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A link between sites of cell adhesion and the cytoskeleton is
essential for regulation of cell shape, motility, and signaling.
Migfilin is a recently identified adaptor protein that localizes at
cell-cell and cell-extracellular matrix adhesion sites, where it is
thought to provide a link to the cytoskeleton by interacting with
the actin cross-linking protein filamin. Here we have used x-ray
crystallography, NMR spectroscopy, and protein-protein inter-
action studies to investigate the molecular basis of migfilin
binding to filamin. We report that the N-terminal portion of
migfilin can bind all three human filamins (FLNa, -b, or -c) and
that there are multiple migfilin-binding sites in FLNa. Human
filamins are composed of an N-terminal actin-binding domain
followed by 24 immunoglobulin-like (IgFLN) domains and we
find that migfilin binds preferentially to IgFLNa21 and more
weakly to IgFLNal9 and -22. The filamin-binding site in migfi-
lin is localized between Pro® and Pro'® and binds to the CD face
of the IgFLNa21 B-sandwich. This interaction is similar to the
previously characterized B7 integrin-IgFLNa21 interaction and
migfilin and integrin f tails can compete with one another for
binding to IgFLNa21. This suggests that competition between
filamin ligands for common binding sites on IgFLN domains
may provide a general means of modulating filamin interactions
and signaling. In this specific case, displacement of integrin tails
from filamin by migfilin may provide a mechanism for switching
between different integrin-cytoskeleton linkages.
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Functional connections between transmembrane adhesion
receptors and the intracellular cytoskeleton permit transmis-
sion of biochemical signals and mechanical force across the
plasma membrane and are essential to the development and
functioning of multicellular animals (1). In many cases connec-
tions are formed at specialized sites involving assemblies of
many adhesion molecules and cytoskeletal and signaling adap-
tors (2). Although many components of these adhesion com-
plexes have now been identified, a complete understanding of
how adhesion complexes function will require detailed infor-
mation on individual components and how they interact or
compete with other elements of this complex machinery. Here
we characterize the interaction of a recently identified adaptor
protein, migfilin, with the actin-binding protein filamin and
examine how this influences interactions of filamin with inte-
grin adhesion receptors.

Migfilin, also termed filamin-binding LIM protein-1, is a
LIM domain protein that localizes to both cell-extracellular
matrix and cell-cell contact sites, where it is thought to provide
alink between the actin cytoskeleton and integrin-extracellular
matrix contact sites and cadherin-catenin cell-cell junctions,
respectively (3—5). In this way, migfilin can modulate cell shape,
migration, and cadherin-mediated cell-cell contacts. Increased
migfilin expression is observed in human leiomyosarcoma and
expression levels correlate with tumor grade although the
molecular basis for this observation remains to be determined
(6). Approximately 50 kDa in size, migfilin is composed of three
C-terminal LIM domains, a central proline-rich region, and an
N-terminal portion, which lacks any identifiable structural
domains or sequence motifs. Alternative splicing can result in
removal of the final LIM domain or the proline-rich region (5).
The LIM domains mediate binding to kindlin-2 (Mig-2) and are
required for localization to focal adhesions (3). The central pro-
line-rich domain has recently been shown to bind to vasodila-
tor-stimulated phosphoprotein, an interaction observed to be
important for migfilin modulation of cell migration (7). The
N-terminal region binds to filamins (3, 4) and this interaction is
thought to provide a link to the actin cytoskeleton.

Vertebrates have three homologous genes that encode fil-
amin A, B, and C: of these, filamin A (FLNa)® is the most abun-
dant and widely expressed (8, 9). These filamins are non-cova-
lent dimers of two 280-kDa subunits composed of an

¢ The abbreviations used are: FLNa, filamin A; ABD, actin-binding domain;
GST, glutathione S-transferase.
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N-terminal actin-binding domain (ABD) followed by 24 immu-
noglobulin-like domains (IgFLN1-24) with IgFLN24 mediat-
ing dimerization (10, 11). A flexible hinge region separates
IgFLN1-15 (rod 1), which contains a secondary actin-binding
site and IgFLN16 —24 (rod 2) allowing filamin to stabilize high
angle actin fiber cross-links (12). In addition to their role as
actin cross-linking proteins, filamins, mostly through their
C-terminal domains, IgFLN16-24, bind an array of cytosolic
signaling and adaptor proteins and transmembrane receptors
(8, 13, 14), suggesting that filamins play complex and diverse
roles within the cell.

We have previously identified IgFLNa21 as the major bind-
ing site in FLNa for integrin adhesion receptors and the struc-
ture of [gFLNa21 in complex with a 37 integrin peptide showed
that IgFLNa21 forms a B-sandwich composed of two 3-sheets
(15). The CD face of the IgFLNa21 B-sandwich is the major
interaction site for the 87 integrin peptide. NMR, mutagenesis,
and structures of other IgFLN-ligand interactions suggested
that the CD face of IgFLN domains represents a common inter-
face for filamin-ligand binding (15). Yeast two-hybrid studies
and GST-FLNc pull-down assays from cell lysates have mapped
migfilin binding to IgFLNc21 and IgFLNa19 —24 (3). This over-
lap in the binding specificity of IgFLN21 for migfilin and B-in-
tegrin tails raises the following intriguing questions: 1) does
migfilin bind the CD face of IgFLN21 in a manner analogous to
the interaction between IgFLNa21 and 57 integrin peptide and
2) do migfilin and integrins compete for binding to the same
IgFLNa21 protein? More recently a migfilin splice variant
(FBLP-1) with an identical N-terminal region to migfilin was
shown to interact with IgFLNb10-13, suggesting a potential
secondary migfilin binding site within filamins (4). Using bio-
chemical and NMR structure-based analyses we find that FLNa
contains multiple migfilin-binding sites; that the N terminus of
migfilin is relatively unstructured and, upon binding to
IgFLNa21, perturbs residues in the CD face in a similar way to
peptides derived from B7 integrin. X-ray crystallography and
analysis of mutant proteins reveals the molecular basis of
IgFLNa21-migfilin interactions. The interaction between mig-
filin and IgFLNa21 is capable of competing with integrins
because it is of higher affinity. Displacement of integrin tails by
migfilin could provide a mechanism for switching from one
type of integrin/cytoskeleton linkage to another, perhaps
involving kindlin-2 in some cell types.

