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Dear Editor, 

 

We are submitting the revised version of the manuscript entitled “A fluorescence fluctuation 

spectroscopy assay of protein-protein interactions at cell-cell contacts” by V. Dunsing and S. 

Chiantia, as an invited article to be published in JOVE.  

 

We are pleasantly surprised by the detailed feedback given by the reviewers and we have 

accordingly modified the manuscript. We have included a version of the document with the 

changes highlighted in red.  

 

I believe that this article will be of great interest to many of the readers of JOVE and hope that 

you and the reviewers will be satisfied with the modifications. 

 

 

Best regards, 

 

 

 

Jun.-Prof. Dr. Salvatore Chiantia 
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SHORT ABSTRACT:  23 

This protocol describes a fluorescence fluctuation spectroscopy-based approach to investigate 24 

interactions among proteins mediating cell-cell interactions, i.e. proteins localized in cell 25 

junctions, directly in living cells. We provide detailed guidelines on instrument calibration, data 26 

acquisition and analysis, including corrections to possible artefact sources. 27 

 28 

LONG ABSTRACT:  29 

A variety of biological processes involve cell-cell interactions, typically mediated by proteins that 30 

interact at the interface between neighboring cells. Of interest, only few assays are capable of 31 

specifically probing such interactions directly in living cells. Here, we present an assay to measure 32 

the binding of proteins expressed at the surfaces of neighboring cells, at cell-cell contacts. This 33 

assay consists of two steps: mixing of cells expressing the proteins of interest fused to fluorescent 34 

proteins followed by fluorescence fluctuation spectroscopy measurements at cell-cell contacts 35 

using a confocal laser scanning microscope. We demonstrate the feasibility of this assay in a 36 

biologically relevant context by measuring the interactions of the amyloid precursor-like protein 37 

1 (APLP1) across cell-cell junctions. We provide detailed protocols on the data acquisition using 38 

fluorescence-based techniques (scanning fluorescence correlation spectroscopy, cross-39 

correlation number and brightness analysis) and the required instrument calibrations. Further, 40 

we discuss critical steps in the data analysis and how to identify and correct external, spurious 41 

signal variations, such as those due to photobleaching or cell movement.  42 

 43 
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In general, the presented assay is applicable to any homo- or heterotypic protein-protein 44 

interaction at cell-cell contacts, between cells of the same or different types and can be 45 

implemented on a commercial confocal laser scanning microscope. An important requirement is 46 

the stability of the system, which needs to be sufficient to probe diffusive dynamics of the 47 

proteins of interest over several minutes. 48 

 49 

INTRODUCTION: 50 

Many biological processes occur at the sites of cell-cell interactions, e.g., cell-cell adhesion1–3, 51 

cell-cell fusion4 and cellular recognition5. Such events are particularly important during the 52 

development of multicellular organisms and for cell-cell communication, e.g., during immune 53 

responses. These processes are typically mediated by proteins that are localized at the surface, 54 

i.e., at the plasma membrane (PM) of neighboring cells and undergo specific interactions at the 55 

cell-cell contact that are precisely regulated in space and time. In many cases, these interactions 56 

are direct homo- or heterotypic protein-protein “trans” interactions, but may also involve ions or 57 

ligands acting as extracellular linkers1. Although of fundamental importance, there is a lack of 58 

assays probing these specific protein-protein interactions directly in the native environment of 59 

living cells. Many methods either require cell disruption (e.g., biochemical assays such as co-60 

immunoprecipitation6), fixation (e.g., some of the super-resolution optical microscopy 61 

techniques and electron microscopy of cell-cell contacts7), or are non-specific, e.g., aggregation/ 62 

adhesion assays8, 9. To overcome this issue, fluorescence techniques have been implemented 63 

based on fluorescence resonance energy transfer (FRET)10 or fluorescence complementation11. 64 

However, to achieve sufficiently small distances between fluorophores, these methods require 65 

fluorescent labels on the extracellular side of the proteins10, potentially interfering with trans 66 

interactions. 67 

 68 

Here, we present an alternative fluorescence-based assay for protein-protein interactions at cell-69 

cell contacts. This approach combines fluorescence cross-correlation approaches (scanning 70 

fluorescence cross-correlation spectroscopy (sFCCS), cross-correlation number and brightness 71 

(ccN&B) and mixing of cells expressing a fusion construct of the protein of interest, e.g., an 72 

adhesion receptor. The investigated receptors in the two interacting cells are labeled with two 73 

spectrally separated fluorescent proteins (FPs), from the intracellular side (see Figure 1A).  74 

 75 

The employed methods are based on the statistical analysis of fluorescence fluctuations induced 76 

by the diffusive motion of fluorescent fusion proteins through the focal volume of a confocal 77 

laser scanning microscope. More in detail, the assay probes the co-diffusion of the proteins of 78 

interest in both neighboring PMs at cell-cell contacts. If the proteins undergo trans interactions, 79 

these trans complexes will carry fluorescent proteins emitting in both spectral channels, causing 80 

correlated fluorescence fluctuations of both emitters. On the other hand, if no binding occurs, 81 

the number fluctuations of proteins in facing PMs will be independent, causing no correlated 82 

fluctuations. The acquisition can be performed in two ways: 1) sFCCS is based on a line-shaped 83 

scan across the cell-cell contact and effectively probes the interactions in a spot located in the 84 

contact region. Through a temporal analysis of fluorescence fluctuations, sFCCS provides also 85 

dynamics information, i.e. the diffusion coefficients of protein complexes; 2) ccN&B is based on 86 

a pixel-wise analysis of a sequence of images acquired at the cell-cell contact regions. It has 87 



 
  

 
 

capability to probe and map interactions along the whole contact region (in one focal plane), but 88 

does not provide information on dynamics. Both methods can be combined with an analysis of 89 

the molecular brightness, i.e. the average fluorescence signal emitted in unit time by single 90 

diffusing protein complexes and, thus, provide estimates of the stoichiometry of protein 91 

complexes at the cell-cell contact.  92 

 93 

In this article, we provide detailed protocols for sample preparation, instrument calibration, data 94 

acquisition and analysis to perform the presented assay on a commercial confocal laser scanning 95 

microscope. The experiments can be performed on any instrument equipped with photon 96 

counting or analog detectors and an objective with high numerical aperture. We further discuss 97 

critical steps of the protocol and provide correction schemes for several processes causing 98 

artefactual signal fluctuations, e.g., detector noise, photobleaching or cell movement. Originally 99 

developed to probe interactions between adherent cells, the assay may be modified for 100 

suspension cells, or adapted to model membrane systems, e.g., giant unilamellar vesicles (GUVs) 101 

or giant plasma membrane vesicles (GPMVs), allowing the quantification of interactions in 102 

different lipid environments or in the absence of an organized cytoskeleton12, 13.  103 

 104 

Scanning fluorescence cross-correlation spectroscopy is a modified version of fluorescence 105 

cross-correlation spectroscopy14 and was specifically designed to probe slow diffusive dynamics 106 

in lipid membranes15. It is based on a line scan acquisition perpendicular to the PM containing 107 

the fluorescent proteins of interest. To probe interactions of two differently labeled protein 108 

species, the acquisition is performed in two spectral channels using two laser lines and two 109 

detection windows for the spectrally separated fluorophores. Due to the slow diffusion dynamics 110 

of proteins in the PM (D  1 µm2/s), a cross-talk-free measurement can be performed by 111 

alternating the excitation scheme from line to line15. The analysis starts with: 1) an alignment 112 

algorithm correcting for lateral cell movement based on block-wise averaging of 1000 lines, 2) 113 

determination of the position with maximum fluorescence signal, i.e., the PM position, in each 114 

block and 3) shifting of all blocks to a common origin12, 15, separately in each channel. Then, an 115 

automatic selection of pixels corresponding to the PM is performed by selecting the central pixels 116 

of a Gaussian fit of the sum of all aligned lines (i.e. center ± 2.5 ). Integration of the signal in 117 

each line yields the membrane fluorescence time series F(t) in each channel (g = green channel, 118 

r = red channel). Note that the pixel size has to be small enough, e.g., <200 nm, to reconstruct 119 

the shape of the point spread function and find its center, corresponding to the position of the 120 

PM. In the presence of substantial photobleaching, the fluorescence time series in each channel 121 

may be fitted with a double-exponential function 𝑓(𝑡) and then corrected with the following 122 

formula16: 123 

𝐹(𝑡)𝑐 =
𝐹(𝑡)

√𝑓(𝑡)/𝑓(0)
+ 𝑓(0)(1 − √𝑓(𝑡)/(𝑓(0)) .   (1) 124 

 125 

It is important to note that this formula effectively corrects both the amplitudes and diffusion 126 

times obtained from correlation analysis of F(t)c, compared to parameter estimates that would 127 

be obtained from the uncorrected F(t). Then, the auto- and cross-correlation functions (ACFs/ 128 

CCFs) of the fluorescence signals are calculated: 129 

 130 



 
  

 
 

