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Introduction

Protein/peptide hormones include all secretory proteins and 
peptides with signal transduction functions, such as clas-
sical protein/peptide hormones, cytokines, chemokines, 
and neuropeptides. Thus, protein/peptide hormones are the 
largest group of endogenous signaling molecules known 
to date. These hormones exert a variety of biological func-
tions by binding to specific cell membrane receptors, 
including G protein-coupled receptors, kinase receptors, 
and ion channels.

The interaction between protein/peptide hormones and 
their receptors has three major characteristics. First, it 
shows high diversity. To date, hundreds of secretory pro-
teins and peptides have been identified as protein/pep-
tide hormones with known or as yet unknown receptors, 
and it is likely that even more protein/peptide hormones 
will be uncovered in the future. Second, the interaction is 
highly specific, with each protein/peptide hormone bind-
ing a unique or very limited number of receptor(s) to ini-
tiate highly specific downstream signaling. Third, as their 
in vivo concentration is very low, the protein/peptide hor-
mones bind to their receptors with high affinity, i.e., dis-
sociation constants (Kd) are typically in the nanomolar to 
picomolar range.

To study the interactions between protein/peptide hor-
mones and their receptors, quantitative ligand–receptor 
binding assays, known as radioligand binding assays, have 
been used for decades (Bonini et  al. 1991; Bylund and 
Toews 2011; de Jong et  al. 2005; Hulme and Trevethick 
2010; Maguire et  al. 2012; McKinney and Raddatz 2006; 
Sykes et al. 2010). Receptor binding affinity (dissociation 
constant, Kd) of the ligand and quantity of the receptor 
(maximal binding capacity, Bmax) can be accurately meas-
ured using saturation binding assays. Competition binding 
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assays can be used to quantify and compare receptor bind-
ing potencies (IC50 or Ki) of various natural or designed 
ligands. In addition, kinetic binding assays can determine 
association and dissociation velocity of a ligand with its 
receptor. However, a major hurdle is that cell membrane 
receptors are difficult to purify in most cases, and thus, 
the quantities available for binding assays are very limited 
(typically in the femtomole range). Therefore, to detect the 
receptors on living cells or crude cell membrane fractions, 
binding assays typically utilize highly sensitive tracers 
(ligands labeled by an appropriate probe).

Tracers for receptor binding assays need to fulfill the 
following criteria: (1) high binding affinity with their 
receptors, and therefore, the disturbance of the labeled 
probe needs to be sufficiently low; (2) high sensitivity 
with a detection limit typically in the attomole range; and 
(3) low background (i.e., other components of the assays, 
such as whole cells or cell membrane fractions, should 
have no interference) for accurate quantification of the 
tracer. Conventionally, radioisotope-labeled ligands, termed 
radioligands, are used as tracers in ligand–receptor binding 
assays because they can fulfill these criteria (Bonini et al. 
1991; Bylund and Toews 2011; de Jong et al. 2005; Hulme 
and Trevethick 2010; Maguire et al. 2012; McKinney and 
Raddatz 2006; Sykes et  al. 2010). As listed in Table  1, 
the radioisotopes commonly used for ligand labeling can 
be conveniently quantified according to their irradiation, 
with the detection limit in the attomole range, and with-
out interference from other components of the assays. For 
example, protein/peptide hormones are typically labeled 
by iodine-125 (125I) that has a specific radioactivity of 
2175 Ci/mmol (or 4830 dpm/fmol). The detection limit of 
the γ counter or liquid scintillator is typically 60–100 dpm, 
and thus, 125I has a detection limit of ~20  amol. For the 
125I-labeled proteins/peptides, their specific radioactiv-
ity depends upon the labeled 125I number, typically 1–10 
125I-moieties per protein/peptide molecule.

