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Supplementary Fig. 1: Cryo-EM analysis of FFA2-Gi complex bound to TUG-1375 and 4-CMTB.

a, Schematic of the FFA2 construct used for protein expression and purification (see also Method section for details).
b, Pharmacological activity of FFA2 (1-325) evaluated by the TGFa shedding assay upon stimulation with TUG-
1375, propionate, butyrate and 4-CMTB. ¢, size-exclusion chromatography (SEC) trace (left) and SDS-PAGE
analyses (right) of the FFA2—-Gi complex bound to scFv16. d, A representative cryo-EM micrograph and 2D class
averages. e, Data processing workflow. f, Fourier shell correlation (FSC) between the two independently refined half-
maps (left) and between the model and the map calculated for the model refined against the full reconstruction (right).
g, Local resolution analysis. h, Angular distribution of the particles used for the final reconstruction. i-k,
Superimposed images of the cryo-EM density map and model for TM helices (i), TUG-1375 (j), and 4-CMTB (k).
L,m, Superimposed images of the cryo-EM density maps and models showing TUG-1375 (1) and 4-CMTB (m) with

their interacting residues in the binding pockets.
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Supplementary Fig. 2: Cryo-EM analysis of FFA2-BRIL bound to GLPG0974.

a, Schematic of the BRIL-fused FFA2 construct (FFA2-BRIL) used in protein expression and purification (see also
the Method section). b, SEC trace (left) and SDS-PAGE analyses (right) of FFA2-BRIL bound to anti-BRIL Fab
(BAG2). ¢, A representative cryo-EM micrograph and 2D class averages. d, Data processing workflow. e, FSC
between the two independently refined half-maps (left) and between the model and the map calculated for the model
refined against the full reconstruction (right). f, Local resolution analysis. g, Angular distribution of the particles used
for the final reconstruction. h,i, Cryo-EM density map for TM helices, helix 8, and ECL2 (h) and GLPG0974 (i). j,
Superimposed images of the cryo-EM density map and model showing GLPG0974 (j) with their interacting residues

in the binding pocket.
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Supplementary Fig. 3: Functional characterization of the orthosteric site.

a, Cell surface expression level of the FFA2 mutants analyzed by flow cytometry. The mutants with similar
expression levels to WT (1:1), (1:5), and (1:20) were colored black, dark gray, and light gray, respectively. b,
Concentration-response curves (top) and ApECso values (bottom) of native FFA2 with distinct expression levels or
mock-transfected cells upon stimulation with TUG-1375, propionate, and butyrate. ¢, Concentration-response curves
of the FFA2 mutants upon stimulation with TUG-1375, propionate, and butyrate. Dashed lines in each panel indicate
the responses of WT with similar expression levels. In panels a and b, bars and error bars represent mean and SEM,
respectively. In b and ¢, symbols and error bars represent mean and SEM, respectively. All of these data were derived
from 3-8 independent experiments, each performed in duplicate. ** represent p < 0.01, with one-way ANOVA
followed by Dunnett’s test for multiple comparison analysis with reference to WT. ns, not significantly different

between the groups.
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Supplementary Fig. 4: Computational characterization of orthosteric ligand binding.

a, Root-mean-square deviation (RMSD) of propionate from its initial position, after aligning on protein backbone
atoms, during 12 independent simulations. Shaded lines represent unsmoothed values, while solid lines represent a
moving average using a smoothing window of 10 ns. Note that in simulation 5, propionate dissociates and enters the
extracellular solvent. b, Representative frames (at 0, 250, 500, 750, and 1,000 ns) from simulation 7, in which
propionate remains stable in its initial pose, interacting with Y90°33, R180°%, and R2557°. ¢, Representative frames
(at 0, 250, 500, 750, and 1,000 ns) from simulation 8, in which propionate loses its initial interactions and forms
transient new interactions with surrounding residues, including F1685“? and V176°3°. d, Frames at 0, 550, and 600
ns in simulation 5, in which propionate dissociates and enters the extracellular solvent. The black arrow indicates

movement of propionate during the simulation.
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Supplementary Fig. 5: Computational characterization of antagonist binding.
a,b, Cryo-EM density map and model focused on GLPG0974 in pose 1 (a) and pose 2 (b). ¢-f, MD simulations of
GLPG0974 in inactive FFA2. The solid sticks show the GLPG0974 structure in the cryo-EM model. The shaded

sticks show the GLPG0974 structure in the final snapshots taken at 500 ns from each of the three simulation replicates.



