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Abstract

Three signaling systems play the fundamental roles in modulating cell activities: chemical,
electrical, and mechanical. While the former two are well studied, the mechanical signaling system
is still elusive because of the lack of methods to measure structural forces in real time at cellular
and subcellular levels. Indeed, almost all biological processes are responsive to modulation by
mechanical forces that trigger dispersive downstream electrical and biochemical pathways.
Communication among the three systems is essential to make cells and tissues receptive to
environmental changes. Cells have evolved many sophisticated mechanisms for the generation,
perception and transduction of mechanical forces, including motor proteins and mechanosensors.
In this review, we introduce some background information about mechanical dynamics in live
cells, including the ubiquitous mechanical activity, various types of mechanical stimuli exerted on
cells and the different mechanosensors. We also summarize recent results obtained using
genetically encoded FRET (fluorescence resonance energy transfer)-based force/tension sensors; a
new technique used to measure mechanical forces in structural proteins. The sensors have been
incorporated into many specific structural proteins and have measured the force gradients in real
time within live cells, tissues, and animals.
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1. Ubiquitous mechanical activity in non-muscle cells

Biomechanical activity was first recognized and studied in muscle cells. However, all cells,
from osteocytes and endothelial cells to neurons and immune cells, are mechanically
sensitive and can generate force. All biological processes, including differentiation, mitosis,
meiosis, motility, apoptosis and homeostasis, involve the modulation and response to
mechanical force [1]. Mechanical force obviously varies in different tissues and organs;
whether it is periodical preload or postload in ventricles, fluid shear force on the vascular
endothelium, strain in skin or compression, and bending of bones and cartilage. Along with
chemical free energy and electrical free energy, mechanical force completes the sources of
free energy available to cells, and all the free energy sources are coupled to downstream
pathways that regulate physiological activity. For instance, stem cell phenotypy is affected
by mechanical factors including substrate stiffness and surface topography. When
mesenchymal stem cells are cultured on soft substrates that mimic the elasticity of brain
tissue, the cells differentiate into neuronal precursors; matrices with intermediate stiffness
that mimic muscle and induce myogenic commitment; while rigid matrices mimicking
collagenous bone directly differentiate into osteogenic lineages [2]. The mechanical forces’
connection to cell biology has been understudied, but is clearly an essential component of
physiology and pathology.

2. Mechanical dynamics in live cells

Living cells generate and sense force; this interaction is used for homeostasis [3]. The
cytoskeleton plays a fundamental role in conducting information and sensing mechanical
force. The cytoskeleton is attached to the membrane through adhesion complexes involving
integrins to facilitate mechanical communication between the cell and its surroundings.
These differentiated couplers can translate mechanical force into electrical or biochemical
signals through conformational changes [4,5]. The cytoskeleton also serves as tracks for
motor proteins, including dynein, kinesin and myosin, which is the driving force behind
most active transport of proteins and vesicles in the cytoplasm, as well as cell movement.
For example, myosin is responsible for sliding actin filaments and cellular contractility; and
the dynein motor is responsible for the wave like motion of the cilia, or the beat of the
flagella. Furthermore, force generated by the movement of motor proteins is passed on along
the cytoskeleton to mechanosensors, which can perceive and translate the force, activating
various downstream signaling pathways that play important roles in the regulation of cell
morphogenesis and polarity. The generation and transduction of cellular mechanical force all
depend on the cytoskeleton, therefore, it is classified as a structural force.

Many factors, including extracellular mechanical stimuli, osmotic pressure, movement of
motor proteins and mechanosensors, have real time effects on structural force. The system
forms a network for the generation, perception, and transmission, as well as the translation
of mechanical forces to maintain homeostasis in a mechanically changing environment. We
are calling this the mechanical dynamics of living cells.
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3. Mechanical stimuli and effects

Based on the origin of the force in and on cells, it can be classified into two groups:
exogenous and endogenous. The former includes gravity, compression, stretch, strain, fluid
shear, etc. Endogenous forces include osmotic pressure and the movement of motor proteins.
As mentioned above, these mechanical factors play vital roles in the life of cells.

3.1. Exogenous mechanical stimuli

Investigations aimed at studying the effects of exogenous mechanical stimuli on cells /n situ
is difficult. Studying cell mechanics /n vitro requires implementing a method to mimic the
force that cells undergo in their physiological environment. There are a variety of such
experimental methods and some are summarized in Table 1.

3.2. Endogenous mechanical stimuli

3.2.1. Movement of motor proteins—Motor proteins are a class of molecular motors,
consisting of dynein, myosin and kinesin, that are able to move along the cytoskeleton. They
play a major role in bidirectional transport in cytoplasm, which is essential for cell
physiology, plasticity, morphogenesis, and survival [20]. They also link chemical catalysis to
the production of directed force along protein filaments [21].

Dynein superfamily proteins are mechanoenzymes that move along microtubules, and they
are comprised of two major groups: cytoplasmic dyneins and axonemal dyneins (also called
ciliary or flagellar dyneins) [22]. Dyneins operate as complexes built around force-
generating sub-units called heavy chains, which contain the motor domain. The tail specifies
oligomerization properties and serves as a platform for the binding of several types of
associated subunits, which in turn mediate interactions with cargo either via direct binding
or through the recruitment of adaptor proteins. Dynein also has an important associated
protein complex called dynactin, which regulates dynein activity and the binding capacity of
dynein for its cargos [23]. Cytoplasmic dynein performs a variety of cellular functions
including: (1) Cytoplasmic dynein powers the transport of membrane bound vesicles and
tubules, together with their resident molecules toward microtubule minus ends [24]. (2)
Dyneins tethered to the cell cortex can apply a pulling force on the microtubule network by
either walking toward the minus end of a microtubule or coupling to a disassembling plus
end. This force is essential to cell division [25-27]. (3) At the outer nuclear envelope, dynein
has been reported to contribute to nuclear rotation [28] and positioning [29], centrosome
separation [30], and the breakdown of the nuclear envelope for open mitosis [31]. (4) At cell
division, cytoplasmic dynein assists in assembling microtubules into the chromosome-
segregating device known as the spindle [32,33]. (5) Cytoplasmic dynein localizes to the
kinetochore; this dynein has an important role in the molecular surveillance mechanism that
aids faithful chromosome segregation [34]. Dysfunctions of cytoplasmic dynein and
dynactin contribute to many neurodegenerative and neurodevelopmental diseases, including
short-rib polydactyly syndrome [35,36], motor neuron disease, ALS [37-39], lissencephaly
[40,41], Alzheimer’s disease [42], etc.
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The Kkinesin superfamily proteins (KIFs) comprise three major groups based on the position
of the motor domain: N-terminal motor domain KIFs (N-KIFs), middle motor domain KIFs
(M-KIFs), and C-terminal motor domain KIFs (C-KIFs) [43]. N-KIFs and C-KIFs are
composed of a motor domain, a stalk domain, and a tail region. The motor domain consists
of ATP- and microtubule-binding sites which enable it to bind to microtubules and to move
them along by hydrolyzing ATP. In general, the tail regions, and less frequently the stalk
regions, recognize and bind to the cargo(s) [20,43,44]. Kinesins play a major role in
intracellular transport and they can be classified into many groups based on the cargos
transported and the location of the transport activity [43]: (1) Anterograde axonal transport,
such as synaptic vesicle precursor and mitochondrial transport along the axon. (2) Dendritic
transport in neurons, like the transport of NMDA and AMPA receptors and mRNA. (3)
Conventional transport, including transport between the endoplasmic reticulum and Golgi
apparatus, lysosomal transport, transport from the trans-Golgi network to the plasma
membrane, and endosomal recycling. KIFs are also closely involved in various diseases,
such as kinesin-1 in spastic paraplagia [45,46], amyotrophic lateral sclerosis (ALS) [47,48]
and Alzheimer disease [49-51]; kinesin-3 in Char-cot—Marie—Tooth disease [52,53] and
multiple sclerosis [54,55]; kinesin-4 in congenital fibrosis of the extraocular muscles type 1
(CFEOM1) [56], etc.

