree of parallel coupling

V 2D defined geometry of the cell in thex-y plane

~VV 2D defined set for eachr, such that the line segment r’{ rð Þnever crosses the
empty spaces in the concave cells (for convex cells~VV~ V)

Q r0,n̂nð Þ Number of fibers passing through a unit areadA in the direction n̂n+ Dh

Glossary of parameters and functions in the mathematical model. All vectors are in bold.
doi:10.1371/journal.pcbi.1001088.t001
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formation takes place on a time scale of seconds, followed by the
assembly rate of the premyofibril (, minutes) and the realignment
of the nascent myofibril (10–20 hours) [1,21,22,23]. By construc-
tion, the rate constants in Eq. (2) will be dictated by the time
formation of the premyofibrils, while the rate constants in Eq. (3)
will be dictated by the formation time of the nascent myofibrils.
The rest of the constants were fitted by matching the fiber
distribution in the stair shape cell (Fig. 2):f0~ 2, r

0
~

0:7, k1~ 60, k{ 1~ 1, k2~ 1:5, k{ 2~ 0:33, j ~ 200. The follow-
ing parameters were varied to test the hypotheses:L~ 1 or L~ 0,
t ~ 150 or t ~ 0.

Detailed Explanation of Equations
Equation (1). This equation was originally written as,

Lr �

Lt
~

{ k0r � { k1 F r,tð Þj j r � z k{ 1r pz Dr + e{ U m=Dr + r � eU m=Dr
� �h i

:
ð20Þ

However, it was simplified using the assumption that the diffusion
of unbound integrin is much faster than the formation of bound
integrin and formation of pre-myofibrils and nascent myofibrils.

To arrive at Eq. (1), we assume all the terms are small compared
to the diffusion term and that the mass is conserved. The mass
conservation can be written as the following for each time step,
where the total amount of integrin does not change:

Total integrinf g ~
ð

V
r � z r pz r nd2r~

ð

V
�rr d2r~ �rr A , ð21Þ

�rr ~
Total integrinf g

A
~

1
A

ð

V
r � t~ 0ð Þz r p t~ 0ð Þz r n t~ 0ð Þd2r :

ð22Þ

Together we arrive at:

Mass Conservation:
ð

V
r � d2r~

ð

V
�rr { r p{ r n

� �
d2r ; ð23Þ

Biased Diffusion: + e{ U m=Dr + r � eU m=Dr
� �h i

& 0 ; ð24Þ

r � rð Þ~ Ce{ mU=Dr , ð25Þ

C~

Ð
V �rr { r p{ r n

� �
d2r

Ð
V e{ mU =Dr d2r

, ð26Þ

where,A�rr is the total amount of all types of integrins in the cell,
t ~ m=Dr is the ratio of the bias diffusion and the free diffusion
constants.

Equations (2)–(3) and equation (20). The first term in Eq.
(2) and in Eq. (20): at pointr the rate of conversion of free integrins
to premyofibril-connected bound integrins increases as the density
of free integrins increases. The second term in Eq. (2) and in Eq.
(20): a larger force promotes the conversion of unbound integrin to
bound integrin connected to pre-myofibrils, or in other words

makes the bound integrin more stable. The third term in Eq. (2)
and Eq. (20): the more bound integrin there is at pointr the higher
the rate of its conversion to unbound integrin.

The fourth term in Eq. (20) is the diffusion of the unbound
integrin. In this termU is the biasing potential field that forces a
distribution of free integrins that biases the fibers towards co-
aligning with each other. The fourth term in Eq. (2) and first term
in Eq. (3): the more force on a focal adhesion atr the higher the
rate of conversion from the pre-myofibrils to nascent myofibrils,
and the bound integrins change from being connected to pre-
myofibril to be connected to nascent myofibrils. The fifth term in
Eq. (2) and second term in Eq. (3): the more nascent myofibrils
there are the higher the rate of conversion back to pre-myofibrils,
i.e. the bound integrins change from being connected to nascent
myofibril to be connected to pre-myofibrils.

Equations (4)–(6). In Eq. (4) the force was normalized such
that F has the same units asr rð Þ. Here we assume that the bound
integrins that contribute to the force are the ones that are
connected to the myofibrils. The fraction of bound integrins
connected to the pre-myofibrils and nascent myofibrils is given by
the Langmuir isotherms in Eq. (5) & (6), respectively.

The first integral term in Eq. (4) is the force contributed by the
pre-myofibrils:f0 is the relative strength of the pre-myofibril and
nascent myofibril. The force atr is calculated by a vector sum
(integral) of all the contributions from all other integrins. The force
betweenr and r’ is given by the number of connections between
those two points scaled by the distance between the points. The
‘‘number’’ of connections is basicallyr (r):r (r’). However, there is
a limit of how many fibers can connect to any pointr, this
bounded quantity is given by the functionR.

The second integral term of Eq. (4) is the same as the first, but it
calculates the force contribution from the nascent myofibrils. In
Eq. (5) and Eq. (6),r

0
is the inverse of the equilibrium constant of

the ‘‘adsorption’’ process of bound integrins connecting to the
fibers. The numerator of Eq. (5) and Eq. (6) is the pre-myofibril
bound integrin and nascent myofibril bound integrin, respectively.
Also, note thatRpz Rn† 1. The speed at which the saturation
value is reached depends on ther

0
. At its limit r rð Þ? ? [ R? 1.

Note that the density of bound integrins connected to the fibers
would be given byr satR, wherer sat is a constant specifying the
total available connections between the bound integrin and fiber in
the unit area. This constant is not present in the equations as it is
rolled into dimensionalization ofF.

