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Abstract

Focal adhesions (FAs) are micron-sized protein assemblies that coordinate cell adhesion, 

migration, and mechanotransduction. How the many proteins within FAs are organized into force 

sensing and transmitting structures is poorly understood. We combined fluorescent molecular 

tension sensors with super-resolution light microscopy to visualize traction forces within FAs with 

<100 nm spatial resolution. We find that αvβ3 integrin selectively localizes to high force regions. 

Paxillin, which is not generally considered to play a direct role in force transmission, shows a 

higher degree of spatial correlation with force than vinculin, talin, or α-actinin, proteins with 

hypothesized roles as force transducers. These observations suggest that αvβ3 integrin and paxillin 

may play important roles in mechanotransduction.
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Mechanical forces play an important role in a variety of biological settings, including cell 

adhesion, migration, stem-cell differentiation, and disease progression1–4. A prominent 

means by which cells sense the physical properties of their surroundings is via integrins, 

heterodimeric transmembrane proteins that anchor cells to the surrounding extracellular 

matrix (ECM)5,6. Distinct integrin heterodimers are expressed in different cell types, and 

specific integrins are implicated in immunological function, angiogenesis, stem cell 

differentiation, and cancer metastasis7–10. Integrins cluster into micron-sized assemblies 

termed focal adhesions (FAs) that link the actin cytoskeleton to the ECM. FAs contain 
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hundreds of different proteins, many of which transmit and respond to mechanical 

tension11–14. How exactly these proteins assemble into force producing and force sensing 

structures within FAs is thus the subject of intense interest.

Conventional optical microscopy lacks the spatial resolution necessary to observe structure 

within individual FAs. Recent measurements using super-resolution light microscopy 

revealed that the proteins within FAs are arranged in distinct layers in the vertical dimension 

relative to the cell membrane15. Experiments that track the diffusion of single, fluorescently-

labeled proteins showed that integrins and other membrane proteins can diffuse freely within 

FAs, suggesting that integrins within FAs may be arranged in distinct clusters16,17. This view 

is supported by data showing that local clusters of 4 or more integrins within 60 nm of each 

other are required to support adhesion18–20. In addition, FA components, for example 

paxillin and focal adhesion kinase (FAK), are likely recruited to adhesions as pre-assembled 

clusters21,22. Finally, several studies show that integrins and integrin-associated proteins are 

differentially recruited to FAs in response to mechanical tension23–26.

Collectively, these and other studies support the general idea that proteins within FAs 

assemble into higher order structures on the ~100 nm length scale27. How exactly these 

structures orchestrate force production and force sensing remains poorly understood, due 

principally to a lack of techniques that can measure cellular traction forces on this length 

scale. This gap in measurement capabilities represents a central limitation in understanding 

the molecular mechanisms that underlie cell adhesion, motility, and mechanotransduction in 

a wide range of physiological and disease settings.

In this study we address this challenge by combining FRET-based molecular tension 

sensors28–38 and super-resolution light microscopy to directly visualize integrin-generated 

mechanical tension within individual FAs with sub-second and <100 nm spatial resolution 

(Supplementary Information). The improved spatial resolution of our system relative to 

traction force microscopy or micropost arrays allows us to observe distinct patterns of 

localization for α5β1 integrin, αvβ3 integrin, paxillin, vinculin, talin, α-actinin-1, actin, and 

non-muscle myosin II regulatory light chain (MRLC) with respect to local tension 

generation. These data reveal that αvβ3 integrin recruitment is highly correlated with local 

force production, while α5β1 integrin localizes to both force-producing regions as well as 

areas of the cell’s basal surface where local traction forces are similar to background. In 

addition, we found that recruitment of paxillin, a protein with no known direct role in force 

transmission, is highly correlated with local force production, suggesting a possible role in 

mechanotransduction.

