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Bioluminescence resonance energy transfer (BRET) is a biophysical technique used to

monitor proximity within live cells. BRET exploits the naturally occurring phenomenon of

dipole-dipole energy transfer from a donor enzyme (luciferase) to an acceptor fluorophore

following enzyme-mediated oxidation of a substrate. This results in production of a

quantifiable signal that denotes proximity between proteins and/or molecules tagged

with complementary luciferase and fluorophore partners. BRET assays have been

used to observe an array of biological functions including ligand binding, intracellular

signaling, receptor-receptor proximity, and receptor trafficking, however, BRET assays

can theoretically be used to monitor the proximity of any protein or molecule for which

appropriate fusion constructs and/or fluorophore conjugates can be produced. Over

the years, new luciferases and approaches have been developed that have increased

the potential applications for BRET assays. In particular, the development of the small,

bright and stable Nanoluciferase (NanoLuc; Nluc) and its use in NanoBRET has vastly

broadened the potential applications of BRET assays. These advances have exciting

potential to produce new experimental methods to monitor protein-protein interactions

(PPIs), protein-ligand interactions, and/or molecular proximity. In addition to NanoBRET,

Nluc has also been exploited to produce NanoBiT technology, which further broadens

the scope of BRET to monitor biological function when NanoBiT is combined with an

acceptor. BRET has proved to be a powerful tool for monitoring proximity and interaction,

and these recent advances further strengthen its utility for a range of applications.

Keywords: BRET, NanoLuc, Nluc, NanoBRET, fluorophore, ligand binding, CRISPR

INTRODUCTION

A number of widely used technologies to study cellular biology are reliant upon luciferase enzymes
isolated or derived from organisms that produce bioluminescence. These include luciferases
derived from the click beetle and the North American firefly (Fluc), both of which catalyze the
ATP-dependent metabolism of D-luciferin to produce luminescence (Wood et al., 1989; Fraga,
2008; England et al., 2016), as well as luciferases with ATP-independent metabolic reactions, such
as the sea pansy-derived Renilla luciferase (Rluc) (Lorenz et al., 1996).

Rluc and the mutated derivative Rluc8 (Kocan et al., 2008) have been widely used for
bioluminescence resonance energy transfer (BRET), a biophysical technique to monitor proximity
within live cells. BRET has been used extensively in pharmacological research, particularly in
relation to G protein-coupled receptors (GPCRs) (Pfleger and Eidne, 2005; Lohse et al., 2012).
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The latest addition to the luciferase toolkit is the small
(19 kDa) luciferase subunit Nanoluciferase (NanoLuc; Nluc)
derived from a larger multi-component luciferase isolated
from the deep sea shrimp Oplophorus gracilirostris (Hall
et al., 2012). In conjunction with its complementary substrate
furimazine, Nluc’s small size and superior luminescence profile
has led to its rapid uptake in research, replacing other
luciferases where increased sensitivity is required, while also
leading to the development of new experimental approaches.
Its use as a luciferase in BRET assays has resulted in the
creation of the new BRET methodology termed NanoBRET
(Machleidt et al., 2015; Stoddart et al., 2015).

Comprehensive reviews and protocols of the traditional BRET
methodologies including their uses and variations have been
published previously (Milligan, 2004; Hamdan et al., 2006;
Pfleger and Eidne, 2006; Pfleger et al., 2006b; Prinz et al., 2006;
Lohse et al., 2012), and as such this review will not discuss these
approaches in detail. Instead, this review will focus on Nluc and
the advantages and novel uses of NanoBRET and other related
Nluc-based assays.

BIOLUMINESCENCE RESONANCE
ENERGY TRANSFER (BRET)

BRET is a biophysical technique used to study proximity within
live cells (Pfleger and Eidne, 2006). It relies on the naturally
occurring process of dipole-dipole non-radiative energy transfer
from a luciferase energy donor to an acceptor fluorophore
following oxidation of a luciferase substrate. As energy transfer
occurs only when the donor and acceptor are within close
proximity (<10 nm) (Wu and Brand, 1994; Dacres et al., 2012),
attaching the donor and acceptor tags to proteins of interest
allows for protein-protein proximity to be monitored in a
highly specific manner (Pfleger and Eidne, 2006) (Figure 1).
Furthermore, demonstration that the BRET approach also works
very effectively when a small acceptor fluorophore such as boron-
dipyrromethene (BODIPY) is conjugated to a small molecule
(Stoddart et al., 2015) has extended its applicability substantially.

The BRET methodology first appeared in the literature when
Xu et al. (1999) used it as a method to investigate interactions
of proteins involved in circadian rhythms within cyanobacteria.
This initial BRET methodology used Rluc as the energy donor
with its substrate coelenterazine and an enhanced yellow
fluorescent protein (EYFP) as the energy acceptor. However,
Xu et al. (1999) noted that the method could be extrapolated
to the use of any appropriate luciferase-fluorescent protein
combination. There are three major requirements to conduct a
BRET assay: (1) proteins/molecules of interest must be labeled
with the appropriate donor luciferase and acceptor molecule
in a manner that does not unduly compromise their function;
(2) tagged proteins/molecules must be configured and localized
appropriately within the desired experimental environment; and
(3) access to an appropriate instrument to monitor energy
transfer is needed, most often a microplate reader that can
measure in real-time using live cells (Pfleger and Eidne, 2006;
Stoddart et al., 2016).

FIGURE 1 | The principle of bioluminescence resonance energy transfer

(BRET) for monitoring biological proximity. (A) The donor luciferase and

acceptor fluorophore are not in close proximity (>10 nm), such that no

resonance energy transfer occurs and there is no emission from the

fluorophore. (B) The donor luciferase and acceptor fluorophore are in close

proximity (<10 nm), allowing BRET to occur that reduces the donor light

emission and results in light emission from the acceptor. When these BRET

tags are fused to proteins or small molecules of interest, the non-radiative

energy transfer from the donor luciferase to the acceptor fluorophore produces

a change in the BRET ratio that in turn indicates proximity of the tagged

proteins and/or small molecules.

