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Abstract

The freeenergythat drivesgrowth, resorption and sliding of focal adhesions
includes mechanical and chemical contributions. We have identi�ed a com-
petition among four e�ects that control focal adhesiondynamics: (i) work
done during addition of complexes,(ii) the chemical potential inherent to
focal adhesions,(iii) the elastic free energy associated with deformation of
focal adhesions,and (iv) work done on a molecular conformational change.
A theoretical treatment of focal adhesiondynamics developed in the frame-
work of rate processesdriven by thermodynamics demonstrates that the
mechanisms governed by these four e�ects allow focal adhesionsto exhibit
a rich variety of behavior without the needto introducespecial constitutiv e
assumptions. In this treatment, the structural unit of focal adhesionsis a
complex consistingof a ligand such as �bronectin, an integrin molecule,and
associated plaque proteins. The binding and unbinding of thesecomplexes
causesfocal adhesion growth and resorption, respectively. The reaction-
limited caseis considered.Our central �ndings are that growth, resorption
and sliding are all predicted by a very simple chemo-mechanical model. Slid-
ing requiressymmetry breaking and is achieved via (i) above; (iv) promotes
symmetric growth, and (ii) and (iii) causesymmetric desorption. The role
of kinetic modulation is also examined.
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INTR ODUCTION

A focal adhesion (FA) is a type of cell-substrate attachment mediated by
bonds between the transmembrane protein, integrin, and an extracellular
matrix (ECM) protein, such as �bronectin (Fig. 1). The integrins in FAs
are believed to associate with a complex of over 50 cytoplasmic \plaque
proteins" (Zamir and Geiger, 2001) among which are tensin, paxillin (Riv-
eline et al., 2001; Zaidel-Bar et al., 2003), vinculin (Riveline et al., 2001;
Zaidel-Bar et al., 2003; Balaban et al., 2001), talin and zyxin (Zaidel-Bar
et al., 2003). Many of these proteins have been detected in 
uorescence
studies of FAs. A very important role of FAs is ful�lled by their intracellu-
lar attachment to actin �lamen ts (Balaban et al., 2001), which is believed
to happen by the association of vinculin and talin followed by binding to
F-actin (Johnson and Craig, 1995; Geiger et al., 2001; Lee et al., 2007).
Through a number of experiments, it has beendemonstrated that force can
be transmitted to FAs by the actin �lamen ts. The force can be generated
either by actomyosin contractilit y, or by an external manipulation such as
with a micropipette (Riveline et al., 2001;Balaban et al., 2001;Nicolaset al.,
2004). The FAs transmit this force to the ECM. FA growth and resorption
is strongly dependent on this force as shown, for example, by Lele et al.
(2006).

In non-motile cells, a rich dynamic behavior of FAs can be obtained
when they are subject to force (Smilenov et al., 1999). The FAs grow into
elongated structures at a rate of � 0:01 � m2 � s� 1 (Riveline et al., 2001).
They tend to be elliptical in the cell-substrate interfacial plane with the
long axis aligned with the force component in this plane. In the caseof
cell-generatedtension the FA area is proportional to the force on it with a
stress� 5:5nN � � m� 2 (Balaban et al., 2001).

FA dynamicshasbeenvisualizedunder 
uorescencein cellsthat are con-
tracting or loadedby external force (Nicolas et al., 2004;Zamir et al., 2000,
and supporting information). Thesestudies show desorption of proteins at
the ends that are distally-lo cated with respect to the nucleus or point of
application of external force. The associated \p eeling" has been studied
by mounting cells and synthetically-constituted vesicleson substrates, and
applying methods of fracture mechanics extended to reacting-di�using sys-
tems (Evans, 1985; Dembo et al., 1988). However, the surprising aspect
of FA dynamics that has attracted the attention of experimental cell bi-
ologists and theoretical biophysicists alike is growth of the proximal end.
The relative velocities of the proximal and distal ends combine to create
di�eren t regimesof FA dynamics: desorption at both ends, \sliding" con-
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sisting of growth at one end and desorption at the other (Riveline et al.,
2001; Nicolas et al., 2004), and growth at both ends. Growth/desorption
and sliding occur in the direction of the force (Riveline et al., 2001;Nicolas
et al., 2004;Zamir et al., 2000): directed toward the nucleuswhen induced
by actomyosin contractilit y, and aligned with the external force otherwise.
Under such force-mediatedgrowth, \fo cal complexes",typically observed at
sizes� 1 � m (Zamir et al., 2000), develop into larger structures recognized
as FAs.

Fluorescencestudiesreveal the processbut do not explain the biophysics
of FA growth under force. Someexperimental papershave aimed to explain
this growth by hypothesizingmolecular mechanismssuch asthe exposureof
cryptic self-association sites on �bronectin by the applied tensile force that
is transmitted to �bronectin after formation of integrin-�bronectin bonds
(Geiger et al., 2001). This hypothesissuggeststhat tension causesa confor-
mational change in the �bronectin molecule, exposing a previously cryptic
site, and enablingpolymerization of the ECM's �bronectin network. In turn,
this allows more integrins to bind to the �bronectin network, and promotes
FA growth. A tension-inducedconformational changealsohasbeenhypoth-
esizedfor vinculin activation during assembly of FA plaque proteins (Zamir
and Geiger, 2001).

A few theoretical studies (Nicolas et al., 2004;Nicolas and Safran, 2004;
Shemeshet al., 2005;Besserand Safran,2006;Deshpandeet al., 2008;Nico-
las et al., 2008) have sought to explain the biophysics of FA growth based
on the above experimental observations. Of interest for the generalmathe-
matical treatment of adhesionof cellular structures driven by strain energy
and chemistry is the work of Freund and Lin (2004). More recent studies
have consideredthe strength of receptor-ligand binding in a statistical me-
chanics setting (Lin et al., 2008)and the clustering of receptor-ligand bonds
via a stabilit y analysis(Wang and Gao, 2008). A recent molecular dynamics
study (Lee et al., 2007) has attempted to shed light on the force-induced
conformational changeof talin that enablesits binding with vinculin.

In this work we explain FA dynamics in the context of it being a rate
process.Therefore, it is driven by thermodynamics and may be modulated
by kinetic e�ects. A number of factors are considered that are capable
of a�ecting these two aspects of the dynamics. We frame the discussion
in terms of the symmetry, with respect to distal and proximal ends, with
which each mechanism a�ects the thermodynamicsand kinetics. Our central
�nding is that onecontribution to the work doneby actin-transmitted force
is antisymmetric and enablesthe sliding mechanism of FA dynamics, and a
secondonecausessymmetric growth of the ends. Other chemical and elastic
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e�ects causesymmetric desorption.

