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SUMMARY
The translational machinery of the cell re-localizes to focal adhesions following the activation of
integrin receptors. This response allows for rapid, local production of components needed for
adhesion complex assembly and signaling. Vinculin links focal adhesions to the actin cytoskeleton
following its activation by integrin signaling, which severs intramolecular interactions of the vinculin
head and tail (Vt) domains. Our vinculin:raver1 crystal structures and binding studies show that
activated Vt selectively interacts with one of the three RNA recognition motifs (RRM) of raver1,
that the vinculin:raver1 complex binds to F-actin, and that raver1 binds selectively to RNA, including
a sequence found in vinculin mRNA. Further, mutation of residues that mediate interaction of raver1
with vinculin abolish their co-localization in cells. These findings suggest a feed-forward model
where vinculin activation at focal adhesions provides a scaffold for recruitment of raver1 and its
mRNA cargo to facilitate the production of components of adhesion complexes.
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INTRODUCTION
Vinculin links integrin-mediated focal adhesion junctions to the actin cytoskeleton and is
essential for the formation of proper cell-matrix contacts as well as for directed cell migration
(DeMali and Burridge, 2003; Ziegler et al., 2006). Vinculin is held in an inactive, closed
conformation through extensive hydrophobic interactions of its N-terminal seven-helix bundle
domain (Vh1; Figure 1) in its globular “head” to a five-helix bundle domain present in its tail
(Vt) domain (Bakolitsa et al., 2004; Borgon et al., 2004; Izard et al., 2004). Severing this
interaction is sufficient to activate vinculin (Johnson and Craig, 1995; Gilmore and Burridge,
1996; Izard et al., 2004; Izard and Vonrhein, 2004; Bois et al., 2005; Fillingham et al., 2005;
Bois et al., 2006; Nhieu and Izard, 2007), and can be triggered by the binding of the α-helical
vinculin binding sites (VBS) of talin or α-actinin, which displace Vt from a distance by inducing
profound conformational changes in the structure of Vh1 (Izard et al., 2004; Bois et al.,
2005). This then allows interactions with other partners, including binding of Arp2/3, VASP,
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and vinexin to the proline-rich loop region that connects the head and tail domains of vinculin,
and the binding of F-actin, paxillin, phosphatidylinositol (4,5)-bisphosphate (PIP2), and the
hnRNP protein raver1 to the Vt domain (Johnson and Craig, 1995; Gilmore and Burridge,
1996; Hüttelmaier et al., 2001; Chandrasekar et al., 2005; Bois et al., 2006; Ziegler et al.,
2006).

The interaction of raver1 with vinculin that occurs at adhesion sites (Hüttelmaier et al., 2001)
is particularly intriguing since raver1 harbors three tandem N-terminal RNA recognition motifs
(RRM1-3; Figure 1) and has an alternative role as a regulator of mRNA processing, where it
interacts with the splicing regulator polypyrmidine-tract binding protein PTB (Gromak et al.,
2003; Spellman et al., 2005; Rideau et al., 2006). RRM domains generally harbor two
ribonucleoprotein consensus sequences on their central β-strands (β3 and β1, coined RNP1 and
RNP2, respectively) that direct interactions with RNA, yet affinity and specificity can also be
affected by adjacent N- or C-terminal extensions and loops present in these and adjacent RRM
motifs. However, RRM domains also serve as docking sites for protein-protein interaction
(reviewed by Kielkopf et al., 2004; Maris et al., 2005; Lunde et al., 2007; Cléry et al., 2008),
and we therefore reasoned that one or more of the RRM motifs of raver1 might mediate its
interaction with the Vt domain of activated vinculin (Hüttelmaier et al., 2001).

Here we present the first crystal structure of the key functional C-terminal domain of activated
vinculin in complex with one of its partners, raver1. Our vinculin:raver1 crystal structures
explain why vinculin activation is necessary for this interaction, identify a new mechanism for
vinculin interaction with its partners, as well as a new mode for protein-protein interactions
directed by an RRM motif. Further, we show that residues of raver1 that mediate its contact
with vinculin are also required for raver1 and vinculin co-localization in cells. Finally, our
studies establish that the RRM1 motif of raver1 binds to a select RNA sequence that is found
in vinculin mRNA, and that the vinculin-raver1 complex is permissive for binding to F-actin.
Collectively these findings suggest that activated vinculin functions as a scaffold for the
recruitment of raver1 and its mRNAs cargo to focal adhesions, a scenario that would promote
localized synthesis of adhesion complexes by the translational machinery.

