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ABSTRACT: GPR120 is a novel target for the treatment of metabolic
disease and type 2 diabetes. The small-molecule fluorescent probe could
help us locate GPR120 visually and guide in-depth study of GPR120. In
this study, we synthesized six nonacidic sulfonamide fluorescent probes
and tested their optical and biological properties. Compared to previous
probes for GPR120, these probes, with sulfonamide structure, have high
selectivity on GPR120. We used these probes to establish a BRET
binding assay system to screen agonists and antagonists of GPR120. It is
expected that these novel fluorescent probes may become useful tools in
studying pharmacology and physiology of GPR120.

GPR120 [G protein-coupled receptor 120, also known as
free fatty acid receptor 4 (FFA4), which is targeted by

long-chain fatty acids,1 was first found to be a potential
antidiabetic target in 2005 to treat type 2 diabetes mellitus.2 At
the tissue level, GPR120 is expressed mainly in the liver,3

lung,2 intestine,4 and adipose tissue.3 However, at the cellular
level, GPR120 is mainly distributed in macrophages, taste cells,
enteroendocrine cells, and adipose cells.2,5 A previous study
showed that the activation of GPR120 could promote the
secretion of insulin,6 regulate hormone secretion in the
pancreas and gastrointestinal tract, adjust lipid and glucose
metabolism in adipose tissue,7 reduce inflammation in
macrophages, and induce the secretion of cholecystokinin
(CCK) and glucagon-like peptide-1 (GLP-1) in the
endothelium cells of the intestine.2,8−10

So far, carboxylic probes11 were found to be intrinsically
active on G protein-coupled receptor 40 (GPR40) because the
pharmacophore was similar to that of free fatty acids.1,12 To
study the mechanism of GPR120 in more depth and conduct
drug screens more easily, we aimed to synthesize small-
molecule fluorescent probes tracing GPR120 with high
selectivity for GPR120. First, we searched for novel structures
as the pharmacophore. Compounds that bind to GPR120 can
be divided into two categories, carboxylic acids and
sulfonamides, respectively. TUG-119713 and GSK137647A14

are nonacidic sulfonamide GPR120 agonists. TUG-1197
showed a pEC50 of 6.91 ± 0.04 in the β-arrestin-2 assay and
an EC50 of 234 nM in the Ca2+ assay on GPR120, which
showed no activity at GPR40.13 GSK137647A was evaluated to
provide at least 100-fold selectivity on GPR120 against
GPR40.14 To date, TUG-1197 has been used in vivo in

rodents to study insulin sensitivity and glucose metabolism.
Because of poor solubility and uncertainty of the combination
pocket, GSK137647A had not yet been used for in vivo
experiments. Considering pharmacokinetic and pharmacody-
namics properties, we choose to modify TUG-1197 as the
pharmacophore.
Naphthalimides15 and coumarin groups16−18 were fluoro-

phore groups. The fluorescence intensity of them varied greatly
in different polar environments. Their reasonable fluorescent
properties enabled them to serve as fluorophores to locate and
trace GPR120 when probes bind to the hydrophobic site.
Subsequently, two series of fluorescent agonists were
synthesized and characterized (Scheme 1).
Once binding occurred to the key anchoring point of

GPR120, the fluorescence intensity of probes increased
significantly, allowing the probes to be conveniently applied
to the localization, visualization, and real-time monitoring.
Bioluminescence resonance energy transfer (BRET) was used
to measure the binding affinity between GPCRs (G protein-
coupled receptors) and compounds.19 Because the values used
are ratios, the BRET binding assay can avoid background
effects. Therefore, we selected probes to establish a screening
assay for GPR120 with the BRET assay, where DeepBlue C is
the substrate.20
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■ EXPERIMENTAL SECTION
Synthesis. The fluorescent probes N1−N3 and X1−X3

were synthesized (as shown in Scheme 1). The benzosultam
intermediate 1, obtained from saccharin, typically goes through
Ullmann coupling to give intermediate 2.13 Another diaryl
ether bond was formed by Ullmann reaction. X1−X3 was
obtained after reduction and ammonolysis. (More details can
be found in Schemes S1−S4, Supporting Information.)
Optical Property Evaluation for Probes. Probes were