EXPERIMENTAL PROCEDURES

Antibodies and DNAs—Monoclonal antibodies, activating
anti-B1 integrin 9EG7 (BD Biosciences), anti-mouse CD29
(Biolegend) and anti-His (Novagen), and polyclonal anti-GST
(Chemicon), anti-GFP (Rockland) were obtained commer-
cially. The anti-FLNa polyclonal antibody has been described
previously (15). cDNAs encoding migfilin amino acids 1- 85 or
86373 were generated by polymerase chain reaction (PCR)
and subcloned into pET28A (Novagen) or pEGFP (BD Bio-
sciences) (AY180161). FLNa-GFP has been described previ-
ously (NM_001456) (16), FLNa-(1-1761)-GFP (ABD + rod 1)
and FLNa-(1762-2647)-GFP (Igl6 —24; rod 2) were generated
by PCR, FLNb-GFP was provided by A. Sonnenberg (Nether-
lands Cancer Centre, Netherlands) (17). FLNc-GFP was a gift
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from D. O. Fiirst and P. F. M. van der Ven (University of Bonn,
Germany), GST-IgFLNal9, -20, -21, -22, and -23, and
IgFLNa21 AA/ST, AA/DK, I/C, and I/M have been described
previously (15). Point mutations were introduced with the
QuikChange site-directed mutagenesis kit (Stratagene) and
confirmed by DNA sequencing.

Pull-down Assays with Migfilin—Recombinant migfilin pro-
teins were produced as described for integrin tail proteins and
GST-filamin fragments were produced and purified as
described previously (15, 18). Pull-down assays were performed
using recombinant migfilin bound to His-bind resin (Novagen)
as described previously (18); bound proteins were fractionated
by SDS-PAGE and analyzed by Western blotting or protein
staining. Migfilin peptide (amino acids 5-19) and control
(reverse sequence) were obtained from Tufts University Core
Facility, Boston, MA. To estimate apparent affinity constants
the binding of increasing amounts of purified GST-IgFLNa21
proteins to migfilin tails was quantified by densitometry; data
were plotted as percent maximal binding versus input concen-
tration and fitted to a one site binding model (Y= B, X X/(K, +
X)) using GraphPad Prism version 4 for Windows (GraphPad
Software).

Immunofluorescence—NIH3T3 cells were transfected with
the indicated cDNAs using Lipofectamine (Invitrogen) and
24 h later were detached, allowed to re-adhere, and spread on
fibronectin-coated coverslips. After 4 h of plating, cells were
fixed, permeabilized, and stained with anti-filamin or Alexa
Fluor 568-phalloidin (Invitrogen) as described previously
(15, 19).

NMR—The uniformly *N-labeled samples, [gFLNa21 (resi-
due 2236 -2329) and IgFLNa19 (residue 2045-2141) were pre-
pared and assigned using the strategy described in our earlier
publications (15, 16). The migfilin-(1- 85) was subcloned into a
pET-28a vector and produced in non-labeled and '°N-labeled
forms following the manufacturer’s protocol (Novagen),
whereas the synthetic migfilin-derived peptides (all N-terminal
acetylated and C-terminal amidated) were purchased from
EZbiolab.

Al NMR samples were buffered in 50 mm sodium phosphate
and 100 mM sodium chloride with 10% D,O added at pH 6.10
and 25 °C. The HSQC type 'H-'>N-NOE spectra were recorded
using a 500 pum sample in a 500 MHz spectrometer (20); the
titrations were performed with a water flip-back-embedded
gradient enhanced [*H,"*N]-HSQC pulse sequence (21) ona *H
600 MHz instrument. Lyophilized aliquots of migfilin peptides
(0.25-, 0.5-, 1-, 2-, 4-, 6-, 8-, and 12-fold excess over 100 um
protein) were titrated into the protein samples. Where appro-
priate, the ligand-to-protein ratios were corrected for dilution
by weighing the NMR sample tube. The NMR data were pro-
cessed and analyzed using NMRPipe (22) and SPARKY
(www.cgl.ucsf.edu/home/sparky). To map the binding site the
combined induced chemical shifts (the chemical shift change
upon ligand binding) of amide N-H [AJ ] Were derived
using,

AS(HN,N) = V’/(ASHN)2 + (0.154 X ASN)Z (Eq ])

where Ad;; and Ad,p are the ligand-induced chemical shift
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FIGURE 1. The N-terminal 85 amino acids of migfilin bind to filamins A, B, and C. A-D, pull-down assays
were performed using lysates of Chinese hamster ovary cells transfected with (A) FLNa-GFP, (B) FLNb-GFP, (C)
FLNc-GFP, or (D) FLNa-GFP fragments, FLNa-(1-1761) (ABD + rod 1) or FLNa-(1762-2647) (rod 2) to beads
coated with migfilin-(1-85) or —-(86-373). Bound proteins were detected by immunoblotting with anti-GFP
antibodies and loading with anti-His antibodies. 20% lanes represent corresponding percentage of the starting

material in the binding assay.

deviations produced in the proton and nitrogen dimensions,
respectively (23). The three-dimensional mapping model, using
an optical spectrum color gradient to represent the magnitude
of the induced chemical, was generated with MOLMOL (24).

