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Abstract

Nearly all cellular processes are sensitive to mechanical inputs, and this plays a major role in
diverse physiological processes. Mechanical stimuli are thought to be primarily detected through
force-induced changes in protein structure. Approximately a decade ago, molecular tension
sensors were created to measure forces across proteins within cells. Since then, an impressive
assortment of sensors has been created and provided key insights into mechanotransduction, but
comparisons of measurements between various sensors are challenging. In this review, we discuss
the different types of molecular tension sensors, provide a system of classification based on their
molecular-scale mechanical properties, and highlight how new applications of these sensors are
enabling measurements beyond the magnitude of tensile load. We suggest that an expanded
understanding of the functionality of these sensors, as well as integration with other techniques,
will lead to consensus amongst measurements as well as critical insights into the underlying
mechanisms of mechanotransduction.

2. Introduction

The mechanical nature of the cellular microenvironment is a key determinant of many
developmental, physiological, and pathophysiological processes, and is an important
variable in tissue engineering and regenerative medicine [1,2]. In vivo, a deformable

extracellular matrix and neighboring cells provide mechanical support, while applied forces
often stem from physiological processes, such as shear stresses on vessel walls due to blood

flow or the forces generated as cells migrate through or over tissues [3,4]. Over the past
several decades, mechanical stimuli have been shown to regulate a wide range of
fundamental cellular processes, including adhesion, contraction, migration, polarity,
differentiation, and growth [5]. However, despite their ubiquitous nature, the molecular
mechanisms mediating cellular mechanosensitivity remain poorly understood.

Efforts to understand cellular mechanosensitivity have traditionally focused on events where
mechanical stimuli are converted into biochemically detectable signals, a process referred to

as mechanotransduction [6]. A major advance was the in vitro demonstration that pico-
Newton (pN) forces, which can be generated by a relatively small number of molecular

Corresponding Author: Brenton D. Hoffman, Room 1379 CIEMAS, 101 Science Drive, Durham, NC 27710, Phone: 919-660-5154,

Fax: 919-684-4488, Brenton.hoffman@duke.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our

customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of

the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ham et al.

Page 2

motors, sufficiently deform proteins to control specific protein-protein interactions [7]. Thus,
a simple mechanism for mechanotransduction is that applied load alters protein structure,
changing function [8]. While a variety of in vitro systems have demonstrated that force
could affect protein-protein interactions, an inability to measure such small forces in cells
prevented probing the existence of these phenomena beyond in vitro experiments [9].

Over the past decade, a variety of tools were designed to meet the challenge of measuring
the mechanical forces experienced by specific proteins in living cells [10]. Collectively
referred to as molecular tension sensors (MTS), these tools have been constructed using the
various building blocks of molecular engineering, encompassing synthetic, protein-based,
and DNA-based approaches. However, as with most fields undergoing a drastic expansion,
discord has emerged. For example, estimates for the force supported by integrins vary by
over two orders of magnitude [11]. Rather than a technical quagmire, we suggest that these
discrepancies represent an incomplete understanding of critical functional aspects of MTSs,
as well as key aspects of protein mechanosensitivity. In this article, we will first review the
various classes of MTSs, highlighting key features of design and function. Next, we outline
important functional considerations that may help explain the large variance in
measurements, focusing on aspects of single molecule calibration as well as the effect of the
cellular microenvironment. Then, we discuss the capability of MTSs to report more than
tensile force magnitude. Finally, we discuss how this broadened view reconciles some
disparate reports and provides new insights into the mechanisms mediating
mechanotransduction.

3. The Rise of Molecular Tension Sensors

The principle underlying MTSs is the coupling of a mechanically-induced deformation to a
change in optical signal (Fig. 1) [12]. Two physical phenomena involving distance-
dependent transfer of energy from an excited donor fluorophore have been leveraged. In
Forster Resonance Energy Transfer (FRET), energy is transferred from an excited
fluorophore to a nearby fluorophore or quencher [13]. In nanometal surface energy transfer
(NSET), energy is transferred to a gold nanoparticle [14]. An extension-sensing module can
be created by placing a deformable domain between two entities capable of FRET/NSET
and then incorporating this module into a load-bearing protein or complex. This was first
done for alpha-actinin [15]. However, to move from an extension sensor to a tension sensor,
the relationship between the applied load and FRET/NSET must be determined. Typically,
the tools of single molecule force spectroscopy (SMFS) are used to create a calibration curve
that relates FRET/NSET to applied force magnitude [13,16-18].

