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Free fatty acid receptor 2 (FFA2) isa G protein-coupled receptor (GPCR) thatis a
primary sensor for short-chain fatty acids produced by gut microbiota. Consequently,
FFA2is a promising drug target forimmunometabolic disorders'*. 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 AGPCRs. Two PAMs disrupt the E/DRY activation microswitch®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
oftransmembrane helices 6 and 7 by interacting with transmembrane helix 6 at the
receptor-lipidinterface. Molecular dynamic simulations and mutagenesis experiments
confirm these noncanonical activation mechanisms. Furthermore, we demonstrate
the molecular basis for the G, versus G, 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
FFA2to 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 health®. SFCAs can activate several GPCRs. Among these, FFA2
(also known as GPR43) and FFA3 (also known as GPR41) are the pri-
mary SCFA receptors"*°. Extensive research has shown that many
beneficial effects of gut microbiota, such as resolving inflammation’,
limiting fat accumulation® and defending against pathogens®, are
mediated through SCFA-FFA2 signalling pathways by interacting
with B-arrestins and the G, and G, families of G proteins*® (Fig. 1a).
Consequently, FFA2 hasemerged as a promising therapeutic target for
metabolic disorders such as obesity and diabetes*>"*? and for inflam-
matory diseases*>*,

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
reported®”. Three distinct series of allosteric activators (or PAMs) of
FFA2 have also emerged from research in the pharmaceutical indus-
try. Agroup of phenylacetamides developed by Amgen’®, particularly
4-chloro-a-(1-methylethyl)-N-2-thiazolylbenzeneacetamide (4-CMTB)”
(Fig.1b), has become widely used in studies of FFA2 (refs. 6,18). Astra-
Zenecareported N-[3-(2-carbamimidamido-4-methyl-1,3-thiazol-5-yl)
phenyl]-4-fluorobenzamide (AZ-1729) (Fig.1b) as a G;-biased allosteric

activator®. More recently, 4-[(2R,65)-2,6-dimethylmorpholin-4-yl]-
7-(2-fluorobenzenesulfonyl)-2-methyl-5H-pyrrolo[3,2-d]pyrimidin-
6-amine (compound 187)* (Fig. 1b), from a patent filed by Takeda,
showed modest effects inamouse model of colitisinduced by dextran
sodiumsulfate™. These three FFA2 PAMs do not shareaclear conserved
chemical scaffold.

We previously reported a high-resolution cryogenicelectron micros-
copy (cryo-EM) structure of C4 bound to the human FFA2 signalling
complex®. Another group recently reported astructure of FFA2bound
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 G;and G, heterotrimeric
G proteins® and B-arrestins**. Among the three chemically distinct
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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 B-arrestins and the G;,, and G, families of G proteins. b, Chemical
structures of FFA2 activators and modulators. ¢, Quantification of the activation
of G;;and G, TRUPATH sensors induced by FFA2 activators and modulators.

allosteric modulators of FFA2—4-CMTB"%, AZ-1729 (refs.19,26) and
compound 187 (ref. 14) (Fig. 1b)—4-CMTB signals through both G;and
G, pathways", whereas AZ-1729 displays unusual G protein selectivity,
with a bias towards G; over G, (ref. 19). The signalling profile of com-
pound 187 has been only partially characterized™.

Using TRUPATH G proteinsensors? in HEK293T cells, we character-
ized thesignalling profiles of FFA2 ligands. C3 activated both G;and G,
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 G;; and G, but with modest efficacy (Fig. 1c). By contrast,
AZ-1729 potently activated G with high efficacy but showed minimal
G, 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 -arrestins.
C3 and TUG-1375 effectively recruited both -arrestin 1 (Extended
DataFig.1a) and B-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 (3-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 FIp-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 activatorsin this assay (Fig. 1d). These results demonstrate that
compound 187 favours G protein activation over B-arrestin recruit-
ment, whereas AZ-1729 preferentially activates G; over G, while
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BRET, bioluminescence resonance energy transfer.d, Quantification of
B-arrestin 2 recruitment and inhibition of forskolin-stimulated levels of

cAMPinduced by FFA2 activators and modulators. For cand d, dataare the
mean +s.e.m.n=3(3biologicallyindependent experiments).

retaining partial efficacy for B-arrestin recruitment. 4-CMTB also
exhibited modest selectivity for G;over G, (Fig. 1c). Of note, B-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 B-arrestins
(Extended Data Fig. 1b).

For subsequent studies, we used multiple assay types to validate roles
ofkey FFA2 residuesinligand interactions and receptor function across
various human FFA2 complexes. These assays included the measure-
ment of G-mediated cAMP reduction and B-arrestin recruitment, [*S]
GTPyS-binding assays and FFA2 radioligand-binding assays using the
antagonist ["HIGLPG0974 (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 (pK;) estimates ranged from 6.25t0 6.41for TUG-
1375, from 5.53 to 6.22 for 4-CMTB and from 5.89 to 6.08 for AZ-1729
(Extended DataFig. 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.2|Cooperativity of functionbetween various FFA2 modulators and
overallstructures of FFA2 with diverse modulators. a, Cooperativity of
function between three FFA2 PAMs and the orthosteric agonist TUG-1375.
Theability of the indicated concentrations of 4-CMTB, compound 187 and
AZ-1729 to modulate the inhibition of forskolin-stimulated levels of cAMP
through FFA2isshown. The cooperative effects of AZ-1729 and TUG-1375
displayedreciprocity. b, Cooperativity of function between the three FFA2 ago-
PAMs. The ability of theindicated 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. Foraand b, dataare

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-EMstructures of G,-coupled FFA2 in complex with TUG-1375and
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themean +s.e.m.n =3 (3biologicallyindependent experiments).c, Cryo-EM
maps (top row) and structural models (bottom row) of TUG-1375-bound
FFA2signalling complexes, including 4-CMTB-FFA2 (forest green) and
compound 187-FFA2 (green) in complex withminiG,, and AZ-1729-FFA2 (blue)
and compound 187-FFA2 (turquoise) in complex with G;. mGa;, Go; GBand
Gysubunitsare coloured in dark yellow, green-yellow, purple and pale turquoise,
respectively. ScFvl6isindark grey. The clear cryo-EM density maps of all
ligands are shownas meshesintheinsets of the top row.d, Superimposition of
FFA2bound to three ago-PAMs showingsite 1and the upper and lower regions
of site 2 for4-CMTB, AZ-1729 and compound 187, respectively.

4-CMTB or compound 187 and of G;-coupled FFA2 in complex with
TUG-1375 and AZ-1729 or compound 187 at global nominal resolu-
tions of 3.1-3.4 A (Fig. 2c, Extended Data Table 1 and Extended Data
Fig.2).Forthe G,-coupled complexes, we used miniG, (refs. 21,29-31),
which contains an engineered a-subunit (Ga,) referred to as mGoyy,
(refs. 32,33), to stabilize the complexes. To further stabilize the FFA2
and G protein complexes, we used the NanoBit tethering strategy>*.
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Fig.3|Bindingof 4-CMTBinsite1. a, Superimposition of 4-CMTB-FFA2 with
A,Rbound 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 atsite 1. ¢,d, Simulation snapshot
depictingthe (S) isomer of 4-CMTB (c) and the less active (R) isomer of 4-CMTB
(d) insite 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

This approach involves the fusion of the two components of NanoBit
to the carboxy-terminal ends of FFA2 and G, and the single-chain vari-
able fragment antibody scFv16, which was developed to stabilize the
G, heterotrimer®.

The well-resolved cryo-EM maps enabled us to model most of the side
chains of the receptor, the G proteins, scFvl6 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 aninterhelical 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 nosignificant differences when coupled to miniG, or G;.
To analyse the binding mechanism of compound 187 in more detail, we
primarily focused on the miniG,-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.

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

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

theligand, respectively. Classical and nonclassical hydrogen bonds with
N230%*areindicated by dashed lines. The resultsillustrate the inability of

(R) 4-CMTB to form anonclassical hydrogen bond with N230%* and the poor
steric fit of itsisopropyl (i-Pr) fragment. e, Effects of various mutations in site 1
of FFA2 onthe function of FFA2 ligands measured in [**S]GTPyS-binding assays.
4-CMTBis unable to promote the binding of [**S]IGTPyS at N230D and N230S
FFA2,butotherligands are unaffected. Dataarethe mean+s.e.m.n=3
(3biologicallyindependent experiments). WT, wild type.

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 2immediately above ICL2 (Fig. 2d).

