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ABSTRACT: R5â1 integrin can occupy several distinct conformational states which support different strengths
of binding to fibronectin [Garcı´a, A. J., et al. (1998)J. Biol. Chem. 273, 34710-34715]. Using a model
system in which specific activating monoclonal antibodies were used to achieve uniform activated states,
the binding ofR5â1 to full-length wild-type fibronectin and mutants of fibronectin in the defined RGD
and PHSRN synergy sites was analyzed using a novel method that measures the strength of the coupling
between integrin and its ligand. Neither TS2/16- nor AG89-activatedR5â1 showed significant mechanical
coupling to RGD-deleted fibronectin. However, peptide competition assays demonstrated a 6-fold difference
in the binding affinities of these two states for RGD. The mutant synergy site reduced the AG89 (low)-
activated state to background levels, but the TS2/16-activated state still retained approximately 30% of
the wild-type activity. Thus, these two active binding states ofR5â1 interact differently with both the
RGD and synergy domains. The failure of the AG89-activated state to show mechanical coupling to
either the RGD or synergy domain mutants was unexpected and implies that the RGD domain itself does
not contribute significant mechanical strength to theR5â1-fibronectin interaction. The lack of RGD
alone to supportR5â1 coupling was further confirmed using a synthetic polymer presenting multiple
copies of the RGD loop. These results suggest a model in which the RGD domain serves to activate and
align theR5â1-fibronectin interface, and the synergy site provides the mechanical strength to the bond.

The binding of integrin adhesion receptors to their extra-
cellular ligands plays a central role in development and
inflammation (1, 2), and abnormalities in integrin binding
have been associated with many pathological conditions such
as cancer metastasis and blood clotting defects (3). Affinity
modulation or “inside-out signaling” provides a rapid and
reversible mechanism for control of integrin-ligand interac-
tions (4). Modulation of binding affinity has been shown to
regulate numerous adhesion events, including platelet ag-
gregation (5), fibronectin matrix assembly (6, 7), and
epithelial and myogenic differentiation (8, 9).

Affinity modulation involves conformational changes in
the integrin receptor (10), and shifts between inactive and
active binding states can be detected by changes in antibody
binding (11), changes in the strength of the integrin-ligand
bond (12), or fluorescence resonance energy transfer (13).
Although the mechanistic basis by which the cell controls
the switching of integrin conformations remains unclear,
several molecules, including the CD98 T-cell activation
antigen (14) and members of the Ras family of GTP-binding

proteins (15, 16), have been implicated in the activation
process. In addition to intracellular signaling events, integrins
can be activated by divalent cations and integrin-specific
monoclonal antibodies (17-20). These extrinsic reagents
provide a simple and uniform means of manipulating integrin
activation to analyze the functional binding states of these
receptors.

Using a novel mechanical approach to analyze the inte-
grin-fibronectin bond, we previously showed the existence
of three distinct activation states forR5â1 integrin that
produced distinct strengths of binding to fibronectin (12).
Since these distinct functional binding states are likely to
arise from interactions ofR5â1 integrin with different sites
in fibronectin, in this study we analyzed the strength of
binding of activated forms ofR5â1 to full-length recombinant
fibronectins which contained mutations in definedR5â1
integrin binding sites. IntegrinR5â1 binds cooperatively to
the RGD site in the 10th type III repeat and the PHSRN
sequence in the 9th type III repeat of fibronectin (21-23).
The requirement for the PHSRN synergy site inR5â1-
mediated adhesion to fibronectin appears to depend on the
activation state of the integrin. Danen et al. demonstrated
that activation ofR5â1 to a high-affinity state via stimulatory
antibodies reduced the need for the PHSRN site in cell
adhesion (23). Similarly, activation ofR5â1 by extrinsic
factors reduced the requirement of the PHSRN site for
fibronectin matrix assembly (7). These studies support a
model in which PHSRN stabilizes the binding ofR5â1 to
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RGD, and these contributions from the PHSRN site are
no longer necessary when the integrin is in its high-affinity
state. Contrary to this simple paradigm, the analysis presented
here demonstrates that the RGD site by itself does not support
measurable mechanical coupling toR5â1, even when the
integrin is in its high-affinity state. More importantly, our
results support a dynamic binding process in which different
conformations of R5â1 interact with different binding
surfaces on fibronectin, including but not limited to the RGD
and PHSRN sites, to produce distinct functional binding
strengths. This dynamic model could provide an explanation
for the diverse signaling responses that originate from this
receptor-ligand interaction (24, 25).

