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Dynamics of Cellular Focal Adhesions on Deformable Substrates:
Consequences for Cell Force Microscopy
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ABSTRACT Cell focal adhesions are micrometer-sized aggregates of proteins that anchor the cell to the extracellular matrix.
Within the cell, these adhesions are connected to the contractile, actin cytoskeleton; this allows the adhesions to transmit forces
to the surrounding matrix and makes the adhesion assembly sensitive to the rigidity of their environment. In this article, we predict
the dynamics of focal adhesions as a function of the rigidity of the substrate. We generalize previous theories and include the fact
that the dynamics of proteins that adsorb to adhesions are also driven by their coupling to cell contractility and the deformation of
the matrix. We predict that adhesions reach a finite size that is proportional to the elastic compliance of the substrate, on a
timescale that also scales with the compliance: focal adhesions quickly reach a relatively small, steady-state size on soft
materials. However, their apparent sliding is not sensitive to the rigidity of the substrate. We also suggest some experimental
probes of these ideas and discuss the nature of information that can be extracted from cell force microscopy on deformable

substrates.

INTRODUCTION

Focal adhesions (FAs) are micrometer-sized regions of pro-
teins that connect the extracellular matrix (ECM) to the cel-
lular cytoskeleton. Cytoskeletal stress fibers contain actin
filaments and myosin II molecular motors and transmit force
to their environment via the FAs. These highly organized
adhesions play a crucial role in cell development and cell
movement. One important feature of focal adhesions is their
sensitivity to the compliance of the extracellular environ-
ment: FAs are only stable on substrates whose rigidity ex-
ceeds a certain critical value which may depend on cell type
(1). Consequently, the mechanical properties of the substrate
are an important determining factor of cell activity and via-
bility (2). For example, for a given chemistry and geometry of
the extracellular matrix, stem cells differentiate into different
types of cells, depending on the stiffness of the ECM (2). The
ability of the cell to probe the mechanical properties of its
environment originates in the coupling of the FAs to the
contractile stress fibers. An important probe of the mecha-
nosensitivity of FAs is measurements of the forces cells exert
on substrates. Several experiments have quantified the forces
exerted by adhering cells by measuring the deformation of
elastic substrates (patterned elastomers (3-5), deflection of
elastomer pillars (6-8), and birefringence of an elastomer
(9)). In all these experiments, it is observed that focal adhe-
sions reach a steady-state value of the force and a steady-state
area. On stiff substrates, focal adhesions of stationary fibro-
blasts were also observed to be highly motile (10).
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The sensitivity of FAs to the elastic properties of the ex-
tracellular matrix has not yet been studied experimentally in a
comprehensive manner. In this article, we investigate theo-
retically the impact of a deformable substrate on the growth
dynamics of focal adhesions, and show that these dynamics
are markedly different on very rigid surfaces compared with
deformable ones. In a previous article, we proposed a model
that accounts for the mechanosensitivity of focal adhesions
(11). In that study, we assumed that focal adhesions contain a
mechanosensitive, macromolecular unit that is activated by
stress resulting from acto-myosin activity or from external,
tangential applied stress (fluid flow, stretch of the substrate,
micropipette-induced shear, etc.). With this model, we
showed that the dynamics of focal adhesions is anisotropic,
as opposed to the isotropic growth of protein domains in the
usual, force-free, problem of protein surface adsorption; the
adhesions grow in the direction of the stress: additional
proteins join the adhesion at its front (the front and the back
edges of the adhesion are defined relative to the direction of
the stress), while proteins may (in some cases) dissociate
from the back (11,12). A further analysis of the energetics
(13) accounted for the observation that focal adhesions only
form on ECM whose stiffness exceeds a certain threshold
value (1). Finally, we predicted that on very thick elastic
ECM, focal adhesions would reach a stationary size, whose
value is proportional to the stiffness of the ECM. This implies
that a focal adhesion deforms an elastic substrate with a total
force that is proportional to the rigidity of the substrate. This
result appeared to be consistent with the work by Saez et al.
(6) that presented an alternative interpretation that did not
take into account the adhesion size as a function of rigidity.
Instead, those authors claim that the adhesions operate at a
setpoint of fixed displacement or strain, rather than fixed
force. This still-open question provides additional motivation
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for the analysis of our model for focal adhesion mechano-
sensitivity, and we show here that dynamics behavior is far
from simple when the ECM has a finite compliance.

In Focal Adhesions: Two-Layer Model, we briefly review
the framework of our model. The crucial assumption is that
the dynamics of focal adhesions is driven by the exchange of
energy of the anchoring/desorbing proteins including their
coupling to cell contractility and hence to the resulting sub-
strate deformation. The thermodynamic system under con-
sideration therefore includes not only the adsorbing proteins
as in the usual nucleation and growth or adsorption/con-
densation problems, but also includes the energetics of the
processes that exert force on the adhesion and hence deform
the substrate. When considering the situation of a fixed stress
on soft substrates, one must account for the fact that part of
the work done by cell contractility is used to deform the
substrate. This results in an increase of the total free energy
and therefore limits the growth of focal adhesions. (In the
absence of cell contractility, condensation of adsorbing
molecules in or on an elastic medium is, on the contrary,
favored by the softness of the substrate (14).) In Dynamics of
Focal Adhesions on a Rigid Substrate, we show that the
dynamics of focal adhesions on a rigid substrate is charac-
terized by several different regimes, depending on the stress
exerted on adhesion. These results are a generalization of the
predictions of Besser and Safran (12) that treated only the
case of infinitely rigid substrates. Dynamics of Focal Adhe-
sions on a Deformable Substrate predicts the dynamics of
focal adhesions for the case of thick, elastic substrates. These
new results show that adhesions saturate to a size that is
proportional to the rigidity of the substrate with a charac-
teristic time that is also proportional to the rigidity: adhesions
on soft substrates reach small steady-state sizes on short
timescales. In Discussion, we compare the predictions of our
model to existing experimental results and finally conclude
by discussing which physical quantities are accessible by cell
force microscopy and which features must be studied using
other techniques.