Calibrated sensors can be classified by the nature of the extensible linker, which can be
broadly described as either unstructured or structured (Fig. 1A,B). The original calibrated
sensors were based on unstructured polypeptides (GPGGA),, or synthetic polymers
(polyethylene glycol, PEG) (Fig. 1A) [13,19]. For unstructured linkers, the mechanical
properties (Fig. 1C) can be quantitatively described using the worm-like chain model
(WLC), which models the resistance to deformation as a reduction in entropy [20]. Sensors
using unstructured linkers have analog, monotonic force-extension curves. Thus, subject to
limits set by the temporal and ensemble averaging that occurs during imaging as well as the
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force dynamic range (the range of detectable forces) of the linker, these sensors report the
exact load across the sensor. Importantly, given the wealth of theoretical and experimental
characterization at the single-molecule level, the mechanical response of unstructured
polypeptide linkers can be rationally tuned by controlling linker stiffness and length [19,21].
Recently, using different combinations of FRET-pairs, linker stiffnesses, and linker lengths,
the force dynamic range of 1080 unique unstructured polypeptide MTSs were
computationally predicted [21]. This resource enables the rational design of unstructured
MTS through prediction of both the force dynamic range as well as the optimal FRET
dynamic range. This tunability of the sensor properties is a main advantage of using
unstructured linkers. Predictions suggest that sensors with different force dynamic ranges
spanning 1-15 pN can be created with this approach. However, as extension of the linker
begins instantaneously with the application of load, the force dynamic range and sensitivity
(change in FRET per force) are coupled, resulting in sensors with high force dynamic ranges
having smaller sensitivities.

To create MTSs with both high force dynamic ranges and sufficiently high sensitivities, a
new class of extensible domains was needed, so researchers developed MTSs with structured
domains as the deformable element. These domains are relatively inextensible at low forces,
allowing the deformation and resulting change in FRET signal to be shifted to higher forces.
(Fig. 1B). Key examples include ultrafast folding protein domains found in villin and
ferredoxin (Fig. 1D), DNA hairpins (Fig. 1E), and DNA duplexes (tension gauge tethers,
TGTs) (Fig. 1F) [17,22,23]. The mechanical response of these linkers can be conceptualized
as two- or multi-state systems [24]. At low forces the linker is largely inextensible, and
resistance to deformation mostly comes from enthalpic effects associated with non-covalent
bond breaking. Under sufficient load, the linker experiences a transition to the unfolded or
ruptured state (resulting in a rapid increase in extension) and adopts a largely unstructured
conformation where mechanical resistance is due to entropic effects and well-described by
the WLC model [16]. Structured sensors can undergo sharp transitions, displaying an
approximately digital response. Digital sensors do not have a 1:1 relationship between
FRET/NSET and force magnitude, limiting the accuracy of the force measurement away
from the transition state. However, this functionality can provide accurate measurements of
when the load experienced by the protein exceeds the transition threshold. Notably, the
ability to compare areas of higher and lower tension (with respect to the transition threshold)
is often what is most applicable to studies in cell or molecular biology. MTSs with
structured domains, which often have a higher signal to noise ratio than unstructured
sensors, may be particularly advantageous in these studies.

4. With Many Tension Sensors Comes Many Tension Measurements

MTSs have been used to study the loads experienced by structural or adhesive proteins in
both intra- and extracellular contexts (Fig. 2). Genetically-encoded sensors, which leverage
cell machinery to produce sensors from recombinant DNA, are uniquely suited to probe the
molecular forces within cells [25]. These sensors have been applied to proteins within focal
adhesions, cell-cell contacts, and the nuclear membrane (Fig. 2) [16,17,26—-33]. DNA-based
and synthetic sensors enable greater design freedom, such as the incorporation of organic
fluorophores, but are limited to extracellular applications due to challenges in delivery
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and/or limited stability inside cells. These sensors have been used to study forces
experienced by cellular receptors, including integrins (Fig. 2) [18,22,23,34].

As diverse sensors have been developed, disparate measurements of the forces experienced
by similar/identical proteins have emerged. Various cadherins have been reported to be
under either constitutive loading or to only bear load within junctions [27,35]. The loads
across talin have been reported to be both less than 6 pN or between 7-10 pN, with a small
subset greater than 10 pN [17,36]. Perhaps more strikingly, tension measurements across
individual ligated integrins range from 1 to over 100 pN [11]. The origins of these
discrepancies are not immediately clear, but two obvious sources are the accuracy and
appropriateness of the sensor calibrations, as well as differences between experimental
conditions, including the choice of the sensor type.

