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SUMMARY:  24 
We describe a comprehensive and practical protocol for fluorescence recovery after 25 
photobleaching experiments with live cells. Although the protocol was used to measure the 26 
mobility of yellow fluorescent protein-tagged p62 in aggresome-like induced structures, it can be 27 
applied to a variety of microscopy systems and fluorescent proteins.  28 
 29 
ABSTRACT:  30 
Fluorescence recovery after photobleaching (FRAP) is a microscopy technique that can be used 31 
to quantify protein mobility in live cells. In a typical FRAP experiment, steady-state fluorescence 32 
is observed by repeated imaging with low-intensity laser light. Subsequently, the fluorescent 33 
molecules are rapidly and irreversibly impaired via brief exposure to high-intensity laser light. 34 
Information about protein mobility is obtained by monitoring the recovery of fluorescence. We 35 
used FRAP to determine the mobility of p62 in aggresome-like induced structures (ALIS) in murine 36 
macrophages after stimulation with lipopolysaccharide (LPS). Because many existing FRAP 37 
protocols are either incomplete or complex, our goal was to provide a comprehensive, practical, 38 
and straightforward step-by-step protocol for FRAP experiments with live cells. Here, we describe 39 
RAW264.7 macrophage transfection with yellow fluorescent protein-p62 (YFP-p62), induction of 40 
ALIS by exposing the cells to LPS, and a step-by-step method for collecting prebleach and 41 
postbleach FRAP images and data analysis. Finally, we discuss important factors to consider when 42 
conducting a FRAP experiment. 43 
 44 
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INTRODUCTION:  45 
Fluorescence recovery after photobleaching (FRAP) is a microscopy technique that can be used 46 
to quantify protein dynamics in live cells1,2. The popularity of FRAP has increased because of the 47 
widespread commercial availability of laser scanning confocal microscopes with high resolution, 48 
speed, and sensitivity, and a “rainbow” of genetically encoded fluorescent proteins, such as green 49 
fluorescent protein (GFP) and yellow fluorescent protein (YFP)3. Genetically encoded fluorescent 50 
proteins are fused to a protein of interest to allow for the subcellular localization of the protein 51 
of interest. In a typical FRAP experiment, the steady-state fluorescence in an acquisition region 52 
of interest (ROI) within a cell is observed via repeated imaging of that ROI with low-intensity laser 53 
light. Subsequently, the fluorescent molecules are rapidly and irreversibly impaired in a 54 
predefined subset of the acquisition ROI, hereafter referred to as the bleach ROI, by brief 55 
exposure to high-intensity laser light. As new unbleached proteins replenish bleached proteins 56 
over time, the speed and intensity of fluorescence recovery in the bleach ROI provides 57 
information about protein mobility (Figure 1)4.  58 
 59 
Our interest in determining the mobility of the ubiquitin binding protein p62 (also known as 60 
sequestosome-1) in aggresome-like induced structures (ALIS) in murine RAW264.7 macrophages 61 
after stimulation with lipopolysaccharide (LPS) led us to review the FRAP literature. 62 
Unfortunately, many of the existing FRAP protocols are incomplete or inordinately complex5-9. 63 
Some do not provide detailed information about the laser settings, beam path configuration, and 64 
image acquisition parameters5-9. Others omitted key details regarding data analysis, such as how 65 
to address the issue of bleach ROI drift6,9  or how to calculate important recovery parameters, 66 
including the mobile fraction (Mf), immobile fraction (If), and half-time of recovery (t½)5,7. 67 
Conversely, others placed too much emphasis on complex mathematical formulas used to 68 
calculate Mf, If, and t1/2

5,6,8,9. Thus, our purpose is to provide a comprehensive, practical, and 69 
straightforward step-by-step protocol for FRAP experiments with live cells. 70 
 71 
PROTOCOL:  72 
 73 
1. RAW264.7 Macrophage Transfection 74 
 75 
1.1. Culture 100,000 RAW264.7 cells (Table of Materials) in complete culture medium 76 
(Dulbecco’s Modified Eagle Medium (DMEM)) (Table of Materials) containing 4.5 g/L glucose 77 
supplemented with 10% fetal bovine serum (Table of Materials) and penicillin/streptomycin 78 
(Table of Materials) onto untreated 35-mm glass-bottom dishes (Table of Materials) and place 79 
the dishes in a 37 °C/5% CO2 incubator. On the following day, transfect the cells using 1 mg/mL 80 
polyethylenimine (PEI) (Table of Materials). 81 
 82 

