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Vinculin is an essential and highly conserved cell adhesion
protein, found at both focal adhesions and adherens junctions,
where it couples integrins or cadherins to the actin cytoskeleton.
Vinculin is involved in controlling cell shape, motility, and cell
survival, andhasmore recently been shown toplay a role in force
transduction. The tail domain of vinculin (Vt) contains determi-
nants necessary for binding and bundling of actin filaments.
Actin binding to Vt has been proposed to induce formation of a
Vt dimer that is necessary for cross-linking actin filaments.
Results from this study provide additional support for actin-
induced Vt self-association. Moreover, the actin-induced Vt
dimer appears distinct from the dimer formed in the absence of
actin.Tobetter characterize the role of theVt strap and carboxyl
terminus (CT) in actin binding, Vt self-association, and actin
bundling, we employed smaller amino-terminal (NT) and CT
deletions that do not perturb the structural integrity of Vt.
Although both NT and CT deletions retain actin binding,
removal of the CT hairpin (1061–1066) selectively impairs actin
bundling in vitro. Moreover, expression of vinculin lacking the
CT hairpin in vinculin knock-out murine embryonic fibroblasts
affects the number of focal adhesions formed, cell spreading as
well as cellular stiffening in response to mechanical force.

The ability of cells to sense and respond to environmental
cues such as mechanical forces is critical for multiple cellular
processes including embryogenesis and wound healing (1–3).
To transmit forces across the cell membrane in both directions,
the actin cytoskeleton couples transmembrane receptors
(integrin or cadherin), through points of cell adhesion consis-
ting of multiple protein complexes that form cell-extracellular
matrix (focal adhesions) and cell-cell (adherens junctions) con-
tacts (3, 4). Vinculin is an abundant protein found in both focal
adhesions and adherens junctions, and plays a key role in regu-
lating cell morphology, cell motility, and force transduction (2,
5). Vinculin is essential during development as vinculin knock-

out (KO) mouse embryos fail to survive beyond day E10 with
extensive defects in myocardial and endocardial structures (6).
Consistent with a role in muscle structure, vinculin KO mice
are predisposed to stress-induced cardiomyopathy (7). More-
over, mutations and deletions in the tail domain of metavincu-
lin, a splice isoform of vinculin, are associated with dilated car-
diomyopathy (8–10). Vinculin also possesses tumor suppressor
properties as vinculin KO cells are less adherent, have a
roundedmorphology, reduced lamellipodial stability, increased
motility (6, 11), and are resistant to apoptosis and anoikis (12).
Vinculin is a highly conserved cytoskeletal protein that has

1066 residues and contains a globular head, a flexible proline-
rich linker, and a tail domain (13). Each discrete vinculin
domain recognizesmultiple binding partners: the vinculin head
(Vh)4 binds to talin, �-actinin, and IpaA (14–16); the proline-
rich linker interacts with vasodilator stimulated phosphopro-
tein (VASP), CAP/ponsin, vinexin, and the Arp2/3 complex
(17–20); the vinculin tail (Vt) associates with filamentous actin
(F-actin), phosphatidylinositol (4,5)-bisphosphate, and paxillin
(21–23). In the autoinhibitory form of vinculin, tight intramo-
lecular interactions betweenVh andVt occlude binding tomost
of its ligands (13). Vinculin becomes activated upon release of
autoinhibitory Vh/Vt interactions, leading to recruitment and
formation of multiprotein adhesion complexes (24–27).When
activated at focal adhesions (FAs) (28), vinculin serves as a
mechanotransducer because it helps establish the link between
membrane-associated integrins and the cytoskeleton through
its association with talin and F-actin. Vinculin interacts with a
number of cell adhesion proteins, acidic phospholipids, and can
be phosphorylated by both tyrosine and serine/threonine
kinases. However, it is currently unclear how these interactions
and covalent modifications contribute to its role in regulating
cell morphology, motility, and cell survival.
The structure of full-length vinculinwas solved by x-ray crys-

tallography (PDB codes 1ST6 and 1TR2), and found to possess
an all helical fold (13, 29). Vinculin contains a large 90-kDa Vh
domain comprised of helical bundles and is linked to Vt via a
proline-rich region. The proline-rich region is likely to be
unstructured and/or dynamic as it lacks electron density in the
crystal structures of full-length vinculin. Vt is comprised of an
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antiparallel 5-helix bundle that contains an N-terminal strap
region (NT, residues 879–892) and a C-terminal arm (CT, res-
idues 1051–1066) that forms interactions with the core helix
bundle. The structure of the isolated Vt domain was also solved
independently by x-ray crystallography (PDB code 1QKR) (30).
Although the Vt domain specifically interacts with actin and
acidic phospholipids, binding to these ligands is significantly
reduced in the context of full-length vinculin, as intramolecular
interactions betweenVh andVt partiallymask their association
with Vt. However, as the structure of the isolated tail domain is
similar to its structure within the full-length protein, a number
of studies investigating Vt/ligand interactions have been con-
ducted using the isolated Vt domain, as this is believed to be a
good model of Vt/ligand interactions that occur when Vt is
freed from Vh upon activation.
Models for how Vt interacts and bundles F-actin have been

proposed. For example, Johnson and Craig (31) proposed that
actin association with Vt promotes a conformational change in
Vt that exposes a cryptic dimerization site that promotes actin
filament bundling. In a more recent study combining electron
microscopy, computational docking, and mutagenesis
approaches, Janssen et al. (32) proposed a model for the Vt�F-
actin complex in which F-actin associates through two distinct
binding sites on Vt, with site 1 containing residues in helices 2
and 3 of Vt and site 2 comprising a binding interface from hel-
ices 3, 4, and the CT. Moreover, results obtained from deletion
mutagenesis studies indicate that the NT and CT of Vt have
opposing roles in actin bundling. Although removal of the NT
strap impaired actin bundling, deletion of the CT enhanced the
ability of Vt to bundle actin filaments (32). However, large dele-
tions within globular proteins can affect their structural integ-
rity. In fact, the CT of vinculin forms contacts with both the
strap and the helix bundle, and it has been previously shown
that a Vt variant (Vt �C, 1052–1066) containing a 15-amino
acid CT deletion alters NMR spectral properties, reduces sta-
bility, and makes Vt �C more susceptible to proteolytic degra-
dation (33, 34).
Hence, we made smaller deletions in the NT and CT of Vt

that do not significantly alter Vt structure, and have assessed
actin binding and bundling properties of these mutants. Con-
trary to previous results, our studies indicate that the CT hair-
pin, rather than the NT strap is important for F-actin bundling
in vitro. We also conducted cross-linking studies on Vt in the
presence and absence of actin, and results from these studies
provide additional support for formation of an actin-induced
Vt dimer that is distinct from a dimer that can be formed in the
absence of actin. Furthermore, we investigated the effect of vin-
culin CT hairpin deletion on FA morphology and mechanical
properties in vinculin KO murine embryonic fibroblasts
(Vin�/� MEFs). Our results demonstrate that deletion of the
CT hairpin affects the number of focal adhesions and alters its
response to mechanical forces (35).