Results

The molecular tension sensors (MTSs) used here are shown in Figure 1 and SI Materials and 

Methods. Integrins bind to the MTSs via an arginine-glycine-aspartate (RGD) sequence 

derived from fibronectin. Previous versions of MTSs relied on biotin-avidin conjugation for 

attachment to a glass coverslip. However, we and others have observed that cell-generated 

forces applied over 1–2 hours can break the biotin-avidin connection39. To address this 

challenge, we re-engineered the MTSs to covalently attach to a glass coverslip via a 

Morimatsu et al. Page 2

Nano Lett. Author manuscript; available in PMC 2018 April 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



modified, cysteine-free HaloTag domain (Figure 1; SI). The covalent attachment of the 

MTSs prevents cell traction-mediated MTS detachment from the coverslip surface and thus 

facilitates time-lapse imaging. Mechanical stretch is detected via changes in FRET between 

the FRET donor Alexa 546 and the FRET acceptor ATTO 647N, which are connected via an 

extensible (GPGGA)8 peptide linker (Figure 1 and SI Materials and Methods)31. Covalently 

modifying the glass coverslip with a high fraction of fluorescently labeled MTS molecules 

provides a continuous FRET map to visualize localized tension35. In addition, this FRET 

pair uses the red portion of the visible spectrum, allowing us to simultaneously visualize 

GFP-labeled proteins inside the cell. The FRET donor and acceptor are site-specifically 

attached to the MTSs via a unique cysteine residue and an unnatural amino acid (4-azido-L-

phenylalanine) at positions that flank the (GPGGA)8 spring (SI Materials and Methods, 

Figure S1). This site-specific labeling strategy allows for a short resting distance for the 

FRET pair, resulting in a higher no-load FRET efficiency compared to first generation MTSs 

(71% vs. 49% resting FRET, Figure S2)35. As a result, the dynamic range of the sensor is 

expanded (Figure S3, S4). It should be noted that the physiochemical properties of the 

acceptor dye, ATTO 647N, made it difficult to obtain 100% purity of donor and acceptor-

labeled sensors in our hands, which would maximize the signal-to-background ratio (Figure 

S1, S4). However, ATTO 647N is far more photostable than any of the other far-red FRET 

acceptors we have tested, which is essential to obtaining the super-resolution measurements 

reported here.

We used total internal reflection fluorescence (TIRF) microscopy to measure MTS FRET in 

the presence of human foreskin fibroblasts (HFFs). HFFs are an advantageous cell type for 

imaging due to their large size (~50 μm diameter), large adhesions, and relatively slow 

migration. We employ an MTS density of ~120 molecules/μm2 (~90 nm spacing between 

MTSs), which in our hands is sufficient to ensure robust cell spreading (Figure S5). At these 

densities individual fluorophores are not resolved, resulting in a continuous fluorescent field. 

HFFs plated on the MTSs exhibit low FRET (high traction) at the cell periphery, consistent 

with previous results (Video S1)35. The low FRET regions near the cell periphery adopt FA-

like structures, and are coincident with FA protein recruitment. For visualization, the FRET 

index (defined as the ratio of acceptor intensity to summed intensity of donor and acceptor) 

is inverted such that a bright pixel intensity corresponds to low FRET and thus high traction 

(Figure S6). FRET data can equivalently be analyzed to yield spatial maps of FRET 

efficiency (Figure S7), or, using a previously determined calibration curve (Figure S3)31, the 

average force per MTS (Figure S7) or traction stress maps (Figure S8).

We recorded analogous FRET maps for mouse embryonic fibroblasts and human 

microvascular endothelial cells, demonstrating the general applicability of the technique 

(Figure S9). Control measurements with donor-only labeled sensors indicate that changes in 

fluorescence intensity are not due to cell or integrin binding (Figure S10). Additional control 

measurements show minimal spectral bleed-through between the GFP, FRET-donor, and 

FRET-acceptor channels, such that the presence of GFP-labeled proteins does not affect 

FRET measurements, and vice versa (SI Materials and Methods, see also ref. 35).

