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SUMMARY: 22 
Here, we present a protocol for the simultaneous use of Förster resonance energy transfer-based 23 
tension sensors to measure protein load and fluorescence recovery after photobleaching to 24 
measure protein dynamics enabling the measurement of force-sensitive protein dynamics within 25 
living cells. 26 
 27 
ABSTRACT: 28 
Cells sense and respond to physical cues in their environment by converting mechanical stimuli 29 
into biochemically-detectable signals in a process called mechanotransduction. A crucial step in 30 
mechanotransduction is the transmission of forces between the external and internal 31 
environments. To transmit forces, there must be a sustained, unbroken physical linkage created 32 
by a series of protein-protein interactions. For a given protein-protein interaction, mechanical 33 
load can either have no effect on the interaction, lead to faster disassociation of the interaction, 34 
or even stabilize the interaction. Understanding how molecular load dictates protein turnover in 35 
living cells can provide valuable information about the mechanical state of a protein, in turn 36 
elucidating its role in mechanotransduction. Existing techniques for measuring force-sensitive 37 
protein dynamics either lack direct measurements of protein load or rely on the measurements 38 
performed outside of the cellular context. Here, we describe a protocol for the Förster resonance 39 
energy transfer-fluorescence recovery after photobleaching (FRET-FRAP) technique, which 40 
enables the measurement of force-sensitive protein dynamics within living cells. This technique 41 
is potentially applicable to any FRET-based tension sensor, facilitating the study of force-sensitive 42 
protein dynamics in variety of subcellular structures and in different cell types. 43 
 44 
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INTRODUCTION: 45 
The extracellular environment is a rich source of both biochemical and physical cues that dictate 46 
cell behavior. In particular, the physical nature of the microenvironment can mediate key cellular 47 
functions, including cell growth, migration, and differentiation1-4. Dysregulation of the mechanics 48 
of the microenvironment is a critical component to many diseases that do not yet have adequate 49 
treatments, such as cancer5, atherosclerosis6, and fibrosis7. A complete understanding of how 50 
cells convert physical stimuli into biochemically-detectable signals, a process termed 51 
mechanotransduction, requires the elucidation of the molecular mechanisms mediating force 52 
transmission, both into and out of the cells and within multiple subcellular structures.  53 
 54 
Inside subcellular structures, proteins are constantly turning over; binding and unbinding based 55 
on the strength of their interactions with binding partners8. For forces to be successfully 56 
transmitted across a physical distance, there must be an unbroken chain of protein-protein 57 
interactions, meaning that a protein’s turnover must be slow enough to sustain and transmit 58 
force to its binding partner9. While protein-protein interactions generally consist of several non-59 
covalent bonds between the protein domains, the interaction is often conceptualized as a bound 60 
state that can transition to an unbound state under different conditions10,11. For a given protein-61 
protein interaction, it is possible that force can have no effect on the lifetime of the interaction, 62 
known as an “ideal bond”, reduce the lifetime of the interaction, known as a “slip bond”, or 63 
increase the lifetime of the interaction, known as a “catch bond”10. Thus, there is an intricate 64 
relationship between protein load and protein dynamics, which we refer to as force-sensitive 65 
dynamics. 66 
 67 
Towards understanding the effect of load on bond dynamics, a number of highly informative 68 
experiments have been performed on the single-molecule level. Using isolated proteins, or 69 
fragments of proteins and manipulation techniques such as magnetic tweezers, optical tweezers, 70 
and atomic force microscopy, these studies have demonstrated force-sensitive protein-protein 71 
interactions for several relevant proteins11,12. Both integrins13 and cadherins14, which are 72 
transmembrane proteins important for forming cell-matrix and cell-cell interactions, 73 
respectively, have demonstrated alterations in dynamics due to load. Within the cell, vinculin is 74 

recruited to both talin15 and -catenin16 in a force-dependent manner and can form a catch bond 75 
with actin17, indicating a crucial role for vinculin at both focal adhesions (FAs) and adherens 76 
junctions (AJs) under load. Single-molecule studies allow for the isolation of specific protein-77 
protein interactions and yield unambiguous results, but they do not account for the complexity 78 
of the cellular environment. 79 
 80 
Landmark experiments demonstrated that several subcellular structures, including FAs and AJs, 81 
are mechanosensitive, and exhibit enhanced assembly in response to internally-generated or 82 
externally-applied loads18-22. Additionally, several theoretical models have suggested that 83 
mechanosensitive assembly could be driven by force-sensitive protein dynamics23-25. To examine 84 
these force-sensitive dynamics within living cells, a few indirect approaches have been taken. 85 
FRAP and related techniques provide a relatively simple methodology for measuring protein 86 
dynamics in cells26-29. However, the measurement of protein load has been more limited. A 87 
typical approach is to compare protein dynamics in cells with and without the exposure to a 88 



cytoskeletal inhibitor used to reduce overall cell contractility8,30,31. Conceptually, this is a 89 
comparison between a high load and low load state. However, there is no quantification of the 90 
load across the protein in either state, and there may be unintended biochemical effects of the 91 
inhibitor, such the loss of key binding sites along an F-actin filament. Another approach, specific 92 
to FAs, has been to measure total force exertion on the substrate by the FA using traction force 93 
microscopy to approximate molecular load and examine the relationship with the dynamics of a 94 
single protein within the FA32. While this approach allows for the quantification of total force, it 95 
does not provide molecularly specific information. FAs are made up of over 200 different 96 
proteins, many of which can bear load33. Thus, measuring the total force output of an FA 97 
potentially obscures the possibility of multiple force transmission pathways and does not reliably 98 
provide a measure of load on a specific protein. 99 
 100 
Unlike previous approaches in mechanobiology, the advent of FRET-based tension sensors allows 101 
direct measurement of loads experienced by specific proteins inside living cells34-36. Here, we 102 
present a protocol that combines FRET-based tension sensors with FRAP-based measure of 103 
protein dynamics. We refer to this technique as FRET-FRAP. This approach enables the 104 
simultaneous measurement of protein load and protein dynamics, thus allowing the assessment 105 
of the force-sensitive protein dynamics in living cells (Figure 1). Already, the FRET-FRAP technique 106 
has been applied to the study of the force-sensitive dynamics of the mechanical linker protein 107 
vinculin37. Tension sensors have been developed for numerous proteins that are relevant in a 108 
variety of subcellular structures. For example, sensors have been developed for vinculin34 and 109 
talin38,39 in FAs, cadherins and catenins in AJs40-42, nesprin in the nuclear LINC complex43, α-110 
actinin44 and filamin36 in the cytoskeleton, and MUC-1 in the glycocalyx45, among others46. 111 
Similarly, FRAP is a commonly use technique has been used on mechanosensitive proteins within 112 
the focal adhesions8,31, adherens junctions47, actin cortex26, and nucleus48. Moving forward, the 113 
FRET-FRAP technique should be broadly applicable to any of these existing sensors or newly 114 
developed sensors, allowing for the measurements of force-sensitive dynamics in a wide variety 115 
of subcellular structures and contexts. Towards this end, we provide a detailed, generalized 116 
protocol for implementing the FRET-FRAP technique applicable in these different systems. 117 
Hopefully, this will enable a wide variety of experiments elucidating the roles of various 118 
mechanosensitive proteins in regulating force transmission and in mediating cell behavior. 119 
 120 
PROTOCOL:  121 
1. Generate Samples for Imaging 122 
 123 
1.1. Stably express tension sensor construct in desired cell type.  124 
 125 
1.1.1. Clone tension sensor construct into pRRL vector or other viral expression plasmid.  126 
 127 
Note: Several different molecular cloning tools are available to achieve this step including the use 128 
of restriction enzymes, overlap extension, and Gibson Assembly35. The pRRL vector is used in lenti 129 
viral transduction and enables a substantial degree of protein production through the use of the 130 
human cytomegalovirus (CMV) promoter. Different vectors may be needed for a particular 131 
context. For instance, the CMV promoter is silenced in some cell types49. Additionally, only FRET-132 



