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The ability to mechanically interact with the extracellu-
lar matrix is a fundamental feature of adherent eukary-
otic cells. Cell–matrix adhesion in many cell types is
mediated by protein complexes called focal adhesions
(FAs). Recent progress in super resolution microscopy
revealed FAs possess an internal organization, yet such
methods do not enable observation of the formation
and dynamics of their internal structure in living cells.
Here, we combine structured illumination microscopy
(SIM) with total internal reflection fluorescence micros-
copy (TIRF) to show that the proteins inside FA
patches are distributed along elongated subunits, typi-
cally 300 6 100 nm wide, separated by 400 6 100 nm,
and individually connected to actin cables. We further
show that the formation and dynamics of these linear
subunits are intimately linked to radial actin fiber for-
mation and actomyosin contractility. We found FA
growth to be the result of nucleation of new linear sub-
units and their coordinated elongation. Taken together,
this study reveals that the basic units of mature focal
adhesion are 300-nm-wide elongated, dynamic struc-
tures. We anticipate this ultrastructure to be relevant to
investigation of the function of FAs and their behavior
in response to mechanical stress. VC 2015 Wiley Periodicals, Inc.
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Introduction

Cells are mechanically active. Their internal machinery
employs elaborate signaling pathways and adhesion

proteins to apply forces on their substrate and neighboring
cells and to ‘feel’ their mechanical environment [Geiger
et al., 2009; Vogel, 2006; Vogel and Sheetz, 2006]. The abil-
ity to adhere to the extracellular matrix (ECM) is a funda-
mental feature of adherent higher eukaryotic cells and is
essential for a variety of key cellular processes, including cell
migration, proliferation and differentiation [Discher et al.,
2005; Seong et al., 2013; Winograd-Katz et al., 2014].
Thus, it is no surprise that the study of how cells sense the
mechanical and geometrical cues in their microenvironment
is an active and rapidly expanding field of research, currently
termed mechanobiology [Eyckmans et al., 2011]; such
research is concerned with a wide range of aspects from pro-
tein structures to tissue-scale mechanics [Guo et al., 2013].

Focal adhesions (FAs) are one of the primary structures
by which cells adhere to the ECM. The transmembrane
adhesion receptors in FA are integrins, of which different
isoforms bind different ECM proteins (e.g., fibronectin,
vitronectin, and collagen) via their extracellular domains.
At the same time, integrins bind via their cytoplasmic tails
to a complex network of proteins, termed the adhesion
plaque. The adhesion plaque is composed of a variety of
proteins including talin, vinculin, paxillin, zyxin, and focal
adhesion kinase (FAK), to name but a few [Zaidel-Bar
et al., 2007]. These plaque proteins exert structural and
regulatory roles; chiefly, linking integrins to the actin cyto-
skeleton. Although the importance of actomyosin contrac-
tility in the development of FAs is well-established
[Vicente-Manzanares et al., 2009], understanding the
molecular nature of the connections between actin and
FAs requires novel techniques to characterize adhesion pla-
que dynamics.
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High-resolution microscopy methods have been used to
observe the spatial features of FAs at a submicronic scale.
Patla et al. used cryo-electron tomography and observed
three-dimensional doughnut-shaped particles of �25 nm
inside the core of FAs as well as numerous actin filaments
[Patla, 2010]. Franz and Muller [2005] used atomic force
microscopy to also demonstrate the existence of actin fila-
ments inside FAs. More recently, progress in super resolu-
tion microscopy enabled determination of the relative
positioning of the proteins within FAs. Kanchanawong et al.
[2010] used interferometric photoactivated localization
microscopy (iPALM) to visualize the vertical organization of
FA proteins in fixed U2OS (human bone osteosarcoma) and
MEF (mouse embryonic fibroblast) cells. The structure of
FAs in the plane of the substrate has also been observed
using photoactivated localization microscopy (PALM)
[Shroff et al., 2007]. Such observations have demonstrated
that—in fixed cells—FAs are not homogeneous spatial struc-
tures, and on the contrary, they contain patches of adhesion
proteins with submicron dimensions.

