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Free fatty acid receptor 4 (FFAR4)/GPR120 comprises a receptor for

medium- and long-chain fatty acids. We previously identified phytosphin-

gosine (PHS) as a novel ligand of FFAR4. Although many natural FFAR4

ligands have carboxyl groups, PHS does not, thus suggesting that binding

to FFAR4 is driven by a completely different mechanism than other natu-

ral ligands such as a-linolenic acid (ALA). To test this hypothesis, we per-

formed docking simulation analysis using a FFAR4 homology model

based on a protein model derived from the crystal structure of activated

turkey beta-1 adrenoceptor. The docking simulation revealed that the prob-

able hydrogen bonds to FFAR4 differ between various ligands. In particu-

lar, binding was predicted between R264 of the FFAR4 and the oxygen of

the carboxylate group in ALA, as well as between E249 of the FFAR4 and

the oxygen of the hydroxy group at the C4-position in PHS. Alanine sub-

stitution at E249 (E249A) dramatically reduced PHS-induced FFAR4 acti-

vation but demonstrated a weaker effect on ALA-induced FFAR4

activation. Kinetic analysis and Km values clearly demonstrated that the

E249A substitution resulted in reduced affinity for PHS but not for ALA.

Additionally, we observed that sphingosine, lacking a hydroxyl group at

C4-position, could not activate FFAR4. Our data show that E249 of the

FFAR4 receptor is crucial for binding to the hydroxy group at the C4-

position in PHS, and this is a completely different molecular mechanism of

binding from ALA. Because GPR120 agonists have attracted attention as

treatments for type 2 diabetes, our findings may provide new insights into

their development.

Free fatty acid receptor 4 (FFAR4)/GPR120 com-

prises a receptor for medium- and long-chain fatty

acids that is expressed in small intestinal endocrine

cells, L cells and adipose tissue. Activation of FFAR4

promotes the secretion of glucagon-like peptide-1

(GLP-1) [1], which is known as an intestinal hormone

incretin. GLP-1 was reported to suppress appetite and

increase insulin secretion, exhibiting anti-diabetic

effects [2–4]. Dipeptidyl peptidase-4, which degrades

GLP-1, is known to extend the half-life of GLP-1 in
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blood and enhance its anti-diabetic action. Inhibitors

of this enzyme have already developed as novel molec-

ular targeted pharmaceuticals for type 2 diabetes [5].

Long-chain fatty acid/FFAR4 signaling, which is

responsible for incretin secretion, is an attractive phar-

maceutical target for the treatment of type 2 diabetes.

Thus, extensive screening studies for new ligands of

FFAR4 have been conducted. Many FFAR4 ligands

have been reported, including natural ligands. Many

natural ligands and synthetic ligands possess carboxyl

groups [1,6]. In a previous study, we developed a new

method for screening FFAR4 ligands, and identified

phytosphingosine (PHS) as a novel ligand [7]. PHS is

present at high levels in yeast, and it is a component

of the plasma membrane. Interestingly, PHS has no

carboxyl groups, suggesting that it interacts with

FFAR4 in a different manner than natural ligands

possessing carboxyl groups.

Recent research efforts revealed the crystal struc-

tures and activation mechanisms of G protein-coupled

receptors (GPCRs) [8]. Although an increasing num-

bers of reports are available for the fatty acid receptor,

GPR40 (FFAR1) [9–11], few studies have described

modeled structures of FFAR4, hindering our under-

standing of its physiological functions. In the presennt

study, we established a FFAR4 homology model and

docked the receptor with PHS and a-linolenic acid

(ALA) to reveal their different mechanisms of action.

Materials and methods

Homology modeling

A search using the BLAST alignment algorithm (https://blast.

ncbi.nlm.nih.gov/Blast.cgi) within the Protein Data Bank

database (PDB) (https://www.rcsb.org) revealed various

potential templates for molecular modeling [12,13]. Crystal

structures exhibited high identity scores and maximum

query coverage with respect to FFAR4. The crystal struc-

ture of activated turkey beta-1 adrenoceptor (b1AR) (PDB

ID: 6IBL) [14] was used as a template to build the structure

of FFAR4. The 3D models of FFAR4 were built using

MODELLER, version 9.25 [15,16].

