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Nucleation and Growth of Integrin Adhesions

Erdin¢ Atilgan and Ben Ovryn*
Gruss-Lipper Biophotonics Center, Department of Anatomy and Structural Biology, Albert Einstein College of Medicine, Bronx, New York

ABSTRACT We present a model that provides a mechanistic understanding of the processes that govern the formation of the
earliest integrin adhesions ex novo from an approximately planar plasma membrane. Using an analytic analysis of the free
energy of a dynamically deformable membrane containing freely diffusing receptors molecules and long repeller molecules
that inhibit integrins from binding with ligands on the extracellular matrix, we predict that a coalescence of polymerizing actin fila-
ments can deform the membrane toward the extracellular matrix and facilitate integrin binding. Monte Carlo simulations of this
system show that thermally induced membrane fluctuations can either zip-up and increase the radius of a nucleated adhesion
or unzip and shrink an adhesion, but the fluctuations cannot bend the ventral membrane to nucleate an adhesion. To distinguish

this integrin adhesion from more mature adhesions, we refer to this early adhesion as a nouveau adhesion.

INTRODUCTION

Adhesion to an extracellular matrix, an essential process in
mammalian cellular locomotion, requires interaction
between adhesion receptors and their ligands. Unfortunately,
a mechanistic understanding of the processes that govern the
formation of integrin adhesions ex novo from an essentially
planar plasma membrane (i.e., the ““big bang” of adhesion
formation) has previously been elusive. After binding to an
extracellular ligand, integrin receptors facilitate both the
transmission of mechanical force to cytoskeletal actin fila-
ments and the assembly of an array of cytoskeletal, scaf-
folding, and signaling proteins that form a plaque on the
cytoplasmic face (1,2). Integrin adhesion sites, which
include focal complexes, focal adhesions, fibrillar adhesions,
and podosomes, are uniquely distinguished by morphology,
composition, and functional dynamics (3—5). These features,
however, can change with time; e.g., a short-lived, small
focal complex will either remodel to become a larger focal
adhesion or it will vanish (3,6).

In this article, we model the mechanisms that lead to the
birth of an adhesion site and predict the characteristics of
the earliest adhesion. To distinguish this integrin adhesion
from more mature adhesions, we refer to this as a nouveau
adhesion. Unlike other types of integrin adhesions, a nouveau
adhesion is not initially anchored to the cytoskeleton by
protein interactions on the cytoplasmic face, but it could
mature by recruiting adaptor proteins.

In our model, a nouveau adhesion precedes the currently
recognized early adhesions: the preadhesion complex (7),
an initial adhesion (1,6,8), or anascent adhesion (9). Although
more complex than a nouveau adhesion, these early integrin
adhesion sites are molecularly simple integrin adhesions,
compared with the general integrin adhesome network that
consists of 156 adhesion related molecules with 690 interac-
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tions and numerous constituents (5). Just as the transforma-
tion of a preadhesion to a focal complex is marked by
increased strengthening of the adhesion complex and a
concomitant increase in molecular complexity (1,6-9), our
model predicts that a nouveau adhesion could grow into a
larger adhesion.

Among the hierarchical processes that form an integrin
adhesion, integrin activation is a necessary condition before
the binding between integrin’s extracellular domain and
a protein ligand (10). Activation increases the affinity for
ligands by rapidly and reversibly exposing ligand-induced
binding site epitopes in integrin extracellular domains;
however, many activated integrins are not ligated and it
has been conjectured that ligation without binding is
a priming mechanism, enabling the cell to sample the extra-
cellular matrix before binding (11). Although integrin activa-
tion is a necessary condition for ligand binding, it is not
a sufficient condition because the stalks of the conformation-
ally activated heterodimer have relatively short projections
from the plasma membrane into the extracellular space and
longer molecules on the crowded membrane surface steri-
cally inhibit the extended integrins from binding to their
ligands (2,10,12—15). Therefore, the ligand-binding domain
needs to be displaced so that it can reach a ligand on the
extracellular matrix (ECM). We present a model that predicts
that polymerizing actin filaments locally deform the mem-
brane and translate integrin’s extracellular binding domain
toward the ECM.

Data acquired from interference reflection microscopy
and electron microscopy experiments indicate that local
membrane deformation is associated with adhesion and that
the plasma membrane at an integrin adhesion appears to be
closer to the substrate than adjacent regions (a distance of
~30 nm) (9,16). Therefore, these data suggest that activated
integrins bind to ligands on the ECM in regions of membrane
that have bent toward the substrate. Many published models
of integrin adhesions, however, present schematic pictures
of a globally flat membrane that contains transmembrane
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integrin segments spanning the lipid bilayer (17,18). Instead,
we envision the formation of an integrin adhesion as a process
that begins with local membrane bending, a redistribution of
long molecules from the site that culminates with integrin
aggregation.

Our model, which emphasizes the mechanisms responsible
for the earliest events in adhesion formation before the myriad
of proteins assemble on the cytoplasmic face to form the plaque,
extends the thermodynamic principles delineated by Bell et al.
(19) to an analysis of the free energy landscape of a system of
freely diffusing receptors and repeller molecules and a dynam-
ically deformable membrane. As the membrane approaches the
ECM, receptors can diffuse into the displaced region and can
bind to ligands. Our model predicts the nucleation, growth,
disassembly, and merging of nouveau adhesions.

COMPONENTS OF THE SYSTEM AND THE MODEL

We envision a nouveau adhesion nucleated ex novo from an
approximately planar membrane under the lamellipodium.
The membrane is sandwiched between an actin network on
the cytoplasmic face and compressible repeller molecules on
the ventral surface side (Fig. 1). Initially, the membrane rests
above arigid substrate; the receptor and repeller molecules are
homogeneously distributed, and they freely diffuse laterally
on the cell membrane. A cylindrically symmetric nouveau
adhesion begins when polymerizing actin filaments in denser
regions of the actin network provide a protrusion force to bend
the membrane to form a focal plate and the homogeneously
distributed ligated receptors begin to aggregate within the
base of the focal plate; although the polymerizing actin
network is predominately responsible for the progression of
the leading edge of the lamellipodium (20), this network is
polymerizing in all three dimensions (21), and actin filaments
can push the membrane toward the substrate.

The base of the focal plate has radius A and the membrane
smoothly deforms from a height H above the substrate in the
base region, until it reaches the planar membrane at a height
H + H* (Fig. 1, solid line). Because we treat the repeller
molecules as compressible springs (see Compression Energy
of Repellers), the equilibrium height, H + H*, will generally
differ from the relaxation height of the repellers, H + H
(Fig. 1, dashed line); if the repeller molecules are incom-
pressible, then H* = H.

To account for the existence of many focal plates, we
initially model a cell with N identical nouveau focal plates
on its ventral surface. We consider the growth of the N focal
plates with large center-to-center separations such that they
are isolated. In Monte Carlo Simulations of the System, we
exploit Monte Carlo (MC) simulations, which relax the
constraint on cylindrical symmetry and include an analysis
of nonidentical and interacting focal plates.

Before the formation of the nouveau adhesion, the surface
density of active receptors on the plasma membrane is
assumed to be dy. The density of bound receptors at the
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FIGURE 1 The components of a focal plate showing a membrane con-
strained between an actin network on the cytoplasmic face and a layer of
freely diffusing repellers that extend toward the substrate. Formation of
a nouveau adhesion requires membrane bending and the subsequent exclu-
sion of repeller molecules from the plate region. Cylindrical symmetry is
assumed for an analytic analysis of the system and the total number of
each type of molecule is assumed to be preserved before and after the
nouveau focal plate formation. The profile for compressible repellers
pictured by a solid line, which equilibrates at H + H*. When the repellers
become incompressible, H* — H.

base of a focal plate is referenced with respect to this initial
density as (3d; this density is assumed to equal the density of
ligands on the substrate. The density of repellers before the
nouveau adhesion begins to form is ad,. The entire cell
has surface area S = 4R (although it is not necessarily
spherical in shape). Therefore, the total number of free recep-
tors is dyS and the total number of the repellers is adyS. Both
a and § are dimensionless parameters. The total number of
repellers and the total number of receptors (bound plus
free) are conserved.