Despite the fact that FAs are highly dynamic structures,
the morphological observations described above were
obtained using fixed cells. FAs formation is usually observed
at the lamellipodium–lamellum interface where they grow
along the direction of local actin retrograde flow [Alexan-
drova et al., 2008; Gardel et al., 2008]. Formation of FAs is
initiated by integrin–matrix binding at the leading edge of
a cell [nascent adhesions; Vicente-Manzanares et al., 2007].
Nascent adhesions are usually observed as small foci of fluo-
rescence whereas mature FAs have polar and elongated
morphologies, extending to several micrometers long and a
few micrometers wide. Elongation of FAs has been investi-
gated in detail using TIRF microscopy. In particular, Guo
et al. [2007] studied retrograde flux of zyxin and VASP, and
Hu et al. [2007] used fluorescent speckle TIRF microscopy
(FSM–TIRF) to determine the spatial relationships between
retrograde flow of F-actin and several FA proteins (vinculin,
talin, paxillin, zyxin, and FAK).

It is now commonly accepted that FAs have a complex
internal organization and are dynamic structures. In con-
trast to super resolution microscopy methods, the resolu-
tion offered by the classic TIRF method, which has been
used to assess the dynamics of FAs, does not enable the
observation of any well-defined internal structure: adhe-
sions simply appear as large, homogeneous plaques display-
ing internal retrograde flow of proteins. Thus, the dynamics
of the internal structure of FAs observed using high resolu-
tion microscopy is still a mostly unexplored territory.

Thus, the objective of this study was to observe FAs at a
high spatial resolution in live cells. To do so, we combined
structured illumination microscopy (SIM) with total inter-
nal reflection fluorescence microscopy (TIRFM) to observe
REF52 fibroblast cells. The theoretical resolution of SIM is
twice that of conventional TIRF [Gustafsson, 2000] (i.e.,
typically, 100 nm structures can be resolved using SIM)

while allowing live imaging (under standard conditions, the
acquisition rate is typically a few high-resolution images per
minute). Therefore SIM provides an excellent tradeoff
between conventional microscopy (low spatial resolution,
high frame rate) and super resolution methods (fixed cells
at a high spatial resolution). Another implicit limitation
imposed by the quantitative study of FAs comes from the
large variations in their shape and dynamics, which depend
on the cell state and, in particular, its polarity and migra-
tory status [Prager-Khoutorsky, et al., 2011; Smilenov,
1999]. To obtain reproducible FAs, we studied cells seeded
on fibronectin-coated disks. Cells cultured on such sub-
strates display the formation of numerous, dynamics FAs
close to the edge of the fibronection coated surface.

Using this approach, we show here that FAs are com-
posed of parallel arrays of evenly-spaced linear subunits,
each linked at its proximal tip to a single F-actin filament.
These linear subunits elongate over time up to a few micro-
meters long, but maintain a constant width of about
300 6 100 nm. FAs enlarge when new filaments with
approximately the same width are created parallel to the
first mother filament, in a well-synchronized dynamic pro-
cess. Finally, we demonstrate that maturation of these subu-
nits is positively linked to actomyosin contractile activity.