FOCAL ADHESION DYNAMICS AS A CHEMO-
MECHANICALL Y CONTR OLLED RA TE PR O-
CESS

Fig. 1 also represents an FA experiencing growth at the proximal end via
binding, and desorption at the distal end via unbinding under a tensile force
transmitted to the FA by the actomyosin stress �b ers. The binding and
proximal-end growth of FAs is an intriguing phenomenonlessfor its obvious
dependenceon chemistry than its reported force-dependence.This suggests
a chemo-mechanical e�ect. We seekto explain this coupling of chemistry
and mechanics via thermodynamic and kinetic e�ects. In vivo, the total
force transmitted to an FA by the actin �lamen ts is time-dependent, and
is controlled by actomyosin contractilit y and the dynamics of stress�b ers.
The casewith constant total force is relevant since, at least on the scale
of the cell, such external loading is possible. However it is not clear that
such forcecontrol hasyet beenusedin experiments such asthoseof Riveline
et al. (2001). Constant force loading admits the Gibbs free energy as the
relevant thermodynamic potential, thereby allowing a rigorousanalysis. The
chemo-mechanical potentials used in this work are then well-de�ned. The
treatment here can be viewed as modelling an experiment with constant
external forcing.

The physical model

We begin by translating observed biological features into a physical model
of the FA.

A reaction-limited pro cess

The formation of a bound complex requires di�usion of integrins in the
cell membrane to a ligand binding site, followed by integrin-ligand binding,
and subsequent di�usion of plaque proteins through the cytosol to the inte-
grin site for formation of the integrin-ligand-plaque protein complex. Once
formed, thesecomplexesappear to be immobile in the interfacial planeof the
cell membrane and substrate. Di�usion and reaction-limited regimeshave
beenconsideredfor cell adhesionby Bell (1978), although not explicitly for
FA dynamics. Here we restrict ourselves to the reaction-limited regime by



Focal adhesiondynamics 5

considering di�usion of integrin and plaque proteins to happen relatively
fast. The FA is able to exchange massvia binding/un binding with the cy-
tosolic reservoir of proteins and substrate reservoir of free ligands. Both
these reservoirs remain at equilibrium, but the FA itself is not at equilib-
rium. Computational work in progressin our group con�rms this setting of
the reaction-limited regimeto be a relevant limiting case,and a good model
for the more detailed reaction-di�usion problem.

Growth of an existing FA by a single unit in its lengthwise direction
consists of the formation of integrin-ligand bonds followed by attachment
of plaque protein moleculesto the integrin molecule from the cytosol. Im-
agesand supplementary information from numerousstudies (e.g. Zamir and
Geiger,2001;Riveline et al., 2001;Balaban et al., 2001;Nicolas et al., 2004;
Smilenov et al., 1999)have not indicated any noticeablevariation in the FA
width even asits length grows and shrinks. Motiv ated thus, we supposethat
along with the addition of a bound complex model the added molecules�ll
up the width-wise direction, and the FA maintainins its width, say b. There-
fore, the freebinder concentration, c, and the bound complexconcentration,
bc, will both be taken in units of numbersper unit length. Also, as discussed
above, c is taken to be an equilibrium value.

Arnold et al. (2004) showed that FAs fail to develop normally on sub-
strates that have beendeposited with protein-functionalized gold nanodots
if the separation between nanodots exceeds73 nm.1 We interpret this re-
sult as an upper bound on the spacing between bound complexesin the
x-direction. This maximum spacing is denoted by � in our model, and de-
�nes the minimum concentration of complexesin the FA. As a lower bound
on spacing we use the integrin molecule packing separation of l 0 = 20 nm
(Erb et al., 1997), which de�nes the maximum complex concentration.

We exploit the fact that FA formation involves integrin-ligand, integrin-
plaque protein and plaque protein-actin bonds, all of which are oriented
perpendicular to the interface between the cell membrane and substrate
when not loaded by force. While somebonds are understood to be formed
betweenplaqueproteins, it is not clear that there is su�cien t lateral bonding
to confer some shear sti�ness to the FA. We will neglect this sti�ness by
assumingthat there is no mechanical integrity in the lateral direction. Our
mechanical model of the FA is therefore not that of an elastic layer. Instead
it consistsof a row of elastic elements along the x-direction, each of which
can only resist force along the ligand-integrin-plaque protein axis (Fig. 2).

1This mechanosensoryresponse is similar to the failure to form strong attachments to
compliant substrates (Engler et al., 2004).
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For the size of the elastic elements we use the maximum spacing between
complexes,� , introducedabove. The concentration of bound complexescan
then vary between a mimimum of bcmin = 1=� and a maximum bcmax = 1=l0
in an elastic element.

We turn now to various contributions to free energy of the FA: Let H
be the total enthalpy in the unbound state of the integrin, ligand and asso-
ciated plaque protein moleculesrequired for assembly of bound complexes.
The enthalpy of a bound complex is F . The concentration of free binders
determines the entropy of mixing. Since bound complexesare not free to
sampledi�eren t con�gurations, there is no mixing entropy associated with
them. The stretching of the FA, due to tensile loading by the external
force, determines the elastic free energy; also associated with the force are
other contributions to the potential energy, aswill becomeclear below. Our
model considersthe substrate to be elastically rigid. It therefore does not
contribute to the elastic free energy.

In order to provide someperspective, we draw attention hereto adhesion
of vesicles,which serve as common models for cells. Recent studies (Smith
et al., 2006) show vesicular adhesionto be a result of a passive thermody-
namic responseof the system. Binders cluster with increasingconcentration
over the contact area in order to maintain thermodynamic equilibrium be-
tweena spreadingpressurein the vesicle,and an external force. The active
responseof FAs, is however, quite di�eren t and has beenshown to depend
upon speci�c mechanisms,as outlined above.

The mathematical model

Fig. 2 also represents our mathematical model of the FA. Since, in this
communication, we restrict ourselves to the dynamic behavior of the FA in
its lengthwisedirection, it is su�cien t to model the processover a region 0 �
x � L , which is a line segment on the interface betweenthe cell membrane
and substrate. Since the FA's geometry evolves, the positions of its distal
and proximal endsare time dependent, and are denotedby x1(t) and x2(t),
respectively. Its centroid is denoted by ex(t) = (x1(t) + x2(t))=2 and its
length is bx(t) = x2(t) � x1(t). Its height remains�xed at h, and it haswidth
b (not shown) in the cell membrane-substrateinterfacial plane and along an
axis that is perpendicular to the x-axis. Of importance to the mathematical
treatment is our model of elastic elements representing the ligand-integrin
bonds. The material in an elastic element has a Young's modulus E bc

bcmax
,

dependent on concentration of complexes.Following the elementary model
of a linear elastic rod of cross-sectionalarea� �b and length h, the sti�ness of
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the elastic element along the ligand-integrin-plaque protein axis is E bc
bcmax

� b
h .

The total force transmitted to the FA by the actin �lamen ts is denoted by
P.

