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Abstract

Vinculin is a key regulator of the attachment of the actin cytoskeleton to the cell membrane at
cellular adhesion sites that is crucial for processes like cell motility and migration, development,
survival, and wound healing. Vinculin loss results in embryonic lethality, cardiovascular diseases,
and cancer. Its tail domain, Vt, is crucial for vinculin activation and focal adhesion turnover and
binds to the actin cytoskeleton and acidic phospholipids upon which it unfurls. The RNA binding
protein raverl regulates the assembly of focal adhesions transcriptionally by binding to vinculin.
The muscle-specific splice form, metavinculin, is characterized by a 68 residue insert in the tail
domain (MVt) and correlates with hereditary idiopathic dilated cardiomyopathy. Here we report
that metavinculin can bind to raverl in its inactive state. Our crystal structure explains this
permissivity, where an extended coil unique to MVt is unfurled in the MVtA954:raverl complex
structure. Our binding assays show that raverl forms a ternary complex with MVt and vinculin
mRNA. These findings suggest that the metavinculin:raverl:RNA complex is constitutively
recruited to adhesion complexes.
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Introduction

Vinculin is a highly conserved 117 kDa helix-bundle protein that provides essential links of
the actin cytoskeleton to cell adhesion complexes. Vinculin and its alternatively spliced
isoform coined metavinculin are co-expressed in muscle cells where they are required for
proper formation of costameres and intercalated discs in cardiomyocytes. For example,
targeted deletion of vinculinin mice leads to embryonic heart failure and vinculin*!- mice
develop cardiomyopathies. In addition, mechanical load triggers increases in metavinculin
expression, whereas there are marked reductions in metavinculin and vinculin levels in
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cardiomyopathies. Finally, sporadic and familial missense mutations in the metavinculin
insert (A934V, AL954, and R975W) are associated with cardiomyopathies.

Vinculin is comprised of five helix bundle domains; three A~terminal seven-helix bundles
(Vh1-Vh3) and one four-helix bundle form its head (VH) domain, which is connected to a
C-terminal five-helix bundle tail (Vt) domain via a proline-rich loop.12 In its inactive, closed
conformation vinculin binding to most of its partners is masked by intramolecular
hydrophobic interactions of VVh1 with Vt. However, these interactions are severed by the
binding of activators like talin to VVh1, leaving Vt free to binds its partners such as F-actin
and raverl, a RNA binding protein harboring three RNA recognition motifs (RRM1-3) that
appears to deliver mRNA cargo to focal adhesions when bound to vinculin. Further, the Vt
domain also directs the formation of higher-order oligomers and this is facilitated by acidic
phospholipids that are thought to unfurl regions of Vt.

We have shown that the 68-residue insert in the metavinculin tail (MVt) domain harbors a
unique a-helix (H1") and a preceding A-terminal coil that displaces the H1 a-helix and the
preceding A-terminal coil specific to vinculin, forming a unique five-helix bundle.3! This
helix swap imparts unique functions to metavinculin, as it directs its actin bundling and
oligomerization properties.32 Surprisingly, here we report that metavinculin, unlike vinculin,
can bind to raverl in its closed conformation and that this interaction is permissive for
raverl to bind to vinculin RNA. The crystal structure of the metavinculin:raverl complex
explains this permissivity, which directs constitutive metavinculin functions.

Metavinculin binding to raverl is independent of its activation state

Activation of vinculin and metavinculin, for example following binding by the vinculin
binding sites (VBS) of talin to the VVh1 domain, severs their head-tail interactions. This
event is necessary for binding of the VVt domain of vinculin to F-actin and raverl. However,
given the unique structure of MVt we tested if metavinculin could bind to tail-interacting
partners in its inactive conformation. We thus performed F-actin co-sedimentation and
native gel shift assays (Fig. 1). As shown for vinculin previously (Fig. 1b),15 native
metavinculin failed to pellet F-actin in co-sedimentation assays, whereas talin-VBS3-
activated metavinculin interacted with F-actin (Fig. 1c). Surprisingly, however, native gel
shift analyses established that inactive full-length metavinculin bound to the RRM1-3
domains of raverl while full-length vinculin does not (Fig. 1d). Raverl alone was not a
trigger for metavinculin activation because raver1-bound metavinculin does not bind to F-
actin (Fig. 1c); thus, raverl binding does not sever the metavinculin head-tail interaction.
Finally, talin-VBS3-activated, raverl-bound metavinculin bound to F-actin. Therefore,
raverl can bind to inactive metavinculin; raverl is not a metavinculin activator; and raverl,
activated metavinculin, and F-actin can form a ternary complex.

