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A B S T R A C T   

Bioluminescence resonance energy transfer (BRET) is one of the most promising approaches used 
for noninvasive imaging of protein-protein interactions in vivo. Recently, our team has discovered 
a genetically encodable bioluminescent system from the fungus Neonothopanus nambi and iden
tified a novel luciferase that represents an imaging tool orthogonal to other luciferin-luciferase 
systems. We demonstrated the possibility of using the fungal luciferase as a new BRET donor 
by creating fused pairs with acceptor red fluorescent proteins, of which tdTomato provided the 
highest BRET efficiency. Using this new BRET system, we also designed a mTOR pathway specific 
rapamycin biosensor by integrating the FRB and FKBP12 protein dimerization system. We 
demonstrated the specificity and efficacy of the new fungal luciferase-based BRET combination 
for application in mammalian cell culture that will provide the unique opportunity to perform 
multiplexed BRET assessment in the future.   

1. Introduction 

Protein-protein interactions (PPIs) form the basis of cellular functions and biological processes in living organisms. When studying 
PPI it is important to preserve the native protein structure and subcellular localization. This can be achieved using noninvasive 
bioimaging methods that follow Förster resonance energy transfer principles such as fluorescence resonance energy transfer (FRET) [1, 
2] and bioluminescence resonance energy transfer (BRET) [3]. FRET and BRET require two or more photoactive molecules — a donor 
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and an acceptor situated at a specific orientation and interacting with each other at a very short distance (<10 nm). Resonance energy 
transfer from the excited donor to the acceptor molecule, which emits light at its characteristic wavelength [4,5]. Approaches based on 
BRET are favored over FRET ones since they do not require the external light for excitation of the donor molecule, and the 
luciferin-luciferase reaction is the sole source of energy transfer to the fluorophore. Luciferases possessing different spectral charac
teristics compared with well-established ones open up the scope of BRET applications [6]. The BRET assay can be used to study 
protein-protein interaction when both the interactors are known. However, it requires successful generation of the fusion proteins 
which may be difficult to generate sometimes, particularly for proteins with higher molecular weight or with complex folding 
properties and thereby limiting the application of this assay. BRET has been used to study a wide variety of PPIs and/or ligand 
mediated PPIs [7]. Fluorescent ligands have been used to study ligand interaction based activation and PPI of G-protein coupled 
receptors using BRET [8]. Novel bioluminescent donors will also promote multicolor BRET imaging for the monitoring of multiplexed 
events simultaneously inside the cell [9–11]. 

Recently, we have described the bioluminescent system from the fungus Neonothopanus nambi and identified the intermediates of 
the luciferin biosynthetic pathway [12]. This biochemical cascade was successfully applied for genetically encoding the biolumi
nescent phenotype in eukaryotes [13]. Fungal luciferase as well as its substrate, 3-hydroxyhispidin, differs from other known and 
commonly used luciferin-luciferase systems. This luciferase-luciferin pair also represents distinctive emission maxima (EmMax) of is 
525 nm. However, whether or not this enzyme is suitable for use as a BRET donor and can be utilized for characterizing PPIs remains 
unknown. The addition of nnLuz based BRET sensor will help in multiplexing orthogonal BRET sensors to analyze the complex 
interactomics of the cells in realtime as nnLuz and 3-hydroxyhispidin show no cross reactivity with known luciferase-substrate pairs. It 
also provides option of a BRET sensor in 520–540 nm range with glow kinetics compared to RLuc based BRET sensors. 

