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SUMMARY: 29 

Here we present, a method to visualize ternary complex formation between three protein 30 

partners using fluorescent-tagged proteins by BiFC based FRET-FLIM assay. This method is 31 

valuable for studying protein-protein interaction complexes in vivo. 32 

 33 

ABSTRACT: 34 

Protein-protein interactions are an integral part of all biological processes in the cells as they 35 

play a crucial role in regulating, maintaining, and amending cellular functions. These 36 

interactions are involved in a wide range of phenomena such as signal transduction, pathogen 37 

response, cell-cell interactions, metabolic and developmental processes. In the case of 38 

transcription factors, these interactions may lead to oligomerization of subunits, sequestering 39 

in specific subcellular contexts such as the nucleus, cytoplasm, etc., which, in turn, might have 40 

a more profound effect on the expression of the downstream genes. Here, we demonstrate 41 

a methodology to visualize in vivo tripartite interaction using Bimolecular Fluorescence 42 

Complementation (BiFC) based Förster Resonance Energy Transfer (FRET) involving 43 

Fluorescence Lifetime Imaging (FLIM). Two of the proteins selected for this demonstration 44 

interact as BiFC partners, and their reconstituted fluorescence activity is used to assay FRET-45 

FLIM with the third partner. Four to five-week-old growth-chamber-grown Nicotiana 46 

benthamiana plants have been used as the model plant system for this demonstration. 47 
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INTRODUCTION: 48 

Protein-protein interactions (PPIs) form the basis of the proper functioning of the eukaryotic 49 

cells by regulating various metabolic and developmental processes. Some PPIs are stable, 50 

while others are transient in nature. The interactions may be categorized based on the 51 

number and type of members in the interaction such as dimeric, trimeric, tetrameric 52 

homomeric, and heteromeric1. The identification and characterization of protein interactions 53 

may lead to a better understanding of protein functions and regulatory networks. 54 

 55 

Transcription factors are proteins that are involved in regulatory functions. They regulate the 56 

rate of transcription of their downstream genes by binding to the DNA. Sometimes 57 

oligomerization or formation of higher-order complexes by proteins is a prerequisite for 58 

carrying out their functions2. Plant MADS-box transcription factors are homeotic genes that 59 

regulate various processes such as floral transition, floral organ development, fertilization, 60 

seed development, senescence, and vegetative development. They are known to form higher-61 

order complexes which bind to the DNA3,4. Studying PPI networks among transcription factors 62 

and their interactors provides insights into the complexity underlying transcriptional 63 

regulation. 64 

 65 

Transient protein expression in Nicotiana benthamiana has been a popular approach to study 66 

protein localization or protein-protein interactions in vivo5. BiFC and FRET are methods for 67 

studying protein-protein interactions in vivo using fluorescent reporter systems6. A 68 

combination of these two techniques has been shown to reveal the interaction between three 69 

proteins7. FRET is measured using acceptor photobleaching, sensitized emission, and 70 

Fluorescence Lifetime Imaging (FLIM) technique. FLIM-based FRET has emerged as a tool that 71 

provides accurate quantification and spatiotemporal specificity to energy transfer 72 

measurements between two molecules based on their fluorescence lifetimes8. FLIM 73 

measures the time a fluorophore stays in an excited state before emitting a photon and is 74 

better than techniques that use intensity measurements alone9,10. Besides heterologous 75 

systems such as Nicotiana benthamiana and onion epidermal peels, more recent reports have 76 

demonstrated the use of Arabidopsis roots and young rice seedlings, etc., for in vivo analysis 77 

of protein-protein interactions under native conditions11,12. 78 

 79 

Other than a suitable expression system, the selection of interacting partners for BiFC and 80 

FRET assays is also crucial for the success of this experiment. The PPI among partners used in 81 

BiFC configuration should be validated using appropriate controls prior to their use as a 82 

conjugated partner in the FRET experiment13. BiFC utilizes the structural complementation of 83 

N- and C-terminal parts of the fluorescent protein. A common limitation in most if not all 84 

fluorescent proteins used in BiFC assays has been the self-assembly between the two 85 

derivative nonfluorescent fragments, contributing to false-positive fluorescence and 86 

decreases the signal-to-noise (S/N) ratio14. Recent developments, including point mutations 87 

or position of splitting the fluorescent protein, have given rise to BiFC pairs with increased 88 

intensity, higher specificity, high S/N ratio15,16. These fluorescent proteins can also be used 89 

for carrying out BiFC depending on the suitability of the experiment. 90 

 91 

Traditionally, CFP and YFP have been used as the donor and acceptor pair in FRET 92 

experiments17. However, YFP or m-Citrine were found to be better FRET donors (when used 93 

with RFP as the acceptor) because of the high quantum yield (QY) during the native expression 94 



 

of target proteins in the Arabidopsis root system. The selection of promoters (constitutive 95 

versus native/endogenous) and fluorophore also play a crucial role in designing a successful 96 

BiFC-FRET-FLIM experiment. It is essential to note that the efficiency of FRET donors and 97 

suitability of FRET pairs tend to change with the change in the promoter and the biological 98 

system being used for expression. The QY of the fluorophore, which relates to its brightness, 99 

depends on the pH, temperature, and the biological system in use. We suggest that these 100 

criteria be thoroughly considered before choosing the fluorophore pair for the FRET 101 

experiment. The biological system, promoters, and the proteins used for this protocol worked 102 

well with CFP-YFP fluorophores for the BiFC FRET-FLIM experiment. 103 

 104 

In the present study, we incorporate the feature of FLIM to visualize the interaction between 105 

three protein molecules using BiFC based FRET. In this technique, two proteins are tagged 106 

with split YFP protein and the third protein with CFP. Since we were interested in studying 107 

the interaction of a MADS-box protein (M) homodimer with a Calcium sensor protein (C), 108 

these proteins were tagged with fluorescent proteins in pSITE-1CA and pSITE-3CA vectors18. 109 

Two of the interacting partners, in this assay, were tagged with N- and C-terminal parts of the 110 

YFP in pSPYNE-35S and pSPYCE-35S vectors19, and their interaction results in the 111 

reconstitution of the functional YFP that acts as a FRET acceptor to the third interacting 112 

partner, which is tagged with CFP (acting as FRET donor) (Figure 1). In this particular case, the 113 

PPI between two M monomers and between M and C has been validated by performing BiFC 114 

in three different systems along with the yeast-two-hybrid system. These vectors were 115 

mobilized into Agrobacterium tumifaciens GV3101 strain by electroporation. The GV3101 116 

strain has a disarmed Ti plasmid pMP90 (pTiC58DT-DNA) with gentamicin resistance20. A p19 117 

Agrobacterium strain was added along with all infiltrations to prevent transgene silencing21. 118 