As the nouveau adhesion grows, the number of bound
receptors that aggregate on the base increases and the number
of freely diffusing receptors decreases. The total number of
bound receptors becomes ;8d0N7rA2 and the number of free
receptors then decreases to doS-Ba'oNﬂAZ such that the sum
of free and bound receptors equals the total number of recep-
tors. Similarly, as the membrane bends toward the substrate,
the density profile of the compressible repellers, which have
one end anchored on the membrane, changes. As will be
shown, this density profile varies continuously from zero
within the base of the focal plate to a uniform distribution at
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the outer region of the plate. The change in the membrane
geometry and the subsequent reorganization of the repeller
and receptor molecules alters the membrane elastic energy
and the entropy of the system.

FORMATION ENERGY OF NOUVEAU ADHESIONS

Deformation of the membrane and the subsequent compres-
sion of repeller molecules and aggregation and binding of
receptor molecules to form a nouveau adhesion requires
energy. We separately compute

1. The energy required to compress the repeller molecules.

2. The change in the entropic component of the free energy
caused by variations in the densities of repeller and receptor
molecules.

3. The change in total energy caused by receptor-ligand
binding.

4. Membrane elastic energy.

5. The loss of fluctuation entropy caused by the rigid
substrate and actin network, i.e., the Helfrich repulsion
due to hard-wall interactions.

Compression energy of repellers

As the membrane bends toward the substrate, the repeller
molecules may be compressed. The energy required to
compress a repeller molecule, which has one end anchored
in the membrane, can be determined by assuming that the
compression is governed by the potential (22-24)

by {0, B hp)=H +H
Qi(p) — (7 + B, hlp)<H + H’
where /(p) is the spatially varying height of the repeller mole-
cule on the membrane at radial position p, H + H is the relaxa-
tion height of the molecule, and Q is the spring constant (Fig. 1).
Because the repeller molecules are confined between the
membrane and substrate, we assume that the change in the
free energy in the azimuthal direction is principally associated
with the elastic compression energy of the molecule. For
a repeller molecule at thermal equilibrium, the probability that
arepeller is compressed to a height 4(p) (governed by the Boltz-
mann distribution (25)) is given by e *" where £ is the Boltz-
mann constant and 7 is the temperature. Therefore, the spatial
varying density of repellers d,., = adye"*". Correspondingly,
the compression energy per unit area can be expressed as

Veomp = vardoe™. 2)
In the Appendix, we introduce an alternative model that
assumes that the repeller molecules are rigid.

Free energy of repellers and receptors

In our model, the cell’s plasma membrane and repeller
and receptor molecules are in equilibrium with their
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environment. We separately determine the free energy
associated with each type of molecule in our system: F'; for
the repellers that diffuse freely outside the plate; F, for active
receptors, which freely diffuse outside the base region; and
F5 for the bound receptors inside the base. We treat molecules,
which freely diffuse on the membrane as a two-dimensional
(2D) ideal gas (26). The relative free energy change per mole-
cule is given by kT In(d/d,,;), where d;,; and d are the surface
densities before and after adhesion formation, respectively
(19,27,28). For example, as the nouveau adhesion forms,
the area initially occupied by repeller molecules, 4wR>,
decreases. Therefore, the free energy with respect to the
initial area can be determined as F, = 4nR’ad,
[—kTInQ + kTIn(47R?)], where Q = [ [e™/* pdpd is
the partition function and 47R*ad, is the total number of
repellers. Hence, the three free energies for N focal plates,
measured in units of kT, can be expressed as

N[ (1 = e pdpdd
F1:—4nR2ad01n(1— JJ (= e )pdp ) 3)

47R?
N A2
N A? - 2
_ 2 4R
F, = 4nR do(l —64R2)ln< NA2>’ “)
1 ——
4R?
Fy = NwA*Bd, Ing. 3)

Binding energy

Upon binding, there is an additional change in the total
energy, NUypoung, caused by the attraction energy of the bound
receptor-ligand pairs such that it is equal to the number of
bound pairs times the energy per bond, which is given by

Ubounda = —WAzﬁdgé‘, (6)

where ¢ stands for the absolute interaction energy per bond,
in units of k7. In general, ¢ ranges between 5 and 15 T,
depending upon the type of the molecule (29,30).
Although ¢ represents the adhesion energy, the definition
of ¢ could be expanded to account for an effective total
attraction energy per bond, which arises from attractive
forces associated with the receptor-ligand bonds and effec-
tive repulsion forces due to molecules that can be trapped
between the membrane and the substrate in the base region;
adhesion may occur only if the attractive forces dominate.

Membrane bending energy

The energy, E,,, required to bend an essentially bare, flat
membrane may be determined by modeling the membrane
as a 2D elastic surface with bending modulus « and a constant
surface tension y. The energy associated with membrane
deformation can be written in accordance with the Helfrich
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integral in radial coordinates under the small deformation
approximation as (31)

&://%mw, )

where the domain of the integral is the entire membrane and
em 1s the membrane elastic energy density as given by Eq. 8
and under the assumption that the spontaneous membrane
curvature is zero:

en = =(V2h)" +X(Vh)?. @)

2 2

As shown in Fig. 1, the membrane height, /(p), is measured
with respect to the substrate. At the base of the plate, the
membrane is constrained and the boundary conditions
become h(A) = H and /'(A) = 0. The membrane then relaxes
to its essentially flat profile with an equilibrium height,
H + H*, at a large radial distance from the center of the plate,
P = Pmax- In Analysis and Results, we compute the membrane
shape that minimizes the total energy of the system.

Helfrich repulsion

Because the cell’s plasma membrane is in thermal contact
with its environment, the membrane height undergoes
random displacements. As the membrane approaches the
rigid substrate near the adhesion, these out-of-plane fluctua-
tions repel the membrane and it loses entropy compared
with the free membrane. It has been shown that the subsequent
loss of fluctuation entropy imparts an effective repulsion to
the membrane and, for a tensionless membrane, the Helfrich
repulsion varies inversely with the square of the distance
of the membrane from the hard wall (22,32,33). However,

27 Pmax
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i 1/4
%WMG), ©)

1/4
) ; (10)

where ¢o = 0.085vkT/k and I, = /KT /277y.

l
Pt — ef(Hafh)/ly Y
wp = 0 H,—h

Total energy of the nouveau adhesions

Collecting the individual energy contributions from the five
subsections above, we will analyze the total energy land-
scape to predict the nucleation, growth, disassembly, and
merging of nouveau adhesions. Using Eqgs. 2—6 and 8-10,
the total energy of N identical, noninteracting focal plates
may be written as

Eoq =N / / |:em + Vﬁ:s + v';f; + vcomp} pdpdt

+ ZFI + NUbound~ (11)

Because the terms in Eq. 11, except F,, F3 and Upound,
depend upon the shape of the membrane, it is first necessary
to determine /(p) and then compute the total energy. All the
terms that depend upon /(p) may be brought into the inte-
grand by expansion of the logarithmic term of the free energy
F, in Eq. 3 as Fi=Nady [ [ (1 — e/ ) pdpdf; this
approximation is accurate under the assumption that the total
effective surface area of the bound receptors is less than the
total surface area of the cell. After applying the same approx-
imation to the free energy F, (Eq. 4), the total energy per
plate (in units of kT), E = E/N, becomes

i 1/4
— / / [f(vzh)erg(Vh)eradov(h)e"<h>/” + ady(1 — W) + coe <ﬁ)

2

I
4 ege -/ (b
0 H, —h

for a membrane under tension, both the strength and range
of this effective repulsion are considerably reduced (34).
Accordingly, because most cells exhibit a nonzero membrane
tension (35), we model the effect of the Helfrich repulsion
using a potential that decays exponentially with the mean
separation.

We include the effect of two repulsive Helfrich potentials,
which arise from the interaction of the planar membrane with
the actin network and the repulsion from the rigid substrate at
the base of the focal plate. As shown in Fig. 1, the actin
network is located at H, = H + H + H above the substrate.
The repulsion energy per unit area from the actin network,

Vieps and substrate, v'ﬁé}f’ , may be written as (34)
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> ]pdpdﬁ + (1 =8+ BInp — Be + a)md,A”. (12)

The limits of the integral extend from the base of the plate, A,
to a distance, p = pmax, Where the membrane has relaxed to
its essentially flat profile with an equilibrium height, H + H*.
In the following section, we investigate the shape of the
membrane and the properties of the energy landscape.