Complexit y in focal adhesion dynamics

When FAs are subject to force by the contractile stress �b ers, a \closed-
loop" feedback is created. The formation of an initial focal complex allows
stress�b ersto develop force,which drivesthe further growth of stress�b ers.
Increasedforce can then be transmitted to the focal complex, causing it to
grow into an FA by binding of ligand-integrin-plaque protein complexes,and
the processcontinues, with growth of the FA and stress �b ers. This feed-
back hasbeenreviewed by Bershadskyet al. (2006), and modelled by Besser
and Schwarz (2007) using reaction-di�usion equationsand a force-controlled
stress �b er growth model. In the present paper, however, we restrict our-
selves to modelling the constant force experiment, as discussedabove, and
consequently will not addressthe feedback between FAs and stress �b ers.
The emphasishereis on the speci�c thermodynamic mechanismsthat enable
the various regimesof FA dynamics, unlike the casein the work of Besser
and Schwarz (2007).

The spatial variation of stresswithin the FA, i.e., over [x 1; x2] dependson
the distribution of total force P over the actin �lamen ts (or over the stress
�b ers if actomyosin contractilit y is active). A detailed treatment would
therefore include actin �lamen t dynamics and the action of myosin. Fur-
thermore, the elastic free energy of the FA depends upon its elastic mod-
ulus, which also varies as a function of the local concentration of bound
complexes,bc. The problem is fully coupled since, as discussedabove, the
chemo-mechanical feedback makesbinding rates of complexes,_bc, depend on
the stress. A fully coupled treatment would require models for actin �l-
ament dynamics, stress �b er contractilit y, solution of the boundary value
problem of elasticity over the FA and possibly the substrate, and chemo-
mechanically-driven binding rates of complexes.Such a detailed treatment
lies beyond the aim of this work, which is to uncover the simplest com-
bination of chemo-mechanical mechanismsgoverning ligand-integrin-plaque
protein binding dynamics, while making simplifying but relevant assump-
tions about the cell adhesionsystem. In making thesecomments, we draw
attention to a recent model by Deshpandeet al. (2008) that does address
cell contractilit y and FA growth. There are important di�erences between
their treatment and ours related to the sliding mode of FA dynamics, and
the �nite strength of an FA (seethe section titled \Discussion"). We also
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note other recent work by Nicolas et al. (2008) on FA dynamics in response
to substrate elasticity. Recall that, in contrast, we assumea rigid substrate.

THERMOD YNAMIC DRIVING FOR CES, AND
KINETICS

Classical fracture mechanics follows the principles of thermodynamic pro-
cessesat constant temperature and force to provide a framework for FA
dynamics subject to force transmitted by actin �lamen ts. Consider the
changein Gibbs free energy, � G, due to addition of a singlecomplex at any
point x 2 [x1; x2] along the FA. This quantit y is also the chemo-mechanical
potential, � , and is given by

� G � � = � el + � w + � c: (1)

Here � el is the change in elastic free energy, � w is the change in poten-
tial energy of the forces that is not included in � el, and � c is the chemical
component of the chemo-mechanical potential. In our model, the chemo-
mechanical potential drives the kinetics of binding and unbinding. We do
not considera Kramers model with details of forward (binding) and reverse
(unbinding) rates asdoneby Bell (1978), but are guidedby rate processesto
describe a model in which binding and unbinding rates depend on a kinetic
coe�cien t, k, with physical units of rate of change of concentration, and
chemo-mechanical potential � . The sign of � determineswhether binding or
unbinding will occur at any point along the FA, and its magnitude a�ects
the rate according to the kinetic model used. The consideration of forward
and reverserates has the advantage that concentrations of free binders and
ligands becomeavailable as parameters to the mathematical model. How-
ever, in the simpler model followed here with theseconcentrations assumed
to be at equilibrium, it becomespossibleto model the kinetics directly with
� . Such models are used in the literature to describe rate-dependent frac-
ture processessuch as stress-corrosioncracking (e.g. Lawn, 1993). We have
adaptedthem hereto model FA behavior by consideringthe individual terms
as they apply to this problem.

Using these ideas we model the rate of addition of complexesvia the
equation

_bc = � k [1 � exp(�j �=k BTj)] sgn[� ]; (2)

where kB is the Boltzmann constant and T is the absolute temperature.
Equation (2) incorporatesan important aspect of the reaction kinetics that is
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relevant to the problem at hand: The form of the equation modelsMichaelis-
Menten enzymekinetics, which governs many biochemical reactions and is
characterized by a rate that saturates to a maximum value. Note that as �
becomesarbitrarily large in magnitude and positive, the rate of formation
of bound complexesasymptotically reaches the value of � k. In this limit,
sincethe free energy increasesgreatly for each complex added, the thermo-
dynamics drivesthe rate to its most negative value, and ensuresunbinding.
In the opposite limit � becomesarbitrarily large in magnitude and negative,
the free energydecreasesgreatly for addition of each new complex, and the
rate of formation of bound complexestends toward its maximal value of k.
Equilibrium is acheived at � eq = 0, at which value _bc = 0.

We note that a number of reactionsareactually involved even in the sim-
pli�ed systemconsideredhere. Thesereactionsinclude the binding/un binding
of ligandswith integrins, of integrins with plaqueproteins and of plaquepro-
teins with actin. The single reaction rate of Equation (2) then represents
the rate determining step of this cascade.

Equation (2) gives the rate of complex addition at any point along the
FA. In a previous theoretical treatment of FA growth Shemeshet al. (2005)
have consideredaddition of protein units, which are equivalent to the com-
plexes of the present treatment, at any point in [x1; x2]. An equivalent
treatment of binders waspresented by Deshpandeet al. (2008) basedon the
switching of integrins between a low-a�nit y (unbound) and a high-a�nit y
(bound) state. A di�eren t underlying mechanism was assumedin Nicolas
et al. (2004) and Besserand Safran (2006), who supposedthat an in�n te
layer of integrin-ligand bonds is already in place, and that FA growth is the
processof plaque protein recruitment from the cytosol to bind with inte-
grins, and actin �lamen t attachment to the plaque proteins. Nicolas et al.
(2008) followed essentially the sameapproach, but modelled two indepen-
dent dynamic processes:The �rst consistingof proteins like paxillin or zyxin
binding to a lower layer of ligand-bound integrins, and the secondconsisting
of proteins such as vinculin or talin binding to actin �lamen ts in an upper
layer.

Con tributions to the chemo-mec hanical poten tial

Each of the mechanisms that we have identi�ed as controlling the chemo-
mechanical potential is now discussedin turn.
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Thermo dynamic driving force due to the mechanical work of com-
plex addition at an edge

Consider �rst the addition of a complex at the distal or proximal end to
extend the FA domain. At time t the distal and proximal ends of the FA
are f x1; x2g. At time t + � t the FA is deemedto extend over the regions
x < x1 and x > x2 if the local concentration in theseregionsincreasesfrom
0 to bcmin . This minimum concentration can be achieved by adding a sin-
gle complex over a length � . If the complex is added at the distal end the
center of the FA shifts distally by � =2. Conversely, addition of one com-
plex over length � at the proximal end shifts the FA's center proximally by
� =2. Since, during this process,the total force on the FA is required to
remain constant at P, the result is a translation of the center of action of
the force. Considering a uniform force distribution for simplicit y (but not
necessity; seethe section titled \Non-uniform force distribution" for com-
putations including all the quantitativ e di�erences induced by non-uniform
force distribution), the point of action of the total force translates with the
FA centroid. Therefore, the potential energychange is

� f =
�

P cos� �
2 ; for complex addition at the distal end;

� P cos� �
2 ; for complex addition at the proximal end:

(3)

SeeFig. 3. Therefore, the potential energy of the force, and the free en-
ergy of the system, decreasefor complex addition at the proximal end, but
increasefor complex addition at the distal end. The term, � f is one con-
tribution to the work � w in Equation (1). Its e�ect is antisymmetric with
respect to complex addition at the distal and proximal ends. It is respon-
sible for enabling the sliding regime of FA dynamics by favoring complex
addition at the proximal end, but extracting an energeticcost for complex
addition at the distal end.