g-j, RMSD values of GLPG0974 atoms with respect to the cryo-EM model in the three independent MD simulations
(A). The shaded lines represent unsmoothed values, while the solid lines represent a moving average using a
smoothing window of 1 ns. k, Sequence comparison of GLPG0974-binding sites at FFA2 and FFA3. 1, Snapshot at
300 ns from simulation 1 with pose] GLPG0974 and protonated Lys65*%°. m, A docked model of inactive state FFA2
with TUG-1375. The red dashed circle indicates the steric clash between inactive-state FFA2 and TUG-1375. In 1

and m, hydrogen bonds are represented as dashed black lines.
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Supplementary Fig. 6: Functional characterization of the allosteric ligand pocket.

a, Cell surface expression level of the FFA2 mutants analyzed by flow cytometry. The mutants with similar
expression levels to WT (1:1), (1:5), and (1:20) were colored black, dark gray, and light gray, respectively. Bars and
error bars represent mean and SEM, respectively, of 3-5 independent experiments, each performed in duplicate. b,
Concentration-response curves (top) and ApECso values (bottom) of native FFA2 with distinct expression levels or
mock-transfected cells upon stimulation with 4-CMTB. ¢, Concentration-response curves of the FFA2 mutants.
Dashed lines in each panel indicate the responses of FFA2-WT with similar expression levels. In b and ¢, symbols
and error bars represent mean and SEM, respectively. All of these data were derived from 3-8 independent
experiments, each performed in duplicate. d, Cell surface expression level of the FFA3 mutant analyzed by flow
cytometry. Bars and error bars represent mean and SEM, respectively, of three independent experiments, each

performed in duplicate.
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Supplementary Fig. 7: Activation mechanism of FFA2.

a,b, The extracellular side of TM3-6 interface in inactive (a) and active (b) FFA2. The regions of the views
correspond to Fig. 6¢. Hydrogen bonds are represented as dashed black lines. ¢, Superimposed image of active FFA2
(purple) and inactive FFA2 (beige) focused on the conformational changes of F89°32 and Y90***, d,e, The interaction
network between K65*%°, F89°32, and V2597* in inactive (d) and active (e) FFA2. f, Superimposed image of the
sodium binding site of CysLT1°! (PDB ID: 6RZ5) and that of inactive FFA2. The purple sphere represents the sodium
ion observed in the CysLT1 structure. Ionic interactions are represented as dashed black lines. g,h, The packing of
TM7 against TMs 1-3 in inactive (g) and active (h) FFA2. The black arrow indicates the conformational change of
F27373. i, A docked model of inactive FFA2 (beige) and the a5 helix (yellow) of the FFA2-Gi complex. The red
dashed circle indicates the steric clash between inactive FFA2 and the a5 helix. j, Superimposed image of the overall

structure of FFA2 bound to 4-CMTB and inactive FFA2 (left), an enlarged view of the allosteric ligand pocket
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focused on 4-CMTB (center, right). Hydrogen bonds and the conformational change of N230%* are represented as

dashed black lines and a solid black arrow, respectively.
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Supplementary Fig. 8: Ligand entry and recognition in other lipid GPCRs.

