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BACKGROUND AND PURPOSE
The free fatty acid FFA1 receptor and GPR120 are GPCRs whose endogenous ligands are medium- and long-chain FFAs, and
they are important in regulating insulin and GLP-1 secretion respectively. Given that the ligands of FFA1 receptor and GPR120
have similar properties, selective pharmacological tools are required to study their functions further.

EXPERIMENTAL APPROACH
We used a docking simulation approach using homology models for each receptor. Biological activity was assessed by
phosphorylation of ERK and elevation of intracellular calcium ([Ca2+]i) in cells transfected with FFA1 receptor or GPR120.
Insulin secretion from murine pancreatic beta cells (MIN6) was also measured.

KEY RESULTS
Calculated hydrogen bonding energies between a series of synthetic carboxylic acid compounds and the homology models
of the FFA1 receptor and GPR120, using docking simulations, correlated well with the effects of the compounds on ERK
phosphorylation in transfected cells (R2 = 0.65 for FFA1 receptor and 0.76 for GPR120). NCG75, the compound with the
highest predicted selectivity for FFA1 receptors from this structure-activity relationship analysis, activated ERK and increased
[Ca2+]i as potently as the known FFA1 receptor-selective agonist, Compound 1. Site-directed mutagenesis analysis based on
the docking simulation showed that different amino acid residues were important for the recognition and activation by FFA1
receptor agonists. Moreover, NCG75 strongly induced ERK and [Ca2+]i responses, and promoted insulin secretion from MIN6
cells, which express endogenous FFA1 receptors.

CONCLUSION AND IMPLICATIONS
A docking simulation approach using FFA1 receptor and GPR120 homology models could be useful in predicting FFA1
receptor-selective agonists.

Abbreviations
a-LA, a-linolenic acid; [Ca2+]i, intracellular calcium concentration; Compound 1, 3-{4-(3-phenoxybenzyloxy)
phenyl}hex-4-ynoic acid; DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal bovine serum; FFA, free fatty acid;
MEDICA 16, 3,3,14,14-tetramethylhexadecanedioic acid; MIN6, murine pancreatic beta cell line; NCG 75,
12-(phenyl-2-pyridinylamino) dodecanoic acid; SAR, structure–activity relationship
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Introduction

The free fatty acids (FFAs) are not only essential nutritional
components, but they also function as signalling molecules,
activating specific receptors. One of these, the FFA1 receptor,
was previously designated as an orphan receptor, GPR40
(receptor nomenclature follows Alexander et al., 2011). The
FFA1 receptor is a GPCR activated by medium- to long-chain
fatty acids and expressed abundantly in pancreatic beta cells,
where it mediates the FFA-enhanced, glucose-stimulated,
secretion of insulin (Briscoe et al., 2003; Itoh et al., 2003;
Poitout, 2003; Steneberg et al., 2005; Feng et al., 2006; Stod-
dart et al., 2008). Based on this role in insulin secretion, the
FFA1 receptor has received increasing attention as an attrac-
tive drug target in type 2 diabetes (Milligan et al., 2006;
Hirasawa et al., 2008; Suzuki et al., 2008). GPR120 is another
GPCR whose endogenous ligands are medium- to long-chain
FFAs (Hirasawa et al., 2005). Although human FFA1 receptor
share only 10% amino acid identity with human GPR120, the
properties of their endogenous ligands (FFAs) are very similar
(Itoh et al., 2003; Hirasawa et al., 2005) and many synthetic
ligands of FFA1 receptor (Briscoe et al., 2003; Tikhonova et al.,
2007; Bharate et al., 2008; Davi and Lebel, 2008; Hirasawa
et al., 2008; Hara et al., 2009a; Sasaki et al., 2011) interact
with GPR120 as well. Therefore, for further pharmacological
analysis of these long-chain FFA receptors, the development
of new ligands, selective for each receptor, is required.

