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ABSTRACT
Vinculin is a talin-binding protein that promotes integrin-mediated cell adhesion, but the mechanisms are not understood. Because talin is
a direct activator of integrins, we asked whether and how vinculin regulates the formation of integrin: talin complexes. We report that VD1
(aa 1-258) and its talin-binding mutant, VD1A50I, bind directly and equally to several b integrin cytoplasmic tails (bCT). Results from
competition assays show that VD1, but not VD1A50I, inhibits the interaction of talin (Tn) and talin rod (TnR), but not talin head (TnH) with
b3CT. The inhibition observed could be the result of VD1 binding to one or more of the 11 vinculin binding sites (VBSs) in the TnR domain. Our
studies demonstrate that VD1 binding to amino acids 482-911, a VBS rich region, in TnR perturbs the interaction of rodwithb3CT. The integrin
activation assays done using CHOA5 cells show that activated vinculin enhances aIIbb3 integrin activation and that the effect is dependent on
talin. The TnR domain however shows no integrin activation unlike TnH that shows enhanced integrin activation. The overall results indicate
that activated vinculin promotes talin-mediated integrin activation by binding to accessible VBSs in TnR and thus displacing the TnR from the
b3 subunit. The study presented, defines a novel direct interaction of VD1 with b3CT and provides an attractive explanation for vinculin’s
ability to potentiate integrin-mediated cell adhesion through directly binding to both TnR and the integrin cytoplasmic tail. J. Cell. Biochem.
115: 1206–1216, 2014. © 2014 Wiley Periodicals, Inc.
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Integrins are a family of transmembrane heterodimeric proteins,
composed of a and b subunits, each with a relatively small

cytoplasmic tail. Integrins mediate cell adhesion to extracellular
matrix proteins, which is a master regulatory event required for cell
survival, differentiation, and migration [Hynes, 2002]. Among
integrins, b1 is the most ubiquitously expressed subunit and
associates with a number of a subunits resulting in distinct
heterodimers with diverse functions. The two major isoforms of
b1 integrin are b1A, expressed most ubiquitously, except in the red
blood cells (RBCs) and the b1D, specifically expressed in the
junctional structures of striated muscles [Bozyczko et al., 1989]. The
RBCs express mainly aIIbb3, which also expressed in platelets and
is largely responsible for their aggregation. Integrin aIIbb3 is
involved in maintaining hemostasis and its activation is very tightly
regulated by both the external ligands and intracellular signaling
[Leisner et al., 2007]. Thus making it a very good model system to

understand and elucidate the mechanisms by which particular
intracellular proteins regulate integrin mediated cell adhesion.

The intracellular proteins that co-localize with integrins at focal
adhesions, vinculin [Xu et al., 1998; Gallant et al., 2005] and talin
(Tn) [Priddle et al., 1998] have long been known to promote integrin
mediated cell adhesion to extracellular matrix. Much is known about
how talin promotes integrin-mediated adhesion. Talin, composed of
a head domain (TnH) linked by a short unstructured region to an
extended rod domain (TnR), determines integrin affinity/avidity for
extracellular ligands by direct interaction with the cytoplasmic tail
of the b subunit [Calderwood et al., 1999; Wegener et al., 2007
Anthis et al., 2009]. The TnR has a second integrin binding
subdomain, IBS2 [Moes et al., 2007; Rodius et al., 2008], that does
not activate integrin [Tremuth et al., 2004]. The available evidence
suggests that IBS2 links integrin-talin complexes to the cytoskeleton
[Moes et al., 2007]. TnR also contains a conserved actin binding site
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[McCann and Craig, 1997], 11 cryptic vinculin binding sites (VBSs)
[Papagrigoriou et al., 2004; Gingras et al., 2005], and a dimerization
helix [Smith and McCann, 2007]. Biochemical and cellular studies
suggest that integrin binding sites are masked in full-length talin by
interdomain TnH and TnR interactions [Goksoy et al., 2008; Banno
et al., 2012]. Thus the talin head-rod interaction likely regulates
talin-mediated integrin activation.

In contrast to talin, much less is known about how vinculin
promotes integrin mediated cell adhesion. Structurally, vinculin is
organized into a head domain (Vh) connected by an unstructured
proline-rich region to an actin-binding tail domain, Vt. Vh is itself
composed of 4 subdomains, VD1-4, of which VD1 binds talin. An
intramolecular interaction between VD1, VD4, and Vt constrains
vinculin in a strongly autoinhibited conformation [Johnson and
Craig, 1994; Cohen et al., 2005]. Autoinhibited vinculin forms no
detectable complex with talin or filamentous actin as determined by
in vitro binding assays with soluble proteins and by assays in living
cells [Johnson and Craig, 1995; Chen et al., 2006; Cohen et al., 2006].
In cells, autoinhibited vinculin is localized predominantly in the
cytosol whereas in focal adhesions, vinculin is detected in either in
its open/active actin-binding conformation, or in mostly closed
conformation [Chen et al., 2005]. In its activated conformation, or as
separated domains, vinculin has the ability to interact with both
talin, Kd� 10�7M [Cohen et al., 2006], and F-actin, Kd� 10�6M
[Bakolitsa et al., 1999]. Several sets of data suggest that vinculin
exerts its effects on adhesion by providing additional bridging of
integrin talin complexes to the actin cystoskeleton [Humphries
et al., 2007]. Two recent publications present evidence for
participation of vinculin in integrin activation in cells, as assayed
by binding of antibodies specific for activated integrin [Nolz
et al., 2007; Ohmori et al., 2010]. Another study provides evidence
that activated vinculin induces clustering of activated form of
integrins [Humphries et al., 2007]. All these studies show that the
effect of vinculin is dependent on talin, shown either by talin
knockdown [Ohmori et al., 2010] or by use of a talin non-binding
vinculin mutant [Humphries et al., 2007].

