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Abstract

Although vinexin was originally identified as a protein binding to the proline-rich hinge region of vinculin, the functions and biochem-
ical properties of the vinexin–vinculin interaction are not known. Here, we determined the affinity of the vinexin–vinculin interaction
using surface plasmon resonance measurements and found that vinexin b interacts with the C-terminal half of vinculin, which mimics
an activated ‘‘open’’ form, with a threefold higher affinity than with the full-length ‘‘closed’’ vinculin. Coimmunoprecipitation experi-
ments showed that cell adhesion on fibronectin enhances the vinexin–vinculin interaction. We also show that the interaction with vinculin
is necessary for the efficient localization of vinexin a and b at focal adhesions. These observations suggest a model that ‘‘activated’’ vin-
culin localized at focal adhesions recruits vinexins to focal adhesions.
� 2005 Elsevier Inc. All rights reserved.
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Cell–extracellular matrix adhesion sites, also known as
focal complexes or focal adhesions, play pivotal roles in
regulating various aspects of cell behavior, including cell
migration and cell proliferation [1–3]. Integrin cell adhe-
sion receptors, as well as the termini of actin stress fibers
and signaling and structural cytoplasmic molecules, are
accumulated at focal adhesions. Vinexin is a cytoplasmic
protein localized at focal adhesions [4–6], which is involved
in regulating cell adhesion, cytoskeletal organization, and
signal transduction. Vinexin is transcribed into at least
two alternative forms, vinexin a and b [4,7]. Whereas vin-
exin a contains a sorbin homology (SoHo) domain at the
N-terminus and three SH3 (src homology 3) domains at
the C-terminus, vinexin b has only the three SH3 domains.
Vinexin a belongs to a novel family of adaptor proteins,
including ArgBP2 and c-cbl associated protein/ponsin, all
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of which have a SoHo domain and three SH3 domains
[4,8–12]. Both vinexin a and b are located at focal adhe-
sions, but only vinexin a efficiently induces the accumula-
tion of F-actin at focal adhesions and the formation of
actin stress fibers in NIH3T3 cells [4]. Furthermore, the
exogenous expression of vinexin b allows anchorage-inde-
pendent ERK2 activation stimulated by epidermal growth
factors [13].

Vinculin is another cytoplasmic protein localized at fo-
cal adhesions, which is known to bind to vinexin. Vinculin
is composed of a ‘‘head’’ domain and a ‘‘tail’’ domain, as
well as a proline-rich hinge region [2,14,15]. The head do-
main binds to other actin-binding proteins, talin and a-ac-
tinin, whereas the tail domain binds to F-actin and paxillin.
Intramolecular interaction of the head and tail domains
inhibits its phosphorylation [2,14] and its ability to bind
to target proteins [16–20]. The binding of phosphatidylino-
sitol-4,5-bisphosphate to the tail domains inhibits this
intramolecular association, exposing binding sites for tar-
get proteins [21–23]. In addition, we and others found that
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the proline-rich hinge region also functions as a protein-
binding domain for actin-regulating proteins, including
vinexin, ponsin, vasodilator-stimulated phosphoprotein
(VASP), and Arp2/3 [4,11,24–26]. Recent structural analy-
ses have revealed that the vinculin tail domain is held pin-
cer-like by subdomains of the head region and that the
binding affinity for target proteins is regulated sterically
and allosterically [27–30]. Exogenous expression of vinculin
enhances cell attachment to the extracellular matrix, cell
spreading, and actin stress fiber formation, but inhibits cell
migration [31,32]. In contrast, gene disruption of vinculin
inhibits cell adhesion and affects the cytoskeletal organiza-
tion, but stimulates cell motility [33–37]. Furthermore, re-
duced expression of vinculin allowed cells to survive and
proliferate in an anchorage-independent manner [37–39].
Thus, vinculin plays a pivotal role in regulating the forma-
tion of the actin cytoskeleton, cell adhesion, and cell adhe-
sion-induced signaling.