EXPERIMENTAL PROCEDURES

Vinculin Tail Protein Expression and Purification—The tail
domain of chicken vinculin (Vt) containing residues 879–1066
was cloned into a pET15b vector (Novagen,Madison,WI) (34).
Several deletion variantswere generated from thisVt construct,

including twoVtNT strap deletions (a 5-amino acid strap dele-
tion (884–1066 (�N5)) and a full strap deletion (893–1066
(�strap)), and three CT deletion variants (879–1061 (�C5),
879–1064 (�C2), and 879–1065 (�C1)). All Vt variants were
generated using QuikChange site-directed mutagenesis (Strat-
agene, La Jolla, CA), with sequences verified by DNA sequenc-
ing. Vinculin protein expression and purification have been
reported previously (34). Briefly, Vt plasmids were transformed
into Escherichia coli strain BL21(DE3)RIPL. Cells were grown
either in Lysogeny broth-richmedia orM9minimalmedia with
15NH4Cl as the sole nitrogen source at 37 °C to an A600 of 0.6.
The cell cultures were cooled to 18 °C before adding isopropyl
�-D-1-thiogalactopyranoside to a final concentration of 0.5 mM

to induce Vt expression overnight. Cells were then pelleted by
centrifugation at 5,800 � g for 30 min and re-suspended in the
lysis buffer (20 mM Tris, 150 mM NaCl, 5 mM imidazole, 2 mM

�-mercaptoethanol, pH 7.4) before sonication. The cell lysate
was then clarified at 25,000� g for 1 h, and the supernatant was
loaded onto a nickel affinity column (Qiagen, Germantown,
MD) and washed twice with an nickel wash buffer (20 mM Tris,
150 mM NaCl, 60 mM imidazole, 5 mM �-mercaptoethanol, pH
7.5). Histidine-tagged Vt protein was then eluted with a nickel
elution buffer (20 mM Tris, 150 mM NaCl, 500 mM imidazole, 5
mM �-mercaptoethanol, pH 7.5). The His tag was removed by
addition of thrombin (Sigma), and further purified by cation-
exchange (Hiprep SP XL 16/10) fast protein liquid chromatog-
raphy (GE Healthcare). All Vt variants were examined by SDS-
PAGE gel to assess purity and protein integrity before being
employed for biochemical assays.
Actin Co-sedimentation Assay—The actin binding and bun-

dling properties of the Vt variants were assessed using an
adapted actin co-sedimentation assay (36). Briefly, monomeric
actin (G-actin) purified from rabbit muscle acetone powder
(Pel-Freez Biologicals, Rogers, AR) was polymerized with an
equal volume of 2� actin polymerization buffer (20 mM Tris,
200 mM KCl, 5 mM MgCl2, 4 mM dithiothreitol (DTT), pH 7.5)
at room temperature for 30 min. To assess binding of the Vt
variants with F-actin, a 100-�l sample in 1� actin polymeriza-
tion buffer containing actin at concentrations ranging from0 to
60 �M and 10 �M Vt protein was incubated at room tempera-
ture for 1 h. It should be noted that the A/V ratio was deter-
mined based on the G-actin concentration, given difficulties
associated with the quantifying F-actin concentration due to
the heterogeneity of F-actin polymers. The samples were cen-
trifuged at high speed (184,200 � g) on a Beckman-Coulter
TLA100 rotor for 30min at 25 °C. For bundling assays, a 100-�l
sample in 1� actin polymerization buffer containing 20 �M

actin and 10 �MVt protein was incubated at room temperature
for 1 h. Samples containing F-actin bundles were obtained by
careful extraction of the supernatant upon low speed centrifu-
gation (5,000 � g). The pellet was then re-suspended in 100 �l
of 0.1% SDS buffer (0.1% SDS, 25 mM glycine and 25 mM Tris,
pH8.3). Actin andVt protein contained in both the supernatant
and solubilized pellet were separated using 15% SDS-PAGE
gels. Actin and Vt proteins in both samples were quantified
using the densitometry software package Alpha EaseFC (Alpha
Innotech, San Leandro, CA). Actin binding properties of Vt
variants were calculated as follows.
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% Vt binding �
Vtdenso,pellet

Vtdenso,pellet�Vtdenso,supernatant
(Eq. 1)

where Vtdenso,pellet is the densitometry reading of Vt pelleted at
184,200 � g, whereas Vtdenso,supernatant is the densitometry
reading of Vt retained in the supernatant. Actin bundling prop-
erties of Vt variants were calculated as follows,

% F-actin bundled �
Actindenso,pellet

Actindenso,pellet�Actindenso,supernatant

(Eq. 2)

where Actindenso,pellet is the densitometry reading of actin pel-
leted at 5,000 � g and Actindenso,supernatant is the densitometry
reading of actin retained in the supernatant.
FluorescenceMicroscopy of F-actin Bundles—F-actin bundles

induced by the addition ofWT or Vt�C5were visualized using
fluorescencemicroscopy, as previously described (36). Samples
were prepared following conditions described for the actin
bundling assay. Briefly, 20 �M pre-polymerized actin was incu-
bated alone or with 10 �M Vt proteins (WT Vt or Vt �C5) at
room temperature for 1 h. The mixture was then diluted 20 �
with 1� actin polymerization buffer (10 mM Tris, 100 mM KCl,
2.5 mM MgCl2, 2 mM DTT), pH 7.5. Alexa Fluoro-488 phalloi-
din (Invitrogen) was added to the mixture to a final concentra-
tion of 1.5 �M and then incubated for 5 min at room tempera-
ture. The samplewas diluted to an actin concentration of 50 nM.
Five-microliter sample aliquots were placed on a glass slide and
covered with a glass coverslip. Fluorescence images were
acquired on aZeissAxiovert 200Mmicroscope equippedwith a
60� objective lens and a Hamamatsu ORCA-ERAG digital
camera.
NMR Spectroscopy—15N-enriched Vt samples were exchanged

into NMR buffer (10 mM potassium phosphate, 50 mM NaCl,
0.1% NaN3, 2 mM DTT, pH 5.5) and concentrated to 0.3 mM

with 10% D2O added. Two-dimensional 1H-15N heteronuclear
single quantum coherence (HSQC) NMR spectra were
acquired on a Varian INOVA 700 MHz spectrometer at 37 °C
(37). NMR data were processed with NMRPipe (38) and ana-
lyzed using NMRViewJ (39).
Circular Dichroism (CD) Spectroscopy—Both WT Vt and Vt

