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Lighting Up the Force: Investigating Mechanisms of
Mechanotransduction Using Fluorescent Tension Probes
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The ability of cells to sense the physical nature of their surroundings is critical to the survival of multicellular organisms. Cellu-
lar response to physical cues from adjacent cells and the extracellular matrix leads to a dynamic cycle in which cells respond by
remodeling their local microenvironment, fine-tuning cell stiffness, polarity, and shape. Mechanical regulation is important in
cellular development, normal morphogenesis, and wound healing. The mechanisms by which these finely balanced mechano-
transduction events occur, however, are not well understood. In large part, this is due to the limited availability of tools to study

molecular mechanotransduction events in live cells. Several classes of molecular tension probes have been recently developed
which are rapidly transforming the study of mechanotransduction. Molecular tension probes are primarily based on fluores-
cence resonance energy transfer (FRET) and report on piconewton scale tension events in live cells. In this minireview, we de-
scribe the two main classes of tension probes, genetically encoded tension sensors and immobilized tension sensors, and discuss
the advantages and limitations of each type. We discuss future opportunities to address major biological questions and outline
the challenges facing the next generation of molecular tension probes.

Multicellular organisms depend on the ability of individual
cells to communicate with each other and sense their exter-
nal environment, including the extracellular matrix (ECM). Stud-
ies of cellular communication and signaling have historically fo-
cused on chemical pathways. However, the role of physical cues
exchanged among cells and through the ECM is increasingly being
recognized as an important mediator of cellular sensing and com-
munication. For example, the stiffness of the ECM has profound
impacts on cell morphology and cytoskeletal structure (1) and on
stem cell differentiation (2, 3) and is associated with tumor for-
mation (4, 5). Sensitivity to physical cues within the microenvi-
ronment demonstrates that cells are able to convert mechanical
signals into biochemical signals. Conversely, cells remodel their
surrounding ECM in response to specific chemical cues. For ex-
ample, secretion of transforming growth factor 3 (TGF-f3) or the
absence of tumor necrosis factor o (TNF-a) leads to increased
fibrosis and increased stiffness of the ECM (6, 7). Therefore, cells
transduce chemical signals into physical signals that trigger changes
in nearby cells. Mechanotransduction is a dynamic process that plays
a critical role in the survival of multicellular organisms.

It has long been known that stretching of nerve cells leads to
cellular depolarization (8). The mechanism, however, by which
this mechanical stimulation is transduced into a chemical signal
was not confirmed until Guharay and Sachs (9) later reported the
presence of mechanosensing ion channels in muscle cells. These
ion channels are a critical feature of specialized force-sensing cells,
such as hair cells in the inner ear (10). In the 30 years since this
discovery, many additional mechanotransduction pathways have
been identified. Typically, the mechanisms employed involve
force-induced conformational changes in a protein that trigger
additional protein-protein interactions. For example, the me-
chanical unfolding of fibronectin, an ECM protein, has been
shown to expose cryptic binding sites that allow fibronectin cross-
linking (11, 12), thus providing a method for cells to mechanically
manipulate and remodel the structure of their surrounding ECM.
An additional example is talin, an adaptor protein in focal adhe-
sions (FAs), which has been reported to reveal additional sites for
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vinculin binding in response to mechanical strain (13). The in-
crease in vinculin binding under strain results in reinforcement of
the attachment of the FA to the cytoskeleton (13, 14). Another FA
adaptor protein, p130Cas, exposes tyrosine phosphorylation
sites for Src family kinases when stretched, suggesting an addi-
tional force-sensitive aspect of FA signaling and regulation
(15). Gaining a molecular-level understanding of these and
other mechanotransduction processes is of fundamental im-
portance to cell biology.

Early topics in the field of cellular mechanotransduction, some
of which are still being actively investigated today, include the
study of cellular adhesion forces, stiffness characteristics of intact
cells, cellular stiffening and chemical responses to applied forces,
and the viscoelastic properties of cells. Methods used to conduct
these studies include atomic force microscopy (AFM) (16-20),
magnetic twisting cytometry (21-25), particle tracking rheology
(26-31), and laser ablation of cytoskeletal structures (32-36).
Given the interdisciplinary nature of mechanotransduction stud-
ies, advances in the field have been heavily dependent on tech-
nique development. Specifically, methods to measure and apply
forces have been central to defining the types of biological ques-
tions that could be pursued.

Due to tremendous advances in single-molecule techniques,
there has been a recent trend of investigating mechanotransduc-
tion events on a molecular scale. In fact, a vast number of quanti-
tative molecular tension measurements have been obtained from
single-molecule techniques, such as AFM (19, 37-43) and tech-
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niques involving optical and magnetic tweezers (13, 14, 44-51)
and biomembrane force probes (52-55). Primarily, these mea-
surements are performed in vitro and typically require that the
experimenter apply a force to a protein complex. When research-
ers are able to perform these experiments with live cells, they in-
terrogate receptors on the membrane but not cytosolic proteins.
Thus, there remain questions about how or whether many mecha-
notransduction events occur in vivo and whether force-induced
changes are used by the cell to regulate function. Live-cell experi-
ments, which measure tension within the cell or applied by the
cell, have the potential to inform our understanding of chemome-
chanical coupling and are particularly relevant for trying to un-
derstand the formation of protein assemblies and how force is
propagated through these assemblies to initiate biochemical re-
sponses in the cell.

Currently, the field of mechanotransduction is undergoing
rapid growth due, in part, to the availability of new fluorescence-
based molecular tension-sensing probes that report forces for dis-
crete, site-specifically labeled molecules. These sensors are filling
the need for molecularly specific, quantitative force imaging
methods. The advent of these probes is allowing the research com-
munity to explore molecular tension events and to correlate these
events with biochemical processes in live cells. This minireview
gives a brief overview of the history of measuring cellular forces
and summarizes the state of the art in performing such measure-
ments and how it is transforming the field of mechanotransduc-
tion.

