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be applied to other BRET-based binding assays in future 
studies.
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Introduction

The relaxin family is a group of peptide hormones, includ-
ing relaxin (primates express two relaxins, namely relaxin-1 
and relaxin-2), relaxin-3 (also known as INSL7), and insu-
lin-like peptide 3–6 (INSL3, INSL4, INSL5, and INSL6) 
(Bathgate et al. 2013a; Callander and Bathgate 2010; Halls 
et  al. 2015). The relaxin family is a branch of the insulin 
superfamily which also includes insulin and insulin-like 
growth factor 1 and 2 (IGF-1 and IGF-2). The relaxin fam-
ily peptides play a variety of biological functions, such as 
regulation of reproduction, food intake, stress response, 
and glucose homeostasis. So far, four formerly orphan G 
protein-coupled receptors (GPCRs) have been identified as 
their receptors, namely relaxin family peptide receptor 1–4 
(RXFP1–4). Relaxin and INSL3 are the cognate agonists 
of the homologous RXFP1 and RXFP2, respectively (Hsu 
et  al. 2002; Kumagai et  al. 2002). Relaxin-3 and INSL5 
are the cognate agonists of the homologous RXFP3 and 
RXFP4, respectively (Liu et al. 2003b, 2005b). In addition, 
relaxin-3 can activate RXFP1 and RXFP4 in  vitro with 
high efficiency (Liu et al. 2003a; Sudo et al. 2003).

Both RXFP3 and its cognate agonist relaxin-3 are pri-
marily expressed in the brain and this receptor–ligand 
pair is implicated in the regulation of food intake, stress 
response, arousal and exploratory behaviors (Calvez et al. 
2016; Kumar et al. 2016; Ma et al. 2016; Smith et al. 2015; 
Zhang et al. 2015). Thus, RXFP3 is a potential therapeutic 
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target for obesity and anxiety, and several synthetic ago-
nists and antagonists have been generated in recent stud-
ies. The designed agonists include the chimeric R3/I5 (con-
taining the B-chain of relaxin-3 and the A-chain of INSL5) 
(Liu et  al. 2005a), simplified relaxin-3 analogs (Shaban-
poor et  al. 2012), and stapled relaxin-3 B-chain analogs 
(Hojo et al. 2016; Jayakody et al. 2016), while the designed 
antagonists include the chimeric R3(B∆23-27)R/I5 (Kuei 
et  al. 2007), [G(B23)A,G(B24)S]R3/I5 (Hu et  al. 2016a), 
and the shortened B-chain analog R3B1-22R (Haugaard-
Kedström et al. 2011).

Ligand–receptor binding assays are widely used to 
characterize the natural or designed ligands or screen 
novel ones. Conventionally, the binding assays rely on 
highly sensitive tracers (Bylund and Toews 2011; Hulme 
and Trevethick 2010; Maguire et  al. 2012). For example, 
iodine-125 (125I)-labeled relaxin-3 and R3/I5 have been 
used as radioactive tracers for ligand-binding assays of 
RXFP3 (Liu et al. 2003b, 2005a). Europium (Eu3+)-labeled 
fluorescent tracers and NanoLuc-conjugated biolumines-
cent tracers have also been developed for interaction stud-
ies of RXFP3 with ligands (Hu et al. 2016b; Liu and Guo 
2016; Shabanpoor et al. 2011; Zhang et al. 2012a, b, 2013a, 
b). However, the conventional binding assays include a 
necessary but time-consuming washing step to remove 
unbound tracer before measurement of the bound tracer. 
In recent studies, novel bioluminescence resonance energy 
transfer (BRET)-based ligand–receptor binding assays have 
been developed using the brightest NanoLuc as an energy 
donor (Machleidt et  al. 2015; Soave et  al. 2016; Stoddart 
et al. 2015). BRET-based binding assays do not require the 
washing step because unbound tracer does not interfere 
with measurement of the receptor-bound tracer. Thus, the 
BRET-based ligand–receptor binding assay is convenient 
for use and compatible with high throughput screening.