Myosins are the only known actin-based motor proteins[57] and are classified into eighteen
classes [58]. Most myosins form a dimer, consisting of a conserved catalytic motor domain
(head) with actin-and ATP-binding sites, a neck region and a tail region that binds to cargos
[57,59]. Myosins have various functions: (1) They are mechanoenzymes and their
conformational changes associated with nucleotide binding, hydrolysis, and product release
are crucial for the productive motility of myosin enzymes [60]. (2) Myosins, particularly the
myosinll, have long coiled-coil domains that allow multimerization to take place. Thus,
interactions between charged residues within these dimers mediate the formation of bipolar
thick filaments that are responsible for contraction of muscle and cytokinesis [61,62]. (3)
Myosins participate in many trafficking and anchoring events, such as directed migration of
pigment containing vesicles involved with myosinVa in melanocytes [63] and correct
targeting of the megalin receptors involved with myosinV1 [64]. (4) Myosins play a role in
actin-based projections including stereocilia and microvilli, which are essential for the
normal function of hair cells in the inner ear and epithelial cells in the intestine and kidneys
[65]. As for pathology, abnormalities of myosins are key factors in the development of
diverse diseases, including autosomal dominant deafness (Myosin 1) [66,67], May-Hegglin
anomaly, Fechtner syndrome and Sebastian syndrome (Non-muscle Myosin 1) [68,69],
autosomal recessive deafness (Myosin I11) [70], Griscelli syndrome and microvillus
inclusion disease (Myosin V) [71,72], Usher syndrome type IB and unsyndromic deafness
(Myosin VII) [73,74], loss of heterozygosity in lung cancer (Myosin XVIII) [75], etc.

The mechanism of force production by motor proteins is thought to involve structural
changes in a deformable element of the motor that undergoes changes in structure under
load, which creates strain followed by a strain-relieving structural change that causes the
element to recoil back into its original conformation, producing force. In this process, motor
proteins couple a chemical cycle of ATP hydrolysis to a mechanical cycle of motor
interactions with its filament by the motor (Fig. 1) [21,76]. Take dynein for example; ATP
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induces dissociation of the motor—-microtubule complex [77]. After detaching from the
microtubule, the motor rearranges, becoming primed for a subsequent structural change
(termed the powerstroke) that is thought to generate the force. Following a diffusive search,
rebinding of the motor to a new site on the microtubule stimulates the release of ATP
hydrolysis products, thus triggering the powerstroke [78]. Mechanical force produced by this
mechanism is not only responsible for the cytoplasmic transport, but also essential for the
generation of mechanical effects on the cytoskeleton; which can change its structure and
eventually the shape of cells, making them most adaptable to the mechanically changing
environment.

3.2.2. Osmotic pressure—Concentration differences of diffusible solutes between
cytoplasmic and extracellular environments produce hydrostatic pressure that exerts
mechanical stimulation on constraints such as the bilayer and the cytoskeletal gel. That leads
to deformation of cell morphology and changes in lipid bilayer tension bymodulating the
shrinkage or swelling of cells. In this process, both ion channels and aquaporins (AQPs) play
a major role, by gating the influx and outflow of ions and water, leading to shape change of
cells, which eventually exerts mechanical force to cells [79,80]. Among ion channels, TRP
channels and 2P domain K* channels are the most important, which can be activated by
hypertonicity [81], hypotonicity [82] or membrane stretching [83]. In addition, as
mechanosensitive ion channels, they can also function as mechanosensors. AQPs play a
central role in the flow of water across a cell membrane; cell volume regulation (CVR) is a
necessary mechanistic component, which comprises regulatory volume decrease (RVD) in
response to hypotonicity induced cell swelling and regulatory volume increase (RVI1) that
responds to hypertonicity induced cell shrinkage [84]. In the traditional model of RVD, the
activation of K* channels allows efflux of K* from the cells and subsequent water loss by
osmaosis either through AQPs or directly through the lipid bilayer. However, we must note
that an electrogenic ion flux cannot change the osmotic pressure because the membrane
potential will limit ion flux to a negligible proportion of the resident ions. Cell volume can
only be changed by electroneutral fluxes such as a combined flux of K* and CI~. In RVI, the
activation of Na*-H* exchangers and Na*™—K*-2CI~ co-transporters (NKCCs) cause cellular
influx of Na* and subsequent volume increase by osmotic movement of water [80,85,86].
An important omission from this model is the elastic stresses in a cross linked cytoskeleton
as water fills or empties. This process is known as poroelasticity. To add water, you must
stretch the cytoskeleton to make room, and that work raises the hydrostatic pressure of water
within the pores of the cytoskeleton. Most of the energy produced by exposing cells to
osmatic pressure is distributed in three dimensions within the cytoskeleton and not
concentrated at the cortex as in the traditional model [87-89].

4. Mechanosensors

Mechanosensory proteins have two characteristics: physiological levels of mechanical force
can lead to their conformational changes; the conformational changes can activate
downstream signaling pathways. This translation of mechanical stimuli into chemical or
electrical signals modulates the biochemical and electrophysiological activity.
Mechanotransduction is essential for many sensory functions, such as hearing, sensing,
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touch, balance, proprioception, and visceroception. Mechanosensors can be classified into
the following four groups based on their distribution and structures.

4.1. Mechanosensitive ion channels

Mechanosensitive ion channels (MSCs) form a special group of mechanosensors that can
serve as both sensors and effectors as they modify the electrical potential of the cell and
mediate a flux of ions across the plasma membrane. They detect and transduce external
mechanical force into electrical and/or chemical signals. MSCs appear to be present in all
types of animal cells, including red blood cells [90]. Here, we focus mainly on MSCs in
eukaryotes, including the cation selective group of the TRP (transient receptor potential)
superfamily and Piezo channels, the Na* selective DEG/ENaC superfamily, and the K*
selective 2P—domain-channels [91,92].

4.1.1. TRP channels—TRP channels are composed of four subunits and each contains six
putative transmembrane segments (S1 to S6) with a pore-forming re-entrant loop between
S5 and S6. TRP channels are present in all cellular membranes with the exception of the
nuclear envelope and mitochondria. Most TRP channels are localized in the plasma
membrane, where they have an essential role in the influx and/or transcellular machinery
that transports Ca2*, Mg?* and trace metal ions, modulating the membrane potential [93].

Several mechanisms that lead to TRP channel activation in response to mechanical stimuli
have been described [94]: (1) Shear stress by fluid flow physically that bends a primary
cilium leads to activation of TRP channels. Subsequent Ca2* influx affects vascular smooth
muscle cell (VSMC) cytoskeletal dynamics by inducing the release of vasodilators, such as
NO and endothelium-derived hyperpolarizing factor (EDHF). (2) Shear stress and force
applied directly to the cell-matrix or cell- cell adhesions locally activate TRP channels by
interacting with adhesion molecules, such as integrins. TRP channel-mediated Ca2* influx
affects cell-matrix and cell—-cell adhesion turnover by regulating cytoskeletal contractility;
modulating the activity of FAK (cell-matrix) and activating the Ca* dependent proteases
like calpain that cleaves adhesion plague molecules. (3) Mechanically activated G-protein
coupled receptors (GPCRS), such as the angiotensin Il type 1 receptor, can trigger TRP
channel opening through activation of PLC signaling. Subsequent Ca2* influx activates the
calcineurin/NFAT pathway, leading to changes in transcription of genes involved in
cytoskeletal dynamics.