Given that GPCRs are integral membrane proteins, the
experimental determination of their tertiary structure is
highly challenging. Detailed structural information about
specific receptors can be inferred by homology from the
recently defined higher resolution structures of GPCRs
(Kobilka, 2007; Rosenbaum et al., 2009). In recent years,
homology models of GPCRs that are based on the template
structure of bovine rhodopsin have been successfully utilized
for structure-based virtual screening for drug discovery (Rade-
stock et al., 2008; Sun et al., 2010). We have recently suc-
ceeded in identifying agonists of GPR120 using docking
simulation in a GPR120 homology model and demonstrated
the usefulness of this approach to predict the agonist activity
of compounds (Sun et al., 2010). Furthermore, Tikhonova
et al. reported a homology model for the FFA1 receptor and
used the model to identify residues that are important for
agonist recognition and the activation of these receptors
(Sum et al., 2007; Tikhonova et al., 2007). However, it
remained unclear whether such an approach could be applied
to the development of agonists that were selective for one of
the two FFA receptors with similar pharmacological proper-
ties. Hence, in the present study, we investigated whether
docking simulation using both the FFA1 receptor and
GPR120 homology models might be useful in predicting the
FFA1 receptor-selective agonist activity of a range of synthetic
compounds.

Methods

Compounds
We examined NCG75(12-(phenyl-2-pyridinylamino) dodeca-
noic acid), together with 46 other synthetic carboxylic acid

derivatives (denoted as NCG-II compounds and shown in
Table 1). Some of the NCG-II compounds (30 compounds)
have been reported previously (Sun et al., 2010). a-
Linolenic acid (a-LA) and MEDICA 16 (3,3,14,14-
tetramethylhexadecanedioic acid) were purchased from
Sigma (St. Louis, MO, USA). GW9508 (4-[[(3-phenoxyphenyl)
methyl]amino]benzenepropanoic acid) was synthesized
according to the previously reported procedure (Garrido
et al., 2006) and was purchased from Namiki Shoji Co., Ltd.
(Tokyo, Japan). Compound 1 (3-{4-(3-phenoxybenzyloxy)
phenyl}hex-4-ynoic acid) was synthesized according to the
previously filed patent application (Akerman et al., 2005). All
compounds were dissolved in dimethyl sulfoxide (DMSO) in
stock solutions of 100 mM and stored at -20°C.

Cell lines
We used an inducible and stable human embryonic kidney
(HEK293) cells expressing FFA1 receptors (T-REx FFA1) and
cells expressing GPR120 (Flp-in GPR120), which were estab-
lished previously (Hara et al., 2009b). T-REx FFA1 and Flp-in
GPR120 cells were cultured as described previously (Hirasawa
et al., 2005; Hara et al., 2009b). Briefly, T-REx FFA1 cells were
cultured in DMEM supplemented with 10% FBS, 100 mg·mL-1

hygromycin (Invitrogen, Carlsbad, CA, USA) and 10 mg·mL-1

blasticidin S. Flp-in GPR120 cells were cultured in DMEM
supplemented with 10% FBS and 100 mg·mL-1 zeocin. The
murine pancreatic beta cell line (MIN6 cells) was maintained
in DMEM (high glucose) containing 10% FBS, 60 mM
b-mercaptoethanol, 100 U·mL-1 penicillin and 100 mg·mL-1

streptomycin. All cells were grown at 37°C in a humidified
atmosphere of 5% CO2/95% air.

Site-directed mutagenesis
Site-directed mutagenesis was performed using the Quik-
Change II XL mutagenesis kit (Stratagene, La Jolla, CA, USA).
Sequences on the promoter and the full insert in all con-
structs were verified by sequencing.

siRNA transfection
Cells were grown in antibiotic-free medium for 24 h and
transfected with 60 nM siRNA against mouse FFA1 (target
sequences of 5′-GGCCTGGAGTGTGGTACTCAA-3′; Qiagen,
Valencia, CA, USA) or control siRNA (AllStars Negative
Control siRNA; Qiagen) using Lipofectamine 2000 (Invitro-
gen), according to the manufacturer’s protocol. Experiments
were performed 24 h after transfection.

Docking simulation
Test compound structures were built systematically using the
software PYMOL (DeLano Scientific, San Carlos, CA, USA). We
prepared two homology models, for the FFA1 receptor and for
GPR120. The GPR120 homology model was developed based
on a photoactivated model derived from the crystal structure
of bovine rhodopsin (Ishiguro et al., 2004; Sun et al., 2010).
The FFA1 receptor homology model was based on the struc-
ture of bovine rhodopsin and has already been reported
(Tikhonova et al., 2007). We employed Tikhonova’s con-
structed model according to the procedure of Lu et al., (2010).
The molecular docking of compounds against the FFA1 recep-
tor and GPR120 models was performed by the molecular
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docking algorithm MolDock using Molegro Virtual Docker
software (Molegro ApS, Aarhus, Denmark) respectively
(Thomsen and Christensen, 2006). The models and the com-
pounds to be docked were imported into the docking
program, following the software instructions. Potential
ligand binding sites of proteins were calculated using the
Molegro cavity detection algorithm. The hydrogen bonding
energy, which is considered to be one of the important
parameters in characterizing the interaction between GPCRs
and their ligands (Shim et al., 2003; Xhaard et al., 2006;
Sun et al., 2010), was estimated in arbitrary units using the
Molegro program.