In addition to simultaneous imaging of GFP-tagged proteins and FRET maps in live cells, 

we developed a procedure that combines the MTS force measurement with 
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immunofluorescence. This allows us to image endogenous and phosphorylated proteins with 

tension. We measured MTS FRET in the presence of living HFFs, fixed the cells in situ (on 

the microscope), and re-measured FRET in the same area (Figure S11). We tested for 

possible fixation artifacts by tracking MTS-measured force and GFP-paxillin during fixation 

(Figure S12). Though we observe subtle shifts for both force and GFP-paxillin in small, 

peripheral adhesions, shifts are much less pronounced in larger, more central adhesions and 

the regions of low FRET and paxillin remain coincident. Interestingly, we observe that the 

low-FRET force signal persists for ~2 hrs immediately following fixation. Cells grown on 

micropost arrays also continue to exert tension on their substrate following fixation40. The 

preservation of the patterns of force production following fixation provides a simple and 

potentially powerful means of combining MTS traction force measurements with standard 

immunocytochemistry.

Previous studies suggest that αvβ3 integrins are immobilized in large and static FAs, 

whereas α5β1 integrin exhibits a more widespread localization across the cell’s basal 

surface23. In addition, the integrin β3 subunit was reported to localize to areas inferred to 

experience high traction forces, while β1 recruitment remained low in these sites23. 

However, other experiments show that activation of β1 but not β3 increases cell traction in 

mouse embryonic fibroblasts (MEFs)41. Which class of integrin is responsible for traction 

force generation in specific cellular systems is thus unclear.

We used complementary assays to assess the localization of α5β1 and αvβ3 integrins with 

respect to tension generation. First, we simultaneously measured local traction generation 

using MTS-functionalized coverslips and either α5β1 or αvβ3 integrin localization using 

standard immunocytochemical protocols (Figure 2A, B, SI Materials and Methods). We 

observed that αvβ3 integrin is concentrated in force-producing FA-like structures, whereas 

α5β1 integrin localizes both to force-producing FAs and other regions on the basal side of 

the cell membrane (Figure 2A, 2B, S13, S14). Next, we imaged MTS FRET for HFFs 

expressing either mEmerald-tagged αv integrin or eGFP-tagged α5 integrin in an expression 

construct incorporating a crippled CMV promoter42,43 (Figure 2C, D). As in the fixed cells, 

we observe a strong coincidence of mEmerald-αv with regions of high force, but limited 

localization of GFP-α5 integrin with respect to traction generation (Figure 2D, S15). In 

summary, under our experimental conditions we find that low FRET (high force) is highly 

correlated with αvβ3 recruitment, while α5β1 integrin is more broadly distributed and only 

partially present at low FRET regions.

We further investigated the difference in colocalization of αv and α5β1 integrins with 

tension using blocking antibodies against αv (L230) and β1 integrin (P5D2) (Figure S16). 

We found that treatment with either antibody resulted in partial cell detachment after 60 

minutes, and that the addition of both antibodies yielded a synergistic effect in which 70% of 

the HFFs detached over this time period. These data indicate that both integrins contribute to 

the formation of stable adhesions, as has been previously suggested23. We noted that 

treatment with L230 resulted in a rapid decrease in cellular traction force (Figure S16), 

suggesting that αv-containing integrins transmit a large fraction of the cell-generated forces 

to the MTS-coated surface.
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Actin polymerization and actomyosin contractility are the primary means by which cells 

exert traction forces on their surroundings and are required for surface stiffness sensing and 

adhesion maturation44–46. To study the relationship between force and actomyosin 

contractility, we observed tension maps simultaneously with GFP-actin and GFP-MRLC 

localization (Figure 2E, F). In TIRF images, GFP-actin localizes closely with high tension 

(Figure 2E). GFP-MRLC localizes to stress fibers that terminate in a fraction of the low 

FRET regions (Figure 2F). Inhibition of myosin light chain kinase using ML-7 results in a 

reduction in MTS-measured tension prior to the disassembly of GFP-MRLC containing 

stress fibers (Video S2). Thus, although myosin regulatory light chain does not localize to 

sites of integrin-mediated tension, myosin contractility is required for traction force 

generation in our system.