4.1.2.2P domain K* channels—The 2P domain K* channels each comprise four
transmembrane (TM) segments and two pore domains in tandem with an extended
extracellular loop between M1 and P1. They function as dimers in which both N- and C-
termini face the cytosol. The four pore domains of a dimer form the aqueous pore that allows
passage of ions through these channels [90]. The 2P domain K* channels can be divided into
six main functional classes; such as, TREK-1, TREK-2 and TRAAK, which are
mechanogated. The transmembrane segments (primarily the fourth one) play an essential
role in the mechanosensitivity, while some COOH-terminal tail fragments are also necessary
for proper function [95-97].
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The relationship between channel activity and membrane tension is described by a sigmoidal
Boltzmann relationship [98,99]. Mechanical force may be transmitted directly to the channel
via tension the lipid bilayer that may not require the integrity of the cytoskeleton, or possibly
by direct mechanical links to the cytoskeleton. The cytoskeleton also acts to modulate the
tension in the bilayer, allowing a dynamic tuning of the stretch sensitivity [95,100]. Opening
of these channels by membrane stretch hyperpolarizes, and thus decreases neuronal
excitability [101], and this emulates, perhaps specifically, the mechanism of the “knockout
punch”. These channels display the common property of MSCs to be sensitive to amphipaths
that can alter the local stress about the channels. This has been well examined by Honore’s
group who showed that channel activation by general anesthetics occurs at concentrations
that match those used for anesthesia [102].

4.1.3. DEG/ENaC—The DEG/ENaC proteins have two transmembrane domains with
intracellular amino and carboxyl termini, and a large extracellular loop including a
conserved cysteine-rich region [103]. The channels are generally selective for Na* and can
be blocked by the diuretic amiloride.

The DEG channel is formed of the MEC-4, MEC-6 and MEC-10 membrane proteins, and
the integral membrane protein MEC-2. MEC-2 connects the MS channel to microtubules.
The MEC-1 and MEC-5 proteins comprise the structural mantle which can be pushed by
shearing or bending and results in the opening of the channels and depolarization and
potentially action potentials. MEC-9 is an extracellular protein, which is proposed to form
the gating spring between the MS channel and the mantle. MEC-2 and MEC-9 are thought
to exert pressure on the channel, conferring gating stress when the channel is stretched
between these two contact points [104-106]. However, the coupling of the mechanical
stimulus to channel gating remains an open problem.

4.1.4. Piezo channels—Piezol (Fam38A) and related Piezo2 (Fam38B) are vertebrate
multipass membrane proteins, containing about 2100 to 4700 amino acids, with an estimated
24 to 39 TM segments. Piezo proteins form tetramers, and these appear to form functional
channels. Piezo proteins are expressed in many tissues including bladder, colon and lung
[107-109]. Piezo2 is enriched in dorsal root ganglion (DRG) neurons [91]. The
conformational changes of Piezos when activated by stretch is currently unknown, although
the dimensional changes between closed and open have been measured to be in the range of
20 nm? [98]. The research on Piezo channels is quite young and more detailed
measurements are needed to establish the mechanism by which the Piezo channels are
activated by mechanical force [110].

It is clear that MSCs play a vital role in the modulation of physiological activity and cells’
adaptation to a mechanically changing environment. Meanwhile, abnormalities of MSC,
most likely produced by modulation of membrane stresses by the cytoskeleton as well as
channel mutations, contribute to dysfunctions and diseases, including neuronal and muscular
degeneration, muscular dystrophy [111], cardiac arrhythmias, hypertension and polycystic
kidney disease [97]. For example, the TRPV4 gene is prone to many mutations that cause
malfunctions of the encoded Ca2* permeable cation channels; which in turn mediate skeletal
dysplasia and motor and sensory neuropathies [112], such as brachyolmia [113],
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spondylometaphyseal dysplasia Kozlowski (SMDK), spondylo-epimetaphyseal dysplasia
maroteaux pseudomorquio type 2 (SEDM-PM2) [114], congenital distal spinal muscle
atrophy, scapuloperoneal spinal muscle atrophy [115,116] and Charcot-Marie-Tooth disease
type 2C (CMT2C) [117].

4.2. Membrane mechanosensors

We will use the term “mechanosensors” to refer to sensors bound to cell membrane with
transmembrane domains. The mechanosensors may link the extracellular matrix (ECM) with
intracellular structures like the cytoskeleton or function as bilayer bound sensors like ion
channels.

4.2.1. Endothelial glycocalyx—The endothelial glycocalyx (GCX) is a network of
membrane-bound proteoglycans and glycoproteins, covering the endothelium lumina. Both
endothelium- and plasma-derived soluble molecules integrate into this complex. Bound to
the endothelial membrane are proteoglycans (PG), with long unbranched glycosaminoglycan
side-chains (GAG-chain); and glycoproteins, with short branched carbohydrate sidechains.
GAG includes heparin sulfate (HS), chondroitin sulfate (CS) and hyaluronic acid (HA). In
addition, heparin sulfate proteoglycans (HSPG) including syndecan family and glypican
family, can connect to HS and CS and play an essential role in transduction of shear force
[118].

The extended GAGs are drag sensors that transmit shear force from the flow to the core
proteins. The fluid shear force dissipated in the outer region of the glycocalyx imposes a
torque on the relatively stiff core proteins that are transmitted to the actin cortical
cytoskeleton via transmembrane domains [119]. There are two mechanisms of the
downstream effects: the decentralized and centralized [120].

In the centralized mechanism, the former mechanotransduction activates PKCa regulated by
Syndecans, which have an established association with the cytoskeleton. PKCa can mediate
activation of eNOS by phosphorylation at residue Ser1179 and increase NO production
[121]. Also, glypicans reside in caveolae along with inactive eNOS, G-protein-coupled
receptors, G-proteins, mitogen-activated protein kinases, PKC isoforms, the L-arginine
recycling enzymes and its transporter, and a number of other eNOS interacting proteins
having transient associations with caveolin-1; such as heat shock protein and protein kinase
A, both of which are linked to the shear-NO response [122,123].

In the decentralized mechanism, syndecans can decentralize the signals through cytoskeleton
by spreading them to multiple sites within the cell, such as nucleus, organelles, focal
adhesions, and junctions. For example, at the cell—cell border between platelets-endothelial
cells, the adhesion molecule (PECAM) associates with the cytoskeleton through catenins
and has been linked to shear-induced eNOS activation [124].

As for the pathology, GCX deterioration is associated with the onset of endothelial
dysfunction, a phenomenon that is involved in many disorders, including atherosclerosis
[125], diabetes [126,127] and ischemia/reperfusion [128].
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4.2.2. Integrins—Integrins are expressed on almost all cell types in a widely varying
pattern. The integrin family represents a major class of heterodimeric, transmembrane cell
surface receptors; these comprise twenty-four subtypes formed out of eighteen different o
and eight different B subunits. The two subunits are associated noncovalently and consist
both of an extracellular, a transmembrane, and a short cytoplasmic domain [129].

Integrins enable adhesion, proliferation, and migration of cells by recognizing binding
motifs in extracellular matrix proteins. Of all the mechanosensors, integrin not only can
sense the mechanical stimuli, but also it is the only one that presents specificity for ligands.
Structural and molecular studies have indicated that integrin adhesions associate with the
actin cytoskeleton. As transmembrane linkers between the cytoskeleton and the ECM, they
are able to recruit a huge variety of proteins and bidirectionally influence signaling pathways
(Fig. 2), affecting regulation of gene expression and cell survival [4,130,131].