Phosphorylation of ERK
Phosphorylation of ERK (ERK activation) induced by various
compounds in T-REx FFA1 cells, Flp-in GPR120 cells and
MIN6 cells was measured as described previously (Hirasawa
et al., 2005). Briefly, cells were serum-starved for 20 h (T-REx
FFA1 and Flp-in GPR120 cells) and 2 h (MIN6 cells) respec-
tively. The cells were then treated with each compound that
was being tested at concentrations of 1, 3, 10 or 100 mM. After
10 min of incubation, total cell extracts were prepared and
subjected to Western blotting using anti-phospho- and anti-
total-kinase antibodies (Cell Signaling Technology, Boston,
MA, USA).

[Ca2+]i measurement
Cells were seeded at a density of 2 ¥ 105 cells·per well on
collagen-coated 96-well plates, incubated at 37°C for 21 h
and then incubated in HBSS (pH 7.4) containing Calcium
Assay Kit Component A (Molecular Devices, Sunnyvale, CA,
USA) for 1 h at room temperature. Compounds used in the
fluorometric imaging plate reader (FLIPR; Molecular Devices)
assay were dissolved in HBSS (1% DMSO) and prepared in
another set of 96-well plates. These plates were set on the
FLIPR, and mobilization of [Ca2+]i evoked by agonists was
monitored. Data analysis was performed using Igor Pro (Wav-
eMetrics, Lake Oswego, OR, USA).

Insulin secretion in MIN6 cells
MIN6 cells were seeded into each well of 96-well plates at a
density of 4 ¥ 104 cells·per well. The cells were subsequently
cultured for 24 h at 37°C in a humidified atmosphere of 5%
CO2/95% air. The media were removed from the cells and the
cells washed twice with glucose-free Krebs [119 mM NaCl;
4.74 mM KCl; 2.54 mM CaCl2; 1.19 mM MgCl2; 1.19 mM
KH2PO4; 25 mM NaHCO3; 10 mM HEPES (pH 7.4) ]. A sample
(100 mL) of the same Krebs solution but containing 2.5 mM
glucose, was added to each well and the plates were returned
to the incubator for 1 h. Subsequently, the plates were
washed a further twice with glucose-free Krebs and 100 mL of
Krebs containing 25 mM glucose, and test compounds at the
desired concentration were added. Following 2 h of incuba-
tion, the Krebs solution in each well was removed and the
insulin content of each sample was determined with an ELISA

kit (Shibayagi, Gunma, Japan).

Single-cell [Ca2+]i measurement
The [Ca2+]i was measured and recorded by conventional Ca2+

imaging methods, using an image processor (Argus 50; Hama-

matsu Photonics, Hamamatsu, Japan). Briefly, MIN6 cells
were loaded with fura-2 acetoxymethyl ester (fura-2 AM;
Dojindo, Tokyo, Japan) by incubation in 2 mM fura-2
acetoxymethyl ester for 30 min at 37°C. Changes in [Ca2+]i

were measured at 30°C in Tyrode’s solution. Fluorescence of
fura-2 was measured by applying UV light at 340 and 380 nm
alternately and by passing the light emitted through a
505-nm dichroic mirror (DCLP; Omega Optical, Brattleboro,
VT, USA). Fluorescence was detected by an SPD-CCD camera
(MC681APD-R0B0; Texas Instruments, Dallas, TX, USA). Ca2+

images were acquired at an interval of 20 s and processed
later to calculate the ratio of fluorescence intensity at 340 and
380 nm, using NIH Image program (http://rsb.info.nih.gov/
nih-image/).

Data analysis
In the present study, we investigated the relationship
between the calculated hydrogen bonding energy and the
relative effect on ERK at 100 mM of each ligand. The hydrogen
bonding energy is considered to be a measure of the goodness
of fit between the ligand structure and the modelled virtual
cavity. As it was not possible to obtain full concentration–
response curves for all the NCG compounds, the relative ERK
activity at a single ligand concentration (100 mM) was used
for the correlation with the calculated hydrogen bonding
energy. It is important to note that under such conditions,
changes in the ERK activity may reflect with equal chance a
difference in EC50 or a difference in Emax among the ligands.