Both vinexin and vinculin play roles in regulating cell
adhesion, the cytoskeletal organization, and adhesion-in-
duced signaling. However, the functions of the vinexin–vin-
culin interaction through the proline-rich hinge region of
vinculin are unclear. Here, we determined the affinity of
the vinexin–vinculin interaction and found that vinexin b
interacts with higher affinity with the C-terminal half of
vinculin than the full-length vinculin. We also provide evi-
dence that this interaction is necessary for the efficient
localization of vinexins at focal adhesions. These observa-
tions suggest a model that ‘‘activated’’ vinculin localized
at focal adhesions recruits vinexins to focal adhesions.
Materials and methods

Plasmids. Plasmids for GFP-tagged vinexin a and b, and point mutants
mutated in each SH3 domain (a1stWF, a2ndWF, a3rdWF, b1stWF,
b2ndWF, and b3rdWF) were constructed from the plasmids encoding the
FLAG-tagged mutants [4,5,13] using restriction enzymes. The expression
plasmid for GFP-tagged full-length chick vinculin was a generous gift
from Dr. B. Geiger and Dr. S. Aota. To express the GST-tagged C-ter-
minal half of vinculin in Escherichia coli, a plasmid containing the proline-
rich hinge region and tail region (amino acids 836–1066) of chick vinculin,
pRG425 (a gift from Dr. S. Aota), was subcloned into pGEX4T-1
(Amersham Pharmacia Biotech). To express histidine and thioredoxin
(HisTrx)-tagged vinexin b, full-length vinexin b was subcloned into
pET32a (Novagen).

Surface plasmon resonance. HisTrx-tagged vinexin b and mutants of
vinexin b were expressed and purified as described previously [4]. Full-
length vinculin was purified from chick gizzard as reported [40]. The GST-
tagged C-terminal half of vinculin was purified as described previously [4]
and the GST tag was removed by thrombin (Amersham Biosciences)
according to the manufacturer�s instructions. Surface plasmon resonance
(SPR) analyses were performed using a BIACORE 2000 instrument
(BIACORE, Uppsala, Sweden). In all experiments, HBS (10 mM Hepes
(pH 7.4), 150 mM NaCl, 3 mM EDTA, and 0.005% Surfactant P20) was
used as running buffer. Typically, 200–500 resonance units (RU) of puri-
fied protein was coupled to F1 sensor chips (BIACORE) according to the
manufacturer�s instructions. Vinexin and vinexin mutants were then tested
for binding and dissociation using a flow rate of 20 ll/min. The Kd values
were calculated using the BIAevaluation 3.0 software (BIACORE) in the
context of a first-order kinetic model (A + B = AB) and shown as an
average of at least three independent experiments.
Immunoprecipitation. To detect the interaction of vinexin b or vin-
exin b mutants with vinculin, FLAG-tagged vinexin b and its mutants
were transfected into COS-7 cells with GFP-tagged vinculin. Cells were
then lysed and immunoprecipitated with anti-FLAG M2 antibody as
described previously [41]. The bound proteins were detected using anti-
GFP antibody or anti-vinculin antibody VII-F9 (a gift from Dr. V.
Koteliansky).

Immunostaining. NIH3T3 or vinculin-null mouse fibroblast cells (gifts
from Dr. E. Adamson) were plated on coverslips 24 h after transfection of
the expression plasmids using LipofectAMINE Plus (Invitrogen). After a
further 24 h incubation, the cells were fixed as described previously [4]. For
the staining of F-actin, rhodamine–phalloidin (Molecular Probes) was
used. Fluorescence micrographs were obtained using an Axiovert micro-
scope (Carl Zeiss) equipped with a MicroRadiance Confocal Laser
Scanning microscope (Bio-Rad Laboratories) or Olympus IX51. To
quantitate the effects of vinexin a on F-actin, wild-type and SH3 mutants
of vinexin a tagged with FLAG were cotransfected with GFP into
NIH3T3 cells, and the distribution of F-actin in GFP-expressing cells was
estimated. For each slide, at least 20 cells with GFP fluorescent signals
were classified as having stress fibers with normal ends or swollen ends, or
having no stress fibers. Scoring was done blind to which construct was
being analyzed. Each construct was analyzed using two separate
transfections.
Results and discussion