We recommend that the three proteins should also be used in opposite conformations to 119 

validate the tripartite interactions. 120 

 121 

In this technique, we have employed FLIM, where first, the fluorescence lifetime of the donor 122 

(unquenched donor lifetime) is measured in the absence of an acceptor. After that, its lifetime 123 

is measured in the presence of the acceptor (quenched donor lifetime). This difference in 124 

donor fluorescence lifetimes is used to calculate FRET efficiency, which depends on the 125 

number of photons exhibiting a reduction in fluorescence lifetime. Mentioned below is a 126 

detailed protocol to determine the formation of a ternary complex between any three 127 

proteins by transiently expressing the fluorescent-tagged proteins in Nicotiana benthamiana 128 

and assaying their interaction by BiFC-FRET-FLIM. 129 

 130 

PROTOCOL: 131 

 132 

1. Cloning of genes in entry and destination vectors (Figure 2) 133 

 134 

1.1. Amplify the coding sequence (CDS) of the genes of interest (M and C genes in our case) 135 

by PCR and clone them in appropriate entry vectors (e.g., pENTR/D-TOPO vector; see Table 1 136 

for vectors used in this experiment). 137 

 138 

1.2. Grow the clones on plates containing antibiotics. Validate clones that are selected on 139 

the antibiotics by restriction digestion and DNA sequencing22,23. 140 

 141 



 

1.3. Mobilize the reconstituted CDSs from entry clones to the destination vectors (pSPYNE-142 

35S, pSPYCE-35S, pSITE-1CA and pSITE-3CA) and confirm the transfer of sequences from the 143 

entry to the destination vectors by restriction enzyme digestion. 144 

 145 

NOTE: All vectors used in this experiment are listed in Table 1. 146 

 147 

1.4. Finally, transform Agrobacterium GV3101 (pMP90 (GentR)) cells with the destination 148 

vectors by electroporation (Figure 3)24. 149 

 150 

2. Growth conditions for Nicotiana benthamiana plants 151 

 152 

NOTE: Grow Nicotiana plants till 4–6 leaf stage in control conditions. 153 

 154 

2.1. To grow Nicotiana plants, prepare the soil mix by mixing commercially available soil 155 

mixes with cocopeat and compost in a ratio of 2:1:1. 156 

 157 

2.2. Spread a 1-inch-thick layer of this soil mixture in a plastic tray to make the soil bed and 158 

saturate it with deionized water. Sprinkle about 200 seeds in this soil bed. 159 

 160 

2.3. Transfer it to a bigger tray containing 1 cm of standing water. Cover this tray with 161 

plastic wrap to create a moisture chamber. 162 

 163 

2.4. Transfer this set up to a growth chamber set at 23 ˚C with 16 h light and 8 h dark cycle 164 

with 150–170 µmol/m2s light intensity. 165 

 166 

2.5. After two weeks, transfer young seedlings to small, 3–4-inch pots containing water-167 

saturated soil mix. 168 

 169 

2.6. Place these pots in plastic trays and transfer them to the growth chamber for four 170 

more weeks. 171 

 172 

3. Prepare bacterial strains for agro-infiltration 173 

 174 

NOTE: For agro-infiltration, bacterial strains need to be freshly subcultured and mixed along 175 

with p19 strain of Agrobacterium in appropriate ratios. 176 

 177 

3.1.  Prepare 2xYT agar plates containing rifampicin (100 µg/mL), gentamicin (25 µg/mL) 178 

and kanamycin (50 µg/mL) for Agrobacterium harboring pSPYNE-35S and pSPYCE-35S vector. 179 

For pSITE vector containing strain, use rifampicin (100 µg/mL), gentamicin (25 µg/mL) and 180 

spectinomycin (50 µg/mL). 181 

 182 

3.2. Streak the Agrobacterium strains containing the plasmids on these plates using sterile 183 

inoculation loops in a laminar flow hood. 184 

 185 

3.3. Incubate these at 28 ˚C for 48 h in the dark. 186 

 187 



 

3.4. Start this procedure by inoculating Agrobacterium GV3101 strain harboring BiFC and 188 

FRET constructs (prepared in pSPYNE-35S and pSPYCE-35S vectors) from streaked plates in 10 189 

mL of 2xYT broth containing appropriate antibiotics (Rifampicin (100 µg/mL), gentamicin (25 190 

µg/mL), kanamycin (50 µg/mL) or spectinomycin (50 µg/mL)). 191 

 192 

3.5. Additionally, initiate a culture of p19 strain of Agrobacteria by inoculating 10 mL of 193 

2xYT broth containing rifampicin (100 µg/mL) and kanamycin (50 µg/mL). 194 

 195 

NOTE: p19 strain is added to prevent transgene silencing. 196 

 197 

3.6. Cover the flask with an aluminum foil and keep them in the incubator shaker set at 28 198 

˚C and 170 rpm for 16 h in the dark. 199 

 200 

3.7. After the overnight growth, transfer 1 mL of this culture to a disposable cuvette to 201 

measure the optical density (O.D.) of the cultures at 600 nm using a spectrophotometer. 202 

 203 

3.8. Mix the cultures of appropriate BiFC and FRET partner containing strains so that the 204 

final O.D. of each culture is 0.5 and that of p19 is 0.3 in a total volume of 2 mL. 205 

 206 

3.9. To achieve these ratios, use the formula mentioned below: 207 

 208 

𝑂𝐷𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑 × 𝑉𝑐𝑢𝑙𝑡𝑢𝑟𝑒 = 𝑂𝐷𝑓𝑖𝑛𝑎𝑙 × 𝑉𝑓𝑖𝑛𝑎𝑙 209 

 210 

ODobtained = O.D. of the culture measured at 600 nm 211 

Vculture = Volume of the culture required 212 

ODfinal = 0.5 for constructs and 0.3 for p19 213 

Vfinal = Final volume for the infiltration, which is 2 mL 214 

 215 

NOTE: The construct combinations used in this study are specified in Table 2. 216 

 217 

3.10. Centrifuge the mixed Agrobacterium cultures at 3,000 x g for 5 min at room 218 

temperature and carefully discard the supernatant. Resuspend the pellet in 2 mL of freshly 219 

prepared infiltration buffer (10 mM MES, 100 µM of Acetosyringone, and 10 mM MgCl2). Use 220 

a vortex mixer to make a homogenous cell suspension. 221 

 222 

3.11. Incubate the tubes containing resuspended cells in the dark at room temperature for 223 

3 h. 224 

 225 

3.12. Meanwhile, label each plant pot with the construct mixture it is going to be infiltrated 226 

with. Use two plants for each infiltration mixture. 227 

 228 

3.13. Fill a 1 mL needleless syringe with the agrobacterial mix. Gently but firmly press the 229 

syringe onto the abaxial side of the fully expanded leaf while supporting the leaf from the 230 

other side. Gently push the plunger till the solutions fill up in the leaf area equivalent to 2–3 231 

times the syringe tip. 232 

 233 

3.14. Infiltrate up to four spots on a leaf and 3–4 leaves per plant, as shown in Figure 4. 234 



 

