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Abstract

Relaxin family peptides perform a variety of biological functions by binding and activating relaxin family peptide receptor
1-4 (RXFP1-4), four A-class G protein-coupled receptors. In the present work, we developed a novel ligand binding assay
for RXFP3 and RXFP4 based on NanoLuc complementation technology (NanoBiT). A synthetic ligation version of the
low-affinity small complementation tag (SmBiT) was efficiently ligated to the A-chain N terminus of recombinant chimeric
agonist R3/I5 using recombinant circular sortase A. After the ligation product R3/I5-SmBiT was mixed with human RXFP3
or RXFP4 genetically fused with a secretory large NanoLuc fragment (sLgBiT) at the N terminus, NanoLuc complementation
was induced by high-affinity ligand—receptor binding. Binding kinetics and affinities of R3/I5-SmBiT with sLgBiT-fused
RXFP3 and RXFP4 were conveniently measured according to the complementation-induced bioluminescence. Using R3/
I5-SmBIiT and the sLgBiT-fused receptor as a complementation pair, binding potencies of various ligands with RXFP3 and
RXFP4 were quantitatively measured without the cumbersome washing step. The novel NanoBiT-based ligand binding assay
is convenient for use and suitable for automation, thus will facilitate interaction studies of RXFP3 and RXFP4 with ligands
in future. This assay can also be applied to some other plasma membrane receptors for pharmacological characterization of
ligands in future studies.
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Introduction

The relaxin family is a group of peptide hormones, including
relaxin, relaxin-3, and insulin-like peptide 3—6 (INSL3-6)
(Bathgate et al. 2013; Halls et al. 2015; Ivell et al. 2017,
Ma et al. 2017; Patil et al. 2017). These peptides perform a
variety of biological functions, such as regulating reproduc-
tion, food intake, stress responses, and glucose homeosta-
sis. To date, four relaxin family peptide receptors, namely
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RXFP1-4, have been identified, and all are A-class G pro-
tein-coupled receptors (GPCRs). Relaxin and INSL3 are
cognate agonists of the homologous RXFP1 and RXFP2,
respectively (Hsu et al. 2002; Kumagai et al. 2002), while
relaxin-3 and INSLS5 are cognate agonists of the homologous
RXFP3 and RXFP4, respectively (Liu et al. 2003b, 2005).
Relaxin-3 can also activate RXFP1 and RXFP4 in vitro with
high efficiency (Liu et al. 2003a; Sudo et al. 2003), but the
receptors of INSL4 and INSL6 remain unknown.

In recent studies, we developed novel bioluminescent
ligand binding assays for these relaxin family peptide recep-
tors using NanoLuc-based tracers (Hu et al. 2016b; Liu and
Guo 2016; Wang et al. 2017b; Wu et al. 2016; Zhang et al.
2013a). Using these binding assays, we studied the interac-
tion mechanism of RXFP3 and RXFP4 with their respec-
tive ligands, and developed novel agonists and antagonists
(Hu et al. 2016a, b, 2017; Liu et al. 2016; Wei et al. 2017).
However, these ligand binding assays require a cumbersome
washing step to remove unbound tracer before quantitation
of bound tracer. To exclude the time-consuming washing

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00726-018-2588-5&domain=pdf
https://doi.org/10.1007/s00726-018-2588-5

1112

M.-J. Hu et al.

step, in a recent study we developed a bioluminescence reso-
nance energy transfer (BRET)-based ligand binding assay
for RXFP3 using NanoLuc as an energy donor (Wang et al.
2017a). However, the BRET-based ligand binding assay also
has some problems, such as low energy transfer efficiency
and high background, especially for those receptors with
poor plasma membrane location.