Interaction of vinexin b with vinculin in vitro and in vivo

Exogenous expression of either vinexin or vinculin en-
hanced the actin cytoskeletal organization. It raised the
possibility that the interaction between vinexin and vincu-
lin is important in regulating the formation of actin cyto-
skeleton. To better understand the interaction between
vinexin and vinculin, we examined the real-time binding
of vinexin b and its mutants (Fig. 1A) to full-length vincu-
lin purified from chick gizzards using SPR measurements.
As shown in Fig. 1B, HisTrx-tagged vinexin b purified
from an E. coli expression system clearly showed an asso-
ciation with and dissociation from the vinculin immobi-
lized on the sensor chip. The dissociation constant (Kd)
calculated from the data was (3.7 ± 0.4) · 10�7 M. HisTrx
alone did not show any significant association with vinculin
(data not shown). Furthermore, a point mutation (substitu-
tion of the conserved tryptophan residue in each SH3 do-
main with phenylalanine) either in the first or second
SH3 domain of vinexin b (b1stWF and b2ndWF) com-
pletely disrupted this interaction (Fig. 1C). In contrast, vin-
exin b having a point mutation in the third SH3 domain
(b3rdWF) interacted with vinculin with similar affinity
(Kd = (5.0 ± 1.6) · 10�7 M) to wild-type vinexin b. Vinexin
a was highly degraded when expressed in E. coli, thus we
could not examine its affinity for vinculin. These observa-
tions suggest that vinexin b directly associates with vinculin
and the association requires both the first and second SH3
domains.

It has been shown that intramolecular interaction be-
tween the head and tail domains of vinculin regulates its
ability to bind to target proteins, such as talin, actin, and
VASP [21–23]. Thus, we examined whether the affinity of
vinexin b for vinculin is also regulated by the intramolecular



Fig. 1. Sensorgrams of the association phase and dissociation phase for binding of vinexin b and its SH3 mutants to full-length and C-terminal half of
vinculin. (A) A schematic diagram of the vinexin mutants used in this study. (B–E) Full-length vinculin (B,C) or the C-terminal half of vinculin (D,E) was
immobilized on the F1 sensor chip and probed with the indicated concentration of wild-type HisTrx-vinexin b (B,D) or 900 nM of HisTrx-vinexin b and its
mutants (C,E) at a flow rate of 20 ll/min, as described under Materials and methods. The results are representative of at least three independent
experiments.
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interaction of vinculin. SPR analyses showed that the bind-
ing affinity of vinexin b for the C-terminal half of vinculin,
which contains the proline-rich hinge region and tail do-
main and is thought to mimic an activated ‘‘open’’ form
[16–18], is three times higher (Kd = (1.1 ± 0.1) · 10�7 M)
than that for full-length vinculin. As was the case with
full-length vinculin, b3rdWF associated with the C-termi-
nal half of vinculin with similar affinity (Kd =
(1.4 ± 0.1) · 10�7 M) to wild-type vinexin b, but b1stWF
or b2ndWF did not associate. Together, these results sug-
gest that the interaction is regulated by the intramolecular
interaction of vinculin. Recently, our collaborator reported
that interaction of vinculin with IpaA increased the affinity
to vinexin b [42]. Their report is consistent with our study,
since the interaction of vinculin with IpaA is known to
change the activation status of vinculin.
Vinculin is reported to be an inactive ‘‘closed’’ form in
the cytosol and to be changed to an active ‘‘open’’ form
at focal adhesions [27,29,42]. Thus, we examined the vinex-
in–vinculin interaction in adherent and suspended condi-
tions to confirm that vinexin associates with activated
vinculin in vivo. NIH3T3 cells were trypsinized and main-
tained in suspension for 3 h. Cells were then reattached on
fibronectin or kept in suspension for further 2 h. Cell
lysates were immunoprecipitated with anti-vinexin anti-
body and co-precipitated vinculin was determined
(Fig. 2). Endogenously expressed vinculin was co-precipi-
tated with vinexin in adherent cells but not in suspended
cells. Rabbit IgG did not precipitate either vinexin or vin-
culin even in adherent cells. These results support the idea
that the interaction is regulated by the intramolecular inter-
action of vinculin in vivo.



Fig. 2. Co-immunoprecipitation of endogenous vinculin with vinexin.
NIH3T3 cells were trypsinized and maintained in suspension for 3 h. Cells
were then reattached on fibronectin or kept in suspension for further 2 h.
Cells were lysed and cell lysates were immunoprecipitated with anti-
vinexin antibody. Co-precipitated vinculin was detected by immunoblot-
ting. The results are representative of three independent experiments.
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Role of interaction with vinculin in recruitment of vinexins to