FOCAL ADHESIONS AS A MODEL MECHANOTRANSDUCTION
SYSTEM

Physical sensing of the microenvironment and remodeling of the
ECM are mediated by protein assemblies that form at the cell-
ECM junction. The primary proteins linking the cell to the ECM are
the integrin receptors, which are responsible for directly binding and
bridging the intracellular cytoskeleton with the ECM (56). Once li-
gand bound, the integrin receptors typically cluster, recruit intracel-
lular adaptor and signaling proteins, and form FAs. Given that integ-
rins experience a significant mechanical load and also display
differential ligand affinities as a function of matrix stiffness, integrin-
based FAs have quickly become the prototypical model for studying
mechanotransduction.

Many methods have been applied to study the potential role of
force in integrin-ECM binding and subsequent FA formation. For
example, Jiang et al. (57), using a laser-trapped bead, observed a
2-pN slip bond between the ECM protein fibronectin (Fn) and the
integrin o, 35/talin 1/F actin complex. In this work, the 2-pN bond
was hypothesized to represent the force at which the connection to
the cytoskeleton is disrupted. Additional work by Roca-Cusachs et
al. (58) used magnetic tweezers to explore how Fn clustering mod-
ulates cell adhesion strength. They found that cells bound to Fn
pentamers could withstand ~6-fold-greater forces before rupture
of the bond than Fn monomers. Furthermore, a53, integrins were
primarily responsible for maintaining adhesion strength, while
o, integrins responded to mechanical stimulation by inducing
cellular stiffening, likely through recruitment of more integrins,
adaptor proteins, or cytoskeletal attachments to reinforce adhe-
sion sites. They also noted that integrin clustering is required for
binding of talin to cytoplasmic integrin tails.

Additional methods for observing and analyzing cellular trac-
tion forces include traction force microscopy (TFM) (59-63) and
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micropillar array detectors (mPADs) (64-72). TFM and mPADS
are designed to detect cellular forces applied to the ECM by ob-
serving deformation of the underlying substrate. In the standard
TFM experiment, cells are cultured on hydrogels containing fluo-
rescently labeled beads, and cell traction force measurements are
based on measuring bead displacement while accounting for the
elasticity (or resistance) of the substrate. When mPADs are used,
the gel is patterned into micrometer-sized polydimethylsiloxane
(PDMS) posts onto which cells are cultured. Deformation, or
bending, of the posts is measured optically to infer lateral forces.
These methods have greatly contributed to the field of mechano-
transduction. High-resolution TFM experiments have revealed
that FAs contain both stable, static states and dynamic, sampling
states that allow the cell to sense its physical environment (73).
TFM studies, coupled with small interfering RNA (siRNA) knock-
down, by Prager-Khoutorsky et al. (74) identified several protein
tyrosine kinases that appear to play a role in force application
through FAs. However, estimating single-molecule forces using
these methods requires assessing the local density of receptors and
averaging of substrate stress across micrometer-sized regions.
Therefore, while these methods are valuable, they are not well
suited to the study of molecular-scale forces.

Determining polymer deformation using fluorescence reso-
nance energy transfer (FRET), rather than bead or pillar displace-
ment is, in principle, capable of tracking nanometer scale defor-
mations, thus potentially offering greater sensitivity. FRET is a
mechanism of nonradiative energy transfer from one fluorophore
(donor) to another fluorophore (acceptor). The efficiency of en-
ergy transfer is dependent on the donor-acceptor distance and the
alignment of the fluorophore transition dipole moments (75).
Pairs of fluorophores, which have spectral overlap between the
donor emission and the acceptor absorbance, have a characteristic
distance (Forster distance, or R,) at which energy transfer effi-
ciency is equal to 50%. R, values are typically in the range of 4 to 7
nm. Due to nanometer sensitivity, FRET is routinely used to
quantify conformational dynamics in single molecules (76-80)
and has been used in several biosensors designed to detect acti-
vated forms of specific proteins, such as Src kinase (81-84), focal
adhesion kinase (FAK) (85), and the GTPases Rac (84, 86) and
RhoA (87, 88). These types of biosensors were the original inspi-
ration for many of the newly emerging molecular tension-sensing
methods that are discussed in the following section. Initial ap-
proaches using FRET to determine Fn network deformation used
random dye labeling of Fn. Therefore, the signal-force response
function of the labeled Fn could not be calibrated to report specific
forces. Thus, while these measurements were highly sensitive and
could be obtained in real time, the methods generated qualitative
tension maps rather than quantitative and calibrated images. For
example, Baneyx et al. (89) and Smith et al. (90) labeled Fn by
reacting the free cysteine residues of Fnlll, and FnllII,5 with ac-
ceptor fluorophore followed by labeling of free amines with the
donor dye (89). Alternatively, labeling could be achieved by cou-
pling a 1:1 ratio of donor and acceptor fluorophore in a one-pot
reaction (90). In this way, FRET was used to report on the defor-
mation and extension of Fn fibers. As a proof of concept, fibro-
blasts were cultured with the Fn conjugates, and cell-driven
changes in FRET were monitored. Importantly, FRET-based de-
tection of Fn deformation was also applied to fibroblasts cultured
in three-dimensional (3D) matrices (91), which more accurately
represent the native cellular environment than 2D substrates. An
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FIG 1 General schematic of genetically encoded molecular tension sensors (A) and immobilized molecular tension sensors (B). Genetically encoded tension
sensors require modification of a protein to introduce a fluorescent tension-sensing module. Immobilized tension sensors are directly grafted onto cell culture
substrates. Both designs employ fluorescence energy transfer to report on forces that extend a flexible linker.

alternative FRET-based method involves fluorescent labeling of a
population of adhesion ligands with donor or acceptor molecules
and embedding these in hydrogels. Cells cultured on the surface
caused the distance between donor and acceptor chromophores to
change, thus providing a FRET readout that correlated to cell-
applied tension (92). While useful in providing relative FRET val-
ues, one challenge of these methods pertains to the cross-linked
nature of the matrix. This results in forces being distributed across
the polymer network, thus limiting the ability to quantify precise
forces associated with individual adhesion receptors during cell
signaling events.