In one recent study, NanoLuc binary technology (abbrevi-
ated as NanoBiT) was developed based on NanoLuc com-
plementation by splitting the brightest NanoLuc luciferase
at C-terminal region (Dixon et al. 2016). High luciferase
activity could be restored after the almost inactive large
NanoLuc fragment (designated as LgBiT) was comple-
mented with small complementation tags with either low
affinity (such as SmBiT) or high affinity (such as HiBiT).
The high-affinity HiBiT-LgBiT pair is suitable for quanti-
tation assays in living cells or in solution (Oh-Hashi et al.
2017; Sasaki et al. 2018; Schwinn et al. 2017), while the
low-affinity SmBiT-LgBiT pair is suitable for monitoring
dynamic interactions in living cells in a real-time manner
(Bodle et al. 2017; Dabo et al. 2017; Dixon et al. 2016;
Dupuis et al. 2017; Mo et al. 2017). In the present work, we
applied the low-affinity SmBiT-LgBiT pair to RXFP3 and
RXFP4, and developed a novel ligand binding assay for both
receptors. The novel NanoBiT-based ligand binding assay
is quick, simple, and suitable for automation, and thus will
facilitate interaction studies of both receptors with ligands
in future. The novel assay can also be applied to some other
plasma membrane receptors with at least one extracellular
terminus for pharmacological characterization of ligands in
future studies.

Materials and methods

Generation of expression constructs for secretory
LgBiT-fused RXFP3 and RXFP4

The DNA sequence encoding the secretory LgBiT (desig-
nated as sLgBiT) was chemically synthesized (GeneWiz,
Suzhou, China) according to the published DNA sequence
of LgBiT and the cDNA sequence of the signal peptide of
human interleukin-6. The resulting synthetic DNA frag-
ment was cleaved with restriction enzymes Nhel and Kpnl,
and ligated into pcDNAG6 vector to generate the interme-
diate construct pcDNA6/sLgBiT. The coding sequence of
human RXFP3 and human RXFP4 was either excised from
our previous construct or PCR amplified, and inserted into
pcDNAG6/sLgBiT pretreated with Kpnl and Agel, resulting
in the final pcDNA6/sLgBiT-RXFP3 and pcDNA6/sLgBiT-
RXFP4 constructs encoding N-terminally sLgBiT-fused
RXFP3 or RXFP4, respectively. The coding regions of sLg-
BiT-RXFP3 and sLgBiT-RXFP4 were confirmed by DNA
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sequencing, and their nucleotide and amino acid sequences
are shown in supplementary Fig. S1.

Preparation of peptides

The ligation version of SmBIiT (designated as SmBiT-srt)
with a sortase recognition motif at the C terminus was
chemically synthesized by solid-phase peptide synthesis
using standard Fmoc methodology (GL Biochem, Shanghai,
China). The ligation version of recombinant R3/I5 with four
successive Gly residues at the A-chain N terminus (desig-
nated as R3/15-4G) and other relaxin family peptides were
prepared by overexpression in Escherichia coli and subse-
quent in vitro refolding and enzymatic maturation according
to our previously described procedures (Luo et al. 2010;
Zhang et al. 2013b). All peptides were purified to homoge-
neity by high-performance liquid chromatography (HPLC)
using C18 reversed-phase columns (Zorbax 300SB-C18, 9.4
or 4.6 mm X 250 mm; Agilent Technologies, Santa Clara,
CA, USA) and confirmed by mass spectrometry.

Preparation of a circular sortase A by split
mini-intern-mediated peptide cyclization in E. coli

The gene encoding the split mini-intern derived from Syn-
echocystis sp. PCC6803 DnaB was chemically synthesized
(GeneWiz, Suzhou, China) according to the previously pub-
lished sequence (Williams et al. 2002) and unique cleavage
sites for EcoRI, Sacl, HindIII, and Notl were introduced
for insertion of target genes. After cleavage by restriction
enzymes Ndel and Xhol, the synthetic mini-intern gene was
ligated into a pET expression vector, resulting in the expres-
sion construct pET/intern. The coding region of the mini-
intern was confirmed by DNA sequencing, and its nucleotide
and amino acid sequences are shown in supplementary Fig.
S2.

