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SUMMARY:  28 
 29 
This protocol describes a calibration-free approach for quantifying protein homo-oligomerization 30 
in vitro based on fluorescence fluctuation spectroscopy using commercial light scanning 31 
microscopy. The correct acquisition settings and analysis methods are shown. 32 
 33 
ABSTRACT:  34 
 35 
Number and brightness is a calibration-free fluorescence fluctuation spectroscopy (FFS) 36 
technique for detecting protein homo-oligomerization. It can be employed using a conventional 37 
confocal microscope equipped with digital detectors. A protocol for the use of the technique in 38 
vitro is shown by means of a use case where number and brightness can be seen to accurately 39 
quantify the oligomeric state of mVenus-labelled FKBP12F36V before and after the addition of 40 
the dimerizing drug AP20187. The importance of using the correct microscope acquisition 41 
parameters and the correct data preprocessing and analysis methods are discussed. In particular, 42 
the importance of the choice of photobleaching correction is stressed. This inexpensive method 43 
can be employed to study protein-protein interactions in many biological contexts. 44 
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 45 
INTRODUCTION:  46 
 47 
Protein-Protein interactions in vitro 48 
 49 
Traditionally, crystallography and nuclear magnetic resonance experiments combined with cryo-50 
electron microscopy (cryoEM) are the technologies chosen to accurately describe the three-51 
dimensional architecture of proteins and to infer their function by scrutinizing their high 52 
resolution structural details. Proteins, however, are not static structures and can undergo a 53 
variety of conformational changes and vibrations in time and space. This is why structural 54 
information from crystallographic or CryoEM data needs to be complemented with other 55 
techniques (e.g., molecular dynamics simulations and single molecule techniques): the function 56 
of a protein is related to its conformational changes and interactions, and this information is not 57 
present in a static structure. In order to probe for intra-molecular dynamics, techniques based 58 
on single molecule Forster Resonance Energy Transfer (smFRET) are very effective1. These 59 
approaches are able to assess different subpopulations of molecules in complex media. This is 60 
very important, as these changes are rapid and occur during the acquisition of the data (i.e.,, 61 
nanosecond to second range).  62 
 63 
Two main approaches are commonly employed to detect and quantify these changes: proteins 64 
in solution and surface-immobilization. For the detection of inter-molecular interactions and in 65 
particular, the process of dimerization induced by ligands, smFRET is not always the best tool. 66 

Indeed, FRET depends not only on the distance (10 nm) but also on the orientation of the two 67 
dipoles (donor and acceptor, χ2) and the overlap of the donor emission with the acceptor’s 68 
absorption spectra2, but perhaps this last condition is less important provided that the 69 
experimentalist can chose the right FRET couple. A particular disadvantage of smFRET for probing 70 
homo-dimerization comes from the labeling of the protein of interest: for hetero smFRET, 71 
dimerization can only be detected up to 50% (i.e.,, hetero-FRET will only be able to detect donor-72 
acceptor and acceptor-donor homo-dimers but not donor-donor or acceptor-acceptor, which is 73 
the other 50% of the dimers). The use of fluorescence correlation spectroscopy (FCS) and 74 
derivatives (FCCS, etc.3) to ascertain protein diffusion constants and binding constants in vitro is 75 
another alternative. These approaches are not able to fully quantify homo-dimerization either, 76 
as in FCS one measures concentration and diffusion, and the radius and diffusion coefficient of a 77 
diffusing particle are very poorly dependent on the molecular weight; for example a 10-fold 78 
increase in the molecular weight will only imply a 2.15 fold change in the diffusion coefficient4. 79 
In the case of two-color FCS or FCCS, only 50% of homo-dimers will be seen for the same reason 80 
as above. The most practical and quantitative approaches to detect homo-dimerization in vitro 81 
and in vivo are homo-FRET5 and number and brightness (N&B)6. Given the fact that homo-FRET 82 
requires specific instrumentation recovery of the anisotropy value (i.e.,, optical 83 
elements/analyzers to recover the parallel and perpendicular polarization), N&B is presented 84 
here as a favorable technique to detect protein homo-dimerization and aggregation. It can be 85 
employed both in vitro and in vivo with a commercial set-up.  86 
 87 
Number and Brightness 88 