We next sought to determine which FA proteins participated in localized tension 

transmission. We simultaneously imaged MTS FRET and GFP fusions of paxillin, talin 

(eGFP at the N-terminus), vinculin, and α-actinin in living cells (Figure 3A; Video S3, S4). 

Paxillin is a canonical FA protein, but is not commonly thought to have a direct role in force 

transmission47,48. In contrast, talin and α-actinin have been proposed to form direct links 

between integrins and actin, while vinculin is thought to play a prominent role in both 

tension transmission and tension sensing24,31,45,49,50. We note that some caution is required 

in interpreting data derived using GFP-tagged proteins, as these attributes could in principle 

be influenced by the fusion protein’s expression levels relative to the endogenous protein, or 

by the presence of the GFP tag. However, all of the GFP-fusions used here have either been 

used previously to study FA dynamics or are functionally equivalent to previously described 

constructs (see SI Materials and Methods). These prior data support the use of the particular 

GFP fusions used here as reasonable proxies for the localization and dynamics of the 

endogenous proteins.

We segmented FA regions in both GFP and FRET images and manually selected adhesions 

that were well isolated for analysis (SI Methods, Figure S17). For these segmented regions, 

we calculated the 2-D correlation coefficient between GFP intensity and inverted FRET for 

each of the proteins (Figure 3B, C, S17). We find that paxillin and αv-integrin have the 

highest correlation with low FRET (and presumably localized tension generation), while 

talin and vinculin exhibit markedly lower correlation values. GFP-α-actinin shows a 

relatively low correlation with low FRET, and was even anti-correlated in some regions 

(Figure 3C). We also find that phosphorylated paxillin has a distinct localization pattern 

relative to total paxillin in certain adhesions on MTS-coated surfaces (Figure S18). These 

data suggest that regions of tension generation are not completely synonymous with the 

recruitment of talin, vinculin, or α-actinin, but are well correlated with paxillin and αv 

integrin on our surfaces.

We next sought complementary means to determine how different proteins participated in 

tension transmission (Figure 3D). Following the methodology from a previous report51, we 

quantified the center of mass positions for both GFP intensity and inverted FRET index of 

the segmented FA regions (SI Methods, Figure S17). We observed that the centers of mass 

for αv-integrin, paxillin, talin, and vinculin are modestly shifted toward the cell center 

relative to FRET (~100 nm for αv integrin and paxillin, ~200 nm for talin and vinculin), 
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whereas for α-actinin we see a much larger, ~400 nm shift toward the cell center with a large 

spread in the distribution. In addition, we find that the angle between the vector connecting 

the two centers of mass and the major axis of the FA is generally close to zero, implying that 

the positional shift is along the major axis of the FA (presumably along the length of the 

attached actin bundle or bundles). These data are in agreement with the 2D correlation 

calculations, with paxillin and αv integrin being most closely associated with localized 

tension.

The photostability of the ATTO 647N dye and the covalent attachment of MTSs to the glass 

coverslip allow for both long-term, time-lapse imaging, and, as will be discussed, super-

resolved traction force maps. To illustrate this point, we took time-lapse movies of both 

FRET and GFP fusions of paxillin and α-actinin to verify that the FRET signal is robust 

over an hour timescale when imaged at 1 frame per minute (Figure 4A, 4B, Video S3, S4). 