The binding constants were fitted, assuming a 1:1 interaction
model, to typical fast-exchange tracks of peaks with the largest
shifts in the proton and nitrogen dimensions as follows,

AS [Pl + [L]o + Ky — \[([PTo + [Lo + Ko)* — 4[P[Lo
Ao 2[P],

(Eq.2)

where Ad_,, stands for the maximum shift observed at saturat-
ing ligand concentration; [P], and [L], are the total protein and
ligand concentration; in practice, [L], was replaced by the prod-
uct of protein concentration and the ligand-to-protein ratio.
Two-parameter fitting (i.e. K, and Ad was realized using
Origin software.

Crystallization and Data Collection—Recombinant IgFL.Na21
was produced and purified as previously described (15).
Crystals were produced at 22 °C by hanging drop vapor dif-
fusion using an equimolar (1 mMm) mixture of IgFLNa21 and
migfilin Pro°~Pro® peptide. Final crystals were grown in 1.7 M
(NH,),SO,, 5% 2-propanol with the use of seeding. Crystals
were transferred into 25% glycerol, 1.6 M (NH,),SO,, 5% 2-pro-
panol and frozen in liquid N,. The diffraction data were col-
lected at 100 K at the European Synchrotron Radiation Facility
beamline ID14-2.

max)
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Structure  Determination and
Refinement—The data were pro-
cessed with XDS (Max Planck Insti-
tute for Medical Research, Heidel-
berg, Germany) (25) and the
structure was solved by molecular
replacement with the program
Phaser (26) using Protein Data Bank
(PDB) entry 2BRQ chain A as the
search model. Refinement and
model building were performed by
programs Arp/Warp (27), Refmac5
(28), and Coot (29). The Pro®~Pro*®
migfilin peptide was built by hand
with Coot. Medium tight non-crys-
tallographic symmetry restrains
between chains A and B were used
in the refinement. The structure
factors and coordinates of the struc-
ture have been deposited as PDB
entry 2WOP. The data collection
and structure refinement statistics
are summarized in Table 1. Crystallo-
graphic figures were generated and
root mean square deviations of super-
imposed structures were calculated
by PyMol (DeLano Scientific, San
Carlos, CA). The interaction surfaces
were analyzed with the PROTORP
server (www.bioinformatics.sussex.
ac.uk/protorp/index.html).

20%

~4—FLNa.GFP

~#— His-Migfilin 86-373

~—His-Migfilin 1-85

RESULTS

The N-terminal 85 Amino Acids of Migfilin Bind to Filamin
A, B, and C—Migfilin, or its alternatively spliced variants, have
been described as filamin-binding proteins (3, 4) and the N-ter-
minal portion of migfilin has been implicated in filamin bind-
ing. To test the generality of this interaction we produced two
recombinant migfilin fragments spanning the complete mole-
cule; an N-terminal fragment (migfilin-(1-85)) and a larger
86373 fragment encompassing the central region and the 3
C-terminal LIM domains. These fragments were expressed in
bacteria as N-terminal His-tagged proteins and purified on His-
bind resin. Using migfilin-coated beads in pull-down assays we
confirmed that migfilin-(1-85) binds FLNa-GFP from Chinese
hamster ovary cell lysates, whereas the C-terminal 86 —373 por-
tion displayed no detectable FLNa binding (Fig. 1A4). Similar
results were obtained for FLNb-GFP (Fig. 1B) and FLNc-GFP
(Fig. 1C).

Migfilin Binds Sites in Both Rod 1 and 2 of FLNa—Migfilin
has been shown to bind sites in the rod 2 region (IgFLN16 —24)
of FLNa and FLNc (3), whereas the migfilin splice variant
FBLP-1, which contains the filamin-binding 1- 85 portion, was
reported to bind to IgFLNb10-13, within FLNb rod 1 (4). We
assessed the ability of His-tagged migfilin fragments to pull-
down FLNa amino acids 1-1761-GFP (ABD + rod 1), which
contains the actin-binding domains and FLNa amino acids
1762-2647-GFP (rod 2). As shown in Fig. 1D the N terminus of
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FIGURE 2. Midfilin binds IgFLNa21 directly. A and B, direct pull-down assays were performed using (A)
purified GST-IgFLNa19, -20,-21,-22, or -23 to migfilin-(1-85)-coated beads or (B) purified GST-IgFLNa21 or GST
to migfilin-(1-85), migfilin K7T/R8G 1-85 or integrin B7-coated beads. Bound proteins were detected by
immunoblotting with anti-GST antibodies. C, protein binding was quantified by densitometry and expressed
as filamin binding (arbitrary units) was calculated as the ratio of filamin bound to filamin in the loading control,
normalized to maximal filamin binding in each experiment (mean = S.E; n = 3). D, pull-down assays were
performed using purified (D) GST-IgFLNa21 containing mutations in strands C (A2272D,A2274K or
A2272S,A2274T) or D (12283C or 12283 M) to migfilin-(1- 85)-coated beads. 10% lanes represent the correspond-

ing percentage of the starting material in the binding assay.

migfilin bound both FLNa fragments, whereas the C-terminal
portion failed to interact with either FLNa fragment. Thus the
N-terminal 85 amino acids of migfilin mediate binding to all 3
filamins and migfilin can bind filamin at sites in 1-1761 and
1762-2647.