based sensors containing fluorescent protein that lack strong sequence homology, such as mTFP1 133 
and Venus A206K, can be used to create stable cell lines. Sensors containing cyan fluorescent 134 
protein and yellow fluorescent protein will likely be subject to homologous recombination50.  135 
  136 
1.1.2. Generate lentivirus in Human Embryonic Kidney (HEK) 293T cells using psPax2 and 137 
pMD2.G packaging plasmids using standard virus production methods51.  138 
 139 
CAUTION: Lentivirus should only be handled by properly trained personnel in a biosafety level 2 140 
laboratory environment. 141 
 142 
Note: This combination of cells and packaging plasmids is appropriate for the use with pRRL. 143 
Other systems may be required with other vectors.  144 
 145 
1.1.3. Transduce desired cells with virus using standard transduction protocols52 and use flow 146 
cytometry to sort cells53 selecting a homogenous population expressing each construct at 147 
approximately endogenous levels37. After the cell selection, experiments can be conducted 148 
immediately, or cells can be cryogenically frozen for later use. Do not exceed 2 freeze-thaw cycles 149 
for a given stable cell line.  150 
 151 
Note: The use of cell lines deficient in the protein to be studied (e.g., vinculin -/- MEFs for the use 152 
with the vinculin tension sensor) will increase the signal to noise ratio in FRET experiments as 153 
well as limit over-expression artifacts. Such stable mouse embryonic fibroblast (MEF) lines can 154 
be used for approximately 15 passages before significant loss of expression or degradation of 155 
sensors is apparent. If viral based methods are not desired, a plethora of commercial reagents 156 
can be used according to the manufacturer’s protocol to transiently transfect a variety of cell 157 
types with tension sensors in an appropriate plasmid, such as pcDNA3.1. Optimal expression will 158 
be 24-48 h following transfection. 159 
 160 
1.2. Prepare substrates for cell seeding. 161 
  162 
1.2.1. Acquire 4, 35 mm glass-bottomed dishes. 163 
 164 
1.2.2. Working in a cell culture hood, in a 15 mL canonical tube, make 4 mL of 10 µg/mL 165 
fibronectin in phosphate-buffered saline (PBS) solution using sterile PBS in the cell culture hood. 166 
Gently invert the tube once to mix and let the solution sit for 5 min in the cell culture hood. 167 

 168 
Note: The concentration or type of ECM protein may have to be adjusted for other cell types. The 169 
conditions provided are suitable for MEFs. 170 
 171 
1.2.3. Pipette 1 mL of fibronectin solution onto each glass-bottomed dish. 172 

 173 
1.2.4. Leave the fibronectin solution on the dishes for 1 h at room temperature or overnight at 174 
4 °C. 175 

 176 



1.2.5. Aspirate the fibronectin solution, rinse once with PBS, and add 1 mL of PBS. 177 
 178 
1.3. Seed the cells onto prepared substrates. 179 
 180 
1.3.1. Start with the cells of interest at a confluence percentage appropriate for subcultivation 181 
in a 6 cm culture dish. 182 
 183 
Note: Different cell types will require distinct cell culture conditions and subcultivation protocols. 184 
This section provides guidelines suitable for MEFs. Typically, MEFs are grown to 85% confluence 185 
before subcultivation. 186 
 187 
1.3.2. Working within a cell culture hood, rinse the cells once with 3 mL of PBS. Add 1 mL of 188 
0.05% Trypsin-EDTA and incubate for 5 min at 37 °C. 189 
 190 
1.3.3. Add 3 mL of complete media to the 6 cm dish, collect the cells, and place into 15 mL 191 
conical tube. 192 
 193 
Note: Composition for complete media will depend on the cell type being used. For MEFs, 194 
complete media is often defined as high glucose Dulbecco's Modified Eagle Medium with 10% 195 
fetal bovine serum, 1% Antibiotic-Antimycotic (containing Amphotericin B, Penicillin, and 196 
Streptomycin), and a 1% non-essential amino acid (NEAA) solution.  197 
 198 
1.3.4. Spin the cells down at 1000 x g for 5 min. 199 
 200 
1.3.5. Aspirate the media and resuspend the cell pellet in 1 mL of complete media. 201 
 202 
1.3.6. Remove PBS from fibronectin-coated glass dishes. Count the cells and seed 30,000 cells 203 
onto each fibronectin-coated glass dish with the appropriate complete media for a final volume 204 
of 1.5 mL. 205 
 206 
Note: This cell density is appropriate for MEFs and will lead to a population of cells that are not 207 
touching, but not exceedingly sparse. The exact cell number may need to be adjusted for other 208 
cell types or other imaging chamber.  209 
 210 
1.3.7. Allow the cells to spread for 4 h following seeding. At 2 h of spreading, aspirate the growth 211 
media, and rinse once with imaging media, leaving 1.5 mL of imaging media.  212 
 213 
Note: This spreading time is appropriate for MEFs but may need to be altered for other cells. 214 
However, incubation periods of longer than 6-8 h will lead to the significant deposition of ECM 215 
protein from serum in the complete media. Imaging media should contain the same additions as 216 
complete media but should be optically clear and not contain any compounds that fluoresce in 217 
imaging channels, such as flavins, or quench fluorescence, such as phenol red. A generally useful 218 
imaging media is DMEM-gfp Live Cell Visualization media supplemented with 10% FBS and 1% 219 
NEAA solution. If background autofluorescence is unacceptably high, then the amount of serum 220 



can be reduced. If a media change is not possible after the initial plating, the cells can be directly 221 
resuspended in imaging media supplemented with a trypsin inhibitor. 222 
 223 
2. Set up Microscope for Imaging 224 
 225 
2.1. Turn on the microscope. 226 
 227 
2.1.1. Turn on the arc lamp first.  228 
 229 
Note: An arc lamp will release an electromagnetic pulse, which can damage other equipment 230 
that is already on. 231 
 232 
2.1.2. Turn on the filter wheel controller, automated stage controller, microscope-computer 233 
interface, and camera. 234 
 235 
2.1.3. Turn on the FRAP laser and laser position controllers.  236 
 237 
CAUTION: High-powered lasers can be damaging to eyes if directly viewed. It is recommended to 238 
configure the microscope system to block laser excitation from being directed to the eye pieces, 239 
which can be accomplished by moving a mirror into the FRAP beam path during bleaching to 240 
reflect the laser toward the sample and prevent transmission to the eyepiece. 241 
 242 
2.1.4. Turn on the computer and open microscope control software. 243 
 244 
2.1.5. Allow 15 min for the arc lamp and FRAP laser to warm up. 245 
 246 
2.2. Calibrate the FRAP laser. 247 
 248 
2.2.1. Open the laser configuration window. Set Illumination Setting (during pulse) to the 249 
appropriate FRAP illumination settings for laser exposure to the sample. Set Illumination Setting 250 
(during imaging) to the illumination settings appropriate for imaging only the acceptor 251 
fluorophore.  252 
 253 
2.2.2. Select the objective to calibrate under Coordinate System Setting. Uncheck Manually 254 
Click Calibration Points and check Display images during calibration.  255 
 256 
2.2.3. Set the Dwell time to 10000 µs and the number of pulses to 100. 257 
 258 
2.2.4. Place the calibration slide, made of ethidium bromide sealed between a glass slide and a 259 
coverslip, into the stage adaptor with the coverslip side down.  260 
 261 
CAUTION: Ethidium bromide is a mutagen and should be handled using gloves. If the slide is 262 
compromised, dispose of according to the institution’s guidelines. 263 
 264 



2.2.5. Use the acceptor illumination settings to focus on the surface of the slide, identifiable as 265 
the focal plane with the brightest signal. Small defects in the coating will be visible to aid in 266 
focusing. 267 
 268 
2.2.6. Move the slide to an area with uniform fluorescence across the imaging plane. 269 
 270 
2.2.7. Click on Create Setting. The software will initialize the calibration process, automatically 271 
bleaching and detecting the position of the bleached point. 272 
 273 