ANALYSIS AND RESULTS

Although there are many permissible membrane shapes that
are consistent with the boundary conditions in Membrane
Bending Energy, i.e., /(A) = H and K (A) = 0, we seek
a membrane profile, 4(p), that minimizes the energy, E, in
Eq. 12. To find the axially symmetric membrane shape, we
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applied a simulated annealing method (36,37). This
approach implements a discrete profile 4; = h(iAp) between
p = A and p = pa«. Far from the base of the plate, namely at
Pmax it 1S not necessary to constrain both the slope and the
height of the membrane because our computational method
automatically allows the membrane to relax to its essentially
flat profile with an equilibrium height H 4+ H* above the
substrate at p.. We determine the distance p = p,. and
the membrane shape using an iterative process that continu-
ally increases pyax until the discrete profiles, associated with
the minimum energy, converge to a uniform profile.

Membrane profile and repeller density distribution

To run the simulated annealing, we used A = 150 nm, o = 16,
B=11,H =10nm, H + H = 40 nm, and H, = 45 nm, and
the remaining parameters are provided in Table 1. For
compressible repellers, we used an estimate of {2 assuming
that a 1 kT thermal fluctuation can compress the repellers
by =25%; from Eq. 2, Q@ = 0.01 kT/nm?.

Fig. 2 shows both the membrane shape, /(p), and normal-
ized repeller density profile, d,.p/ady, obtained with two sepa-
rate values for the repeller spring constant that represent either
compressible (Q = 0.01 kT/nm?) or incompressible repellers
(Q = ). Regardless of the value of 2, the density of repellers
is essentially zero inside the focal plate, i.e., p < A. If the
repellers are incompressible, then the density of repellers
will be zero (solid lines) whenever the membrane height is
lower than the length of the repellers, 2(p) <H + H*; in this
case, the density becomes a step function of p.

For incompressible repellers, the equilibrium membrane
height, H*, and the repeller height, H, are equal. For
compressible repellers, the entropic repulsion caused by the
interaction of the membrane with the actin network pushes
the membrane down toward the substrate and H* < H. It is
possible to determine the membrane height, H*, by setting
the partial derivative of the integrand (with respect to /) in
Eq. 12 to zero and solving for /; because the membrane elastic
energy vanishes, the solution can be obtained from a zero
order transcendental equation. Our numerical results demon-
strate that |[H* — H| < 1 nm.

Conversely, if the repellers are compressible (dashed
lines, Fig. 2), they can enter a region where the membrane
height is h(p)<H + H*; however, when h(p) > H + H*,

TABLE 1 The list of parameters and variables used in the
formulas; values for all constant parameters are presented

dy = 100/,u.m2, initial density of free active receptors (19,57,58).
ady  Initial density of repellers.

Bdy  Density of bound receptors, density of ligands.

47R*>  Surface area of the cell, R = 15 um.

N Number of nouveau adhesions.

A Base radius of the plates.

H = 30 nm, height of the plates above the base line (14,15).

k = 30 kT, bending modulus of the membrane (59,60).

vy = 0.01 kT/nm?, surface tension of the membrane (60).

e = 5 kT, energy per single ligand-receptor bond (29,30).
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FIGURE 2 The shape, A, and normalized repeller density, dep/ady,
profiles for the case where Q = 0.01 kT/nm? and for the incompressible
repeller case (dashed and solid lines, respectively). The minimization of
the energy and the corresponding shape is computed by simulated annealing
method. The whole list of parameters chosen is A = 150 nm, x = 30 kT,
v =0.01 kT/nm?, o =16, 8 = 11, dp = 100 um 2, ¢ = 5 kT, H, = 45 nm,
and H = 10 nm.

the repeller density becomes essentially uniform (i.e., drep/
ady = 1, Fig. 2). For convenience, the radial distance from
the center of the plate, A, to the position where the membrane
height equals H + H* may be defined as the width of the
focal plate, L, such that h(A+ L) = H + H*. Therefore,
a focal plate can be characterized by a base radius, A, and
outer radius A + L. For the data in Fig. 2, we have A =
150 nm and L = 110 nm for Q = 0.01 k7/nm? and for incom-
pressible repellers, L = 105 nm. The distance L is essentially
independent of the base radius, A (data not shown), but it
depends upon several parameters including the density of
repellers. With the increasing density of repellers, «, the
width of the profile gets narrower for both compressible
and incompressible repellers (Fig. 3, dashed and solid lines).

50 T T T T

40 increasing o

30

h (nm)

20

3 A L L L L max
0 100 200 300 400 500 600
p (nm)

FIGURE 3 Membrane shape profiles with increasing « (i.e., 4, 9, 16, and
25) for compressible (Q = 0.01 kT/nm?) and incompressible repellers (dashed
and solid lines, respectively). As « increases, the plate-width decreases.
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Furthermore, in Critical Radius, we will examine the func-
tional dependence of L upon «. In the Appendix, we examine
the significance of the width, L, when the repellers are
modeled as incompressible.

Critical radius

A focal plate begins to form when the membrane bends and
the repeller molecules are forced out of the base region.
This deformation of the membrane and the subsequent aggre-
gation and binding of receptor molecules to form a nouveau
adhesion requires energy. Fig. 4 shows the total energy per
plate (Eq. 12) for four values of the repeller density, o (= 4,
9, 16, 25), as a function of the base radius of the plate with
A < 500 nm (dashed parabolic curves with circles) and the
contribution of the membrane energy, E,,, of a single plate
(N = 1) to the total energy (dashed straight lines with circles).
The plots of an analytic expression, Eq. 13, that approximates
the total energy are also shown (solid lines). In Maximum
Adhesion Size, we will examine the energy landscape for
values of A larger than 500 nm.

Fig. 4 demonstrates that the total energy required to form
an adhesion increases as the density of repellers increases
and that beyond a certain radius, less energy is required to
form a large adhesion rather than a smaller adhesion. For
example, for o« = 16, ~150 kT is required to form an adhesion
with base radius A = 100 nm, whereas <100 kT is required to
form an adhesion with A = 250 nm. Therefore, the maximum
point on the upside-down parabolic shape of the total energy
(Fig. 4) implies that there is an energy barrier governing the
formation of an adhesion and that there is a critical radius, A,
for the growth of the focal plate. If a focal plate is formed
with a base radius A > A, then it will be energetically favor-
able for the plate to continue to form more integrin bonds and

400

300

N
o
o

E(kT) E, (kT)

50 100 150 200 250 300 350 400 450 500
A (nm)

FIGURE 4 Total energy per plate, E, (dashed parabolas with circles)
with an analytical approximation (solid parabolas) and the membrane
energy, E.,, (dashed straight lines with circles) versus the base radius of
the focal plate, A. Each curve represents the total energy per plate with
a=4,9,16,and 25, and g = 11.
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the plate will reach a larger radius. Conversely, if the plate
has aradius less than A, (A < A.), then the plate will dissolve
unless it is constrained to its initial radius (i.e., by actin fila-
ments). We examine these consequences in greater detail in
Monte Carlo Simulations of the System.

Although we can investigate the variation of A, with the
parameters « and $ numerically, it would be preferable to
find an analytical expression that relates these variables.
Because the critical radius can be determined by maximizing
E with respect to A, i.e., 0E/0A = 0, we need an expression
for E as an explicit function of A. As derived in the
Appendix, we can approximate the total energy per plate
for compressible repellers as

E=c, + A + adyw(A + L)
+ (1 =B + BInB — BE)mdyA?, (13)

where the values of ¢; and ¢, can be determined from a linear
fit to the membrane energy (Fig. 4) and L may be determined
from the repeller density and shape profile as in Membrane
Profile and Repeller Density Distribution. Therefore, the crit-
ical radius may be determined from Eq. 13:

¢y + 2mwadyL

Ao = (6—BInB + Be— 1 — a)2ndy

(14)

From the data in Fig. 4, the values for ¢, and L, as a function
of a, were determined to be ¢; = 0.17 + 0.02 ¢ and L =
370 o %*. Inserting these values in Eq. 13, this approxima-
tion may be compared with E given by Eq. 12; Fig. 4 (solid
and dashed parabolas, respectively) shows good agreement.