𝐺𝑎𝑢𝑡𝑜(𝜏) =
〈𝛿𝐹𝑖(𝑡)𝛿𝐹𝑖(𝑡+𝜏)〉

〈𝐹𝑖(𝑡)〉2      (2) 131 

𝐺𝑐𝑟𝑜𝑠𝑠(𝜏) =
〈𝛿𝐹𝑔(𝑡)𝛿𝐹𝑟(𝑡+𝜏)〉

〈𝐹𝑔(𝑡)〉〈𝐹𝑟(𝑡)〉
     (3) 132 

where 𝛿𝐹𝑖 = 𝐹𝑖(𝑡) − 〈𝐹𝑖(𝑡)〉 and 𝑖 = 𝑔, 𝑟. 133 

 134 

A two-dimensional diffusion model is then fitted to all correlation functions (CFs): 135 

𝐺(𝜏) =
1

𝑁
(1 +

𝜏

𝜏𝑑
)

−1/2

(1 +
𝜏

𝜏𝑑𝑆2)
−1/2

 .    (4) 136 

Here, N denotes the number of fluorescent proteins in the observation volume and d the 137 

diffusion time for each channel. This model takes into account that in the described experimental 138 

setting, diffusion of proteins in the PM occurs in the x-z plane, in contrast to the commonly used 139 

configuration of fluorescence correlation spectroscopy (FCS) experiments on membranes 140 

probing diffusion in the x-y plane of the confocal volume17. The waist w0 and the structure factor 141 

S, describing the elongation wz of the focal volume in z, S = wz/w0, are obtained from a point FCS 142 

calibration measurement performed with spectrally similar dyes and same optical settings using 143 

already available values for the diffusion coefficient Ddye: 144 

𝑤0 = √4𝜏𝑑,𝑑𝑦𝑒𝐷𝑑𝑦𝑒,       (5) 145 

where d,dye is the measured average diffusion time of the dye molecules, obtained from fitting a 146 

model for three-dimensional diffusion to the data, taking into account transitions of a fraction T 147 

of all N molecules to a triplet state with a time constant T: 148 

𝐺(𝜏) =
1

𝑁
(1 +

𝑇

1−𝑇
𝑒

−
𝜏

𝜏𝑇) (1 +
𝜏

𝜏𝑑,𝑑𝑦𝑒
)

−1

(1 +
𝜏

𝜏𝑑,𝑑𝑦𝑒𝑆2)
−1/2

 .  (6) 149 

 150 

Finally, diffusion coefficients (D), molecular brightness values () and the relative cross-151 

correlation of sFCCS data (rel.cc.) are calculated as follows: 152 

𝐷 = 𝜔0
2/4𝜏𝑑      (7) 153 

 155 

 =
〈𝐹(𝑡)〉

𝑁
       (8) 154 

 157 

𝑟𝑒𝑙. 𝑐𝑐. = 𝑚𝑎𝑥 {
𝐺𝑐𝑟𝑜𝑠𝑠(0)

𝐺𝑎𝑢𝑡𝑜
𝑔

(0)
,

𝐺𝑐𝑟𝑜𝑠𝑠(0)

𝐺𝑎𝑢𝑡𝑜
𝑟 (0)

} ,    (9) 156 

 158 

where 𝐺𝑐𝑟𝑜𝑠𝑠(0) is the amplitude of the cross-correlation function and 𝐺𝑎𝑢𝑡𝑜
𝑖 (0) is the amplitude 159 

of the autocorrelation function in the i-th channel. 160 

 161 

This definition of the relative cross-correlation, i.e. using max instead of mean in Equation 9, takes 162 

into account that the maximum number of complexes of two protein species present at different 163 

concentrations is limited by the species present in a lower number. 164 

 165 

Cross-correlation number and brightness is based on a moment analysis of the fluorescence 166 

intensity for each pixel of an image stack acquired over time at a fixed position in the sample, 167 

typically consisting of 100‒200 frames, with two spectral channels (g = green channel, r = red 168 



 
  

 
 

channel). From the temporal mean 〈𝐼〉𝑖 and variance 𝑖
2, the molecular brightness i and number 169 

𝑛𝑖  are calculated in each pixel and spectral channel (𝑖 = 𝑔, 𝑟)18: 170 

 𝑖  =
𝑖

2

〈𝐼〉𝑖
− 1        (10) 171 

n𝑖  =
〈𝐼〉𝑖

2

𝑖
2−〈𝐼〉𝑖

 .      (11) 172 

It is important to note that the given equations apply to the ideal case of a true photon-counting 173 

detector. For analog detection systems, the following equations apply19, 20: 174 

  𝑖  =
𝑖

2−0
2

𝑆(〈𝐼〉𝑖−𝑜𝑓𝑓𝑠𝑒𝑡)
− 1       (12) 175 

 n𝑖  =
(〈𝐼〉−𝑜𝑓𝑓𝑠𝑒𝑡)𝑖

2

𝑖
2−0

2−𝑆(〈𝐼〉𝑖−𝑜𝑓𝑓𝑠𝑒𝑡)
 .     (13) 176 

Here, S is the conversion factor between detected photons and the recorded digital counts, 0
2 is 177 

the readout noise and offset refers to the detector intensity offset. Generally, these quantities 178 

should be calibrated, for any detector type, based on measuring the detector variance as a 179 

function of intensity for steady illumination19, e.g., a reflective metal surface or dried dye 180 

solution. The offset can be determined by measuring the count rate for a sample without 181 

excitation light. By performing a linear regression of the detector-associated variance 𝑑
2  versus 182 

intensity 〈𝐼〉 plot, S and 0
2 can be determined19: 183 

 184 

𝑑
2 = 𝑆〈𝐼〉 − 𝑆 ∙ 𝑜𝑓𝑓𝑠𝑒𝑡 + 0

2 .    (14) 185 

 186 

Finally, the cross-correlation brightness is calculated in each pixel and is defined in general as21: 187 

𝐵𝑐𝑐 =
𝑐𝑐

2

√〈𝐼𝑔〉〈𝐼𝑟〉
 ,      (15) 188 

where 𝑐𝑐
2  is the cross-variance 𝑐𝑐

2 = 〈(𝐼𝑔 − 〈𝐼𝑔〉)(𝐼𝑟 − 〈𝐼𝑟〉)〉. 189 

 190 

In order to filter long-lived fluctuations, all ccN&B calculations are performed following a boxcar 191 

filtering, independently for each pixel22. Briefly, 𝑛𝑖, 𝑖  (𝑖 = 𝑔, 𝑟) and 𝐵𝑐𝑐 are calculated in sliding 192 

segments of e.g., 8‒15 frames. The values thus obtained can be then averaged to obtain the final 193 

pixel number and brightness values.  194 

 195 

Stoichiometry analysis 196 

In order to estimate the stoichiometry of protein complexes at cell-cell contacts, the molecular 197 

brightness can be separately analyzed in each spectral channel for the sFCCS or ccN&B data. In 198 

sFCCS, one brightness value is obtained per measurement in each channel. In ccN&B, a brightness 199 

histogram of all pixels corresponding to the cell-cell contact is obtained and the average (or 200 

median) value can be used as representative brightness for the measurement. By performing the 201 

same analysis on a monomeric reference, all brightness values can be normalized to directly 202 

obtain the average oligomeric state of the detected protein complexes. At this point, it is 203 

important to correct for the presence of non-fluorescent FPs that may result in an 204 

underestimation of the oligomeric state. This is typically performed by measuring the brightness 205 

of a homo-dimeric reference protein23, 24 using one-color sFCS or number and brightness (N&B). 206 

 207 



 
  

 
 

PROTOCOL: 208 

 209 

1. Sample Preparation: Cell-Cell Mixing Assay 210 

 211 

Note: The following protocol describes the mixing procedure for adherent cells. It may be 212 

modified for cells cultured in suspension. 213 

 214 

1.1. Seed an appropriate number of cells on a 6-well plate, e.g., 800,000 HEK 293T cells (counted 215 

with a Neubauer counting chamber), a day before transfection. The number can be modified 216 

depending on the time between seeding and transfection and adjusted for other cell types. To 217 

perform a basic experiment (i.e. proteins of interest and negative control), prepare at least 4 218 

wells. Culture cells at 37 °C, 5% CO2 in Dulbecco's Modified Eagle Medium (DMEM) medium, 219 

supplemented with fetal bovine serum (10%) and L-glutamine (1%). 220 

 221 

1.2. Transfect cells according to the manufacturer’s instructions (see the Table of Materials).  222 

 223 

1.2.1. To perform a basic experiment, transfect, in separate wells, plasmids for the protein of 224 

interest fused to a ‘green’ (e.g. monomeric enhanced green (mEGFP), yellow fluorescent protein 225 

(mEYFP)) or ‘red’ (e.g. mCherry, mCardinal) fluorescent protein.  226 

 227 

Note: In this protocol, we focus on APLP1-mEYFP and APLP1-mCardinal12, and the corresponding 228 

negative control, e.g. myristoylated-palmitoylated-mEYFP (myr-palm-mEYFP) and -mCardinal 229 