In the inactive state (Fig. 2A), the integrin headpiece is in a bent conformation with TM
domains of a and f subunits associated together, pointing toward the membrane, thus
possessing low affinity for ligands [132].

During outside-in signaling (Fig. 2B), ligand binding leads to dissociation of the
transmembrane units and induces integrin clustering, forming so-called focal adhesions as a
consequence of linkage of the intracellular domain to the actin cytoskeleton via talin and
vinculin [133]. FAK and Src are recruited to p integrin cytoplasmic tail and activated, which
then phosphorylate scaffold protein paxillin and p130Cas. Phos-phorylated p130Cas recruits
guanine exchange factors DOCK, leading to Rac activation. ILK is also recruited to 3
integrin cytoplasmic domain and promotes Akt activity. Src also activates Akt and can
promote cell proliferation through the Ras—Erk pathway [134]. Activation of these signal
cascades play key roles in regulating cell polarity, survival, migration, changes in
cytoskeleton, and gene expression.

During inside-out signaling (Fig. 2C), binding of proteins to the intracellular domain of the
B-subunit can induce a conformational switch in the extracellular domain, accompanied by
increasing affinity for ligands and binding (activation). This process is known to regulate cell
adhesion, migration, and invasion. The specific binding to the cytoplasmic tail of integrin’s 5
subunit by the intracellular protein talin is the key step of inside-out signaling, and talin is an
important intracellular tension sensor.

Integrins are involved in many pathological processes including periodontal diseases like
periodontitis, hematological disorders such as Glanzmann’s thrombasthenia and LAD-III,
muscular dystrophies, cardiovascular diseases like atherosclerosis, skin blistering disorders,
and cancer [135].

4.2.3. Primary cilium—The primary cilium is observed in many cell types including renal
tubular epithelia. It functions both as a mechanosensor and a chemaosensor in renal tubular
epithelia, and is involved in the determination of left-right sidedness during development. It
is also a key factor in the development of polycystic kidney disease as well as a number of
other abnormalities. The primary cilium has a so-called 9 + 0 axoneme, which refers to its
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nine peripherally located microtubule pairs and the absence of the central microtubule pair
seen in 9 + 2 cilia [136].

In renal tubular epithelia, primary cilia act as flow sensors. Fluid shear force or direct
bending of the cilium causes a calcium influx, which can spread from the stimulated cells to
its neighbors by diffusion of a second messenger through gap junctions, leading to the
downstream physiological effects [137]. Flow sensing is shown to reside in the cilium itself
and to involve the proteins polycystin 1 and 2, defects that are associated with the majority
of cases regarding human polycystic kidney disease. Some studies also suggested that the
primary cilium plays a role in flow-dependent potassium secretion through the collecting
tubule as well as sensing the chemical components of the luminal fluid. In the chondrocyte,
primary cilium plays a role of detection and transmission of mechanical stimulation, in
which the process mechanical loading bends the primary cilium and activates calcium influx.
Additionally, primary cilium serves as a compartment for many signaling pathways that are
involved in mechanotransduction in the chondrocyte, including integrins, Ihh, ion channels,
connexins and cAMP second messenger signaling [138,139].

Mutations disrupt ciliary function and lead to distinctive developmental and/or degenerative
phenotypes in the retina, kidney, nervous system and so on, such as osteoarthritic (OA)
cartilage, primary ciliary dyskinesia (PCD), Leber congenital amaurosis (LCA) and retinitis
pigmentosa (RP) [140-142].

4.3. GPCR AT1R

It has been proposed that G-protein-coupled receptors (GPCR) may play a role in
mechanotransduction, besides neurohormonal signaling. The Gg11-coupled angiotensin 11
AT1 receptor (AT1R) was the first GPCR claimed to be a mechanosensor in cardiac cells,
smooth muscle cells of the small renal, and cerebral resistance arteries [143,144]. The
structure of the AT1R is characterized by seven-transmembrane spanning a-helices with an
extracellular N-terminus and a cytoplasmic C-terminus [145].

Mechanical stress, such as a rise of intravascular pressure, exerts a stretch force on the
membrane which can induce a dislocation and an anticlockwise rotation of transmembrane
domain 7 toward the agonist-binding pocket. Then, transmembrane domain 6 dislocates and
rotates out of the binding pocket, thus increasing the distance between trans-membrane
domains 3 and 6 [146,147]. This membrane-stretch-induced conformational change leads to
activation of Gg11-coupled receptors, PLC/PLAZ and subsequently, TRPC channels,
resulting in depolarization of the membrane potential. Finally, depolarization causes an
increase in the open probability of L-type voltage-gated calcium channels, which results in
calcium entry and an elevation of the free intracellular calcium concentration leading to
force development, cell shortening and vasoconstriction (Fig. 3) [144,148]. With regard to
how the AT1 receptor senses mechanical stress and undergoes a conformational switch, there
are two reasonable mechanisms: (1) Membrane tension causes thinning of the lipid bilayer
but not more than ~ 1% [149], which may trigger tilting of TM7 of AT1 receptor to avoid
hydrophobic mismatch and to rectify lateral pressure profile [150]. (2) Mechanical stretch
may activate specific mechanosensors, such as integrin-linked kinase [151], melusin [152],
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and stretch-sensitive ion channels [150,153], which can secondarily activate the AT1
receptor.

Constitutively active mutants (CAMSs) of AT1R are responsible for hypertension, cardiac
hypertrophy and hyperaldosteronism, which causes vasoconstriction and aldosterone
secretion [154].

4.4. Intracellular mechanosensitive proteins

4.4.1. p130Cas—p130Cas (Cas) acts as a primary force-sensor and is involved in various
cellular events such as migration, survival, transformation, and invasion. The domains of
p130Cas include Src homology 3 (SH3) domain, the proline-rich region (PR), the substrate
domain (SD), the serine-rich region (SR), the Src-binding domain (SB), and the C-terminal
region. The SD is located in the center of Cas and is flanked by the SH3 and the SB, which
anchor Cas molecules to the cytoskeletal complex in order that the SD could be extended
upon cytoskeleton stretching. The SD has fifteen characteristic repeats of a tyrosine-
containing motif (YxxP) for Src family kinases (SFKs). The intramolecular interactions
within the SD constrain its conformation in the absence of traction force, which is required
to expose YxxP sites to kinases [155-158].

The mechanical stretch experienced by the cell, such as shear stress from blood flow, or
cytoskeletal stretch in spreading cells, extends p130Cas and increases exposure of YxxP
repeats within the p130Cas substrate binding domain, structurally priming these sites for
tyrosine phos-phorylation [158]. Crk adaptor proteins bind phospho-tyrosine residues within
the YxxP motifs and link p130Cas to downstream effectors, such as the guanine nucleotide
exchange factors DOCK180-ELMO (Engulfment and cell motility) and C3G, which
catalyze the activity of the small GTPases Rac and Rap respectively. This process of signal
transduction brings about changes in the actin cytoskeleton to facilitate cell motility for
migration and invasion [159-161]. Protein tyrosine phosphatase-PEST (PTP-PEST)
associates with the SH3 domain of p130Cas and dephos-phorylates phospho-tyrosine
residues, resulting in decreased p130Cas— Crk association and decreased pro-migratory
signaling [162]. In addition, p130Cas functions as a mechanosensor via the interaction with
the integrin. The generally short non-catalytic cytoplasmic domains of integrins associate
with adaptor proteins, including p130Cas, to transduce outside-in signaling from the ECM
[163]. Also, integrins containing sub-units a7, f1, and 3 have been shown to induce
p130Cas phosphorylation, allowing signaling regulation in response to ECM composition,
which is required for normal cell spreading and migration on various ECM substrates
[164,165].