Results

Proteins in FAs are Organized in Periodically
Spaced Linear Subunits

In order to investigate the structure and dynamics of FAs at
a high spatial resolution, we imaged several FA proteins in
REF52 cells. Kanchanawong et al. divided FAs into three
functional layers (Fig. 1): an integrin signaling layer, a force
transduction layer and an actin regulatory layer [Kanchana-
wong et al., 2010]. Thus, we examined the organization of
representative proteins from each of these layers by express-
ing specific FA proteins fused to fluorescent tags (Fig. 1, see
also Supporting Information Movies 1). Integrin b1
(Figs. 1A and 1F), FAK (Figs. 1B and 1G) and paxillin
(Figs. 1C and 1H) were used to represent the integrin sig-
naling layer; vinculin (Figs. 1D and 1I), the force transduc-
tion layer; and zyxin (Figs. 1E and 1J), the actin regulation
layer. Images were captured using a SIM–TIRF microscope.
To minimize cell variability in these experiments, we imaged
cells seeded on homogeneous fibronectin-coated disks of
equal diameter (50 mm, see “Methods” and Supporting
Information Fig. 3). SIM–TIRF images, for which the reso-
lution typically reached �100 nm, showed that all of the
fluorescent proteins were organized as quasi-periodic linear
sets of several (typically 2–10) thin filaments (Fig. 1L). This
inner structure was particularly obvious on time lapse
images (see Supporting Information Movies SM1). The typ-
ical width of these linear subunits was 300 6 100 nm (Figs.
2B and 2E–2H), regardless of the fluorescent protein
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observed. In contrast, the proteins were seen as a continuous
fluorescent patch when observed using conventional TIRF
microscopy (Figs. 1A–1E). We further studied the colocali-
zation of three of these proteins (paxillin, vinculin, and
zyxin) using dual color SIM (Fig. 3): these proteins colocal-
ized with linear FA subunits. This data suggests the linear

subunits observed within FAs contain core proteins from all
functional layers of the FA, whereas the space between the
subunits appears to be devoid of these FA proteins.

To confirm that the linear arrays of filaments observed in
FAs using SIM–TIRF were not an artifact of structured
illumination, we imaged tdEOS–paxillin-expressing REF52

Fig. 1. Focal adhesions are composed of arrays of linear subunits. A–J: Images of integrin b1-eGFP, FAK–GFP, paxillin–YFP, vincu-
lin–mCherry, and zyxin–GFP obtained using total internal reflection microscopy (TIRF; A–E) and structured illumination micros-
copy–total internal reflection microscopy (SIM–TIRF; F–J). Focal adhesion proteins were observed as large, relatively homogeneous
patches using TIRF, whereas SIM–TIRF reveals them to be composed of an array of linear, parallel subunits. K: Illustration of the
vertical organization of a focal adhesion. L: Magnified view of panel H (left) and sketch of the internal structure of this patch (right).
The FA plaque (black contour) is composed of an array of linear subunits which extend toward the center of the cell. The proximal
tip of the FA subunit is defined as the FA tip closer to cell center, and the distal tip is the FA tip closer to cell edge. M–O: REF52
cells expressing the photoswitchable protein paxillin–tdEos were fixed and imaged using three different microscopy techniques: TIRF
(M), SIM–TIRF (N), and stochastic optical reconstruction microscopy (STORM, O), confirming that SIM–TIRF provides a high
fidelity picture of the linear subunits observed using STORM. The white contour indicated the localization of the FA plaque as seen
by TIRF (M).
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cells cultured on fibronectin-coated disks using another high
resolution microscopy method, stochastic optical reconstruc-
tion microscopy (STORM). As shown in Figures 1M–1O,
the same linear filaments observed using SIM–TIRF were
also visualized using STORM. Considering the long acquisi-
tion period required for STORM imaging, SIM–TIRF
appears to be an optimal tool to study both the properties
and dynamics of these newly observed FA subunits. Finally,
using paxillin as a proxy for FA structure, we confirmed that
these subunit arrays were also observed in migratory cells
and cells spread on fibronectin-coated patterns with a differ-
ent geometry (Supporting Information Fig. S1), demonstrat-
ing that the presence of arrayed linear FA subunits is a
general feature of REF52 cells and is not unique to adher-
ence to circular patterns. We also observed these linear subu-
nits in different cell types (HeLa, HUVEC, and 3T3 MEF
cells; Supporting Information Figs. S2A–S2I). However, we
did not observe obvious the presence of linear subunits in
the small FA of U2OS cells (Supporting Information
Figs. S2J–S2L). In the remaining experiments, we used pax-
illin–YFP as a proxy for FA inner structure.