Following the study by Xu et al. (1999), multiple variations
of BRET have subsequently been developed (Table 1). BRET2

uses coelenterazine 400a (also known as DeepBlueCTM), which
shifts the emission peak of Rluc from about 475 to 480 nm with
coelenterazine h—the coelenterazine derivative most commonly
used to conduct BRET1–to about 395–400 nm (Pfleger and Eidne,
2006). It also typically uses green fluorescent protein (GFP)
derivatives GFP2 or GFP10 as the energy acceptor. BRET2

provides an alternative to the initially developed coelenterazine
h-based BRET, now often referred to as BRET1, with BRET2

producing greater spectral separation between the donor and
acceptor emission peaks resulting in lower background signal.
However, the utility of coelenterazine 400a is limited by its
rapid decay kinetics and very low luminescence output (Hamdan
et al., 2005; Pfleger and Eidne, 2006). Variations of the BRET
method have further broadened its experimental scope to include
assays monitoring protein-protein interaction (PPI) kinetics
over extended time-scales (Pfleger et al., 2006a), including
temporal monitoring of receptor trafficking through subcellular
compartments (Lan et al., 2012; Tiulpakov et al., 2016).

NANOLUCIFERASE (NanoLuc; Nluc) AND
NanoBRET

Nluc
The most recently developed commercially-available luciferase
enzyme is the small (19 kDa) luciferase subunit Nluc. Nluc
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TABLE 1 | Comparison of various BRET techniques.

BRET1 BRET2 eBRET NanoBRET eNanoBRET

Luciferase Renilla Luciferase

(Rluc/Rluc8)

(36 kDa)

Renilla Luciferase

(Rluc/Rluc8)

(36 kDa)

Renilla Luciferase

(Rluc/Rluc8)

(36 kDa)

Nanoluciferase

(Nluc)

(19 kDa)

Nanoluciferase

(Nluc)

(19 kDa)

Approximate luciferase

emission peak

475–480 nm 395–400 nm 475–480 nm ∼460 nm ∼460 nm

Substrate Coelenterazine h Coelenterazine 400a EnduRen Furimazine Endurazine

(Vivazine)

Common energy

acceptors and

approximate emission

peak

YFP

Venus

(527 nm)

GFP10

GFP2

(∼510 nm)

YFP

Venus

(527 nm)

HT-NCT (635 nm)

Venus

(527 nm)

BODIPY (variable)

TAMRA (∼579 nm)

HT-NCT (635 nm)

Venus (527 nm)

BODIPY (variable)

TAMRA (∼579 nm)

Potential assay

duration

Approximately 1 h Seconds >6 h Approximately 2 h >6 h

Advantages Widely used and well-established

technique in standard

overexpression systems

Greater emission peak

separation leading to decreased

background signal

Similar to BRET1,

but allows

proximity to be

monitored for

extended time

periods

Improved

sensitivity and

various novel

applications

enabled, including

ligand binding and

BRET using

genome-edited

proteins

Allows NanoBRET

assays to be

conducted over

extended time

periods

Limitations Does not appear to be amenable

to binding studies requiring

extracellular luciferase-tagging of

receptor. Poor sensitivity for

BRET when using

genome-edited proteins.

Same as for BRET1, plus

substantially lower luminescence

output and rapid substrate

decay largely limits current use to

intracellular biosensors involving

intramolecular BRET

Same as for

BRET1, plus

requirement for

substrate

pre-incubation

period

High luminescence

output can

saturate

detector—reduced

detector gain or

delay in reading

may be required.

Requirement for

substrate

pre-incubation

period

was initially derived from the naturally occurring luciferase
present in the deep sea shrimp O. gracilirostris and has been
optimized to produce a luciferase enzyme subunit with improved
luminescence and stability (Hall et al., 2012).

The naturally occurring heteromeric luciferase produced by
O. gracilirostris comprises two 35 kDa subunits and two 19
kDa subunits. The bioluminescent properties of the enzyme
were discovered to be the result of the smaller 19 kDa
subunits (Inouye et al., 2000). Hall et al. (2012) investigated
this subunit and the complementary coelenterazine substrate
for structural optimization, conducting three major iterations of
optimization. Random mutagenesis of the 19 kDa subunit was
performed, followed by screening of the products for increased
luminescence. Eight mutations that improved luminescence were
identified and used to produce the enzyme subunit variant
upon which coelenterazine analogs were tested. Twenty-four
coelenterazine analogs were screened and the analog that
produced the greatest luminescence, 2-furanylmethyl-deoxy-
coelenterazine, was subsequently given the name furimazine.
Finally, a second group of beneficial mutations in the luciferase
subunit were identified when screened with furimazine. These
subsequent mutations were integrated into the previously
produced variant to produce Nluc. The net result of these
optimizations is greatly increased luminescence (∼150x that of
Fluc or Rluc) and stability (half-life >2 h) when compared to the

wild-type 19 kDa luciferase, as well as luciferases such as Rluc and
Fluc (Hall et al., 2012).

Nluc was initially tested for its viability as a genetic and
fusion reporter (Hall et al., 2012). As a genetic reporter, Hall
et al. (2012) demonstrated that Nluc can be successfully inserted
into expression plasmids and used to measure changes in gene
expression, producing the same results as previous methods
utilizing Fluc. Following on from this initial study, Nluc has
been utilized as a genetic reporter in multiple studies (Heise
et al., 2013; Hikiji et al., 2015; Masser et al., 2016). Other fusion
constructs were also produced and used for bioluminescent
imaging, further highlighting Nluc’s validity as a fusion reporter,
while also demonstrating Nluc’s novel application for imaging
studies, an application that was limited with previous luciferase
reporters but is enabled by Nluc’s enhanced luminescence and
stability profile (Hall et al., 2012).