RESULTS
The RRM1 Domain of Raver1 Directs its Interactions with Vinculin

RRM motifs direct both RNA-protein and protein-protein interactions (Kielkopf et al., 2004;
Maris et al., 2005; Lunde et al., 2007; Cléry et al., 2008). The raver1-vinculin interaction was
known to be mediated by binding of the N-terminus of raver1 to Vt (Hüttelmaier et al.,
2001). We reasoned that this was mediated by the RRM motifs present in the N-terminus of
raver1 (Figure 1) and to test this we performed isothermal titration calorimetry (ITC). Indeed,
Vt bound to the RRM1-3 region (residues 39-321) and also to RRM1 alone (residues 59-130)
with Kd values of 12.6 μM and 22.1 μM, respectively, but failed to bind to the tandem RRM2-
RRM3 (residues 129-321) motifs (Figure 2). Therefore, the RRM1 domain of raver1 directs
its interactions with vinculin. As expected (Hüttelmaier et al., 2001), the interactions of raver1
with vinculin required its activation, as full length, inactive human vinculin failed to bind to
raver1 (Supplementary Figure S1A, S1B). Similar findings were evident in size exclusion
chromatography, where RRM1-3 bound to Vt but not to full-length human vinculin
(Supplementary Figure S1C, S1D) and in native gel analyses, where RRM1-3 bound to Vt but
not to full-length vinculin (data not shown).

Crystal Structures of Human Vinculin in Complex with Raver1
To define the interaction of raver1 with vinculin we solved the crystal structures of human Vt
in complex with RRM1 or with the RRM1-3 domains of human raver1 at 2.9 Å and 2.75 Å
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resolution, respectively (Figure 3; Supplementary Figure S2; Tables 1 and 2). The
conformations of Vt and RRM1 as seen in the Vt:RRM1 and the Vt:RRM1-3 crystal structures
are very similar, where the Cα traces superimpose with a root-mean-square deviation of 0.9 Å
for 250 equivalent residues (Supplementary Figure S3), despite the fact that these crystals were
obtained using different conditions (see Experimental Procedures), eliminating crystallization
artifacts. As for other RRM domains, these crystal structures showed that the RRM1, RRM2,
and RRM3 domains of raver1 have a canonical βαββαββ topology with five-stranded anti-
parallel β-strands (β1-β5) and two α-helices (α1, α2) (Figure 3; Supplementary Figure S2).
Surprisingly, the interaction was largely directed by the binding of the H2 and H3 α-helices of
Vt with three connecting loop regions (the β1-α1, β2-β3, and β4-β5 loops) of the RRM1 domain
(Figure 3; Supplementary Figure S2, S3). To our knowledge, this mode of RRM-mediated
protein-protein interaction differs from all known examples involving RRM domains (Kielkopf
et al., 2001;Fribourg et al., 2003;Lau et al., 2003;Shi and Xu, 2003;Maris et al., 2005;Ngo et
al., 2008). Specifically, in the U2B/U2A structure (Price et al., 1998), the α-helix of the U2B
RRM domain interacts with the leucine rich region of U2A, whereas the interactions of human
Y14 with Magoh (Fribourg et al., 2003;Lau et al., 2003;Shi and Xu, 2003), UPF2 with UPF3
(Kadlec et al., 2004), and P14 with SF3b (Schellenberg et al., 2006;Spadaccini et al., 2006)
occur via the surface of the β-sheet that is involved in RNA binding of canonical RRMs.
Further, in the RRM protein interactions in the U2AF35/U2AF65 (Kielkopf et al., 2001),
U2AF65/SF1 (Selenko et al., 2003), and SPF45/SF3b155 (Corsini et al., 2007) complexes the
UHM (U2AF-homology motif) signature sequences present in U2AF35, U2AF65, and SPF45
(which include a Arg-X-Phe loop sequence and acidic residues) all recognize a UHM-ligand
motif (a Trp and positively charged residue) of the ligand. Finally, in the interaction between
PTB with raver1, the raver1 peptide (496-PGVSLLGAPPKD-507) interacts with the
hydrophobic groove of the PTB RRM2 motif and this complex is compatible with a
simultaneous RNA binding (Rideau et al., 2006). The Vt-raver1 interaction has little in
common with these examples of RRM-directed protein-protein interactions.

The intermolecular interaction of activated vinculin and raver1 is mediated through
electrostatic interactions (vinculin-Asp953, -Arg945, and -Glu932 residues with raver1-
Arg121, -Glu120, and -Arg121, respectively), a hydrogen bond network (side chains of
vinculin-Arg935 and -Glu932 with the main chain carboxyl groups of raver1-Tyr92 or the main
chain amide group of -Gly68, respectively), and hydrophobic interactions (raver1-Tyr92 with
vinculin residues Phe885, Pro886, Met899, and Ala931; Figure 3B; Supplementary Figure S2).
Indeed, mutating raver1 residue Glu120 to a Lysine, or Arg121 to a Glutamate, prevents the
electrostatic interactions with Vt residues Arg945 or Asp953 and Glu932, respectively, and
abolished binding to Vt in solution (Figure 2D, 2E) while still preserving micromolar affinity
of raver1 for RNA (data not shown).