2.2.8. Ensure successful calibration by assessing the final image, which will be a 3  3 grid of 274 
bleached points that should be evenly distributed and in focus. Save the calibration image for 275 
future reference. 276 
 277 
2.2.9. Remove the calibration slide and safely store. Calibration should be performed before 278 
beginning each experiment but does not need to be performed between samples. 279 
 280 
3. Choose Parameters for FRET Imaging 281 
 282 
3.1. Fix one of the generated samples of the cells expressing the tension sensor with 4% 283 
paraformaldehyde for 10 min. Paraformaldehyde solution should be methanol free, often 284 
referred to as EM-grade, to prevent denaturing of fluorescent proteins. Place in PBS after fixation. 285 
 286 
CAUTION: Paraformaldehyde solutions are toxic. This step should be performed in a fume hood 287 
and the solution should be disposed of according to institutional policies.  288 
 289 
Note: This optimization does not depend on protein dynamics, and a fixed sample allows for 290 
maximum imaging time without worrying about cell health. 291 
 292 
3.2. Rinse the sample three times with PBS and leave in PBS.  293 
 294 
Note: Use of most commercially-available mounting media will affect fluorophore properties, 295 
making the sample unsuitable for FRET imaging54. Ideally, the cells will be imaged immediately, 296 
but may be left overnight at 4 °C. Longer wait times will result in deterioration of the sample. 297 
 298 
3.3. Place the sample into the microscope stage holder for imaging. 299 
 300 
3.4. Open the Multi-Dimensional Acquisition (MDA) tool. Establish a sequential imaging of 301 
three channels: acceptor only excitation and emission (acceptor channel), donor excitation and 302 
acceptor emission (FRET channel), and donor only excitation and emission (donor channel).  303 
 304 
Note: There are a variety of ways to image FRET samples. The three-channel or “three-cube” 305 
method of imaging paired with means of calibrating the system to measure FRET efficiency is 306 
recommended for FRET-based tension sensors55,56. This approach is fast, simple, nondestructive, 307 
requires only a standard fluorescence imaging microscope, and enables the comparison of 308 



experiments across different days and imaging setups.  309 
 310 
3.5. Scan the sample using an exposure time of 500 ms and a neutral density (ND) filter of 311 
10%. Find a cell expressing the tension sensor with clear localization to a structure of interest. 312 
  313 
3.6. Select an exposure time of 500 ms or the desired length for each imaging channel and an 314 
ND filter of 100% and acquire a FRET image sequence. 315 
 316 
3.7. Estimate the average intensity of the sensor at the subcellular structures of interest in 317 
each imaging channel. Low signals may lead to inaccurate results due to improper correction 318 
estimates, non-linearities in detectors, or significant contribution of background signals. An 319 
approximate guideline is to aim for intensities above 10% of the dynamic range of the camera 320 
(i.e., for a 16-bit camera, intensities should be above 6000). 321 
 322 
Note: Identical optical settings (exposure times, filters, objectives, and other variables such as 323 
camera gain or binning) must be used for all FRET experiments that will be compared. Changing 324 
any of these settings will lead to an alteration in the amount FRET that is either generated and/or 325 
detected in the microscopy set-up. FRET efficiency measurements are independent of these 326 
setting, but the calibration factors used to determine FRET efficiency are not. In theory various 327 
sets of calibration, factors could be used to generate FRET efficiencies from different optical 328 
settings, but this is not recommended. Bleaching or phototoxicity can be different between the 329 
various settings, creating spurious results.  330 
 331 
3.8. Acquire a second FRET image sequence of the same field of view. Estimate 332 
photobleaching between frames by comparing average intensity of the sensor in each imaging 333 
channel. Photobleaching should be kept to a minimum, preferably less than 1-5% loss of signal. 334 
 335 
3.9. Adjust the imaging parameters to maximize the intensity while minimizing 336 
photobleaching. For coarse adjustments, change the ND filter being used during acquisition. For 337 
finer adjustments, change the exposure time in steps of 250 ms. 338 

 339 
3.10. Repeat Steps 3.5 – 3.8 until adequate signal can be obtained while minimizing 340 
photobleaching. 341 
 342 
Note: Typically, settings for the vinculin tension sensor in vinculin -/- MEFs are 1500 ms, 1500 ms, 343 
and 1000 ms for the donor, FRET, and acceptor channels respectively. The optimal values will 344 
vary with the type of illumination system, objective, filter sets, and sensor expression level.  345 
 346 
4. Choose Parameters for FRAP Imaging 347 
 348 
4.1. Optimize the laser settings to ensure complete bleaching of the region of interest (ROI) 349 
without bleaching the surrounding area or causing photodamage. 350 
 351 



4.1.1.  Fix one of the generated samples of the cells expressing the tension sensor with 4% 352 
paraformaldehyde for 10 min.  353 
 354 
Note: This optimization does not depend on protein dynamics, and a fixed sample allows for 355 
maximum imaging time without worrying about cell health. This will also prevent the recovery of 356 
bleaching by mobile proteins, allowing for the isolation of the effect of bleaching, avoiding any 357 
effects from rapid, diffusion-mediated fluorescence recovery occurring between the incidence of 358 
bleaching and taking the first post-bleach image. 359 
 360 
CAUTION: Paraformaldehyde solutions are toxic. This step should be performed in a fume hood 361 
and the solution should be disposed of according to institutional policies.  362 
 363 
4.1.2.  Rinse the sample 3 times with PBS and leave in PBS.  364 
 365 
Note: The use of most commercially-available mounting media will affect fluorophore properties, 366 
making the sample unsuitable for FRAP imaging54. Ideally, the cells will be imaged immediately, 367 
but may be left overnight at 4 °C. Longer wait times will result in deterioration of the sample. 368 
 369 
4.1.3.  Place the sample into the microscope stage holder for imaging. 370 
 371 
4.1.4.  Open the laser configuration window. Start with setting a laser dwell time of 1000 µs and 372 
10 pulses, meaning that each spot in the scan across the ROI will receive 10,000 µs of full-power 373 
laser 374 
 375 
Note: A 500 mW, 515 nm laser was used for bleaching. This was chosen to selectively bleach 376 
Venus A206K, the acceptor in vinculin tension sensor, with maximal efficiency. If FRET-based 377 
tension sensors with other fluorescent proteins are used, another type of laser may have to be 378 
employed.  379 
 380 
4.1.5.  Find a cell expressing the tension sensor with clear localization to a structure of interest 381 
and acquire an image. 382 
 383 
4.1.6.  Draw a rectangular ROI outlining the area to bleach and store the ROI location. Pulse the 384 
laser. Snap another image of the sample. 385 

 386 
Note: The box size should be approximately the size of the entire FA. Care should be taken that 387 
the box size does not vary drastically across experiments. The bleached area must be carefully 388 
monitored in proteins whose dynamics are affected by diffusion. This is a potential concern in 389 
transmembrane proteins, such as cadherins47, or proteins that diffuse slowly27,57.  390 
 391 
4.1.7.  Check the quality of photobleaching by checking that the entire ROI is bleached such that 392 
the intensity is near background levels. Additionally, make sure there is no bleaching outside of 393 
the ROI.  394 
 395 



4.1.8. Adjust the laser settings as needed to achieve a significant amount of bleaching within 396 
the ROI without inducing significant bleaching outside the ROI. For coarse adjustments, raise and 397 
lower the dwell time in steps of 100 µs, and for fine adjustments, raise and lower the number of 398 
pulses in steps of 5 pulses.  399 
 400 
4.1.9. Repeat Steps 4.1.5 – 4.1.8 until reaching the minimum settings at which the ROI is fully 401 
bleached without off-target photobleaching. 402 
 403 
Note: Achieving a substantial initial bleaching value without inducing phototoxicity is a key aspect 404 
of FRAP analysis. Use the laser settings that result in a complete bleach in the fixed samples. In 405 
general, the minimal number of photons should be used to achieve the desired bleaching level. 406 
Also, the bleaching protocol should be kept relatively consistent during experiments, as 407 
alterations can affect measurements of protein dynamics58. 408 
 409 
4.2. Optimize time-lapse parameters to fully capture the dynamics of the protein of interest 410 
while minimizing photobleaching. 411 
 412 
4.2.1. Prepare the microscopy set-up for live cell imaging, preferably with a heated stage and 413 
objective as well as CO2 control. Allow to equilibrate for 20 min. 414 
 415 
Note: To maintain the health of the imaged cells, temperature and pH must be maintained in the 416 
imaging vessel. A variety of heated stages and objective heaters can readily maintain the cell 417 
temperature at 37 °C. The control of pH for many media types can be accomplished by the use 418 
of a peristaltic pump to pass humidified 5% CO2 over the sample at 15 mL/min. Alternatively, if 419 
CO2 control is unavailable, live imaging media containing HEPES should be used to prevent large 420 
pH changes.  421 
 422 
4.2.2. Place one of the generated samples of the cells expressing the tension sensor into the 423 
microscope stage holder for imaging. Allow to equilibrate for 10 min. 424 
 425 
4.2.3. Using the MDA tool, set up a time-lapse to acquire 3-5 images pre-bleach, bleach the ROI, 426 
and continue taking 10-60 images.  427 
 428 
Note: For vinculin at FAs, imaging every 5 s for 5 min post-bleach is sufficient to observe the 429 
dynamics without introducing excessive bleaching31. Useful starting points for imaging rate and 430 
duration for many other proteins can be found in the literature47,48,59,60. 431 
 432 
4.2.4. Use acceptor imaging settings that minimize the exposure of the sample to light, while 433 
maintaining a sufficient signal-to-noise ratio, to image the structure of interest. A good starting 434 
point is half of the ND filter and exposure time necessary for imaging of the acceptor during FRET. 435 
 436 
4.2.5. Find a cell expressing the tension sensor with clear localization to a structure of interest 437 
and snap an image. 438 
 439 