Following its development, Nluc has been used for amultitude
of applications including the investigation of PPIs through
NanoBRET and Nluc Binary Technology (NanoBiT), gene
regulation, protein stability and imaging (England et al., 2016).
Nluc has also shown utility beyond the realm of classical
exogenous in vitro experimentation with Nluc successfully used
for in vivo bioluminescent imaging (Stacer et al., 2013; Karlsson
et al., 2015; Alcobia et al., 2018) as well as the tagging of biological
agents such as viruses (Karlsson et al., 2015; Anindita et al., 2016)
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and bacteriophages (Zhang et al., 2016), bacteria (Loh and Proft,
2014) and parasites (Azevedo et al., 2014; De Niz et al., 2016).
Nluc’s greater luminescence and stability, along with its smaller
size, results in it being a highly versatile and powerful tool to
interrogate molecular function.

NanoBRET
Until recently, BRET assays predominantly used a combination
of an ATP-independent luciferase (e.g., Rluc8) as the energy
donor, a GFP variant (e.g., Venus) as the energy acceptor and
coelenterazine h (or coelenterazine 400a for BRET2) as the
luciferase substrate (Pfleger and Eidne, 2006). The optimization
of the new luciferase reporter Nluc, as well as its substrate
furimazine (Hall et al., 2012), has resulted in the development
of NanoBRET, which offers advantages over previous BRET
methods as well as unique opportunities for new applications of
BRET assays.

Relative to Rluc with coelenterazine h, Nluc with furimazine
exhibits ∼150 times greater luminescence with a signal that
is slightly blue-shifted (about 20 nm), giving an emission peak
of about 460 nm and a spectral range ∼20% narrower. Nluc
also exhibits physical stability in a range of environmental
conditions (Hall et al., 2012). Nluc has two major properties
that make it advantageous over previous BRET luciferases.
Firstly, Nluc’s increased luminescence allows for novel BRET
assays to be developed to utilize the increased assay sensitivity.
For example, allowing NanoBRET to monitor low prevalence
PPIs that may not be detectable with traditional BRET assays,
as well as allowing for monitoring of PPIs at lower and
oftentimes more physiologically-relevant levels (Mo et al., 2016).
Additionally, even though the spectrum of Nluc is left shifted
from Rluc, its intense brightness results in substantial emission
at longer wavelengths. This allows energy transfer to occur with a
broad range of colored fluorophores, enabling improved spectral
separation between donor and acceptor emissions. In addition
to its increased luminescence, Nluc’s small size relative to other
luciferases also offers novel opportunities for its use in BRET.
When used as a fusion reporter, Nluc is theoretically less likely
to cause function-altering steric hindrance. This enables its use
in BRET assays in which the possibility of altered function
of the fusion construct may be of concern. Furthermore, its
small size and capacity to fold appropriately in extracellular
environments has enabled its use in receptor-ligand binding
studies where Nluc is fused to the extracellular N′-terminus of the
receptor without impairing localization at the plasma membrane
(Stoddart et al., 2015).

Multiple studies have now demonstrated Nluc’s capabilities as
an energy donor for use in NanoBRET experiments (Machleidt
et al., 2015; Robers et al., 2015; Shigeto et al., 2015; Stoddart
et al., 2015; Boute et al., 2016; Mo et al., 2016; Eyre et al.,
2017; Moreno et al., 2018; Wan et al., 2018; Hoare et al., 2019;
White et al., 2019). For example, Eyre et al. (2017) utilized Nluc
and the red fluorescent protein mKate2 to conduct NanoBRET
experiments to monitor the conformation and dimerization of
NS5A, a protein vital to essential functions of the hepatitis C
virus such as RNA replication, and therefore a major target for
anti-hepatitis C therapeutics. Furthermore, a study by Robers

et al. (2015) describes a NanoBRET protocol formonitoring small
molecule-binding to an intracellular target using an Nluc-tagged
intracellular protein of interest and a cell-permeable fluorescent
dye-ligand conjugate. Using this method small molecule binding
to an intracellular target was monitored through displacement of
the fluorescent ligand. A similar method was subsequently used
to investigate the temporal aspects of small molecule engagement
with the intracellular target. This technique has also been used
successfully to investigate the binding of kinase inhibitors to
a panel of kinases and the subsequent effect the presence of
cellular ATP has upon the binding of various kinase inhibitors
(Vasta et al., 2018). These studies demonstrate the possibility of
using NanoBRET to investigate small molecule pharmacology
directly at intracellular targets, with exciting implications for
the interrogation of intracellular-acting small molecules (Robers
et al., 2015; Vasta et al., 2018).

The increased luminescence of Nluc has additionally enabled
NanoBRET to be used for imaging. Kim and Grailhe (2016) used
a combination of Nluc and YFP to image NanoBRET using a
widefield high-content microscope and Goyet et al. (2016) used
a bioluminescence-dedicated inverted fluorescence microscope
to detect BRET between Nluc and Venus. Goyet et al. (2016)
subsequently compared results with Nluc to results using Rluc8
and Venus to highlight the advantages of using Nluc for imaging-
based NanoBRET. Furthermore, Alcobia et al. (2018) used a
bioluminescence microscope to detect binding of a fluorescent
ligand to Nluc-tagged β2-adrenoceptors. Nluc’s novel properties
have been increasingly exploited in a broad range of applications
beyond traditional BRET assays, including: novel NanoBRET-
based assays such as the biosensor termed “BTeam” developed by
Yoshida et al. (2016) to measure intracellular ATP concentration;
a calcium ion biosensor developed by Yang et al. (2016); and a
caspase activity sensor developed by den Hamer et al. (2017).