The interaction of vinculin with the RRM1 domain of raver1 occurs on the opposite surface of
its putative RNA-binding β-sheet (β1 and β3 strand) and at a considerable distance from those
present in RRM2 and RRM3. Thus, the structures of the RNP motifs that could direct binding
with RNA by raver1 are not affected by its interaction with vinculin. Structure-based sequence
alignment shows that the residues in the Vt-RRM1 interface are strictly conserved in the RRM1
domain of raver1 of several species, and that they are not present in the RRM2 and RRM3
domains (Supplementary Figure S4A), explaining the selectivity of the interaction of vinculin
for the RRM1 motif of raver1. Finally, the interaction of Vt with raver1 buries 669 Å2 of the
surface area of Vt and 748.1 Å2 of the surface area of RRM1-3. This relatively small interface
is consistent with the ~10 μM Kd of this interaction. Nonetheless, the ability of raver1 to
crystallize with vinculin, and to readily interact with vinculin in solution and in cells
(Hüttelmaier et al., 2001) suggests that once bound to activated vinculin raver1 has a low off
rate.
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Raver1 Residues that Direct Contact with Vinculin are Required for Raver1 and Vinculin Co-
localization

Raver1 interacts with the splicing regulator PTB in the nucleus, but with vinculin in cytoplasm
and at focal adhesions (Hüttelmaier et al., 2001). To test whether residues of raver1 that were
required for raver1 and vinculin binding by ITC (Figure 2D-E) were also required for their
colocalization in cells, HeLa cells were transfected with an vector driving the expression of
Flag epitope-tagged RRM1-3 domain of raver1, or expressing RRM1-3 domain harboring the
E120K mutation. As expected, immunofluorescence analyses demonstrated that wild type
raver1 RRM1-3 co-localized with endogenous vinculin, whereas mutant RRM1-3 (E120K) did
not. Rather, this mutant was predominately nuclear in its localization (Figure 4). Therefore,
interactions with vinculin appear to be important for cytoplasmic and adhesion complex
localization of raver1.

Vinculin Activation is Necessary for its Interaction with Raver1
Full length, inactive vinculin does not bind to raver1 either in solution (Supplementary Figure
S1A, S1B, S1D) or in solid phase binding assays (Hüttelmaier et al., 2001). In full-length,
inactive vinculin, a portion of the raver1 binding site is occluded by the 882-890 loop region,
which likely hinders its interactions with the raver1. Specifically, superposition of the 882-890
loop region of inactive versus raver1-bound vinculin shows significant alterations in its
structure, and that the binding sites for raver1 are masked in inactive vinculin. Therefore,
although RRM1 binds to the face of Vt that is opposite that which directs its interactions with
the Vh1 seven-helix bundle domain (Borgon et al., 2004; Izard et al., 2004), the interactions
of the loops of RRM1 with helices H2 and H3 of Vt are nonetheless compromised by the
882-890 loop of vinculin (Figure 5A; Supplementary Figure S5).

Structural Alterations in Raver1 Provoked by Vinculin Binding
Comparison of the native NMR structure of the mouse RRM1 domain (PDB ID 1WI6) with
that of the crystal structure of human RRM1 bound to vinculin also revealed significant
alterations in the structure of the β-hairpin residing on the β4-β5 loop, which shifts β-strand
(β4) by about 15° when bound to vinculin (Figure 5B). This region is well defined in the NMR
structure ensemble of 20 best structures, where two intramolecular interactions are found
between the β-hairpin and the loop region that is positioned between strand β1 and helix α1,
namely between Arg127 and Asp77 as well as Arg129 and Leu74. By contrast, in Vt:raver1
complex the intramolecular interactions of raver1 are transformed, where the side chains of
Arg119 and Arg121 (corresponding to murine residues Arg127 and Arg129) now engage in
electrostatic interactions with the side chains of Asp69 and Glu74, or interact with main chain
oxygen of Arg119, and where the side chain of Arg117 interacts with the main chain oxygen
of Glu120. Further, the Vt-induced movement directs the strong interactions of Glu120 and
Arg121 of raver1 with Arg945 and Asp953 of vinculin (Figure 3B). Interestingly, there are
some parallels of the raver1 interaction with vinculin with that of nearly equivalent loop regions
of the RRM2 domain of the spliceosome factor ASF/SF2 with SRPK1 protein kinase, where
residues of these loops of ASF/SF2 are also involved in electrostatic interactions with SRPK1
(Supplementary Figure S6); however, here the β4 strand appears to unfold following substrate
binding (Ngo et al., 2008).