Although many studies of FA mechanotransduction have been
reported, there are still many questions remaining about the cel-
lular mechanisms of mechanosensing in adhesions. For example,
how does clustering of integrin receptors affect the ability of cells
to apply tension? What is the loading rate of force applied by the
cell and how does this affect tension? What is the amount of ten-
sion applied across an individual integrin-ECM bond? An addi-
tional question concerns the nature of the integrin-ECM bond
itself. Certain integrins (asf;) have been shown to exhibit catch-
bond behavior, in which a reduction in the receptor-ligand disso-
ciation rate is observed in response to moderate levels of force
applied across the bond (93, 94). Catch-bond behavior is in con-
trast to the vast majority of bonds (slip bonds), which accelerate
the rate of dissociation upon application of a mechanical load (95,
96). It is not clear, however, if other integrin receptors also display
a catch-bond character. Examples of proteins exhibiting catch-
bond behavior include P-selectin and its ligand (97) and the a53,
integrin receptors bound to fibronectin (94). Recently, the E-cad-
herin/B-catenin/aE-catenin complex has also been shown to have
more stable binding to F actin when ~5 to 10 pN of tension is
applied to the bond (51). The majority of studied catch bonds are
observed in the range of ~5 to 20 pN per receptor-ligand pair.
Given the limitations of TEFM, it is not possible to address these
questions at this time. The inherent elasticity of TFM substrates or
micropillar array substrates dictates the sensitivity of these ap-
proaches to quantify cell traction forces. However, this introduces
some challenges, because the substrate elasticity also influences
cell biology and cell adhesion. Thus, the measurement itself can be
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confounding. Another limitation of TFM and mPADS is related to
the spatial resolution, which is typically on the order of a few
micrometers to ~0.7 pm (63, 73). This is dictated by the density of
the fiducial markers in TFM or the density and size of PDMS
pillars used in mPADS (66). Finally, TEM and mPADS are sensi-
tive to forces in the nanonewton range, which are significantly
greater than the forces experienced by nascent adhesions and cer-
tainly greater than the forces experienced by individual molecules.
These limitations have motivated the development of molecular
tension probes, which are described in the following section.

EMERGING METHODS FOR MEASURING MOLECULAR
TENSION

Recently, new methods have been developed that address the need
for measuring live-cell molecular-scale forces. These molecular
tension sensors contain two basic components. The first compo-
nent is a pair of chromophores that act as a spectroscopic ruler
through an energy transfer mechanism, such as FRET. The second
component is a flexible linker that connects the two chro-
mophores. For the purpose of this review, we have divided the
molecular tension sensors into two categories, those that are ge-
netically engineered and expressed within living cells (Fig. 1A) and
those that are anchored to a surface (Fig. 1B), to probe receptor
forces at the interface between living cells and their external li-
gands. In the case of genetically encoded tension sensors (GETYS),
the fluorophore and linker are inserted into a protein of interest
inside the cell. In contrast, immobilized tension sensors are an-
chored to a substrate and present a ligand specific to a cell surface
receptor (Fig. 1). The choice of fluorescent donor and acceptor, as
well as the choice of linker, impacts the dynamic range and the
sensitivity of the sensor by dictating the magnitude of linker ex-
tension that can be measured (thus the range of detectable forces)
and the amount of fluorescent signal in the absence of force.
Most molecular tension probes utilize FRET, which requires
spectrally matched fluorophores or fluorophore-quencher pairs.
Fluorophores may be organic dyes or fluorescent proteins. Due to
the distance dependence of FRET, placement of a flexible linker
between the donor and acceptor allows fluorescence imaging to be
used to detect nanometer changes in extension of the linker under
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FIG 2 Plots of fluorescence as a function of force for typical genetically en-
coded tension sensors (GETS) and immobilized MTEM probes. (A) Plot of
energy transfer (ET) efficiency as a function of applied force in units of pN. ET
efficiency is dependent on the distance between donor and acceptor to the
sixth power. (B) Plot of the fold increase in fluorescence as a function of force
(in piconewtons). The fold increase in signal is normalized to the fluorescence
signal when force is 0 pN. Fold increase in fluorescence is defined as (1 —
ETp)/(1 — ETy _ ), where ETis the energy transfer efficiency as a function of
force and ET, _  is the energy transfer efficiency in the absence of force. Data
for the GETS signal were estimated from the work of Grashoff et al. (98), while
the data for the MTFM probes were obtained from the work of Jurchenko et al.
(99).

tension. The Forster distance (R,) of each FRET pair is critical to
determining the range of distances at which the fluorophores can
participate in energy transfer and therefore often limits the range
of extensions and forces that can be explored.