Binding of 4-CMTB at site1

The identified 4-CMTB-binding site, referred to as site 1, was unex-
pected based on previous modelling and mutagenesis efforts”¢%,
Thissiteisadjacenttoaknownallostericsitein the adenosine A, recep-
tor (AR) for the PAM MIPS521 (ref. 38). MIPS521 occupies a concave
pocket between TM6 and TM7 of AR, whereas 4-CMTB binds more
superficially near TM6 of FFA2 (Fig. 3a). In this membrane-embedded

Nature | Vol 643 | 31July2025 | 1431


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

Article

site 1, 4-CMTB forms a single hydrogen bond with N230%* (super-
scripts represent Ballesteros-Weinstein numbering®) (Fig. 3b). Such
limited polarinteractions are characteristic of allosteric GPCR ligands
at membrane-receptor interfaces*°, where the membrane environment
strengthens polar contacts*'. MD simulations revealed that 4-CMTB
engages the N230%* side chain through both its amide and thiazole
nitrogen atoms, acting as a hydrogen-bond donor and acceptor, respec-
tively (Fig. 3¢). An additional nonclassical C-H and O hydrogen bond
is formed between the N230%** side-chain oxygen (acceptor) and the
C-Hgroup at the chiral centre of 4-CMTB (donor) (Fig. 3c). Although
weaker than conventional hydrogenbonds, such C-H---O interactions
areincreasingly gaining recognitionasimportant contributorsto pro-
tein-ligand binding, particularly when the C-H donor is adjacent to
electron-withdrawing groups that increase its polarity. Suchinterac-
tions are enhanced by the low dielectric constant of the membrane
environment*. 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 V226°%, 1229542, v23364¢,
L2647+ 12688 and L2727 (Fig. 3b,c).

The dual 4-CMTB N230°%* hydrogen bonds validate previous
structure-activity relationship (SAR) findings"%. 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 reducesit); and introduction of a
carbonyl group decreases activity owing to reduced acceptor prop-
erties””?, 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
positioning%,

The observed ligand-receptorinteractions were also supported by
mutagenesis studies. Alteration of N230%* to asparticacid, 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 N230%* 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, aresult 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 N230%*D mutation of FFA2 (Extended Data
Fig. 4a), and binding affinity for the antagonist [3HJGLPG0974 was
maintained (Extended Data Fig. 4a). Beyond N230°*, the mutation of
V226°* 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 F261”*, 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
N°# is conserved, notable variations in the 4-CMTB-binding pocket
resulted in a distinct configuration of site 1in FFA3. These changes
included the replacement of V226°*° in FFA2 by A229%*° in FFA3 and
significant conformational variations of the conserved residues L***and
L"**between FFA2 and FFA3 (Extended Data Fig. 4b). These differences
probably explain the high selectivity of 4-CMTB for FFA2 compared
with FFA3.
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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 proteins*’. The simulations revealed strong interac-
tions between the probes and E106>* (Extended DataFig. 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
fromICL2 thancompound 187, with a slightly smaller allosteric binding
pocket (1,318 A*for AZ-1729 compared with 1,607 A2for compound 187)
(Fig.4c).Inboth miniG,-coupled and G;-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 W98*#
(Fig. 4a). The guanidyl moiety of AZ-1729, critical for ligand binding,
forms two hydrogen bonds with E106>* (Fig. 4a). Similarly, in the lower
region of site 2, compound 187 forms polar interactions with E106>*
(Fig. 4b).

Insupportofthese structural observations, bothAZ-1729 and com-
pound 187 did not show detectable activity at the E106**°G residue of
FFA2 in cAMP-inhibition assays (Fig. 4d and Extended Data Table 2b).
Moreover, they displayed reduced efficacy in [**S]GTPyS-binding assays
(Extended Data Table 2c and Extended Data Fig. 4e), whereas TUG-1375
and 4-CMTB functioned normally at this mutant receptor (Extended
DataTable 2b,c and Extended DataFig. 4e). MD simulations confirmed
that both ligands extensively interact with E106>* (Fig. 4e) and pre-
ventitsinteraction with R107>*° of the conserved ionic lock (E/D)R**°Y
motif>* 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 G102>*V residue of
FFA2 (Fig. 4d, Extended Data Table 2b,c and Extended Data Fig. 4e),
located one turn of TM3 above E106**. This alteration is anticipated
to cause steric hindrance for the binding of AZ-1729. Compound 187
retained activity at G1023>%V, but with 10-30-fold reduced potency,
whereas both TUG-1375and 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-1375in B-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 E106>*G and G1023>*V residues in FFA2
(Extended Data Fig. 4f).

We further explored alterations around the binding pocket of site 2.
The A129*%V mutation substantially reduced the potency of both
compound 187 and AZ-1729 in [*S]GTPyS-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-T interac-
tions between the guanidyl group of AZ-1729 and Y125** and interac-
tions between this residue and the 5,7-diazaindole of compound 187
(Fig. 4e), the Y125**'Q 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 G126**? was changed to serine (Extended Data Table 2b,c).
Notably, the L47>*?Y 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 F113*5°A mutation resulted in a larger
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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. ¢, Different binding modes of AZ-1729 and
compound 187. The area of each pocket was calculated using PyMol. d, Effects
of mutationsinsite 2 on the function of FFA2 ligands measured by cAMP
inhibition. Although these mutations affect the function of AZ-1729 and
compound 187, they havelittle effect on the function of TUG-1375and 4-CMTB.
Dataarethemean ts.e.m.n =3 (3biologicallyindependent 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

reduction in potency for this ligand than for AZ-1729 (Extended Data
Table 2¢). Notably, alteration of L109*% to either alanine or valine
resultedinalargereductionin 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
fluorophenylring of AZ-1729 extends to form T-shaped aromatic inter-
actions with W98>#, whereas compound 187 adopts a more compact
conformation andis positioned closer toICL2, thereby precluding such
interactions (Fig. 4a-c). Unlike AZ-1729, compound 187 lacks a posi-
tively charged group near S120'““*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 S120'°?, unlike compound 187
(Fig.4e,g). However, S120"’E showed amodest effect on AZ-1729 only,
and S120'°“F had no effect on the activity of either of the ago-PAMs,
which suggested that the S120'“?side chain has aminimalroleinligand

interactions of eachresidue with theligand, respectively. Transparent
iso-surfacesillustrate water presencein >50% of the simulation trajectory.
Hydrogen bonds are shown with dotted lines. f, Distances between the E10
side-chain oxygens and R107>° showing the disruption of their contact only
inthe presence ofa G protein, AZ-1729 or compound 187 (mean +s.e.m.,n=3
(3x1-ps simulations)). g, Distribution of distances between the backbone and
side-chain oxygen of S120'““*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 medianvalues. The dotted line at 3.5 A shows the hydrogen-bond distance
cut-off. Percentages indicate the proportion of frames with distances <3.5 A.

63.49

function (Extended Data Table 2c). Conversely, residues involved in
G proteininteractions had a greater impact on function (Extended
Data Fig. 5a—c). Y117'“*?A substantially reduced the potency for both
compound 187 (100-fold) and AZ-1729 (50-fold), with modest effects
on4-CMTBand TUG-1375 (Extended Data Table 2¢). As Y117'““*F did not
showsignificant effects on potency (Extended Data Table 2b,c), aroma-
ticity and/or hydrophobic contacts at Y117'“? are therefore crucial for
site 2 PAM activity. R121'°A moderately decreased the potency of all
compounds, withthe greatest effect on AZ-1729, whereas Q116'“-*A had
nosignificant effect (Extended Data Table 2¢). Owing to its proximity to
ICL2, the 2-fluorophenyl moiety of compound 187 forms extensive back-
bone contacts and a T-shaped aromaticinteraction with F113>*¢, which
were not observed for AZ-1729 (Fig.4a,b,e). Together with the aromatic
contacts of the 5,7-diazaindole fragment with Y125°**! (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 datafor compound 187 (ref.44) and demonstrates theimportance
ofthe 2-aminopyrrole presentincompound 187. That is, analogues that
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lack this group have half maximal effective concentration (ECs,) values
of >5 uM. By contrast, variations in the sulfone group, morpholine
fragment and the pyrimidine part of the scaffold did not significantly
decrease potency, aresultinagreement 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-miniG, complex,
we previously proposed that the interactions between the carboxy-
late group of C4 with R180°* and R255™* of FFA2 cause inward move-
ments of TM5 and TM7 and concomitant conformational changes of
the P191°°°T9734°F2314** motif. This structural change in turn leads to
the outward movement of TM6 at the cytoplasmic region, a hallmark
of GPCR activation?. A similar mechanism may also apply to TUG-1375,
which forms similar interactions with R180°*° and R255"* at the orthos-
teric binding pocket (Extended Data Fig. 3a). This canonical activation
mechanism that involves conformational changes of the P>5°[>40F644
triad motif at the core region of the transmembrane helical bundle has
been observed across many other class A GPCRs>**,

Tounderstand the distinctactivation 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 E106**° of
the conserved (D/E)R**°Y motif>* insite 2 (Fig. 4a,b,e). These disrupt
theinactive-state intramotif E106>*-R107>*° interaction®****’, which
remains stable in the empty receptor form andin TUG-1375-only simu-
lations (Fig. 4f). Analyses of additional molecular switches showed
that the interhelical R107>*°-Y199>* 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, R107>*° positioning near the
NP”°XXY 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 DataFig. 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)**">° 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 fromICL2, had littleimpact onICL2 dynamics (Fig.5aand
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
DataFig. 5f-k).