In the present study, we have used in vitro biochemistry, protein
mutagenesis, and live cell integrin activation assays to ask whether
the interaction of vinculin with talin regulates the ability of talin to
bind and activate integrin aIIbb3.

MATERIALS AND METHODS

ANTIBODIES
Primary antibodies were PAC-1, ligand-mimetic monoclonal IgM
antibody that detects activated aIIbb3 [Abrams et al., 1994]
(Becton Dickinson); A2A9/6 mouse monoclonal to detect total
aIIbb3 [Bennett et al., 1983] (Santa Cruz sc 21783L); mouse
monoclonal anti-vinculin VinG-11 (Santa Cruz Biotechnology
sc-55465); affinity-purified rabbit polyclonal anti-EGFP. Secondary
antibodies were Cy5 donkey anti-mouse IgG (Jackson ImmunoR-
esearch #715-175-1500); DyLight 649 AffiniPure donkey anti-
mouse IgM (Jackson Immuno Research #715-495-020); IRDyeTM

680 donkey anti-mouse IgG (DaMIgG680); IRDyeTM 800CW donkey
anti-rabbit IgG (DaRIgG800) (LI-COR # 926-32222 and #926-32213,

respectively). Fatty acid and globulin free BSA was from Sigma,
# A0281.

cDNA CONSTRUCTS
Construction of pEGFPC1/human talin has been described [Cohen
et al., 2006]. The multiple cloning site (MCS) of pEGFPC1 was
modified to introduce an EcoRV site to facilitate the subcloning of
TnR from pET30a/human talin rod (TnR; aa 397-2541), a gift from
Dr. Stephen Lam), using EcoRV and EcoRI. Talin head (TnH; 1-435aa)
was subcloned from pECFPC1/TnH (gift of Dr. Wherle-Haller) into
pEGFPC1, using XhoI and EcoRI sites. Drs. David Critchley and
Armando del Rio gifted pET151TOPO/TnR482-911 construct. IBS2
1975-2293 was subcloned in pET15b using NdeI and BamHI sites.
The following constructs expressing chicken vinculin have been
described: pEGFPC1/V1-1066 (wild-type or A50I); pEGFPC1/
V1-851 (Vh) wild-type or A50I mutation; pEGFPC1/V1-1066
bearing T12 or D4 autoinhibition mutations; pET15b-YFP-VD1;
pET15b VD1 (wt or A50I) [ Cohen et al., 2005; Chen et al., 2006].
pET15b-heptad repeat-b3 integrin cytoplasmic model tail cDNA
[Pfaff et al., 1998] was the gift of Dr. Mark Ginsberg. We
obtained codon optimized sequences for bacterial expression of
human b1A and b1D integrin tails from GenScript and cloned them
into pET15b using HindIII and BamHI sites in modified pET15b
heptad-repeat b3 construct to produce 6His-heptad repeat-b1
A/b1D cytoplasmic tail proteins. As a negative control, the
cytoplasmic tail of aIIb was subcloned from Homo sapiens integrin
aIIb cDNA (GenBank: BC117443.1) using HindIII and BamHI sites in
modified pET15b-heptad repeat-b3 construct. The mutants of
pET15b-b3 construct were made using the Stratagene Quickchange
mutagenesis kit.

