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Mechanical Force and Biology

All cells are mechanosensitive. This spans single cell bacteria and 
amoebas, fungi, curling tendrils and twirling vines, from insects 
to cold blooded reptiles to mammals. Biological systems all utilize 
three sources of free energy: chemical potential, electrical poten-
tial and mechanical potential. The flow of energy between these 
sources is linked by numerous feedback loops such as stretch-
sensitive channels,1,2 but little is known of the mechanical poten-
tial since there have been no simple ways to measure it. We know 
that mechanical force triggers prompt electrical responses that 
create the senses of touch, hearing, local gravity and the input 
needed for coordination of the voluntary musculature. Physical 
forces alter the structure of the cytoskeleton, reorient nuclei and 
redistribute organelles that in turn are coupled to morphology, 
migration and sensitivity to other external stimuli.3-5 All proteins 
are mechanosensitive since they are elastic—these properties are 
at the heart of molecular dynamic computations.6-8 Numerous 
studies have also indicated that mechanical forces can regu-
late gene expression.9-12 There are feedback loops incorporating 
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There are three sources of free energy for cells: chemical 
potential, electrical potential and mechanical potential. There 
is little known about the last one since there have not been 
simple ways to measure stress in proteins in cells. we have 
now developed genetically encoded force sensors to assess 
the stress in fibrous proteins in living cells. These FReT based 
fluorescence sensors can be read out at video rates and 
provide real time maps of the stress distribution in cells, tissues 
and animals. The sensors can be inserted into specific proteins 
and in general do not disturb the normal function or anatomy. 
The original sensors used mutant GFPs linked by elastic linkers. 
These sensors provide a linear output with applied stress 
but the response is linear in strain. To improve contrast and 
dynamic range we have now developed a new class of sensors 
that are smaller making them less invasive, and have much 
higher intrinsic sensitivity since force modulates the angle 
between the donor and acceptor much more than the distance 
between them. Known as cpstFReT, the probe shows improved 
biocompatibility, wider dynamic range and higher sensitivity.
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mechanical energy for a vast array of cell activities such as embry-
onic development and differentiation,13,14 meiosis and mitosis,15,16 
cancer malignancy and metastasis,17,18 blood vessel angiogen-
esis,19-22 bone growth and osteoporosis and lung, heart and skel-
eton muscle metabolism.23

Techniques for Studying Cell Mechanics to Date

As a universal component of biological systems factor, mechani-
cal forces need to be measured in living cells. Most of the work on 
cell mechanics has been devoted to applying external perturba-
tions and recording various responses, but the cytoskeleton (and 
the extracellular matrix or ECM) are the components of the cell 
that are responsible for reacting to external stress. Both of them 
are heterogeneous and anisotropic arrays of fibrous proteins cross 
linked with stress sensitive bonds so that there should be no uni-
versal response from all proteins. We recently created molecular 
force sensors that can be genetically encoded and inserted in the 
middle of fibrous proteins to measure the stress in specific pro-
teins in living cells in real time. Before we discuss the details 
of how to measure protein stress we will discuss how forces are 
applied to cells and how the mean stresses are measured.

There are five major techniques used to study cell mechanics: 
elastic substrates,24 microfabricated cantilevers and surfaces,25,26 
laser tweezers,27 atomic force microscopy28 and microfabricated 
elastic probes.29 Elastic substrates detect mechanical forces 
exerted by the cell by mapping the strain distribution in the sub-
strate using fluorescent probes,30 the formation of wrinkles in the 
surface31 or imaging of other optical markers. From the measured 
strain and knowledge of elastic properties of the substrate, the 
stress distribution can be mapped and calibrated. For non muscle 
cells in culture, and the peak forces are in the range of nanoNe-
wtons.31 Laser tweezers apply calibrated forces to micron sized 
beads bund to cells and these measurements are mostly confined 
to the extracellular surface where the beads can be readily applied. 
The applied forces are in the range of 0.1–300 pN.32 Atomic force 
microscopes apply forces through submicron dimension micro-
fabricated probes and the method can be used for single mol-
ecule measurements in the pN range to whole cell measurement 
in the nN range. Like the laser tweezers, the AFM can only be 
applied to the extracellular surface of cells,33-35 but the technique 
can measure the compliance of a small region of a cell. The soft 
elastic probes such as those made with PDMS micro-needles that 
measurably deform when pulled on by a cell.36 None of these 
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The strain sensitivity, the derivative of E with respect to R, 
is maximal at R = R

0
. In the host protein, stress creates strain in 

the probe linker and changes R, changing the FRET efficiency. 
We genetically integrated stFRET into a-actinin, filamin, non-
erythroid spectrin, collagen-19 and non-muscle myosin 2A and 
2B37,41,42 (Fig. 2A–C). Targeting the sensor near the middle of 
the proteins and avoiding known functional domains usually 
produces normal proteins. Only in the case of myosins have 
we not yet found a non-perturbing site. The general non-per-
turbing nature of the probe was emphasized when we created 
transgenic Caenorhabditis elegans with mutated collagen-19-st-
FRET.43 We made three mutants with stFRET inserted at dif-
ferent locations, and the most central location yielded normal 
anatomy and animal behavior. We have now created transgenic 
mice with actinin probes and the animals create pre-labeled 
cells for studies of cell mechanics in vitro, in vivo and in situ.

techniques can be use to examine intracellular stresses without 
disrupting the cells. Nor are they easily applicable to stimulation 
of tissues or in situ in living animals. Thus, to explore the dis-
tribution of stress inside cells we need to have stress probes that 
can be used non-invasively in cells and can probe the different 
proteins that make up the cytoskeleton and ECM.