(myr-palm-mCardinal)12. Generally, 200 ng ‒ 1 µg of plasmid DNA are sufficient. High transfection 230 

efficiency increases the chance to find red and green cells in contact. Modify the amount of 231 

plasmid and transfection reagent to optimize transfection efficiency. Critical: Cell confluency 232 

should be around 70% when transfecting the cells. If cells are over-confluent, the transfection 233 

efficiency will decrease. If cells are not confluent enough, transfection and mixing may induce 234 

stress and prevent many cells from proper attachment after mixing. 235 

 236 

1.3. Perform cell mixing ~4 ± 2 h after transfection. 237 

 238 

1.3.1. Remove growth medium and wash each well gently with 1 mL PBS supplemented with 239 

Mg2+ and Ca2+. Then, remove the PBS. (Critical) Drop PBS on well edge to prevent detachment of 240 

cells during washing. 241 

 242 

1.3.2. Add 50 µL trypsin ethylenediaminetetraacetic acid (EDTA) solution drop-wise to each well 243 

to facilitate detachment of cells. Incubate at 37 °C for 2 min. Afterwards, slowly shake the 6-well 244 

plate laterally to detach the cells.  245 

 246 

Note: Extended incubation times may be required for some cell types.  247 

 248 

1.3.3. Add 950 µL of growth medium to each well and resuspend cells by pipetting a few times 249 

up and down, thereby detaching all cells from the well bottom. (Critical) Ensure that cells are 250 

resuspended properly and detached from each other by visually checking for the absence of large 251 



 
  

 
 

cell aggregates after resuspension. Otherwise many ‘red’-‘red’ or ‘green’-‘green’ contacts will be 252 

obtained after mixing. 253 

 254 

1.3.4. Transfer the cell solution of one well (protein of interest or negative control) to the 255 

corresponding well, i.e., ‘red’ (e.g. APLP1-mCardinal transfected) to ‘green’ (e.g. APLP1-mEYFP 256 

transfected) cells. Mix by gently pipetting a few times up and down. Then, seed the mixed cells 257 

on 35-mm glass bottom dishes (1 mL of mixed cell solution per dish, plus 1 mL of growth medium) 258 

and culture seeded cells for another day at 37 °C, 5% CO2. 259 

 260 

[Place Figure 1 here] 261 

 262 

2. Sample Preparation: Positive Control for Cross-Correlation Experiments and Homo-Dimer 263 

Construct for Brightness Analysis 264 

 265 

2.1. Seed 600,000 HEK 293T cells, counted with a cell counting chamber, on 35-mm glass bottom 266 

dishes one day before transfection. Culture the cells at 37 °C, 5% CO2 in complete DMEM medium 267 

(see step 1.1) for another day. 268 

 269 

2.2. Transfect cells with ~250 ng of plasmid DNA according to manufacturer instructions. For the 270 

positive cross-correlation control, use a plasmid encoding a membrane-anchored fluorescent 271 

protein hetero-dimer, e.g., myr-palm-mCherry-mEGFP or myr-palm-mCardinal-mEYFP12 272 

corresponding to the FPs of the protein of interest. For brightness calibration, use plasmids 273 

encoding both a membrane-anchored FP monomer and homo-dimer corresponding to the FPs 274 

fused to the protein of interest , e.g., myr-palm-mEYFP and myr-palm-mEYFP-mEYFP to calibrate 275 

brightness analysis of APLP1-mEYFP12.  276 

 277 

2.3. Culture cells at 37 °C, 5% CO2 in complete DMEM medium (see step 1.1) for another day. 278 

 279 

3. Confocal Laser Scanning Microscopy: Setup and Focal Volume Calibration 280 

 281 

Note: The following protocol is written for experiments performed with mEGFP/mEYFP and or 282 

mCherry/mCardinal on the laser scanning confocal microscope used in this study. The optical 283 

setup, the software settings (laser lines, dichroic mirrors, filters) and choice of calibration dyes 284 

may be modified for other FPs and microscope setups.  285 

 286 

3.1. Turn on the microscope and lasers at least an hour before the experiment to ensure laser 287 

stability and equilibration of temperature. 288 

 289 

3.2. Prepare 100‒200 µL of appropriate water-soluble fluorescent dye solutions (see the Table 290 

of Materials for examples) in water or PBS to calibrate the focal volume, with concentrations in 291 

the 10-50 nM range. 292 

 293 

3.3. Place the dye solutions on a clean 35-mm glass bottom dish #1.5, i.e. having a thickness of 294 

0.16‒0.19 mm.  295 



 
  

 
 

 296 

Note: Ideally, use dishes with high performance cover glass having a low thickness tolerance, e.g., 297 

0.170  0.005 mm, allowing an optimal collar ring correction (step 3.6). It is important to use the 298 

same type of dish as used later for the following experiments. 299 

 300 

3.4. Place the dish containing the dye solution directly on the objective (preferably, water 301 

immersion, with NA 1.2) to ensure focusing into the solution. Alternatively, place the dish on the 302 

sample holder and focus into the sample (e.g., 10‒20 µm above the bottom of the dish).  303 

 304 

Note: We do not recommend using oil objectives due to the poor signal obtained when focusing 305 

deep into aqueous samples. 306 

 307 

3.5. Set up the excitation and emission path, e.g., choose the 488 nm laser, a 488/561 nm dichroic 308 

mirror, detection window 499‒552 nm and a pinhole size of 1 Airy unit (AU). Make sure that the 309 

pinhole size is the same as that will be used in cross-correlation measurements. 310 

 311 

3.6. Adjust pinhole position (pinhole adjustment) and the objective collar ring to maximize count 312 

rate. To this aim, turn collar ring until maximum count rate is detected.  313 

 314 

Note: The collar ring correction accounts for the specific thickness of the cover glass used. 315 

Maximizing the count rate, i.e. collecting as many photons per molecule as possible, is crucial to 316 

maximize the signal-to-noise ratio (SNR) of the measurements. 317 

 318 

3.7. Perform a series of point FCS measurements (e.g., 6 measurements at different locations, 319 

each consisting of 15 repetitions of 10 s, i.e. 2.5 min total time, sampled with 1 µs dwell time or 320 

less) at the same laser power as used in cross-correlation measurements (typically ~1%, i.e., ~1‒321 

2 µW).  322 

 323 

3.8. Fit a three-dimensional diffusion model including a triplet contribution (Equation 6) to the 324 

data.  325 

 326 

Note: Typically, the obtained diffusion times are around 30 µs and the structure factor is around 327 

4‒8. 328 

 329 

3.9. Calculate the waist w0 from the measured average diffusion time and published values for 330 

the diffusion coefficient of the used dye at room temperature25 according to Equation 5. Typical 331 

values are 200‒250 nm.  332 

 333 

3.10. Repeat the calibration routine (steps 3.4‒3.9) with a different fluorescent dye for a second 334 

detection channel if needed (e.g., 561 nm excitation and detection between 570 nm and 695 335 

nm). Keep the pinhole position and size as it was set for the first detection channel.  336 

 337 

3.11. Calculate the molecular brightness (Equation 8) from the calibration measurements, and 338 

store the obtained values.  339 



 
  

 
 

 340 

Note: Typical values for the used setup are 8‒10 kHz/molecule (MOL) for 1.8 µW 488 nm 341 

excitation power. Lower than usual values might indicate dirt on the objective, misalignment of 342 

the setup or a reduced laser output. Check and store laser output powers at the objective 343 

regularly using a power meter. For comparison of different setups, molecular brightness 344 

normalized by the excitation laser power is the most meaningful parameter to assess microscope 345 

performance. 346 

 347 

4. Scanning Fluorescence Cross-Correlation Spectroscopy: Acquisition 348 

 349 

Note: The following protocol is written for experiments performed with mEGFP/mEYFP (‘green’) 350 

and or mCherry/mCardinal (‘red’) on the laser scanning confocal microscope used in this study. 351 

The optical setup and the software settings (laser lines, dichroic mirrors, filters) may be different 352 

for other FPs or microscopy setups.  353 

 354 

4.1. Set up the optical path, e.g., 488 nm and 561 nm excitation and a 488/561 nm dichroic 355 

mirror, pinhole on 1 AU for 488 nm excitation. To avoid spectral cross-talk, select two separate 356 

tracks to excite and detect mEGFP/mEYFP (488 nm excitation, green channel) and mCherry/ 357 

mCardinal (561 nm excitation, red channel) sequentially and select switch tracks every line. For 358 

the detection, use appropriate filters for both channels, e.g., 499‒552 nm in the green channel 359 

and 570‒695 nm in the red channel.  360 

 361 

4.2. If alternated excitation is not possible, use appropriate filter settings for the red channel to 362 

minimize spectral cross-talk (i.e. detect mCherry/mCardinal fluorescence not below 600 nm). This 363 

may reduce the amount of photons detected in the red channel and thus reduce the SNR. 364 

 365 

4.3. Place the dish containing the mixed cells on the sample holder. Wait at least 10 min to ensure 366 

temperature equilibration and to reduce focus drift. 367 

 368 

4.4. Focus on the cells using transmission light in the Locate menu. 369 

 370 

4.5. Search for a pair of 1 ‘red’ and 1 ‘green’ cells in contact with each other. For the positive 371 

cross-correlation or homo-dimer brightness control (see section 2), search for an isolated cell 372 

emitting fluorescence in both channels or the respective homo-dimer signal at the PM.  373 