a, Cross-section representation (top) and ligand-binding site focused on the ligand’s polar group (bottom) of TUG-
1375-bound FFA2 (this study), TAK-875-bound FFA1?* (PDB ID: 8EJC), valeric acid-bound FFA3** (PDB ID:
8J20), LysoPS-bound GPR34%? (PDB ID: 8SAI), LysoPS-bound P2Y10” (PDB ID: 8KGG), LysoPS-bound
GPR174°* (PDB ID: 7XV3), PAF-bound PAFR* (PDB ID: 8XYD), 7a,25-dihydroxycholesterol-bound GPR183%
(PDB ID: 7TUZ), LPI-bound GPR55°7 (PDB ID: 8ZX4), 15R-methyl-PGD2-bound DP2°® (PDB ID: 7M8W), 9(S)-
HODE-bound GPR132% (PDB ID: 8HQN), and DCA-3P-bound MRGPRX4!% (PDB ID: 8K4S). b, Cross-section
representation of EPA-bound FFA4*® (PDB ID: 8ID9), ONO-9780307-bound LPA1* (PDB ID: 7TD0), S1P-bound
S1P1'°! (PDB ID: 7VIE), S1P-bound S1P2!°? (PDB ID: 7T6B), S1P-bound S1P3!% (PDB ID: 7EW3), Siponimod-
bound S1P5'* (PDB ID: 7EW1), CP55940-bound CB1°! (PDB ID: 7WV9), AM12033-bound CB2!®* (PDB ID:
6KPF), LPC-bound GPR119'% (PDB ID: 7XZ5), 3-OH-C12-bound GPR84!"” (PDB ID: 8J18), LTB4-bound
BLT1!% (PDB ID: 7VKT), PGE2-bound EP2!” (PDB ID: 7CX2), PGE2-bound EP3'!° (PDB ID: 8GDC), PGE2-
bound EP4!''! (PDB ID: 7D7M), PGF2a-bound FP!'? (PDB ID: 8IUK), MRE-269-bound IP!''* (PDB ID: 8X79),
Cloprosetnol-bound TP'!* (PDB ID: 8XJN), and oleic acid-bound GPR3'"® (PDB ID: SWW?2). In all panels, carbon,
oxygen, nitrogen, and phosphorus atoms of each ligand are colored in gray, red, blue, and yellow, respectively. The
stars in the middle of each receptor represent the position of the residues at 6.48 in the BW numbering. The dashed
lines represent the distance between the residues at 6.48 and the closest atoms of a polar group (a) or hydrocarbon

chain (b) of each ligand.
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Supplementary Fig. 9: Structural comparison of FFA2 and other GPCRs.
a-c, Superimposed images of the active FFA2 structure with pOR (a, 5C1M), CB1 (b, 7WV9), and GPR34 (¢, 8SAI).

d-f, Superimposed images of the inactive FFA2 structure with pOR (d, 4DKL), CB1 (e, 5U09), and GPR34 (f, 8IYX).
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Supplementary Fig. 10: Comparison between experimentally determined and predicted FFA2 structures.

a, Superimposed image of predicted active and inactive FFA2 structures obtained from GPCRdb. Both inactive
(cyan) and active (pink) structures were predicted by AlphaFold-Multistate (AF-Multistate). b, Superimposed image
of the cryo-EM (purple) and predicted (pink) FFA?2 structures in the active state. ¢, Superimposed image of the cryo-

EM (beige) and predicted (cyan) FFA2 structures in the inactive state.
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Supplementary Fig. 11: Water distribution in MD simulations.

a—f, Water distribution sampled every 50 ns from 50 to 500 ns in the three simulations for the active and inactive
(with deprotonated K65) state receptors. Water clusters observed between A25873% and S26274* (a), T97**° and
N239%52 (b), S104>47, T195%%*, and T227%4 (¢), D55%%°, S96°3°, and N26574 (d), N26574 and N2697“° (e), and
N25!50 752247 D55%% and F27373 (f) are enlarged in each dashed rectangle. Water molecules observed in active-
state simulations are represented as magenta spheres, while those observed in inactive-state simulations are
represented as green spheres. Receptor structures in the active and inactive states are depicted as semi-transparent

cartoons and sticks, and are colored in purple and beige, respectively. The black arrow in (f) represents the movement

of F2737%% upon receptor activation.
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Supplementary Fig. 12: MD simulation related to Supplementary Fig. 4.
a,b, Representative simulation frames from simulation 2 of propionate-bound FFA2 at 0, 250, 500, 750, and 1,000
ns (a), and at 700, 800, 900, and 1,000 ns (b). The red and green dashed circles indicate the orthosteric site and

allosteric site 1, respectively.
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Supplementary Fig. 13: Structural comparison of allosteric site 2 and three other reported FFA2 structures.