As calibrations are used to convert extension (measured by NSET/FRET) into force, errors
in calibration can directly account for discrepancies in reported force magnitude. Typically,
calibration involves the use of SMFS techniques to directly assess the force-extension
properties of the linkers. For the calibrations to be applicable to MTSs, at least three
conditions must be met. Specifically, the calibration measurements must be conducted at
equilibrium, in the correct environment, and account for the effects of load on each
component of the sensor.

In all sensor designs to date, it has been assumed that changes in FRET/NSET are solely due
to force magnitude. This requires that the extension/transition of the sensors occur at
equilibrium (Fig. 3A). In non-equilibrium transitions, the apparent change in FRET/NSET
will be dependent on the loading rate and history. The key aspects can be understood
through a thermodynamic two-state model [24] (Fig. 3A). If the unfolding and refolding
rates are fast in comparison to experimental time scales, then the system will sample all
states and be in equilibrium. Thus, transitions will be induced quickly when the critical force
is applied and the change in optical signal will occur at a single force magnitude. Sensors
based on unstructured domains or ultrafast folding domains exhibit sufficiently rapid
kinetics to undergo equilibrium transitions at all plausible loading rates within cells and the
vast majority of SMFS systems [13,37].

Non-equilibrium transitions occur when all of the states cannot be sampled. In this scenario,
the system will exhibit kinetic or history-dependent effects [24]. In the context of force-
induced changes in protein conformation, this occurs in two contexts. The first is in
irreversible systems, when either unfolding or refolding rates drops to zero. Sensors that
undergo irreversible transitions are clearly not at equilibrium, and the effects of loading
history must be considered in the use and analysis of these sensors. The transitions induced
by TGTs are irreversible, as the DNA strand containing the adhesive ligand unbinds and is
then internalized by the cell [22]. Therefore, TGT rupture forces will depend on loading
conditions. For instance, as TGTs unbinding is irreversible and mediated by non-covalent
interactions, these domains will eventually rupture under any load given sufficient time
[38,39]. This substantially limits the interpretability of these sensors as well as the biological
phenomena they are capable of studying. Non-equilibrium effects can also be observed if
loading happens at rates that approach the unfolding and refolding rates, and thus non-
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equilibrium effects are more likely to occur as the loading rate increases. In SMFS
experiments, hysteresis has been observed for DNA structures that can undergo reversible
transitions, such as hairpins, at relatively low loading rates (down to 30 nm/s) [40,41].
Determining if non-equilibrium transitions occur during MTS experiments requires
knowledge of pertinent loading rates inside cells. However, the loading conditions imposed
by cells on proteins are largely uncharacterized and very challenging to probe. One
measurement has been made by direct, two-color single molecule imaging of the termini of
talin dimers. These estimates revealed the loading to be approximately 10-60 nm/s with high
spatial and temporal variation [42]. Together, the current data demonstrate that DNA-based
sensors could potentially be undergoing non-equilibrium transitions when used as
extracellular MTSs, and this may affect the ability of these sensors to accurately report force
magnitude [40].

Second, sensors must be calibrated in an appropriate environment. This is particularly
relevant for genetically-encoded sensors, which are intended to be used within cells but are
typically calibrated using SMFS techniques in vitro. Therefore, differences in pH, salt
concentration, protein concentration (which could induce molecular crowding effects), as
well as the concentration of ATP (which is a biological hydrotrope and affects the solubility
of disordered proteins [43]) could lead to differences in the behavior of the extensible
domains. This has been observed for unstructured polypeptides, as distinct mechanical
properties were noted between in vitro solutions and living cells [21]. This is likely due to
differences in pH, salt concentration, and/or ATP, as crowding effects are proportional to
linker length, and primarily affect longer linkers (greater than 70 amino acids), rather than
the 30-50 amino acid linkers used to create unstructured extensible domains for MTSs [44].
To bypass these issues, a modeling-based approach utilizing linker mechanical properties
measured in cells has been developed to predict the force dynamic range of these sensors,
bypassing a need for in vitro calibration and removing a potential source of measurement
discrepancies [21]. As the mechanical response of genetically-encoded structured linkers
cannot be predicted a priori from models, this class of sensor still requires in vitro
calibration with SMFS techniques. The effect of environmental conditions on genetically-
encoded structured linkers is currently unknown and ensuring the direct applicability of in
vitro calibration for use in cellulo or in vivo is a major goal of current work.