EXPERIMENTAL PROCEDURES

Cells and Recombinant Fibronectins.Human K562 eryth-
roleukemia cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% calf serum and 1% penicil-
lin-streptomycin. During growth, K562 cells were selected
for growth in suspension as single cells, which results in
the absence of detectable specific adhesion to fibronectin.
Monoclonal antibodies TS2/16 (ATCC), AG89 (kindly
donated by J. Takagi, Harvard Medical School, Boston, MA),
and BIIG2 (kindly provided by C. H. Damsky, University
of California, San Francisco, CA) were affinity purified from
hybridoma supernatants on protein G-Sepharose columns.
Other reagents were obtained from Life Technologies
(Gaithersburg, MD).

The pVL1392 baculovirus vector was used for expression
of all recombinant fibronectins. Full-length rat fibronectin
cDNA constructs for wild-type and mutant fibronectins have
been described previously (7, 26). The RGD mutant [FN-
(RGD-)]1 is a deletion of these three amino acids; the
synergy site mutant [FN(syn-)] changes the PPSRN se-
quence to PGSEN (rat sequence equivalent to the human
PHSRN site). Proteins were expressed in baculovirus-infected
insect cells (BTI-TN-5B-4, Invitrogen, San Diego, CA) and
purified by gelatin-agarose affinity chromatography (26).

Cell Adhesion Assay.Cell adhesion was quantified using
a spinning disk device as described previously (12, 27). This
system applies a well-defined range of hydrodynamic forces
to cells adhering to fibronectin-coated circular coverslips.
The applied shear stressτ (force per area) increases linearly
with radial positionr along the coverslip surface and is given
by

whereF and µ are the fluid density and viscosity, respec-
tively, andω is the rotational speed. Glass coverslips (25
mm in diameter) were coated with recombinant fibronectins
(5 µg/mL) for 30 min and blocked in 1% bovine serum
albumin for 30 min. K562 cells were resuspended in
Dulbecco’s phosphate-buffered saline with 2 mM glucose
in the presence of saturating amounts of stimulatory or
inhibitory antibodies. Cells were seeded onto fibronectin-
coated substrates for 15 min and spun at a constant speed
for 10 min. For inhibition experiments, cells were seeded in

the presence of varying concentrations of RGDS peptide.
After being spun, adherent cells were fixed in 3.7%
formaldehyde and 1% Triton X-100 and stained with
ethidium homodimer. Using an automated motorized stage
and image analysis system, nuclei were counted at different
radial positions and normalized to the counts at the disk
center for which the applied force is zero. The resulting
detachment profile (adherent fractionf vs applied shear stress
τ) was fitted to a sigmoid curvef ) 1/{1 + exp[b(τ - τ50)]},
whereτ50 is the shear stress for 50% detachment andb is
the inflection slope (27).