To obtain high BRET signals with low background, an 
appropriate energy acceptor is needed for the NanoLuc 
reporter that has the brightest bioluminescence reported 
to date (Hall et  al. 2012). The excitation spectrum of the 
energy acceptor should overlap as much as possible with 
the emission spectrum of NanoLuc for efficient energy 
transfer, while the emission spectrum of the acceptor 
should be as different as possible from the emission spec-
trum of NanoLuc to reduce interference from NanoLuc 
emission. In a recent study, a cyan-excitable orange fluores-
cent protein (CyOFP) with a large Stokes shift was devel-
oped as an improved energy acceptor for NanoLuc (Chu 
et  al. 2016). In the present work, we applied the newly 
developed CyOFP to bimolecular interaction studies and 
developed a novel BRET-based ligand-binding assay for 
receptor RXFP3 to facilitate its interaction studies with 
various ligands.

Materials and methods

Generation of expression constructs for N‑terminally 
NanoLuc‑fused RXFP3s

The coding region of the secretory NanoLuc, carrying the 
signal peptide of human interleukin-6, was PCR amplified 
using the vector pNL1.3 (Promega, Madison, WI, USA) 
as the template. After cleavage by restriction enzymes 
NheI and KpnI, the amplified DNA fragment was ligated 
into vector pcDNA6, resulting in the construct pcDNA6/
sLuc. The coding regions of human RXFP3 with or without 
N-terminal deletions were PCR amplified using the expres-
sion construct pcDNA6/RXFP3 as the template. After 
cleavage by restriction enzymes KpnI and AgeI, the ampli-
fied DNA fragments were ligated into vector pcDNA6/
sLuc, resulting in expression constructs for N-terminally 
NanoLuc-fused RXFP3s with or without deletions from 
the N-terminus of human RXFP3. Nucleotide sequences 
of the NanoLuc-fused RXFP3s were confirmed by DNA 
sequencing.

Generation of expression constructs for engineered 
CyOFPs

The coding region of the wild-type CyOFP1 (amino acids 
1–225) was chemically synthesized according to the pub-
lished sequence (Chu et al. 2016). After cleavage by restric-
tion enzymes NdeI and EcoRI, the synthetic DNA fragment 
was ligated into a pET vector that encodes an N-terminal 
6×His-tag and a C-terminal long arm (21 amino acids) 
with a terminal Cys residue, resulting in the expression 
construct pET/6×His-CyOFP-L-Cys. To generate expres-
sion constructs for mutant CyOFPs with the intrinsic Cys 
residues replaced by Ser or Ala, site-directed mutagen-
esis was conducted through the QuikChange method using 
pET/6×His-CyOFP-L-Cys as the template. To change the 
long C-terminal arm for a short one (12 amino acids), the 
expression construct pET/6×His-[C1A,C2A]CyOFP-L-
Cys was cleaved by restriction enzymes EcoRI and NotI 
and then ligated with a short synthetic DNA fragment 
encoding the short arm, resulting in the expression con-
struct pET/6×His-[C1A,C2A]CyOFP-S-Cys. The nucleo-
tide sequences of the wild-type and engineered CyOFPs 
were confirmed by DNA sequencing.

Overexpression and purification of the engineered 
CyOFPs

The CyOFP expression constructs were, respectively, trans-
formed into Escherichia coli strain BL21(DE3). Thereafter, 
the transformants were cultured in liquid Luria–Bertani 
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both (supplemented with 100  mg/l of ampicillin) to 
OD600 ≈1.0 at 37 °C and then induced with 1.0 mM iso-
propyl β-d-1-thiogalactopyranoside at 25  °C for ~10  h. 
Expression of CyOFP was preliminarily judged by the 
color of the cell pellet and confirmed by SDS-PAGE. 
After the E. coli cells were lysed by sonication in lysis 
buffer (50 mM phosphate buffer, pH 7.5, 0.5 M NaCl), the 
supernatant was subjected to S-sulfonation by addition of 
urea, sodium sulfite (Na2SO3), and sodium tetrathionate 
(Na2S4O6) to final concentrations of 8.0 M, 100 mM, and 
80 mM, respectively. After shaking at room temperature for 
~2 h, the lysate supernatant was applied to an immobilized 
Ni2+ affinity chromatography column and the S-sulfonated 
CyOFP was eluted with 250 mM imidazole in lysis buffer 
plus 8.0  M urea. Thereafter, the eluted CyOFP fraction 
was treated with 50 mM dithiothreitol (DTT) at room tem-
perature for ~30 min, and then loaded onto a gel filtration 
column (TSKgel G2000SWXL, 7.8 mm × 300 mm; Sigma 
Aldrich, St. Louis, MO, USA). The CyOFP fraction was 
then eluted from the gel filtration column with 50  mM 
phosphate buffer (pH 7.5), analyzed by SDS-PAGE, and 
quantified by absorbance at 500  nm using the extinction 
coefficient of 40 mM−1 cm−1 as reported (Chu et al. 2016).