Third, the effects of load on the different MTS components must be considered. This is
relevant for the linker, the fluorescent proteins, and the linkages between components of the
MTS. For extracellular MTSs, integrin to ligand, linker, and linker to substrate interfaces are
all subject to force-sensitive unbinding/rupture Kinetics at competing timescales. The effects
are most pronounced in DNA TGTs, which will rupture under any applied load given
sufficient loading time [38]. Although this precludes their ability to report force magnitude,
computational analyses of TGTs suggest that placing two TGTs in series would enable the
reporting of force history with high resolution [39]. Notably, the integrin-FN linkage is
dynamic and force-sensitive. This leads to a complex relationship between integrin-FN
unbinding and TGT rupture. Although this effect is not as pronounced due to the
reversibility of hairpin rupture, similar effects can be observed with DNA hairpins.
Additionally, the linkage between the MTS to the substrate is subject to force-dependent
dynamics. Figure 3B shows an overlay of SMFS data for integrin-FN bond lifetime, DNA
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hairpin folded lifetime (=(F)), and biotin-streptavidin bond lifetime (t(F)). There are three
key regimes. At low forces, the lifetime of the integrin-FN bond is shorter than the timescale
for DNA hairpin unfolding. At intermediate forces, the integrin-FN bond lifetime is long
enough to unfold the hairpin. At high forces, the integrin-FN bond is long enough to
dissociate biotin from streptavidin (Fig. 3B) [41,45-47]. Notably, hairpins are assumed to
function in the intermediate regime, where the hairpin is the shortest-lived component. Thus,
large differences in reported force magnitude involving DNA hairpins could be compounded
by these dynamic effects. Dissociation of non-covalent linkages between a complex and
substrate has been observed during MTS use and in SMFS experiments probing the force-
sensitive unbinding kinetics of FN-ligated integrins, where the antibody-Fc fragment
interaction used to link probes to the surface dissociated before the integrin:FN bond
[46,48]. This means that the lifetime of the integrin-FN linkage at high forces (Fig. 3B) may
be underestimated. Therefore, as more diverse extracellular tension sensors are developed,
the effect of load on each component in an MTS must be validated [48,49].

The same concept of force-sensitive components applies to genetically-encoded sensors.
Genetically-encoded sensors use FPs to measure linker extension via FRET. SMFS
experiments, as well as molecular dynamics simulations, have shown that load can have
substantial effects on FP optical properties, including the loss of fluorescence via
mechanical quenching at lower forces and complete denaturing of the protein at very high
forces (Fig. 3C) [50-53]. These processes can also be described as two- or multi-state
systems and are likely subject to non-equilibrium transitions which depend upon both the
force magnitude and duration [51,52]. Thus, the effect of load on FPs is an important
consideration when designing and interpreting MTSs. However, the relevance of this
phenomenon for genetically-encoded MTSs has not yet been directly probed. To estimate
the relative chance of FP mechanical quenching or unfolding during MTS use, we compared
data (generated via SMFS experiments) on force-sensitive bond lifetimes of
mechanosensitive proteins with GFP/YFP denaturing and GFP mechanical quenching
lifetimes (<(F), Fig. 3C). At certain forces, the lifetimes of some of the mechanical linkages,
such as the integrin:FN catch bond, are longer than the timescales required to induce
mechanical quenching or denaturation, suggesting that forces within the cell may affect the
function of genetically-encoded MTSs. Notably, this interplay might be quite complex, as
the lifetimes of the vinculin:actin catch bond can likely induce mechanical quenching, but
are on the threshold for mechanical denaturation of GFP. An uncalibrated extracellular MTS
has demonstrated irreversible GFP denaturation under mechanical load from integrins [54].
In contrast, SMFS experiments have suggested that the YPET-mCherry FRET pair did not
denature in response to loads of 24 pN applied for 300 sec [16]. These data suggest that
differences in the mechanical robustness of various FPs may be quite large, and the
suitability of the FPs should be evaluated before use in genetically-encoded MTSs.