 374 

Note: (Critical) Minimize exposure of the cells while searching for cells to avoid pre-bleaching, 375 

which may reduce the cross-correlation26. Therefore, scan at the fastest scan speed and low laser 376 

powers. To avoid detector saturation while imaging strongly expressing cells, search in 377 

integration mode. However, to minimize exposure, scanning at lower laser powers is possible in 378 

photon counting mode. 379 

 380 

4.6. Select a scan path perpendicular to cell-cell contact (or to PM of a single cell for the positive 381 

cross-correlation or homo-dimer brightness control) using the Crop button as depicted in Figures 382 

1B and 2A.  383 



 
  

 
 

 384 

Note: Some older microscopes do not allow arbitrary scan directions. In this case, cell-cell 385 

contacts with an orientation perpendicular to the scan direction have to be located. 386 

 387 

4.7. Zoom to achieve a pixel size of 50‒200 nm and select Line in Scan Mode. Set Frame Size to 388 

128 × 1 pixels.  389 

 390 

Note: Typical pixel size is 160 nm, corresponding to a scan length of around 20 µm. 391 

 392 

4.8. Set Scan speed to the maximum allowed value, e.g., 472.73 µs per line.  393 

 394 

Note: For an alternate excitation scheme, this corresponds to 954.45 µs scan time, i.e. ~1000 395 

scans/s on the setup used. The scan speed may be adjusted depending on the diffusion 396 

coefficient of the protein of interest. For membrane-anchored proteins, typical diffusion times 397 

are around 10‒20 ms. The scan time should be at least ten times smaller than the diffusion times. 398 

Lower scan speeds may induce stronger photobleaching and require lower illumination powers. 399 

Alternatively, one can impose a pause, e.g., 5 ms, in between each scan for very slowly diffusing 400 

complexes using Interval in the Time Series submenu. 401 

 402 

4.9. Choose the appropriate laser powers, e.g., ~1-2 µW for 488 nm and ~5-10 µW for 561 nm 403 

excitation.  404 

 405 

Note: Higher laser powers improve SNR, but increase photobleaching. Therefore, laser powers 406 

should be chosen such that photobleaching is less than 50% of the initial count rate. 407 

 408 

4.10. Set Cycles to 100,000‒500,000.  409 

 410 

Note: The number of scans, i.e. duration of the measurement, may vary: Longer measurement 411 

times will improve SNR and may be more appropriate for slowly diffusing molecules, however, 412 

motion of the cells and photobleaching limit the maximal measurement time. Data presented 413 

here were routinely acquired for ~3‒6 min, i.e. 200,000‒400,000 line scans.  414 

 415 

4.11. Set detectors to Photon counting mode. Press Start Experiment to start the acquisition. 416 

Repeat steps 4.5‒4.11 to measure another cell. 417 

 418 

Note: It is recommended to measure 10‒15 cells per sample at different expression levels. 419 

(Critical) Avoid detector saturation at high expression levels. The maximum count rate should not 420 

exceed ~1 MHz. 421 

 422 

4.12. If brightness analysis is carried out to determine oligomeric states, perform homo-dimer 423 

brightness calibration measurements according to modified steps 4.1‒4.11: Measure each 424 

fluorescent protein homo-dimer separately (in isolated cells, prepared using protocol section 2) 425 

and perform measurements only in one spectral channel.  426 

 427 



 
  

 
 

5. Scanning Fluorescence Cross-Correlation Spectroscopy: Data Analysis 428 

 429 

Note: The following protocol follows an implementation of the analysis procedure described in 430 

detail in previous articles12, 15. The software code is available upon request to the authors. 431 

 432 

5.1. Export the raw data (e.g., CZI) files to an RGB TIFF image in raw data format. This file will 433 

contain a kymograph with the green and red channel data, in the channel termed G and R of the 434 

image, respectively. 435 

 436 

5.2. Import the TIFF file with the appropriate analysis software and proceed to perform the 437 

analysis. 438 

 439 

Note: The following steps (steps 5.3‒5.7) are applied separately to each channel: 440 

 441 

5.3. Align the lines by performing a segment-wise or moving time average with blocks of 500‒442 

1000 lines. Determine the membrane position, i.e. the pixel position with the maximum count 443 

rate, in each block. Shift all blocks to the same lateral position. This procedure corrects for lateral 444 

displacement of the cell-cell contact, e.g., due to cell movement.  445 

 446 

5.4. Sum up all aligned lines along the time axis and fit the average intensity profile using a 447 

Gaussian function. In the presence of significant intracellular background, use a Gaussian plus a 448 

sigmoid function. Define the pixels corresponding to the membrane as all pixels within 2.5 of 449 

the membrane position and sum up the intensity of these pixels in each line, obtaining a single 450 

fluorescence signal value for each time point (i.e. for each line scan).  451 

 452 

5.5. If needed (e.g., background >10% of the sample signal), apply a background correction by 453 

subtracting the average pixel intensity in the cytoplasm multiplied by 2.5 (in pixel units) from 454 

the membrane fluorescence, in blocks of 1000 lines. Avoid bright intracellular vesicles when 455 

selecting background pixels. 456 

 457 

5.6. If photobleaching is observed, apply a bleaching correction. For this, fit the membrane 458 

fluorescence time series with a double-exponential function and apply the appropriate correction 459 

formula, Equation 116.  460 

 461 

Note: Alternatively, Fourier spectrum based correction schemes may be applied27. (Critical) If 462 

photobleaching is present but not corrected for, the CFs may be severely distorted and 463 

parameter estimates may be strongly biased (e.g., see Figure 5E). 464 

 465 

5.7. Calculate the ACFs and CCFs according to Equations 2 and 3 using e.g., a multiple-tau 466 

algorithm28. To improve the reliability of the analysis and avoid artefacts, perform the 467 

calculations for 10‒20 equal segments of the total measurement. Inspect the fluorescence time 468 

series and CFs in each segment and remove clearly distorted segments (see examples in Figures 469 

4A‒4D). Average all non-distorted segments.  470 

 471 



 
  

 
 

Note: This procedure can be automated to avoid a subjective bias to the data29. For very unstable 472 

measurements, many short segments may be helpful. However, the length of a segment should 473 

still be at least three orders of magnitude above the diffusion time to avoid statistical 474 

undersampling errors29, 30, 17. 475 

 476 

5.8. Fit a two-dimensional diffusion model, Equation 4, to the obtained CFs. Therefore, fix the 477 

structure factor to the value obtained in calibration measurement (Protocol section 3). The 478 

accuracy of the fit can be improved by performing a weighted fit using the statistical weights of 479 

each data point obtained from the multiple tau algorithm. 480 

 481 

5.9. Calculate the diffusion coefficient using the calibrated waist according to Equation 7. 482 

 483 

5.10. Calculate the molecular brightness by dividing the average fluorescence intensity in each 484 

channel by the corresponding number of particles, Equation 8. Normalize the determined 485 

brightness value in each channel by the average brightness of the corresponding monomeric 486 

reference to obtain the oligomeric state, taking into account non-fluorescent FPs23. To this aim, 487 

determine average homo-dimer brightness values from one-color analysis to calculate the 488 

fraction of non-fluorescent FPs23. 489 

 490 

5.11. Calculate the relative cross-correlation according to Equation 9. 491 

 492 

6. Cross-Correlation Number and Brightness: Detector Calibration  493 

 494 

Note: The following protocol provides a general guideline regarding how to calibrate the 495 

detection system. This procedure is mandatory for analog detection systems, but is not strictly 496 

needed when true photon counting detectors are used. 497 

 498 

6.1. Dry appropriate water-soluble dye solutions (see Table of Materials for examples) on a 35-499 

mm glass bottom dish. Set the optical path accordingly, i.e. 488 or 561 nm excitation and 500 

detection at 499‒552 nm or 570‒695 nm, respectively.  501 

 502 

Note: Alternatively, a reflective metal surface can be used instead of dried dye solutions by 503 

placing the metal piece directly on top of the objective.  504 

 505 

6.2. Perform one-color N&B measurements in regions with different dye concentrations or at 506 

different laser powers. Therefore, use Zoom to achieve a pixel size of 300 nm, Scan speed to set 507 

appropriate pixel dwell time, e.g., 25 µs and set Cycles to 100‒200 frames. 508 

 509 

6.3. Set detectors to photon counting (or analog mode if measurements are performed with 510 

analog detection) and press Start Experiment to start the acquisition. Perform measurement at 511 

zero excitation power to determine the intensity offset. 512 

 513 



 
  

 
 

6.4. Plot pixel variance as a function of pixel intensity for all measured pixels and perform a linear 514 

fit of these data. Determine S as the slope of the linear fit. Calculate the readout noise from the 515 

y-intercept, using S and the determined intensity offset according to Equation 14. 516 