The metavinculin extended coil is unfurled in the MVtA954:raverl structure

To define the molecular basis of how metavinculin interacts with raverl in its closed
conformation we solved the crystal structures of MVtA954 (residues 945-1133) in complex
with raverl (residues 39-321) to 2.5 A resolution (Fig. 2; Table ). We also obtained an
electron density map for the native MVt:RRM1-3 structure to 3.2 A resolution and while
one of the unit cell dimensions cannot be determined with absolute confidence the lower
resolution MVt:RRM1-3 structure is essentially the same as the higher resolution
MV1tA954:RRM1-3 structure reported here. The cardiomyopathy associated deletion mutant,
Leu954, is disordered in our structure where the final model comprises raverl and
metavinculin residues 39-319 and 955-1133, respectively. Crystal contacts generate another
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large metavinculin-raverl interface (Fig. 3) but previous mutagenesis and binding studies
unambiguously identified the interface in solution.28

As seen for the Vt:raverl structures,?8 the three RRM domains of raverl in complex with
metavinculin have a canonical RRM structure, with five-stranded anti-parallel 3-strands and
two o-helices (Fig. 2a). Further, as seen in the native structure of MVt,3! raver1-bound
MV1tA954 is a five-helix bundle domain (a-helices H1' and H2-H5) where the Vt a-helix H1
and its preceding extended coil region are disordered and replaced with a highly
homologous a-helix H1" and an unrelated A~terminal extended coil region of the
metavinculin-specific insert. Importantly, unlike in the Vt:raverl structure,8 the A-terminal
extended coil that precedes the H1" a-helix is unfurled in the metavinculin-raverl interaction
(Fig. 2). Furthermore, superposition of Vt or MVt in complex with raverl and full-length
vinculin or metavinculin structures shows that the extended coil is only unfurled in the
MV1tA954:RRM1-3 structure (Fig. 2b). Thus, raverl binding unfurls a portion of the tail
domain yet this does not activate metavinculin (Fig. 1c).

Further, the binding mode of the unfurled coil of metavinculin with raverl is unique, where
the C-terminus of the unfurled coil binds to the hydrophobic -sheet RNA binding domain
of the RRML (residues Leu62 and Phe97; Fig. 2c; Table I1) through the agency of
hydrophobic metavinculin residues 955-MPS-957. By contrast, in vinculin the structurally
equivalent residues 888-QKA-890 do not interact with raver1.28 Finally, in the Vt:raverl
structure, Tyr92 of the RRM1 domain of raverl engages in hydrophobic interactions with
Phe885 and Pro886 of the Atterminal strand that precedes the H1 a-helix,28 whereas when
bound to metavinculin Tyr92 of raverl is rotated 135° (Fig. 2b) allowing the Lys93 side
chain to occupy its position and clashes with superimposed vinculin residue Glu883.
Superposition of the structures of apo raverl or when bound to vinculin and metavinculin
shows that Tyr92 only has the conformation seen in our MVtA954:RRM1-3 structure when
not bound by vinculin. Thus, vinculin binding, but not metavinculin binding induces this
conformational change.

Movements in raverl accommodate the unfurled coil of metavinculin

In the Vt:raverl structure the A-terminal extended coil of Vt interacts with its a-helix H1 to
generate a hydrophobic core (Phe885, Pro886, and Met899) that binds to Tyr92 of raverl.
Additionally, two electrostatic interactions (raverl Arg91 with vinculin Asp907 and Arg910
with Glu884) and one hydrogen bond (side chain of Arg903 and the main chain carboxyl
group of Pro886) stabilize the specific loop conformation seen in Vt:raverl complex.28
However, in the metavinculin-raverl interaction the Atterminus of the unfurled coil interacts
with a hydrophobic surface of the RRM1 domain of raverl (Fig. 2).