1.2. Mix 1.5 g of YFP-p62 with 8 L of PEI into 166 L of serum-free DMEM (base medium 83 
without fetal bovine serum and penicillin/streptomycin). 84 
 85 
1.3. Let the transfection complex mixture sit at room temperature for 15 min prior to adding the 86 
mixture into each plate. 87 

 88 



   

  
 

1.4. Add the complexes to the existing medium with cells and rock the plate gently.   89 
 90 
1.5. Place the plate in a 37 °C /5% CO2 incubator overnight. 91 
 92 
1.6. The following morning, aspirate the medium off the plate, then rinse once with complete 93 
medium. Add 2 mL of complete medium to the plate and allow the cells to recover until the next 94 
day. 95 
 96 
2. Induction of ALIS with Lipopolysaccharide (LPS) 97 
 98 
2.1. The next day, aspirate the medium from the plates, then add 1 mL of complete medium 99 
containing 10 ng/mL LPS (Table of Materials). Allow the plates to incubate for 5 h in a 37 °C/5% 100 
CO2 incubator. 101 
 102 
2.2. After the LPS treatment, aspirate the medium, then add 1 mL of cold, sterile Tyrode’s 103 
buffer containing 145 mM NaCl, 5 mM KCl, 10 mM glucose, 1.5 mM CaCl2, 1.0 mM MgCl2, and 10 104 
mM HEPES (pH 7.4) to rinse the plate. 105 
 106 
2.3. Aspirate the buffer, then add 1 mL of cold, sterile Tyrode’s buffer supplemented with 10 107 

g/mL nocodazole (Table of Materials). Allow the plates to incubate at 4 °C for 15-20 min prior 108 
to FRAP imaging and analysis.  109 
 110 
NOTE: The use of Tyrode’s buffer containing HEPES as the buffering compound allows for imaging 111 
to be performed room temperature. Nocodazole was used to decrease ALIS movement by 112 
microtubules.  Culture medium contains bicarbonate as a buffering compound requiring CO2 to 113 
buffer. Otherwise, the bicarbonate contained in medium changes pH in the absence of CO2.  114 
 115 
3. Set-up of the Confocal Microscope and Selecting the Region of Interest 116 
 117 
3.1. Laser Selection and Beam Path Configuration 118 
 119 
3.1.1. Use any suitable confocal microscope (Table of Materials) equipped with AIM or ZEN 120 
software (Table of Materials) or any suitable imaging software. 121 
 122 
3.1.2. Select the 514-nm line of the Argon/2 laser, as YFP has peak excitation at 512 nm and peak 123 
emission at 527 nm. Click the Acquire button, then click the Laser button. In the Laser Control 124 
window, click Argon/2 458, 477, 488, 514 nm, then click the Standby button. After waiting ~3 125 
min for the laser to warm up, click the On button (Figure 2A).  126 
 127 
3.1.3. Set the laser power of the 514-nm Argon/2 laser line to 100% (8.6 A). Click the Acquire 128 
button, then click the Laser button. In the Laser Control window, enter 100 in the Output [%] 129 
field, then press the Enter button (Figure 2A). 130 
 131 
3.1.4. Set the transmission of the 514-nm Argon/2 laser line to 5%. Click the Acquire button, then 132 



   

  
 