In addition to numerical estimates of ¢; and ¢,, we are able
to derive approximate analytical expressions for these vari-
ables. As shown in the Appendix, we introduce a simpler alter-
native model for the repeller molecules that assumes that the
repellers are rigid and diffuse on a membrane constrained by
four strict boundary conditions. From Eqgs. 27 and 28, we have

¢y = wlL, (15)
¢, = 27T, (16)
where 7 is given by

B ko H?*(1 + )
8 4+ 2(La —2)(1 + elo)’

7(L) (17)
with ¢ = 1/7v/k. Using these values, we now have an analyt-
ical formula for A, for rigid repellers:
L doL
A — 7(L) + ad . (18)
(8 — BB + Be— 1 — a)dy

From either Eqs. 14 or 18 and Fig. 5, the critical radius
increases with increasing « and decreases with increasing
G. Furthermore, these variations do not differ significantly
between compressible and rigid repellers (dashed and solid
lines, respectively).
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FIGURE 5 Plots of the critical radius, A, from Eqgs. 14
and 18 as function of « and @ for both rigid and compress-
ible repellers (solid and dashed lines, respectively). All

0 values with A, > 600 nm are shown as = 600 nm. In the

rigid repeller case, the line tension is obtained from
Eq. 17 and L = 120 nm. In the compressible repeller
case, ¢, and the width L are obtained by the numerical
fits, c; = 0.17 + 0.02 a and L = 370 o **.
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The sensitivity of the critical radius to changes in the spring
constant, 2, which is not evident in either Egs. 14 or 18, may
be determined numerically by analyzing the variation of the
total energy landscape with respect to Q. Fig. 6 demonstrates
that the value of A, is rather insensitive to changes in Q2 and that
A, for compressible repellers (dashed circles) is quite close to
the value of A (= 140 nm) for rigid repellers (solid line).

140 | .

120 f-o — i
100 .

80 —

A, (nm)

40 - .

20 E

0 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Q (KT/nm?)
FIGURE 6 Critical radius, A, as a function of Q for « = 16 and 8 = 11

for compressible (dashed line with circles) and incompressible repellers,
Q — o (solid line).

Maximum adhesion size

In Critical Radius, an examination of the energy landscape
for small values of A provided insight into the formation of
nouveau adhesions; an adhesion with a radius larger than
the critical radius should continue to grow because it is ener-
getically favorable. Ultimately, however, the radius of an
adhesion is limited by the total number of available receptors
because the cell provides a large, but finite, pool of integrins.
Therefore, the maximum possible value of A can be deter-
mined from the conservation of the number of receptors
as NwA?Bd, = 4wR’d, which gives A = 2R/\/BN for the
maximum radius, A, and S = S /BN for the maximum area
of the plate.

To examine the energy landscape for large A, we begin by
reexamining Eq. 11, but unlike the development in Total
Energy of the Nouveau Adhesions, we will now use the log-
arithmic forms of the free energies F'; and F, (Eqs. 3 and 4)
so that we can capture the behavior for both small and large
values of the plate radius, A. Consequently, the free energies
now depend nonlinearly upon the number of focal plates, N,
and the energy per plate, E = E,,/N, depends not only upon
the density of repellers and receptors, but also upon the
number of focal plates.

In the Appendix, we develop an analytical expression that
describes the total energy as a function of A and N (Eq. 29).
Fig. 7 shows the resultant energy profiles per plate for N = 1,
10, 20, and 30 with « = 16, 8 = 11 and L = 120 nm. For
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small values of A, all the energy paths essentially follow the
same profile where the maximum along this energy path (see
Fig. 7 and the inset) defines the critical radius, A. (see Crit-
ical Radius). It may be observed that the radius of the focal
plates is indeed ultimately limited by A, but before this
maximum radius is reached, there is an energy minimum
along each of these energy profiles. Therefore, there is an
attraction to this energy minimum and this effectively
restricts the radius of the plates to a value <A. Our numerical
results show that these minima are near A for a range of
different values of « and § so that the maximum size of
the focal plates is =A.

Actin filaments nucleate nouveau adhesions

Nucleation of nouveau adhesions requires a significant
change in the total free energy: depending upon the values
of a and (8, ~300 &T is required to create an adhesion with
a minimum radius A = A, (Fig. 7, inset). Indeed, the
minimum change in free energy required to nucleate a single
focal plate (N = 1) with an infinitesimal base radius, A — 0,
can be determined from Eq. 30 (Appendix); assuming
a repeller density 9 < a < 25, we have 90 kT < E <
140 kT. Indeed, it is likely that an adhesion may have a small
initial radius, Ag. Fig. 8 shows the required nucleation ener-
gies obtained via simulated annealing as a function of « for
nucleation sizes of Ap = 10 nm and Ay = 50 nm, assuming
both rigid and compressible repellers.

Because all the energies are much larger than kT and the
system obeys Boltzmann statistics, we can conclude that
the probability of generating nouveau adhesions solely by
thermally induced deformations is extremely small. There-
fore, an additional energy source must be required to bend
the membrane and balance the lateral inward pressure of
the repellers. The most likely mechanism is polymerization
of actin filaments. Polymerization of actin generates an effec-
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tive force that depends upon the ratio of the concentration of
free actin monomers in the cytoplasm, [Act], to the critical
concentration for polymerization, [Act.], such that the
addition of each monomer drops the free energy (25) by

kT In Gjﬁf;’j) . Therefore the effective force, f, along the direc-

tion of polymerization produced by each filament is

_ kT ([ [Act]
f= 5ln<[Actc])’ (19)

where 6 = 2.8 nm is the increment of length upon the addi-
tion of one monomer. For values 2 uM < [Act] < 10 uM and
[Act.] = 0.12 uM, the effective force is 1 kT/nm < f <
1.5 kT/nm, or 4 pN < f < 6 pN.

Nucleation of a nouveau adhesion ex novo requires defor-
mation of the membrane by H = 30 nm to form a focal plate.
Therefore, the associated protrusion energy per actin fila-
ment is ~30 kT < w = Hf < 40 kT. The minimum number
of actin filaments to nucleate an infinitesimal adhesion
(A — 0) may be determined by dividing the minimum
energy cost by the protrusion energy per filament, yielding
3-5 actin filaments. To form a finite-sized nouveau adhesion
at the critical radius, A, requires an energy of =300 kT to be
supplied by actin filaments (as shown in Fig. 7); therefore, at
least eight filaments are required for [Acf] = 10 uM. The
number of actin filaments increases as the concentration of
actin monomers decreases; for example, with [Acf] =
1 uM, 13 filaments are required.

MONTE CARLO SIMULATIONS OF THE SYSTEM

The analytical work presented in previous sections was subject
to the geometric assumption that the plates are cylindrically
symmetric. To expand our analysis into more realistic cases,
we have implemented a Monte Carlo (MC) simulation of the
system without imposing any sort of symmetry. Therefore,
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MC simulations can account for the formation of several
nonidentical focal plates and thermal effects, which are the
main source of random fluctuations and symmetry breaking.
Although thermal fluctuations are not capable of generating
nouveau adhesions ex novo, MC simulations demonstrate
that these fluctuations can significantly contribute to the
growth and disassembly of nouveau adhesions.

In MC simulations, the membrane height at each discrete
lattice point, A(x;, y;), is described by the local displacements
from a planar reference surface (at the base of the plate) rep-
resented on a square grid, 100 x 100 points, with a lattice
constant A; in our simulations, a value of A = 10 nm repro-
duces the results from analytical calculations (data not
shown). At each lattice point, the Helfrich energy is
computed by using discrete derivatives (38,39) and the
change in the total free energy is computed for each MC
step in accordance with the Metropolis algorithm (40) by
making trial displacements from a uniform probability distri-
bution with range [—dh, o0h], where 64 = 1 nm.

In these simulations, we place ligands on a gridded substrate
with a separation distance, s, equal to an integer multiple of A.
When any point on the membrane is close enough to the
substrate, i(x;, y;) < &, the energy of the system drops by ¢ to
mimic binding of receptors with ligands. We assume that the
effective interaction between receptors and their ligands takes
place over a distance £ = 2 nm. These bonds may be formed
and broken if thermal fluctuations provide enough energy to
move a bound lattice point into or out of this attractive well.
Additionally, we have assumed that the actin network behaves
as a hard wall, which constrains the membrane height at the
distance z = H 4 5 nm. Similarly, the membrane height cannot
drop below z = 0. The effective force caused by the polymer-
izing actin network can be included in the simulation by adding
an auxiliary potential function V=—f (x;, y;)(x;, y;) to the total
energy where f(x;, y;) is the effective protrusive force which
only has nonzero value if the position, (x;, y;), is within the
base of a focal plate.