For 4-CMTB, our MD simulations revealed itsimpacts on a hydrogen-
bond network mediated by N230%*® at the TM6-TM7 interface. In
simulations with 4-CMTB alone and docked to TUG-1375-bound FFA2,
4-CMTB disrupts the N230%*-D2697* polar contact at the TM6-TM7
interface by forming stable interactions with N230%* (Fig. 5b). This dis-
ruption affects abroader hydrogen-bond network thatinvolves N265™%,
C234%* and D55>*°, which in turn affects the conserved (N/D)”*P™°XXY
and C*YWe*8XP%3° motifs as well as the sodium-coordination pocket,
allof which are crucial for GPCR activation®*¢ (Extended Data Fig. 51,m).
Accordingly, after the removal of 4-CMTB, N230%* rotates towards
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TM7 tore-establish an extensive hydrogen-bond network with N265™,
D2697* and C234°%* (Fig. 5c and Extended Data Fig. 51,m). This network
seems to constrain TM6 movement, as TM6-TM7 hydrogen bonds are
more frequentin 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 N230%**D and N230%*A
mutants showed that N230A mimics the effect of 4-CMTB by disrupting
the cytoplasmic TM6-TM7 hydrogen-bond network, whereas N230D
canreverse 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 proteinselectivity. Thatis, AZ-1729is unable
to effectively activate G, but exhibits markedly higher G, efficacy com-
pared with compound 187, as measured in cAMP-inhibition assays'
(Fig. 1d). Such functional selectivity or a biased signalling property
of AZ-1729 for G; over G, is not commonly seen for GPCR allosteric
modulators®.

The G;-coupled and miniG,-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-G; and FFA2-miniG, interfaces, including dif-
ferent orientations of the aN helix of G;and miniG, (Extended Data
Fig. 6¢). Moreover, R217°*° and Q215%?® engage in polar interactions
with the a5 helix of miniG,, which are missing in the G-coupled FFA2
structures (Extended Data Fig. 6d). Notably, as mGa;, is a chimeric
protein derived from miniGa, Ga, and Ga, interactions beyond the
last 15 amino acids of the a5 helix and the amino-terminal aN helix
reflect G, interactions, which may not accurately represent native
G,-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 S120'“*significantly alter the ICL2 backbone conforma-
tion, reorienting it towards the membrane plane (Figs. 4e,gand 5a). As a
result, thereis aninternal rotation and an upwards shift of ICL2 in FFA2
boundto AZ-1729 compared with thatin FFA2bound to compound 187
(Fig. 6a). Such aS120"““? interaction is not possible for compound 187
owingto 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 miniG,-bound FFA2 showed similar ICL2
conformations across all ligands (Fig. 5a), G;-bound FFA2 displayed
ligand-dependentICL2 conformations (Fig.5a). Notably, the ICL2 con-
formationin the G;-compound 187-FFA2 complex closely resembled
that observed in G-protein-free simulations (Figs. 5a and 6b), whereas
ICL2 conformations markedly differed between miniG,-bound and
G,-free simulations. This result suggests that G; coupling facilitates
greater ICL2 flexibility compared with miniG, coupling. Given the
critical role of ICL2 in G protein coupling®®, we propose that AZ-1729
stabilizes a specific ICL2 conformation that favours productive cou-
pling with G, over G,.

Althoughthe specificinteractions that drive this biased property of
AZ-1729 are notimmediately apparent, mutagenesis and MD simulation
studies provided mechanisticinsights. The a5 helix (or helix 5) of the Ga
subunit has animportant rolein determining G-protein-coupling speci-
ficity’>*. In the FFA2-miniG,structure, the part of a5 helix of mGa,
at the receptor-coupling interface is the same as that of the wild-type
Ga, protein, in which the sequence variations between G,and G, are
preserved. Among these residues, C351"% (G protein residue num-
bering**) in G, the site of pertussis-toxin-catalysed ADP-ribosylation
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Fig.5|Noncanonical FFA2 activation mechanismsrevealed by MD
simulations. a, Cartoons showing cryo-EM structures of FFA2-TUG-1375-G;
(PDB accession 8)22; grey), FFA2-4-CMTB-miniG, (dark green), FFA2-
compound 187-miniG, (cyan) and FFA2-AZ-1729-G,; (blue) overlaid with
surfacesrepresenting FFA2 main chain atoms occupied at >75% of simulation
time. Solid surfaces show cryo-EM-based simulations; meshes show docking-
based simulations to structure 8J22. Top row, empty FFA2 (PDB accession 8)23;
orange), FFA2-TUG-1375 (beige) and FFA2-TUG-1375-G; (8)22; grey) demonstrate
G proteinbutnotorthostericligand stabilization of ICL2. Middle row, G-protein-
free simulations with4-CMTB (dark green), compound 187 (Cmpd187) (cyan)
and AZ-1729 (blue) show ICL2 stabilization by AZ-1729 and compound 187, with
compound 187 causing deviation of ICL2 from the cryo-EM structure. Bottom
left, miniG,-bound simulations with C4 (PDB accession 8T3S; olive), TUG-1375-
4-CMTB (dark green) and TUG-1375-compound 187 (cyan), showing similar
ICL2 conformations. Bottom middle, comparison of G;-bound FFA2-TUG-1375

that prevents GPCR-G; coupling, is replaced by a considerably bulk-
ier Y243"5 in mGa g, (Y3562 in wild-type G,,) (Fig. 6a). Both of
these G protein residues extend towards ICL2 of FFA2 in our cryo-EM

® TUG-1375-compound 187-G;
Mesh: compound 187

(grey) with FFA2-TUG-1375-AZ-1729 (blue) and FFA2-TUG-1375-compound 187
(red), revealing distinct ICL2 conformations compatible with G; coupling.
Bottomright, contrast of G-bound and G-protein-free simulations of FFA2-
compound 187, showing the minimalimpact of G, binding on compound 187-
induced ICL2 conformation. b, Distribution of distances between N230°** side-
chain nitrogen (N®2) and D269”* carboxyl oxygens (0%%?) across simulated
complexes. Labelsin parenthesesindicate PDB accession numbers of the
complexes. Violin plots show probability densities from three simulation
replicates per complex. Horizontal bars indicate minimum, maximum and
median values. The dotted line at 4.5 A shows the interaction distance cut-off.
Percentagesindicate the proportion of frames with distances <4.5A.

¢, Snapshots of site 1 from MD simulations with 4-CMTB (top) and without
(bottom), highlighting hydrogen bonds (dashed lines) among N230°%,
C234°4 N265* and D269”* residues critical for allosteric modulation.

structures (Fig. 6a). Our MD simulations revealed that the distance
between Y1172 of AZ-1729-bound FFA2 and C351"% of G, is shorter
than the distance between Y117'“2 of FFA2 bound to either 4-CMTB or
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Fig. 6 | Distinct ICL2 conformationsinduced by AZ-1729 and compound 187
confer differential G-protein-subtypeselectivity. a, ICL2 conformationsin
FFA2-G,complexes with AZ-1729 (orange) and compound 187 (light green), and
FFA2-miniG,complex with compound 187 (pink). GaS5 helices are coloured for
Ga; with AZ-1729 (green-yellow), Ga; with compound 187 (light orange) and
mGa,,; (darkyellow). The red arrow indicates the uplifted ICL2 conformation
with AZ-1729.Y117"“"*faces C351">% of Ga; or Y2432 of mGa (Y356 in
wild-type Ga,). b, Kernel density plotsin two dimensional principal component
analysis (2D-PCA) of ICL2 (P114-R121) Ca atoms for select simulations, with
colours showing theiso-proportion density from 20%. Top left, FFA2-TUG-
1375-AZ-1729-G; (blue), FFA2-TUG-1375-AZ-1729 without G protein (red) and
FFA2-TUG-1375alone (grey). Top right, similar simulations for FFA2-TUG-1375-
4-CMTB-miniG,. Bottom left, simulations for FFA2-TUG-1375-compound 187-
miniG,. Bottomright, FFA2-TUG-1375-compound 187-miniG, (purple),

compound 187 and Y243"% of mGa,, (Fig. 6¢). Furthermore, in our MD
simulations, replacing Y243"? in miniG, with cysteine shifts its posi-
tioning to resemble thatin G, relative to Y117°2 of FFA2, whereas AZ-1729
promotes a closer positioning of C351"% of G, to Y117'? (Fig. 6¢).