the Channels button. In the Scan Control window, click the Channels button, then click the 133 
square white box to the left of the text 514 nm in the Line active column to activate the 514-nm 134 
laser line. Enter 5 in the Transmission [%] field for the 514-nm laser line (Figure 2D).  135 
 136 
3.1.5. Set the primary dichroic beam splitter (Haupt Farb Teiler (HFT)) to the HFT 458/514/561 137 
position such that these bands are deflected to the specimen for excitation. Click the Acquire 138 
button, then the Config button. In the Configuration Control window, click the Channel Mode 139 
button, then the Single Track button. Click the HFT button, then select HFT 458/514/561 from 140 
the drop-down menu (Figure 2B). 141 
 142 
3.1.6. Set the first secondary dichroic beam splitter (Neben Farb Teiler 1 (NFT1)) to the mirror 143 
position, which will deflect 100% of the light to the second secondary dichroic beam splitter 144 
(Neben Farb Teiler 2 (NFT2)). Click the Acquire button, then the Config button. In the 145 
Configuration Control window, click the Channel Mode button, then the Single Track button. 146 
Click the NFT1 button, then select Mirror from the drop-down menu (Figure 2B). 147 
 148 
3.1.7. Set the second secondary dichroic beam splitter (NFT2) to the NFT 515 position to ensure 149 
that wavelengths < 515 nm will be reflected and wavelengths > 515 nm will be transmitted. Click 150 
the Acquire button, then the Config button. In the Configuration Control window, click the 151 
Channel Mode button, then the Single Track button. Click the NFT2 button, then select NFT 515 152 
from the drop-down menu (Figure 2B). 153 
 154 
3.1.8. Set the long pass (LP) emission filter (EF) to LP 530, so that wavelengths > 530 nm will be 155 
transmitted to the photomultiplier tube (PMT, detector). Click the Acquire button, then the 156 
Config button. In the Configuration Control window, click the Channel Mode button, then the 157 
Single Track button. Click the Emission filter button, then select LP 530 from the drop-down 158 
menu (Figure 2B). 159 
 160 
3.1.9. Select Channel 3. Click the Acquire button, then the Config button. In the Configuration 161 
Control window, click the Channel Mode button, then the Single Track button. Click on the 162 
square white box to the left of the Ch3 button. 163 
 164 
3.2. Image Acquisition Set-Up 165 
 166 
3.2.1. Select the Plan-Apochromat 63×/1.40 oil objective (Table of Materials). View the specimen 167 
through the microscope eyepiece and place the ALIS in the center of the field of view. Click the 168 
Acquire button, then the Micro button. In the Microscope Control window, click on Objective, 169 
then select the Plan-Apochromat 63×/1.40 oil objective from the drop-down menu. 170 
 171 
3.2.2. Set the frame size to 512 × 512 pixels, the scan speed to 8, and the data depth to 12 bit. 172 
Click the Acquire button, then the Scan button. In the Scan Control window, click the Mode 173 
button and the Frame button, then click on the 512 button. Enter 8 in the Scan Speed field, press 174 
Enter, then click on the 12 Bit button (Figure 2C). 175 
 176 



   

  
 

3.2.3. Set the scan average to 1 and the optical zoom to 3. Click the Acquire button, then click 177 
the Scan button. In the Scan Control window, click the down arrow button of the scan average 178 
number field, then select 1 from the drop-down menu. Enter 3 in the optical zoom field, then 179 
press Enter (Figure 2C). 180 
 181 
3.2.4. Set the pinhole to 1.95 Airy units and detector gain to 582 (just below saturation). Click 182 
the Acquire button, then the Scan button. In the Scan Control window, click the Channels button, 183 
enter 196 in the Pinhole field, then press Enter. Enter 582 in the Detector Gain field, then press 184 
Enter (Figure 2D). 185 
 186 
3.2.5. Ensure that the 514-nm Argon/2 laser line is set to 100% power (8.6 A). Click the Acquire 187 
button, then the Laser button. In the Laser Control menu, the value in the Output [%] field should 188 
be 100 (Figure 2A). 189 
 190 
3.2.6. Ensure that the 514-nm Argon/2 laser line is set to 5% transmission. Click the Acquire 191 
button, then the Scan button. In the Scan Control window, the value in the Transmission [%] field 192 
for the 514-nm laser line should be 5 (Figure 2D).  193 
 194 
3.2.7. Create a square-shaped ROI (acquisition ROI) that has the dimensions 150 × 150 pixels 195 
(194.6 µm2). Click the Acquire button, then the Edit ROI button. In the Edit ROI menu, click the 196 
rectangle icon, then click and drag in the image window to create a square that has the 197 
dimensions 150 × 150 pixels (194.6 µm2) (Figure 1A).  198 
 199 
NOTE: The acquisition ROI includes (a) an ALIS of interest, (b) an area of fluorescence that is not 200 
an ALIS (control ROI) and is at least 20 × 20 pixels (3.3 µm2), and (c) an area of little to no 201 
fluorescence (background ROI) that is at least 20 × 20 pixels (3.3 µm2) (Figure 1A). It is important 202 
to include a control ROI in the acquisition ROI so that the photobleaching that may occur with 203 
repeated imaging can be controlled. The acquisition ROI that is defined here will be the only area 204 
that will be scanned. Repeated laser scanning within an acquisition ROI only will restrict 205 
photobleaching to the ROI rather than, for example, photobleaching the entire cell or several 206 
cells, and the number of pixels collected at the PMT (detector) will be higher compared to 207 
scanning an entire cell or multiple cells. 208 

