
1428  |  Nature  |  Vol 643  |  31 July 2025

Article

Allosteric modulation and biased signalling 
at free fatty acid receptor 2

Xuan Zhang1,5, Abdul-Akim Guseinov2,3,5, Laura Jenkins3,5, Alice Valentini4, Sara Marsango3, 
Katrine Schultz-Knudsen4, Trond Ulven4, Elisabeth Rexen Ulven4, Irina G. Tikhonova2 ✉, 
Graeme Milligan3 ✉ & Cheng Zhang1 ✉

Free fatty acid receptor 2 (FFA2) is a G protein-coupled receptor (GPCR) that is a 
primary sensor for short-chain fatty acids produced by gut microbiota. Consequently, 
FFA2 is a promising drug target for immunometabolic disorders1–4. Here we report 
cryogenic electronic microscopy structures of FFA2 in complex with two G proteins 
and three distinct classes of positive allosteric modulators (PAMs), and describe 
noncanonical activation mechanisms that involve conserved structural features of 
class A GPCRs. Two PAMs disrupt the E/DRY activation microswitch5 and stabilize  
the conformation of intracellular loop 2 by binding to lipid-facing pockets near the 
cytoplasmic side of the receptor. By contrast, the third PAM promotes the separation 
of transmembrane helices 6 and 7 by interacting with transmembrane helix 6 at the 
receptor–lipid interface. Molecular dynamic simulations and mutagenesis experiments 
confirm these noncanonical activation mechanisms. Furthermore, we demonstrate 
the molecular basis for the Gi versus Gq bias, which is due to distinct conformations of 
intracellular loop 2 stabilized by different PAMs. These findings provide a framework 
for the design of tailored GPCR modulators, with implications that extend beyond 
FFA2 to the broader field of GPCR drug discovery.

In humans, short-chain fatty acids (SCFAs), including acetate (C2), 
propionate (C3) and butyrate (C4), are produced during the anaero-
bic fermentation of dietary fibre by gut microbiota and substantially 
affect health4. SFCAs can activate several GPCRs. Among these, FFA2 
(also known as GPR43) and FFA3 (also known as GPR41) are the pri-
mary SCFA receptors1,3,6. Extensive research has shown that many 
beneficial effects of gut microbiota, such as resolving inflammation7, 
limiting fat accumulation8 and defending against pathogens9,10, are 
mediated through SCFA–FFA2 signalling pathways by interacting 
with β-arrestins and the Gi/o and Gq/11 families of G proteins1,6 (Fig. 1a). 
Consequently, FFA2 has emerged as a promising therapeutic target for 
metabolic disorders such as obesity and diabetes2,11,12 and for inflam-
matory diseases4,13,14.

Despite the therapeutic significance of FFA2, the development of 
effective orthosteric agonists has proven challenging, as evidenced 
by the scarcity of reported synthetic FFA2 agonists. The compound 
(2R,4R)-2-(2-chlorophenyl)-3-(4-(3,5-dimethylisoxazol-4-yl)benzoyl)
thiazolidine-4-carboxylic acid (TUG-1375) (Fig. 1b) is one of the few 
reported15. Three distinct series of allosteric activators (or PAMs) of 
FFA2 have also emerged from research in the pharmaceutical indus-
try. A group of phenylacetamides developed by Amgen16, particularly 
4-chloro-α-(1-methylethyl)-N-2-thiazolylbenzeneacetamide (4-CMTB)17 
(Fig. 1b), has become widely used in studies of FFA2 (refs. 6,18). Astra-
Zeneca reported N-[3-(2-carbamimidamido-4-methyl-1,3-thiazol-5-yl)
phenyl]-4-fluorobenzamide (AZ-1729) (Fig. 1b) as a Gi-biased allosteric 

activator19. More recently, 4-[(2R,6S)-2,6-dimethylmorpholin-4-yl]-
7-(2-fluorobenzenesulfonyl)-2-methyl-5H-pyrrolo[3,2-d]pyrimidin-
6-amine (compound 187)20 (Fig. 1b), from a patent filed by Takeda, 
showed modest effects in a mouse model of colitis induced by dextran 
sodium sulfate14. These three FFA2 PAMs do not share a clear conserved 
chemical scaffold.

We previously reported a high-resolution cryogenic electron micros-
copy (cryo-EM) structure of C4 bound to the human FFA2 signalling 
complex21. Another group recently reported a structure of FFA2 bound 
to TUG-1375 (ref. 22), which occupies the same binding pocket as C4. 
However, the binding locations and functional mechanisms of vari-
ous PAMs remain unknown, with previous homology modelling and 
mutagenesis efforts proving inconclusive. Here we report cryo-EM 
structures of multiple human FFA2 signalling complexes with three 
PAMs and the orthosteric agonist TUG-1375. Our structures, together 
with pharmacological studies, functional analyses and molecular 
dynamic (MD) simulations, reveal distinct allosteric sites for the three 
PAMs. We also describe mechanisms of noncanonical activation and 
G-protein-subtype-selective signalling of FFA2.

Signalling and pharmacology of agonists and PAMs
Orthosteric agonists of FFA2, including TUG-1375 and the endogenous 
SCFA C3 (Fig. 1b), promote interactions with Gi and Gq heterotrimeric 
G proteins23 and β-arrestins24. Among the three chemically distinct 
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allosteric modulators of FFA2—4-CMTB16,17,25, AZ-1729 (refs. 19,26) and 
compound 187 (ref. 14) (Fig. 1b)—4-CMTB signals through both Gi and 
Gq pathways16, whereas AZ-1729 displays unusual G protein selectivity, 
with a bias towards Gi over Gq (ref. 19). The signalling profile of com-
pound 187 has been only partially characterized14.

Using TRUPATH G protein sensors27 in HEK293T cells, we character-
ized the signalling profiles of FFA2 ligands. C3 activated both Gi3 and Gq 
with modest potency, whereas TUG-1375 showed similar activation of 
both G protein sensors, but with around 1,000 times higher potency 
than C3 (Fig. 1c). Compound 187 was the most potent ligand tested 
and it effectively activated both G protein subtypes (Fig. 1c). 4-CMTB 
activated both Gi3 and Gq, but with modest efficacy (Fig. 1c). By contrast, 
AZ-1729 potently activated Gi3 with high efficacy but showed minimal 
Gq activation (Fig. 1c). Our results confirm that all three FFA2 PAMs 
function as allosteric agonists (ago-PAMs).

We then assessed the ability of these ligands to recruit β-arrestins. 
C3 and TUG-1375 effectively recruited both β-arrestin 1 (Extended 
Data Fig. 1a) and β-arrestin 2 (Fig. 1d), and TUG-1375 was around 1,000 
times more potent than C3. AZ-1729 and 4-CMTB acted as partial ago-
nists, with modest efficacy for both β-arrestin types, whereas com-
pound 187 did not display detectable activity in these assays (Fig. 1d 
and Extended Data Fig. 1a). All ligands reduced forskolin-amplified 
cAMP levels in Flp-In T-REx 293 cells stably expressing human FFA2 
linked to eYFP. The following potency ranking was observed: com-
pound 187 > TUG-1375 > AZ-1729 ≥ 4-CMTB > C3 (Fig. 1d). Notably, 
AZ-1729 showed greater efficacy than the other allosteric and orthos-
teric activators in this assay (Fig. 1d). These results demonstrate that 
compound 187 favours G protein activation over β-arrestin recruit-
ment, whereas AZ-1729 preferentially activates Gi over Gq while 

retaining partial efficacy for β-arrestin recruitment. 4-CMTB also 
exhibited modest selectivity for Gi over Gq (Fig. 1c). Of note, β-arrestin 2 
recruitment occurred at similar levels in wild-type HEK293T cells 
and G-protein-deficient HEK293T cells. This finding indicates a 
G-protein-independent mechanism for FFA2 to recruit β-arrestins 
(Extended Data Fig. 1b).

For subsequent studies, we used multiple assay types to validate roles 
of key FFA2 residues in ligand interactions and receptor function across 
various human FFA2 complexes. These assays included the measure-
ment of Gi-mediated cAMP reduction and β-arrestin recruitment, [35S]
GTPγS-binding assays and FFA2 radioligand-binding assays using the 
antagonist [3H]GLPG0974 (ref. 28).

Next, we examined cooperative effects between the allosteric 
modulators and TUG-1375 using cAMP-reduction assays (Extended 
Data Fig. 1d). 4-CMTB enhanced the potency of TUG-1375 without 
affecting maximal efficacy (Fig. 2a), whereas compound 187 mark-
edly increased the efficacy of TUG-1375 without altering potency 
(Fig. 2a). AZ-1729 increased both the potency and efficacy of TUG-1375 
(Fig. 2a), and TUG-1375 reciprocally enhanced the potency and efficacy 
of AZ-1729 (Fig. 2a). 4-CMTB also enhanced the potency of AZ-1729 
(Fig. 2b) and the efficacy of compound 187 (Fig. 2b), a result that sug-
gested that these compounds bind at nonoverlapping sites. However, 
compound 187 did not show functional cooperativity with AZ-1729 
(Fig. 2b), which suggests that they may share overlapping binding 
sites. Binding affinity (pKi) estimates ranged from 6.25 to 6.41 for TUG-
1375, from 5.53 to 6.22 for 4-CMTB and from 5.89 to 6.08 for AZ-1729 
(Extended Data Fig. 1d). All PAMs exhibited similar allosteric modula-
tion with the endogenous ligand C3 as with TUG-1375 (Extended Data  
Fig. 1c,d).
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Fig. 1 | Structure and function of FFA2 activators and modulators.  
a, Schematic of how FFA2 senses SCFAs to activate multiple signalling partners, 
including β-arrestins and the Gi/o and Gq/11 families of G proteins. b, Chemical 
structures of FFA2 activators and modulators. c, Quantification of the activation 
of Gi3 and Gq TRUPATH sensors induced by FFA2 activators and modulators. 

BRET, bioluminescence resonance energy transfer. d, Quantification of 
β-arrestin 2 recruitment and inhibition of forskolin-stimulated levels of  
cAMP induced by FFA2 activators and modulators. For c and d, data are the 
mean ± s.e.m. n = 3 (3 biologically independent experiments).