�C2 were exchanged into CD buffer (10 mM potassium phos-
phate, 50 mM Na2SO4, pH 7.5). CD spectra were acquired for
both far (260–190 nm) andnear (350–250 nm) ultraviolet (UV)
spectra regions (34) at 25 °C on an Applied Photophysics Chi-
rascan Plus CD spectrometer. Vt variant concentrations were
adjusted to 5 �M and 0.45 mM for far and near UV CD spectra
acquisition, respectively.
Chemical Cross-linking of Vt Proteins—Chemical cross-link-

ing of Vt in the presence and absence of actin was carried out
using a procedure similar to that described by Johnson and
Craig (31). However, instead of using disuccinimidyl suberate
(DSS), bis(sulfosuccinimidyl) suberate (BS3, Thermo Scien-
tific), a water-soluble DSS analog, was employed. In the cross-
linking reactions, freshly purified Vt proteins were buffer
exchanged into a cross-linking sample buffer (10 mM sodium
phosphate, 100 mM NaCl, 0.02% NaN3, pH 7.5). Actin was
polymerized as described in the actin co-sedimentation assay.

Vt proteins (2.5 �M) were mixed with 0–15 �M actin in the
cross-linking reaction buffer (2 mM NaHCO3, 100 mM NaCl, 2
mM MgCl2, 0.2 mM CaCl2, 0.2 mM ATP, 0.02% NaN3, pH 7.6).
Cross-linking reactions were carried out by adding BS3 to a
final concentration of 25�M. After incubation at room temper-
ature for 40 min, the cross-linking reaction was quenched with
1 M Tris, pH 7.5, to a final concentration of 50 mM Tris. The
cross-linked products were separated by either 7% NuPAGE
Tris acetate gels (Invitrogen) or 15% SDS-PAGE gels followed
byWestern blot analysis. Vt protein bands were detected using
a rabbit anti-chicken Vt antibody (31), a gift from Dr. Susan
Craig (John Hopkins University), and HRP-conjugated anti-
rabbit IgG (Promega, Madison, WI). Actin containing bands
were detected using a rabbit anti-actin polyclonal antibody
(Sigma).
Cell Culture—Vinculin-null murine embryo fibroblasts

(Vin�/�) (6) were obtained from Dr. Eileen Adamson (Burn-
ham Institute, La Jolla, CA) and grown in Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen) supplemented with 10%
fetal bovine serum (Sigma) and antibiotic-antimycotic solution
(Sigma).
DNA Constructs and Transfection—GFP-tagged full-length

chicken vinculin(1–1066) plasmid in pGZ21XdZ vector was
obtained from Dr. Kenneth Yamada (National Institutes of
Health). The �C5 variant of GFP vinculin was generated using
a QuikChange site-directed mutagenesis kit (Stratagene) and
verified byDNA sequencing. Cells were transfectedwith vincu-
lin expression constructs using Lipofectamine (Invitrogen) and
Plus Reagent (Invitrogen) according to themanufacturer’s pro-
tocol and examined 48 h following transfection.
Adhesion Site Analysis—Cells were seeded onto glass cover-

slips coated with fibronectin (FN) (50 �g/ml). After 120 min,
cells were washed with phosphate-buffered saline (PBS), fixed
in phosphate-buffered 4% paraformaldehyde for 15 min, per-
meabilized in 0.3% Triton X-100 for 10min, blocked for 10min
in 5% bovine serum albumin, and incubated with Alexa Fluor
594-conjugated phalloidin (Molecular Probes) for 30 min.
Immunofluorescence images were taken with a Zeiss Axiovert
200M microscope equipped with a Hamamatsu ORCA-ERAG
digital camera and Metamorph work station (Universal Imag-
ingCorp.). A previously describedmethodwas adapted to iden-
tify and quantify the properties of the vinculin-stained adhe-
sions (40). This method applies a high pass filter to the images
and applies a user-specified threshold to identify adhesions.We
found that the watershed-based segmentation method pro-
posed in Ref. 40 was unnecessary for our application, instead
objects connected in a four-pixel neighborhood were assigned
unique adhesion labels using aMatlab script recently described
(41). Adhesions touching the edge of the field of view were
removed and any holes in individual adhesions were filled.
Finally, adhesion sizes and the number of adhesions per image
were counted.
Force Microscopy—Three-dimensional force microscopy

(35) was used for applying controlled and precise 60–100
piconewton local force to the magnetic beads. Tosyl-activated
magnetic dynabeads (2.8 �m, Invitrogen) were washed with
phosphate buffer and incubated for 24 hwith FN at 37 °C. After
three washes with PBS, the beads were sonicated and incubated
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with cells for 40 min. Upon force application, bead displace-
ments were recorded with high speed video camera (Jai Pulnix,
San Jose, CA) and tracked using Video Spot Tracker software
developed by the Center for Computer Integrated Systems for
Microscopy and Manipulation at the University of North Car-
olina-Chapel Hill. The three-dimensional force microscopy
system was calibrated prior to experiments using a fluid of
known viscosity. Beads that showed displacements less than 10
nm (detection resolution of the three-dimensional force
microscopy) were not selected for analysis. Custom Matlab
scripts were used to calculate the creep compliance Jmax, also
referred to as deformability, which is defined as the average
time-dependent deformation normalized by the constant stress
applied,

Jmax �
rmax

F � 6��
(Eq. 3)

where rmax is the displacement of the bead due to an applied
force, F and a are the radius of the bead. Each compliance curve
was then fit to a Jeffrey’s (modified Kelvin-Vogit) model for
viscoelastic materials (42, 43). Stiffness was reported as the
value of k in pascals. Subsequent pulses were fit in the same
manner and the average k for each cell type and pulse number
was obtained and reported as mean � S.E. All statistical analy-
ses, including two-tailed Student’s t test for p values, were per-
formed in Microsoft Excel.