 235 

NOTE: Change gloves or wipe gloves with 70% alcohol between samples to prevent cross-236 

contamination. 237 

 238 

3.15. Transfer all the pots to a tray and incubate in a growth chamber under the same 239 

conditions as mentioned in step 2. 240 

 241 

3.16. Check a small part of the agroinfiltrated leaf at different time points using a 242 

fluorescence microscope. When the fluorescence from both YFP and CFP are detectable in 243 

cells, proceed to the confocal microscope for BiFC-FRET FLIM assay. In this experiment, the 244 

analysis was carried out 3 days after agro-infiltration. 245 

 246 

NOTE: Set the post-agroinfiltration period of incubation individually for every promoter and 247 

gene combination to avoid overexpression of chimeric proteins used in the BiFC-FRET FLIM 248 

assay. The overexpression of the partner proteins may lead to false-positive interactions. 249 

 250 

4. Prepare slides for fluorescence visualization 251 

 252 

4.1. When plants are ready for visualization, cut square leaf samples, 5–8 mm away from 253 

the infiltration wound, and mount them in distilled water on clean slides. 254 

 255 

NOTE: To minimize background fluorescence, clean the slides with 80% ethanol followed by 256 

distilled water 3–4 times, air dry them, and keep them on an absorbent sheet. 257 

 258 

4.2. Cover the leaf sample with a clean coverslip and seal using a nail enamel. 259 

 260 

4.3. Visualize these samples under a confocal laser scanning microscope. 261 

 262 

5. FRET-FLIM analysis using a confocal laser scanning microscope 263 

 264 

NOTE: In this procedure, the basis of determining and quantifying interaction between two 265 

proteins is the reduction in fluorescence lifetime of the FRET-donor partner upon its 266 

interaction with the acceptor, which is used to calculate the efficiency of FRET. The complexity 267 

in the case of tripartite interaction increases further because the FRET-acceptor, in this case, 268 

is not a single molecule but a split YFP-BiFC pair, which should first get reconstituted in vivo 269 

to become a functional FRET-acceptor fluorophore. To carry out FRET-FLIM, one needs to 270 

determine the donor molecule's fluorescence lifetime—first alone and then in the presence 271 

of a FRET partner. 272 

 273 

5.1. Open the FLIM application in the confocal laser scanning microscope, start the console 274 

and use pattern-recognition photon-counting to measure fluorescence lifetime. Select the 275 

standard ‘All photon counting’ measurement mode. 276 

 277 

5.2. Analyze samples from two types of agro-infiltrated plants: one with the donor only (C-278 

CFP) and the other with the donor and the acceptor (C-CFP, along with M-YFP) both. 279 

 280 



 

NOTE: Because the interaction of M protein has already been validated with C protein using 281 

BiFC and Y2H, good FRET efficiency is expected with this interacting pair. 282 

 283 

5.3. Next, scan the C-CFP agro-infiltrated leaf and focus on a cell showing good CFP 284 

fluorescence. Initiate the laser scanning mode and set the system for CFP visualization and 285 

FLIM measurements (λex 440 nm pulse laser, λem 480–520 nm by hybrid detectors, Scan speed 286 

512 x 512 pixels at 400 Hz). 287 

 288 

5.4. Adjust the focus, zoom, and smart gain to focus on the area that needs to be captured. 289 

 290 

5.5. Illuminate the sample at sufficient laser power to achieve the capture of 291 

approximately 0.1 photons per pulse. For samples with variable fluorescence intensity, 292 

capture 50 frames to collect adequate photons required for the lifetime measurement. CFP 293 

exhibits two fluorescence lifetimes due to its conformational adaptation; therefore, fit the 294 

data using the n-exponential reconvolution model while keeping the value of n equal to 2. 295 

 296 

5.6. At these settings, the CFP shows two lifetimes of 1.0 and 3.2 ns. Here the higher, 3.2 297 

ns, lifetime is used for all subsequent calculations25,26. 298 

 299 

5.7. To calculate FRET efficiency using FLIM, which is the measure of the degree of 300 

interaction between two proteins, take a leaf sample that has been co-infiltrated with C-CFP 301 

and M-YFP. Look for a cell that expresses both C-CFP and M-YFP and confirm their respective 302 

emission patterns by exciting them using λex 440 nm pulse laser, λem 480–520 nm and λex 514 303 

nm white light laser with λem 526–550 nm. Sequentially scan and identify a cell that shows 304 

both CFP and YFP fluorescence. 305 

 306 

5.8. After confirming the fluorescence from both the proteins, switch to the FLIM console 307 

to measure the lifetime of CFP using the same settings that we used earlier for measuring the 308 

lifetime of C-CFP (step 5.5). 309 

 310 

NOTE: This cell is also expressing M-YFP that can potentially interact with C-CFP and cause a 311 

reduction in the lifetime of C-CFP. 312 

 313 

5.9. Fit the graph obtained using the n-exponential reconvolution model, with n = 2. A 314 

decrease in the CFP lifetime from 3.2 to 2.6 ns was observed, indicating Förster resonance 315 

energy transfer between CFP and YFP (Figure 5A). 316 

 317 

5.10. Now start the FRET console in the software and calculate the FRET efficiency by 318 

manually entering unquenched donor lifetime in the equation provided in the software. And 319 

the observed FRET efficiency is: 56%. 320 

 321 

5.11. Tripartite interaction 322 

 323 

5.11.1. Finally, to visualize the interactions between three partners, take the leaf sample from 324 

a plant that was co-infiltrated with C-CFP, M-YFPn, and M-YFPc. 325 

 326 



 

5.11.2. Scan the leaf explant for a cell that shows both CFP and reconstituted YFP fluorescence 327 

emanating from BiFC interaction between two M proteins. Use the same laser and emission 328 

wavelengths as used earlier. 329 

 330 

5.11.3. Subsequently, switch off the 514 nm laser and move to the FLIM console. 331 

 332 

NOTE: If the M-YFP dimer interacts with C-CFP, one should see a reduction in the lifetime of 333 