1430  |  Nature  |  Vol 643  |  31 July 2025

Article

Structures of human FFA2 signalling complexes
The diverse signalling profiles and cooperativity patterns of FFA2 
PAMs suggest that they have distinct modes of receptor modula-
tion, which may be associated with different binding sites. To inves-
tigate the allosteric modulation mechanism of FFA2, we determined 
cryo-EM structures of Gq-coupled FFA2 in complex with TUG-1375 and 

4-CMTB or compound 187 and of Gi-coupled FFA2 in complex with 
TUG-1375 and AZ-1729 or compound 187 at global nominal resolu-
tions of 3.1–3.4 Å (Fig. 2c, Extended Data Table 1 and Extended Data 
Fig. 2). For the Gq-coupled complexes, we used miniGq (refs. 21,29–31), 
which contains an engineered α-subunit (Gαq) referred to as mGαi/s/q  
(refs. 32,33), to stabilize the complexes. To further stabilize the FFA2 
and G protein complexes, we used the NanoBit tethering strategy34. 
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Fig. 2 | Cooperativity of function between various FFA2 modulators and 
overall structures of FFA2 with diverse modulators. a, Cooperativity of 
function between three FFA2 PAMs and the orthosteric agonist TUG-1375.  
The ability of the indicated concentrations of 4-CMTB, compound 187 and  
AZ-1729 to modulate the inhibition of forskolin-stimulated levels of cAMP 
through FFA2 is shown. The cooperative effects of AZ-1729 and TUG-1375 
displayed reciprocity. b, Cooperativity of function between the three FFA2 ago-
PAMs. The ability of the indicated concentrations of 4-CMTB to modulate the 
function of AZ-1729 and compound 187 is displayed. Different concentrations 
of compound 187 do not modulate the effects of AZ-1729. For a and b, data are  

the mean ± s.e.m. n = 3 (3 biologically independent experiments). c, Cryo-EM 
maps (top row) and structural models (bottom row) of TUG-1375-bound  
FFA2 signalling complexes, including 4-CMTB–FFA2 (forest green) and 
compound 187–FFA2 (green) in complex with miniGq, and AZ-1729–FFA2 (blue) 
and compound 187–FFA2 (turquoise) in complex with Gi. mGαi/s/q, Gαi, Gβ and 
Gγ subunits are coloured in dark yellow, green-yellow, purple and pale turquoise, 
respectively. ScFv16 is in dark grey. The clear cryo-EM density maps of all 
ligands are shown as meshes in the insets of the top row. d, Superimposition of 
FFA2 bound to three ago-PAMs showing site 1 and the upper and lower regions 
of site 2 for 4-CMTB, AZ-1729 and compound 187, respectively.
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This approach involves the fusion of the two components of NanoBit 
to the carboxy-terminal ends of FFA2 and Gβ and the single-chain vari-
able fragment antibody scFv16, which was developed to stabilize the 
Gi heterotrimer35.

The well-resolved cryo-EM maps enabled us to model most of the side 
chains of the receptor, the G proteins, scFv16 and TUG-1375 (Fig. 2c). 
Moreover, three distinct density maps were identified and assigned to 
the three PAMs (Fig. 2c). The structures revealed that 4-CMTB binds 
to an interhelical allosteric site near transmembrane helix 6 (TM6), 
whereas AZ-1729 and compound 187 occupy overlapping but noni-
dentical interhelical allosteric sites above intracellular loop 2 (ICL2) 
(Fig. 2d). The receptor and compound 187 exhibited high structural 
similarity, with no significant differences when coupled to miniGq or Gi. 
To analyse the binding mechanism of compound 187 in more detail, we 
primarily focused on the miniGq-coupled FFA2 complex with TUG-1375 
and compound 187 owing to the better cryo-EM density map obtained 
for this structure than with the other complexes.

The transmembrane domain and extracellular loops of FFA2 closely 
matched the recently published TUG-1375-bound FFA2 structure22 but 
differed from those in our previously published C4-bound structure21 
(Extended Data Fig. 3a). Mutagenesis studies confirmed the identity 
of the essential binding-pocket residues for TUG-1375 (Extended Data 

Fig. 3b). We also performed microsecond-scale classical MD simula-
tions, which indicated the presence of a flexible orthosteric binding 
pocket to accommodate the large synthetic agonist (Extended Data 
Fig. 3c).

Binding of ago-PAMs at distinct allosteric sites
Our pharmacological studies showed that 4-CMTB enhances the action 
and/or potency of both AZ-1729 and compound 187 at FFA2 (Fig. 2b), 
which suggests that these ago-PAMs have nonoverlapping allosteric 
sites. Indeed, our cryo-EM structures revealed that 4-CMTB binds to 
site 1, an allosteric site at the membrane interface of TM6, whereas 
AZ-1729 and compound 187 bind to the upper and lower regions, respec-
tively, of site 2 immediately above ICL2 (Fig. 2d).

Binding of 4-CMTB at site 1
The identified 4-CMTB-binding site, referred to as site 1, was unex-
pected based on previous modelling and mutagenesis efforts17,36,37. 
This site is adjacent to a known allosteric site in the adenosine A1 recep-
tor (A1R) for the PAM MIPS521 (ref. 38). MIPS521 occupies a concave 
pocket between TM6 and TM7 of A1R, whereas 4-CMTB binds more 
superficially near TM6 of FFA2 (Fig. 3a). In this membrane-embedded 

b

c

a

e

V2266.39

L2296.42

V2336.46 F2617.41

L2687.48

L2647.44

N2306.43

L2727.52

N

4-CMTB–FFA2
MIPS521–A1R

TM6
TM7

4-CMTB–FFA2

TM5

TM6 TM7

N2306.43

L2717.51

L2687.48

L2727.52

L2647.44
F2617.41

V2266.39

L2296.42

V2336.46

N2306.43

L2717.51

L2687.48

L2727.52

N657.45

F2617.41

V2266.39

L2296.42

V2336.46
C2346.47

D2697.49

S

N2306.43

L2717.51

L2687.48

L2727.52

N2657.45

F2617.41

V2266.39

L2296.42

V2336.46

C2346.47

D2697.49R

–7.5 +7.5 –5.0kcal mol–1
0 kcal mol–1

d

log[4-CMTB (M)]

WT
V226A
N230D
N230S
F261L

log[TUG-1375 (M)]

–1
2

–1
1

–1
0 –9 –8 –7 –6 –5

–1
0 –9 –8 –7 –6 –5 –4

–1
2

–1
1

–1
0 –9 –8 –7 –6 –5

–1
2

–1
1

–1
0 –9 –8 –7 –6 –5 –4

–50
0

50
100
150
200
250

–50
0

50
100
150
200
250

log[compound 187 (M)] log[AZ-1729 (M)]

G
TP

γS
 in

co
rp

or
at

io
n

(%
 o

f T
U

G
-1

37
5)

G
TP

γS
 in

co
rp

or
at

io
n

(%
 o

f T
U

G
-1

37
5)

G
TP

γS
 in

co
rp

or
at

io
n

(%
 o

f T
U

G
-1

37
5)

G
TP

γS
 in

co
rp

or
at

io
n

(%
 o

f T
U

G
-1

37
5)

S

O
O

NH

NH2

–50
0

50
100
150
200
250

–50
0

50
100
150
200
250 WT

V226A
N230D
N230S
F261L

WT
V226A
N230D
N230S
F261L

WT
V226A
N230D
N230S
F261L

CI

Fig. 3 | Binding of 4-CMTB in site 1. a, Superimposition of 4-CMTB–FFA2 with 
A1R bound to the PAM MIPS521 (Protein Data Bank (PDB) accession 7LD3). 
Compared with MIPS521, 4-CMTB binds more superficially. b, Details of the 
interactions between 4-CMTB and FFA2 at site 1. c,d, Simulation snapshot 
depicting the (S) isomer of 4-CMTB (c) and the less active (R) isomer of 4-CMTB 
(d) in site 1, with protein residues shown as sticks. 4-CMTB is shown as green 
sticks. Carbon colours and stick thickness represent the simulation-averaged 
energies of electrostatic and van der Waals interactions of each residue with 

the ligand, respectively. Classical and nonclassical hydrogen bonds with 
N2306.43 are indicated by dashed lines. The results illustrate the inability of 
(R) 4-CMTB to form a nonclassical hydrogen bond with N2306.43 and the poor 
steric fit of its isopropyl (i-Pr) fragment. e, Effects of various mutations in site 1 
of FFA2 on the function of FFA2 ligands measured in [35S]GTPγS-binding assays. 
4-CMTB is unable to promote the binding of [35S]GTPγS at N230D and N230S 
FFA2, but other ligands are unaffected. Data are the mean ± s.e.m. n = 3  
(3 biologically independent experiments). WT, wild type.

https://doi.org/10.2210/pdb7LD3/pdb


1432  |  Nature  |  Vol 643  |  31 July 2025

Article
site 1, 4-CMTB forms a single hydrogen bond with N2306.43 (super-
scripts represent Ballesteros–Weinstein numbering39) (Fig. 3b). Such 
limited polar interactions are characteristic of allosteric GPCR ligands 
at membrane–receptor interfaces40, where the membrane environment 
strengthens polar contacts41. MD simulations revealed that 4-CMTB 
engages the N2306.43 side chain through both its amide and thiazole 
nitrogen atoms, acting as a hydrogen-bond donor and acceptor, respec-
tively (Fig. 3c). An additional nonclassical C–H and O hydrogen bond 
is formed between the N2306.43 side-chain oxygen (acceptor) and the 
C–H group at the chiral centre of 4-CMTB (donor) (Fig. 3c). Although 
weaker than conventional hydrogen bonds, such C–H···O interactions 
are increasingly gaining recognition as important contributors to pro-
tein–ligand binding, particularly when the C–H donor is adjacent to 
electron-withdrawing groups that increase its polarity. Such interac-
tions are enhanced by the low dielectric constant of the membrane 
environment41. MD simulations showed that the substantially less 
active (R) isomer of 4-CMTB cannot form this interaction owing to 
geometric constraints, which contribute to its poor fit in the binding 
cavity (Fig. 3d). Further stabilization of 4-CMTB arises from van der 
Waals contacts with the surrounding residues V2266.39, L2296.42, V2336.46, 
L2647.44, L2687.48 and L2727.52 (Fig. 3b,c).

The dual 4-CMTB N2306.43 hydrogen bonds validate previous 
structure–activity relationship (SAR) findings17,25. The following key 
structural requirements were identified: an essential amide hydrogen 
bond donor (N-methylation reduces potency by 120-fold); a crucial 
position-2 hydrogen-bond acceptor in the heterocycle (2-pyridyl pre-
serves activity, whereas 3/4-pyridyl reduces it); and introduction of a 
carbonyl group decreases activity owing to reduced acceptor prop-
erties17,25. The following additional SAR data supported the binding 
mode of 4-CMTB: the low potency of pH-sensitive molecules aligns 
with the membrane location; the bulk tolerance of the 2,5-thiazole 
fragment matches its orientation towards TM7; the strict require-
ments for amide-adjacent alkyl groups reflect its proximity to TM6; 
the preference for a hydrogen between the amide and aromatic frag-
ment indicates nonclassical hydrogen bonding; and the low polarity 
preference for the 4-chlorophenyl moiety confirms its deep membrane 
positioning17,25.

The observed ligand–receptor interactions were also supported by 
mutagenesis studies. Alteration of N2306.43 to aspartic acid, which allows 
only one hydrogen bond with 4-CMTB, eliminated both direct activa-
tion of human FFA2 by 4-CMTB (Fig. 3e and Extended Data Table 2a) 
and its cooperative effect on the potency of TUG-1375 (Extended 
Data Fig. 4a). Similarly, replacing N2306.43 with serine, which disrupts 
hydrogen bonding with 4-CMTB, also abolished the agonistic action 
of 4-CMTB (Fig. 3e and Extended Data Table 2a). However, both muta-
tions preserved the potency and efficacy of TUG-1375, compound 187 
and AZ-1729, a result that confirmed that the mutant receptors main-
tained their overall structure and function (Fig. 3e and Extended Data 
Table 2a). Moreover, compound 187 and AZ-1729 retained their PAM 
effects on TUG-1375 at the N2306.43D mutation of FFA2 (Extended Data 
Fig. 4a), and binding affinity for the antagonist [³H]GLPG0974 was 
maintained (Extended Data Fig. 4a). Beyond N2306.43, the mutation of 
V2266.39 in FFA2 to alanine significantly reduced the agonistic activity 
of 4-CMTB on FFA2, whereas TUG-1375 and the other two ago-PAMs 
were minimally affected (Fig. 3e and Extended Data Table 2a). By con-
trast, replacing F2617.41, which does not form direct interactions with 
4-CMTB in our structure, with leucine had little effect on the activity 
of 4-CMTB (Fig. 3e and Extended Data Table 2a). In FFA3, although 
N6.43 is conserved, notable variations in the 4-CMTB-binding pocket 
resulted in a distinct configuration of site 1 in FFA3. These changes 
included the replacement of V2266.39 in FFA2 by A2296.39 in FFA3 and 
significant conformational variations of the conserved residues L6.42 and 
L7.44 between FFA2 and FFA3 (Extended Data Fig. 4b). These differences 
probably explain the high selectivity of 4-CMTB for FFA2 compared  
with FFA3.