All of the above results suggest that the conformation of Y117'°2in
the AZ-1729-bound FFA2 is incompatible with coupling to G, owing
to a potential steric clash with Y356"523, We therefore proposed that
replacing Y356"* of G, with a less bulky C351 as in G; would enable
its coupling to AZ-1729-bound FFA2. Data from TRUPATH assays con-
firmedthat AZ-1729 effectively activated the Y356C G, mutant (Fig. 6d)
while showing minimal activation of the wild-type G, (Fig. 1c). Notably,
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FFA2-TUG-1375-compound 187-G; (yellow) and FFA2-TUG-1375-compound
187without G protein (cyan). Coloured dots show simulation-average ICL2
positions; distances d, and d, connect the G-bound simulation to G-protein-
freeand miniG,-bound states, respectively. ICL2 conformations show greater
similarity between G-bound and G-protein-free states (d, =1.42) than with
G,-boundstates (d, = 3.41). ¢, Distribution of Cf atom distances between Y117'*?
and Y243"2 (mGay;) or C351" (Ga) across simulated complexes. Violin
plots show probability densities from three simulation replicates per complex.
Horizontal barsindicate minimum, maximum and median values. The dotted
lineat10 A shows theinteraction distance cut-off. Percentages indicate the
proportion of frames with distances <10 A.d, TRUPATH assays using the G,
Y356"2Csensor (Y243H5.23inmGa,,;) and wild-type FFA2, showing the
potency and efficacy of indicated ligands. Dataarethemean+s.e.m.n=3
(3biologicallyindependent experiments).

activation of the Y356C G, variant by compound 187 and the orthos-
tericagonists C3 and TUG-1375 was as effective as for the wild-type G,
(Fig. 6d). These results suggest that the specific ICL2 conformation
induced by AZ-1729 preferentially favours receptor coupling to G;
with its C351"*% residue in the 5 helix over G,, which has the bulkier
Y3565, Itis also interesting to note that C351"%in G;isoforms canbe
replaced by abroad range of other amino acids, with receptor coupling
efficiency largely correlated with residue hydrophobicity®. By contrast,
4-CMTB exhibited similarly weak activity on the Y356 C G, variantasit
does on the wild-type G, (Figs. 1cand 6d), which suggests that ICL2 is
notinvolvedin the G protein selectivity of this compound.



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, aresult
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-
1375and the SCFA C3 (Extended DataFig. 1c), which suggests that there
islimited ‘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, aninitialmember 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, functioningasa
crucial determinant for both receptoractivation 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 agonists®**’. Several con-
served structural motifs or macroswitches and microswitches play
important parts in receptor activation>*¢, 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, whichlead to receptor activation through different
noncanonical mechanisms.

Our pharmacological and structural studies confirmed two distinct
allosteric sites, site 1and 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 ARPAMMIPS521 (ref. 38) (Fig. 3a). However, MIPS521 binds closer to
TM7 and TM1of A;Rto forminteractions with allthree helices, whereas
4-CMTB interacts primarily with TM6 of FFA2. Nevertheless, MIPS521
hasbeen 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-
nisminvolves the disruption of the interhelical hydrogen-bond network
through effects on the (N/D)”*°P*°XXY and the C**’W4*$XP**° 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 D, receptor and the
B,-adrenergic receptor*®*®>°, 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 candirectly interact with the conserved D/ERY motif and influence
its conformation to promote G protein coupling and receptor activa-
tion. Thismechanism has not beenreported for PAMs that target similar
sitesinother GPCRs.ICL2 serves as another critical structural element
insite-2-mediated receptor activation®’. Previous studies have shown
that FFA1 PAMs interact with ICL2 to stabilize a helical conformation
that makes the receptor couple to G proteins more effectively*$-°,

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 study® showed
that the PAM AR420626 binds to an intrahelical allosteric site imme-
diately above the coupled G, protein to form direct interactions with
G,. For FFA4, to our knowledge, no synthetic PAMs have been identi-
fied thus far. Notably, our previous structures® revealed that the ICL2
in FFA4 is disordered even when coupled to miniG,, 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. Theidentification of FFA4 PAMs
represents a highly challenging task.

ICL2in 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 antagonists®. In that study®’, 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
thoughICL2 adoptsahelical conformationin the crystal structures of
inactive C5aR bound to NAMs®® (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 currentresults further revealed that subtle conformational vari-
ationsinICL2 canleadtoselective or biased signalling towards specific
G protein subtypes. We demonstrated that the Y117°>-Y356G,-a5 clash
isresponsible for the G protein activation bias exhibited by AZ-1729.In
addition to G proteins, ICL2 can affect -arrestin binding and activa-
tion*>®!, Our pharmacological studies showed that compound 187 isa
G-protein-biased ago-PAM that has no detectable activity in B-arrestin 2
recruitment assays (Fig. 1d). However, the molecular mechanism that
underlies this biased signallingis currently unclear. We did not observe
apparentstructural 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 dynamicsin the cytoplasmic region of FFA2, including
ICL2, thereby affecting arrestin coupling. Nevertheless, in line with
previous MD simulations studies of FFA1PAMs®, 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-
entICL2 conformations confer distinct preferences of agiven GPCR for
diversessignalling partners will aid in the rational design of such biased
GPCRPAMs, which could offer new opportunitiesin drug development.
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Methods

FFA2ligands

TUG-1375 was from MedChem Express, 4-CMTB, AZ-1729 and CATPB
were from Tocris Bioscience, and C3 was from Sigma-Aldrich. [*H]
GLPGO0974 was produced and characterized in house and has been
used in previous studies®®. Compound 187 was synthesized as detailed
inthe 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
G, protein, we used mGa, as the a-subunit as in previous structural
studies of other G ,-coupled GPCRs****°. mGa,/, is based on miniGat, s,
which was developed by replacing the C-terminal 15 residues with those
of Gay (refs. 32,33), with the N-terminal 35 amino acids replaced by
their corresponding residues from Ga;. This chimeric protein retains
most of the C-terminal region of the wild-type Ga, which servesasthe
majorinteraction interface with the receptor. The miniG, heterotrimers
with this chimera mGa,, as the a-subunit have been successfully used
in our previous cryo-EM studies of G,-coupled FFAL, FFA2 and FFA4
with free fatty acid ligands®, along with studies of other G,-coupled
GPCRs from other groups®'. The mGa,/, subunit was cloned into
a pFastBac vector. Human Gf3, was fused with an N-terminal His,-tag
and a C-terminal HiBiT subunit connected with a15-amino-acid linker,
whichwas clonedinto a pFastBac dual vector (Thermo Fisher) together
with human Gy,. For the G, protein, we used a dominant-negative Ga;
(ref. 62) as the a-subunit.

ScFv16 was expressed and purified as previously described®. 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, mGa;, or dominant-negative Ga; and Gp,y, were co-expressed
inSf9insect cells using the Bac-to-Bac method. Cells were infected with
3 typesofvirusesataratioof1:1:1for 48 hat 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 MgCl,, 5 mM CaCl, 2.5 pug mlleupeptinand
300 pg ml” benzamidine. To facilitate the formation of complexes,
10 uM TUG-1375, 10 pM PAMs (4-CMTB, compound 187 or AZ-1729),
25mU ml™apyrase (NEB) and 100 pM TCEP were added and incubated
atroom temperature for 2 h. The cell membranes were isolated by
centrifugation at 25,000g for 40 min and then resuspended in solu-
bilization buffer containing20 mM HEPES, pH 7.5,100 mM NacCl, 0.5%
(w/v) lauryl maltose neopentylglycol (LMNG, Anatrace), 0.1% (w/v)
cholesteryl hemisuccinate (CHS, Anatrace), 10% (v/v) glycerol,10 mM
MgCl,, 5 mM CaCl,,12.5 mU ml*apyrase, 10 uM TUG-1375,10 uM PAMs
(4-CMTB, compound 187 or AZ-1729), 2.5 pg ml*leupeptin, 300 pg ml™
benzamidine and 100 pM TECP at 4 °C for 2 h. The supernatant was
isolated by centrifugation at 25,000g for 40 min, and then incubated
with Niresinat4 °C overnight. After binding, the resin was washed with
abuffer A containing20 mM HEPES, pH 7.5,100 mM NacCl, 0.05% (w/v)
LMNG, 0.01% (w/v) CHS, 20 mM imidazole, 10 pM TUG-1375,10 pM
PAMs (4-CMTB, compound 187 or AZ-1729), 2.5 pg ml ™ leupeptin,
300 pg ml benzamidine and 100 uM TECP. The complex was then
eluted with buffer A containing 400 mM imidazole. The eluate was
supplemented with 2 mM CaCl, and loaded onto anti-Flag M1antibody
resin. After a washing step, the complex was eluted in buffer A con-
taining 5 mM EDTA and 200 pg ml™ Flag peptide. Finally, a1.3 molar
excess of purified scFvl6 was added to the sample. The sample was then
loaded onto aSuperdex 200 Increase 10/300 column (GE Healthcare)
pre-equilibrated with buffer containing20 mMHEPES pH 7.5,100 mM
NaCl, 0.00075% (w/v) LMNG, 0.00025% (w/v) GDN, 0.00015% (w/v) CHS,
10 pMTUG-1375,10 uM PAMs (4-CMTB, compound 187 or AZ-1729) and

100 uM 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-miniG,,
TUG-1375-compound 187-FFA2-miniG,, TUG-1375-AZ-1729-FFA2-G;
and TUG-1375-compound 187-FFA2-G;complexes, 3 pl 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-miniG, and TUG-1375-AZ-1729-
FFA2-G,complexes, cryo-EM imaging was performed ona 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 anominal magnification of
x105,000 using SerialEM®* software in super-resolution mode at a cali-
brated pixel size of 0.828 A and adefocus range of -1.0 to -1.8 um. Each
stack was dose-fractionated to 52 frames with a total dose of 55 e™ A2

For the TUG-1375-compound 187-FFA2-miniG, and TUG-1375-
compound 187-FFA2-G; complexes, 15,279 videos and 19,526 videos
were collected, respectively, using a Titan Krios transmission electron
microscope equipped withaFalcon 4idirect electron detector withan
energy filter. Images were recorded with a nominal magnification of
x165,000 using EPU3.7 software with a calibrated pixel size of 0.72 Aand
adefocus range of -1.0 to —2.0 pm. Each stack was dose-fractionated
to 40 frames with a total dose of 55 e” A,

Data processing, 3D reconstruction and model building
Cryo-EMvideos were subjected to patch motion-correction using cry-
0SPARC®. Contrast transfer function (CTF) parameters were calculated
using the patch CTF estimation tool.