NanoBRET Ligand Binding
Although theoretically possible, the ability to study ligand
binding using BRET has not been viable using traditional BRET
technologies for multiple reasons. The relatively large size of
luciferases such as Rluc and Fluc make extracellular N′-terminal
labeling of receptors challenging due to potential steric hindrance
that interferes with a ligand’s ability to bind to the appropriate
binding sites on the receptor (Hall et al., 2012; Stoddart et al.,
2017). Additionally, it has been shown that GPCRs that are
N′-terminally tagged with Rluc variants do not traffic correctly
to the plasma membrane, remaining trapped within the cell,
as demonstrated with luminescent imaging (Stoddart et al.,
2015). This contrasts with the appropriate trafficking observed
with GPCRs N′-terminally tagged with Nluc (Stoddart et al.,
2015). The enhanced suitability of Nluc for extracellular tagging
has in part been attributed to its derivation from a naturally
secreted protein that has evolved to fold appropriately outside
of the cell, as compared to intracellular luciferases such as Rluc
(Liu et al., 1997). The culmination of all these advantageous
properties has resulted in receptors being successfully Nluc-
tagged at the extracellular N′-terminus, enabling NanoBRET
to be used for monitoring ligand binding. Figure 2 illustrates
that the fluorescent ligand alprenolol-tetramethylrhodamine
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(alprenolol-TAMRA) does not display specific binding to Rluc8-
β2-adrenoceptor (β2AR) (Figure 2A), but does show specific
binding to Nluc-β2AR (Figure 2B) that is inhibited by 10µM
unlabeled alprenolol. NanoBRET ligand binding can also be
used tomonitor competition binding. Figures 2C,D demonstrate
competition binding curves of multiple β2AR antagonists with
two different fluorescent ligands, propranolol-BY630 (emission
peak of 650 nm; Figure 2C) and propranolol-BYFL (emission
peak of 512 nm; Figure 2D), demonstrating the robustness of the
assay to fluorophore choice.

NanoBRET offers an attractive alternative to traditional
radioligand binding, particularly given the safety issues regarding
use of radioactive isotopes. Since it was first described by
Stoddart et al. (2015), the NanoBRET ligand binding assay
has been used in numerous studies (Christiansen et al., 2016;
Soave et al., 2016; Hansen et al., 2017; Kilpatrick et al., 2017;
Wang et al., 2017; Alcobia et al., 2018; Conroy et al., 2018;
Mocking et al., 2018; Peach et al., 2018; Stoddart et al., 2018;
Hoare et al., 2019), including where the receptor is expressed
under endogenous promotion (initiation of transcription by an
endogenous promoter rather than one transfected in; White
et al., 2019). Additionally, as ionizing radiation is not required
for NanoBRET, this enables the characterization of low affinity
ligands with micromolar concentrations. The study of such
compounds is limited when using radioactive isotopes due
to excessive non-specific binding as well as cost and safety
limitations (Stoddart et al., 2017). Furthermore, due to the
inherent proximity dependence of BRET, NanoBRET ligand
binding assays produce a highly specific signal, as only ligands
bound to targets tagged with Nluc will produce a signal, unlike
traditional radioligand binding assays (Stoddart et al., 2015).
Perhaps most importantly, the ability to investigate ligand
binding kinetics in real time in live cells enabled by NanoBRET
gives opportunities to study aspects of ligand binding difficult to
observe with alternative techniques. Thus, the NanoBRET ligand
binding assay has numerous advantages over the traditional
radioligand binding assay. It is therefore likely to become a
fundamental technique to study receptor-ligand interactions
in pharmacology.

NOVEL FLUORESCENT BRET ACCEPTORS

BRET assays have traditionally employed GFP variants (e.g.,
YFP) as the preferred energy acceptor. Recently, the pool of
fluorophore agents considered for use in BRET assays has
broadened, offering exciting potential for novel BRET assay
techniques and uses.

HaloTag and NanoBRET
Along with optimization of the NanoBRET luciferase and
substrate, alternative acceptor fluorophores were also considered
by Machleidt et al. (2015) who utilized the HaloTag (HT) system
as an alternative to GFP-based acceptors. The HT system consists
of a small (33 kDa) HT protein that can be genetically fused
to a protein of interest and a chloroalkane ligand that forms
an irreversible covalent bond with the HT. The chloroalkane
ligand can then be bound to a range of molecules, including

fluorophores that can subsequently be used as acceptors for
BRET assays (Los et al., 2008). Given the innate potential for
this system to allow the use of multiple fluorophores, it lends
itself to simple optimization of the acceptor fluorophore for
individual experimental needs, as well as offering opportunities
for multiplexing. Machleidt et al. (2015) optimized the use of
HT with NanoBRET by choosing a red-shifted fluorophore with
peak light emission at 635 nm to givemaximal spectral separation
from the energy donor. They found this system to produce the
most favorable results, leading to decreased background signal
and improved sensitivity over a range of protein concentrations
when compared to Rluc8/YFP assays with coelenterazine h
(Machleidt et al., 2015).

HT has subsequently been employed in numerous NanoBRET
assays including: investigation of the mechanisms of activation
of Rabin8, a critical endosomal recycling modulator (Wu et al.,
2015); demonstration of BRET multiplexing when monitoring
Nluc-tagged GPCR trafficking toward Venus-tagged Rab4 in the
early endosome and away from the Kras plasma membrane
marker tagged with red non-chloro TOM (NCT) ligand bound
to HT in the same cells (HT-NCT; White et al., 2017); and
interactions of DNA binding protein PRDM14 with glucose-
regulated protein 78 (GRP78) and heat-shock protein 90-α
(HSP90α) (Moriya et al., 2018). Other self-labeling protein tags
e.g., SNAP or CLIP tags may readily be substituted for HT as
suitable fluorescent acceptors (Hiblot et al., 2017).

Novel Fluorescent Dyes for NanoBRET
Ligand Binding
In order to monitor ligand binding with NanoBRET, appropriate
fluorescent ligands are required to act as energy acceptors.
Multiple studies have now demonstrated successful construction,
validation, and use of fluorescent ligands to conduct NanoBRET
ligand binding studies (Stoddart et al., 2015, 2018; Christiansen
et al., 2016; Soave et al., 2016; Hansen et al., 2017; Kilpatrick et al.,
2017; Wang et al., 2017; Alcobia et al., 2018; Conroy et al., 2018;
Peach et al., 2018; Hoare et al., 2019). Three fluorescent dyes that
have been used as conjugates to ligands for BRET studies are
TAMRA, BODIPY, and 4-nitro-7-aminobenzofurazan (NBD).