Binding of AZ-1729 and compound 187 at site 2
As the pharmacology studies and docking findings indicated that 
AZ-1729 and compound 187 do not share binding sites with 4-CMTB, 
we predicted their locations using cosolvent simulation techniques 
for membrane proteins42. The simulations revealed strong interac-
tions between the probes and E1063.49 (Extended Data Fig. 4c). We then 
docked both ligands to the induced-fit receptor conformation from 
these simulations. In agreement with our predictions, the cryo-EM 
structures showed that AZ-1729 and compound 187 bind to site 2, 
another allosteric site located above ICL2, and occupy the upper and 
the lower regions in this site, respectively (Fig. 4a,b). Both regions 
are formed by residues from TM2–TM5 and ICL2. AZ-1729 sits further 
from ICL2 than compound 187, with a slightly smaller allosteric binding 
pocket (1,318 Å2 for AZ-1729 compared with 1,607 Å2 for compound 187) 
(Fig. 4c). In both miniGq-coupled and Gi-coupled FFA2 structures with 
compound 187, the site 2 conformation, including ICL2, were nearly 
identical (Extended Data Fig. 4d).

AZ-1729 occupies the upper region of site 2, with its guanidyl moiety 
oriented towards ICL2 and the rest of the molecule extending towards 
the centre of the seven transmembrane bundle and reaching W983.41 
(Fig. 4a). The guanidyl moiety of AZ-1729, critical for ligand binding, 
forms two hydrogen bonds with E1063.49 (Fig. 4a). Similarly, in the lower 
region of site 2, compound 187 forms polar interactions with E1063.49 
(Fig. 4b).

In support of these structural observations, both AZ-1729 and com-
pound 187 did not show detectable activity at the E1063.49G residue of 
FFA2 in cAMP-inhibition assays (Fig. 4d and Extended Data Table 2b). 
Moreover, they displayed reduced efficacy in [35S]GTPγS-binding assays 
(Extended Data Table 2c and Extended Data Fig. 4e), whereas TUG-1375 
and 4-CMTB functioned normally at this mutant receptor (Extended 
Data Table 2b,c and Extended Data Fig. 4e). MD simulations confirmed 
that both ligands extensively interact with E1063.49 (Fig. 4e) and pre-
vent its interaction with R1073.50 of the conserved ionic lock (E/D)R3.50Y 
motif 5,43 in the absence of G proteins (Fig. 4f).

Furthermore, AZ-1729 either lacked detectable function or dis-
played around 100-fold reduced potency at the G1023.45V residue of 
FFA2 (Fig. 4d, Extended Data Table 2b,c and Extended Data Fig. 4e), 
located one turn of TM3 above E1063.49. This alteration is anticipated 
to cause steric hindrance for the binding of AZ-1729. Compound 187 
retained activity at G1023.45V, but with 10–30-fold reduced potency, 
whereas both TUG-1375 and 4-CMTB showed unaltered potency (Fig. 4d, 
Extended Data Table 2b,c and Extended Data Fig. 4e). Although AZ-1729 
displayed only modest efficacy compared with TUG-1375 in β-arrestin 2 
recruitment assays with wild-type FFA2–eYFP (Fig. 1d), this result was 
sufficient for additional assessments, which confirmed the loss of 
response to AZ-1729 at both E1063.49G and G1023.45V residues in FFA2 
(Extended Data Fig. 4f).

We further explored alterations around the binding pocket of site 2. 
The A1294.45V mutation substantially reduced the potency of both 
compound 187 and AZ-1729 in [35S]GTPγS-binding assays, whereas 
no effect was seen for TUG-1375 or 4-CMTB (Extended Data Table 2c 
and Extended Data Fig. 4e). However, significance was only reached 
for compound 187 in the cAMP assays (Fig. 4d and Extended Data 
Table 2a). Even though MD simulations indicated cation–π interac-
tions between the guanidyl group of AZ-1729 and Y1254.41 and π interac-
tions between this residue and the 5,7-diazaindole of compound 187 
(Fig. 4e), the Y1254.41Q mutation did not significantly affect potencies 
(Extended Data Table 2c). However, large reductions in potency for 
both compound 187 and AZ-1729 were observed when the adjacent 
residue G1264.42 was changed to serine (Extended Data Table 2b,c). 
Notably, the L472.42Y mutation eliminated responses to compound 187 
and substantially reduced the potency for AZ-1729 (Extended Data 
Table 2b,c). Consistent with the positioning of the 2-fluorophenyl 
moiety of compound 187, the F1133.56A mutation resulted in a larger 



Nature  |  Vol 643  |  31 July 2025  |  1433

reduction in potency for this ligand than for AZ-1729 (Extended Data 
Table 2c). Notably, alteration of L1093.52 to either alanine or valine 
resulted in a large reduction in potency for compound 187 (Extended 
Data Table 2c and Extended Data Fig. 4e).

The cryo-EM structures and MD simulations revealed key differences 
in how compound 187 and AZ-1729 interact with FFA2 (Fig. 4e). The 
fluorophenyl ring of AZ-1729 extends to form T-shaped aromatic inter-
actions with W983.41, whereas compound 187 adopts a more compact 
conformation and is positioned closer to ICL2, thereby precluding such 
interactions (Fig. 4a–c). Unlike AZ-1729, compound 187 lacks a posi-
tively charged group near S120ICL2 but features a bulky hydrogen-bond 
acceptor, which resulted in distinct effects on the conformation of 
ICL2 (Fig. 4e). MD simulations demonstrated that AZ-1729 estab-
lishes a dynamic hydrogen-bond network with both the backbone 
carbonyl and side-chain hydroxyl of S120ICL2, unlike compound 187 
(Fig. 4e,g). However, S120ICL2E showed a modest effect on AZ-1729 only, 
and S120ICL2F had no effect on the activity of either of the ago-PAMs, 
which suggested that the S120ICL2 side chain has a minimal role in ligand 

function (Extended Data Table 2c). Conversely, residues involved in 
G protein interactions had a greater impact on function (Extended 
Data Fig. 5a–c). Y117ICL2A substantially reduced the potency for both 
compound 187 (100-fold) and AZ-1729 (50-fold), with modest effects 
on 4-CMTB and TUG-1375 (Extended Data Table 2c). As Y117ICL2F did not 
show significant effects on potency (Extended Data Table 2b,c), aroma-
ticity and/or hydrophobic contacts at Y117ICL2 are therefore crucial for 
site 2 PAM activity. R121ICL2A moderately decreased the potency of all 
compounds, with the greatest effect on AZ-1729, whereas Q116ICL2A had 
no significant effect (Extended Data Table 2c). Owing to its proximity to 
ICL2, the 2-fluorophenyl moiety of compound 187 forms extensive back-
bone contacts and a T-shaped aromatic interaction with F1133.56, which 
were not observed for AZ-1729 (Fig. 4a,b,e). Together with the aromatic 
contacts of the 5,7-diazaindole fragment with Y1255.41 (Fig. 4b,e), these 
interactions establish the binding of compound 187 at both sides of 
ICL2. The observed binding mode retrospectively explains the available 
SAR data for compound 187 (ref. 44) and demonstrates the importance 
of the 2-aminopyrrole present in compound 187. That is, analogues that 
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Fig. 4 | Binding of AZ-1729 and compound 187 at site 2. a,b, Receptor 
interaction profiles of AZ-1729 (a) and compound 187 (b) in the upper and  
lower regions, respectively, of site 2. c, Different binding modes of AZ-1729 and 
compound 187. The area of each pocket was calculated using PyMol. d, Effects 
of mutations in site 2 on the function of FFA2 ligands measured by cAMP 
inhibition. Although these mutations affect the function of AZ-1729 and 
compound 187, they have little effect on the function of TUG-1375 and 4-CMTB. 
Data are the mean ± s.e.m. n = 3 (3 biologically independent experiments).  
e, Simulation snapshots of AZ-1729 (left) and compound 187 (right) bound  
to FFA2. Protein residues are shown with carbon colours and stick thickness 
denoting the simulation-averaged energies of electrostatic and van der Waals 

interactions of each residue with the ligand, respectively. Transparent  
iso-surfaces illustrate water presence in >50% of the simulation trajectory. 
Hydrogen bonds are shown with dotted lines. f, Distances between the E1063.49 
side-chain oxygens and R1073.50 showing the disruption of their contact only  
in the presence of a G protein, AZ-1729 or compound 187 (mean ± s.e.m., n = 3 
(3× 1-μs simulations)). g, Distribution of distances between the backbone and 
side-chain oxygen of S120ICL2 and the donor nitrogen of AZ-1729 or the acceptor 
hydrogens of compound 187. Violin plots show probability densities from three 
simulation replicates per complex. Horizontal bars indicate minimum, maximum 
and median values. The dotted line at 3.5 Å shows the hydrogen-bond distance 
cut-off. Percentages indicate the proportion of frames with distances ≤3.5 Å.
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lack this group have half maximal effective concentration (EC50) values 
of >5 μM. By contrast, variations in the sulfone group, morpholine 
fragment and the pyrimidine part of the scaffold did not significantly 
decrease potency, a result in agreement with the lack of specific polar 
interactions between these regions and the receptor.

FFA2 allosteric activation and modulation
On the basis of structural analyses of the C4–FFA2–miniGq complex, 
we previously proposed that the interactions between the carboxy-
late group of C4 with R1805.39 and R2557.35 of FFA2 cause inward move-
ments of TM5 and TM7 and concomitant conformational changes of 
the P1915.50T973.40F2316.44 motif. This structural change in turn leads to 
the outward movement of TM6 at the cytoplasmic region, a hallmark 
of GPCR activation21. A similar mechanism may also apply to TUG-1375, 
which forms similar interactions with R1805.39 and R2557.35 at the orthos-
teric binding pocket (Extended Data Fig. 3a). This canonical activation 
mechanism that involves conformational changes of the P5.50I3.40F6.44 
triad motif at the core region of the transmembrane helical bundle has 
been observed across many other class A GPCRs5,45,46.

To understand the distinct activation mechanisms of FFA2 ago-PAMs, 
we conducted MD simulations to examine conformational changes 
after the removal of an ago-PAM and in PAM-only conditions using 
various FFA2 cryo-EM structures and docked structures. AZ-1729 and 
compound 187 form strong electrostatic interactions with E1063.49 of 
the conserved (D/E)R3.50Y motif5,47 in site 2 (Fig. 4a,b,e). These disrupt 
the inactive-state intramotif E1063.49–R1073.50 interaction5,43,45,47, which 
remains stable in the empty receptor form and in TUG-1375-only simu-
lations (Fig. 4f). Analyses of additional molecular switches showed 
that the interhelical R1073.50–Y1995.58 interaction, which is highly stable 
in the G-protein-bound state, is also stabilized by AZ-1729 and com-
pound 187 in G-protein-free simulations compared with TUG-1375 
alone (Extended Data Fig. 5d). Similarly, R1073.50 positioning near the 
NP7.50XXY motif (where X denotes any amino acid), crucial for G protein 
coupling, is strongly maintained by AZ-1729 and compound 187 but 
is less stable with TUG-1375 alone or in empty-receptor simulations 
(Extended Data Fig. 5e). These findings, together with our pharma-
cology and cooperativity studies, demonstrate that AZ-1729 and 
compound 187 act as allosteric agonists by promoting active-state 
conformations and function as PAMs by enhancing TUG-1375-induced 
receptor activation.