Linear Subunits Elongate Over Time but
Maintain a Constant Width

The advantage of the SIM–TIRF methodology over other
super resolution techniques, such as STORM, is its ability
to record data in living cells at a temporal resolution of less
than a minute. We therefore used SIM–TIRF to elucidate
the morphologies (Fig. 2) and dynamics (Fig. 4) of the FA

subunits in REF-52 cells stably expressing paxillin–YFP. To
get quantitative, reproducible measurements in an auto-
mated way, we extracted the width and spacing of linear
subunits using 2D autocorrelation of a region of interest
containing an array of FA subunits (see “Materials and
Methods”). The length was obtained directly from the
intensity profile of the images. Interestingly, the width of
the linear subunits and the spacing between two linear sub-
units of the same FA were very well-defined, with a narrow
distribution of both width and spacing that peaked around
300 and 400 nm, respectively (6100 nm; Figs. 2C and
2D). In contrast, the length of the linear subunits (around
2 6 0.8 mm) was more variable (Fig. 2B). However,
although the length of the FAs changed over time, their
spacing and width remained constant. Tracking the mor-
phological changes of single filaments (Figs. 4A and 4C),
we measured their elongation rate to be in the range of
0.1–0.8 mm/min, in agreement with retrograde flow for FA
patches observed using TIRF [Alexandrova et al., 2008;
Gardel et al., 2008; Guo and Wang, 2007]. More precisely,
the elongation rate of single filaments was variable, but
around 0.3 mm/min on average (Fig. 4D). Elongation
events occurred primarily at the proximal tip of the FA
(closer to the center of the cell, Fig. 1L) and in the direc-
tion of actin retrograde flow, and were followed by variable
periods of rest and sudden shortening or global disappear-
ance (Figs. 4B and 4C). We note that the changes in FA
size is not the result of photobleaching, since changes of
brightness that occurred by photobleaching appear to be
significantly slower. In contrast with elongation dynamics,

Fig. 2. Focal adhesion subunits have a well-defined width. A: Sketch of focal adhesion (FA) linear subunits of width W, length L,
and interspacing S. B–D: Morphologies of focal adhesion linear subunits in REF-52 cells stably expressing paxillin–YFP. Length was
largely distributed between 1 and 5 mm; however, the width and spacing of linear units peaked around 300 6 100 nm (histograms
were based on measurements of 80 linear subunits from 25 focal adhesions in 11 cells). E–H: Distribution of the width of the linear
subunits measured for the proteins integrin b1-eGFP (E), FAK–GFP (F), vinculin–mCherry (G), and zyxin–GFP (H). The distribu-
tions peaked around the same average value of 300 6 100 nm (four different cells and 40, 35, 36, 58 linear subunits respectively for
E–H), demonstrating that the observed morphology does not depend on the type of protein.
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shortening primarily occurred at the distal tip—i.e. closer
to the lamellipodium (Fig. 4A). FA plaques contained in
average six linear subunits (Fig. 4E) and the average life-
time of a single linear subunit was 27 6 13 min (Fig. 4F).

This justifies the importance of using SIM–TIRF to image
FAs at both a high enough spatial resolution to distinguish
individual subunits and a high enough temporal acquisi-
tion rate to observe their dynamics.

Fig. 4. Focal adhesion linear subunit dynamics. We extracted the dynamic properties of single focal adhesion linear subunits. A:
Time-lapse images of a typical linear subunit which showed a relatively rapid elongation (around 0.32 mm/min); elongation primarily
occurred via extension of the proximal tip (closer to the center of the cell). The vertical scale bar is 3 mm. B: Length as a function of
time for 30 linear subunits in four different cells. C: Evolution of the length of a typical linear subunit (shown in black on panel B)
as a function of time. The slope of the first part of the curve (dashed line) is a measurement of the average growth rate. D–F: Histo-
grams of the growth rate (u), the number of subunits in a FA plaque and the lifetime of these 30 linear subunits. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Fig. 3. Linear focal adhesion subunits are composed of several adhesion proteins. A–C: REF52 cells doubly transfected with paxillin–
eGFP (A) and vinculin–mCherry (B); paxillin and vinculin were shown to colocalize as linear subunits when the images were merged (C).
D–F: REF52 cells doubly transfected with paxillin–mApple (D) and zyxin–eGFP (E); these focal adhesion proteins also colocalized as lin-
ear subunits (F). This demonstrates that paxillin, vinculin and zyxin are components of the same linear subunits. Scale bar is 5 mm. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

