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Abstract
Living cells are exquisitely responsive to mechanical cues, yet how cells produce and detect
mechanical force remains poorly understood due to a lack of methods that visualize cell-generated
forces at the molecular scale. Here we describe Förster resonance energy transfer (FRET)-based
molecular tension sensors that allow us to directly visualize cell-generated forces with single-
molecule sensitivity. We apply these sensors to determine the distribution of forces generated by
individual integrins, a class of cell adhesion molecules with prominent roles throughout cell and
developmental biology. We observe strikingly complex distributions of tensions within individual
focal adhesions. FRET values measured for single probe molecules suggest that relatively modest
tensions at the molecular level are sufficient to drive robust cellular adhesion.
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Disruption in the ability of cells to sense the mechanical properties of their surroundings
represents a hallmark of many diseases, including muscular dystrophy, arteriosclerosis,
cardiomyopathies, and cancer.1–3 Although cells have numerous mechanisms for detecting
mechanical inputs, one of the most prominent is through integrins, heterodimeric
transmembrane proteins that cluster into micron-sized assemblies termed focal adhesions
(FAs).1, 4 FAs link the cell cytoskeleton to the surrounding extracellular matrix (ECM), and
both transmit and respond to mechanical force.1, 5–7 Force transmission through integrins is
essential for cell migration and adhesion, while force sensing at FAs regulates numerous
cellular processes including proliferation and differentiation.8–10 The mechanisms by which
integrins and their associated proteins both transmit and sense mechanical tension is
therefore the subject of intense interest.
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Force sensing at FAs has been proposed to occur at several levels of molecular complexity.
Recent evidence suggests that mechanical load increases the affinity of α5β1 integrin for
fibronectin, a canonical ECM component.11 This ‘catch bond’ model provides an appealing
mechanism for increasing FA size and strength in response to mechanical load. Actomyosin-
generated tension is likewise proposed to stretch FA components such as talin and p130Cas,
exposing binding and phosphorylation sites that in turn recruit additional regulatory and
cytoskeletal elements that reinforce the FA.7, 12, 13 Conversely, force-sensing and
transmission may arise as a collective property of the FA. The proteins that link integrins to
the actin cytoskeleton are known to be in rapid equilibrium, which allows the actin
cytoskeleton to flow past FAs while still transmitting force. Relative slippage between actin
and FA components has thus been proposed to regulate force transmission by functioning
analogously to an automotive clutch.6, 14, 15

Although a great deal of evidence suggests that FAs undergo assembly, disassembly, and
movement in a force-dependent manner, the underlying mechanisms remain poorly
understood at the molecular level.1, 2, 5, 9 Reasonable estimates for the forces exerted at
single integrins range over an order of magnitude, from 2–40 pN.16–20 It is likewise not
known if all of the integrins within a single FA bear approximately the same tension, or
instead experience a broad distribution of forces. Both the magnitude and spatiotemporal
variations in the tension per integrin molecule have important consequences for
mechanotransduction. A narrow range of molecular forces would argue for mechanical
homeostasis at the level of individual integrins, while a broader distribution of forces would
suggest that mechanosensing reflects a collective property of the FA as a whole.
Differentiating between these and other potential models for mechanotransduction requires
the measurement of the spatial distribution of tensions within FAs, and moreover the
distribution of forces transmitted by individual integrins.