We found that paxillin and low FRET were closely related in space and time in both 

assembling and disassembling adhesions (Figure S18, Video S4). Interestingly, time-lapse 

movies of GFP α-actinin plus MTS FRET showed that the relation of α-actinin with local 

traction force production is more complicated (Figure S18, Video S3), which may reflect α-

actinin’s multiple roles in both FA formation and stress fiber reinforcement24,52,53.

To further examine the close association of paxillin and tension localization, we employed a 

super-resolution imaging technique, Bayesian localization microscopy (3B)54. We applied 

the Bayesian analysis method to the FRET donor channel to generate super-resolved tension 

maps: high donor intensity corresponds to low FRET, and hence localized tension (Figure 5, 

SI Methods, Video S5). 3B analysis reveals a strong correspondence between paxillin, αv-

integrin, and low-FRET regions, consistent with their high 2D correlation coefficients 

(Figure 3C). Consistent with prior reports55–57, we observed that many though not all FAs 

consist of a single, discontinuous line in GFP-paxillin (Figure 5D). Additional images reveal 

a similar correspondence of GFP-paxillin and Alexa 555-stained actin (Supplemental Figure 

S20). Vinculin also localizes to similar linear structures, though with what appears to be 

qualitatively reduced co-localization with low FRET (Figure 5J), in agreement with the 

moderate correlation of vinculin with local tension (Figure 3C).

We also used structured illumination microscopy (SIM) to record combined αv integrin, 

paxillin, and vinculin localization and force maps with ~100 nm resolution (Figure S21). 

These results corroborate the reliability of 3B imaging and provide a complementary means 

of visualizing tension via MTSs at high spatial resolutions. We note in the 3B images, the 

super-resolved FRET donor and GFP images sometimes show small lateral offsets. These 

offsets may reflect intricacies of the FA architecture, chromatic aberrations across a field of 

view, or alternatively may stem from the small time delay between the acquisition of the 

FRET and GFP images (~30 s), during which time the cell is expected to move a small 

amount.

Discussion

Here we describe technical advances that allow us to visualize the internal architecture of 

tension generation within FAs. These improvements include covalent attachment of MTSs to 
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the glass coverslip, which allows measurements over long periods of time, and site-specific 

labeling of FRET pairs immediately proximal to the (GPGGA)8 spring, which increases the 

resting FRET efficiency. Coupling these improvements with Bayesian localization 

microscopy or structured illumination microscopy generates super-resolved FA protein 

localization and tension maps. These advances provide a potentially powerful means to 

directly observe the cell’s force-generating and force-sensing protein machinery, both in the 

context of integrins and other adhesion complexes32,58.

We find that much of the force exerted at FAs is generated remotely by myosin and 

transmitted to FAs via the actin cytoskeleton. Specifically, we observe that addition of ML-7, 

a myosin light chain kinase inhibitor, rapidly reduces force production. This finding is 

consistent with previous reports showing that nonmuscle myosin II is the major contributor 

to cellular traction stress generation59. We find that MRLC is localized to stress fibers that 

extend to some, but not all, adhesions. How force is generated at the adhesions that are not 

obviously attached to myosin-containing filaments is not firmly established. It is plausible 

that dorsal stress fibers that extend out of the TIRF illumination exert force on some of these 

adhesions60. Alternatively, force transmission may occur via the dendritic actin meshwork 

within the lamellum, where actin retrograde flow leads to transient application of tension on 

FA components59.

Integrins with overlapping ECM binding preferences, for example α5β1 and αvβ3 integrin 

studied here, are thought to play both distinct and redundant roles in mechanosignaling. 

