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Abstract
Filamin, a large cytoskeletal adaptor, connects plasma membrane to cytoskeleton by binding to
transmembrane receptor integrin and actin. Seven of twenty-four filamin immunoglobulin repeats
have conserved integrin binding sites, of which 19 and 21 were shown to be auto-inhibited by their
adjacent repeats 18 and 20 respectively. Here we show using NMR spectroscopy that the auto-
inhibition can be relieved by integrin or an integrin regulator migfilin. We further demonstrate that
repeats 19 and 21 can simultaneously engage ligands. The data suggest that filamin is
mechanically stretched by integrin or migfilin via a multi-site binding mechanism for regulating
cytoskeleton and integrin-mediated cell adhesion.

Many transmembrane receptors are tethered to the actin cytoskeleton and this interaction
determines the residence time of the membrane protein on the plasma membrane of animal
cells. The tethering causes a variety of phenomena like receptor endocytosis, ligand affinity,
receptor signaling, and cytoskeletal remodeling. Integrins are a class of conserved
heterodimeric transmembrane glycoproteins in multicellular animals that attach cells to the
extracellular matrix and to other cells (1). Upon activation (2), the extracellular side of
integrins bind to collagen, laminin, fibronectin, fibrinogen and other matrix proteins,
whereas their generally short cytoplasmic tails (CTs) can link to actin cytoskeleton by
binding a variety of cytoplasmic proteins, thereby modulating cell adhesion and signaling
outcomes (3, 4). One of the major integrin CT binding proteins is filamin, a large actin
binding cytoskeletal protein. The filamin-integrin interaction was found to compete with the
integrin activator talin (5, 6, 7), which has led to a proposal that filamin is a negative
regulator of integrin activation (8, 9). Interestingly, a LIM domain containing protein
migfilin was found to bind to filamin (10) in the same manner as integrin (8, 11), thereby
competing with filamin for binding to integrin CTs and facilitating integrin activation and
cell-matrix adhesion (8).

Filamin monomer consists of an N-terminal actin binding domain followed by 24
immunoglobulin (Ig) repeat domains of ~95 amino acids. Filamin dimerises through the 24th

Ig repeat (12). 7 of these 24 repeats share a common interface where the ligands dock (13).
This interface is made up of the β-strands C and D of the Ig structure (5, 8, 11, 14). Filamin
ligand themselves extend one of the β-sheets of the Ig fold. The C-terminus of filamin has
four alternate repeats (17, 19, 21 and 23) whose conserved binding sites to integrin, migfilin,
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and GP1bα have been confirmed (13). Interestingly, recent structural studies have shown
that even numbered repeats 18 and 20 mask the binding pocket of 19 and 21 respectively,
resulting in “auto-inhibited” filamin (15, 16, 17). This implies that filamin can function in a
“closed” and an “active/stretched” mode during the regulation of integrin-actin dynamics. In
the auto-inhibited form filamin repeats are globular and not in a “string of beads” alignment.
It was thought that the mechanical tug of the actin cytoskeleton stretches filamin and
exposes the masked CD groove (17). A splice variant of filamin, filamin-Avar-1 that lacks
amino acids 2127-2167 is a naturally occurring auto-inhibition deficient filamin (18, 19).
This mutant lacks 14 amino acids of repeat 19 and 27 amino acids of repeat 20. For Ig
repeats 17 and 23 no auto-inhibition phenomena is reported. The segments of repeats 18 and
20 that cause auto-inhibition weakly resemble integrin/migfilin (15, 16 and figure S1 of
supporting information). Despite being auto-inhibited, Ig repeat 21 is frequently identified in
biological screens as the principal docking site for filamin ligands. We previously showed
that Ig repeat 21 binds the ligand tightest and postulated that the presence of seven binding
sites in a single filamin molecule could lead to membrane receptor clustering mediated by
filamin. A key issue is how the auto-inhibition of filamin is relieved. Moreover, can multiple
Ig repeats truly engage with ligands simultaneously to mediate integrin clustering (13)?