One-way ANOVA was used to evaluate treatment effects. If
the ANOVA value was significant, comparisons between the
control and treatment groups were performed using ANOVA,
followed by Dunnett’s t-test to localize the significant differ-
ence. P < 0.05 was considered statistically significant.

Results

Docking simulation of FFA1 receptor-selective
agonists using homology models
To develop FFA1 receptor-selective agonists and investigate
the structure-activity relationships (SARs) of agonists at
the FFA1 receptor, a series of 47 carboxylic acid derivatives
(denoted as NCG-II compounds) was synthesized, and a
docking simulation was conducted using the homology
models of the FFA1 receptor and GPR120 that were reported
by Tikhonova et al. (2007) and our group (Sun et al., 2010)
respectively. In addition to the NCG-II compounds, we used
several reference compounds: (i) a-LA, an endogenous ligand
for FFA1 receptors and GPR120 (Hirasawa et al., 2005); (ii)
Compound 1, known as a selective agonist for FFA1 receptors
(Akerman et al., 2005); (iii) GW9508, known as a dual agonist
for FFA1 receptors and GPR120; and (iv) MEDICA 16, known
as a selective agonist for FFA1 receptor (Hara et al., 2009b). All
compounds were docked individually into either the FFA1
receptor or GPR120 model using the Molegro Virtual Docker,
and the in silico hydrogen bonding energies of these com-
pounds were calculated (Table 1). To examine the agonist
activities of the compounds, their ability to activate ERK by
phosphorylation was assessed in human embryonic kidney
(HEK293) cells that expressed either FFA1 receptor or GPR120
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Table 1
Structure of compounds, relative maximal ERK activity and hydrogen bonding energy between compounds and the homology model of the FFA1
receptor or GPR120

Compound Structure

Relative maximum
ERK response

H-bonding energy
(arbitrary units)

FFA1 GPR120 FFA1 GPR120

a-LA
O

OH 1.00 1.00* -5.73 -3.03*

AMGEN-1

O O

OH

O

1.25 0.13 -7.48 -3.15

GW9508

O N
H

OH

O 0.80 0.28 -4.79 -2.83

MEDICA16
HO

O
OH

O

0.90 0.21* -5.91 -1.73*

NCG20

NN O O

OH

0.93 1.38* -4.85 -4.04*

NCG21

NN O O

OH
0.67 1.54* -5.09 -5.92*

NCG22
N N O

OH

O 0.64 0.93* -5.17 -5.07*

NCG23

NN O

OH

O 1.07 1.20* -6.58 -4.10*

NCG25

NN
O

OH

O 1.26 1.25* -7.16 -4.73*

NCG26

NN O

OH

O 1.10 1.02* -5.87 -4.54*

NCG27

N O

OH
N

S

O 0.61 0.55* -3.50 -2.23*

NCG28

NN O

OH

O

1.20 0.80* -5.69 -3.66*

NCG29

N
O O

OH
0.17 1.46* -4.19 -3.56*

NCG30

NN O O

OH
0.36 1.45* -3.46 -5.57*

NCG31

N O O

OH

N

S

0.13 1.40* -3.22 -4.06*

NCG32

N ON

O

OH

O

0.87 1.03* -5.34 -3.86*
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Table 1
Continued

Compound Structure

Relative maximum
ERK response

H-bonding energy
(arbitrary units)