CYTOSKELETON Focal Adhesions are Composed of Linear Subunits 239 �

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


Linear FA Units Are Individually Linked to
Separate Actin Cables

We then investigated the relationship between FAs and the
actin cytoskeleton. To this end, we first used dual color SIM
microscopy to image fixed REF52 cells doubly labeled with
Phalloidin 594 (F-actin) and paxillin–YFP (Figs. 5A–5D).
We found that FA linear subunits were linked to individual
actin radial cables (Figs. 5B and 5D). Note that conventional
microscopy would not have enabled the resolution of indi-
vidual actin cables. Actin cables have the same width as adhe-
sion filaments (around 300 nm, Figs. 5E–5G). Interestingly,
although actin cables always associated will the proximal tip
of FA linear subunits, they did not always extend all the way
to the distal tip (Figs. 5H–5J). This result is in agreement
with previous results from B. Geiger’s lab (Wolfenson et al.,
2009). To examine the link between actin and FA linear

subunit dynamics, we either decreased or increased actomyo-
sin contractility while simultaneously following the dynamics
of linear subunits (Fig. 6). As expected, rapid shortening of
all FA linear subunits was observed when actomyosin con-
tractility was decreased using blebbistatin or the Rho kinase
(ROCK) inhibitor compound Y27632 (Figs. 6A–6C and
Supporting Information Movie 3). Conversely, induction of
increased actomyosin contractility by expressing a constitu-
tively active RhoA protein led to the formation of a large
number of very elongated adhesion filaments (Fig. 6D).

New FA Linear Subunits Form at the Same
Time as New Actin Radial Fibers

Next, we focused our attention on the mechanism of for-
mation of new filaments in the same adhesion patch. We
observed adhesion filaments and actin radial fibers at a high

Fig. 5. Focal adhesion linear subunits are linked to individual actin radial fibers at their proximal tip. A, B: REF52 cells were seeded
for 10 h on a circular fibronectin pattern (diameter 50 mm) and labeled with phallo€ıdin-594 (F-actin) and paxillin–YFP. The images
were acquired using dual color SIM. In the magnified panel, one can see how actin radial fibers colocalize with paxillin linear focal
subunits. C, D: The same analysis for REF52 cells incubated for 3 h on fibronectin-coated glass coverslips. E. Monitoring the fluo-
rescence intensity of both actin and paxillin showed that both structures aligned and are in the order of 300 nm wide. F–G: Addi-
tional measurements (five different cells, 52 linear subunits/actin radial fibers) confirmed that—where they colocalized—the width of
both the paxillin filaments and actin radial fibers was similar and that this width was on average around 300 nm. H–J: Careful analy-
sis of SIM images of actin (right) and paxillin (left) showed that actin connects to paxillin filaments; however, the actin radial fibers
did not extend to the distal tip of the filaments. Straight lines are here as a guide to the eyes. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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resolution using dual color SIM in REF52 cells transfected
with F-tractin RFP and paxillin–GFP. In contrast with what
could be observed using conventional TIRF microscopy,
dual color SIM revealed the formation and extension of FA
linear subunits is an extremely rich, complex process. In
particular, although the width of each adhesion filament
remained constant, new linear subunits formed adjacent to
existing linear subunits. As shown in Figures 7A and 7C, a
group of linear subunits typically elongated and developed
via successive appearance of parallel linear subunits. Impor-
tantly, all such filaments usually displayed relatively well-
synchronized elongation and dynamics (Figs. 7A–7C and
Supporting Information Movies 2 and 4). Moreover, each
time a new adhesion linear subunit formed, we observed
the formation of a new actin radial fiber (or the converse).
In the example displayed in Figure 7, the number of subu-
nits increased from 0 to 6 within typically 20 min, and the
number of actin radial fibers increased accordingly. This
demonstrates the existence of a tight relationship between
the formation and morphology of FA linear subunits and
actin radial fibers.