FOCAL ADHESIONS: TWO-LAYER MODEL

We model focal adhesions as a two-layer structure. The lower
layer contains membrane-bound integrins and related pro-
teins such as paxillin or zyxin that connect the cell to the
ECM. The upper layer contains proteins such as vinculin or
talin that link the lower layer to actin stress fibers (Fig. 1).
This very schematic model highlights the different dynamical
behaviors of the various components of FAs. The two layers
refer to two distinct dynamical behaviors and not necessarily
to a specific spatial organization. Although the limitation to
only two dynamical classes is a simplification that is not yet
supported by detailed experiments, the existence of different
dynamics for various components of FAs is supported by
recent high resolution fluorescence recovery after photo-
bleaching (15) and total internal reflection fluorescence or
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FIGURE 1 The two-layer model: linker proteins in the upper layer con-
nect the acto-myosin stress fibers and the mechanosensitive, lower layer that
is anchored to the substrate via integrins.

fluorescence correlation spectroscopy (16) experiments.
Atomic-force microscopy structural measurements have re-
lated these findings to some specific spatial arrangements
(17), and show that stress fibers are localized above the FAs
while paxillin lies close to the membrane. In the following,
we assume that the lower layer is formed independent of, and
prior to, the formation of the upper layer. This assumption,
although crude at the molecular level, is inspired by the ob-
servation that integrin clustering in FAs requires neither force
nor actin filaments (integrin clustering does require talin and
PI(4, 5)P, (18)). This is in contrast to the assembly of the
other components of the FAs that are only stable in the
presence of acto-myosin force (18). In the following, we
assume that the lower layer contains the mechanosensitive
units, while the upper layer contains proteins, hereafter called
linker proteins that transmit the stress from the stress fibers to
the mechanosensitive, lower layer (Fig. 1). Our model as-
sumes that once a linker protein anchors to the mechano-
sensitive layer, it instantaneously transmits a fixed and
constant stress, f (force per unit area); see Discussion for
more about this assumption. Experiments have shown that
the tangential component of the stress, f, plays a dominant
role (19), and have quantified the stress that arises from actin
contractility (3,7,5,9). We thus focus our analysig on the
effect of the tangential component of the stress, f, which
we denote as a scalar f. The direction of this component de-
fines the direction x (Fig. 2), which we term the force di-
rection.

The dynamics of focal adhesions is controlled by
the exchange of energy of the linker proteins
coupled to the stress fibers

What causes a focal adhesion to grow? As detailed in pre-
vious publications (11,13), our model accounts for recent
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FIGURE 2 The lower layer is deformed by the tangential component of
the stress,]_”‘7 that acts along the dash-dot line. The rods have no molecular
significance but help to visualize the deformation of the molecular units. The
stress-induced tilt is not uniform in the layer, giving rise to a nonzero
gradient of tilt.

experiments if we assume that the dynamics of FAs is driven
by the variation of energy of the linker proteins including
their coupling to cell contractility and hence to the substrate
deformation. Linkers bind to the lower layer and instanta-
neously connect this layer to the stress fibers, thus transmit-
ting the forces of the stress fibers to the mechanosensitive
layer. The force originates in the mechanical work performed
by molecular motors in actin stress fibers and results in the
elastic deformation of both the mechanosensitive layer and
the elastic substrate. We assume that the assembly of FAs is
limited by the kinetics of the various interactions among the
proteins, while diffusion occurs on much faster timescales
(12). Thus, the kinetics of the adsorption/desorption of the
linker proteins results from the variation of the chemical
potential of this coupled system (20),

od
or = Cy (Mpuie = Mags)s 9]

where @ is the concentration of linker proteins in the upper
layer that transmit the stress from the actin stress fibers to the
mechanosensitive layer: 0 =< @ =< 1. The prefactor C; relates
the variation of the chemical potential to the dynamics of the
FAs: C, = q)bu]kD/(kBTaz), where D is the diffusion coeffi-
cient of the linker proteins, @y is the bulk protein concen-
tration, and a is the typical distance between two adsorbing
sites in the mechanosensitive layer. The chemical potential
difference between the linker proteins in the cell cytoplasm
and those connecting the stress fibers to a focal adhesion, is
Moulk — Mads- The free energy from which u,4 is derived has
two contributions:

1. The mechanical energy that originates in the work done
by the stress fibers to maintain a constant stress (force per
unit surface) as the adhesion grows. (The assumption that
the stress is kept constant as the size of the adhesion
varies is deduced from (3), but is questioned in another
study (6), as discussed in the final section of our article.)
The forces exerted by the stress fibers deform both the
FAs and the substrate if indeed, the latter is deformable.

2. The chemical binding energy involved as additional
linker proteins adsorb on the existing FAs. We showed
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in Nicolas et al. (11) that this energy must be exothermic
(a lowering of the cellular energy) for our model to
properly account for the observed, force-induced growth
of FAs (19).

The total free energy that is relevant to the calculation of the
linker protein chemical potential is obtained by starting with
the following Hamiltonian:

H=H,+H,. 2

The first term is related to the energy the molecular motors
provide to maintain a constant stress on the focal adhesion;
the contribution of this term becomes more important on
deformable substrates. It is coupled to the concentration of
linker proteins because the stress is only transmitted to the
substrate via these proteins. When additional proteins adsorb,
they connect the FAs to the cytoskeleton and the motors in
the stress fibers must expend more energy (or must recruit
additional motors with a consequent chemical potential en-
ergy cost) to maintain a constant stress on the deformable
area, which has grown due to the presence of the additional
linker proteins. The second term includes the energy that is
released when additional linker proteins adsorb and enlarge
the focal adhesion.

We treat the top of the lower layer as a two-dimensional
lattice. Each site i may or not contain a linker protein, that
connects the lower layer to the actin stress fibers (the site
occupation variable ®; is then 1 or 0 whether there is or is not
a linker protein at site 7). For a given discrete distribution of
linker proteins {®;}, we write

2h : substrate
1 =TS @ (@) e S D)
J
LY ag-w). ©)

sites 1,

The first term is the stress-induced deformation of the FAs,
which is characterized by a Young’s modulus Y, a Poisson
ratio v, and a shear modulus A, = Y/(2(1 + v)), as well as by
the thickness A. The stress is denoted by f (see Table 1 for
numerical values) and in Appendix B we present a detailed
derivation of this term. The second term is the energy asso-
ciated with the deformation of the substrate with shear
modulus A,, and Poisson ratio 2. Since the linker proteins
transmit the stress from the actin stress fibers to the substrate,
this energy depends on the distribution {®;} of the linkers:
®; = 0 if the site i is unoccupied, ®; = 1 otherwise. The
functional form of H5'™"™ also depends on the geometry of
the substrate. A derivation of this term for a semiinfinite,
elastic substrate is also presented in Appendix B. For the sake
of simplicity and with no loss of generality, we limit our
analysis to the case where 3 = 1/2. Coupling of the defor-
mations of the adhesion and the substrate is a second-order
correction in the limit where the substrate is much more rigid
than the adhesion (A, < A,,). The third term accounts for
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TABLE 1
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Mechanosensitive layer

a Size of elementary mechanosensitive units. 0.02-0.06 um (25)

h Thickness of the mechanosensitive layer. ~100 nm (17)

Ay = z(]Lﬂ) Shear modulus of the mechanosensitive layer. ~1 kPa (28)
Energy barrier between the inactivated and activated state for the mechanosensor.