The coding sequence of the N-terminally truncated
Staphylococcus aureus sortase A (residues 60-206) was
PCR amplified using our previous pET/srtA construct as
template (Wang et al. 2017b). After cleavage by restriction
enzymes EcoRI and Notl, the sortase gene was inserted
into the pET/intern construct pretreated with the same
restriction enzymes, resulting in the pET/intern-srtA con-
struct for overexpression of a circular sortase A in E. coli
as described previously (Zhulenkovs et al. 2014). Nucleo-
tide and amino acid sequences of the mini-intern-sortase A
fusion protein are shown in supplementary Fig. S2. There-
after, the pET/intern-srtA construct was transformed into
E. coli strain BL21(DE3) and the circular sortase A was
overexpressed following induction with 1.0 mM isopropyl
B-p-1-thiogalactopyranoside (IPTG) at 30°C overnight.
Thereafter, E. coli cells were harvested by centrifugation
(5000g, 10 min), resuspended in lysis buffer (20 mM sodium
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acetate, pH 4.5), and lysed by sonication. After centrifuga-
tion (10,000g, 30 min), the lysate supernatant was applied
to a cation ion-exchange column (SP-Sephadex) and the
fraction containing circular sortase A was eluted by 0.5 M
sodium chloride (in 20 mM sodium acetate, pH 4.5). The
eluted sortase fraction was dialysed against 20 mM Tris—HCl
buffer (pH 8.5) and applied to an anion ion-exchange column
(TSKgel DEAE-5PW, 7.5 mm X 75 mm; Sigma-Aldrich, St.
Louis, MO, USA). The circular sortase fraction was eluted
using a gradient of sodium chloride (in 20 mM Tris—HCI, pH
8.5) and confirmed by sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis (SDS-PAGE).

Preparation of SmBiT-ligated R3/I5 using circular
sortase A

Lyophilized R3/15-4G and SmBiT-srt were dissolved in liga-
tion buffer (100 mM Tris—HCl, 0.5 M urea, 5 mM CaCl,,
pH 7.4) at a final concentration of ~0.2 and ~0.15 mM,
respectively. To initiate ligation, recombinant circular
sortase A was added to a final concentration of ~40 pM,
and ligation was conducted at 30 °C overnight. Thereafter,
the reaction mixture was acidified to pH 3—4 by trifluoro-
acetic acid, applied to a C18 reversed-phase column (Zorbax
300SB-C18, 4.6 mm X 250 mm; Agilent Technologies), and
eluted by an acidic acetonitrile gradient. Eluted fractions
were manually collected, lyophilized, and analyzed by tri-
cine—SDS-PAGE and mass spectrometry.

NanoBiT-based ligand binding assays for RXFP3
and RXFP4

The expression constructs for sLgBiT-fused RXFP3 or
RXFP4 were transiently transfected into human embry-
onic kidney (HEK) 293T cells. After transfection for ~36 h,
cells were detached by gentle pipetting and suspended in
serum-free Dulbecco’s modified Eagle’s medium (DMEM).
For saturation and competition binding assays, living cells
were directly used as a receptor source. For kinetic binding
assays, the cell suspension was subjected to a short sonica-
tion (~30 s) and the cell homogenate was used as a recep-
tor source. The cell suspension or homogenate was placed
in a white opaque 96-well plate (25 pl/well, ~5 x 10* cells
or equivalent/well). For binding kinetic assays, the cell
homogenate was sequentially mixed with 1 pl of NanoLuc
substrate and 25 pl of binding solution (serum-free DMEM
plus 1% BSA) containing 20 nM of R3/15-SmBiT, and bio-
luminescence data were collected for 20-30 min on a Spec-
traMax M5 plate reader (Molecular Devices, Sunnyvale, CA,
USA) with an interval of 30 s. Thereafter, 1 pl of 50 uM R3/
I5 stock solution was added and bioluminescence data were
continuously collected for 50-65 min at an interval of 30 s.
For saturation binding assays, the cell suspension was mixed

with binding solution (25 pl/well) containing various con-
centrations of R3/I5-SmBiT. For competition binding assays,
the cell suspension was mixed with binding solution (25 pl/
well) containing a constant concentration of R3/I5-SmBiT
and various concentrations of competitor. After incubation
at 22°C for ~ 30 min, diluted substrate was added (5 pl/well)
and bioluminescence was measured on a SpectraMax M5
plate reader (Molecular Devices) in a luminescence mode.