Docking simulation of PHS using a FFAR4

homology model

Phytosphingosine was built systematically using CHEMS-

KETCH and PYMOL (DeLano Scientific, San Carlos, CA,

USA). ALA was obtained as a ligand from PDB. We used

the crystal structure of activated b1AR to develop a homol-

ogy model of FFAR4 [17,18]. The sequence alignment of

b1AR [19] and FFAR4 is shown in Fig. 1. The FFAR4

model featured seven transmembrane (TM) domains, in

agreement with SOSUI [20]. Protein building of the FFAR4

model was performed using MODELLER, version 9.25 [15,16]

and docking calculations were performed using AUTODOCK,

version 4.2 [21,22]. The FFAR4 protein model and PHS

were imported into the docking software, in accordance

with the developer’s instructions. The potential ligand bind-

ing sites of the FFAR4 model protein were calculated using

AUTODOCK, version 4.2 [21,22]. The hydrogen bonding

energy, which is considered an important parameter for

characterizing the interaction between GPCRs and their

ligands [23,24], was estimated in arbitrary units using MOLE-

GRO MOLECULAR VIEWER, version 7.0.0 (Molegro ApS, Aar-

hus, Denmark) [25].

Expression vectors

The full-length cDNA of human FFAR4/GPR120 (Gen-

Bank Accession No. BC101175) was amplified from human

brain cDNA (Clontech, Mountain View, CA, USA) via a

polymerase chain reaction and cloned into the p3XFLAG-

mycCMV vector (Sigma-Aldrich, St Louis, MO, USA) to

produce p3XFLAG-h FFAR4 as described previously [7].

The alanine mutants of E249 (E249A) and R264 (R264A)

of p3XFLAG-h FFAR4 were obtained in accordance with

manufacturer’s instructions for the PrimeSTAR� Mutagen-

esis Basal Kit (Clontech). The expression vector containing

alkaline phosphatase (AP)-tagged transforming growth

factor-a (TGFa) was prepared as described previously [26].

Cell culture

293T cells were cultured as monolayers in Dulbecco’s modi-

fied Eagle’s medium (Sigma-Aldrich) supplemented with

5% fetal bovine serum and penicillin/streptomycin at 37 °C
in a humidified atmosphere of 5% CO2. Full details of the

cells have been reported previously [27].

TGFa shedding assay

The principles and a detailed method of the TGFa shed-

ding assay have been described previously [7,28,29]. In

brief, 293T cells were seeded in a six-well plate. The next

day, p3XFLAG-h FFAR4, p3XFLAG-h FFAR4 (E249A),

p3XFLAG-h FFAR4 (R264A) and AP-TGFa were trans-

fected into cells using polyethylenimine (Polysciences, Inc.,

Warrington, PA, USA) and cultured overnight. Cells were

detached from the wells, re-seeded in a 96-well plate, and

cultured for 30 min, after which ALA or a test substance

was added. After being cultured for 1 h, AP activity in the

supernatant and cells was determined using p-nitrophenyl

phosphate (Sigma-Aldrich) as the substrate. Absorbance at

405 nm was measured using an iMarkTM microplate reader

(Bio-Rad Laboratories Inc., Hercules, CA, USA). The data
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are presented as the AP activity in the supernatant as a

percentage of the total AP activity. Figure 3 shows the AP

activity of FFAR4 as 100% relative to E249A and R264A.

Figure 4 presents the AP activity of PHS treatment as

100% relative to sphingosine (SPH) and dimethylsulfoxide

treatment.

(A)

(B)

Fig. 1. Amino acid sequence alignment between activated turkey b1AR and FFAR4. (A) Amino acid sequences corresponding to activated

b1AR (PDB ID: 6IBL) and human FFAR4/GPR120 (GenBank accession no. BC101175) were aligned using CLUSTALW [16]. TM1–7, seven TM

domains; * (gray space), residues of b1AR and hFFAR4 in the sequence alignment are identical; :, conserved residues observed; •, semicon-

served residues observed; square black frame, the possible interacting residues. (B) The predicted Snake-like plot of the hFFAR4 was built

using SOSUI [20].
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Results and Discussion