 517 

7. Cross-Correlation Number and Brightness: Acquisition 518 

 519 

7.1. Follow steps 4.1‒4.4 of the sFCCS acquisition protocol. 520 

 521 

7.2. Use Crop to select a frame of 512 × 128 pixels around a cell-cell contact (or isolated PM for 522 

homo-dimer brightness control) and Zoom to achieve a pixel size of 50‒100 nm.  523 

 524 

7.3. Use Scan speed to set appropriate pixel dwell time, e.g., 6.3 µs.  525 

 526 

Note: In N&B, the pixel dwell time should be much smaller than the diffusion time of the protein 527 

of interest. If an alternate excitation scheme is chosen, e.g., switching tracks every line, the time 528 

between the two tracks should be smaller than the diffusion time of the protein of interest. 529 

Otherwise the detectable cross-correlation is reduced. 530 

 531 

7.4. Set Cycles to 100‒200 frames.  532 

 533 

Note: A higher frame number will improve the SNR, however, cell movement may limit the total 534 

measurement time. The scan time per frame should be much higher than the diffusion time of 535 

the protein of interest. Otherwise the apparent brightness is reduced, i.e. particles appear to be 536 

immobile. For very slowly diffusion complexes, impose a pause, e.g., 2 s, in between frames using 537 

Interval in the Time Series submenu. 538 

 539 

7.5. Set laser power to appropriate value (typical values are ~1‒2 µW for 488 nm and ~5‒10 µW 540 

for 561 nm excitation).  541 

 542 

Note: Higher laser power leads to higher brightness and improved SNR, but also enhanced 543 

photobleaching. Laser powers should be high enough to achieve a detected brightness of at least 544 

~1 kHz/MOL but kept low enough to avoid more than 10‒20% photobleaching. For 545 

mEGFP/mEYFP or mCherry/mCardinal, less than 10% photobleaching are usually obtained. 546 

 547 

7.6. Set detectors to photon counting (or analog mode if measurements are performed with 548 

analog detection). Press Start Experiment to start the acquisition.  549 

 550 

7.7. Evaluate the photon count rate. If count rates in cell-cell contact pixels exceed 1 MHz, reduce 551 

the laser power or select cells with lower expression levels. Repeat the steps 7.2‒7.7. to measure 552 

the next pair of cells. It is recommended to measure 10-15 cells per experiment at different 553 

expression levels. 554 

 555 

7.8. If brightness analysis is performed to quantify oligomerization, perform homo-dimer 556 

brightness calibration measurements according to modified steps 7.1‒7.7: Measure each 557 



 
  

 
 

fluorescent protein homo-dimer separately (in isolated cells, prepared using protocol section 2) 558 

and perform measurements only in one spectral channel.  559 

 560 

8. Cross-correlation Number and Brightness: Data Analysis 561 

 562 

Note: The following protocol follows a previously described analysis procedure12, 31. The software 563 

code is available from the authors upon request. 564 

 565 

8.1. Import the raw data (e.g., CZI files can be imported using the Bioformats32 package). Average 566 

all frames and select a region of interest (ROI) around the cell-cell contact  567 

 568 

8.2. Perform an image alignment algorithm33, e.g., by maximizing the spatial correlation between 569 

ROIs in subsequent frames for arbitrary lateral translations, averaged over both channels. This 570 

procedure will correct for lateral movement of the cells. 571 

 572 

8.3. Apply a boxcar filter22 to reduce extraneous long-lived fluctuations, originating from e.g., 573 

residual cell movement or background bleaching. Alternatively, an exponential detrending 574 

method may be applied to correct for photobleaching34. 575 

 576 

Note: If no segment-wise analysis or detrending is applied, the apparent brightness may be 577 

largely overestimated.  578 

 579 

8.3.1. Define sliding segments of e.g., 8 to 15 frames (e.g., frames 1 to 8, 2 to 9 and so forth) and 580 

calculate the channel and cross-correlation brightness values according to Equations 10, 11 and 581 

15 pixel-wise in each segment. If detectors are not true photon counting detectors, take the 582 

calibrated detector parameters into account when calculating the brightness, i.e. use Equations 583 

12 and 13 instead.  584 

 585 

Note: Calculating the brightness values in segments of 8 to 15 frames leads to a 10‒20% 586 

underestimation of the absolute brightness and a 10‒20% overestimation of particle numbers. 587 

Nevertheless, brightness ratios (e.g., dimer to monomer brightness) are not affected, as long as 588 

the segment length is kept constant throughout the analysis (data not shown). The statistical 589 

error for a given segment length can be determined via simulations and thus corrected for. 590 

 591 

8.3.2. Average the obtained brightness values pixel-wise over all segments. In this step, one may 592 

remove the highest and lowest 5% of segment brightness values from the average or exclude 593 

segments which show a clear distortion in the intensity, due to e.g., an intracellular vesicle or 594 

aggregate transiently present in these pixels.  595 

 596 

8.4. Plot the pixel brightness values as a function of the pixel intensity and select the population 597 

of pixels that corresponds to the cell-cell contact. Background pixels will have very low intensity 598 

values. At this point, re-evaluate the maximum count rate. Exclude pixels with count rates above 599 

1 MHz to prevent pile-up effects. 600 

 601 



 
  

 
 

8.5. Create channel and cross-correlation brightness histograms of selected cell-cell contact 602 

pixels and fit with a Gaussian function to obtain the ROI-averaged brightness values. Normalize 603 

the average channel brightness value by the average brightness of the corresponding monomeric 604 

reference to obtain the oligomeric state, taking into account non-fluorescent FPs23. Therefore, 605 

determine average homo-dimer brightness values from one-color analysis to calculate the 606 

fraction of non-fluorescent FPs23. 607 

 608 

8.6. For illustration, plot channel and cross-correlation brightness maps.  609 

 610 

REPRESENTATIVE RESULTS: 611 

A first test for the protein-protein interaction assay, i.e. mixing of cells expressing spectrally 612 

distinct fluorescent proteins followed by sFCCS/ccN&B measurements (Figure 1), should be 613 

performed on proteins that are not expected to interact at the cell-cell contact (i.e. a negative 614 

control). Therefore, HEK 293T cells expressing myristoylated-palmitoylated-mEYFP (myr-palm-615 

mEYFP) or -mCardinal were mixed and sFCCS was performed across the cell-cell contact (Figure 616 

2A). In an ideal case, the fluorescence signal in each channel is supposed to fluctuate around a 617 

stable mean, as a consequence of the diffusive motion of the proteins in the PM and the statistical 618 

variations of the number of proteins in the focal volume. For proteins that do not interact, the 619 

fluctuations in both channels are independent from each other and, thus, the spectral cross-620 

correlation is expected to fluctuate around zero. Indeed, a relative cross-correlation close to zero 621 

was observed in typical measurements (Figure 2C), while the ACFs show characteristic decay 622 

times of ~10‒20 ms (corresponding to, on average, Dmyr-palm = 1.3 ± 0.3 µm2/s (mean ± SD), n = 20 623 

cells) as expected for the diffusion of myr-palm-mEYFP and -mCardinal in the PM, e.g., Dmyr-palm = 624 

0.88 ± 0.11 µm2/s (mean ± SEM) based on fluorescence recovery after photobleaching (FRAP) 625 

experiments35. Notably, these rather slow dynamics allow the use of an alternating excitation 626 

scheme, i.e. switching between only green and only red excitation and detection every line, 627 

causing a ~0.5 ms delay between signals in both channels but suppressing spectral cross-talk. On 628 

average, a very low average cross-correlation of 0.08 ± 0.10 (mean ± SD, n = 17 cells) was obtained 629 

for the negative control (Figure 3E), as expected.  630 

 631 

Next, a positive cross-correlation control was used to calibrate the maximum possible cross-632 

correlation in the optical setup. Therefore, the membrane-anchored hetero-dimer myr-palm-633 

mCardinal-mEYFP was expressed in HEK 293T cells and sFCCS measurements were performed on 634 

single cells (Figure 2B). The obtained CCFs had positive amplitudes and showed similar decay 635 

times as the AFs, again ~10‒20 ms (Figure 2D). On average, a relative cross-correlation of 0.96 ± 636 

0.18 (mean ± SD, n = 14 cells) was measured for the positive control (Figure 3E). 637 

 638 

[Place Figure 2 here] 639 

 640 

The suitability of this assay was then investigated in a biologically relevant context by probing the 641 

trans interactions of the amyloid precursor-like protein 1 (APLP1), a type I transmembrane 642 

protein that has been proposed to act as a neuronal adhesion receptor. To this aim, APLP1 fused 643 

to mEYFP or mCardinal was expressed in HEK 293T cells. To exclude interference with 644 

extracellular binding domains, the FPs were fused to the C-terminus of APLP1, i.e. at the 645 



 
  

 
 

intracellular domain (see Figure 1A). Then, sFCCS measurements were performed on cell-cell 646 

contacts between APLP1-mEYFP and APLP1-mCardinal expressing cells (Figure 3A), resulting in 647 