Although radioligands have been used for decades in 
ligand–receptor binding assays, they have drawbacks. In 

particular, radioligands are radioactive hazards to both the 
operators and the environments, and thus they can only be 
used in laboratories with a radioactive material license. In 
addition, the shelf lives of the radioligands are short due to 
radioactive decay of the radioisotopes and their destruction 
by irradiation (e.g., shelf lives of 125I-labeled proteins/pep-
tides are typically within 2 months). Moreover, radioligands 
undergo constant decomposition due to radioisotope decay 
and irradiation damage, and therefore, cannot be accurately 
quantified after storage. To overcome these drawbacks, non-
radioactive ligand–receptor binding assays have recently 
been developed, such as lanthanide-based time-resolved 
fluorescent assays (Handl and Gillies 2005; Selvin 2002; 
Shabanpoor et al. 2008, 2011, 2012; Zhang et al. 2012a, b, 
c, 2013b). However, detection sensitivity of the lanthanide-
based ligands is not sufficiently high. For example, the spe-
cific activity of europium (Eu3+) is approximately 2000 
RFU/fmol when measured on a SpectraMax M5 plate reader 
using a white opaque 384-well plate. Detection limit of the 
plate reader is typically 100–200 RFU, and thus, Eu3+ has 
a detection limit of ~100 amol on the SpectraMax M5 plate 
reader. If a more sensitive plate reader is used, the detection 
sensitivity of Eu3+ will be about tenfold higher. Thus, Eu3+ 
has a detection limit of approximately 10–100 amol nowa-
days depending upon the plate readers (Table 1). Moreover, 
preparation of the lanthanide-based non-radioactive tracers 
is difficult and expensive, thus other non-radioactive bind-
ing assays are urgently needed. In this review, we outline 
a newly developed bioluminescent ligand–receptor binding 
assay and describe specific examples of how to prepare and 
utilize this assay for characterizing the interactions between 
protein/peptide hormones and their receptors.

Bioluminescence and the newly developed 
NanoLuc reporter

Bioluminescence occurs widely in marine vertebrates and 
invertebrates, as well as in some fungi and bacteria. Some 

Table 1   Comparison of the radioisotope-labeling, europium-labeling, and NanoLuc-labeling

a  The measured specific activity of the time-resolved fluorescence and bioluminescence is dependent upon the plate readers, thus their detection 
limits are also dependent upon the plate readers used for the measurement

Type Probe Irradiation Half-life (days) Specific activity Detection limit (amol)

Radioactivity 3H β 4500 64 dpm/fmol ~1000
32P β 14.3 20,290 dpm/fmol ~5
33P β 25.4 11,440 dpm/fmol ~10
35S β 87.4 3320 dpm/fmol ~20
125I γ 60 4830 dpm/fmol ~20

Time-resolved fluorescence Eu3+ Photon – ~2000–20,000 RFU/fmola ~10–100

Bioluminescence NanoLuc Photon – ~1.5–30 × 105 RLU/fmola ~0.1–1
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enzymes catalyzing bioluminescence reactions have been 
developed as reporters (e.g., firefly luciferase, Renilla 
luciferase, and Gaussia luciferase) for use in gene reporter 
assays, in vivo imaging, and some other quantitative assays 
(Badr 2014; Frank and Krasitskaya 2014; Scott et al. 2011). 
However, these conventional luciferase reporters also have 
some disadvantages, such as low specific activity, low sta-
bility, and large size. Therefore, a new generation of lucif-
erase reporter, termed nanoluciferase (NanoLuc®, Promega 
Incorporation) was developed in 2012, offering several 
advantages over the conventional luciferase reporters (Hall 
et al. 2012).

The advantages of NanoLuc include: (1) higher sensi-
tivity (its specific activity is ~150-fold higher than that of 
the firefly luciferase and Renilla luciferase, making it the 
brightest luciferase reported to date); (2) smaller size (171 
amino acids or 19  kDa in size without any posttransla-
tional modifications, which makes it the smallest luciferase 
reporter known to date); (3) higher stability; (4) and highly 
reproducible and convenient measurement (emits a glow-
type bioluminescence independent of ATP with a long 
emission half life). Due to these advantages, NanoLuc was 
nominated as the Top 10 Innovations of 2012 by the jour-
nal Scientists. Since then, it has been used in many assays, 
such as high throughput screening (Ho et al. 2013), in vivo 
imaging (Karlsson et al. 2015; Stacer et al. 2013; Sun et al. 
2014; Tran et  al. 2013), BRET assays (Machleidt et  al. 
2015; Mo et al. 2016; Robers et al. 2015b; Stoddart et al. 
2015), and membrane receptor internalization assays (Liu 
et al. 2015b; Robers et al. 2015a; Song et al. 2013).

