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Abstract
Both spatiotemporal analyses of adhesion signalling and the development of pharmacological
inhibitors of integrin adhesion receptors currently suffer from the lack of an assay to measure
integrin-effector binding and the response of these interactions to agonists. Here, we have
expressed integrin-GFP and effector-mRFP pairs in living cells and quantified their association
using FLIM to measure FRET. Talin-β1 and paxillin-α4 association was both ligand- and receptor
activation state-dependent, and sensitive to inhibition with small molecule RGD and LDV
mimetics, respectively. An adaptation of the assay revealed the agonistic activity of these small
molecules and provides a new, quantitative assay for the screening of activity of small molecule
integrin inhibitors.

Results and discussion
Integrins are cell adhesion receptors that provide physical support for tissues and enable
directed migration during development and tissue homeostasis (1,2). At the cellular level,
integrins spatially compartmentalise signalling events by tethering the contractile
cytoskeleton to the plasma membrane and indirectly modulating multiple signalling
networks. In mammals, 18 α and 8 β integrin genes encode polypeptides that combine to
form 24 heterodimeric receptors (3), 12 of which contain the β1 subunit. Both subunits are
non-covalently associated, type I transmembrane proteins with large extracellular and
mostly short cytoplasmic domains. In recent years, substantial progress has been made
towards defining the conformational changes that underpin integrin affinity regulation and
identifying the effector proteins that initiate integrin signalling (4,5). Transmembrane/
cytoplasmic domain separation, triggered either by the binding of FERM domain-containing
cytoplasmic proteins (such as talin and myosin X; 6,7,8) or extracellular ligands, is currently
thought to be the mechanism for the bidirectional transmembrane signal transduction that
regulates adhesion (9).

In patients with inflammatory and neoplastic diseases, aberrant integrin function perturbs
cellular trafficking and causes dysregulation of cellular differentiation (10). Within the last
decade, the first generation of anti-integrin drugs has been approved for human therapy (11).
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Some of these agents are small molecule mimetics of the acidic peptide active sites found in
most integrin ligands (e.g. RGD and LDV). Although these agents are potent, competitive
inhibitors of integrin-ligand binding in vitro and in vivo, it is now evident that they
frequently retain the agonistic properties of their parent ligands. This activity can lead to
biological side-effects, such as platelet dysfunction, and can consequently impair the drug
development process (12). As a result, there has been a pressing need for a reporter assay to
measure the agonistic activity of integrin-binding ligands and small molecules in situ. Here,
we present such a system, which employs fluorescence resonance energy transfer (FRET) to
measure direct integrin-effector binding in intact cells. This assay also has the potential to
detect and quantitate integrin signalling during normal biological processes, such as
migration and differentiation.

Initially, a full-length human β1 integrin construct was C-terminally tagged with green
fluorescent protein (GFP). Although other β integrin-GFPs have been described (13), the
ubiquitous distribution and high endogenous expression of β1 in most cells makes it difficult
to express. This construct was therefore stably expressed to endogenous levels in
immortalised β1 integrin-null mouse embryonic fibroblasts (MEFs) and its functional
activity tested by a combination of confocal microscopy (to confirm presence in adhesion
complexes) and cell attachment and spreading assays (Suppl. Fig. 1). To identify effectors
that might undergo FRET with β1 integrin, four different candidate adhesion complex
components were tested, each of which has been reported to bind directly to β integrins: the
talin head domain (residues 1-433; 8), talin rod domain (residues 1984-2344; 14), α-actinin
(15) and paxillin (16). β1-GFP MEFs were transfected with mRFP conjugates of each
protein, plated onto a fibronectin substrate and integrin-effector binding analysed using
fluorescence lifetime imaging microscopy (FLIM) to measure FRET. Specific interactions
between β1 and the talin rod domain and α-actinin were detected, but no interaction was
observed for the talin head domain or paxillin (Fig. 1A). The substrate dependence of the
interaction between the talin rod domain and β1 integrin was examined. As shown in Fig.
1B, a modest interaction was detected on both collagen and laminin substrates, but binding
was most prominent on fibronectin, where FRET was localised to focal adhesion structures
(Fig. 1A). No FRET was detected between the integrin and any of the acceptors in cells
plated on a non-integrin-binding poly-L-lysine substrate (PLL; Fig. 1B and data not shown).
Although not the primary focus of this study, these data add significantly to our
understanding of integrin effectors. Despite some controversy in the literature, it is apparent
that the talin rod and α-actinin are able to interact directly with β1. From other studies, the
ability of the talin head to associate with β1 is unequivocal (8), but we failed to detect the
association by FRET-FLIM. We speculate that the functional role of the head domain may
be transient, and restricted to early adhesion complexes, or that the construct is a potent
dominant-negative inhibitor of adhesion complex formation.