T Lowering of the energy barrier associated with the gradient of tilt.

d Molecular length scale associated with the change of conformation of the stretched mechanosensor.

s(x, y) Degree of activation of the site located at (x,y). 0=s=1

Linker proteins

f Magnitude of the tangential component of the actin induced or external stress. 3-6 nN//u,m2 (3,4,7)
{d;} A particular realization of the occupation of the sites of the lower layer by the linker proteins. o, =0, 1

D(x, y, 1) Linker proteins concentration averaged over all possible realizations {®;}. 0=dw,yn=1
Uy, 0 Small deviation from the average linker proteins concentration. y=>-12

€p Energy of adsorption of a linker protein on an activated site. eg >0

J Coupling coefficient for the short-ranged two body interaction. J>0

Mbulk Chemical potential of free linker proteins.

C, Prefactor that relates the variation of the chemical potential to the dynamics. C = %
Extracellular matrix

A, = szig) Shear modulus of the extracellular matrix. S=112

the energetics of adsorption of the linker proteins on the lower
layer (the mechanosensitive layer); this adsorption is energet-
ically favorable since it releases an energy eg > 0 if the lower-
layer molecule (e.g., integrin) at position i is activated (s; = 1)
and is therefore in a conformation in which it can associate
with a linker protein. If s; = 0, the lower-layer molecule is not
activated and cannot associate with the linker protein; no
binding occurs in this case. The last term is the short-ranged,
two-body attractive interaction between adsorbed linker pro-
teins; this interaction is due to local effects and is independent
of the acto-myosin force and substrate deformations. We as-
sume J > 0, since experimentally it is observed that conden-
sation of the adsorbed linker proteins is favored.

From this expression for H (Eq. 3), one can calculate the
free energy of the system and hence the chemical potential of
the linker proteins (including their coupling to cell contrac-
tility as described above),

5
o, :%, with F = —kTInZ and

zZ= {IZ} exp(—BH({®1})),
where ®(x, y, 1) is the concentration of the adsorbed linker
proteins averaged using the Boltzmann distribution. The
expression ®(x, y, ¢) is the continuum analog of the discrete
variable (®;) (see (12) for more details). The partition func-
tion Z is summed over all the realizations {®;} of the site
variables, @; = 0, 1; B is the inverse of the thermal energy:

B = 1/(kgT).

The mechanosensitive layer is activated by two
modes of deformation

To calculate w,q5, We first calculate the probability, {s;), that a
site, i, in the mechanosensitive layer is activated and has
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changed its conformation in such a way so that association
with the linker proteins is favorable. In the two-layer model
that we use, the lower layer is composed of a uniform dis-
tribution of mechanosensitive units of size a. As discussed
previously, linker proteins release an energy eg when they
adsorb onto an activated site. In the following, we assume
that activation is favored by two different modes of the me-
chanical deformation of the lower layer (12): 1), an in-plane
shear, that results in both a tilt and an extension of every
mechanosensitive unit; and 2), a gradient in tilt along the
mechanosensitive layer (Fig. 2). Stretching of proteins is a
common deformation that influences the molecular confor-
mations and was suggested to induce a transition between
very transient initial adhesions and the more force-resistant
focal complexes (21). The gradient of the tilt is another
possible, but less studied, way of inducing conformational
change in proteins mainly because as a gradient of the mo-
lecular tilts, it is only applicable to protein aggregates.
However, in the case of FAs, the assumption that the gradient
of tilt induces a conformational change of the proteins leads
to results that are consistent with observations. One major
consequence of this assumption is that it is responsible for the
nonuniform stress, and hence nonuniform activation of
the lower layer in the direction of the stressf, which results in
the directed growth of FAs. Further consequences of this
assumption are presented in Nicolas et al. (11) and compared
to experimental observations. It also accounts for the sliding
of FAs that results from the simultaneous addition of new
proteins at the edge of the FAs that is in the direction of the
applied force and disassembly of the FAs at the opposite edge
(22). In addition to the gradient of tilt, the in-plane shear of
the mechanosensitive layer results in a uniform activation
(12) of the entire FAs, consistent with experimental evidence
for the disappearance of FAs when the force is removed. As
already mentioned in Besser and Safran (12), this term is
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responsible for the switching from a shrinking FAs at small
stress to a growing adhesion at larger stress. We therefore
write the Hamiltonian that determines the probability, (s;),
that site 7 is activated and can associate with linker pro-
teins as

Haa()—s(AG-I—TV//( i(i)) fdaq)) 4)

where V// = (0/0x,0/0y,0). In this expression, AG is
the energetic barrier related to the changes in conforma-
tion of the mechanosensor that must occur for it to switch
from an inactivated state (s; = 0) (where it cannot asso-
ciate with the linker proteins), to the activated one (s; = 1)
(where association can occur). The value (i) is the displace-
ment of the mechanosensitive layer, relative to its unstressed
state (Fig. 2). The value Ai(i) is the relative displacement of
the top of the mechanosensitive layer (where the acto-myosin
force is applie@) compared to its bottom (which is grafted to
the substrate). V,, - Aii(i) therefore describes the gradlent of
tilt between neighbor mechanosensitive units: when V/ /-
Aii(i) <0, the upper part of the units in the vicinity of site
are closer than their lower parts, as one can see at the front
edge of the stressed region on Fig. 2; when V/ /- Ali(i) >

the upper parts are farther away than the lower parts of
these molecular units, as shown at the back edge of the
stressed region on Fig. 2. We assume that a negative tilt
gradient induces the change of conformation of the
mechanosensitive units from deactivated to activated.
We therefore take 7 > 0, smce it multiplies the gradient
of tilt of the mechanosensor (V// Aii(i) < 0) to determine
the decrease of the energy barrier for the conformational
change that arises from compression of the top of the
units. The last term accounts for the lowering of the
energy barrier for the conformational change that arises
from the in-plane shear-induced stretching of the mecha-
nosensitive units (21). Stress transmitted by the linker
proteins (d; = 1) causes stretching and hence a confor-
mational change in the mechanosensitive units. The value
d is the molecular length scale associated with the change
of conformation. If one assumes that the lowering of the
energy barrier, AG, by compression is perturbative (,81'7/ /-
At < 1), we can use Eq. 4 to estimate the probability that
the site i is activated:

1 1
(si(Pe)) = B(AG + 7V)-Ail;—f da ;) = B(AG—f da”®;)
1+e /A i I+e '
=g —
w1 _ BV Al (5)
A _f 32 . °
| 4 plc-rale)

We can now calculate the variation of the chemical potential
of the linker proteins that adsorb onto the focal adhesion,
including the work done by the stress fibers due to the defor-
mation of the substrate.
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DYNAMICS OF FOCAL ADHESIONS ON
A RIGID SUBSTRATE