Raver1 Selectively Binds to RNA
The RNP1 and RNP2 motifs present in the RRM1-3 domains of raver1 direct interactions with
RNA in other RRM-containing proteins (Kielkopf et al., 2004; Maris et al., 2005; Lunde et al.,
2007; Cléry et al., 2008). We therefore reasoned that raver1 bound to RNA. To identify possible
RNA targets of raver1, we screened raver1 for its ability to bind to twenty different RNA
sequences that have been identified in RRM:RNA complex structures. RNA oligonucleotides
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harboring these sequences were tested for their ability to bind to raver1 by isothermal titration
calorimetry under physiological conditions. Ultimately, these analyses established that the
RRM1 domain of raver1 selectively binds to a 12-nucleotide RNA having the sequence
UCAUGCAGUCUG with micromolar affinity (Supplementary Figure S7). Interestingly, the
sequence of the RNA bound by the RRM1 motif of raver1 is an exact match with a portion of
the coding region of human vinculin mRNA (nucleotides 3089-3100). Therefore, raver1 is
indeed an RNA binding protein, and its RRM1 motif directs specific binding to RNA and
additionally directs interactions with vinculin.

The Raver1-Vinculin Interaction is Permissive for Binding to F-actin
A hallmark of vinculin activation is its ability to bind to F-actin (Johnson and Craig, 1995).
To test whether the vinculin-raver1 interaction was also permissive for binding to F-actin, we
performed F-actin co-sedimentation assays by incubating Vt and/or raver1 at equimolar ratios
with F-actin. As expected, Vt avidly bound to F-actin, whereas raver1 did not (Figure 6).
Further, pre-formed Vt-raver1 complexes also bound to F-actin (Figure 6). Thus, the vinculin-
raver1 interaction is also permissive for binding to F-actin.

DISCUSSION
In the nucleus, raver1 functions as a co-repressor of PTB-directed splicing of select mRNAs,
for example of α-tropomyosin transcripts in muscle cells (Gromak et al., 2003; Spellman et al.,
2005; Rideau et al., 2006). Raver1 binds to PTB through the agency of its C-terminus (Rideau
et al., 2006), a scenario that leaves the RRM domains present in its N-terminus free to bind to
other partners, which we have shown includes RNA having the sequence UCAUGCAGUCUG,
a sequence that is found in vinculin mRNA. In muscle cells and other cell types raver1 re-
localizes from the nucleus to adhesion complexes where it binds to vinculin (Hüttelmaier et
al., 2001; Jockusch et al., 2003; Zieseniss et al., 2007) and here our studies indicate that the
raver1-vinculin interaction appears to be important for cytoplasmic and focal adhesion
localization of raver1, as a form of raver1 that cannot bind to vinculin is predominately nuclear
(Figure 4). Importantly, we have shown that the RRM1 domain directs the interactions of raver1
with the tail domain of activated vinculin and that this interaction is permissive for vinculin
binding to F-actin (Figure 6). Importantly, our studies have shown that raver1 binds to the
vinculin mRNA cargo (Supplementary Figure S7).

The translational machinery rapidly re-localizes to nascent focal adhesions and here vinculin
also co-localizes with mRNA (Chicurel et al., 1998; Hüttelmaier et al., 2005; Rodriguez et al.,
2006). We hypothesize that raver1 might transport mRNA cargo to these microcompartments
via its interaction with vinculin, and that this feed-forward delivery includes transcripts
encoding components of adhesion complexes, including vinculin mRNA itself (Figure 7).
Similar interactions of vinculin with other RRM-containing proteins could also contribute to
this response and allow for the production of other components, along with other specialized
mRNA delivery systems, such as the hnRNP K homology domain-containing zipcode binding
proteins ZBP1 and ZBP2 that deliver β-actin mRNAs to the adhesion complex (Hüttelmaier
et al., 2005; Czaplinski and Singer, 2006; Pan et al., 2007). Collectively, these systems would
allow for the rapid and coordinated in situ production of components required for the expanding
adhesion complex by the translational machinery, akin to the scenario observed for the
localization of a distinct cast of RNAs at protruding pseudopodia (Weis, 2004; Mili et al.,
2008).
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EXPERIMENTAL PROCEDURES
Protein Expression and Purification