The relationship between force and fluorescence can be as-
sessed through experimental calibration or by using well-estab-
lished models of linker behavior under force. Once a tension sen-
sor has been shown to have a predictable fluorescence-force curve
(Fig. 2), quantitative force measurements can be obtained in live
cells. It is important to note that the molecular tension sensors
start with some degree of donor-acceptor separation even in the
absence of force, which leads to energy transfer (ET) efficiencies
that are less than 100% at a force of 0 pN. The amount of fluores-
cent signal in the absence of force is a critical parameter, since it
influences the dynamic range and sensitivity of the probe. For
example, if a tension sensor has an ET efficiency of 50% in the
absence of force, then the maximum increase in donor fluores-
cence is 2-fold over the resting value of donor emission. In con-
trast, a probe with 95% ET efficiency at rest can display a maxi-
mum increase in donor signal of 20-fold, which is much more
desirable when live cells that exhibit autofluorescence are being
imaged. Given the intrinsic dimensions of fluorescent proteins,
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the typical ET efficiencies at rest for GETS are lower than that of
probes employing organic dyes. To illustrate this point, Fig. 2A
shows a plot of the ET efficiency as force is applied to either a
GETS (blue line) (98) or an immobilized molecular tension fluo-
rescence microscopy (MTEFM) probe (red line) (99). A low ET
efficiency at zero force indicates a resting conformation in which
the donor and acceptor are significantly separated. The effect of
low ET at the resting state is shown in Fig. 2B, where the maximum
donor fluorescent signal for the GETS is ~1.3-fold over the start-
ing fluorescence intensity. The representative immobilized probe,
which utilizes organic dye donor-acceptor pairs rather than fluo-
rescent proteins, has a resting ET efficiency of ~0.9. Therefore, the
immobilized probe exhibits a maximum signal approximately 10-
fold greater than the fluorescence intensity at zero force. Also note
that, due to the nonlinear character of the fluorescence-force
curves, the sensors become less sensitive to changes in force at ~12
pN for the representative immobilized probe and ~6 pN for the
representative GETS.

The choice of linker between the two chromophores also plays
an important role in defining the dynamic range of the sensor by
tuning the “spring constant” of the probe. Each type of linker has
a unique force-extension response function, and this should be
well matched to the linear range of ET distances for the donor-
acceptor pair. The linker may behave as an entropic spring, as is
the case for polyethylene glycol (PEG) polymers, or it may contain
some degree of secondary structure, such as with some peptides or
proteins. An additional example linker is a DNA hairpin. This type
of linker behaves more like a digital switch, abruptly denaturing
and changing extension in response to a threshold magnitude of
force. A summary of reported molecular tension sensors is given
in Table 1.

Genetically encoded tension sensors. Genetically encoded
molecular tension sensors (GETS) are engineered proteins in
which a tension sensing module, or cassette, has been genetically
inserted into a protein of interest. This class of probes contains
two fluorescent proteins (a donor and an acceptor) and a flexible
protein-based linker connecting the fluorophores (Fig. 1A). As
with all of the molecular tension sensors, when the tension-sens-
ing cassettes are being designed, concerns such as matching the R,
of the donor-acceptor pair with the extension range of the linker
must be taken into account. Then, a library (or multiple libraries
with different cassette design variants) of protein mutants is cre-
ated and tested to assess the best location within the protein to
insert the cassette. The ideal location would be a region of the
protein that maintains a relatively high ET efficiency in the ab-
sence of force and experiences forces that extend the linker during
cell activity. After the site of module insertion is chosen, DNA that
encodes the cellular expression of the engineered protein must be
transfected into living cells, and appropriate protein expression,
localization, and function must be verified. This is necessary to
ensure that insertion of the ~60-kDa tension sensing module does
not affect, or inhibit, protein function. Several reviews have re-
cently been published that further describe a thorough list of the
control experiments and constructs that are recommended to ver-
ify that the GETS is functioning properly and not interfering with
cell or protein function (100-102). Once a mutant is identified
that preserves biological function and contains an appropriately
placed sensor, tension across the protein can be observed in living
cells using fluorescence imaging. These sensors, therefore, take
time to design and engineer, but they are very simple to adopt and
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TABLE 1 Comparison of molecular-force sensors”

Spectroscopic Force dynamic
Type and sensor  ruler Linker Max S/B® range (pN) Protein(s) targeted Reference(s)
GETS
stFRET FRET a-Helical peptide  1.8-fold ~5-7¢ Spectrin, a-actinin, filamin A, collagen-19 103, 104
sstFRET FRET Spectrin repeat 2-fold ~5-7¢ a-Actinin 105-107
cpstFRET FRET Poly(G) peptide  4-fold ~5-10° Spectrin 108
PriSSM PRIM AS(GGS), 2-fold ND Myosin II 109, 111
TSMod FRET (GPGGA)4 1.3-fold ~1-6° Vinculin, E-cadherin, VE-cadherin, PECAM, 35, 98,
B-spectrin, MUC1 112-116
Immobilized
MTEM-FRET FRET PEG,, 10-fold ~1-204 EGFR, integrins 99, 117
MTEFM-NSET NSET PEGg, 10-fold ~1-254 Integrins 126, 127
MTFM-DNA  FRET DNA hairpin 30-fold ~5-16° Integrins 129
TP FRET DNA hairpin ~30-fold ~6-17¢ Integrins 130
MTS FRET (GPGGA), 3-fold ~1-74 Integrins 118, 135
TGT NA DNA NA ~12-56 Integrins, Notch/Delta 131

“ND, not determined; NA, not applicable.

b Maximum signal/background ratio (S/B) is defined as (1 — ETy,,,)/(1 — ETy _ ), where

transfer efficiency in the absence of force.
¢ The sensor response was experimentally calibrated.
“ Sensor response was determined through calculation.

use. The FRET measurement requires appropriate bleed-through
and cross talk corrections, but image acquisition is relatively
straightforward. Another benefit of these biologically encoded
sensors is that the fluorophores are more likely to be present at a
1:1 ratio, which improves the accuracy of the FRET measurement.
Since these sensors are genetically encoded, the use of fluoro-
phores and linkers is limited to protein-based constructs. The R,
of most fluorescent proteins is between 4 and 6 nm; therefore, the
effective spring constant of the linker becomes the primary ele-
ment available to the researcher to control the dynamic range of
the sensor. This makes the choice of linker critical to the effective-
ness of the sensor and requires that the dynamic range match the
range of forces that are expected in the system under investigation.