C-CFP as observed during its interaction with M-YFP. However, if the C-CFP fails to interact 334 

with the M-YFP dimer, its fluorescence lifetime should stay at 3.2 ns. 335 

 336 

5.11.4. Using similar settings as mentioned above, measure the CFP lifetime in the presence 337 

of reconstituted YFP. Fit the graph obtained using the n-exponential reconvolution model, 338 

with n = 2, and move to the FRET console. 339 

 340 

NOTE: There is a decline in the CFP lifetime from 3.2 to 2.3 ns. Calculate the FRET efficiency 341 

as described above. The calculated FRET efficiency is 55%. The reduction in donor lifetime 342 

and good FRET efficiency of 55% confirms tripartite interaction between two M proteins and 343 

the C protein in vivo (see Figure 5B). 344 

 345 

REPRESENTATIVE RESULTS: 346 

This protocol represents an optimized method to study in vivo tripartite protein-protein 347 

interactions in plants. The basic principle of the protocol is to combine two fluorescence-348 

tagged protein-interaction techniques, i.e., BiFC and FRET, to create an assay to measure 349 

ternary complex formation between three protein partners. Here, we have used FLIM to 350 

measure the fluorescence lifetime of the FRET donor partner in the presence and absence of 351 

the FRET acceptor. A reduction in the fluorescence lifetime of the donor was expected if there 352 

were a positive interaction between the two proteins. We started with measuring the 353 

fluorescence lifetime of the donor, i.e., the C-CFP protein. We have used the ‘All photons 354 

counting’ measurement mode, which creates a fluorescence decay curve with all the photons 355 

in the region of interest (ROI) and gives a measured lifetime with a smaller error than the 356 

traditional time-correlated single-photon counting. The high-speed FLIM filter ensures the 357 

usage of single-photon events between the pulses. A suitable mathematical model was then 358 

chosen for pixel-by-pixel calculations and fitting of the decay curve27. 359 

 360 

The CFP variant used here (and is also the most commonly used) has conformational 361 

adaptation, which results in two fluorescence lifetimes. Therefore, we chose to fit the 362 

fluorescence decay curve using a model for the multi-exponential donor. This results in the 363 

separation of the two lifetimes of CFP, which in our case were observed as 1.0 ns and 3.3 ns. 364 

For calculating the FRET efficiency, we used the higher CFP lifetime, i.e., 3.3 ns (average 365 

fluorescence lifetime, n = 10). 366 

 367 

In the case of positive control (C-CFP and M-YFP), we observe a reduction in the fluorescence 368 

lifetime of the donor (C-CFP) from 3.3 ns to 2.5 ns (Figure 6). And the FRET efficiency using 369 

the following equation was 56%. 370 

𝐸 = 1 −
𝜏𝐴𝑣𝐴𝑚𝑝

𝜏𝐷
 371 

E = FRET Efficiency 372 



 

𝜏D = Unquenched donor Lifetime (donor only sample, C-CFP) 373 

𝜏 AvAmp = Mean Decay time – Amplitude weighted average lifetime 374 

 375 

A similar exercise with reconstituted YFP resulting from the interaction between two M 376 

monomers and C protein also resulted in a positive interaction leading to the reduction of 377 

fluorescence lifetime of the acceptor (C-CFP) to 2.6 ns. The calculated FRET efficiency was 378 

about 55% in this case (Figure 6). 379 

 380 

If a CFP variant or any other donor fluorophore has a single fluorescence lifetime, the decay 381 

curve will need fitting using the mono-exponential donor model. In that case, the efficiency 382 

of FRET can be calculated using the formula: 383 

𝐸 = 1 −
𝜏𝑄𝑢𝑒𝑛𝑐ℎ

𝜏
= 1 −

𝜏𝑑𝑜𝑛𝑜𝑟,𝐹𝑅𝐸𝑇

𝜏𝑑𝑜𝑛𝑜𝑟,𝑁𝑜 𝐹𝑅𝐸𝑇
 384 

𝜏 is the fluorescence lifetime of the sample containing donor only  385 

𝜏𝑞𝑢𝑒𝑛𝑐ℎ is measured in presence of the acceptor (while FRET is taking place) 386 

 387 

The raw fluorescence lifetime readings from at least 10 cells for each experimental setup have 388 

been collated as a scatter plot using the PlotsOfData online tool 389 

(https://huygens.science.uva.nl/PlotsOfData/, Figure 6C)28. The reduction in the fluorescence 390 

lifetime of the FRET donor provides strong evidence for a tripartite interaction between these 391 

three proteins. 392 

 393 

FIGURE LEGENDS: 394 

Figure 1: Schematic representation of the principle of BiFC and BiFC FRET-FLIM method. 395 

Interaction between two M proteins results in reconstitution of YFP, and this pair can then 396 

act as an acceptor molecule. The third protein C-CFP acts as a FRET donor here. Thus, a 397 

positive FRET signal proves tripartite interaction among two M proteins and one C protein. 398 

 399 

Figure 2: Cloning of M and C genes in final destination vectors. The coding sequences of the 400 

genes are amplified and first cloned in pENTR/D-TOPO vector followed by mobilization of the 401 

constructs in final destination vectors pSITE-1CA, pSITE-3CA, pSPYNE-35S, and pSPYCE-35S by 402 

LR Clonase II recombination reaction. 403 

 404 

Figure 3: Using electroporation, the desired vector combinations are delivered in GV3101 405 

strain of Agrobacterium tumefaciens. 406 

 407 

Figure 4: Diagrammatic illustration of agro-infiltration of Nicotiana plants and the construct 408 

combinations used for the experiment. (A) C-CFP containing agrobacterial culture acts as 409 

donor only sample (B) C-CFP and M-YFP serve as positive FRET control, (C) C-CFP and M 410 

protein in BiFC conformation; M-YFPn and M-YFPc are used for studying tripartite interaction. 411 

 412 

Figure 5: Representation of fluorescence lifetimes of the samples in the absence and 413 

presence of the acceptor. (A) The lifetime of C-CFP in the presence of M-YFP is reduced to 414 

2.67 ns as shown by the bar graph. Similarly (B) shows the reduction in lifetime of C-CFP to 415 

2.3 ns in case of tripartite interaction. 416 

 417 

https://huygens.science.uva.nl/PlotsOfData/


 

Figure 6: Tripartite interaction between two M monomers and a C protein analyzed using 418 

BiFC based FRET-FLIM assay. (A) A cell showing either only CFP (i) or both CFP and YFP (ii and 419 

iii) emanating from donor and acceptor proteins using respective excitation and emission 420 

wavelengths. (B) i, ii, iii represents FLIM image showing fluorescence lifetime of CFP in the 421 

cell. Color scale bar represents the pseudo-color corresponding to the lifetime. Scale bar = 50 422 

µm. (C) Scatter Plot showing fluorescence lifetime of CFP when present alone or with the 423 

interacting partners where n = 10. The plot is generated using the online tool PlotsOfdata 424 

(https://huygens.science.uva.nl/PlotsOfData/); mean fluorescence lifetime is represented as 425 

the line between the sample dots. 426 

 427 

Supplementary Figure 1: Negative control experiment for the validation of interaction 428 

between proteins M and C by BiFC. Interaction between the mutated form of M Protein 429 

(M∆CBD), which lacks all C protein binding regions, and the C protein-YFPc fusion is attempted 430 

to serve as a negative control for BiFC analysis. Upper panels show transient expression of 431 

M∆CBD-GFP in onion peel cells, and the results of attempted interaction between M∆CBD-432 