Forthe TUG-1375-4-CMTB-FFA2-miniG, datasets, 5,172,796 particles
were autopicked and then subjected to 2D classification to discard bad
particles. After abinitio reconstruction and heterogeneous refinement,
309,387 particles were subjected to nonuniform refinement and local
refinement, whichgenerated amap withanindicated global resolution
of3.19 A ataFourier shell correlation (FSC) of 0.143. To further improve
the quality of model of the complex, local refinement focusing on the
receptor and the miniG,-scFv16 complex was performed in cryoSPARC,
which produced resolutions of 3.26 A and 3.13 A, respectively. Local
resolution was estimated using cryoSPARC. The maps for the recep-
tor and miniG,-scFvl6 complex were combined on the basis of the
global map.

For the TUG-1375-compound 187-FFA2-miniG, datasets, 8,058,394
particles were autopicked and then subjected to 2D classification to
discard poorly defined particles. After ab initio reconstruction and
heterogeneousrefinement, 348,210 particles were subjected to nonu-
niformrefinement and local refinement, which generated amapwithan
indicated global resolution of 3.06 A ataFSC of 0.143. Local resolution
was estimated using cryoSPARC.

For the TUG-1375-AZ-1729-FFA2-G, 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 amap with anindi-
cated global resolution of 3.29 A at aFSC of 0.143. To further improve
the quality of the model of the complex, local refinement focusing on
the receptor and the G;-scFvl6 complex were performed using cry-
0SPARC, achieving resolutions of 3.37 Aand 3.23 A, respectively. Local
resolution was estimated using cryoSPARC. The maps for the receptor
and G;-scFv16 complex were combined on the basis of the global map.

For the TUG-1375-compound 187-FFA2-G,; datasets, 11,047,993
particles were initially autopicked and subsequently subjected to
2D classification to exclude low-quality particles. Following ab ini-
tioreconstruction 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 A 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 G;-scFv16 complex were performed using
cryoSPARC, which produced resolutions of 3.38 Aand 3.21 A, respec-
tively. Local resolution was estimated using cryoSPARC. Finally, maps
of the receptor and G;,-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-miniG,-scFvl6 and TUG-1375-com-
pound 187-FFA2-miniG,-scFv16 complexes, the structure of FFA2 and
structures of miniG, and scFv16 obtained from the FFA2-miniG,-scFv16
complex (PDB accession 8T3S) were used asinitial models for docking
into the cryo-EM map using Chimera®*¢, For the TUG-1375-AZ-1729-
FFA2-G,-scFv16 and TUG-1375-compound 187-FFA2-G,—scFv16 com-
plexes, initial models of FFA2, G; and scFv16 were obtained from the
FFA2-miniG,-scFv16 complex (PDB accession 8T3S) and the GPR84-
G;-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-miniG,-scFv16, TUG-1375-compound 187-
FFA2-miniG,-scFv16, TUG-1375-AZ-1729-FFA2-G;-scFv16 and TUG-
1375-compound 187-FFA2-G;-scFv16 complexes were subsequently
generating using iterative manual building and adjustment in Coot?,
followed by real-space refinement in Phenix®®. The final models were
validated using Molprobity®. 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. 1and 2. For structural analysis,
hydrogen bonds were defined as interactions occurring between two
electronegative atoms with a distance less than 3.5 A.

FFA2 functional assays

Plasmids and mutagenesis. The human FFA2 receptor with either an
eYFPoraHA epitope fused to the C terminus was cloned into apcDNA5/
FRT/TO expression vector as previously described”®”., 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 aninternal ribosome
entry site (IRES)-based plasmid. In brief, TRUPATH-like single plas-
mid pIRES constructs were generated by cloning G protein 3 (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-y9 (GFP2 replaced with mNeonGreen from
GFP2-y9, GNGT2, Addgene, 140991). Gay;(Addgene, 140975) and Ga,
(Addgene, 140982), with Renillaluciferase replaced by Nano luciferase,
were cloned downstream of the IRES sequence in the above-described
construct. In certain experiments, Y356C Ga, replaced Ga,.

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% CO, humidi-
fied atmosphere.

Flp-InTREx 293 cells (Invitrogen) were maintained in DMEM without
sodium pyruvate, supplemented with 10% (v/v) FBS, 1% penicillin—
streptomycinand 10 pg ml™ blasticidin, at 37 °Cina 5% CO, humidified
atmosphere.

Togenerate 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 mI™ PEI (MW-25000).
Cells were plated until 60-80% confluent then transfected with 8 pg
oftherequired plasmid DNA and PEI (ratio of 1:6 DNA to PEI), diluted in

150 mM NacCl, pH 7.4. After incubation at room temperature for 10 min,
the mixture wasadded to cells. After 48 h, the medium was changed to
medium supplemented with 200 pg ml* 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™ doxycycline for 24 h.

BRET B-arrestin1 and B-arrestin2 recruitment assays. HEK293T
cells were co-transfected at a100:1 ratio with plasmids encoding an
eYFP-tagged form of the receptor construct of interest and either
B-arrestin 1or B-arrestin 2 tagged with Nano-luciferase. Cells were trans-
ferred into white 96-well microtitre plates at 24 hafter 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 (3-arrestin 1 or -arrestin 2 recruitment to the
receptor, the Nano-luciferase substrate coelenterazine H was added
toafinal concentration of 5 1M, and cells were incubated for afurther
10 minat 37 °C. After addition of ligand at 37 °C for 5 min, BRET resulting
fromreceptor-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 atotal of 5 pg per 10 cmdish plasmid DNA with receptor, biosensor
and pcDNA3.1 at aratio 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 a1:80
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
wellinlow-volume 384-well plates. The ability of ligands to inhibit 1 uM
forskolin-induced cAMP productionwas 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).

[**S1GTPyS-binding assays. Membranes were generated from Flp-In
T-REx 293 cells after 100 ng ml™ doxycycline treatment to induce
receptor expression. Cells were washed with ice-cold PBS, removed
fromdishes by scraping and centrifuged at1,800g for 5 minat4 °C. Pel-
lets wereresuspended in TE buffer (10 mM Tris-HCland 0.1 mM EDTA,
pH 7.5) containing a protease inhibitor mixture (Roche) and homog-
enized witha5 mlhand-held homogenizer. Samples were centrifuged
at450gfor 5 min at 4 °C and the supernatant was further centrifuged
at90,000gfor 45 minat4 °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 pg per well) was incubated in
assay buffer (20 mM HEPES, 5 mM MgCl,, 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 [**SIGTPYS (100 nCi
perreaction) with1 uM GDP andincubated at 30 °C for 60 min. Thereac-
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 withice-cold PBS. MicroScint-20 (Revvity) was
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added to dried filters and [**S]GTPYS 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 [’H] GLPG0974, binding buffer (50 mM Tris-HCI, 100 mM Nacl,
10 mMMgCl,and1 mMEDTA, pH 7.4), inatotal assay volume of 500 pl
in 96-deep-well blocks. Binding was initiated by the addition of mem-
branes (5 pg of protein per well). All assays were performed at 25 °C
for 2 hbefore 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 hatroomtemperature. 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 pM CATPB.

For saturation-binding curves, the specific binding versus radioli-
gand concentration was fit to a one-site specific binding model, where
Bi.x and K values for the radioligand were calculated. For all other
concentration-response curves, data were fit to a three-parameter
sigmoidal concentration-response curve. Inall 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 GLIDE”, and
loop refinement and other structure modifications were conducted
using Schrodinger Maestro 2021-3 suite”. Probe-confined dynamic
mapping was performed following a modified version of our pub-
lished protocol* using AmberTools 23 (ref. 74), VMD (v.1.9.3)” and
HTMD (v.2.3.2/2.3.36), 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 A) and compound 187 (r.m.s.d. from the cryo-EM structure of
1.61 A). 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
Table1). Membrane-bilayer systems with FFA2 placed in a1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) membrane were pre-
pared using the CHARMM-GUIweb-server”” and simulated in AMBER20
(ref.78) at 37 °C temperature with tip3p water model’® and ff19SB*°,
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)**%* and SciKit
Learn (v.1.5.1)® Pythonlibraries. Detailed methods regarding docking
and MD simulations are included in the Supplementary Information.
Detailed r.m.s.d. and root mean square fluctuation datafor all simulated
systems and residue-ligand interaction energy values are providedin
Supplementary Tables1and 2.