Migfilin Binds IgFLNa21 Directly—Although we have dem-
onstrated that migfilin binds to both rod 1 and 2 of FLNa in
pull-down assays, most FLN-interacting proteins interact with
sitesinrod 2 (8, 13, 14). We have also proposed that the CD face
of IgFLNa domains in this region serves as a general ligand
binding interface (15). We therefore sought to further charac-
terize the interactions between migfilin and IgFLNa domains in
rod 2. Using yeast two-hybrid assays, Tu et al. (3) localized the
migfilin binding site to IgFLNc21 in the rod 2 fragment of FLNc
and mapped the binding site in FLNa to IgFLNa domains
19-24. We used direct binding assays with individual GST-
IgFLNa domains and His-tagged migfilin-(1— 85) to show that,
in a purified system, IgFLNa21 binds migfilin (Fig. 24) but we
also detected weak binding to IgFLNal9 and IgFLNa22 (Fig.
2A). The interaction between migfilin-(1-85) and [gFLNa21 is
specific, as migfilin did not bind to IgFLNa20, IgFLNa23, or to
GST (Fig. 2, A and B). The interaction with IgFLNa21 was dose-
dependent and saturable with an apparent K, of 0.3 = 0.05 um
(Fig. 2C).

We previously characterized the interaction between inte-
grin B subunit cytoplasmic domains and IgFLNa21 and identi-
fied point mutations in the C and D strands of the IgFLNa21 3
sandwich that inhibited integrin binding (15). To test whether
migfilin binds to a similar surface on IgFLNa21, Ala**"*> and
Ala®*”* in strand C and Ile*** in strand D were mutated in
GST-IgFLNa21 and binding to His-migfilin-(1-85) was
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The 'H-'’N-HSQC spectrum of
migfilin-(1-85) (supplemental Fig.
S1) has chemical shifts typical of an
unstructured species (30). More-
over, heteronuclear 'H-(*°N)-NOE
experiments showed complete peak
inversion for nearly all the N-H
cross-peaks, which implies that the
protein chain is extremely flexible
(31).

Migfilin Residues 5-19 Mediate Binding to FLNa—We
previously showed (15, 32) that two isoleucines (Ile”®? and
1le”®®) in the bound B7 integrin peptide made important
hydrophobic contacts with [gFLNa21. We thus examined
the migfilin-(1-85) sequence for candidate filamin-binding
sites usinga CLUSTAL-W algorithm to align the structurally
defined filamin-binding sequences from 87 (15), 82 (33), and
IgFLNa20 (16) with migfilin-(1-85). This led to a prediction
that residues between Pro® and Pro'® could be the filamin-
binding site (Fig. 3A4), consistent with available published
data where loss of amino acids 1-24 or the mutation K7T/
R8G in migfilin disrupted filamin binding (3). A synthetic,
unlabeled 15-mer migfilin Pro®~Pro'? peptide was therefore
titrated into a U-'°N-IgFLNa21 NMR sample. Clear binding
was observed with induced peak shifts spread throughout
the HSQC spectra of IgFLNa21, confirming binding (Fig.
3B). By comparing the ligand ratio-dependent chemical shift
perturbations with simulated curves (Fig. 3C), the affinity of
this interaction is estimated to be =1 uM, in agreement with
the IgFLNa21-migfilin-(1- 85) affinity calculated from pull-
down assays (Fig. 2C). To examine the interaction of the
larger migfilin-(1-85) fragment with IgFLNa21, non-labeled
migfilin-(1— 85) was titrated into U-'*N-IgFLNa21 for NMR
studies. Although the long unstructured peptide leads to
aggregation at 4-fold excess, the induced shifts were almost
identical to those found in the migfilin-(5-19) peptide titra-
tion (Fig. 3, Band D). This experiment strongly suggests that
migfilin-(5-19) is the primary filamin binding sequence in
intact migfilin. Consistent with our migfilin pull-down
assays, an NMR titration with the Pro®~Pro'® peptide and
U-'°N-IgFLNal9 (Fig. 3E) revealed binding, but with at least
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A 20.9% and R;.. = 23.9% (Table 1).
Migfilin 1-85 MASKPEKRV gé'é"&'é’i'f'i]ﬂ}?ioaR:-\,-'A'»'AE E3? ??NGGC In the final model the two IgFLNa21
Cytoplasmic Integrin 7 77 ~---P-~LYKSAITTTINP------—--—~ molecules were nearly identical to
Cytoplasmic Integrin 2 75 ----P--iL: : each other (root mean square devi-
N-terminal IgFLNa A G R KR S L TRRERR e mmin ation 0.245 A for 353 atoms) and to

i amaseaness the previously solved IgFLNa2l

B -, c structures (raoot mean square devia-
lgFLNaz1+Mig 519 = tion 0.388 A for 345 atoms when
1:0 108 compared with PDB entry 2BRQ).
Horaf = The single migfilin peptide is hydro-
e § gen bonded to B strand C of both

= :i - - E 06 1gFLNa21 + Migfilin IgFLNa21 molecules and thus con-
g]1:e % _ ¥ rean nects the two CFG S sheets together
z 120 3 04 W e (Fig. 4, A-C). In this kind of
- - E e 9 ’:;2:5‘;':“”” arrangement the peptide cannot
125 —— Kd=1uM have identical interactions with

004 D .. both IgFLNa21 molecules. The

T e 1o 0 s " '® accessible surface area covered by

- - - - (L(Plo (IF1=100 uM) the peptide is 501 A? on IgFLNa

chain A and 425 A” on chain B. Both

D H (ppm) E of the migfilin peptide interactions
lgF LNaz1+Mig 185 = observed are very similar to those