PROTEIN EXPRESSION AND PURIFICATION
Recombinant 6His-tagged VD1 (aa 1-258), 6His-VD1A50I, 6His-
IBS2, and 6His-TEV-TnR 482-911 were expressed in Escherichia coli
and purified from extracts by Ni-NTA (nickel- nitrilotriacetic acid)
affinity chromatography. 6His-YFP-VD1 was prepared as described
[Cohen et al., 2005]. His-tags were removed using biotinylated
thrombin and then incubated with immobilized streptavidin beads to
remove the thrombin (Novagen). His-tag from TnR 482-911 was
removed using 6His-TEV protease (gift from Dr. Erin Goley) in the
reaction buffer (50mM TrisCl pH8.0, 0.5mM EDTA, 1mM DTT) at
16 °C for 14–16 h. Cleaved TnR 482-911 was incubated with NTA
beads to remove the cleaved His tag and the TEV protease. Cleaved
proteins were dialyzed extensively versus Fusion Protein Storage
(FPS) bufferþ1mM EDTA (10mM Tris, pH 7.5, 100mMNaCl, 0.02%
azide), and then FPS only, supplemented with protease inhibitor
cocktails I & II (PICs I & II). Dialyzed proteins were snap frozen in
liquid nitrogen and stored at �80 °C. For YFP-tagged proteins,
storage was at�80 °C after dialysis vs. 50% glycerol in FPS. Integrin
cytoplasmic tail constructs were expressed in BL21(DE3) cells
(Novagen) and purified by Ni-affinity chromatography followed by
reverse phase C18 high performance liquid chromatography column
[Lad et al., 2007]. The concentration of purified proteins was
measured using the BioRad-Protein assay with a BSA standard or by
absorption at 280 nm using a NanoDrop spectrophotometer and
calculated extinction coefficients.
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CELL CULTURE, TRANSFECTION, AND LYSATE PREPARATION
2–3� 106 HEK 293 cells were cultured on 0.1% gelatin-coated 10 cm
tissue culture plates in high glucose DMEM (MediaTech) supple-
mented with 10% FCS (Fetal calf serum) in a 5% CO2 incubator at
37 °C. Cells were transfected with EGFP vinculin and talin constructs
using LipofectAMINE/Plus reagent (Invitrogen) as described [Cohen
et al., 2005]. HEK cells were detached by trypsinization 48–72 h after
transfection and washed 2� with calcium and magnesium-free
Dulbecco’s PBS (CMF-DPBS). Pellets were resuspended in 500ml/
plate of cold cell lysis buffer (0.74� CMF-DPBS, 10mM Imidazole,
0.1% TritonX 100, 5mM b-ME, 2mMMgCl2, 0.2mM EGTA, 2� PICs
I & II). The cell suspensionswere incubated for 10min on ice and then
centrifuged at 16,000�g for 30min at 4 °C.

CHOA5 cells stably expressing human aIIbb3 integrin [Zaffran
et al., 2000] (gift from Dr. Joan Fox) were propagated in DMEM:F12
(Mediatech, Inc. Cat.# 10-092-CV) with 10% fetal calf serum. For
transfection, 3.5� 106 cells were plated on 0.1% gelatin-coated
10 cm tissue culture plates. Cells were transfected the next day at
70–80% confluency using LipofectAMINE/Plus reagent. Transfec-
tion efficiencies ranged from 50 to 80%. Cells were analyzed for
integrin activation 48 h after transfection, by flow cytometry.

PREPARATION OF INTEGRIN TAIL AFFINITY MATRIX AND DIRECT
BINDING ASSAYS
Purified b1D, b1A, and b3-cytoplasmic tails were adsorbed to the
Ni-NTA beads as described [Lad et al., 2007] with modifications as
follows. The beads were resuspended in assay buffer (0.74� CMF-
Dulbecco’s PBS, 10mM Imidazole, 0.1% TritonX, 5mM b-ME, and
2mM MgCl2, pH 7.6, containing protease inhibitor cocktails.
Purified and thrombin cleaved VD1 (5mM) was incubated with
25ml of 10% (v/v) suspension of cytoplasmic tail-coupled NTA resin,
overnight at different temperatures, 4, 25, and 37 °C. Total reaction
volume was 200ml. After centrifugation, the supernatant was
removed and the beads were washed 2� in the assay buffer. Protein
pulled down by the beads was loaded on 4–12% Bis-Tris SDS
NuPAGE gels and analyzed after staining with Coomassie Blue
formaldehyde stain.

DETERMINATION OF BINDING ISOTHERM FOR INTEGRIN b3
CYTOPLASMIC TAIL AND PURIFIED VD1
For estimating the binding constants different concentration of b3
integrin cytoplasmic tail proteins (0.5–40mM)were loaded onto NTA
resin as described [Lad et al., 2007]. Purified and thrombin cleaved
100 nM YFP-VD1 (wild-type or A50I) was incubated with 25ml of
10% (v/v) suspension of 6His-b3-coated NTA resin, 16–20 h at 37 °C
in assay buffer. After centrifugation, the fluorescence of unbound
YFP-VD1/A50I in the supernatant was assayed on the fluorimeter
(Jobin Yvon). YFP was excited at 490 nm, and peak emission at
527 nmwas observed using 2-mm excitation and 2-mm emission slit
widths. To check the integrity of constructs during the course of
reaction, the bead pull downs were analyzed on 4–12% Bis-Tris SDS
NuPAGE.

SUPERNATANT DEPLETION BINDING ASSAYS
Purified b3 cytoplasmic tail was coupled on the Ni-NTA beads as
described above. HEK293 cell lysates expressing EGFP-talin

constructs (�100 nM) were incubated with 25ml of 10% (v/v)
suspension of b3-coupled NTA resin, overnight at 37 °C in presence
or absence of thrombin cleaved 5mM VD1 (wt or A50I). After
centrifugation, the fluorescence of unbound talin constructs in the
supernatant was assayed with a Fluoromax-3 spectrofluorimeter
(HORIBA Jobin Yvon) at 22 °C. EGFP emission was recorded at
510 nm with excitation at 480 nm. The integration time was 0.2 s.
The excitation and emission slit widths were 3 and 5mm,
respectively. Protein pulled down by the beads was loaded on
4–12% Bis-Tris SDS NuPAGE and blotted onto nitrocellulose
membrane (BioRad laboratories). The proteins were detected using
primary antibodies against EGFP and His-tag. Primary antibodies
were detected with DaRIgG800 and DaMIgG680 using the Odyssey
infrared imaging system (LI-COR Biotechnology). For competition
studies using this assay, the competitor was added at the same time
as the other reactants.