Preparation of relaxin family peptides

The easily labeled R3/I5 peptide and human INSL5 were 
prepared according to our previous procedures (Luo et al. 
2010; Zhang et al. 2013b). Briefly, they were overexpressed 
in E. coli as single-chain precursors and then subjected to 
in  vitro refolding and enzymatic maturation. The mature 
peptides were purified to homogeneity by high performance 
liquid chromatography (HPLC) using a C18 reverse-phase 
column (Zorbax 300SB-C18, 4.6 × 250 mm; Agilent Tech-
nology, Santa Clara, CA, USA) and their molecular masses 
were confirmed by mass spectrometry.

Chemical conjugation of the engineered CyOFPs 
with the easily labeled R3/I5

The purified easily labeled R3/I5 peptide was first treated 
with bifunctional reagent N-succinimidyl 3-(2-pyridyl-
dithio)propionate (SPDP) according to our previous pro-
cedure (Hu et al. 2016b; Zhang et al. 2013a). The SPDP-
modified peptide was purified by HPLC using a C18 
reverse-phase column (Zorbax 300SB-C18, 4.6 × 250 mm, 
from Agilent) and confirmed by mass spectrometry. For 
chemical conjugation, one volume of the engineered 
CyOFP fraction (eluted from the gel filtration column, 
~50  μM) was sequentially mixed with one volume of 
the SPDP-modified R3/I5 (dissolved in 1.0  mM aqueous 
hydrochloride, ~150 μM) and a one-third volume of 8 M 
urea solution. After incubation at 30  °C for 30  min, the 

conjugation mixture was loaded onto a small home-made 
spin Ni2+ column containing ~50 μl affinity resin. After 
washing with washing buffer (50 mM phosphate buffer, pH 
7.5), the conjugate was eluted from the spin column with 
250 mM imidazole in washing buffer. Total CyOFP in the 
eluted fraction was quantified by fluorometry using the 
purified engineered CyOFP as a standard. The conjugate 
percentage in the eluted fraction was estimated from band 
density on SDS-PAGE.

BRET‑based ligand‑binding assays for RXFP3

The expression constructs for the NanoLuc-fused RXFP3s 
were transiently transfected into human embryonic kidney 
(HEK) 293T cells. After transfection for ~36  h, the cells 
were treated with 1.0 mM ethylenediaminetetraacetic acid 
[in phosphate-buffered saline (PBS)] and the suspended 
cells were collected by centrifugation (800g, 2 min). After 
washed with PBS, the cells were resuspended in binding 
solution (serum-free Dulbecco’s modified Eagle’s medium 
plus 1% bovine serum albumin). Thereafter, the cell sus-
pension was divided into a white opaque 96-well plate 
(20 μl/well, ~5 ×  104 cells/well). For saturation binding 
assays, the cells were mixed with binding solution (20 μl/
well) containing varied concentrations of CyOFP-conju-
gated R3/I5. For competition binding assays, the cells were 
mixed with binding solution (20 μl/well) containing a con-
stant concentration of CyOFP-conjugated R3/I5 and varied 
concentrations of competitor. After incubation at 20 °C for 
~20  min, NanoLuc substrate was added (1  μl/well) and 
BRET was immediately measured using a GloMax Dis-
cover plate reader (Promega). For real-time binding assays, 
the cells were sequentially mixed with 1 μl of NanoLuc 
substrate and 20 μl of binding solution containing 20 nM 
of CyOFP-conjugated R3/I5, and BRET data were col-
lected at an interval of ~0.5 min for ~10 min. Thereafter, 
1 μl of 4 μM R3/I5 stock solution was added and BRET 
data were continuously collected at an interval of ~0.5 min 
for ~10 min.