The technical details of MTS interpretation and implementation outlined above are likely to
contribute to much, but not all, of the discrepancies in reported force magnitude. They show
how some MTSs are not suited to solely report force magnitude but are sensitive to
additional mechanical variables, such as loading rate or loading duration.
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Learning Through Discrepancies: Moving Beyond Tension

Another reason for variation in measurements across various MTSs is due to relevant
differences between biological systems. The forces generated by cells vary spatiotemporally
in magnitude and duration, are regulated by cell signaling, propagate through a dynamic
cytoskeleton, and change in response to microenvironmental cues [55]. This suggests that
loads experienced by proteins are equally complex. Consistent with this idea, the molecular
load of several structural proteins has been shown to spatially vary across the cell, within
individual adhesion structures, and even within an individual protein [17,21,56,57]. Small
variations in integrin load have been observed with modulated spacing of engineered
ligands, and talin load is reduced on softer gels [17,58]. Notably, recent models of
mechanotransduction have focused on the importance of loading rate for the key structural
proteins in the cytoskeleton [59,60]. However, a common assumption when interpreting
MTS data is that proteins are subject to static tensile loads and thus load magnitude is the
sole key parameter. In this section, we first review recently developed techniques for probing
diverse aspects of the mechanical loads experienced by proteins in living cells. In the next
section, we then illustrate how sensors with different mechanical properties, as well as
differences between measurements with various sensors, could illustrate key aspects of the
loading, behavior, and function of mechanosensitive proteins.

A percentage of structural proteins within load-bearing structures do not bear substantial
force, suggesting that the percentage of loaded molecules is a key variable. Notably, the
percentage of loaded proteins can be calculated directly with single molecule imaging
techniques (Fig 4A) [61]. Additionally, switch-like genetically-encoded MTSs that respond
to small forces have been made to estimate the percentage of proteins subject to mechanical
load [17]. A common finding in these systems is that a substantial portion of structural
proteins within adhesive structures are not subject to mechanical load. For instance, it was
estimated that as few as 40 — 70% of talin molecules (depending on where the sensor was
inserted within talin) within an FA support significant load [17]. A similar trend was
observed in Drosophila, as the percentage of loaded talin reduced as muscles developed [62].
Also, an unstructured extracellular MTS revealed that the majority of integrins experienced
low forces, but could be loaded quickly in response to key stimuli [61]. In total, these data
suggest that mechanical redundancy could be a common theme in load-bearing structures,
and that cells may regulate molecular engagement as a part of mechanosensitive signaling in
addition to regulating load. Furthermore, such mechanical redundancy could explain
observations of low force magnitudes from ensemble measurements while single molecule
studies yield much higher and more variable measurements.

In MTS studies, proteins and the sensing modules are often conceptualized as springs in
series, where the force across the module and protein are the same. However, for complex
proteins this simple assumption does not always hold, as demonstrated by the discovery that
forces vary even within the same protein [17]. Through the clever design of multiple sensors
using a combination of FPs and genetically-encoded quenchers, MTSs can be multiplexed at
different points within a protein. Used in two positions within talin, these MTSs reported
different tension, demonstrating that loads can vary across individual talin molecules (Fig.
4B) [17]. These differences are likely due to multiple vinculin and actin binding sites
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throughout talin, which could serve as different nodes for mechanotransduction. Therefore,
discrepancies between MTSs for the same protein, with the tension sensing module located
in different positions, could be indicative of multiple points of loading within the protein.

As force is a vector, its full description requires a magnitude and a direction. In many SMFS
experiments the direction is implicitly known because loads are assumed to be applied along
the axis of linker molecules. In cells, the direction of the applied load is unknown. Traction
force experiments have revealed that cells can generate contractile shear stress as well as
compressive normal forces on the surrounding microenvironment [63], demonstrating that
the direction of the applied load is variable. MTSs based on unstructured domains essentially
act like springs with a rest length. Thus, while tensile loads are detected through a reduction
in FRET/NSET from the unloaded state, compression can be detected though an increase in
FRET/NSET from the unloaded state (Fig. 4C). To date these measurements are qualitative
as the sensors have not been calibrated for compressive loads, but both vinculin and mucin-1
have been shown to be subject to compressive loads [56,64]. Discrepancies involving FRET/
NSET efficiencies higher than those in the unloaded state in unstructured sensors and no
apparent load in structured sensors could be indicative of significant compressive loads.
Furthermore, a key advance was the combination of MTSs with polarized light microscopy,
enabling measurement of tensile load orientation (Fig. 4D) [65]. As the orientation and
geometry of how a noncovalent linkage bears tension affects its bond strength and lifetimes
[45], the ability to detect orientation may lead to significant advances in the understanding of
integrin activation as well as the activation, or inhibition, of mechanosensitive signaling.