Results

Preparation of SmBiT-ligated R3/I5
and complementation with sLgBiT-fused RXFP3
and RXFP4

To develop a NanoBiT-based ligand binding assay for
RXFP3 and RXFP4 (Fig. 1a), we attempted to attach the
low-affinity SmBIiT tag to the chimeric R3/I5 peptide, an
efficient agonist for both receptors. We first genetically fused
the SmBiT sequence to the A-chain N terminus of a single-
chain R3/I5 precursor. Unfortunately, the resultant precursor
could not be refolded in vitro after overexpression in E. coli,
suggesting the fused SmBiT tag is detrimental to foldability
of the precursor. Thus, we tried to attach a synthetic SmBiT
tag to mature recombinant R3/I5 using sortase-catalyzed
peptide ligation that was successfully employed in our pre-
vious study for rapid preparation of a bioluminescent tracer
(Wang et al. 2017b). A sortase recognition motif was intro-
duced to the C terminus of the SmBiT tag, and the resultant
SmBiT-srt was conveniently prepared using solid-phase pep-
tide synthesis (Fig. 1b). Four successive Gly residues and an
Arg-rich solubilising tag were introduced to the A-chain N
terminus of R3/I5, and the resultant R3/15-4G was prepared
through overexpression of a single-chain precursor in E. coli
and subsequent in vitro refolding and enzymatic maturation
according to our previous procedure (Fig. 1b). Sortase A
can recognize the LPRTG motif of the synthetic SmBiT-srt,
cleave the peptide bond between the Thr and Gly residues,
and form a transient thioester bond between the carboxyl
moiety of the Thr residue and the sulfhydryl moiety of its
active site Cys residue (Fig. 1c). Thereafter, amine moiety of
the first Gly residue of the recombinant R3/I5-4G can attack
the transient thioester bond, release free sortase, and form a
new peptide bond between the C-terminal Thr residue of the
synthetic SmBiT-srt and the A-chain N-terminal Gly residue
of R3/15-4G (Fig. Ic). As a result, the synthetic SmBiT-srt
was covalently attached to the A-chain N terminus of the
recombinant R3/I5-4G via a peptide bond (Fig. 1b). For effi-
cient catalysis of the peptide ligation, we prepared a circular
sortase A via split mini-intern-mediated peptide chain cycli-
zation in E. coli according to a previously reported proce-
dure (Zhulenkovs et al. 2014). The circular sortase A is more
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Fig.1 Development of the novel NanoBiT-based ligand binding
assay for RXFP3 and RXFP4. a Schematic presentation of the Nano-
BiT-based ligand binding assay. b Amino acid sequences of synthetic
SmBiT-srt, recombinant R3/I5-4G, and the ligation product R3/
15-SmBIT. The sequence of SmBiT is shown in pink, and the sortase
recognition motif in blue. The A-chain of human INSLS5 is shown in
green, and the B-chain of human relaxin-3 in red. The disulfide link-
ages are shown as lines. ¢ Mechanism for the sortase-catalyzed liga-
tion of the synthetic SmBiT-srt and the recombinant R3/15-4G. d
Purification of R3/I5-SmBiT by HPLC after enzymatic ligation. Inner

stable than the linear form, and thus remains active in the
presence of up to 2 M urea (Zhulenkovs et al. 2014). After
the synthetic SmBiT-srt and the recombinant R3/15-4G were
ligated by the recombinant circular sortase A, two major
peaks appeared on HPLC (Fig. 1d). Tricine—-SDS-PAGE
analysis (Fig. 1d, inner panel) revealed that the asymmetric
peak 1 was a mixture of the circular sortase A and unre-
acted R3/15-4G, while the symmetrical peak 2 was presum-
ably the ligation product R3/I5-SmBiT because it displayed
slightly lower mobility rate than R3/I5-4G. The identity of
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panel, tricine—-SDS-PAGE analysis of peak 1 and peak 2. After elec-
trophoresis, the gel was stained using Coomassie Brilliant Blue R250.
e Bioluminescence measured using living HEK293T cells overex-
pressing sLgBiT-fused RXFP3 or RXFP4 under different conditions.
The transfected cells were mixed with the indicated peptides and
incubated at room temperature for~30 min. After addition of Nano-
Luc substrate, bioluminescence was measured on a SpectraMax M5
plate reader under luminescence mode. Measured data are expressed
as mean =+ standard error (SE; n=3) (color figure online)

peak 2 was subsequently confirmed by mass spectrometry:
its measured molecular mass (8824.0) was consistent with
the theoretical value (8825.2) of the expected ligation prod-
uct (Fig. S3). Thus, the novel SmBiT-based R3/I5 tracer
could be conveniently prepared through sortase-catalyzed
peptide ligation.