:igﬁ ¢ on X L g o4 between integrin 2 and B7 cyto-
et Pae i g,,,-g’ - plasm.ic domains and IgFLNaZl (15,

= i ". < N _|.° Sk %U-ﬁ' ﬂ},’ 33).(F1g.;1, P—i).CIIn addit1lc))n t((i).the
q1:4 i . 1E Bag W— main chain hydrogen bonding,
E i" ”:;h G : E = i e .:Iim the main interactions between the
=z e %a'i.?_.sj . 120 Jo4q § o AZIZIN 100316 peptide and IgFLNa chain A were
N iy : :Ej:::._.’?‘ o o Em_gf %E‘E‘EE EEE,}Z medigted by 1plossible hydroge.n
i E S e b‘ondmg ‘of Ser'' and hydrog?oplc

é e . 004 ; : side chain contacts of Val™® and

el . 10 0 4 8 12 6 le'® (Fig. 4D). The corresponding

- - - - - (LolPlo ([P}=100 ubd) interactions with IgFLNa21 chain

FIGURE 3. Migdfilin residues 5-19 mediate binding to FLNa. A, alignment of the N terminus of migfilin with
the IgFLNa21 binding region of B7, 2, and IgFLNa20. B, comparison of IgFLNa21 HSQC overlaid spectra
showing the effect of addition of the migfilin *Pro-'°Pro-derived peptide; the observed behavior generally
corresponds to the slow exchange regime except for a few resonances with small shifts, outlined in black boxes.
The color scheme of the overlaid spectral layers is indicated. C, normalized induced chemical shifts of those
resonances with typical fast exchange behavior were plotted against the ligand-to-protein ratio for IgFLNa21.
Due to the relatively large error for those small shifts and the relatively high affinity, the data fitting was not very
successful. Comparison with the theoretical simulated binding curves for K;at 0.1, 1,and 10 um, the affinity for
midfilin binding to IgFLNa21 is estimated to be =1 um. D, overlaid HSQC spectra of IgFLNa21 upon titration by
migfilin-(1-85); the corresponding induced shifts are nearly identical to the above short migfilin peptide (C),
although some peaks are broadened, probably due to aggregation. E, migfilin added to IgFLNa19 gives many
more fast exchange peaks, and, in that case, the induced chemical shifts could be readily fitted to a K, of about

107 pm.

a 100-fold lower affinity than IgFLNa21, suggesting that res-
idues 5-19 of migfilin are relatively specific for IgFLNa21.
Migfilin Binds to the CD-face of IgFLNa21 in a Manner Sim-
ilar to Integrin B Tails—To study the interaction of IgFLNa21
and migfilin at the atomic level we co-crystallized the migfilin
Pro°-Pro’® peptide with IgFLNa21. The crystals belonged to
the space group P2,2,2, and data up to 1.9-A resolution was
used. The structure was solved by molecular replacement using
the structure of IgFLNa21 (PDB entry 2BRQ chain A)(15) as the
search model. The molecular replacement gave a single solu-
tion with two IgFLNa2l molecules in the asymmetric unit
(Ryork = 32.2%, Ry = 37.4%). Electron density for residues
816 of the migfilin peptide was clearly observable between the
two IgFLNa21 molecules. The structure was refined to R

work
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B were mediated by Ser'?, Phe'%,
and Thr'® (Fig. 4E).

To investigate the nature of the
interaction between migfilin and
IgFLNa21 in solution, the shifts
induced in residues of U-'°N-
IgFLNa21 by the migfilin °P-'°P
peptide were analyzed by NMR and
mapped on the crystal structure of
IgFLNa21 (Fig. 54). The chemical
shifts induced in IgFLNa21 are con-
centrated on the CD face of IgFLNa21 (Fig. 5B) and are similar
to that observed for the titration of 87 peptide to IgFLNa21
(15). Together with the data from x-ray crystallography (Fig. 4)
and pull-down assays that show that mutagenesis of the C or D
strands inhibits migfilin binding (Fig. 2D), this clearly indicates
migfilin binding to the CD face of IgFLN domains.

The crystallographic data indicate that, under the condi-
tions used for crystal growth, a single migfilin peptide can
bind two IgFLNa21 domains. In both modes the interaction
is similar to previously characterized integrin-IgFLNa21
interactions (15, 33) (Fig. 4, F and G). There was no evidence
for the formation of stable oligomers in our solution state
NMR experiments. This suggests that only one of the two
interactions modes seen in the crystal may be relevant. To
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TABLE 1
Crystallographic data collection statistics

Data collection

Beamline ESRF ID14-2
Wavelength, A 0.933
Space group P2,2,2,
Cell dimensions
a,b,c, A 36.89, 68.48, 85.22
a, B, v (degree) . 90, 90, 90
Resolution range, A 32.48-1.90 (1.95-1.90)*
Ry % 13.4 (74.1)
Ijol 135 (2.35)
Completeness, % 99.9 (97.7)
Redundancy 2.54(2.50)
Refinement

Resolution range, A 32.48-1.90 (1.95-1.90)

No. of reflections

Refinement 16,730 (1208)
Test set 895 (68)

Ryvond Regeer % 20.9/23.9 (23.3/28.5)

Correlation coefficients F, — F,/F, — F, free 0.943/0.926

No. of atoms 1,532
Protein 1,452
Heterogen 10
Solvent 70

Root mean square differences

Bond lengths, A 0.021

Bond angles (degree) 1.789

Average B-factor, A% 24.88
Protein 24.24
Peptide 23.36
Solvent 29.62

B-factor from Wilson plot 23.68

Amino acids in Ramachandran diagram (%)

In most favored regions 94.7

In additional allowed regions 5.3

In generously allowed regions 0.0

“ Values of the last resolution shell in parentheses.

investigate this, we tested the binding of a series of migfilin
mutants.