While Shemeshet al. (2005) discussa mechanism similar to the one just
detailed above (seeShemeshet al., 2005, Page 12384), it does not appear
in their derivation of the potential. Besserand Safran (2006) and Nicolas
et al. (2008) assumethat symmetry is broken by the elastic deformation.
With the speci�c geometry assumedin their model the elastic deformation
is compressive at the proximal end and tensile at the distal end. Deshpande
et al. (2008) hypothesize two mechanisms that could lead to the sliding
mode. One is basedon switching of strained high-a�nit y integrins to the
low-a�nit y state, and the other on a dislocation-like propagation of a low- to
high-a�nit y switching front through the FA. The authors hypothesizethese
mechanisms and discussthem qualitativ ely in order to explain the sliding
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of integrins at maximum force|a feature that is included as a constitutiv e
relation in their mathematical model.

Chemical driving forces

Using the enthalpies of free and bound molecules,H and F , and concen-
tration of free binders, c, the mixing entropy is � kB log

�
c

cmax

�
, and the

chemical component of the chemo-mechanical potential is

� c = F � H � kBT log
�

c
cmax

�
: (4)

Since bound complexesare not free to adopt di�eren t con�gurations, they
do not contribute to entropic free energy, or its resultant chemical potential.
Clearly, if c is equal between distal and proximal ends, � c is also equal.
Therefore, � c is symmetric between distal and proximal ends, and cannot
in
uence FA sliding.

Driving force due to elasticit y

The details of the elastic free energyassociated with the deformation of the
FA are dependent on the geometry and properties of the FA, and how the
loadsare transmitted. For the present model asset up below, the elastic free
energyis symmetric with respect to the distal and proximal ends. Therefore,
while elastic free energyplays a role in determining whether growth or des-
orption occurs, it doesnot causethe symmetry breaking which is necessary
for sliding. This model incorporates the elastic free energy in a relatively
simple form by considering the FA to be made up of the elastic elements
described above in the sectionstitled \The physical model" and \The math-
ematical model". For a given forcedistribution, a more sophisticatedmodel,
such as that of an elastic layer, would require the solution of a boundary
value problem of linear elasticity with concentration-dependent elastic mod-
ulus to determine stressdistributions. While the quantitativ e results would
change, this would come at the cost of greater computational complexity,
but the underlying physics would not be qualitativ ely di�eren t. For this
reasonwe have restricted the model to the simpler casewith discreteelastic
elements.

With uniform force distribution that has been assumedfor simplicit y
of presentation, the force acting on a discrete element of length � is P� =bx.
Sincethe elastic elements are modelled to have no shearsti�ness, the ligand-
integrin-plaque protein axis aligns with the force P. The elastic free energy
of the discrete element is
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Gel =
1
2

�
P �

bx

� 2

E bc
bcmax

b�
h

� P
�
bx

�
P �

bx

E bc
bcmax

b�
h

= �
1
2

�
P �

bx

� 2

E bc
bcmax

b�
h

: (5)

The �rst term on the right hand-side of the �rst line is the elastic strain
energywhile the secondis the changein potential of the force. This equation
usesthe fact that mechanical equilibrium is establishedat each instant for
the current value of concentration bc. For this reasonthe stretching of the
elastic element is

u =
P �

bx

E bc
bcmax

b�
h

Using n = bc� as the number of complexesin the elastic element, the
elastic contribution to the chemo-mechanical potential is

� el �
dGel

dn
=

1
2

�
P 1

bx

� 2

E bc2

bcmax

h
b

: (6)

For equal concentrations at the distal and proximal ends, this elastic con-
tribution to the chemo-mechanical potential is also symmetric. Addition of
a complex at either end results in the samevalue of � el.

We note that Shemeshet al. (2005) applied the Gibbs-Duhem relation
to obtain a result for potential due to elasticity that is equivalent to our
elastic free energy result (5). However, they did not consider the change in
sti�ness with concentration, for which reasontheir elastic chemo-mechanical
potential is the sameas our elastic free energy. Also, in contrast with the
construction of their model and the model of Besserand Safran (2006) or
Nicolas et al. (2008), our model does not include in-plane shear stress,be-
causewe do not assumethe discreteelements to form a shearlayer by being
bondedto oneanother. Deshpandeet al. (2008) alsoconsiderthe elastic re-
sponseof the integrin-ligand bond in a discrete manner as we do. However,
these authors consider a �nite rupture energy to be a crucial aspect of the
elastic response. They achieve this e�ect with a suitably-constructed elas-
tic energy, which drives the force to zero at a certain stretch of the bonds,
which can be consideredto be the equivalent of debonding. As we demon-
strate in the section titled \State diagrams of focal adhesions", complete
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debonding is also achieved with our model by resporption of the FA at a
�nite force. At the risk of repetition we note that even though we have
developed the elastic free energy by considering a uniform distribution of
force P over bx, any other form of this distribution is admissible, and does
not poseany di�cult y. This is demonstrated via calculations in the section
titled \Non-uniform force distribution".

W ork done by force via conformational changes

Conformational changesthat are favorable to focal adhesiongrowth under
tension have beenhypothesizedin vinculin (Zamir and Geiger, 2001), talin
(Lee et al., 2007)and �bronectin (Geiger et al., 2001)molecules.Guided by
these hypotheseswe identify an additional possibledriving force for com-
plex formation under tensile force: An external tensile force, if transmitted
to a conformation-changing molecule,is subject to a lowering of its potential
energyif the displacement vectorsof the conformational changehave compo-
nents aligned with the force vector. Thereby, the free energy of the system
is also lowered, and these changed conformations are thermodynamically
favored under an external tension. This e�ect is written as

� conf = � P � d; (7)

whered is the component of the conformational length changealongP. This
term added to � f makes up the work � w expressedin Equation (1). Like
� c and � el the term, � conf , can prove to be symmetric with respect to distal
and proximal ends if the tension is equal at the two ends. For this reason
it, too, cannot in
uence FA sliding.