ICL2 is another important region involved in the action of site 2 
PAMs. Both AZ-1729 and compound 187 form multiple interactions 
with ICL2 residues to stabilize its backbone conformation. Studies 
of FFA1 (also known as GPR40)48–50 have shown that ago-PAMs that 
bind above ICL2 stabilize a specific ICL2 conformation that makes 
G-protein-coupling more effective. Similarly, the site 2 ago-PAMs of 
FFA2 substantially reduce the flexibility of ICL2 and increase its stability 
in our simulations compared with those in the absence of ago-PAMs 
(Fig. 5a and Extended Data Fig. 5f–k). By contrast, 4-CMTB, which 
binds away from ICL2, had little impact on ICL2 dynamics (Fig. 5a and 
Extended Data Fig. 5f–k). The effects of AZ-1729 and compound 187 on 
ICL2 persisted across different structural contexts, with the effects of 
compound 187 being more dependent on G protein binding (Extended 
Data Fig. 5f–k).

For 4-CMTB, our MD simulations revealed its impacts on a hydrogen- 
bond network mediated by N2306.43 at the TM6–TM7 interface. In 
simulations with 4-CMTB alone and docked to TUG-1375-bound FFA2, 
4-CMTB disrupts the N2306.43–D2697.49 polar contact at the TM6–TM7 
interface by forming stable interactions with N2306.43 (Fig. 5b). This dis-
ruption affects a broader hydrogen-bond network that involves N2657.45, 
C2346.47 and D552.50, which in turn affects the conserved (N/D)7.49P7.50XXY 
and C6.47W6.48XP6.50 motifs as well as the sodium-coordination pocket, 
all of which are crucial for GPCR activation5,46 (Extended Data Fig. 5l,m). 
Accordingly, after the removal of 4-CMTB, N2306.43 rotates towards 

TM7 to re-establish an extensive hydrogen-bond network with N2657.45, 
D2697.49 and C2346.47 (Fig. 5c and Extended Data Fig. 5l,m). This network 
seems to constrain TM6 movement, as TM6–TM7 hydrogen bonds are 
more frequent in unliganded, G-protein-free simulations of FFA2 com-
pared with FFA2 complexes with agonists, especially 4-CMTB (Extended 
Data Fig. 5n). Moreover, MD simulations of N2306.43D and N2306.43A 
mutants showed that N230A mimics the effect of 4-CMTB by disrupting 
the cytoplasmic TM6–TM7 hydrogen-bond network, whereas N230D 
can reverse such an effect (Extended Data Fig. 5n).

Mechanism of FFA2 biased signalling
Despite the apparently similar receptor activation mechanism for 
AZ-1729 and compound 187, which involves the stabilization of ICL2, 
they displayed divergent G protein selectivity. That is, AZ-1729 is unable 
to effectively activate Gq but exhibits markedly higher Gi efficacy com-
pared with compound 187, as measured in cAMP-inhibition assays19 
(Fig. 1d). Such functional selectivity or a biased signalling property 
of AZ-1729 for Gi over Gq is not commonly seen for GPCR allosteric 
modulators51.

The Gi-coupled and miniGq-coupled FFA2 complex structures showed 
high overall similarity. FFA2 forms comparable interaction patterns 
with both G proteins (Extended Data Fig. 6a,b). Despite these struc-
tural similarities, subtle conformational differences were observed 
when comparing FFA2–Gi and FFA2–miniGq interfaces, including dif-
ferent orientations of the αN helix of Gi and miniGq (Extended Data 
Fig. 6c). Moreover, R2176.30 and Q2156.28 engage in polar interactions 
with the α5 helix of miniGq, which are missing in the Gi-coupled FFA2 
structures (Extended Data Fig. 6d). Notably, as mGαi/s/q is a chimeric 
protein derived from miniGαs, Gαq and Gαi, interactions beyond the 
last 15 amino acids of the α5 helix and the amino-terminal αN helix 
reflect Gs interactions, which may not accurately represent native 
Gq–receptor interactions. Our cryo-EM structures and MD simula-
tions showed that AZ-1729 and compound 187 stabilize distinct helical 
conformations of ICL2 (Figs. 5a and 6a). Specifically, interactions of 
AZ-1729 with S120ICL2 significantly alter the ICL2 backbone conforma-
tion, reorienting it towards the membrane plane (Figs. 4e,g and 5a). As a 
result, there is an internal rotation and an upwards shift of ICL2 in FFA2 
bound to AZ-1729 compared with that in FFA2 bound to compound 187 
(Fig. 6a). Such a S120ICL2 interaction is not possible for compound 187 
owing to the hydrogen-bond acceptor nature of its sulfonamide group 
(Fig. 4e,g). This distinct ICL2 conformation was observed in simula-
tions of all AZ-1729-containing complexes regardless of the presence 
of a G protein (Fig. 6b).

Our MD simulations further revealed contrasting G protein effects 
on ICL2 of FFA2. Although miniGq-bound FFA2 showed similar ICL2 
conformations across all ligands (Fig. 5a), Gi-bound FFA2 displayed 
ligand-dependent ICL2 conformations (Fig. 5a). Notably, the ICL2 con-
formation in the Gi–compound 187–FFA2 complex closely resembled 
that observed in G-protein-free simulations (Figs. 5a and 6b), whereas 
ICL2 conformations markedly differed between miniGq-bound and 
Gq-free simulations. This result suggests that Gi coupling facilitates 
greater ICL2 flexibility compared with miniGq coupling. Given the 
critical role of ICL2 in G protein coupling50, we propose that AZ-1729 
stabilizes a specific ICL2 conformation that favours productive cou-
pling with Gi over Gq.

Although the specific interactions that drive this biased property of 
AZ-1729 are not immediately apparent, mutagenesis and MD simulation 
studies provided mechanistic insights. The α5 helix (or helix 5) of the Gα 
subunit has an important role in determining G-protein-coupling speci-
ficity52,53. In the FFA2–miniGq structure, the part of α5 helix of mGαi/s/q 
at the receptor-coupling interface is the same as that of the wild-type 
Gαq protein, in which the sequence variations between Gi and Gq are 
preserved. Among these residues, C351H5.23 (G protein residue num-
bering54) in Gi, the site of pertussis-toxin-catalysed ADP-ribosylation 
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that prevents GPCR–Gi coupling, is replaced by a considerably bulk-
ier Y243H5.23 in mGαi/s/q (Y356H5.23 in wild-type Gαq) (Fig. 6a). Both of 
these G protein residues extend towards ICL2 of FFA2 in our cryo-EM 

structures (Fig. 6a). Our MD simulations revealed that the distance 
between Y117ICL2 of AZ-1729-bound FFA2 and C351H5.23 of Gi is shorter 
than the distance between Y117ICL2 of FFA2 bound to either 4-CMTB or 
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compound 187 and Y243H5.23 of mGαi/s/q (Fig. 6c). Furthermore, in our MD 
simulations, replacing Y243H5.23 in miniGq with cysteine shifts its posi-
tioning to resemble that in Gi relative to Y117ICL2 of FFA2, whereas AZ-1729 
promotes a closer positioning of C351H5.23 of Gi to Y117ICL2 (Fig. 6c).

All of the above results suggest that the conformation of Y117ICL2 in 
the AZ-1729-bound FFA2 is incompatible with coupling to Gq owing 
to a potential steric clash with Y356H5.23. We therefore proposed that 
replacing Y356H5.23 of Gq with a less bulky C351 as in Gi would enable 
its coupling to AZ-1729-bound FFA2. Data from TRUPATH assays con-
firmed that AZ-1729 effectively activated the Y356C Gq mutant (Fig. 6d) 
while showing minimal activation of the wild-type Gq (Fig. 1c). Notably, 

activation of the Y356C Gq variant by compound 187 and the orthos-
teric agonists C3 and TUG-1375 was as effective as for the wild-type Gq 
(Fig. 6d). These results suggest that the specific ICL2 conformation 
induced by AZ-1729 preferentially favours receptor coupling to Gi 
with its C351H5.23 residue in the α5 helix over Gq, which has the bulkier 
Y356H5.23. It is also interesting to note that C351H5.23 in Gi isoforms can be 
replaced by a broad range of other amino acids, with receptor coupling 
efficiency largely correlated with residue hydrophobicity55. By contrast, 
4-CMTB exhibited similarly weak activity on the Y356C Gq variant as it 
does on the wild-type Gq (Figs. 1c and 6d), which suggests that ICL2 is 
not involved in the G protein selectivity of this compound.
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Discussion
Our structural and pharmacological studies revealed that the three 
ago-PAMs 4-CMTB, AZ-1729 and compound 187 bind to distinct allos-
teric sites and use noncanonical mechanisms to activate FFA2, a result 
that highlights the complex and diverse modes of allosteric modula-
tion of FFA2. Despite this binding diversity, all three allosteric agonists 
exhibited similar cooperativity effects with the synthetic agonist TUG-
1375 and the SCFA C3 (Extended Data Fig. 1c), which suggests that there 
is limited ‘probe-dependence’ and conserved communication pathways 
between the allosteric pockets and orthosteric ligands. Our pharmaco-
logical studies also demonstrated cooperative effects between AZ-1729 
or compound 187 and 4-CMTB (Fig. 2b). Consistent with this finding, 
compound 3, an initial member of the Takeda series chemically similar 
to compound 187, also showed positive cooperative effects with both 
C3 and 4-CMTB (Extended Data Fig. 7a). Furthermore, our findings 
indicate that ICL2 can adopt multiple conformations, functioning as a 
crucial determinant for both receptor activation and biased G protein 
coupling. These insights advance our understanding of GPCR allosteric 
modulation and provide a foundation for the rational design of new 
FFA2-targeting therapeutics for metabolic diseases.

Diverse allosteric sites in FFA2 and noncanonical activation 
mechanisms
GPCRs exhibit high conformational dynamics and sample multiple 
states even when bound to antagonists or agonists56,57. Several con-
served structural motifs or macroswitches and microswitches play 
important parts in receptor activation5,46. Orthosteric agonists and 
allosteric activators can differentially engage these structural ele-
ments to modulate GPCR conformational equilibria. Our studies of 
FFA2 suggest that diverse allosteric modulators engage distinct sets of 
conserved motifs, which lead to receptor activation through different 
noncanonical mechanisms.