  209 
3.2.8. Set-up the time series such that the acquisition ROI is scanned 35 times, once every 30 s. 210 
Click the Acquire button, then the Time Series button. In the Time Series Control window, click 211 
the Manual start series button and the Manual stop series button. Enter 35 in the manual stop 212 
series field, press the Enter key, then click the 30.0 sec cycle delay button (Figure 2E).  213 
 214 
3.2.9. Set the bleach control such that the photobleaching will occur after scan number 5, to 215 
collect 5 prebleach images of the acquisition ROI. Click the Acquire button, then the Edit Bleach 216 
button. In the Bleach Control window, click the white square next to the Bleach after number 217 
scans. Enter 5 in the scan number field, then press the Enter key (Figure 2F). 218 
 219 
NOTE: Prebleach and postbleach images should be acquired at the same optical depth. 220 



   

  
 

 221 
3.2.10. Create a circular-shaped bleach ROI within the ALIS that has a 10-pixel diameter (area = 222 
0.8 µm2). Click the Acquire | Edit Bleach | Define Regions. In the Bleach Regions window, click 223 
the Circle icon. Click and drag in the image window to create a circle at has a 10-pixel diameter 224 
(area = 0.8 µm2) (Figure 2F). 225 
 226 
3.2.11. Set iterations to 300. Click the Acquire button, then the Edit Bleach button. In the Bleach 227 
Control window, enter 300 in the Iterations field, then press the Enter key (Figure 2F). 228 
 229 
3.2.12. Set the Argon/2 514-nm laser line to 100% power (8.6 A) and 100% transmission during 230 
the bleach. Click the Acquire button, then the Edit Bleach button. In the Bleach Control window, 231 
click the white square box to the left of 514 nm. Enter 100 in the Transmission [%] field for the 232 
514-nm laser line, then press the Enter button (Figure 2F). 233 
 234 
NOTE: The number of iterations needs to be determined empirically. It will vary depending on 235 
the fluorophore, the size of the structure that will be bleached, and the laser. 236 
 237 
3.3. Data Collection 238 
 239 
3.3.1. Start the FRAP experiment. Collect the first 5 prebleach images and the first postbleach 240 
image, then calculate bleach depth according to the following equation. 241 

 𝐵𝑙𝑒𝑎𝑐ℎ 𝑑𝑒𝑝𝑡ℎ =  100 ∗ (1 −
𝐹𝑖𝑟𝑠𝑡 𝑃𝑜𝑠𝑡𝑏𝑙𝑒𝑎𝑐ℎ 𝑉𝑎𝑙𝑢𝑒 𝑜𝑓 𝑡ℎ𝑒 𝐵𝑙𝑒𝑎𝑐ℎ 𝑅𝑂𝐼

𝑃𝑟𝑒𝑏𝑙𝑒𝑎𝑐ℎ 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝐵𝑙𝑒𝑎𝑐ℎ 𝑅𝑂𝐼
).   242 

If bleach depth is < 90, stop the experiment and discard the data, as the bleach depth was not 243 
sufficient. When bleach depth is ≥ 90, collect data for analysis with an image processing program 244 
and a spreadsheet program (Table of Materials).  245 
 246 

NOTE: When drift of the ALIS is ≥ 3 µm, stop the experiment and discard the data, as this amount 247 
of image drift cannot be corrected for by analysis with image processing software (see materials 248 

list). When drift of the ALIS is < 3 µm, collect the data for data analysis with an image processing 249 
program and a spreadsheet program (Table of Materials).  250 
 251 