YFPn and C-YFPc are shown in the lower panels. The absence of fluorescence from 433 

reconstituted YFP is indicative of the lack of interaction between M∆CBD and C protein. N, 434 

nucleus; C, cytoplasm; BF, bright field; FL, fluorescence; OL, digital overlay, the cytoplasmic 435 

region is shown using white arrows. Scale bar = 10 µm. 436 

 437 

Table 1: Vectors used in the study. 438 

 439 

Table 2: Construct combinations used in the study. 440 

 441 

DISCUSSION: 442 

The present protocol demonstrates the use of BiFC-based FRET-FLIM assay to ascertain the 443 

formation of a ternary complex between two monomers of a MADS-box protein and a calcium 444 

sensor protein. The protocol is adapted from a report by Y. John Shyu et al. where they have 445 

developed a BiFC-based FRET method to visualize ternary complex formed between Fos-Jun 446 

heterodimers and NFAT or p65 using the sensitized emission method7. Earlier, a three-447 

fluorophore FRET system was developed by Galperin and co-workers in the year 200429, but 448 

it requires six filters containing a sophisticated microscope setup. Also, rapid movement of 449 

organelles, such as endosomes, during image acquisition imposed experimental difficulties. 450 

On the other hand, BiFC based FRET-FLIM uses filters for only two fluorophores and has a 451 

simplified microscope setup. This setup allows direct visualization of the ternary complex, 452 

unlike the 3-FRET system. This also has an advantage over the BiFC-FRET system in being more 453 

robust and quantitative than the FRET measurements involving sensitized emission7. In this 454 

assay, fluorescence lifetimes of individual photons are measured for calculating the FRET 455 

efficiencies, rather than overall changes in the relative fluorescence intensities of donor and 456 

acceptor molecules. Another advantage of the FLIM-based method over the BiFC-FRET 457 

method is that only the donor’s lifetime has to be measured; the qualities of fluorescence 458 

emission of the acceptor do not affect the outcome of the FRET measurements. The 459 

advantages and simplicity of this method make BiFC-based FRET-FLIM an easier, more 460 

straightforward, and more quantitative method for studying tripartite interactions. However, 461 

one needs to have access to a confocal setup with pulse lasers, fast detectors capable of single 462 

photon counting and a compatible software. 463 

 464 



 

For the success of this experiment, it is important that the interaction between the two 465 

protein partners used in BiFC conformation is validated by using multiple methods and 466 

appropriate controls prior to using them as FRET acceptor. It is advisable to use negative 467 

controls such as a mutated form of interacting partner or an unrelated colocalizing protein as 468 

a negative interacting partner16. The negative controls for validating the BiFC interactions 469 

between M and C proteins used in this protocol included mutations in the putative binding 470 

domain of these proteins, which completely abolished the BiFC signal (Supplementary Figure 471 

1). Moreover, this interaction was also validated by Y2H and FRET methods in different 472 

systems. 473 

 474 

Also, temporal optimization of the expression of proteins in Nicotiana is recommended so 475 

that the adverse effects of overexpression of proteins, which may lead to false-positive 476 

results, can be minimized. It is also necessary to include the p19 strain along with the 477 

agrobacterial strains containing constructs to prevent post-transcriptional gene silencing. p19 478 

is a suppressor of gene silencing from tomato bushy stunt virus and enhances the 479 

transformation efficiency up to 90%30. Recently, better versions of the fluorophores, namely, 480 

m-turquoise-SYFP2, SYFP2-mRFP, and SCFP3a-SYFP2 have been developed. These can be used 481 

as FRET pairs depending on their suitability to the target system and cell type11. The FRET-482 

FLIM measurements should be performed in a minimum of ten cells to obtain statistically 483 

significant data. Wherever possible, adding a greater number of samples in the 484 

measurements will further improve the quality and reliability of the data. Depending upon 485 

the donor fluorophore, the mathematical model to fit the data with the fluorescence lifetime 486 

decay curve should be chosen. 487 

 488 

The protocol described here is a powerful tool to determine the tripartite interactions in living 489 

cells. It helps determine the intracellular location of the interacting complex, which is 490 

important in deciphering the function and physiological significance of any protein complex. 491 

It can also resolve the interacting partner's relative concentrations based on the FRET-FLIM 492 

data, that cannot be elucidated by intensity measurement methods alone10. Conclusively, 493 

BiFC based FRET-FLIM assay provides an opportunity to study and characterize important 494 

aspects of tripartite protein interactions, which can be utilized in animal as well as plant 495 

systems. 496 

 497 
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S.No. Vector Antibiotic selection

Entry Vector

1 pENTR/D-TOPO Kanamycin

Destination Vectors

2 pSPYNE-35S Kanamycin

3 pSPYCE-35S Kanamycin

4 pSITE-1CA Spectinomycin

5 pSITE-3CA Spectinomycin

Table 1: Vectors used in the study
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S.No. Interaction Combination of constructs

1 Tripartite Interaction C-CFP + M-YFPn:M-YFPc + p19

2 Positive control C-CFP + M-YFP + p19

3 Negative Control C-CFP + Empty-YFP + p19

Optional (opposite conformations)

4 Tripartite Interaction M-CFP + M-YFPn:C-YFPc + p19

5 Positive control M-CFP + C-YFP + p19

6 Negative Control 1 M-CFP + Empty-YFP + p19

7 Negative Control 2 Empty -CFP + C-YFP + p19

8 Negative Control 3 Empty -CFP + M-YFP + p19

Table 2: Combinations of constructs used in the study
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Dear Dr. Bajaj, 
 
We like to thank the editorial team and the reviewers for their comments, suggestions and 
patience.  
 
We have tried our best to modify the manuscript and the video in accordance with the 
suggestions and comments.  
 
Following are our answers to the comments, suggestions and queries made by the production 
team and the reviewers in a pointwise manner. 
 
We now hope that the modified version of the manuscript and the video will be acceptable in its 
present form. 

  
 
Editorial and production comments: 
Text: 
1. The editor has formatted the manuscript to match the journal's style. Please retain and use the 
attached file for revision. 
 

Response: We have retained the style and format. 

 
2. Please address all the specific comments marked in the manuscript. 

Response: We have replied to all the comments mentioned in the document. 

 
3. Please make the protocol text more homogenous to the video narration. However, please 
remember that there can be steps in the protocol text which are not presented/described in the 
video. 

Response: We have tried to make the text more homogenous to the video narration. 

 
4. Please address all the reviewers comments as well. 
 

Response: We have responded to all the comments and suggestions of the reviewers 

below. 

 
Video: 
1. Please reduce the duration of the video below 15 mins by cutting unnecessary content or 
video clips. It seems the video has a lot of interview statements which can remove and only 
important interview statements can be used. 

Response: We have reduced the duration to around 14:31 minutes. 