The idea of a conformational changehasbeenusedby Besserand Safran
(2006). However, they consideredsuch changesto be wrought by compres-
sive forces also. It is not clear that conformational changesthat promote
binding happenunder compressive force. On the other hand there have been
computational studies(Lee et al., 2007)and hypotheses(Geiger et al., 2001)
that tensile forces exposecryptic groups by uncoiling molecules,and that
this promotesbinding. No further details areassumedof this conformational
change. Nicolas et al. (2008) consider the possibility that a force-induced
gradient in conformation also may favor binding. Apart from the possi-
ble roles of compressionand gradient in conformation, the treatment of the
conformational change by Besserand Safran (2006); Nicolas et al. (2008)
is essentially the sameas ours. While geometric details of conformational
changeshave been computed (e.g. for talin by Lee et al., 2007) they can
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be reduced to the form (7) where d is the change in distance between two
points on the moleculebetweenwhich the force P is applied.

Of the various contributions to the chemo-mechanical potential only � f

is antisymmetric betweendistal and proximal ends. The others, � c; � el and
� conf are symmetric between the ends. Therefore, while important to the
overall chemo-mechanical potential, � , they do not causesymmetry break-
ing, which is necessaryfor the sliding mode. This role is reserved for the
mechanical work term, � f .

THERMOD YNAMICALL Y-DRIVEN FOCAL AD-
HESION DYNAMICS

The combination of Equations (3{7) fully speci�es the chemo-mechanical
potential in Equation (2). The rate at which concentration of bound com-
plexeschangesdue to binding and unbinding can thus be computed at any
point on the FA. However, for the purposeof studying the growth and disas-
sembly of the FA structure, it is su�cien t to focuson the distal and proximal
endsonly. This will be the aim in the remainder of this communication with
special attention paid to symmetry breaking betweenthe ends.

We note that the concentration of complexesat a point x must beat least
bcmin for that point to be included in the FA. For binding, this concentration
threshold is attained after a time bcmin =_bc starting from bc = 0. Over this time
interval the FA advancesby distance � = 1=bcmin . This gives the velocities
of distal and proximal ends:

v1 = �
_bc1

bc2
min

; v2 =
_bc2

bc2
min

; (8)

respectively. For a force inclined along the positive x-direction, positive
velocities, v1 > 0, v2 > 0, correspond to motion in the positive x-direction,
and therefore to distal unbinding and proximal binding, respectively.

Equation (2) was solved numerically using the nonlinear ordinary dif-
ferential equation integration routines in MATLAB. The following parameters
were used.

� T = 310 K: Chosento represent human body temperature.

� � = 0: Angle of inclination of the force.

� H = 19:2kB T: Motiv ated by the practical binding energy of the
ATP ! ADP reaction (Nelson, 2004), since estimates for H remain
unknown.
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� F = 1:1H : �F > 1 is necessaryfor chemically-favored desorption

� E = 10 kPa: Estimate for soft, gel-like biological materials, since the
modulus of single integrin-ligand complexesremains unestablished,to
our knowledge.

� bx = 1 � m initially: Typical sizeof a focal complex.

� b = 1� m: Observed FA width.

� � = 73 nm, l0 = 20 nm: The upper and lower boundson complex size.

� k = k0 = 2 � 106 m� 1s� 1: Constant kinetic coe�cien t for the �rst
set of numerical results discussedbelow; also see the section titled
\Kinetic modulation of focal adhesiondynamics".

� �t = t� k0: Non-dimensional time.

� cmax ; bcmax = 1=l0 = 5� 107 m� 1: The maximum attainable concentra-
tions of free integrins and bound complexeswere taken to correspond
to the lower limit of integrin packing separation.

FA dynamicswas �rst studied for d = 7:3 nm, which we label asa \mo d-
erate conformational change". In comparison, integrin packing separation
is 20 nm. We have also consideredthe possibility that there is a cascadeof
reactions, with many conformational changesadding up to a \large confor-
mational change", d = 44 nm.

State diagrams of focal adhesions

The observed dynamics is summarized in the state diagrams of Fig. 4 by
showing the FA length and position of its centroid at a largenon-dimensional
time, �t = 183. The various regimesare denoted by Roman numerals. The
dynamics that leadsto each such regimeis indicated via schematic diagrams
showing the direction and relative magnitudes of proximal and distal edge
velocities. The light arrows pointing into RegimesI I and I I I indicate the
schematic diagrams corresponding to those regimes.

In the absenceof force, focal complex growth is disfavored, and it is
very rapidly resorbed as both ends undergo desorption (I in Fig. 4). As
the force increases,the work terms, � f + � conf combine to favor growth to
somedegree. The symmetric growth-causing term, � conf , is dominated by
the antisymmetric term, � f . The proximal end grows in the force'sdirection,
but at low force P � 2� 10� 1| 5� 10� 1 pN, is overhauledby the desorbing
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distal end. This also ends in resorption of the FA, although with some
overall sliding, de�ned as FA centroid motion, in the force's direction (Fig.
4, I I). For larger conformational changesand force P � 5 � 10� 1 pN the
symmetric growth term, � conf , competese�ectiv ely with the antisymmetric
term, � f . The proximal end grows in the force's direction. While the distal
end desorbs,it doesso at a lower velocity in this case.The result is net FA
growth with sliding in the force's direction (Fig. 4b, I I I). For forcesP � 1
pN, if the conformational change is moderate, the dynamics is dominated
by the antisymmetric term, � f . The proximal end grows, and the distal
end desorbs,both at closeto the samevelocity in the direction of the force.
The result is constant FA length with sliding in the force's direction (Fig.
4a, IV). If the conformational change is large, a similar force level P � 1
pN results in symmetric growth as � conf dominates the antisymmetric term
� f . Proximal and distal ends both grow; the proximal end in the force's
direction, and the distal end away from the force. The result is FA growth
while remaining stationary (Fig. 4b, V).

For moderate conformational changes the sliding regime at constant
length is found to be robust over many orders of magnitude of the force
(Fig. 4a, IV). Conversely, with large conformational changes,it is the sym-
metric growth regime at �xed position that persists over many orders of
magnitude (Fig. 4b, V). Once these regimes have been established, they
remain robust to force levels � 104 pN. For larger forces,P � 3 � 104 pN,
and moderate conformational changes,the sliding regime gives way �nally
to a desorption regime(Fig. 4a, VI). It comesabout as the elastic term, � el,
dormant previously due to its quadratic dependenceon P, ultimately dom-
inates all other terms. For large conformational changesand P � 6 � 103

pN the symmetric growth regime steps down to one of proximal growth
via binding and distal desorption via unbinding, i.e., overall sliding, due
to the rising in
uence of � el (Fig. 4b, VI I). Finally, the elasticity-induced
desorption regime also takeshold at force P � 6 � 104 pN (Fig. 4b, VI).

Actin �lamen t and adhesion strength related to mo del parameters

Recall that the force, P, is externally-applied, and not generatedby acto-
myosin contractilit y. If a single ligand-integrin-plaque protein complex has
size 20| 73 nm and is attached to a single actin �lamen t, between50 � 50
and 14� 14 �lamen ts transmit force to an FA of size� 1� m2. This requires
that at the force that causesFA resorption, P � 104 pN, each actin �lamen t
can bear 4|50 pN force without itself breaking.