Reporting summary
Furtherinformation onresearch designisavailablein 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-miniG,, EMD-45738 for TUG-1375-compound 187-FFA2-
miniG,, EMD-45743 for TUG-1375-AZ-1729-FFA2-G; and EMD-49745
for TUG-1375-compound 187-FFA2-G,. Atomic coordinates for the
atomic models have been deposited into the PDB under the acces-
sion numbers 9CLW for TUG-1375-4-CMTB-FFA2-miniG,, 9CM3 for

TUG-1375-compound 187-FFA2-miniG,, 9CM7 for TUG-1375-AZ-1729-
FFA2-G;and 9NS9 for TUG-1375-compound 187-FFA2-G,. The following
structural dataused for comparisons are available from the PDB: 7LD3
(the A,R bound to the PAM MIPS521)%%; 8)22 (TUG-1375-bound FFA2
coupled with G;)?*; 8)23 (empty FFA2 coupled with G;); 8T3S (C4-bound
FFA2 coupled with miniG,)*'; 8)21 (C4-bound FFA3 coupled with G,)**;
8G05 (GPR84 coupled with G;)®¢; and 6CIR (C5aR bound to PMX53
and avacopan)®°. Simulation trajectories were uploaded to GPCRmd
(https://www.gpcrmd.org/)¥ and linked to the current paper. Simula-
tionidentifiers are provided in Supplementary Table 3.
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Extended DataFig.1|See next page for caption.
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Extended DataFig.1|Pharmacological characterization of FFA2ligands.
a.fB-arrestinlrecruitmentinduced by FFA2 activators and modulators.
b.B-arrestin2recruitmentinduced by FFA2 activators and modulatorsin
wild-type HEK293T and G protein deficient (AG,, AG,,, AG,3, AG,, AG,, + Pertussis
toxintreatmenttoinactivate Gi-family G proteins) HEK293T cells. Dataare means
+/-S.E.M.n=3(threebiologicallyindependent experiments). c. Cooperativity of
function between three FFA2 PAMs and the orthosteric agonist C3 (propionate).
Theability of the indicated concentrations of 4-CMTB, compound 187, and
AZ-1729 to modulate inhibition of forskolin-stimulated levels of cAMP via
FFA2isshown.Dataare means +/-S.E.M.n =3 (three biologically independent
experiments).d. Binding characteristics of FFA2 modulators assessed in
co-operativity studies. *Agonist refers to the compound used to generate
concentration-response curve.°Modulator is the compound used in defined

concentrations. °pK, represents values estimated for the agonist. ‘pK,
represents values estimated for the modulator. °Gainin potency was calculated
using the equation (pECs, agonist + highest concentration of modulator) -
(pECs, agonist + vehicle). ‘Gainin efficacy was calculated using the equation
(Emax agonist + highest concentration of modulator) - (Emax agonist + vehicle).
nd means not determined (in experimentsin which the effect of compound 187
was largely manifestin terms of efficacy and thus affinity values could not be
derived). Emax was constrained to the maximal possible system response and
nwas constrainedto1l(theslope 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
tocompound187.
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Extended DataFig.2|Cryo-EM data processing and analysis.

a, Representative cryo-EM micrograph (scale bar: 50 nm) and 2D class averages
(scalebar:5nm). The micrograph shownis one example of 5535 micrographs
for miniG,-coupled FFA2bound to TUG-1375and 4-CMTB. b-m, Cryo-EMimage
processing workflow for TUG-1375-4-CMTB-FFA2-miniG, complex (b-d),
TUG-1375-compound 187-FFA2-miniG, complex (e-g), TUG-1375-AZ-1729-
FFA2-G;complex (h-j),and TUG-1375-compound 187-FFA2-G,complex (k-m),
respectively. Detailed information on protein purificationis provided in
SupplementaryFig. 1. Angular distributions of the particles used in the final
reconstruction are shownin ¢ for TUG-1375-4-CMTB-FFA2-miniG, complex;

ffor TUG-1375-compound 187-FFA2-miniG, complex; i for TUG-1375-AZ-1729-
FFA2-G;complex; and I for TUG-1375-compound 187-FFA2-G; complex. Gold-
standard Fourier shell correlation (FSC) curves are shownind for TUG-1375-4-
CMTB-FFA2-miniG, complex; g for TUG-1375-compound 187-FFA2-miniG,
complex;jfor TUG-1375-AZ-1729-FFA2-G; complex; and m for TUG-1375-
compound 187-FFA2-G;complex. n, Cryo-EM maps and models of the seven
transmembrane helices (TM1-7) of miniG,-coupled FFA2bound to TUG-1375
and 4-CMTB. Representative cryo-EM maps of FFA2in other complexes and
ligands are shownin Supplementary Fig. 2.
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Extended DataFig. 3| TUG-1375binding in the orthosteric binding pocket.
a, Leftand middle panels show the comparison of the receptor interaction
profiles of TUG-1375and butyrate (C4) with FFA2. The binding profile of TUG-
1375isbased on the structure of miniG,-coupled FFA2in complex with TUG-
1375 and compound 187, while the C4 binding profileis derived from our
previously published structure (PDB ID: 8T3S). Polar interactions are shown
asblack 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
bytheredarrow. Thered circleindicates the group of TUG-1375 that causes
suchmovement. B, Effects of mutations within the orthosteric pocket onthe
function of TUG-1375measured by B-arrestin 2 recruitment. Detailed calculations
based onthe concentration-response curves (upper) are summarizedinthe
table (lower). pECs, 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
thereceptor by 3-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 anappropriately processed and cell surface
delivered form of FFA2. Dataare means +/-s.e.m.n =3 (three biologically
independent experiments). Statistical significance was assessed by one way

ANOVA followed by Dunnett’s multiple comparisontest.*p < 0.05,**p < 0.01,
***p <0.001, ****p <0.0001.NR means no detectable response.c, MD
simulations on TUG-1375binding. The upper panel shows arepresentative
simulation frame depicting TUG-1375in the orthosteric binding pocket, with
key interacting residues shown as sticks. Residue carbon colors and stick
thicknessrepresentaverage electrostatic and van der Waalsinteraction
energies betweeneachresidueand theligand, respectively. Dashed lines
indicate hydrogenbonds. The lower panel shows violin plotsindicating the
distribution of distances between the guanidyl fragment of R180°* and the
carboxylic group of E166 2 (left) and between the Ca atoms of Y1655 and
Y90** (right) across three 1 ps replicates of FFA2/4-CMTB/TUG-1375/miniG,
(Fullcomplex), FFA2/TUG-1375 (TUG-1375 only, without the G protein), and
empty FFA2 (Empty, without theligand and G protein). Theresults 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 E166"? and Y1655*? shifting towards
R180%* and Y903, respectively, forming extensive electrostatic and aromatic
contacts. Detailed analysis of TUG-1375binding can be found in Supplementary
Information. Cmpd187 refers to compound 187.
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Extended DataFig.4|Binding properties of FFA2 ago-PAMs at Siteland 2.

a, Loss of agonist activity and cooperativity with TUG-1375 for 4-CMTB at N*°D
FFA2,as measured by cAMP reduction assays. The datainthe top row show that
4-CMTB lacks agonistactionat N**°D FFA2 whilst TUG-1375, compound 187 and
AZ-1729 all activate this mutant as effectively aswild type. The datain the leftand
the middle panel of the bottom rowindicate that 4-CMTB does not produce co-
operativity with TUG-1375 at N2°D FFA2 (left), while such effects of both AZ-1729
and compound 187 are retained at this mutant (middle). The datain the right
panelindicate that the human FFA2 antagonist [PHIGLPG0974 displays high
affinity binding toboth wild type and N**°D FFA2. Dataare means +/-S.E.M.n =3
(threebiologicallyindependent experiments). b, Structural comparison of FFA2
andFFA3 atSite1.FFA2and FFA3 areshownin green and pink, respectively. The
spacein FFA3 (middle panel, based onthe structure PDBID 8)21) corresponding
toSite1in FFA2 (left panel) adopts a distinct conformation, which would resultin
asteric clashwith4-CMTBiif it were toadoptasimilar binding pose (right panel).
¢, Co-solventsimulations of AZ-1729 and compound 187. The middle figure
shows the orthostericligand C4 and the probes as they are placed before the

simulation, along with the cylinder (semi-transparent, blue) confining the
probesaround the areaofinterest,around ICL2. The top left figure shows AZ-
1729 and the probe that allowed to identify its interaction with E106>*°. 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
compound187inthestructures withminiG,and G;. The interaction profile of
compound 187 and the overall conformation of Site 2 including ICL2 are almost
identicalin these two structures. e, Effects of mutationsin Site 2 on the potency
of FFA2 modulators measured by [**S]JGTPyS binding assays. Data are means +/-
s.e.m.foratleast3 experiments. pECs,and E,, valuesarelisted in Extended Data
Table2.f,Undetectable B-arrestin-2 recruitment by AZ-1729 at Site 2 mutations
inFFA2. B-arrestin-2 recruitment assays were performed with varying
concentrations of TUG-1375 or AZ-1729 at wild type, E106G, and G102V FFA2.
Dataare means +/-s.e.m.n =3 (threebiologicallyindependent experiments).
Cmpd187 referstocompound187.


https://doi.org/10.2210/pdb8J21/pdb

: S 2
da Hydrophobic contacts between ICL2 and G-protein a5 helix |, f 1612 M asidues G deviation from Cryo-EM i e s R RN

= o ®

(e

Hydrophobic contacts per frame

&‘{: 6“’9 5‘59 5 Q,;: 0_\ o d“"dh-t"“ 6{67@0\“ :: @&\ ‘,,@Sg\ ,ﬁﬁa é‘s’ $

¢ é‘&\ﬂ’ :: é&d&« \-f'é@‘sf‘\ 5\“-‘ é
¢ 1" {a“?f L &
i &;"" &

1 A

PItE = R1ZT

s C” deviation from the
FFAZ [ TUG-1375 / conpd 187 { miniG,, complax

Ty

ffffff}@’}@’

Ll

il = “
i g9 icL2”"* ™™™ residues C° deviation from Cryo-EM
i .

