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Bioluminescence Resonance Energy Transfer (BRET) is widely applied to study protein-protein in-
teractions, as well as increasingly to monitor both ligand binding and molecular rearrangements. The
F€orster distance (R0) describes the physical distance between the two chromophores at which 50% of the
maximal energy transfer occurs and it depends on the choice of RET components. R0 can be experi-
mentally determined using flexible peptide linkers of known lengths to separate the two chromophores.
Knowledge of the R0 helps to inform on the choice of BRET system. For example, we have previously
shown that BRET2 exhibits the largest R0 to date for any genetically encoded RET pair, which may be
advantageous for investigating large macromolecular complexes if its issues of low and fast-decaying
bioluminescence signal can be accommodated.

In this study we have determined R0 for a range of bright and red-shifted BRET pairs, including
NanoBRET with tetramethylrhodamine (TMR), non-chloro TOM (NCT), mCherry or Venus as acceptor, and
BRET6, a red-shifted BRET2-like system. This study revealed R0 values of 6.15 nm and 6.94 nm for
NanoBRET using TMR or NCT as acceptor ligands, respectively. R0 was 5.43 nm for NanoLuc-mCherry,
5.59 nm for NanoLuc-Venus and 5.47 nm for BRET6. This extends the palette of available BRET F€orster
distances, to give researchers a better-informed choice when considering BRET systems and points to-
wards NanoBRET with NCT as a good alternative to BRET2 as an analysis tool for large macromolecular
complexes.
© 2020 Commonwealth Scientific and Industrial Research Organisation (CSIRO). Published by Elsevier

B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
1. Introduction

Bioluminescence resonance energy transfer (BRET) is a bio-
physical phenomenon describing a distance-dependent non-radi-
ative energy transfer between a luciferase-luciferin and an acceptor
chromophore similar to Fluorescence Resonance Energy Transfer
(FRET) [1]. BRET usually occurs within close proximity (<10 nm) of
the luminophore and fluorophore, which has been extensively
exploited tomonitor biomolecular dynamics, such as in the study of
ustrial Research Organisation (CSIR
d/4.0/).
protein-protein interactions (PPIs) [2,3], molecular rearrangements
[4,5], ligand-binding [6,7] and enzymatic assays [8,9]. Light emis-
sion as a consequence of BRET is initiated by an enzymatic reaction,
where a luciferase catalyses the oxidation of a substrate to generate
bioluminescence. Unlike FRET, BRET does not rely on external
illumination, making it particularly well-suited for studying mo-
lecular dynamics in matrices containing autofluorescent molecules
that are triggered by external excitation, such as in blood, cell
cultures or in vivo applications, if using BRET acceptors with
appropriate emission characteristics [10].

The rate at which energy transfer occurs is determined by a
range of factors, such as the spectral overlap between donor
emission and acceptor excitation, quantum yield of the donor,
O). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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relative orientation between the transition dipole moments of the
chromophores (k) and their spatial separation.

The F€orster distance (R0) is the distance between the chromo-
phores at which 50% of RET occurs. R0 is a critical factor to consider
before planning an interaction study as different experimental
setups could favour longer or shorter F€orster distances. PPI studies,
for example, might benefit from shorter F€orster distances as a larger
R0 distance could result in energy transfer signal even if the pro-
teins of interest are close to each other but not interacting with
each other. This is of interest in PPI analyses within confined sub-
cellular compartments such as membranes. However, the analysis
of molecular rearrangements in proteins such as G-protein coupled
receptors (GPCRs) has been shown to benefit from large R0’s in
certain circumstances. In one example, an internal loop and the C-
terminus of a GPCR were tagged with RET components and upon
ligand-binding, the induced conformational change resulted in a
change in BRETefficiency [11]. Ideally, R0 shouldmatch the distance
between both tagged locations so that the dynamic conformational
changes are transduced within the F€orster working range (R0 ± ½
R0), leading to improved sensitivities. Studies in which the distance
between the tagged loci is > 6 nm, e.g. particular studies with
GPCRs [11] and periplasmic binding proteins [12], have benefited
from a large R0.

