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Vinculin head–tail interaction defines multiple
early mechanisms for cell substrate rigidity
sensing†

Zengzhen Liu,‡ Philippe Bun,§ Nicolas Audugé, Maı̈té Coppey-Moisan and
Nicolas Borghi*

Rigidity sensing is a critical determinant of cell fate and behavior but its molecular mechanisms are poorly

understood. Focal adhesions (FAs) are complexes that anchor cells to the matrix. Among their components,

vinculin undergoes an auto-inhibitory head–tail interaction that regulates the recruitment of, and interac-

tions with its partners in a force-dependent manner. It is unknown, however, whether this mechanism is

involved in substrate rigidity sensing. Here, we use a range of quantitative fluorescence microscopies on

live human Mesenchymal Stem Cells to address this question. We identify two distinct rigidity-sensing

molecular modules in FAs, one of which involves vinculin and talin, is regulated by vinculin head–tail inter-

action, and targets cell morphology. Vinculin and talin are recruited independently in a rigidity-dependent

manner to FAs where they directly interact in a rigidity-independent stoichiometry at a site proximal to talin

head. Vinculin head–tail interaction is required on soft substrates to destabilize vinculin and talin in FAs, and

to allow hMSCs branching. Another module involves paxillin and FAK, which soft substrates also destabilize,

but independently of vinculin head–tail interaction. This multi-modularity may be key to allow a versatile

response to complex biomechanical cues.

Insight, innovation, integration
Rigidity sensing is a critical determinant of cell fate and behavior but its molecular mechanisms are poorly understood. Focal adhesions are complexes that
anchor cells to the matrix. Among their components, vinculin undergoes an auto-inhibitory head–tail interaction regulating interactions with its partners in a
force-dependent manner. Whether this mechanism is involved in rigidity sensing is unknown. Using quantitative fluorescence microscopies on live human
Mesenchymal Stem Cells, we identify two distinct rigidity-sensing molecular modules in FAs, one of which involves vinculin and talin, is regulated by vinculin
head–tail interaction, and targets cell morphology. Another module involves paxillin and FAK, but independently of vinculin head–tail interaction. This multi-
modularity may be key to allow a versatile response to complex biomechanical cues.

Introduction

Extracellular matrix (ECM) rigidity is a critical determinant of
cell fate and behavior. In culture, stem cells differentiate into
lineages of tissues whose rigidity matches that of the culture
substrates.1,2 Fibroblast cell lines assemble the ECM, spread

and migrate as a function of substrate rigidity.3,4 Thus, rigidity
sensing likely plays a major role in multicellular development,
homeostasis and regeneration. Moreover, abnormal tissue rigidity
and cell response to rigidity are signatures of diseases such as
cancer.5 The molecular mechanisms of rigidity-sensing are,
however, poorly understood.

Focal adhesions (FAs) are macromolecular complexes that
transmit cell traction forces to the cell substrate. FAs were early
found to respond to substrate rigidity,4,6 and a number of their
components respond to mechanical forces in situ or in vitro.7–9

Notably, vinculin recruitment to FAs increases with cell contrac-
tility, external forces7,10–12 and substrate rigidity.4,13 Moreover, a
recent study has shown the requirement of vinculin for proper
rigidity-dependent differentiation of human Mesenchymal Stem
Cells (hMSCs).14
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Interestingly, vinculin comprises a head and a tail domain that
bind a number of FA and actin-regulating proteins and membrane
lipids,15 but these interactions are competed by a head–tail homo-
interaction.16,17 These functional, as well as structural studies18–20

support a model by which the release of vinculin head–tail
interaction in FAs involves at least two binding partners, and
possibly tension-dependent conformational changes. Indeed,
vinculin undergoes conformation opening in FAs,21 and is also
under mechanical tension.22 Talin, in turn, exhibits a number
of vinculin-head binding sites (VBS) that recruit vinculin in vitro
upon actomyosin-generated stretch,23 and is stretched in cells.24

Importantly, a recent study demonstrated in cells that talin
tension depends on rigidity, vinculin association and actomyosin
activity.25

In summary, the general picture is that in which vinculin act
as a cell contractility-dependent master regulator of FA protein
recruitment through modulation of its head–tail interaction,
and is involved in a positive feedback between talin stretching
and actomyosin contractility as a function of substrate rigidity.
It is unknown, however, whether vinculin head–tail interaction
is involved in rigidity sensing, whether talin interacts with
variable numbers of vinculin proteins as a function of rigidity,
and the overall effect of these events on FA growth.

To address these issues, we investigate the molecular mechan-
isms by which substrate rigidity affects hMSCs morphology,
FA proteins recruitment, mobility and interactions, and their
modulation by a vinculin interaction mutant (T12) that bears
four point-mutations in the head-binding region of the tail.17

From higher-than-bone (glass, 450 GPa) to brain tissue-like
(0.2 kPa) rigidity, we show that vinculin and talin are recruited
independently in a rigidity-dependent manner to FAs, where
they directly interact in a rigidity-independent stoichiometry in
a site proximal to talin head. Impairment of vinculin head–tail
interaction is not sufficient alone to allow vinculin–talin inter-
action but it stabilizes vinculin and talin in FAs so that their
amount is no longer rigidity-dependent. In addition, the T12
mutant prevents hMSCs branching of soft substrates. In contrast,
paxillin and FAK amount and turnover in FAs remain rigidity-
sensitive independently of vinculin head–tail interaction.