Docking simulation of ALA and PHS using a

FFAR4 homology model

We previously identified PHS as a novel ligand of

FFAR4 [7]. Many of the natural ligands found to date

have carboxyl groups. However, PHS does not possess

a carboxyl group, suggesting that its manner of inter-

action with FFAR4 may be significantly different from

that of other natural ligands. To investigate this, we

conducted docking simulation in a FFAR4 homology

model that was developed on the basis of a protein

model derived from the crystal structure. We searched

GPCRs for crystallographic structures with high iden-

tity scores with respect to FFAR4 using the BLAST

results. We selected the activated b1AR structure [19]

as a template based on its sequence identity with

FFAR4. b1AR possesses crucial basic amino acids for

TM formation. The seven TM domains were predicted

using SOSUI [20] (Fig. 1A). The alignment between

b1AR and FFAR4 produced a high identity score

(65.9%) and maximum query coverage (85%). There

was 27.3% similarity between b1AR and FFAR4

(Fig. 1A). We used the crystal structure of b1AR [14]

as a template to build a homology model of FFAR4

using MODELLER, version 9.25 [15,16]. Finally, we suc-

cessfully obtained a homology model of FFAR4

(Fig. 2A). The FFAR4 homology model was a typical

GPCR possessing seven helical TM domains and a

cytoplasmic C-terminus [8]. ALA and PHS were then

docked individually into the FFAR4 model using

AUTODOCK, version 4.2 [21,22] and viewed using

MOLEGRO MOLECULAR VIEWER, version 7.0.0 [25]

(Fig. 2B–E). The docking simulation of the FFAR4–
ALA and FFAR4–PHS complexes revealed that the

ligands were bound to the amino acids of FFAR4 via

hydrogen bonds. We also built a predicted 3D struc-

ture of FFAR4 using the AlphaFold 2 database [30].

Although the 3D structure obtained was similar to the

FFAR4 molecular model based on the crystal struc-

ture with b1AR, the 3D structure did not form any

hydrogen bonds with natural ligand ALA in the dock-

ing simulation using AUTODOCK, version 4.2. Thus, we

employed the FFAR4 homology model in this paper.

The FFAR4–ALA model revealed possible hydrogen

bonding between the oxygen of the carboxylate in

ALA and R264 of FFAR4. The distance between the

aforementioned oxygen and nitrogen of guanidine in

R264 was 2.61 Å (Fig. 2B,C, Fig. S1C). The docking

simulation of the FFAR4–PHS complex revealed pos-

sible hydrogen bonding between the oxygen of the

hydroxy group at the 4-position in PHS and the oxy-

gen of the carboxylate of E249 of FFAR4, and the

distance was 2.87 Å (Fig. 2D,E, Fig. S1C). PHS had

two other weak hydrogen bonds in FFAR4 at S250 at

distance of 3.25 Å, and at Q252 at distance of

3.35 Å, respectively (Fig. S1C). The distance of a

hydrogen bond is typically 2.7–3.3 Å [31], and the dis-

tance of hydrogen bonds between E249 of FFAR4 and

the oxygen of the hydroxy group at the C4-position in

PHS was 2.87 Å, representing a sufficient distance to

permit hydrogen bond formation. Therefore, our dock-

ing simulations using a FFAR4 homology model sug-

gested that PHS binds FFAR4 with a different

molecular mechanism of binding from ALA.

(A)

(D) (E)

(B) (C)

Fig. 2. FFAR4 homology model docked

with ALA and PHS. (A) The homology

model of FFAR4 obtained in the present

study. The docking simulation was

performed using the model, and ALA (B,

C) and PHS (D, E) were docked into the

binding pocket of FFAR4 as described in

the Materials and methods. Green, ALA;

yellow, PHS; the predicted binding

position according to the Molegro

Molecular viewer (atoms, O; red, N;

purple). The dashed blue lines indicated

the distance between ligands (ALA and

PHS) and residues (R264 and E249).
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Significance of E249 and R264 in ALA- and PHS-

induced FFAR4 activation

We previously established a method for measuring the

activity of FFAR4 using the TGFa shedding assay

[7,28]. Upon FFAR4 activation by ligands in the

TGFa shedding assay, AP is released into the culture

medium. Measuring this activity, we could quantify

ligand-induced FFAR4 activation. Using the method,

we investigated the effects of alanine mutations

(E249A and R264A) in FFAR4 on its activation by

ALA and PHS. We found that the R264 mutation sig-

nificantly decreased ALA-induced FFAR4 activation,

whereas the E249 mutation had less or only a modest

effect on activation by ALA (Fig. 3A). Conversely, the

E249A mutation severely decreased PHS-induced

FFAR4 activation (Fig. 3B). Interestingly, the effect of

E249A was greater on PHS-induced FFAR4 activation

(Fig. 3B) than on ALA-induced activation (Fig. 3A).