  

 89 
N&B has been recently reviewed7. That review focused on the application of the technique in live 90 
cells. It is worthwhile to reproduce the mathematical formalism here as these equations will be 91 
applied to the data collected in vitro. First, it is necessary to define some terms and mathematical 92 
quantities: 93 

 An entity is a set of molecules which are bound together. 94 

 The brightness  of an entity is the number of photons it emits per unit time (per frame). 95 

 n is the number of entities present. 96 

 For a given pixel over the course of an image series, <I> is its mean intensity and 2 is the 97 
variance in its intensity. 98 

 99 
Then, with photon-counting detectors and assuming mobile entities and no background, 100 

 101 

𝑁 =
⟨𝐼⟩2

𝜎2
=

𝜖𝑛

1 + 𝜖
 102 

𝐵 =
𝜎2

⟨𝐼⟩
= 1 + 𝜖 103 

where N is the apparent number and B is the apparent brightness. This results in 104 

𝑛 =
⟨𝐼⟩2

𝜎2 − ⟨𝐼 ⟩
 105 

𝜖 =
𝜎2

⟨𝐼⟩
− 1 106 

 107 
Dalal et al.8 showed that with analog equipment, one needs three correction terms: the S factor, 108 

the background offset, and the readout noise 0
2. Then, again assuming mobile entities, 109 

 110 
 111 

𝑁 =
(⟨𝐼⟩ − offset)2

𝜎2 − 𝜎0
2 =

𝜖𝑛

1 + 𝜖
 112 

𝐵 =
𝜎2 − 𝜎0

2

⟨𝐼⟩ − offset
= 𝑆(1 + 𝜖) 113 

 114 
giving 115 

𝑛 =
(⟨𝐼⟩ − offset)2

𝜎2 − 𝜎0
2 − 𝑆(⟨𝐼⟩ − offset)

 116 

𝜖 =
𝜎2 − 𝜎0

2

𝑆(⟨𝐼⟩ − offset)
− 1 117 

 118 

Note that the above equation for  is different that given in Dalal et al.8 and a subsequent review.7 119 
In Dalal et al. the S in the denominator was omitted due to a typo and this error was reproduced 120 

in the review. The equation above is the correct one. Instructions for measuring S, offset and 0
2 121 

– together with an explanation of their meaning – are given by Dalal et al.8  122 
 123 



  

The brightness  is proportional to the oligomeric state of the diffusing entities:  will be twice as 124 
big for dimers as it is for monomers, three times as big for trimers as it is for monomers, twice as 125 

big for hexamers as it is for trimers and so on. In this way, measuring the brightness , one can 126 
quantify any type of multimerization. 127 
 128 
If there are a mixture of oligomeric states present, number and brightness is not capable of 129 
recovering the individual oligomeric states present. This is a limitation of the technique. 130 
 131 
Detrend algorithm and nandb software 132 
 133 
The importance of correcting for photobleaching has been previously stressed9. Photobleaching 134 
inevitably occurs during light microscopy experiments in time-lapse mode; both in live cells and 135 
in vitro. Many approaches have been described in the literature to correct for bleaching.7 The 136 