Material & methods
Cells

Three different batches of human bone marrow stromal cells
(hMSCs) were purchased from StemCell (MSC-001F) in 1.8 mL
vials. We did not detect major batch variability in the results.
Cells were cultured in MesenCults MSC Basal Medium (Human;
Catalog #05401) completed with Mesenchymal Stem Cell Stimu-
latory Supplements (1 : 10, Human; Catalog #05402), Antibiotics
(1 : 500, LONZA, MycoZapt Plus-PR, Catalog # VZA-2021) and were
used at passages 3–5 for all experiments.

Constructs

Plasmids pEGFP-Talin1, pEGFP-paxillin, pmCherry-FAK-HA,
pEGFP and pmCherry were obtained from Addgene. pEGFP-T12,

pEGFP-vinculin, pmCherry-vinculin, pmCherry-paxillin and pEGFP
FAK were generous gifts from Susan W. Craig, Tova Volberg,
Clare M. Waterman, Michael W. Davidson and Jun-Lin Guan.
The pEGFP-mCherry tamdem plasmid was described else-
where.26 The mCherry form of T12 were generated by removing
the GFP cassette by BglII and HindIII digestion followed by ligation
of the product of a PCR on the pmCherry plasmid. Cells were
transfected by electroporation using the Amaxa Nucleofector II and
the hMSC kit (LONZA, Catalog # VPE-1001) according to manufac-
turer’s directions, and used 24 h after transfection.

Elastic substrates

Collagen-coupled polyacrylamide gels were prepared on round
cover slips (32 mm) according to a previously established protocol.27

Briefly, 40% acrylamide and 2% bis-acrylamide stock solutions
were mixed in various proportions with TEMED, APS and water,
and allowed to polymerize for 15 min between silanized and
glutaraldehydized glass coverslips. The gel was then covered with
sulfosuccinimidyl-6-[40-azido-20-nitrophenylamino]hexanoate (Sulfo-
SANPAH, Pierce) in DMSO. After being exposed to UV light for
6 min twice, the polyacrylamide sheet was washed with Hepes
buffer twice and incubated with a solution of type I collagen
(0.2 mg mL�1, Sigma) overnight at 4 1C. Cells were seeded at a
density of 104 cm�2. In these conditions, cells are able to
adhere to the pre-coated collagen as well as the matrix proteins,
including fibronectin, they produce and harvest from the
medium, as previously shown.28,29 Because of this, and that
we use saturating collagen conditions, cells are able to respond
to substrate rigidity through integrin pathways previously iden-
tified,29 and no variation in initial collagen density is expected
to significantly contribute to the observations.

To avoid intercellular mechanical interactions through the
deformable substrate, we only considered in all experiments
individual cells without neighbors in the observation field.
Thus, as many observation fields as cells were captured in all
experiments (see figure legends). Reported rigidities are those
indicated in the original protocol.

Cell morphometrics

Cell morphology during the first 24 h after seeding were per-
formed in phase-contrast (10�) on an environment-controlled
(37 1C, 5% CO2) Leica microscope equipped with a CoolSNAP HQ
(Photometrics) CCD camera. Cell morphology and morphody-
namics quantitative analyses were performed on cells expressing
fluorescent proteins allowed to spread on gels for 24 h before
capturing time-lapses (1 frame per min during 30–60 min) on an
environment-controlled Zeiss LSM710 confocal-microscope (40�
water objective).

Cell shape was extracted with ImageJ using standard back-
ground smoothing and contour segmentation procedures within
custom-written macros. Cell morphology was quantified by its
circularity (100� 4p� area/perimeter2): the more circular, the less
branched. Cell morphodynamics were quantified by the area A of
the non-overlapping cell surface S (protrusions and retractions)
between two consecutive time points (A(S(t + 1)XORS(t))) normalized
to the average cell surface area A(S), similar to previously done.30
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FAs protein recruitment patches morphometrics

Cells expressing fluorescent proteins were observed 24 h after
seeding on an upright wide-field Zeiss 700 microscope equipped
with an AxioCam MRm CCD camera and a 63� water-immersion
objective.

FA protein recruitment patches were segmented in ImageJ
with an intensity-based mask. Patches were sorted in two bins
based on their surface area (below or above 0.2 mm2).

FA protein turnover

FRAP (Fluorescence Recovery After Photobleaching) experiments
were carried out on a Leica DMI6000 microscope equipped with a
Yokogawa CSU22 spinning-disk head, a Leica Plan APO 63�/1.2 NA
objective and an EMCCD camera (Photometrics QuantEM). A FRAP
Head (Roper scientific) equipped with a 473 nm diode laser
(100 mW) was used to perform point bleaching (100% laser power).
Pre-bleach and post-bleach image acquisitions were performed
with a 491 nm diode laser (50 mW) at 5% laser power.

Data were fitted with a single-exponential recovery model
F = F0 + Ft(1 � exp(�t/t)), where F0 is the fluorescence that
recovers before the first time point, Ft the fluorescence of the
mobile fraction characterized by the turnover time t.