4.2.6. Draw a rectangular ROI to highlight where to bleach and store the ROI location. Initiate 440 
the time-lapse. 441 
 442 
4.2.7. Examine the resulting set of images for potential issues. 443 
 444 
4.2.7.1. If there are substantial jumps (greater than 10% of initial intensity) in fluorescence 445 
recovery between frames, reduce the time-step between frames. 446 
 447 
4.2.7.2. If there is a significant global loss of fluorescence over time (greater than 5-10% of initial 448 
intensity), reduce the number of images taken post-bleach and/or change the imaging settings 449 
to reduce the exposure of the sample to light. 450 
 451 
4.2.7.3. If fluorescence recovery has not plateaued by the end of the time-lapse, increase the 452 
total length of the time-lapse. 453 
 454 
4.2.8. Adjust the time-lapse parameters accordingly and repeat Steps 4.2.5 – 4.2.7 until the 455 
fluorescence recovery is adequately captured without global photo-damage to the sample. 456 
 457 
5. Acquire FRET-FRAP data 458 
 459 
5.1. Prepare the microscopy set-up for live cell imaging, preferably with a heated stage and 460 
objective as well as CO2 control. Allow to equilibrate for 20 min. 461 
 462 
5.1.1. To ensure the health of the imaged cells, maintain the temperature at 37 °C in the imaging 463 
chamber. Use a peristaltic pump to pass humidified 5% CO2 over the sample at 15 mL/min to 464 
maintain the pH. 465 
 466 
5.1.2. Alternatively, if CO2 control is unavailable, use live imaging media containing HEPES to 467 
prevent from large pH changes.  468 
 469 
5.2. Open the MDA tool and set up with FRET imaging parameters, including the different filter 470 
sets. 471 
 472 
5.3. Save this MDA to the experimental folder with the name of MDA_FRET_Date. 473 
 474 
5.4. Set up another MDA with FRAP imaging parameters, including the different filter sets, the 475 
time-lapse settings, and the journal to pulse the laser after pre-bleach acquisition. 476 
 477 
5.5. Save this MDA to the experimental folder with the name of MDA_FRAP_Date. Close the 478 
MDA window. 479 
 480 
5.6. In the toolbar at the top of the screen, select Journal | Start Recording. 481 
 482 



5.7. Open the MDA window, load the MDA_FRET_Date state and press Acquire. Then load 483 
the MDA_FRAP_Date state and press Acquire. 484 
 485 
5.8. At the end of the acquisition, in the toolbar at the top of the screen, select Journal | Stop 486 
Recording. 487 
 488 
5.9. Save this journal to the experimental folder with the name of FRETFRAP_Date and add it 489 
to a toolbar for easy access. Close the MDA window. 490 
 491 
5.10. Place one of the generated samples of the cells expressing the tension sensor into the 492 
microscope holder for imaging. Allow to equilibrate for 10 min. 493 
 494 
5.11. Navigate the sample using the image acquisition under Acquire | Acquire with minimal 495 
exposure time and ND filter to identify the cells of interest. 496 
 497 
5.12. Set continuous autofocus by navigating to Devices | Focus. Manually focus on the sample 498 
until reaching the correct imaging plane.  499 
 500 
5.13. Click Set Continuous Focus, wait for the system to adjust, and click Start Continuous 501 
Focusing.  502 

 503 
Note: This is not required, but significantly improves quality of FRAP recovery curves because it 504 
prevents the sample from drifting out-of-focus. 505 
 506 
5.14. Find a cell expressing the tension sensor with clear localization to a structure of interest 507 
and snap an image. 508 
 509 
5.15. Draw a rectangular ROI to highlight where to bleach. Store the ROI location. 510 
 511 
5.16. Initialize the FRETFRAP_Date journal, which will begin the acquisition of FRET images 512 
followed by the initialization of the FRAP time-lapse. 513 
 514 
5.17. Repeat Steps 5.14-5.16 until 10-15 image sets are acquired.  515 
 516 
Note: Measurement cannot be repeated in the same cell. Once photobleaching occurs, FRET data 517 
is unreliable. 518 
 519 
6. Analyze FRET-FRAP data 520 
 521 
6.1. Analyze the FRET images using the software of choice.  522 
 523 
Note: There are several ways to image and quantitate FRET61, including ratiometric FRET62 and 524 
FRET index34,35. However, it is highly recommended to use the estimates of FRET efficiency55,63 525 
for the interpretation of FRET-FRAP data. See the Discussion for further exploration of this topic. 526 



For sensitized emission and calculation of FRET efficiency, custom software is available from the 527 
Hoffman Lab at https://gitlab.oit.duke.edu/HoffmanLab-Public. 528 
 529 
6.2. Quantify relevant parameters for each subcellular structure that was bleached. This 530 
should include average FRET index/efficiency and average initial acceptor intensity (proportional 531 
to concentration) but could also include physical parameters such as ROI size.  532 
 533 
6.3. Analyze the FRAP images using the software of choice.  534 
 535 
Note: There are several ways to quantitate FRAP26-29. Key experimental concerns include 536 
accounting for bleaching during post-bleach imaging, changes in background intensity, and 537 
translocation of highly dynamic subcellular structures, such as focal adhesions. Bleaching 538 
corrections and variations in background illumination can be accomplished through the analysis 539 
of non-bleached and non-fluorescent regions of the images. Highly dynamic subcellular 540 
structures, particularly those showing excessive growth or disassembly dynamics are 541 
incompatible with standard FRAP analyses and should not be analyzed. Additionally, there are a 542 
variety of ways to normalize the data. The provided guidelines are for the simplest analysis. 543 
 544 
6.4. Correct the recovery data for bleaching effects and then normalize to pre-bleach 545 
intensities. Quantify the half-time of recovery and the mobile fraction according to the following 546 
equation28,34: 547 

𝑀𝐹 − (𝑀𝐹 − 𝑅𝑜)𝑒
−𝑘𝑡 548 

where 𝑀𝐹 is the mobile fraction, 𝑅𝑜 is the initial recovery, and k is the recovery rate. The half-549 
time of the recovery is determined by:  550 
𝜏1/2 = ln2/𝑘. 551 

 552 
Note: There are a variety of publicly-available software packages for completing these analyses64 553 
as well as a variety of ImageJ plugins. Custom software is available from the Hoffman Lab at 554 
https://gitlab.oit.duke.edu/HoffmanLab-Public. More analyses should be used for the situations 555 
where the diffusion affects the dynamics of the protein of interest, multiple time scales are 556 
apparent in the recovery, or non-standard bleaching geometries are used.  557 
 558 
7. Interpret FRET-FRAP data 559 
 560 
7.1 Compile relevant information for each ROI including: FRET index/efficiency, acceptor 561 
intensity, FRAP half-time, FRAP mobile fraction. 562 
 563 
Note: FRET index or efficiency is used to determine average load across the protein within the 564 
ROI. Acceptor intensity measures the local concentration of the protein. The half time of recovery 565 
is a measure of protein dynamics. A smaller half-time indicates more rapid turnover. FRAP mobile 566 
fraction measures the amount of protein within the ROI that is actively turning over. A larger 567 
mobile fraction indicates that a larger percentage of the protein within the ROI is turning over. 568 
 569 