Using E. coli expressed and purified multi-repeat filamin constructs we show here that auto-
inhibition can be potently relieved by integrin or migfilin, suggesting that filamin is in a
stretched mode when bound to integrin or migfilin. Further, we demonstrate that filamin can
indeed simultaneously engage more than one integrin/migfilin, thus providing the first
experimental evidence of the multi-site ligand binding by filamin.

To address our questions, we used the construct encoding Ig19-21 repeats of human filamin
A. The domain boundaries were 2045–2140 for Ig19, 2141–2235 for Ig20 and 2236–2329
for Ig21 (12). There are three reasons for using this construct: (i) it has a well-characterized
auto-inhibitory unit (i.e., repeat 21 masked by repeat 20); (ii) it has two ligand binding
repeats (Ig19 and Ig21) that can be used as a proof-of-the-principle to demonstrate the multi-
ligand binding; (iii) it has well resolved NMR spectrum for unambiguous NMR analysis.
We expressed repeats 19-21, and for comparison filamin-Avar-1 19-21 also in E. coli using
standard molecular biology protocols. Constructs were confirmed by DNA sequencing. The
GST fused protein was cleaved and purified to homogeneity using standard affinity and
chromatography methods described earlier (13). 15N labeled proteins for heteronuclear
single quantum coherence (HSQC) experiments were made in minimal medium
supplemented with 15N NH4Cl. All proteins and peptides used in the present study were
dissolved in 25mM sodium phosphate buffer, 5mM NaCl, 1mM DTT at pH 6.3. pH was
matched to within 0.03 units when comparing spectra. HSQC comparison of Ig19-21 with
filamin-Avar-1 Ig19-21 revealed that most peaks corresponding to Igs 19 and 20 were
missing or congested to the unstructured regions for the filamin-Avar-1 19-21 protein (Figure
S2 of supporting information). Filamin-Avar-1 Ig19-21 peaks matched mostly with those of
the free form 21 indicating that in this splice variant only Ig21 is folded (Figure S3 of
supporting information), whereas the deletion of 14 amino acids in repeat 19 and 27 amino
acids in Ig20 impaired the structural integrity and unfolded the repeats. Note that this variant
could bind migfilin robustly indicating that Ig21 binding site is intact and accessible to
ligands (Figure S4 of supporting information). In contrast to filamin-Avar-1 Ig19-21, the WT
Ig19-21 protein has peaks corresponding to Ig19 and Ig21 but a significant number of peaks
did not overlap with those of free form Ig21, which is consistent with the auto-inhibition of
Ig21 by Ig20 (Figure S5 of supporting information). Since Ig21 is auto-inhibited in filamin
Ig19-21, we thought that a ligand should in principle occupy the free Ig19 and cause the
chemical shift changes of the residues in Ig19. However, spectral analysis based on the
published chemical shifts (20) demonstrates unequivocally that both Ig19 and Ig21 were
perturbed by either β7 integrin (Fig 1, panel A, C) or migfilin (Fig 1, panel E, G). The shifts
were strikingly similar to that induced in Ig21 (Fig 1, panel B, F) and Ig19 (Fig 1, panel D,
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H) solitary repeats. This finding not only demonstrates the two-site ligand binding on
Ig19-21 but also indicates the relief of the auto-inhibition on Ig21. The latter has a
significant implication in that filamin is likely to be in a stretched mode when engaged with
integrin or migfilin (Fig 1, panel I). The integrin β7 which binds filamin weaker than
migfilin leads to some line broadening (Figure S6A) and thus it is more notable to see the
peak shifts of both Ig19 and Ig21 by migfilin (Figure S6B). More careful titration of migfilin
into Ig19-21 from 4:1 to 0.05:1 peptide-protein ratios revealed definitive chemical shift
changes to specific Ig19 and Ig21 residues (Fig 2). Importantly, at all concentrations Ig19
and Ig21 appeared to bind simultaneously (Fig 2). This is evident in the spectra where
migfilin peptide was substantially less than Ig19-21, but both Ig19 and Ig21 experienced the
chemical shift changes (Fig 2). Further confirmation that both Ig19 and Ig21 can engage
ligands simultaneously was obtained using isothermal titration calorimetry (ITC). Using
migfilin peptide as a ligand we were able to show the two site occupation of the Ig19-21 tri-
repeat protein. The obtained data was fit to a two “identical site” binding model and the
affinities of the two sites were 72.9±29.3μM (Fig 3). The data could also be fit to a 2 site
sequential model with dissociation constants of 98±29μM and 112±25μM respectively. The
close numbers make it clear that in this construct the occupation of Ig19 and Ig21 is almost
simultaneous corroborating our NMR titration data (Fig 2). The combined facts argue for a
dynamic equilibrium to toggle between the free and bound forms of Ig19-21 and the
sequential binding (first to 19 followed by 21 or vice versa) model is not supported.