Our pharmacological and structural studies confirmed two distinct 
allosteric sites, site 1 and site 2, in FFA2, both located at the interface 
between the seven transmembrane bundle of the receptor and the 
membrane bilayer. Site 1 for 4-CMTB is flat and superficial compared 
with site 2. This type of allosteric site is uncommon among class A 
GPCRs. To our knowledge, a similar site has only been observed for 
the A1R PAM MIPS521 (ref. 38) (Fig. 3a). However, MIPS521 binds closer to 
TM7 and TM1 of A1R to form interactions with all three helices, whereas 
4-CMTB interacts primarily with TM6 of FFA2. Nevertheless, MIPS521 
has been suggested to facilitate the ‘G-protein-bound-like’ conforma-
tion of TM6 and TM7 (ref. 38), a result that aligns with our proposed 
noncanonical receptor activation mechanism for 4-CMTB. This mecha-
nism involves the disruption of the interhelical hydrogen-bond network 
through effects on the (N/D)7.49P7.50XXY and the C6.47W6.48XP6.50 motifs 
to promote and stabilize an ‘active-like’ conformation of TM6.

By contrast, site 2 in FFA2 for AZ-1729 and compound 187, located 
above ICL2, represents a more common allosteric pocket in class A 
GPCRs. Similar sites exist in FFA1, the dopamine D1 receptor and the 
β2-adrenergic receptor48,58,59. However, this site in FFA2 has distinct 
residue compositions and structural features compared with other free 
fatty acid receptors, thereby providing receptor selectivity for PAMs 
that target this site. Indeed, both AZ-1729 and compound 187 do not 
act on other free fatty acid receptors, which may be due to potential 
steric clash (Extended Data Fig. 7b).

Our MD simulations suggested that AZ-1729 and compound 187 at 
site 2 can directly interact with the conserved D/ERY motif and influence 
its conformation to promote G protein coupling and receptor activa-
tion. This mechanism has not been reported for PAMs that target similar 
sites in other GPCRs. ICL2 serves as another critical structural element 
in site-2-mediated receptor activation50. Previous studies have shown 
that FFA1 PAMs interact with ICL2 to stabilize a helical conformation 
that makes the receptor couple to G proteins more effectively48–50. 

Consistently, our MD simulations of FFA2 revealed increased ICL2 flex-
ibility in the absence of AZ-1729 and compound 187. Therefore, we 
propose that AZ-1729 and compound 187 not only modulate the D/
ERY motif but also induce ligand-specific conformational changes in 
ICL2 to facilitate G protein coupling.

So far, similar ICL2-proximate allosteric sites have not been identi-
fied for FFA3 or FFA4. Nevertheless, for FFA3, a recent study22 showed 
that the PAM AR420626 binds to an intrahelical allosteric site imme-
diately above the coupled Gi protein to form direct interactions with 
Gi. For FFA4, to our knowledge, no synthetic PAMs have been identi-
fied thus far. Notably, our previous structures21 revealed that the ICL2 
in FFA4 is disordered even when coupled to miniGq, which suggests 
that a well-structured ICL2 is not required for the activation of FFA4. 
Therefore, it might not be feasible to identify or develop FFA4 PAMs 
similar to AZ-1729 or compound 187 for FFA2, which function by stabi-
lizing specific conformations of ICL2. The identification of FFA4 PAMs 
represents a highly challenging task.

ICL2 in FFA2 activation, biased signalling and beyond
Our previous structural studies of another GPCR, the C5a receptor 
(C5aR), identified an allosteric site above ICL2 for negative allosteric 
modulators (NAMs) or allosteric antagonists60. In that study60, we also 
identified this site as a hot spot for lipid binding in numerous class 
A GPCRs. The concave shape of this site, along with a mix of hydropho-
bic residues from transmembrane helices and hydrophilic residues 
from ICL2, may make it an ideal binding site for lipids and allosteric 
modulators. This allosteric site in C5aR partially overlaps with site 2 
in FFA2. Notably, C5aR NAMs do not directly interact with ICL2, even 
though ICL2 adopts a helical conformation in the crystal structures of 
inactive C5aR bound to NAMs60 (Extended Data Fig. 7c). This finding 
indicates that direct interactions with ICL2 may be important for the 
positive allosteric action of site 2 PAMs of FFA2.

Our current results further revealed that subtle conformational vari-
ations in ICL2 can lead to selective or biased signalling towards specific 
G protein subtypes. We demonstrated that the Y117ICL2–Y356Gq–α5 clash 
is responsible for the G protein activation bias exhibited by AZ-1729. In 
addition to G proteins, ICL2 can affect β-arrestin binding and activa-
tion50,61. Our pharmacological studies showed that compound 187 is a 
G-protein-biased ago-PAM that has no detectable activity in β-arrestin 2 
recruitment assays (Fig. 1d). However, the molecular mechanism that 
underlies this biased signalling is currently unclear. We did not observe 
apparent structural differences between FFA2 bound to compound 187 
and 4-CMTB, despite the latter being capable of inducing arrestin 
recruitment (Fig. 1d). It may be that compound 187 induces specific 
conformational dynamics in the cytoplasmic region of FFA2, including 
ICL2, thereby affecting arrestin coupling. Nevertheless, in line with 
previous MD simulations studies of FFA1 PAMs50, our results imply that 
the development of GPCR PAMs that target ICL2-proximate allosteric 
sites with selective or biased signalling profiles represents a feasible 
strategy for many class A GPCRs. A deeper understanding of how differ-
ent ICL2 conformations confer distinct preferences of a given GPCR for 
diverse signalling partners will aid in the rational design of such biased 
GPCR PAMs, which could offer new opportunities in drug development.
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Methods

FFA2 ligands
TUG-1375 was from MedChem Express, 4-CMTB, AZ-1729 and CATPB 
were from Tocris Bioscience, and C3 was from Sigma-Aldrich. [3H]
GLPG0974 was produced and characterized in house and has been 
used in previous studies28. Compound 187 was synthesized as detailed 
in the Supplementary Information.

Protein expression and purification
Human FFA2 was cloned into a pFastBac vector (Thermo Fisher) with 
the LargeBit subunit fused at the C terminus of the receptor. For the 
Gq protein, we used mGαi/s/q as the α-subunit as in previous structural 
studies of other Gq-coupled GPCRs21,29,30. mGαi/s/q is based on miniGαq/s, 
which was developed by replacing the C-terminal 15 residues with those 
of Gαq (refs. 32,33), with the N-terminal 35 amino acids replaced by 
their corresponding residues from Gαi. This chimeric protein retains 
most of the C-terminal region of the wild-type Gαq, which serves as the 
major interaction interface with the receptor. The miniGq heterotrimers 
with this chimera mGαi/s/q as the α-subunit have been successfully used 
in our previous cryo-EM studies of Gq-coupled FFA1, FFA2 and FFA4 
with free fatty acid ligands21, along with studies of other Gq-coupled 
GPCRs from other groups29–31. The mGαi/s/q subunit was cloned into 
a pFastBac vector. Human Gβ1 was fused with an N-terminal His6-tag 
and a C-terminal HiBiT subunit connected with a 15-amino-acid linker, 
which was cloned into a pFastBac dual vector (Thermo Fisher) together 
with human Gγ2. For the Gi protein, we used a dominant-negative Gαi1 
(ref. 62) as the α-subunit.

ScFv16 was expressed and purified as previously described21. In 
brief, scFv16 was expressed in Tni insect cells and purified from the 
medium by Ni affinity. scFv16 was further purified by size-exclusion 
chromatography using a Superdex 200 Increase 100/300 GL column 
(GE Healthcare) and stored at −80 °C before use.

FFA2, mGαi/s/q or dominant-negative Gαi1 and Gβ1γ2 were co-expressed 
in Sf9 insect cells using the Bac-to-Bac method. Cells were infected with 
3 types of viruses at a ratio of 1:1:1 for 48 h at 27 °C. After infection, cell 
pellets were collected by centrifugation and stored at −80 °C before 
use. Frozen cells were thawed in lysis buffer containing 20 mM HEPES, 
pH 7.5, 50 mM NaCl, 10 mM MgCl2, 5 mM CaCl2, 2.5 μg ml–1 leupeptin and 
300 μg ml–1 benzamidine. To facilitate the formation of complexes, 
10 μM TUG-1375, 10 μM PAMs (4-CMTB, compound 187 or AZ-1729), 
25 mU ml–1 apyrase (NEB) and 100 μM TCEP were added and incubated 
at room temperature for 2 h. The cell membranes were isolated by 
centrifugation at 25,000g for 40 min and then resuspended in solu-
bilization buffer containing 20 mM HEPES, pH 7.5, 100 mM NaCl, 0.5% 
(w/v) lauryl maltose neopentylglycol (LMNG, Anatrace), 0.1% (w/v) 
cholesteryl hemisuccinate (CHS, Anatrace), 10% (v/v) glycerol, 10 mM 
MgCl2, 5 mM CaCl2, 12.5 mU ml–1 apyrase, 10 μM TUG-1375, 10 μM PAMs 
(4-CMTB, compound 187 or AZ-1729), 2.5 μg ml–1 leupeptin, 300 μg ml–1 
benzamidine and 100 µM TECP at 4 °C for 2 h. The supernatant was 
isolated by centrifugation at 25,000g for 40 min, and then incubated 
with Ni resin at 4 °C overnight. After binding, the resin was washed with 
a buffer A containing 20 mM HEPES, pH 7.5, 100 mM NaCl, 0.05% (w/v) 
LMNG, 0.01% (w/v) CHS, 20 mM imidazole, 10 μM TUG-1375, 10 μM 
PAMs (4-CMTB, compound 187 or AZ-1729), 2.5 μg ml–1 leupeptin, 
300 μg ml–1 benzamidine and 100 µM TECP. The complex was then 
eluted with buffer A containing 400 mM imidazole. The eluate was 
supplemented with 2 mM CaCl2 and loaded onto anti-Flag M1 antibody 
resin. After a washing step, the complex was eluted in buffer A con-
taining 5 mM EDTA and 200 μg ml–1 Flag peptide. Finally, a 1.3 molar 
excess of purified scFv16 was added to the sample. The sample was then 
loaded onto a Superdex 200 Increase 10/300 column (GE Healthcare) 
pre-equilibrated with buffer containing 20 mM HEPES pH 7.5, 100 mM 
NaCl, 0.00075% (w/v) LMNG, 0.00025% (w/v) GDN, 0.00015% (w/v) CHS, 
10 μM TUG-1375, 10 μM PAMs (4-CMTB, compound 187 or AZ-1729) and 

100 µM TECP. Peak fractions of the complex were collected using an 
Amicon Ultra Centrifugal Filter (MWCO, 100 kDa).

Cryo-EM sample preparation and data acquisition
For cryo-EM grid preparation of the TUG-1375–4-CMTB–FFA2–miniGq, 
TUG-1375–compound 187–FFA2–miniGq, TUG-1375–AZ-1729–FFA2–Gi 
and TUG-1375–compound 187–FFA2–Gi complexes, 3 μl of the purified 
protein was applied onto glow-discharged holey carbon grids (Quanti-
foil, Au300 R1.2/1.3). Grids were plunge-frozen in liquid ethane using 
Vitrobot Mark IV (Thermo Fischer Scientific).

For the TUG-1375–4-CMTB–FFA2–miniGq and TUG-1375–AZ-1729–
FFA2–Gi complexes, cryo-EM imaging was performed on a Titan Krios 
electron microscope at 300 kV accelerating voltage using a Gatan K3 
Summit direct electron detector with an energy filter. A total of 5,535 
videos and 9,388 videos were collected with a nominal magnification of 
×105,000 using SerialEM63 software in super-resolution mode at a cali-
brated pixel size of 0.828 Å and a defocus range of −1.0 to −1.8 μm. Each 
stack was dose-fractionated to 52 frames with a total dose of 55 e– Å–2.