Transforming Mechanical Forces into Optical Signals

To study forces in specific proteins, sensors need to be integrated 
into host proteins hence all the published sensors are genetically 
encoded. The first such force sensor was named “stretch sensitive 
FRET” (stFRET) and is shown in (Fig. 1A).37 It consisted of 
mutant GFPs called Cerulean38 and Venus39 linked by a stable 
a-helix.40 We picked this linker because the helix with a length 
(5 nm) equal to the characteristic distance (R

o
) for energy trans-

fer for those fluorophores and it is stable. Equation 1 shows that 
when R, the distance between donor and acceptor, is equal to R

o
 

there is 50% energy transfer:

Figure 1. Cartoon diagrams of genetically encoded force sensors where the letter A in the fluorophore represents the acceptor venus, the letter D 
represents the donor Cerulean. The arrows represent energy transfer from donor to acceptor. (A) stFReT; (B) sstFReT. (C) TSMod, mTFP1 is the donor 
and venus is the acceptor. (D) PriSSM, using wild-type GFP and circularly permutated GFP for PRIM dimers.
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pronucleus method. PCR confirmed the presence of the correct 
genes in adult mice. The mice have now been bred to F3 without 
showing morphological abnormality or abnormal behavior, but 
we observed little fluorescence in the F3 mice and are establish-
ing whether this is an expression problem. We are creating new 
strains using other protein hosts.

With time, other research groups began using similar force 
sensors. Grashoff et al. created a variant called the “tension 
sensor module” (TSMod) consisting of the FRET pair Venus 
and mTFP1,45 connected by a 40 amino acid elastic domain 
derived from silk protein flagelliform (Fig. 1C).46 TSMod was 
incorporated into the flexible linker domain between head and 
tail domains of vinculin (Fig. 2D). They estimated the ten-
sion applied to focal adhesions through vinculin. As we found 
with actinin and other cytoskeletal proteins, vinculin is under 
high stress at the leading edge of migrating cells and lower 
stress at the lagging edge. The three sensors discussed above are 
all FRET based and increased stress leads to decreased FRET. 
Uyeda’s group created another sensor based on proximity imag-
ing (PRIM), named PRIM-based strain sensor module (PriSSM) 
(Fig. 1D).47 PriSSM is a heterodimer formed by wild type GFP 
and circularly permutated GFP (cp174GFP) with linker domain 
AS(GGS)

9
 between them (Fig. 1D). PRIM depends on direct 

contact between 2 GFP molecules, interactions that can lead 
to structural perturbations and spectral changes.48 The authors 
flanked the sensor with myosin 2 motor domains and directly 
visualized the stress in myosin when it interacts with F-actin (Fig. 

Probe linkers could introduce dynamic errors into protein 
function. There is a general question of whether the probe should 
be stiffer of softer than the host protein. If it is stiffer, the probe 
termini will move less under stress. If it is softer, the probe termini 
will move more and there will be less stress at the same strain. 
When the probe is stiff the force sensitivity is reduced and when 
it is more compliant there is more sensitivity. There is clearly no 
universal optimum, but the most efficient coupling of mechanical 
energy from the host to the probe occurs when the compliance of 
the two are equal. As a test we made the linker out of a spectrin 
repeat since a number of our hosts utilize these repeats and we 
called the new construct sstFRET (Fig. 1B).42 Spectrin repeats 
domains are composed of three folded a-helices and are conserved 
in spectrin superfamily proteins including a-actinin, dystrophin, 
utrophin and kalirin.44 These proteins cross link actin fibers and/
or directly connect fibers to the cell membrane. We found that 
using the repeat domain as a linker provided higher compliance 
than the helix of stFRET. We tested actinin-sstFRET in human 
embryonic kidney cell (HEK) and bovine aortic endothelial cells 
(BAEC). The actinin distributions and functions were normal, 
as defined by comparison to terminal GFP tagged version of the 
same protein. We found significant constitutive stress and force 
modulation during cell contraction, extension and migration.42 In 
both actinin and filamin in migrating cells we found similar stress 
patterns with stFRET and sstFRET.

We created a transgenic mouse line with actinin-sstFRET 
by randomly incorporating the construct into genome using the 

Figure 2. Diagrams of inserting the force probes into host proteins. (A) Actinin-stFReT forming anti-parallel dimers. (B) Spectrin-stFReT exists as a 
hetero-dimer with α and β subunits. (C) vinculin-TSMod associating at focal adhesions as monomers. (D) A protein construct of PriSSM with myosin 
motors on the ends.
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dynamic range. But by letting force vary the angle between the 
donor and acceptor, the potential contrast can approach 100%.