The C-terminal tail domain of human Vinculin (Vt, residues 879-1066), and the RRM1
(residues 59-130), RRM2-RRM3 (residues 129-321), and RRM1-3 (residues 39-321) domains
of human raver1 were cloned into the pET-28a vector (Novagen) and expressed in Escherichia
coli strain BL21-DE3 (Invitrogen) to produce N-terminal (or C-terminal for RRM1-3)
hexahistidine-tagged proteins having a thrombin cleavage site for removal of the His-tag. The
vectors carrying the Glu120Lys or Arg121Glu mutants were cloned by PCR amplification
using mutagenic primers designed against wild-type RRM1-3 vector. The PCR products were
treated with DpnI (New England BioLabs) to degrade template plasmids. All constructs were
verified by sequencing. Bacteria were grown at 37°C in Luria-Bertan medium containing 20
mg/l kanamycin. Bacterial cultures were induced at OD600=0.8 by adding IPTG to 0.5 mM
and incubating at 20°C for 24 hours. The fusion proteins were purified by immobilized metal
affinity chromatography on Co2+-TALON beads (BD Biosciences). After cleavage of the
hexahistidine-tag at 4°C overnight, the proteins were purified by gel filtration using a
Superdex-75 column (Amersham) equilibrated in 20 mM Tris-HCl (pH 8.0) and 150 mM NaCl.
Protein samples were concentrated to 14.2 mg/ml (Vt), 9.4 mg/ml (raver1 RRM1), 16.4 mg/
ml (RRM2-RRM3), or 39.6 mg/ml (RRM1-3). For isothermal titration calorimetry (ITC)
experiments, the Vt:RRM1-3 complex was further purified by gel filtration using a
Superdex-200 column.

Purified Vt (545 μM) or full length vinculin (320 μM) and RRM1-3 (529 μM) were mixed and
loaded on a Superdex-200 26/60 column (Amersham Biosciences) equilibrated with 20 mM
Tris-HCl pH 8 and 150 mM NaCl. Elution was performed at 4°C, and the flow-rate was 1 ml/
min. Protein detection was performed on SDS-polyacrylamide PhastGels stained with
Coomassie blue.

Crystallization of Vinculin:Raver1 Complexes
We originally obtained needle shaped crystals of the Vt:RRM1 complex using C-terminal
hexahistidine-tagged Vt and un-tagged RRM1 proteins. To improve the crystal quality, we
removed the C-terminal hexahistidine-tag of Vt, which allowed crystallization of this complex.
Crystals of the Vt:RRM1 complex were obtained after mixing Vt (402 mM) and RRM1 (440
mM) in an equal volume in a solution containing 100 mM Tris (pH 7.5), 200 mM sodium
nitrate, and 16% PEG-3,350. Crystals were grown at 4°C by sitting drop vapor diffusion.
Crystals appeared after two days. The crystals were transferred to Paratone-N solution
(Molecular Dimensions Ltd.) before flash-freezing in liquid nitrogen. The crystals belonged
to space group P1 with unit cell dimensions a = 41.8 Å, b = 70.9 Å, c = 99.3 Å, a= 89.8°, b=
90.0°, and g= 104.0°. The four Vt:RRM1 heterodimers in the asymmetric unit result in a solvent
content of 49.4% (VM = 2.4 Å3/Da) (Matthews, 1968).

After testing several different RRM1-3 boundaries for co-crystallization, we eventually
obtained Vt:RRM1-3 crystals using raver1 residues 39-321. These Vt:RRM1-3 crystals were
obtained after mixing Vt (545 μM) and RRM1-3 (529 μM) in an equal volume in a solution
containing 10% PEG-8,000, 8% ethylene glycol, and 100 mM Na-HEPES (pH 7.5) by sitting
drop vapor diffusion method. Glycerol (28%) and ethylene glycol (13%) were used as the
cryoprotectant. The crystals belonged to space group P212121 with unit cell dimensions a =
86.8 Å, b = 94.9 Å, and c = 186.0 Å. There were two Vt:RRM1-3 heterodimers in the
asymmetric unit, giving a solvent content of 66.3% (VM = 3.7 Å3/Da) (Matthews, 1968). All
X-ray data were collected at the Advanced Photon Source (SER-CAT 22BM beamline) and
processed using HKL2000 (Otwinowski and Minor, 1997) (Table 1).
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Determination of Vt:RRM1 and Vt:RRM1-3 Structures
Molecular replacement using the program MOLREP (Vagin and Teplyakov, 1997) and the Vt
structure (PDBID 1RKE) as the search model yielded four Vt solutions for the Vt:RRM1
complex. The four Vt models were then fixed and the four positions of RRM1 were also
determined by molecular replacement using mouse raver1 RRM1 structure as the search model
(PDBID 1WI6) and the program MOLREP. The entire structure of Vt (four molecules) and
RRM1 (four molecules) complex was checked and manually rebuilt into the composite omit
2Fobs-Fcalc and Fobs-Fcalc electron density maps by using O (Jones et al., 1991) in several
iterative rounds. CNS (Brünger et al., 1998) was used to calculate omit maps. Crystallographic
refinement was further performed using REFMAC (Murshudov et al. 1997) and BUSTER/
TNT (Tronrud et al 1987; Bricogne 1997) and resulted in a final crystallographic R-value of
0.210 (Rfree=0.277; Table 2).