For the TUG-1375–compound 187–FFA2–miniGq and TUG-1375–
compound 187–FFA2–Gi complexes, 15,279 videos and 19,526 videos 
were collected, respectively, using a Titan Krios transmission electron 
microscope equipped with a Falcon 4i direct electron detector with an 
energy filter. Images were recorded with a nominal magnification of 
×165,000 using EPU3.7 software with a calibrated pixel size of 0.72 Å and 
a defocus range of −1.0 to −2.0 μm. Each stack was dose-fractionated 
to 40 frames with a total dose of 55 e– Å–2.

Data processing, 3D reconstruction and model building
Cryo-EM videos were subjected to patch motion-correction using cry-
oSPARC64. Contrast transfer function (CTF) parameters were calculated 
using the patch CTF estimation tool.

For the TUG-1375–4-CMTB–FFA2–miniGq datasets, 5,172,796 particles 
were autopicked and then subjected to 2D classification to discard bad 
particles. After ab initio reconstruction and heterogeneous refinement, 
309,387 particles were subjected to nonuniform refinement and local 
refinement, which generated a map with an indicated global resolution 
of 3.19 Å at a Fourier shell correlation (FSC) of 0.143. To further improve 
the quality of model of the complex, local refinement focusing on the 
receptor and the miniGq–scFv16 complex was performed in cryoSPARC, 
which produced resolutions of 3.26 Å and 3.13 Å, respectively. Local 
resolution was estimated using cryoSPARC. The maps for the recep-
tor and miniGq–scFv16 complex were combined on the basis of the 
global map.

For the TUG-1375–compound 187–FFA2–miniGq datasets, 8,058,394 
particles were autopicked and then subjected to 2D classification to 
discard poorly defined particles. After ab initio reconstruction and 
heterogeneous refinement, 348,210 particles were subjected to nonu-
niform refinement and local refinement, which generated a map with an 
indicated global resolution of 3.06 Å at a FSC of 0.143. Local resolution 
was estimated using cryoSPARC.

For the TUG-1375–AZ-1729–FFA2–Gi datasets, 8,630,776 particles 
were autopicked and then subjected to 2D classification to discard 
poorly defined particles. After ab initio reconstruction and hetero-
geneous refinement, 161,839 particles were subjected to nonuniform 
refinement and local refinement, which generated a map with an indi-
cated global resolution of 3.29 Å at a FSC of 0.143. To further improve 
the quality of the model of the complex, local refinement focusing on 
the receptor and the Gi–scFv16 complex were performed using cry-
oSPARC, achieving resolutions of 3.37 Å and 3.23 Å, respectively. Local 
resolution was estimated using cryoSPARC. The maps for the receptor 
and Gi–scFv16 complex were combined on the basis of the global map.

For the TUG-1375–compound 187–FFA2–Gi datasets, 11,047,993 
particles were initially autopicked and subsequently subjected to 
2D classification to exclude low-quality particles. Following ab ini-
tio reconstruction and heterogeneous refinement, 271,668 particles 
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underwent further processing through nonuniform refinement and 
local refinement. This process produced a map with a global resolu-
tion estimated at 3.30 Å based on a FSC of 0.143. To further improve 
the quality of the model of the complex, local refinement focusing 
on the receptor and the Gi–scFv16 complex were performed using 
cryoSPARC, which produced resolutions of 3.38 Å and 3.21 Å, respec-
tively. Local resolution was estimated using cryoSPARC. Finally, maps 
of the receptor and Gi–scFv16 complex were integrated on the basis 
of the global map.

The models were built on the basis of previously reported structures. 
For the TUG-1375–4-CMTB–FFA2–miniGq–scFv16 and TUG-1375–com-
pound 187–FFA2–miniGq–scFv16 complexes, the structure of FFA2 and 
structures of miniGq and scFv16 obtained from the FFA2–miniGq–scFv16 
complex (PDB accession 8T3S) were used as initial models for docking 
into the cryo-EM map using Chimera65,66. For the TUG-1375–AZ-1729–
FFA2–Gi–scFv16 and TUG-1375–compound 187–FFA2–Gi–scFv16 com-
plexes, initial models of FFA2, Gi and scFv16 were obtained from the 
FFA2–miniGq–scFv16 complex (PDB accession 8T3S) and the GPR84–
Gi–scFv16 complex (PDB accession 8G05). These structures served as 
initial models for docking into the cryo-EM map using Chimera, which 
ensured accurate placement in the experimental data. The structures of 
TUG-1375–4-CMTB–FFA2–miniGq–scFv16, TUG-1375–compound 187–
FFA2–miniGq–scFv16, TUG-1375–AZ-1729–FFA2–Gi–scFv16 and TUG-
1375–compound 187–FFA2-Gi–scFv16 complexes were subsequently 
generating using iterative manual building and adjustment in Coot67, 
followed by real-space refinement in Phenix68. The final models were 
validated using Molprobity69. Detailed statistics for data collection, 
processing and refinement are provided in Extended Data Table 1. 
Detailed information on the data processing is provided in Extended 
Data Fig. 2 and Supplementary Figs. 1 and 2. For structural analysis, 
hydrogen bonds were defined as interactions occurring between two 
electronegative atoms with a distance less than 3.5 Å.

FFA2 functional assays
Plasmids and mutagenesis. The human FFA2 receptor with either an 
eYFP or a HA epitope fused to the C terminus was cloned into a pcDNA5/
FRT/TO expression vector as previously described70,71. Site-directed 
mutagenesis to generate point mutations was performed according to 
the QuikChange method (Stratagene). TRUPATH G-protein-dissociation 
sensors were modified to be expressed through an internal ribosome 
entry site (IRES)-based plasmid. In brief, TRUPATH-like single plas-
mid pIRES constructs were generated by cloning G protein β3 (GNB3, 
Addgene, 140988) upstream of the IRES sequence in pIRES, in-frame 
with a self-cleavage peptide P2A and with a short GSG linker on either 
side, and mNeonGreen-γ9 (GFP2 replaced with mNeonGreen from 
GFP2-γ9, GNGT2, Addgene, 140991). Gαi3(Addgene, 140975) and Gαq 
(Addgene, 140982), with Renilla luciferase replaced by Nano luciferase, 
were cloned downstream of the IRES sequence in the above-described 
construct. In certain experiments, Y356C Gαq replaced Gαq.

Cell culture, transfection and generation of cell lines. HEK293T 
cells (Invitrogen) were maintained in Dulbecco’s modified Eagle’s  
medium (DMEM) without sodium pyruvate, supplemented with 10% 
(v/v) FBS and 1% penicillin–streptomycin, at 37 °C in a 5% CO2 humidi-
fied atmosphere.

Flp-In TREx 293 cells (Invitrogen) were maintained in DMEM without 
sodium pyruvate, supplemented with 10% (v/v) FBS, 1% penicillin–
streptomycin and 10 μg ml–1 blasticidin, at 37 °C in a 5% CO2 humidified 
atmosphere.

To generate Flp-In TREx 293 cells expressing the various FFA2–eYFP 
receptor constructs in an inducible manner, cells were transfected 
with a mixture containing the desired cDNA in a pcDNA5/FRT/TO 
vector and a pOG44 vector (1:9) by using 1 mg ml–1 PEI (MW-25000). 
Cells were plated until 60–80% confluent then transfected with 8 μg 
of the required plasmid DNA and PEI (ratio of 1:6 DNA to PEI), diluted in 

150 mM NaCl, pH 7.4. After incubation at room temperature for 10 min, 
the mixture was added to cells. After 48 h, the medium was changed to 
medium supplemented with 200 μg ml–1 hygromycin B to initiate the 
selection of stably transfected cells. After isolation of resistant cells, 
expression of the appropriate construct from the Flp-In TREx locus was 
induced by adding up to 100 ng ml–1 doxycycline for 24 h.

BRET β-arrestin 1 and β-arrestin 2 recruitment assays. HEK293T 
cells were co-transfected at a 100:1 ratio with plasmids encoding an 
eYFP-tagged form of the receptor construct of interest and either 
β-arrestin 1 or β-arrestin 2 tagged with Nano-luciferase. Cells were trans-
ferred into white 96-well microtitre plates at 24 h after transfection. The 
following day, cells were washed, and the culture medium replaced with 
Hanks’ balanced salt solution (HBSS) immediately before conducting 
the assay. To measure β-arrestin 1 or β-arrestin 2 recruitment to the 
receptor, the Nano-luciferase substrate coelenterazine H was added 
to a final concentration of 5 µM, and cells were incubated for a further 
10 min at 37 °C. After addition of ligand at 37 °C for 5 min, BRET resulting 
from receptor–arrestin proximity was assessed by measuring the ratio 
of luminescence at 535 and 475 nm using a PHERAstar FS plate reader 
fitted with the BRET1 optic module (BMG Labtech).

TRUPATH assays. HEK293T cells were transiently transfected using PEI 
and a total of 5 µg per 10 cm dish plasmid DNA with receptor, biosensor 
and pcDNA3.1 at a ratio of 1:2.5:1.5. Cells were transferred into white 
96-well microtitre plates 24 h after transfection. The following day, 
cells were washed, and the culture medium was replaced with HBSS 
immediately before conducting the assay. To measure G protein dis-
sociation, the Nano-luciferase substrate NanoGlo was added at a 1:80 
final dilution in HBSS, and cells were incubated for 10 min at 37 °C. 
After a further 5 min of incubation with ligand, BRET was assessed as 
described above.

HTRF-based cAMP-inhibition assays. All cAMP experiments 
were performed using Flp-In T-REx 293 cells induced to express the 
receptor construct of interest. Experiments were carried out using a 
homogenous time-resolved fluorescence resonance energy transfer 
(FRET) (HTRF)-based detection kit (Revvity) according to the manu-
facturer’s protocol. For the assay, cells were plated at 2,500 cells per 
well in low-volume 384-well plates. The ability of ligands to inhibit 1 μM 
forskolin-induced cAMP production was assessed after 1 h of incubation 
with ligand. Reactions were stopped according to the manufacturer’s 
instructions, and the output was measured using a PHERAstar FS plate 
reader (BMGLabtech).

[35S]GTPγS-binding assays. Membranes were generated from Flp-In 
T-REx 293 cells after 100 ng ml–1 doxycycline treatment to induce  
receptor expression. Cells were washed with ice-cold PBS, removed 
from dishes by scraping and centrifuged at 1,800g for 5 min at 4 °C. Pel-
lets were resuspended in TE buffer (10 mM Tris-HCl and 0.1 mM EDTA, 
pH 7.5) containing a protease inhibitor mixture (Roche) and homog-
enized with a 5 ml hand-held homogenizer. Samples were centrifuged 
at 450g for 5 min at 4 °C and the supernatant was further centrifuged 
at 90,000g for 45 min at 4 °C. The resulting pellet was resuspended in 
TE buffer and protein content was assessed using a BCA protein assay 
kit (Thermo Fisher Scientific).

Prepared membrane protein (5 µg per well) was incubated in 
assay buffer (20 mM HEPES, 5 mM MgCl2, 160 mM NaCl and 0.1% 
fatty-acid-free BSA, pH 7.5) containing the indicated ligand concentra-
tions. The reaction was initiated by the addition of [35S]GTPγS (100 nCi 
per reaction) with 1 µM GDP and incubated at 30 °C for 60 min. The reac-
tion was terminated by rapid vacuum filtration through GF/C glassfibre 
filter-bottom 96-well microplates (Revvity) using a UniFilter FilterMate 
Harvester (PerkinElmer). Unbound radioligand was removed from 
filters by three washes with ice-cold PBS. MicroScint-20 (Revvity) was 
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added to dried filters and [35S]GTPγS binding was quantified by liquid 
scintillation spectroscopy.