Equation (7). The term in the figure parenthesis in Eq. (7) is
simply the distance between pointr and the line r’’{ r’½ �. The
biasing potential on pointr is stronger if the fiber is ‘‘thicker,’’ thus
the amount of binding at each end-point is taken into account.
The form of the biasing potential is such, that it is low forr close to
fiber r’’{ r’½ �, and zero far away. The area around each fiber
where the potential is not zero is inversely proportional toj . The
total biasing potential on pointr is the sum of contribution by each
nascent myofibril.

Equation (9)–(15). While numerically it is easiest to operate
with density fields, it is easier to understand this equation by first
writing the expression for the number of fibers passing through an
areadA about a pointr, in the directionn̂n~ cosh0,sinh0½ �. In the
following equation the area on one side ofr in the direction
h0+ Dh and up to the boundary of the cell isV1 and in the other
directionpz h0+ Dh isV2. The number of integrins at each point,
r satR is taken into account by assuming the number of fibers
passing between the two points is the product of the number of
fibers at each point. To get to Eq. (9)–(10), we must account for the
length of the fiber passing throughdA,
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redistributed to the cellular peripheries and accumulated at the

cellular corners at steady state. This is because growth of FAs

depends on the traction field, defined as the sum of all contractile

element vectors connecting to a FA. Thus, FA density is expected

to be larger at cellular peripheries with higher curvatures, where

the overall alignment of contractile element vectors is also larger,

leading to a higher net traction.

Found at: doi:10.1371/journal.pcbi.1001088.s007 (0.62 MB AVI)

Video S3 Myofibril organization in a square muscle cell.

Nascent myofibrils were not aligned initially, but at equilibrium,

they realigned with enhanced parallel bundling occurring along

the diagonals and edges of the cell. Definitions of the color scale

and lines are the same as Video S1.

Found at: doi:10.1371/journal.pcbi.1001088.s008 (1.52 MB AVI)

Video S4 FA organization in a square muscle cell. The initial

homogenously distributed FAs quickly redistributed to the cellular

peripheries and were stabilized at the cellular corners at steady

state. Definition of the color scale is the same as Video S2.

Found at: doi:10.1371/journal.pcbi.1001088.s009 (0.56 MB AVI)

Video S5 Myofibril organization in a circular muscle cell.

Parallel bundled nascent myofibrils first occurred at the center of

the cell, then realigned adjacent fibers, and finally extended across

the diameter of the cell to define a principal axis of contraction at

t = 500au. Note that definitions of the color scale and lines are the

same as Video S1.

Found at: doi:10.1371/journal.pcbi.1001088.s010 (1.57 MB AVI)

Video S6 FA organization in a circular muscle cell. FAs in a

circular cell first redistributed to the peripheries of the cell.

Transient multi-pole patterns of FA then developed in accordance

with the reorganized myofibril network as shown in Video S5.

These poles were seen to redistribute, merge, and finally

converged to a bipolarized pattern with two opposing bands of

FA along the cellular peripheries. Definition of the color scale is

the same as Video S2.

Found at: doi:10.1371/journal.pcbi.1001088.s011 (2.54 MB AVI)

Video S7 DIC images of a beating triangular myocyte. Images

were acquired at 21.7 frames per second and contain a full cycle of

contraction and relaxation. Time is labeled at the top left corner.

During contraction, the cellular body was shortened toward the

center of the cell, with obvious deformation of the nucleus. The

cell was still an equilateral triangle at the full contraction, with

about 24% shortening along the cellular edges.

Found at: doi:10.1371/journal.pcbi.1001088.s012 (0.33 MB

MPG)

Video S8 DIC images of a beating square myocyte. Images were

acquired at the same frame rate as Video S7 and contain a full

cycle of contraction and relaxation. At full contraction, the cell

kept a square shape, with about 18% shortening along the

diagonal.

Found at: doi:10.1371/journal.pcbi.1001088.s013 (0.12 MB

MPG)

Video S9 Displacements maps of a beating triangular myocyte.

The white arrows depict the frame to frame displacements of the

fluorescent beads embedded in the gels. The displacements of the

beads were not traced individually. Instead, the displacement map

was discretized as suggested by Butler et al. 5. The color scale

represents the magnitude of the displacement vectors. For

consistency, the ranges of the color scale are the same for Videos

S9, S10, and S12. During systole, the displacements are relatively

larger at the cellular corners. Images contain a full contraction

cycle.

Found at: doi:10.1371/journal.pcbi.1001088.s014 (0.49 MB

MPG)

Video S10 Displacements maps of a beating square myocyte. As

seen in the triangular cell (Video S9), larger displacements

occurred at the cellular corners during systole. Definitions of the

white arrows and color scale are the same as Video S9 and the

images represent a full contraction cycle.

Found at: doi:10.1371/journal.pcbi.1001088.s015 (0.44 MB

MPG)

Video S11 DIC images of a beating circular myocyte. Images

were acquired at the same frame rate as Video S11 and contain a

full cycle of systole and diastole. The cellular body was shortened

concentrically during systole, with about 8% shortening along the

vertical axis and 13% along the horizontal axis.

Found at: doi:10.1371/journal.pcbi.1001088.s016 (0.22 MB

MPG)

Video S12 Displacements maps of a beating circular myocyte.

Definitions of the white arrows and color scale are the same as

Video S9. The displacements at the opposing peripheries on the

horizontal axis were relatively larger, and thus defined the

principal axis of contraction.

Found at: doi:10.1371/journal.pcbi.1001088.s017 (0.51 MB

MPG)
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