NBD has the advantage of being small relative to the larger
TAMRA and BODIPY molecules, with an excitation peak of
∼470 nm and emission peak of ∼530 nm. NBD also has the
beneficial characteristic of exhibiting increased fluorescence in
hydrophobic environments such as the plasma membrane and
ligand binding pockets, similar to BODIPY discussed below
(Christiansen et al., 2016; Stoddart et al., 2016). Christiansen
et al. (2016) utilized this fluorophore to investigate free fatty
acid receptor 1 (FFA1) agonists as potential type 2 diabetes
therapeutics and theorized that NBD’s specific characteristics
would result in reduced background signal, which indeed
was observed.

TAMRA is a commonly used fluorescent dye with an
excitation peak of ∼556 nm and an emission peak of ∼579 nm.
It is often used as a fluorescent tag for antibodies and
proteins in cellular imaging, and as such the extension of
its use to the tagging of ligands to monitor ligand binding
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FIGURE 2 | Suitability of Nluc for BRET binding studies. (A,B) BRET ligand binding assays for transiently-transfected Rluc8-β2-adrenoceptor (β2AR) (A) and

Nluc-β2AR (B) treated with increasing concentrations of alprenolol-TAMRA in the absence or presence of 10µM unlabeled alprenolol. Data are mean ± s.e.m. of

three experiments performed in quadruplicate. (C,D) Inhibition of the BRET signal for HEK293 cells stably-expressing Nluc-β2AR treated with 10 nM

propranolol-BY630 (C) or propranolol-BYFL (D) and increasing concentrations of unlabeled ligands as shown. Each data point represents mean ± S.E.M. of five [all

curves in (C) and propranolol in (D)] or four (D) separate experiments. In each experiment triplicate determinations for each data point were made. Raw BRET Ratio =

(long wavelength emission/short wavelength emission), data presented on log10 scale. Reproduced from Stoddart et al. (2015).

is a natural progression. Stoddart et al. (2015) utilized
TAMRA-tagged alprenolol and angiotensin II to observe ligand
binding to Nluc-tagged β2AR and angiotensin AT1 receptors,
respectively, using NanoBRET. Clear, concentration dependent
changes in BRET were observed, demonstrating their utility
to investigate ligand binding through this method. Kilpatrick
et al. (2017) also used NanoBRET to monitor TAMRA-
tagged vascular endothelial growth factor (VEGF) binding to
the receptor tyrosine kinase VEGFR2. Using this ligand they
also observed TAMRA-VEGF-induced internalization of Nluc-
VEGFR2, followed by dissociation of TAMRA-VEGF while the
receptor was internalized within endosomes.

While NBD and TAMRA have both been used successfully
in NanoBRET ligand binding experiments, perhaps the most
versatile fluorescent dyes are the BODIPY fluorophores. BODIPY
dyes have been widely used for tagging of biological agents.
They exhibit high fluorescence and absorption levels making
them suitable acceptor fluorophores for use in NanoBRET
ligand binding assays. The BODIPY dyes are also not limited
to a single excitation/emission spectral combination, with
multiple BODIPY dye variations commercially available with

excitation/emission spectral ranges that span the majority of
the visible light spectrum (Ziessel et al., 2007). BODIPY dyes
have numerous favorable properties, including good solubility
in a range of solvents, albeit not aqueous ones, and relative
insensitivity to changes in polarity and pH (Ziessel et al., 2007;
Gonçalves, 2008). BODIPY also lacks electrical charge and is
relatively nonpolar, which minimizes any effect of the BODIPY
fluorophore on the functional properties of the tagged ligand.
This makes BODIPY particularly appealing for use with low
molecular weight ligands (Gonçalves, 2008). Stoddart et al. (2018)
utilized BODIPY630/650 to develop fluorescent histamine H1

receptor antagonists used to conduct NanoBRET ligand binding
as well as confocal imaging, highlighting the utility and versatility
of the BODIPY dyes when used as ligand conjugates.

Other commercially available fluorophores that can be used
for NanoBRET ligand binding assays include the Alexa FluorTM

dyes. Similarly to the BODIPY dyes, these are available with a
range of excitation/emission spectra (Lichtman and Conchello,
2005) and have been frequently used in fluorescence resonance
energy transfer (FRET) or time-resolved FRET studies (Albizu
et al., 2010). Indeed, Nluc-SNAP or Nluc-HT chimeras generated
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by Hiblot et al. (2017) show tunable luciferase emission when
coupled with different AlexaFluor dyes.

The high distance dependence of resonance energy transfer
assays reduces the need for highly subtype selective fluorescent
ligands to be developed (Hounsou et al., 2017), as binding to
other receptor subtypes will not be detected if they are not tagged
with Nluc unless they are in very close proximity to an Nluc
tagged receptor (Jaeger et al., 2014). However, it is important
to acknowledge that the addition of a fluorophore may result in
changes to the properties of the ligand. Additionally, the choice
of linker between the ligand and fluorophore has also been shown
to alter the observed properties of the ligand (Morishima et al.,
2010; Vernall et al., 2012, 2013, 2014). Vernall et al. (2013)
gave an example of this by shifting the properties of a non-
selective adenosine receptor antagonist to a selective antagonist
with varying affinity values depending upon the alterations made
to the linker. This study highlights the effect conjugation can have
upon the pharmacological profile of the ligand and demonstrates
the importance of understanding these consequences when
conducting experiments using these compounds.

NanoBRET WITH EXTENDED LIVE
CELL SUBSTRATES

Extended BRET (eBRET) is a derivation of BRET1 that uses a
protected (caged) form of coelenterazine h called EnduRenTM,
which when metabolized by intracellular esterases produces
bioavailable coelenterazine h (Pfleger et al., 2006a). eBRET
enables BRET assays to be conducted over extended timeframes
of at least 6 h because of the equilibrium between protected
substrate in the media and free coelenterazine h in the cells
(Pfleger et al., 2006a). This leads to the stable and prolonged
availability of coelenterazine h for oxidation by the luciferase.