In 2008, Meng and coworkers reported one of the first biolog-
ically engineered tension sensors (103). This sensor, which was
termed a stretch-sensitive FRET cassette (stFRET), consisted of
two fluorescent proteins, Cerulean and Venus, joined by a 5-nm
protein a-helix (Fig. 3A). As a proof of concept, the stFRET was
inserted into several different proteins (spectrin, a-actinin, and
filamin A) and expressed in cultured cells (103). Insertion of the
stFRET into a-actinin revealed a decrease in tension at the lagging
edge of 3T3 fibroblasts (Fig. 3B). Furthermore, by inserting the
sensor into collagen, Meng et al. were able to express it in a living
host, Caenorhabditis elegans (103, 104). The initial work, however,
did not include a calibration of the sensor; thus, no quantification
of the observed forces was possible. In later work, the sensitivity
range of the stFRET was determined to be 5 to 7 pN by using DNA
hybridization to generate a force and extend the sensor (104, 105).
FRET measurements of the stFRET probe indicate that the probe
is slightly extended when conjugated to single-strand DNA (ss-
DNA) (prior to DNA hybridization). This suggests that the force
dynamic range of the stFRET is slightly larger than the 5- to 7-pN
range and that the probe is more likely analog than digital. How-
ever, unambiguous calibration of this probe needs to be per-
formed using a single-force spectroscopy experiment in order to
determine its response function. The sensor was also improved
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ET pnay 18 the energy transfer efficiency at full linker extension and ETj _ , is the energy

(and renamed the spectrin repeat stretch-sensitive FRET sensor
[sstFRET]) by substituting a spectrin repeat for the a-helix ini-
tially used as the linker (105). This updated sensor was then used
to observe mechanical behavior in a-actinin under shear stress
(106) and during FA growth (107). A further modification of the
sensor utilized circular permutants of Cerulean and Venus to cre-
ate a probe (termed cpstFRET) in which the fluorophores are
closely linked and the tension signal is due to changes in the angle
between the two proteins (108).

Another genetically engineered strain sensor was reported by
Iwai and Uyeda (109). This sensor, named the proximity imaging
(PRIM)-based strain sensor module (PriSSM), is based on prox-
imity imaging of green fluorescent protein (GFP) (Fig. 3C). PRIM
compares the ratio of emission at 510 nm when GFP is excited at
395 and 475 nm (110). When two GFPs dimerize, this ratio shifts,
and thus, the change in proximity can be monitored. In order to
generate an effective sensor, Iwai and Uyeda made a GFP circular
permutant, which created new termini in one of the GFP mono-
mers. This allowed the linker to connect the two monomers with
minimal steric inhibition caused by their natural antiparallel
dimerization. The linker chosen for PriSSM was a flexible 29-
amino-acid peptide linker. By incorporating the PriSSM into my-
osin I, researchers were able to observe myosin interaction with F
actin (Fig. 3D) (109, 111). These experiments allowed the local-
ization of myosin directly interacting with F actin to be deter-
mined in live cells.

In 2010, Grashoff et al. designed a tension sensor module
(TSMod) which contained mTFP1 and Venus (A206K) as the flu-
orescent proteins and used a 40-amino-acid sequence derived
from spider silk protein as the flexible linker (Fig. 3E) (98). The
dynamic range of the TSMod was calibrated using single-molecule
fluorescence imaging coupled with optical tweezers, which repre-
sented an important step in the field. In order to facilitate the
single-molecule measurement, the ends of the linker were labeled
with the organic dyes Cy3 and Cy5, and by using optical tweezers,
this construct was stretched and the resulting fluorescence
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FIG 3 Examples of genetically engineered molecular tension sensors. (A) FRET cassette (stFRET) designed by Meng et al. (103). (B) Data from 3T3 cells
containing the stFRET showing decreased tension in a-actinin at the lagging edge of the cell. (Images in panels A and B are reprinted from reference 103 with
permission of the publisher.) (C) A PRIM-based strain sensor module (PriSSM) reported by Iwai and Uyeda (109). (D) Schematic of the incorporation of PriSSM
into myosin. (Images in panels C and D are reprinted from reference 109 with permission of the publisher.) (E) Tension sensor module (TSMod) designed for
insertion into vinculin by Grashoff et al. (98). (F) Cells containing the TSMod inserted into vinculin reveal higher tension (low FRET index) in regions of cell
protrusion (P1 and P2) compared to regions where the cell retracts (R1 and R2). (Images in panels E and F are reprinted from reference 98 with permission of

the publisher.)

changes recorded. TSMod was then incorporated into vinculin to
observe tension during cell migration, revealing an increase in
tension across vinculin within FAs at the protruding edges of the
cell (Fig. 3F). Vinculin was reported to experience an average force
of 2.5 pN.

Currently, the TSMod probe is widely being adapted by many
different research groups to test forces in a range of proteins and
cellular signaling pathways. For example, it is now being used to
explore the role of mechanical force across proteins in cellular
systems that include E-cadherin (112, 113), VE-cadherin, and
PECAM (114). Additionally, incorporation of the TSMod into
B-spectrin in C. elegans allowed researchers to explore the role of
B-spectrin in touch receptors in living organisms (115). It has also
been used in conjunction with another method to study cellular
traction forces, laser ablation of cytoskeletal stress fibers (35), and
was recently employed as a compression sensor to study the effect
of the glycocalyx on integrin activation and FA formation in can-
cer cells (116).