A macrolide antibiotic rapamycin forms a complex with human FK506 binding protein 12 (FKBP12), which subsequently directly 
heterodimerizes with the FKBP12-rapamycin binding domain (FRB) in live-cultured mammalian cells [14–16]. The 
rapamycin-FKBP12 complex interferes with the target of rapamycin complex 1 (TORC1) function by binding to its FRB domain [17]. 
mTOR kinase is essential for cell growth and proliferation, cell motility, survival, synthesis of proteins, autophagy, and transcription in 
both healthy and cancer cells [17]. mTOR inhibitors prevent transplant rejection [18] and play an important role in anticancer [19] 
and anti-aging therapies [20]. The development of sensors specific for FKBP12-FRB interaction is required for screening of mTOR 
inhibitors (e.g. rapamycin analogs). We have performed a thorough donor-acceptor match pairing of the fungal luciferase with two 
different fluorescent proteins (FPs) and report for the first time the development of new BRET combinations using the fungal luciferase 
from N. nambi (nnLuz). Further, we have tested the specificity and efficacy of the new BRET system by developing a FKBP12-FRB 
biosensor, which responds to rapamycin addition in nanomolar range. 

2. Results 

2.1. Selection of an optimal acceptor for fungal luciferase-based BRET combination in mammalian cells 

The primary stage in the engineering of a BRET sensor is the search for an optimal donor-acceptor protein pair. Since nnLuz has a 
broad emission range with λem at 525 nm and extended shoulder up to 625 nm, we primarily chose FPs, which maximally absorb 
photon energy (ExMax) in the 550–580 nm range: tdTomato, and mRuby2 (Supplementary Table 1), and engineered fusion proteins 
consisting of nnLuz and the selected FPs. All BRET ratio were represented in mBRET units (mBU) using Eq. (1) [7]. 

We also aimed to determine the optimal molecular distance between nnLuz and tdTomato or mRuby2, which may affect the energy 
transfer. To identify linker length and sequence, which would lead to the highest BRET efficiency, we tested a number of different 

Fig. 1. Optimizing the BRET pair structure. (A) Determination of the optimal FP acceptor and linker length. (B) Optimizing the luciferase gene 
expression after codon optimization for human (hLuz) using HT1080 human cell line. (C) Selecting the optimal mutual orientation. GS — glycine- 
serine rich linker, GSn = (GGGGS)n, GGS = (GGS)4, nnLuz — wild-type coding sequence of Neonothopanus nambi luciferase, hLuz — human codon- 
optimized coding sequence of N. nambi luciferase. Each bar represents mean value ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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linkers as shown in Supplementary Table 2. We have tested primarily glycine-serine rich linkers (i.e. GS1, GS3, and GS6) consisting of 
GGGGS motif repeated one, three, or six times, thus providing linkers with 5 a.a., 15 a.a. and 30 a.a. length, respectively. We have also 
attempted the so-called OD-linker, which was successfully used for the engineering of BRET pairs based on Renilla luciferase [21]. We 
have chosen to place FPs at the N-terminus of nnLuz for the first round of BRET pair selection. Fusion protein genes were put under the 
control of cytomegalovirus (CMV) promoter and simian virus 40 (SV40) polyadenylation signal. We tested resulting fusion constructs 
via transient transfection of human fibrosarcoma cell line HT1080. The acceptor tdTomato linked to nnLuz at N-terminus by either 
GS3- or OD-linker has shown higher BRET efficiency (milliBRET unit, or mBU) compared to all mRuby2 as acceptor protein. The BRET 
efficiency of tdTomato-containing fusions linked to nnLuz by GS3-or OD-linker were also found superior than constructs prepared 
using GS1- or GS6-linker (Fig. 1A). 

Next, considering the primary use of BRET pair in human cells, a human codon-optimized nnLuz (viz. hLuz) gene was generated by 