F€orster distances have been calculated, or experimentally
determined, for a range of RET combinations and they can range
from 3.17 nm between two fluorescent proteins (BFP-DsRED) [13]
to 13 nm between two organic dyes incorporating a silver particle
(Cy5-Cy5.5) [14]. R0 can be calculated, assuming that the orienta-
tion factor k2 equals 2/3 [15], and that the RET components are in
fast isotropic motion. However, this assumption is not applicable to
fluorescent proteins due to their size and fixed orientation [16]. We
have previously experimentally determined the R0 of a BRET2

variant (RLuc8-GFP2) as 8.15 nm [17], the largest F€orster distance
reported for any genetically encoded RET system to date. BRET2 has
been a highly useful analytical tool due to its large spectral sepa-
ration of 115 nm, particularly where its larger R0 is advantageous
compared to other RET systems. However, BRET2 exhibits some
notable shortcomings: Its light output is low and is accompanied by
a fast signal decay compared to other BRET alternatives [18]. In
addition, its emission profile within the blue/green light electro-
magnetic spectrum is heavily subjected to light absorption in
in vivo applications [19].

Recently developed BRET systems based on the NanoLuc lucif-
erase [24,25] and the BRET6 system [10] offer up to 300x brighter
Table 1
F€orster distances (R0) of BRET and FRET systems.

Resonance Energy Transfer type Donor Acceptor

Bioluminescence Resonance Energy Transfer NanoLuc HaloTag (TM
NanoLuc HaloTag (NC
NanoLuc Venus
NanoLuc mCherry
RLuc8.6 TurboFP635
RLuc8 GFP2

RLuc2 GFP2

RLuc GFP2

RLuc YFP
RLuc2 Venus
RLuc8 Venus

Fluorescence Resonance Energy Transfer BFP DsRED
LSSmOrange mKate2
mAmetrine tdTomato
eCFP eYFP
CyOFP1 mCardinal
NaY0.78F4:Yb0.2,Er0.02 QD (CdTe)
Cy5 Cy5.5
Si QDs Si QDs
bioluminescence signals and extend the emission profile into the
red spectrum. Specifically, NanoBRET, which utilises NanoLuc as the
energy donor, has developed into one of the most popular BRET
systems in recent years. R0 has not been determined for either
system. This study aimed to fill this knowledge gap and extend the
palette of available BRET F€orster distances to give researchers a
better-informed choice on BRET systems.

In this study, the F€orster distances of NanoBRET in combination
with a range of acceptors and the F€orster distance of BRET6 are
reported for the first time. This was achieved by experimentally
determining R0 values by separating donor and acceptor molecules
using flexible peptide linkers of known lengths [21] to correlate
observed BRET efficiencies with chromophore-to-chromophore
distances. F€orster curves were further corroborated by cloning
Carbonic Anhydrase II, a protein with a resolved crystal structure
and known terminus-to-terminus distance, in between two of the
NanoBRET combinations.

2. Materials and methods

2.1. Cloning, expression and purification of BRET constructs

BRET-protein overexpression plasmids were constructed by
cloning genes into pRSET (ThermoFisher Scientific) using standard
techniques. His-tagged BRET proteins were expressed in E. coli BL21
(DE3) cells (New England Biolabs, USA) and purified from lysates
using HisTrap HP 1 mL columns integrated into an €AKTAxpress Fast
Performance Liquid Chromatography system (GE Healthcare,
Australia), dialysed against 50 mM Tris (pH 8), 50 mM NaCl at 4 �C,
snap-frozen and stored at �80 �C. Their purity was analysed by
SDS-PAGE (Fig. S1). HaloTag-containing purified proteins were
labelled by incubating 100 nM protein stocks (diluted in phosphate
buffered saline (PBS; 10 mM Na2HPO4, 1.8 mM KH2PO4, 137 mM
NaCl, 2.7 mM KCl, pH 7.4)) containing 2 mM TMR or 0.4 mM NCT at
30 �C for 1 h before BRETanalyses. For detailed experimental details
see the supplementary information.

2.2. BRET measurements

All BRET analyses were performed in 100 mL total volumes
containing a concentration of 10 nM BRET construct in PBS. BRET
reactions were initiated by the addition of 5 mL Furimazine (FZ)
(1:10 dilution in Nano-Glo® buffer, Promega) for NanoBRET or
5 mL Coelenterazine-h (CTZ-h; 100 mM in PBS containing 10%
Determination R0 (nm) Working range (nm) Reference