RESULTS

Assessment of Mechanical Coupling betweenR5â1 Inte-
grin and Fibronectin. In contrast to conventional cell
adhesion and spreading assays, we focus on the initial (15
min) interaction betweenR5â1 and fibronectin using an
ultrasensitive cell adhesion assay. Our hydrodynamic flow
system applies a well-defined range of forces to adherent
cells and provides direct measurements of cell adhesion
strength (27). A critical aspect of this quantitative assay is
the use of K562 erythroleukemia cells as a model cell system.
These cells expressR5â1 as the only fibronectin receptor,
and this integrin is expressed in a constitutively inactive form
which can be activated with monoclonal antibodies or
divalent cations (28, 29). More importantly, under the
experimental conditions of the assay, these cells do not
exhibit adhesion strengthening, and there are no differences
in adhesion strength between 5 and 15 min or at 15 min in
the presence of metabolic poisons, allowing the isolation of
the initial receptor-ligand interaction from subsequent stages
of the adhesion process, including cytoskeletal interactions
(27). We previously demonstrated that, for equivalent cell
populations and ligand densities, differences in the detach-
ment force reflect differences in the mechanical strength of
the integrin-fibronectin bond (27). Therefore, this system
provides sensitive, direct measurements of the strength of
the R5â1-fibronectin interaction in intact cells.

Figure 1A is a typical cell detachment profile showing
the fraction of adherent cells as a function of shear stress
(applied force per area) for the adhesion of TS2/16-activated
K562 cells to recombinant rat fibronectin. The sigmoid curve
follows the expected relationship for a cell population with
a normally distributed receptor density. The shear stress for
50% detachment (τ50) represents the mean cell adhesion
strength. This analysis is based on the measurement of
10000-20000 cells, providing robust statistics. The mean
cell adhesion strength is a direct measurement of the
mechanical coupling betweenR5â1 and fibronectin.

Since the number of receptor-ligand bonds, and conse-
quently adhesion strength, is dependent on ligand density,
the adsorption profiles of the three recombinant fibronectins
were compared using an ELISA-based assay to account for
differences in adsorption. Figure 1B shows no differences
in adsorbed densities among the recombinant proteins. To
ensure that the recombinant fibronectin behaved like fi-
bronectin isolated from plasma, the two were compared by
measuring the adhesion strength as shown in Figure 1A.
Specific activating antibodies (AG89 and TS2/16) were used
at saturating concentrations to achieve uniform activation of
R5â1 on K562 cells. We have shown that, for the same

1 Abbreviations: wtFN, wild-type fibronectin; FN(RGD-), fibronec-
tin mutant lacking the RGD binding site; FN(syn-), fibronectin with
a mutated synergy site.

τ ) 0.8rxFµω3
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number of activated integrins, these antibodies produce
different activation states characterized by different strengths
of binding to adsorbed human plasma fibronectin (12). These
differences in binding strength between the two activation

conditions do not arise from differences in binding affinity
as these two activated states exhibit equivalent binding
affinities (1.1× 107 M-1) for soluble fibronectin (12). This
analysis indicated that these different functional binding
strengths reflect different strengths of the integrin-fibronec-
tin interaction. Stimulation with AG89 was indistinguishable
from integrin activation with 1.0 mM Mn2+, indicating that
these activation conditions are functionally equivalent (12).
Figure 1C shows that both plasma fibronectin and recom-
binant wild-type fibronectin exhibited a 2-fold difference
between the TS2/16- and AG89-activated states ofR5â1
integrin. In addition, the extent of adhesion for both activated
states was reduced to background levels by preincubation
with the R5 integrin blocking monoclonal antibody BIIG2.
These results show equivalent functional binding between
human plasma fibronectin and recombinant rat fibronectin,
indicating that small differences in amino acid sequence
between these two species do not significantly influence
functional integrin binding.

A likely explanation for the functional differences in
binding strengths for the two activated states is that these
states represent distinct conformations of the receptor that
interact differently with binding domains in fibronectin. On
the basis of the conventional model ofR5â1 binding to
fibronectin involving both RGD and PHSRN synergy
domains, we postulated that the lower activation state
(equivalent to AG89 stimulation) primarily entails binding
to the RGD domain and that the higher-activity state
(corresponding to TS2/16 stimulation) involves binding to
both RGD and PHSRN synergy domains. This hypothesis
was tested using the two activated states ofR5â1 and the
three recombinant fibronectins.