Results and discussion

Preparation of engineered CyOFPs for conjugation 
with R3/I5

To develop a BRET-based ligand-binding assay for RXFP3, 
we attempted to conjugate the newly developed CyOFP 
with the chimeric R3/I5 peptide that retains high bind-
ing affinity with RXFP3, but has lower nonspecific bind-
ing compared to the cognate ligand relaxin-3 (Liu et  al. 
2005a). For convenient conjugation, we added a long 
arm with a terminal Cys residue (amino acid sequence 
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GGSNSGGGSGGGSGGGGGGGC) to the C-terminus 
of wild-type CyOFP. For convenient purification, we 
introduced a 6×His-tag to the N-terminus. The result-
ant 6×His-CyOFP-L-Cys (nucleotide and amino acid 
sequences shown in Supplementary Fig. S1) was efficiently 
overexpressed in E. coli as a soluble protein with orange 
color, suggesting correct formation of the fluorescent 
chromophore.

Unfortunately, the wild-type CyOFP contains two intrin-
sic Cys residues that interfered with chemical conjugation 
in subsequent experiments. Thus, we attempted to replace 
them with Ser or Ala residues. Ser replacement of the 
N-terminal Cys residue (C1) likely disturbed formation of 
the fluorescent chromophore, because the overexpressed 
mutant protein was colorless. However, replacement of the 
N-terminal Cys residue with Ala likely had no detriments 
because the mutant protein was normally overexpressed 

and orange. The intrinsic C-terminal Cys residue (C2) 
of CyOFP was tolerant to both Ser and Ala replacement. 
Thus, we replaced both intrinsic Cys residues of CyOFP 
with Ala, and the resultant 6×His-[C1A,C2A]CyOFP-L-
Cys lacks intrinsic Cys residues but has a single introduced 
Cys residue at the C-terminus.

The engineered 6×His-[C1A,C2A]CyOFP-L-Cys was 
overexpressed in E. coli as a soluble orange protein (Fig. 1a, 
tube 1). To prevent formation of intermolecular disulfide 
linkages, the supernatant of the cell lysate was subjected to 
S-sulfonation that reversibly blocked the sulfhydryl moi-
ety of the single Cys residue with a sulfonate group. After 
loading onto a Ni2+ column, the eluted fraction was pink 
(Fig.  1a, tube 2), likely owing to the presence of imida-
zole and urea in the eluent. As analyzed by SDS-PAGE, the 
eluted fraction displayed a major band (~29 kDa) after the 
sample was boiled in SDS loading buffer with DTT (Fig. 1b, 

Fig. 1   Characterization of the 
engineered CyOFP. a Photo-
graph of 6×His-[C1A,C2A]
CyOFP-L-Cys fractions. Tube 
1 supernatant of the E. coli 
lysate, tube 2 fraction from the 
Ni2+ column, tube 3 fraction 
from the gel filtration column. b 
SDS-PAGE analysis of 6×His-
[C1A,C2A]CyOFP-L-Cys 
fractions. Lane 1 fraction from 
Ni2+ column boiled in SDS 
loading buffer without reducing 
reagents, lane 2 fraction from 
gel filtration column boiled in 
SDS loading buffer without 
reducing reagents, lane 3 frac-
tion from Ni2+ column boiled in 
SDS loading buffer containing 
50 mM DTT, lane 4 fraction 
from gel filtration column 
boiled in SDS loading buffer 
containing 50 mM DTT. After 
boiling for 3–5 min in the SDS 
loading buffer, an appropriate 
amount (~2 μg) of samples was 
loaded onto a 12% SDS-gel. 
After electrophoresis, the gel 
was stained by Coomassie Bril-
liant Blue R250. c Absorption 
and emission spectra of the 
purified 6×His-[C1A,C2A]
CyOFP-L-Cys. The engineered 
CyOFP was diluted into 20 mM 
phosphate buffer (pH 7.5) to the 
final concentration of ~3 μM 
and then absorbance spectrum 
and fluorescence spectrum 
(excitation at 470 nm) were 
measured on a photometer and a 
fluorometer
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lane 3), consistent with the expected value (28.5  kDa) of 
intact 6×His-[C1A,C2A]CyOFP-L-Cys. Thus, intact engi-
neered CyOFP was obtained after overexpression and puri-
fication. However, a smaller band (~20 kDa) also appeared 
on SDS-PAGE after the sample was boiled in SDS loading 
buffer without reducing agents (Fig. 1b, lane 1). This phe-
nomenon has been observed in some red fluorescent pro-
teins (CyOFP was developed from a red fluorescent protein) 
and is caused by peptide chain breakage due to hydrolysis 
of the acylimine bond of the red chromophore (Gross et al. 
2000; Subach et al. 2010; Yarbrough et al. 2001). Thus, we 
deduced that the ~20 kDa band was the hydrolyzed C-termi-
nal fragment (19.1 kDa in theory) of the engineered CyOFP. 
The hydrolyzed N-terminal fragment (9.4  kDa in theory) 
could also be observed on SDS-PAGE using a higher per-
centage gel (Fig. 2a).