Fig. 2. hLuz-based BRET sensor enabled effective detection of the rapamycin-induced FRB-FKBP12 heterodimer formation. (A) The schematic 
representation of the working principle of the TFFH sensor. (B) Immunoblot showing intact His-tagged TFFH BRET fusion expression probed with 
tdTomato mAb. The tdTomato, nnLuz purified extracts and untransformed E. coli BL21 lysate were used as control. (C) Bar graph showing the BRET 
ratio measured from His-tag purified TFFH fusion protein treated with 50 nM and 100 nM of rapamycin along with untreated control. (D) The graph 
showing BRET ratio obtained from HT1080 cells stably expressing TFFH sensor construct treated with Rapamycin (0.1–1000 nM) for 1 h (The dotted 
line indicates the non-linear regression fit). (E) Graph showing time kinetics of BRET signal of HT1080 cells stably expressing the TFFH sensor 
treated with rapamycin (10, 100 and, 1000 nM) for 1 h and BRET ratio was measured for time 2, 5, 10, 15, 20, 30, 45 and 60 min after rapamycin 
addition. (F) The graph showing BRET ratio obtained from HT1080 cells transfected with TFFH in the absence of rapamycin (untreated) and 
rapamycin-treated condition (10, 20 nM); tdTomato-GGS-hLuz fusion protein was used as a positive control. (G) HT1080 cells overexpressing the 
TFFH sensor were tested for the switch on/off function in the presence or absence of 20 nM rapamycin. In the graph, BRET ratio was measured at 
multiple time points (0, 6, 24, 96, 120, 144 h); the experimental sample (green solid line) was first incubated with 20 nM rapamycin for 0–6 h; then 
drug was withdrawn and cells were incubated in plain media till imaged at 120 h; cells were treated again with 20 nM rapamycin at 120–144 h, as 
indicated above. TFFH-expressing cells not treated with rapamycin were kept as negative control (blue solid line) and treated with 20 nM rapamycin 
for the entire duration of 0–144 h as a positive control (purple dashed line). The tdTomato-hLuz overexpressing cells were kept as BRET standard 
control (red dotted line). TFFH — tdTomato-FRB-FKBP12-hLuz. Each bar or point represents mean value ± SEM, *p < 0.05, **p < 0.01, ***p <
0.001. ****p < 0.0001 (The full, non-adjusted immunoblot image are shown in Supplement file-Fig. S2B). (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 
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using GeneOptimizer tool [22]. Compared to the native nnLuz, the equivalent amount of hLuz plasmid transfected in HT1080 cell line 
yielded about 4-fold higher photon output (Fig. 1B). It’s worth noting here that though the photonic output changed significantly when 
human codon optimized hLuz was expressed as compared to nnLuz (Supplementary Fig. 1); however, no apparent change in photon 
output or BRET efficiency realized when the donor was fused with various acceptor proteins. Further, by replacing the GS3 (15 amino 
acid) with GGS (12 amino acid) linker, impact of molecular length on the BRET efficiency of the pair was studied (Supplementary 
Table 2). The 12-mer GGS peptide linker, which was extensively tested in our laboratory before [23], showed a clear improvement in 
efficiency for the tdTomato-hLuz BRET combination (Fig. 1C). Thereafter, we generated BRET pairs for the hLuz donor with tdTomato 
in all possible orientations (i.e. either N-terminus or C-terminus fusion), while maintaining the optimized linker length as 12 amino 
acid residues. Acceptor (tdTomato) and donor specific spectral photon output was measured by using 520 ± 20 nm donor and 580 ±
20 nm acceptor bandpass filters and the BRET ratio was calculated as per Eq. (1) shown in methods section. The highest BRET effi
ciency (p < 0.005) was obtained from the tdTomato-GGS-hLuz fusion (Fig. 1C). 

2.2. The tdTomato-hLuz BRET biosensor designed for studying FRB and FKBP12 interaction showed efficient energy transfer in live-cell 
conditions 

We chose tdTomato-hLuz BRET pair for the development of a BRET biosensor for detection of a rapamycin-mediated interaction 
between human FKBP12 and FRB protein domains in vivo live cell condition [14]. The FRB and FKBP12 coding sequences were 
subcloned in frame by replacing parts of the 12 a.a. linker in the tdTomato-GGS-hLuz BRET plasmid vector. The resulting construct 
coded for tdTomato-FRB-FKBP12-hLuz (TFFH). Upon treatment with rapamycin FRB and FKBP12 heterodimerize; this interaction can 
be characterized by the efficiency of energy transfer between hLuz and tdTomato in a rapamycin concentration-dependent manner 
(Fig. 2A). Comparison to the similar already reported rapamycin biosensor TurboFP635-FRB-FKBP12-NanoLuc (TFFN), the energy 
transfer efficiency was found superior (Supplementary Note 1 and Supplementary Fig. 2). 