Vt amino acids 879-883 and 1064-1066 of subunit A; 879-883, 888-891, 1046-1054 and
1062-1066 of subunit B; 879-883, 888-892, 1047-1054, and 1064-1066 of subunit C; and
879-883, 888-892, and 1064-1066 of 839 subunit D are not present in our Vt:RRM1 model
due to disorder. In the Ramachandran plot, 91.8% and 8.2% of the residues fell in the most
favored and additionally allowed regions, respectively, with no residues in the generally
allowed or disallowed regions.

The Vt:RRM1-3 complex structure was determined by molecular replacement using the
program MOLREP (Vagin and Teplyakov, 1997). The refined Vt and RRM1 models of our
Vt:RRM1 complex structure were used as search models. The two Vt models and two RRM1
models were then fixed and the two positions of RRM2 and RRM3 were determined by
molecular replacement using the first RRM domain structure of HuD protein (PDBID 1FXL)
as the search model. CNS (Brünger et al., 1998) was used to calculate omit maps.
Crystallographic refinement was further performed using REFMAC (Murshudov et al. 1997)
and BUSTER/TNT(Tronrud et al 1987; Bricogne 1997). Side chains were successively rebuilt
according to 2Fobs-Fcalc and Fobs-Fcalc electron density maps followed by iterative cycles of
model rebuilding with O (Jones et al., 1991). At the very last step, positional and B-factor
refinement was carried out using BUSTER/TNT (Bricogne, 1997). The final R-factor was
0.225 with a free R of 0.274.

Vt amino acids 879-881, and 1064-1066 (subunit A); 879-882, 889-891, and 1064-1066
(subunit C) and raver1 residues 318-321 (subunit B) and 319-321 (subunit D) are not present
in the final Vt:RRM1-3 model due to disorder. In the Ramachandran plot, 89.3%, 90.4%, 9.4%
and 0.01% of the residues fell in the most favored, additionally allowed regions, and in the
generally allowed or disallowed regions, respectively, with no outliers.

Isothermal Titration Calorimetry (ITC)
High-sensitivity ITC experiments were used to assess the interaction between raver1 and Vt.
Assays were performed at 23°C in 20 mM Tris-HCl pH 8, 150 mM NaCl using a VP-ITC
calorimeter (Microcal, Inc.). For each experiment, the sample cell (volume 1.4 ml) was filled
with 10-45 μM raver1 protein solution. A 300 μl syringe was filled with a 150-500 μM Vt
protein solution or 90-300 μM RNA solution. The reference cell contained 20 μM Tris-HCl
pH 8, 150 μM NaCl buffer. Titration experiments were typically consisted of 25-45 injections,
each of 6-10 μl volume and 20 seconds duration, with 10 minutes interval between additions.
The stirring rate was 300 r.p.m. The binding isotherms were fitted via a nonlinear least squares
minimization method to determine the binding stoichiometry (n), the equilibrium binding
constant (KD), the change in enthalpy (ΔH) and entropy (ΔS).
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To screen RNAs for their ability to bind to raver1, we concatenated RNA sequences described
in the twenty RNA:RRM structures in the literature into five concatenated oligonucleotides;
i.e., each oligonucleotide had four known RNAs that bind to RRM motifs. Of these five
concatenates, only one 12-mer showed micromolar affinity. We then truncated this RNA from
each end and tested these new RNAs in binding assays (data not shown). We eventually found
that a 6-mer (UGCAGU) bound to raver1 (data not shown). Finally, having found this sequence
present in human vinculin mRNA, we then tested whether a 12-mer matching the vinculin
sequence surrounding the UGCAGU core bound to raver1 by ITC and showed that this was
the case (Supplementary Figure S7).

Raver1-Vt-F-actin Binding Assays
The preformed Vt:raver1 complex (1:1.3 ratio) was obtained by mixing Vt and raver1 and
incubating for 20 minutes. F-actin co-sedimentation assays were performed as described (Bois
et al., 2006) using 12 μl of polymerized F-actin, and equimolar amounts of Vt and RRM1-3
raver1 protein, alone or pre-incubated together for 1 hour (at room temperature, in a final total
reaction volume of 100 μl). Following incubation the samples were sedimented at 95,000 × g
at 25°C in a Beckman ultracentrifuge for 15 minutes and pellet and supernatant fractions were
collected. Equal volumes of supernatants and pellets were resolved on 20% SDS-
polyacrylamide gels and the proteins were visualized by staining with Coomassie Blue.