Recently, extended live cell substrates have become
commercially available that are optimized for use with Nluc,
namely EndurazineTM and VivazineTM. These are protected
(caged) forms of furimazine that are similarly metabolized by
intracellular esterases to produce bioavailable furimazine in
live cells, enabling extended NanoBRET (eNanoBRET). The
Endurazine caged-furimazine has already been used as an Nluc
substrate for NanoBRET to assess receptor-arrestin interactions
in real time over an extended time-course, with arrestin tagged
with the energy acceptor in the form of either Venus YFP or red
NCT bound to HT (Tiulpakov et al., 2016). Similar to EnduRen
when compared to coelenterazine h (Pfleger et al., 2006a),
Endurazine results in lower initial luminescence intensity than
furimazine, but once equilibrium is reached, the luminescence
from Endurazine is stable for many hours. In addition, Hattori
et al. (2016) developed a furimazine substrate that is uncaged by
UV illumination for use in confocal bioluminescence imaging,
though to date this has not been used in BRET assays.

NanoBRET AND IN VIVO STUDIES

Luciferases have been widely used in vivo as reporters (Contag
et al., 1997). However, to increase luminescence output and

tissue penetrance BRET reporters termed “Nano-lanterns” have
also been developed. Nano-lanterns consist of a luciferase
fused to a fluorescent protein and results in highly efficient
intramolecular energy transfer. This not only increases the
emitted photon number but such reporters can be “tuned” to
particular wavelengths by the use of different fluorescent proteins
(Saito et al., 2012; Rumyantsev et al., 2016). However Nluc, with
its dramatically increased luminescence output over previous
luciferases, enables bioluminescence methods to be utilized with
greater sensitivity in vivo, including NanoBRET (Schaub et al.,
2015; Chu et al., 2016). Similar to NanoLanterns, Schaub et al.
(2015) developed fusion reporters termed “LumiFluors” of Nluc
conjugated with a fluorescent protein [either enhanced GFP or
long Stokes shift (LSS) mOrange], resulting in the generation
of intramolecular BRET. These LumiFluors were subsequently
used for bioluminescent imaging in vivo where they exhibited
improved luminescence and stability over Nluc alone and were
successfully used for deep tissue analysis. Whereas, Chu et al.
(2016) described a fusion protein called Antares (a bright orange-
red fluorescent protein CyOFP1 fused to Nluc) that functioned as
a sensitive reporter in vivowith brighter signals from deep tissues
than other bioluminescent proteins.

While Schaub et al. (2015) characterized the novel LumiFluors
in the context of monitoring tumorigenesis, they suggested
the reporters could be used for further in vivo studies
to monitor biological events such as PPIs and protein-
ligand interactions. Following on from this study, Alcobia
et al. (2018) successfully monitored protein-ligand interactions
in vivo, demonstrating specific binding of a fluorescent
propranolol ligand to Nluc-tagged β2AR within a mouse
model of breast cancer. NanoBRET ligand binding signals were
successfully monitored in vivo following intratumoral injection
of propranolol-BY630. Importantly this response could be
prevented by intratumoral or intravenous pre-treatment with the
β2AR- selective antagonist ICI 118551. This study demonstrates
the exciting potential of NanoBRET for use in in vivo settings.

A limitation that Nluc may face in in vivo studies is its blue
wavelength spectrum, as red-shifted spectra are optimal for use in
vivo due to tissue absorbing and scattering blue light (Stacer et al.,
2013; Schaub et al., 2015). Indeed, Schaub et al. (2015) comment
that their red-shifted (mOrange) LumiFluor exhibited greater
signal in vivo than the GFP-based LumiFluor, despite exhibiting
equivalent signals in vitro, and attribute this to the red wavelength
emissions allowing for greater tissue penetrance. In addition
to the use of the intramolecular LumiFluors, this limitation
may be overcome by the development of furimazine analogs
that show significant red-shift of Nluc’s emission spectrum as
reported by Shakhmin et al. (2017). Indeed, Yeh et al. (2017)
developed a mutant of Nluc (Nluc-D19S/D85N/C164H) termed
teLuc for its teal peak emission (502 nm) when coupled with
the coelenterazine analog, diphenylterazine. TeLuc coupled with
diphenylterazine was also shown to be brighter than Nluc with
furimazine both in vitro and in vivo, though not as bright as
the Antares luciferase-fluorescent protein fusion described by
Chu et al. (2016).

The extension of NanoBRET, including NanoBRET-based
ligand binding studies, into in vivo settings is an exciting
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technological advance with vast implications to the field of
receptor pharmacology.

NanoLuc BINARY TECHNOLOGY
(NanoBiT)

Protein-fragment complementation assays (PCAs) are assays
in which a reporter, such as a luciferase or fluorophore, is
split into complementary fragments and fused to proteins of
interest, enabling monitoring of PPIs (Michnick et al., 2007).
The fragments will only exhibit significant signal when brought
into close proximity through interaction of the complementary
fused proteins. Although this method has been used extensively
(Ozawa, 2006; Michnick et al., 2007; Massoud et al., 2010),
confounding experimental issues arise from the possibility
of alterations to PPIs due to the intrinsic affinity between
complementary reporter fragments, as well as steric hindrance
as a result of fragment size (Dixon et al., 2015). Nluc has
been investigated by Dixon et al. (2015) for its potential as a
PCA that could overcome these limitations with appropriate
optimization of the complementary fragments. This has led to
the development of the Nluc-derived split luciferase reporter
system named NanoBiT. NanoBiT comprises an 18 kDa Nluc
fragment (LgBiT) and a 1.3 kDa fragment (SmBiT). LgBiT has
been optimized to exhibit high stability leading to improved
expression levels and performance at physiological levels, while
SmBiT has been optimized to produce low intrinsic affinity
(KD =190µM) with the complementary fragment (Dixon et al.,
2015). This enables NanoBiT to be used to investigate weak PPIs
(of binding affinity values up to ∼10µM) (Dixon et al., 2015),
as the PPI will not be overwhelmed by the intrinsic affinity of
the complementary fragments. Additionally, a fragment termed
HiBiT that exhibits high affinity (KD= 700 pM) for LgBiT has
also been described, which broadens the potential of NanoBiT
technology to further novel applications (Schwinn et al., 2018).

