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Simulations of Cell-Surface Integrin Binding to Nanoscale-Clustered
Adhesion Ligands
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ABSTRACT Clustering of ligated integrins strongly influences integrin signaling and mechanical linkages between integrins
and intracellular structures. Extracellular spatial organization of integrin ligands in clusters may facilitate clustering of bound
integrins and thus potentially regulate cellular responses to a defined average amount of ligand in the extracellular environ-
ment. The possible role of such ligand clustering effects in controlling overall receptor occupancy is studied here using a
simple mass-action equilibrium model as well as a two-dimensional Monte Carlo lattice description of the cell-substrate
interface, where cell surface receptors are free to diffuse in the plane of the interface and interact with the substrate-
immobilized ligand. Results from the analytical treatment and simulation data indicate that for a single-state model in which
receptor-ligand binding equilibria are not influenced by neighboring complexes, clustering of ligand does not enhance total
receptor binding. However, if receptor binding energy increases in the presence of neighboring ligated receptors, strong
ligand spatial distribution effects arise. Nonlinear responses to increasing ligand density are also observed even in the case
of random ligand placement due to stochastic juxtaposition of ligand molecules. These results describe how spatial
distribution of ligand presented by the extracellular matrix or by synthetic biomimetic materials might control cell responses

to external ligands, and suggest a feedback mechanism by which focal contact formation might be initiated.

INTRODUCTION

Cell adhesion to extracellular matrices (ECMs), base-
ment membranes, other cells, and artificial biomimetic
matrices, i.e., to (approximately) fixed physical struc-
tures in the extracellular environment, is governed by a
diverse array of adhesion receptors that bind to extracel-
lular ligands and initiate biochemical signaling pathways
similar to growth factor receptors (Aplin et al., 1998;
Hynes 1999). A common feature of adhesion receptors is
their propensity to cluster or aggregate when bound to
ligand. This clustering is typically associated with re-
cruitment of cytosolic proteins to form intracellular mac-
romolecular complexes that link the receptors to the
cytoskeleton, to signaling pathways, or to both (Aplin et
al., 1998). These linkages, in turn, influence cell survival,
growth, differentiation, and migration.

Adhesion receptor clustering appears to play a key role in
physiological cell responses to adhesion ligands (Hato et al.,
1998; Kornberg et al., 1991; LaFlamme et al., 1992; Lotz et
al., 1989; Maheshwari et al., 2000; Miyamoto et al.,
1995a,b, 1996; Oh et al., 1997; Yauch et al., 1997). A
physiological role for clustering has been particularly well
established for integrins, the major family of adhesion re-
ceptors for ECM molecules such as fibronectin, collagen,
vitronectin, and laminin. Integrin aggregation strongly in-
fluences both the biochemical and biomechanical functions
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of the receptors, in part via the hierarchy of cytosolic
proteins recruited to sites of integrin aggregation. These
molecules assemble into the macroscopic structures with
sizes as large as 0.1-1 wm diameter with variable intracel-
lular molecular composition and morphologies ranging
from spot-like to fibrillar (Adams, 2001; Burridge and
Chrzanowska-Wodnicka, 1996; Segel et al., 1983; Zamir et
al., 1999). Integrin aggregation has been almost exclusively
studied in cell culture, leading to speculation that the struc-
tures formed may not be representative of in vivo cell
behavior. New experimental approaches based on green
fluorescent protein tags have revealed not only the presence
of aggregates in migrating cells in vivo, but also their
dynamic nature (Knight et al., 2000).

Both occupancy and clustering seem essential to elicit the
full range of cellular responses mediated by integrins. Inte-
grins show an enhanced propensity to cluster and interact
with the cytoskeleton upon ligand binding (LaFlamme et al.,
1992; Yauch et al., 1997). Mutations in the cytoplasmic
domain of integrins that impair integrin diffusion and clus-
tering also impair cell adhesion and spreading (Yauch et al.,
1997). Although integrins have no intrinsic enzymatic ac-
tivity in their cytoplasmic tails, they serve as signaling
centers through the accessory molecules of focal contacts
(Clark and Brugge, 1995). Both integrin ligation and clus-
tering are required for integrin-mediated signaling (Korn-
berg et al., 1991) and for engaging interactions with a full
complement of both cytoskeletal and signaling proteins
(Miyamoto et al., 1995a,b, 1996). The formation of focal
adhesions, indicative of large integrin aggregates, enhances
the adhesion strength of cells to matrix during the initial
attachment period (Lotz et al., 1989) and in longer-term
culture (Maheshwari et al., 2000). Similarly, disassembly of
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focal adhesions via growth factor addition is associated with
reduced cell adhesion (Xie et al., 1998).

Formation and turnover of integrin aggregates or focal
adhesions plays a role in many aspects of cell behavior. For
example, formation and release of focal adhesions is re-
quired for cell migration (Lauffenburger and Horwitz
1996). Increased turnover of focal adhesions is associated
with greater cell migration speeds in vitro on flexible versus
rigid substrata (Pelham and Wang 1997). The process of
integrin aggregation and focal contact formation requires
both a sufficiently high local ligand density in the extracel-
lular environment as well as multivalent talin complexes for
intracellular cross-linking of integrins to each other via their
cytoplasmic tails (Ward and Hammer 1994). A quantitative
model of how receptor aggregation is influenced by the
relative contributions of receptor-ligand, receptor-cytoskel-
eton, and cytoskeleton-cytoskeleton interactions in the pres-
ence of uniform densities of extracellular integrin ligands
has shown that the aggregation process is especially sensi-
tive to the self-association constant of cytoskeletal proteins,
a parameter that might change in value upon biochemical
activation of receptors (Ward and Hammer 1994).