Due to the varied physiological significance of p130Cas, its dysfunction can lead to many
diseases such as myocyte hypertrophy, hypertension, pulmonary hypertension and
vasculoproliferative pathologies, like atherosclerosis in the cardiovascular system, cystic
kidney disease, and familial juvenile nephronophthisis in the urinary system. It can also
increase the invasiveness of cancer cells [166].

4.4.2. Filamins—Filamins (FLN) are conserved, modular, multidomain cytoplasmic
proteins that are well positioned to serve as mechanosensors. In nonmuscle cells, filamins
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colocalize with F-actin along stress fibers at the cell cortex, and along the leading edge.
Filamins are also enriched at the end of actin stress fibers and at the leading edge, the
trailing ends of mature focal adhesions concentrating in adhesion sites after application of
force to cells [166-168].

The N-terminal actin-binding domain (ABD) containing two calponin-homology domains
(CH1 and CH2), allows filamins to bind to filamentous actin and induce potent actin
filament gelationis. ABD is followed by 24 immunoglobulin-like domains (IgFLN), repeats
of ~96 amino acids each. The repeats are interrupted by two hinge regions (Hinge 1 and
Hinge 2) and fold into antiparallel f-sheets. The C-terminal twenty-fourth repeat is in the
dimerization domain. Repeats 1-15 make up rod domain 1, and repeats 16—24 make up rod
domain 2 [168-170].

By interacting with transmembrane receptors, filamins provide a mechanical link between
the ECM, the plasma membrane, and the actin cytoskeleton. Filamins cross-link and anchor
actin filaments, regulate actin cytoskeleton remodeling, stabilize the plasma membrane, and
contribute to the mechanical stability of the cell cortex [170,171]. In addition, filamins are
important for tuning cellular responses to ECM stiffness [172] and other mechanical forces.
IgFLN domains undergo conformational changes and unfolding, allowing filamin to extend
its length, and in turn, protect the linkage between the membrane and the cytoskeleton
[173,174]. The interdomain interactions among IgFLNal16-21 can mask ligand binding to
the CD-face of IgFLNa19 and IgFLNa21. Pulling forces transmitted through filamin are
locally targeted to the masking B-strand, causing it to open in a zipper-like fashion and
facilitate binding of other ligand proteins, which, in turn, can lead to downstream signaling
pathways [175,176]. For example, FLNa associates with a wide range of signaling
molecules, including the small GTPases Rac, Rho, CdC42 and RalA, and factors upstream
and downstream of the GTPases [177-179].

There has been a lot of information about diseases caused by filamin mutations. There is an
X-chromosome-linked brain malformation known as periventricular heterotopia, which
results from FLNa loss-of-function mutations [180]. In addition, specific missense mutations
of FLNa can lead to four other X-linked human disorders, including otopalatodigital
syndrome types 1 (OPD1) and 2 (OPD?2), frontometaphyseal dysplasia (FMD) and Melnik-
Needles syndrome (MNS) [181]. Moreover, mutations in FLNb disrupt bone morphogenesis,
such as Spondylocarpotarsal syndrome (SCT), Larsen syndrome and Atelosteogenesis | and
11 [182].

4.4.3. Talin/vinculin—Talin is a highly abundant cytosolic protein important for
cytoskeleton organization and cell-ECM adhesion [183]. Talin is made of a head domain
containing a FO domain followed by a FERM (four-point-one, ezrin, radixin, moesin)
domain divided into three subdomains (F1, F2 and F3). F2 and F3 form an actin filament
binding domain (ABD), while F3 interacts with the cytoplasmic tail of the subunit of
integrins. The head domain is followed by a rod domain divided into thirteen helix bundles.
The rod contains eleven vinculin binding sites (VBSs), a central ABD, and a C-terminal
ABD (THATCH) [184,185]. Structural mapping experiments also have shown that an
interdomain complex between talin-F3 and the C-terminal rod fragment (talin-RS)
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represents the principal structural unit for talin autoinhibition [186]. Vinculin is a
ubiquitously expressed actin binding protein (ABP), made of a head domain (Vh) and a tail
domain (V1) separated by a flexible linker. In the inactive state of vinculin, the
intramolecular interaction between Vh and Vt prevents Vt from interacting with actin
filaments. The activation of vinculin requires a concomitant binding of talin to VVh and actin
filaments to Vt [187-189].

Talin has long been recognized as a mechanical linker between the ECM and actin
cytoskeleton to regulate cell adhesion and morphology. Furthermore, the binding of talin-
FERM to integrin  cytoplasmic tails can promote the conversion of integrins from a low-
affinity into a high-affinity ligand-binding states; a dynamic process termed integrin inside-
out signaling or integrin activation (Fig. 4) [190-192].

In an inactivated state, the a and  cytoplasmic tails are in proximity, which constrains the
integrin to a low-affinity conformation. The talin-RS domain binds to the talin-F3 domain,
preventing the F3 domain from accessing the B-tail of integrin. At the same time, the
negatively charged surface of talin-RS repels the talin-F2F3/talin-RS unit away from
membrane [186,190].

This autoinhibition can be disrupted by talin activator, PIP2. When the membrane is locally
enriched with PIP2, the binding affinity of PIP2 to positively charged talin-F2F3 is so strong
that the repelling force from negatively charged talin-RS on the same face can no longer
prevent the talin-F2F3 from docking on the membrane to access integrin p-tail. Instead, the
talin-F2F3/talin-RS interface may cause mismatch by the repelling force from the membrane
on talin-RS. This pull- push mechanism enables the B-tail-binding region of F3 to be
available for interaction with integrins, causing dissociation of the two tails from each other
and integrin activation [190-192]. In addition, the force applied on a fragment of the talin
rod domain breaks the structure to expose VBSs for the binding of vinculin head (Vh) and
induces the release of the actin binding tail of vinculin (Vt) [193,194]. Vinculin tails interact
with both the side and the barbed end of an actin filament, reinforcing the coupling between
focal adhesions (FASs), and the retrograde flow of actin or resist the actomyosin force.
Furthermore, vinculin may provide a secondary path to transmit force to talin and thus
stretch its rod domain, leading to a positive feedback loop [188,195].

Talin-mediated integrin activation plays a definitive role in integrin-mediated signaling and
induction of downstream survival pathways, leading to protection from anoikis and
consequently resulting in cancer progression to metastasis [196]. A single gene mutation in
talin is associated with cardiomyopathy, such as ischemic heart disease (atherosclerosis),
hypertension, and heart failure [197].

4.4.4. Zyxin—Zyxin is a focal adhesion protein that has been implicated in the modulation
of cell adhesion and motility, and is hypothesized to be a mechanosensor in integrin-
mediated responses to mechanical force. Zyxin is a member of LIM domain protein family
that includes lipoma-preferred partner (LPP) and thyroid receptor-interacting proteins
(TRIP6). LIM domain proteins possess two distinct motifs: (1) A proline-rich N-terminal
region containing an unclear export signaling sequence. (2) A C-terminal region consisting
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of three LIM domains (termed by the initials of Lin-11, Isl-1, and Mec-3) [198,199].
Through the LIM domain and the N-terminal proline-rich domain-mediated protein—protein
interactions, zyxin forms complexes with molecules such as a-actinin [200] and Mena/
VASP [201].