RESULTS

The structure of the chicken Vt domain has been solved by
x-ray crystallography (30), and is comprised of a 5-helix bundle
fold containing both NT and CT extensions that form contacts
with the helix bundle. The NT extension (residues 879–892),
termed “strap,” packs against an interface formed between Vt
helices 1, 2, and the CT hairpin. Johnson and Craig (31) per-
formed chemical cross-linking studies on Vt in the absence and
presence of F-actin using a Vt construct with a partial deletion
in the strap (884–1066), and proposed a model in which actin
binding to Vt induces a conformational change in Vt that pro-
motes Vt dimerization and F-actin bundling. Moreover, results
obtained by Janssen et al. (32) indicated that the strap region of
Vt was important for F-actin-induced Vt dimerization, as
removal of the strap (893–1066) significantly reduced actin
bundling efficiency by�60%. On the other hand, removal of 15
CT amino acids (Vt �C), was found to increase bundling by
23%. Based on these results, the authors suggested that the Vt
CTmay act to obstruct actin-mediated Vt dimer formation and
actin bundling. However, the CT of vinculin forms contacts
with the strap and the helix bundle, and it has been previously
shown that Vt �C alters NMR spectral properties, reduces sta-
bility, and is more susceptible to proteolytic degradation (33,
34). As the study from Janssen and co-workers (32) focused on
large deletions (13–15 amino acid) of the NT and CT of Vt that
could potentially alter the structural integrity of the protein, we
conducted actin binding and bundling analyses with smaller
deletion variants of Vt.
Deletion of Vt Strap Does Not Affect Actin Binding and

Bundling—We first compared actin bundling properties ofWT
Vt(879–1066) with the Vt variant that lacks the strap (Vt

�strap, 893–1066) as well as a smaller 5-amino acid NT dele-
tion mutant (Vt �N5, 884–1066). Although actin binding and
bundling assays on vinculin have been reported with different
actin/vinculin (A/V)molar ratios (31, 32, 36, 44), this ratio is an
important consideration, because a low A/V ratio will limit the
amount of the Vt dimer induced in the presence of F-actin and
consequently the amount of actin bundling. Therefore, we have
employed an A/V ratio in our actin bundling experiments that
results in saturation or close to saturation binding ofVt to actin.
According to the structure based model of the Vt�actin com-
plex, one Vt molecule binds to two adjacent actin molecules
located on the same actin filament (32). Given this model, we
expect that an A/V ratio of 2 will saturate the F-actin binding
sites on Vt, assuming all of the G-actin polymerizes into func-
tional F-actin polymers.We therefore screenedA/V ratios from
0.5 up to 6 while keeping the WT Vt concentration constant
(10�M), with quantification of theA/V ratio as described under
“Experimental Procedures.” The amount of Vt associated with
F-actin at various A/V ratios is illustrated in Fig. 1A. Consistent
with themodel of Janssen et al. (32), we find that most of the Vt
associateswith F-actin at anA/V ratio of 2 (actin concentration:
20 �M), with a small increase from 60 to�70% observed at A/V
ratios of 6.
To assess the role of the Vt NT strap in actin binding, we

conducted actin co-sedimentation experiments at actin con-
centrations of 0–30 �M and a Vt concentration of 10 �M, and
compared actin binding properties ofWTVtwith twoNTdele-
tion mutants, Vt �N5 and Vt �strap, with the results shown in
Fig. 1. Results from these studies (Fig. 1B) indicate that both the
partial (�N5) and full (�strap) strap deletion variants show
slightly enhanced associationwith actin comparedwithWTVt.
We also examined actin bundling properties of the two NT
deletion variants, at an A/V ratio of 2. As shown in Fig. 1C, we
observe similar actin bundling efficiency for both Vt �N5 and
Vt �strap compared with WT Vt. Importantly, previous work
by our lab suggested that deletion of 5NTamino acids (Vt�N5)
from Vt does not affect the structural integrity of the Vt helix
bundle (34). Taken together, these results suggest that neither a
small deletion of theN terminus nor removal of the entire strap
impairs actin binding or bundling, in contrast to previous find-
ings (32).
Vt CT Deletion Mutants Are Impaired in Actin Bundling but

Not Actin Binding—Studies by Janssen et al. (32) found that
removal of 15 amino acids from the Vt CT arm (Vt �C)
enhanced the ability of vinculin to bundle F-actin, and pro-
posed that the Vt CT arm may require a conformational rear-
rangement so that it does not obstruct formation of the F-actin-
induced Vt dimer. However, the Vt CT arm forms multiple
interactions with the helix bundle and strap, and removal of the
Vt CT arm has been shown to alter both the structural integrity
and stability of the tail domain (34). In particular, our previous
NMR studies indicate that deletion of 7 or more amino acids
from the CTmay alter the structural integrity of Vt, consistent
with previous findings that Vt�C is highly sensitive to protease
degradation (33). Therefore, we examined the effect of smaller
deletionswithin theCThairpin (1061–1066) on the ability ofVt
to bind and bundle F-actin.
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As shown in Fig. 2A, the CT deletion variants, Vt �C5(879–
1061), Vt �C2(879–1064), and Vt �C1(879–1065), showed
similar actin binding relative toWTVt, over anA/V ratio range
of 0.5 to 3. These results indicate that smaller (5 amino acids or

less) amino acid deletions of the Vt C terminus do not alter
actin binding to Vt.We then compared the ability of these dele-
tion variants to bundle actin filaments. These analyses were
conducted at an A/V ratio of 2 where WT Vt and the deletion
variants show close to maximum actin binding. Our findings
indicate that all three C-terminal deletion variants impair the
ability of Vt to form actin bundles. As shown in Fig. 2B, removal

FIGURE 1. Vt NT deletions within the strap do not affect actin binding and
bundling. A, binding of WT Vt to F-actin at actin concentrations ranging from
0 to 60 �M. The solid line provides visual guidance; binding to F-actin reaches
a plateau at actin concentrations of �20 �M or higher; WT Vt concentration,
10 �M; B, compared with WT Vt, both the �N5 and �strap Vt variants show
slightly enhanced actin binding. Vt variant concentration was 10 �M; actin
concentration was 0 –30 �M. C, Vt variants with partial (�N5) and complete
deletion of the strap (�strap) show comparable actin bundling to that of WT
Vt. Vt variant concentration was 10 �M; actin concentration was, 20 �M.

FIGURE 2. Vinculin CT hairpin is critical for bundling F-actin, but not for
binding F-actin. A, compared with WT Vt, Vt variants containing deletions of
residues within the CT hairpin does not alter binding to F-actin. Vt variant
concentration used was 10 �M; actin concentrations ranged from 0 to 30 �M;
B, deletion of C-terminal residues 1062 to 1066 (Vt �C5) impairs Vt-induced
F-actin bundling. Vt concentration was 10 �M; actin concentration was 20 �M.
Vt protein was not present in the control runs; C, deletion within the Vt C-ter-
minal hairpin reduces the amount of Vt associated with F-actin bundles. Vt
concentration was 10 �M; actin concentration was 20 �M. In the absence of Vt,
a protein band at �23 kDa was not observed in the control run.
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of 1 residue (Gln-1066) from the Vt C terminus significantly
reduces the percentage of bundled F-actin down from 75 to
55%. Removal of a second amino acid, Tyr-1065, fromVt results
in an even more dramatic reduction in actin bundling to 17%,
which corresponds to a 77%drop in bundling relative toWTVt.
Further deletion of the entire hairpin (Vt�C5) leads to an addi-
tional decrease in bundling F-actin down to 14%. In the absence
of Vt, we observe that �10% of actin is bundled in our control
samples (Fig. 2B). Quantification of Vt variants associated with
bundles of actin filaments reveal that the amount of Vt variants
associated with F-actin bundles (Fig. 2C) correlates with the
amount of actin bundles observed in Fig. 2B. For example, dele-
tion of CT hairpin (Vt �C5) leads to �78% reduction in Vt
associated with F-actin bundles, whereas the amount of F-actin
bundles decreases by 81%. As removal of the CT hairpin
severely attenuates actin bundling properties of Vt but does not
affect actin binding, the Vt CT hairpin appears to play a critical
role in bundling actin.
We further examined the role of the Vt CT hairpin in bun-