FA protein mobilities and interactions

FCS (Fluorescence Fluctuation Correlation Spectroscopy), FCCS
(Fluorescence Fluctuation Cross-Correlation Spectroscopy) and
FRET/FLIM (Förster Resonance Energy Transfer by Fluorescence
Lifetime Imaging Microscopy) experiments were performed on
the confocal time-resolved microscope MicroTime 200 (Picoquant).
Briefly, a 470 nm pulsed diode laser (Picoquant) and a 561
continuous diode-pumped solid-state laser (Coherent) are focused
through a 60�, NA 1.3 water immersion objective on an inverted
Olympus microscope. The beam waist, o0, is determined using
the point spread function of the confocal system (260 nm in the
green channel and 320 nm in the red channel). For subsequent
data analysis, o0 is fixed to 260 nm (the smallest volume) and the
structural parameter, z0/o0 to 4 (corresponding to a volume of
0.4 fL).The fluorescence emission passes through a double dichroic
mirror (DM 470/571 nm) is focused on a pinhole. A second dichroic
mirror (DM 550 nm) splits the fluorescence toward emission filters
525 � 25 nm and 593 � 20 nm in front of two avalanche photo-
diodes (SPADs, Perkin Elmer). Data acquisition and analysis use the
TimeHarp 300 PC board and Symphotime software (PicoQuant).
Time-Tagged Time-Resolved (TTTR) Single photon counts are
acquired during 60 seconds to perform one measurement.

For FCS, auto-correlation functions G(t) were analysed with
a two species 3D diffusion model to recover slow and fast
apparent diffusion coefficients:

GðtÞ ¼ Gð0Þ
X

ri
1

1þ t
tDi

� � � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ o0

z0

� �
� t
tDi

s ;

where the species i (fraction of total ri) diffuses with a char-
acteristic time tDi in the focal volume of dimensions o0 and r0.
FCS imposes low average fluorescence intensity in the probed

regions to detect fluctuations, we thus focused on dimmer
regions of interest.

FCCS analysis was performed after fluorescence lifetime
filtering between channels. This approach efficiently corrects for
spectral bleed-through and enable concentration- and laser power-
independent cross-correlation amplitude measurement.31 There-
fore, it allows unambiguous discrimination of true positive results
from false positive cross-correlation systematically observed on
non-filtered data. Presence of a complex involving the proteins of
interest was considered positive when the cross-correlation curve
could be well fitted with a 1-species 3D diffusion model yielding a
physically sound diffusion coefficient. The positive control was a
tandem dimer of GFP and mCherry proteins and the negative
control co-expressed GFP and mCherry. This approach typically
allows to measure interacting fractions as low as 10% of the total
amount of either protein. As FCS, we focused on dimmer regions
of interest.

FLIM-FRET analysis was performed by fitting the fluorescence
decay of protein-tagged GFP with a single-exponential decay
model N = N0 exp(�t/tD) to yield an average fluorescence lifetime
tD (or tDA) of protein-tagged GFP in the absence (or the presence)
of the mCherry-tagged second protein of interest. We controlled
that fluorescence lifetime differences between conditions were
not due to variable expression ratios of GFP- and mCherry-tagged
proteins.

Results
Vinculin head–tail interaction is required for rigidity-
dependent hMSCs branching

hMSCs spread differently on substrates of different rigidities.
In less than 24 h, hMSCs adopted a branched morphology with
small cell bodies and long and thin branches on soft substrates,
large cell bodies and short branches on rigid substrates, and an
intermediate morphology on intermediate rigidities (Fig. 1A).

To quantify cell branching as a function of substrate rigidity,
we measured cell circularity on rigid and soft substrates (Fig. 1B
and C). Cell circularity was lower on soft than on rigid substrates,
regardless of whether or not cells exogenously expressed GFP-
tagged WT FA proteins (Fig. 1C). In contrast, cells expressing the
vinculin T12 mutant, impaired for head–tail interaction, exhib-
ited no circularity decrease on soft substrates (Fig. 1C). Due to
transient expression, GFP-tagged proteins levels span over ranges
larger within than between rigidity conditions, and may not
account for differences in results between conditions. Therefore,
rigidity-dependent hMSCs branching requires vinculin head–tail
interaction.

To test whether substrate rigidity also affected hMSCs morpho-
dynamics, we quantified cell protrusions and retractions (Fig. S1,
ESI†). In cells expressing GFP-tagged WT vinculin, cell protrusions
and retractions surface area did not exhibit any significant trend as
a function of substrate rigidity. Therefore, we hypothesized they do
not depend on vinculin head–tail interaction. Indeed, cells expres-
sing T12 vinculin exhibited rigidity-independent morphodynamics
indistinguishable from that of WT vinculin cells (Fig. S1, ESI†).
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Thus, substrate rigidity specifically affects hMSCs branching
in a manner dependent on vinculin head–tail interaction.

FA protein recruitment is rigidity-dependent and differentially
relies on vinculin head–tail interaction

Since hMSCs branching depends on substrate rigidity, we sought
to assess the effect of substrate rigidity on FA protein recruitment.
In these experiments, each FP-tagged protein reports its own
recruitment, and not necessarily that of the other FA proteins.