focal adhesions

To determine the function of vinexin–vinculin interac-
tion in vivo, we first confirmed the interaction of vinexin
with vinculin through its first and second SH3 domains.
GFP-tagged vinculin was transfected with FLAG-tagged
wild-type or SH3 mutants of vinexin b into Cos7 cells. Cell
lysates were then immunoprecipitated with anti-FLAG
antibody. As shown in Fig. 3A, GFP-vinculin as well as
Fig. 3. In vivo association of vinexin b through its first and second SH3
domains with vinculin. (A) COS-7 cells were transfected with vector alone
or FLAG-tagged vinexin b or SH3 mutants with GFP-tagged vinculin.
Cell lysates were immunoprecipitated (IP) with anti-FLAG antibody.
Immunocomplexes were subjected to immunoblotting using anti-GFP
antibody or anti-vinculin antibody to detect co-precipitated vinculin. Cell
lysates were immunoblotted using anti-GFP antibody or anti-vinculin
antibody to confirm the equal expression of vinculin. White arrowheads
show GFP-vinculin and black arrowheads show endogenous vinculin. (B)
COS-7 cells were transfected with vector alone or FLAG-tagged vinexin a
or its SH3 mutants. Cell lysates were immunoprecipitated (IP) with anti-
FLAG antibody and immunoblotted using anti-vinculin antibody as
described in (A). The results are representative of three independent
experiments.
endogenous vinculin was coimmunoprecipitated with
wild-type vinexin b and the b3rdWF mutant. In contrast,
GFP-vinculin and endogenous vinculin were barely coim-
munoprecipitated with b1stWF, b2ndWF, or b1st2ndWF.
We also confirmed the interaction of vinexin a with vincu-
lin. As in the case of vinexin b, vinculin was significantly
coimmunoprecipitated with wild-type vinexin a and the
mutant a3rdWF, but not with a1stWF or a2ndWF
(Fig. 3B). Less vinculin was coimmunoprecipitated with
vinexin a than with vinexin b possibly due to the much low-
er solubility of vinexin a (data not shown). These observa-
tions are consistent with the results obtained by SPR that
vinexin associates with vinculin through its first and second
SH3 domains.

To determine the role of binding in the subcellular
distribution of vinexin b, GFP-tagged vinexin b or its
SH3 mutants was transfected into NIH3T3 cells. The
subcellular localization of vinexin b was observed as
GFP fluorescence. Wild-type vinexin b was predominant-
ly localized at focal adhesions and co-localized with vin-
culin (Fig. 4A) as previously described [4]. A mutation
in the third SH3 domain of vinexin b did not affect
the subcellular localization (Fig. 4D). In contrast,
b1stWF and b2ndWF showed a diffuse subcellular distri-
bution with little accumulation at focal adhesions (Figs.
4B and C). These results suggested that the interaction
with vinculin through the first and second SH3 domains
is required for the localization of vinexin b at focal
adhesions.

We next determined the subcellular distribution of
GFP-tagged vinexin a and SH3 mutants in NIH3T3
cells. Wild-type vinexin a and a3rdWF were predomi-
nantly localized at focal adhesions. In contrast, a1stWF
and a2ndWF showed a more diffuse distribution,
although a portion of these mutants were still localized
at focal adhesions and colocalized with vinculin (see
Fig. 6 and data not shown). This localization may be
mediated by another focal adhesion-localizing signal
included in the N-terminal half of vinexin a [4] and/or
by a weak association of these mutants with vinculin
through remaining functional SH3 domains. To confirm
the importance of vinculin for localization of vinexins
at focal adhesions, we determined the localization of vin-
exin a and b in vinculin-null fibroblasts (Fig. 5). Both
vinexin a and b were clearly co-localized with paxillin
at focal adhesions in wild-type fibroblasts. In contrast,
vinexin b showed a diffused subcellular distribution in
vinculin-null fibroblasts as we expected. Furthermore,
vinexin a showed a diffuse and fibrillar distribution
where paxillin was not localized, with slight accumula-
tion at focal adhesions in vinculin-null fibroblasts.
Together, these results suggested that interaction with
vinculin plays an important role in the recruitment of
vinexin a and b to focal adhesions. Furthermore, our
observations also indicate that vinexin a can localize at
fibrillar structures and less efficiently at focal adhesions
in a vinculin-independent manner.



Fig. 4. Subcellular localization of vinexin b. GFP-tagged vinexin b (A,E,I), b1stWF (B,F,J), b2ndWF (C,G,K), and b3rdWF (D,H,L) were each
transfected into NIH3T3 cells. Transfected cells were examined for GFP fluorescence (A–D) and indirect immunofluorescence labeling for vinculin (E–H).
Merged images of GFP fluorescence (green) and vinculin staining (red) are also shown (I–L). Arrowheads indicate the sites of colocalization of vinexin b
with vinculin. The scale bar indicates 10 lm. The results are representative of at least three independent experiments. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this paper.)