Free energy of rigid repellers and receptors is computed in
these simulations by calculating the available surface area
occupied by the repellers and receptors. The total surface
area that repellers may occupy is determined by counting
the number of points with membrane height <H-§' and
multiplying by the area of this membrane patch, A% This
approach models the steric exclusion of repeller molecules.
Analogously, the available surface area for freely diffusing
receptors can be computed by counting the total number of
membrane points that have a height >&. The parameter &’
allows a degree of flexibility to adjust the average membrane
height to the value of H; in our simulations, & = 2 nm.

For compressible repellers, the compression energy and the
free energy were directly applied by using Eq. 2 and the log-
arithmic expansion of Eq. 3, respectively, in the MC energy
kernel without introducing the parameter &’.

Starting from a planar geometry, once the MC simulations
have achieved thermal equilibrium, we turn on the auxiliary
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FIGURE 9 Effect of thermal fluctuations and force on a discrete, initially
planar membrane. After application of a pushing force (from an actin bundle),
the membrane bends by an amount that depends upon both the magnitude of
the force and the energy landscape of the system of repellers and receptors
molecules and the elasticity of the membrane. The membrane height at
each lattice point is shown with respect to the base of the focal plate.

potential, V, inside a circular region so that the membrane
adheres to the substrate with an initial radius A,. Fig. 9 shows
a snapshot of the membrane before and after application of
the auxiliary potential. In some simulations, the auxiliary
potential remains constant; however, in other simulations
we remove the auxiliary potential to simulate a dissolving
actin network.

A MC simulation of a system consisting solely of membrane
and repellers, but not ligands and receptors yields the shape of
anouveau adhesion that agrees with our numerical prediction.
Because of thermal fluctuations, the membrane can assume
many different shapes (realizations) within the range allowed
by the constraints (i.e., using the assumed boundary conditions
for the membrane and hard wall effect from the substrate and
the actin network). Fig. 10 shows the MC simulation of the
membrane profile for rigid repellers with an initial radius
Ap = 90 nm and a repeller density o = 16. Because of the
absence of ligands and receptors, the adhesion can neither
enlarge nor dissolve. One realization is shown as a dotted
line. The average shape as determined from 500 independent
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FIGURE 10 Effect of thermal fluctuations on the profile of a focal plate
(N = 1). After nucleating the adhesion, further growth or disassembly of
the plate is prevented by setting the attractive potential between ligands
and receptors to zero, otherwise. The solid line and the error bars are the
shape averaged over 500 realizations and their standard deviations at each
point, respectively. The dotted line is one sample profile chosen from
different realizations. (/nsef) Height distribution of the three grid points
closest to the base boundary.

realizations is shown (solid line) with the standard deviation
from this mean shape (error bars).

Consistent with previous numerical estimates, the average
profile has a width, L = 110 nm. Although each point on the
base of the plate is bound, immediately outside the base
the membrane height can fluctuate. Fig. 10 (inset) shows
the distribution of the membrane heights at the first three
grid points outside the base (points 1, 2, 3). Points on the
membrane that are laterally separated from the edge of the
base within =25 nm have significant probability of reaching
aheight within 2 nm of the base, and at these points, a receptor
may bind to a ligand. In the next subsection, we explore the
consequences of these thermal fluctuations in more detail.

Growth and disassembly of houveau adhesions

Although thermal fluctuations are not large enough to
nucleate a focal plate ex novo from a planar membrane,
our MC simulations demonstrate that after the formation of
a focal plate, thermally induced membrane deformations
can move a point on the membrane outside the base closer
to the substrate so that a receptor may bind to a ligand.
Therefore, this mechanism works like a zipper such that ther-
mally induced membrane deformations may zip-up and
increase the radius of an adhesion or unzip and dissolve
a nouveau adhesion.

Fig. 11 shows the effective radius of the plate as a function
of MC moves obtained from a simulation of the entire system
nucleated with plates of five different initial base radii (Ag =
50 nm, 90 nm, 120 nm, 150 nm, and 180 nm) with o = 16,
G =11, and A, = 160 nm. A constant auxiliary potential, V,
simulates a fixed nucleating actin network for the entire run.
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FIGURE 11 Monte Carlo simulation showing the effect of thermal fluctu-

ations on the growth of the adhesion (effective radius of the focal plate as func-
tion of MC moves) for various initial radii (Ag). The critical radius was
obtained from the analytic formula as A. = 160 nm, 8 = 11, and o = 16.
The effective radius is defined as the radius of a circle with equivalent area
to the base of the simulated plate.

Because the MC simulation removes the cylindrical
symmetry constraint, we defined the effective radius of the
plate as the radius of a circle with equivalent area to the
base of the simulated plate.

If the initial radius, Ao, is greater than the critical radius,
A., then the nouveau adhesion grows quickly; however, if
the initial radius is significantly below A. (i.e., Ap = 90 nm
and Ap = 50 nm with A, = 160 nm), then the radius does
not increase even for long simulation times (greater than
50 thousand-million MC steps). When the initial radius is
slightly smaller than A. (Ao = 120 nm and Ay, = 150 nm),
the radius of the focal plate can also increase, but the plates
with small initial base radii require more time until they
begin to increase because the energy barrier increases with
decreasing A. From Fig. 7 (inset), the free energy difference
is =30 kT when Ay = 120 nm and decreases to =5 kT when
Ay = 150 nm. Therefore, the existence of the energy barrier
practically prevents adhesions from growing unless they are
nucleated with a large enough initial radius. Once A = A,
the plates grow at approximately the same rate.

In analogy with Fig. 11, Fig. 12 shows the effective radius
of the plate as a function of MC moves when the repellers are
modeled as compressible (Q = 0.01 kT/nm?) with four
different values for the initial base radii (4o = 50 nm,
100 nm, 150 nm, and 200 nm) with « = 16, 8 = 11, and
A. = 120 nm. In comparison with the data in Fig. 11, the
compressibility of the repellers does not change the character
of the growth of the plate and the previous conclusions remain
valid. Indeed, although the value of Q affects the size of the
critical radius, the general characteristics of the following
MC simulations were observed to be relatively insensitive
to the value of Q; therefore, we only present the results of
the subsequent MC simulations for rigid repellers.
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FIGURE 12 Monte Carlo simulation showing the effect of thermal fluctu-
ations on the growth of the adhesion with compressible repellers (Q =
0.01 kT/nm?) for various initial radii (Ao). The critical radius was obtained
from the analytic formula as A. = 120 nm, § = 11, and « = 16.

In the previous simulations, the pushing force of actin fila-
ments was held constant over the base of radius A, To
explore the full effect of thermal fluctuations, however, after
the formation of the base, we turned off the auxiliary func-
tion. In these simulations (Fig. 13), the formation and relax-
ation of the nucleation sites was achieved after 100 million
MC moves and then, at this time point, the pushing force
per ﬁlament,f(xi, yi), was set to zero to mimic the dissocia-
tion of the actin network. As shown in Fig. 13, only those
nouveau adhesions that are close to or larger than the critical
radius continue to grow after the removal of the nucleating
actin bundle. This result is consistent with the analytical
analysis of the energy landscape as presented in the previous
sections. Removing the effect of the actin bundle eliminates
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FIGURE 13 Monte Carlo simulation showing the effect of thermal fluctu-
ations on the growth and disassembly of an adhesion as a function of the
initial radius (Ap). Same values as Fig. 11, except that after 100,000,000
MC moves, the effect of the actin network has been removed. The simulated
disassociation of the actin network allows focal plates below the critical size
to dissolve, but focal plates above the critical radius continue to grow.
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the constraint on the radius. Therefore, if A < A, then the
free energy will decrease as A decreases and the plate will
dissolve. Conversely, if Ag > A, then the free energy will
decrease as A increases and the plate will grow.

Effects of ligand density on nouveau adhesions

Using MC simulations, we are able to predict the effect of
varying the ligand density on the growth of an adhesion. To
simulate substrates (ECM) with different uniform ligand
densities, we chose ligand separations, s = 10 nm, 20 nm,
30 nm, and 40 nm, where the relation between s and ( is given
by s = +/1/8dy. Fig. 14 shows the growth of the plates at four
different ligand densities (6 = 100, 25, 11, and 6) as a function
of MC moves. Because all of the nucleation sites began with
initial radii Ao that are slightly above the corresponding
critical radius, growth of each of these adhesions is energeti-
cally favorable. It may be observed from these data, however,
that with increasing s (decreasing (), the growth speeds
(i.e., the slopes of the effective radius as a function of MC
moves) decreases. If the separation becomes large enough
(s = 40 nm), growth of the plate is halted completely (the
slope stays zero for a long time of simulation run).