 
 
2. Please change the representative result and data analysis title to Representative result only.  
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Response: The title has been changed to Representative result. 

 
 
Please do not include interviews in this section. This section should show all the representative 
results figures. 

Response: The interview videos have been removed from representative results and rest 

have been reduced considerably. 

 
3. All interview statements should be confined to the introduction and conclusion section only. 

Response: We have kept the interview videos in introduction and conclusion mainly but a 

small part is there in protocol also. 

 
4. Please change the discussion and conclusion section title to Conclusion only. 

Response: We have made the changes. 

 
5. Title Cards: 
• 12:20 Please maintain the same style of the chapter title card. 

Response: We have changed the style to match the rest of the video. 

 
6. Audio Editing and Pacing: 
• Audio levels are a little high. Please decrease the audio level and ensure audio level peaks 
average around -9 dB. 

Response: The MacOS iMovie’s software doesn’t allow us to set average decibel levels. 

It has a 0-100 scale for audio clips. In the earlier version, the audio level was at 60, which 

we have now reduced to 45. In case this is also higher please arrange for an online 

meeting and let us know how can we take care of this problem. 

 
7. Video Editing Content: 
• 02:24 Please use the Cross dissolve properly. There seem to be a glitch between three shots 

Response: We have made this change. 

 
• 05:46 Please remove the animation on the title card. 

Response: The animation has been removed. 

 
• Please use cross dissolve on hard cuts to make the video look smooth. 

Response: We have used cross dissolve in all video transitions now. 



 
 
Once done please ensure that the video is no more than 15 min in length. Please upload the 
video at: https://www.dropbox.com/request/c1L7FPz2p9nLA43YsQ34?oref=e 
 
 
Reviewers' comments: 
Reviewer #1:  
Concerns:  
 

1. The authors have responded to most of my concerns, except for two. First, the obvious 

overexpression of their proteins (Points 7 and 8 in the responses). 

Fig 6A is still the image showing extreme overexpression and mislocalization (e.g. the 

ER) of the proteins. The authors have now added a timeframe for their experiment, which 

is a 24-hr induction of protein expression, 3 days post infiltration. In my experience, this 

long timeframe, especially the 24 hrs induction for a transcription factor, will indeed lead 

to severe overexpression, as is visible in the image. 

The authors address my criticism, that such overexpression will ALWAYS lead to positive 

interactions in a BiFC-assay, by reiterating that they have confirmed the interaction via 

yeast-two-hybrid assay, and that the positive interaction is therefore not an artifact 

caused by overexpression. This may well be true, and since the authors do not reveal the 

identity of their proteins, there is no way to confirm this. But this is beside the point I was 

trying to make: This protocol is supposed to show users how the experiment is properly 

performed. And as it is right now, it is teaching potential users to massively overexpress 

their proteins. And especially for a BiFC assay, this is a big problem. So even is the 

interactions shown here is indeed unaffected by the severe overexpression, it is still 

sending the wrong message to potential users. 

Response: We have removed the 24 hrs time frame and replaced it with a more flexible 

(“at different time points”) expression. We have also added a cautionary note (see below 

and section 3.15 in the revised manuscript; modified regions are highlighted). 

However, in our experience, the three-day incubation window works the best because at 

earlier time points there is a lot of autofluorescence (probably because of cell damage), 

and fluorescence from both CFP and YFP can be visualized from a very few numbers of 

cells. A similar incubation timeframe has also been suggested for tobacco and 

Arabidopsis agroinfiltration protocols by Goto-Yamada et al. (2018; DOI: 10.1007/978-1-

4939-7871-7_16) and Zhang et al. (2020; DOI: 10.1016/j.xplc.2020.100028), 

respectively. In both these papers (like in many others) a 2-5 day post-agroinfiltration 

incubation time period has been recommended. 

https://www.dropbox.com/request/c1L7FPz2p9nLA43YsQ34?oref=e


 

2. The second point concerns the negative control for BiFC. A good negative control is 

essential for a BiFC experiment, which I have criticized as lacking (Point 9). The authors 

have now included a proper negative control, but the data is only in an image for me 

(image 1B for reviewer), while the text says 'Data not shown' (line 350). Given how 

essential this negative control is for BiFC, I strongly believe that this should be part of the 

protocol. 

Response: The image 1B (for reviewers) has now been added to the manuscript as 

Supplementary Figure 1. Please see line # 427-435 for Figure legend. The ‘Data not 

shown’ (Line #471) has been changed to ‘Supplementary Figure 1.’   

3.  appreciate the use of a scatter plot. 

Response: We thank the reviewers for this suggestion. It is a helpful tool, and we have 

started to use it in other studies also. 

4. Minor point: Reference 20 (Voinnet et al. 2003) is a retracted paper. I see that this 

change was requested by another reviewer, but a retracted paper must not be cited. An 

alternative would be http://dx.doi.org/10.1046/j.1365-313X.2003.01803.x which is one of 

the earliest uses of p19 as silencing suppressor. 

We thank the reviewer for his suggestion. In fact we were also hesitating in citing the 

retracted paper. Reference 20 has been replaced with the suggested paper by Van Der 

Hoorn et al. (2003) 

 

 

Reviewer #3:  

 

Major Concerns: 

1. The helper plasmid for the Agrobacterium strain is missing. GV3101 is the chromosomal 

markers, but you still need a helper plasmid. This is a crucial error that should be 

addressed. If you have not been selecting for the helper plasmid then you might have 

been lucky as they are not thrown out soo fast, but it still happens. 

3.15 Check a small part of the agro-infiltrated leaf at different time points using a 

fluorescence microscope. When the fluorescence from both YFP and CFP are 

detectable in cells, proceed to the confocal microscope for BiFC-FRET FLIM 

assay. In our case, this analysis was carried out three days after agro-infiltration. 

 

NOTE: Set the post-agroinfiltration period of incubation individually for every 

promoter and gene combination to avoid overexpression of chimeric proteins 

used in the BiFC-FRET FLIM assay. The overexpression of the partner proteins 

may lead to false positive interactions. 

http://dx.doi.org/10.1046/j.1365-313X.2003.01803.x


Response: We are sorry to have missed out on this correction although we mentioned it 

in our response. The following has now been added at line #115 “The GV3101 strain has 

a disarmed Ti plasmid pMP90 (pTiC58DT-DNA) with gentamicin resistance.” 

2. YFP "halves" is incorrect - the YFP is split non-symmetrically. 

Response: YFP “halves” on pages 2 and 3 have now been changed to “parts”. See Line 

# 83 & 109. 

Minor Concerns: 

Here are my comments/notes on the PDF: 

3. Page: 3: Author: reviewer Subject: Highlight "halves" Date: 13-Aug-21 18:24:18. parts- 

the section in non-symmetrical !!! 