Transfections and Immunofluorescence Microscopy
For immunofluorescence experiments, HeLa cells were plated onto glass coverslips overnight
and then transfected with a total of 0.8 μg p3xFLAG-CMV-7.1 vector, FLAG-RRM1-3, or
FLAG-RRM1-3 (E120K) DNA using Lipofectamine 2000 (Invitrogen). After 48 hours, the
cells were fixed with 4% paraformaldehyde (20 minutes at room temperature), permeabilized
with PBS and 0.25% Triton X-100 for 5 minutes, and blocked with PBS and 2% BSA for 30
minutes. Endogenous vinculin was detected by staining with anti-vinculin mouse monoclonal
antibody (Sigma) and followed by donkey anti-mouse Alexa 568 (Invitrogen) conjugated
secondary antibody. After washing 3 times the cells were stained for raver1 using Anti-FLAG
M2 mouse monoclonal FITC-conjugated antibody (Sigma). Cells were then washed and
mounted using Vectorshield mounting medium (Vector laboratories Inc.,) and indirect
fluorescence images were recorded either with an Olympus FluoView 1000 Confocal
Microscope and processed using FV10-ASW.

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

BSA bovine serum albumin

CNS crystallography & NMR system

ITC isothermal titration calorimetry

FITC fluorescein isothiocyanate

hnRNP heterogeneous nuclear ribonucleoprotein

IPTG isopropyl-β-D-thiogalactopyranoside

mRNA messenger ribonucleic acid

NMR nuclear magnetic resonance

PCR polymerase chain reaction

PIP2 phosphatidylinositol-4,5-bisphosphate

PEG polyethylene glycol

PTB polypyrimidine tract binding protein

RRM RNA recognition motif

SDS sodium dodecyl sulfate

VBS vinculin binding site

Vh1 vinculin's N-terminal seven-helical bundle

Vh2 vinculin's 2nd seven-helical bundle domain

Vh3 vinculin's 3rd seven-helical bundle domain

Vt vinculin's C-terminal five-helical bundle domain
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Figure 1.
Domain Organization of human Vinculin (top) and human Raver1 (bottom). Vinculin
domains Vh1, Vh2, Vh3, and Vt2 together comprise the vinculin head domain VH. NES,
nuclear export sequence; NLS, nuclear localization signal.
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Figure 2. The RRM1 Domain of Raver1 Directs its Interactions with Vinculin.
(A) Binding of Vt to RRM1-3 (ΔH, -10.5±0.2 kcal/mol; ΔS, -12.9 cal/mol) as determined by
ITC. Representative analyses are shown. The Kd of the interactions is provided in the lower
inset. N represents the stoichiometry of the binding reactions.
(B) Binding of Vt to RRM1 (ΔH, -15.1±0.5 kcal/mol; ΔS, -29.7 cal/mol).
(C) Binding of Vt to RRM2-RRM3.
(D), (E) Mutations of raver1 predicted to disrupt electrostatic interactions with vinculin.
Glu120Lys (D) or Arg121Glu (E) substitution mutations abolish binding to Vt. Binding of
raver1 mutant E120K was also not detected by size exclusion chromatography (data not
shown).
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Figure 3. Structure of the Vinculin:Raver1 Complex.
(A) The Vt:RRM1-3 complex structure is shown in ribbon representation with the five α-helices
(H1-H5) of the tail domain of human vinculin in green, the N-terminal helix of raver1 in gray,
RRM1 in blue, RRM2 in yellow, and RRM3 in red. Left, head-on view, and right, rotated by
90°, showing the interaction of the loops connecting the β3-β2, β1-α1, and β4-β5 strands of
raver1 with H2 and H3 α-helices of vinculin's tail domain.
(B) The Vt:RRM1 structure showing the β-sheets and α-helices of RRM1 in purple and light
blue, respectively. Residues involved in the Vt-RRM1 interaction are shown on the right panel.
The intermolecular hydrogen-bonding network is indicated by dotted lines. The side chain
atoms, NE and NH2 of raver1-Arg121 engage in electrostatic interactions with vinculin-
Glu932 atoms OE1 and OE2, respectively, while raver1-Arg121 (NH1) is held in place through
interactions with the main chain oxygen of raver1-Arg119 as well as OD2 of vinculin-Asp953.
An additional electrostatic interaction was also found between side chains of raver1-Glu120
and vinculin-Arg945, which spatially orients the side chain of vinculin-Arg945 such that it is
parallel to the side chain of raver1-Arg117 and provides a stable surface for hydrophobic
interaction.
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Figure 4. Raver1 Residues that Direct Interactions with Vinculin are Required for Vinculin and
Raver1 Co-Localization in Cells.
HeLa cells were transfected with p3xFLAG-CMV-7.1 alone (Vector) or with this vector
expressing raver1 RRM1-3 or RRM1-3 (E120K). After 48 hours, cells were stained with anti-
Flag antibody (green, left) and anti-vinculin antibody (red, center). The co-localization of
vinculin and raver1 RRM1-3 (white arrows) is seen as yellow (right) from superposition of
green and red channels. By contrast, raver1 RRM1-3 (E120K) is predominately nuclear and
does not co-localize with endogenous vinculin.
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Figure 5. Structural Constraints and Alterations Provoked by the Vinculin-Raver1 Interaction.
(A) Superposition of the Vt:RRM1-3 complex (color coding is the same as in Figure 3) with
full-length, inactive human vinculin (shown in pink). The raver1 binding site is occluded by
the 882-890 loop region of inactive vinculin. Asp882 of Vt in its raver1 bound state is indicated
as well as Pro877 of inactive vinculin (dashed arrows).
(B) Interaction with vinculin alters the structure of the binding loops of raver1. Superposition
of the native mouse RRM1 domain (PDBID 1WI6, yellow) onto human RRM1 (blue) when
bound to vinculin (green). Upon binding to vinculin, β-strand β4 moves as indicated by red
arrows. In the unbound raver1 structure, only two interactions are found between the β-hairpin
and the loop region situated between strand β1 and helix α1 (Arg127 and Asp77 as well as
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Arg129 and Leu74; not shown for clarity). However, in the Vt:raver1 complex the side chain
of Arg121 interacts with main chain oxygen of Arg119; the side chain of Arg119 engages in
electrostatic interactions with the side chains of Asp69 and Glu74; and the side chain of Arg117
is in contact with the main chain oxygen of Glu120. The hydrophobic cavity observed on the
surface near the β-hairpin is rather large in the unbound conformation, which almost completely
disappears in the complex.
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Figure 6. The Vinculin:Raver1 Complex is Permissive for Binding to F-actin.
While raver1 does not bind F-actin, the Vt:raver1 complex co-sediments with F-actin. After
F-actin co-sedimentation, supernatants (S) were removed and pellets (P, having polymerized
F-actin) were washed twice.
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Figure 7. Vinculin Functions as a Scaffold for the Production of Adhesion Components by the
Translational Machinery at Nascent Focal Adhesions.
The activation of vinculin (blue), by talin and perhaps other signals (Izard et al., 2004; Weis,
2004; del Rio et al., 2009), following the engagement of integrin receptors (α and β subunits)
provokes alterations in the structure of its head (VH) domain that disrupt the head-tail
interaction that holds vinculin in its inactive conformation. Activated vinculin then binds to
the RRM1 domain of raver1 (red) through the agency of its tail (Vt) domain. This interaction
is permissive for the interactions of the three tandem RRM domains of raver1 with their mRNA
cargo (combs), which might include vinculin mRNA and transcripts encoding other
components of adhesion complexes. The vinculin-raver1 interaction is also permissive for
binding to actin filaments (white spheres). This feed-forward delivery system would ensure
rapid and coordinated production of components of adhesion complexes by the translational
machinery at these adhesion microcompartments, as seen in vivo (Chicurel et al., 1998;
Rodriguez et al., 2006).
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Table 1