3.3.2. Collect FRAP data from 10 ALIS from 10 cells with less than 3 µm of drift of the ALIS. Next, 252 
transfer the AIM .lsm files to a personal computer for data analysis. 253 
 254 
3.4. Data Analysis in an Image Processing Program 255 
 256 
3.4.1. Correct for image drift by aligning or matching (i.e., registering) the stack of time-series 257 
images of the acquisition ROI. To do so, open each AIM .lsm file with an image processing 258 
program (Table of Materials), then select Plugins | Registration | StackReg | Translation. Next, 259 
select Plugins | Registration | StackReg | Rigid Body10.  260 
 261 
3.4.2. Set-up ROI Manager to measure the signal intensity in the bleach ROI. Select Analyze | 262 
Tools | ROI Manager. Select the Oval tool, then draw a circle in the bleach ROI with a diameter 263 



   

  
 

of 10 pixels, then click the Add button.  264 
 265 
3.4.3. Set-up ROI Manager to measure signal intensity in the control ROI. In ROI Manager, select 266 
the Rectangle tool, then draw a square of 20 × 20 pixels in the control ROI region, then click the 267 
Add button.  268 
 269 
3.4.4. Set-up ROI Manager to measure signal intensity in the background ROI. In ROI Manager, 270 
select the Rectangle tool, draw a square of 20 × 20 pixels in the background ROI region, then click 271 
the Add button.  272 
 273 
3.4.5. Rename the ROIs. After adding the ROIs to be analyzed in ROI Manager, rename them 274 
Bleach ROI, Control ROI, and Background ROI accordingly.  275 
 276 
3.4.6. Measure signal intensity in the ROIs. Select Bleach ROI, Control ROI, and Background ROI, 277 
then select More | Multi Measure. Ensure that Measure all 35 slices and One row per slice are 278 
selected. In the Set Measurements window, ensure that only Mean gray value is selected.  279 
 280 
NOTE: These are the raw FRAP data (Figure 1B). 281 
 282 
3.4.7. Paste the results into a spreadsheet program (Table of Materials). Copy the bleach ROI, 283 
control ROI, and background ROI signal intensity results then paste them to columns labeled 284 
Bleach ROI, Control ROI, and Background ROI, respectively in a spreadsheet program (Table of 285 
Materials). 286 
 287 
3.5. Data Analysis in a Spreadsheet Program 288 
 289 
3.5.1. Background-correct the signal intensity in the bleach ROI and control ROI (Figure 1A, C). 290 
Use the Insert Function tool in a spreadsheet program (Table of Materials) to subtract the values 291 
in the column labeled Background ROI from the values in the column labeled Bleach ROI. 292 
Subtract the values in the column labeled Background ROI from the values in the column labeled 293 
Control ROI. Label these new columns Corrected Bleach ROI and Corrected Control ROI. 294 
 295 
3.5.2. Normalize the signal in the bleach ROI to the background-corrected signal in the control 296 
ROI (Figure 1A, D). Use the Insert function in a spreadsheet program (Table of Materials) to 297 
divide the values in the column labeled Corrected Bleach ROI by the values in the column labeled 298 
Control Corrected ROI. Label this new column Normalized Corrected Bleach ROI. 299 
 300 
3.5.3. Normalize the signal in the Normalized Corrected Bleach ROI column to the average of the 301 
5 prebleach values in the bleach ROI (Figure 1A, E). Calculate the average of the 5 prebleach 302 
values in the bleach ROI. Next, divide the values in the column labeled Normalized Corrected 303 
Bleach ROI by the average of the 5 prebleach values in the bleach ROI. Label this new column 304 
Normalized Corrected Prebleach Average Bleach ROI. 305 
 306 
3.6. Mobile Fraction and Half Time of Recovery from Curve-Fitted Data 307 



   

  
 

 308 
3.6.1. Curve-fit the normalized and corrected bleach ROI data using an image processing program 309 
(Table of Materials). In the imaging processing program (Table of Materials), select Analyze | 310 
Tools | Curve Fitting. Copy the postbleach normalized and corrected bleach ROI values and the 311 
corresponding time values, then paste them into the Curve Fitter window. Select Exponential 312 
Recovery from the Curve Fitter drop-down menu, then select Fit. 313 
 314 
3.6.2. Calculate the Mf from the parameters of the recovery function, which provides values for: 315 
‘a,’ a slowly recovering fraction; ‘b,’ the recovery rate; and ‘c,’ a rapidly diffusing fraction. 316 
Calculate Mf by plugging in the values for ‘a’ and ‘c’ into the equation Mf = a + c. Calculate the If 317 
using the equation If = 1 – Mf. Calculate t½ by substituting the value for ‘b’ into the equation 318 