We first focus on the case of cells placed on an infinitely rigid
substrate for which there is no substrate deformation. In this
case, the stress transmitted by the cells due to their contrac-
tility only results in a deformation of the adhesion sites and
not of the substrate: H5™™¢ = 0 in Eq. 3. In the situation
where adhesions are grafted to an undeformable substrate
(and hence cannot displace the ECM), the elastic energy H,,
that determines the occupation probability, ®;, of linker
proteins at site i is ((13); see also Appendix B)

h
H, ﬁle\a ZCD = OZ(I) (6)

i

where A, is the shear modulus of the mechanosensitive layer
and £ its thickness. The Hamiltonian, Eq. 3, simplifies to

Hzﬁozq)iz

where (s;) is the average activation rate of the mechanosen-
sitive layer at site i. Note that this expression differs from the
one that was previously proposed by Besser and Safran (12)
(see Eq. 13 in (12)) because we focus on the thermodynamic
system that consists of the linker proteins coupled to the
stress fibers and the substrate. Besser and Safran (12) focused
only on the variation of the energy of the linker proteins. As
was previously shown (11), we must include the coupling of
the linker proteins to cell contractility to predict increased
growth of FAs on rigid substrates compared with soft
substrates (13).

This activation is caused by the elastic stresses in the lower
layer, as explained above. Adsorption of new linker proteins
at the activated sites influences the deformation of the layer,
and therefore also changes the activation probability. How-
ever, the process of activation is much slower (of the order of
seconds (24)) than the nearly instantaneous elastic defor-
mation of the lower layer by the forces transmitted by linker
proteins (the sound velocity in an elastic material with a
Young’s modulus of ~ 1 kPa and with a density of ~10° kg/m’
is ~1 m/s). This means that the activation probability, (s;),
averages over many attempts by many linker proteins to as-
sociate with the lower layer, so that (s;) is a function of the
local average linker concentration on the lower layer, ®(x, y).
(This can also include the effects of linker proteins that are
adjacent to the location of a given, microscopic site, i.) This is
in contrast to the terms in the Hamiltonian that directly ac-
count for the deformation and binding of a given linker
protein; those terms depend on the instantaneous and local
value of the site variable, ®;.

Taking into account the different timescales, and moving
from a local to a coarse-grained description where the con-
centration is a continuous function of x and y, the chemical
potential w4, of the adsorbing linker proteins is then (see (12)
for detailed calculations)

J
—GBZ(I’KSQ‘*‘EZQU &),
i ij
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where ®(x, y) is the average adsorbed linker proteins con-
centration at position (x, y). Since the substrate is rigid, the
stress-induced deformation of the mechanosensitive layer is
short-ranged (12,13). For a force in the x direction, we write

Faogy),  au ~o ©)

Au, ~ o
Xz

where « is a coefficient that depends on the Poisson ratio of
the mechanosensitive layer (13). The gradient of tilt-induced
activation is therefore largest at the front of the domain, in the
direction of the stress. The activation rate, that combines the
effect on the activation of both the uniform and nonuniform
deformations, is therefore written

1 < fh BT 6@)
l —«

AG—f da’®)

(s(x,y)) =~

1+
(10)

Using the same procedure as in Besser and Safran (12), we
consider the chemical potential Eq. 8 along with the (con-
centration- and gradient-dependent) activation rate Eq. 10 to
obtain the dynamical equation for the linker protein concen-
tration at the edges of the adhesion, where the concentration
of linker proteins decreases from high to low values. Defining
® = 1/2 +  with y < 1, we find from Eq. 1 that

w_C
or B
(11)

Compared with the usual, isotropic condensation of a solute
at an interface, Eq. 11 contains an additional term propor-
tional to Ji/Ox that accounts for the fact that the activation of
the mechanosensitive layer is force-dependent and hence
nonuniform; this term is responsible for the nonuniform con-
densation dynamics of linker proteins from solution, result-
ing in growth of the FAs in the direction of the force. The
various coefficients are

A rigid _ f2ha2 + €s
Mo f) = Mo — 22, 1+ eB(AG—fdaz/Z)
, , B(AG—f da® /2)
elf) =pJ B enfa (1 +eB(AG—fda2/2))2
h
o(f) = apr " _— I
A, (1 4 PGt /2)) (1 4 o PAG—Tda /2)>

12)
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and ¢ = 16/3 and B = 8 Ja2/2. Equation 12 includes an
additional term in the chemical potential difference, Auf®,
compared with the chemical potential difference of Besser
and Safran (12). This term, which is proportional to the
square of the applied stress, accounts for the contribution of
cell contractility that results in the deformation of the focal
adhesion (for the case of an incompressible substrate). That
is, the anchorage of each linker protein results in a deforma-
tion of the FAs and this modifies the chemical potential of
these proteins. In the case of a soft substrate, as explained
below, a similar term accounts for the elastic deformation of
the substrate. The second line of Eq. 12 also shows that the
dependence of the activation probability on the average,
bound linker protein concentration results in an effective
attraction among the linker proteins since the linkers bind to
regions that are activated; those tend to be regions in which
there was already a high concentration of linker proteins from
previous binding events.

The solution of Eq. 11 yields the two-dimensional con-
centration profile of linker proteins ¢ (x, y, ). However, be-
cause of the nonuniformity of the gradient of tilt-induced
activation (the Oys/Ox term), we expect that the concentration
profile of the linker proteins varies nonuniformly with x but
uniformly with y. For simplicity, we therefore consider the
one-dimensional dynamics of FAs in which they grow only
along the direction of the applied force (and hence the de-
formation and concentration gradients), which we take to be
in the x direction. Within this simplified picture, the solution
of Eq. 11 is a moving front (to first order in the small quantity
BAuGE < 1(12)),

P(x, 1) = BA;";})U) + E(Cf) tanh [\/%(x - vbft)] ,

(13)

where v, and vy are the velocities of the back and the front
edges (defined relative to the force direction) of the cluster of
linker proteins:

v =G, L_(/f)\/fwg‘d(f) + a(f)] , (14)

S+ ot

For the case of a rigid substrate, the velocities of the front and
back edges of the adhesion do not depend on the initial size,
Ly, of the adhesion, as long as we assume that the stress, fis
fixed. We therefore predict that in this case, the size, L, of the
adhesion varies (in a decreasing or increasing manner, de-
pending on the sign of Auf®) linearly with time:

Vi = C| . (15)

L(t) = Lo+ (v — w)t = Ly + ——V2Bc A t.  (16)

3¢,
e(f)
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DYNAMICS OF FOCAL ADHESIONS ON
A DEFORMABLE SUBSTRATE

Cells that adhere to a deformable substrate form adhesions;
but the acto-myosin force that stabilizes the FAs also stresses
the substrate. In the case that the substrate is deformable but
has a thickness that is smaller or of same order of magnitude
as the thickness of the mechanosensitive (lower) layer of the
FAs, the stress-induced deformation is short-ranged. This is
because deformation must vanish on the bottom surface of
the substrate. The acto-myosin force therefore acts on both
the mechanosensitive layer and the relatively thin substrate in
a similar manner. Thus, the range of deformation is the sum
of the thickness of the mechanosensitive layer of the FAs and
of the substrate. In this case, the dynamics of FAs can be
extrapolated from the dynamics of FAs on infinitely rigid
substrates by renormalizing the elastic moduli of the me-
chanosensitive layer in the expression for Aug®®(f) or o'(f)
(Eq. 12): h/Ax, — (h/Ax,+H [ Ax,), where H is the thickness
of the elastic substrate and A, its shear modulus (see Fig. 1).