FFA1 GPR120 FFA1 GPR120

NCG33

N N O O

OH

Br

Br

Br

0.04 0.39* -3.80 -2.88*

NCG34

NN O O

OH

Me

1.17 1.37* -5.78 -5.36*

NCG35

NN O O

OH

Cl

1.30 1.48* -7.53 -4.75*

NCG38

NN O O

OH
Me

1.03 1.24* -6.87 -4.87*

NCG39

NN O O

OH
Cl

0.42 1.23* -4.09 -4.75*

NCG40

NN O O

OHF

F

F

1.03 0.62* -5.42 -2.73*

NCG41

NN O

OH

O

1.61 0.96* -7.95 -2.61*

NCG42

N N O O

OH
0.79 0.54* -3.46 -2.92*

NCG44

NN

N
O O

OH
0.32 0.64* -4.30 -3.10*

NCG45 N

NN O O

OH
0.06 0.76* -3.33 -3.39*

NCG46

N O O

OH

N

S

0.53 1.20* -5.21 -5.41*

NCG48

NN O O

OH

Cl 1.04 0.92* -6.15 -3.98*

NCG49

NN O O

OH

F 0.89 0.75* -5.23 -2.61*

NCG50

NN O O

OH

OMe 1.02 1.14* -3.96 -4.93*

NCG51

NN O O

OH

Me 0.95 1.32* -5.75 -4.77*

NCG52

NN O O

OH

Me
MeMe

0.90 0.29* -4.29 -2.70*
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Table 1
Continued

Compound Structure

Relative maximum
ERK response

H-bonding energy
(arbitrary units)

FFA1 GPR120 FFA1 GPR120

NCG53

NN O O

OH

1.47 1.27* -5.82 -4.56*

NCG57

NN O O

OH

Cl 1.21 1.09* -6.98 -4.11*

NCG74

N N OH

O

1.64 0.66 -7.05 -1.67

NCG75

N N
O

OH

1.63 0.27 -6.77 -2.19

NCG85

N N
OH

O

1.45 0.86 -6.85 -3.52

NCG86

N N OH

O

0.62 0.74 -3.37 -2.84

NCG87

N N
OH

O

Cl 0.99 0.10 -5.13 -1.11

NCG88

N N
OH

O

F 0.91 0.20 -6.89 -3.42

NCG89

N N
OH

O

OMe 0.86 0.11 -6.87 -0.76

NCG97

N N
OH

O

Me 1.20 0.22 -6.57 -1.21

NCG98

N N
OH

O

NMe2 0.89 0.19 -5.24 -1.65

NCG99

N N
OH

O

Ph 0.87 0.18 -5.82 -2.34

NCG100

N N
OH

O

OPh 0.18 0.11 -2.22 -3.08
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and compared with the ERK activation induced by a standard
concentration of the known activator, phorbol myristate
acetate (PMA). All of the NCG-II compounds tested activated
ERK, but their potency, expressed as activation relative to
that by PMA, differed with their structure. However, as
shown in Figure 1, a plot of this relative ERK activation
against the calculated hydrogen bonding energy showed a
high correlation (R2 = 0.65 for the FFA1 receptor and
R2 = 0.76 for GPR120 respectively). Among a group of NCG-II
compounds that showed potent ERK activation in cells
expressing FFA1 receptor, NCG75 was found to have the
highest selectivity for these receptors on the basis of the ratio
of the in silico-calculated hydrogen bonding energy in the
FFA1 receptor homology model to that in the GPR120 model
(-6.77 vs. -2.19; ratio = 3.09) (Figure 1). Hence, on the basis
of the docking simulation using the homology models,
NCG75 was predicted to be a potent FFA1 receptor-selective
agonist.

To test the selectivity of NCG75, together with the activ-
ity of a-LA and Compound 1, we examined the responses of

ERK and [Ca2+]i induced by these compounds in HEK293 cells
expressing FFA1 receptor or GPR120. As shown in Figure 2a,
a-LA, which is an endogenous ligand for FFA1 receptors as
well as GPR120, and the FFA1 receptor-selective agonist,
Compound 1 (Akerman et al., 2005) stimulated ERK in cells
expressing FFA1 receptors. NCG75 also activated ERK in a
dose-dependent manner, with a potency similar to a-LA and
Compound 1 (Figure 2a). In cells that expressed GPR120,
a-LA strongly stimulated ERK, but neither Compound 1 nor
NCG75 were potent agonists (Figure 2b). In addition to ERK
activation, a-LA, Compound 1 and NCG75 showed similar
dose–response relationships for elevation of [Ca2+]i in cells
expressing FFA1 receptor (EC50 values: 7.97 mM for a-LA,
2.50 mM for compound 1 and 5.11 mM for NCG75) (Figure 3).
In contrast, in the Flp-in GPR120 cells, only a-LA was a
potent agonist in terms of effects on [Ca2+]i (EC50 values:
3.63 mM for a-LA, 18.5 mM for Compound 1 and 46.2 mM for
NCG75) (Figure 3). These results with respect to the ERK and
[Ca2+]i responses appeared to support the prediction that
NCG75 was a FFA1 receptor-selective agonist.