However, how this differential function is achieved is incompletely understood. In our 

system, we find that αvβ3 integrin localization invariably coincides with areas of high 

traction, while α5β1 integrin localizes to both high traction regions as well as adhesions that 

display MTS FRET similar to background (Figure 2A, B, Figure S13). These data support 

previous observations that β3 integrins localize to regions inferred from prior traction force 

microscopy measurements to experience high traction, a technique that has an order of 

magnitude lower resolution than MTS-measured traction23. Our data thus reinforce and 

extend the previously proposed model in which αvβ3 integrins support the formation of 

large, stable adhesions that require myosin II–generated tension stabilization, whereas the 

stability of α5β1-based adhesions is less contractility-dependent23. Our observations also 

support the notion that αvβ3 integrin plays a direct role in cellular force sensing, a model 

supported by the observation that αvβ3 integrin (but not α5β1 integrin) was required for the 

stiffening response resulting from oscillatory force application to fibronectin-coated beads 

attached to cells61.

The MTSs used here contain the RGD-containing peptide sequence derived from the 10th 

type III domain of fibronectin. A secondary integrin-binding site located on the 9th type III 

domain, termed the synergy site, has been identified as playing a role in mediating adhesion 

by α5β1 but not αvβ3 integrin62. Previous work demonstrates that mechanical force can 

switch α5β1 integrins into a tension-dependent conformation that engages the synergy site 

and increases bond strength via a catch-bond mechanism62,63. Despite the absence of the 

synergy site, HFFs plated on MTS-functionalized surfaces form peripheral paxillin-rich 

adhesions that are similar to those formed when HFFs are plated on full-length fibronectin 

(Figure S20, S22). Importantly, these results suggest that the synergy site is dispensable for 
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αvβ3 integrin localization to areas of traction force production, and by extension αvβ3-based 

mechanotransduction. Both α5β1 and αvβ3 integrins have approximately micromolar 

affinities for linear RGD peptides such as the ones used here64,65; furthermore, membrane 

diffusivities of GFP-tagged β1 and β3 integrins are similar both inside and outside 

adhesions17. These considerations suggest that the differences in integration localization that 

we observe may arise from a more complex mechanism than a simple difference in affinities 

for the MTS RGD sequence. Measurements that compare the localization of specific integrin 

states, for example their activated conformation(s), with local traction force generation may 

thus be useful in clarifying the molecular mechanisms that underlie integrin-based 

mechanotransduction. More broadly, MTSs that incorporate the fibronectin synergy site and 

other integrin subtype-specific motifs may provide a uniquely effective means of probing 

mechanotransduction at specific integrin complexes, in the context of stem cell66, cancer4, 

and endothelial biology67.

The cytoplasmic FA components paxillin, talin, vinculin and α-actinin are shifted toward the 

center of the cell relative to force production (Figure 3C). The magnitudes of these shifts are 

in reasonable agreement with previously-measured heights of these proteins relative to the 

plasma membrane15. We observe a ~100 nm shift between low FRET and paxillin along the 

length of an adhesion, and a ~400 nm shift between low FRET and α-actinin; we thus 

deduce that the shift between α-actinin and paxillin is ~300 nm along the length of a FA. 

Previous results indicate that α-actinin on average lies ~50 nm above paxillin in the vertical 

direction above the membrane surface15. Combined, these values predict that the actin 

filaments extend from the FA at an angle of 10°, a physically reasonable picture given the 

thinness of the cell’s lamellum. In a separate study, traction force measurements using bead-

embedded polyacrylamide gels showed that the peak traction stress in mature FAs was 

shifted from the peak paxillin intensity by an average distance of ~1 μm68. We observe a 

smaller shift between traction and paxillin in our experiments, which may reflect the 

difference in substrate stiffness used in these two studies.

While some earlier studies are consistent with the idea that paxillin is recruited very early in 

adhesion formation either with or by FAK21,69, other data support models in which paxillin 

is instead recruited by, and after, talin70. Additional reports suggest that integrin recruitment 

to adhesions can occur independently of talin and instead may involve α-actinin24,52. It is 

thus striking that, in our data, paxillin is more, not less, correlated with local force 

production than either talin or α-actinin. It is plausible that integrins may connect to actin 

via talin, FAK, or α-actinin at varying points in the adhesion lifetime and turnover cycle, or 

in a cell-type or matrix-dependent manner. The relatively modest correlation of both talin 

and α-actinin with local tension generation may thus reflect multiple load-bearing 

assemblies within the FAs studied here49,53. It is also possible that talin, α-actinin, and 

vinculin (see below) may be maximally recruited in response to optimal, intermediate 

tensions, rather than showing a monotonic correlation or anticorrelation with force.