Fig. 5. Subcellular localization of vinexin a and b in wild-type and vinculin-null fibroblasts. GFP-tagged vinexin a (A,C,E,G,I,K) or b (B,D,F,H,J,L) was
transfected into wild-type (A,B,E,F,I,J) or vinculin-null fibroblasts (C,D,G,H,K,L). Transfected cells were examined for GFP fluorescence (A–D) and
indirect immunofluorescence labeling for paxillin using anti-paxillin mAb (Transduction Laboratories) (E–H). Merged images of GFP fluorescence (green)
and paxillin staining (red) are also shown (I–L). Arrowheads indicate the sites of colocalization of vinexins with paxillin. Arrows indicate the sites of
fibrillar localization of vinexin a where paxillin was not localized. The scale bar indicates 10 lm. The results are representative of at least three independent
experiments. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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Fig. 6. Confocal microscopic images of cells expressing vinexin a and its mutants. GFP-tagged vinexin a (A,E,I), a1stWF (B,F,J), a2ndWF (C,G,K), and
a3rdWF (D,H,L) were each transfected into NIH3T3 cells. Transfected cells were examined for GFP fluorescence (A–D), rhodamine-phalloidin (E–H),
and overlaid GFP and rhodamine fluorescence (I–L). Arrowheads show enhanced rhodamine–phalloidin staining in the vinexin a-expressing cells. The
scale bar indicates 10 lm. The results are representative of at least three independent experiments. (M) Quantitation of the effects of vinexin a on stress
fibers. FLAG-tagged vinexin a or SH3 mutants were cotransfected with GFP into NIH3T3 cells, and the distribution of F-actin in GFP-expressing cells
was estimated by immunofluorescence microscopy. Scoring was done blind to which construct was being analyzed. Each construct was analyzed using two
separate transfections. The ordinate indicates the percentage of cells having stress fibers with swollen ends or normal ends, or having no stress fibers.
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Vinculin-binding region is required for vinexin a to induce the
accumulation of F-actin at focal adhesions

We previously showed that the exogenous expression of
vinexin a in NIH3T3 cells induced the accumulation of F-
actin at focal adhesions [4]. To examine the importance of
the vinculin-binding region in this effect, NIH3T3 cells
were transfected with GFP-tagged vinexin a or GFP-
tagged SH3 mutants of vinexin a and stained with rhoda-
mine-labeled phalloidin (Fig. 6). Expression of wild-type
vinexin a as well as a3rdWF efficiently induced the accu-
mulation of F-actin at focal adhesions, i.e., the swollen
ends of stress fibers (Figs. 6E and H). In contrast, a1stWF
and a2ndWF only slightly affected the actin organization
(Figs. 6F and G). To quantitate these effects, FLAG-
tagged vinexin a and the mutants were cotransfected with
GFP into NIH3T3 cells, and the distribution of F-actin
in GFP-expressing cells was estimated. Less than 30% of
cells transfected with vector alone (n = 62), a1stWF
(n = 53), or a2ndWF (n = 46) contained swollen ends of
stress fibers (Fig. 6M). In contrast, 64% (n = 56) and 62%
(n = 63) of cells expressing wild-type vinexin a and
a3rdWF, respectively, had swollen ends of stress fibers.
Together, these observations suggested that the interaction
with vinculin through the first and second SH3 domains of
vinexin a is involved in inducing the accumulation of F-ac-
tin at focal adhesions, although we cannot exclude a possi-
bility that other vinexin-binding proteins may be involved
in this phenomenon.

In conclusion, our data suggest that the interaction of
vinexin with vinculin through its first and second SH3 do-
mains is necessary for efficient localization of vinexin a and
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b at focal adhesions. We also observed that vinexin b inter-
acts with higher affinity with the C-terminal half of vincu-
lin, which mimics an activated ‘‘open’’ form, than with
full-length vinculin and vinculin was co-precipitated with
vinexin in adherent cells but not in suspended cells. Full-
length vinculin is thought to be an inactive ‘‘closed’’ form
in the cytosol and to be changed to an active ‘‘open’’ form
at focal adhesions [27,29,42]. We, therefore, propose the
model that activated vinculin localized at focal adhesions
recruits vinexins to focal adhesions.
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