First, the TFFH fusion protein expression was validated by performing immunoblotting using tdTomato mAb for probing in both 
purified bacterial extract as well as in mammalian cell expression. The result showed presence of intact fusion with an elevated 
molecular weight as compared to the tdTomato protein that was used as positive control (Fig. 2B and Supplementary Fig. 3). We 
further perform purification of 6xHis-TFFH (his-TFFH) sensor using inducible bacterial expression system (Supplementary note 3). As 
compared to untreated protein, rapamycin treated his-TFFH protein showed significant increase in BRET ratio, i.e. for 50 nM (p =
0.037) or 100 nM (p = 0.007) (Fig. 2C). Further, results also showed an exponential increase in BRET signal in HT1080 cell line stably 
expressing TFFH sensor after treatment 1 h of 0.1–1000 nM of rapamycin treatment (Fig. 2D). Over here, we observed an exponential 
increment in BRET signal with rapamycin concentration till 10 nM. Beyond 10 nM of rapamycin treatment the BRET signal gets 
saturated. The EC50 for rapamycin was calculated to be 2.2 nM in HT1080 cell line. The time kinetics assay shows significant increase 
in BRET signal just after 10 min of 10 nM and 100 nM rapamycin (p = 0.002 and p < 0.001) treatment in HT1080 cell line stably 
expressing TFFH sensor. The steady increase in BRET signal continued till 1 h of rapamycin treatment (Fig. 2E). 

We opted for a 10 nM and 20 nM dose in our further experiments as 10–100 nM dose escalation only gave a marginal gain in the 
BRET signal. We observed ~2-fold higher BRET signal after 6 h of 10 nM rapamycin treatment of TFFH expressing cells compared to 
the untreated TFFH (p < 0.01) or the control tdTomato-hLuz fusion (p < 0.001). In addition, mean mBU value registered for TFFH 
fusion protein after 6 h of 20 nM rapamycin treatment was even higher compared to 10 nM. This result indicates that the donor and 
acceptor approximated after rapamycin treatment (Fig. 2F). Together, these results confirmed that the TFFH fusion reporter is a 
functional biosensor and showed concentration dependent BRET increment in HT1080 cells. 

To further assess the sensitivity of the TFFH sensor, we determined the kinetics of the BRET ratios fluctuation in an on/off rapa
mycin cycle. For this, in the experimental line, we treated the HT1080 cells expressing the TFFH sensor with 20 nM rapamycin 
(Fig. 2G) for 6 h, withdrew it by maintaining the cells in live culture, and then registered the kinetics for following 5 days, followed by a 
second pulse of rapamycin on the 6th day. Live-cell measurement of BRET showed a significant increase in BRET signal within 6 h of 
rapamycin treatment (p < 0.05). The interaction between FRB and FKBP12 that occurred upon first exposure to rapamycin has led to 
the increased BRET signal (6 h). It took almost 120 h for the BRET signal to drop to the basal level (p < 0.001) in the absence of 
rapamycin during the following days. The requirement of a few days for the BRET signal to reduce in the absence of rapamycin 
indicated no new rapamycin dependent FRB-FKBP12 heterodimers formed in the experimental line. Further, when rapamycin was 
added in the wells for the second time, the BRET signal elevated back (p < 0.01). As a positive control we used cells under continuous 
exposure to rapamycin. They showed a constant elevation of BRET signal for up to 5 days before achieving saturation (p < 0.001). The 
untreated control cells and cells expressing tdTomato-GGS-hLuz control BRET pair showed insignificant change in BRET signal 
(Fig. 2G). These results highlight that the tdTomato-hLuz BRET system can selectively reflect molecular interaction caused by rapa
mycin and report kinetics of the FRB-FKBP12 dimerization in real time from live cell population. 