R) experimental 6.15 ± 0.03 3.08e9.23 This work
T) experimental 6.97 ± 0.03 3.49e10.46 This work

experimental 5.59 ± 0.04 2.80e8.39 This work
experimental 5.43 ± 0.02 2.72e8.15 This work
experimental 5.47 ± 0.01 2.74e8.21 This work
experimental 8.15 4.08e12.23 [17]
experimental 7.67 3.84e11.51 [17]
experimental 7.50 3.75e11.25 [20]
experimental 4.44 2.22e6.66 [20]
experimental 5.68 2.84e8.52 [17]
experimental 5.55 2.78e8.33 [17]
calculated 3.17 1.59e4.76 [13]
calculated 7.0 3.5e10.5 [15]
calculated 6.6 3.3e9.9 [15]
experimental 4.8 2.4e7.2 [21,20]
calculated 6.9 3.45e10.35 [15]
experimental 5.5 2.75e8.25 [22]
experimental 8.3e13 4.15e12.45 to 6.5e19.5 [14]
experimental 5e7.5 2.5e7.5 to 3.75e11.25 [23]
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EtOH) for BRET6, followed by immediately recording the BRET
signal.

Dual emission BRET measurements and spectral scans were
recorded with a CLARIOstar plate reader (BMG LabTech, Australia).
Filter bandwidth selections and measurement details can be found
in the supplementary information.

The mean value of 10 consecutive measurements, recorded with
an integration time of 0.5 s, was used to calculate the BRET ratios
(acceptor intensity divided by donor intensity).

2.3. Determination of F€orster curves

Data analysis was carried out using GraphPad Prism (version 7
for Windows, GraphPad Software, San Diego, California, USA),
MARS Data Analysis Software (BMG LabTech, Australia), RStudio
(RStudio Inc, USA) and Office Excel. BRET efficiencies (EBRET) were
calculated using Eq. (1),

EBRET ¼ 1� ðIDA
ID

Þ (1)

where IDA and ID are the BRET ratios in the presence or absence of
the RET acceptor, respectively. BRET efficiencies were then fitted to
the F€orster equation (Eq. (2)) using the GraphPad Prism non-linear
fit function.

EBRET ¼
R60

R60 þ rBRET6
(2)

The data point for a 20 nm donor-acceptor separation was
determined by the ‘simulate XY data function’ in GraphPad Prism
by integrating the experimentally determined R0 into Eq. (2).

3. Results

3.1. Selected BRET combinations

We selected BRET6 for our investigation, as it has been recently
shown to be a sensitive backbone for protease detection in human
plasma [8] and a good imaging tool in mice [10]. It comprises the
red-shifted Renilla luciferase RLuc8.6, with the CTZ-h substrate, and
the fluorescent protein TurboFP635 (Katushka) [10]. NanoLuc has
been extensively used in combination with the yellow fluorescent
protein Venus [26,27] or HaloTag [6], a self-labelling enzyme that
incorporates chloroalkene-functionalised fluorescent ligands [28].
As Venus exhibits an emission peak within the ‘yellow’ electro-
magnetic spectrum (530 nm), we alternatively incorporated a red-
shifted fluorescent protein, mCherry, which has an emission peak at
610 nm in its place. For NanoBRET using HaloTag, RET from Nano-
Luc(FZ) to the two most commonly used HaloTag fluorescent li-
gands was investigated: Tetramethylrhodamine (TMR) and non-
chloro TOM (NCT or NanoBRET 618) which have emission peaks
at 585 nm and 618 nm, respectively.

3.2. Orientation dependence

To optimise the orientation between luciferase and acceptor,
RLuc8.6 was cloned to the C-terminus of TurboFP635 separated by
glycine/serine peptide linker repeats (GGSGGS)n (n ¼ 1e9). Previ-
ous studies showed that Renilla luciferases exhibit enhanced RET
efficiencies, if the C-terminus of RLuc remains unconstrained [29].
The optimal orientation of NanoLuc to fluorescent proteins or
HaloTag was analysed by cloning NanoLuc to the N- or C-terminus
of Venus, mCherry and HaloTag interposed with a single linker
segment (GGSGGS)1.
C-terminal and N-terminal NanoLuc-acceptor fusions were
spectrally analysed to identify which orientation resulted in the
largest BRET efficiency (Fig. 1aed). Both fusions of NanoLuc with
mCherry or Venus exhibited higher acceptor emission intensity to
donor emission intensity if NanoLuc was fused to the C-terminus of
the fluorescent protein (Fig. 1a and b). The BRET ratio decreased by
30% from 0.86 for a C-terminal NanoLuc fusion to 0.6 for an N-
terminal fusion (Fig. 1f). Similarly, NanoLuc fused to the C-terminus
of Venus exhibited a BRET ratio of 1.63 that decreased by 27% to 1.19
for an N-terminal NanoLuc fusion. For NanoBRET with HaloTag,
BRET ratios increased from 0.31 for a C-terminal NanoLuc fused to
HaloTag (TMR) by 459% to 1.40 for an N-terminally fused NanoLuc,
whereas a 687% increase in BRET ratio from 0.09 to 0.59 was
observed, when comparing a C-terminal NanoLuc to HaloTag (NCT)
fusion with an N-terminal fusion (Fig. 1c,d,f). This effect is the
opposite to NanoLuc-fluorescent protein fusions, as well as for
RLuc-Fluorescent protein fusions, which could be due to a different
relative orientation of the transition dipole moments between
NanoLuc(FZ) to Venus/mCherry or NanoLuc(FZ) to HaloTag (TMR/
NCT).