exponential filtering technique with automatic choice of detrending parameter  is the current 137 
best. It is integrated into the free, open source software nandb9. Indeed, software that requires 138 
the user to manually choose their detrending parameter can lead to incorrect results because 139 
this parameter choice will likely be arbitrary and incorrect. The automatic algorithm inspects the 140 
data and determines the appropriate parameter for it, without the need for user intervention9. 141 
Even with the best choice of smoothing parameter, detrending has its limitations and works well 142 
only with photobleaching percentages lower than 25%, as shown with simulations9. Interestingly, 143 
when using the automatic detrending routine, its accuracy is such that one can work with low 144 
brightness values (even B < 1.01), and hence low intensities, and still be precise enough to 145 
quantify homo-dimerization. 146 
 147 
Photobleaching also causes another problem: the presence of photobleached fluorophores in a 148 
multimer complex. This makes e.g., a trimer appear like a dimer when one of the three units in 149 
the trimer is non-fluorescent. Hur and Mueller10 showed how to correct for this and this 150 
correction was also stressed in a subsequent review7. The nandb software includes this 151 
correction9. 152 
 153 
The FKBP12F36V system 154 
 155 
FKBP12F36V is a protein which does not naturally oligomerize but is known to dimerize upon the 156 
addition of the AP20187 drug (colloquially known as the BB dimerizing ligand)11,12. This makes it 157 
an ideal test case for number and brightness: with labelled FKBP12F36V, a doubling of oligomeric 158 
state should be observed upon addition of BB.  159 
 160 
PROTOCOL:  161 
 162 
1. FKBP12F36V-mVenus Purification 163 
 164 
1.1. Transform (DE3) pLysS cells with pET22b vector containing monomerized human 165 
FKBP12F36V12 and N-terminal His6 and mVenus tags (vector available on request). Plate cells 166 
onto LB agar supplemented with 50 μg/mL Ampicillin and 34 μg/mL Chloramphenicol. 167 



  

 168 
1.2. Transfer transformed colonies into 100 mL LB starter culture and grow for 16 - 20 hours at 169 
37 °C with shaking. 170 
 171 
1.3. Dilute dense starter culture (OD600 > 1) 1:100 in LB medium (2 x 500 mL batches) and grow 172 
for 2 – 3 hours to OD600 = 0.6 - 0.8 (37 °C, 200 rpm ). 173 
 174 
1.4. Cool cultures on ice. Induce with 250 μM IPTG and grow for 16 – 20 hours at 21 °C, 200 rpm. 175 
 176 
1.5. Harvest cells by centrifugation at 2000 x g for 20 minutes. 177 
 178 
1.6. Resuspend pellet in 40 mL of IMAC buffer A (20 mM sodium phosphate pH 7.5, 500 mM NaCl, 179 
3 mM imidazole, 1 mM β-mercaptoethanol) supplemented with EDTA-free protease inhibitors (1 180 
tablet per cell pellet). 181 
 182 
1.7. Sonicate cells (500 Watts, 20 kHz, 40% amplitude, 9 s on, 11 s off for 15 min) on ice and 183 
harvest soluble material by centrifugation at 20,000 x g. 184 
 185 
1.8. Transfer soluble lysate to a conical flask and add 2 mL of resin (see Table of Materials). 186 
Incubate for 1 hour with 105 rpm rotation  187 

 188 
Note: Nickel sepharose may also be used for this IMAC step. 189 
 190 
1.9. Harvest resin and wash with 250 mL of IMAC buffer A followed by 500 mL of IMAC buffer B 191 
(20 mM sodium phosphate pH 7.5, 500 mM NaCl, 7 mM imidazole, 1 mM β-mercaptoethanol).  192 
 193 
Note: Increase to 50 mM imidazole if using Nickel sepharose resin. 194 
 195 
1.10. Elute His6-tagged protein using IMAC buffer C (20 mM sodium phosphate pH 7.5, 500 mM 196 
NaCl, 300 mM imidazole, 1 mM β-mercaptoethanol). 197 
 198 
1.11. Inject onto a size exclusion column (see Table of Materials) equilibrated in 10 mM HEPES 199 
pH 7.5, 150 mM NaCl, 1 mM DTT. FKBP12F36V has its peak elution at 87.71 mL on the column 200 
we used. 201 
 202 
1.12. Assess purity via SDS-PAGE and pool and concentrate as required. 203 
 204 
2. Preparation of Multiwell Plate Array 205 
 206 
2.1. Thaw the purified FKBP12F36V (or labeled protein of interest) from -80 °C.  207 
 208 
2.2. Prepare a solution of 100 nM purified FKBP12F36V (medium, 10 mM HEPES pH 7.5, 150 mM 209 
NaCl, 1 mM DTT). Sonicate and centrifuge (quick spin of 13000 rpm) to prevent the formation of 210 
aggregates. 211 