Compared to the affinity of the isolated Ig21 to migfilin (2–8μM), the Ig19-21 repeat has
weaker binding presumably due to the effect of auto-inhibition. Our attempts to measure
affinity of isolated Ig19 with migfilin were unsuccessful though we see robust binding by
NMR(13). The energetics of Ig19 and Ig21 binding are therefore very different and may be a
result of their varying stabilities (21). Migfilin occupation of 21 in the Ig19-21 protein
displaces Ig20 and the resulting solvent and protein rearrangements account for the
differential affinities in the individual repeats compared to multiple repeats. The NMR and
ITC thus demonstrate that Ig21 can be readily unmasked by integrin β7 CT or migfilin
ligands. In a natural protein, Ig19 pocket if blocked by 18 will be refractory to binding. In
conclusion our results provide strong evidence that the filamin auto-inhibition can be
relieved by integrin or migfilin ligand itself and that filamin is engaged with the ligands via
a multi-site binding mechanism. At biological level, the data implies that filamin is already
stretched when engaged with integrin and migfilin and that extracellular matrix/actin
traction is not necessary for relief of auto-inhibition. The lack of any overt phenotype in the
migfilin knock out mice is surprising given its strong affinity to filamin (22). The function
of migfilin may be developmentally compensated by other important filamin binding
proteins that are yet to be discovered. The balancing between the stretched and auto-
inhibited forms may allow the dynamic regulation of the actin-extracellular matrix linkage,
thereby promoting dynamic cell adhesion processes such as cell shape change, cell
migration and survival.
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Figure 1.
HSQC spectral changes of selected Ig19-21 residues (A, C, E and G), free (Black) and
bound (Red) to integrin β7 peptide and migfilin peptide (protein:peptide is 1:4). Panels B, D,
F and H show the chemical shift changes of the same residues in Ig21 and Ig19 only proteins
(protein:peptide ratio is 1:2). All the spectra were recorded at 600MHz at 30°C. Full spectra
are shown in figure 6A and B of the supporting information.
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Figure 2.
HSQC titration of migfilin with 15N labeled Ig19-21 shows that even at low peptide
concentrations both Ig19 and Ig21 resonances are perturbed. The diagnostic G2267, G2270,
S2279 and S2088 peak changes are highlighted. The protein concentration in all the
experiments was 0.1mM and the migfilin peptide was 0.005mM (black, protein:
peptide=20:1), 0.025mM (blue, protein: peptide=4:1) and 0.4mM (red, protein: peptide=1:4)
respectively. Notice that the signal for Ig19 S2088 at protein:peptide=4:1 is broadened but
appears at the protein:peptide=1:4 (red). Also note that the signals for G2267 and G2270 for
protein-peptide=20:1 are located elsewhere whereas the assignment of G2267 and G2270 at
protein:peptide=4:1 (blue) and 1:4 (red) in Ig19-21 are unambiguous because they overlay
exactly with those in the Ig21 bound to migfilin.
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Figure 3.
Isothermal calorimetric profile of migfilin binding to filamin A 19-21. Note that the
energetics was endothermic while the isolated Ig21 binding was exothermic. One possible
explanation for this is the large scale displacement of repeat 20 when Ig21 is occupied. The
data fit to a model having 2 identical sites is shown. The data fitted well even with a 2 sites
sequential model of binding with Kds of 98±29μM and 112±25μM.
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