Zyxin mainly localizes to FAs, but it may translocate to actin stress fibers with certain
stimuli and cause a release of cytoskeletal stress allowing zyxin to dissociate from focal
adhesions into the cytosol. Zyxin plays a role in modulating cytoskeleton and signaling
behavior in mechanotransduction [202—204]. The N-terminal proline-rich domain of zyxin
has been shown to form complexes with Mena/VASP family proteins in facilitating actin-
polymerization at focal adhesions and stress fibers in fibroblast, which is critically involved
in the localized cellular contractile response to FN-mediated mechanical force [201]. Also,
zyxin possesses an N-terminal nuclear transport signal and has been postulated to shuttle
between focal adhesion sites and the cell nucleus as a way of mediating protein expression
changes that accompany cellular mechanotransduction [205,206].

Zyxin defects are related to many diseases. Zyxin interacts with the E6 oncoprotein of
human papillomavirus type 6 via its LIM domain region, which is commonly associated
with genital warts [207]. The mutation of LPP gene can lead to benign human lipomas and
pulmonary chondroid hamartomas [208].

4.4.5. Titin—Titin is the giant elastic ruler protein of striated muscle sarcomeres, which
span from Z-disk (N-terminus) to the M-band (C-terminus), and is responsible for passive
stiffness of the sarcomere [209]. The canonical titin sequence has nine immunoglobulin-like
(1g) domains in the Z-disk segment, interspersed with Z-repeats and unique sequences. The
elastic I-band portion contains three types of extensible segments: tandem Ig segments, the
spring-like N2B element and the spring-like PEVK element. Titin also contains a single
catalytic kinase domain (Titin kinase, TK) near its C-terminal M-band-associated end, which
is a complex, autoinhibited conformation. The C-terminal autoinhibitory tail (Al) is formed
from three secondary structure elements, aR1, aR2 and BR1, wrapping around the catalytic
domain and tightly occluding the ATP binding site. In mammals, the catalytic base titin is
blocked by Y170 [210-212].

TK could indeed function as a force sensor by switching between a closed and open
conformations. Force acting at low velocities can lead to the sequential unfolding of the
autoinhibitory tail with the main autoinhibitory aR2 being pulled out of the ATP binding site
and exposing Y170, thus opening the active ATP binding site while preserving the catalytic
core. This open conformation binds ATP and promotes further steps in TK activation, by
exposing the autoinhibitory Y170 for auto- or trans-phosphorylation through protein kinases.
Phosphorylation significantly alters the stiffness of the PEVK and N2B spring elements of
titin, allowing for rapid adjustment of titin stiffness and rapid adaptations of striated muscle
to match a mechanical changing environment, such as hemodynamic loads [213,214].

The dysfunction of titin is mainly associated with diseases in cardiovascular and
musculoskeletal systems. The mutations of TTN, which encodes titin, have been found in
patients with dilated cardiomyopathy (DCM), hypertrophic cardiomyopathy (HCM),
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restrictive cardiomyopathy, arrhythmogenic right ventricular cardiomyopathy, and various
types of skeletal myopathies. Also, post-translational modifications can also lead to many
diseases. For example, reduced basal levels of phosphorylation of the PKA/PKG sites,
predicted to increase passive tension, is related to heart failure with preserved ejection
fraction (HfpEF) [215-217].

5. FRET-based force sensors to estimate force in live cells

Traditionally, the dominant techniques used to study cell mechanics include microfabricated
posts [218,219], traction force microscopy [220], atomic force microscopy (AFM)
[221,222], laser tweezers [16, 223], magnetic tweezers [224], and DNA calibrated force
sensors [225]. However, none of these techniques can be used to measure intracellular or
intramolecular forces in real time, nor can they be easily applicable in situ measures in live
cells and animals. For example, microfabricated posts and traction force microscopy was
designed to measure the mechanical interactions between whole cells and the substrate, but
that won’t tell us the forces between neighboring cells in three dimensions. Laser tweezers
can apply small calibrated forces to micron sized beads bound to cells, and these
measurements are mostly confined to the extracellular surface of cells where the beads can
be readily applied. AFM can apply force through submicron microfabricated probes and this
method can be used for measurements of single molecules from the subpN range [87] to
whole cell measurement in the > nN range. Like the laser tweezers, the AFM can only be
applied to the extracellular surface of cells [226]. As for the DNA based force sensor
composed of single-stranded DNA oligomer flanked by two dyes, the sensor cannot be
encoded into specific proteins, so, these sensors are limited to in vitro open systems.

To estimate the forces and their distribution in time and space in live cells, genetically coded
FRET based probes that make up for the deficiency of traditional techniques have been
developed. These sensors have emerged as a suitable technique and can be integrated into
individual proteins, turning structural forces into optical signals to estimate the intracellular
force in specific proteins, including the structural proteins (e.g. actinin, vinculin, spectrin,
actin, etc.) in live cells, tissues, organs and animals [227-229].

5.1. Principles of FRET

Forster (or fluorescence) resonance energy transfer (FRET) refers to the dipole—dipole
interactions of two fluorescent molecules with overlapping excitation and emission
wavelengths [230,231]. Upon excitation, the electrons of the donor fluorophore jump from
their ground state to a higher energy level. As they return to the ground state, a photon is
emitted [232]. FRET efficiency depends on the inverse sixth power of the distance between
donor and acceptor and the angles between the dipole moments. FRET can function
typically over a distance < 10 nm. FRET was introduced by Forster in 1948 using two
fluorescent dyes, one as the energy donor, the other one as the acceptor. There are many
fluorescence dyes and fluorescence proteins (FPs) that are suitable for FRET pairs
[233,234]. However, we will only discuss the probes that are genetically encoded.
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5.2. FRET-based force sensors

The FRET efficiency depends on several factors: a proper spectral overlap between the
donor and the acceptor, the distance between the two fluorophores, and the relative
orientation of donor and acceptor [233-236]. Generally, a typical FRET-based force sensor
consists of a pair of fluorescence proteins and an elastic linker. Protein domains, such as a a-
helix or 3 sheet, are biological analogs to mechanical springs and can serve as linkers [226].
With tension, the biological spring is stretched, resulting in a decrease in FRET efficiency
and providing a linear change in efficiency with strain [227]. Furthermore, in a circularly
permuted stretch sensitive FRET (cpstFRET) sensor, tension changes the relative orientation
between the donor and acceptor, which also decreases FRET efficiency [235]. Changes in
the distance or orientation between the donor and acceptor can be readily detected and
analyzed quantitatively.

Several types of genetically encoded FRET-based force sensors have been created to observe
mechanical effects in structural proteins. To date these probes include stretch-sensitive
FRET (stFRET), spectrin stFRET (sstFRET), tension sensor module (TSMod) and
cpstFRET. Their characteristics are listed below (Table 2):

When probes are incorporated into specific proteins, to minimize possible interference with
their physiological function, the sensors are best located near the middle of the fiber and
away from known functional domains. Based on these principles, the mechanical dynamics
of several structural proteins have been measured and analyzed using FRET-based force
Sensors:

(1)  a-actinin: Transfection with actinin-stFRET in 3T3 cells revealed that during
migration, tension in actinin is lower in domains close to the lagging edge where
adhesion to the substrate is released, and higher at the leading edge where
adhesions pull the cell forward [227]. When a-actinin-sstFRET was expressed in
Madin-Darby Canine Kidney (MDCK) cells, fluid shear stress produced a
remarkable decrease in cytoskeletal stress, and the cytoskeleton required time to
adapt to norm stress levels [238]. In addition, inserting sstFRET into a-actinin in
human embryonic kidney cells (HEKS) and bovine aortic endothelial cells
(BAECSs) showed constitutive stress and force modulation during cell
contraction, extension and migration [239].