Novel bioluminescent receptor binding assays 
for protein/peptide hormones

Based on its abovementioned properties, NanoLuc has 
potential as a probe for developing novel non-radioactive 
receptor binding assays for protein/peptide hormones. 
Indeed, NanoLuc is highly sensitive and its activity can be 
conveniently measured on various luminometers that are 
available in most laboratories. For example, the measured 
specific activity of NanoLuc is 1.5 × 105 RLU/fmol on a 
SpectraMax M5 plate reader and 3 × 106 RLU/fmol on a 
Lumat LB9507 luminometer. The detection limit of these 
luminometers is typically 100–200 RLU, and thus, Nano-
Luc has a detection limit of approximately 1–0.1 amol 
(Table  1), which is 10–100-fold lower than that of 125I. 
Moreover, if more sensitive luminometers are used, the 
detection sensitivity of NanoLuc can be further increased. 
NanoLuc is also the smallest luciferase reporter developed 
to date, with high physical stability, and thus, the NanoLuc-
based ligands likely retain high receptor binding affin-
ity and can be stored for a long time without activity loss. 

Finally, bioluminescence of NanoLuc has low background 
and broad linear range; it can be accurately quantified with 
a linear range of five orders of magnitude on most lumi-
nometers, and shows no interference from other compo-
nents of the assays (e.g., whole cells or cell membrane frac-
tions) because they have no endogenous NanoLuc activity.

To validate the bioluminescent binding assay, we 
tested it on several protein/peptide hormones with various 
sizes and distinct receptors in our recent studies (He et al. 
2014; Liu et  al. 2015a; Song et  al. 2015; Wu et  al. 2016; 
Zhang et  al. 2013a). So far, the bioluminescent ligand–
receptor binding assay has been shown to work well on 
relaxin (receptor RXFP1), INSL3 (receptor RXFP2), chi-
meric relaxin family peptide R3/I5 (receptor RXFP3 and 
RXFP4), ghrelin (receptor GHSR1a), leukemia inhibitory 
factor (receptor LIFR/gp130), erythropoietin (receptor 
EPOR), and fibroblast growth factor 2 (receptor FGFR). 
Thus, it seems that this assay can be applied to a variety of 
protein/peptide hormones.

Compared with conventional radioligands, the novel 
bioluminescent ligands have several advantages, including: 
(1) higher sensitivity, the detection sensitivity of the biolu-
minescent ligands is at least tenfold higher than that of the 
125I-labeled radioligands; (2) improved safety, the use of 
the bioluminescent ligands has no safety concerns and can 
be carried out in every laboratory; (3) longer shelf lives, the 
bioluminescent ligands can be stored at −80 °C for several 
months or even longer; and (4) more convenience, as the 
luminescence measurement is quick and luminometers are 
available in most laboratories. Thus, the novel biolumines-
cent binding assays can facilitate interaction studies of pro-
tein/peptide hormones with their receptors, such as charac-
terization of natural or designed ligands, screening of novel 
ligands, or identification of unknown receptors.