To establish the NanoBiT-based ligand binding assay, the
receptors RXFP3 and RXFP4 were genetically fused with a
LgBiT harboring a human interleukin-6 signal peptide (des-
ignated as sLgBiT) for efficient extracellular translocation of
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the large LgBiT molecule. After the sLgBiT-fused RXFP3
and RXFP4 were transiently overexpressed in HEK293T
cells, the measured bioluminescence was very low after
addition of the NanoLuc substrate (Fig. le), confirming the
low activity of LgBiT itself. After addition of SmBiT-srt
(10 nM), the measured bioluminescence was not increased
(Fig. le), suggesting that SmBiT itself could not comple-
ment LgBiT at low concentrations due to its low affinity
with LgBiT. After addition of R3/I5-4G, the measured bio-
luminescence was again not increased as expected (Fig. le).
However, strong bioluminescence was detected after addi-
tion of R3/I5-SmBiT (Fig. le), suggesting that receptor
binding of R3/I5-SmBiT induced complementation of the
ligand-tagged SmBiT with the receptor-fused LgBiT due to
proximity effect (Fig. 1a). Moreover, complementation was
abolished by competition with high concentration (1000 nM)
of R3/15-4G (Fig. le), confirming that the observed com-
plementation effect was mediated by ligand—-receptor bind-
ing. In summary, ligand—-receptor binding-induced NanoLuc
complementation was successfully achieved between R3/
I5-SmBIT and sLgBiT-fused RXFP3 and RXFP4.

Binding kinetics of R3/15-SmBiT with sLgBiT-fused
RXFP3 and RXFP4

As discussed above, binding of R3/I5-SmBiT with sLgBiT-
RXFP3 and sLgBiT-RXFP4 restored high NanoLuc activ-
ity. According to the complementation-induced biolumi-
nescence, we determined binding kinetics of R3/I5-SmBiT
with the sLgBiT-fused receptors. In the kinetic assays, we
used cell homogenate instead of living cells because the
sLgBiT-fused receptors would be internalized after bind-
ing the tracer, and would, therefore, not be displaced by
the competitor in the dissociation phase. After addition of
R3/15-SmBIT (final concentration of 10 nM) into the cell
homogenate containing overexpressed sLgBiT-RXFP3, the
measured bioluminescence increased quickly, reaching a pla-
teau within 20 min with a calculated half-life of ~2.6 min
(Fig. 2a). After addition of R3/I5 to a high concentration
(1 pM), the measured bioluminescence decreased slowly
due to displacement of the receptor-bound R3/I5-SmBiT by
the competitor, with a half-life of ~ 19 min (Fig. 2a). The
data were fitted well by the association/dissociation func-
tions, implying that the R3/15-tagged SmBiT could comple-
ment the RXFP3-fused LgBiT rapidly after ligand-receptor
binding.

After R3/I5-SmBiT (final concentration of 10 nM) was
added to the cell homogenate containing overexpressed sLg-
BiT-RXFP4, the measured bioluminescence increased slowly,
reaching a plateau within 30 min with a half-life of ~8 min
(Fig. 2b). The association data for sLgBiT-RXFP4 displayed
a short delay, and did not fit well to the association func-
tion. This might be caused by a slow complementation of the
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Fig.2 Binding kinetics of R3/I5-SmBiT with sLgBiT-RXFP3 (a)
and sLgBiT-RXFP4 (b). NanoLuc substrate and R3/I5-SmBiT were
added to the homogenate of HEK293T cells transiently overexpress-
ing sLgBiT-fused receptor and bioluminescence was measured on a
SpectraMax M5 plate reader with an interval of 30 s. For dissocia-
tion measurement, competitor R3/I5 was added and bioluminescence
was continuously measured with an interval of 30 s. Association data
were fitted to Y=B,,,.(1 — ¢™), and dissociation data were fitted to
Y=B, e, using SigmaPlot 10.0 software

max’