A FRET Based Sensor Using Angular Sensitivity

In an attempt to expand the dynamic range and sensitivity of the 
sensor and to reduce its size we developed a new type of sensor 
that senses the angular displacement. This relative orientation 
of the donor and acceptor dipoles has a strong angular depen-
dence of the FRET efficiency summarized in the term commonly 
called κ2. Parallel dipoles have κ2 = 4 and perpendicular dipoles 
have κ2 = 0. We demonstrated the angular dependence of the 
efficiency in our original work37 by sequentially deleting or add-
ing amino acids to the helical linker.37 Each amino acid deletion 
or addition rotated the angle of the termini by 100 degrees and 
change the distance a relatively small amount, but deleting an 
entire turn changed the distance by a large amount and left the 
angle unchanged. By fitting the observed FRET efficiencies to 
a set of simultaneous trigonometric equations involving R and 
the various angles we derived the angular sensitivity and the 
geometry of the fluorophores. That study predicted that if we can 
arrange the donor and acceptor to be adjacent and parallel at rest, 
torsion forces exerted on the fluorophores by the host protein will 
twist them apart to higher angles leading to dramatic decreases 
in FRET, i.e., high contrast.

This new probe is called cpstFRET, since we circularly per-
mutated the donor and acceptor to form cpCerulean and cpVe-
nus (paper submitted). We linked them tightly together at one 
end with a flexible linker and in the resulting probe the fluoro-
phores are nearly parallel at rest generating robust FRET with 
an efficiency E = 75%. When we stretched the dimer with a 
DNA spring, cpstFRET showed a significant decrease in FRET 
demonstrating a much wider dynamic range than previous sen-
sors. Furthermore, the small linker reduced the net probe size 

2E).47 For all these sensors, the force sensitivity is estimated to 
be in the range of 1–10 pN. We measured our sensitivity in solu-
tion by stretching the probe with “DNA springs.” Following the 
work of Zocchi’s lab,7 we attached a 60mer of single stranded 
DNA between the donor and acceptor.42 Being floppy (having a 
short persistence length), ssDNA does not exert much force on 
the probe. However, when the complementary strand of DNA 
is added, the resulting dsDNA is much stiffer and pushes the 
fluorophores apart with a force of 5–7 pN.49 We found that these 
forces extended our linker, significantly reducing FRET. Another 
group measured stiffness of the linker alone using laser tweezers46 
and found similar force sensitivity. Stress of the linker plays the 
predominant role in the compliance since the fluorophores can 
withstand more than 100 pN without unfolding.50

How sensitive can we make a probe? Probe sensitivity refers to 
the force induced change in mean signal relative to background 
noise. The signal comes from changes in R under stress and 
this is a function of probe compliance. The more compliant the 
probe, the larger the change in R with a given stress, so why not 
use the most compliant linker? There are three reasons. Highly 
compliant probes decrease the stress in the host possibly disturb-
ing normal function of the protein. Secondly, more compliant 
probes tend to be larger and thus create larger perturbation of 
the host. And finally the most fundamental factor is that more 
compliant the linker, the more thermal vibrations will wiggle the 
donor an acceptor and increase the background noise. You don’t 
gain much sensitivity by increasing the compliance. However, 
increasing quantum yield and transfer efficiency improves the 
signal level and hence the signal to noise ratio by decreasing pho-
ton arrival noise. The signal to noise ratio is also determined by 
the contrast created by the probe, i.e., the dynamic range. In the 
case of the stretched linker, when R = R

0
 the FRET efficiency 

is a linear function of strain so that one cannot obtain a large 

Figure 3. A new and smaller FReT force sensor (cpstFReT) with higher sensitivity and wider dynamic range. (A) shows applied force twisting the fluoro-
phores out of alignment and lower FReT. (B) shows cpstFReT incorporated into a spectrin α subunit that is part of a heterodimer.
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animal cells behaves more like sponges than the familiar model 
of semipermeable bags.33 With transgenic animals that supply 
built in probes, it is now possible to study forces in not only 
cells, but tissues and whole animals in real time, subject only 
to the capabilities of FRET imaging. We envisage recording the 
stress in cytoskeletal proteins in the heart during a normal and 
arrhythmic cardiac cycles, stress in the voluntary musculature 
and connective tissue of swimming zebra fish, measuring the 
shear stress in the glycocalyx during blood flow and so on. Fun 
times ahead.
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by ~30%, from 74 kDa to 54 kDa (Fig. 3A). We incorporated 
cpstFRET into spectrin in HEK293 cells and bovine aortic endo-
thelial cells (BAECs) and examined the stress in spectrin at rest 
and during cell migration (Fig. 3B). We found that there is a 
rich landscape of internal forces and that these cannot be inferred 
from the cell anatomy. These sorts of probes are opening up cel-
lular biomechanics to new insights.

Outlook

Cell mechanics undergo dynamic changes during normal 
growth and development and these forces are now open to study, 
a largely unexplored domain. For example, we used the probes 
to demonstrate that in hypotonic swelling, osmotic stresses are 
predominately in the cytoskeleton and not the cortex. Thus 
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