Table 1
Continued

Compound Structure

Relative maximum
ERK response

H-bonding energy
(arbitrary units)

FFA1 GPR120 FFA1 GPR120

NCG101

N N
OH

O

0.70 0.04 -4.36 -1.50

NCG102

N N

Cl

OH

O

0.80 0.05 -5.36 -1.27

NCG103

N N

F

OH

O

0.66 0.12 -3.24 -2.54

NCG104

N N

Me

OH

O

0.63 0.02 -5.93 -1.00

NCG105

N N
OH

O

0.38 0.04 -3.19 -1.45

NCG106

N N

Ph

OH

O

0.66 0.07 -4.24 -0.18

The relative maximal ERK response was calculated as the relative value of the agonist response elicited by each compound (100 mM), with
respect to the response evoked by 100 mM a-LA in FFA1 receptor- or GPR120-expressing cells. *Values from Sun et al. (2010).
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Determination of amino acid residues in
FFA1 required for agonist recognition
and activation
Docking simulation predicted the presence of hydrogen
bonds between the oxygen of the carboxylate group on the
ligands (Compound 1, GW9508, NCG75 and a-LA) and the
guanidine groups of Arg183 and Arg258 (Figure 4). We
noticed that the calculated distances of the hydrogen bonds
between the ligand and Arg183, and between the ligand and
Arg258 were similar for Compound 1 and GW9508, whereas
for a-LA and NCG75, the two calculated distances were sig-
nificantly different. Thus, as shown in Figure 4, the distances
of the hydrogen bond between compound 1 and either
Arg183 or Arg258 were 2.61 and 2.74 (or 2.81) Å, respectively
(Figure 4c), and the equivalent distances for GW9508 were
2.84 and 2.91 (or 2.65) Å respectively (Figure 4d). In contrast,
the distances of the hydrogen bond between a-LA and either
Arg183 or Arg258 were 4.46 and 2.63 (or 3.47) Å, respectively
(Figure 4a), and the equivalent distances for NCG75 were
4.60 and 2.58 (or 2.98) Å respectively (Figure 4b). The differ-
ent distances of the hydrogen bond might indicate the dif-

ferent extent to which the residues contribute to agonist
recognition and activation (Shim et al., 2003; Xhaard et al.,
2006; Sun et al., 2010). Site-directed mutagenesis confirmed
that a-LA and NCG75 activated ERK in cells expressing
the mutant FFA1 receptor Arg183Ala (R183A) in a dose-
dependent manner, similar to that in cells with the wild-type
(WT) receptor. However, these compounds did not activate
ERK in cells expressing the Arg258Ala (R258A) mutant recep-
tor (Figure 5a). In contrast, Compound 1 did not activate ERK
in cells bearing either of the mutant FFA1 receptors. As
observed with ERK, a-LA and NCG75 strongly promoted
[Ca2+]i responses in a dose-dependent manner in R183A cells,
but not in R258A cells (Figure 5b,c), but Compound 1 did not
elevate [Ca2+]i in either R183A or R258A cells (Figure 5d). In
order to investigate the selectivity of these four compounds
(Compound 1, GW9508, NCG75 and a-LA) between FFA1
receptors and GPR120 from the structural point of view, we
carried out further docking simulations to GPR120 for these
compounds. As shown in Figure 4e–h, the simulation pre-
dicted the presence of hydrogen bonds between the oxygen
of the carboxylate on a-LA and GW9508, but not that on
NCG75 and Compound 1, and the guanidine of Arg99, which
had been shown to be involved in the interaction of ligands
(Sun et al., 2010).
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Figure 1
Correlation between the relative ERK activity and the calculated
hydrogen bond energy of interaction based on modelling. The
straight line represents (A) the line y = -2.75 ¥ -2.90 (FFA1 receptor)
and (B) y = -2.49 ¥ -1.37 (GPR120). The coefficient of determination
(R2 = 0.65, FFA1 receptor and 0.76, GPR120) reflects a high correla-
tion between the hydrogen bonding energy and the relative ERK
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Figure 2
Effect of compounds on ERK activity in (A) T-REx FFA1 and (B) Flp-in
GPR120 cells. Cells were serum-starved for 20 h and then treated
with various compounds at 1–100 mM. Cell lysates were analyzed by
immunoblotting using anti-phospho- and anti-total-kinase antibod-
ies. The amount of phosphorylated ERK was normalized to the
amount of total ERK. The data were then presented as -fold differ-
ence relative to the amount of ERK phosphorylation that was
obtained in the presence of phorbol 12-myristate 13-acetate (PMA).
Results represent means � SEM of three independent experiments.
*P < 0.05, **P < 0.01, significantly different from control (DMSO).
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Pharmacological effects of NCG75 on
MIN6 cells
We examined the pharmacological effects of NCG75 on the
murine pancreatic beta cell line MIN6, which expresses FFA1
receptors endogenously. NCG75 stimulated ERK responses in
MIN6 cells in a dose-dependent manner and with greater
potency and efficacy than a-LA (Figure 6a). In addition,
similar to a-LA, NCG75 stimulated [Ca2+]i responses in MIN6
cells (Figure 6b). Furthermore, both NCG75 and a-LA stimu-
lated insulin secretion in MIN6 cells and such stimulation
was inhibited significantly by an siRNA against mouse FFA1
receptors (Figure 6c).