Alterations in the stiffness of the microenvironment lead to complex temporal changes in
cell-generated stresses [55]. At the molecular level, the simplest possible explanation is that
proteins involved in mechanosensing are regulated by either a specific force (force-control)
or by a set extension (extension-control). Possibly inspired by SMFS force clamp
experiments and classical ideas in cell biology like tensional homeostasis, force-control has
been broadly assumed. Recently a suite of sensors with distinct force-extension curves were
used to distinguish between force and extension-control paradigms in vinculin [21].
Surprisingly, extension control was observed (Fig. 4E). The generalizability of this result to
other proteins is unknown and provides an interesting topic for further investigation.
Discrepancies between loads reported by sensors with the same force dynamic range but
different linker rigidities could be indicative of extension control or other more complex
regulatory schemes. While the molecular basis of extension control is not known, simple
physical arguments suggest it occurs in response to the loading of adhesive structures being
subject to regulated displacements instead of forces [21]. Also, if mechanosensitive
signaling is induced by the binding of a protein within a cryptic binding site, molecular
extension might be a more pertinent regulating factor than force.

Very little is known about the loading rates, durations, and histories of proteins within or
bound to a cell. SMFS experiments have established that protein-protein interactions can
demonstrate both slip and catch behavior, where bond durations are reduced or increased
respectively under load [46,66—68]. To probe the relationship between mechanical load and
protein dynamics in living cells, a new technique combining FRET-based tension sensors
with Fluorescence Recovery After Photobleaching (FRAP) was developed (FRET-FRAP)
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[26]. Utilizing this technique, the relationship between load, as determined by the tension
sensor, and dynamics, as measured with FRAP, can be probed in cells (Fig. 4F) [26].
Vinculin SMFS experiments have shown that open vinculin and actin form a catch bond
[66]. In cells, FRET-FRAP reported force-stabilized dynamics (higher force correlated with
slower turnover), potentially consistent with catch bond behavior. Furthermore, forcing
vinculin into a closed conformation, which also localizes to FAs, leads to force-destabilized
dynamics (higher force correlated with faster turnover) [69]. The ability of vinculin to
exhibit force-stabilized dynamics is required for cells to undergo migration through pores
[70,71]. Discrepancies between tension sensors with similar force dynamic ranges but with
either equilibrium or non-equilibrium transitions, could be indicative of differences in
loading duration, rate, or history. Notably, the conformation (e.g. open versus closed) of
vinculin is subject to biochemical regulation [69,71], Therefore, vinculin may act as a
regulatable “mechanical switch,” allowing the same force magnitude to have different effects
depending on the biochemical state within the cell. FRET-FRAP is an important step
forward in the development of MTS-based techniques that probe the effects of force on
protein function in living cells.

6. The Future of Molecular Tension Sensors

Molecular tension sensors have greatly expanded our understanding of mechanobiology.
However, recent disparate results have caused confusion in the field. We suggest that these
discrepancies are in part due to misinterpretation of MTSs, but mainly indicative of the
complexity of the underlying mechanobiology. To date, integrins are the protein most
studied with MTSs of different types and have the greatest disparity in measurements [11].
In hindsight, perhaps this should not be surprising. Integrins are complex molecules that are
known to be sensitive to more than the magnitude of an applied force. For instance, the
direction of the applied load as well as the loading history is thought to play a key role in the
activation of integrins [72,73]. Once active, changes in force magnitude can further alter
integrin conformation, affecting their affinity and enhancing their ability to support load
through catch bond formation [46,47,73,74]. Also, as the transitions between the active
states are thought to be rather slow, they may be non-equilibrium processes. Consistent with
this idea, the loading history of the integrin affects its ability to become activated and its
ability to bear load in complex waves, such as cyclic priming [47].