Because growth of a focal plate requires sequential
receptor-ligand binding as the boundary of the base of the
focal plate spreads, the probability of a binding event
decreases as the proximity of a ligand to a receptor increases.
Although thermally driven membrane fluctuations provide
the main mechanism that governs the probability that
a membrane point will visit the substrate, points on the
membrane at larger radial distances from the base of the plate
have lower probability of being in close contact with the
substrate, because a binding event requires the existence of
ligands as the receptor approaches the ECM. As the density
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FIGURE 14 The growth pattern of plates with o« = 16 and different values
of ligand separations s = 10 nm, 20 nm, 30 nm, and 40 nm, which corre-
sponds to 8 = 100, 25, 11, and 6, respectively. All the plates start with an
initial radius that is larger than the relevant critical radius. Note that the
growth speeds drop drastically for larger separations of ligands and for
s = 40 nm, the plate does not grow.
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of ligands decreases, the average radial distance of a ligand to
the boundary of the base of the focal plate increases and points
on the membrane at large radial distances have extremely low
probability of reaching the substrate, so the receptor-ligand
binding rate approaches zero. Therefore, growth will not occur
even though the energy of the entire system will decrease.

Merging of neighboring plates

Using MC simulations, it is also possible to investigate the
interactions of neighboring nouveau adhesions. If two focal
plates are close to one another, then they may exhibit different
growth patterns as compared with an isolated nouveau adhe-
sion. Under certain conditions, adhesions with initial radii, A,
that are <A. may merge and form an adhesion with an effec-
tive radius comparable to A.. If the two adhesions are too
close, however, the radius of the combined adhesions may
be too small to support growth. Conversely, if they are too
far apart, neither adhesion will grow. Specifically, when the
outer plate radius of a single adhesion, Ay + L, is larger than
half of the center-to-center distance, D, between the adhe-
sions, i.e., D < 2(Aq + L), the two nucleation sites can merge
and form a bigger adhesion with an inner radius of ~D/2 4 Ay,
otherwise the two nucleation sites never affect each other.
If two adhesions merge such that the average radius of the
resultant adhesion is larger than the critical radius, i.e.,
D/2 4+ Ay > A, it is possible to observe spontaneous growth.

Fig. 15 shows the merging of two neighboring focal plates
with Ag = 50 nm for three different D values both schemat-
ically and as a quantitative plot. Because the critical radius is
A. = 160 nm, neither adhesion may grow. If the plates are
too close to each other, D = 140 nm, the effective radius
of the larger plate is still too small to overcome the energy
barrier required for additional growth. For the case D =
425 nm, the two plates are too far apart and they cannot
merge. At the appropriate distance of D = 280 nm, however,
the two plates can merge and form a larger size plate with an
effective radius that is comparable to the critical radius.
Therefore, depending upon the separation distance, multiple
small nucleation sites (with radii smaller than the critical
radius) may form bigger composite focal plates that can
overcome the energy barrier and grow.

DISCUSSION

We have presented a model that predicts the nucleation of an
integrin adhesion ex novo from a planar membrane. The
model presents a framework in which to understand the
mechanisms responsible for the growth of integrin adhesions
and explains how some adhesions can ultimately vanish. We
postulate that freely diffusing, long repeller molecules on the
plasma membrane prevent integrin receptors from binding to
their ligands. This is consistent with the known diversity of
membrane-associated molecules; compared with these mole-
cules, integrin receptors have relatively short extracellular
extensions (15,41).
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FIGURE 15 Upper graph shows the growth rates for different center-to-
center distances, D, of two nucleation sites with Aq = 50 nm initial radii.
The sequence of pictures are the schematic representations of the upper
plot. Growth happens only if A. — Ap <% and merging occurs only if
% < A + L as predicted by the analytic theory.

The existence of repellers prevents cells from randomly
sticking to the extracellular matrix and our model predicts
that actin polymerization at the leading edge enables cells
to form adhesions where they are required. This prediction
is consistent with experiments that show that initial adhe-
sions generally form under the lamellipodia (12,42). Recent
evidence also suggests that the location of the earliest adhe-
sions is correlated with a high concentration of actin-barbed
ends (11); this experimental article provides the method-
ology for examining the importance of actin activity.

Actin filaments play an important role in our model
because an analysis of the free energy of our system indicates
that thermal fluctuations of the lipid bilayer are not large
enough to nucleate an adhesion ex novo. The nucleation
and growth of an early adhesion requires an applied force
that can bend the membrane and enable the initial binding
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between integrins and its ligand on the ECM. We postulate
that a small group of polymerizing actin filaments locally
bends the membrane. Our analysis provides an estimate for
the number of actin filaments that would be required to
deform the membrane and nucleate an adhesion.

We envision a scenario for adhesion site formation that
begins with the polymerizing dendritic actin network. The
polymerizing actin network is primarily responsible for the
progression of the leading edge of the lamellipodium (20).
Because this network is polymerizing in all three dimensions
(21), however, actin filaments also push the membrane
toward the substrate. The majority of polymerizing actin fila-
ments tips that reach the membrane on the ventral surface are
randomly distributed and maintain the planar membrane
shape. It is likely that the coalescence of several filaments
may occur. These densely packed regions of actin filament
could deform the membrane toward the substrate by an actin
ratcheting mechanism that would subsequently establish the
first integrin-ligand bonds. In a future work, we intend to
implement simulations of a three-dimensional actin filament
network (see Fig. 9 in (21)) to determine the probability of
nucleating adhesion and their subsequent distribution on
the ventral surface, by the coalescence of actin filaments.

If the size of a nucleated adhesion is larger than a critical
size (i.e., critical radius), it will be energetically favorable for
this adhesion to grow until all the available integrins bind to
their ligands. Under this scenario, actin filaments are only
required to nucleate the adhesion to its initial size, but further
growth does not require the additional coalescence of actin
filaments because thermally induced membrane deforma-
tions may zip-up and increase the radius of an adhesion
(Figs. 10-12). Conversely, if actin filaments nucleate an
adhesion smaller than the critical radius and the filaments
subsequently depolymerize, then it is probable that thermal
fluctuations can break integrin bonds and the adhesion will
disassemble (Fig. 13). It is also possible that neighboring
small adhesions may merge to form a composite focal plate
with radius larger than A, (Fig. 15). Additionally, the proba-
bility of ligation depends upon the density of ligands; as the
ligand density decreases, growth and merging of adjacent
adhesions will decrease and ultimately will cease (Fig. 14).

Once these nouveau adhesions form and grow, they could
mature into focal complexes by recruiting adaptor proteins
from the cytoplasm (7). Actin bundles, which contain filamen-
tous actins (F-actin), could then connect the adhesion site to
the network inside the cell. Subsequently, the adhesion sites
could trigger signaling pathways that promote actin polymeriza-
tion and acto-myosin contractility (43). Once stress fibers form,
contractile forces will either strengthen the focal contacts or
result in detachment and dissociation (1,8,44-46). Because of
the lateral forces exerted on the adhesions, they can grow aniso-
tropically (1,17). The density of ligands on the ECM ultimately
governs the number of small adhesions that may mature into
focal adhesions because as the density of ligands on the ECM
decreases, the critical radius increases and as aresult, fewer adhe-
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sions will have an opportunity to mature. Sensitivity to ligand
density has been observed experimentally (47) and it has been
shown that below a critical ligand density, integrin adhesions
can form, but they fail to mature into stable focal adhesions.

In Maximum Adhesion Size, we have derived formulas for
the adhesion’s maximum radius and area that depend upon
both integrin density and the total number of adhesions. From
the data in Fig. 7, the maximum radius is of approximately
microns. Observations of cellular adhesions indicate spikelike
shapes 3—10 um long and 1-2 um wide (48). As a comparison,
our model predicts that if 30 adhesions were formed on the
ventral surface of a cell, they would each have adhesion areas
of =8 ;unz. Therefore, our estimate is in reasonable agreement
with observed sizes, especially considering the wide variability
of the parameters and the simplicity of our model.