ACFs and CCFs (Figure 3C) that provide information about APLP1 diffusion and interactions. A 648 

positive relative cross-correlation of 0.45 ± 0.21 (mean ± SD), n = 17 cells) was observed, i.e. a 649 

value significantly larger than that of the negative control (Figure 3E). Interestingly, the average 650 

relative cross-correlation was lower than that of the positive control (Figure 3E), indicating only 651 

partial trans binding. 652 

 653 

Finally, the assay was used to show that zinc ions facilitate enhanced APLP1 trans binding12, 31. 654 

The sFCCS CFs obtained from measurements across APLP1 clusters at cell-cell contacts 655 

(characterized by a strong co-localization of APLP1-mEYFP and APLP1-mCardinal and forming 656 

rapidly in the presence of zinc ions, Figure 3B) showed strongly reduced dynamics, as evident 657 

from large decay times and the oscillations at large lag times (Figure 3D). Nevertheless, analysis 658 

of the amplitudes at short lag times revealed a significant increase of the relative cross-659 

correlation to 0.8 ± 0.3 (mean ± SD, n = 17 cells), i.e. ~80% of the calibrated maximum (Figure 660 

3E). It is to be expected that such slow dynamics induce severe distortions of the correlation 661 

curves (see Figure 3D) due the limited number of diffusive events that can be detected during 662 

the finite measurement time, inducing so-called particle noise30. For an accurate quantification, 663 

the maximum lag time should be at least 3 orders of magnitude above the diffusion time (see 664 

previous reviews30, 17 for further details). 665 

 666 

The molecular brightness from the sFCCS APLP1 data was further analyzed, using the myr-palm 667 

negative control as a monomeric reference in each channel and correcting for the amount of 668 

non-fluorescent proteins23. Upon zinc ion addition, the molecular brightness significantly 669 

increased from small oligomers (~dimers) to larger multimers consisting of ~10‒50 monomers on 670 

each cell (Figure 3F). Thus, on average, up to ~100 APLP1 monomers are present in a whole 671 

protein cluster across the cell-cell junction. 672 

 673 

[Place Figure 3 here] 674 

 675 

All the measurements shown so far were corrected for additional, spurious fluctuations occurring 676 

in the cells that, if not taken into account, would make the sFCCS analysis challenging. For the 677 

negative control, for example, these may cause a false-positive cross-correlation, if no correction 678 

schemes are applied. Two major processes that can severely distort the CFs are: 1) instabilities in 679 

the recorded fluorescence signal due to intracellular vesicles that transiently enter the focal 680 

volume or slow membrane dynamics, e.g., drift in the z-direction, and 2) photobleaching. To 681 

identify transient instabilities, it is recommended to analyze the full measurements in 10‒20 682 

equally sized segments and to visually inspect the intensity time series and CFs in each segment. 683 

This procedure is illustrated in Figure 4, which gives an example of clearly distorted segments 684 

obtained in the analysis of a negative control measurement. Transient instabilities (Figure 4A, 685 

intensity traces of segments 1 and 2) may result in a CCF having negative values (Figure 4B, 686 

segment 1) or a high false-positive cross-correlation (Figure 4B, segment 2). Typically, such 687 

instabilities are visible in the intensity series as slow signal variations (Figure 4A). The 688 

corresponding CFs typically deviate strongly from the CFs of the majority of segments, displaying 689 



 
  

 
 

e.g., higher amplitude and much slower decay times on the ~second scale (see Figures 4B‒4D). 690 

It is recommended to remove such segments from the analysis and to calculate the final CFs by 691 

averaging all non-distorted segments, i.e. segments characterized by CFs not deviating from the 692 

majority of CFs. Typically, this is done in a graphical interface by 1) iteratively examining the 693 

segments, 2) removing clearly distorted segments from the average and 3) inspecting the CFs of 694 

remaining segments with respect to the updated average CFs of segments that were not 695 

removed. By applying this procedure, partially distorted long measurements (Figure 5A), showing 696 

slowly decaying (corrupted) CFs (Figure 5B) were successfully corrected and meaningful 697 

correlation curves were recovered (Figure 5C). Generally, this correction procedure can be 698 

automatized29, avoiding a visual inspection by the user, which may be prone to subjective bias. 699 

In comparison to intensity based filtering methods36, in which small bins of the measurement are 700 

evaluated based on their intensity compared to the average intensity of the full measurement 701 

and removed if exceeding a threshold parameter, the described procedure does not rely on 702 

external parameters and is sensitive also to minor instabilities.  703 

 704 

In order to compensate for photobleaching, the described mathematical correction, Equation 1, 705 

was applied. Typically, photobleaching can be identified by an exponential decay of the 706 

fluorescence signals (Figure 5D), dominating the CFs, which then show a false-positive cross-707 

correlation and decay times on the ~min scale (see the typical curve shape in Figure 5E). The 708 

correction procedure recovered the non-distorted CFs (Figure 5F). As already mentioned, similar 709 

intensity variations within single measurements may be also caused by PM movement, e.g., z-710 

drift, or large slowly moving structures. However, if similar exponential decays appear in all 711 

measurements, photobleaching will be the most likely source. Generally, correction schemes can 712 

be combined, e.g., intensity filtering, CF based filtering and further methods such as Fourier 713 

transform based filtering of slow signal variations in frequency space27. 714 

 715 

[Place figures 4 and 5 here] 716 

 717 

As a complementary approach to sFCCS, ccN&B (Figure 1C) can be used to detect protein-protein 718 

interactions after cell mixing. In contrast to sFCCS, ccN&B provides no information on protein 719 

dynamics, but allows measuring trans interactions along the whole cell-cell contact in one focal 720 

plane. Measurements on APLP1 samples were performed before and after treatment with 50 µM 721 

ZnCl2, as well as on the negative myr-palm control. These measurements are sensitive to cell 722 

movements, especially for zinc ion treated samples, requiring prolonged acquisition times to 723 

account for the slow dynamics of APLP1 clusters. Therefore, an image alignment algorithm was 724 

implemented to correct for lateral movement of the cells33. Also, a boxcar filter22 (8 frames box 725 

size, ~5 s) was applied to remove low frequency fluctuations of the measured signals. This 726 

procedure is very similar to other filters used in N&B analysis involving local averaging37 or 727 

detrending18, 34, but keeps the original data unaltered, i.e., pixels are treated independently and 728 

no averaging or subtraction of signals is performed. This procedure effectively suppresses long-729 

lived fluctuations on time scales longer than the box size22. Following such data analysis, the 730 

cross-correlation brightness values for all samples were compared by pooling all cell-cell contact 731 

pixels in a cross-correlation brightness histogram. For APLP1 in the absence of zinc ions (Figures 732 

6A and 6D), a positive average Bcc of 0.068 ± 0.004 (mean ± SEM, n = 18 cells) was observed. After 733 



 
  

 
 

zinc ion addition (Figure 6B and 6E), the Bcc value increased to 0.266 ± 0.006 (mean ± SEM, n = 734 

19 cells). For the negative control (Figure 6C and 6F), a lower average cross-correlation brightness 735 

was detected (Bcc =0.022 ± 0.002, mean ± SEM, n = 26 cells). To estimate the stoichiometry of 736 

APLP1 complexes at cell-cell contacts, the brightness of APLP1-mEYFP was normalized using the 737 

average value obtained for myr-palm-mEYFP (i.e., the negative control) and corrected for the 738 

amount of non-fluorescent proteins23. In agreement with sFCCS data, the brightness distribution 739 

was centered around a value corresponding to dimers (Figure 6G), in the absence of zinc ions, 740 

suggesting an average 2:2 stoichiometry. After zinc ion treatment, the normalized brightness 741 

strongly shifted to larger values, ranging from ~10 to ~60 (Figure 6H), i.e., stoichiometries of at 742 

least 10:10 or larger, again in good agreement with sFCCS data.  743 

 744 

[Place figure 6 here] 745 

 746 

In order to perform the ccN&B analysis, a careful calibration of the detectors should be 747 

performed. For the experimental setup used in this study, the need for such a calibration became 748 

apparent when the molecular brightness was analyzed in fixed samples (i.e., in the absence of 749 

number fluctuations). In this case, the molecular brightness is expected to be zero according to 750 

Equation 10, since the variance should only originate from detector noise. However, when a ROI 751 

that contains only (immobile) background pixels was analyzed (Figure 7A and 7B), a positive 752 

brightness of ~0.1 cts./(MOLdwell time) was determined. A similar value was obtained 753 

performing N&B measurements of HEK 293T cells expressing glycosylphosphatidylinositol-754 

mCherry (GPI-mCherry, Figure 7C) with varying laser powers and extrapolating the measured 755 

molecular brightness to zero laser power. To correct for this effect, we performed a systematic 756 

calibration of the detector, as previously reported (see Equation 12)19, 20. We therefore measured 757 

the variance as a function of detector count rate on a sample consisting of a dried fluorescent 758 

dye solution and determined the parameters S, 0
2 and the dark count rate offset. The latter was 759 

obtained from measuring the intensity at zero laser power and was, in our case, negligible. From 760 

a linear fit of the variance versus intensity plot, we determined, according to Equation 14, a slope 761 

of S = 1.1, and a negligible readout noise. The determined values (S = 1.1, 0
2 = 0, offset = 0) were 762 

then used to correctly calculate molecular brightness and number according to Equations 12 and 763 