General considerations for preparation of the 
NanoLuc‑based ligands

For setting up these bioluminescent binding assays, prepa-
ration of bioluminescent ligands is a key but challenging 
step. First of all, the bioluminescent ligands should retain 
high binding affinity with their receptors, and therefore, the 
NanoLuc moiety should be attached to an appropriate posi-
tion using a suitable method to minimize its disturbance to 
receptor binding. Considering the high diversity of protein/
peptide hormones, we previously established two meth-
ods to prepare NanoLuc-based bioluminescent ligands: 
chemical conjugation and genetic fusion (He et  al. 2014; 
Liu et al. 2015a; Song et al. 2015; Wu et al. 2016; Zhang 
et al. 2013a). For the chemical conjugation method, ration-
ally designed recombinant or synthetic protein/peptide 
hormones are chemically conjugated with an engineered 
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NanoLuc in a site-specific manner. For the genetic fusion 
method, the NanoLuc reporter is fused either at the N ter-
minus or at the C terminus of the protein/peptide hormones 
and the fusion proteins are overexpressed in suitable host 
cells. Each method has its own advantages and disadvan-
tages, and can be applied to different protein/peptide hor-
mones. For example, chemical conjugation offers more 
choice for the conjugation site, but it is more complex than 
the genetic fusion method. In contrast, the genetic fusion 
method is simpler, but NanoLuc has to be fused at one ter-
minus of the polypeptide chain and this may disturb recep-
tor binding and/or folding of the protein/peptide hormones.

The chemical conjugation method

For site-specific conjugation of a protein/peptide hor-
mone with the NanoLuc reporter, a unique reactive moiety 
should be generated on both the hormone and the reporter. 
We previously introduced a unique exposed Cys residue 
at either the N terminus or the C terminus of the NanoLuc 
reporter, and showed that these constructs retained full 
enzymatic activity (Liu et  al. 2015a; Zhang et  al. 2013a). 
Moreover, the constructs could be conveniently prepared 
through overexpression in E. coli. We also determined 
that the 6 ×  His-NanoLuc-Cys reporter is better than the 
6×  His-Cys-NanoLuc because it contains a long flexible 
arm between the exposed C terminal Cys and the NanoLuc 
molecule.

For the protein/peptide hormones, a unique reactive 
moiety should also be generated at an appropriate position 
to minimize disturbance of the conjugated NanoLuc. Con-
sidering the high diversity of protein/peptide hormones, 
one of the following reactive moieties can be generated 
for conjugation, according to the property of each protein/
peptide hormone. For protein/peptide hormones without 
free Cys residues, a unique exposed primary amine moiety 
can be generated and used for conjugation with the Nano-
Luc reporter. Primary amine moieties are present at the 
N terminus of the polypeptide chain and at the side-chain 
of Lys residues, and they can be specifically modified by 
a variety of commercially available chemical reagents. A 
unique exposed primary amine moiety can be generated 
at an appropriate position of the protein/peptide hormones 
using one or more of the following approaches: (1) block-
ing the unnecessary N terminal primary amine moiety by 
introducing a Gln residue that can be chemically or enzy-
matically converted to a pyroglutamate residue without a 
primary amine moiety; (2) replacing the unnecessary Lys 
residue(s) with other residues, typically by Arg (as both 
Lys and Arg carry a positive charge); or (3) introducing a 
Lys residue at an appropriate position. Once a unique and 
appropriate primary amine moiety is generated, the pro-
tein/peptide hormone is modified by a bifunctional reagent 

carrying a primary amine-specific moiety (e.g., N-hydroxy-
succinimidyl ester) and a sulfhydryl-specific moiety (e.g., 
pyridyldithiol). Once a sulfhydryl-specific moiety is intro-
duced, the protein/peptide hormone can be conjugated with 
the engineered NanoLuc that carries a unique exposed Cys 
residue.

For protein/peptide hormones without disulfides or 
essential free Cys residues, a unique exposed Cys resi-
due can also be generated, and then its side-chain sulfhy-
dryl moiety can be specifically modified by a variety of 
commercially available reagents. A unique exposed Cys 
residue can be generated at an appropriate position of the 
protein/peptide hormones using one or more of the fol-
lowing approaches: (1) replacing the original exposed Cys 
residue(s) with other residues, typically by Ser or Ala; (2) 
introducing a Cys residue at an appropriate position if nec-
essary. Once a unique exposed Cys residue is generated, 
the protein/peptide hormone can be directly conjugated 
with the activated NanoLuc reporter whose exposed Cys 
was activated by a pyridyldithiol moiety.