7.2. To probe the effect of local concentration on protein turnover rate and amount, plot FRAP 570 
half-time and mobile fraction against initial acceptor intensity. 571 
 572 
7.3. To probe the effect of protein load on protein turnover rate and amount, plot FRAP half-573 
time and mobile fraction against FRET index/efficiency. 574 
 575 
Note: Depending on the protein or structure, it may also be interesting to examine effects of 576 
physical parameters, such as structure size or eccentricity, on protein load or turnover. 577 
 578 
REPRESENTATIVE RESULTS: 579 
FRET-FRAP is made up of the combination of two fluorescent techniques, FRET and FRAP. As we 580 
focused on the effects of protein load, we used FRET-based tension sensors34,46. These sensors 581 
are often based on a tension sensing module consisting of two fluorescent proteins, such as 582 
mTFP1 and VenusA206K, connected by a flagelliform linker (Figure 1A). When the module is 583 
placed between the head and tail domains of a protein, it is possible to measure the load exerted 584 
across the protein. When analyzing FRET data, images taken in the acceptor channel are used to 585 
assess tension sensor localization and concentration, as this signal is independent of FRET (Figure 586 
1B). After the calculation of FRET efficiency, protein load can be visualized on a colorimetric scale 587 
where a decrease in FRET efficiency toward cooler colors indicates an increase in protein load, 588 
and FRET efficiencies in the red range indicate low protein load (Figure 1B). FRAP imaging is 589 
conducted by using a laser to bleach the acceptor fluorophore in a single subcellular structure 590 
and monitor recovery over time (Figure 1C). The resulting normalized FRAP curve can be analyzed 591 
to extract parameters describing the protein dynamics, including the half-time of recovery and 592 
mobile fraction (Figure 1D). Because FRET and FRAP analyses were performed on the same cell, 593 
the average protein load and turnover in a subcellular structure can be plotted as a single point. 594 
Imaging multiple cells yields multiple points and an emerging trend can indicate whether a 595 
protein is destabilized (Figure 1E) or stabilized by molecular load (Figure 1F). 596 
 597 
The vinculin tension sensor (VinTS) stably expressed in vinculin null MEFs very clearly localizes to 598 
FAs spread throughout the cell, as seen by looking at the acceptor channel image (Figure 2A). 599 
The acceptor channel image is used to create a segmentation mask that identifies each individual 600 
FA with a unique ID, visually designated by different colors (Figure 2B). The segmentation 601 
algorithm is based on the “water” method and labels the FAs approximately in order of 602 
brightness, as previously described34,65. The segmentation results are converted to a binary mask 603 
which is then applied to the FRET efficiency results (Figure 2C), and the average FRET efficiency 604 
within each unique FA is calculated (Figure 2D). Additional properties can be calculated for each 605 
FA in a similar manner, including average acceptor intensity, size, eccentricity, and location within 606 
the cell. This way, whichever FA is chosen for FRAP, can be matched to the unique FA ID and the 607 
associated properties. 608 
 609 
FRAP imaging and analysis is sensitive to several factors that can be controlled, including laser 610 
and imaging parameters, and some factors that cannot be controlled, such as overall FA 611 
stability26-29. For example, too much exposure to light during the time-lapse imaging can lead to 612 
major issues in interpreting FRAP data. Although the analysis of control FAs that were not 613 



bleached can be used to normalize for minor photobleaching over time, with too much exposure 614 
of the sample to light, the resulting FRAP curve shows an initial recovery followed by a dip in 615 
normalized intensity that cannot be accurately fit with an exponential function. If this effect is 616 
consistently observed in the data, it is necessary to re-optimize the imaging parameters to either 617 
decrease exposure time, increase the time-step between imaging frames, or decrease the length 618 
of the time-lapse to reduce the exposure of the sample to light. 619 
 620 
Another example of FRAP data that is uninterpretable, is when the FA that was photobleached 621 
translocates rapidly during recovery28. A representative case of excessive translocation is shown 622 
in Figure 3. The initial image, where the ROIs are chosen, does not give an indication of FA stability 623 
(Figure 3A). Monitoring the bleached FA over time, it quickly moves away from the initial position 624 
and the automated tracking is unable to immediately follow due to the low fluorescent signal 625 
following photobleaching (Figure 3A). The resulting FRAP curve shows an initial phase of slight 626 
recovery with a jump when the fluorescence is recovered enough for the software to detect the 627 
FA and move the ROI (Figure 3B). This curve cannot be successfully fit by an exponential function. 628 
The rapid translocation of the FA also suggests that the FA structure is unstable. Thus, unstable 629 
FAs should not be included in the same FRET-FRAP analysis as stable FAs, due to both technical 630 
and biological issues. 631 
 632 
With satisfactory FRET and FRAP data, the next step is completing the FRET-FRAP analysis by 633 
simultaneously assessing protein load and dynamics. Figure 4A shows the FRET efficiency maps 634 
of three vinculin null MEFs stably expressing VinTS. The FAs outlined in white were chosen for 635 
FRAP analysis, and the acceptor intensities are shown over time. These three FAs have vinculin 636 
under different amounts of load and display a different vinculin recovery profile. Quantifying 637 
these properties by calculating the half-time of recovery and plotting against the average FRET 638 
efficiency in each FA demonstrates the overall trend of vinculin being stabilized by increased load 639 
(Figure 4B). However, the mobile fraction plotted against FRET efficiency shows no trend, 640 
suggesting that mobile fraction is not regulated by molecular load (Figure 4C). Introducing a point 641 
mutation into the VinTS at amino acid 50 (A50I) has been shown to prevent vinculin binding to a 642 
major binding partner within FAs, talin66. The alteration of this protein-protein interaction affects 643 
vinculin force-sensitive dynamics. Vinculin null MEFs stably expressing VinTS A50I have different 644 
cell and FA morphologies, different vinculin loading profiles, and different vinculin dynamics 645 
(Figure 4D). Quantifying the half-times of recovery and FRET efficiencies and plotting shows that 646 
when the vinculin-talin interaction is disturbed, vinculin at FAs is destabilized by increased load 647 
(Figure 4E) while mobile fraction shows no trend (Figure 4F). 648 
 649 
FIGURE AND TABLE LEGENDS: 650 
Figure 1. Principles of FRET-FRAP technique. (A) Schematic of the FRET-based tension sensor 651 
module (TSMod) inserted into a protein of interest and the effect of tension on the FRET signal. 652 
(B) To quantify FRET using sensitized emission, images are taken to capture donor signal (not 653 
shown), acceptor signal, and FRET signal. With appropriate corrections, the FRET image can be 654 
assigned a colorimetric scale to visualize how much tension is being applied to the sensor. (C) 655 
FRAP is conducted using the acceptor signal, which is directly proportional to the concentration. 656 
(D) FRAP imaging analysis produces curves of fluorescence intensity over time that can be fit 657 