A large body of work implicates vinculin as a mechanosensor at FAs31,49,71,72. Both cell 

biological71 and biophysical73 data indicate that mechanical tension unfolds domains in 

talin, which in turn recruits and activates vinculin such that it forms additional, reinforcing 

connections to actin. Separate work likewise suggests that a direct interaction between FAK, 
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paxillin, and vinculin contributes to matrix stiffness sensing, though the underlying 

molecular mechanism remains unclear49,68. Though indirect evidence, mostly co-

immunoprecipitation, suggests that paxillin may bind α- or β-integrins74–76, to our 

knowledge a direct binding interaction between paxillin and any integrin remains to be 

firmly established. Further, cells lacking paxillin can still form robust adhesions to 

fibronectin substrates, arguing against an essential role for paxillin in force transmission47. 

For these reasons, paxillin is thus not generally thought to play a direct role in force 

transmission between integrins and the cytoskeleton. We nevertheless observe that paxillin 

colocalizes with tension to a higher degree than vinculin as measured by 2D correlation 

coefficients, relative centers of mass, and superresolution imaging. We therefore speculate 

that αvβ3 integrin and paxillin may participate in a complex, perhaps with additional FA 

proteins, that functions upstream or in parallel to vinculin in tension sensing, at least under 

the circumstances studied here.

Super-resolution tension maps allowed us to directly visualize the structure of force-

generating structures within individual adhesions. We find two types of structures in our 

data: thin, linear adhesions and larger plaques. Unlike native fibronectin, which assembles 

into fibrils, the integrin-binding sites provided by the MTS-functioned coverslips are 

spatially homogenous. The super-resolved structures we observe may thus reflect a default 

physical structure adopted by FAs in the absence of spatial constraints provided by the 

ECM. The linear patterns we observe for actin, paxillin, vinculin, αv integrin, and tension 

suggest that many, though not all, of the adhesions in our system are templated by actin 

bundles. Conversely, we and others also see roughly linear actin and paxillin localization 

patterns for cells adhering to full-length fibronectin, arguing that these structures are not a 

consequence of adhesion specifically to the MTSs (Figure S22)55–57. We therefore speculate 

that the fundamental unit of FA assembly may be an actin bundle that is templated by 

VASP77,78, formins6,79, or other actin nucleators, and connected to integrins via a variety of 

integrin- and actin-binding complexes. The approaches described here provide a potentially 

powerful means to determine how FA components are arranged in space and time relative to 

traction forces, and how they function together to sense and transduce mechanical signals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FA focal adhesion

ECM extracellular matrix

FRET Förster resonance energy transfer

MTS molecular tension sensor

HFF human foreskin fibroblast

RGD arginine-glycine-aspartic acid

PEG poly(ethylene glycol)

eGFP enhanced green fluorescent protein
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Figure 1. 
Experimental schematic. Sensors are attached to a PEG-coated coverslip using a cysteine-

free HaloTag domain. The FRET pair flanks an elastic protein spring consisting of 8 repeats 

of the GPGGA amino acid sequence. The FRET acceptor ATTO 647N is attached using 

alkyne-azide click chemistry at the unnatural amino acid 4-azido-L-phenylalanine, and the 

FRET donor Alexa 546 is specifically attached at a unique cysteine (SI Materials and 

Methods). Cells are plated on a sensor-coated surface. Integrins engage the RGD domain 

and apply tension that pulls the FRET pair apart. High tension leads to low FRET.
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Figure 2. 
(A) Top: immunofluorescence staining for αvβ3 integrin. Bottom: normalized, inverted 

FRET signal calculated from TIRF images of the FRET donor and acceptor (SI, Figure S6). 