INTEGRIN aIIbb3 ACTIVATION ASSAY
The assay was performed according to the detailed protocol found in
[Bunch, 2010]. In brief, transfected CHO A5 cells were trypsinized,
washed in DMEM:F12þ 10% serum, and then washed in modified
Tyrodes (12.1mMNaHCO3, 5mMHEPES, 137mMNaCl, 2.6mMKCl,
5.6mM glucose, 1mg/ml fatty acid free BSA, pH 7.3). Cells
(3–5� 105) were suspended in 50ml of Tyrode’s buffer supplemented
with 1.0mM Ca/Mg in presence or absence of 1mM Mn2þ or in
Tyrode’s buffer supplemented with 1.0mM EDTA. Mn2þ activates
integrin directly by displacing a regulatory calcium ion in the
extracellular domain and is the positive control for total activation
competent aIIbb3 [Ni et al., 1998]. EDTA disrupts ligand binding
sites on integrin and is the control for non-specific binding of PAC1
antibody [Abrams et al., 1994]. Cells (3–5� 105) were incubated with
0.5mg PAC1/50ml reaction, to measure activated aIIbb3 or 0.5mg
A2A9/50ml reaction to measure total aIIbb3 for 25min at room
temperature. Cells were washed in cold modified Tyrode’s and
incubated with appropriate secondary antibodies DyLight 647
RaMIgM (for PAC1) and Cy5DaMIgG (for A2A9/6) for 25min on
ice. The cells were also incubated with secondary antibody alone as a
control for any non-specific staining.

The samples were analyzed byflow cytometry. Data were acquired
on a MoFlo cytometer (Beckman Coulter, Miami, FL, USA) using
software Summit version 4.0. The GFP was excited by a 488 nm
Coherent Enterprise II 621 laser with power regulation at 100mW.
The GFP emission signal was collected from a PMT behind an
attenuation filter (ND 1.0) and a 510/30 band pass filter with PMT
voltage setting at 500V. The DyLight 647 and Cy5 fluorochromes
were excited with 35mV 633 nm HeNe Laser (Melles Groit). The
emission signals were collected from a 670/30 nm band pass filter
with PMT voltage setting at 640V. All samples were run and
analyzed with constant PMT voltage settings. Quadrant cursor was
set based on negative controls. Dead cells (propidium iodide
positive), debris, cell doublets, and aggregates were excluded from
analysis.

CALCULATION OF aIIbb3 ACTIVATION
The effect of expressing various constructs in CHOA5 cells was seen
both in the percentage of PAC1 binding cells and in the mean
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fluorescence intensity (MFI) of the PAC1 binding population.
Therefore, to estimate integrin activation, the percent of cells in
the PAC1þ EGFPþ quadrant (R3 on the flow cytometry graphs) was
multiplied by the MFI of that population. Non-specific binding of
PAC1 was calculated in the same manner from the EDTA treated
samples and subtracted from the previous value. Results were
normalized to PAC1 binding on cells expressing EGFP only
(activation index¼ 1). The enhanced integrin activation for the
constructs was assessed using one-tailed t-test against the GFP
activation index value. The percent of cells expressing integrin
aIIbb3 as detected by monoclonal antibody A2A9, did not vary
between constructs by more than 5% and was �80% of the total
cells. Parallel samples were treated with Mn2þ to verify the presence
of activation competent integrin. To verify expression of the
constructs, cell lysates were assessed by immuno-blot.

STATISTICS
The effect of VD1 on talin constructs binding to integrin tail was
assessed using two-tailed t-tests. We used GraphPad Prism 5
(GraphPad software) and excel graphs for statistical analysis. The
error bars in the figures are expressed as mean� SEM. All P values
<0.05 were considered significant.

RESULTS

THE VD1 DOMAIN BINDS DIRECTLY TO SEVERAL b INTEGRIN
CYTOPLASMIC TAILS
To determine the binding of VD1 (aa 1-258) to b3CT we used an in
vitro pull down assay. As control we also tested the binding to other
integrin cytoplasmic tail constructs, aIIb, b1A, and b1D. VD1
showed varied binding to the different cytoplasmic tails and little or
no binding was observedwith unconjugated NTA resin andwithaIIb
matrix (Fig.1). The temperature-dependence of the interactions
indicates that specific binding observed at 4 °C got significantly
improved at physiological temp 37 °C. As a positive control for the
pull down assay, we analyzed the binding of EGFP tagged talin

constructs, Tn, TnH, and TnR from lysates to these integrin tails
(Fig. S1 of Supporting Information). The results show that specific
binding of talin constructs to integrin cytoplasmic tails was also
significantly improved at 37 °C.