The above study shows that if the conformational change is moderate
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all modes of FA dynamics, except the symmetric growth mode, are possi-
ble. On the other hand, if the conformational changeis large, all modesare
attainable as the force is varied. The sliding mode (for moderate conforma-
tional changes)and the symmetric growth mode (for large conformational
changes)�rst becomepossiblefor forces� 1 pN, and remain in play at the
nano-Newton force level. Fig. 4 shows that the FA is robust, and does
not su�er resorption for P � 103|10 4 pN. For a FA of area � 1� m2 this
leads to a stress� 1| 10nN � m� 2, which corresponds well with the stress
of 5:5 nN � m� 2 measuredby Balaban et al. (2001).

As also noted above, thesemodescontinue to operate over force ranges
that are commonly measuredin stress�b ers. For a cell radius of � 20 � m
with FAs that are resorbed at 104 pN, � 250FAs are neededto attain a cell
adhesionstrength of � 10 kPa measuredby Garcia et al. (1997). Noting
that measurements of the integrin-ligand modulus remain unknown, it is
useful to remark that increasing the modulus causesa proportional scaling
of the force axis. For instance, use of the actin modulus of 1 GPa extends
the upper limits of the sliding mode (Fig. 4a, IV), and of the symmetric
growth mode (Fig. 4b, V), well beyond the physiological rangeto � 109 pN.
The extent of the force interval over which these regimesremain dominant
is controlled by the length parameters� and d. If � is madesmaller than 73
nm, the sliding regime would hold over a smaller force interval. The result
of varying d is already evident in a comparisonof Figs. 4a and 4b.

The computed evolution of the FA length, and motion of its centroid,
have been detailed as supporting information for moderate and large con-
formational changes,and di�eren t force levels.

KINETIC MODULA TION OF FOCAL ADHESION
DYNAMICS

The kinetic coe�cien t, k, can itself depend on the strain state. An integrin
molecule that binds with a ligand uses its thermally-induced vibrational
energy to overcomethe energy barrier to bond formation. Modelling a vi-
brating integrin molecule(Fig. 5a) asa one-dimensionalharmonic oscillator
with amplitude A, frequency ! and e�ectiv e mass m gives its vibrational
energy Evib = 1

4A2m! 2. If a molecule in such a state does surmount the
energybarrier it follows that Evib is an upper bound for the energybarrier.
For this activated processthe kinetic coe�cien t can be written as

k0 = � exp[� A2m! 2=4kBT]; (9)
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where � is the attempt frequency. Since the free integrins are contained
in the cell membrane whereasthe ligands lie on the substrate a reasonable
estimate for the amplitude is A � h, the height of the FA, sincethis height is
also the distancebetweenthe cell membrane and substrate. Under a tensile
force, the elastic elements stretch, thereby increasingthe distance, between
the cell membrane and substrate to (1 + ")h, where " is the strain in the
elastic element. Now, for a molecule to surmount the energy barrier and
bind it must have a larger amplitude, (1+ ")A, to bridge this larger physical
gap betweencell membrane and substrate. As an example," = P� bcmax =Ebcbx
for uniform distribution of forceover the elastic elements making up the FA.
The binding rate is modulated by this amplitude as

kf = k0 exp

"

�

�
A2(1 + ")2 � 1

�
m! 2

4kBT

#

(10)

Under a non-uniform force distribution the modulated binding rate will dif-
fer between distal and proximal ends. The velocities of the two ends can
therefore be in
uenced by kinetics of binding, in addition to the thermo-
dynamic driving force. Fig. 5b depicts the basic mechanism for kinetic
modulation of binding with a non-uniform force distribution. The kinetic
coe�cien t for unbinding, however, is una�ected by stretching of the elastic
element, and remains

kr = k0: (11)

Related ideas on the in
uence of receptor-ligand proximit y on the for-
ward rate can be seenin the work of Erdmann and Schwarz (2007) who
modelled adhesioncluster stabilit y. Also seeZidovska and Sackmann (2006)
who consideredthe variation in kinetic rates due to thermal 
uctuations in
the cell membrane. The dynamics of FAs driven by thermodynamics and
with kinetic modulation is obtained as the solution of (2) with (3{7) and
k = kf from (10) or k = kr from (11) replacing the unmodulated rate k = k0.

Kinetic modulation of FA dynamicsmodi�es the state diagramsasshown
in Fig 6. Thesestates were computed using A2m! 2=4 = 20kB T to be of the
sameorder asthe numerical valueusedfor H , and moderateconformational
changes,d = 7:3 nm. Fig 6a is for uniform forcedistribution over the length
of the FA, and is to be compared with Fig 4a. The di�erence appears at
a force P & 1:5 pN. The uniform stretching of integrin-ligand bonds slows
the kinetics of binding at the proximal end. The distal end, however is
unbinding and its rate remains una�ected. It therefore moves faster than
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the proximal end, and the FA length is at least partly resorbed by non-
dimensional time �t = 183. At P � 6 � 101 pN, the FA is fully resorbed
by �t = 183, and translation of the centroid is also retarded. At P � 103

pN kinetic retardation is so strong that even translation of the centroid is
completely suppressed. This regime of kinetic retardation of FA proximal
end velocity has beenlabelled as RegimeVI I I.

Non-uniform force distribution

A trap ezoidal force distribution, with proximal force density being half of
the distal one, causesresorption and retardation of the centroid at slightly
larger total force than for the uniformly distributed case. This appears
in Fig 6b. It also establishesthat all aspects of the formulation are valid
for arbitrary non-uniform force distributions. Only quantitativ e di�erences
are seenbetween Figs 6a and 6b, and we expect that this restriction to
quantitativ e di�erences only will hold for other force distributions, also.

The evolution of the FA length, and motion of its centroid under kinetic
modulation are shown as supporting information for di�eren t force levels.

DISCUSSION

Mo del simplicit y and physiological relev ance

We have laid out the chemo-mechanical in
uences on FA dynamicsby view-
ing this phenomenonin the setting of rate processesthat are subject to
thermodynamic driving forcesand kinetic modulation.

While recognizing that FA dynamics is governed by reaction and di�u-
sion, we have restricted ourselves to its consideration as a reaction-limited
process.This implies that the concentrations of free binders and ligands are
at equilibrium with the cytosolic and substrate reservoirs, respectively, and
therefore are spatially uniform and temporally constant. The aim has been
to examinewhether a reaction-limited description alonecan explain the key
features of FA dynamics.

We have also consideredmechanical loading of the FA to be dictated by
force control|sp eci�cally , by a force that is constant in time. This places
the coupling with cytoskeletal dynamics beyond the scope of this paper,
but has the bene�t of modelling an experimentally realizable scenario. In
particular, it is already possible to subject the cell to force control in the
piconewton range using a laser trap, and thereby accessthe force rangesof
the computations. The methods described by Arnold et al. (2004) to isolate



Focal adhesiondynamics 20

FAs should make it possibleto load individual FAs with a laser trap. Under
the establishedconstant force and temperature conditions, the Gibbs free
energyprovides the driving force for FA dynamics.