Because our docking simulation identified possible

hydrogen bonds between R264 and the carboxyl group

of ALA (Fig. 2B) and between E249 and the hydroxy

group at the C4-position of PHS (Fig. 2D), these

results support the accuracy of our model and clearly

demonstrate that PHS interacts with FFAR4 with a

different molecular mechanism of binding from ALA.

On the other hand, the results for S250A and Q252A

did not support a specific interaction with PHS

(Fig. S1A and B). The S250 and Q252 might not be

sufficiently close to form a stable bond with PHS.

To determine the precise effect of the mutations

(R264A and E249A) on FFAR4 activation, we per-

formed kinetic analysis and calculated Vmax and Km

using the Lineweaver–Burk plot. As shown in Table 1,

the Vmax (%) values were 30.4 (FFAR4 to ALA), 31.7

(FFAR4 to PHS), 35.7 (E249A to ALA), 35.0 (E249A

to PHS), 27.2 (R264A to ALA) and 27.3 (R264A to

PHS). The Vmax values of wild-type and mutant

Table 1. Vmax and Km values of wild-type and mutant FFAR4 with

ALA and PHS. To determine the precise effect of the mutation,

kinetic analysis was performed using wild-type and mutant (R264A

and E249A) FFAR4, and Vmax and Km were calculated using the

Lineweaver–Burk plot. Vmax of FFAR4s were almost the same. Km

of E249A and R264A differed between ALA and PHS.

Ligand Vmax (%) Km (lM)

hFFAR4 ALA 30.4 11.8

PHS 31.7 8.19

E249A ALA 35.7 39.3

PHS 35.0 80.6

R264A ALA 27.2 63.1

PHS 27.3 35.4
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Fig. 3. E249 mutation dramatically reduced PHS-induced FFAR4 activation. We investigated whether ALA (A) and PHS (B) activate wild-type

FFAR4 and its mutants (E249A and R264A) using a TGFa shedding assay as described in the Materials and methods. ALA and PHS were

dissolved in dimethylsulfoxide and added at a final concentration of 200 lM. The data show alkaline phosphatase activity of FFAR4 as 100%

compared to that of E249A and R264A. Data were analyzed using Student’s t-test and are presented as the mean � SD of six independent

experiments; *P < 0.01 versus FFAR4.
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FFAR4 with ALA and PHS were similar (Table 1).

The Km values (lM) were 11.8 (FFAR4 to ALA), 8.19

(FFAR4 to PHS), 39.3 (E249A to ALA), 80.6 (E249A

to PHS), 63.1 (R264A to ALA) and 35.4 (R264A to

PHS) (Table 1). Interestingly, the Km values of

FFAR4 mutant binding differed between ALA and

PHS. Among the Km values for ALA, the R264A

mutant had the highest value (63.1 lM) (Table 1), indi-

cating the lowest affinity for ALA. Because our dock-

ing simulation of the FFAR4–ALA complex indicated

that R264 was important for binding with ALA, the

increased Km completely agreed with our model. By

contrast, E249A had the highest Km for PHS (80.6)

(Table 1), indicating the lowest affinity for PHS. The

E249 mutation dramatically reduced PHS-induced

FFAR4 activation (Fig. 3B) and our docking simula-

tion of the FFAR4–PHS complex also revealed the

importance of E249 for binding to PHS. These results

strongly indicate that R264 and E249 are important

for ligand binding with ALA and PHS, respectively.

Therefore, we conclude that PHS activates FFAR4

through an interaction with E249, which is different

from the position in ALA. Our results reveal that PHS

acts on FFAR4 through a different molecular mecha-

nism of binding from ALA.