The fraction eluted from the Ni2+ column was then 
treated with DTT to remove the sulfonate moiety from the 
Cys residue of the engineered CyOFP. After eluted from 
a gel filtration column, the engineered CyOFP was again 
orange (Fig.  1c, tube 3). This eluted fraction displayed a 
single band (~29  kDa) on SDS-PAGE if the sample was 
boiled in SDS loading buffer with DTT (Fig.  1b, lane 
4), suggesting that homogenous engineered CyOFP was 
obtained. However, a series of bands appeared on SDS-
PAGE if the sample was boiled in SDS loading buffer with-
out reducing agents (Fig. 1b, lane 2). As discussed above, 
the ~20  kDa band was the hydrolyzed C-terminal frag-
ment that carries a free Cys residue. The ~40-, ~50-, and 
~60  kDa bands likely represented disulfide-crosslinked 
homodimers and heterodimers of the hydrolyzed C-termi-
nal fragment and intact 6×His-[C1A,C2A]CyOFP-L-Cys. 
Other larger bands likely represented non-covalent aggre-
gates of the disulfide-crosslinked dimers. If the sample was 
loaded onto the gel without boiling, a smear band with an 
apparent molecular weight of ~60 kDa appeared on SDS-
PAGE whether or not reducing reagents were present in the 
SDS loading buffer, suggesting that the engineered CyOFP 

formed noncovalent dimers in SDS gels without boiling of 
the sample before loading. Thus, CyOFP displayed strange 
behavior on SDS-PAGE if it was not boiled in SDS load-
ing buffer with high concentration of DTT (50 mM in our 
experiments).

To test whether mutation of two intrinsic Cys resi-
dues affected the fluorescence properties of CyOFP, we 

Fig. 2   Optimization of the BRET measurement. a SDS-PAGE analy-
sis of the conjugate of R3/I5 with 6×His-[C1A,C2A]CyOFP-L-Cys. 
Lane 1 fraction eluted from the spin Ni2+ column, lane 2 the puri-
fied 6×His-[C1A,C2A]CyOFP-L-Cys. The samples were boiled 
for 3–5  min in SDS loading buffer without reducing reagents and 
then loaded onto a 15% SDS-gel. After electrophoresis, the gel was 
stained by Coomassie Brilliant Blue R250. b Bioluminescence of the 
HEK293T cells overexpressing various constructs of the NanoLuc-
fused RXFP3s. The data were expressed as mean ±  standard error 
(SE) (n = 3). c Raw BRET data measured after the HEK293T cells 
overexpressing NanoLuc-fused RXFP3s were preincubated with 
the CyOFP-conjugated R3/I5 tracers. The data were expressed as 
mean ±  SE (n =  3). d Emission spectra of HEK293 cells overex-
pressing Luc-L8-[∆N33]RXFP3 with or without preincubation with 
R3/I5-S-CyOFP or CyOFP. The spectra were recorded on a Spec-
traMax M5 plate reader (Molecular Devices)

▸
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measured the absorption and emission spectra of purified 
6×His-[C1A,C2A]CyOFP-L-Cys. As shown in Fig.  1c, 
the engineered CyOFP displayed a broad absorption peak 
around 480–520  nm and an emission peak around 580–
590  nm after excitation at 470  nm, consistent with the 
reported values for wild-type CyOFP (Chu et  al. 2016). 
Thus, replacement of the intrinsic Cys residues did not 
affect the fluorescence properties of CyOFP.