We speculate further that spatial organization of ligand
into discrete clusters of locally high ligand density may
enable more efficient integrin aggregation. Physiological
ligand clustering can be inferred from the structure of ma-
trix molecules and of assembled ECM in vitro and in vivo.
Many ECM proteins are multimeric, with many sites for
adhesion receptor binding located within the same molecule
(Chothia and Jones 1997; Hynes and Yamada, 1982; No-
mizu et al., 1998). For example, tenascin-C is a hexameric
molecule comprising two triplets of arms joined to form a
hexabrachion structure (Aukhil et al., 1993; Spring et al.,
1989). In electron micrographs, each arm is ~100 nm in
length and has a globular domain, identified as the cell-
binding region, distal to the center of the hexabrachion
(Spring et al., 1989). Thus, tenascin-C effectively presents a
nanocluster of six adhesion sites. Multimeric molecules
may also be organized into supramolecular structures pre-
senting discrete adhesion domains within the extracellular
environment. In connective tissue such as dermis, collagen
I fibers form randomly arrayed fibrillar bundles ranging
from 100 to 1000 nm in diameter (Friedl and Brocker,
2000a). Cells form discrete adhesions to these bundles in a
manner that has been described as a process of ligand-
induced receptor clustering (Friedl and Brocker, 2000a).
Fibronectin is actively organized by cells into polymerized
networks, to which cells show organized adhesion (Hynes
and Yamada, 1982). Loss of fibronection matrix organiza-
tion is observed in patients with Elhers-Danlos syndrome
and is associated with severely impaired wound healing;
restoration of normal wound healing, accomplished by
treating patients with dexamethasone, is accompanied by
restoration of normal fibronectin matrix organization (de
Panfilis et al., 2000).
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Experimental evidence that ligand clustering influences
integrin-mediated cell behavior comes from recent develop-
ment of methods to present single peptide adhesion ligands
in a nano-clustered manner, i.e., where the average ligand
density, cluster size, and average cluster spacing can be
independently controlled (Banerjee et al., 2000; Danilov
and Juliano, 1989; Irvine et al., 2001; Maheshwari et al.,
2000). This approach has revealed that both the size and
average density of integrin ligand clusters strongly control
cell adhesion and migration in response to an RGD adhesion
ligand and that randomly presented ligand was ineffective in
eliciting migration (Maheshwari et al., 2000).

A theoretical understanding of how integrin clustering is
controlled by the spatial distribution of extracellular ligand
is intrinsically relevant to understanding integrin physiol-
ogy, and of great practical importance for guiding the design
of new biomaterials. The present work was undertaken to
theoretically predict patterns of receptor binding to spatially
inhomogeneous ligand distributions on a surface. A simple
analytical model and lattice Monte Carlo simulations were
used to study how integrin clustering might be induced at
the interface between a cell membrane and a substrate via
ligand immobilized in small, randomly distributed clusters
on the substrate. Presenting ligand in high-density clusters
forces some de facto clustering of receptors due to normal
receptor-ligand equilibria.

We first investigated whether such clustering could play
arole in focal adhesion development by increasing the total
number of receptor-ligand bonds compared with a uniform
distribution at equal total ligand concentration. Second, we
explored how increases in effective receptor-ligand affinity
caused by receptor clustering might escalate local ligand
binding, further driving focal contact formation and
strengthening cell-substrate adhesion in the presence of
clustered ligand distribution. In this regard, our model
builds on a previous analytical model that showed how
cooperativity effects could give rise to patchy adhesion
domains in the presence of uniformly distributed ligand for
certain combinations of receptor-ligand on/off rates and
receptor diffusion coefficients (Segel et al., 1983). Here,
changes in the effective receptor-ligand affinity were mod-
eled using a two-state binding energy: discrete receptor-
ligand bonds have an energy E,, whereas complexes form-
ing next to existing receptor-ligand pairs have a second
energy E,, where |E,| > |E,|. We examined under what
conditions (ligand distributions, local and average surface
densities, and receptor-ligand binding energies) ligands pre-
sented in clusters can modify the number of receptor-ligand
bonds formed at the cell-substrate interface, an important
factor in cell response. Simulations predict that for modest
increases of the effective binding affinity on clustering, for
even very small cluster sizes (2 X 2 or 3 X 3 ligand arrays),
the number of total bonds formed at equilibrium can be
increased by a factor of 2-20 by clustering ligand over a
broad range of total ligand densities.
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FIGURE 1 Schematics of models for the cell membrane-substrate inter-
face. (Top) Schematic of the physical situation modeled. (Bottom left)
Two-dimensional representation of a clustered ligand substrate-cell mem-
brane interface. Initial receptor concentration within the plasma membrane
is uniform, but the ligand distribution (and thus the complex distribution)
at the surface is spatially variant. (Bottom right) Monte Carlo model. The
interface of a cell membrane juxtaposed with a surface presenting tethered
ligands is modeled as a two-dimensional square lattice. Each site of the
lattice may be occupied by a tethered ligand (L), mobile receptor (R), or
tethered receptor-ligand complex (C). Clustered ligand surfaces are mod-
eled by placing ligands in ordered arrays; the clusters are distributed
randomly on the 2D lattice.

DESCRIPTION OF THE CELL-SUBSTRATE
INTERFACE

An analytical model and a Monte Carlo simulation were
developed to model the interface between a cell membrane
and a rigid substrate. The models consider the interaction of
cell integrin receptors with ligand immobilized on the sub-
strate discretely (i.e., randomly) or in clusters (groups of
ligand confined to a defined area). The physical picture is
schematically shown in Fig. 1. The cell membrane is flat
against the substrate with a constant separation of 300 X
10~% cm, comparable to the distance over which integrins
can interact with ligand (Lauffenburger and Linderman,
1993). Several studies have shown that unligated integrins
are freely diffusible in the plane of the membrane, espe-
cially at the leading edges of migrating cells and at the cell
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periphery where new adhesions form (Duband et al., 1988;
Schmidt et al., 1993; Yauch et al., 1997). We thus neglect
interactions between integrins and other membrane compo-
nents. Ligand is immobilized on the surface, modeling the
case of strongly adsorbed adhesion proteins or, as depicted
in Fig. 1, peptide ligand bound to an artificial substrate via
short tethers.