2.3. BRET sensor tdTomato-FRB-FKBP12-hLuz containing mutant FRB protein shows an inability of FRB and FKBP12 to heterodimerize 

For further validation of the TFFH sensor specificity, we introduced two point mutations: A2034V and F2108L in the rapamycin- 
binding site of FRB domain using site-directed mutagenesis [24,25]. The two mutated TFFH sensors were expected to become 
insensitive to the rapamycin treatment: thus, the donor-acceptor proximity would not be achieved resulting in no gain of BRET signal. 
In the HT1080 cells expressing wild-type TFFH sensor BRET signal value increased by one order of magnitude upon treatment with 20 
nM rapamycin (p < 0.001) in comparison to untreated control. In contrast, the A2034V mutant exhibited a minor but significant 
increase in the BRET ratio: positive value after 20 nM rapamycin treatment compared to negative value for untreated control (p < 0.05) 
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(Fig. 3A). 
We have also evaluated the effect of a second point mutation, F2108L. The BRET sensor bearing this mutation failed to show any 

significant gain in BRET ratio, showing similar values for untreated conditions and for 20 nM rapamycin-treated conditions (non- 
significant difference) (Fig. 3B). These observations were closely replicated in the MCF7 breast cancer cell line (Fig. 3C and D). Taken 
together, these results clearly indicate that hLuz and tdTomato represent a compatible donor-acceptor pair showing PPI-specific 
resonance energy transfer in live-cell conditions. 

3. Discussion 

In the present study we explored the suitability of using the recently discovered fungal luciferase isolated from N. nambi as a novel 
BRET donor and showed its potential for detection of PPI using rapamycin-induced FRB and FKBP12 heterodimerization in human cell 
lines. This new fungal luciferase possesses distinct features for use as a new BRET donor due to its natural emission in the green 
spectrum of light (EmMax = 525 nm). It also does not cross-react with other known luciferases so far reported and used for BRET 
combinations. Therefore, the possible development of a multiplexed BRET assay is envisioned (Fig. 4) [23,26,27]. 

We showed that fungal luciferase can serve as a donor for a number of acceptor red fluorescent proteins with spectral overlap (i.e. 
tdTomato and mRuby2), out of which the most suitable acceptor protein appeared to be tdTomato. Some of the fusion constructs 
showed negative BRET ratio indicating lower photon output in BRET than the donor alone. The lower photon output in BRET construct 
is possible as a result of fusion with the fluorescent protein. 

Considering possible applications of the new BRET pairs in human cell-based screening, we also generated a BRET pair using a 
human codon-optimized nnLuz (hLuz) that appeared to be several folds brighter than wild-type nnLuz presumably because of the 
efficient expression level in human cells. We also demonstrated the use of glycine-serine rich flexible linkers that the molecular 

Fig. 3. Effect of FRB domain point mutations on BRET signal in HT1080 and MCF7 cell lines. (A–B) BRET signal measured for TFFH sensor construct 
incorporated with A2034V mutant or F2108L mutant transfected in HT1080 cell line. BRET was measured after 6 h of rapamycin treatment (10 nM 
and 20 nM) and compared with untreated control. (C–D) BRET signal for TFFH sensor construct incorporated with A2034V mutant or F2108L 
mutant transfected in MCF7 cell line. BRET was measured after 6 h of rapamycin treatment (10 nM and 20 nM) and compared with untreated 
control. Each bar represents mean value ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ns — non-significant. (The full, non-adjusted immunoblot 
image are shown in Supplement file-Fig. S3). 
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distance equivalent to 12 amino acids resulted in the maximal BRET ratio as found in the case of tdTomato-hLuz pair. 
Further, taking the help of a well-validated rapamycin-induced FRB-FKBP12 biological model, we have demonstrated how the 