using mathematical models to determine protein dynamics. (E, F) When FRET and FRAP are 658 
combined, force and turnover in a single FA can be measured. Measuring multiple FAs in multiple 659 
cells yields a relationship between protein load and protein turnover. In this analysis, a 660 
relationship in which increased load correlates with increased turnover is referred to as a force-661 
destabilized state (E). In this analysis, a relationship in which increased load correlates with 662 
decrease turnover is referred to as a force-stabilized state (F). This figure has been modified from 663 
Rothenberg et al.37. 664 
 665 
Figure 2. FA identification and FRET analysis. (A) A vinculin null MEF expressing the VinTS 666 
visualized in the acceptor channel, where the intensity indicates local concentration of vinculin. 667 
Scale bar = 30 µm. (B) FAs are segmented based on the acceptor channel to create a FA ID mask 668 
where each FA is assigned a unique ID, here shown as different colors, approximately in order of 669 
brightness. (C) The FA ID mask is converted to a binary mask and applied to the FRET efficiency 670 
image to show the FRET efficiency values only at FAs. (D) The FRET efficiency within each FA is 671 
averaged to obtain a single value for each FA, which is associated with the FA ID in the output 672 
data table. 673 
 674 
Figure 3. Example of a translocating FA. (A) A vinculin null MEF expressing the VinTS A50I mutant 675 
sensor is visualized in the acceptor channel, with the color table inverted for clarity. Scale bar = 676 
30 µm. The FA outlined in black was selected for bleaching. Zoomed-in images show the FA 677 
progression over time with the red outline indicating where the software identified the FA. Scale 678 
bar = 2 µm. (B) The resulting normalized FRAP curve from data in (A). There is an approximately 679 
5% jump in intensity following point 3 resulting from the FA translocating quickly before sufficient 680 
recovery for the software to detect the change in FA location. 681 
 682 
Figure 4. Representative FRET-FRAP results. (A) Vinculin null MEFs expressing the VinTS 683 
displayed as average FRET efficiency images of the entire cell (scale bar = 30 µm) with zoomed-684 
in inverted acceptor channel images showing FRAP recovery progression (scale bar = 2 µm). (B) 685 
FRAP half-time of recovery plotted against FRET efficiency for 32 cells, with the points 686 
representing cells in (A) highlighted in red. (C) FRAP mobile fraction plotted against FRET 687 
efficiency for the same cells in (B). (D) Vinculin null MEFs expressing the VinTS A50I mutant sensor 688 
displayed as average FRET efficiency images of the entire cell (scale bar = 30 µm) with zoomed-689 
in inverted acceptor channel images showing FRAP recovery progression (scale bar = 2 µm). (E) 690 
FRAP half-time of recovery plotted against FRET efficiency for 21 cells, with the points 691 
representing cells in (D) highlighted in red. (F) FRAP mobile fraction plotted against FRET 692 
efficiency for the same cells in (E). Data were originally published in Rothenberg et al.37 and are 693 
visualized here in a new format. 694 
 695 
DISCUSSION: 696 
The FRET-FRAP method allows for direct measurement of force-sensitive protein dynamics, a 697 
property that has been difficult to directly probe inside living cells. The sensitivity of protein 698 
dynamics to molecular load is critical to the protein’s function as a force transmitter or 699 
transducer. Loading is required for the transmission of both internally-generated and externally-700 
applied forces, called mechanotransmission, and for the conversion of those forces into 701 



biochemically-detectable signals, called mechanotransduction. However, the alterations in load 702 
can affect the duration a protein stays bound, thus, the less time a protein spends bearing load, 703 
the less chance the force has to be transmitted to other proteins or transduced into a 704 
biochemically-detectable signal and sensed. The FRET-FRAP method bridges the gap between the 705 
molecular and cellular level by allowing molecular-scale measurements of force-sensitive 706 
dynamics to be accessed within a broader cellular context. Furthermore, it allows for these 707 
measurements to be taken while perturbing the intracellular or extracellular environment either 708 
biochemically or mechanically. This technique should be applicable to any FRET-based tension 709 
sensor, allowing for the investigation of protein mechanical state in a variety of subcellular 710 
structures and extracellular contexts. 711 
 712 
Critical steps in ensuring that the desired FRET-FRAP measurements are obtained involve 713 
optimizing the imaging parameters and performing data analysis and interpretation. Optimizing 714 
the imaging parameters, as described within the protocol, is necessary to limit the photodamage 715 
to the sample, while allowing for the desired structures and dynamics to be distinguished and for 716 
sufficient signal strength for the calculation of FRET. Establishing these imaging parameters for a 717 
particular cell line and protein of interest early on will facilitate direct comparison between 718 
different experimental groups. It is worth noting that alterations to the system, such as mutating 719 
the protein of interest or introducing inhibitors, can lead to changes in protein localization 720 
(thereby altering signal intensity) and dynamics. The optimized parameters should enable clear, 721 
accurate measurements across all experimental conditions. Therefore, it is recommended to 722 
choose the parameters that are not at the extreme end of being useful, for example, being able 723 
to barely distinguish signal from noise.  724 
 725 
While the imaging in this protocol was described for an epifluorescence microscope and attached 726 
FRAP laser module, FRET-FRAP is applicable to other imaging systems. For example, this 727 
technique can be adapted to line-scanning confocal microscopes as well as spinning-disk confocal 728 
microscopes with an attached photobleaching module. Imaging settings should be optimized in 729 
an analogous fashion to achieve adequate signal-to-noise without causing photodamage or 730 
excessive photobleaching. Particularly concerning FRET imaging, high quantum efficiency 731 
detectors are required to obtain sufficient signal for successful FRET calculation without inducing 732 
fluorophore damage. There are a number of publications describing separate FRET or FRAP 733 
imaging using a confocal microscope67-69, which can be used to guide optimization for FRET-FRAP 734 
imaging. 735 
 736 
Following the experiment, data analysis should be treated carefully and performed in a 737 
reproducible, preferably automated, manner. Due to the inability to bleach more than 2-3 738 
subcellular regions in a single cell before bleaching too much of the available pool of protein, the 739 
throughput of this technique is relatively limited. Thus, data sets are often combined across 740 
multiple days of imaging, requiring consistent treatment of data. Both FRET and FRAP offer 741 
challenges with data analysis. FRET index and FRET efficiency measurements allow for a 742 
quantification of protein load. FRET index is a relative measure that is highly dependent on 743 
microscope settings, while FRET efficiency measurements are absolute and independent of 744 
microscope settings55,70. We have recently shown that a previously developed method using 745 



“three-cube” imaging can be used to determine FRET efficiency from measurements of sensitized 746 
emission that are typically quantified with FRET Index when using FRET-based tension sensors56. 747 
The measurements of FRET efficiency are required if the measurements of the absolute forces 748 
experience by the tension sensors are to be calculated34. The cells expressing FRET-based tension 749 
sensors, especially stable cells at high passage numbers, may recombine or degrade the sensors, 750 
leading to unusable FRET data50. This is easily identified when calculating donor-to-acceptor 751 
ratios during the calculation of FRET efficiency37,56 but may be harder to detect using FRET index. 752 
When starting with a FRET-based tension sensor, it can be helpful to obtain a large data set (>50 753 
cells) of only FRET data for the constructs of interest to identify the expected range of FRET 754 
efficiencies. Additionally, FRAP data may be difficult to extract from structures that are very 755 
mobile, such as FAs that are rapidly sliding or disassembling. Selecting a subpopulation of 756 
structures or optimizing cell plating conditions to mitigate this effect can help to minimize this 757 
issue.  758 
 759 
In concept, FRET-FRAP can be applied to any FRET-based sensor in any subcellular region, with 760 
proper optimization. In practice, it may be difficult to capture force-sensitive dynamics of 761 
proteins that are not under substantial mechanical load or that have half-times of recovery on 762 
the very short timescale of a few seconds or on the long timescale of tens of minutes. Results 763 
from single-molecule studies can point to the proteins that may demonstrate force-sensitive 764 
dynamics within living cells. Thus, far this includes many FA and AJ proteins13-16 as well as some 765 
cytoskeletal elements71-73. Fortuitously, FRET-based sensors have been designed for many of 766 
these proteins46. These results can guide the selection of a protein of interest; however, it should 767 
not be expected that FRET-FRAP data will exactly mirror the results from these single-molecule 768 
studies. In fact, biochemical regulation, interactions with other proteins, and local cytoskeletal 769 
structure may obscure, or alter, the effects of forces on protein-protein interactions. The ability 770 
to observe these complexities is a unique strength of the FRET-FRAP approach.  771 
 772 
A combination of manipulations to the cell and the protein of interest can be used to elucidate 773 
the important factors in regulating protein dynamics. For example, it can be helpful to have a 774 
sensor that is force-insensitive, either through the deletion or mutation of a force-binding 775 
domain35,74 as there should be no dependence of the protein turnover dynamics on the force 776 
reported by the sensor. Additionally, the mutations of other critical binding sites or 777 
phosphorylation sites in the protein can provide a more complete picture of how the protein of 778 
interest is being regulated. Making global changes to the cell or the environment through 779 
cytoskeletal inhibitors or by changing the substrate properties (ex. extracellular matrix or 780 
stiffness), respectively, can help determine how the force-sensitive dynamics of the protein 781 
respond to mechanical perturbations. Combining the information on protein load and force-782 
sensitive dynamics with other biophysical properties of the protein can help to establish the 783 
mechanical state of the protein of interest. This can include the localization and local protein-784 
protein interactions within a subcellular structure75,76. Additionally, the protein could reside in 785 
different conformation states, even within the same subcellular structure, depending on 786 
context76,77. Protein load, dynamics, localization, and conformation can all be simultaneously 787 
affected by internally-generated and externally-applied forces37,76,78,79, dictating a protein’s role 788 
in force transmission and mechanotransduction. The versatility of the FRET-FRAP method and its 789 



potential compatibility with a variety of proteins and manipulations should enable the 790 
elucidation of the interaction between bulk mechanics, protein dynamics, and mechanosensitive 791 
signaling. 792 
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4. Retention of Rights in Article.  Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included.  All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video – Standard Access.  This Section 5
applies if the “Standard Access” box has been checked in Item
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consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video.  To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE. 