Integrins are known to be key mediators of mechanosensitive signaling and cell contractility
regulation [75,76]. Thus, their loading could in turn activate cell signaling pathways that
regulate bulk cell contractility, which in turn could influence integrin conformation,
alterations in bound ligands, as well as local alignment of cytoskeleton structures and FA
components [36,72-74,77,78]. Given this complex behavior, ability to respond to diverse
cues, and a loading history dependence, it is not surprising that the magnitude of forces
integrins are reported to support is widely variable. Additionally, some of this variability
may have been introduced by the sensors themselves. While MTSs with linkers of different
stiffnesses should not affect the reported force magnitude in a force-control regime, it would
cause the cell to exert larger forces in an extension-control regime. Therefore, it is possible
that the force discrepancies are at least partially induced by the introduction of stiffer
sensors. Consistent with this idea, the largest measurements of integrin force are observed
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with sensors based on the unfolding of GFP or 127, which comprise the stiffest deformable
elements used thus far [54].

Since many mechanosensitive processes depend on loading rate, duration, and history,
sensors which are sensitive to these parameters may help to reveal important mechanisms of
mechanotransduction. If the transition rates of non-equilibrium sensors were matched to
those of key mechanosensitive proteins, changes in optical properties could indicate a
conformational change in the protein of interest. For example, FP mechanical quenching/
unfolding is a non-equilibrium process with different force-dependent lifetimes between
variants (e.g., GFP vs. YFP, Fig 3C) [50-52]. FP variants with similar transition kinetics to a
load-bearing protein of interest could be used to illuminate whether that protein has
experienced a transition. Structured non-equilibrium sensors whose transition kinetics can be
tuned, such as DNA hairpins, could be used in a similar manner. This approach could be
applied in series with an unstructured MTS to add context to the force magnitude reported
by the unstructured MTS. Therefore, non-equilibrium sensors with proper calibration may
be well suited to fulfilling the original motivation of MTS design: understanding
mechanotransduction.

Furthermore, the techniques currently being developed through the combination of MTSs
with other technologies could be further improved through integration with single molecule
imaging. This may enable further elucidation of the roles loading rate, duration, and history
play in mechanotransduction. For instance, rate information is challenging to extract from
ensemble average measurements of an unstructured linker. The use of time-resolved super-
resolution microscopy to image protein extension at the single molecule level inside cells
has enabled the measurement of extension rate and could be applied to unstructured MTSs
to measure both the magnitude and rate of force application [42]. These measurements could
also be coupled with non-equilibrium structured linkers to detect non-equilibrium transitions
in protein conformation and probe how force magnitude, loading rate, and history drive
changes in protein conformation. Additionally, the combination of single molecule imaging
with multiple unstructured MTSs of different stiffnesses could be used to directly determine
key scales in extension and force control. Approaches to measure force at the single
molecule level could also be combined with particle tracking to provide direct measurements
of the relationship between force and dynamics, potentially providing a bridge between the
force stabilized/destabilized dynamics observed with FRET-FRAP and catch/slip bonds
observed in SMFS experiments.

Conclusion

In summary, we conclude that the future for MTS is bright. An appreciation for the function
of the various MTSs as well as the underlying mechanobiology will stimulate the design of
sensors capable of reporting the plethora of mechanical cues experienced by cells and
proteins beyond force magnitude, enabling further advancement towards a molecular scale
understanding of mechanotransduction.
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Figure 1:

Molecular tension sensors can be classified based on linker mechanics. MTSs function by
changes in the extension of a linker, inducing different FRET between two fluorophores
flanking the linker. If the relationship between FRET and force is properly calibrated, the
force across the linker can be determined. Broadly, linkers can be grouped into either (A)
unstructured or (B) structured domains. (C) The force-extension relationship for
unstructured linkers can be described according to the worm-like chain model, resulting in
analog, monotonic FRET-force curves. The FRET-force relationship for structured domains
depends on whether or not they extend at equilibrium. (D) For equilibrium linkers, the
transition between states (e.g., folded or unfolded) happens much more quickly than changes
in load and thus their response to load is not dependent on loading rate, duration, or history.
Note that the unfolding and refolding curves overlay each other, indicating a lack of
hysteresis. (E) However, if the transition rate is similar to changes in applied load, loading
rate, duration, and history all affect the output of the sensor and they are not at equilibrium.
In this case, the FRET-force curves are hysteretic. (F) Structured linkers can also undergo
irreversible changes, which is an inherently non-equilibrium process, and thus depends on
loading rate. The lists of MTS shown below each linker type are not comprehensive and
represent specific examples we have chosen to focus on in this review.
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Figure 2:
Molecular tension sensors have been employed to study the load across a wide variety of