Although the use of TSMod in cell mechanotransduction stud-
ies is expanding, certain limitations should be noted. The low
sensitivity of the GETS presents some challenges. For example,
when data from fluorescence images are analyzed, it is critical to dif-
ferentiate between applied tension and other factors that may also
contribute to alow ET efficiency, such as low sensor incorporation or
high autofluorescence from the cell. To ensure that the observed data
are quantitative, a method such as fluorescence lifetime imaging mi-
croscopy (FLIM) or normalization of fluorescence to either the do-
nor or acceptor fluorophore emission needs to be applied. Further-
more, even under ideal imaging conditions, the GETS that have thus
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far been reported are limited to the detection of forces within the
range of 1 to 7 pN (98, 104). Another limitation pertains to the po-
tential non-wild-type activity of engineered proteins in which the
tension sensing module is embedded. Finally, GETS probes are diffi-
cult to integrate with other FRET based biosensors due to spectral
overlaps.

Immobilized tension sensors. Immobilization of molecular
tension sensors to a solid support allows forces between cell mem-
brane receptors and their extracellular ligands to be investigated.
These interface sensors are ideally suited to study molecular
interactions that contribute to cell-cell or cell-ECM adhesion.
Anchored tension probes reveal details about how cells relay
mechanical signals from their surroundings into intracellular
chemical cascades.

The first immobilized molecular tension sensor specific to cell
surface receptors was reported by our group in 2012 and revealed
the force exerted during endocytosis of the epidermal growth fac-
tor receptor (EGFR) after ligand binding (Fig. 4A) (117). This
tension-sensing method was termed molecular tension fluores-
cence microscopy (MTFM) (99). The original MTFM sensor con-
sisted of a synthetic fluorophore-quencher pair connected by a
PEG linker anchored to the surface of a glass slide through strepta-
vidin-biotin binding. Using a nonradiative chromophore as the
FRET acceptor allows the sensor output to be a read as a simple
“turn on” signal without the need to perform corrections for spec-
tral bleed-through or cross talk. Additionally, since only one fluo-
rescence channel is needed for force imaging, it leaves 2 or 3 channels
available for the imaging of downstream cellular signaling in response
to tension. For example, FRET biosensors such as FAK (85) and Src
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FIG 4 Examples of immobilized molecular tension sensors. (A) Schematic and representative data for a MTFM probe designed to detect forces associated with
endocytosis of the EGF ligand by its receptor. (Reprinted from reference 117 with permission of the publisher.) (B) Immobilized tension sensor that was modeled
on the genetically encoded TSMod. The spider silk protein domain (GPGGA)g was used as the linker, and Alexa Fluor 546 and 647 were used as the donor and
acceptor. (Left) Location of FAs (circled in red), as indicated by fluorescent labeling of paxillin. (Right) Regions of tension (lower FRET index) that colocalize with
FAs. (Reprinted from reference 118 with permission of the publisher.) (C) AuNP-based MTEM sensor that utilizes NSET as a spectroscopic ruler. This probe
primarily reported the tension observed between 85 integrins and cRGD. (Reprinted from reference 126 with permission of the publisher.) (D) Schematic and
representative data of DNA-based MTFM probes that display a digital output. When sufficient force is applied (4.7 pN), the DNA hairpin is unfolded, leading to
separation of the fluorophore from the quencher and an increase in fluorescence of ~20- to 30-fold. Cells expressing {3;-integrin-GFP were cultured on the
DNA-MTEFM probes. Images on the right show two different time points, correlating to the arrival of 35 integrins (black line scan) followed by the appearance
of tension (green line scan). (Reprinted from reference 129 with permission of the publisher.)

biosensors (81, 82) and ratiometric Ca®" indicators can be combined  extremely low densities of immobilized sensors (as was shown by

with MTFM probes. The dynamic range of the MTFM sensor was
calculated by applying the extended worm-like chain model to the
extension of the PEG polymer. This model allows the fluorescence
signal and FRET efficiency to be converted into an estimated per-
ligand force value. These values, however, represent the minimum
average force applied per receptor. This is due to the ensemble nature
of the FRET measurements and is true for all of the molecular tension
sensors, including those that are genetically incorporated. By using
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Morimatsu et al. [118]), single-molecule FRET measurements can
provide the absolute extension of single molecules, which eliminates
the ensemble nature of the measurements. However, single-molecule
measurements introduce other challenges due to the need for O,
scavengers and the scarcity of reporters.

The MTEM tension probe was also adapted for studying FA
maturation by targeting integrin receptors via a cyclic RGD
(cRGD) ligand (99). However, in these experiments, it was found
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that the forces applied through integrin receptors were sufficient
to dissociate the streptavidin-biotin bond. Mechanical streptavi-
din-biotin dissociation was unexpected, because the reported K,
(affinity) for streptavidin-biotin is at least 10° times greater than
that of the integrin-ligand bond (119-121). In addition, dissocia-
tion rates (k) predict that the integrin receptors (k ;= 0.072s~"
at 37°C) (122) would dissociate before streptavidin-biotin disso-
ciation (k. ~ 107> s~ at 37°C) (99, 123, 124). Streptavidin-
biotin dissociation within a 45-min time window suggests that
integrin receptors apply forces to ECM ligands that exceed 20 pN.
This is because a constant force of 20 pN is required to dissociate
streptavidin-biotin within the 45 min of cell adhesion (125). That
said, the biological loading rate is unknown, and how it impacts
the bond rupture force may be significant. In contrast to these
results, researchers using an alternate design of an immobilized
sensor found that integrin receptors apply 1 to 5 pN of tension to
their ligand (118). These experiments utilized the spider silk pro-
tein linker developed for the TSMod, which has a dynamic range
of 1 to 6 pN. The construct was anchored to a surface via biotin-
NeutrAvidin binding (Fig. 4B), and the authors (118) claimed that
this bond was stable against integrin forces. The use of a linear
RGD ligand in these experiments could affect the degree of force
applied by the receptors, since it is known that the binding con-
stant for integrins with certain cyclic RGD peptides is significantly
greater than that for the linear RGD form (120, 121). Nonetheless,
it is important to note that the attachment method of the an-
chored sensors must be sufficiently stable to withstand the biolog-
ical forces being applied by the system.