To test the effect of the length of the C-terminal arm 
on the BRET efficiency, we also generated an engineered 
CyOFP carrying a short C-terminal arm (amino acid 
sequence GGSNSGGGGGGGC). The resultant 6×His-
[C1A,C2A]CyOFP-S-Cys was overexpressed and purified 
according to the procedure above and displayed almost the 
same properties as 6×His-[C1A,C2A]CyOFP-L-Cys.

Conjugation of the engineered CyOFPs with R3/I5 
and improvement of BRET efficiency

To conjugate the engineered CyOFPs with the eas-
ily labeled R3/I5 peptide, we used a two-step proce-
dure that was developed for conjugation of the NanoLuc 
reporter with relaxin family peptides in our previous stud-
ies (Hu et  al. 2016b; Zhang et  al. 2013a). First, an active 
disulfide bond was introduced to the A-chain N-terminus 
of the easily labeled R3/I5 through chemical modifica-
tion with bifunctional reagent SPDP that carries a primary 
amine-specific N-hydroxysuccinimidyl ester and an active 
disulfide bond. Thereafter, the engineered CyOFP was 
reacted with the SPDP-modified R3/I5: the unique C-ter-
minal Cys residue of the engineered CyOFP would react 
with the active disulfide bond of the SPDP-modified R3/
I5 and thus form an intermolecular disulfide linkage. To 
remove unconjugated R3/I5 peptide that would interfere 
with subsequent receptor-binding of the conjugate, the con-
jugation mixture was subjected to a small Ni2+ spin column 
that could bind the conjugate and the unconjugated CyOFP, 
but could not bind the unconjugated R3/I5. As analyzed by 
SDS-PAGE (Fig. 2a), the eluted fraction (lane 1) displayed 
two additional bands (indicated by asterisks) compared to 
the purified 6×His-[C1A,C2A]CyOFP-L-Cys itself (lane 
2) after both of them were boiled in SDS loading buffer 
without reducing reagents before loading. We deduced 
that the additional band indicated by one asterisk repre-
sented the intact conjugate (designated R3/I5-L-CyOFP), 
because it was larger than the band of intact, monomeric 
CyOFP. The smaller additional band (indicated by a dou-
ble asterisk) probably arose from hydrolysis of the engi-
neered CyOFP in the intact conjugate during boiling of the 
sample before loading. Thus, both of the additional bands 
represented the conjugate. Estimated from band densities 
(Fig. 2a), the conjugate accounted for ~50% in the eluted 
fraction. Similar results were obtained for conjugation of 

the purified 6×His-[C1A,C2A]CyOFP-S-Cys with R3/I5. 
Since unconjugated CyOFP had almost no effect on the 
BRET assay (Fig. 2c), the conjugate fraction was not fur-
ther purified, although it contained ~50% of unconjugated 
CyOFP.

To use NanoLuc as an energy donor for the BRET-based 
ligand-binding assay, we genetically fused a secretory 
NanoLuc (with the signal peptide of human interleukin 6) 
to the N-terminus of human RXFP3 through a linker pep-
tide of eight residues (amino acid sequence SSGGGGGT). 
After the resultant Luc-L8-RXFP3 construct was tran-
siently overexpressed in HEK293T cells, strong biolu-
minescence was detected (Fig.  2b), suggesting efficient 
expression of the fusion protein in the transfected cells. 
After these cells were incubated with the conjugate R3/
I5-L-CyOFP or R3/I5-S-CyOFP, low but significant BRET 
signals were detected (Fig. 2c), suggesting that the CyOFP-
conjugated R3/I5 could bind to the NanoLuc-fused RXFP3. 
In contrast, almost no BRET was detected after these cells 
were incubated with the engineered CyOFP, suggesting that 
CyOFP itself could not bind to RXFP3.