R3/15-tagged SmBiT with the RXFP4-fused sLgBiT after
ligand-receptor binding, because the extracellular N-terminal
domain of RXFP4 is much shorter than that of RXFP3. After
addition of a high concentration (1 pM) of competitor, bio-
luminescence decreased slowly, with a half-life of ~58 min
(Fig. 2b). In summary, binding of the SmBiT-based R3/15
tracer to the sLgBiT-fused receptors could be conveniently
monitored using the NanoLuc complementation approach.

Binding affinities of R3/15-SmBiT with sLgBiT-fused
RXFP3 and RXFP4

According to the complementation-induced biolumi-
nescence, we measured receptor binding affinities of R3/
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Fig.3 Saturation binding of R3/I5-SmBiT with sLgBiT-RXFP3 (a)
and sLgBiT-RXFP4 (b). Various concentrations of R3/I5-SmBiT
were mixed with living HEK293T cells transiently overexpress-
ing sLgBiT-RXFP3 or sLgBiT-RXFP4. After incubation at 22 °C
for~30 min, bioluminescence was measured on a SpectraMax M5
plate reader after addition of NanoLuc substrate. Nonspecific bind-
ing data were obtained by competition with 1.0 pM of R/IS. The
measured data are expressed as mean + SE (n=23) and were fitted to
Y=B,,X/(X+Ky+NX for total binding, Y=B,_, X/(X+K,) for spe-
cific binding, and Y=N/X for nonspecific binding, using SigmaPlot
10.0 software

I5-SmBIT through saturation binding assays using living
HEK?293T cells transiently overexpressing sLgBiT-RXFP3
or sLgBiT-RXFP4 as a receptor source. As the concentration
of R3/I5-SmBIiT was increased, measured bioluminescence
increased in a typical saturation manner (Fig. 3). The meas-
ured data were fitted well to one-site binding model, with
a calculated dissociation constant (K;) of 0.70 + 0.04 nM
(n=3) for RXFP3 and 2.77 + 0.22 nM (n=3) for RXFP4.
These K, values measured by the NanoLuc complementa-
tion approach are slightly lower than previous values meas-
ured using the NanoLuc-based bioluminescent tracer or
the BRET approach (Wang et al. 2017a, b), since binding
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Fig.4 NanoBiT-based competition binding assays for RXFP3 (a)
and RXFP4 (b). Nonspecific data were obtained by competition with
1.0 pM of R3/I5. Measured data are expressed as mean + SE (n=3)
and fitted to sigmoidal curves using SigmaPlot 10.0 software. The
calculated pICsy, values are listed in Table 1

between the ligand-tagged SmBiT and the receptor-fused
sLgBiT also contributes to the total binding affinity. Moreo-
ver, nonspecific binding measured by the complementation
approach was very low, which would benefit its use in com-
petition binding assays.

NanoBiT-based competition binding assays
for characterization of various ligands

Since R3/I5-SmBIiT could bind the sLgBiT-fused recep-
tors in a reversible manner with high affinity, we estab-
lished competition ligand binding assays using this com-
plementation pair for characterization of various ligands for
RXFP3 and RXFP4. Using R3/I5-SmBiT as a tracer and
living HEK293T cells transiently overexpressing sLgBiT-
fused RXFP3 or RXFP4 as a receptor source, sigmoidal
competition curves were obtained for different ligands



Development of a novel ligand binding assay for relaxin family peptide receptor 3 and 4 using...