For all further experiments, fusions with NanoLuc at the C-ter-
minus of Venus or mCherry and at the N-terminus of HaloTag were
used. This was achieved by cloning (GGSGGS)n linker repeats in
between BRET components.

3.3. BRET efficiencies

BRET ratios for all tested BRET combinations decreased with
increasing flexible linker lengths (Table S1). Ratios were then
translated into BRET efficiencies (eq. (1)) using a ratiometric
approach as described previously [17].

BRET6 exhibited a BRETefficiency of 83%with the shortest linker
(FL1), which decreased to 69% when the BRET components were
separated by the FL9 linker (Table S1). The NanoLuc-fluorescent
protein combinations exhibited BRET efficiencies ranging from
87% (FL1) to 83% (FL9) for NanoLuc-Venus and BRET efficiencies
ranging from 86% (FL1) to 81% (FL9) for NanoLuc-mCherry. BRET
efficiencies observed for NanoLuc-HaloTag systems decreased from
93% (FL1) to 87% (FL9) with TMR as a ligand for HaloTag while the
BRETefficiencies decreased from 96% (FL1) to 94% (FL9) using NCTas
the ligand. NanoBRET efficiencies between NanoLuc(FZ) and Hal-
oTag (TMR/NCT) are thus more efficient than those for BRET6 or
NanoLuc- FP combinations using the shortest peptide linker in the
following order: NanoLuc(FZ) - HaloTag (NCT) > NanoLuc(FZ) -
HaloTag (TMR) > NanoLuc(FZ) - Venus > NanoLuc(FZ) -
mCherry > RLuc8.6 (CTZ-h) - TurboFP635.

3.4. BRET distances and experimental determination of F€orster
curves

To fit the observed BRET efficiencies with the distance between
the BRET chromophores (rBRET), it was assumed that all proteins
exhibit a globular structure with a volume of ~0.74 cm3/kg [30],
with the chromophores sitting in the centre of the protein. Protein
radii were calculated using Eq. (3).

Rd¼0:676
ffiffiffiffiffiffiffiffiffiffi

MW3
p

(3)

According to these calculations, the radius of RLuc8.6 was
2.23 nm and that of TurboFP635 was 2.01 nm. Combined with the
known average lengths of the linker peptides [20], the estimated
distances between both luminophores ranged from 4.15 ± 0.03 nm
(TurboFP635-FL1-RLuc8.6) to 4.80 ± 0.05 nm (TurboFP635-FL9-
RLuc8.6) (Table S1). Fitting the BRET efficiencies against calculated
distances using the F€orster equation (Eq. (2)) gave a F€orster distance



Fig. 1. Orientation dependence of the investigated BRET combinations.
A-D, Normalised bioluminescence spectra of NanoLuc (dotted line), C-terminal fusion of NanoLuc with acceptor protein (dashed line) and N-terminal fusion of NanoLuc with
acceptor protein (solid line) using Furimazine as the luciferase substrate. E, Normalised bioluminescence spectra of RLuc8.6 (dotted line) and BRET6 (solid line) using
Coelenterazine-h as the luciferase substrate. All spectra were normalised to the luciferase peak intensity. F, Normalised BRET ratios of C- and N-terminal NanoLuc fusions with
mCherry, Venus, HaloTag (TMR) and HaloTag (NCT). BRET ratios were normalised to the ratio of the C-terminal fusion, respectively.
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of 5.47 ± 0.02 nm (95% confidence: 5.44e5.50 nm, R2 ¼ 0.993)
(Fig. 2a).