Having established that β1-GFP associates with talin rod-mRFP, the activation state
dependence of the interaction was examined. In order to constrain the location of the
clustered integrin for analysis, β1-GFP MEFs expressing talin rod-mRFP were plated onto
PLL and incubated with 4.2μm beads coated with fibronectin ligand or the monoclonal
antibodies 12G10 (which detects the high affinity or primed state and stimulates ligand
binding (17,18)), mAb13 (which detects non-ligand-occupied integrin and which blocks
ligand binding (19)) or K20 (which is non-function-altering and detects all conformational
states). As shown in Figure 2A, an interaction between integrin and talin rod was only
observed with fibronectin- or 12G10-coated beads. Confocal analysis of these cells also
revealed actin recruitment to the bead structures in those cases where FRET was detected
(Fig. 2B). These data suggest that controlling integrin conformation and therefore the
activation of the extracellular domain of the integrin, either by native ligand or antibodies
alone, can drive recruitment of both talin and actin to the integrin cytoplasmic domain.
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To exemplify further the use of FRET-FLIM for detecting integrin-effector binding, and to
generate an assay that might be used to test small molecule inhibitors of integrin function,
the previously characterised association between α4 integrin and paxillin (20,21) was
selected. FLIM was employed to analyse FRET between α4-GFP and paxillin-mRFP in both
mouse B16F1 and human A375SM melanoma cells. A localised interaction between integrin
and paxillin was detected in B16F1 cells plated on fibronectin or an α4-binding fragment of
fibronectin (H/120), but not on PLL (Fig. 3A/3B), confirming the results of the previous
biochemical analyses. This interaction was also detected in cells plated on VCAM-1 (data
not shown). FRET was significantly decreased when two small molecule, LDV ligand
mimetic inhibitors of α4β1 (S976162 and S9916197 (22) see Suppl. Table 1 and Suppl. Fig.
2 for characterisation) were added to pre-spread cells (Fig. 3B). Interestingly, the remaining
interacting population demonstrated a spatial shift from the cell periphery to the central
basal region (just below the nucleus). A similar reduction in α4:paxillin binding following
treatment with these compounds was also seen in live human A375SM melanoma cells
plated onto an activated endothelial cell layer (Fig. 3C). These data demonstrate that α4
integrin-paxillin binding, detected by FRET, is both ligand-dependent and sensitive to
inhibition with small molecule antagonists.

To test if the small molecule α4β1 inhibitors could also act as agonists, α4-GFP:paxillin-
RFP-transfected A375SM cells were plated onto PLL and incubated with K20-coated beads.
As shown in Fig. 2, these beads cluster, but do not activate integrins. Cells were then treated
with vehicle control (DMF) or small molecule α4β1 inhibitors and the interaction between
α4 and paxillin assessed by FLIM. Cells treated with either compound demonstrated a
significant increase in α4:paxillin binding at the K20 bead interface (Fig. 4A). This effect
was not seen with mAb13 beads, which would be expected to retain the β1 in an inactive
conformation and prevent ligand binding. Moreover, the effects of the compounds were
dose-dependent in a range that paralleled their anti-adhesive activity (Fig. 4B, Suppl. Table
1, Suppl. Fig. 2). We interpret these data to indicate that K20 immobilisation of β1 integrin
allows the soluble compounds to act as agonists for α4β1 and trigger an activation response
in the form of recruitment of cytoskeletal proteins. To extend these findings, an RGD ligand
mimetic small molecule inhibitor of α5β1 and αVβ3 integrins (V0519) was tested for its
effect on β1-GFP-talin rod-mRFP binding. β1-GFP cells expressing talin rod-mRFP were
plated onto PLL and incubated with K20-coated beads in the presence or absence of V0519.
As shown in Fig. 4D, V0519 substantially increased the β1:talin interaction at the bead
interface.