Discussion

Previously, we showed that a docking simulation using a
homology model for GPR120 might be useful in predicting
the agonist activity of compounds and identified a GPR120
agonist (NCG21) (Sun et al., 2010). Combining the GPR120

homology model with the previously reported homology
model for FFA1 receptors, the present study showed that a
docking simulation successfully predicted FFA1 receptor-
selective agonist activity, and, as a consequence, we devel-
oped the FFA1 receptor-selective agonist NCG75. First, a
series of carboxylic acid derivatives (denoted as NCG-II com-
pounds) was synthesized, and, together with several known
FFA1 receptor-selective agonists (MEDICA 16, Compound 1)
and non-selective agonists (a-LA and GW9508), were docked
individually into either the FFA1 receptor or GPR120 homol-
ogy model. On the other hand, as it was not possible to
obtain full concentration–response curves for all of NCG-II
compounds, we used the relative effect on ERK at a single
ligand concentration for the correlation. The simulations
showed that the calculated hydrogen bonding energies for
the compounds docked into the FFA1 receptor or GPR120
homology models correlated well with their relative effect on
ERK at 100 mM of ligand for the relevant FFA receptor. Hence,
these results suggested that this method could be useful to
investigate the SARs of FFA1 receptor and GPR120 agonists.
Furthermore, we predicted the selectivity of the compounds
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Figure 3
Effects of compounds on [Ca2+]i in T-REx FFA1 cells and Flp-in GPR120 cells. T-REx FFA1 cells and Flp-in GPR120 cells were stimulated with a-LA
(A), NCG75 (B) or compound 1 (C). Cells were seeded at a density of 2 ¥ 105 cells per·well on collagen-coated 96-well plates, incubated at 37°C
for 21 h and then incubated in HBSS (pH 7.4) that contained Calcium Assay Kit Component A for 1 h at room temperature. Compounds that were
used in the FLIPR assay were dissolved in HBSS (1% DMSO) and prepared in another set of 96-well plates. These plates were set on the FLIPR, and
mobilization of [Ca2+]i evoked by agonists was monitored.
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for the receptors by using the ratio of the in silico-calculated
hydrogen bonding energy in the FFA1 receptor homology
model to that in the GPR120 model, which identified NCG75
as a FFA1 receptor-selective agonist.

The results of the present study showed that computa-
tional docking simulations could accurately predict amino
acid residues that are important for the recognition and acti-
vation of FFA1 receptor by an agonist. Using FFA1 receptor
homology modelling and site-directed mutagenesis, Sum
et al. (2007) had shown previously that linoleic acid and
GW9508 are anchored to FFA1 receptors via interactions

between their carboxylate groups and Arg183, Asn244 and
Arg258. In good agreement with these findings, our docking
simulation confirmed that hydrogen bonds between the
oxygen of the carboxylate group on the ligands and the
guanidine groups of Arg183 and Arg258 were important for
agonist recognition and the activation of FFA1 receptor in the
case of Compound 1 and GW9508. However, our analyses
also showed that Arg258 alone, and not both Arg183 and
Arg258, was critical for the activation of FFA1 receptors by
NCG75 or a-LA. The results might also support the hypoth-
esis that the calculated distance of a hydrogen bond in a
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docking simulation reflects the extent of contribution of the
residue to agonist recognition and activation.