Discussion

Although TIRF microscopy has been instrumental in
observing FA proteins, it provides limited information on
the inner structure of these adhesion patches. SIM enables

visualization of FAs at a high enough resolution to observe
individual linear subunits, which are linked to separate
actin cables and have a well-defined width and spacing.
Additionally, it is also possible to observe the dynamics of
FAs using SIM, which makes this technique a very powerful
tool for the quantitative study of mechanosensing units in
eukaryotic cells. We showed that FAs in REF52 cells are in
fact composed of a stack of quasi-periodically-spaced linear
subunits containing the major adhesion proteins (paxillin,
zyxin, FAKs, VASP, integrin). This inner structure is nor-
mally not visible when imaging cells using conventional
optical microscopes due to their low optical resolution.
High-resolution structures of focal adhesions have been
addressed in several previous studies, in which mainly fixed
cells were observed by cryoelectron tomography (Patla etal.,
2010), atomic force microscopy [Franz and M€uller, 2005]
and PALM [Kanchanawong et al., 2010; Shroff et al.,
2007]. The interest of our approach with SIM–TIRFF is to
reveal both the focal adhesion organization and their
dynamics. Here, our observations add to previous reports
by showing that the basic internal organization of FAs takes
the form of quasi-parallel linear subunit with a well-defined
width. Yet, the interior of such linear subunits is very likely
not homogeneous, but rather also presents an ultrastruc-
trure as recently suggested by Shibata et al. [2012, 2013].
Indeed, Shroff et al. [2007] mentioned that the aggregating
dots of FAs they observed in PALM follow a filament like

Fig. 6. Actomyosin contractility plays a role in focal adhesion subunit shape and dynamics. A, B: Cells were doubly transfected to
express F-tractin–RFP (as a proxy for actin) and paxillin–eGFP (as a proxy for focal adhesions) and imaged using dual color SIM
(A). The cells were treated with the Rock inhibitor Y27632, resulting in the disappearance of both actin cables and focal adhesions
(imaged after 25 min, B). Washing out the rock inhibitor led to restoration of the actin cytoskeleton and linear focal adhesion subu-
nits (imaged after 50 min, C). D: REF52 cells were transfected to express constitutively active RhoA, leading to an increase in the
length of the subunits, while their width remained similar to that of wild-type REF52 cells (around 300 nm). E–H are magnified
images of A–D. Scale bar is 5 mm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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organization. They are probably similar to FAs linear subu-
nits we report in this work. In addition, we were able to
study both the morphology and formation of these struc-
tures in conjunction with actomyosin contractility. We
showed that the linear units have a well-defined width
(300 6 100 nm) but vary in length depending on actomyo-
sin contractility. We also showed that each linear unit can
elongate at a rate of about 0.1–0.8 mm/min with different
phases during their life cycle (elongation, rest, and shorten-
ing). The origin of retrograde flow at the scale of adhesion
plaques was previously attributed to actomyosin contractil-
ity. Indeed, we showed that the linear subunits shortened
dramatically when the cells were treated with the ROCK

inhibitor Y27632. Thus, the formation of FA linear units is
dependent on actomyosin contractility. Increasing cell con-
tractility by expressing constitutively active RhoA led to FAs
with numerous linear units that had a long length, but com-
parable width to that of wild-type cells. Taken together, this
suggests that the linear subunits are formed at the same time
than the linked radial actin cable, and that their length is set
by the actomyosin contractility of the cell. Further studies
should focus on the biological processes that regulate the
length of FA linear subunits. We found the presence of FA
linear subunits in several cell types (REF52, Hela, HUVEC,
and 3T3 MEF cells). However, we did not observe them in
U2OS cells (Supporting Information Fig. 2). Interestingly,

Fig. 7. Formation of focal adhesion linear filaments correlates with the formation of actin radial fibers. Cells were doubly transfected
to express F-tractin–RFP (as a proxy for actin) and paxillin–eGFP (as a proxy for focal adhesions) and imaged using dual color SIM.
A–C: Time-lapse images of paxillin (A), F-tractin (B), and the merged images (C) are shown as a function of time. The border of
the cell is on the left, and the linear units elongate towards the center of the cell. The blue arrow shows a developing set of adhesion
filaments for which the number of linear adhesion subunits increases from 0 to 6 in typically 20 min. Actin radial fibers appeared at
the same rhythm, while transverse arc flow was faster than both the elongation rate for focal adhesion filaments and the appearance
of new adjacent filaments (see Supporting Information Movie 4). D–E: Intensity profiles over a cross section of adhesion filaments
for paxillin (green) and actin (red) at two different time points (160 and 960 s), showing that both proteins are structured as two
aligned arrays of linear units. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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U2OS cells show less FAs as well as less actin stress fibers
compared to the other cell types. We do not know the mech-
anism that drives this difference, but it may be the result of
different basal level of actomyosin contractility. This ques-
tion will be addressed in our future studies.