In summary, we have established assays to detect integrin-effector binding by FRET-FLIM.
The availability of these assays will not only enable spatiotemporal studies of integrin
signalling, but they could also form the basis for low and high throughput screening of small
molecule inhibitors in the pharmaceutical industry. The application of direct imaging
techniques to study small molecule compound effectors in situ may provide an excellent
platform for future identification of therapeutic compounds that either possess or lack
agonistic activity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Summary

This study uses FRET to image intracellular protein interactions with integrins in live
cells and reports on the effect of integrin antagonists on these binding events.
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Figure 1.
β1 integrin-GFP:talin rod-RFP interaction by FRET. A. β1 integrin-GFP fibroblasts were
transfected with plasmids encoding mRFP conjugates of the N-terminal 433 amino acids of
talin (termed talin 433), the C-terminal rod domain of talin (termed talin rod), paxillin or α-
actinin, and plated onto fibronectin. Images show the GFP multiphoton intensity image and
(where appropriate) corresponding widefield CCD camera image of the RFP expression.
Control (GFP integrin alone) image demonstrates a normal GFP lifetime in the absence of
acceptor. Lifetime images mapping spatial FRET across the cells are depicted using a
pseudocolour scale (blue = normal lifetime, red = FRET). The bar graph represents average
FRET efficiency of 7 cells over 3 independent experiments. Error bars are +-/SEM. B. β1
integrin-GFP fibroblasts were transfected with talin rod-mRFP. Cells were plated onto
coverslips coated with poly-L-lysine (PLL), collagen I (COL), or laminin-1 (LN) and
allowed to attach and spread for 2 hours. Control (untransfected) cells or co-transfected cells
were then imaged by FLIM to detect FRET. Lifetime measurements were acquired and
depicted as in (A). Histogram analysis of the spread of relative FRET efficiency is an
average of >8 cells from 3 different experiments.
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Figure 2.
Ligand regulation of β1 integrin-talin rod binding. A. β1 integrin-GFP fibroblasts were
transfected with talin rod-mRFP. Cells were plated onto coverslips coated with poly-L-
lysine (PLL), and allowed to attach and spread for 2 hours. Cells were then incubated with
4.2μm beads coated with FN or anti-β1 antibodies (12G10, mAb13 or K20) for 30 minutes
and subsequently imaged using FLIM as in Fig 1. Bar graph represents average FRET
efficiency of a total of 16 cells per ligand. Efficiency was calculated using a mask of
constant area around each bead region for local analysis of FRET. Error bars are +/-SEM. B.
Cells were prepared as in (A), and following incubation with beads, samples were fixed,
permeabilised and stained with phalloidin-Alexa568 to detect F-actin. Cells were then
imaged by confocal microscopy.
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Figure 3.
Ligand binding to the α4 integrin extracellular domain regulates α4:paxillin association. A.
B16F1 mouse melanoma cells were transfected with α4 integrin-GFP and paxillin-mRFP.
Cells were then plated onto FN- or PLL-coated coverslips and imaged by multiphoton FLIM
as before. B. The same cells were plated onto H120-coated coverslips followed by treatment
with DMF vehicle control or stated small molecule inhibitors for 30 minutes and imaged by
multiphoton FLIM. Histogram analysis of relative spread of FRET efficiencies is a mean of
18 cells per treatment as compared to GFP-α4 alone control. C. Human A375-SM
melanoma cells were transfected with α4 integrin-GFP and paxillin-mRFP and plated onto a
monolayer of TNFα-treated activated HUVEC cells. Cells were allowed to adhere for 60
minutes, and were then treated with DMF vehicle control or stated small molecule inhibitors
for 30 minutes. Cells were then fixed and imaged using multiphoton FLIM.
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Figure 4.
Small molecule inhibitors induce integrin signalling. A. A375-SM cells were transfected
with α4 integrin-GFP and paxillin-mRFP and plated onto coverslips coated with PLL. Cells
were then incubated with K20 or mAb13 antibody-coated beads for 30 minutes, followed by
treatment with DMF or small molecule inhibitor as indicated. Cells were then imaged using
multiphoton FLIM. Cumulative FRET efficiency data from a masked pre-set region around
the bead in 10 cells per treatment is shown in the histogram. B. Histogram demonstrating
FRET efficiency of α4-paxillin association at K20 beads over a dose response range of
compounds S976162 or S9916197. C. β1 integrin-GFP fibroblasts were transfected with
talin rod-mRFP. Cells were then plated onto coverslips coated with PLL and allowed to
attach and spread for 1 hour. Cells were then incubated with beads coated with K20 for 30
minutes, and treated with either vehicle control DMF or V0519 compound, and
subsequently imaged using FLIM as before. Cumulative FRET efficiency data from a
masked pre-set region around the bead in 12 cells per treatment is shown in the histogram.
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