a, Superimposed image of FFA2 bound to 4-CMTB (purple, cyan) and AIR bound to MIPS521* (orange, green)
(PDB ID: 7LD3). b, MIPS521-bound allosteric pocket of A1R. Hydrogen bond is represented as a dashed black line.
¢, Comparison of the allosteric pocket of A1R in complex with both adenosine (ADO) and MIPS521%3 (orange) (PDB
ID: 7LD3) and with only ADO (brown) (PDB ID: 7LD4). d, Comparison of the allosteric site 2 of FFA2 in complex
with both TUG-1375 and 4-CMTB (purple) and with only TUG-1375% (gray) (PDB ID: 8J22). e, Superimposed
image of active f2AR (green) (PDB ID: 4LDO) and inactive B2AR bound to AS408 (orange, purple) (PDB ID:
60BA). f, Superimposed image of active CB1 bound to ZCZ011 (pink, orange) (PDB ID: 7WV9) and inactive CB1
(light blue) (PDB ID: 5U09). g, Superimposed image of FFA2 structure in this study and three other reported FFA2
structures (PDB ID: 8J22, 8J24, 8T3S). h, Superimposed image of TUG-1375/4-CMTB-bound FFA2 (this study)
and TUG-1375-bound FFA2 (PDB ID: 8J22), focused on the TUG-1375-binding site. i, Superimposed image of
TUG-1375/4-CMTB-bound FFA?2 (this study) and acetate-bound FFA2 (PDB ID: 8J24), focused on the TUG-1375-
binding site. j, TUG-1375/4-CMTB-bound FFA?2 (this study) and butyrate-bound FFA2 (PDB ID: 8T3S), focused

on the TUG-1375-binding site.
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Supplementary Table 1: Cryo-EM data collection, refinement and validation statistics.

FFA2-Gi complex
(EMDB-39003)

FFA2-BRIL

(EMDB-39004)

(PDB 8Y6W) (PDB 8Y6Y)

Data collection and processing
Magnification 105,000 105,000 105,000
Voltage (kV) 300 300 300
Electron exposure (e—/A?) 45.6 45.6 57.9
Defocus range (um) -0.8to-1.6 -0.8to-1.6 -0.8to-1.6
Pixel size (A) 0.83 0.83 0.83
Initial collected movies (no.) 8,758 7,474 10,021
Symmetry imposed Cl Cl
Initial particle images (no.) 4,703,440 5,581,238
Final particle images (no.) 256,705 76,538
Map resolution (A) 3.19 3.36

FSC threshold 0.143 0.143
Refinement
Initial model used (PDB code) AF2 model for FFA2 AF2 model

7TD4 for Gi

Model composition

Non-hydrogen atoms 8,750 2,186

Protein residues 1109 278

Ligands 2 1
B factors (A?)

Protein 78.4 40.5

Ligand 76.3 40.4
R.m:s. deviations

Bond lengths (A) 0.003 0.004

Bond angles (°) 0.922 0.981

Validation

MolProbity score 1.10 1.69

Clashscore 0.63 1.37

Poor rotamers (%) 1.37 4.41

Ramachandran plot

Favored (%) 95.78 95.22

Allowed (%) 4.22 4.78

Disallowed (%) 0.00 0.00
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Supplementary Table 2: System setup for the MD simulations.

propionate-bound FFA2 GLPG0974-bound FFA2
K65 deprotonated K65 protonated
pose 1 pose 2 pose 1 pose 2

initial box dimensions (A) 80 x 77 x 84 112 x 111 x 104

number of atoms 49,264 111,959 111,962 111,958 111,961
number of water molecules 9,319 23,661 23,662 23,660 23,661
number of POPC molecules 125 269

neutralizing NaCl concentration (mM) 150 100
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Source Data: Uncropped gels for SDS-PAGE analysis.

Uncropped gel for Supplementary Fig. 1c

TR IR
) 1)

Uncropped gel for Supplementary Fig. 2b
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