To improve the BRET efficiency, we tried shorten-
ing the extracellular N-terminus of RXFP3. A previous 
study has demonstrated that the N-terminal 33 residues of 
human RXFP3 are not important for the receptor function 
(Bathgate et  al. 2013b); thus, we first removed this frag-
ment from human RXFP3. The resultant Luc-L8-[∆N33]
RXFP3 was almost normally expressed in transfected 
HEK293T cells (Fig. 2b) and displayed much higher BRET 
efficiency with both tracers (Fig.  2c). However, removal 
of more N-terminal residues impaired both expressions 
of the NanoLuc-fused receptors (Fig. 2b) and their BRET 
efficiency with the fluorescent tracers (Fig. 2c). A shorter 
linker (a Thr-Gly dipeptide) between NanoLuc and [∆N33]
RXFP3 seriously affected expression of the construct in 
HEK293T cells (Fig.  2b), although the construct retained 
high BRET efficiency with the fluorescent tracers (Fig. 2c). 
Thus, Luc-L8-[∆N33]RXFP3 was the best receptor con-
struct for BRET assay with the CyOFP-based fluorescent 
tracers.

For these NanoLuc-fused RXFP3 constructs, R3/I5-S-
CyOFP displayed slightly higher BRET efficiency than 
R3/I5-L-CyOFP (Fig. 2c). Thus, we used R3/I5-S-CyOFP 
and Luc-L8-[∆N33]RXFP3 as a BRET pair in later experi-
ments. As shown in Fig.  2d, Luc-L8-[∆N33]RXFP3 dis-
played a broad emission spectrum with a peak at ~460 nm 
after addition of the NanoLuc substrate to living HEK293T 
cells overexpressing this construct. After these cells were 
preincubated with R3/I5-S-CyOFP, the emission spectrum 
around 570–650  nm was significantly increased, confirm-
ing energy transfer from the receptor-fused NanoLuc to the 
ligand-conjugated CyOFP after ligand–receptor binding. In 
contrast, preincubation with the engineered CyOFP itself 
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had no detectable effects on the emission spectrum, sug-
gesting that CyOFP did not bind to RXFP3.

Establishment of BRET‑based ligand‑binding assays 
for RXFP3

The results above suggested that R3/I5-S-CyOFP and 
Luc-L8-RXFP3 formed an efficient BRET pair. Next, we 
quantitatively measured their binding affinity through a 
saturation binding assay. As shown in Fig.  3a, the meas-
ured BRET data increased in a typical hyperbolic manner 
with increasing R3/I5-S-CyOFP concentration, suggest-
ing saturation binding of the fluorescent tracer with the 
NanoLuc-fused receptor. Competition with 1.0  μM R3/
I5 peptide almost completely abolished the BRET effect, 
confirming the measured BRET was derived from specific 
binding of R3/I5-S-CyOFP with Luc-L8-[∆N33]RXFP3. 
The calculated dissociation constant (Kd) for the fluores-
cent tracer with the NanoLuc-fused shortened receptor was 
2.60 ±  0.17  nM (n =  3), a value similar to those meas-
ured for intact human RXFP3 with 125I-labeled, europium-
labeled, or NanoLuc-conjugated R3/I5 tracers (in the range 
1–5 nM). Thus, conjugation of CyOFP with R3/I5, fusion 
of NanoLuc with RXFP3, and removal of 33  N-terminal 
receptor residues had no detrimental effects on the binding 
of RXFP3 with R3/I5.

Contrast to conventional ligand–receptor binding assays, 
the BRET-based binding assay can conveniently monitor 
the ligand–receptor binding process in a real-time man-
ner, because the unbound tracer does not interfere with the 
BRET measurement. As shown in Fig. 3b, after addition of 
NanoLuc substrate and R3/I5-S-CyOFP (final concentra-
tion 10 nM) to living HEK293T cells overexpressing Luc-
L8-[∆N33]RXFP3, the measured BRET data exponentially 
increased with a half-life of ~60 s, suggesting quick bind-
ing of the fluorescent tracer with the NanoLuc-fused recep-
tor. After addition of R3/I5 peptide as a competitor (final 
concentration 1.0 μM), the measured BRET data exponen-
tially decreased with a half-life of ~80 s, suggesting quick 

dissociation of the fluorescent tracer from the NanoLuc-
fused receptor. Thus, the ligand-binding process of RXFP3 
could be conveniently monitored in a real-time manner 
through the BRET-based binding assay.