Interaction of R5â1-ActiVated States with the RGD
Domain. The adhesion strength for binding of antibody-
activated integrins to wild-type fibronectin (wtFN) or the
RGD mutant [FN(RGD-)] was measured. Figure 2 shows
that deletion of the RGD domain reduced the strength of
R5â1-mediated adhesion to background levels for both
TS2/16- and AG89-activated forms. This result is not
surprising given the central role established for RGD in the
binding of R5â1 to fibronectin (21, 30, 31). However, the
spinning disk method applied here is more sensitive than
previous approaches and has been able to identify weak
adhesion states which were not observed using earlier
methods (32). Thus, these results extend the resolution of
the analysis and demonstrate that all other domains of
fibronectin are unable to mediate any significant adhesion
in the absence of the RGD site. These data contrast with the
observations of Koteliansky that many fibronectin type III
repeats could mediate adhesion in a manner independent of
the RGD site (33).

To analyze the ability of RGD to bind to the two activated
states ofR5â1 integrin, soluble RGDS peptide was used as
a competitive inhibitor of TS2/16- and AG89-activatedR5â1-
mediated adhesion to wild-type fibronectin. Figure 3 shows
the normalized mean adhesion strength for experiments run
in the presence of different concentrations of RGDS peptide.
The affinity of the AG89-activatedR5â1 for RGDS peptide
was 6-fold higher than that for TS2/16-activatedR5â1. This
difference indicates that these two active states ofR5â1
interact differently with RGD peptides and hence may
interact differentially with the RGD loop in the 10th type

FIGURE 1: Strength of adhesion to recombinant wild-type fibronec-
tin. (A) Cell detachment profile of TS2/16-activated K562 cells
binding to recombinant rat fibronectin showing the fraction of
adherent cells (f) as a function of applied surface shear stress (τ).
This profile was fitted to a sigmoid curve to obtain the shear stress
for 50% detachment (τ50) which represents the mean cell adhesion
strength. (B) Adsorption profiles for recombinant rat fibronectins
showing no differences in adsorption behavior among recombinant
proteins. Proteins were adsorbed onto tissue culture polystyrene
and analyzed by ELISA using a monoclonal antibody against the
heparin-binding domain of rat fibronectin. Values represent the
mean and standard error of three measurements. (C) AG89 and
TS2/16 antibody-activated adhesion of K562 cells to recombinant
rat wild-type fibronectin (wtFN) is equivalent to adhesion to human
plasma fibronectin (hFN). Cells were plated on substrates coated
with 5 µg/mL wtFN or hFN, and adhesion was quantified using
the spinning disk device. Adhesion was completely blocked by the
anti-R5 antibody (BIIG2) that inhibits binding to fibronectin.
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III repeat of fibronectin. During the time course of the normal
process of adhesion to fibronectin, the weaker binding state
preceded the stronger binding state (12). This reduction in
the affinity ofR5â1 for RGD as the overall adhesion strength
increased was unexpected and suggests that a realignment
in the interface betweenR5â1 and fibronectin takes place
in the transition from weaker to stronger mechanical
coupling.

Interaction of R5â1-ActiVated States with the Synergy
Domain. The strength of the interaction between TS2/16-
and AG89-activatedR5â1 with wild-type fibronectin was
compared to that of adhesion to the synergy site mutant
fibronectin. Figure 4 shows that the AG89-activated form

exhibited no significant adhesion to the synergy mutant,
whereas the TS2/16-activated form retained approximately
30% of its wild-type adhesion strength, which was 4-fold
over the background adhesion levels. This residual adhesion
for TS2/16-activated integrins to the synergy mutant could
arise from an increase in the binding strength of TS2/16-
activatedR5â1 to RGD relative to that of the AG89-activated
form or through interactions with residues outside both the
RGD and synergy sites. This difference cannot be resolved
using RGD peptides to block potential interaction with the
RGD site because, even though it provides no dectable
mechanical strength (see below), the RGD site is essential
for all R5â1-mediated adhesion reported here (Figure 2). It
is unlikely that the residual adhesion of the TS2/16-activated
R5â1 is due to the changes in affinity for RGD since the
TS2/16-activated form has reduced rather than increased
affinity for RGD (Figure 3) and hence would be expected
to have a lower adhesion strength. However, the affinity of
different R5â1 forms for RGD was measured by inhibition
rather than directly, so it is possible that the affinity of the
TS2/16-activated form for soluble RGD was reduced while
its affinity for the constrained RGD loop in fibronectin was
increased. To test this possibility, a genetically engineered
protein containing 13 RGD loops constrained to mimic the
RGD motif in fibronectin was used as described below. This
protein failed to support anyR5â1 coupling, and the simplest
interpretation of this result is that the constrained RGD does
not show an increased level of interaction with the TS2/16-
activated form ofR5â1.