6. Grant of Rights in Video – Open Access.  This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above.  In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
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extracts of the Video or other Derivative Works or Collective
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adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above.  The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees.  If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such

statute.  In such case, all provisions contained herein that are 
not in conflict with such statute shall remain in full force and 
effect, and all provisions contained herein that do so conflict 
shall be deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 

8. Likeness, Privacy, Personality.  The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties.  The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials.  If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party.  The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion.  If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution.  If more than one
author is listed at the beginning of this Agreement, JoVE may, 
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author.  JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE.  JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the 
Author’s institution as necessary to make the Video, whether 
actually published or not.  JoVE has sole discretion as to the 
method of making and publishing the Materials, including, 
without limitation, to all decisions regarding editing, lighting, 
filming, timing of publication, if any, length, quality, content 
and the like. 
 
11.  Indemnification.  The Author agrees to indemnify JoVE 
and/or its successors and assigns from and against any and all 
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Re: Article Number JoVE58619  

Title: “Measurement of force-sensitive protein dynamics in living cells using a combination of fluorescent 

techniques” 

 

Response to Editor and Reviewer Comments: 

 

We thank the editor and the reviewers for their detailed reading and thoughtful comments regarding our 

manuscript. We have done our best to address all comments and, as a result, the manuscript is significant 

improved. 

 

Editorial comments: 

Changes to be made by the Author(s) regarding the written manuscript: 

 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or 

grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in the submitted revision may 

be present in the published version. 

 

We have thoroughly proofread the manuscript and believe there are not errors.  

 

2. Please obtain explicit copyright permission to reuse any figures from a previous publication. Explicit permission 

can be expressed in the form of a letter from the editor or a link to the editorial policy that allows re-prints. Please 

upload this information as a .doc or .docx file to your Editorial Manager account. The Figure must be cited 

appropriately in the Figure Legend, i.e. “This figure has been modified from [citation].” 

 

The copyright for the figures was obtained before the first submission and not significant changes have been 

made.  

 

3. Please provide an email address for each author. 

 

This has been done.  

 

4. Please rephrase the Short Abstract to clearly describe the protocol and its applications in complete sentences 

between 10-50 words: “Here, we present a protocol to …” 

 

The short abstract has been re-written:  

 

Here, we present a protocol for the simultaneous use of Förster Resonance Energy Transfer-based tension 

sensors to measure protein load and Fluorescence Recovery After Photobleaching to measure protein dynamics 

enabling the measurement of force-sensitive protein dynamics within living cells. 

 

5. Please rephrase the Long Abstract to more clearly state the goal of the protocol. 

 

This point has been addressed through the addition of the following sentence to the Long abstract.  

 

“Here we describe a protocol for the Förster Resonance Energy Transfer-Fluorescence Recovery After 

Photobleaching (FRET-FRAP) technique, which enables the measurement of force-sensitive protein dynamics 

within living cells.” 

 

6. Please rephrase the Introduction to include a clear statement of the overall goal of this method. 

 

We had edited the Introduction to clearly state the overall goal of the method. Especially the following 

sentence in the final paragraph:  

 

Rebuttal Letter Click here to download Rebuttal Letter Rebuttal_Letter.pdf 

http://www.editorialmanager.com/jove/download.aspx?id=876875&guid=435d874c-bb96-4670-a272-a32aaea5481a&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=876875&guid=435d874c-bb96-4670-a272-a32aaea5481a&scheme=1


“Here we present a protocol that combines FRET-based tension sensors with FRAP-based measure of protein 

dynamics. We refer to this technique as FRET-FRAP. This approach enables the simultaneous measurement of 

protein load and protein dynamics, thus enabling assessment of the force-sensitive dynamics of proteins in 

living cells (Figure 1).” 

 

7. Please define all abbreviations before use. 

 

We believe we have properly defined all abbreviations.  

 

 

 

8. Please use SI abbreviations for all units: L, mL, µL, h, min, s, etc. 

 

We believe we have used SI abbreviations for all units 

 

9. Please include a space between all numbers and their corresponding units: 15 mL, 37 °C, 60 s; etc. 

We believe we have put space after all number.  

 

10. Please remove all commercial language from your manuscript and use generic terms instead. All commercial 

products should be sufficiently referenced in the Table of Materials and Reagents. For example: Metamorph, 

MATLAB, etc. 

 

We believe we have removed these. A search of Metamorph and MATLAB revels no occurrences.  

 

11. Please revise the protocol text to avoid the use of any personal pronouns (e.g., "we", "you", "our" etc.). 

 

Searching for these terms, reveals no more occurrences of personal pronouns in the protocol.  

 

12. Please revise the protocol to contain only action items that direct the reader to do something (e.g., “Do this,” 

“Ensure that,” etc.). The actions should be described in the imperative tense in complete sentences wherever 

possible. Avoid usage of phrases such as “could be,” “should be,” and “would be” throughout the Protocol. Any 

text that cannot be written in the imperative tense may be added as a “Note.” Please include all safety procedures 

and use of hoods, etc. Please move the discussion about the protocol to the Discussion. 

 

We believe that the protocol only contains action items directing the reader to do something and that these 

items are written in the imperative tense.  

 

13. Please add more details to your protocol steps. There should be enough detail in each step to supplement the 

actions seen in the video so that viewers can easily replicate the protocol. Please ensure you answer the “how” 

question, i.e., how is the step performed? Alternatively, add references to published material specifying how to 

perform the protocol action. 

 

We believe we have added sufficient detail to any potentially confusing steps. We also believe we have 

answered the “how” question and referenced published material when necessary.  

 

14. 1.1.1: Please describe how this is done. 

 

We have provided references to protocols describing this procedure 

 

15. 1.3.3: Please provide composition of the complete media. 

 

Composition for complete media has been added.  

 

16. 1.3.7: Please provide composition of the imaging media. Please also specify the volume of imaging media 

used. 



 

The composition of the imaging media has been specified in a note as in contains a commercial production. The 

volume of imaging medium has been added.  

 

17. 5.1: Please mention how CO2 is controlled. 

 

CO2 control and more details regarding live imaging have been added.  

 

 

 

18. After you have made all the recommended changes to your protocol (listed above), please highlight 2.75 

pages or less of the Protocol (including headings and spacing) that identifies the essential steps of the protocol for 

the video, i.e., the steps that should be visualized to tell the most cohesive story of the Protocol. 

 

We have highlighted less than 2.75 pages that identify the essential steps of the protocol for the video.  

 

19. Please highlight complete sentences (not parts of sentences). Please ensure that the highlighted part of the 

step includes at least one action that is written in imperative tense. 

 

The highlighted portion is written in complete sentences with actions in the imperative tense.  

 

20. Please include all relevant details that are required to perform the step in the highlighting. For example: If step 

2.5 is highlighted for filming and the details of how to perform the step are given in steps 2.5.1 and 2.5.2, then the 

sub-steps where the details are provided must be highlighted. 

 

We believe that sufficient detail to preform the highlighted steps is written.  

 

21. References: Please do not abbreviate journal titles. 

 

References have been edited to display the full journal titles.  

 

Reviewers' comments: 

 

Reviewer #1: 

Manuscript Summary: 

This work by Rothenberg and Hoffman describes a new methodology based on the simultaneous combination of 

FRET and FRAP techniques for the measurement of protein dynamics within living cells. The authors applied this 

methodology to measure the response of focal adhesions due to molecular load, and in particular on vinculin. This 

new methodology is interesting to measure the mechanotransductive properties of force-sensitive proteins, and 

could be applied to many other types of mechanosensitive proteins and cellular structures. Even though the 

described technique is highly complex and some practixe will be required to master it, in the opinion of this 

referee the manuscript provides interesting results based on the original publication of the same authors. 