dling F-actin by fluorescence microscopy. As shown in Fig. 3A,
few actin bundles are observed for pre-polymerized actin in the
absence ofWTVt.However, in the presence ofWTVt (Fig. 3B),
most actin filaments are incorporated into thick actin bundles
at the A/V ratio of 2. These observations agree well with our
actin bundling assay results, indicating that �80% of the actin
filaments form bundles. However, removal of the CT hairpin
from Vt impairs Vt-mediated actin bundling, as shown by the
significant reduction in actin filament bundles observed for Vt
�C5 relative to WT Vt (Fig. 3C). Only randomly oriented thin
F-actin fragments are observed, corresponding to a small per-
centage of actin bundles (� 14%) (Fig. 2B). Both actin co-sedi-
mentation assay results and the fluorescence micrograph anal-
yses suggest that the Vt CT hairpin plays an indispensable role
in bundling F-actin.
Vt CT Deletion within the Hairpin Does Not Alter Vt

Conformation—We previously conducted NMR and CD anal-
yses on a CT deletion variant (Vt �C5) of Vt that lacks the
hairpin (34). Results from these studies indicated that loss of 5
amino acids from the Vt CT does not alter the structural integ-
rity of the helix bundle. However, results shown in Fig. 2B indi-
cate that amino acids in the CT hairpin play an important role
in the ability of Vt to bundle F-actin filaments, as Vt �C1, Vt
�C2, and Vt �C5 have significantly impaired actin bundling
abilities compared withWTVt, with Vt�C2 possessing similar
bundling efficiency to Vt �C5. Although our previous NMR

studies suggested that Vt �C5 does not alter the structural
integrity of Vt (34), given the dramatic drop in actin bundling
properties associated with both the Vt �C2 and Vt �C5 vari-
ants, we wanted to further compare NMR spectra of Vt �C2
and Vt �C5 with that of WT Vt. Two-dimensional 1H-15N
HSQC NMR spectra are often employed to examine whether
mutations or deletions within proteins produce localized or
global perturbations by comparison of NH chemical shifts
between the WT and mutant protein, as each amino acid with
the exception of proline contains a backbone amide that can be
used as a site-specific probe. Perturbation of an amides back-
bone chemical environment will alter its chemical shift as
reflected by a change in resonance position within the HSQC
spectrum. Moreover, changes in peak intensity and/or line
width often reflect alterations in protein dynamic properties. If
large scale perturbations in the chemical shifts and/or intensi-
ties of theNHpeaks are observed, this can indicate that amuta-
tion alters the structural or dynamic properties of the protein,
but quantification and verification require additional experi-
ments.We have previously obtained backboneNMR resonance
assignments of Vt (37), and demonstrated that the 1H-15N
HSQC two-dimensional NMR spectrum of the Vt �C5 variant
overlays well withWTVt (34), indicating that deletion of the C
terminus does not alter the structural integrity of the helix bun-
dle fold. It is therefore not surprising that the two-dimensional
1H-15N HSQC spectrum of the Vt �C2 mutant also overlays
quite well with WT Vt (Fig. 4A), further supporting our earlier
observations that deletions within the hairpin do not alter the
helix bundle fold ofVt.Althoughmost amide resonances donot
change upon CT hairpin deletion (Vt �C5), chemical shift
changes are observed for residues proximal to the deletion.
Small NH chemical shift changes are observed in the HSQC
spectrum of Vt �C2 compared withWT Vt for Lys-915, which
is located in the loop between helix 1 and 2, Met-930 in helix 2,
and Lys-1035 in helix 5.We postulate that these differences are
due to removal of Tyr-1065 in the context of Vt �C2. Tyr-1065
in the CT hairpin has a number of contacts with helix 2 (e.g.
K924) and with the loop between helices 1 and 2 (e.g. S914)
(PDB code 1ST6). Additionally, residues on helix 5 form salt
bridges with their counterparts on helix 2 (e.g. Arg-1039 on
helix 5 andGlu-908 on helix 1) (11). Thus, removal of Tyr-1065
may alter the chemical environment of residues on helices 1
and 2, especially those close to the CT, and subsequently, helix
5. The chemical shift changes observed for Lys-915, Met-930,
and Lys-1035 in Vt �C2may indicate that residues proximal to

FIGURE 3. Visualization of actin bundles in the presence and absence of WT Vt and Vt �C5 using fluorescence microscopy. Removal of the CT hairpin
significantly impairs F-actin bundling. A, in the absence of Vt, only F-actin fragments are observed; B, when incubated with WT Vt, F-actin forms thick and stable
actin bundles; C, upon incubation with Vt �C5, F-actin forms randomly oriented thin fragments, similar to those observed in A. Samples were prepared using
the procedure described for the actin bundling assay. The nominal actin and Vt concentrations during image acquisition are 50 and 25 nM, respectively. Scale
bar, 25 �m.
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the CT deletion site (Thr-1062 through Trp-1064) may be
needed for propagation of chemical shift changes to these res-
idues (Fig. 4A). The Pro-1063 NH resonance is unobservable in
the HSQC spectrum as it lacks a backbone amide.
To corroborate our NMR data, we also acquired CD spectra

onWTVt andVt�C2 (Fig. 4B). Both far and nearUV spectra of
WT Vt and Vt �C2 overlay very well, suggesting that neither
the secondary structure nor the tertiary structure of Vt�C2 are
altered. Among the 3 tryptophan residues (Trp-912, Trp-1058,

and Trp-1064) in Vt, Trp-912 located in the loop between
helix 1 and 2, packs against Trp-1058 in the C terminus,
forming a tertiary interaction (PDB code 1ST6). The near UV
CD spectrum is likely dominated by Vt tryptophan residues
and does not change upon deletion of the last 2 residues
within the CT hairpin, suggesting that this tertiary interac-
tion is unaffected. Therefore, both the NMR and CD data
indicate CT deletion within the hairpin does not alter the Vt
helix bundle fold.