completely dissolved in dimethyl sulfoxide (DMSO) as stock
solution (40 mM). The stock solution was blended with
phosphate buffered saline (PBS, pH 7.4). The fluorescence
spectra and UV absorbance spectra were scanned in PBS (10
μM). Moreover, we confected solutions with different solvents
including water, DMSO, methanol, acetonitrile, dichloro-
methane (10 μM), and solutions by concentration gradients
of probes in PBS (pH 7.4). Their excitation and emission
spectra were measured by an Edinburgh Instruments FLS920
spectrofluorometer.
BRET-Based β-Arrestin-2 Activity Assay. 21 HEK293

cells were encoded with plasmids GPR120-YFP and β-arrestin-
2-Rluc. Cells were cultured at 37 °C for 24 h before use. After
the cells were washed with Hank’s Balanced Salt Solution
(HBSS), 100 μL of coelenterazine (5 μM) and probes were
added. After 2 min of Co-incubation, the fluorescence intensity
of the solution at 460 and 520 nm was measured by a
POLARstar Omega microplate reader.
Calcium Flux Activity Assay.22 The expriment was

conducted using HEK293 cells stably transfected by plasmids
GPR120-Rluc. Cells were incubated in a 96-well black plate (2
× 104) for 24 h. After the medium was extracted from each
well, Fluo3-AM (a calcium indicator) operating fluid (4 μM),

was added (40 μL each well) and cultured in the incubator for
15 min. Different concentrations of compounds were prepared
in HBSS and then were added into the plate (160 μL each
well). The plate remained in the incubator for 20 min and was
washed by (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid) (HEPES). After 200 μL of HEPES was added, the
plate was read by a POLARstar Omega microplate reader at
530 nm (Ex 480 nm).
In another experiment, CHO cells encoded with plasmids

GPR40 were cultured. The activity of compounds TAK875,
L6, N3, and X1 were measured. TAK875 was the agonist of
GPR40.23 L6 was the carboxylic probe of GPR120. The
procedure was the same as that used above.

Cytotoxicity Assay. CCK-8 assay was used to obtain IC50
of probes cultured with HEK293 cells and PC-3 cells. Cells
were added in 96-well plates (100 μL, 1 × 105 each well) and
incubated for 24 h. One hundred microliters of concentration
gradients of probes in medium (without FBS (fetal bovine
serum)) was added into plates and the plates were incubated
for another 24 h. Finally, the medium was replaced by CCK-8
working solution. After incubation for 1 h, the absorbance was
measured by a POLARstar Omega microplate reader.

Fluorescence Imaging and Monitoring. HEK293 cells
and PC-3 cells were cultured in a confocal dish (1 mL, 3 ×
103) for 18 h. After the medium was poured into culture
dishes, probes in medium without FBS were added (1 mL, 200
nM). After incubation for 10 min, the confocal dish was
observed by an inversion fluorescence microscope. To monitor
internalization of GPR120, we observed the confocal dishes
(N3 and X1) in real time.

Saturation BRET Binding Experiments. The cell
membrane proteins of GPR120-Rluc stable transfected
HEK293 cells were prepared. Membrane was preserved in
Tris-HCl assay buffer (1 mM MgCl2, 10 mM KCl, pH 7.4).
The membrane was co-incubated with a different concen-
tration of N3 (or X1) for 40 min. After addition of DeepBlue
C (1 μM) for 2 min, the plate was detected at 420 and 520 nm
for N3 (420 and 460 nm for X1). An excess amount of TUG-
1197 (10 μM) was added in nonspecific binding groups.

Kinetic BRET Binding Experiment. In the kinetic BRET
binding experiment, cell membrane was collected in the same
manner as the equilibrium assay and was added to 96-well
black plates with DeepBlue C. After co-incubation for 5 min at
37 °C, the BRET value was monitored by the microplate
reader at 30 s intervals for 1 min. Association experiments were
initiated by adding N3 (or X1), 50 nM concentration. After
the values were scanned at 30 s intervals for 5 min, dissociation
experiments were conducted by adding TUG-1197 (5 μM).
The reading was continued at 30 s intervals for 35 min.