However, in the case of an elastic substrate whose thick-
ness is much larger than that of the mechanosensitive layer in
the FAs, the deformation of the substrate is long-ranged; this
introduces new physical features. In this situation where the
substrate is much thicker than the size, L, of the adhesion, the
substrate deformation decays slowly so that the contribution
of the entire stressed region, as expressed by the size of the
FAs, enters in the expression for its energy (13).

In this context, the deformability of the substrate or ECM
has several effects. First, it modifies the nature of the defor-
mation within the mechanosensitive layer and thereby in-
fluences the rate of activation (Eq. 5). To calculate this effect
one must consider the true, three-dimensional elasticity of the
adhesion; deformations along different directions are coupled
by the elastic moduli. However, for simplicity, we focus here
on substrates that are more rigid than the mechanosensitive
layer (A, > A,,) and adhesions whose size, L, is much larger
that the thickness, A, of the mechanosensitive layer. In this
limit, the contribution of the_) deformation of the substrate to
the deformation of the FA, V. Aii, is negligible (13).

Second, the deformability of the substrate induces an
elastic interaction between the linker proteins. As shown in
detail in Appendix A, this interaction is repulsive because we
assume that the driving process for FA dynamics is the var-
iation of the energy of adsorbing linker proteins coupled to
the stress fibers. The elastic interaction between two adsorbed
linkers separated by a distance, r, that transmit a stress f from
the stress fibers to the lower layer of the FAs, is

f2
da A, r

H, = (2(1 —3) + 23cos’6),

where 2, is the Poisson ratio of the substrate and 6 is the angle
between 7 and f. This repulsion opposes the local, short-
ranged two-body attraction as represented by the coupling
coefficient J described above. For a material with Poisson

533

ratio 2 = 1/2, condensation no longer occurs for forces that
are too large, due to this repulsion. The crossover occurs when

f2a3
: =J. 1
2mA,, I an

In the following, we assume that the substrate is rigid enough
(i.e., A, is large enough) so that this criterion is not obeyed;
that is, we only consider the regime where linker proteins do
condense and assemble in a dense plaque.

The last but major effect of the deformable substrate is its
effect on the work that the stress fibers must perform to
maintain a constant stress f on the adhesion, even while de-
forming the substrate. Because part of the work performed by
the stress fibers goes into deforming the substrate, the mo-
lecular motors must invest additional energy, HS'™™¢ o
exert a constant stress, f, on the mechanosensitive, lower
layer of the adhesion. This tends to effectively increase the
free energy of the linker proteins and thus reduces the dif-
ference between the chemical potentials, iy and paqs. This
results in a smaller driving force for adsorption which then
slows down (and can even stop) the dynamics.

Unfortunately, the more complex expression of the elastic
Hamiltonian H Z}'bmate for the case of the deformable substrate
does not permit us to use the procedure we used to treat the
rigid substrate; this is due to the long-range coupling between
adsorbing, linker proteins (see Appendix B). We can, how-
ever, estimate the dynamics of the FAs by assuming a gate-
shaped profile for the concentration, ®(7,¢), of linker
proteins, in which the concentration is nonzero and constant
in a region whose extent is L and zero elsewhere. The de-
formation energy of the substrate then contributes a term to
H,, that is proportional to the size, L, of the adhesion (13).
(The modification of the activation rate by the substrate de-
formation energy is negligible, as discussed above.) We then
assume that the FAs grow slowly, and adiabatically solve Eq.
11 keeping the adhesion size, L, constant. The velocities at
the edges of the adhesion in the direction of the stress are
given by expressions that are similar to those derived above,
for the case of a rigid substrate (Eqs. 14 and 15), although the
coefficient, Ay, now includes the contribution of the sub-
strate deformation energy. (We ignore the corrections of the
substrate deformation in the expressions for o(f), or for €(f)
since we showed above that these are negligible in the regime
where the substrate is more rigid than the FAs, A, > A,,.)
We write the difference in chemical potentials as

f*hd®  fLd’ 4 €3
2\, 2A,, 1+ eB(AG—fdaz/Z)'

Apo(f) = My — (18)
For a thick, elastic substrate, the variation of the chemical
potential in the absence of interactions, Aug, now depends on
the size, L, of the adhesion via the third term of Eq. 18.
Consequently, the velocities v, and vy also exhibit a depen-
dence on L. Up to now, we considered the adiabatic limit and
calculated the velocities for instantaneous values of L. This

Biophysical Journal 95(2) 527-539



534

relationship can now be used to derive an expression for the
time dependence of the FA size, L(¢), since the net velocity
difference between the velocities of the front and back edges
of the FAs cause the FAs to grow or shrink; this velocity
difference is thus identified with dL()/dt,

dL
— =V — V. 19
dr Vi =V (19)
Replacing the velocities v, and v¢ by their expressions Eqs. 14
and 15, which contain the length-dependent term Aug (Eq.
18), leads to an expression for the time evolution of the
length, L(¢), of the adhesion,

L(t) = L. (1 — exp[—t/n]), 20)

where L. is the saturation length and ¢, is the characteristic
decay time (see Eq. 12):
sz rigid
L°° :fzazA/""()g ) (21)
A e
*" fd* 3Ca\V/2Bc

We therefore conclude that on deformable, thick substrates,
FAs reach a saturated size that is proportional to the rigidity
of the substrate on a timescale that also scales with the elastic
compliance of the substrate.

(22)

DISCUSSION

The major assumption of our model is that the dynamics of
FAs is driven by the exchange of energy of the linker proteins
as they adsorb from the bulk and assemble on the adhesion.
These energies include the coupling of the linker proteins to
the stress fibers that must perform more work to keep the
stress exerted on the FAs constant, even as they deform the
substrate. This couples the energies of the linker proteins to
the substrate deformation energy and introduces a depen-
dence on the adhesion size that modifies the growth law of the
FAs. This model predicts that the linker proteins assemble
into clusters above the mechanosensitive, lower layer of the
FAs and that the edges of the cluster move with velocities v¢
at the front and v, at the back of the adhesion, where the front
and back refer to the direction of the stress f. These two ve-
locities differ because we assume that the mechanosensitive
layer is activated, allowing a conformational change that
induces association with the linker proteins, by two kinds of
deformations:

1. A gradient of tilt, which leads to a nonuniform activation
of the layer, with a strong maximum at the front edge (in
the direction of the tangential stress). This nonuniform
activation results in the apparent sliding of FAs, with a
velocity (vy + w,)/2 « 7, where 7 is the lowering of the
energy barrier for this conformational change when the
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mechanosensitive unit experiences compression of its
upper part (see Eq. 4).