Radioligand-binding assays. Assays were performed on membranes 
generated from Flp-In T-REx 293 cells with increasing concentrations 
of [3H] GLPG0974, binding buffer (50 mM Tris-HCl, 100 mM NaCl, 
10 mM MgCl2 and 1 mM EDTA, pH 7.4), in a total assay volume of 500 µl 
in 96-deep-well blocks. Binding was initiated by the addition of mem-
branes (5 µg of protein per well). All assays were performed at 25 °C 
for 2 h before termination by the addition of ice-cold PBS and vacuum 
filtration through GF/C glassfibre filter-bottom 96-well microplates. 
Plates were washed 3 times with ice-cold PBS then allowed to dry for 
2–3 h at room temperature. MicroScint-20 was added to the dried filter 
plates, and radioactivity was quantified by liquid scintillation spectrom-
etry. Specific binding was defined as the difference between binding 
detected in the presence and absence of 10 µM CATPB.

For saturation-binding curves, the specific binding versus radioli-
gand concentration was fit to a one-site specific binding model, where 
Bmax and Kd values for the radioligand were calculated. For all other 
concentration–response curves, data were fit to a three-parameter 
sigmoidal concentration–response curve. In all FFA2 functional assays, 
HEK293T and Flp-In T-REx 293 cells were authenticated by Northgene 
(case numbers C-24809a and C-24809b). They were confirmed to be 
mycoplasma-free and were tested for mycoplasma every 3 months.

Molecular docking and dynamic simulations
Molecular docking was performed using Schrodinger GLIDE72, and 
loop refinement and other structure modifications were conducted 
using Schrodinger Maestro 2021-3 suite73. Probe-confined dynamic 
mapping was performed following a modified version of our pub-
lished protocol42 using AmberTools 23 (ref. 74), VMD (v.1.9.3)75 and 
HTMD (v.2.3.2/2.3.36)76, and receptor conformations taken from 
these simulations were used to predict the binding modes of AZ-1729 
(root mean square deviation (r.m.s.d) from the cryo-EM structure of 
1.87 Å) and compound 187 (r.m.s.d. from the cryo-EM structure of 
1.61 Å). MD simulations were performed under ago-PAM removal and 
in PAM-only conditions using a variety of FFA2 cryo-EM structures 
and docked structures (Extended Data Fig. 5 and Supplementary 
Table 1). Membrane-bilayer systems with FFA2 placed in a 1-palmitoyl- 
2-oleoyl-sn-glycero-3-phosphocholine (POPC) membrane were pre-
pared using the CHARMM-GUI web-server77 and simulated in AMBER20 
(ref. 78) at 37 °C temperature with tip3p water model79 and ff19SB80, 
lipid21 (ref. 81) and GAFF2 (ref. 82) force fields for protein, lipid and 
ligand molecules, respectively. Simulations were analysed using 
AmberTools 23 (ref. 74) along with MDAnalysis (v.2.7.0)83,84 and SciKit 
Learn (v.1.5.1)85 Python libraries. Detailed methods regarding docking 
and MD simulations are included in the Supplementary Information. 
Detailed r.m.s.d. and root mean square fluctuation data for all simulated 
systems and residue–ligand interaction energy values are provided in 
Supplementary Tables 1 and 2.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The 3D cryo-EM density maps of the structures of FFA2 signalling 
complexes have been deposited into the Electron Microscopy Data 
Bank under the accession numbers EMD-45732 for TUG-1375–4-CMTB–
FFA2–miniGq, EMD-45738 for TUG-1375–compound 187–FFA2–
miniGq, EMD-45743 for TUG-1375–AZ-1729–FFA2–Gi and EMD-49745 
for TUG-1375–compound 187–FFA2–Gi. Atomic coordinates for the 
atomic models have been deposited into the PDB under the acces-
sion numbers 9CLW for TUG-1375–4-CMTB–FFA2–miniGq, 9CM3 for 

TUG-1375–compound 187–FFA2–miniGq, 9CM7 for TUG-1375–AZ-1729–
FFA2–Gi and 9NS9 for TUG-1375–compound 187–FFA2–Gi. The following 
structural data used for comparisons are available from the PDB: 7LD3 
(the A1R bound to the PAM MIPS521)38; 8J22 (TUG-1375-bound FFA2 
coupled with Gi)

22; 8J23 (empty FFA2 coupled with Gi); 8T3S (C4-bound 
FFA2 coupled with miniGq)21; 8J21 (C4-bound FFA3 coupled with Gi)

22; 
8G05 (GPR84 coupled with Gi)

86; and 6C1R (C5aR bound to PMX53 
and avacopan)60. Simulation trajectories were uploaded to GPCRmd 
(https://www.gpcrmd.org/)87 and linked to the current paper. Simula-
tion identifiers are provided in Supplementary Table 3.
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Extended Data Fig. 1 | Pharmacological characterization of FFA2 ligands.  
a. β-arrestin 1 recruitment induced by FFA2 activators and modulators.  
b. β-arrestin 2 recruitment induced by FFA2 activators and modulators in  
wild-type HEK293T and G protein deficient (ΔGs, ΔG12, ΔG13, ΔGq, ΔG11 + Pertussis 
toxin treatment to inactivate Gi-family G proteins) HEK293T cells. Data are means 
+/– S.E.M. n = 3 (three biologically independent experiments). c. Cooperativity of 
function between three FFA2 PAMs and the orthosteric agonist C3 (propionate). 
The ability of the indicated concentrations of 4-CMTB, compound 187, and  
AZ-1729 to modulate inhibition of forskolin-stimulated levels of cAMP via  
FFA2 is shown. Data are means +/– S.E.M. n = 3 (three biologically independent 
experiments). d. Binding characteristics of FFA2 modulators assessed in  
co-operativity studies. aAgonist refers to the compound used to generate 
concentration-response curve. bModulator is the compound used in defined 

concentrations. cpKA represents values estimated for the agonist. dpKB 
represents values estimated for the modulator. eGain in potency was calculated 
using the equation (pEC50 agonist + highest concentration of modulator) - 
(pEC50 agonist + vehicle). fGain in efficacy was calculated using the equation 
(Emax agonist + highest concentration of modulator) - (Emax agonist + vehicle). 
nd means not determined (in experiments in which the effect of compound 187 
was largely manifest in terms of efficacy and thus affinity values could not be 
derived). Emax was constrained to the maximal possible system response and  
n was constrained to 1 (the slope factor). Statistical significance was determined 
using one-way ANOVA followed by Dunnett’s multiple comparisons test; 
*p < 0.05, **p < 0.01, ****p < 0.0001, ns denotes not significant. Cmpd187 refers 
to compound 187.
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Extended Data Fig. 2 | Cryo-EM data processing and analysis.  
a, Representative cryo-EM micrograph (scale bar: 50 nm) and 2D class averages 
(scale bar: 5 nm). The micrograph shown is one example of 5535 micrographs 
for miniGq-coupled FFA2 bound to TUG-1375 and 4-CMTB. b-m, Cryo-EM image 
processing workflow for TUG-1375-4-CMTB-FFA2-miniGq complex (b-d),  
TUG-1375-compound 187-FFA2-miniGq complex (e-g), TUG-1375-AZ-1729- 
FFA2-Gi complex (h-j), and TUG-1375-compound 187-FFA2-Gi complex (k-m), 
respectively. Detailed information on protein purification is provided in 
Supplementary Fig. 1. Angular distributions of the particles used in the final 
reconstruction are shown in c for TUG-1375-4-CMTB-FFA2-miniGq complex;  

f for TUG-1375-compound 187-FFA2-miniGq complex; i for TUG-1375-AZ-1729-
FFA2-Gi complex; and l for TUG-1375-compound 187-FFA2-Gi complex. Gold-
standard Fourier shell correlation (FSC) curves are shown in d for TUG-1375-4-
CMTB-FFA2-miniGq complex; g for TUG-1375-compound 187-FFA2-miniGq 
complex; j for TUG-1375-AZ-1729-FFA2-Gi complex; and m for TUG-1375-
compound 187-FFA2-Gi complex. n, Cryo-EM maps and models of the seven 
transmembrane helices (TM1-7) of miniGq-coupled FFA2 bound to TUG-1375 
and 4-CMTB. Representative cryo-EM maps of FFA2 in other complexes and 
ligands are shown in Supplementary Fig. 2.
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Extended Data Fig. 3 | TUG-1375 binding in the orthosteric binding pocket. 
a, Left and middle panels show the comparison of the receptor interaction 
profiles of TUG-1375 and butyrate (C4) with FFA2. The binding profile of TUG-
1375 is based on the structure of miniGq-coupled FFA2 in complex with TUG-
1375 and compound 187, while the C4 binding profile is derived from our 
previously published structure (PDB ID: 8T3S). Polar interactions are shown  
as black dashed lines. Right panel shows the outward movement of TM4 in the 
structure of FFA2 with TUG-1375 compared to that with C4 (butyrate) indicated 
by the red arrow. The red circle indicates the group of TUG-1375 that causes 
such movement. B, Effects of mutations within the orthosteric pocket on the 
function of TUG-1375 measured by β-arrestin 2 recruitment. Detailed calculations 
based on the concentration-response curves (upper) are summarized in the 
table (lower). pEC50 of TUG-1375 and efficacy compared to that of TUG-1375 at 
wild type (WT) human FFA2 was assessed for the indicated point mutants of  
the receptor by β-arrestin 2 recruitment assays. For the indicated mutants, the 
ability of compound 187 to inhibit forskolin stimulated levels of cAMP in cells 
stably expressing eYFP-tagged forms of the receptor was used to confirm 
expression and function of an appropriately processed and cell surface 
delivered form of FFA2. Data are means +/– s.e.m. n = 3 (three biologically 
independent experiments). Statistical significance was assessed by one way 