The RRM1 domain in the apo raverl structure is rotated 35° relative to the RRM2-RRM3
domains. This rotation was thought to be induced by a bound sulfate anion, which binds to
Arg59 and Glu159, disrupting their electrostatic interaction, and which appears to mimic an
RNA binding site.36 In the MVtA954:RRM1-3 structure, a glycerol is found within 3.6 A of
the sulfate anion binding site (Fig. 4), again supporting the notion that this is the RNA
binding site. Additionally, even though the side-chains of this binding site in the
MVtA954:RRM1-3 structure have a conformation akin to that of the Vt-bound raverl
structure, the relative RRM1 domain movement resembles that of the apo raverl structure.

The MVt:raverl complex is permissive for binding to RNA

Since the C-terminus of the extended coil of MVtA954 interacts with the hydrophobic -
sheet of the RRM1, we reasoned that this might disrupt raverl RNA binding. To test this we
performed electrophoretic mobility shift assays (EMSA) using biotin-labeled vinculin RNA
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(3089-UCAUGCAGUCUG-3100), a preferred raverl cargo.28 Notably, vinculin RNA
bound as avidly to the MVt:RRM1-3 complex as to the raverl RRM1-3 domains alone
while it did not bind to the RRM2-RRM3 domains (Fig. 5). Mutation of raverl residue
Lys93, which is located in the canonical RNP1 motif of RRML1, to glutamate impaired
vinculin RNA binding by the MVt:RRM1-3 complex (Fig. 5). Thus, the MVt:raverl

complex can bind to RNA and raverl residue Lys93 is important for RNA interaction.

Discussion

Severing the intramolecular head-tail interaction of both vinculin and metavinculin has long
thought to be necessary for their binding to key partners, which allows their respective tail
domains bind to F-actin, the acidic phospholipid PIP, and raverl. Indeed, severing this
intramolecular clamp is essential for the interactions of both vinculin and metavinculin with
F-actin and PIP,, and for vinculin to bind to raverl. Thus, it was very surprising that our
structure and biochemical studies demonstrated that metavinculin in its native, inactive, and
closed-clamp conformation was indeed capable of binding to raverl. These findings
underscore the unique effects of the helix swap on the structure and function of metavinculin
and they strongly support the notion that even in its closed conformation metavinculin is not
a passive molecule, where the A-terminal extended coil that precedes its unique a-helix H1’
is unfurled when bound to raverl, and where the conformation of the metavinculin tail
domain when bound to raverl differs from its native, unbound state. Our crystal structure
fully explains these metavinculin-raverl interactions. However, these alterations in
metavinculin structure are not sufficient to activate metavinculin or affect it's binding to F-
actin, nor do they affect the binding of RNA cargo to raverl. Collectively, these findings
support a model where in muscle cells even native metavinculin is constitutively bound to
RNA-bearing raverl, a scenario that would allow for local and rapid de novo synthesis of
components of adhesion complexes and intercalated discs.

Materials and Methods

Cloning, protein expression, and purification

Human full-length metavinculin, MVt (residues 856-1134), MVtA954 (residues 856-1133),
RRM1-3 (residues 39-321), and RRM2-RRM3 domains (residues 129-321) were generated
as described. The K93E raverl mutant was generated by site-directed mutagenesis. For
crystallization, the MVtA954:RRM1-3 complex was obtained by co-purification using a
Superdex 200 size exclusion chromatography column.

MVtA954:raverl crystallization and X-ray data collection

Complex crystals containing MVtA954 and RRM1-3 were grown by sitting drop vapor
diffusion at 23 °C using a 1:1 ratio of protein (24.5 mg/ml) and reservoir solution [0.1 M
Hepes-NaOH pH 7, 5% (v/v) tacsimate, and 10% (w/v) PEG MME 5K]. Prior to data
collection, crystals were briefly transferred to mother liquor contianing 15% glycerol and
flash cooled in liquid nitrogen. Data were collected at the APS SER-CAT 22BM beam line
and processed using autoPROC3? using XDS,4% POINTLESS and SCALA.41 The X-ray
diffraction data statistics are shown in Table I.