1319. Alternatively, a more empirical correction scheme can be applied based on the fact that a 764 

superpoissonian detector noise, i.e. ~10% larger noise than Poissonian shot noise, would also 765 

explain the observation of a positive molecular brightness in pixels without number fluctuations. 766 

Using this assumption, the determined brightness of ~0.1 cts./(MOLdwell time) in such pixels 767 

can be considered as a constant brightness offset and should thus be subtracted from all 768 

brightness values calculated with Equation 10. Most importantly, both described approaches 769 

lead to the same results when calculating brightness ratios, as long as 0
2 and offset are negligible. 770 

It is worth mentioning that among different microscopes of the same type (same vendor, same 771 

model, GaAsP detectors in photon counting mode) different S values were observed, highlighting 772 

the necessity for a careful detector calibration on each individual setup.  773 

 774 

A further important parameter affecting the detector performance in brightness measurements 775 

is the detector dead time. As it has been previously shown, the detector dead time can 776 

substantially reduce the detected molecular brightness, even at medium count rates (above 10²‒777 



 
  

 
 

10³ kHz)38. To avoid this artefact, measurements should either be performed at lower count rates, 778 

or the dead time should be calibrated based on performing N&B or FCS in a dilution series of e.g., 779 

EGFP in buffer solution. Then, measured count rates can be corrected using a calibrated dead 780 

time38. For the setup used in this study, such a calibration using N&B on diluted dye solutions 781 

revealed stable molecular brightness values up to count rates of ~0.5 MHz and a corresponding 782 

dead time of ~6 ns (Figure 7E). The decrease at higher count rates can be thus corrected by using 783 

a previously published correction formula38, resulting in a constant brightness value of ~8 784 

kHz/MOL.  785 

 786 

[Place figure 7 here] 787 

 788 

FIGURE AND TABLE LEGENDS:  789 

 790 

Figure 1. Experimental workflow and schematic representation of scanning fluorescence cross-791 

correlation spectroscopy and cross-correlation number and brightness analysis at cell-cell 792 

contacts. (A) Scheme of sample preparation: Two cell populations transfected with the protein 793 

of interest (e.g., APLP1) fused to two spectrally distinct fluorescent proteins (e.g., mEYFP and 794 

mCardinal) are mixed after transfection. Contacts of differently transfected cells are selected in 795 

the microscopy experiments. To avoid interference with extracellular binding domains, the 796 

fluorescent protein should be fused to the intracellular terminus of the protein of interest. (B) 797 

Scanning FCCS (sFCCS) measurements are performed perpendicular to the cell-cell contact in two 798 

spectral channels (channel 1, green and channel 2, red). Scan lines (represented as kymographs) 799 

are aligned and membrane pixels summed. Then, ACFs and CCFs are calculated from the intensity 800 

traces Fi(t). ACFs are represented in red and green. CCF is represented in blue. (C) Cross-801 

correlation N&B (ccN&B) acquisition results in a three-dimensional (x-y-time) image stack. A ROI 802 

is selected around the cell-cell contact. Then channel and cross-correlation brightness (1, 2, and 803 

Bcc) values are calculated in each cell-cell contact pixel. The results are then visualized as 804 

histograms, pooling all selected pixels.  805 

 806 

Figure 2. Scanning fluorescence cross-correlation spectroscopy control measurements. (A) 807 

Representative images of mixed HEK 293T cells expressing myr-palm-mEYFP/-mCardinal as 808 

negative control for trans interactions. The yellow arrow indicates the sFCCS scan path. Scale bars 809 

are 5 µm. (B) Representative images of HEK 293T cells expressing myr-palm-mCardinal-mEYFP 810 

hetero-dimer (left: green channel, right: red channel) as positive cross-correlation control. The 811 

yellow arrow indicates the sFCCS scan path. Scale bars are 5 µm. (C) Representative CFs (green: 812 

ACF in green channel (mEYFP), red: ACF in red channel (mCardinal), blue: CCF) obtained in sFCCS 813 

measurements for negative control. Solid lines show fits of a two-dimensional diffusion model to 814 

the CFs. (D) Representative CFs (green: ACF in green channel (mEYFP), red: ACF in red channel 815 

(mCardinal), blue: CCF) obtained in sFCCS measurement of the positive control. Solid lines show 816 

fits of a two-dimensional diffusion model to the CFs. 817 

 818 

Figure 3. Scanning fluorescence cross-correlation spectroscopy measurements of APLP1 819 

interactions at cell-cell contacts. (A, B) Representative images of HEK 293T cells expressing 820 

APLP1-mEYFP (green)/ APLP1-mCardinal (red) before (A) and 30 min after zinc ion treatment (B, 821 



 
  

 
 

different cells). The yellow arrows indicate the sFCCS scan path. Scale bars are 5 µm. (C, D) 822 

Representative CFs (green: ACFs in green channel (mEYFP), red: ACFs in red channel (mCardinal), 823 

blue: CCFs) obtained in sFCCS measurements for (C) APLP1 before zinc ion treatment and (D) 824 

after zinc ion treatment. Solid lines show fits of a two-dimensional diffusion model to the CFs. (E) 825 

Box plots of relative cross-correlation obtained from sFCCS analysis of negative control 826 

(“negative”), APLP1 in absence and presence of zinc ions, and positive cross-correlation control 827 

(“positive”). Plots show median values and whiskers ranging from minimum to maximum values. 828 

(F) Box plots of normalized molecular brightness in green channel (mEYFP) obtained from sFCCS 829 

analysis of APLP1 at cell-cell contacts in the absence and presence of zinc ions. Brightness values 830 

were corrected for non-fluorescent mEYFP based on sFCS measurements of myr-palm-mEYFP-831 

mEYFP homo-dimers expressed in HEK 293T cells, measured under the same conditions23. Plots 832 

show median values and whiskers ranging from minimum to maximum values. 833 

 834 

Figure 4. Segment-wise analysis of scanning fluorescence cross-correlation spectroscopy 835 

measurements of negative cross-correlation control. (A) Fluorescence intensity in green (F1) and 836 

red channel (F2) of two different time segments (each measurement was analyzed in 20 segments 837 

of ~20 s each), obtained from sFCCS measurement of negative control. (B) CCFs of each of the 20 838 

segments. The CCFs for segments 1 and 2 are highlighted in red and orange, respectively. (C, D) 839 

ACFs of each segment in green (C) and red (D) channel. The ACFs for segments 1 and 2 are 840 

highlighted in red and orange, respectively. 841 

 842 

Figure 5. Perturbations in scanning fluorescence cross-correlation spectroscopy measurements 843 

at cell-cell contacts, exemplified for negative cross-correlation control. (A) Full fluorescence 844 

time series for an exemplar measurement in green (F1) and red channel (F2). The solid red lines 845 

represent a double-exponential fit of the time series in each channel. (B, C) CFs (green: ACFs in 846 

green channel, red: ACFs in red channel, blue: CCFs) of the fluorescence time series shown in A, 847 

calculated by (B) correlating the whole measurement or (C) correlating 20 segments separately 848 

and averaging the least distorted CFs of ~80% (green channel) and ~50% (red channel) of the 849 

segments. Solid lines represent fit of a two-dimensional diffusion model to the data. (D) Full 850 

fluorescence time series and double-exponential fit (solid red lines) of measurement 851 

characterized by substantial bleaching in green (F1) and red channel (F2). (E, F) CFs (green: ACFs 852 

in green channel, red: ACFs in red channel, blue: CCFs) of the fluorescence time series shown in 853 

D, calculated by (E) correlating the whole measurement or (F) applying the bleaching correction, 854 

Equation 1, correlating 20 segments separately and averaging the least distorted CFs of ~90% 855 

(both channels) of the segments. Solid lines represent fit of a two-dimensional diffusion model 856 

to the data. 857 

 858 

Figure 6. Cross-correlation Number and Brightness measurements of APLP1 interactions at cell-859 

cell contacts. (A‒C) Representative ccN&B image frames of cell-cell contacts between APLP1-860 

mEYFP and APLP1-mCardinal expressing HEK 293T cells without (A) and with zinc ions (B) or myr-861 

palm-mEYFP and myr-palm-mCardinal expressing cells as negative cross-correlation control (C). 862 

Scale bars are 5 µm. (D‒F) Cross-correlation brightness (Bcc) histograms of all examined pixels 863 

and cells obtained from ccN&B analysis of cell–cell contacts in APLP1 samples (D), zinc-treated 864 

APLP1 samples (E) and samples containing myr-palm-mEYFP and myr-palm-mCardinal (F). (G, H) 865 



 
  

 
 