  

 212 
2.3. Pipette 100-200 µL into an 8 well observation chamber with a glass bottom. 213 
 214 
2.4. Add the BB dimerizer to final concentrations of 10, 20, 40, 80, 100, 150, 300, and 500 nM12,13. 215 
 216 
2.5. As a reference, prepare a solution of 100 nM of mVenus alone to evaluate potential 217 
aggregation and precipitation effects and recover a brightness value for the monomer with the 218 
same acquisition settings. 219 
 220 
3. Calibration-free Confocal Acquisition 221 

 222 
3.1. Start the confocal system (Figure 1). Any light scanning microscope confocal system 223 
equipped with digital detectors or well-characterized analog detectors8, and capable of keeping 224 
a constant dwell time for every pixel acquired would work. 225 
 226 
3.2. Set the excitation beam path: 227 
 228 
3.2.1. Turn on the 514 nm laser and set it at 20 – 100 nW Power at the exit of the objective (for 229 
FKBP12F36V-mVenus). 230 
 231 
3.2.2. Select the 63X1.4NA objective or a collar correction water immersion objective designed 232 
for FCS. 233 
 234 
3.2.3. Turn on one HyD, APD or calibrated PMT detector. Detectors capable of photon-counting 235 

are preferable, as in this case, calculation of S, offset and 0
2 are unnecessary. 236 

 237 
3.2.4. Select the emission window from 520 – 560 nm 238 
 239 
3.2.5. Set the pinhole at 1 Airy unit for the corresponding emission ~545 nm. 240 
 241 
3.2.6. Set the acquisition mode at 16 x 16 pixels 242 
 243 

3.2.7. Set the pixel dwell time tdwell such that it satisfies tframe >> D >> tdwell, where D is the 244 
residence time of the diffusing protein and tframe is the frame rate. This corresponded to setting 245 
the dwell time to ~13 µs. 246 

 247 
Note: Some commercial manufacturers had scanners that were not keeping the dwell-time per 248 
pixel constant. This constancy is crucial for the method to work. 249 
 250 
3.2.8. Set the pixel size at ~120 nm. 251 
 252 
3.2.9. Select the xyt acquisition mode and select the number of frames to be acquired per 253 
acquisition and well (for example 5,000). 254 
 255 



  

3.2.10. If the system is equipped with high-throughput mode, introduce the coordinates of each 256 
well and the number of acquisitions per well to automate the process.  257 

 258 
Note: Be careful to ensure the presence of a water dispenser for if using an immersion objective. 259 
 260 
3.2.11. If the system is equipped with a perfusion system, load the BB solution and program the 261 
perfusion to start right-after the 5000th frame to evaluate the kinetics of dimerization while 262 
acquiring e.g., 10,000 images.  263 
 264 
3.3. Add a drop of oil into the oil immersion objective / water if utilizing a collar correction water 265 
immersion objective designed for FCS. 266 
 267 
3.4. Mount the 8 well observation chamber into the stage. 268 
 269 
3.5. Select the correct well and focus on the solution. 270 

 271 
Note: IMPORTANT: Avoid focusing close to the bottom glass to avoid reflection and scattering. 272 
When focusing deeper into the solution, disconnect the automated focus option. 273 
 274 
3.6. Start the acquisition and save the resulting stack of images in TIFF format. 275 
 276 
4. Detrend and Brightness Analysis using the R Package nandb 277 