Scheme 1. Design of Fluorescent Probes for GPR120

Table 1. Spectroscopic Properties and Pharmacologic Properties

GPR120c IC50
d (μM)

probe λabs (nm) λex (nm) λem (nm) SSa Φb β-Arr.pEC50 Ca2+.pEC50 HEK293 PC-3

N1 448 415 530 115 nm 4.61% 5.25 ± 0.23 4.97 ± 0.27 52.0 ± 7.5 444 ± 4.6
N2 449 420 525 105 nm 3.00% 5.70 ± 0.16 5.15 ± 0.09 51.7 ± 4.8 169 ± 1.1
N3 449 415 530 115 nm 4.51% 5.85 ± 0.28 5.36 ± 0.09 313 ± 1.3 303 ± 3.1
X1 427 415 475 60 nm 7.54% 5.67 ± 0.28 5.12 ± 0.20 160 ± 1.2 226 ± 2.9
X2 434 410 470 60 nm 10.5% 5.22 ± 0.36 4.88 ± 0.23 514 ± 1.8 137 ± 2.9
X3 433 410 470 60 nm 9.18% 5.12 ± 0.28 4.76 ± 0.25 541 ± 1.3 198 ± 3.1

aSS, Stokes shift. bΦ, absolute quantum yield in PBS buffer. cBiological activity obtained by β-arrestin-2 activity assay and calcium flux activity
assay. dIC50 value was obtained from CCK-8 assay.
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Displacement BRET Binding Assays. Cell membrane
was collected in the same manner as above. Test compounds
were configured in different concentrations by assay buffer (10
mM KCl, 1 mM MgCl2, 50 mM Tris-HCl, pH 7.4). A
suspension composed of 50 nM probes, 0.15 mg/mL
membrane, and test compounds was added to 96-well black
plates (100 μL each well). After the plates were shaken in a
thermostatic oscillator at 37 °C for 40 min, DeepBlue C was
added to the plates (1 μM final concentration). After
incubation for 5 min, fluorescence intensity was detected at
420 and 520 nm for N3 (420 and 460 nm for X1).

■ RESULTS AND DISCUSSION
Optical Property Evaluation for Probes. The optical

properties including fluorescence spectra, ultraviolet spectrum,
and the relative quantum yield are shown in Table 1.
As predicted, the maximum UV absorption of these probes

was in the range of 425−450 nm. Moreover, the fluorescent
emission wavelength of N1−N3 was in the green range at
525−530 nm, while X1−X3 was in the blue range at 470−475
nm (details in Figure S1). The excitation wavelength of probes
was in the range of 410−420 nm. The minimum Stokes shift in
the biological system was 30 nm; if Stokes shift is less than 30
nm, the fluorescence excitation and emission spectrum will
seriously interfere with each other. Because the Stokes shift of
these probes was at least 60 nm, each probe can avoid the
interference of the excitation light on the emitted light. To
obtain the relative quantum yield, fluorescein sodium was used
as a control group. The relative quantum yield of probes was
observed at about 5%.
By measuring the fluorescence spectra of compounds at

different concentrations, we found the fluorescence intensity of
probes increased with increasing concentration (Figure S2). In
the fluorescence spectra of compounds in different solvents,
fluorescent intensity of X1−X3 was enhanced dramatically in
low polar solvent compared to that in H2O (Figure S3).
Moreover, fluorescent intensity of N1−N3 in different solvents
caused a great difference. These results indicated that the
fluorescence changed when probes bound to GPR120.
Pharmacologic Properties. In cytotoxicity assay, the

CCK-8 assay was used to measure the cytotoxicity of probes in
HEK-293 cells and PC-3 cells. Subsequently, HEK-293 cells
and PC-3 cells would be applied in follow-up experiments. As
is shown in Table 1, IC50 of each probe was at least 51.7 ± 4.8
μM after 24 h incubation, which indicated that each probe
represented acceptable cytotoxicity in two cell lines. Overall,
the cytotoxicity of probes was negligible in follow-up assays
because experiment duration was less than 3 h.
In biological activity assay, BRET-based β-arrestin-2 activity

assay and calcium flux activity assay were conducted. The
result is shown in Table 1. TUG-1197 exhibited pEC50 of 6.20
± 0.20 in the β-arrestin-2 assay and 6.10 ± 0.27 in the Ca2+

assay. There was no significant decrease in the activity of the
probe compared to that of TUG-1197. The results of probes
activity is basically the same between two assays. N3 and X1
stood out as the most potent GPR120 fluorescent agonists in
respective series.
In target selection experiment, because carboxylic agonists

responded to GPR40, the activity of probes on GPR40 was
used to reflect the selectivity of GPR120. The substances in the
experiment proved to have little effect on the result (Figure
S4). The result is shown in Figure 1, N3 and X1 showed little
fluorescent signal compared to L6. The result showed that

sulfonamide probes had higher selectivity on GPR120 over
carboxylic compounds.