Therefore, we use hereafter the term ‘patch’, rather than FA, to
define the surface to which the corresponding protein is recruited.
Since cells exhibited size variability, we measured the size distribu-
tion of recruitment patches, rather than their total area or number,
for a range of FA proteins and a range of substrate rigidities (Fig. 2
and Fig. S2, ESI†). The proportion of recruitment patches of
vinculin, talin, paxillin and FAK larger than 0.2 mm2, the plateau
size of nascent FAs,32 fell from about 60% to 20–30% as the
substrate rigidity decreased (Fig. 2B–E). Therefore, protein
amount in FAs is rigidity-dependent. In contrast, expression of
the T12 mutant prevented the proportion of large T12 patches to
fall below 50% on soft substrates, so that the size distribution
of T12 patches remained high and independent of substrate
rigidity (Fig. 2B). Therefore, the rigidity-dependence of vinculin
recruitment to the cell–ECM interface requires vinculin head–
tail interaction.

To assess the role of vinculin head–tail interaction in the
recruitment of other FA proteins as a function of substrate
rigidity, we measured the sizes of FA protein recruitment patches
in cells co-expressing the T12 mutant. Patches of T12 and of the
other FA protein generally colocalized but their sizes were not
necessarily the same (Fig. S2B, ESI†). Indeed, the size distribution
of mCherry-tagged WT vinculin, paxillin and FAK patches followed
the same rigidity-dependence whether or not the cells co-expressed
the GFP-T12 mutant (Fig. 2B–D). Thus, T12 mutants do not affect
the recruitment of WT vinculin, paxillin or FAK as a function of
substrate rigidity. Of note, that cells recruit both WT and T12
vinculin in FAs on rigid substrates shows that T12 is expressed at
levels that do not compete with WT vinculin. In contrast, expres-
sion of the mCherry-T12 mutant significantly affected GFP-talin
recruitment as a function of rigidity (Fig. S2B, ESI†). In those
cells, the size distribution of talin recruitment patches did not
significantly decrease as substrate rigidity decreased (Fig. 2E).
In other words, soft substrates tend to deplete FAs of WT vinculin,
paxillin, and FAK but not of T12 and talin in the presence of T12.
Therefore, vinculin head–tail interaction appears to control the
rigidity-dependence of talin recruitment to FAs, but not that of
paxillin or FAK.

FA proteins mobilities are rigidity-dependent and that of
vinculin and talin depend on vinculin head–tail interaction

Since substrate rigidity affects FA protein recruitment, we
sought to assess its effect on FA proteins mobility. To assess
FAs proteins mobility within the sec timescale, we performed
FRAP on recruitment patches. We focused on recruitment
patches at the periphery of the cell–ECM interface. Fluores-
cence recovery evidenced a mobile fraction faster than our time
resolution (F0) and a slower fraction (Ft) characterized by a
turnover time t (see Methods). GFP-vinculin, talin and paxillin
all exhibited turnover times in the same 50 s range, whereas
FAK exhibited shorter turnover times (15 s). Remarkably, all
turnover times exhibited a significant decrease with substrate
rigidity decrease (Fig. 3). In addition, slow mobile fractions
Ft of vinculin, paxillin and FAK exhibited a significant decrease,
compensated by a significant increase in fast mobile fraction

Fig. 1 Vinculin conformation change is required for rigidity-dependence
of cell morphology. (A) hMSC on 0.2 kPa, 11 kPa and 34 kPa substrates
during the first 24 h after plating. Scale bar = 10 mm. (B) Cell surface after
intensity-based threshold for WT and T12 vinculin-GFP expressing cells on
glass and 0.2 kPa. Scale bar = 10 mm. (C) hMSC circularity for cells expressing
GFP-tagged talin, FAK, paxillin, WT vinculin, T12 vinculin mutant or
no fluorescent protein (ctrl) on rigid (34 kPa) and soft (0.2 kPa) substrates.
Mean � SEM. ANOVA and uncorrected Fisher’s LSD test; n = 3–5 cells per
condition. Shown p-values are for any pair of same GFP-tagged protein
conditions between rigid and soft substrates. No significant difference of
circularity between rigidities for T12 only.
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F0 of vinculin and FAK. Therefore, all FA proteins tested
exhibited an overall higher mobility on soft substrates.

While FRAP is well suited to study protein mobility in the sec
and min timescale, it misses faster phenomena. To access the
ms timescale, we thus performed FCS in the dimmer regions of
recruitment patches (see Methods). GFP-vinculin, talin and
paxillin all exhibited mobilities best fitted with two apparent
diffusion coefficients each: a high coefficient in the 20 mm2 s�1

range, close to that of a freely diffusing protein, and a low
coefficient in the 1 mm2 s�1 range, which magnitude reveals a
protein mobility hindered by transient interactions with immo-
bile ligands. Slow apparent diffusion coefficients of all tested
proteins increased when substrate rigidity decreased (Fig. S3,
ESI†). Therefore, ms-scale and s-scale mobilities of FA proteins
are similarly rigidity-dependent.