An alternate approach to address the need for robust immobi-
lization chemistry that is stable against mechanical dissociation
yet is still compatible with MTFM probes is the use of gold-thiol
(Au-SH) binding (Fig. 4C). Using Au-SH binding is extraordi-
narily facile and avoids the need for a small-molecule quencher,
since Au films and Au nanoparticles are effective quenchers. This
type of MTFM sensor, developed by Liu etal. (126, 127), anchored
a cRGD ligand to a gold nanoparticle (AuNP) through a PEG
linkage and was sufficiently robust to withstand integrin-medi-
ated tension. Since the AuNP in this probe acted as both the an-
chor and the quencher, the energy transfer mechanism in this
probe is described as nanometal surface energy transfer (NSET)
mechanism. Unlike FRET-based sensors, where energy transfer
efficiency is dependent on the fluorophore-quencher distance
with a 1/r° relationship, energy transfer efficiency in NSET has a
1/r* dependence. This distance dependence results in a more lin-
ear regimen of fluorescence-distance response for NSET-based
probes than is seen with FRET. In addition, NSET is highly effi-
cient and typically displays larger R, values, thus probing greater
distances. Lastly, NSET efficiency has a weaker dependence on
fluorophore transition dipole orientation and is therefore able to
provide a more robust readout than FRET (128).

An additional advantage to using AuNP-based molecular ten-
sion sensors is the ability to pattern nanoparticles and explore the
impact of clustering on force dynamics. Using the AuNP MTFM
sensor, Liu et al. were able to determine that o, B; integrins exerted
less force on cRGD ligands when receptors were separated by dis-
tances of 100 nm than when they were spaced by 50 nm (127).
These experiments highlight the importance of molecular assem-
blies in the ability of cells to apply forces to the ECM and raises
further questions regarding how these assemblies contribute to
cellular adhesion and sensing of the surrounding physical envi-
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ronment. It also suggests that ligand spacing may be detected us-
ing mechanical sensing mechanisms.

To determine the magnitude of tension experienced by integ-
rins during FA formation, it is necessary to avoid ensemble aver-
aging. One solution to this problem is the use of single-molecule
imaging, which was explored by Morimatsu et al. (118). Given the
challenges inherent in single-molecule imaging, our lab, along
with the Chen lab, developed digital tension sensors. These digital
probes utilize a DNA hairpin as the linker rather than an entropic
PEG spring (Fig. 4D) (129, 130). Our version of these probes em-
ployed three DNA strands, one containing a hairpin with a cali-
brated force threshold of unfolding and two that hybridize to the
termini of the hairpin strand. These two strands act as arms to
anchor the hairpin sensor to the surface and to present the cell
adhesion ligand. A fluorophore and a quencher attached to the
two DNA arms maintain close proximity when the hairpin is
folded. When sufficient force is applied to open the hairpin the
fluorophore is separated from the quencher, thus leading to an
increase in signal. The version of the DNA hairpin sensor devel-
oped by Blakely et al. (130) employs a single strand of DNA. This
oligonucleotide contains the hairpin, the fluorophore-quencher
pair, and the anchoring molecule. These sensors were functional-
ized with alinear or cyclic RGD ligand and were used to investigate
forces applied by integrin receptors. Experiments revealed that
integrin forces were highly dynamic and heterogenous (129, 130).

Another class of probes that use the dehybridization of DNA to
investigate the magnitude of tension across integrin-ligand bonds
was reported by Wang and Ha (131) and termed the tension gauge
tether (TGT). The TGT consists of cRGD ligands bound to a sur-
face by dsDNA that exhibits a known tension tolerance (7). The
T, is defined as the amount of tension required to rupture the
dsDNA tether in less than 2 s under constant force. In order to
examine the amount of mechanical tension required by cells to
trigger adhesion and FA formation, cells were plated onto the TGT
surface, and cell adhesion was monitored by phase-contrast mi-
croscopy. Surprisingly, these experiments revealed that initial cel-
lular adhesion applies at least 33 to 43 pN of force to the substrate
and that this tension, common to all cell types tested, is likely
controlled by membrane tension mediated through integrin re-
ceptors. Furthermore, FA and cytoskeletal stress fiber formation
required ~56 pN of tension applied by integrins. The TGT system
was also used to examine forces involved in Notch receptor acti-
vation. However, experiments were unable to verify a specific
force requirement for Notch activation.