Two-dimensional analytical model for
one-state binding

The effect of ligand surface distribution on equilibrium
receptor binding was first analyzed for the case when the
receptor-ligand binding energy is not affected by nearest-
neighbor interactions between receptors; i.e., only one state
exists for bound receptors. This situation is amenable to an
analytical model and provides and initial physical insight
for comparison with the two-dimensional, two-state Monte
Carlo simulation described in the next section. A two-
dimensional (2D) strip of the 2D cell-substrate interface is
considered. It is assumed for simplicity in this calculation
that the ligand clusters are regularly distributed on the
surface, with a density profile as shown in Fig. 1. For the
case where a single reaction describes receptor-ligand in-
teractions in the system (receptor and ligand binding to form
a complex), the total number of complexes in the system at
equilibrium can be calculated from a spatially dependent
mass action law. Neglecting steric interactions between
receptors, the receptor-ligand binding reaction at equilib-
rium is governed by:

pe” = pi pr /KD, (1)

where p2°, p?P, and p?® are the densities (number/area) of
receptor-ligand complexes, unoccupied receptors, and un-
occupied ligand, respectively, and K3P is the 2D equilib-
rium dissociation constant, with units of number/area. Be-
cause receptors are free to diffuse throughout the interface,
the free receptor concentration profile is spatially invariant
at equilibrium; diffusion will continue to adjust the local
unbound receptor concentration to maintain a flat density
profile as ligand binding occurs. The line density of immo-
bilized ligands, pi°(x, y), is a function of the planar coor-
dinates x, y and is modeled as a 2D step function for the
clustered ligand surfaces. The parameters describing this
function are the amplitude p; - (local number of ligands
within a cluster per unit area), cluster size (length per side
of the cluster) D, and cluster separation d. For a total
number of clusters » within the interface and a total area of
interface X = n(D + d)?, the (average) total ligand density
is:

(pi°) = nD*p?%/X. )
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For clustered ligand, the receptor-ligand complex line den-
sity, peP(x, y), will also depend on x and y. As shown in Fig.
1, peP(x, y) is a 2D step function:

> (x, y)

prc 2D/K:,  for x, y within clusters

elsewhere

3)
for x, y within clusters elsewhere. The free receptor density,
p=P, is independent of x and y everywhere in the interface
and is related to total initial receptor density, pg ¢, accord-
ing to:

pr. = prx — (p°) = prx — (D’pER/X. (4)
Substituting Eq 4 into Eq. 3, we obtain for the local
concentration pC ¢ of complexes within a cluster:

Pcc Pr, CPZRDT/(KZD + <P ). Q)
The total number of complexes C in the interface becomes:

C = X2p(x, y) = nDpe

= (Xp") i)/ K + (pi™)). (6)

This expression is exactly equivalent to the result expected
for the case of a homogeneous distribution of ligand where

2P(x) = {p P) for all x. Thus, clustering ligand without
changmg the nature of receptor-ligand interactions (or in-
troducing other molecules for receptors to interact with)
does not increase the total number of complexes formed.
Comparing the same total density of ligand clustered versus
unclustered, the total number of complexes formed is the
same because the local increase in p2° induced by increased
ligand concentration within clusters is exactly offset by the
decrease in ligand density outside the clusters. Only local
complex densities (within clusters) can be affected by clus-
tering The local complex density within ligand clusters
(p2>) in terms of the mean complex density for the same
total amount of ligand distributed randomly (pC U) 1s:

pee = (prepe)Kpi®y = (Xpeh))/nD*. (7)
For example, nanoscale clustering of 5 ligands within a
400-nm? area, at a total ligand density of 500 ligands/um?,
would give an increase in local complex density within
clusters of 25 times the average total complex density on a
surface with a homogeneous random ligand distribution. It
should be emphasized, however, that steric interactions be-

tween receptors within a single cluster are not accounted for
in this model and may influence this result.

MONTE CARLO SIMULATIONS

Model description

To probe the role of steric effects as well as binding affinity
effects with varying ligand spatial distribution, we devel-
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oped a Monte Carlo simulation of integrin-ligand complex
formation at the cell-substrate interface. The model is sche-
matically shown in Fig. 1. The contact area of the cell
membrane against the substrate is modeled as a planar
square lattice (500 X 500 sites). Coarse-graining the model
at the level of 100 nm? of surface area per lattice site
(approximately the size of integrin receptors (Chothia and
Jones 1997)), gives a total model area of 25 wm?, ~2.5% of
the total real area of contact (~1000 um? (Bell et al., 1984))
of a spread fibroblast on a substrate. The lattice size was
chosen to minimize finite size effects in the simulation
results; however, we found no variation in the measured
parameters for a variety of total ligand/receptor densities
and cluster sizes for lattices of 500 X 500, 200 X 200 (4
wm?), or 100 X 100 (1 wm?) sites. Diffusion of receptors or
ligand in the third dimension (i.e., orthogonal to the plane of
the cell-substrate interface) has been neglected, as the sep-
aration between the cell membrane and the surface is small
relative to the lateral dimensions of the lattice.

The lattice is occupied by three components: tethered
(immobilized) ligands, mobile cell surface receptors, and
immobilized receptor-ligand complexes. The number of re-
ceptors on the lattice is fixed at 2500 (100 integrins/um?),
corresponding to a typical integrin expression level of
100,000 receptors/cell (Bell et al., 1984; Ward and Ham-
mer, 1993). A ligand or complex located on a given lattice
site is immobilized to that 100-nm? area. Receptor diffusion
in the cell membrane is modeled by allowing receptors
(labeled R in the schematic) to move during the simulation
to nearest-neighbor sites on the lattice. When a receptor
diffuses onto a site occupied by a ligand, a complex is
formed (C in the schematic). Volume exclusion of the
receptors and complexes is maintained by disallowing
moves that place one receptor in the same lattice site as
another free receptor or complex. To minimize finite size
effects, periodic boundary conditions are employed at the
edges of the lattice.