FIGURE 4. Removal of residues within the Vt C-terminal hairpin does not alter Vt conformation. A, two-dimensional 1H-15N HSQC spectral overlay of WT
Vt (black) and Vt �C2 (red). Note that Thr-1062 and Trp-1064 resonances show significant chemical shift changes, whereas Lys-915, Met-930, and Lys-1035 show
slight chemical perturbations (within a line width). SC, side chain. The weak resonance associated with Gln-1066 represents its minor conformation. B, CD
spectra overlay of WT Vt (black) and Vt �C2 (red). Left panel, far UV; right panel, near UV.
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Vt Association with F-actin Promotes Vt Dimerization—Vt
has a weak propensity to dimerize at submillimolar concentra-
tions (45).However, Johnson andCraig (31) detected formation
of a Vt dimer in the presence of F-actin, at concentrations
where the native dimer was not observed. They proposed that
actin binding to Vt induces a conformational change that
exposes a cryptic dimerization site, with dimer formation
important for bundling of F-actin filaments. These earlier
chemical cross-linking studies were performed using DSS to
detect formation of the F-actin-induced Vt dimer. Given our
results that removal of the CT hairpin impairs actin bundling
but not binding, we postulated that the CT hairpin plays an
important role in the formation of the actin-induced Vt dimer.
To test this hypothesis, we performed chemical cross-linking
studies on WT Vt in the presence and absence of F-actin.
Instead of using DSS, which is hydrophobic and requires
organic solvents for dissolution in aqueous solution, we
employed BS3, the water soluble analog of DSS. Similar to DSS,
BS3 forms chemical cross-links with lysine side chains.We first
added BS3 to purified WT Vt and incubated the mixture at

room temperature for 40 min in the absence of actin. The reac-
tion products were monitored byWestern blot analysis using a
Vt antibody. In the presence of BS3 (Fig. 5A), Vt bands were
observed at positions on the gradient gel that correspond to
both dimeric and trimeric forms of Vt. Densitometry quantifi-
cation indicated that the dimer band accounts for�22%of total
Vt in the sample (data not shown). This result was not too
surprising, as Vt can dimerize in solution (30, 45), however,
with a weak affinity (Kd � 360 �M) (45). In fact, a similar dimer
contact, which is located at the helix 4/5 interface, was reported
(30). Our previous NMR studies revealed that the dimer
observed by x-ray crystallography was similar to that observed
by us in solution (45), suggesting that the Vt dimer observed in
the presence of BS3 corresponds to the dimer observed by both
x-ray crystallography and NMR (13, 37, 45). To evaluate
whether actin bundling is altered by the presence of BS3, we
conducted actin co-sedimentation experiments on WT Vt, Vt
�C2, and Vt�C5, in the absence or presence of a water-soluble
cross-linker BS3. As shown in supplemental Fig. S1, the amount
of bundled actin is essentially the same in the absence or pres-

FIGURE 5. Vt forms a distinct dimer (�45 kDa) in the presence of F-actin. Cross-linking experiments were conducted at room temperature for 40 min. Final
Vt concentration was 2.5 �M; BS3 concentration was 25 �M; Western blots of WT Vt and Vt �C5 in the presence of increasing concentrations of actin probed
against Vt (A and B) or actin (C). The relative intensity ratio of the lower native dimer band to the upper (actin-induced) dimer band for WT Vt gradually increases
when the A/V ratio is raised from 0 to 6. Cross-linking samples were run on SDS-PAGE gels (B) to observe the Vt, monomer band (black arrow) or Tris acetate 7%
gradient gels (A and C) to observe dimer and trimer species. Although Vt �C5 is impaired in actin bundling, a distinct dimer is formed in the presence of actin
(lower band, �40 kDa). The smaller dimer band is distinct in molecular weight and likely differs from the actin-induced dimer that is formed by WT Vt (C). Gray
arrows in both panels indicate the positions of Vt dimer bands (gray solid arrow for the actin-induced dimer and the gray dashed arrow for the native dimer or
a different dimer species in the case of Vt �C5). The black dashed arrow indicates a Vt trimer species.
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ence of BS3, indicating that actin bundling is not artificially
enhanced by the use of the cross-linking agent.
We also performed chemical cross-linking experiments in

the presence of actin to assess whether the actin-induced dimer
was distinct from the native dimer. These experiments were
conducted using A/V ratios over the range of 0:1 to 6:1. As
shown in supplemental Fig. S3C, multiple higher order Vt spe-
cies form in the absence of actin and the ability for vinculin to
form these higher order oligomers has been previously
observed (46, 47). Because these higher order Vt oligomers dis-
appear with increasing actin concentrations and because Vt
�C5 is a F-actin bundling-deficient mutant, we have chosen to
focus on changes in the dimer and trimer bands between WT
Vt and Vt �C5 with increasing concentrations of actin. As
shown in Fig. 5A, WT Vt forms two distinct dimer bands that
are observed in the presence of actin, whereas only one (lower
dimer band; native dimer) exists in the absence of actin. These
results suggest that the actin-induced Vt dimer is distinct from
the native dimer. The relative intensity ratio of the lower
“native” dimer band to the upper (actin-induced) dimer band
gradually increases when the A/V ratio is raised from 0 to 6,
suggesting that in the presence of actin, an actin-induced
dimer is favored. One possible explanation for these results
is that the native dimer competes with the ability of actin to
bind Vt and/or promote formation of the actin-induced
Vt dimer. As Vt is completely saturated in the presence of
excess actin, few Vt molecules are available to form the
native dimer.
Interestingly, we observe a band at �65 kDa in the absence

and presence of actin. However, this band is not observed by
Western blot analysis using an anti-actin antibody (supplemen-
tal Fig. S3D), suggesting that this band corresponds to a trim-
ericVt species. Because this band forms in both the absence and
presence of actin, it is unclear whether the Vt trimer contrib-
utes to F-actin bundling.We do observe that the intensity of the
trimer band weakens with increasing actin concentrations.
This could possibly be due to saturation of Vt in the presence of
excess actin, such that the incidence for native dimer and trimer
decreases. This coincides with our observations that with
excess actin beyond an A/V ratio of 2:1, bundling efficiency
decreases (supplemental Fig. S2).

The most notable difference between WT Vt and Vt �C5
occurs at the corresponding dimer band. Because Vt �C5
shows significantly lower actin bundling ability relative to WT
Vt, we expected that Vt �C5 would show a reduction in the Vt
dimer observed upon actin binding. The chemical cross-linking
results on Vt �C5, however, are inconsistent with this predic-
tion. Fig. 5A shows that in the presence of actin, a distinct Vt
�C5dimer band emerges that is of lowermolecularweight than
the native dimer. Although this could initially be attributed to a
difference in length of the protein, Vt �C5 typically is the same
molecular weight asWTVt as shown by themonomer (Fig. 5B)
and trimer bands (Fig. 5A). The lower, actin-induced Vt �C5
dimer band decreases in intensity at higher A/V ratios. These
results suggest that the lower actin-inducedVt�C5dimer band
is distinct from that of WT Vt, possibly due to a more compact
conformation, and is likely the reason why Vt �C5 does not
bundle F-actin efficiently.