tdTomato-hLuz BRET pair can be taken forward to develop a sensor for monitoring PPIs directly in live cells. In presence of rapamycin 
purified his-TFFH protein showed increased BRET signal indicating the sensor is sufficiently sensitive for sensing the drug action and it 
could be a good option for in vitro screening of PPi modulators in a cell-free system. The on/off kinetics of the BRET biosensor in the 
presence or absence of rapamycin clearly demonstrates the specificity of the system tested for detection of signal kinetics from live-cell 
culture and gives a clear readout of the dimerization-dependent resonance energy transfer status in vivo. Furthermore, using F2108L or 
A2034V mutants of FRB protein we also demonstrated that upon abrogation of rapamycin binding to the FRB domain no non-specific 
activation of BRET signal was recorded. These results clearly suggest that the developed sensor is highly specific for the mTOR pathway 
and may be suitably used to determine rapamycin concentration and, potentially, to screen activity of rapamycin analogs. We have 
thoroughly validated the developed BRET sensor for cell-based application. In future, to address complex biology problems involving 
multiple protein interactions requiring multiplexed BRET assay may suitably adapt this new BRET pair along with other known BRET 
pairs for use as in vitro or in-vivo studies. 

4. Materials and methods 

4.1. Plasmid cloning 

All genetic constructs of nnLuz for mammalian cell transfection with potential BRET pair fluorescent protein genes were created 
using the standard protocol of Golden Gate MoClo technology [28]. All Golden Gate cloning reactions were performed in 1× T4 ligase 
buffer (ThermoFisher) containing 10U of T4 ligase, 20U of BsaI (ThermoFisher), and 100 ng of DNA of each DNA part. Golden Gate 
reactions were performed 25 cycles between 37 ◦C and 16 ◦C (90 s at 37 ◦C, 180 s at 16 ◦C). The final vector included CMV promoter, 
fungal luciferase gene, amino acid linker coding sequence, fluorescent protein gene (tdTomato, mRuby2), SV40 polyadenylation signal 
and kanamycin resistance gene for bacterial selection. All the clones were confirmed by Sanger sequencing (Evrogen). 

The human codon-optimized gene sequence of nnLuz was determined by GeneOptimizer tool (ThermoFisher), and the hLuz gene 
was synthesized by GeneArt technology (ThermoFisher) [22]. Genetic constructs encoding the hLuz gene with FP genes aimed to 
determine a potential fluorescent acceptor for the BRET pair were prepared in a pCMV empty vector containing a suitable flexible 
(GGS)4 linker. The hLuz gene was inserted at the N-terminus by cloning a PCR-amplified full-length hLuz sequence using NheI and AgeI 
restriction enzymes, while PCR-amplified FP genes (tdTomato or mRuby2) were inserted at C-terminus without stop codon using EcoRI 
and SalI restriction enzymes. Either hLuz or NanoLuc genes were inserted at the C-terminus of FKBP12 sequence in 
tdTomato-FRB-FKBP12 plasmid by cloning a PCR-amplified full-length of either hLuz or NanoLuc sequence using XbaI and BamHI 
restriction enzymes. The final vector included CMV promoter, fungal luciferase gene, amino acid linker coding sequence, FP gene, 
SV40 polyadenylation signal, and Zeocin™ resistance gene for bacterial and mammalian selection. A PCR-amplified full-length TFFH 
sequence was cloned in frame with 6x-histidine tag in an inducible bacterial expression vector under the T7 promoter. BamHI and 
HindIII restriction sites were used for cloning the cassette. All clones were confirmed by restriction digestion and Sanger sequencing. 
The primers used are available in the Supplementary Materials (Supplementary Table 3). 

4.2. Generation of FRB mutant forms 

For introducing point mutations in the FRB domain, we used PCR-based site-directed mutagenesis method. The primers for 
introduction of A2034V and F2108L mutations are available in the corresponding section of Supplementary Materials (Supplementary 
Table 3). Mutations incorporated were confirmed by Sanger sequencing. 