The spatial distribution of ligands is determined at the
outset of the simulation and remains static during equilibra-
tion of the system. The ligand spatial distribution for a given
simulation is determined by the total fraction of lattice sites
to be occupied by ligand and the cluster size D. Ligand
clusters are fixed as D X D square arrays, where D is the
number of sites along one side (i.e., D = 3 — 3 X 3 arrays
of ligand, occupying 900 nm?). At the outset of the simu-
lation, clusters are placed randomly on the lattice in a
manner preserving volume exclusion of the ligands (only
one ligand is allowed to occupy any given site), until the
prescribed fraction of lattice sites is filled. Unclustered
ligand presentation is modeled by setting D = 1. Total
ligand densities in simulations were varied two orders of
magnitude from 30 ligands/um? to 4000 ligands/wm?. After
placing ligands, receptors are also initially placed randomly
on the lattice, on unoccupied sites, until 2500 receptors (100
receptors/um?) are allocated.
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Dynamics of the system and evolution toward the equi-
librium state are simulated by diffusion of receptors and
receptor-ligand binding/unbinding. At each cycle of the
simulation, a receptor and move direction (up, down, left, or
right) are randomly chosen, and the attempted move is
accepted or rejected according to excluded volume con-
straints and the Metropolis criterion. The Metropolis crite-
rion ensures sampling of the equilibrium distribution of the
system (Binder 1997; Metropolis et al., 1953) by setting the
probability for accepting a move of a receptor based on
energetic interactions between the components of the sys-
tem. The energy of receptors is defined here to be 0 in the
unbound state, whereas the energy of the receptor-ligand
complex is £ (£ < 0). Moves that leave the energy of the
system unchanged or which lower the energy of the system
are automatically accepted. Thus, moves of unbound recep-
tors through the lattice or moves of an unbound receptor
onto a free ligand (forming a complex) are accepted with
unit probability. Diffusion of a receptor off a ligand site
(breaking a receptor-ligand bond) is allowed with probabil-
ity p = exp(—AE/kT) = exp(E/kT); the energetically unfa-
vorable process of breaking the ligand-receptor bond is
allowed, but only with a likelihood determined by a Boltz-
mann weight for the bound state. Simulations using one
binding energy to describe receptor-ligand interactions are
hereafter referred to as the single-state model.

Modeling complex-complex interactions

To examine the effect of possible binding energy changes
due to clustering of ligated receptors, a two-state binding
energy model was used. Two different energies for the
bound receptor state were introduced, £, and £, (£, < E| <
0), which represent the energy of discrete receptor-ligand
pairs and clustered complexes, respectively. Clustering
changes the binding energy via nearest-neighbor complex
interactions: complexes that form adjacent to an existing
receptor-ligand pair break with a probability p, = exp(E,/
kT), whereas discrete complexes break with probability p,
= exp(E,/kT) (p5 < p;). This simple model accounts for an
effective increase in the affinity of receptor-ligand interac-
tions within clusters. Further, because methods developed
for measuring 2D kinetic parameters (on/off rates) (Chesla
et al., 1998; Piper et al., 1998) have not yet to our knowl-
edge been applied to integrin-adhesion ligand interactions,
we estimate our kinetic parameters using 3D solution values
for affinity constants.

We consider a relatively wide physiological range of
ligand affinities based on published solution K, values for
ECM proteins and synthetic RGD-containing adhesion pep-
tides. ECM proteins such as fibronectin represent the high-
affinity extreme, with solution K, values of 10~7 to 10~°
M. Synthetic cyclic and linear peptides represent the middle
and low-affinity regimes, with K, values of 10 7 to 107 M
(Ruoslahti, 1996; Xiao and Truskey, 1996). Simulations
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FIGURE 2 Evolution of equilibrium state for two example simulations:
O, instantaneous number of bound receptors for an example single-state
simulation (cluster size = 1, ligand density 100/wm?, 2500 receptors, and
E = -2.0kT; B, bound receptors for an example two-state simulation (D =
5, 1000 ligands/um?, 2500 receptors/um?, E, = —2.0kT and E, = —6.0kT.

were run using discrete receptor-ligand binding energies £,
corresponding with these solution K}, values. To model the
low-affinity regime (corresponding to tethered RGD pep-
tides), E, was set to —1.0kT (Kp =~ 2 X 10~ * M), whereas
the high-affinity regime (corresponding to substrate-bound
ECM proteins) was modeled by £, = —5.0kT (K =~ 3.7 X
10~% M). To investigate the effects of increased affinity on
clustering, the clustered-state binding energy E, is varied
from 1E, to 8E,.

Equilibration of systems

Equilibration is effected by repeating the cycle of receptor
selection and attempted movement. The equilibrium state of
the system evolves after many Monte Carlo (MC) steps,
defined as the average number of cycles required to ran-
domly select and attempt moving each receptor once. For
the receptor density studied (100 receptors/um?), the aver-
age number of cycles per MC step is ~20,000. Given
known diffusivities of membrane receptors (10~° to 10~ '°
cm?/s) (Lauffenburger and Linderman, 1993), one Monte
Carlo step is correlated with ~100—1000 ws of real time.
From the stochastic initial receptor distributions, equilib-
rium was achieved within ~250 MC steps for clustered
ligand systems, and much faster for unclustered distribu-
tions (D = 1). This corresponds to real times on the order of
a few seconds. Two representative examples illustrating
system equilibration are shown in Fig. 2, where the instan-
taneous percent of bound receptors for D = 1 in the single-
state model and D = 5 in the two-state model are shown.

Equilibrium values for system properties were deter-
mined by averaging steady-state values over 10® cycles
(beginning after 107 cycles for equilibration) for three sep-
arate random cluster distributions. The primary attributes of
interest for each simulation are the number of receptors (or
fraction of receptors) bound at equilibrium and the number
of receptors per cluster.
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Relationship between model parameters and
solution affinities

The equilibrium receptor-ligand dissociation constant K, is
related to the bond break probability p. At equilibrium, the
number of bonds formed per unit time must equal the
number of bonds broken. For the lattice model, this is
expressed as:

(pon/T)(pLA/Nz)((pR - PC)A/NZ) = (poff/T)(pcA/N2)9 (8)

where p,, is the instantaneous probability for bond forma-
tion per site occupied by both receptor and ligand, p, ¢ is the
probability of breaking a receptor-ligand complex, 7 is the
amount of real time per MC step, p, is the total ligand
surface density, pg is the total receptor surface density, p, is
the average complex surface density, 4 is the area modeled,
and N 2 is the total number of lattice sites in the model (N
sites per side in the lattice). The quantities (p, 4/N ?), (pg —
pc)A/N ?), and (poA/N ?) are probabilities a given site on the
lattice is occupied by a ligand, unbound receptor, or com-
plex, respectively. The bond formation/break probabilities

Pon and p g are:
Pon = 1 ©)
—AE/KT (1 0)

Pott =P — €
Equation 8 is the lattice equivalent of the real-space mass
action equation:

(1)

Thus, the bond break probability p is related to the two-
dimensional affinity constant K3 :

koan(pR - Pc) = kompc

(12)

where a is the area per lattice site ( = A/N*> = 1 X 1072
cm?/site). K& can in turn be related to the standard solution
3D Kp, by considering the volume of the surface-localized
receptor-ligand interactions. We assume the cell-substrate
interface is planar in this model with a separation d =~
300 X 10~® cm, consistent with the separation required for
receptor-ligand interactions (Lauffenburger and Linderman,
1993). The 3D Kp, is (in its standard units, assuming K2 is
in units of cm™?):

Kp = (1000K%)/(dN,) = (1000p)/(daN,) = [mol/L],
(13)

where N, is Avogadro’s number. Using our model param-
eters for d and a, the 3D K, = 5.53 X 10~ *p.