Response: YFP “halves” on pages 2 and 3 have now been changed to “parts”. See Line 

# 83 & 109. 

 

4. Page: 4: Author: reviewer Subject: Highlight Date: 13-Aug-21 18:25:07 

small q, (QY) can be used, if needed later. 

Author: reviewer Subject: Highlight Date: 15-Aug-21 08:38:33 

Author: reviewer Subject: Highlight Date: 15-Aug-21 08:42:28 

Helper plasmid is missing... 

pMP90 (GentR)? pMP90RK (GentR & KanR)? other.....? 

the binaries are not mobilized without a helper plasmid .. 

Response: ‘Quantum yield’ in line # 93 has been changed to ‘quantum yield (QY)’  

Step 1.4: Line # 147: (pMP90 (GentR)) has been added 

 

 

5. Page: 5: Author: reviewer Subject: Highlight Date: 15-Aug-21 08:41:10 

write out - what is RO water? 

Response (Step 2.2; Line # 158): ‘RO’ has been replaced with ‘deionized’, as it is 

essentially tap water filtered by using a combination of sedimentation and reverse 

osmosis (RO) filters. 

6. Page 5: Author: reviewer Subject: Highlight Date: 15-Aug-21 08:43:13 

line 3.8 is not clear. correct.  

Response: Step 3.8 has been changed to “3.8. Mix the cultures of appropriate BiFC and 

FRET partner containing strains so that the final O.D.  of each culture is 0.5 and that of 

p19 is 0.3 in a total volume of 2 mL.” 



7. Page: 6: Author: reviewer Subject: Highlight Date: 15-Aug-21 08:45:04 

specify the exact model and make here too, not just in the video - line 187: Make of 

specific microscope needs to be in title of step 5. 

Response: JOVE guidelines do not allow the use of any commercial term. Therefore, 

make of the microscope etc. have not been added. However, these details are listed in 

“Table of materials”. 

8. Page: 8 

Author: reviewer Subject: Highlight Date: 15-Aug-21 08:53:18 

extra space after URL 

Response (Line # 389): The extra space after the URL has been removed. The line now 

reads as: “(https://huygens.science.uva.nl/PlotsOfData/; Figure 6C)27” 

 

9. Page: 10 

Author: reviewer Subject: Highlight Date: 15-Aug-21 08:53:58 

remember: helper plasmid is missing. 

Response: The name and a diagrammatic representation of the helper plasmid has been 

added in the figure. 

10. Page: 11 

Author: reviewer Subject: Highlight Date: 15-Aug-21 08:55:15 

line 350: uppercase not needed in (Data not shown) 

Response: (Data not shown) has been changed to (Supplementary Figure 1). And the 

data is shown therein. 

11. Page: 15 

Author: reviewer Subject: Sticky Note Date: 15-Aug-21 09:00:32 

keep in mind that the YFPc is the last 4 b-strands of 13 aa each, and the YFPn is the rest 

of the protein. 

I also kept saying halves for a long time...but that is inaccurate...the YFPn is a larger tag! 

Response (Figure 2): As we could not see the original ‘sticky notes’ on the PDF, we 

assume that these comments were for Figure 1 or 2. In Figure 1, the YFPn is already 

shown as slightly larger than YFPc. In Figure 2 (Lower panel), YFPc now has been made 

smaller than the YFPn. 

 

12. Page: 17 

Author: reviewer Subject: Sticky Note Date: 15-Aug-21 09:01:54 

Helper plasmid is missing. 

What is going to mobilize your T-DNA into the plant cell? The majority of those are on the 

helper plasmid in GV3101. 

https://huygens.science.uva.nl/PlotsOfData/


Response: A representation of the helper plasmid pMP90 has been added in Figure 3. 

 

 

13. Page: 18 

Author: reviewer Subject: Sticky Note Date: 15-Aug-21 09:02:46 

you could add an arrow or zappy thing that shows that energy moves from the CFP to the 

YFP... 

or a glow maybe.... as an idea. 

Response: Figure 4. Necessary changes have been made in the figure 1 and figure 4 

Thank you for the comments. 

 

 

14. Page: 19 

Author: reviewer Subject: Sticky Note Date: 15-Aug-21 09:05:56 

less confusing is the M on your blobby protein and the YFP next to the YFP... same thing 

for the CFP. 

also the graph should be blue, it is a reduction in the lifetime of the CFP and not the YFP 

(as well as the brightness of CFP goes down and YFP up - which you could also use 

even if that is not measured here). 

Author: reviewer Subject: Sticky Note Date: 15-Aug-21 09:06:41 

see comments about colors on the previous side.... 

CFP is reduced - should be blue..and then fainter blue. 

Response: Thank you for these comments. The figures have been suitably modified. 
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Title of Article:  
 
Author(s):  
 
 
Item 1: The Author elects to have the Materials be made available (as described at 
http://www.jove.com/publish) via: 

� Standard Access  � Open Access
 
Item 2: Please select one of the following items: 

� The Author is NOT a United States government employee. 

� The Author is a United States government employee and the Materials were prepared in the 
course of his or her duties as a United States government employee. 

� The Author is a United States government employee but the Materials were NOT prepared in the 
course of his or her duties as a United States government employee. 

 
ARTICLE AND VIDEO LICENSE AGREEMENT 

 
1. Defined Terms. As used in this Article and Video 
License Agreement, the following terms shall have the 
following meanings: “Agreement” means this Article and 
Video License Agreement; “Article” means the article 
specified on the last page of this Agreement, including any 
associated materials such as texts, figures, tables, artwork, 
abstracts, or summaries contained therein; “Author” 
means the author who is a signatory to this Agreement; 
“Collective Work” means a work, such as a periodical issue, 
anthology or encyclopedia, in which the Materials in their 
entirety in unmodified form, along with a number of other 
contributions, constituting separate and independent 
works in themselves, are assembled into a collective whole; 
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the 
terms and conditions of which can be found at: 
http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based 
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement, 
dramatization, fictionalization, motion picture version, 
sound recording, art reproduction, abridgment, 
condensation, or any other form in which the Materials may 
be recast, transformed, or adapted; “Institution” means 
the institution, listed on the last page of this Agreement, by 
which the Author was employed at the time of the creation 
of the Materials; “JoVE” means MyJove Corporation, a 
Massachusetts corporation and the publisher of The Journal 
of Visualized Experiments; “Materials” means the Article 
and / or the Video; “Parties” means the Author and JoVE; 
“Video” means any video(s) made by the Author, alone or 
in conjunction with any other parties, or by JoVE or its 
affiliates or agents, individually or in collaboration with the 
Author or any other parties, incorporating all or any portion 