We have modelled an experiment that is decoupled from actomyosin
stress�b ers in order to avoid the details of cytoskeletal dynamics and con-
stitutiv e modelsof actomyosin contractilit y. This hasallowed us to focuson
the FA de�ned as consisting of ligand-integrin, integrin-plaque protein and
plaqueprotein-actin bonds,with the actin �lamen ts only servingto transmit
the externally-applied force.

The force distributed acrossthe group of actin �lamen ts, and thereby
transmitted to the FA, has beenconsideredto be uniform or trap ezoidally-
varying. However, other distributions can be treated without di�cult y as
demonstrated by the results for trap ezoidal force distribution summarized
in the section titled \Non-uniform force distribution".

The mechanical model of the FA itself is a row of discrete linearly elas-
tic elements. This has been motivated by the absenceof lateral integrity
betweenthe elements that would justify a shear layer. The resulting elastic
model is that of a one-dimensionalharmonic potential. While the length
of the elastic elements has been �xed to the upper bound of ligand-binder
complex size � , the elastic part of the chemo-mechanical potential is inde-
pendent of � in Equation (6). Therefore, the results do not depend on �
through the elasticity. Furthermore, substrate elasticity doesnot play a role
becausewe have considereda rigid substrate.

The concentration of bound complexesin the elastic elements is in the
range[bcmin ; bcmax ], whereboth limits have beenwell-motivated by spacingof
bound complexes. In many respects therefore, the formulation considersa
simple setting, but onethat is thermodynamically well-posedand accessible
by experiment.

Summary of mechanisms and their e�ects

Against this motivation for the framework of our model, we appraise the
results. Most importantly, the key regimes of focal complex resorption,
unsymmetric motion of proximal and distal ends(sliding with overall growth
or resorption), symmetric growth, sliding (antisymmetric motion of ends),
and a return to resorption are obtained sequentially asthe force is increased.
The study identi�es a �rm chemo-mechanical basis for the favoring of focal
complex growth by external force.

Firstly , focal complex resorption being chemically favored, as has been
suggestedin the literature (Riveline et al., 2001),must meanthat the chem-
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ical component of the chemo-mechanical potential is positive (� c > 0 in
Equation (4)). Thought of as a fracture mechanics problem, this corre-
sponds to a negative surface energy, which would cause spontaneous re-
sorption. However, the transient formation of the focal complex allows the
development of the mechanical part of the chemo-mechanical potential, and
a�ords the possibility of mechanical favoring of growth. Whether mechani-
cal favoring of growth is successfuldependson the competition between � c

and the mechanical terms � f , � el and � conf . Of these, the elastic chemo-
mechanical potential, � el, actually leads to further desorption under force
control. This is seenin its being positive in Equation (6). As in classical
fracture mechanics, it promotes unbinding.

Somefavoring of growth is possible if the conformational change of �-
bronectin, vinculin, talin, or some other molecule, has a component that
is aligned with the force. Equation (7) expressesthis e�ect by a negative
contribution to the chemo-mechanical potential. Of course, if the confor-
mational change is opposite the force, it further favors desorption. The
direction and magnitude of net conformational change in these molecules
determines the strength of this growth favoring (or possibly disfavoring)
term. We have considered it to be aligned with the force and therefore
to favor growth. It causessymmetric growth of the FA with respect to
the distal and proximal edges. The symmetry of the chemical, elastic and
conformational change-driven components of the potential, however, makes
them unlikely contenders for the role of the mechanism that enablessliding
in the direction of the force.

That role is most naturally adopted by the change in potential energy
due to shifting of the force under forcecontrol when complexesbind/un bind
at the FA's ends. It leadsto the contribution, � f , in the chemo-mechanical
potential. As arguedin the text accompanying Equation (3) the addition of a
complex at the distal end raisesthe potential energyof the force, but lowers
it for complex addition at the proximal end. The singularly compelling
aspect of this observation is that it does not require a speci�c consitutive
relation, conformational changeor even a mechanism. The fact of complex
binding/un binding at the edgesto extend/retract the FA under forcecontrol
is su�cien t, sinceonly the fundamental notion of work is involved. Whether
symmetric growth or sliding is observeddependson the net displacement due
to the conformational changein comparisonwith the sizeof a singlecomplex
of ligand, integrin and plaque proteins. The magnitude of force over which
these regimesdominate is controlled by the elastic modulus of the bound
complexes. We have demonstrated how a low value � 10 kPa places the
strength of the FA in the range that concurs with cell adhesionstrength.
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Furthermore, the strength of the dominant oneof the symmetric growth and
sliding mechanisms determines the extent of the force interval over which
the regime prevails before the elasticity-induced desorption regime asserts
itself. Kinetic modulation of the binding rate can causesome qualitativ e
changesin the regime of sliding with moderate conformational change,and
by extension, in the regime of symmetric growth with large conformational
change.

We note here that the work term, � f , also explains FA orientation
with the direction of force in the plane de�ned by the cell membrane-
substrate interface: The change in potential energy of the force due to a
binding/un binding event must then be written as � f = � �

2
eP � n , where eP

is the projection on the interfacial plane of the force vector P , and n is the
unit vector in the interfacial plane, and along the direction of FA exten-
sion/retraction due to complex binding/un binding. Clearly, the potential
energy change is most negative when n is aligned with eP . This is the case
for proximal end binding and distal end unbinding in the direction of eP .
The potential energychangeis most positive when n is aligned opposite to
eP in the interfacial plane. This is the casefor proximal end unbinding and
distal end binding opposite to eP . This mechanism therefore favors proximal
end binding and distal end unbinding in the direction of eP . As a result the
FA aligns with the force projection eP .

While Fig. 4 and Fig. 6 summarize dynamic behavior of FAs, we note
that the model does not preclude a static FA. This only requires a non-
uniform force distribution over the FA by which the chemo-mechanical po-
tential vanishesat both ends: � 1; � 2 = 0. In this casethe thermodynamic
driving forcefor binding/un binding vanishessimultaneouslyat the distal and
proximal ends,a condition that requires a non-uniform force distribution.