KB = kotilkon = pr(pr-po)/p. = pla = [area™],

SIMULATION RESULTS
Single-state binding models

According to the single-state binding analytical model
presented above, no increase in the total number of
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FIGURE 3 Monte Carlo results for receptor binding on clustered ligand
surfaces using single-state model. Simulations were done with 10° ligands/
wm? and 100 receptors/um? at the cell-substrate interface. Equilibrium
fraction of receptors bound was determined for four cluster sizes: D = 1,
2, 10, and 20.

complexes is expected when ligand is clustered compared
with a random ligand distribution. However, the analyt-
ical model neglects effects of receptor-receptor or recep-
tor-complex steric interactions (receptor crowding or
blocking within clusters). In MC simulations, such ex-
cluded volume interactions are readily accounted for.
Simulation results for the fraction of available receptors
bound at equilibrium for D = 1, 2, 10, and 20 are shown
in Fig. 3 for the case of excess ligand (p;, = 10pg). In
agreement with the analytical model, the simulations
predict no increase in receptor binding by ligand cluster-
ing for a range of binding energies spanning from very
weak binding (E = —0.2kT, p ~ 0.80, K, = 4.42 X 10~*
M) to moderate binding (E = —6.0kT, p ~ 0.0025, K, =
1.38 X 10~° M). At very high binding energies (e.g., E =
—20kT, p ~ 2.0 X 107°, Ky = 1.14 X 1072 M),
however, the fraction of receptors bound actually de-
creases for larger clusters. This is caused by rings of
tightly bound complexes at the cluster perimeter that
sterically block entry of additional receptors into the
cluster interior. Fig. 4 illustrates this effect for a system
with D = 20 at high binding energy (£ = —20k7)
compared with a simulation of the same cluster size at a
low binding energy (E = —2.0kT). Although the ringed
cluster structures are metastable (nonequilibrium), some
receptor-ligand pairs are known to bind with even higher
affinity (e.g., avidin-biotin, K, =~ 10~ '> M (Chilkoti and
Stayton, 1995; Weber et al., 1989)). For high-affinity
binding these long-lived metastable states may persist
through experimentally relevant timescales. Ring struc-
tures of larger size than those described here have been
observed experimentally for adhesion of hepatocytes to
high-density carbohydrate ligand surfaces via the asialo-
glycoprotein receptor, which has an affinity of 1 X 10~°
to 10 X 107? M (i.e., ~1000-fold higher affinity than
that we consider here).
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FIGURE 4 Steric blocking of ligand for high receptor-ligand affinities.
Shown are snapshots of ligand and receptor lattice distribution from
equilibrated systems for two systems having 100 receptors/um? and 1000
ligands/um?. (4) A low-binding-energy simulation: £ = —2.0kT. Recep-
tors access ligand throughout clusters. (B) Ligand in the interior of clusters
is blocked in a high affinity system: £ = —204T.

Two-state receptor binding model in conjunction
with ligand clustering

Next, the role of clustering was investigated assuming that
nearest-neighbor complexes bind with a greater energy than
isolated receptor-ligand pairs. Simulations were carried out
for a range of total ligand densities with discrete- and
clustered-state binding energies E, and E,, respectively.
From these simulations, two regimes of receptor binding
were identified: for high ligand densities (p; =~ 10py or
greater), receptor binding increases with increasing cluster
size up to D = 5, beyond which binding is saturated. At
lower total ligand densities, a different qualitative trend is
followed. For p; < 10pg, a maximum in receptor binding is
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FIGURE 5 Receptor binding in two-state model for low discrete-state
binding affinity. Average percent of total available receptors bound at
equilibrium from Monte Carlo simulations is plotted versus cluster size for
a series of clustered-state binding energies at p, = 1000/uwm?. Binding
energies: —FE, was fixed at 1.0k7 whereas —E, was varied as shown in the
legend.

observed at intermediate cluster sizes D = 3-5, with a
decrease in binding at larger cluster sizes, due to steric
blocking of interior ligand sites of large clusters. In both of
these regimes, binding energies and total ligand density
control how many complexes are formed at maximum bind-
ing and at what cluster size maximal binding occurs.

The effect of ligand clustering on receptor binding for a
low discrete-state binding energy (modeling low-affinity
peptide ligands) is seen in Fig. 5, which shows the percent
of available receptors bound at equilibrium for £, =
—1.0kT as E, is varied from —1.0kT to —8.0kT for the case
pr. = 10pg. A clustered-state binding energy of £, = 4E,
gives rise to approximately twice the number of bound
receptors for D = 5. Significant increases in receptor bind-
ing versus the unclustered (D = 1) case occur even for small
clusters of only four ligands per group. When 25 or more
ligands are clustered (D = 5), receptor binding plateaus.
The magnitude of £, controls the fraction of bound recep-
tors. The effects of the relative magnitudes of £, and E, are
better seen in Fig. 6, where percent receptors bound is
replotted for different cluster sizes versus E,/E;. For a small
perturbation in the binding energy (E,/E, = 2), there is little
or no effect of clustering ligand. However, over a range of
E,/E, = ~4-8, ligand clustering results in formation of a
greater number of complexes, up to approximately twice the
number of complexes obtained on unclustered (D = 1)
surfaces.