The IgFLNa21 chain A interaction involves migfilin resi-
dues Ser'!, Val'?, and Ile'® (Fig. 4D), whereas chain B inter-
action involves migfilin residues Ser'?, Phe'*, and Thr'® we
therefore mutated some of these residues in the migfilin-(5-
19) peptide and assessed binding to IgFLNa21 by NMR. Pep-
tides containing glutamate substitutions in place of Ser'' or
Ile'> were observed to exhibit either typical fast (S11E) or
intermediate (I15E) exchange behavior (an example of the
observed behavior for a IgFLNa21 peak on addition of WT,
S11E, and I15E mutant migfilin peptides is shown in Fig. 5C);
the binding affinity in this case was at least 50-fold less than
wild-type migfilin (Fig. 5E). In contrast, the two adjacent
residues, Ser'? and Phe'®, produced insignificant inhibition
when changed to glutamate (Fig. 5D). This strongly suggests
that the IgFLNa21 chain A-migfilin interaction represents
the primary binding pattern in solution.

To further test the role of Ser'! and Ile*® for the migfilin-
filamin interaction Ser'! was mutated to Asp and Ile*” to Glu
and the ability of His-tagged migfilin-(1-85) or migfilin
mutants to bind GST-IgFLNa21 was assessed. Both the S11D
and I15E mutations blocked IgFLNa21 binding (Fig. 5E).
Thus, Ser'' and Ile’® are important for the binding of
migfilin-(1-85) to IgFLNa21, consistent with the interaction
seen between chain A and the migfilin peptide in our crystal
structure.

Tu et al. (3) previously reported that a K7T/R8G mutation
in GFP-migfilin disrupted its interaction with filamin. These
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residues lie at the N-terminal edge of the filamin-binding
peptide (Lys” is not visible in our crystal structure, whereas
Arg?® is the first migfilin residue in the interface). We there-
fore tested the effect of this double mutation on direct mig-
filin-filamin interactions. Although a fixed dose binding
assay of 1 ug of purified GST-IgFLNa21 to migfilin-(1-85)
KR/TG failed to show any clear inhibition in binding (Fig.
2B), a more extensive dose-response analysis showed that
migfilin KR/TG does indeed reduce migfilin-filamin binding
somewhat (Fig. 2C).

Our experiments, with purified migfilin-derived peptides
and isolated filamin domains thus indicate that migfilin binds
to the CD face of IgFLNa21 and IgFLNal9 in a similar way to
the known B7 integrin-FLNa21 interaction. As shown in Fig.
1D, migfilin also binds to sites in FLNa—(1-1761). We therefore
tested whether S11D or I15E mutations in migfilin, which
inhibit binding to IgFLNa21, could impact migfilin binding to
intact FLNa. As shown in Fig. 5F, these mutations strongly
inhibited the ability of migfilin-(1-85) to pull-down FLNa-GFP
from cell lysates. Furthermore, migfilin-(1-85) I15E was
unable to bind either FLNa-(1-1761) (ABD + rod 1) or FLNa-
(1762-2647) (rod 2) of FLNa (Fig. 5G). This suggests that mig-
filin may interact with a variety of IgFLN domains via a similar
mechanism.

Migfilin Competes with Integrin B Tails for Binding to
IgFLNa21—Our data indicate that both migfilin and B integrins
bind to the CD face of IgFLNa21 (15). To test if migfilin can
compete with 3 integrins for IgFLNa21 binding we examined
the effect of increasing amounts of a migfilin-(5—19) peptide on
the binding of GST-IgFLNa21 to limiting quantities of integrin
B7 tails. The migfilin peptide caused a dose-dependent inhibi-
tion of IgFLNa21 binding to 87 integrin tails (Fig. 6). The inhi-
bition with a control migfilin peptide was reduced in compari-
son. Thus unstructured N terminus of migfilin binds to the CD
face on IgFLNa21 in a very similar manner to § integrin tails
and because it has a higher affinity it can readily compete for
filamin binding.