For some protein/peptide hormones, other reactive moie-
ties can also be generated and used for conjugation with the 
NanoLuc reporter, such as azido moiety, alkyne moiety, or 
a formylglycine residue. Once a unique reactive moiety is 
generated, the protein/peptide hormone reacts with a suit-
able bifunctional reagent for introduction of a sulfhydryl-
specific moiety, which then reacts with the unique exposed 
Cys residue of the engineered NanoLuc reporter and forms 
an intermolecular crosslinkage.

The NanoLuc-conjugated proteins/peptides can be 
purified by ion-exchange chromatography, confirmed by 
non-reducing SDS-PAGE, and quantified by biolumines-
cence measurement. For receptor binding assays, reduc-
ing reagents (such as dithiothreitol or 2-mercaptoethanol) 
cannot be included in the binding and washing steps if the 
conjugates have an intermolecular disulfide linkage (as 
these agents can break the disulfide bonds), but they can 
be included in the step of bioluminescence measurement. 
Occasionally, conjugation of a protein/peptide is detrimen-
tal to the NanoLuc activity and reducing reagents may be 
required to release the NanoLuc reporter from the conju-
gate during the bioluminescence measurement for accurate 
quantification, provided a reversible disulfide linkage is 
used in the conjugate.

The genetic fusion method

The genetic fusion method can also be used for preparation 
of the bioluminescent tracers for some protein/peptide hor-
mones. However, as the NanoLuc reporter is fused at one 
terminus of the protein/peptide hormones, it can disturb 
receptor binding and/or folding in some cases. For fusion 
with the NanoLuc reporter, one terminus of the protein/
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peptide hormones should be distanced from the recep-
tor binding site, to ensure that the fused NanoLuc reporter 
does not disturb receptor-binding. Meanwhile, a flexible 
linker peptide should be introduced between the NanoLuc 
reporter and the target protein/peptide hormone to lower 
their interference with each other. The NanoLuc-fusion 
proteins can be overexpressed in suitable host cells, such 
as E. coli, yeast, or cultured mammalian cells, according 
to property of each protein/peptide hormone. These fusion 
proteins can be purified using conventional approaches or 
even directly used without purification. If the overexpressed 
NanoLuc-fusion proteins retain considerable binding affin-
ity with their receptor, they can be used as non-radioactive 
tracers in subsequent ligand–receptor binding assays.

Examples of bioluminescent ligand–receptor 
binding assays

In the present section, we provide details for setting up 
NanoLuc-based binding assays using four protein/peptide 
hormones as examples. In future, more bioluminescent 
binding assays may be established for other protein/peptide 
hormones using similar procedures.

Recombinant INSL3 as an example of the chemical 
conjugation method

The relaxin family peptides play a variety of biological 
functions, and so far, four G protein-coupled receptors 
(RXFP1–4) have been identified as their receptors (Bath-
gate et  al. 2013; Halls et  al. 2015). The mature relaxin 
family peptides are typically composed of two polypep-
tide chains, and they can be efficiently prepared through 
overexpression of designed single-chain precursors in E. 
coli or Pichia pastoris, and subsequent in vitro maturation 
(Guo et  al. 2015; Luo et  al. 2010; Zhang et  al. 2012a, b, 
c, 2013b). Recently, we generated several bioluminescent 
relaxin family peptides to study their interactions with their 
receptors. Here, we use INSL3 as an example of recombi-
nant proteins to describe how to prepare bioluminescent 
tracers using the chemical conjugation method (Zhang 
et al. 2013a). The following three steps were used to gen-
erate the bioluminescent INSL3 tracer. (1) Selection of an 
appropriate conjugation site. The A-chain N terminus of 
INSL3 is suitable for conjugation because it is located at 
the opposite side of the receptor binding surface. (2) Gener-
ation of a unique reactive moiety. While the primary amine 
moiety of the A-chain N terminus can be used for conjuga-
tion, other primary amine moieties of INSL3 must be elim-
inated for site-specific conjugation with NanoLuc (Zhang 
et al. 2012a, 2013a). Therefore, to eliminate the B-chain N 