Structure determination of the MVtA954:raverl complex

The structure was solved by molecular replacement using the program MOLREP and the
search model consisted of MVt (residues 961-1129 of chain A in PDB entry 3myi) and
RRM1-3 (residues 39-294 in chain D of PDB entry 3h2u). This gave a clear solution in
spacegroup P6522 (other screw axes in A6,22 as well as A6, were tested) which was refined
in BUSTER*? to an initial crystallographic and free R-factor of 0.292 and 0.328,
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respectively. ARP/WARP3 was then used to allow rebuilding from that starting model. This
initial 447-residue model was subjected to several cycles of BUSTER refinement and
model-building in Coot** resulted in the model described in Table I.

Electrophoretic Mobility Shift Assay (EMSA)

EMSA was performed using purified proteins and 5'-biotin end-labeled 12-mer vinculin
RNA (UCAUGCAGUCUG). The binding mixtures contained 0.4 uM biotinylated RNA,
purified 26 uM raverl protein, 10 mM Tris-HCI pH 7.5, 50 mM KCI, and 1mM DTT. After
incubating for 20 min at room temperature electrophoresis was performed on 8%
polyacrylamide gel at 100 V and the gel was transferred to nylon membrane by
electroblotting at 380 mA for 30 min. Transferred RNA was cross-linked for 1 min using
UV cross-linker. Biotin labeled RNA was detected using a LightShift Chemiluminescent
EMSA kit and X-ray film.

Native gel electrophoresis

The native gel electrophoresis of RRM1-3 (30 uM) bound to metavinculin (30 M) was
performed using the Phast system (Amersham). Proteins were incubated for 15 min at 23 °C
and loaded onto a 10-15% gradient polyacrylamide gel with native buffer strips. Complexes
were visualized by Coomassie Blue staining.

Actin co-sedimentation assays

F-actin co-sedimentation assays were performed as previously described?! in PBS
containing 25 pM raverl, 12 uM metavinculin, and 40 pg of polymerized F-actin. Actin was
purchased from Cytoskeleton Inc., BSA from Sigma, and talin-VBS3 (residues 1944-1969)
was synthesized. Samples were incubated for 20 min at room temperature +/- 10-fold molar
excess of talin-VBS3 and centrifuged at 95,000 x gat 25 °C for 15 min. The pellets were
suspended in SDS sample buffer and equal amounts of supernatants and resuspended pellets
analyzed on a 8-25% gradient polyacrylamide PhastGels using SDS buffer strips. Proteins
were stained with Coomassie Blue.
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Abbreviations

Vit vinculin tail domain

MV full-length human metavinculin
MVt metavinculin tail domain

VH vinculin head domain

RRM RNA recognition motif

VBS vinculin binding site

RMSD root mean square deviation
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Fig. 1.

Raverl binds to inactive metavinculin but not to inactive vinculin. Actin co-sedimentation
assays as analyzed on a 8-25% gradient SDS PAGE gel established that:

(@) raverl (residues 39-321) does not bind to F-actin (FA; raverl, r1, remains in the
supernatant, S, while F-actin pellets, P); (b) raverl binding is not sufficient to activate the
latent F-actin binding properties of vinculin (left gel: vinculin, V, remains in the supernatant,
lanes 1-2; inactive vinculin does not bind to F-actin, FA, lanes 3-4; vinculin activated by
talin VBS3, VBS3, remains in the supernatant, lanes 5-6; the vinculin:VVBS3 complex binds
to F-actin, lanes 7-8. Right gel: vinculin and raverl, r1, are soluble, lanes 1-2; vinculin and
raverl do not bind to F-actin, lanes 3-4; vinculin, raverl, and VBS3 remain soluble, lanes
5-6; vinculin activated by VBS3 pellets with F-actin, lanes 7-8); and (c) raverl binding is
not sufficient to activate the latent F-actin binding properties of metavinculin (left gel:
metavinculin, MV, remains in the supernatant, lanes 1-2; inactive MV does not bind to F-
actin, lanes 3-4; MV activated by VBS3 remains in the supernatant, lanes 5-6; the
MV:VBS3 complex binds to F-actin, lanes 7-8. Right gel: MV and raverl are soluble, lanes
1-2; MV and raverl do not bind to F-actin, lanes 3-4; MV, raverl, and VBS3 remain
soluble, lanes 5-6; MV activated by VBS3 pellets with F-actin, lanes 7-8)