These results imply that the TS2/16-activated form of
R5â1 binds to sites on fibronectin outside the PHSRN
synergy and RGD domains. Mutational analysis of additional
sites on the interacting face of the 9th type III repeat
demonstrated that TS2/16-activatedR5â1 interacts with
amino acid residues distributed over this surface (31). Thus,
the difference in binding strengths for the two activated forms
appears to depend on their interactions with different residues
of the 9th type III repeat rather than on differences in their
interactions with the RGD and synergy domains as originally
postulated. Attempts to interfere with the binding of either
activated integrin state to fibronectin by the addition of

FIGURE 2: K562 adhesion to wtFN and FN(RGD-) for integrins
activated with either (A) AG89 or (B) TS2/16. (C) Strength of
adhesion of K562 (means( SEM) to recombinant fibronectins for
AG89- and TS2/16-activatedR5â1 integrin. Cells were seeded on
substrates coated with 5µg/mL recombinant fibronectins, and
adhesion was quantified using the spinning disk device. Deletion
of the RGD site completely abolished adhesion for both activation
states (one asterisk,p < 0.01; two asterisks,p < 0.0002).

FIGURE 3: Inhibition of R5â1 integrin binding to wtFN by soluble
RGDS peptide showing differences in inhibition efficiency between
AG89- and TS2/16-activated integrins. K562 cells were seeded on
substrates coated with 5µg/mL wtFN in the presence of varying
concentrations of RGDS peptide, and adhesion was quantified at
15 min using the spinning disk device. Normalized adhesion
strength values were calculated by dividing the measured adhesion
strength by the adhesion strength in the absence of RGDS peptide.
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soluble PHSRN peptide were not successful. This probably
results from a low binding affinity ofR5â1 for this peptide
(22).

Failure of the RGD Domain To ProVide Mechanical
Coupling.A surprising result from the previously collected
data is the lack of mechanical coupling of AG89-stimulated
integrin to RGD in the absence of the synergy site (Figure
4A). A simple explanation for the lack of coupling between
activatedR5â1 and FN(syn-) is that binding ofR5â1 to
RGD in the absence of PHSRN is a low-affinity interaction
and does not produce sufficient mechanical coupling due to
relatively low numbers of bound receptors. To examine
whether high concentrations of the RGD motif provide

mechanical coupling,R5â1-mediated adhesion to ProNectin
(Protein Polymer Technologies, San Diego, CA) was quanti-
fied. ProNectin is an engineered polymer presenting 13
copies of the 10-amino acid RGDS binding loop (VTGRGD-
SPAS) of fibronectin that supports adhesion of several cell
types. For our experimental conditions, we estimate that this
polymer provides approximately 50-fold increases in RGD
surface density compared to fibronectin. For both AG89- and
TS2/16-activated K562 cells and IMR90 fibroblasts [which
only useR5â1 for binding to fibronectin in the initial 15
min (12)], the strength of adhesion to ProNectin was
indistinguishable from background adhesion (Figure 5). On
the other hand, RGD alone did provide significant mechanical
coupling for HT1080 cells, which also useRvâ3 to attach
to fibronectin (Figure 5) (23, 34). On the basis of estimates
for binding affinities from competitive inhibition studies with
fibronectin fragment mutants in the RGD and PHSRN sites
(22), we cannot attribute the complete absence of adhesion
strength to ProNectin to reduced binding affinity for the RGD
site. Taken together, these results suggest that the RGD
domain by itself does not contribute significantly to the
mechanical coupling of either antibody- or cell-activated
R5â1. These results underscore the importance of binding
to both domains for robust mechanical coupling to the
activated receptor.