terminal primary amine moiety, we introduced a Gln resi-
due to the B-chain N terminus and converted it to a primary 
amine-less pyroglutamate residue with papaya glutaminyl 
cyclase. To eliminate internal side-chain primary amine 
moieties, we replaced two Lys residues of INSL3 with Arg 
residue. The resultant easily-labeled INSL3 is fully active 
and suitable for site-specific conjugation with the engi-
neered NanoLuc reporter. (3) Using a practical conjugation 
procedure. We introduced a sulfhydryl-specific moiety into 
the A-chain N terminus of the easily-labeled INSL3, using 
N-succinimidyl 3-(2-pyridyldithio)propionate (SPDP) as a 
bifunctional crosslinker because its pyridyldithiol moiety is 
stable under non-reducing conditions, and thus, the modi-
fied product can be conveniently purified. The introduced 
pyridyldithiol moiety at the A-chain N terminus of INSL3 
can react with the unique exposed Cys of the engineered 
NanoLuc reporter to form an intermolecular disulfide link-
age, as shown in Fig. 1a.

NanoLuc-conjugated protein/peptide hormones must 
retain high receptor binding affinity. Saturation binding 
studies (Fig.  1b) showed that the NanoLuc-conjugated 
INSL3 (INSL3-Luc) bound living human embryonic kid-
ney (HEK) 293T cells overexpressing receptor RXFP2 with 
a calculated dissociation constant (Kd) of 2.0  ±  0.1  nM 
(n =  3). Thus, INSL3-Luc retained high receptor binding 
affinity, suggesting that the NanoLuc moiety has no seri-
ous detriments to receptor binding of INSL3. Moreover, 
nonspecific binding of INSL3-Luc was quite low due to the 
hydrophilic nature of the NanoLuc moiety. Since INSL3-
Luc retained high receptor binding affinity, we used it 
as a novel bioluminescent tracer in competition binding 
assays to measure the receptor binding potencies of vari-
ous ligands. As shown Fig. 1c, INSL3-Luc can discriminate 
the receptor binding potencies of different ligands by giv-
ing different IC50 values. In summary, a novel biolumines-
cent INSL3 tracer can be prepared using the chemical con-
jugation method and used for ligand–receptor interaction 
studies.

Synthetic ghrelin as an example of the chemical 
conjugation method

Ghrelin is a 28 amino acid peptide hormone that has 
a special n-octanoyl moiety on the side-chain of Ser3 
(Kojima et  al. 1999). Ghrelin exerts its biological func-
tions through the receptor GSHR1a, or through other as 
yet unknown receptors. Here, we use ghrelin as an exam-
ple of synthetic peptides to describe how to prepare biolu-
minescent tracers using the chemical conjugation method 
(Liu et  al. 2015a). The following three steps were used 
to generate the bioluminescent ghrelin tracer. (1) Selec-
tion of an appropriate conjugation site. It is known that 
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the N terminal part of ghrelin is essential while the C ter-
minal part is unnecessary for receptor binding. Therefore, 
conjugation of the NanoLuc reporter at the C terminus is 
reasonable. (2) Generation of a suitable unique reactive 
moiety. As the primary amine moiety cannot be used for 
ghrelin conjugation because its N terminus is essential for 
activity, and considering that this peptide has no free Cys 
residues or disulfide bonds, we introduced a free Cys at 
its C terminus as a unique conjugation site. (3) Using a 

practical conjugation procedure, the unique exposed Cys 
of the engineered 6 ×  His-NanoLuc-Cys was first acti-
vated by a pyridyldithiol moiety through treatment with 
2,2′-dipyridyl disulfide, and then reacted with ghrelin-
Cys to form an intermolecular disulfide linkage (Fig. 1d). 
Alternatively, ghrelin-Cys could also be activated by 
2,2′-dipyridyl disulfide treatment, and then reacted with 
6 × His-NanoLuc-Cys to form an intermolecular disulfide 
linkage.