Bright red indicates high tension. (B) Immunofluorescence staining for α5β1 integrin (top) 

and inverted FRET signal (bottom). (C) Live cell images of mEmerald-tagged αv integrin 

(top) and inverted FRET signal (bottom). (D) Live cell images of GFP-tagged α5 integrin 

(top) and inverted FRET signal (bottom). (E) GFP actin (top), inverted FRET (middle), and 

overlay (bottom). (F) GFP-MRLC (green) overlaid with inverted FRET (red). The GFP-

TIRF image shows both myosin-containing stress fibers and a more diffuse contractile band 

in the lamellum. Scale bar is 10 μm.
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Figure 3. 
Internal architecture of tension generation within focal adhesions. (A) GFP-tagged paxillin, 

talin, vinculin, and α-actinin (green) were transfected into HFFs and visualized 

simultaneously with FRET. Here the FRET index map is inverted and normalized such that 

bright red indicates low FRET and hence high force. Scale bar in all images is 10 μm. (B) 

Schematic showing segmented GFP (green oval) and low FRET (red oval) regions. Solid 

dots represent their respective centers of mass, and the black arrow represents the vector 

connecting the two (see Supplemental Information). (C) 2D correlation coefficient for 

mEmerald-tagged αv integrin and GFP-tagged paxillin, talin, vinculin, and α-actinin with 

inverted FRET within segmented FAs. A correlation coefficient approaching 1 indicates a 

high degree of coincidence between protein localization and local tension generation. (D) 

Distance shift between the FA protein and inverted FRET centers of mass. Positive distances 

indicate that the protein center of mass is shifted toward the cell center. The control 

represents a GFP image taken before and after the FRET image to verify that FA movement 

during the FRET acquisition does not account for the observed correlation and shift 

differences. αv Integrin: 95 FAs over 9 cells, Paxillin: 114 FAs over 17 cells, Vinculin: 92 

FAs over 10 cells, α-Actinin: 86 FAs over 12 cells, Talin: 75 FAs over 11 cells, Control: 27 

FAs over 3 cells. Note that only isolated adhesions were selected for the analysis (see SI). 

Statistical two-sample Kolmogorov-Smirnov test: * = p < 2.5 × 10−5. Statistical two-sample 

t-test: * = p < 2.5 × 10−5.
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Figure 4. 
Time-lapse imaging of GFP-fusions of (A) paxillin and (B) α-actinin and inverted, 

normalized FRET. White arrows indicate example adhesions that assemble or disassemble. 

Scale bar is 10 μm.
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Figure 5. 
Super-resolution imaging reveals paxillin recruitment and force generation within FAs. 

Bayesian localization microscopy (3B)54 was used to resolve the location of GFP-paxillin 

(A) and the FRET donor (B) to generate super-resolved paxillin and tension maps (D, E). 

Overlay of GFP-paxillin and the FRET donor (C, F) show the close association of paxillin 

and low FRET. Scale bar is 10 μm. Insets (i, ii, iii) focus on specific adhesions and show a 

strong correspondence between paxillin (green) and low FRET (red). Linescans through 

insets Gi and Gii (Hi, Hii) show improved resolution of Bayesian localization microscopy 

over widefield images (green: paxillin, red: low FRET, solid lines: 3B results, dotted lines: 

widefield). Scale bar is 1.0 μm. (I) Raw images of mEmerald tagged αv integrin (green) and 

the FRET donor (red) (i) and super-resolved images of mEmerald-αv integrin and the FRET 

donor (ii). Scale bar is 5 μm. (J) Raw images of GFP-vinculin (green) and the FRET donor 

(red) (i) and super-resolved images of GFP-vinculin and the FRET donor (ii). Scale bar is 5 

μm.
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