To assess the role of vinculin head–tail interaction on FA
protein mobilities as a function of substrate rigidity, we first

monitored by FRAP the turnover of the mCherry-T12 mutant as
well as that of GFP-talin in cells co-expressing the mCherry-T12
mutant. The mCherry-T12 mutant turnover was about an order
of magnitude slower than that of GFP-WT vinculin and did not
speed up with decreased substrate rigidity. In addition, the
slow mobile fraction of T12 was much larger than that of WT
vinculin, at the expense of the fast mobile fraction, and both
mobile fractions were no longer rigidity-dependent (Fig. 3B).
Similarly, apparent diffusion coefficients of T12 mutant were
lower than that of WT vinculin and insensitive to substrate
rigidity (Fig. S3B, ESI†). Therefore, vinculin mobility in general,
and its rigidity-dependence in particular depend on vinculin
head–tail interaction.

Moreover, although GFP-talin turnover time in mCherry-T12
mutant cells was rigidity-dependent, it was overall larger than
in WT cells. Interestingly, the T12 mutant decreased the slow
mobile fraction of talin, especially on soft substrates, but to the

Fig. 2 FA protein steady-state recruitment to the cell–ECM interface is rigidity-dependent. Vinculin conformation change is required for the rigidity-
dependence of its recruitment and that of Talin, but not that of paxillin and FAK. (A) Left: hMSC expressing vinculin-GFP. Scale bar = 5 mm. Right: Zoom in
of the cell lamellum with automatically contoured recruitment patches. (B–E) Fraction (per cell) of large (40.2 mm2) recruitment patches of FA proteins
with and without coexpression of the T12 vinculin mutant for a range of substrate rigidities. (B) vinculin and T12. (C) Paxillin. (D) FAK. (E) Talin. Mean� SEM.
ANOVA and Tukey’s HSD test; n = 3–5 cells per condition (more than 40 patches per cell). Shown p-values are between extreme rigidities and WT vs.
mutant conditions at lowest rigidity.
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benefit of immobile fraction rather than the fast mobile fraction
(Fig. 3C). At the msec timescale, T12 expression abolished the
rigidity-dependence of the slow apparent diffusion coefficient of
talin (Fig. S3C, ESI†). Therefore, vinculin head–tail interaction
regulates talin mobility dependence on substrate rigidity.

FA proteins are recruited to FA individually, regardless of
vinculin head–tail interaction

Since talin amount in FAs depends on vinculin head–tail inter-
action, and their mobilities in FAs were similar, we wondered
whether vinculin and talin were recruited as a complex. To test
this, we performed lifetime-filtered FCCS in the cytoplasm and in
dimmer regions of recruitment patches of cells expressing GFP-
talin and mCherry-WT vinculin or GFP-talin and the mCherry-
T12 mutant. Note that as FCS, FCCS provides information on
mobile proteins that are therefore mostly not yet or no longer
involved in FAs. Based on the ability to fit the cross-correlation
curves with a 3D diffusion model yielding a physically sound
diffusion coefficient, we were unable to detect fluorescence cross-
correlation between talin and vinculin, in the cytoplasm and in
dimmer regions of recruitment patches, whether or not vinculin

was WT or T12 (Table 1 and Fig. S3, ESI†). Therefore, talin does
not appear to form a complex with vinculin in the cytoplasm
prior its recruitment or after its release from FAs, even when
vinculin head–tail interaction is impaired. In addition we tested
whether complexes involving multiple vinculins could form in
the cytoplasm and found no cross-correlation between WT or T12
vinculin proteins (Table 1). Therefore, no such complexes appear
to significantly form in the cytoplasm, whether vinculin head–tail
interaction is impaired or not. Similarly, we tested whether paxillin
and FAK formed complexes with vinculin or talin in the cytoplasm
and found no evidence for such complexes, even with the T12
vinculin mutant (Table S1, ESI†).

Then, we sought to assess whether vinculin and talin directly
interacted in FAs. To do so, we performed FRET-FLIM on hMSCs
expressing either mCherry-WT or T12 vinculin, and GFP-talin
where mCherry and GFP are bound to talin-binding vinculin
head and talin head, respectively. As expected from FCCS results,
we observed in the cytoplasm similar GFP-talin fluorescence
lifetimes whether or not mCherry-tagged vinculin WT or T12
mutant was co-expressed (Fig. 4A). In contrast, GFP-talin fluores-
cence lifetime in recruitment patches was significantly lower

Fig. 3 FA proteins turnover is rigidity-dependent, and that of vinculin and talin depends on vinculin head–tail interaction. (A) Typical fluorescence
recovery profile on FAK-GFP. The red circle indicates the frapped region. Bar = 10 mm. The corresponding normalized fluorescence intensity (red curve) is
fitted with a single exponential model (black curve) that defines a turnover time t, and slow (Ft) and fast (F0) mobile fractions. (B–E) FRAP turnover time
and mobile fractions of (B) vinculin and T12, (C) talin and talin coexpressed with T12, (D) paxillin and (E) FAK as a function of substrate rigidity. Mean� SEM.
One-way (D and E) or two-way (B and C) ANOVA and Tukey’s HSD test, n = 10–25 per condition. Shown p-values are between extreme rigidities, and
between WT and mutant conditions at lowest rigidity when ‘vinculin mutant-rigidity’ statistical interaction was significant, or between all rigidities-
averaged values of WT and mutant conditions when ‘vinculin mutant-rigidity’ statistical interaction was not significant.