FA plaques are often described as mechanosensor units
[Bershadsky et al., 2003; Choquet et al., 1997; Geiger
et al., 2009; Riveline et al., 2001], and are more developed
(i.e., larger) on rigid substrates than soft substrates [Pelham
and Wang, 1997; Prager-Khoutorsky et al., 2011]. More-
over, formation of FA plaques has been shown to be trig-
gered by application of a local force [Riveline et al. 2001].
However, there is still no satisfying understanding of the
mechanosensing ability of FA plaques. Similarly, the mecha-
nism by which FA plaque formation is linked to actomyosin
contractility remains elusive. In particular, it remains
unclear to what extent their biophysical properties (shape
and dynamics) are set locally by the mechanical properties
of the substrate or, on the contrary, are regulated at the cel-
lular scale via membrane tension or actin meshwork con-
tractility. Importantly, it was reported that the area of FA
plaques correlates with the pulling strength of the cell. In
particular, using traction force microscopy, Balaban et al.
determined that the FAs of REF52 cells exert a relatively
constant force per unit area of 5.5 6 2 nN mm22. This
implies that large FA plaques can sustain larger forces than
smaller FA plaques. Recently, this idea was challenged by
measurement of forces exerted by cells on an array of micro-
pillars: different forces were exerted by FAs of similar sizes
[Trichet et al., 2012]. This was also discussed in a more gen-
eral context by Gardel’s lab: they showed using traction
force microscopy that a correlation between FA morphology
and traction forces was only observed during the first stages
of adhesion maturation and growth [Stricker et al., 2011].
Here, we show that the area of a FA patch is not the relevant
morphological parameter, rather its length and numbers of
filament subunits. Indeed, actin cables pulling on nascent
FAs extend the FA subunit, although the creation of new fil-
aments together with the formation of new actin radial
fibers. Force measurements based on arrays of micropillars
naturally constrain the area on which linear FA subunits can
develop and, as such, strongly limit the length of the FA
subunits. With this in mind, it appears that the stress that a
FA plaque can sustain is likely to be different on a micropil-
lar array than on a 2D surface. Therefore, the identification
of linear unit structures should be taken into account dur-
ing experimental design and also to improve modeling of
the growth and mechanosensing ability of FAs.

Materials and Methods

Cell Culture, Plasmids, and Transfection

The plasmid used to express paxillin–tdEos, paxillin–eGFP,
and paxillin–mApple were provided by Dr. Pakorn

Kanchanawong (Mechanobiology Institute, NUS, Singa-
pore). FTractin–RFP was the gift from Dr. Michael J.
Schell (Uniformed Services University, Bethesda, MD).
Other plasmids were previously used in the laboratory of
Weizmann Institute of Science, Rehovot, Israel. REF52 cells
and stably expressing paxillin–YFP REF52 cells were previ-
ously used in the laboratory of Weizmann Institute of Sci-
ence. Cells were transfected via electroporation using the
Neon transfection system (MPK1096; Invitrogen) follow-
ing the standard protocol. All cells were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM; 11965092,
Invitrogen) containing 10% fetal bovine serum (FBS;
10082147, Invitrogen) and 1% penicillin–streptomycin
(15070063, Invitrogen) at 378C in a 5% CO2 humidified
incubator. Typically, 104 cells were plated on a 25 mm
round coverslip, which had been precoated with fibronectin
(11080938001, Roche), and incubated for 20–30 min.
Then floating cells were gently washed away, the coverslips
were incubated for 3 h unless stated otherwise, the cover-
slips were mounted onto the observation chamber (CM-
B25-1 Chamlide CMB chamber) and the media was
changed to fresh Leibovitz’s medium with 10% FBS and
1% penicillin–streptomycin before microscopy imaging.