Early applications of NanoBiT demonstrated its utility to
detect PPIs. Oh-hashi et al. (2016) used NanoBiT to investigate
PPIs of two proteins implicated in familial amyotrophic lateral
sclerosis (ALS). Using fusion constructs tagged with SmBiT
and LgBiT, the homodimerization of superoxide dismutase
1 (SOD1) proteins was successfully observed, along with
disruptions to homodimerization through mutation of the SOD1
proteins. Homodimerization of the TDP43 protein was also
investigated using NanoBiT, as were interactions between SOD1
and TDP43. Observations of SOD1 homodimerization and
the subsequent effects of SOD1 mutations on dimerization
were consistent with previous observations using bimolecular
fluorescence complementation, fluorescence lifetime imaging,
and fluorescence correlation spectroscopy (Kim et al., 2014).
However, when using NanoBiT to investigate aggregation of
mutated SOD1, no signal from the reconstituted luciferase
was observed. This differs from previous findings that indicate
mutated SOD1 proteins aggregate (Matsumoto et al., 2005),
which would suggest that reconstitution of the fragmented
luciferase should be observable. Oh-hashi et al. (2016) suggests
that this discrepancy may be attributable to the structure of the

mutated SOD1 aggregates leading to unfavorable orientations of
the NanoBiT fragments that are not compatible with luciferase
reconstitution and therefore subsequent luciferase activity.While
acknowledging that this demonstrates the high level of sensitivity
achieved when using NanoBiT, Oh-hashi et al. (2016) also
acknowledge that this high specificity can be a limitation under
certain conditions, and this needs to be considered when
deciding if NanoBiT is an appropriate technique to use in one’s
own experiments.

NanoBiT has also been used to investigate GPCR
pharmacology. In the original description of NanoBiT, Dixon
et al. (2015) monitored β-arrestin2-LgBiT or β-arrestin2-SmBiT
recruitment to vasopressin V2 receptor-SmBiT or β2AR-LgBiT
by Nluc complementation, respectively. Additionally, Storme
et al. (2018) used NanoBiT to investigate β-arrestin2 interactions
with the adenosine A3 receptor. Fusion constructs of mutated A3

receptors with SmBiT or LgBiT tags were produced and included
a C′-terminal tail truncation as well as phosphorylation site
mutants and mutants with alterations to the highly conserved
DRY motif that plays a critical role in receptor activation. Using
an optimized system of the A3 receptor C′-terminally-tagged
with LgBiT and β-arrestin2 N′-terminally-tagged with SmBiT,
Storme et al. (2018) were able to successfully observe β-arrestin2
recruitment to an array of A3 mutant receptors. They found,
unexpectedly, that phosphorylation of intracellular sites was not
critical for β-arrestin2 recruitment to the A3 receptor. The same
group has previously published the use of NanoBiT to study
β-arrestin2 recruitment to cannabinoid receptors following
stimulation by synthetic cannabinoids and their metabolites
(Cannaert et al., 2016). Their results suggest that some synthetic
cannabinoid metabolites act as agonists at cannabinoid receptors.
NanoBiT has also recently been used to investigate β-arrestin2
recruitment to classical and atypical chemokine receptors
following stimulation by an array of chemokine-derived peptides
(Szpakowska et al., 2018).

Additional recent studies by Dupuis et al. (2017) and Reyes-
Alcaraz et al. (2018) demonstrate the utility of the NanoBiT
system for monitoring GPCR-β-arrestin interactions that are
important for GPCR pharmacology. NanoBiT complementation
assays have also been configured to investigate other GPCR
signaling processes. Bodle et al. (2017) used NanoBiT
complementation to investigate interactions between regulator
of G protein signaling (RGS) proteins and G protein α or β

subunits. Importantly, they found luminescence generated by
RGS4-Gαi1 complementation could be prevented by a known
RGS4 inhibitor and that the assay could be configured as an RGS
screen with a maximal Z′ factor of 0.73 (Z′ factor = 1 – [(3 SD
of positive control + 3 SD of negative control)/(mean of positive
control – mean of negative control)]) (Zhang et al., 1999).
Whereas, Wan et al. (2018) investigated β2AR and endothelin-A
receptor mediated G protein recruitment using mini Gs, Gsi,

Gsq, or G12 proteins and NanoBiT complementation. In their
study they found the most efficient complementation took
place when LgBiT was fused to the mini G proteins and SmBiT
was fused to the receptor, and recruitment was ligand and
concentration dependent. Expanding on these studies, Laschet
et al. (2019), developed a NanoBiT complementation assay to
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monitor GPCR interactions with full length G proteins (Gαi1,
Gαi2, Gαi3, Gαo, Gαs, Gαq Gα11, Gα12, and Gα13) tagged with
LgBiT. The authors initially tested the Gαi-coupled dopamine
D2 receptor, histamine H3 receptor and the Succinate receptor
but observed only low level signal for receptors tagged on the
C-terminus with the SmBiT peptide. However, when substituted
with the 13 amino acid native peptide fragment (KD = 0.9µM) a
marked increase in signal amplitude and stability was observed,
which importantly was reversible, indicating the affinity of
the native peptide-LgBiT complementation did not affect the
PPI. This system of complementation between native peptide-
tagged receptors and LgBiT-tagged G proteins was also used to
investigate interactions at the β2AR, histamine H1 receptor and
thromboxane A2 receptor. An important consideration of this
system is placement of the LgBiT fragment within the G protein,
as the authors demonstrated that suboptimal placement leads to
poor or complete loss of luciferase complementation.

While the NanoBiT system has most frequently been used
as a tool to directly monitor PPIs through PCA (Dixon et al.,
2015; Hu et al., 2018), it has also been used in conjunction
with a fluorophore to produce BRET. Schwinn et al. (2018)
monitored BRET between the reconstituted luciferase subunits
(LgBiT and HiBiT) and a fluorophore-antibody conjugate to

observe post-translational hydroxylation of hypoxia-inducible
factor 1A (HIF1α). They were able to simultaneously measure
the amount of hydroxylated HIF1α through the BRET ratio as
well as the total amount of HIF1α present by measuring the
luminescence output from the HiBiT tagged HIF1α proteins.
This study demonstrates the versatility of NanoBiT and its
potentially broad applicability in a variety of biophysical assays.