Fig. 4. Diagrammatic representation of multiplexed BRET concept indicating representative spectral characteristics of existing BRET-pairs i.e. 
RLuc8-GFP2, RLuc8-EYFP, NanoLuc-TurboFP635 and the current hLuz-tdTomato BRET pair that could be used together for development of mul
tiplexed BRET assays. 
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4.3. Mammalian cell lines cultivation 

HT1080 were cultured in DMEM medium (Gibco) supplemented with 10% fetal bovine serum (Sigma-Aldrich) and 1% penicillin/ 
streptomycin/amphotericin (Invitrogen). MCF7 were cultured in RPMI medium (Gibco) supplemented with 10% fetal bovine serum 
(Sigma-Aldrich) and 1% penicillin/streptomycin/amphotericin (Invitrogen). All the cells were maintained at 37 ◦C in a 5% CO2 hu
midified incubator. 

4.4. Immunoblotting 

Whole-cell extracts were prepared using RIPA/Bacterial lysis buffer [Tris Base (50 mM), Glycerol (1%), Triton X-100 (0.1%) (pH 
8)] with a proteinase inhibitor cocktail. After incubation in ice for 30 min, lysates were sonicated and collected after centrifugation at 
13000 rpm for 20 min. 40 μg of protein were resolved by SDS-PAGE, transferred onto BioTrace PVDF membrane and probed using 
appropriate dilutions of the primary antibodies. Immunoblot detection was done by anti-rabbit secondary antibody (Supplementary 
Table 5). Immunoreactive protein complexes were visualized by using the WesternBright ECL kit. Image acquisition and analysis were 
made on ChemiDoc imaging systems (Bio-rad). 

4.5. Transfection of mammalian cells 

HT1080 were seeded in 12-well plates for transfection. Constructs of nnLuz, hLuz under CMV promoter and RLuc8.6 under human 
thymidine kinase promoter (pHTK) were used as a transfection control. Transfection was done using Lipofectamine 2000 (Thermo
Fisher) according to manufacturer’s instructions [29]. After 24 h of transfection, the cells were trypsinized. 1 × 104 cells per well were 
seeded in a black 96-well plate with a clear bottom (Costar). The 96-well plate was further incubated for 24 h followed by the addition 
of 50 μL of 3-hydroxyhispidin (fungal luciferase substrate 1 mg/ml solution in PBS) to each well. The bioluminescent signal acquisition 
was done using the IVIS Spectrum (PerkinElmer). 

4.6. Expression and purification of TFFH construct (bacterial expression system) 

E. coli BL21 DE3 pLyss strain was used for expression and purification of TFFH fusion protein after induction with 0.4 mM IPTG for 
16 h. The induced cell pellet was lysed using bacterial lysis buffer as described in immunoblotting method section. Then this lysate was 
passed through a column containing Ni-NTA beads (Qiagen) as per manufacturer’s protocol. The purified his-TFFH protein was used to 
carry out validation experiments. 

4.7. BRET assay 

HT1080 were seeded in 12-well plates for transfection, at 70–80% confluency cells were transfected with fusion constructs of nnLuz 
or hLuz with different fluorescent proteins, sensors TFFH, TuFFN, TFFH(F2108L), TFFH(A2034), or NanoLuc-containing constructs 
using Lipofectamine 2000 (ThermoFisher). After 24 h of transfection cells were trypsinized. 4 × 104 cells per well were seeded in a 
black 96-well plate with a clear bottom. The 96-well plate was further incubated for 24 h and subsequently used to determine the 
suitable BRET partner for nnLuz and hLuz by adding 50 μL of 3-hydroxyhispidin (1 mg/ml solution) in PBS to each well. Image 
acquisition was done in IVIS Spectrum at donor channel (520 ± 20 nm) and acceptor channel (580 ± 20 nm for tdTomato, 600 ± 20 
nm for mRuby2) with an integration time of 60 s per filter. 

HT1080 and MCF7 cells were transfected with TFFH, TuFFN, TFFH(F2108L), TFFH(A2034V) and donor only constructs of hLuz 
and NanoLuc and were seeded in black 96-well plate as described earlier. Then the cells were treated with rapamycin (Sigma-Aldrich) 
in concentration 10 nM or 20 nM for 6 h. After rapamycin treatment for the tdTomato-FRB-FKBP12-hLuz BRET sensor and its mutants 
50 μL of 3-hydroxyhispidin (1 mg/ml solution) in PBS was added to each well. Acquisition was done in IVIS Spectrum at donor channel 
(520 ± 20 nm) and acceptor channel (580 ± 20 nm) with an integration time of 60 s per filter. For TurboFP635-FRB-FKBP12-NanoLuc 
sensor 50 μL furimazine (Promega) (1:1000 diluted in DMEM from main stock) was added to each well and acquisition was performed 
in IVIS spectrum at donor channel (500 ± 20 nm) and acceptor channel (640 ± 20 nm) with an integration time of 1 s per filter. 