Vinculin CT Deletion Affects Cell Adhesion—To explore the
role of the vinculin CT hairpin during cell adhesion, vinculin
knock-out murine embryo fibroblasts (Vin�/� MEFs) were
transfectedwithGFP-taggedWTvinculin or aCThairpin dele-
tion mutant (�C5). In Vin�/� MEFs, the transfection efficien-
cies and expression levels of WT and �C5 vinculin as deter-
mined by immunoblots were identical (data not shown).When
plated onto FN, Vin�/� MEFs expressing the�C5mutant were
less spread than cells expressing full-lengthWTvinculin (Fig. 6,
A and C). The average cell area was 1,270 � 134 �m2 (mean �
S.E.) for the �C5-expressing cells and 1,968 � 200 �m2 for the
WT (Fig. 6C). We also observed that the Vin�/� MEFs trans-
fected with the �C5mutant formed fewer than half of the focal
adhesions (FA) (79 FAs/cell as median value) than cells trans-
fected with WT vinculin (191 FAs/cell as median value) (Fig.
6B). In cells expressing�C5 vinculin, the decrease in FAs num-
ber was associated with a slight increase in adhesion size (39%)
compared with cells expressing WT vinculin (Fig. 6C). How-
ever, the difference in adhesion size was not statistically signif-
icant (p � 0.22).
The Vinculin CT Hairpin Is Necessary for the Mechanical

Response to Force on Integrins—Applying force on FAs either by
cell-generated tension or external forces has been shown to
trigger local stiffening in cells, also called reinforcement, which
has been shown to be central to many aspects of cell biology.
Vinculin has been demonstrated to play an important role in
force transduction (48, 49). To determine whether the CT hair-
pin of vinculin contributes to the stiffening response to force on
integrins, we usedmagnetic tweezers to apply a controlled force
onmagnetic beads coated with FN. The local viscoelastic prop-
erties of the cells were determined bymeasuring bead displace-
ments due to a known force induced by a magnetic field (50).
We observed that the basal stiffness of Vin�/� MEFs trans-
fected with �C5 vinculin was not significantly different from
Vin�/� MEFs transfected withWT vinculin (2.6 versus 2.2 pas-
cals) (Fig. 7A). When pulses of constant force were applied, we
measured a local increase in spring constant of the Vin�/�

MEFs transfected with WT vinculin (48% after the second
pulse) (Fig. 7B). However, cells expressing the�C5 vinculin lost
this stiffening response following force application (Fig. 7B).

DISCUSSION

Vinculin has been implicated in cell morphology and adhe-
sion turnover as Vin�/� MEFs possess a less adherent, round
morphology and increased motility (6, 11). Vinculin is also
believed to play a critical role in sensing and transducing force.
Interactions between actin and vinculin are believed to be crit-
ical for the functional properties of vinculin, but the role of this
interaction in regulation of cell morphology, motility, and force
transduction is poorly understood. Models for how vinculin
binds and bundles actin have been proposed. One common
feature of these models is that the tail domain of vinculin binds
to F-actin through two distinct binding sites, with F-actin bind-
ing promoting a cryptic dimerization site on Vt that facilitates
cross-linking of actin filaments (31, 32). In this study, we exam-
ined the role of the VtNT strap andCT hairpin in actin binding
and bundling. Removal of the Vt NT strap slightly increases its
actin binding. However, in contrast to earlier observations (32),
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we report here that the Vt CT hairpin, rather than the NT strap
region, is indispensable for F-actin bundling. In particular,
removal of the CT hairpin results in a significant loss of actin
bundling, not actin binding, which may result from the forma-
tion of an actin-induced Vt dimer that is unable to cross-link
actin filaments or possibly functional differences associated
with higher order oligomers. We also observe that loss of the
CT hairpin leads to reduced adhesion number, decreased cell
spreading, and impaired cell stiffness responses upon applied
force, suggesting that the CT hairpin plays an important role in
adhesion formation and cell mechanical responses.
Regulatory Role of the Vt CT Hairpin in F-actin Bundling—

Results from our studies indicate that removal of the Vt CT
hairpin maintains actin binding but shows significantly
impaired actin bundling, whereas removal of the Vt NT strap is
dispensable for both actin binding and bundling.We character-
ized three small CT hairpin deletion variants of Vt, namely Vt
�C1, Vt �C2, and Vt �C5. All three Vt variants showed
impaired bundling and reduced association of Vt with F-actin
bundles, indicating that the Vt CT hairpin structure affects for-
mation and/or function of the actin-inducedVt dimer. As F-ac-
tin binding to Vt has been proposed to expose a dimerization
site in Vt important for cross-linking of F-actin filaments, we
performed chemical cross-linking studies to monitor forma-
tion of the Vt dimer in the presence and absence of actin.
Results from these studies indicate that the Vt dimer formed in
the presence of F-actin is distinct from native Vt dimer

FIGURE 6. Vt CT hairpin deletion affects cell adhesion. A, Vin�/� MEFs were transfected with WT or �C5 vinculin and plated on FN. After fixation, F-actin and
FAs were stained using phalloidin and GFP-tagged vinculin variants, respectively. Scale bar is 25 �m. B–D, adhesion number per cell (B), cell area (C), and
adhesion size (D) were analyzed (n � 19; *, p � 0.01). Box plots indicate median values and capture 50% of data in boxes and 80% in the lines.