 278 
4.1. As a preprocessing quality check, use ImageJ14 to take a look at the images and recover the 279 
intensity profile, as shown in Figure 2a. This is useful to determine whether or not too much 280 
photobleaching has occurred. If there is too much bleaching, the data is not suitable for further 281 
analysis.  282 
 283 
Note: ImageJ can also be useful to convert images to TIFF from commercial formats. The nandb 284 
software described below can only work with TIFF files. 285 
 286 
4.2. Download and install R and RStudio15,16. It is best to download and install R first, then 287 
RStudio.  288 
 289 
Note: What follows is a description of how to use the nandb R package. Knowledge of the R 290 
language is not required to use nandb, however it will make life easier. 291 
 292 
4.3. Install the nandb package. 293 
 294 
4.3.1. Open RStudio and in the console, type install.packages(“nandb”) and wait for the 295 
installation. 296 
 297 
4.4. Get to know nandb 298 
 299 



  

4.4.1. Review the manual17. 300 
 301 
4.4.2. Review the built-in RStudio help for various functions. The most likely function to be used 302 
will be using will be brightness(). View the help file for this function by typing ?brightness() at 303 
the console. 304 
 305 
4.5. Calculate brightness 306 
 307 
4.5.1. Say one has an image file on the desktop called img001.tif (note that `nandb` only works 308 
with TIFF files). One can calculate the brightness of that image:  309 
 310 
b <- brightness(“~/Desktop/img001.tif”, tau = “auto”) 311 
 312 
4.5.1.1. This assigns the brightness of the image to the variable b in R. The tau = “auto” ensures 313 
that the image is correctly detrended prior to brightness calculation. The most common thing 314 
to do from here is to calculate the mean or median brightness of the image. One can do this by 315 
typing mean(b) or median(b). One can also write the brightness image to the desktop using 316 
 317 
ijtiff::write_tif(b, “~/Desktop/whatever_img_name”) 318 
 319 
4.5.2. Say one has folder full of images images_folder on the desktop and one needs to 320 
calculate the brightnesses of these images and write the brightness images as TIFF files. Then 321 
see ?brightness_folder(). This function processes a whole folder all at once:  322 
 323 
brightness_folder(“~/Desktop/images_folder”, tau = “auto”)  324 
 325 
This is particularly good for those who have a software they prefer to R, because all of the files 326 
are processed in one single command, and then one can go on working with the output 327 
brightness TIFF images in their chosen software, be it ImageJ14, Python or something else. 328 
 329 
REPRESENTATIVE RESULTS:  330 
 331 
Detrending and monomeric brightness 332 
 333 
Once the data has been acquired, one can start the brightness calculations to determine the 334 
oligomeric state of the protein of interest in the solution. Even if the effect of bleaching in 335 
solution may not be as drastic as it can be in vivo, the intensity trace will still probably not have 336 
stationary mean, possibly due to photophysical effects related to the fluorophore,18 but the 337 
reasons behind this are not fully understood. This has an impact when calculating the brightness; 338 
when trying to determine monomer–dimer transitions, this aspect is crucial. By applying the 339 
automatic detrend algorithm to the data shown in Figure 2a, the intensity trace is properly 340 
corrected, providing a more accurate value for the brightness of FKBP12F36V-mVenus in 341 
solution. Before addition of BB, without detrending, B = 1.026, whereas after detrending, B = 342 
1.005 (Figure 2b).  343 



  

 344 
Determination of FKBP12F36V -mVenus monomer-dimer transitions in vitro 345 
 346 
Sequences of 20,000 images of purified FKBP12F36V -mVenus in 100 nM solution were acquired 347 
as specified in the protocol section. After 10,000 frames were acquired, the homodimerizer drug 348 
BB was added to the solution while acquiring. Each consecutive series of 5,000 frames was 349 
analyzed (Figure 3). The mean brightness 5 minutes after BB addition was B = 1.010, which is a 350 
2-fold increase, indicating a FKBP12F36V dimer. The kinetics of the process is shown in Figure 3b; 351 
the delay between BB addition to full FKBP12F36V dimerization was approximately 2 minutes.  352 
 353 
Identification of protein aggregates 354 
 355 
A number of protein aggregates were detected both in a limited number of frames and also in 356 
the intensity trace (Figure 4). These aggregates occur naturally in solution when working with 357 
proteins and can be eliminated by sonicating and/or increasing the protein dilution. 358 
Nevertheless, in some biological problems, one needs to detect transitions between monomers 359 
and big aggregates. Figure 4 shows an example where a FKBP12F36V protein aggregate diffused 360 
through the observation volume (images 16x16); for our previous calculations these data were 361 
discarded, however, one example is shown in Figure 4 to show that these aggregates can be 362 
detected and characterized using the same settings and approach. At first sight, when evaluating 363 
the 5000 images, one can recover the average brightness for FKBP12F36V-mVenus treated with 364 
BB (B = 1.010). Viewing the raw brightness image, one can clearly see, though, a region of interest 365 