117

Table 1 Summary of binding

X ; € Ligands RXFP3 RXFP4
potencies of some ligands with
RXFP3 and RXFP4 NanoBiT? Bioluminescent tracer” NanoBiT? Bioluminescent tracer”
R3/15 8.76 + 0.08 8.38 + 0.05 8.72 + 0.09 8.27 + 0.05
(1.73 £ 0.29)° 4.16 £ 0.51)¢ (1.90 + 0.36)° (5.37 £ 0.65)°
[100]¢ (10074 [100}¢ [100]¢
R3/15-4G 9.02 + 0.07° 8.36 + 0.05° 8.92 + 0.08° 8.26 + 0.05°
(0.95 +£0.14) (4.36 + 0.53) (1.20 + 0.20) [5.49 +0.67]
[170] [95] [158] [98]
INSL5 7.04 + 0.06 7.14 +0.05 8.25 +0.10 7.81 +0.04
912 +11.8) (724 +£ 8.9) (5.62 +£1.16) (155+1.4)
[1.9] [5.7] [34] [35]

“The data are measured by the present NanoBiT-based ligand binding assay

The data are measured by bioluminescent ligand binding assay using NanoLuc-ligated R3/I5 tracer and
cited from our previous study (Wang et al. 2017b)

“Calculated ICs, values in unit of nanomolar are listed in parentheses

dRelative activity (%) compared with wild-type R3/I5 are listed in brackets

°The data are measured using the present version of R3/I5-4G with an A-chain N-terminal extension of

GGGGRRGRRSRRSR

The data are measured using a previous version of R3/I5-4G with an A-chain N-terminal extension of
GGGGSGGRRSRRSR, thus the two R3/15-4G versions had slightly different activities

(Fig. 4). The pICs values, indicating the receptor binding
potencies of different ligands, were calculated from these
binding curves (Table 1). The measured pICs, value for
R3/15-4G was similar to that of wild-type R3/I5 for both
RXFP3 and RXFP4, hence they displayed similar binding
potency towards RXFP3 and towards RXFP4. However,
INSLS displayed ~ 50-fold lower binding potency towards
RXFP3, but displayed only ~ threefold lower binding potency
towards RXFP4, compared with wild-type R3/I5. As shown
in Table 1, the present data measured by the NanoBiT-based
binding assay were consistent with our previous results
measured by conventional receptor binding assays using
NanoLuc-based bioluminescent tracer (Wang et al. 2017b).
Thus, the NanoBiT-based binding assay could sensitively
discriminate the binding potency of various ligands for
RXFP3 and RXFP4 and, therefore, represents a novel ligand
binding assay for characterization of various ligands.

Discussion

In the present study, we developed a novel NanoBiT-based
ligand binding assay for G protein-coupled receptors RXFP3
and RXFP4. The novel assay involves two simple steps with-
out the cumbersome and time-consuming washing proce-
dure, as follows: (1) SmBiT-based tracer and competitor
were mixed with cells overexpressing LgBiT-fused receptor
and incubated for a short time (~30 min); (2) NanoLuc sub-
strate was added and bioluminescence measured on a plate
reader in a luminescence mode. Thus, the NanoBiT-based

ligand binding assay is convenient for use and suitable for
automation.

In future studies, the NanoBiT-based ligand binding assay
can be applied to some other plasma membrane receptors
with at least one extracellular terminus for genetic fusion
with LgBiT. To establish the NanoBiT-based binding assay,
the large LgBiT should be genetically fused to the extracel-
lular terminus of the receptor with an appropriate linker,
ensuring that the fused LgBiT has an extracellular location
and good flexibility. For example, a secretory LgBiT can be
fused at the N terminus of a GPCR, since all GPCRs have
an extracellular N terminus and an intracellular C terminus.
On the other hand, the small SmBiT tag should be attached
to an appropriate position of the ligand with an appropri-
ate linker, ensuring that the tag has a good flexibility, but
no serious detrimental effect on ligand-receptor binding.
For protein or peptide ligands, the SmBiT tag can either be
genetically fused at one terminus, or chemically/enzymati-
cally attached to an appropriate site. Given its small size (13
amino acids, ~ 1.3 kDa, similar to some fluorescent dyes),
SmBiT might also be attached to nonpeptidic hormones
through an appropriate approach. Essentially, if significant
NanoLuc complementation is induced by ligand—receptor
binding between the LgBiT-fused receptor and the SmBiT-
tagged ligand, a NanoBiT-based ligand binding assay could
be developed using this complementation pair.
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