CHARACTERIZATION OF THE DIRECT VD1: b3 INTERACTION
Structural studies show that b3 [Ulmer et al., 2001 Wegener
et al., 2007] has a propensity to form amphipathic helices in its
membrane proximal (MP) region, suggesting that VD1 might bind to
b integrins by amechanism similar to that used by VD1 to bind VBSs
in talin [Gingras et al., 2005]. To test this idea, we assayed VD1A50I,
a point mutation that occludes the VBS binding groove between two
helices of VD1 [Izard et al., 2004]. Analysis of VD1A50I binding to
b3 shows that it binds specifically and to the same extent as wildtype
VD1 (Fig. 2A). Binding capacities of VD1 and VD1A50I were
compared using purified YFP-VD1, YFP-VD1A50I and varying the
concentration of coupled b3 on NTA beads. The immobilized b3
binds to both VD1 molecules to the same extent, as shown by the
similar Kd values (Fig. 2B). However, the affinity constants
could not be obtained accurately by varying purified VD1
concentrations because VD1 self-associates at high concentrations.
Thus, we conclude that b3 do not bind to VD1 via the talin binding
groove.

Fig. 1. VD1 binds directly and specifically to b integrin cytoplasmic tail
proteins. The cytoplasmic tails of b1A, b3, b1D, or aIIb integrin, adsorbed to
NTA beads as described in Materials and Methods, were used to pull down
purified and thrombin cleaved VD1 domain. An SDS PAGE analysis was
performed to assess the direct binding of VD1 with different integrin
cytoplasmic tails. VD1 binding to NTA beads alone and aIIb coupled on beads
were taken as negative controls. First lane shows 10% of the VD1 in reaction
and the subsequent lanes show the increased binding of VD1 to b1D, b1A, and
b3 cytoplasmic tails with increasing temperature.

Fig. 2. VD1 and the VD1A50I talin-binding mutant show similar binding to
b3 cytoplasmic tail. (A) The binding specificity of VD1 (wt or A50I) to b3
cytoplasmic tail was analyzed on 4–12% SDS-PAGE. (B) The binding of Tc-
YFP-VD1 (wt or A50I) to different concentrations of b3 integrin cytoplasmic
tail (0.5–37mM) coupled to NTA beads was plotted using the GraphPad Prism
software. The results for VD1 (filled circles) and VD1A50I (open circles) are
plotted (n¼ 2).
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EFFECT OF VD1 ON Tn, TnR, TnH BINDING TO b3 CYTOLPASMIC TAIL
Talin, specifically TnH, has been identified as a direct activator of
integrins [Calderwood et al., 1999; Tadokoro et al., 2003] and
vinculin has been suggested to enhance talin-dependent integrin
activation [Nolz et al., 2007; Ohmori et al., 2010]. To gain insight on
how vinculin regulates integrin activation, we assayed for an effect
of VD1 on the interaction of EGFP-Tn, TnH, and TnR with b3CT, in
vitro. The HEK 293 cells lysate expressing EGFP tagged Tn constructs
were pull down using b3-NTA matrix in presence and absence of
VD1 (wt or A50I). We found that VD1 inhibits Tn and TnR
interaction, but has no effect on TnH construct, which lacks VD1-
binding site (Fig. 3A,B). The talin-binding mutant, VD1A50I, has no
effect on binding of any talin construct to b3, further confirming
that the inhibitory effect requires that VD1 bind talin (Fig. 3A,B). The
gel analysis (Fig. 3B) shows that the constructs remained intact under
the assay conditions.

Dose-response analysis shows that VD1 can inhibit >80% of
EGFP-TnR: b3 complex formation whereas VD1A50I has only a 10%
effect that is not concentration-dependent (Fig. 4A). Because

VD1A50I binds as well as VD1 to b3 (Fig. 2A,B), we conclude that
the inhibitory effect of VD1 cannot be the result of VD1 competing
with TnR for binding sites on b3. By default, the inhibitory effect of
VD1 on Tn and TnR binding tob3must result from binding of VD1 to
TnR.

The biphasic curve for VD1 inhibition of the b3:EGFP-TnR
interaction and the fact that there are 11 potential VD1 binding sites
(VBSs) on TnR [Gingras et al., 2005] prompted us to examine the
concentration dependence for VD1 binding to EGFP-TnR. We found
that 6His VD1 can pull down 100% of the EGFP-TnR that is
competent to bind b3 (i.e. �70%) with a half maximum effect at
0.25mM VD1, whereas �5mM VD1 is required to inhibit 50% of the
maximal TnR: b3 interaction (Fig. 4A,B). Inspection of the dose-
response curves at low concentration of VD1 (Fig. 4B), shows little
inhibitory effect of VD1 at concentrations that pull down nearly all
of the binding-competent TnR, i.e. 0.5–1mM. The data suggest that a
high affinity interaction directs the initial binding of VD1 to TnR, but
that occupancy of lower affinity sites is required for VD1 inhibition
of Tn and TnR binding to b3. The presence of 11 cryptic VD1 binding