CRISPR/CAS9 GENOME ENGINEERING
AND BRET

Due to their relative ease of use and versatility, CRISPR/Cas9
systems have revolutionized genome engineering (Jinek et al.,
2012; Cong et al., 2013). The first use of CRISPR to perform
a BRET assay was reported by White et al. (2017), where
successful observation of a BRET signal was achieved using
proteins expressed under endogenous promotion tagged with
Nluc through the use of CRISPR/Cas9-mediated homology-
directed repair (Doudna and Charpentier, 2014). White et al.
(2017) used NanoBRET to investigate recruitment of genome-
edited β-arrestin2 and compared this to recruitment of
exogenously-expressed (transfected) β-arrestin2 to multiple

FIGURE 3 | Investigating recruitment of genome-edited β-arrestin2 using BRET. (A) Schematic representation of the exogenously expressed GPCR fused to Venus

(exGPCR/Venus) and β-arr2/Nluc BRET configuration. HEK293FT cells expressing genome-edited β-arrestin2 fused to Nluc (geβ-arr2/Nluc) transiently transfected

with cDNA coding for (B,C) CXCR4 fused to Venus (exCXCR4/Venus; red circles) or (D,E) V2R fused to Venus (exV2R/Venus, blue circles) as well as HEK293FT cells

transiently co-transfected to express exogenous β-arrestin2 fused to Nluc (exβ-arr2/Nluc, black squares) at near endogenous levels and (B,C) exCXCR4/Venus or

(D,E) exV2R/Venus. (B,D) Kinetic profiles of β-arrestin2/Nluc recruitment initiated by addition of CXCL12 (30 nM) or AVP (100 nM) for CXCR4 and V2R, respectively.

Concentration-dependent recruitment of genome-edited or exogenous β arrestin2/Nluc to (C) exCXCR4/Venus or (E) exV2R/Venus mediated by CXCL12 (10

pM−100 nM) or AVP (10 pM−100 nM), respectively. Inserts (d,e) show expanded view of geβ-arr2/Nluc recruitment to exV2R/Venus presented in (D,E). Points and

bars represent mean ± S.E.M. of three or four independent experiments. p[EC50] = –log10 half maximal effective concentration. Reproduced and modified from

White et al. (2017) under a Creative Commons Attribution 4.0 International License. Full terms provided at http://creativecommons.org/licenses/by/4.0/.
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GPCRs (Figure 3). Minimal differences in signal between
genome-edited and exogenously expressed β-arrestin2 were
observed for some receptors such as CXCR4 that are thought to
interact with β-arrestin2 somewhat transiently (Figures 3B,C),
whereas for vasopressin V2 receptors that form more stable
complexes with β-arrestin2 (Figures 3D,E) a large difference
in signal magnitude between genome-edited and exogenously
expressed β-arrestin2 was observed. In addition, it was possible to
observe recruitment of exogenous β-arrestin2 to genome-edited
CXCR4 fused to Nluc as well as trafficking and internalization
of CXCR4. Highlighting the potential importance of being
able to use genome-edited proteins, depending on whether
CXCR4 or β-arrestin2 was overexpressed, different kinetic and
pharmacological parameters were observed. While this advance
in BRET technology has been aided by CRISPR/Cas9 genome
engineering, Nluc is also important for the approach. As shown
by White et al. (2017), when Rluc8 was introduced into the gene
in place of Nluc, the Z′ factor decreased substantially, indicating
an increase in assay variability. This is likely due to the increased
luminescence of Nluc allowing for detection of the low protein
levels found when expressed under endogenous promotion. The
viability and utility of combining CRISPR/Cas9 technologies
with Nluc or NanoBiT was further demonstrated by Oh-hashi
et al. (2017) and Schwinn et al. (2018) who used a similar
technique for endogenous tagging of proteins of interest with
the HiBiT peptide to form part of the NanoBiT split luciferase
reporter system. Vasta et al. (2018) also utilized CRISPR/Cas9
techniques to produce a Cyclin-Dependent Kinase 2 (CDK2)-
Nluc fusion protein that were subsequently used to investigate
kinase inhibitor binding at endogenous expression levels. Very
recently, White et al. (2019) used CRISPR/Cas9 genome
engineering to insert full length Nluc onto the N′-terminus
of the adenosine A2B receptor expressed in HEK293 cells.
Despite finding exceptionally low levels of Nluc-tagged receptor
expression, these cells could readily be used in NanoBRET ligand
binding assays.

Although there are multiple studies demonstrating successful
tagging of endogenous loci with luciferases or fluorescent
proteins (Lackner et al., 2015; Ratz et al., 2015), to date few
have used these systems to conduct BRET assays (White et al.,
2017, 2019; Schwinn et al., 2018). White et al. (2017) not only
successfully demonstrated the use of CRISPR/Cas9 engineered
proteins in NanoBRET assays, but also showed differential
pharmacology of GPCR-β-arrestin2 interactions depending on
the level of protein expression. The potential advantage of

using proteins expressed under endogenous promotion has
recently been highlighted in studies of toll-like receptors, where
constitutive PPIs detected using traditional BRET techniques
and transient transfection were potentially a result of protein
overexpression and not of physiologically-relevant interaction
(Sampaio et al., 2018). The combination of CRISPR/Cas9 and
NanoBRET will likely allow the investigation of physiology
that was previously difficult to interrogate using traditional
BRET techniques.

CONCLUSIONS

BRET and NanoBRET are powerful, real-time profiling tools
for monitoring PPIs and ligand-protein interactions. When
used in conjunction with other innovative biological tools such
as fluorescent dyes and CRISPR/Cas9 genome engineering,
NanoBRET in particular has proven to be extremely versatile,
leading to the development of cutting edge assays such as
receptor-ligand binding and BRET with endogenously expressed
proteins. Both these examples illustrate the increasingly broad
applications that can be undertaken with NanoBRET assays.
Moreover, the use of NanoBRET with endogenous proteins
allows assays to be conducted in more physiologically-relevant
conditions, further enhancing the BRET approach as a tool to
interrogate cellular biology and molecular pharmacology.
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