Current techniques for measuring cellular traction forces include deformable polymer
substrates10, 21 and micropost arrays.22, 23 These techniques utilize the known material
properties of the underlying substrates to calculate the magnitude and direction of stresses
exerted by the cell based on the observed deformation of the substrate. However, both
techniques report the local force averaged across many integrins, restricting the spatial
resolution to approximately 1 micron.10 In addition, both approaches necessarily require that
the substrate deform in order to observe cell-generated traction, introducing tradeoffs
between the sensitivity of force detection and the accessible range of substrate stiffnesses.
Recent work using fluorescence-based sensors complements traditional techniques, but lacks
the single-molecule sensitivity necessary to dissect the molecular mechanisms governing
force generation at FAs.16, 24–26

Here we report the development of FRET-based molecular tension sensors (MTSs) that
report on the tensions experienced by single molecules in the presence of living cells (Figure
1a, b, S1). We developed these sensors by replacing the fluorescent proteins in a previously
reported force probe16 with organic fluorophores with significantly higher brightness and
photostablility.27 MTS probes allow the direct measurement of force maps with spatial
resolution sufficient to distinguish variations in force within individual FAs. In addition, we
used MTSs to explore the forces experienced by hundreds of individual integrins in live
cells for the first time. Our work thus complements and extends recently reported
approaches that use DNA-oligomer20 and gold-nanoparticle28 probes to measure cellular
traction forces, but that lack the ability to track the forces experienced by single molecules
in space and time.

Human foreskin fibroblasts (HFFs) spread and develop stress fibers and robust FAs when
seeded on glass surfaces functionalized with the MTS (Figure 1c), similarly to when they are
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seeded on collagen-coated surfaces (Figure S2). Our measurements employed an MTS
density between 300 and 2000 molecules μm−2 (1 molecule per 20 nm × 20 nm area), an
areal density known to support robust adhesion (Supporting Information, Figure S3).4, 29, 30

Cells do not adhere either to passivated surfaces or to surfaces functionalized with sensor
molecules lacking the RGD sequence (Figure S2). These observations demonstrate that
adhesion is mediated specifically by the RGD domain.

Preparing the coverslip surface with a high density of fluorophore-labeled MTS molecules
results in a continuous fluorescent field. FRET images and time-lapse videos of multiple
HFFs seeded on coverslips prepared in this way reveal regions of low FRET primarily near
the cell periphery and in distinct patterns resembling FAs (Figure 2a, b, S4, S5,
Supplementary Video S1). These areas coincide with paxillin recruitment, a canonical FA
marker,31 showing that force generation is largely localized to FAs. However, closer
inspection reveals that local regions of low FRET within FAs do not necessarily correspond
to areas of maximum paxillin recruitment (Figure 2c, d).

Measurements performed with a control probe that is inert to force support the likelihood
that tension propagated through the force-sensing module is responsible for FRET changes
(Figure S6, S7). In this construct the biotinylation site is C-terminal to the RGD sequence.
Thus, cellular traction force should be propagated directly to the coverslip, bypassing the
fluorophore-flanked (GPGGA)8 spring (Figure S6). Indeed, we did not observe FRET
changes with this sensor molecule even in areas of robust paxillin recruitment (Figure S7).
The FRET signal observed with the MTS is thus unlikely to reflect changes in fluorophore
orientation or local environment caused by integrin binding. Additionally, the MTS FRET
response is dissipated within 5 minutes when cells are treated with cytochalasin D, a
cytoskeletal inhibitor that prevents actin polymerization (Figure S8). Together, these
observations indicate that MTS molecules report cytoskeletally generated tension
transmitted via integrins.

In order to observe FRET events at individual molecules, we diluted fluorophore-labeled
MTS molecules approximately ~1:1,000 with the unlabeled MTS (see Materials and
Methods, Supporting Information). This preserved the RGD surface density necessary for
cell adhesion while providing sufficient separation between fluorophore-labeled sensors to
allow them to be imaged individually (~1 labeled MTS per 2 μm2). Individual labeled sensor
molecules are clearly visible underneath live cells (Figure 3a). We analyzed only molecules
in which we observed sequential, single-step photobleaching of the acceptor and donor
fluorophores. This photobleaching sequence confirms that the molecules analyzed were
individual MTS probes singly-labeled with both fluorophores (Figure 3b, S9).27

MTS molecules outside of the area covered by the cell show FRET efficiencies of ~0.5,
consistent with single-molecule FRET measurements made in the absence of cells (Figures
3c, S10). While some MTS molecules underneath the cell also show FRET values consistent
with zero applied force, a subpopulation of molecules show lower FRET efficiencies
indicating that they are under tension (Figures 3c, S10). In contrast, FRET values measured
in the presence and absence of cells using MTS molecules lacking the RGD domain are
statistically indistinguishable with a p-value > 0.05 (Figures S11, S12). This observation
indicates that changes in FRET observed with the full-length MTS result from cellular
traction forces transmitted specifically via the RGD domain.