2. The second mode of activation is due to the in-plane
shear-induced stretching of the mechanosensitive layer,
which results in a uniform activation of this layer and is
responsible for the overall growth of the adhesion with
velocity v¢ — vy,

In the case of arigid substrate, the velocities of the edges of
the cluster are given by Eqgs. 14 and 15, along with Eq. 12.
Experiments show that FAs are not stable in the absence of
stress. This constrains the parameters to satisfy: pp,x + €g/
(1 + eBAG) < 0 (see Table 1). Moreover, to get a regime
where the adhesion indeed grows in response to stress, the
parameters must be chosen so as Aug(f) > 0 for a certain
range of stress f (see Eq. 16). Both conditions limit the range
of accessible parameters and we finally extract two different
possible regimes: 1), a regime where the back edge moves in
the direction opposite to that of the stress (see Fig. 4, 87 =
0.5); and 2), a regime where the velocity at the back of the
cluster is in the same direction as the stress (see Fig. 4, B7 =
2). In the first regime, there is a range of stress where the
uniform, in-plane shear-induced activation of the mechano-
sensitive units dominates the nonuniform gradient of tilt-
induced activation; FAs still show maximal growth at their
front edges, in the direction of the stress, f; the back edge of
the FAs moves in a direction opposite to that of the stress due
to the activation from the uniform shear. The system switches
from one regime to the other as the magnitude of the non-
uniform activation of the mechanosensitive layer is varied
relative to the uniform mechanism; in practice, this is done by
varying 7. This last regime has not yet been reported in the
literature, but may indeed exist (P. Heil, Heidelburg Uni-
versity, personal communication, 2007).

For cells plated onto a rigid substrate, we predict that ad-
hesions always continue to grow with time, with a constant
velocity v¢ — v, (Fig. 3, and see Eq. 16); this quantity can be
small or large. Smilenov et al. (10) reports that FAs in sta-
tionary fibroblasts slide with a velocity of 0.12 = 0.08 wm/
min but do not measurably get larger or smaller. Of course,
this could be due to the fact that the linker proteins or motor
proteins have become depleted and are no longer available to
change the size of the FAs; however, we do not consider this
possibility here. Alternatively, our model can account for
such observation, with a choice of suitable parameters. We
find that within a wide range of values of the parameters, our
model can indeed reproduce a sliding velocity that is much
larger than the growth velocity which may be so small as to
be unobservable. For example, f = 20 kBTa3, which corre-
sponds t0 0.3 = f= 10 nN/um? for 20 nm =< a = 60 nm (25),
together with the parameters used in Fig. 4 leads to
(ve =)/ ((v¢ + w)/2) ~0.03.

An important prediction of our model is the existence of a
maximal stress above which the adhesion no longer grows, as
illustrated in those regions of Fig. 4, where the growth ve-
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FIGURE 3 Solution of Eq. 11 for the dynamics of the density profile of
the linker proteins for a cell on a rigid substrate. The stress pulls on the FA
from left to right. The FA grows and slides for this choice of parameters:
Mbulk = —2.7 kBT, AG=25 kBT, € = 30 kBT, )‘xz =40 kBT/aS, J=42 kBT,
h=2a,d=023a,and 7 = 2 kgT.

locity goes to zero. This threshold is a straightforward con-
sequence of our assumption that the dynamics of FAs is
determined, in part, by its coupling to the stress fibers and that
these fibers must perform some mechanical work to keep the
stress, f, constant when the substrate is deformed. Above a
certain threshold of stress f, this deformation energy (which is
a result of the large stress exerted on the FAs) cannot be
compensated by the chemical energy released by the ad-

20 BV
aC,
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sorption of the linker proteins; this is because the mechani-
cal energy scales quadratically with f which, at large stress
values, dominates the chemical energy that scales only lin-
early with f. This prediction—that the FAs cease growth at
large values of the stress—has not yet been tested experi-
mentally. It is, however, of importance since this feature
distinguishes our model from other scenarios for focal ad-
hesion mechanosensitivity (26).

Our main result is that the deformation of the substrate
causes the dynamics of FAs to depend on its elastic properties
(Fig. 5). We showed that in this case, the adhesion size sat-
urates to a finite value, L, that is proportional to the elastic
modulus of the substrate (Eq. 21). This effect originates from
the term H,, in Eq. 2 that includes the long-ranged substrate
deformations in the energetics and hence, the dynamics of the
linker proteins that cause the FAs to grow. Since we assume
that the cell pulls with a constant stress, f, on the adhesion, the
linear relationship between the saturation length, L., and the
substrate rigidity, A, also implies that the total force exerted
by a single FA reaches a stationary value that is proportional
to the rigidity of the substrate. (FAs grow mainly in one di-
rection, so that the total force is proportional to L.) This
scaling is observed in the experiments of Saez et al. (6). Here
we have shown that even if the mechanosensitivity of the FAs
is triggered by stress, the force may still be proportional to the
rigidity because of the long-range nature of the substrate
deformation (13). In addition, we have predicted that the
timescale to reach this stationary regime is also proportional
to the rigidity of the substrate. This implies that adhesions on
a soft substrate reach a relatively small, stationary size, Lo,
on a timescale that is proportional to the substrate rigidity.
Finally, we predict that the sliding velocity (v¢ + ,)/2 is, to
a good approximation, independent of the rigidity of the sub-

FIGURE 4 Growth dynamics of FAs assum-
ing a stiff substrate with velocities at the front
(vg) and back (v,) edges of the cluster of linker
proteins, together with the sliding velocity
Vaiiding = (vf + vp)/2 and the growth velocity
50 Varowth = Ve — Vb, as a function of the stress f per
unit of thermal stress 1/8a>. On the left-hand
side, B = 0.5, is chosen so that the velocity
at the back edge is in the direction opposite that
of the stress. On the right-hand side, f7 = 2
and the back edge always moves in the direction
of the stress. The sketches below the graph depict
the direction of the velocities at the edges of a

=3 focal adhesion as a function of the stress, f. We
*\ Vsliding have chosen ppux = —2.7 kT, AG = 2.5 kgT,
A eg = 30 kgT, Ay, = 40 kpT/a’ (this corresponds

5 t0 0.7 kPa = A, = 20 kPa for 20 nm < a <

~

60 nm (25), J = 4.2 kgT, h = 2a, d = 0.23a).
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FIGURE 5 Growth velocity for a stress f = 10 kgT/a® as a function of the
rigidity of the substrate for three sizes, L, of the adhesion: L = 10a (—), L =
100a (——-), and L = 10004 (- - —). The other parameters are the same as in
Fig. 4. For a substrate with rigidity A,,, the adhesion shrinks (Vgrowm < 0)
when its size exceeds a threshold that is proportional to 1/A,, (see Eq. 18).

strate. To our knowledge, the dependence of the sliding
velocity of focal adhesions on the mechanical properties of the
extracellular matrix has not yet been discussed in the literature.
Note that in the limit of a rigid substrate, where A,, — o
in Eq. 20, the size of the adhesion grows linearly in time, as
expected for simple growth driven by a constant difference
between the velocities of the back and the front of the FAs
(Eq. 16).