Fig. 3. VD1, but not VD1A50I, inhibits binding of TnR and Tn, but not TnH to the b3 cytoplasmic tail. (A) The cytoplasmic tail of b3 or aIIb integrin coupled to NTA beads was
used to pull down EGFP-tagged Tn constructs from cell lysates in the absence or presence of VD1 (wt or A50I).aIIb cytoplasmic tail coupled to NTA beads showedminimal binding
to the talin constructs. Inhibition of TnR: b3 complex by VD1 depends on interaction of VD1 with TnR because VD1A50I has no effect. Data represent means� SEM (n¼ 5).
**, P< 0.01. (B) Proteins pulled down by the b3-NTA beads were separated on 4–12% SDS-PAGE and analyzed by Western blotting. EGFP-Tn constructs and VD1 (wt or A50I)
were detected by blotting with anti-EGFP and VinG-11 antibody, respectively. The lowmolecular weight b3 integrin cytoplasmic tail was detected by staining that portion of the
gel with Coomassie-formaldehyde.
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sites on TnR [Gingras et al., 2005] provides opportunity for more
than 1 VD1 to bind to TnR.

DOES VD1 ALTER THE IBS2 DOMAIN INTERACTION WITH b3
INTEGRIN TAIL?
The integrin binding site (IBS2) is a well-established site in TnR that
also has a vinculin binding site in the Helix 50 [Rodius et al., 2008
Gingras et al., 2009; Yogesha et al., 2012]. This domain could bind
well to both b3CT and VD1, so it was quite possible that binding of
VD1 to IBS2 might perturb its binding to b3 tail. To test this idea we
examined the effect of incubating increasing concentrations of VD1
on the binding of IBS2 domain to b3CT coupled to NTA beads. The
results show that even at high concentrations of VD1, the IBS2:b3CT
binding was not effected (Fig. 5). Mutant VD1A50I too had no
inhibitory effect on the amount of b3CT:IBS2 complex formed (data
not shown). This experiment clearly shows that under in vitro
conditions, VD1 does not inhibit IBS2 domain binding to b3CT.

SECOND INTEGRIN BINDING SITE IN TnR, IBS3
The in vitro biochemical assays show that VD1 inhibition of binding
of TnR tob3CT (Fig. 3) is not through the IBS2 domain in TnR (Fig. 5).

There are 11 known VBSs on TnR, so we speculated that VD1 could
be binding to some other VBS (other than the one in IBS2 domain)
and interfering with the b3CT binding. We examined the most
probable candidate, R1-R3 domain [Papagrigoriou et al., 2004; Goult
et al., 2013], a VBS rich region containing 5 vinculin binding
sequences that binds well to VD1 [Fillingham et al., 2005]. We
evaluated using in vitro binding assay the ability of b3CT to bind
TnR 482-911. Data indicates that TnR 482-911 showed low, but
specific binding to b3CT (Fig. 6A) as further supported by the
binding data using b3 mutants; b3Y/A and b3 FF/AA [Anthis
et al., 2010]. This putative integrin-binding site could have been
missed in earlier mapping studies done, when the tertiary domains of
TnR were unknown. We evaluated the role of TnR 482-911 further
using the competition inhibition assay. Results show that in presence
of increasing VD1 concentration, the binding of TnR 482-911 to
b3CT (Fig. 6B) was almost completely inhibited. This inhibition was
specific and dependent on VD1 association with talin rod, as the
VD1A50I mutant showed no significant inhibition of TnR 482-911
binding to b3CT (Fig. 6C). Binding of VD1 to this potential IBS3
region in TnR might be subsequently interfering with b3CT binding.
However, by itself TnR 482-911 was a weak and inconsistent
inhibitor of TnR binding to b3 (�20% inhibition at 20mM TnR 482-
911, data not shown). Further experiments are needed to verify the
role of IBS3 (aa 482-911) in regulating TnR interaction with b3CT in
presence of VD1.

HOW DOES VINCULIN ACTIVATE INTEGRIN IN CELLS?
Our in vitro results show inhibitory effect of VD1 on interaction of
TnR and Tn with b3. However on the contrary, a recent study shows
that activated vinculin activates aIIbb3 in a manner dependent on
talin [Ohmori et al., 2010]. To investigate this further, we used the
PAC1 binding integrin activation assay (Fig. 7A,B). CHOA5 cells
were transfected with talin and vinculin constructs, the talin
binding (VhA50I) and autoinhibition mutants of vinculin (V-T12,
V-T12A50I). Analysis of the FACS data shows that CHO cells
transfected with TnH and Tn constructs showed enhanced PAC1

Fig. 4. Distinct concentration dependencies for VD1 inhibition of EGFP-TnR-
b3 integrin interaction versus binding of VD1 to EGFP-TnR. (A) The effect of
VD1 concentration on EGFP-Tn Rod interaction with b3-NTA beads was
measured using the supernatant depletion assay. VD1 at 5mM inhibited�50%
of EGFP-TnR binding to b3 tail (filled circles). VD1A50I did not show
concentration-dependent inhibition of the TnR- b3 interaction (filled squares)
and had only a small inhibitory effect (n¼ 2). (B) Data for the 1–6mM of (A)
plotted with the concentration-dependence for binding of 6HisVD1 to EGFP-
TnR (filled triangles) shows that 1mMVD1 is sufficient to pull down�75% TnR
(i.e., 100% of TnR that is competent to bind to b3) but results in only �20%
inhibition of the TnR- b3 interaction.