of approximately 8 pixels with a high value of B  1.080. This region of interest coincides with a 366 
few frames at t = 34 – 37 s where a FKBP12F36V aggregate diffused around the observation area. 367 
The aggregate did not remain in the observation volume for long enough to accurately determine 368 
its size. 369 
 370 
FIGURE AND TABLE LEGENDS:  371 
 372 
Figure 1. Application of N&B to detect protein monomer-dimer transitions in solution. (a) 373 
Simplified optical path of a laser scanning microscope (LSM) equipped with a laser source (set at 374 
514 nm in the case of mVenus labeled proteins) directed (blue arrows) toward an immersion 375 
objective (in our case a 63X1.4NA oil) illuminating a 100 nM solution of FKBP12F36V-mVenus 376 
solution. The emission fluorescence (green arrows) passes through a dichroic mirror and is 377 
directed toward a bandpass filter that cleans the emission light, and a pinhole set at 1 Airy unit 378 
situated right before a point digital detector capable of photon counting. (b) A confocal volume 379 
of illumination is scanned through 16 x 16 pixels illuminating single FKBP12F36V-mVenus 380 
molecules that enter and exit the Gaussian shape confocal volume producing an array of 381 
fluorescence intensity fluctuations. (c) Image series acquired over time. 382 
 383 
Figure 2. Automatic detrending is needed to accurately measure a population of monomers in 384 
solution. (a) A stack of 5000 16 x 16 pixel images was acquired as described in Protocol section. 385 
The intensity of the first frame is shown together with the average time-resolved intensity profile, 386 
which shows long term fluctuations that might be related to bleaching and other solvent and/or 387 



  

photophysic effects. Whatever the cause for these long-term fluctuations, they impact the 388 
brightness calculations and hence require detrending. Without automatic detrend, one gets B = 389 
1.026, whereas after automatic detrending, B = 1.005. Also, the brightness without (left panels, 390 
second row) and with (right panels, second row) smooth filtering is shown. (b) The same data 391 
presented in (a) was detrended and the results in terms of intensity and brightness shown. 392 
 393 
Figure 3. In-vitro N&B is able to resolve the transition between FKBP12F36V monomers and 394 
dimers in real time. The addition of the dimerizer drug BB resulted in a two-fold increase in true 395 
brightness right after 2 min (from 0.005 to 0.010 in true molecular brightness). (a) The intensity 396 
of the first frame is shown together with the mean intensity profile of the detrended image. The 397 
brightness without (left panels, second row) and with (right panels, second row) smooth filtering 398 
is shown. (b) Mean brightness is plotted (every 5000 frames) using the true molecular brightness 399 
𝜖. The dimerization occurs 2 minutes after BB addition (t = 1 min) at t = 4 min. The fitted curve is 400 
a sigmoidal function to stress the tendency toward dimerization after addition of the dimerizer 401 
drug (BB). Error bars represent the standard error of the brightness distribution at each time 402 
point.  403 
 404 
Figure 4. In vitro N&B to resolve the size of protein aggregates in solution. (a) Time-resolved 405 
intensity detrended trace for the acquisition of FKBP12F36V-mVenus are shown together with 406 
brightness images (second row). (b) The time-resolved detrended intensity trace shows a 407 
maximum in intensity that is highlighted with a red dotted circle (top left panel). The first intensity 408 
frame that corresponds to this particular time (t = 34 seconds) is shown and a red arrow shows a 409 
FKBP12F36V-mVenus aggregate entering the illumination area. A closer look into the smoothed 410 
brightness image shows a region of interest that contains high oligomeric states and the rest of 411 
the image contains a mix between monomers and dimers with an average of B = 1.008.  412 
 413 
DISCUSSION:  414 
 415 
N&B is a technique to detect multimerization using commercial light scanning confocal 416 
microscopes equipped with digital detectors. This approach is quite attractive compared to single 417 
point FCS, FCCS and smFRET because it is calibration free and the brightness calculation is 418 
straightforward and concentration independent6. It is of major importance, however, to correct 419 
for bleaching and long-term intensity fluctuations before performing brightness calculations9; a 420 
slight increase of brightness due to bleaching and other artifacts could be misinterpreted as a 421 
change in oligomeric state (as seen in Figure 2a) if detrending is neglected or performed 422 
incorrectly. The use of the automatic detrend algorithm allows for accurate brightness 423 
calculations. 424 
  425 
It is important, to follow a number of rules when acquiring the images. First, the residence time 426 
of the molecules in the confocal volume, and therefore their diffusion constant should be known 427 
in order to set the right parameters of the confocal system; the residence time of the labeled 428 
molecules needs to reside between the pixel dwell time and the frame time7. Choosing the right 429 
fluorophore is crucial. A bright and stable fluorophore is necessary for good signal to noise and 430 
minimal photobleaching. Laser power should be kept relatively low to avoid bleaching. Photon 431 