mechanosensitive proteins. An unstructured linker flanked by two fluorescent proteins was
originally genetically-encoded into vinculin and used to measure vinculin tension within
focal adhesion [13]. The same linker has subsequently been applied to many different
proteins, including the intracellular domain of cadherins [27,35], integrins [30,61], talin
[32,36,62], PECAM [35], Nesprin-2G [28], and others [33,64]. Sensors with structured
linkers were developed and applied to talin [16,17,62], integrins [18,22,23,54,65], and
growth factor receptors [22]. These sensors include ultrafast folding structured protein
domains to study load in talin (not shown), DNA hairpins which undergo an unfolding
transition and rapidly reduce the quenching of a fluorophore at higher forces (shown here
presenting an adhesive ligand), and DNA rupture probes, which separate irreversibly at
higher force (also shown presenting an adhesive ligand). The spacing and relative size of
each component was chosen to highlight MTS implementation and is not meant to perfectly
capture real-world conditions (e.g., the glycocalyx is only shown in one region for clarity).
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Figure 3:

An order of magnitude comparison between two-state transition kinetics for common sensor
components (lines) and the measured bond lifetimes of mechanosensitive proteins via single
molecule force spectroscopy (SMFS, circles). A: A schematic of the energy landscape for a
two-state transition. The wells represent the folded or unfolded states, with a transition
distance (x, the increase in extension following force-induced unfolding) and activation
energy (G) between the two. A detailed theoretical description can be found in [24]. B:
Competing folded lifetimes for different MTS components influences force reporting. DNA
hairpins undergo a rapid decrease in folded lifetime (<, in seconds) as force is increased
[41]. Biotin-streptavidin has a much longer folded lifetime at high forces [45]. An overlay of
bond lifetime for integrins bound to fibronectin [46] shows that, for this example DNA
hairpin there is a range of low forces where the integrin would unbind the ligand before
sensor unfolding, a range of moderate forces where the sensor would unfold first, and a
range of high forces where biotin may dissociate from streptavidin before integrin
unbinding. C: Genetically-encoded linkers use fluorescent proteins (FPs) which bear the
same force as the linker. FPs can experience mechanical quenching or unfolding. A plot of
the lifetimes for GFP unfolding [51] and mechanical quenching [52] shows that unfolding
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occurs at a higher force than quenching. An overlay of bond lifetimes for commonly-studied
mechanosensitive proteins [46,66—68] shows that many are capable (in single molecule
experiments) of maintaining longer bond lifetimes than the lifetime for GFP quenching and,
in the case of integrin ligation, may also be able to unfold GFP. This is corroborated by
experimental data using cells [54]. We also provide an estimate of YFP unfolding lifetime
based on data extracted from literature [50] and fit to a two-state transition model using
methodology described in [79,80]. According to these data, YFP folded lifetime is much
lower than GFP at physiologic forces, and importantly, is well below the regime of bond
lifetime for actin-bound vinculin and cadherin observed in literature. This has implications
for the selection and use of FPs in genetically-encoded sensors.
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Figure 4:

Newly designed molecular tension sensors and the combination of molecular tension sensors
with other techniques enables the elucidation of more than just force. A: Different
techniques (including single molecule fluorescence) can show the percentage of MTSs
which are under load. A study of the distribution of integrin loading showed that, within an
FA, the distribution is skewed and context-dependent [61]. B: Multiplexing MTSs in
different regions within a protein has shown that force is not uniform across an entire
protein. Two sensors inserted into different regions within talin showed that force was
heterogeneously distributed. A sensor between the head and rod domain showed forces >7
pN, while a sensor between two actin binding sites showed forces >3 pN [17]. C: In addition
to reporting tension, sensors can also report compression. Reports of compression within
mucin [64] and vinculin (in cells under geometric constraint, [56]) have been made. D:
Excitation-resolved fluorescence polarization microscopy, combined with careful sensor
design, can report both the orientation and magnitude of load. A study of integrin force
orientation showed that it was highly aligned within FAs [65]. E: Extensible linkers with
different properties can differentiate between force and extension-based control of protein
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loading. Using 3 carefully designed sensors within vinculin showed that it was under
extension, not force control [21]. F: Combining FRET on the vinculin MTS with FRAP on
the acceptor fluorophore can show how protein dynamics and force are related: protein
turnover can increase (force-destabilized) or decrease (force-stabilized) in response to force.
A study of the force-sensitive dynamics of vinculin showed that they were fundamental to a
variety of cell processes, including migration [26].
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