Normalized brightness histograms of APLP1 samples (G: without zinc ions, H: with zinc ions) for 866 

the green channel (mEYFP) obtained from brightness analysis of the same cells and ROIs used for 867 

the calculation of Bcc. Inset in G shows a magnification in the normalized brightness range of -2 868 

to 10. Brightness values were corrected for non-fluorescent mEYFP based on N&B measurements 869 

of myr-palm-mEYFP-mEYFP homo-dimers expressed in HEK 293T cells, measured under the same 870 

conditions23. 871 

 872 

Figure 7. Detector calibration for Number and Brightness analysis. (A) Representative image 873 

from N&B measurements of HEK 293T cells expressing GPI-mCherry. A ROI (blue dashed 874 

rectangle) was selected in the background. (B) Pixel brightness histogram of all pixels 875 

corresponding to the ROI shown in A. The average pixel brightness, obtained from fitting the pixel 876 

brightness histogram with a Gaussian function, is ~0.1 cts./(MOLdwell time). Data were acquired 877 

at 25 µs pixel dwell time. (C) Molecular brightness obtained from N&B analysis of GPI-mCherry 878 

expressed in HEK 293T cells, measured at three different laser powers (6 cells each, 561 nm 879 

excitation, 25 µs pixel dwell time). Data are displayed as mean  SD. A linear regression (red line) 880 

provides an offset value of 0.11  0.02 cts./(MOLdwell time). (D) Plot of pixel variance as a 881 

function of pixel intensity from N&B measurements of a dried solution of a fluorescent dye 882 

(excited at 561 nm), pooled from all pixels of multiple measurements in different regions of the 883 

sample. The solid red line shows a linear fit of the data, resulting in a slope of 1.1, providing the 884 

S factor of the detector calibration. (E) Molecular brightness as a function of detector count rate, 885 

obtained from N&B measurements of diluted fluorophore solutions (excited at 488 nm). A 886 

previously published correction scheme38 was applied using different possible values for the 887 

detector dead time.  888 

 889 

DISCUSSION: 890 

The experimental procedure described here allows the investigation of protein-protein trans 891 

interactions at cell-cell contacts, employing fluorescence fluctuation spectroscopy techniques, 892 

namely sFCCS and ccN&B. These methods involve a statistical analysis of fluorescence 893 

fluctuations emitted by two spectrally separated FPs fused to the protein(s) of interest at a 894 

contact of two neighboring cells, each expressing one or the other fusion protein. The presence 895 

of trans complexes is quantified by probing the degree of co-diffusion of proteins in neighboring 896 

PMs. In addition to detailed protocols on sample preparation, data acquisition and analysis, this 897 

article provides experimental evidence of the successful application of the assay on the neuronal 898 

adhesion protein APLP1. We show that APLP1 undergoes specific, homotypic trans interactions 899 

at cell-cell contacts. Further, zinc ions promote the formation of APLP1 clusters at cell-cell 900 

contacts that provide a multivalent platform for trans interactions and, thus, induce enhanced 901 

trans binding.  902 

 903 

In contrast to previous assays to detect such interactions based on disruptive biochemical 904 

methods6, the presented approach can be performed directly on living cells, with no need for 905 

fixation or isolation of protein complexes. Moreover, it provides molecular specificity and 906 

information by detection of fluorescent proteins genetically fused to the protein of interest, in 907 

contrast to previous qualitative assays8, 9. Differently from other fluorescence based approaches 908 

such as FRET10 and fluorescence complementation11, there is no requirement for the fluorescent 909 



 
  

 
 

labels to be localized on the extracellular side (potentially interfering with protein-protein 910 

interactions). Nevertheless, it has to be noted that C-terminal FPs might still alter the binding to 911 

intracellular components, e.g., adaptor proteins that mediate interactions with the cytoskeleton. 912 

Notably, the assay is applicable to both homo- and heterotypic interactions. 913 

 914 

A few requirements for a successful application of the presented assay are worth mentioning. 915 

The performed fluorescence fluctuation methods are based on temporal measurements that 916 

require bright and photostable monomeric FPs, which is a major constraint for many red FPs23. 917 

Even though the presented scanning scheme is particularly well suited for the investigation of 918 

the slow dynamics of transmembrane proteins, which are typically involved in cell-cell 919 

interactions, residual photobleaching may still occur. Therefore, we present a detailed 920 

description of correction schemes, i.e. a bleaching correction for sFCCS and boxcar filter for 921 

ccN&B, which minimize such perturbations. Further, we discuss numerical alignment algorithms 922 

that effectively correct for other systematic perturbations, such as lateral movement of cells, and 923 

provide guidelines to remove transient instabilities. A major source of such instabilities is 924 

vesicular transport, i.e., intracellular vesicles carrying the protein of interest that transiently enter 925 

the focal volume. Although varying from case to case, this phenomenon can in general severely 926 

disturb data acquisition and analysis. However, the application of correction algorithms improves 927 

the stability of the acquisition, allowing extended measurement times that are needed to probe 928 

the especially slow diffusive dynamics. In this regard, it has to be underlined that the presence of 929 

diffusive dynamics is an essential condition for the method to work. The example of zinc ion 930 

mediated APLP1 clustering shows a drastic example of large, very slow protein complexes (D ≈ 931 

0.001 µm2/s) that push the technique to its limits and prevent an accurate quantification of the 932 

underlying dynamics, due to large noise induced by the limited acquisition time30, 17.  933 

 934 

In this context, recent advances on combing sFCS and super-resolution approaches, e.g., scanning 935 

stimulated emission depletion FCS (STED-FCS), may be beneficial by providing a smaller focal 936 

volume and thus smaller effective diffusion times39, 40. This could also help to resolve protein 937 

clusters in case of an inhomogeneous localization of the protein of interest at the cell-cell contact, 938 

as observed for APLP1 in the presence of zinc. Unfortunately, a cross-correlation implementation 939 

of scanning STED-FCS, i.e., STED-FCCS, that could be directly applied here, has not been 940 

successfully demonstrated yet due to the difficulty of finding compatible dyes for two-color STED-941 

FCS. In the case of sufficiently fast dynamics (D  ~0.05 µm2/s), sFCCS analysis allows to quantify 942 

the diffusion of proteins at cell-cell contacts or in other regions of the PM12.  943 

 944 

Further, a brightness analysis can be performed of all data (sFCCS and ccN&B), providing an 945 

estimate of the stoichiometry of trans protein complexes. It should be mentioned that the 946 

accuracy of the stoichiometry quantification increases with the amount of proteins that bind in 947 

trans (i.e., if there are only few cis complexes which could also affect the brightness 948 

determination). Brightness analysis does not allow resolving mixtures of different oligomeric 949 

states, e.g., cis monomers and trans tetramers. More in general, it should be noted that N&B 950 

cannot resolve mixtures of different oligomeric species homogeneously distributed in a sample. 951 

If multiple species are present within a pixel, one single value of brightness will be measured (i.e., 952 

a weighted average of the brightness of each oligomeric species). The statistical distribution of 953 



 
  

 
 

the observed brightness values (e.g., in different pixels) is not directly connected to the relative 954 

amounts of oligomeric species. To resolve such mixtures, other methods should be used (e.g., 955 

spatial intensity distribution analysis (SpIDA)41, photon counting histogram (PCH)42). Similarly, the 956 

quantification of the spectral cross-correlation in sFCCS provides an accurate quantification of 957 

the fraction of bound and unbound proteins only for simple, known stoichiometries, e.g., 1:1. For 958 

a more complex stoichiometry, further assumptions have to be made43. Overall, brightness 959 

analysis remains a powerful experimental tool, if the detector system and the fraction of non-960 

fluorescent FPs are calibrated23 as described in the protocols.  961 

 962 

Although the application presented here is focused on protein-protein interactions in adherent 963 

cells, the assay can be applied to a wider range of samples e.g., suspension cells. For such 964 

systems, correction for lateral cell movement may be particularly crucial. In addition, it can be 965 

easily applied to model membrane systems such as GUVs or GPMVs, allowing the quantification 966 

of molecular interactions under well controlled conditions, e.g., different lipid compositions or 967 

membranes lacking an organized cytoskeleton. When performing sFCCS on such vesicles, vertical 968 

motion may cause additional signal fluctuations, but can be minimized when focusing on large 969 

vesicles. In this context, multiple combinations are promising, e.g., GUV-/ GPMV-cell mixing12. As 970 

shown in a recent publication, the formation of immune synapses can be successfully modeled 971 

by such systems44. Thus, the presented assay will certainly be useful for the investigation of a 972 

large variety of cell-cell interactions. 973 
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Name of Material/ Equipment Company Catalog Number Comments/Description

DMEM growth medium PAN-Biotech P04-01548

DPBS w/o: Ca2+ and Mg2+ PAN-Biotech P04-36500

DPBS w: Ca2+ and Mg2+ PAN-Biotech P04-35500

Trypsin EDTA PAN-Biotech P10-023100

TurboFect Transfection Reagent

Thermo Fisher 

Scientific R0531

HEK 293T cells DSMZ ACC 635

Alexa Fluor 488 NHS Ester

Thermo Fisher 

Scientific A20000

Rhodamine B

Sigma-

Alderich 83689-1G

Plasmid DNA Addgene NA See reference 12 (Dunsing et. al., MBoC 2017),for a detailed description of all plasmids

6-well plate Starlab CC7672-7506

35-mm glass bottom dishes CellVis D35-14-1.5-N

Zeiss LSM780 confocal Carl Zeiss NA

MATLAB software package MathWorks  2015b 

Neubauer cell counting chamber Marienfeld 640110
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