In addition to the two arginine residues described earlier
(Arg183 and Arg258), our docking simulation indicated that
other amino acids could interact importantly with NCG75
(Figure 4b). For example, the pyridine and phenyl ring of
NCG75 could form p-p interactions with His86, Phe87 and
Tyr240. In addition, the hydrophobic amino acid residues

(Val141, Ala146 and Ala173) that are located around the
methylene group of NCG75 might contribute to stabilizing
the binding of NCG75 to FFA1 receptors through hydropho-
bic interaction. Furthermore, the SAR with ERK showed that
the length of the methylene chain of NCG75 was critical for
FFA1 receptors selectivity because the chain length of 11
carbon atoms allowed the carboxylate group of NCG75 to
dock into a position that was closer to Arg258 in the binding
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Figure 5
Effect of compounds in cells bearing mutant FFA1 receptors. (A) Relative ERK activity was measured in each mutant cell line, as described for
Figure 2. Mobilization of [Ca2+]i evoked by agonists was monitored in each mutant cell line (B–D), as described for Figure 3. Cells were stimulated
with a-LA (B), NCG75 (C) or compound 1 (D). Cells were seeded at a density of 2 ¥ 105 cells·well-1 on collagen-coated 96-well plates, incubated
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for 1 h at room temperature. Compounds that were used in the fluorometric imaging plate reader (FLIPR; Molecular Devices) assay were dissolved
in HBSS (1% DMSO) and prepared in another set of 96-well plates. These plates were set on the FLIPR, and mobilization of [Ca2+]i evoked by
agonists was monitored.
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site of the FFA1 receptor than in GPR120. In fact, NCG74 and
NCG85, which are NCG-II compounds whose structures are
similar to that of NCG75 but have different lengths of meth-
ylene chain (lengths of 10 and 9 carbon atoms for NCG74
and NCG85, respectively), showed non-selective activation of
ERK in both FFA1 receptor- and GPR120-expressing cells
(Table 1). In addition, experiments with analogues of NCG75
with various lengths of methylene chain (9–13 carbon atoms)
confirmed that NCG75 had the highest selectivity for FFA1
receptor (data not shown).

We noticed a potential discrepancy between the ERK (or
[Ca2+]i) activity of NCG75 and its effect on insulin release,
as shown in Figure 6. Thus, although NCG75 seemed to be
equivalent or even more efficient than a-LA in stimulating
ERK and [Ca2+]i in both transfected cells and MIN6 cells, the
ability of NCG75 to enhance glucose-induced insulin release
from MIN6 cells was lower than that of a-LA. This is not a
characteristic limited to NCG ligands, as similar discrepancies
have been reported for other synthetic FFA1 receptor ago-
nists, such as TAK-875 (Tsujihata et al., 2011) and GW9508
(Briscoe et al., 2006). TAK-875 enhanced the intracellular pro-
duction of inositol monophosphate in CHO-hFFA1 cells at
lower concentrations than those of the endogenous ligand
(oleic acid), but the maximum effect of TAK-875 on insulin
secretion in INS-1832/13 cells appeared to be similar to that

of oleic acid (Tsujihata et al., 2011). Also, GW9508 elicited
[Ca2+]i responses in HEK-293 cells expressing the hFFA1 recep-
tor at lower concentrations compared with the endogenous
ligands (a-LA and linoleic acid), but the maximum effect of
GW9508 on insulin secretion in MIN6 cells appeared to be
similar to that of linoleic acid (Briscoe et al., 2006). One
possible explanation for this discrepancy may be that some
residual activity of the compounds at PPARg might interfere
with their effects on insulin secretion (Nakamichi et al.,
2003). However, this probably did not apply here, as MIN6
cells do not express PPARg, and PPARg activators have little
effect on insulin secretion from MIN6 cells (Nakamichi et al.,
2003). Further studies would be required to understand these
discrepant effects of FFA1 receptor agonists.

In conclusion, we report here the SARs of a series of
NCG-II compounds with agonist activities at FFA1 receptors
and GPR120 that correlated with hydrogen bonding energies,
calculated using docking simulations. Among the NCG-II
compounds, NCG75 was predicted to be the most potent
FFA1 receptor-selective agonist, based on SARs. Thus, the
present study showed that a docking simulation using FFA1
receptor and GPR120 homology models might be useful in
predicting the receptor-selective agonist activity of a series of
compounds. In addition, NCG75, which was confirmed to be
a potent FFA1 receptor-selective agonist, might become an
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important pharmacological tool to investigate the biological
functions of these receptors.
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