Fig. 1   Application of the chemical conjugation method to INSL3 
and ghrelin for novel bioluminescent receptor-binding assays (Liu 
et  al. 2015a; Zhang et  al. 2013a). a Schematic presentation of the 
NanoLuc-conjugated recombinant INSL3 (INSL3-Luc). b Satura-
tion binding of INSL3-Luc with living HEK293T cells overexpress-
ing receptor RXFP2. Nonspecific binding data were obtained by 
competition with 1.0 μM of INSL3. Left inner panel measured total 
binding versus nonspecific binding of INSL3-Luc. Right inner panel 

scatchard plot of the specific binding data. c Competition binding of 
wild-type and mutant INSL3s with the overexpressed RXFP2 using 
INSL3-Luc as a tracer. d Schematic presentation of the NanoLuc-
conjugated synthetic ghrelin (ghrelin-Luc). e Saturation binding of 
ghrelin-Luc with living HEK293T cells overexpressing receptor 
GHSR1a. Nonspecific binding data were obtained by competition 
with 1.0  μM of ghrelin. f Competition binding of various ligands 
with the overexpressed GHSR1a using ghrelin-Luc as a tracer
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As tested on living HEK293T cells overexpressing 
the GHSR1a receptor (Fig.  1e), the NanoLuc-conjugated 
ghrelin (ghrelin-Luc) retained high binding affinity with 
GHSR1a, with a calculated Kd of 1.14 ± 0.13 nM (n = 3). 
When ghrelin-Luc was used as a tracer in competition bind-
ing assays (Fig.  1f), typical sigmoidal competition curves 
were obtained for different ligands, from which the recep-
tor binding potencies of these ligands could be calculated 
and compared. In summary, a novel bioluminescent ghrelin 

tracer could be prepared through the chemical conjugation 
method and used for ligand–receptor interaction studies.

LIF as an example of the genetic fusion method

Leukemia inhibitory factor (LIF) is an interleukin-6 fam-
ily cytokine with pleiotropic effects on a diverse range of 
cells. LIF activates a heterodimeric cell membrane recep-
tor composed of a LIFR subunit (gp190) and a gp130 

Fig. 2   Application of the genetic fusion method to LIF and EPO for 
novel bioluminescent receptor-binding assays (He et  al. 2014; Song 
et  al. 2015). a Schematic presentation of the NanoLuc-fused LIF 
(6 × His-NanoLuc-LIF) overexpressed in E. coli. b Saturation bind-
ing of 6 × His-NanoLuc-LIF with murine leukemia M1 cells. Non-
specific binding data were obtained by competition with 30  nM of 
mature LIF. c Scatchard plot of the specific binding data. d Compe-
tition binding of recombinant LIF with the endogenously expressed 
receptor LIFR/gp130 using 6  ×  His-NanoLuc-LIF as a tracer. e 
Schematic presentation of the NanoLuc-fused EPO (EPO-Luc) over-

expressed in HEK293T cells. f Bioluminescence measurement of 
the secreted EPO-Luc in the culture medium of the transiently trans-
fected HEK293T cells. g Western blotting of the secreted EPO-Luc 
in the culture medium by polyclonal antibodies against NanoLuc. h 
Saturation binding of EPO-Luc with living HEK293T cells overex-
pressing receptor EPOR. Nonspecific binding data were obtained by 
competition with 100  nM of purified EPO protein. Left inner panel 
scatchard plot of the specific binding data. Right inner panel meas-
ured total and nonspecific binding of NanoLuc and EPO-Luc with the 
transfected or non-transfected HEK293T cells
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subunit (Heinrich et  al. 2003). The mature human LIF 
protein contains 180 amino acids and forms a four-helix 
bundle structure with three conserved disulfide bonds. Sig-
nificant quantities of biologically active LIF protein are 
required for stem cell research, as it can promote long-term 
maintenance of mouse embryonic stem cells by suppress-
ing spontaneous differentiation. Unfortunately, recombi-
nant expression of LIF in E. coli is very difficult due to its 
high aggregation propensity. However, after the NanoLuc 
reporter was fused at its N terminus, a soluble 6 ×  His-
NanoLuc-LIF fusion protein (Fig. 2a) could be efficiently 
overexpressed in E. coli and conveniently purified to homo-
geneity (He et al. 2014).