Table 1 FCCS results between vinculin or VT12 on the one hand, and talin, vinculin or T12 on the other hand. Yes = cross-correlation detected, No = no
cross-correlation detected

GFP-mCherry tandem GFP-Talin GFP-Vinculin GFP-T12

GFP-mCherry tandem Yes (Fig. S3E, ESI)
mCherry-Vinculin No (Fig. S3G, ESI) No
mCherry-T12 No No
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when mCherry-tagged vinculin WT or T12 mutant were expressed
(Fig. 4A). Fluorescence lifetime differences were not due to
differences in relative expression of donor and acceptor (Fig. S4,
ESI†). Therefore, talin and vinculin directly interact in recruit-
ment patches but not in the cytoplasm, and the interaction
occurs in proximity of talin head. In addition, GFP-talin fluores-
cence lifetime appeared independent of substrate rigidity or the
expression of the T12 mutant (Fig. 4A). Therefore, the stoichio-
metry of talin and vinculin bound in proximity of talin head is
independent of substrate rigidity or the possibility of head–tail
interaction in vinculin.

Discussion

In their pioneering study, Engler et al. had observed that hMSCs
morphologies and expression of lineage specification markers
were under substrate rigidity control.2 Here, we confirm that
hMSCs branching, an early morphological feature of differen-
tiation on soft substrate, depends on substrates rigidity as early
as 24 h after plating (Fig. 1). Since FAs are presumably the most
upstream complexes of rigidity sensing pathways and FA protein
vinculin is required for proper rigidity-dependent hMSC differ-
entiation,14 we focused our study on the impact of substrate

Fig. 4 Vinculin and talin directly interact in FAs but not in the cytoplasm. (A) GFP fluorescence lifetime of talin-GFP alone or coexpressed with WT
vinculin-mCherry or T12-mCherry, in the cytoplasm (left) and in FAs (right), on glass (G), 34 and 1 kPa. Mean � SEM. ANOVA and Tukey’s HSD test, n = 12
cells per condition on average. Shown p-values are for any pair of control, talin w/WT vinculin and T12 vinculin conditions at same rigidity, and any pair of
rigidity conditions at same vinculin form expressed. (B) Working model of rigidity sensing by FA proteins in hMSCs. See Discussion for details.
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rigidity on FA proteins and the role of vinculin in hMSC rigidity
sensing.

In a recent study, Yamashita et al. have investigated in MEF
cells the impact of substrate rigidity on FA proteins.13 In those
cells, recruitment of vinculin was rigidity-dependent. Specifically,
the total area, number, and intensity of vinculin recruitment
patches insoluble in a cytoskeleton stabilization buffer were all
higher on rigid substrates than on soft, and, somewhat surpris-
ingly, higher than that of total (soluble + insoluble) vinculin
recruitment patches on rigid substrates. Here, we observed in
hMSCs that total vinculin recruitment patches were larger on
rigid substrates (Fig. 2). Thus, while our conditions and results
are not identical, they both are consistent with an increased
recruitment of vinculin in FAs by rigid substrates. In addition,
we show that recruitment patches of paxillin, talin and FAK are
also rigidity-dependent, as they are larger on rigid substrates,
similarly to vinculin (Fig. 2). Therefore, substrate rigidity appears
to modulate FA protein recruitment in a fashion that retain their
overall stoichiometry.

Previous studies have evidenced a key role for vinculin head–
tail interaction in regulating cell adhesion and migration. Expres-
sion of the T12 mutant, impaired for head–tail interaction,
increased cell spread area in vinculin-null MEF cells,33 and
impaired the directional persistence of membrane protrusions
in mouse melanoma cells.34 Here, we show that in hMSCs, T12
expression does not affect cell morphodynamics, which is more-
over rigidity-independent (Fig. S1, ESI†). In contrast, T12 expres-
sion does impair increased cell branching on soft substrates
(Fig. 1). Therefore, vinculin head–tail interaction is specifically
required for the rigidity-sensitivity of cell branching in hMSCs.
Importantly, rigidity sensing is significantly abolished by T12
expression even though cells also express endogenous WT
vinculin.

The role of vinculin head–tail interaction in cell morphology is
thought to result from its function in the recruitment of vinculin
and other FA proteins to the cell–substrate interface. Indeed,
expression of the T12 mutant in vinculin-null and NIH 3T3 cells
induced more numerous vinculin recruitment patches that also
recruited paxillin and talin.17,35 Moreover, T12 recruitment,
unlike that of WT vinculin, persisted even after myosin activity
disruption in vinculin-null cells,34 while vinculin closed confor-
mation was observed to precede vinculin release from disassem-
bling FAs.21 All together, these results indicate that vinculin
head–tail interaction is required for the regulation of contractility-
dependent vinculin recruitment to, and release from the cell–
substrate interface. Here, we find that the T12 mutant forms
larger recruitment patches than that of WT vinculin in hMSCs on
soft substrates but not on rigid substrates, so that T12 recruit-
ment patches size does not depend on substrate rigidity (Fig. 2).
This result suggests that soft substrates favor vinculin conforma-
tion closing and head–tail interaction. Therefore, substrate rigid-
ity appears to recapitulate the effect of intracellular contractility
on vinculin recruitment, a result consistent with the correlation
between substrate rigidity and cell traction forces in fibroblasts
and epithelial cells,36,37 and that vinculin head–tail interaction
limits the range of cell traction forces.33 Nevertheless, it is

noteworthy that there is no one-to-one relationship between
vinculin conformation and its contractility-dependent molecular
tension22 or between vinculin molecular tension and cell traction
forces.38