In addition to increasing the fraction of bound receptors,
ligand clustering in the two-state model also drives the
aggregation of receptors. Fig. 7 4 shows the average num-
ber of receptors per cluster calculated from simulation re-
sults for the single-state model (with £ = —1.0k7) com-
pared with the two-state model (£, = —1.0k7, E, =
—6.0kT) for p, = 1000/um?. Two-state binding drives
clustering of receptors much more efficiently than a one-
state process (by a factor of ~5 at all cluster sizes). Even at
this high ligand density, the single-state binding model
yields no more than one receptor per cluster for D < 5. In
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FIGURE 6 Relative strength of clustered versus unclustered binding
energy strongly influences receptor binding for the two-state binding
model. Shown are simulation results for total ligand density 1000/um?,
E, = —1.0kT, and a range of cluster sizes as denoted by the legend.

contrast, multiple receptors are bound for D = 3-5 using the
two-state model. Fig. 7 B shows the average number of
receptors/cluster for a range of total ligand densities and
cluster sizes in the two-state model for £, = —1.0kT and £,
= —6.0kT. Clustering ligand in this case significantly in-
creases the number of receptors/cluster over the entire range
of ligand densities.
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FIGURE 7 Receptor clustering induced by ligand clustering. (4) Aver-
age number of receptors per cluster is compared for the single-state binding
model (O, E = —1.0kT) or the two-state binding model (W, £, = —1.0k7,
E, = —6.0kT) at a total ligand density of 1000/um?. (B) The average
number of receptors per cluster from Monte Carlo simulations of two-state
model with £, = —1.0kT and E, = —6.0kT is plotted for cluster sizes as
denoted in the legend.
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FIGURE 8 Effect of ligand concentration on receptor binding in two-
state model. Average percent of total available receptors bound at equilib-
rium from simulations is plotted versus cluster size for fixed binding
energies £, = -1.0kT, E, = —6.0kT. Data is shown for a range of total
ligand densities from 30 ligands/um? to 4,000 ligands/um? as denoted in
the legend.

Role of total ligand concentration

Total ligand concentration plays an important role in the
pattern of receptor binding in the two-state binding model.
Simulations were run with binding energies £, = —1.0kT
and E, = —6.0kT. Fig. 8 shows the fraction of receptors
bound versus cluster size for total ligand densities ranging
from 30 ligands/wm? up to 4000 ligands/um?. At low p; the
trend of receptor binding with increasing cluster size is
biphasic, due to the competition between receptors for a
finite number of available cluster perimeter sites. In con-
trast, at high p;, all surfaces approach maximal binding of
available receptors and clustering does not significantly
increase the level of receptor binding relative to the unclus-
tered case. This is seen in Fig. 9 where data are replotted to
show total receptor binding at constant cluster size as total
ligand density is varied. For total ligand densities =4000/
um?, clustering effects appear insignificant.

Even random ligand distributions, such as are likely ob-
tained by most methods of peptide or protein surface im-
mobilization, show a nonlinear dependence of bond number
on ligand density if clustering increases the effective recep-
tor-ligand affinity. Plotted in Fig. 9 is the binding profile for
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FIGURE 9 Receptor binding profiles for constant cluster size. Simula-
tion results using —E, = 1.0k7 and —E, = 6.0kT. Shown is the percent
receptors bound from simulations for D = 1-10 as denoted by legend. Also
plotted for comparison is the binding curve for D = 1 in the one-state
binding model with —E = 1.04T.
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FIGURE 10 Receptor binding in two-state model for high discrete-state
binding affinity. Average percent of total available receptors bound at
equilibrium from Monte Carlo simulations is plotted versus cluster size for
a series of clustered-state binding energies at p, = 1000/um?. For binding
energies, —E,; was fixed at 5.0kT whereas —E, was varied as shown in the
legend.

unclustered (D = 1, open squares) ligand in the single-state
model with £ = —1.0kT. The unclustered single-state sim-
ulation shows significantly fewer receptor-ligand bonds
than the same unclustered ligand distribution in the two-
state model (£, = —1.0kT, E, = —6.0kT; filled circles).
This is because as ligand density increases, a stochastic
distribution of the ligand gives rise to an increasing number
of nearest-neighbor ligands and thus increased receptor
binding due to nearest-neighbor complex contacts.

High-affinity versus low-affinity
discrete-state binding

To model clustering of ECM protein ligands such as fi-
bronectin, which have a significantly higher binding affinity
for integrins, we also performed simulations where the
initial unclustered-state binding energy was significantly
larger, £, = —5.0kT. At the ligand density plotted in Fig. 3
(1000 ligands/um?, or p, = 10pg), such a high-affinity
ligand will bind nearly all available receptors even in the
unclustered state. However, clustering effects are observed
at lower total ligand densities. Fig. 10 shows the percent
receptors bound at a total ligand density of 100 ligands/um?
(pL = pr) as a function of cluster size for £, = —5.0kT and
E, = —6—10kT. Receptor binding exhibits a maximum as
cluster size is varied, similar to the pattern observed for
lower values of £, in Fig. 8, whereas increasing £, increases
the maximum percent receptors bound. Small degrees of
clustering are found to dramatically increase the level of
receptor binding due to the increased affinity on clustering.
For large cluster sizes, however, the number of receptors
exceeds the number of perimeter cluster sites. Thus, com-
plex formation around the perimeter blocks access to inte-
rior sites, causing a decrease in the fraction of bound recep-
tors for D > 5. These metastable ringed states, as illustrated
in Fig. 4 B, persist for extremely long times (greater than the
10® cycles in our simulations) and may indicate that at low
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ligand densities, when |E,| > 4—6kT, an optimal cluster size
exists regardless of the value of E.

DISCUSSION
Models for integrin clustering

The formation of focal or localized adhesions between cells
and matrix observed in culture and in vivo requires aggre-
gation of integrin adhesion receptors. Understanding the
role specific molecular parameters play in the process of
focal adhesion formation allows design of strategies to
influence this process for therapeutic or diagnostic applica-
tions. One biophysical process that might give rise to re-
ceptor clustering is a positive cooperative effect of receptor
binding to the substrate. This effect was first analyzed by
Segel and co-workers (1983), who were motivated by ob-
servations of the periodicity of cell-substrate adhesion struc-
tures forming at the periphery of spreading cells during the
initial phase of spreading. Using a perturbation analysis of
cooperative receptor binding in a large excess of uniformly
distributed ligand, they predicted that small clusters could
grow for certain combinations of physical parameters (free
receptor diffusion coefficient, receptor/ligand on/off rates,
and receptor-ligand complex effective diffusion coefficient)
and relax toward uniformity for others. Although their anal-
ysis was not amenable to predicting equilibrium structures
or showing effects for specific parameter values, as we do
here, the model of Segel and co-workers provides an im-
portant conceptual basis for cooperative effects on focal
contact formation.