Our model assumes that the cell exerts a constant stress, f,
that is independent of the properties of the adhesion or the
substrate. We account for the rigidity sensitivity of adhesions
by the fact that additional work is required to maintain this
stress on a deformable substrate as both the adhesion and
substrate are deformed. We assume that this work results in
additional forces that act on the linker proteins as they adsorb.
Other detailed scenarios that also account for adhesion sen-
sitivity to substrate rigidity are indeed possible. A possible,
alternate model might consider constant cell energy as op-
posed to constant stress. In such a picture, the proteins are
affected only by their mutual interactions and the binding to
the lower layer of the FAs (this would be represented by Eq. 3
without the elastic terms). However, the stress exerted on the
lower layer results in an energy that must be added to the
energy cost of deforming the substrate. Since, in this model,
the total cell energy is fixed, the stress is not constant and
depends on the substrate deformation and hence, for soft and
thick substrates, on the size of the FAs. Consequently, the
protein binding probability, {s(x)), which is a function of
the stress, depends on the substrate deformation. Although
the details of this model differ from those of the theory pre-
sented in this article, both approaches share the common
feature of the influence of cell contractility and substrate
deformation on the dynamics of the linker proteins. This, we
believe, is an important factor in determining the larger
growth of adhesions on rigid substrates. Only experiments
can discriminate between the different detailed models. For
example, a theory that is consistent with experiment (6), must
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predict a linear relationship between the saturation length,
L, and the rigidity of the substrate, A,,.

Our assumption of constant stress is consistent with the
data in Balaban et al. (3), but has been questioned by other
authors (6). In Balaban et al. (3), the authors combine static
measurements of the area, the eccentricity, and the force
exerted by single focal adhesions, and dynamic measure-
ments of those quantities in response to 2,3-butanedione
monoxime, or BDM treatment (BDM reduces the activity of
the molecular motors, and therefore the stress, f). Dynamic
measurements were done approximately every 25 s, faster
than the expected timescale for the adhesion to reach a sta-
tionary state (of the order of several minutes). Both the static
and dynamic measurements gave similar results, suggesting
that the stress reaches a steady-state value on timescales that
are much faster than the maturation of FAs. Transmission of
stress from the stress fibers to the substrate through the protein
plaque is also fast compared with the timescale for focal ad-
hesion maturation. If we assume that the Young’s modulus of
the focal adhesion is ~1 kPa (because focal adhesions are
sensitive to the elasticity of the substrate when the compliance
of the latter is of the order of a few kPa), and that the density,
p, of the protein plaque is close to that of water, the velocity
for stress transmission is of order of }/% ~ 1 m/s (27).
Combining these estimates makes our assumption of constant
stress fairly realistic.

Our results show that experiments whose goal are mea-
surements of the absolute values of forces exerted by ad-
hering cells through measurements of the magnitude of the
substrate deformation should be considered with caution.
The experimental force sensor indeed perturbs the measure-
ment in an important manner, since it can change the size of
the FA and hence the amount of force the FA transmits. The
value of the measured forces is proportional to the elastic
compliance of the substrate as is the dynamics of growth of
the focal adhesion. Only the apparent sliding of the focal
adhesion is, to a good approximation, independent of the
rigidity of the substrate. Our analysis leads us to conclude
that cell force microscopy on deformable substrates gives
unambiguous results only for questions related to the mag-
nitude of force, or to the dynamics required to reach this force
by cells in the context of a given, specific, environment. In
addition, the various velocities and steady-state quantities
have a complex dependence on stress. (Stress seems to be a
more tunable parameter compared with the use of drugs that
inhibit the activity of the molecular motors.) This means that
it may be difficult to extract molecular quantities, such as the
energy of activation of the mechanosensor or mechanical
properties of the adhesion itself, from force measurements on
deformable substrates. Nevertheless, as a tool to quantify and
understand the mechanical forces exerted in vivo, cell force
microscopy on deformable substrates can give some valuable
insights. However, such experiments should therefore be
designed to use elastic probes whose rigidities are consistent
within the in vivo environment of the cells.
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APPENDIX A: REPULSIVE INTERACTION
BETWEEN ADSORBING LINKER PROTEINS

When a protein adsorbs onto the lower layer of a focal adhesion, it imme-
diately couples the adhesion to the cytoskeleton. An adsorbed protein is
therefore equivalent to a point force that applies a surface stressj_“ =f& (in
the plane of the lower layer). We shall now consider the interaction between
two such point forces.

In the case of the adsorption of physical point forces onto an elastic me-
dium, one expects an attractive interaction since the driving force is the min-
imization of the energy of the elastic medium. This energy is written

1
H, = 7/ 7€ dT — /fibu“(ui dr — 9sfisurfui ds, (23)
2 vV \ s

where o7 is the stress tensor, €;; is the strain tensor, and il is the displacement.
The first term is the energy associated with the bulk deformations of the
elastic solid. The second and third terms are the mechanical work performed
by the external stresses (such as the point forces we consider). Note that this
work is negative; the external stresses perform work on the elastic system and
this work lowers the energy of the adsorbing bodies.

In the case of focal adhesions, we assume that the kinetics is driven by the
minimization of the energy of the linker proteins coupled to the stress fibers.
The stress fibers exert a fixed stress that results in the elastic deformation of
the adhesion and the substrate. The deformation energy is the work exerted
by the stress fibers:

1
H:IA = E/V O'ijeij d’T. (24)

We assume local equilibrium at each instant:

oydS; = £ dS. (25)

Transformation of Eq. 24 with the expression of the strain tensor, integration
by parts, and Eq. 25 leads to

1
H} = 5 $£ " udS. (26)

This expression has the opposite sign compared with the case of physical
defects, using Eq. 23. This originates from the assumption that we must
account for the mechanical work performed by the cell in the energy of the
linker proteins. Our thermodynamic system therefore includes the work done
by cell contractility. This is in contrast to the negative work that is done by
the forces in the case of physical defects that lower their energy (perform
negative work on the medium) when they exert forces. In the case of focal
adhesions, the cell expends energy and this must be accounted for as part of
the thermodynamic system. The energy provided by the cell is partially
expended, in the elastic deformation of the substrate, so that the Hamiltonian
that drives the kinetics of the linker proteins includes the term H5*, as written
in Eq. 24.