Additionally, we show that recruitment patch sizes of WT
vinculin, paxillin and FAK but not talin are still rigidity-
dependent in hMSCs also expressing the T12 mutant (Fig. 2).
In contrast, a previous study has shown that paxillin, FAK, talin
and other FA proteins still colocalize with the T12 mutant at the
cell–substrate interface in cells impaired for actomyosin contrac-
tility.34 All together, these results reveal that paxillin and FAK
recruitment appears to require both rigidity- and contractility-
dependent vinculin recruitment and, independently of vinculin, a
rigid substrate. This result also indicates that cell morphology
rigidity response depends on vinculin head–tail interaction
(Fig. 1) but not on paxillin and FAK recruitment as a function
of rigidity (Fig. 4B). As a consequence, rigidity sensing exhibits
an early signaling divergence toward cell morphology through
talin and vinculin head–tail interaction on one hand, and toward
other targets through FAK and paxillin on the other hand.

Protein amounts in FAs are generally likely to reflect recruit-
ment kinetics: the more recruited the protein, the less mobile.
Indeed, vinculin, talin, paxillin and FAK, which all exhibited
smaller recruitment patches on softer substrates (Fig. 2), con-
comitantly underwent increased turnover, and most exhibited
increased fast mobile fractions and slow apparent diffusion
coefficients, and decreased slow mobile fractions (Fig. 3 and
Fig. S3, ESI†). Noteworthy, Dumbauld et al. have observed that
vinculin turnover in FAs correlates with the magnitude of cell
traction forces,33 further supporting the similar roles of sub-
strate rigidity and cell contractility on vinculin recruitment.
Consistently, Yamashita et al. have recently found that in FAs of
MEF cells, vinculin exhibits on soft substrates a smaller immo-
bile fraction than on rigid substrates. However, they observed
that paxillin rather exhibits on rigid substrates more mobile
features than on soft substrates.13 All together, these results
suggest a fairly robust conservation of the rigidity-dependence
of vinculin recruitment through cell lineages, while other FA
proteins such as paxillin may exhibit cell-type specific behaviors.
These differences further support a model involving multiple
rigidity-sensing modules within FAs.

Previous studies have shown that the T12 mutant expressed
in vinculin-null or NIH 3T3 cells on rigid substrates exhibits in
FAs a much slower turnover and smaller mobile fraction than
WT vinculin, and also slowed down the turnover of talin, but
not that of paxillin, in vinculin-null cells.17,35 Here, we consis-
tently find that the T12 mutant has a much slower turnover and
decreased fast mobile fraction and apparent diffusion coeffi-
cients compared to WT vinculin (Fig. 3 and Fig. S3, ESI†).
Together with increased amounts in FAs on soft substrates
compared to WT vinculin (Fig. 2), this further confirms the
correlation between lower mobility and higher protein amount
in FAs. In addition, we find that decreased substrate rigidity does
not increase mobility features of the T12 mutant. Consistently,
Dumbauld et al. have shown that T12 mutant turnover does not
correlate with the magnitude of cell traction forces.33 Finally, we
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find that talin mobility features are generally lower or less
rigidity-dependent in cells expressing T12 (Fig. 3 and Fig. S3,
ESI†), consistent with larger amounts in FAs on soft substrates
when the T12 mutant is expressed (Fig. 2). All together, these
results supports that substrate rigidity, similarly to cell con-
tractility, controls vinculin and talin turnover in FAs through a
modulation of vinculin head–tail interaction.

Indeed, vinculin head domain interacts with talin in vitro,
but vinculin head–tail binding competes with this interaction.39

Consistently, full length vinculin does not form a complex with
talin in coimmunoprecipitates from NIH 3T3 cells.35 The T12
mutant from HEK283 cell lysates, however, is able to form a
complex with the talin rod (residues 397–2541).17 Therefore, the
release of vinculin head–tail interaction may allow full-length
vinculin–talin interaction. Here, our FLIM-FRET experiments
bring direct evidence that full length vinculin and talin do interact
directly in proximity of talin head in FAs of live hMSCs (Table 1
and Fig. 4A). As recently proposed,40,41 we show by FLIM-FRET and
FCCS that talin and vinculin do not interact in the cytoplasm
(Table 1 and Fig. 4A). Additionally, we also show that the T12
mutant does not interact with talin in the cytoplasm (Table 1 and
Fig. 4A). Thus, the mere release of vinculin head–tail interaction
is not sufficient to allow interaction between the full-length
proteins in cells, possibly because vinculin conformation change
also requires tension. This is also consistent with a talin pre-
stretch requirement, in agreement with a previous study42 but in
contrast with another.9 The lack of cytoplasmic complex between
the T12 mutant and vinculin putative direct-binding partner
paxillin (Table S1, ESI†) also supports this model and, together
with the consistent lack of cytoplasmic complex between WT
vinculin and paxillin (Table S1, ESI†), contradicts recently observed
vinculin–paxillin cytoplasmic complexes.40 The reason for this
latter discrepancy possibly lies in our filtered FCCS method that
efficiently discards false positive correlation systematically
observed in unfiltered FCCS experiments. Altogether, our results
do not support that multi-molecular FA protein modules are pre-
assembled in the cytoplasm.