of the Article, and in which the Author may or may not 
appear. 
2. Background. The Author, who is the author of the 
Article, in order to ensure the dissemination and protection 
of the Article, desires to have the JoVE publish the Article 
and create and transmit videos based on the Article. In 
furtherance of such goals, the Parties desire to memorialize 
in this Agreement the respective rights of each Party in and 
to the Article and the Video. 
3. Grant of Rights in Article. In consideration of JoVE 
agreeing to publish the Article, the Author hereby grants to 
JoVE, subject to Sections 4 and 7 below, the exclusive, 
royalty-free, perpetual (for the full term of copyright in the 
Article, including any extensions thereto) license (a) to 
publish, reproduce, distribute, display and store the Article 
in all forms, formats and media whether now known or 
hereafter developed (including without limitation in print, 
digital and electronic form) throughout the world, (b) to 
translate the Article into other languages, create 
adaptations, summaries or extracts of the Article or other 
Derivative Works (including, without limitation, the Video) 
or Collective Works based on all or any portion of the Article 
and exercise all of the rights set forth in (a) above in such 
translations, adaptations, summaries, extracts, Derivative 
Works or Collective Works and(c) to license others to do any 
or all of the above. The foregoing rights may be exercised in 
all media and formats, whether now known or hereafter 
devised, and include the right to make such modifications 
as are technically necessary to exercise the rights in other 
media and formats. If the “Open Access” box has been 
checked in Item 1 above, JoVE and the Author hereby grant 
to the public all such rights in the Article as provided in, but 
subject to all limitations and requirements set forth in, the 
CRC License. 

 

 

Author License Agreement (ALA)

Determination of Tripartite Interaction between two Monomers of a MADS-box 
Transcription Factor and a Calcium Sensor Protein by BiFC-FRET-FLIM Assay

Neelima Boora*, Vibha Verma*, Ridhi Khurana, Gautam Gawande, Sanchi 
Bhimrajka, Komal Chaprana, Meenu Kapoor and Sanjay Kapoor**

Click here to access/download;Author License Agreement
(ALA);Author_License_Agreement copy.pdf

Vibha Verma


Vibha Verma


https://www.editorialmanager.com/jove/download.aspx?id=1377607&guid=cf520dad-cc6b-41c5-9ccf-432e3aacd088&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1377607&guid=cf520dad-cc6b-41c5-9ccf-432e3aacd088&scheme=1
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4. Retention of Rights in Article. Notwithstanding 
the exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or 
teaching classes, and to post a copy of the Article on the 
Institution’s website or the Author’s personal website, in 
each case provided that a link to the Article on the JoVE 
website is provided and notice of JoVE’s copyright in the 
Article is included. All non-copyright intellectual property 
rights in and to the Article, such as patent rights, shall 
remain with the Author. 
5. Grant of Rights in Video – Standard Access. This 
Section 5 applies if the “Standard Access” box has been 
checked in Item 1 above or if no box has been checked in 
Item 1 above. In consideration of JoVE agreeing to produce, 
display or otherwise assist with the Video, the Author 
hereby acknowledges and agrees that, Subject to Section 7 
below, JoVE is and shall be the sole and exclusive owner of 
all rights of any nature, including, without limitation, all 
copyrights, in and to the Video. To the extent that, by law, 
the Author is deemed, now or at any time in the future, to 
have any rights of any nature in or to the Video, the Author 
hereby disclaims all such rights and transfers all such rights 
to JoVE. 
6. Grant of Rights in Video – Open Access. This 
Section 6 applies only if the “Open Access” box has been 
checked in Item 1 above. In consideration of JoVE agreeing 
to produce, display or otherwise assist with the Video, the 
Author hereby grants to JoVE, subject to Section 7 below, 
the exclusive, royalty-free, perpetual (for the full term of 
copyright in the Article, including any extensions thereto) 
license (a) to publish, reproduce, distribute, display and 
store the Video in all forms, formats and media whether 
now known or hereafter developed (including without 
limitation in print, digital and electronic form) throughout 
the world, (b) to translate the Video into other languages, 
create adaptations, summaries or extracts of the Video or 
other Derivative Works or Collective Works based on all or 
any portion of the Video and exercise all of the rights set 
forth in (a) above in such translations, adaptations, 
summaries, extracts, Derivative Works or Collective Works 
and (c) to license others to do any or all of the above. The 
foregoing rights may be exercised in all media and formats, 
whether now known or hereafter devised, and include the 
right to make such modifications as are technically 
necessary to exercise the rights in other media and formats. 
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the 
Video as provided in, but subject to all limitations and 
requirements set forth in, the CRC License. 
7. Government Employees. If the Author is a United 
States government employee and the Article was prepared 
in the course of his or her duties as a United States 
government employee, as indicated in Item 2 above, and 
any of the licenses or grants granted by the Author 
hereunder exceed the scope of the 17 U.S.C. 403, then the 
rights granted hereunder shall be limited to the maximum 

rights permitted under such statute. In such case, all 
provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 
deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
8. Protection of the Work. The Author(s) authorize 
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. Likeness, Privacy, Personality. The Author hereby 
grants JoVE the right to use the Author’s name, voice, 
likeness, picture, photograph, image, biography and 
performance in any way, commercial or otherwise, in 
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
10. Author Warranties. The Author represents and 
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author’s 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify 
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s 
fees, arising out of any breach of any warranty or other 
representations contained herein. The Author further 
agrees to indemnify and hold harmless JoVE from and 
against any and all claims, costs, and expenses, including 
attorney’s fees, resulting from the breach by the Author of 
any representation or warranty contained herein or from 
allegations or instances of violation of intellectual property 
rights, damage to the Author’s or the Author’s institution’s 
facilities, fraud, libel, defamation, research, equipment, 
experiments, property damage, personal injury, violations 
of institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy or other rules, regulations, laws, 
procedures or guidelines, liabilities and other losses or 
damages related in any way to the submission of work to 
JoVE, making of videos by JoVE, or publication in JoVE or 
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of 
sterilization, lack of cleanliness or by contamination due to 

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication, 
JoVE must receive payment before production and 
publication the Materials. Payment is due in 21 days of 
invoice. Should the Materials not be published due to an 
editorial or production decision, these funds will be 
returned to the Author. Withdrawal by the Author of any 
submitted Materials after final peer review approval will 
result in a US$1,200 fee to cover pre-production expenses 
incurred by JoVE. If payment is not received by the 
completion of filming, production and publication of the 
Materials will be suspended until payment is received. 
14. Transfer, Governing Law. This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees. This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to 
any conflict of law provision thereunder. This Agreement 
may be executed in counterparts, each of which shall be 
deemed an original, but all of which together shall be 
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other 
means of electronic transmission shall be deemed to have 
the same legal effect as delivery of an original signed copy 
of this Agreement.

 
A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission. 

 
CORRESPONDING AUTHOR 
Name:    
 
Department:   
 
Institution:  
 
Title:   
 

Signature:  
 

Date:  

Please submit a signed and dated copy of this license by one of the following three methods: 
1. Upload an electronic version on the JoVE submission site 
2. Fax the document to +1.866.381.2236 
3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140 
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