A more detailed model that accounts for quantitative
effects of intracellular molecular associations between inte-
grin cytoplasmic tails and talin, self-aggregation of talin,
and extracellular receptor-ligand affinities on focal adhesion
formation was developed by Ward and Hammer (1994).
They examined the steady-state number of molecular ag-
gregates in the context of a uniformly distributed but sys-
tematically varied density of extracellular integrin ligand.
They predicted that within a physiological range of param-
eter values, the affinity of talin-talin interactions exerts a
dominating effect on the aggregation process when extra-
cellular ligand concentrations are sufficiently high (Ward
and Hammer, 1994). Signaling processes initiated by inte-
grin ligation may induce changes in talin affinities via
phosphorylation events, providing a means to control inte-
grin aggregation and focal adhesion formation.

Our focus here is how spatial effects in the extracellular
environment might influence the aggregation process.
Given the recent experimental evidence that ligand cluster-
ing alters integrin-mediated cell behaviors, including adhe-
sion strength, cytoskeletal organization, and migration
speed (Maheshwari et al., 2000), we sought to simulate
focal contact formation using a biophysical model that
captures some key aspects of the experimental system,
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ligand clustering under conditions of either limiting or sat-
urating ligand (relative to receptor density), and cooperative
binding, with receptor-ligand affinity constants in a physi-
ological range for integrin-matrix binding. Monte Carlo
methods provide a useful tool for capturing the spatial
effects. We represented the cooperativity effects as an in-
crease in receptor-ligand affinity in the case of adjacent
bound receptors compared with lone bound receptors, using
a physiological range of integrin affinities. This conceptu-
ally captures the idea of neighbor effects that might be
mediated through intracellular molecules such as talin in a
form amenable to Monte Carlo simulation.

Simulations indicate that if receptor-ligand binding oc-
curs with no change in binding affinity of neighboring
ligands, the total number of receptors bound remains con-
stant when comparing ligand presented in clusters versus
homogeneously distributed on the substrate. However, the
local surface concentration of complexes at sites of ligand
clustering is higher, which may itself facilitate focal contact
formation due to the relative increase in local integrin
concentration at such points of contact.

Several factors can influence the apparent affinity of
integrins for extracellular ligands, including exogenous ac-
tivation by antibodies or MnCl, (Frelinger et al., 1991;
Ginsberg et al., 1992). Global increases in integrin affinity
resulting from such activation, however, would not give rise
to the strong effects of clustering on receptor occupation
that we observe in our two-state model, which presumes
changes in effective integrin affinity occur locally. Such
local changes would be experimentally difficult to observe
directly. However, the presence of secondary interactions
between ligated integrins and other molecular components
can be expected to increase the effective affinity of the
receptor for ligand immobilized on a substrate. Integrin
activation states could be controlled by integrin-cytoskele-
ton interactions, receptor-receptor interactions, or interac-
tions between integrins and other locally active cytosolic
partners such as kinases or phosphatases (Ginsberg et al.,
1992; Huttenlocher et al., 1996). Indirect evidence that
receptor activation may arise from interaction of ligated
receptors can be found in the observations by Danen et al.
(1995) that unactivated asf3; requires the PHSRN synergy
site for binding to GRGDSP fibronectin peptide, but exog-
enously activated a3, was able to bind GRGDSP in the
absence of the synergy site. One interpretation of these
results is that the synergy site induces clustering of inte-
grins; this interpretation could be tested by creating a pep-
tide with two GRGDSP sequences presented at equal spac-
ing as the constructs containing PHSRN and GRGDSP used
by Danen et al. (1995). Likewise, Chi-Rosso et al. (1997)
observed that activation of 3;-integrins enabled binding to
fibronectin type III repeats that lacked the RGD sequence,
again suggesting that multivalent interactions are perhaps
required when integrins are not pre-activated.
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Physical immobilization of receptors by recruited scaf-
folding proteins or elements of the cytoskeleton may also
increase effective receptor-ligand affinities. In addition to
talin, the membrane protein calveolin-1 also serves as a
macromolecular cross-linker, aiding in the process of inte-
grin clustering on the cell membrane side of the interface
(Wary et al., 1998; Wei et al., 1999). These multiple inter-
actions between integrins and cytosolic components or other
receptors are likely to act cooperatively to control receptor
binding. As an example, Shaw et al. (1990) demonstrated
that spreading of macrophages on laminin is triggered only
under conditions where a3, integrin is clustered in focal
contacts, attached to actin fibers of the cytoskeleton, and
phosphorylated due to an exogenous signal.

Using a two-state binding energy model, we have mod-
eled in the simplest possible fashion such higher-order
effects that occur in cell adhesion beyond simple receptor
ligation. Two main conclusions are drawn from simulations
of two-state binding. First, modest changes in the binding
energy on receptor clustering significantly increase receptor
binding on clustered ligand surfaces relative to random
unimolecular ligand distributions. Increases in the binding
energy corresponding to solution K, changes of about a
factor of 10 for unclustered versus clustered binding give
two to three times more bound receptors over a broad range
of ligand densities. This relative increase in receptor binding
occurs for even very low-affinity discrete receptor-ligand
pairs and occurs for even small cluster sizes. These model
predictions are consistent with the experimental observa-
tions of cells migrating on random or clustered low-affinity
adhesion peptide (Maheshwari et al., 2000), where random
peptide was ineffective whereas clustering resulted in mi-
gration speeds comparable to those on fibronectin.

As shown in Fig. 9, receptor binding is most sensitive to
clustering at low total ligand densities, varying by an order
of magnitude between unclustered and clustered ligand dis-
tributions. Second, as the ligand density becomes compara-
ble to the receptor density in the interface, the model pre-
dicts the existence of an optimum cluster size (10-25
ligands/cluster), when E, is =6.0kT. The predicted decrease
in receptor binding hinges on steric interactions between
receptors and would not occur if receptors were able to
shoulder their way through the crowded cluster perimeter or
if the cytoskeleton actively rearranged receptors.