Fig. 5. Effect of VD1 on the IBS2 binding to b3 integrin cytoplasmic tail. SDS
PAGE analysis of IBS2 (2.5mM) interaction with b3-NTA beads (11mM) in
presence of increasing concentrations of VD1 over a period of 16–18 h at 37 °C.
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binding and that TnH was a better activator compared to the FL Tn
(Fig. 7A,B). TnR however, had absolutely no effect on PAC1 binding.
Earlier studies done using the IBS2 domain of TnR have also
suggested that TnR is not involved in integrin activation [Tremuth
et al., 2004]. FL vinculin and A50I mutants showed no integrin
activation, while the Vh and V-T12 showed enhanced PAC-1
binding, as also previously reported [Ohmori et al., 2010]. Activated
vinculin shows talin dependent integrin activation as the A50I VD1,
like TnR, showed no enhanced PAC1 binding. Based on these
observations we reasoned that activated vinculin might mediate

talin-dependent integrin activation by displacing or preventing the
non-productive interaction of TnR with the b3 subunit, thereby
releasing that b3 to interact with TnH and enhancing integrin
activation.

DISCUSSION

In this study we employed in vitro biochemistry together with
experiments in mammalian cells to achieve some mechanistic
understanding of how vinculin enhances integrin-mediated cell
adhesion. Vinculin is possibly involved in strengthening the talin-
b3 integrin interaction by either: (1) binding directly to the b3
cytoplasmic tail and further strengthening talin interaction with
integrins or (2) by binding to talin and regulating its binding to
b3CT. Although the results obtained were more complex than
expected, several novel observations were made.

VINCULIN: A DIRECT LIGAND FOR INTEGRIN CYTOPLASMIC TAILS
Over the last decade, approximately 40 proteins that bind to integrin
cytoplasmic tails have been described [Legate and Fassler, 2009].
Some of these, including talin [Tadokoro et al., 2003], filamin,
kindlins, and Zasp regulate inside-out integrin activation, whereas
others such as src, are not required for inside-out integrin activation
but are themselves activated by integrin to regulate outside-in
integrin–dependent pathways [Arias-Salgado et al., 2003]. However,
for many of the reported interactions, including vinculin, there is not
a demonstrated function and this remains an important question for
future studies. To address how VD1 activates integrin aIIbb3 in cells
in a talin-dependent manner, we turned to a previously established
in vitro system. We found a specific, direct, and differential
interaction of vinculin domain, VD1with b3, b1A, andb1D integrin
cytoplasmic tails. It is possible that this novel interaction might
strengthen integrin-based transmembrane adhesion structures
through talin-independent linkage to the actin cytoskeleton.

VINCULIN BINDING TO Tn/TnR DOWNREGULATES THE INTERACTION
OF TN WITH b3CT IN VITRO
Several reports have shown that activated vinculin stimulates co-
localization of talin with activated integrin in cells [Cohen
et al., 2005; Humphries et al., 2007; Banno et al., 2012]. In light
of these results, we expected to find that VD1 promotes association
of talin with integrin b3CT in vitro. In contrast to this expectation,
we found that VD1 inhibits TnR binding tob3, while having no effect
on binding of TnH to b3. The inhibition is not steric and is talin-
dependent as proven by taking mutant VD1A50I as control. Taken
together, the observations suggest that, in vitro, binding of VD1 to
TnR causes a conformational change in TnR domain and interferes
with the accessibility of its integrin binding site to b3CT. The only
well defined integrin binding site (IBS) in TnR is the IBS2 domain
[Rodius et al., 2008 Gingras et al., 2009] that also contain a VBS
(VBS50). However, our in vitro competitive inhibition assay result
shows that in the context of full length TnR, the inhibition of TnR
binding to b3 is not mediated through VD1 binding to IBS2. This
could possibly be due to restrained accessibility of VBS50 in context
of the TnR molecule. The results are supported by a recent study of

Fig. 6. TnR 482-911 binds specifically to b3CT and binding is inhibited by
VD1. (A) b3CT wild type, b3CT mutants or aIIb-CT coupled to NTA beads were
used to pull down purified and TEV cleaved TnR482-911 domain (1mM)
overnight at 37 °C. The results were analyzed on 4–12% SDS-PAGE; first lane
shows total TnR482-911 in reaction and the subsequent lanes show the
differential binding of TnR482-911 with aIIb, b3, and its mutants. (B, C)
Interaction of 2.5mM TnR482-911 with b3CT-NTA beads (11mM) in presence
of increasing concentrations of VD1 and VD1A50I, incubated overnight at 37 °C
and analyzed by SDS PAGE.
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VBS50 domain in complex with vinculin [Yogesha et al., 2012] that
shows that the affinity of VBS50 for vinculin is about 30 times less
than other VBSs in TnR. The VBS50 is buried in the groove and a
mechanical tension like integrin binding to TnR, is needed to
destabilize IBS2 and to allow it to bind to vinculin.