(d) Native gel shift mobility assay of raverl alone (lane 1), vinculin, V, alone (lane3),
metavinculin, MV, alone (lane 5), vinculin incubated with raverl (lane 2), and metavinculin
incubated with raverl (lane 4) shows that a new band is formed corresponding to MV:raverl
complex formation under physiological conditions without pre-activation of MV by a VBS.
In contrast, no vinculin:raverl complex is formed (lane 2).
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Fig. 2.

Unfurling of MVtA954 leads to distinct interactions with raverl.

(a) Cartoon drawing of the RRM1-3 domains of raverl (RRM1 and RRM3 in yellow, RRM2
in grey, M- and C-terminal a-helices in dark grey), which induces the unfurling of the
metavinculin-specific extended coil region that precedes the H1' a-helix (black, residues
950-963). The MVtA954 a-helices are colored according to the rainbow colors (red, a-helix
H1’, residues 964-979; orange, H2, residues 986-1,006; green, H3, residues 1,011-1,040;
blue, H4, residues 1,043-1,072; and violet, H5, residues 1,081-1,114). The termini of
MVtA954, and the MVtA954 and RRM1-3 domains are labeled.
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(b) The unfurled extended coil of MVtA954 interacts with the hydrophobic face of the
RRM1 domain of raverl. Superposition of the two five-helix bundle meta/vinculin
molecules in the asymmetric unit of full-length human metavinculin, full-length human
metavinculinA954, full-length human vinculin, Vt bound to RRM1-3, and the four Vt bound
to RRML1 (only the tail domain is shown, grey) onto MVtA954:RRM1-3 shows that the
extended coil (black) is in a distinct conformation in the MVtA954:raverl structure (same
color coding as in Figure 2a). In its metavinculin-bound state, raverl (yellow) residue
Tyr92, labeled and shown in sticks presentation, rotates almost 135° into the Vt extended
coil-binding site. A similar movement is only seen in the raverl apo structure, which is
superimposed as well (grey).

(c) Novel MVtA954-raverl interactions of the metavinculin extended coil. Ser957 engages
in a hydrogen bond with Arg64, Pro956 binds to Phe97, and Met955 binds to P/ro129.
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MVta954

Fig. 3.

Crystal contacts of MVtA954 that do not involve the raverl RRM1 domain.

Cartoon drawing (same color coding as in Fig. 2a) of the crystal contacts seen in both
MV1tA954:RRM1-3 and Vt:RRM1-3 structures (PDB entry 3h2u) involving mainly the
RRM2 domain (residues 130-220) and the C-terminal a-helix (residues 303-319) with the
metavinculin C-terminus (residues 1114-1133): hydrophobic interactions are manifest for
MVtA954 residue Trp979 with RRM2 residue Pro197, 1le1113 with Leul51 and Leu198,
and Trp 1131 with Ala313 and Ala317, while polar interactions involve Lys982, Thr1040,
Ser1113, Lys1114, 1le1115, Alal119, Gly1120, Thr1122, Leu1123, Arg1124, Arg1127, and
Lys1128 with Glu150, Arg153, Ser191, Arg188, Asp192, Lys196, and Thr202. RRM3
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residues Phe264 and Arg227 make further interactions with MVtA954 Tyr1132 and
GIn1133, respectively. However, in solution, the RRM2-RRM3 domains alone (residues
129-321) do not bind to the vinculin tail domain and the RRM1 E120K and R121E
mutations disrupt the binding of mutated raverl RRM1-3 (residues 39-321) to the vinculin
tail domain.28
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Fig. 4.