Using the BRET pair of R3/I5-S-CyOFP and Luc-
L8-[ΔN33]RXFP3, we established competition bind-
ing assays to quantitatively measure binding potencies of 

Fig. 3   BRET-based ligand-binding assays for RXFP3. a Satura-
tion binding of R3/I5-S-CyOFP with living HEK293T cells overex-
pressing Luc-L8-[∆N33]RXFP3. The BRET data were expressed as 
mean ± SE (n = 3) and fitted to Y = Bmax X/(X + Kd) for the data 
without competition or to a linear curve for the data with competi-
tion using the software SigmaPlot10.0. b Association and dissocia-
tion of R3/I5-S-CyOFP with living HEK293T cells overexpressing 
Luc-L8-[∆N33]RXFP3. The data were fitted to Y = Bmax(1 − e−kX) 
for association or Y =  Bmaxe

−kX for dissociation using the software 
SigmaPlot10.0. c Competition binding of R3/I5 and INSL5 with Luc-
L8-[∆N33]RXFP3 using R3/I5-S-CyOFP as a tracer. The nonspe-
cific binding was obtained by competition with 1.0 μM of R3/I5. The 
data were expressed as mean ± SE (n = 3) and fitted with sigmoidal 
curves using the software SigmaPlot10.0

▸
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various ligands with RXFP3. As shown in Fig.  3c, typi-
cal sigmoidal curves were obtained for both R3/I5 and 
INSL5, with calculated pIC50 values of 8.40 ± 0.04 for R3/
I5 and 6.96 ± 0.03 for INSL5. Thus, R3/I5 displayed ~30-
fold higher binding potency than INSL5 towards RXFP3 
measured by the BRET-based binding assay. This binding 
potency difference was highly consistent with the value 
measured using the conventional binding assay on intact 
human RXFP3 (Hu et  al. 2016a). Thus, binding poten-
cies of various ligands with RXFP3 could be conveniently 
measured by the novel BRET-based binding assay.

The BRET-based ligand-binding assay for RXFP3 is 
convenient for use because it has just two simple steps. 
First, cells overexpressing the NanoLuc-fused receptor 
were mixed with the CyOFP-conjugated tracer (with or 
without competitor) and then incubated for ~10 min. Sec-
ond, NanoLuc substrate was added and BRET data were 
measured on a plate reader. Owing to its simplicity, this 
binding assay can be easily adapted to automated high 
throughput screening using 96-well or 384-well plates. 
Thus, the BRET-based binding assay would facilitate inter-
action studies of RXFP3 with various ligands, such as char-
acterization of designed agonists/antagonists or screening 
of novel ligands.

Application of the engineered CyOFP to other 
BRET‑based binding assays

In the present study, we established a novel BRET-based 
ligand-binding assay for RXFP3 using the newly devel-
oped CyOFP as an efficient energy acceptor. The wild-type 
CyOFP has two intrinsic free Cys residues that can cause 
disulfide-linked aggregation and interfere with chemical 
conjugations based on thiol-disulfide exchange method-
ology. Thus, we generated an engineered CyOFP without 
the intrinsic Cys residues. The engineered CyOFP retained 
similar fluorescence properties to the wild-type protein, 
and thus it is a better version for BRET-based binding 
assays in future studies. To apply the engineered Cys-free 
CyOFP as an energy acceptor for the NanoLuc reporter, 
two approaches can be used to attach it to target molecules, 
such as proteins, peptides, carbohydrates or nucleic acids. 
One approach is chemical conjugation, that is, covalent 
crosslinking of the engineered CyOFP with purified tar-
get molecules through appropriate chemical reactions. The 
other approach is genetic fusion, that is, fusion of the engi-
neered CyOFP gene with the gene of the target protein/
peptide and overexpression of the fusion protein in suit-
able host cells. In future, the engineered Cys-free CyOFP 
will be widely used as an efficient energy acceptor for 
the NanoLuc reporter in various BRET-based interaction 
studies.
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