Although our model predicts a variety of mechanisms that
govern the early phase of integrin adhesion, the model does
not include dynamical events such as the association and the
dissociation rates of receptor-ligand bonds or the diffusion
dynamics of either repellers or receptors. We could expand
this model by including Langevin dynamics and specifically
incorporating chemical reaction rates (49) or other conve-
nient simulation techniques (50). In our MC simulations,
a linear relation can be stated between the real time param-
eter and MC moves (39,51), but it is not trivial to equate
MC moves to real time because the transverse diffusion
constant of the membrane patches simulated in the program
is generally not known. Hence, we have chosen instead to
represent our time axis as MC moves. The uncertainty in
the dynamical information does not alter the validity of our
energetical arguments, however, and our MC simulations
should be considered as an average behavior of the system,
rather than an exact picture that represents the temporal
evolution of integrin adhesion on an absolute timescale.

Alternatively, we can estimate the conversion from our

2
MC moves to time as df = % % (39,51), where 7 is

the viscosity of the medium surrounding the membrane,
Nuc is the total number of MC lattice points (10* in our
simulations), and the other parameters are defined in the
text. It has been observed that the cytoplasm exhibits regions
with different viscosity, ranging from 5 Pa to 400 Pa (52,53).
Therefore, using the lower viscosity value, we estimate that
dt = 3 s for one billion MC moves. From the data in Fig. 14,
with a ligand spacing, s = 20 nm, an adhesion will grow at
the rate of =30 nm/s; if the adhesion were to continue to
grow at this rate, ~100 s would be required to reach a radius
of 3 um. Although it is problematic to compare this estimate
to published measurements because of the large variation in
several parameters such as ligand and repeller densities, our
velocity estimate is nevertheless in good agreement with
a recent measurement of the rate of contact growth =50
nm/s (see Fig. 1 in (53)).

Our model makes several predictions concerning the mech-
anisms that govern the formation and dynamics of adhesion
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growth. Although challenging, it should be possible to confirm
some of these predictions experimentally. For example, in
analogy with the experimental methods presented in Pierres
et al. (53), we have constructed an interference microscope
to measure the membrane topography and we are investigating
the nucleation, dissolution, and merging of integrin adhesions
at the ventral surface of cells on glass substrates. Using fluores-
cence correlation microscopy, it should be possible to measure
the dynamics of integrin aggregation. Because our model
predicts a critical radius of nouveau adhesions below the
diffraction limit, it will be difficult to observe the dynamics
directly with conventional microscopy. In addition to experi-
ments on cells (11), experiments using vesicles decorated
with receptor and/or repeller molecules could be conducted
(30,34,41,54,55). Although vesicle experiments do not
address the essential role that our model attributes to the actin
network, a recent series of experiments using giant unilamellar
vesicles with mobile receptors supports our prediction that
thermal fluctuations can zip-up an adhesion that has an initial
radius close to or above a critical radius (55).

CONCLUSIONS

Our model presents a mechanistic understanding of the inter-
play among the actin network, the membrane, and receptor-
ligand interactions. Only a few actin filaments are required to
bend the membrane and nucleate a nouveau adhesion by
initiating the binding of a few integrins. Thermal fluctuations
could subsequently lead to the growth or dissociation of
integrin adhesions, but these fluctuations are too small to
nucleate an adhesion ex novo.

APPENDIX

Energy landscape for rigid repellers

In Compression Energy of Repellers, we modeled the repellers as compress-
ible with spring constant Q. We now introduce a simplified model based
upon treating the repellers as rigid molecules associated with a membrane
that is constrained by four strict boundary conditions. As before, we envision
a nouveau adhesion nucleated ex novo from an approximately planar
membrane under the lamellipodium. With rigid repellers, the membrane
rests at a distance H + H above a rigid substrate, sandwiched between the
actin network on the cytoplasmic face and repeller molecules, of length H,
on the ventral surface side. The base of a focal plate has radius A, but
when the repellers are rigid, we assume that the membrane smoothly
deforms over a length scale L, from a height H above the substrate in the
base region, until it reaches the planar membrane at the outer radius of
the plate (p = A + L) with height H + H. Therefore, we assume that the
membrane profile, 7 = h(p), is subject to the boundary conditions

hA) = A
hA+L)=H+H

W(A) = 0 @0)
WA+ L) =0

In the main body of the article, the width of the plate evolved naturally as
result of the application of the simulated annealing method. Note that,
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with the simplified model, we must treat the plate width as an external
parameter. This width must be determined as the value L that minimizes
the total energy, i.e., from the solution of % = 0. As before, the width of
the focal plate, L, is a useful parameter because it provides a simple
geometric framework that aids in interpreting the results. For example, the
free energy associated with repellers given by Eq. 3 has a simple expression
when the repellers are rigid because as the initial area occupied by repeller
molecules, 4wR? changes with adhesion growth, the repeller molecules
become excluded from the focal plate and the area available to the molecules
then becomes = 4R* — Nm(A 4 L)*. Multiplying the free energy per molecule
with the total number of repeller molecules, 47R?ad,, yields (in units of kT)

Nm(A + L)

F\(A,L,N) = —4nR*adyIn| 1 — o

ey

We can now use the width of the plate, L, and Eq. 21 to derive an expression
for the total energy. As before, we will assume that the Helfrich repulsion
terms associated with the substrate and the actin network do not significantly
contribute to the energy landscape so that their contribution may be ignored.
Because the compression energy becomes zero for rigid repellers, the total
energy for rigid repellers may be written from Eq. 11, as

A+L

Eo = 27rN/

A
where e, represents the membrane elastic energy density as defined before
(Eq. 8). Inserting Egs. 4-6 and Eq. 21 into Eq. 22, the total energy of N focal
plates can be written as
A+L

empdp + ZFi + NUyound, (22)

Nm(A + L)’
Eu = 27N [ enpdp — dmaRidyn (1 N™A LS
47R?
A
N1A?
NA? 1= 2
dmaR?dy (1 — 1 4mR
+ama 0( '64771%2) . N’
47R?
+ NmwA*BdyIn B — wA%Bdye.
(23)

The five terms in Eq. 23 represent

. Membrane elastic energy.

. Free energy of repellers excluded from p < A + L.

. Free energy of receptors excluded from the base, i.e., p < A.
. Free energy of bound receptors.

. Binding energy of ligand-receptor pairs.

[ N R

Inserting Eq. 8 into the integral term in Eq. 23, the membrane energy
becomes

A+L
Ew =m | [c(V*h)+7(Vh)"] pdp. 4)
A

The shape profile of the membrane, 7 = h(p), may be determined by using
the four boundary conditions in Eq. 20 via the corresponding Euler-La-
grange equation (56), obtained by functional minimization of Eq. 24,

v2(V2h) - V2 = 0, 25)

19/ 9
h =/ d in radial dinates, V2 = — —( p—).
where o v/k and in radial coordinates P p@p(pap)
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FIGURE 16 Portion of the total energy landscape (per adhesion) as a func-
tion of the plate radius (A) and the width (L). The membrane energy obtained
via the numerical method as described in the text. Parameters chosen: a = 16,
B =11,and N = 20.

Although there is a solution for Eq. 25, it does not have a simple analytic
form (it is a fourth-order differential equation with solution in terms of
modified Bessel functions of the first and second kind (56)). However, it
is simple to convert this equation into a set of four first-order differential
equations that can be solved numerically to high accuracy by standard iter-
ation algorithms such as Runge-Kutta and using a Newton-Raphson minimi-
zation algorithm to match the end points of the trajectory with the boundary
conditions.

After computing the energy of the membrane, the total energy of the
system can be determined from Eq. 23 using known values for the relevant
parameters. Fig. 16 shows a portion of the total energy landscape when 20
focal plates (N = 20) have formed and « = 16 and § = 11. The total energy
landscape per focal plate, shown as a function of the plate radius, A, and
width, L, indicates that a saddle point is located at the top of an energy
barrier, which runs parallel to the A axis and an energy well, which runs
parallel to the L axis. As shown in Fig. 7 (inset), the energy barrier deter-
mines the critical radius, A.. Because the bottom of the energy well does
not vary appreciably with A, the plate width is essentially constant; this
conclusion is valid over the entire range of A, 0 < A < A (data not shown).

To find the plate width precisely, we note that only the free energy of
repellers, F;, and the bending energy of the membrane, E,,, depend upon
L. Therefore, from Eq. 23, % = % We solve the equation % =0
numerically to find L. The value of L was determined as 110 nm < L <
160 nm with 9 < o < 25.