Migfilin-Filamin Interactions Target Migfilin to Stress
Fibers—Migfilin has been shown to localize to cell-extracellu-
lar matrix focal contacts and to actin stress fibers. It is proposed
that adhesion targeting is mediated through binding to kind-
lin-2, whereas stress fiber localization is mediated via filamin
binding (3). We therefore examined the subcellular localization
of our migfilin mutants in NIH3T3 cells. Expression of GFP-
migfilin resulted in staining of adhesions, with some weak stress
fiber staining also evident (Fig. 7A). GFP-migfilin-(1-85)
showed much stronger actin stress fiber localization and, con-
sistent with previous reports (3), failed to localize at focal adhe-
sions (Fig. 7A). In spread NIH3T3 cells FLNa is predominantly
localized along actin stress fibers (Fig. 7B). As expected, GFP-
migfilin-(1-85) co-localizes with FLNa in NIH3T3 cells,
however, this co-localization in stress fibers is disrupted with
filamin-binding defective migfilin mutants. Neither GFP-
migfilin-(1-85) S11D nor I15E localize to actin stress fibers but
rather display a diffuse staining pattern similar to GFP express-
ing cells (Fig. 7B). In these cells, filamin localization remains at
actin stress fibers and is not disrupted by the GFP-migfilin
mutants. Cell shape, size, and spreading was not affected in the
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FIGURE 4. Structure of IgFLNa21/Pro®-Pro*® migfilin peptide complex. A, overall structure of the IgFLNa21
Pro®-Pro"® migfilin peptide complex shown as a schematic. N and C termini are indicated. Migfilin peptide
(blue) is surrounded by two IgFLNa21 domains, chain A (yellow) and chain B (orange). B, electron density map
(F, — F,) of the midfilin peptide without peptide calculated from the final model without the peptide and
shown at o level 3.0. G, the same panel as B but with migfilin peptide. D, details of residues participating in the
interaction of IgFLNa21 chain A and midfilin peptide. Most side chains of peptide residues interact with resi-
dues of the IgFLNa21 D-strand. Residues likely to be important for the interaction are named. The backbone
hydrogen bonds are shown with blue dashed lines and side chain hydrogen bonds with red. Ser'" and Val'?
were modeled in 2 alternative conformations. E, details of the side chain interactions between IgFLNa21 chain
B and midfilin peptide. F and G, superposition of the IgFLNa21-B7 integrin complex (PDB 2BRQ) with the
IgFLNa21 chain A-migfilin (F), or IgFLNa21 chain B-midfilin (G) structures. IgFLNa21 strands C and D are shown
as schematics with the integrin and migfilin peptides as stick models. Colors of the IgFLNa21-migfilin complex
are as in panel A, the IgFLNa21-B7 complex is shown in pale blue.

ing. Migfilin, which localizes at
both cell-cell and cell-extracellu-
lar matrix adhesion sites, is
thought to provide one such link
to the actin cytoskeleton through
its interaction with the actin-bind-
ing and cross-linking protein fil-
amin. Here we have investigated
the molecular basis of migfilin
interactions with filamin and
solved the crystal structure of
IgFLNa21 bound to a migfilin pep-
tide. We find that: 1) the N-termi-
nal portion of migfilin, which is
present in all 3 splice forms is
largely disordered in solution but
can bind to FLNa, -b, or -c; 2) the
filamin-binding site in migfilin is
localized between Arg® and Thr®;
3) there are multiple migfilin-
binding sites in FLNa; 4) migfilin
binds preferentially to IgFLNa21
and more weakly to IgFLNal9 and
-22; 5) migfilin binds to the CD
face of [gFLNa21 and mutations in
either the C or D strand inhibit
this interaction as do mutations at
Ser'! or Ile'® in migfilin; 6) migfi-
lin and integrin B tails bind to a
similar site on IgFLNa21 and can
compete with one another for
binding; and 7) the migfilin-fil-
amin interaction is important for
targeting migfilin to stress fibers
in cells.

Migfilin had previously been
shown to bind sites in rod 2 of FLNa
and FLNc and rod 1 of FLND (3, 4).
We confirmed that migfilin can
interact with all three filamins and
showed binding to both rod 1 and 2
of FLNa. To test whether binding
was direct and to map interacting
domains we used purified proteins
to show that migfilin bound
IgFLNal9, -21, and -22 within the
rod 2 region; the strongest binding
was observed with IgFLNa21. This
suggests that one filamin molecule
may directly bind multiple migfilin

GFP-migfilin expressing cells compared with control GFP
expressing NIH3T3 cells (data not shown). Thus filamin bind-
ing is required for migfilin localization to actin stress fibers in
cells.

DISCUSSION

A link between sites of cell adhesion and the cytoskeleton
is essential for regulation of cell shape, motility, and signal-
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molecules. The in vivo significance of this, and the reason for
the enhanced binding to IgFLNa21, remains to be determined;
multiple binding sites may, however, permit reinforcement of
filamin-mediated links to the actin cytoskeleton or provide
redundancy, thus allowing the actin linkage to be maintained in
the presence of other filamin-binding proteins.
High-resolution structural data has been reported
describing FLNa-integrin (15, 33) and FLNa-GPIb« interac-
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FIGURE 5. Migfilin binds to the CD face of IgFLNa21 in a manner similar to the integrin 87. A, combined chemical shift perturbations of resonances in the
U-">N-IgFLNa21 amide H-Ns induced by a 4-fold excess of migfilin Pro®>—Pro'®-derived peptide are mapped onto the crystal structure of IgFLNa21 from the
IgFLNa21-B7 integrin complex (PDB 2BRQ). Residues are colored according to the size of the shift with the largest shifts shown in red and no shifts in blue. B, chemical
shift perturbations are also represented in a two-dimensional bar chart, strongly perturbed but non-assigned residues are denoted by solid blue bars. C, extracted HSQC
spectra of IgFLNa21 residue Ser®>”® upon addition of migfilin-(1-85)/5-19 WT or S11E, S12E, F14E, and I15E peptides. The color scheme of the overlaid spectrais shown
in the figure. (When the binding is tight the peaks are in slow exchange with one peak decreasing and the other increasing on addition of ligand. With weaker binding
(S11E and 115E) the peaks are in fast exchange and migrate from one position to another.) D, normalized induced chemical shifts of resonances with typical fast
exchange behavior and relatively large shifts were plotted against the ligand-to-protein ratio for IgFLNa21 binding to midfilin S11E with a theoretically simulated
binding curve shown as a dashed line. E, direct pull-down assays were performed using GST-IgFLNa21 to migfilin-(1-85) WT, S11D, or I115E. F, pull-down assays were
performed using lysates of Chinese hamster ovary cells transfected with FLNa-GFP to beads coated with midfilin-(1-85) wild type, S11D, or I15E. G, binding of FLNa,
FLNa-(1-1761) (ABD + rod 1), or FLNa-(1762-2647) (rod 2) to beads coated with migfilin-(1-85) wild type or 115E. 10% lanes represent corresponding percentage of
the starting material in the binding assay.
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tions (34), [gFLNc dimerization (11), and an autoinhibitory
IgFLNa20-IgFLNa21 interaction (16). In all cases ligand
binding occurs at the CD face of the IgFLN domain with the
binding partner forming a new B strand anti-parallel to
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FIGURE 6. Migfilin competes with integrin f tails for binding to IgFLNa21.
Direct pull-down assays were performed using purified GST-IlgFLNa21 to 7
tails in the presence of migfilin-(5-19) or control peptide. Protein binding
quantified by densitometry and expressed as filamin binding (arbitrary units)
was calculated as the ratio of filamin bound to filamin bound in the absence of
peptide in each experiment (mean * S.E; n = 3). Bound proteins were
detected by immunoblotting with anti-GST antibodies. 10% lanes represent
the corresponding percentage of the starting material in the binding assay.
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FIGURE 7. Migfilin-filamin interactions target migfilin to stress fibers. Imnmunofluorescence of GFP-
migfilin or 1-85 mutant-transfected NIH3T3 cells attached to fibronectin-coated coverslips for 4 h prior to
fixation. A, cells were stained for actin with phalloidin-Alexa 568; or B, endogenous FLNa.