Tensions that stretch the MTS appreciably beyond the Förster radius would be anticipated to
result in undetectably low FRET. To test for this possibility, we first identified colocalized
donor and acceptor fluorophores via simultaneous excitation at 532 and 635 nm, and then
examined these pairs to determine the fraction that showed < 5% FRET. Approximately 7%
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of coincident donor and acceptor fluorophores show undetectably low FRET. However,
these “zero FRET” pairs are observed with approximately equal probability both underneath
cells and in regions of the coverslip where cells are not attached. It is therefore likely that
many of these instances reflect colocalization of two MTS molecules, each containing either
a working FRET donor or acceptor, or MTS molecules in which the FRET acceptor
photobleaches during the first few frames of the FRET measurement (Supporting
Information). These observations suggest that the force exerted on individual probes falls
within the detection limits of the MTS in the large majority of cases. However, we cannot
exclude the possibility that a small population of MTSs may experience forces outside the
detectable range.

Integrins are known to play a central role in both cell motility and mechanotransduction, but
the force generated at individual integrin complexes is not known. Previous work reports a
FRET vs. force calibration curve for the (GPGGA)8 molecular spring.16 In principle, this
provides a means to estimate forces experienced by individual molecules in our assay. Based
on this calibration, we observe that most MTS molecules are not under tension, while a
subpopulation experiences tensions of approximately 1 to 5 pN (Figure S14). This
distribution is reasonable given that the majority of measured MTS molecules likely fall
outside regions of force production. We note that although the protein sequence and
fluorophores used in the previous calibration are similar to those in our experiment, they are
not identical. While force estimation is relatively insensitive to variations in Förster radius
(Figure S13), differences in protein sequence, for example the presence of the ACP labeling
domain, may affect the force calibration.

Although the absolute forces derived from our measurement are necessarily approximate,
they are informative in the context of previous measurements. Optical trap and AFM
measurements of integrin contact rupture forces are up to an order of magnitude larger than
the forces we calculate.18, 19, 32, 33 A recently reported DNA-based sensor designed to detect
maximal forces transmitted through integrins likewise suggests peak forces of 30–40 pN.20

These observations may indicate that the maximal load supported by integrins is
considerably more than is generated at equilibrium. The forces we calculate match
remarkably well with the single-pN tensions inferred from ensemble FRET measurements of
a genetically-encoded vinculin tension sensor,16 and from a gold-nanoparticle based sensor
that reports on tensions experienced by cyclic RGD ligands.28 Our data are also consistent
with the ~2 pN slip bond inferred to exist between talin and actin.17 The single-pN forces we
measure agree with traction force measurements: a reasonable estimated density of ~500
integrins per μm2 and 2 pN per integrin yields a total traction force of 2 nN for a FA with 2
μm2 surface area, corresponding to a traction stress of ~1 kPa.4, 10, 29, 34 We note that the
RGD sequence used in the MTS contains only a portion of the integrin binding site in
fibronectin. Previous work suggests that integrins adopt multiple distinct conformations
when binding to fibronectin, and that high-affinity binding and activation may require
engagement with a secondary binding site (PHSRN sequence).35–38 More broadly,
differences in the integrin heterodimer, ligand, and activation state39 could result in higher
(or lower) tensions than are observed here.