Fluorescence Imaging and Monitoring. In cell-imaging
experiments, studies were conducted using living cells.
HEK293 cells were designed as a positive group and
GPR120 was distributed on cell membrane, while PC-3 cells
were a negative group. The cell-imaging result (Figure 2,

Figures S5 and S6) showed that, after the addition of probes,
fluorescence was observed on the membrane of HEK293 cells.
In PC-3 cells, there was no fluorescence observed. Cell imaging
proved preliminarily that probes can localize GPR120
expressed on HEK293 cells. In monitoring internalization
assay, fluorescence was expanded from cell membrane to
cytoplasm over time and fluorescence intensity increased
gradually after addition of N3 (or X1). The result proved that
GPR120 entered cells after agonist activation. It showed that
probes could be utilized in GPR120 biological mechanisms by
real-time monitoring. Nevertheless, the experiment could not
maintain the environment at 37 °C, 5% CO2; the state of the
cells deteriorated gradually (Figures S7 and S8).

BRET Assay Based on Probes. For BRET assay, GPR120
was transfected with Renilla luciferase (Rluc) expressing in
HEK293 cell. Rluc, a bioluminescent enzyme, can oxidize its
substrates and exhibit fluorescence. Moreover, DeepBlue C
was selected as the substrate of Rluc. Therefore, when probes
bound to GPR120-Rluc, energy transfer occurred between
Rluc and the probe at 420 nm after addition of DeepBlue C
(Figure 4).
In saturation BRET binding experiments, after N3 (or X1)

bound to cell membrane to saturation, BRET value increased
as the concentration of probes increased because of nonspecific
binding (Figure 3). The saturation assay was conducted to
obtain KD = 10.17 ± 3.01 nM for N3 and KD = 10.04 ± 3.76

Figure 1. Ca2+ response by compounds L6, N3, X1, and TAK875 in
CHO cells expressing GPR40 transiently.

Figure 2. Exposure time kept pace with 300 ms. The fluorescent
imaging was performed and processed in the GFP channel, objective
lens, 63×, in Zeiss Axio Observer A1. (A) Imaging result of N3 (200
nM) in HEK293 cells. (B) Imaging result of X1 (200 nM) in PC-3
cells. (C) Imaging result of N3 (200 nM) in PC-3 cells. (D) Imaging
result of X1 (200 nM) in PC-3 cells.
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nM for X1. By modeling of the computation using Graphpad
Prism 5, effect of nonspecific binding could be ignored when
the concentration of N3 was less than 90.5 nM and X1 was less
than 82.6 nM.
In kinetic BRET binding experiments, the off and on rates

were established to be kon = 8.73 × 10̂7 ± 3.26 × 10̂7 min−1

M−1, koff = 0.141 ± 0.0109 min−1 for N3 and kon = 8.14 × 10̂7

± 5.12 × 10̂7 min−1 M−1, koff = 0.431 ± 0.0442 min−1 for X1.
The koff and kon values yielded a Kd value of 1.6 nM for N3 and
5.3 nM for X1 (Figure 4).

In displacement BRET binding assay, we chose some
representative compounds. TUG-891 was a carboxylic
GPR120 agonist, GSK137647A and TUG-1197 were sulfona-
mide GPR120 agonists, AH-7614 was a sulfonamide GPR120
antagonist, and GW9508 was a carboxylic GPR40 agonist.
Compounds could reduce BRET value by a competition
binding assay in the presence of probes. As is shown in Table
2, the obtained Ki value was exhibited, which was similar to the

theoretical activity value acquired by calcium flux activity assay
(response curves in Figures S9 and S10). The result showed
that this displacement BRET binding assay could be used as a
high-throughput screening method of GPR120 chemical
library.

■ CONCLUSION
In this study, we designed and synthesized six small-molecule
sulfonamide fluorescent probes for GPR120, which exhibited
high selectivity for GPR120. These probes possessed good
optical properties and low cytotoxicity and had high biological
activity for GPR120. The probes could be used in localization
and visualization of GPR120 in living cells. With the BRET-
based binding assay, we could know the thermodynamic and
kinetic parameters of probes N3 and X1. Moreover, the BRET-
based binding assay with molecules N3 and X1 for high-
throughput screening had been established successfully to seek
various agonists and antagonists of GPR120. It is expected that
these probes can be used in further research for molecular
pharmacology and drug discovery of GPR120.
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