Significance of the hydroxy group at the C4-

position of PHS for binding to FFAR4

SPH is a sphingoid base that is a constituent membrane

sphingolipid in mammalian cells [32]. SPH and PHS

displayed similar structures, having single long-chain

alkyl groups (C18) and an amino group at the 2-

position, although they differed at the C4-position (hy-

droxy group versus double bond; Fig. 4B). Interest-

ingly, we found that SPH hardly activated FFAR4

(Fig. 4A), indicating the significance of the hydroxyl

group at the C4-position in PHS for its interaction with

FFAR4. According to our docking simulation, SPH

could not form hydrogen bonds with E249 of FFAR4

because of the absence of a hydroxyl group at the C4-

position (data not shown). In addition to the lack of a

hydroxyl group, SPH has a double bond at this posi-

tion. This result also suggests that the oxygen of the

hydroxy group at the C4-position of PHS is important

for the docking of E249 in FFAR4 (Fig. 4B).

Conclusions

Our docking simulation of the FFAR4–PHS and

FFAR4–ALA complexes revealed the possible exis-

tence of hydrogen bonds between E249 and PHS and

between R264A and ALA. Interestingly, making a

model and performing docking simulation with murine

FFAR4, the same hydrogen bonds were observed

between FFAR4, PHS and ALA (not shown). These

bonds would be conserved in mammals. Measuring the

ligand-dependent activation of FFAR4 and performing

kinetic analysis using E249A and R264A mutants, we

revealed that PHS and ALA bind with E249 and

R264, respectively, to activate FFAR4. Our results

clearly demonstrate that PHS binds to FFAR4

through a different molecular mechanism of binding
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relative alkaline phosphatase activity of PHS treatment as 100%
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dimethylsulfoxide treatment. (B) There were possible hydrogen

bonds between the oxygen of the hydroxy group at the C4-position
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from many of the ligands having carboxyl groups.

Additionally, the R264A mutation also showed a sig-

nificant reduction in oleic acid-induced FFAR4 activa-

tion (Fig. S2). The 3D structures of ALA and oleic

acid are considered to be significantly different, sug-

gesting that R264 is involved in the recognition of

many FFAR4 ligands having carboxyl groups. Fur-

thermore, we revealed that the oxygen of the hydroxy

group at the C4-position of PHS is critical for hydro-

gen bonding at E249. Interestingly, E249 is located in

the cytosolic region (Fig. 1B, Fig. 2A). It is known

that Sph generated on the cell surface rapidly translo-

cates into the cell to be SPH 1-phosphate [33,34].

Accordingly, we assume that PHS could also diffusely

penetrate cell and access E249 as well. Because the

FFAR4 agonist has received increasing attention as

attractive pharmaceutical agents for type 2 diabetes

[35,36], our findings may provide new and important

insights into the development of novel FFAR4 ligands.

PHS is found in the plasma membranes of yeast in

large amounts and dietary PHS can be obtained by

consuming bread and fermented foods. We previously

reported that PHS improves impaired glucose toler-

ance in mice [37]. The docking simulation using a

FFAR4 homology model, as established in the present

study, may be useful for predicting the docking sites of

ligands, and it is expected to become an important

tool for investigating novel FFAR4 ligands.
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Fig. S1. The results for S250A and Q252A did not

support a specific interaction with PHS. We investi-

gated whether ALA (A) and PHS (B) activate wild-
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type FFAR4 and its mutants (S250A and Q252A)

using a TGFa shedding assay as described in the

Materials and methods. ALA and PHS were dissolved

in dimethylsulfoxide and added at a final concentra-

tion of 200 lM. The data show alkaline phosphatase

activity of FFAR4 as 100% compared to that of

S250A and Q252A. Data were analyzed using Stu-

dent’s t-test and are presented as the mean � SD of

six independent experiments; *P < 0.01 versus FFAR4.

(C) The length of hydrogen bonds between ligands

and binding residues of GPR120 was calculated using

MOLEGRO MOLECULAR VIEWER, version 7.0.0.

Fig. S2. R264 mutation dramatically reduced oleic

acid-induced FFAR4 activation. We investigated

whether oleic acid activates wild-type FFAR4 and its

mutants (E249A, S250A, Q252A and R264A) using a

TGFa shedding assay as described in the Materials

and methods. Oleic acid was dissolved in dimethylsul-

foxide and added at a final concentration of 200 lM.
The data show alkaline phosphatase activity of

FFAR4 as 100% compared to that of each mutant.

Data were analyzed using Student’s t-test and are pre-

sented as the mean � SD of six independent experi-

ments; *P < 0.01 versus FFAR4. Although the 3D

structures of ALA and oleic acid are different, almost

similar results were obtained. This indicates that R264

plays an important role in the interaction with the car-

boxyl group of ligands.
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