𝑡1/2 =
ln(0.5)

−𝑏
 then solving for t1/2.11 319 

 320 
REPRESENTATIVE RESULTS:  321 
Shown here are the results of a typical experiment in which we used FRAP to examine the degree 322 
of mobility of p62 in ALIS in RAW264.7 cells treated with LPS for 3-5 h12. Figure 3A shows the raw 323 
data obtained from a bleach, control, and background ROI after the stack of images had been 324 
aligned to correct for small amounts (< ~3 µm) of image drift of the ALIS. YFP-p62 fluorescence 325 
in this ALIS at prebleach and postbleach is shown in Figure 3E and Supplementary Video 1. Figure 326 
3B shows these data after background-correction. Figure 3C shows these data after correcting 327 
for fluorescence in the control ROI. Figure 3D shows these data normalized to the mean 328 
fluorescence of the 5 prebleach values in the bleach ROI. The degree of bleaching was sufficient 329 
in this experiment (bleach depth = 91.94). YFP-p62 fluorescence within this ALIS recovered 330 
slowly, as t1/2 = 128.27 s (2.14 min). YFP-p62 was not a very mobile protein in this experiment, as 331 
Mf = 21.97 and If = 78.03. 332 
 333 
FIGURE AND TABLE LEGENDS:  334 
Figure 1. A diagram of a RAW264.7 cell and steps for image analysis after the FRAP images have 335 
been aligned to correct for image drift of the ALIS. (A) Diagram of a RAW264.7 cell depicting 336 
several ALIS and the bleach, control, and background ROIs within the acquisition ROI. (B) An 337 
idealized depiction of raw FRAP data obtained in the bleach, control, and background ROIs in 338 
panel A. (C) An idealized graph of raw FRAP data that have been background-corrected. (D) An 339 
idealized graph of background-corrected FRAP data that have been normalized to fluorescence 340 
in the control ROI. (E) An idealized graph of normalized and background-corrected FRAP data that 341 
have been normalized to the prebleach fluorescence in the bleach ROI. This figure was modified 342 
from Rabut and Ellenberg4. 343 
  344 
Figure 2. Images of the user interface in the AIM software (Table of Materials) for laser 345 
selection, beam path configuration, and image acquisition parameters for the FRAP 346 
experiments. (A) Laser control screen showing the Argon/2 laser lines, output, and tube current 347 
used. (B) Configuration control screen showing the beam splitter and emission filter settings 348 
used. (C) Scan control screen showing the setting used for image acquisition. (D) Scan control 349 
screen showing the pinhole, detector gain, amplifier offset, amplifier gain, and transmission 350 



   

  
 