Analytical approximation to the membrane elastic energy

We seek a simple analytical solution to the membrane energy to gain greater
insight into the sensitivity of the membrane energy to variations of the
parameters A and L. For large values of the radial axis, p, the Euler-Lagrange
equation for the shape function of the 2D plate system asymptotically
reduces to its one-dimensional counterpart,

mo__ 21
"= g°h",

with solution

h=cet + ce7” + c3p + ca, (26)

where the four unknown coefficients, the ¢; values, can be found from four
boundary conditions (Eq. 20). By using this asymptotic approximation and omit-
ting terms of ~1/p, the energy integral reduces to a simple analytical expression

3569
En = Lnt + 2mAT, 7
where
3H2 1 eLo
kaH* (1 + €49) 28)

T T8 2(Le —2)(1 + elo)

This formula suggests a simple physical model such that a closed curve
has a constant line tension 7 on a 2D planar surface and a topological constant
L. Therefore, for fixed L, the membrane elastic energy might be expressed as
(L7 + C)7 on a smooth, closed deformed curve where C is the circumference.
In Fig. 17 A, we show the percentage deviation (as a function of A and L) of
the asymptotic approximation for the membrane elastic energy (Eq. 27) from
its exact solution (i.e., the energy derived from the shape functions of the full
numeric solution of Eq. 25). For a range of plate widths between 30 nm and
300 nm, all the errors are <12% in absolute values; as expected, the larger
the value of A, the better the approximation because the exact solution
approaches its asymptotic limit when A gets bigger.

We have also shown that the difference between the exact and approxi-
mate values of the energy decreases as A and L increases (see Fig. 17 B).
Note that the deviations are approximately a couple of kT (<5) for the
majority of the points, and only some points near the origin show relatively
high deviations, although never larger than 60 k7. According to our MC
simulations, thermal fluctuations are of ~100 kT for the whole system that
has been chosen (500-nm x 500-nm membrane patch including the bound-
aries), so that the values of the errors are of the order of the thermal effects.

The value of the error (kT)
30 e e
AT T AT
e e T
20 e
Eee et e

FIGURE 17 (A) Percentage deviation of the analytical formula for ener-
gies given by the asymptotic approximation (i.e., Eq. 27) with respect to
the energies (Eq. 24) obtained via the exact numerical solution of Eq. 25.
(B) The difference between exact and approximate solutions. Parameters
used in both panels A and B: H = 30 nm, « = 30 &7, and y = 0.01 kT/nm>.
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This further validates our approximate formula equation (Eq. 27). The error
decreases even further along the minimum paths. These numerical results
show that the asymptotic formulas are good approximations for the shape
and the deformation energy of the focal plate membrane for rigid repellers.

Analytical approximation to the energy landscape

Because we now have a simple analytical expression that describes the linear
dependence of the membrane energy (Eq. 27) upon A, we can insert this
expression into Eq. 23, and the total energy becomes

Nm(A + L)
Eo = N(7L 27A) — dwaR?dyIn| 1 - —————~
ot (L7 + m27A) — 47aRdyIn AR
| NmA?
NTA? - PanR?
dmaR*dy( 1 — 1 ue
+ e 0( 647rR2> NmA?
4mR?
1+ NwA2BdyIng — wA%Bdye. (29)

To find an analytical expression for the critical radius, we can further
approximate the total energy, Eq. 29, by taking the first-order terms in the
expansion of the logarithmic terms. Therefore, the total energy per plate
when the repellers are rigid and the membrane is subject to strict boundary
conditions becomes

E=tLw + m27A + adyw(A + L)
+ (1 =B + BInp — BE)dymA>. (30)

For an infinitely large reservoir of receptors and repellers, i.e., R — o in Eq.
29, Eq. 30 represents the energy per plate exactly. In this instance, the energy
landscape does not depend upon either the size of the cell or the number of
focal plates.

The transition from compressible repellers
to rigid repellers

In this article, we have presented two models for the repeller molecules:

1. Compressible repellers associated with a membrane that relaxes to an essen-
tially flat profile at a large radial distance from the base of the focal plate and

2. Rigid repeller molecules associated with a membrane that is constrained
by strict boundary conditions (i.e., a simplified model).

We now demonstrate explicitly the link between the compressible and rigid
repeller models.

Returning to the compressible repeller model and using the logarithmic
expansions for Egs. 3 and 4, we minimize the total energy Eq. 12 to find
the energy landscape that governs the initial growth of a focal plate. In
particular, as in Membrane Profile and Repeller Density Distribution, we
use the simulated annealing method to minimize the energy with respect
to & to obtain the shape profile. The terms in the energy that depend upon
h are contained in the integral

2T Pmax
I = / / [em + adove_"/kT + ado(l — e_”'/kT)
0 A

+o vsub} pdpd. (31)

rep
To investigate this model as the repellers become rigid, we seek to minimize

Eq. 31 in the limit Q@ — oo, Using Eq. 1, the limit of the sum of the second
and third term in Eq. 31 as Q — o becomes
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0, h(p)>H +

d —v/kT di(1 — —v/kT\ _
«agve +0(0( e ) ady, hip) < H +

SE

Therefore, Eq. 31 simplifies to

27 Pmax
I = / / [em + adox + v + v::};] pdpdd,  (32)
0 A

where

_ [0, hp)>H +H
X I, hip)<H+H

It is now possible to perform the minimization numerically and obtain the
membrane shape and density profile.

The resultant shape and density profiles indicate a plate with width L and
size A + L (solid line, Fig. 18), i.e., the density profile is zero, where p <
A + L and constant when p > A + L. Therefore, the repellers are excluded
from a circular region of area w(A + L)? and the density is a step-function of
p. For comparison, we also show the membrane shape determined with the
simplified model; by definition, the repeller density is also a step function of
p, but now the width is Lgimpiificamodel- It may be observed that the simplified
repeller model with strict boundary conditions effectively dampens the
membrane profile obtained for the compressible repellers with relaxed
boundary conditions; however, the width of the plate is approximately the
same with both models, L = 105 nm and L = 120 nm, the simulated anneal-
ing model and the simplified model, respectively.

We now compare the energy landscapes obtained with the two models.
As Fig. 19 demonstrates, the minimized total energy per plate, obtained
with the simulated annealing method with « = 16, for Q = 0.01 kT/nm?
and Q = o (solid and dashed parabolas, respectively) is in close agreement
with the approximate analytic approximation for the simplified model, Eq.
30 (dotted parabola). We also show the corresponding membrane energy
(dashed and solid straight lines) for compressible repellers with Q = oo
and Q = 0.01 KT/nm* and rigid repellers with strict boundary conditions
(i.e., the simplified model), respectively (dotted straight lines). Therefore,
in general and as a numerical fit, we can represent the membrane energy

as ¢; + c,A. For the simplified repeller model, ¢; = 7L@ and ¢, = m27.
50 T T T T T
4 12
40 - /r 1
4 0.8
30 + 4
z 406 -
£ E
= , 404
20 + / 4 =
4 0.2
10 i 40
A A+L 3A+Lsimplllied model ] 102
0 1 1 L 1 1 max
0 100 200 300 400 500 600
p (nm)

FIGURE 18 Shape (solid line, over damped curve) and density (solid line,
step function of p) profiles of rigid repeller from simulated annealing minimi-
zation. Note that there are no repellers in the region where p < A 4+ L. To
simplify the model, we span the membrane between A and A + Lgimplified model
and applied the boundary conditions listed in Eq. 20. (Dotted line) Shape of
the membrane given by this simplified model after the minimization.
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FIGURE 19 Energy landscape obtained with two models for the repeller
molecules. Total energy per plate, E, and membrane energy, E,,, calculated
via the simulated annealing method applied to compressible repellers
(dashed parabolas and solid straight lines, respectively) and from the
simplified model for rigid repellers (dotted parabolas and straight lines,
respectively). For compressible repellers, two values of Q are presented
(Q = 0.01 kT/nm? and Q = o (dashed and solid, respectively).

Hence analogous to Eq. 30, it is possible to find an analytical formula for the
compressible repeller case. This may be accomplished by

1. Expressing the membrane energy as ¢; + A.
2. Approximating the density of compressible repellers to that of rigid repellers.
3. Omitting the Helfrich repulsion.

The approximate energy per plate for compressible repellers becomes
E=c| + A + adyw(A + L)2

+ (1 =8 + BIng — Be)mdyA>. (33)
After obtaining the values of ¢; and ¢, from a fit to the membrane energy,
this approximation (Eq. 33) is plotted together with the exact numeric
results (i.e. Fig. 4 in Critical Radius) and we conclude the approximation
is valid.
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