OUTLOOK

Molecular tension sensors have improved our ability to observe
and study molecular forces in real time within living cells. One of
the remaining challenges for these probes is to move away from
ensemble averaging of forces to determine the level of tension per
protein. The ability to achieve this would allow us to answer ques-
tions such as whether integrin receptors within focal adhesions
experience similar forces or a range of dynamic and transient
forces and whether the force propagated through focal adhesions
is disseminated equally among all integrin receptors in the com-
plex. The most obvious method to answer these questions involves
single-molecule fluorescence microscopy using molecular tension
probes. However, genetically encoded sensors require the use of
fluorescent proteins, which represent a challenge for single-mol-
ecule studies. Compounding this challenge is the difficulty in con-
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FIG 5 Schematic summary of tension values reported using molecular tension-sensing probes. (A) Cell-ECM interactions, typified by focal adhesions. Tension
in a-actinin was measured using stFRET or sstFRET, while vinculin tension was determined using the TSMod. Estimates of integrin-ECM tension were obtained
using different types of immobilized molecular probes, including standard FRET-based MTFM, AuNP MTFM, DNA-hairpin sensors, and TGTs. Note that listed
values were obtained using different cell types, different types of ECM ligands, and different classes of tension probes. (B) Representative schematic showing
cell-cell interactions, such as cadherin complexes and Notch-Delta binding. Tension values applied by the Notch-Delta pathway, as tested by the TGT system,
were reported to be either zero or less than 12 pN. E-cadherin, VE-cadherin, and PECAM tension was determined using the TSMod inserted into the cytoplasmic

sites of the protein of interest.

trolling the number and density of genetically encoded sensors
expressed in the cell. Immobilized sensors show more promise in
this area, but obtaining a sparse density of tension sensors to im-
age a few of the thousands of receptors within the functional focal
adhesion offers only a limited view of the entire picture, where
forces are precisely orchestrated in space and time. Another ap-
proach to address this challenge may be through superresolution
fluorescence microscopy techniques (132, 133). Already, the su-
perresolution technique iPALM (interferometric photoactivat-
able localization microscopy) has been used to determine the lo-
calization of proteins within FAs with nanometer resolution
(134). An additional superresolution imaging technique, Bayesian
localization microscopy, has been used to image force in FAs using
an immobilized sensor (135). It is likely that the combination of
molecular tension sensors with superresolution techniques will
become a rich area for exploration in mechanotransduction.

A benefit of the molecular tension sensors is the ability to ob-
serve downstream chemical signaling concurrent with fluores-
cence signals associated with tension. This allows one to correlate
tension with specific cellular events. However, spectrum limita-
tions can be challenging when downstream signaling is being ex-
plored. Since these sensors employ FRET as the signal output, only
one fluorescence signal (or possibly two) can be used to monitor
additional protein behavior in the cell in order to minimize con-
founding signals due to fluorescence bleed-through or cross talk.
Sensors that use fluorescence quenchers rather than fluorescent
FRET pairs have an advantage in this area, since more of the spec-
trum is available for tracking additional signals. For sensors that
require two protein fluorophores, such as the genetically encoded
sensors, this presents a challenge. Advanced imaging techniques,
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such as spectral imaging with linear unmixing, could present a
solution to imaging with multiple fluorophores (136).

There are still many questions yet to be answered regarding the
role that biophysical signals play in cellular biology. As can be seen
in Fig. 5, tension values have been obtained for several cell adhe-
sion proteins using the molecular tension probes discussed in this
review. However, these values are not always consistent across
various techniques, and more experiments need to be performed
to address this issue. Experiments with integrin receptors, specif-
ically, have produced a wide range of estimates for tension. This
may be a reflection of differences between the various tension
observation techniques, including the use of different versions of
ECM ligands. It may also suggest that forces applied by the cell
through integrin receptors are highly dynamic. Also, differences
in the force loading rate across the receptors may result in tension
probe signals that vary dramatically. However, as yet, there are no
robust methods to measure molecular force loading rates applied
by cells. Additionally, targeting of specific integrin heterodimers
with molecular tension probes has so far been limited to o 5. It
would be interesting to see molecular tension probe studies that
uniquely target other integrins, such as asf3,, since catch-bond
behavior has been reported only with asf3; integrins. There are
also other FA-related proteins that have yet to be explored, such as
the many adaptor proteins associated with FAs. The family of
cadherins are beginning to be addressed, but there are still gaps in
our knowledge. N-cadherin tension has not been explored, nor
has vinculin been explored in the context of cell-cell junctions.
PECAM has been shown to be responsive to tension, but many
other cell adhesion molecules may be involved.

There are hundreds of signaling pathways with the potential of
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having sensitivity to physical inputs. For example, the Notch sig-
naling pathway, which is universally conserved across all metazoa
and is fundamental to cell-cell communication and cell fate deter-
mination, has long been suspected of mechanical sensitivity.
Notch receptors and their ligands are presented on the surfaces of
two different cells, one that is signal sending (ligand cell) and one
that is signal receiving (Notch cell). Activation of the receptor
requires physical contact between the two cells. Notch contains a
metalloprotease cleavage site hidden within the protein that is
hypothesized to be exposed only when force is applied (137, 138).
Therefore, proteolysis, leading to activation of the receptor, is sus-
pected of being force dependent. In this case, endocytosis of the
Notch-ligand complex by the ligand-expressing cell is thought to
supply the force (139). Several lines of evidence have led to this
hypothesis. For example, free ligand or mobile ligand does not
typically activate Notch as well as bound or immobilized ligand
(141, 142). Experimental evidence confirming the mechanism of
force-mediated Notch activation in living cells is not yet conclu-
sive. These studies have not been able to rule out the role of clus-
tering in Notch activation. It has been shown that preclustered
soluble ligand is capable of inducing Notch activation (143) while,
in general, soluble ligand is not an efficient activator and, in some
cases, can actually inhibit Notch signaling (141). Therefore, the
question of how the Notch-ligand interaction leads to activation
of the Notch receptor has not been fully resolved. The question of
how Notch is activated represents a typical mechanistic challenge
that faces the field of mechanotransduction.

Another frontier for mechanotransduction pertains to cell-
pathogen interactions, which are already suspected of involving
mechanics. For example, HIV-1 infection of T cells was shown to
be mediated, in part, through force-mediated extension of the
CD4 receptor (144). Looking forward, it is likely that fluores-
cence-based molecular tension probes will play a critical role in
unraveling the physical aspects of cell signaling.
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