Fig. 6 indicates a weak dependence of clustering effects
on cluster size. However, the present model considers only
single nearest-neighbor complex-complex interactions,
which may underestimate the possible changes in binding
occurring with clustering. In real cells, multi-complex in-
teractions may modify binding in a more complex manner,
providing a large number of possible effective binding
energies depending on the number of receptors in a cluster
or upon second- or third-nearest-neighbor interactions. Li-
gand grouping might thus even more dramatically alter
receptor binding for large clusters.
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Relation to experimental data

Theoretical treatments have predicted that cell adhesion
strength is proportional to the number of bonds between the
cell and its substrate (Dembo et al., 1988; Ward and Ham-
mer, 1993) and whether bonds are isolated or aggregated in
focal adhesions (Ward and Hammer 1993).

Experimental validation of whether apparent integrin-
ligand binding interactions are single-state or two-state in
the case of real clustered integrin-ligand interactions re-
quires measurement of cell adhesion strengths on well-
characterized surfaces presenting equal concentration of
clustered versus unclustered ligands. If secondary interac-
tions that modify the receptor-ligand affinity are important,
then clustered ligand surfaces should show significant in-
creases in adhesion strength compared with homogeneous
or random ligand distributions at the same total amount of
ligand. This increase in adhesion at a set average ligand
density for the two-state model arises from two factors: 1)
an increased fraction of receptors is bound in the case of
clustered ligand, and 2) there is an increase in the affinity of
each bond and, concomitantly, in the adhesion strength of
each bond. Thus, even under conditions where all integrins
are ligated, the two-state model predicts that the clustered
ligand will induce greater adhesion strength compared with
the randomly presented ligand due to the greater affinity of
bonds. Recent experiments by Maheshwari et al. (2000)
examining the adhesion strength of fibroblasts on
nanoscale-clustered RGD peptides may be the first experi-
mental evidence of such clustering effects. Using a star
polymer of polyethylene oxide to cluster RGD ligands
against an otherwise inert background, they presented an
RGD adhesion ligand in clusters of 1 (i.e., random), 5, or 9
peptides per ~50-nm cluster and found dramatic increases
in adhesion strength upon increasing ligand cluster size
(Maheshwari et al., 2000). At equivalent total ligand den-
sities, nine RGD/cluster surfaces gave increases in adhesion
strength by a factor of two to three over unclustered ligand
across two orders of magnitude in ligand density. Assuming
that bond number is the primary determinant of adhesion
strength, our model suggests that such dramatic effects
require an increase in the effective receptor-ligand affinity
upon clustering.

Maheshwari et al. (2000) also observed similar trends in
stress fiber formation within cells adhering to clustered
RGD surfaces: two to three times more cells on nine RGD/
cluster surfaces showed well-developed stress fibers than on
unclustered RGD surfaces at equal total RGD densities.
This is intriguing, as the present simulations predict much
stronger clustering of receptors in the two-state model rel-
ative to single-state binding. Assuming that multiple recep-
tors per cluster is a requirement for focal contact formation,
the two-state binding model is more consistent with the
results seen by Maheshwari et al. (2000) than is the single-
state model.
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Our prediction that small ligand clusters will dramatically
influence receptor binding and spatial distribution could
also have important implications for the interpretation of
results obtained on other model systems presenting tethered
adhesion peptides that are assumed to be homogeneously
distributed. For example, Xiao and Truskey (1996) mea-
sured cell adhesion strengths on silane-immobilized RGD
peptides and found results consistent with a significant
increase in receptor-ligand affinity for the ligands immobi-
lized on the surface versus their solution K. Massia and
Hubbell (1991) also reported that surprisingly low densities
of RGD could support fibroblast spreading and focal contact
formation on tethered-RGD surfaces, relative to results
from other ligand immobilization schemes. The present
simulations indicate that these observed increases in binding
energy may be influenced in part by inadvertent ligand
clustering, e.g., by silane oligomerization during surface
preparation or other factors that lead to even small degrees
of surface inhomogeneities. Small inhomogeneities in sur-
face structure, even those arising from random juxtaposi-
tioning of ligands, may have strong effects on resulting
adhesion strength.

Ligand clustering by ECM structures in vivo might be
achieved in several ways. ECM proteins organized into
fibrils, such as collagen and fibronectin, may present
nanoscale ligand clusters to cells simply through the close
spatial proximity of the assembled molecules. Cells actively
assemble fibrils of ECM components such as fibronectin
and collagen (Yamada et al., 1992), and strong integrin
aggregation is observed during migration of highly adhesive
cell types in vivo (Friedl and Brocker, 2000b). Because cells
bind to these proteins by multiple receptors during matrix
assembly, ligand clusters could be created directly by cells;
these clustered binding sites could then serve to drive clus-
tering of integrins and focal contact formation. Alterna-
tively, as shown in these simulations, adhesion proteins
randomly adsorbed to an underlying basal lamina may
present ligand clusters that trigger focal adhesion develop-
ment at discrete sites.

Finally, for the development of novel biomaterials, these
simulations indicate that if the binding energy of complexes
is altered by clustering, increasing the number of ligands per
cluster up to ~25 ligands in 2500 nm? increases receptor
binding. Thus, ligand clustered in domains of sizes up to
~100 nm may be effective in increasing the number of
receptor-ligand bonds formed at the cell-substrate interface.
A variety of approaches are feasible for preparing clustered
ligand surfaces on such length scales. Immobilized multi-
functional polymers have already been used to cluster li-
gands in 10—50-nm domains (Maheshwari et al., 2000).
Block copolymers may express periodic surface domains
with sizes on the order of a few tens of nanometers, which
might serve as clustering templates (Fasolka et al., 1997).
For larger-scale clustering domains, functionalized latex
microspheres may be used to create 100-1000-um domains
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of ligand at surfaces (Banerjee et al., 2000). Such nanoscale
ligand clustering could be employed to control cell adhesion
strength, manipulate cell migration rates, and control cell
growth.
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