However, there are minor problems that the authors need to address before being accepted for publication. See 

below other comments and concerns. 

 

We thank the reviewer the detailed reading of the manuscript and positive outlook on the usefulness of this 

technique.  

 

Major Concerns: 

In general, more clarification and caution notes are missing below each point of the protocol. These notes should 

provide further information about security issues, alternative methods, or tips, among other informations. 

Authors are therefore encouraged to add more notes in this regard. 

 

We agree with the reviewer and added substantial more notes. Unfortunately, the additions are too numerous 

to include in the letter. 



 

For clarity, please consider adding a brief paragraph about future improvements of the described techniques at 

the end of the manuscript. 

 

We feel that it will confuse readers to have a description of other possible techniques at the end of this 

protocol paper, and therefore have chosen not to complete this suggestion.  

 

Minor Concerns: 

INTRODUCTION SECTION 

 

 

1) Page 3, Paragraphs 3-4: The mechanoresponsive properties of focal adhesions and cadherins must be described 

by commenting on the pioneering works from Sasha Bershadsky and Daniel Riveline. The following works need to 

be included in the Introduction section: 

-Riveline et al, Focal contacts as mechanosensors: externally applied local mechanical force induces growth of 

focal contacts by an mDia1-dependent and ROCK-independent mechanism. J Cell Biol. 2001, 153(6):1175-86. 

-Brevier et al, Force-extension relationship of cell-cell contacts. Phys Rev Lett. 2007, 98(26):268101. 

 

Citations for both works have been added.  

 

2) For clarity, a last paragraph should be included at the end of this section. It should briefly describe the protocol 

content and field of application. It should clearly state the cellular structure to be studied by means of the FRET-

FRAP methodology (i.e. vinculin). Finally, to differentiate from the original publication, the authors must clarify 

that directed cell migration will not be addressed in this protocol, but only the FRET-FRAP technique. 

 

We agree that the last paragraph of the introduction needed more refinement. It has been edited with the 

reviewer’s comments in mind.  

 

Unlike previous approaches in mechanobiology, the advent of FRET-based tension sensors allows direct 

measurement of loads experienced by specific proteins inside living cells. Here we present a protocol that 

combines FRET-based tension sensors with FRAP-based measure of protein dynamics. We refer to this 

technique as FRET-FRAP. This approach enables the simultaneous measurement of protein load and protein 

dynamics, thus allowing assessment of the force-sensitive dynamics of proteins in living cells (Figure 1). 

Already, the FRET-FRAP technique has been applied to the study of the force-sensitive dynamics of the 

mechanical linker protein vinculin. Tension sensors have been developed for numerous proteins that are 

relevant in a variety of subcellular structures. For example, sensors have been developed for vinculin and talin 

in FAs, cadherins and catenins in AJs, nesprin in the nuclear LINC complex, α-actinin and filamin in the 

cytoskeleton, and MUC-1 in the glycocalyx, among others. Similarly, FRAP is a commonly use technique has 

been used on mechanosensitive proteins within the focal adhesions, adherens junctions, actin cortex, and 

nucleus. Moving forward, the FRET-FRAP technique should be broadly applicable to any of these existing 

sensors or newly developed sensors, allowing for measurements of force-sensitive dynamics in a wide variety 

of cellular structures and contexts. Towards this end, we provide a detailed, generalized protocol for 

implementing the FRET-FRAP technique applicable in these different systems.  Hopefully, this will enable a wide 

variety of experiments elucidating the roles of various mechanosensitive proteins in regulating force 

transmission and in mediating cell behavior. 

 

Given the title of the manuscript, as well as alterations to the summary and introduction, we do not feel it is 

necessary to explicitly state the protocols regarding the study of directed cell migration are not addressed in 

the manuscript.  

 

PROTOCOL 

1) Page 4, point 1.1.3: Full details about the MEFs cells should be provided. 

 



The protocol has been changed to focus on a “desired cell type”. As there is no reason to suspect that FRET-

FRAP will only work in one cell type, we believe the level of detailed now provided is appropriate. If researchers 

seek to reproduce the exact results of the Biophysical Journal paper, the details of the MEFs are provided there.  

 

2) Page 4, point 1.1.4: This should be included as a note below point 1.1.3. 

 

This change has been made. 

 

3) Page 4, section 1.2.1: Hyphen in "35-mm". Consider removing to be consistent with 1.3.1. 

 

This change has been made 

 

 

 

4) Page 5, section 1.2.2: "invert" what? Include PBS 1x instead of just PBS (this is valid for the entire manuscript; 

please, correct). 

 

The specification of the use of canonical tube has been specified in section 1.2.2. As we only discuss standard 

PBS, we feel the nomenclature of 1x PBS is redundant.   

 

5) Page 5, section 1.2.3: Replace "solution" by "fibronectin solution"; Replace "hr" by "h" (the same in 1.3.7; 

Please, check the entire manuscript). 

 

Both corrections have been made. We have searched and all use of h for hour have been removed.  

 

6) Page 5, section 1.3.1. Give full details about the culturing conditions, i.e. type of media, serum, etc. Define the 

"complete media" in this section. 

 

Details regarding culture conditions was added.  

 

7) Page 6, section 2.2: Please, provide the actual experimental values used in all the subsections 2.2.x. 

 

This section regards the calibration of the laser used the FRAP, and the pertinent value are listed. We think the 

reviewer is referencing Section 3 and have provided the pertinent parameters.  

 

8) Page 8, section 4.1.4: Provide full technical details about the laser for FRAP experiments. 

 

Details regarding the laser for FRAP experiments have been added.  

 

9) Page 8, section 4.2.1: Provide full details about cell culture conditions: temperature (i.e. 37ºC?) and CO_2 level 

(5%?). Idem in section 5.1. 

 

Pertinent details have been added to both sections. Additionally, the specific live cell imaging chamber we use 

is listed in associated spreadsheet.  

 

10) Page 8, section 4.2.3. Provide references. 

 

Appropriate references have been added. .  

 

FIGURES 

1) Figure 4A, 4D: Provide color bars next to the figures. 

 

The requested change to the figure has been made.  

 

2) Figure 4C and 4F: Remove fitting. The points show no trend. 



 

We believe that indicating the lack of trend by a flat line is suitable.  

 

REFERENCES 

1) Short name in some publications is missing (e.g. see ref. 16, 23,...). 

 

This issue has been fixed for all references. 

 

MATERIAL/EQUIPMENT 

1) For clarity, re-order the different items in alphabetical order. 

 

 

 

Items have been alphabetized.  

 

Reviewer #2: 

Manuscript Summary: 

Overall this is a timely protocol article on the FRET-FRAP technique, which was recently published by the Hoffman 

group. Two existing techniques FRAP and FRET (which by themselves are widely used) are being combined to 

understand the relationship between tensile forces and protein turnover. 

 

We thank for the reviewer for their positive assessment of the manuscript.  

 

Major Concerns: 

No major concerns are noted. 

 

Minor Concerns: 

Some of the text is highlighted in yellow. This seems to be an obvious oversight, perhaps a draft copy was 

uploaded? 

 

Highlighted text in yellow represents text that will be used for the video portion, a formatting requested by 

JOVE.  

 

There is a bit of discussion on FRET efficiency vs index measurements. Could the authors link to a JOVE or other 

protocols paper that discusses FRET and how to apply efficiency measurements? As written it is not clear to a new 

user how one would go about measuring FRET and different approaches that could be taken. 

 

We have added an extended discussion of FRET and several key citations throughout the manuscript.  The key 

paragraph from the Discussion section is pasted below for convenience.  The citations have been removed for 

clarity.  

 

“FRET index and FRET efficiency measurements allow for a quantification of protein load. FRET index is a 

relative measure that is highly dependent on microscope settings, while FRET efficiency measurements are 

absolute and independent of microscope settings. We have recently shown that a previously developed 

method using “three-cube” imaging can be used to determine FRET efficiency from measurements of sensitized 

emission that are typically quantified with FRET Index when using FRET-based tension sensors. Measurements 

of FRET efficiency are required if measurements of the absolute forces experience by the tension sensors are to 

be calculated. 

 

 

 

 