We now consider two proteins that adsorb on the lower layer of a focal
adhesion. Each defect applies a stress f;, at R(S)us[iftion 75 (@ = 1, 2), so that the
total external stress on the lower layer is f  (p) = (fi6(F — p) +£6(> —
B))&. Since we focus on linear elastic deformations, the total displacement is
additive and we write #(g) = i(fi, p) tii(f>, p), with #(f,, p) the displace-
ment at point g due to the stress f,, alone. We replace fs‘"f and i by the
respective expressions in Eq. 26. We find

1 S o o S
H:lA = EVIMX(]CI ) rl)+f2uX(f2a "2)+f1MX(f2a r1)+f2u)<(fl ) "2)]a2a
27
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with a? the area of the point force. The two first terms are the self-energies of
the point forces. The two last terms are the interaction terms: for example,
1/2fiux(f>,71) is the elastic energy due to the action of the external stress f; at
position 7 that is deformed by f>.

The elastic interaction is written in terms of the Green’s function as

1 LS LS
HiFn? = E[flGxx(rl =)+ G (F — ) ,}a4. (28)

Since G is an even function of the distance, the interaction energy is simply
written as

Hiy =Gy —)a. (29)

In the case of a thin elastic medium with shear modulus A, and Poisson ratio
>, which is anchored to an undeformable substrate,

oo fm e 1+63
G (F) = 7 1+
®) =350V 2 ,/p/g< 20-3

where £ is the thickness of the thin elastic solid and ¢ = h M(IZET% ~h

] c0s26> . (30)

is the characteristic length of decay of the deformation. The value 6 is the

angle between g andf(l?a); from that article, for a thick substrate, one finds

1

- - o 2
)_477szp(2(1 3) +23cos’d).  (31)

Gu(p

In both cases, Gy is positive as is the interaction energy. The interaction
between adsorbed linker proteins is therefore repulsive. This is a straight-
forward consequence of our assumption that we must take into account the
mechanical work performed by the cell in the energy of the linker proteins.
This effect can be understood as follows: the deformation at point B due to
the point force at point A is larger as B approaches A. The elastic energy
stored in the solid is thus larger as the distance between the two point forces
decreases. The cell must therefore invest more energy to maintain a fixed
stress when the two point forces are close and less energy when they are far
apart.

APPENDIX B: EXPRESSION FOR THE ELASTIC
HAMILTONIAN Hg_

We solve the elastic force balance equation for two adjacent, elastically
coupled layers. In this Appendix, we term the FA the upper layer, with index
1. The bottom layer, with index 2, is the substrate. (Note: In the main text
the upper layer refers to the linker proteins and the lower layer to the
mechanosensitive part of the FA.) In each layer,

(1 20y)Aii + grad(div(it)) = 0, (32)

where ; is the Poisson ratio of layer i. These equations are solved along with
the boundary conditions

ﬁz(Z_) - OO) :6)
ﬁl(ZZO) = _’2(2 = 0) = ﬁo
ﬁl(z = h) = _‘h' (33)

The displacements, iy, on the top layer and i at the interface between the
two layers are obtained by minimizing the total elastic energy for a given
stress f,

He (o, 1) = H, (U, ) + H (o) —/ f-idS,  (34)
top
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where H, and H, are the elastic energies of the adhesion and the substrate
respectively, integrated along their thickness:

Hﬁ/dS/dz

1—v
1_2VZ i1 2y Z”"uu_l'zzuu

i Vigi i#j

Here, the values of the Young’s modulus Y and the Poisson ratio v are those
of the elastic substrate (in which case, H is used to calculate H,) or the
adhesion (in which case, H is used to calculate H). In these formulae, u;; is
the (i, /) component of the strain tensor (27): u;j = (Ou;/0xj + Ou;/0x;)/2. The
elastic layers are assumed to be infinite in the x and y directions. We use a
Fourier transform to solve Eq. 32:

iy(z) = L / ii(x, y, 2)e" "% dxdy. (35)

2

Detailed calculations can be found in Nicolas and Safran (13). In this model,
the stress that is transmitted to the mechanosensitive layer at a given position
is proportional to the probability that a linker protein is present at that
position. The surface stress to be considered in Eq. 34 is therefore the product
of the force per unit area and the linker protein concentration,f‘b (x,y), where
the stress,f, is taken to be a constant. In Fourier space, this is written fCI)q,
where <I>q is the Fourier transform of the linker protein concentration, ®(x, y).
We first present the simpler situation of a rigid substrate: H, = 0 in Eq. 34.
Identical calculations to those presented in Nicolas and Safran (13) yield

Hy =~ / @, gdgdo, (36)

-

2\,
where £ is the thickness of the mechanosensitive layer whose shear modulus
is Axz: Ax, = Y1/(2(1 + vy)). Using Parseval’s theorem, we write H; as an
integral in real space as

fh / 2 Fhd’ @
Hy~~—— b =Y P
. |D(x,y)|" dxdy . > D 37

In the case that the substrate has a finite compliance and a Poisson ratio v, =
1/2, the former calculation yields

fzh/ ) 1 2—cos’0, . ,
Hy ~2— [ |®,| gdgde + O
P AL v

qdqdo,
(38)

where A,, is the shear modulus of the substrate (A,, = Y,/2(1 + »y)).
The contributions of both elastic media simply add because we assume that
Ay, > Ay, As before, we can write the energy as an integral in real space
using Parseval’s theorem. The contribution of the substrate is now

H
) o~ - AXZ/|Gx y) | dxdy, (39)

where G(x, y) is the convolution of the concentration field, ®(x, y), and the
inverse Fourier transform of /(2 — cos?6)/q. The convolution introduces a
coupling between the different locations (x, y) on the top of the mechano-
sensitive layer. This effect is expected since the elastic interaction is long-
ranged and decreases like 1/r for a semiinfinite medium. However, we do not
have any analytical expression for the inverse Fourier transform of
/(2 = cos?0) /q. This method therefore fails to give an analytical expression
for the elastic Hamiltonian of the substrate in Eq. 3. We avoid this difficulty
by assuming that the size of the adhesion varies slowly and adiabatically
compared with the fast dynamics of the linker proteins as they move from
solution (in the cytoplasm) to their adsorbed state on the adhesion, as
presented in ‘‘Dynamics of focal adhesions on a deformable substrate’’.
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