The RRM2-RRM3 domains are rotated when bound by metavinculin.

Superposition of the apo raverl structure (cyan) onto raver 1 bound to MVtD954 (yellow) or
to Vt (grey) showing the relative RRM2-RRM3 movement. The unfurled extended coil of
MV1tA954 binds in the cleft between RRM1 and the RRM2-RRM3 domains. Key residues,
the sulfate in the apo raverl structure, and two of the bound glycerols in the
MVtA954:raverl structure are shown in ball-and-stick representation.
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Fig. 5.

MVt-raverl interactions are permissive for binding to RNA.

EMSA of biotin-labeled vinculin RNA and raverl proteins in complex with MVt establishes
that the metavinculin:raverl complex can bind to this RNA. Note that RRM2-RRM3 protein
failed to bind vinculin RNA (lane 4) and that vinculin RNA binding was impaired by the
K93E raverl mutant (lanes 8, 9).
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MVtA954:raver 1 X-ray data reduction and crystallographic refinement statistics

Table |

(A) X-ray data reduction statistics
Space group
Unit cell dimensions
a=b, ¢
Resolution (last shell)
Total measurements (last shell)
Number of unique reflections (last shell)

Wavelength

R-merge *(Iast shell)
Average /la(/) (last shell)
Completeness (last shell)
Multiplicity (last shell)
(B) Crystallographic refinement statistics
Resolution (last shell)
No. of reflections working set (last shell)
No. of reflections test set (last shell)
R—factor’tworking set (last shell)
R—free§(last shell)
No. of amino acid residues
No. of protein atoms
No. of solvent molecules
No. of glycerol residues
No. of Hepes residues
Average B-factor

Protein

Solvent

Glycerol

Hepes
R.m.s.dfrom ideal geometry

Bond lengths

Bond angles

PBs22

1649 A, 102.6 A
35.7A-2536 A (2545 A -2.536 A)

595,557 (3,069)

27,719 (256)

1A

0.096 (0.458)

31.9 (6)
1(1)
215 (12)

35.7A-254 A (264 A-254A)

26,220 (2,703)

1,390 (152)
0.169 (0.18)

0.204 (0.245)

467
3,628
232
13

1

445 A2
472 A?
69.4 A
133 A2

0.01 A
1.07°

«R-merge=Y > |L;(hkl)—I(hkD)|/> > Li(hkl)

hkl @

hkl

7

s R-factor=> | Fops(hkl)— (| Fearc(hkD)|)| /> Fops(hkl)

hkl

where < | F¢alc | > denotes the expectation of | Fcglc(hkl)| used in defining the likelihood refinement target

8.

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

refinement
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MV1tA954 residuesin contact with raver 1 residues

Table Il

(A) Hydrophobic inter actions

MV1tA954 residues raverlresidues(RRM1location) distance
Met955 CB Pro129 CG (C-terminus) 4.4 A
Pro956 CG Phe97 CZ (B3) 4A
Arg992 CD Asp69 CB (B1-al loop) 43 A
Leu995 CD2 Tyr92 CD1 (32-33 loop) 37A
Leu996 CD2 Asp69 CB (B1-al loop) 42A
GIn1016 CB Glu120 CB (4-p5 loop) 36A
(B) Polar interactions

MV1tA954 residues raverlresidues(RRM1location) distance
Ser957 OG Arg64 NH2 (B1) 31A
His973 NE2 Tyr92 OH (B2-3 loop) 34A
Glu999 OE1 Arg121 NH2 (B4-B5 loop) 28A
Glu999 OE2 Arg121 NE (B4-5 loop) 28A
Arg1002 NH1 Tyr92 O (B2-B3 loop) 28A
Ser1008 OG Glu122 OE1 (B5) 29A
Gly1009 O Argl117 NH1 (B4) 31A
Arg1012 NH2 Glu120 OD2 (B4-B5 loop) 29A
Arg1012 NE Glu120 OE1 (B4-B5 loop) 28A
Asp1020 OD2 Arg121 NH2 (4-B5 loop) 29A
Asp1020 OD2 Arg119 NH2 (4-B5 loop) 32A
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