Interestingly, we found a new integrin-binding site in a well-
defined VBS rich domain aa 482-911 in TnR [Papagrigoriou
et al., 2004 Fillingham et al., 2005; Gingras et al., 2005]. Competitive
inhibition assay show that VD1 binding to TnR 482-911 domain
inhibited its binding to b3CT and that the inhibitory effect was talin

Fig. 7. Activated vinculin and talin constructs except TnR enhances integrin activation in CHOA5 cells. (A) Representative flow cytometry results for CHO cells expressing
aIIbb3, transfected with EGFP-tagged talin or vinculin constructs, as specified. Live cells were stained with PAC1 antibody to detect activated aIIbb3 or A2A9 to detect total cell
surface aIIbb3. Controls, calculation of activation index, and details of the protocol are described in Materials and Methods (B) Bar graph represents the data for different
constructs normalized to PAC1 binding on cells expressing EGFP only (activation index¼ 1). Error bars are mean� SEM (n¼ 4). *, P¼ 0.06; **, P< 0.05.
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rod dependent. However, unlike the purified IBS2 domain, the
purified TnR482-911 domain does not compete with TnR for binding
to b3. We reasoned that this could be due to the autoinhibitory
conformation of Tn molecule, as suggested by earlier studies
[Johnson and Craig, 1994 Goksoy et al., 2008]. The TnR 482-911
domain is probably not accessible for interaction with b3CT as also
suggested by studies done using NMR [Banno et al., 2012] that show
that TnR (aa 482-787) domain is involved in inter-domain
interaction with TnH. However in presence of VD1, we speculate
that VD1 binding to TnR 482-911 domain causes conformational
changes in the TnR that interferes with its ability to interact with
integrin b3 cytoplasmic tail.

VINCULIN’S FUNCTION IN INTEGRIN ACTIVATION
Compelling evidence shows that vinculin enhances talin-mediated
integrin activation in cells [Nolz et al., 2007; Ohmori et al., 2010], but
the mechanisms are not yet clear. Our PAC1 binding assay results
using vinculin constructs are in consent with these earlier findings.
Tn and TnH constructs show enhanced PAC1 binding, but
interestingly TnR that has well-defined IBS2, shows no enhanced
PAC1 binding. Earlier studies using CHOA5 cells, had shown that a
fragment of TnR fragment G (aa 1984-2344), that contains most of
the IBS2 [Gingras et al., 2009] and also binds b3CT, had no effect on
basal aIIbb3 activation [Tremuth et al., 2004]. Results from our
biochemical studies too suggest, that VD1 binding to IBS2 domain
does not interfere with its binding to b3CT. Our observations from in
vitro and PAC1 binding assays led us to propose a hypothesis, that

binding of TnR to b3 acts as a brake on integrin activation and that
VD1 interferes with this process (Fig. 8). According to the hypothesis,
VD1 binding to VBS rich region in TnR (aa 482-911) induces
conformational changes in TnR that interferes with TnR interaction
with integrin b3CT. Thus activated vinculin stimulates integrin
activation by preventing a non-productive interaction of TnR with
integrin b3 and making b3 CT available for interaction with TnH. In
addition to this, direct binding of VD1 to b3 could also have a role in
integrin activation by recruiting more Tn molecules to integrin tails
and also enhancing integrin clustering in the process. This idea is
consistent with the findings that expression of VD1 or Vh in cells
leads to hypertrophied FA growth and increased residence time of
talin and activated vinculin in the FA [Cohen et al., 2006; Humphries
et al., 2007]. It is possible that vinculin has a dual role, one involving
its effects on the Tn: b3 interaction and one depending on direct
interaction of Vh/VD1 with b3 (Fig. 8).

In summary, we present the first evidence for a direct interaction
between integrin cytoplasmic tails and vinculin, VD1. We also
document an inhibitory effect of VD1 on Tn and TnR binding to
integrin cytoplasmic tails in vitro and show that this inhibition is
dependent on VD1 binding to TnR. We further confirm the
stimulatory effect of activated vinculin constructs on aIIbb3
integrin activation in CHOA5 cells, and describe a VD1-regulated,
second integrin binding site in TnR. The new observations and
results presented in this paper provide a basis for further
investigation of the mechanisms by which vinculin stimulates
integrin activation in cells.

Fig. 8. Model for the role of vinculin in inducing the talin mediated integrin activation. Talin undergoes a conformational change induced by a cellular signal that releases its
autoinhibitory state [Goksoy et al., 2008] in the FAs. Both talin head (TnH) and talin rod (TnR) interact with theb3CT (shown in cyan), but only TnH induces integrin activation by
unclasping the a & b heterodimer. Vinculin too is released from its autoinhibitory state at the site of focal adhesion by binding to F-actin and talin [Bakolitsa et al., 1999; Chen
et al., 2006]. The head (Vh) domain of activated vinculin interacts with TnR and b3CT and the tail (Vt) domain interacts with F-actin filaments. Binding of Vh to TnR interferes
with its binding to b3CT and the direct binding of Vh to b3CT might enhance integrin clustering.
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