High-resolution traction force microscopy measurements indicate that traction forces
localize towards the distal FA tip in mouse embryonic fibroblasts.40 Our ensemble
measurements are generally consistent with this result. However, the additional detail
provided by our measurements reveals that the distribution of forces within individual FAs
is strikingly complex (Figure 2d). In particular, we observe that paxillin recruitment, a
standard FA marker, does not necessarily correlate with regions of high force production.
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Although subject to important provisos, FRET measurements from individual MTS
molecules provide useful estimates of the forces transmitted by single integrins. The sub-10
pN forces we observe suggest that relatively weak interactions at the molecular scale are
sufficient to drive robust cell adhesion. Cell-ECM adhesion, and by extension
mechanotransduction, may thus reflect the collective contribution of numerous weak
interactions. However, integrin complexes are capable of resisting much higher loads than
we observe.16–20, 32, 33 Whether mechanotransduction results from weak, steady-state
interactions or instead from transient but higher forces provides an important target for
future research.

Numerous classes of adhesion proteins link cells to each other and the ECM in addition to
integrins. How cells may sense mechanical input at these sites is essentially unknown. The
MTS design is readily generalizable to other cellular adhesions and is thus potentially
applicable to studying force transmission at cadherin complexes25 and the many other
adhesive interactions that link the cell to its surroundings. MTS measurements are thus
highly suited to the discovery and characterization of mechanosensory pathways that are at
present largely unexplored.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

FA focal adhesion

ECM extracellular matrix

FRET Förster resonance energy transfer

MTS molecular tension sensor

HFF human foreskin fibroblast

RGD arginine-glycine-aspartic acid

ACP acyl carrier protein

PEG polyethylene glycol
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eGFP enhanced green fluorescent protein

AFM atomic force microscopy
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Figure 1.
MTS overview. (a) Sensors are site-specifically labeled with biotin (Avitag), the FRET
donor Alexa 546 (KC), and FRET acceptor CoA 647 (ACP tag) and present the RGD
sequence from fibronectin (TVYAVTGRGDSPASSAA). The (GPGGA)8 sequence acts as
an entropic spring that is stretched upon application of force. (b) Sensor molecules are
attached to a coverslip via biotin and Neutravidin; the biotinylated PEG brush prevents
nonspecific cell and sensor attachment. Integrin heterodimers attach to the RGD domain and
apply load generated by the cell cytoskeleton. (c) Immunofluorescence image of fixed
human foreskin fibroblast cells seeded on a MTS-functionalized surface; note the prominent
actin stress fibers and FAs (blue: nucleus; red: actin; green: paxillin). Scale bar: 25 μm.
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Figure 2.
Ensemble FRET maps reveal regions of low FRET that colocalize with FAs. (a) Brightfield
image of a spreading HFF on a MTS-functionalized surface. (b) Corresponding FRET map
showing areas of high force localized at the cell periphery. Color bar represents FRET index
(blue: low FRET/high force; red: high FRET/low force). (c) Live-cell image of an HFF
expressing eGFP-paxillin with adhesions outlined in red. (d) Low FRET colocalizes with
paxillin fluorescence, but paxillin levels do not strictly correlate with local force production.
Scale bar: 10 μm.
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Figure 3.
Force exerted by single integrins. (a) HFFs spreading on a MTS-coated coverslip visualized
in brightfield; individual molecules are clearly visible in the donor and acceptor channels.
Scale bar: 10 μm. The outlined regions (i) and (ii) correspond to molecules exhibiting high
and low FRET, and residing outside the cell boundary and underneath the cell, respectively.
(b) Raw single-molecule FRET traces from molecules (i) and (ii). Two-step photobleaching
indicates the presence of a doubly-labeled sensor. (c) Cumulative probability distributions of
FRET values measured for individual MTS molecules in the presence (green; 398
molecules, 13 cells) and absence of cells (black; 266 molecules). The distributions are
statistically distinct (2 sample Kolmogorov-Smirnov test, p-value: 1.7×10−12).
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