ANOVA followed by Dunnett’s multiple comparison test. * p < 0.05, ** p < 0.01, 
*** p < 0.001, ****p < 0.0001. NR means no detectable response. c, MD 
simulations on TUG-1375 binding. The upper panel shows a representative 
simulation frame depicting TUG-1375 in the orthosteric binding pocket, with 
key interacting residues shown as sticks. Residue carbon colors and stick 
thickness represent average electrostatic and van der Waals interaction 
energies between each residue and the ligand, respectively. Dashed lines 
indicate hydrogen bonds. The lower panel shows violin plots indicating the 
distribution of distances between the guanidyl fragment of R1805.39 and the 
carboxylic group of E166ECL2 (left) and between the Cα atoms of Y165ECL2 and 
Y903.33 (right) across three 1 μs replicates of FFA2/4-CMTB/TUG-1375/miniGq 
(Full complex), FFA2/TUG-1375 (TUG-1375 only, without the G protein), and 
empty FFA2 (Empty, without the ligand and G protein). The results revealed 
that TUG-1375 affects the ECL2 conformation and the top of TM4. Upon  
ligand removal, the orthosteric pocket shrinks significantly due to a major 
conformational change in ECL2, with E166ECL2 and Y165ECL2 shifting towards 
R1805.39 and Y903.33, respectively, forming extensive electrostatic and aromatic 
contacts. Detailed analysis of TUG-1375 binding can be found in Supplementary 
Information. Cmpd187 refers to compound 187.
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Extended Data Fig. 4 | Binding properties of FFA2 ago-PAMs at Site 1 and 2.  
a, Loss of agonist activity and cooperativity with TUG-1375 for 4-CMTB at N230D 
FFA2, as measured by cAMP reduction assays. The data in the top row show that 
4-CMTB lacks agonist action at N230D FFA2 whilst TUG-1375, compound 187 and 
AZ-1729 all activate this mutant as effectively as wild type. The data in the left and 
the middle panel of the bottom row indicate that 4-CMTB does not produce co-
operativity with TUG-1375 at N230D FFA2 (left), while such effects of both AZ-1729 
and compound 187 are retained at this mutant (middle). The data in the right 
panel indicate that the human FFA2 antagonist [3H]GLPG0974 displays high 
affinity binding to both wild type and N230D FFA2. Data are means +/– S.E.M. n = 3 
(three biologically independent experiments). b, Structural comparison of FFA2 
and FFA3 at Site 1. FFA2 and FFA3 are shown in green and pink, respectively. The 
space in FFA3 (middle panel, based on the structure PDB ID 8J21) corresponding 
to Site 1 in FFA2 (left panel) adopts a distinct conformation, which would result in 
a steric clash with 4-CMTB if it were to adopt a similar binding pose (right panel). 
c, Co-solvent simulations of AZ-1729 and compound 187. The middle figure 
shows the orthosteric ligand C4 and the probes as they are placed before the 

simulation, along with the cylinder (semi-transparent, blue) confining the 
probes around the area of interest, around ICL2. The top left figure shows AZ-
1729 and the probe that allowed to identify its interaction with E1063.49. The top 
right figure shows compound 187 and its probe molecule. The bottom left and 
right figures show the snapshots of the probe-AZ and probe-187, respectively, in 
MD simulations with the semi-transparent surface denoting the volume occupied 
by the probe for > 20% of the simulation time. d, Structural alignment of Site 2 for 
compound 187 in the structures with miniGq and Gi. The interaction profile of 
compound 187 and the overall conformation of Site 2 including ICL2 are almost 
identical in these two structures. e, Effects of mutations in Site 2 on the potency 
of FFA2 modulators measured by [35S]GTPγS binding assays. Data are means +/– 
s.e.m. for at least 3 experiments. pEC50 and Emax values are listed in Extended Data 
Table 2. f, Undetectable β-arrestin-2 recruitment by AZ-1729 at Site 2 mutations  
in FFA2. β-arrestin-2 recruitment assays were performed with varying 
concentrations of TUG-1375 or AZ-1729 at wild type, E106G, and G102V FFA2. 
Data are means +/– s.e.m. n = 3 (three biologically independent experiments). 
Cmpd187 refers to compound 187.
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Extended Data Fig. 5 | Molecular dynamics analysis of FFA2 conformational 
changes and interactions upon different ligand binding and G protein 
coupling. a-c, Molecular interactions between FFA2 ICL2 and G protein.  
a, Hydrophobic contacts between ICL2 (P114-R121) and G protein α5 helix.  
Data show mean number of carbon-carbon contacts ( ≤ 4 Å) per frame ± s.e.m. 
from three independent 1 μs simulations (n = 3). Individual replicate values 
shown as black dots. AZ-1729/Gi complex shows enhanced contacts compared 
to TUG-1375 alone, with significant reduction in Y117A mutant. b, Hydrogen 
between ICL2 and G protein α5 helix. Data show mean number of hydrogen 
bonds (D-A distance ≤3.5 Å, angle 180 ± 30°) per frame ± s.e.m. from three 
independent 1 μs simulations (n = 3). Individual replicate values shown as black 
dots. AZ-1729 enhances hydrogen bonding with Gi, while R121A mutation shows 
the strongest reduction in these interactions. c, Hydrogen bonds between 
R121ICL2 and D350H5.22 of Gi. Data show mean number of hydrogen bonds per 
frame ± s.e.m. from three independent 1 μs simulations (n = 3). Individual 
replicate values shown as black dots. Enhanced interactions in AZ-1729 complex 
and complete loss with R121A mutation. d-e, Analysis of R3.50 interactions with 
Y5.58 and the distance between R3.50 and D/NP7.50xxY motif in FFA2. d, Sidechain 
polar contacts between R1073.50 and Y1995.58. Data show percentage of frames 
with nitrogen-to-oxygen distance <4.5 Å ± s.e.m. from three independent 1 μs 
simulations (n = 3). Individual replicate values shown as black dots. e, Proximity 
between R1073.50 guanidyl carbon and P2707.50 Cα. Data show percentage of 
frames with distance <14 Å ± s.e.m. from three independent 1 μs simulations 
(n = 3). Individual replicate values shown as black dots. f-k, Conformational 
stability analysis of ICL2. f-g, Root-mean-square deviation (RMSD) of ICL2 
residues P114-R121. Data show mean RMSD ± s.e.m. from three independent 1 μs 

simulations (n = 3), calculated after alignment to minimized cryo-EM structures 
using 7-transmembrane bundle Cα atoms. Individual replicate values shown as 
points. h-i, Root-mean-square fluctuation (RMSF) of ICL2 residues P114-R121. 
Data show mean RMSF ± s.e.m. from three independent 1 μs simulations (n = 3), 
calculated after alignment using 7-transmembrane bundle Cα atoms. Individual 
replicate values shown as points. j, RMSD distributions of ICL2 (P114-R121) 
relative to FFA2/TUG-1375/AZ-1729/Gi1 complex. Violin plots show probability 
densities from 3 simulation replicates per complex. Horizontal bars indicate 
minimum, maximum, and median values. Percentages indicate proportion  
of frames with RMSD < 1.5 Å. k, Similar analysis using FFA2/TUG-1375/
compound 187/miniGq complex as a reference. l-n, Analysis of polar contacts  
at the TM6-TM7 interface. Violin plots show distributions of inter-atomic 
distances from snapshots taken every 100 ps across three independent 1 μs 
simulations per complex. When multiple atoms are selected (e.g., Oδ1 and Nδ2 of 
N230), the shortest distance between residue atoms is shown. Horizontal bars 
indicate minimum, maximum, and median values. l, Distances between N2306.43 
and N2657.45 (D/NP7.50xxY motif) with percentage of frames ≤3.5 Å indicated.  
m, Oxygen-to-sulfur distances between N2306.43 and C2346.47 (C6.47W6.48xP6.50 
motif) with percentage of frames ≤4.5 Å indicated. n, Hydrogen bonds between 
cytosolic region of TM6 (Q215-N230) and TM7 (R255-Y274). Data show 
percentage of frames with at least one hydrogen bond present ± s.e.m. from 
three independent 1 μs simulations (n = 3). Individual replicate values shown  
as black dots. Conformational stability analysis of FFA2 receptor states can be 
found in Supplementary Fig. 3. Detailed RMSD and RMSF data for all simulated 
systems and residue-ligand interaction energy values can be found in 
Supplementary Tables 1 and 2. Cmpd187 refers to compound 187.



Extended Data Fig. 6 | G protein-coupling to FFA2. a, Interactions between 
FFA2 and the α5 helix of Gi (from the structure of FFA2 with AZ-1729 and Gi)  
or miniGq (from the structure of FFA2 with compound187 and miniGq).  
b, Interactions between FFA2 and the αN helix of Gi or miniGq. Polar interactions 
are shown as black dashed lines. Specifically, in both structures, D350H5.22  
(G protein numbering) in Gi, or E242H5.22 in mGαi/s/q forms a polar interaction  
with R121ICL2 in FFA2. Additionally, L348H5.20 and L353H5.25 in Gi form hydrophobic 
interactions with V1113.54, F2025.61, M2065.65, and L2236.36 of FFA2, while the 
corresponding residues, L240H5.20 and L245H5.25 in mGαi/s/q, also form direct 
interactions with these residues in FFA2. Notably, residues P114ICL2, V115ICL2,  

and L119ICL2 in ICL2 of FFA2 inserts into a hydrophobic pocket formed by Gi 
residues L194S3.01, F336H5.08, I343H5.15, and I344H5.16, or mGαi/s/q residues F228H5.08, 
I235H5.15, and L236H5.16, stabilizing a significant hydrophobic environment.  
c, Structural comparison of the α5 and αN helices in the TUG-1375-AZ-1729-
FFA2-Gi (yellow), TUG-1375-compound187-FFA2-miniGq (yellow green), and 
TUG-1375-compound-FFA2-Gi (pink) complexes. The α5 helix adopts a highly 
similar conformation across all three structures, whereas the αN helix exhibits 
greater variability. d, Polar interactions between FFA2 and the α5 helix of 
miniGq (right panel), which are missing in the structures with Gi (left panel). 
Polar interactions are shown as black dashed lines.
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Extended Data Fig. 7 | See next page for caption.



Extended Data Fig. 7 | Compound3 and ligand selectivity at Site 2. a, Effect 
of various concentrations of compound3 on the concentration-response 
profiles of 4-CMTB and C3. Assays were performed as described in Methods, 
with the following adjustments: (1) 2,000 cells were seeded per well; (2) cAMP 
accumulation was induced by 0.1 µM forskolin; (3) cells were incubated for 
45 min with indicated agonists. Error bars represent mean ± s.e.m. from 3 
biologically independent experiments, each performed in triplicate. p-values 
refer to changes in potency and are reported according to one-way ANOVA test 
with Dunnet’s post hoc analysis. b, Comparison of Site 2 in FFA2 and similar 
pockets in FFA1, FFA3, and FFA4. AZ-1729 and compound187 were docked to the 

other FFAs by aligning their structures to FFA2 structures with these two PAMs. 
Severe steric clashes as indicated by red circles are observed between AZ-1729 
or cmpd187 and other FFAs, indicating a high selectivity of these two PAMs for 
FFA2. c, Comparison of Site 2 in FFA2 and the similar allosteric site in C5aR. Left: 
FFA2 (blue) in complex with the PAM AZ-1729 (orange); Middle: FFA2 (green) in 
complex with the PAM compound187 (pink); Right: C5a receptor (C5aR, brown) 
in complex with the NAM avacopan (light blue). The crystal structure of the 
C5aR-avacopan complex (PDB ID: 6C1R) illustrates the binding mode of this 
allosteric antagonist.
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Extended Data Table 1 | Cryo-EM data collection, refinement and validation statistics

Cryo-EM data collection, model refinement and validation statistics for the four TUG-1375-bound FFA2 signaling complexes. Cmpd187 refers to compound 187.



Extended Data Table 2 | Effects of mutations in Site 1 and Site 2 on the action of FFA2 ligands

a, Effects of mutations in Site 1 on the potency and efficacy of FFA2 modulators measured in [35S]GTPγS assays. Emax calculated as % of TUG-1375 response. b, Effects of mutations in Site 2  
on potency of FFA2 modulators measured by cAMP assays. c, Effects of mutations in Site 2 on the potency and efficacy of FFA2 modulators measured by [35S]GTPγS binding assays. Emax  
calculated as % of TUG-1375 response. In all tables, statistical significance was assessed by one way ANOVA followed by Dunnett’s multiple comparison test. Data are means +/– s.e.m. n = 3 
(three biologically independent experiments). * p < 0.05, ** p < 0.01, *** p < 0.001, ****p < 0.0001. NR, no detectable response. Cmpd187 refers to compound 187.
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