FIGURE 7. The Vt CT hairpin is necessary for the mechanical response to
force on integrins. a, within measurement errors, WT vinculin and �C5 vin-
culin have comparable basal stiffness. Spring constant was calculated for the
first pulse of force applied to FN-coated beads bound to Vin�/� MEFs trans-
fected with WT or �C5 vinculin (n � 15). b, upon applying pulses of a constant
force, relative stiffness of Vin�/� MEFs transfected with WT vinculin increases,
whereas the stiffness of Vin�/� MEFs transfected with �C5 vinculin does not
change within errors. For the relative stiffness measurements, two force
pulses were applied to FN-coated beads bound to Vin�/� MEFs transfected
with either WT or �C5 vinculin (n � 15).
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observed previously by x-ray crystallography andNMR (30, 45).
Moreover, the F-actin-induced Vt dimer appears to compete
with the native Vt dimer, suggesting that F-actin binding or
bundling interferes with formation of the native Vt dimer (Fig.
5A and supplemental Fig. S3). Although it is somewhat surpris-
ing that the actin-inducedVt dimer bands are present for theVt
�C5 variant (Fig. 5A, lower dimer band) at comparable levels to
that of WT Vt, the dimer that is formed runs at a lower molec-
ular weight, possibly indicating a more tightly packed confor-
mation. Given that there is a 78% reduction in Vt �C5 associ-
atedwith F-actin bundles, the actin-inducedVt dimer or trimer
may not be competent to induce bundling of actin filaments,
possibly due to geometric constraints. We carefully optimized
the cross-linker concentration to detect the actin-induced Vt
oligomers while reducing nonspecific cross-linking reactions.
Under these conditions, we expect to see an excess of mono-
meric Vt, as previously reported (31). We also observe a
decrease in the intensity of dimer and trimer bands for both
WT Vt and Vt �C5 at higher A/V ratios. We speculate (as
illustrated in Fig. 8) that this is due to a reduction in the total
number of Vt oligomer species that is able to properly form,
resulting in a reduction in the number of bundled actin fila-
ments. Although we also see a significant population of the Vt
monomer remaining, it has been previously observed that not
all the Vt monomer will be incorporated into a dimer even
when high amounts of a cross-linking agent are used (31). How-
ever, at lower concentrations similar to the amount used in this
study, both monomer and dimer bands will be observed. Addi-
tionally, because actin can also be cross-linked and we use high
A/V ratios in this study, it is possible that excess actin reacts
with the cross-linker and contributes to the decrease in the
dimer and trimer intensity we observe (supplemental Fig. 3D).
By using a lower concentration of the cross-linking agent, we
are able to differentiate between dimer and/or higher order
oligomers that form specifically in the presence of actin. Previ-
ous results have indicated that Vt optimally binds to F-actin
through two binding sites at an A/V ratio of 2:1 (31, 32). Con-
sistent with this model, our data shows optimal actin bundling
occurs at anA/V ratio of�2:1with bundling efficiency decreas-
ing at high A/V ratios (supplemental Fig. S2). Based on these
observations, we postulate that when actin is in excess, Vt is not
uniformly distributed along each filament to efficiently bundle
F-actin, or rather, there is a lack in reinforcement byVt to stably
bundle actin filaments. Although we cannot distinguish
whether the Vt oligomer responsible for bundling is a dimer or
a trimer, we only observe differences between WT Vt and the
bundling-deficient Vt �C5 variant, with the dimer and not the
trimer bands.We are currently pursuing studies to characterize
the actin-induced Vt dimer and trimer structures derived from
WT Vt and CT deletion variants.
Vinculin CT Hairpin Affects Focal Adhesion Properties—We

also demonstrate that when �C5 vinculin is expressed in
Vin�/� cells, the cells have fewer, slightly larger adhesions in
comparison to WT vinculin (Fig. 6, B and D). In addition, cells
expressing �C5 are smaller than cells expressing WT vinculin
(Fig. 6C). Considering the bundling deficiencies of Vt �C5
observed in vitro, cells expressing this mutant might be
expected to have smaller and less stable adhesions related to

possibly enhanced release of bound �C5 vinculin from F-actin.
However, because this is the first vinculin mutant reported
where actin binding is decoupled from its actin bundling capa-
bilities, it is yet to be determined whether the phenotype
observed results from the inability of vinculin to cross-link
actin filaments and/or other factors. The phenotype observed
could be due to overcompensation from other actin-bundling
proteins. Alternatively, deletion of the CT hairpin may either
alter binding of an interacting molecule that modulates focal
adhesion properties or result in formation of weaker adhesions,
as supported by our mechanical force data. We plan to explore
whether deletion of the CT hairpin alters binding of
interaction partner(s) in future studies to discern between these
possibilities.
Vinculin CT Hairpin Contributes to Mechanical Response to

Force—Due to its particular localization within the FA (51),
vinculin plays a central role in the regulation of cell mechanics
and its depletion has been shown to dramatically alter cellular
rigidity (52). Force, either internally generated or externally
applied, has been shown to trigger the recruitment of vinculin
to FA (53, 54), which in turn increases the linkage between actin

FIGURE 8. Model for actin-induced vinculin tail oligomerization and
bundling of F-actin. According to our data (see Fig. 1A and supplemental
Fig. S2) and the dimer model (31, 32), optimal bundling of actin by Vt is
expected to occur at an A/V ratio of 2:1, assuming Vt binds to two sites on
an F-actin unit and upon binding to actin, Vt dimerizes which in turn
promotes bundling of actin. When actin (red) is in excess and Vt (green) is
saturated, the bundling efficiency decreases as shown by our cross-linking
data and F-actin bundling saturation curves. We hypothesize that the lack
of reinforcement by Vt to bundle F-actin when actin is in excess, results in
reduced bundling efficiency as well as formation of actin-induced dimer
species.
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cytoskeleton and extracellularmatrix (55). The force sensing abil-
ities of vinculin have also been shown to contribute to cell migra-
tion and FA stabilization (49). Here, we demonstrate that vinculin
CT hairpin deletion does not change the basal stiffness of the cells
but prevents cellular stiffening in response to force (Fig. 7). Previ-
ouswork using a vinculinmutant lacking 15CT residues similarly
found that there was a reduced stiffening response to mechanical
force applied to fibronectin-coated beads (56). In that study, it was
suggested that differences in the ability of this vinculin mutant to
respond to cellmechanical forceswere due to loss of its anchorage
to lipids. However, our previous studies have demonstrated that
deletions beyond the CT hairpin significantly disrupt the struc-
tural integrity of Vt and that deletion of the CT hairpin does not
alter the ability of the vinculin tail domain to interact with phos-
phatidylinositol (4,5)-bisphosphate (34). Because the vinculin CT
hairpin is critical for actin bundling in vitro but not for lipid asso-
ciation,our results suggest that vinculin-dependentactinbundling
may strengthen the link between integrin-based adhesion and the
actin cytoskeleton in response to force. Other bundling proteins,
such as �-actinin (57), have also been suggested to contribute to
adhesionreinforcement.However, the fact that vinculin-mediated
actin bundling only alters the dynamic stiffening in response to
tension and does not impact basal stiffness is surprising. Another
possibility is that altered actin bundlingmay not be the only cause
for the absence of the strengthening response observed in cells
transfected with the �C5 mutant. Adhesion reinforcement
requires a complex signaling cascade frommechanosensor stimu-
lation to actin machinery activation and assembly. Vinculin is
known to interactwithmany other FA components (58) and actin
cytoskeleton regulators, such as Arp2/3 (20). The CT hairpin
could potentially act as a scaffold and contribute to the proper
subcellular localization of molecular actors involved in the
dynamic cytoskeleton remodeling observed in response to force.
Potentially, phosphorylation of Tyr-1065 within the CT hairpin
could either affect actin bundling or regulate binding of vinculin
toward unknown ligands because Src, the only kinase shown to
phosphorylate this residue, has been shown to be activated in
response to force. Further work is necessary to elucidate the pre-
cisemolecularmechanismbywhich vinculinCThairpin regulates
reinforcement.
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