Relation to other models in the literature

There has beensomerecent literature on modelling of FA dynamics (Nico-
las et al., 2004;Nicolas and Safran, 2004;Shemeshet al., 2005;Besserand
Safran, 2006; Deshpandeet al., 2008; Nicolas et al., 2008) that compares
directly with the approach in this communication. Of these we will focus
on the paper by Besserand Safran (2006) since it encompassesand elab-
orates upon earlier work by Nicolas et al. (2004) and Nicolas and Safran
(2004), the paper by Shemeshand co-workers Shemeshet al. (2005), and
the more recent work of Nicolas et al. (2008) and Deshpandeet al. (2008).
In the papers by Shemeshet al. (2005) and Besserand Safran (2006) the
authors have attempted to explain the dynamics in thermodynamic or ki-
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netic terms, although the details of each treatment are di�eren t from ours.
We have highlighted thesedi�erence at several points in the text of this pa-
per. The most signi�cant manifestation of thesedi�erences is the conclusion
reached in these two papers that as the external force on the FA increases
beyond somelevel, the FA continuesto grow, and doesso symmetrically. In
contrast, as shown in Figs. 4 and 6, the conclusion from our study is that
the quadratic force-dependenceof the elastic free energy ultimately causes
desorption. In the high force regime this is simply a rate processwhere the
thermodynamic driving force for fracture overwhelmsall others. The results
suggesta numerical value for the ligand-integrin bond modulus (� 10 kPa)
at which our model predicts the peeling (de-adhesion)of cells in line with
the cell adhesionstrength studies of Garcia et al. (1997). We note that the
most recent work of Nicolas et al. (2008) reachesthe sameconclusionas we
do with regard to ultimate desorption of the FA at high force levels.

Shemeshand co-workers require a very speci�c geometry of the FA: free
of ligand-integrin bondsat the proximal end, and bonded at the distal end.
Without such a geometry the gradient of FA stressthat drives their model
disappears and their model fails. Also see the comments by Besserand
Safran (2006) in this regard.

Besserand Safran (2006) also require a speci�c geometry in which the
integrin-ligand bonded region extends slightly beyond the plaque protein
layer distally and proximally. This model also is the basis for the paper by
Nicolas et al. (2008). In their model it is hypothesizedthat the compression
in the proximal, and tension in the distal boundary layers due to elastic
response of the integrin-ligand bonded layer is a mechanosensor. In par-
ticular theseauthors suggestthat the proximal compressionacts by induc-
ing a molecular conformational change that favors FA growth via binding,
while the distal tension inhibits it. However, all the molecular conforma-
tion changesthat have been hypothesizedto favor FA growth (Zamir and
Geiger, 2001;Geiger et al., 2001), and investigated (Lee et al., 2007), work
by inducing uncoiling by local tension, not compression. It is only by as-
suming that the FA structure responds to compressionin one direction by
alsocontracting in perpendicular directions that the compressioncan induce
tension in any other direction. For linear elasticity this implies a negative
Poissonratio|a rather speci�c constitutiv e assumption,which hasnot been
investigated to our knowledge.

Nicolas et al. (2008) have consideredFA dynamics depdendent on sub-
strate sti�ness. In comparisonwe have assumedan in�nitely sti� substrate
that doesnot store elastic energy, and therefore doesnot a�ect the thermo-
dynamics. On a practical note, it is in this limiting caseit becomeseasier
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to carry out force controlled experiments.
Deshpandeet al. (2008) have built in a �nite strength to the piecewise

quadratic potential that governs the elastic responseof the integrin-ligand
bonds. In the present study, however, a �nite strength emergesas a result
of an energeticcompetition betweendi�eren t thermodynamic driving forces
for binding and unbinding. Deshpandeand co-workers also use a thermo-
dynamic framework for FA growth, and present quantitativ e results. Their
treatment includes a constitutiv e model that incorporates integrin sliding
oncethe maximum stressis reached. Their discussionof the sliding mecha-
nism is qualitativ e and is meant to rationalize their constitutiv e model. In
constrast we have presented an integrated quantitativ e treatment that ac-
counts for FA growth, dis-assembly and sliding. Speci�cally , Deshpandeand
co-workersconsiderlow- and high-a�nit y statesof integrin molecules,which
correspond to the unbound and bound states in our work. They advance
two hypothesesfor the sliding mode of FA dynamics: Their �rst hypothesis
is that sliding occurs as integrin moleculesin the high a�nit y state that
are deformedinto energetically-unfavorable conformations switch to the low
a�nit y and low energy state. Other integrins maintain strain continuit y
of the FA by simultaneously switching from low to high a�nit y, but lower
energy, states. Their alternate hypothesis considersthe propagation of a
front of switching from high to low a�nit y states. The propagation of this
front allows FA sliding|a mechanism that they liken to dislocation glide in
crystals. Theseare highly speci�c mechanisms that await validation.

The present communication, however, makesno constitutiv e assumption
to explain proximal growth via binding and distal desorption via unbinding
to producethe sliding regime. We �nd that this antisymmetry is induced by
the changein potential energyof the external force when the FA's centroid,
which is also the center of action of the force, translates in the direction of
the force.

Predictions and a testable model

The state diagrams in Fig 4 and Fig 6 depend on a few parameters only:
the elastic modulus E of the integrin-ligand bonds, and the relative sizesof
the maximum complex size � and the conformational change d. It appears
that the experiments of Arnold et al. (2004) could be extended to measure
E. Molecular structure studies and conformational changespredicted by
steeredmolecular dynamics computations (e.g. Lee et al., 2007) will bring
greater certainty to estimates for d. Numerical values of the remaining
parameters were justi�ed in the text. The regimesdescribed in the state
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diagrams (if necessaryre-computed with better data for E and d) will then
present detailed theoretical predictions that canbetestedby force-controlled
loading of cells,such asby laser traps, with techniquesof the type described
in Arnold et al. (2004) for localization of loadsto individual FAs. The model
thus seemsto passthe requirement of making predictions that can be tested
and veri�ed or falsi�ed. Testing of the model advancedhere and others in
the literature will possibly uncover the nature of FA dynamics.
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Figure 1: A schematic rendering of a FA at a cell-substrate interface.

Figure 2: Physical and mathematical model of a FA consistingof elastic ele-
ments of length � . Also shown are the proximal and distal ends,x 1(t); x2(t),
the centroid ex(t), length bx(t) and domain boundariesf 0; Lg.
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Figure 3: (a) FA geometry and loading. (b) Addition of a complex at the
distal end makes the center of the FA move opposite to the direction of
the horizontal force component, increasing its potential. (c) Addition of
a complex at the proximal end makes the center of the FA move in the
direction of the horizontal force component, decreasingits potential.
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(a)

(b)

Figure 4: State diagram of the �nal position of the focal adhesion'scentroid,
ex, and length, bx at �t = 183 as a function of force, P. The schematic dia-
grams indicate the dynamics corresponding to each regime. (a) For moder-
ate conformational changes,d = 7:3 nm. Note the dominant sliding mode,
highlighted. (b) For large conformational changes,d = 44 nm. Note the
dominant symmetric growth mode, highlighted.
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Figure 5: The mechanism of kinetic modulation for (a) uniform , and (b)
non-uniform force distributions.
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(a)

(b)

Figure 6: State diagramsof the �nal position of the focal adhesion'scentroid,
ex, and length, bx at �t = 183asa function of total force, �P, with kinetic mod-
ulation. Both casesare for moderate conformational changes,d = 7:3 nm.
Note the the kinetic suppressionof the sliding mode, dominant in Fig. 4a.
The resulting dominant mode is sliding with dissolution, shown highlighted.
(a) Uniform force distribution. (b) Trapezoidal force distribution.