A recent study has shown that full length talin under
actomyosin-generated tension recruits full length vinculin
in vitro.23 In addition, the more stretched the talin rod, the higher
the number of vinculin heads it binds in vitro.9 Since in fibroblast
FAs talin stretching occurs24 and talin tension is rigidity-
dependent,25 an attractive model would be that talin increasingly
stretches and thereby interacts with an increasing number of
vinculin proteins as rigidity increases. Talin displays five VBS in
the three alpha-helix bundles most proximal to its head (R1 to
R3), the farthest of which (VBS1 in R3) binding vinculin under the
weakest stretching force.42 Therefore, additional vinculin–talin
interactions upon increased stretching should occur closer to
talin head than R3, namely in R1 and R2. Nevertheless, our FRET
results support that the stoichiometry of the interaction between
vinculin and talin in proximity of its head is rigidity- and T12-
independent (Fig. 4A). It is therefore unlikely that the VBS most
proximal to talin head in R1 and R2 be increasingly occupied with
vinculin upon increased rigidity. Whether only VBS1 or additional
VBS in R1 and R2 are constitutively occupied regardless of

substrate rigidity is, however, unknown. Additionally, we show
that the amounts and mobilities in FAs of T12 and talin in the
presence of T12 are rigidity-independent (Fig. 2, 3 and Fig. S3,
ESI†). Therefore, our results are more consistent with a model
where vinculin and talin recruitment and direct interaction in
proximity of talin head in FAs involve a rigidity-dependent release
of vinculin head–tail interaction and conformation change, and a
rigidity-independent, vinculin-binding-sufficient talin constitu-
tive stretching within our rigidity range. Symmetrically, vinculin
head–tail interaction, rather than talin relaxation, may trigger
vinculin and talin dissociation and concomitant release from
FAs. In other words, while vinculin head and talin interact in a
ratchet-like fashion upon tension,42 vinculin tail loosens the
ratchet as a function of rigidity. Noteworthy, this model is not
inconsistent with talin tension dependence on substrate rigidity.
Indeed, talin tension substantially changes below 1 kPa but
increases only modestly in comparison at higher rigidities.25

Conversely, most vinculin head–tail interaction-dependent
recruitment of vinculin and talin beyond the size of nascent FAs
occurs at rigidities higher than about 10 kPa (Fig. 2). Consequently,
low rigidities may be sufficient for talin tension to allow maximum
occupation of VBS near talin head. Finally, rigidity sensing at FAs
may rely on talin stretching at very low rigidities and vinculin
head–tail interaction at higher rigidities. Conserved stoichiometry
between talin and vinculin bound near talin head may be useful to
ensure balanced protein recruitment during FA growth beyond
nascent FA size.

Conclusion

In summary, our results provide insights into the earliest mole-
cular mechanisms of rigidity sensing and the regulation of FAs in
general. We evidence that from harder than bone to as soft as
brain, substrate rigidity modulates cell morphology through the
rigidity-dependent recruitment of vinculin and talin. Cell branch-
ing appears to result from the destabilization of a direct interaction
between open vinculin and talin in proximity of its head, due to
vinculin head–tail interaction, but independently of changes in
talin stretching. In contrast, substrate rigidity modulates FAK and
paxillin amounts and turnover in FAs independently of vinculin
and talin stabilization, unlike cell contractility. The early diver-
gence in rigidity sensing signals through distinct molecular mod-
ules may be essential to finely regulate the multiple targets of
rigidity independently from each other, through the regulation by
other cues of module-specific downstream effectors.
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M. Tramier, Dual-color fluorescence lifetime correlation
spectroscopy to quantify protein-protein interactions in live
cell, Microsc. Res. Tech., 2011, 74, 788–793.

32 C. K. Choi, M. Vicente-Manzanares, J. Zareno, L. A. Whitmore,
A. Mogilner and A. R. Horwitz, Actin and alpha-actinin
orchestrate the assembly and maturation of nascent adhesions
in a myosin II motor-independent manner, Nat. Cell Biol.,
2008, 10, 1039–1050.

33 D. W. Dumbauld, T. T. Lee, A. Singh, J. Scrimgeour,
C. A. Gersbach, E. A. Zamir, J. Fu, C. S. Chen, J. E. Curtis,
S. W. Craig and A. J. Garcia, How vinculin regulates force

transmission, Proc. Natl. Acad. Sci. U. S. A., 2013, 110,
9788–9793.

34 A. Carisey, R. Tsang, A. M. Greiner, N. Nijenhuis, N. Heath,
A. Nazgiewicz, R. Kemkemer, B. Derby, J. Spatz and
C. Ballestrem, Vinculin regulates the recruitment and release
of core focal adhesion proteins in a force-dependent manner,
Curr. Biol., 2013, 23, 271–281.

35 J. D. Humphries, P. Wang, C. Streuli, B. Geiger, M. J.
Humphries and C. Ballestrem, Vinculin controls focal adhe-
sion formation by direct interactions with talin and actin,
J. Cell Biol., 2007, 179, 1043–1057.

36 A. Saez, A. Buguin, P. Silberzan and B. Ladoux, Is the
Mechanical Activity of Epithelial Cells Controlled by Defor-
mations or Forces?, Biophys. J., 2005, 89, L52–L54.
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