Phalloidin Staining

Phalloidin 594 was obtained from Invitrogen (A12381,
Invitrogen). For staining, cells were fixed in warm 4% para-
formaldehyde (PFA; P-6148, Sigma-Aldrich) for 20 min at
378C, washed in PBS (BUF-2040 1st Base), permeabilized
with 0.1% Triton X-100 (Sigma-Aldrich) for 7 min at
room temperature, blocked in 3% bovine albumin serum
(BSA; A7906, Sigma-Aldrich) for 1 h, and incubated with
phalloidin 594 for 20 min.

Micropatterning and Fibronectin Coating

Fibronectin-coated micropatterns were produced on glass
coverslips by deep UV patterning as described in Azioune
et al. [2010]. Briefly, clean glass coverslips (No. 1.5H
25 mm round coverslip; 017650, Marienfeld) were coated
with 50 ll of 0.15 mg/ml PLL(20)–g(3.5)–PEG(2) (SuSoS)
in 10 mM HEPES at pH 7.4 for 2 h. PLL(20)–g(3.5)–
PEG(2) coated glass coverslip was illuminated under an
185 nm UV lamp (UVO cleaner, Jelight) through a quartz
photomask (produced locally at MBI) for 8 min. Then the
UV activated glass coverslips were incubated with 50 ll of
25 lg/ml fibronectin (11080938001, Roche) in 100 mM
NaHCO3 at pH 8.6 for 1 h. For direct homogeneous coat-
ing, glass coverslips are directly incubated with 25 lg/ml
fibronectin for 1 h at room temperature.

Microscopes and Live Cell Imaging

Fixed cells and live cells were imaged by structured illumi-
nation microscopy (N-SIM; Nikon) [Trichet et al., 2012],
total internal reflection fluorescence microscopy (TIRF;
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Nikon Ti-E) or stochastic optical reconstruction micros-
copy (STORM; Nikon Ti-E). The SIM images were taken
in SIM–TIRF mode (based on TIRF, we used this when
imaging a single FA protein) or dual color SIM mode
(based on full illumination, we used this when imaging two
fluorescent proteins simultaneously) using an 1003 oil
(NA 1.49) objective with autofocus maintained by the
Nikon Perfect Focus system. The samples were mounted in
a homemade cell culture chamber and maintained at 378C.
The same EM CCD camera (DU897, Andor Technology)
and 1003 oil (NA 1.49) objective were used for both
TIRF and STORM imaging. For the STORM system,
10,000–50,000 images were acquired at 30 ms per frame
and then reconstructed into a single frame using Nikon
software.

Imaging Analysis

We computed the 2D spatial autocorrelation to calculate
the average width and spatial period of FA filaments. The
code for autocorrelation analysis was written in Matlab and
automated statistics analysis was performed using the tech-
nical graphing and data analysis software Igor Pro (Wave-
Metrics, Lake Oswego, OR). For the autocorrelation
analysis, we first extracted a small region of interest (ROI)
which contained several closely aligned FA linear subunits,
and then computed its 2D autocorrelation. This gives us a
2D autocorrelation image from which we can extract the
distance between the origin and the first minima in all pos-
sible orientations. We then extracted the orientation that
gives the closest minima which corresponds to the direction
perpendicular to the array of linear subunits. The width is
measured as twice the distance between the origin and the
first minima. The spacing is defined as the distance between
the origin and the first maxima. Lengths and widths of fila-
ments were also manually extracted based on the intensity
profile of the image; this data was used to compute the
velocity of extension and retraction of the linear filaments.
For image analysis, we used ImageJ (http://www.rsb.info.
nih.gov/ij). Single filaments could be easily followed by
processing the image as follows: the raw image was averaged
every five frames, then we used the “unsharp mask filter”,
“auto thresholding” and the “magic wand” tool to obtain a
mask representing the morphology of the linear subunits.
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