settings for the Argon/2 514-nm laser line. (E) Time series control screen showing the time series 351 
settings used. (F) Bleach control screen showing the prebleach and postbleach parameters used. 352 
Abbreviations: HFT, Haupt Farb Teiler (primary dichroic beam splitter); NT1, Neben Farb Teiler 1 353 
(first secondary dichroic beam splitter); NT2, Neben Farb Teiler 2 (second secondary dichroic 354 
beam splitter); EF, emission filter. 355 
 356 
Figure 3. A representative FRAP experiment to study YFP-p62 dynamics in ALIS in RAW264.7 357 
cells. (A) Raw fluorescence intensity data for a bleach, control, and background ROI. (B) The data 358 
given in panel A after the bleach and control ROI had been corrected for fluorescence in the 359 
background ROI. (C) The data given in panels A and B after normalizing the fluorescence intensity 360 
in the bleach ROI to account for fluorescence in the background-corrected control ROI. (D) The 361 
data given in panels A-C after normalizing the fluorescence intensity in the normalized and 362 
background-corrected bleach ROI to the average of the first 5 prebleach values in the bleach ROI. 363 
Mf = 21.97, If = 78.03, t1/2 = 128.27 s (2.14 min), and bleach depth = 92.94. (E) An image of an ALIS 364 
at prebleach (1.5 min) and postbleach (0, 6, and 16 min). The scale bar equals 5 µm and is valid 365 
for all panels. Abbreviations: Con, control; BG, background; Corr., corrected; Norm., normalized; 366 
Avg., average. This figure was modified from Cabe et al.12 367 
 368 
Supplementary Video 1: A typical ALIS in a RAW264.7 macrophage before and after 369 
photobleaching. YFP-p62 fluorescence is slow to recover after the photobleach; hence, p62 is 370 
not a very mobile protein. For this experiment, Mf = 25.62, If = 74.38, t1/2 = 442.79 s (7.38 min), 371 
and bleach depth = 90.19. The scale bar = 5 µm. This video was modified from Cabe et al.12 372 
 373 
DISCUSSION:  374 
We provide a comprehensive, practical, and simple step-by-step protocol for FRAP experiments 375 
with live cells. Herein, the protocol was used to measure the mobility of YFP-p62 in ALIS in 376 
RAW264.7 macrophages, but it can be applied to many of the laser scanning confocal microscope 377 
systems and genetically encoded fluorescent proteins that are now available. For any microscopy 378 
system, pilot experiments are critical for determining the optimal FRAP parameters, including 379 
acquisition, bleach, and control ROI sizes, laser intensity for photobleaching, and prebleach and 380 
postbleach image acquisition. It is reasonable to expect the optimal FRAP parameters to differ 381 
for each genetically encoded fluorescent protein and cell line. 382 
 383 
Important factors to consider when conducting a FRAP experiment include (a) achieving suitable 384 
bleach depth, (b) the use of a brief bleaching step, (c) allowing sufficient time postbleach to 385 
observe the full recovery function, (d) photobleaching efficiency, (e) cytotoxicity with repeated 386 
FRAP, and (f) the inclusion of a control for fluorescence loss due to repeated imaging. We 387 
recommend that bleach depth, which can be calculated according to the equation provided in 388 
section 3.3.1, be ≥ 9013. When bleach depth is < 90, the degree of postbleach fluorescence 389 
recovery will be underestimated, and the values of If, Mf, and t1/2 will be incorrect. Although the 390 
duration and intensity of the bleach-inducing laser pulses may vary between FRAP experiments, 391 
it is important that the photobleaching step be brief and substantially faster than the 392 
fluorescence recovery function. If it is not, then a significant amount of fluorescence recovery 393 
could occur during the bleaching step. With a long bleach time, fluorescence recovery during the 394 



   

  
 

bleaching step would not be measured, and it would lead to incorrect measurements of If, Mf, 395 
and t1/2. In addition, to obtain correct values for If, Mf, and t1/2, the acquisition ROI should be 396 
observed postbleach until the fluorescence level in the bleach ROI has reached a plateau. For 397 
example, in our FRAP experiments, there was no difference between the If, Mf, and t1/2 values 398 
when we observed YFP-p62 fluorescence in the bleach ROI for 32.2 min postbleach versus when 399 
we observed YFP-p62 in the bleach ROI for 15.1 min postbleach; thus, we concluded that the 400 
recovery function reached a plateau at 15.1 min postbleach12. With regard to photobleaching 401 
efficiency, photobleaching increases with the square of the optical zoom factor14. Thus, the use 402 
of high optical zoom lenses is favorable for rapid photobleaching but can result in undesirable 403 
photobleaching during acquisition; the latter can be accounted for by imaging a control ROI. 404 
Repeated photobleaching is to be avoided as it can lead to the generation of cytotoxic reactive 405 
oxygen species (ROS). However, the degree of ROS generation due to exposure to a high-intensity 406 
laser is lower for genetically encoded fluorescent proteins than for chemical fluorophores (e.g., 407 
fluorescent antibodies)15, and the ROS generated are more likely to react within the genetically 408 
encoded fluorescent protein than with other molecules in the cell4. In addition to the increased 409 
probability of generating cytotoxic ROS, repeated photobleaching is to be avoided as it is difficult 410 
to control. Finally, although low laser transmission is used to acquire all non-bleach images, some 411 
photobleaching will invariably occur, which must be controlled. Possible controls for this include 412 
monitoring fluorescence in a control ROI within the acquisition ROI, obtaining control images in 413 
a neighboring unbleached cell, and performing control experiments with the identical settings 414 
for those used in the photobleaching experiments but without the photobleaching event.  415 
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