Data Reduction Statistics of the Vt:RRM1 and Vt:RRM1-3 Data Sets

Vt:RRMl Vt:RRM1-3

Resolution 50 Å-2.9 Å 50 Å-2.75 Å

last shell 2.95 Å-2.9 Å 2.8 Å- 2.75 Å

Total Measurements 40,086 248,668

Number of Unique Reflections 23,190 40,684

last shell 1,094 1,974

Space Group P1 P212121

Unit Cell Dimensions

a 41.8 Å 86.8 Å

b 70.9 Å 94.9 Å

c 99.3 Å 186 Å

α 89.9° 90°

β 90° 90°

γ 104° 90°

Wavelength 1.04 Å 1 Å

Rsym
a 0.093 0.058

last shell 0.26 0.387

I/σ(I) 12.18 30.49

last shell 3.25 3.41

Completeness 0.941 0.998

last shell 0.857 0.977

a
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Table 2

Crystallographic Refinement Statistics of the Vt:RRM1 and Vt:RRM1-3 Structures

Vt:RRMl Vt:RRMl-3

Resolution 20 Å-2.9 Å 20 Å-2.75 Å

last shell 3.07 Å-2.9 Å 2.92 Å- 2.75 Å

No. of Reflections (working set) 23,051 40,500

No. of Reflections (test set) 1,182 2,024

R-factora 0.21 0.225

last shell 0.26 0.27

Rfree
b 0.277 0.274

last shell 0.348 0.289

No. of amino acid residues 977 915

No. of protein atoms 7,689 7,126

No. of solvent molecules 4 41

Average B-factor (protein) 55.74 Å2 63.91 Å2

Average B-factor (solvent) 41.93 Å2 49 Å2

R.m.s.d. from ideal geometry:

Covalent bond lengths 0.011 Å 0.011 Å

Bond angles 1.203° 1.335°

a

where <|Fcalc|> is the expectation of |Fcalc| under the error model used in maximum-likelihood refinement.

b
The free R-factor is a cross-validation residual calculated by using 5% of reflections, which were randomly chosen and excluded from the refinement.
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