The same procedure was applied to estimate the distances for
the NanoBRET systems following the same assumptions as for
BRET6. HaloTag is a globular protein containing a ligand-binding
cavity [31] (Fig. S2a). In a translational fusion of NanoLuc to the
N-terminus of HaloTag (Fig. S2b), it appears that the chromophore-
to-chromophore distance spans across the radii of both proteins.
The radius of NanoLuc was thus to be calculated as 1.81 nm and that
of HaloTag as 2.18 nm. These distances translate into rBRET distances
of 3.75 ± 0.03 nm (FL1) to 4.40 ± 0.05 nm (FL9) for Venus/mCherry-
NanoLuc fusions and of 3.90 ± 0.03 nm (FL1) to 4.55 ± 0.05 nm (FL9)
for NanoLuc-HaloTag. Fitting the rBRET values against the BRET ef-
ficiencies demonstrated F€orster distances of 5.43 ± 0.02 nm for
mCherry-NanoLuc (95% confidence: 5.38e5.48 nm, R2 ¼ 0.992) and
5.59 ± 0.05 nm for Venus-NanoLuc (95% confidence: 5.50e5.69 nm,
R2 ¼ 0.996), respectively (Fig. 2b, Table 1).

As the data points for NanoLuc-HaloTag lie at the top of the slope
of the F€orster curves, we decided to increase the distance between
the BRET components to give a RET distance located within the
dynamic part of the curve. Carbonic anhydrase 2 (CAII) was selected
for this purpose, as its crystal structure is known [32] and its
protein termini are located on opposite sides of the proteinwith an
estimated C-to-N-terminus distance of 4.34 ± 0.17 nm (SI, Fig. S2c).
This predicts a chromophore-to-chromophore distance of
8.24 ± 0.17 nm, which lies within the dynamic part of the F€orster
curve for the NanoLuc-HaloTag systems (Fig. 2c). BRET ratio ana-
lyses resulted in a BRET efficiency of 15% for NanoLuc-CAII-HaloTag
using TMR as a ligand and of 29% using NCT as a ligand, respectively
(Fig. 2c). F€orster distances for NanoBRET were determined to be
6.17 nm using TMR as the HaloTag ligand (Figs. 2c) and 7.09 nm
when NCT was used as the HaloTag ligand (Fig. 2c). R0 of BRET6 was
therefore very similar to those seen for NanoBRET to Venus or
mCherry. NanoBRET to HaloTag however, exhibited a larger F€orster
distance compared to any of the other systems evaluated in this
study using either HaloTag ligand. This distance was largest when
NCT was used.

3.5. F€orster working distance ranges

Using RET as a molecular ruler is most powerful if the maximal
dynamics of the probed system reflects the dynamic part of the
F€orster curve. This is the case if two tagged loci of a protein undergo
conformational movements within the F€orster working range



Fig. 2. RET efficiency dependent on the separation of donor and acceptor (in nm).
Resonance energy transfer (RET) efficiency of BRET6 (A), NanoLuc-fluorescent protein
(FP) combinations (B) and NanoLuc-HaloTag combinations (C) were fitted against
donor/acceptor separation with the F€orster equation (R > 0.975). F€orster curves of
BRET1 (eYFP-RLuc) and BRET2 (GFP2-RLuc8) were determined in a previous study
[17,20] and are shown for comparison. The BRET efficiencies for NanoLuc-carbonic
anhydrase 2 (CAII)-HaloTag (TMR/NCT) were plotted against 8.24 nm (C). Data are
represented as mean ± standard deviation (n ¼ 4). Dotted lines indicate the F€orster
distance corresponding to a BRET efficiency of 50%.