strand C, which extends the CFG sheet of the IgFLN domain.
The data reported here provide further support for the idea
that the CD face is a general ligand binding surface on IgFLN
(15). Crystallography reveals that migfilin peptides bind the
CD face of IgFLNa21 in a manner very similar to integrin 3
tail peptides. Two modes of binding are observed in the crys-
tal state (chain A and chain B bind one migfilin strand). Both
interaction modes are similar to previously characterized
IgFLN-ligand interactions but NMR and mutagenic analyses
suggest that the dominant interaction in solution is the one
represented by chain A (Figs. 4 and 5). The interface in this
case buries a slightly larger surface than the B chain interac-
tion. The structure-based sequence alignment of the chain A
mode is as shown in Fig. 34. We do not exclude that under
certain contexts migfilin may employ both binding modes to
engage two IgFLNSs, either from the same or different FLN
molecules.

It is clear that migfilin residues 8—16 encompass the major
determinant for migfilin binding to filamins and that the CD face
of IgFLNal9 and IgFLNa21 provide the interface. Although it
remains possible that other regions also contribute to the interac-
tion in vivo, mutations in either the C or D strand of the IgFLNa
domain can inhibit migfilin binding
as do mutations at Ser'' or Ile'® in
migfilin. Ser'! or Ile'® mutations also
inhibit the interaction of migfilin with
full-length filamins suggesting some
conservation between all migfilin-
IgFLN domain interactions. Thus,
CD face residues are good initial tar-
gets for mutagenesis in future
attempts to identify mutations that
can inhibit the association of other fil-
amin-binding proteins.

The ability of the CD face of
IgFLN domains to bind various fil-
amin ligands suggests that competi-
tion may be a regulatory mecha-
nism. We tested this hypothesis by
assessing the impact of the filamin-
binding migfilin peptide on integrin
binding to IgFLNa21. As predicted,
the filamin-binding peptide, but not
a scrambled peptide control, inhib-
ited filamin binding to integrin f3
tails. Competition between the
many different filamin binding part-
ners may thus provide a mechanism
to regulate filamin interactions and
downstream signaling. In the case of
integrin-filamin interactions, this
may provide a mechanism for
switching between different links to
the actin cytoskeleton, mediated
either directly via integrin-FLN
interactions or potentially through,
integrin-kindlin-migfilin-FLN ~ com-
plexes (3, 35-37).

Migfilin 1-85 I"°E
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Our finding that phospho-mimicking S11E or S11D muta-
tions inhibited migfilin binding to filamin suggests phospho-
rylation as another potential mechanism for regulating migfi-
lin-filamin interactions. It is not known whether migfilin is
phosphorylated in vivo but the sequence surrounding Ser'! is
consistent with phosphorylation at that site by basophilic ser-
ine/threonine kinases such as those in the AGC or CAM kinase
families.” If this site is indeed a kinase substrate, based on the
effect of phospho-mimicking mutations, we predict that phos-
phorylation would inhibit migfilin binding to filamin. We note
that there is specificity in this interaction as phospho-mimick-
ing mutations at the adjacent Ser'? residue did not inhibit bind-
ing when assessed by NMR spectroscopy.

The binding of migfilin to all three filamins, the number of
migfilin-binding IgFLN domains (at least 4 in FLNa), and our
observation that filamin mutations that prevent migfilin bind-
ing also prevent binding of other filamin ligands makes it diffi-
cult to investigate the functional significance of migfilin-fil-
amin interactions using filamin mutants or filamin-deficient
cells. However, identification and characterization of migfilin
mutants defective in filamin binding indicates that filamin
binding is required for targeting to actin stress fibers in stably
adherent spread cells. It will be important to determine the
downstream functional consequences of this interaction in res-
cue experiments when migfilin knock-out animals or cells
become available.

In summary we have used structural and biochemical analy-
ses to investigate the interaction between filamin and migfilin, a
recently identified protein implicated in regulation of cell
motility, cell shape, and gene transcription (5). Our results
reveal multiple binding sites in filamins and show that migfilin
uses a conserved ligand-binding surface on IgFLN domains.
Consequently migfilin can compete with other filamin ligands.
This has consequences for our understanding of the assembly
and remodeling of filamin signaling complexes and may pro-
vide a means for switching integrins links to the cytoskeleton.
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