(2)  PB-actin: To better understand the mechanical stress in stem cells, cpstFRET was
inserted into B-actin [240]. The authors then reprogrammed HEK-293 and
MDCK cells into stem cells by culturing them on soft substrate (PDMS) without
using transcription factors. The stem cells showed a close association of
stemness to high actin stress, implicating that cell mechanics can control stem
cell reprogramming and differentiation. Differentiating the cells back onto glass
removed most actin stress. The association of pheotypy with substrate
mechanics is well known [241-243].

(3) vinculin: Integrating the TSMod into vinculin between the head and tail domains
after amino acid 883, the authors concluded that FA stabilization under force
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requires both vinculin recruitment and force transmission, and these processes
can be controlled independently [237].

4 spectrin: cpstFRET was incorporated into the linker region of spectrin between
repeat domains ten and eleven of the a-subunit, and the data showed that, in
general, spectrin, like all other investigated structural proteins, is under prestress
(tension in a resting cell) and can undergo time-dependent modulation during
cell migration [235].

(5) collagen-19: Transgenic C. elegans labeled in collagen-19 produced a
behaviorally and anatomically normal animal with constitutive stress in the
cuticle in the living animals and infixed animals. When the worms were
stretched with micromanipulators, the labeled COL-19 showed a decrease in
FRET efficiency stretch, and had positive and negative responses in flexed
regions [228]. The creation of transgenic animals (including Drosophila) showed
that the probes were generally nontoxic and most likely could be extended to
function in transgenic mice.

(6) E-cadherin: TSMod was inserted into the cytoplasmic domain of E-cadherin,
where it could sense force transmitted between the transmembrane domain and
the B-catenin-binding domain. Data revealed that E-cadherin played a
fundamental role in transducing mechanical force between the actomyosin
cytoskeleton and the plasma membrane at cell—cell junctions and throughout cell
surface [244].

5.3. Quantitative analysis

From above, it is clear that FRET-based force sensors can be used to show the existence,
location, and changes of force in living cells; however, the precise magnitude of the force is
still unknown. The existing relationship of FRET efficiency and force is constrained by the
fact that we know the FRET value with no force applied. We also know the FRET value with
~10 pN applied with a DNA spring [245,246], and if we approximate the relationship as a
straight line between those two points we can convert the FRET ratio to tension in pN. More
precise experiments are underway to refine the precision of this relationship.

There are four general strategies for measuring FRET that have proven useful: acceptor
photobleaching, sensitized emission including the use of spectral imaging, fluorescence
lifetime imaging microscopy (FLIM) and polarization anisotropy imaging [233,234].

5.3.1. Distance-dependent analysis—stFRET, sstFRET, TSMod take distance as their
dominant variable. Hooke’s law states:

F=—-kx (@

where F represents the force applied, x is the displacement of the spring and k is the spring
constant. GFPs can withstand approximately 100 pN force before unfolding, and
physiological force are typically in the range of 0-20 pN; therefore, the GFP based
fluorophores will remain intact during measurements in live cells, and the FRET changes
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can faithfully represent the distance changes caused by stretching the linker [6]. In the host
protein, stress creates strain in the probe linker and that changes the distance between the
donor and the acceptor, leading to the change in FRET efficiency (E) with a nearly linear
relationship (Fig. 5) [234].

E is given as:
E=1/(1+(R+R0)%). @

R refers to the distance separating the donor and acceptor, and R is called the characteristic
distance of a specific FRET pair, at which distance efficiency of energy transfer between
donor and acceptor is 50%.

R{=[2.8 x 10! x k? x Q, x g, x JA)]. @)

In this equation, Qp is the fluorescence quantum yield of the donor in the absence of the
acceptor, e, is the maximal acceptor extinction coefficient (mol= cm™1), and J()) is the
spectral overlap integral between the normalized donor fluorescence, fp()), and the acceptor
excitation spectra, ea(M).

UM()

J(A)= f d(o)= ffD( Je()XTdA @)

k2 is usually assumed to be 2/3, which is the average value integrated over all possible
angles and rarely achieved for bound probes. This value is obtained when both
fluorochromes have the maximal degrees of freedom, i.e., are freely rotating and can be
considered to be isotropically oriented during the excited state lifetime [234]. The main
drawback of this analysis is that the dynamic range of these sensors is limited by the nearly
linear relationship between FRET efficiency and strain and that provides a small dynamic
range.

5.3.2. Orientation-dependent analysis—As discussed above, cpstFRET uses the
angular dependence of FRET as the dominant variable. Force modulates the angle between
the adjacent donor and acceptor much more than the distance between them, endowing this
sensor with a greater dynamic range [235]. The angular dependence of the dipole interaction
is described by the orientation factor, k2, where k2 is defined as [234]:

k?=[cosf,,, — 3cosh, cosb,]*> (5)

O is the angle between acceptor and the linker dipole axis, Op is the angle between donor
and linker axis, and Opp is the angle between donor (D) and acceptor (A) axis. The value for
k2 can range from 0 to 1 depending on the relative orientation of the donor and acceptor. At
zero stress, k2 = 1, which yields the highest FRET at a fixed distance with an efficiency E =
~T75%. Torsion will twist the dipoles toward perpendicular where k2 = 0 (Fig. 6) [234,235].
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Since the cpstFRET probe is nearly parallel and side by side at rest, applied forces will
decrease FRET efficiency.

As mentioned above, force changes orientation much more than the distance between the
donor and the acceptor, thus assuming that R stays permanent during FRET is reasonable.
Qqg, €A and J()) are constant when the two fluorochromes are determined. Based on the
similarities of the two fluorophores in cpstFRET, the donor and the acceptor dipoles are
nearly parallel at rest and approximately perpendicular to the linker; thus, 6 and 6p are
both 90°. However, 6pa changes with force. Combining Egs. (2) to (5), a new equation
describes the relationship between E and the relative orientation Opa can be achieved (Fig.
7):

E=cos?0,,, /(cos0,,+1/3) (6)

6. Perspectives of mechanical dynamics in live cells and FRET-based force

sensing

Structural protein forces exist and function in almost all cells and tissues. The system of
force generation, perception, translation and effect or processing is termed mechanical
dynamics, and this is influenced by many factors. The drivers include extracellular
mechanical stimuli, motor proteins, osmotic pressure and the effectors are the
mechanosensors such as channels or force sensitive proteins [247]. The realtime observation
and analysis of structural forces that affected and regulated by these factors is at the heart of
cellular biomechanics. Inspired by this, the FRET-based force sensors have emerged as the
tool of choice. The sensors can be genetically encoded and inserted in the middle of
structural proteins to measure the force in real time. By turning force into optical signals, the
magnitude, distribution, duration, and direction of structural forces can be visualized and
analyzed. However, like all probes, all of the FRET-based force sensors mentioned above
have some shortcomings. There is the potential for interference in the normal functions of
host proteins, although this has been shown to not be significant. The future improvements
include: (1) Probes containing only one fluorescent protein. (2) Adding new pairs with a
spectral separation so that the dynamics of multiple proteins can be observed in synchrony.
(3) Transgenic mice where special promoters can regulate the expression of mechanosensors
in specific cells and tissues. (4) And as with all fluorophores, less bleaching.

At long last we can ask the questions about how biomechanics function at the level of single
molecules in situ. The probes promise to uncover more mysteries than they answer, but that
is why science is fun.
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Fig. 1.
Motor mechanochemical cycles. M: motor protein M-ATP: motor protein binding with ATP

M-ADP: motor protein binding with ADP Mechanical (left) and chemical (right) cycles of a
simple ATP-fueled molecular motor protein; coupling of the mechanical and chemical cycles
produces the motor force-generating cycle.
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Fig. 2.
Bidirectional activation of integrin. A. Inactive state: the integrin head group points toward
the cell surface and has a low affinity for ligands. B. Outside-in signaling: a ligand binds to
the integrin and can induce, because of multivalency and integrin clustering. Activation of a
signal cascade leads to intracellular signals, which regulate cell polarity, survival, migration,
changes in cytoskeleton and gene expression. C. Inside-out signaling: an intracellular
activator binds to the B-subunit, induces a conformational change leading to increased

affinity for extracellular ligands. This process is known to regulate cell adhesion, migration,
and invasion.
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Fig. 3.