Saturation binding studies (Fig.  2b) showed that the 
6  ×  His-NanoLuc-LIF fusion protein bound the liv-
ing murine leukemia M1 cells with a calculated Kd of 
33.1  ±  3.2  pM and a calculated Bmax of 8915  ±  225 
RLU/105  cells (equal to ~350  receptors/cell). In contrast, 
NanoLuc itself had no detectable specific binding with M1 
cells. Thus, 6 ×  His-NanoLuc-LIF retained high receptor 
binding affinity, even though a large NanoLuc moiety was 
fused at the N terminus. The Scatchard plot of the specific 
binding data was linear (Fig. 2c), suggesting that only the 
high affinity binding site is present on M1 cells. Finally, 
when 6  ×  His-NanoLuc-LIF was used as a tracer in a 
competition binding assay, a typical sigmoidal curve was 
obtained for mature LIF (Fig.  2d). Thus, the fusion pro-
tein 6 × His-NanoLuc-LIF produced in E. coli is a novel 
bioluminescent tracer for non-radioactive receptor binding 
assays.

EPO as an example of the genetic fusion method

Erythropoietin (EPO) is a glycosylated cytokine that pro-
motes erythropoiesis by binding and activating the cell 
membrane receptor, EPOR (Chateauvieux et al. 2011; Jelk-
mann 2007). The mature human Epo has 166 amino acids 
with two disulfide bonds, as well as three N-linked and one 
O-linked carbohydrates. To apply the genetic fusion method 
to EPO, we developed a quick approach through secretory 
overexpression of the NanoLuc-fused EPO (EPO-Luc) in 
transiently transfected HEK293T cells (Song et  al. 2015). 
The NanoLuc reporter was fused at the C terminus of the 
EPO precursor that contains an N terminal signal peptide 
for secretion (Fig. 2e). After this fusion protein was overex-
pressed in the transiently transfected HEK293T cells, high 
NanoLuc activity could be detected by bioluminescence 
measurement in the culture medium after transfection 
(Fig. 2f), suggesting secretory expression of the EPO-Luc 
fusion protein. Identity of the fusion protein was confirmed 
by SDS-PAGE and Western blotting using the antibodies 
against the NanoLuc reporter (Fig. 2g).

Saturation binding studies (Fig.  2h) indicated that the 
secreted EPO-Luc fusion protein bound the overexpressed 
EPOR in a typical saturation manner, with a calculated Kd 
value of 0.83 ± 0.11 nM (n = 3). In summary, the fusion 
protein EPO-Luc produced in HEK293T cells is a novel 
bioluminescent tracer for interaction studies of EPO with 
its receptor.

Future work for the bioluminescent binding assay

In our recent studies, we validated the NanoLuc-based bio-
luminescent ligand–receptor binding assay using several pro-
tein/peptide hormones with different sized and distinct recep-
tors. However, possible influence of the NanoLuc reporter to 
receptor binding is still a major concern for this novel assay, 
since the NanoLuc reporter is much large than the conven-
tional radioisotopes. In future, more protein/peptide hor-
mones should be tested for the NanoLuc-based binding assay.

For the tested protein/peptide hormones, the NanoLuc-
based tracers retained similar or slightly decreased recep-
tor-binding affinity compared to the previously reported 
radioactive tracers. However, there are no direct head-to-
head comparison of binding of the NanoLuc-based tracers 
and the conventional radioligands. Moreover, the impact 
of NanoLuc labeling on signaling bias of receptors is also 
remain unknown so far. These questions will be addressed 
in future work as the novel bioluminescent binding assay 
is widely applied to a variety of protein/peptide hormones.
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