DISCUSSION

This study employed a novel experimental approach to
the analysis of the interaction ofR5â1 integrin with the
PHSRN and RGD domains in the 9th and 10th type III
repeats of fibronectin. Using two previously defined mono-
clonal antibodies toâ1 integrin which activateR5â1 for
binding to fibronectin, two activated states ofR5â1 integrin
were produced which can be distinguished on the basis of
the strength of the receptor-ligand bond (12). During the
normal process of adhesion of IMR90 fibroblasts to fi-
bronectin, short-term binding is controlled by the weaker
(AG89-activated) state, whereas at later times, the stronger

FIGURE 4: K562 adhesion to wtFN and FN(syn-) for integrins
activated with either (A) AG89 or (B) TS2/16. (C) Strength of
adhesion of K562 (means( SEM) to recombinant fibronectins for
AG89- and TS2/16-activatedR5â1 integrin. Cells were seeded on
substrates coated with 5µg/mL recombinant fibronectins, and
adhesion was quantified using the spinning disk device. Mutation
of the synergy site completely inhibited adhesion of AG89-activated
R5â1 integrin, while TS2/16-activated integrins retained ap-
proximately 30% of the strength of adhesion to wild-type fibronectin
(one asterisk,p < 0.01; two asterisks,p < 0.0002).

FIGURE 5: Strength of cell adhesion to ProNectin-coated surfaces.
Adhesion strength for TS2/16-activated K562 cells and IMR90
fibroblasts was indistinguishable from background. Under the
conditions of the assay, these cells only useR5â1 to adhere to
fibronectin. Linear increases in adhesion strength with ProNectin
coating concentration for HT1080 fibroblasts, which also express
Rvâ3, demonstrated that the adsorbed ProNectin was active.
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(TS2/16-activated) state dominates. Using rat recombinant
fibronectins, analysis of the interaction of these two states
of R5â1 with fibronectin mutants demonstrated that the
transition from the weaker to the stronger state involved a
reduction in the binding affinity ofR5â1 for RGD and the
interaction ofR5â1 with new sites in fibronectin which are
outside both the RGD and PHSRN domains. These results
provide additional support for the model of multiple binding
states forR5â1 and focus on the importance of interaction
with new sites on fibronectin for the activation process. In
addition, measurements of the strength of theR5â1-
fibronectin interaction revealed the surprising result that the
RGD domain by itself does not contribute significantly to
the mechanical coupling ofR5â1 to fibronectin. The failure
of the RGD loop to provide mechanical coupling was
confirmed using ProNectin to increase the density of RGD
loops in the absence of synergy-like domains. Interestingly,
the RGD motif alone provided robust coupling to integrin
Rvâ3, suggesting divergent roles for RGD among integrin
family members.

What are the differences in binding of the two activated
states ofR5â1 which explain the differences in theR5â1-
fibronectin bond strengths? Figure 6 shows a model of the
three-dimensional structure of the 9th and 10th type III
repeats of fibronectin highlighting key residues forR5â1
binding. Previous site-directed mutagenesis studies identified
R1379 as a critical residue in the PHRSN site (22, 31). In
the study presented here, mutation of this arginine eliminated
mechanical coupling to AG89-activatedR5â1, but reduced
the level of mechanical coupling to TS2/16-activatedR5â1
by 70%. Using a centrifugation assay, it has been demon-
strated that residues R1374, R1369, and R1371 on the
interacting face of the 9th type III repeat are involved in the
binding of TS2/16-activatedR5â1 and hence represent a
likely explanation for the residual binding of activatedR5â1
observed in the study presented here (31). Importantly, this
analysis suggests that theR5â1-fibronectin binding interface
is different for the two activated forms of the integrin. On
the basis of current concepts of protein-protein association
(35-37), these differences in the binding interface probably
give rise to the observed functional differences in binding
strength. This suggests a novel “gripping” mechanism by
which the conformation of theligand-bound integrinis
altered to modulate the binding interface and, consequently,
receptor-ligand binding strength.