Mechanical force induced AT1R activation and downstream effects. TRPC channels are
activated by mechanical stimulation of AT1R via a PLC-dependent signaling pathway,
resulting in membrane depolarization, opening of L type voltage-gated calcium channels
(not shown), and elevation of the free intracellular calcium concentration; which leads to
force development, cell shortening and vasoconstriction.
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Fig. 4.

The role of talin in integrin inside-out signaling. In unstimulated cells, talin is autoinhibited
and hindered from accessing the membrane. Local enrichment of PIP2 activates talin via an
electrostatic pull-push mechanism. Activated talin is able to bind to integrin and vinculin,
forming a link between FAs and actin.
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Page 37

No FRET

R> >1.5RO

Distance-dependent analysis. Under force, if the distance between the donor and the
acceptor is < ~1.5Rq, FRET will occur. R for CFP/YFP is approximately 5.0 nm and there
is a nearly linear relationship between E and R when the distance ranges from 0.5Rg to

1.5Ry.
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Fig. 6.

At zero stress, O = Op = 90° and Opa = 0°, thus k2 =1, which yields the highest FRET, with
an efficiency E = 75%. When at a perpendicular position under force, 6pa = 90° and k2 = 0,

with an efficiency E = 0.
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FRET efficiency is predicted to decrease with the increase with force, changing the relative
orientation between the donor and the acceptor from near 0° to 90°.
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Exogenous mechanical stimuli.

Table 1

Page 40

Typesof mechanical  Experimental

force

techniques

Principles'/mechanisms

Parameters

Comments

Stretch/strain

Stiffness of
substrates [10,11]

Substrate stretch [6]

Magnetic fields [7]

Optical stretcher [8]

Micropipette aspiration [9]

Stiff substrates

Stretching of the substrate in
two or three dimesions strains
the

cells or tissues. This will affect
cell growth and differentiation.
Engineered tissues that are
mechanically stretched may
have

improved organization and
functionality

Magnetic microspheres are
bound to specific cellular
receptors

and exert linear stress or torque
on the cell cortex when
exposed

to magnetic fields.

Laser traps exert force on
beads attached to cells.

Micropipette is used to aspirate
a single cell, stretching the
cortex

monitored by changes in cell
dimensions and the elongation
of

the region sucked into the
pipette. Data is recorded by
video

microscopy.

A stiff matrix resists cellular
force more than a soft one.
This leads

the cell to be more rigid and
extend about its periphery.
Most cell

types, including endothelial
cells, myocytes and fibroblasts
spread further, adhere better,
and appear to survive better on
stiffer matrices, and some
cannot grow on soft surfaces.

Spatial extent, waveform

Amplitude and the direction

of
the magnetic flux

Percent of reflected laser

beam,
the total laser power

Diameter of the
micropipette, suction
pressure and waveform

The substrates’ elastic
modulus

Biochim Biophys Acta. Author manuscript; available in PMC 2016 April 22.

Provides spatial
homogeneity of
strain and multiple
parameters

to modify force.

Can provide constant
or variable stimuli
and precise
quantification.

No physical contact
with the sample, able
to apply force to sub
pN

range.

Possible photo
damage effect on
biological sample at
high laser

power, the limited
maximum force.
Maximal forces are
in the

range of 10s of pN.

Able to measure the
cortex elasticity and
viscosity.

Able to determine
the lipid and protein
distribution under
stress

with fluorescence
techniques.

Stress concentration
at the pipette edge
and pipette friction
may

interfere with the
mechanical response
of the cell during
aspiration.

Substrate stiffness
modifies cell
motility, adhesion,
differentiation, and
other cytoskeleton
dependent activities.
Studying the
relationship between
phenotypes and
physical
environment is
important; not only
for designing
implantable
devices, but also for
understanding
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Page 41

Typesof mechanical  Experimental Principles'/mechanisms Parameters Comments
force techniques
pathological sequelae
that
Soft substrates A soft substrate is more follow insult or

Shear force [12]

Indentation

Cone-and-plate
flow chamber

Parallel plate flow
chamber

Atomic force
microscopy [13-15]

Optical trapping/laser
tweezer [16]

Hydrostatic pressure [17]

Platen abutment
pressurization [19]

compliable, exerting less
resistance to

cells and leading to diffuse and
dynamic adhesions.

Some cell types, such as
neurons, extend processes
more avidly

and appear to survive better on
soft substrates.

Rotation about a cone’s axis
that is oriented perpendicular
toa

flat plate immersed in fluid
generates spatially
homogeneous

fluid shear stress to cells on the
plate.

A pressure differential is
created at the ends of two
parallel

plates, creating uniform
laminar shear force.

Controllable indentation on the
top of cells.

Focus a laser to a diffraction-
limited spot with a high
numerical

aperture microscope objective.

Cells in the culture chamber
are compressed by hydrostatic
pressure.

Tissue explant or cells seeded
in a matrix or carrier are
directly

compressed by a platen.
Compression of a three
dimensional matrix containing
cells.

Angular, velocity of cone
rotation

Pressure differential between
the inlet and outlet manifolds

Topography; stiffness; force

Energy gradient at focus;
laser power;

polarization size and
composition

of the bead

Magnitude, frequency
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disease progression.

The conic taper and
angular velocity
provide a wide range
of

shear stress.

Homogeneity of the
stress, simplicity of
the equipment, ease
of

medium sampling/
exchange, and small
volumes.

Imaging of cell
surface morphology
and membrane
topography;
probing of various
properties and
interactions at single
molecule

and single-cell
levels; ligand—
receptor-interaction,
molecular
recognition; and
single cell
manipulation.

Study particles
ranging from 20 nm
to several
micrometers and
even whole cells and
lipid vesicles.

Simplicity of the
equipment, spatial
homogeneity of the
stimulus,

ease of configuring
multiple loading
replicates.

Not well suited for
long term
experiments due to
the changes of

pH, pO2 and pCO2
[18].

Closely
approximates the
physiologic situation
of minimal
transverse strain at
an articular surface
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Typesof mechanical  Experimental Principles'/mechanisms Parameters Comments
force techniques

and provides a wide
range

of cell deformations.
Non-homogeneity of
mechanical stimuli
about the cells.
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Table 2

Types and characteristics of FRET-based force sensors.

Page 43

Types FRET pair Linker Properties of the Characteristics of the sensor
linker
StFRET [227] GFP variants: A stable a-helix 5nm long at rest, Ry The first genetically encoded FRET-based
Cerulean of the pair force sensor.
and Venus
sStFRET [228] GFP variants: Spectrin repeat Composed of three Matching the mechanical compliance of
Cerulean folded a-helices common hosts.
and Venus

TSMod [237]

CpstFRET [235]

GFP variants: Venus
and mTFP1

GFP variants:
cpCerulean
and cpVenus

(GPGGA)8

Five glycine peptides

Elastic linker

Closely link the pair

The first FRET-based force sensor calibrated
with a laser trap and suitable for
measuring pN forces.

Taking angular orientation as the dominant
variable; having a much wider

dynamic range than the previous ones and
smaller and less likely to interfere with

host function. Calibrated using DNA springs.
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