For in vitro BRET assay Ni-NTA column purified proteins from bacterial expression system, 50 μL of 30 μM of the his-TFFH fusion 
protein was added in a black clear bottom 96-well plate. Rapamycin (Sigma-Aldrich) small molecule drug was added at a concentration 
of 50 nM or 100 nM and incubated for 10 min. Image acquisition was done after adding 50 μL of 3-hydroxyhispidin (1 mg/ml solution) 
in PBS to each well as described earlier. BRET ratio was calculated using following Eq. (1) [7]: 

BRET =
BLemission(Acceptor) − Cf × BLemission(Donor)

BLemission(Donor)

Cf =
BLemission(Acceptor)donor− only

BLemission(Donor)donor− only

(1)   

Equation 1 – Equation for calculation of BRET ratio in milliBRET units (mBU) 
BL emission (Acceptor) – Bioluminescence signal of BRET sensor construct or Donor–Acceptor fusion construct at acceptor channel. 
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BL emission (Donor) - Bioluminescence signal of BRET sensor construct or Donor–Acceptor fusion construct at donor channel. 
Cf – Correction factor 
BL emission (Donor) donor only-Bioluminescence signal of Donor only construct at donor channel. 
BL emission (Acceptor) donor only-Bioluminescence signal of Donor only construct at acceptor channel. 

4.8. BRET time kinetics assay 

Long time duration assay-HT1080 cells were seeded in 12-wel plate. At the confluency of 70–80%, transfection with fusion con
structs - TFFH, tdTomato-hLuz and hLuz was done using Lipofectamine 2000 reagent in separate wells. 24 h post transfection, cells 
were trypsinized and re-seeded at the density of 4 × 104 cells per well in 96 black-well plate with clear bottom. For TFFH cells, 3 
treatment groups were created – created – a) untreated, b) 20 nM Rapamycin On (in order to maintain 20 nM Rapamycin concen
tration, after every 24 h media was replaced with 20 nM Rapamycin containing media), and c) 20 nM Rapamycin On-Off (20 nM 
Rapamycin treatment was given just for initial 6 h and after which readings was acquired at 24 h and 96 h in medium without 
Rapamycin. While at 120 h, 20 nM Rapamycin was added again). For all samples, readings were taken at 6 h, 24 h, 96 h, 120 h and 144 
h by addition of 50 μl of 3-hydroxyhispidin (1 mg/ml solution) substrate in PBS. The acquisition was done by IVIS Spectrum at donor 
channel (520 ± 20 nm) and acceptor channel (580 ± 20 nm for tdTomato) with an integration time of 60 s per filter. 

Short time duration assay-2x104 HT1080 cells stably expressing TFFH sensor or hLuz were seeded in 96 black well plate. Rapa
mycin at different concentration (0, 10,100 and 1000 nM) was added to each well followed by 50 μl of 3-hydroxyhispidin (1 mg/ml) 
substrate addition. Immediately after rapamycin addition IVIS image acquisition was done at donor channel (520 ± 20 nm) and 
acceptor channel (580 ± 20 nm for tdTomato) with an integration time of 40 s per filter. The change in luciferase activity was 
minimum throughout the experiment. 

4.9. Statistical analysis 

For all data analysis Student t-test (unpaired and two-sided) was employed and done by Microsoft Excel. p-value<0.05 was 
considered statistically significant. For each experiment at least two biological replicates and three technical replicates were per
formed, except the experiment with long duration rapamycin on/off switch that was performed once in three technical replicates. 
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