“@9“' e L B .;-5’@.@"" bl

L& .ﬂP o @ AP g 4 g i g"@é’“\f \d‘é,\é‘ ﬁ d@?
d‘p{& & ; 1" s A
" 510’ & 1 j@? Je?@f fs‘,. &
Al ; i

v h icL2”™™ ™" residues C° fluctuation k 1cL2”" ™™ residues C” deviation from the
FFA2 / TUG-1375 / AZ-1729 | G, complex

? xll ll

e\ i @a
&{Z«j @ f‘yf:*

C  Hydrogen bonds between R121 and D350~ (G,,)

i : !

C° RMSF, A
c* RMSD. A

o o o P v v
4‘; \q;“ {a,. fy’ d:s’;',"\‘\ & o )" ‘{9
-~ » 1 ey ;
’\\‘i" ‘\"‘v‘:}.‘a I 4&;\5 * ’\""9 \!j' \“"é‘ &
P " S
&\§¥¢§’,§s’ 1l &
s II
______ A .
____________________________ 3 3
d Sidechain polar contact R10T"  — ¥199° n
< ! Distance: N230" “0°'N"™ — Nzss” “0"'N* Hydrogen bonds: TMBC- " - Th7™** "
! 100:
2
3 i =
E - |4
g5 ggw . . 2
5 §s s el . :
4 g gﬂ“m
z 39 ssa -
£ o ---Q--h-

WE &% BN W % %

y‘g‘ﬁg“f f'@“‘f “’i“’&v‘* "&"’@ “fﬁf

: A &
I &L e & & & 4 ,c?‘@
& & & Q\Pi\g‘ ; ﬁf“ & & é’ e

& &

Distance: N230° 0" — c234*“'s

il %9 H}i

S *’_f p“‘,&*‘ﬁﬁ
o

g

Distance < 14 A,
% of frames
2 &5 8 B

\4’{,*’
4 é‘yé’

%,
%

&
&

1 I
1 I
1 I
1 I
1 I
] I
1 I
1 I
1 I
1 I
1 I
1 I
1 I
] |
1 I
1 I
1 I
1 I
1 I
1 I
1 I
! R107"* guanioyl carbon proximity to NPxxY P270”'C” |
1 I
] I
1 I
] I
1 I
] |
] I
] I
1 I
] I
1 I
] I
] I
] I
] |
1 I
] |
] I
1 I

Extended DataFig. 5|See next page for caption.



Article

Extended DataFig. 5| Molecular dynamics analysis of FFA2 conformational
changesandinteractions upondifferentligand binding and G protein
coupling.a-c, Molecularinteractions between FFA21CL2 and G protein.

a, Hydrophobic contacts between ICL2 (P114-R121) and G protein a5 helix.
Datashow mean number of carbon-carbon contacts (< 4 A) perframe+s.e.m.
fromthreeindependent1pssimulations (n=3).Individual replicate values
shownasblack dots. AZ-1729/G; complex shows enhanced contacts compared
to TUG-1375alone, with significant reductionin Y117A mutant. b, Hydrogen
betweenICL2and G protein a5 helix. Data show mean number of hydrogen
bonds (D-Adistance<3.5 A, angle 180 + 30°) per frame +s.e.m. from three
independent1pssimulations (n = 3).Individual replicate values shown as black
dots. AZ-1729 enhances hydrogen bonding with G;, while R121A mutation shows
the strongest reductioninthese interactions. ¢, Hydrogen bonds between
R121'“?and D350"?2 of G;. Data show mean number of hydrogen bonds per
frame ts.e.m.fromthreeindependent1pssimulations (n =3).Individual
replicate values shown as black dots. Enhanced interactionsin AZ-1729 complex
and complete loss with R121A mutation. d-e, Analysis of R>*®interactions with
Y>*¥and the distance between R**° and D/NP”*°xxY motif in FFA2.d, Sidechain
polar contacts between R107%°°and Y199°%, Data show percentage of frames
with nitrogen-to-oxygen distance <4.5 A+s.e.m. from threeindependent1ys
simulations (n =3). Individual replicate values shown as black dots. e, Proximity
between R107>*° guanidyl carbon and P2707*° Ca. Data show percentage of
frames with distance <14 A +s.e.m. from three independent 1 ps 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. Datashow mean RMSD +s.e.m.fromthreeindependent1ps

simulations (n =3), calculated after alignment to minimized cryo-EM structures
using 7-transmembrane bundle Ca atoms. Individual replicate values shown as
points. h-i, Root-mean-square fluctuation (RMSF) of ICL2 residues P114-R121.
Datashow mean RMSF +s.e.m.fromthreeindependent1pssimulations (n=3),
calculated after alignment using 7-transmembrane bundle Ca atoms. Individual
replicate values shown as points.j, RMSD distributions of ICL2 (P114-R121)
relative to FFA2/TUG-1375/AZ-1729/Gil complex. Violin plots show probability
densities from 3 simulation replicates per complex. Horizontal barsindicate
minimum, maximum, and median values. Percentagesindicate proportion

of frames with RMSD < 1.5 A. k, Similar analysis using FFA2/TUG-1375/
compound187/miniG,complex as areference.l-n, Analysis of polar contacts
atthe TM6-TM7 interface. Violin plots show distributions of inter-atomic
distances fromsnapshots takenevery100 psacross threeindependent1ps
simulations per complex. When multiple atoms are selected (e.g., 0% and N*? of
N230), the shortest distance between residue atomsisshown. Horizontal bars
indicate minimum, maximum, and median values.1, Distances between N230%*
and N2657* (D/NP”3°xxY motif) with percentage of frames <3.5 A indicated.

m, Oxygen-to-sulfur distances between N230%**and C234°47 (C*47Wé-48x p-5
motif) with percentage of frames <4.5 Aindicated. n, Hydrogen bonds between
cytosolicregion of TM6 (Q215-N230) and TM7 (R255-Y274). Data show
percentage of frames withatleastone hydrogenbond present +s.e.m. from
threeindependent1pssimulations (n=3).Individual replicate values shown
asblack dots. Conformational stability analysis of FFA2 receptor states canbe
foundin SupplementaryFig.3. Detailed RMSD and RMSF data for all simulated
systems and residue-ligand interaction energy values can be found in
Supplementary Tables1and 2. Cmpd187 refers tocompound 187.
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FFA2and the a5 helix of G; (from the structure of FFA2 with AZ-1729 and G;)

or miniG, (from the structure of FFA2 with compound187 and miniG,).

b, Interactions between FFA2 and the aN helix of G;or miniG,. Polar interactions
areshownasblack dashedlines. Specifically, inboth structures, D350"52?
(Gproteinnumbering) in G;, or E242"?inmGy, forms a polar interaction
with R121'°*?in FFA2. Additionally, L348"2° and L353"* in G, form hydrophobic
interactions with V111>%*, F2025¢', M206>%°, and L223%*¢ of FFA2, while the
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interactions with these residues in FFA2. Notably, residues P114'“'2, V115'“2,
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and L119'°%inICL2 of FFA2 inserts into a hydrophobic pocket formed by G;
residues L1945, F336"5%,1343"55, and 1344"5'%, or mGy,, residues F228"55,
1235%515 and L2365, stabilizing a significant hydrophobic environment.