We attribute the functional differences in binding strength
to differences in the binding interface arising from distinct
conformations of the integrin. Mapping studies implicate the

R5 integrin subunit in binding to the synergy domain, while
the RGD loop appears to interact with bothR5 and â1
subunits (38-41). Interestingly, the monoclonal activating
antibodies used in this study bind to structural epitopes on
theâ1 subunit. This suggests that antibody-induced confor-
mational changes in theâ1 subunit can be propagated to the
R5 subunit to modify interactions with the synergy site.
Alternatively, structural changes in theâ1 subunit could alter
the alignment of the receptor relative to the fibronectin to
interact with different residues in the 9th type III repeat.

If the RGD loop does not provide significant mechanical
coupling, what is its role inR5â1-mediated adhesion to
fibronectin? This study supports a central role for RGD in
the binding ofR5â1 integrin to fibronectin, consistent with
a large body of literature. An interesting possibility is that
RGD functions to activate or alignR5â1 to promote binding
to the 9th type III repeat. In fact, previous reports suggest
that binding of RGD peptides toR5â1 results in changes in
integrin conformation (42, 43). Addition of soluble RGD
leads to localization ofR5â1 to focal adhesion complexes,
probably by inducing changes in integrin conformation that
allow interactions with cytoskeletal components. Crystal-
lographic analysis of fibronectin type III repeats 7-10 shows
the RGD loop protruding approximately 12 Å above the
surface of the 10th type III repeat and at the end nearest to
the 9th type III repeat (Figure 6) (44). This places the RGD
domain in a location that is ideal for providing the initial
interaction withR5â1 integrin on a cell surface. Steered
molecular dynamic simulations of the 10th type III repeat
of fibronectin have demonstrated that application of exten-
sional forces induces retraction of the RGD loop (45). This
force-generated retraction of the RGD domain could promote
binding to the synergy domain since the receptor would be
drawn closer to and could be properly oriented relative to
the synergy domain. This is consistent with the reduced
binding affinity for the more highly activatedR5â1 state.
Furthermore, the reported flexibility of the RGD loop (46,
47) and the hinge connecting the 9th and 10th type III repeats
(44, 47) may be important in the binding interactions with
R5â1. Steered molecular simulations of the unfolding of a
fragment spanning the 9th and 10th type III repeats of
fibronectin revealed an intermediate extensional state in
which the distance between the RGD and PHSRN sites is
altered (48, 49).

These results suggest a new model for the interaction of
fibronectin withR5â1 integrin. The initial interaction with
the RGD domain is necessary to activateR5â1 in the proper
alignment for interaction with the synergy domain in the 9th
type III repeat. This is followed by a conformational change
in R5â1 and possibly in fibronectin which reduces the level
of binding to RGD and shifts the load-bearing interface to
the synergy domain. As the adhesion strength increases, there
is a spreading of the interaction to include additional regions
of the 9th type III repeat and increase the number of
intramolecular contributions to binding strength. The inclu-
sion of regions outside the PHSRN site in the binding of
R5â1 to the 9th type III repeat would be consistent with the
studies showing that the requirement for PHSRN can be
abrogated by activation of the receptor (7, 23). Finally, in
addition to differences in the integrin-fibronectin binding
interaction, these different integrin activated states may
interact differentially with intracellular signaling and cy-

FIGURE 6: Model of the three-dimensional structure of the 9th and
10th type III repeats of fibronectin [PDB entry 1fnf (44)] highlight-
ing key residues forR5â1 binding.
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toskeletal components, providing a versatile mechanism for
the regulation of adhesive interactions.
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