Fig. 3. Experimentally determined working distances of BRET and FRET
Working distance is defined as 0.5xR0 e 1.5xR0. The filled circles indicate the F€orster
distance (R0). Data of BRET1, BRET2 and FRET were determined previously [17,20].
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(R0 ± ½ R0). Smaller distances, where the F€orster curve exhibits
efficiencies >90e95%, will result in little to no reductions in the
BRET ratio, while longer distances lie outside of the possible
detection distance range. In this study, experimentally determined
F€orster distances reveal a working range of 2.74 nme8.21 nm for
BRET6 (Fig. 3, Table 1), which is larger than that of the original
BRET1 system (RLuc-YFP), but shorter than that of the BRET2 system
[17]. NanoBRET with fluorescent proteins mCherry or Venus,
exhibited working ranges of 2.72e8.15 nm and 2.80e8.39 nm,
respectively, similar to that of BRET6, while NanoBRET with HaloTag
exhibited a working range of 3.08e9.23 nm (TMR) and
3.49e10.46 nm (NCT). Interestingly, the NanoBRET (NCT) working
range enables reliable distance measurements at 10 nm. This was
previously only achieved by three other genetically encoded RET
systems, BRET2 [17], LSSmOrange-mKate2 and CyOFP1-mCardinal
[15] (Table 1).

4. Discussion

F€orster distance is determined by the spectral overlap between
donor emission and acceptor excitation, quantum yield of the
donor and the relative transition dipole orientation factor. NanoLuc
oxidising Furimazine exhibits a quantum yield of 5% [25], similar to
that of Renilla luciferase-coelenterazine-h combinations [33], while
RLuc8 catalysing the BRET2 substrate coelenterazine 400a (Deep-
BlueC) exhibits a very low quantum yield of 0.12%. The differences
in quantum yield are small and do not explain the larger F€orster
distances of NanoBRET and NanoLuc-FP combinations compared to
the original BRET1 system (RLuc-YFP) [20]. Apart from the quantum
yield of BRET2, the spectral overlap between NanoLuc(FZ) emission
with the excitation spectra of the acceptors analysed in this study,
demonstrates higher overlaps with Venus (48%) and TMR (49%)
compared to NCT (19%) and mCherry (18%) (Fig. S3a). Hence, the
amounts of spectral overlap do not correspond with the observed
F€orster distances. It is possible that the relative orientation between
their dipole moments is a decisive factor here. This could be
explained by a less fixed orientation of the HaloTag ligands, leading
to efficient energy transfer and increased R0 [16].

The BRET6 F€orster distance is similar to those determined pre-
viously for enhanced BRET1 combinations (RLuc2-Venus/Rluc8-
Venus) [17]. BRET6 exhibits a slightly higher spectral overlap area
(60%) than that of RLuc8-Venus (56%). However, its quantum yield
is potentially lower, as previous work shows this to be 3.1% for
RLuc8.6 catalysing CTZ compared to 6.9% for RLuc8(CTZ). The trade-
off between lower quantumyield and higher spectral overlap could
thus explain the similar F€orster distances of BRET1 and BRET6.

A red-shifted NanoLuc variant-substrate combination (teLuc-
DTZ), recently developed by Yeh et al. [34], could further enhance
the F€orster distance for NanoBRET, as teLuc(DTZ) exhibits a two-
fold improved quantum yield of 10.8% over NanoLuc(FZ). This
luciferase when combined with the fluorescent protein CyOFP1 is
termed Antares2 [34]. Antares2 exhibits a high spectral overlap
between donor emission and acceptor excitation profiles, which
could lead to an even larger F€orster distance than the NanoLuc-
fluorescent protein combinations described in this study. Further
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enhanced F€orster distances for NanoBRET could also be achieved
using ligands with increased excitation coefficients and higher
overlap integrals compared to TMR and NCT [35].

While BRET2 has historically been applied in the evaluation of
GPCR receptor signalling [36], NanoBRET (NCT) could take over the
niche of BRET2 in the study of macromolecular interactions due to
its large F€orster distance of 6.97 nm, just under that of BRET2. Un-
like the shortcomings of BRET2, NanoBRET (NCT) exhibits bright
and sustained bioluminescence together with an excellent spectral
separation of 158 nm. NanoBRET using TMR as a ligand might be of
interest as a tool to measure conformational changes upon ligand-
binding to GPCRs, as the distance between the third intracellular
loop and the C-terminus in a b-2-adrenergic receptor averages
6.2 nm [37], close to the R0 of NanoBRET (TMR).

Ultimately, the selection of RET F€orster distance depends on the
application. NanoLuc-fluorescent protein combinations and BRET6

are bright and red-shifted alternatives to BRET1 for protein-protein
interaction studies, since their moderate F€orster working ranges
avoid bystander RET with colocalised proteins. NanoBRET with
HaloTag, on the other hand, is more suitable for applications that
benefit from a large R0 including the analysis of multi-protein
complexes and intramolecular measurements in large proteins.
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