  

counts of 1 or 2 per pixel are sufficient. Keeping counts low is also crucial to avoid detector pile-432 
up. The technique copes with low photon budgets better than it copes with bleaching. In this 433 
protocol mVenus has been employed; which is a relatively bright fluorophore, comparable to 434 
eGFP19. An alternative is the use of nanoboosters that selectively target a fluorescent protein; 435 
these can be much brighter than traditional fluorophores20.  436 
 437 
In terms of hardware, digital photon-counting detectors make quantification easier, but N&B is 438 
possible with analog detectors, provided that one has recovered some acquisition parameters.8 439 
 440 
Even though other approaches like anisotropy can detect homo-dimerization, with the advent of 441 
new software to simplify analysis, N&B stands alone as an accessible approach to detect and 442 
quantify protein interactions and oligomerization, both in vitro and in live cells. 443 
 444 
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1. 1.6: It’s unclear what “Na/K pPhosphate“ is. 

We have now added the right recipe for the buffer 

 

2. 1.7: Can you provide a few more details about sonicating (times, power, etc.). 

Sonication: Sonics Vibra Cell 500 Watt, 20kHz. 40% amplitude, 9s on 11s off for 15 mins. Now 

added in the text 

3. 1.11: Around where does this protein elute? 

The protein has its peak elution at 87.71 mL on an s200 16/60. 

 

4. 2.4: Can you clarify what ‘Calculate the BB concentration’ means? 

As referred in the manuscript BB is the dimerizer drug. We mean that one needs to calculate the 

final volume in the observation chamber (now clarified in the text). 

 

5. Figure 2: Are the images here the intensities, brighnesses, and mean intensity profiles of the first 

frame, as they are in Figure 3? 
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6. Figure 3b: What is the fitted curve? 
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The fitted curve is a sigmoidal function to stress the tendency toward dimerization after addition 

of the dimerizer drug (BB). We have included this info in the legend now. 

 

7. Figure 4a: It looks like the bottom two frames are not the first frame, but rather a frame from 34-

37 seconds. 

The editor is right is this has been corrected 

 

8. Figure 4b: You have t = 47 seconds in the legend, but it looks like it should be somewhere from 34 

to 37 s. 

The editor is right. This error came from the first version of the manuscript now corrected. 

 

9. Note that text written in the Equation Editor will be formatted differently from the rest of the 

text; therefore it is recommended that all such inline text be rewritten in Calibri (the separated 
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We have changed the Equation editor for Calibri in the text.  
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agencies require open access, but there are exceptions. 
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