¢, Structural comparison of the a5and aN helices in the TUG-1375-AZ-1729-
FFA2-G; (yellow), TUG-1375-compound187-FFA2-miniG, (yellow green), and
TUG-1375-compound-FFA2-G; (pink) complexes. The a5 helix adopts a highly
similar conformation across all three structures, whereas the aN helix exhibits
greater variability. d, Polar interactions between FFA2 and the a5 helix of
miniG, (right panel), which are missing in the structures with G; (left panel).
Polarinteractions are shownas black dashed lines.
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Extended DataFig.7| Compound3 and ligand selectivity at Site 2. a, Effect
ofvarious 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 wasinduced by 0.1 pM forskolin; (3) cells were incubated for

45 minwithindicated agonists. Error barsrepresent mean +s.e.m.from3
biologicallyindependent experiments, each performed intriplicate. 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 2in FFA2 and similar
pocketsin 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.
Severesteric clashes asindicated by red circles are observed between AZ-1729
orcmpd187 and other FFAs, indicating a high selectivity of these two PAMs for
FFA2.c,Comparison of Site 2in 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: C5areceptor (C5aR, brown)
incomplex with the NAM avacopan (light blue). The crystal structure of the
C5aR-avacopan complex (PDBID: 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

TUG-1375- TUG-1375- TUG-1375- TUG-1375-
4-CMTB- cmpd187- AZ-1729- cmpd187-
FFA2-Gq FFA2-Gq FFA2-Gi FFA2-Gi
(EMDB-45732) (EMDB-45738)  (EMDB-45743) (EMDB-49745)
(PDB 9CLW) (PDB 9CM3) (PDB 9CM7) (PDB 9NS9)
Data collection and processing
Magnification 105,000 165,000 105,000 165,000
Voltage (kV) 300 300 300 300
Electron exposure (e—/A?) 55 55 55 55
Defocus range (um) -1.0to-1.8 -1.0to0 -2.0 -1.0to-1.8 -1.0to -2.0
Pixel size (A) 0.828 0.72 0.828 0.72
Symmetry imposed Cl Cl Cl Cl
Initial particle images (no.) 5,172,796 8,058,394 8,630,776 11,047,993
Final particle images (no.) 309,387 348210 161,839 271,668

Map resolution (A)

FSC threshold
Map resolution range (A)

Refinement
Initial model used (PDB code)
Model resolution (A)
FSC threshold
Map sharpening B factor (A%)
Model composition
Non-hydrogen atoms
Protein residues
Ligands
B factors (A?)
Protein
Ligand
R.m.s. deviations
Bond lengths (A)
Bond angles (°)
Validation
MolProbity score
Clashscore
Poor rotamers (%)
Ramachandran plot
Favored (%)
Allowed (%)
Disallowed (%)

3.26 (receptor)
3.13 (G protein)

0.143
2.2-45

8T3S
34
0.5

-145.7

9001
1130
2

110.19
57.06

0.005
0.829

1.78
0.94
0.42

96.14
3.86
0

3.06 (overall)

0.143
2.2-45

8T3S
3.2
0.5

-130.3

8845
1130
2

77.79
40.76

0.002
0.465

1.48
6.58
0.21

97.39
2.61
0

3.37 (receptor)
3.23 (G protein)

0.143
2.2-45

8G05
34
0.5

-138.4

8791
1124
2

102.56
66.88

0.003
0.527

1.64
8.68
0.11

97.02
2.98
0

3.38 (receptor)
3.21 (G protein)

0.143
2245

8G05
3:5
0.5

-150.6

8357
1116
2

98.43
59.62

0.002
057

1.60
8.52
0.48

9727
2.73
0

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 1and Site 2 on the action of FFA2 ligands

a
TUG-1375 AZ-1729 4-CMTB cmpd187
PECs+ SEM Emax*SEM PpECs+SEM Emax+SEM pECg*SEM Emax+SEM pECs+SEM  Emax +SEM
FFAZ-WT 7474012 100 7.55+0.11 146414 6.11+0.02 98+5 8.47+0.11 8945
N230D 7.5040.13 100 7.50+0.14 116+ 4 NR NR 8.39+0.04 73+7
N230s 7.85+0.04 100 866£021  113%11 NR NR 9094012 72+15
V226A  7564+0.10 100 7.75+0.15 188+14  575%0.26 4818 8.76 +0.15 94+12
F261L 7.7240.11 100 7.87 40.03 137457 643+0.24 103+8 8.49+0.08 87+2
b TUG-1375 AZ-1729 4-CMTB cmpd187

pEC50 £+ SEM  pEC50+ SEM  pEC50 £+ SEM  pEC50 + SEM

FFA2-WT 5774+ 0.06 6.03 +0.01 5.18+0.10 7.60 £ 0.05

L7y 6.09£0.05  550£0.12  5.31£0.08 NR
G1o02v 6.72+0.16 >4 520£004  655+0.16
E106G 6.54 £ 0.14 NR 5.37+0.16 NR
Y117F 6.53+0.10  5.78+0.02  5.23+0.17  7.20+0.14
G126S 6.46 + 0.06 >4 5484004  554+041

w*
A129V 6.63 +0.04 5.50 + 0.08 5.22+0.19 6.40 +0.11

TUG-1375 AZ-1729 4-CMTB cmpd187
PECg,*SEM Emax+SEM pECg,*SEM Emax+*SEM pECg,*SEM Emax:*SEM PpECg;*SEM  Emax*SEM
FFA2-WT 7.76 + 0.06 100 7.97 £0.09 116+1 6.49 +0.08 10147 8.5940.17 88+8
La7Y 6.89+0.09 100 664011 137:4™ 6.29+0.09 9248 NR NR
i e
Gio2v 7.73£0.10 100 6.26 £ 0.03 103+5 6.53+0.13 98+3 7.24+0.11 794"
E106G 7.69+0.09 100 8.10£0.08 5644 ™ 6.48£0.08 8346 8.58+0.17 33:1"
ek -
L109A 7.59+0.12 100 7.00 +0.09 135+ 13 6.24+0.02 75+5 700£010 " 50%2
L1095V 7.9440.07 100 7.8240.11 11245 6.28+0.05 9843 6891002  69+2™"
ik * ek
F113A 7.53+0.15 100 7.06+0.18 1496 6.17 £0.03 89+14 7.70+0.17 92+9
QlleA 7.66 +0.07 100 7.80 + 0.05 145+ 11" 6.00+0.07" 113+ 10 8.36+0.08 93+9
Y117A 6.89+001" " 100 590+008  150+13" 5471007 104+12 6.78+0.13™* 129:5
Y117F 7.93 +0.09 100 7.72 £0.08 99+3 6.59 +0.03 93+6 8.49+0.13 78 +3"
S120E 7.89 +0.09 100 7.24+0.10" 117 £12 6.50+0.11 96+ 8 8.76+0.11 87+9
S120F 7.99+0.17 100 7.80+0.21 1055 6.44 +0.13 106+ 2 8.66 + 0,05 89+2
R121A 7.16+0.03™" 100 6.46+0.14"  200+20™  567+0.05"™" 105%10 7.97+003™  126%10
Y1250 7.80 4 0.08 100 7.55+0.06 126+4" 6.56+0.07 9248 8.88+0.11 96+8
G1265 7.32+0.08" 100 6.13+032™"  84:8™" 628005 89+2 NR NR
A129V 7.70+0.05 100 6.48+053"™"  113:2* 6.58 + 0.02 9744 731+010**  70:2"

a, Effects of mutations in Site 1 on the potency and efficacy of FFA2 modulators measured in [**S]GTPyS assays. Emax calculated as % of TUG-1375 response. b, Effects of mutations in Site 2
on potency of FFA2 modulators measured by cAMP assays. ¢, Effects of mutations in Site 2 on the potency and efficacy of FFA2 modulators measured by [**SIGTPyS 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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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2> AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.
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Data collection SerialEM 4.0, EPU3.7 , AMBER20, Schrodinger Maestro 2021-3, NAMDGit-2017-12-19, Linux-x86_64-multicore-CUDA

Data analysis cryoSPARC 4.2, COOT 0.9.8.7, Phenix 1.21.2, ChimeraX-1.9, Prism 10, Schrodinger GLIDE, Schrodinger Maestro 2021-3 suite, CHARMM-GUI,
AmberTools23, MDAnalysis 2.7.0, SciKit Learn, 1.5.1 VMD1.9.3, Pymol 3.0.5, NumPy, 1.26.4 SciPy1.14.0, MatPlotLib 3.9.1, Seaborn 0.13.2,
Python 3.12.4, ParmEd 3.4.4, NAMD2, HTMD?2.3.2/2.3.36, PackMol 20.01

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The 3D cryo-EM density maps of the structures of FFA2 signaling complexes have been deposited in the Electron Microscopy Data Bank under the accession
numbers EMD-45732 (https://www.ebi.ac.uk/emdb/EMD-45732) for TUG-1375-4-CMTB-FFA2-miniGq, EMD-45738 (https://www.ebi.ac.uk/emdb/EMD-45738) for




TUG-1375-cmpd187-FFA2-miniGq, EMD-45743 (https://www.ebi.ac.uk/emdb/EMD-45743) for TUG-1375-AZ-1729-FFA2-Gi, and EMD-49745 (https://
www.ebi.ac.uk/emdb/EMD-49745) for TUG-1375-cmpd187-FFA2-Gi. Atomic coordinates for the atomic models have been deposited in the Protein Data Bank (PDB)
under the accession numbers 9CLW (https://doi.org/10.2210/pdb9CLW/pdb) for TUG-1375-4-CMTB-FFA2-miniGg, 9CM3 (https://doi.org/10.2210/pdb9CM3/pdb)
for TUG-1375-cmpd187-FFA2-miniGg, SCM7 (https://doi.org/10.2210/pdb9CM7/pdb) for TUG-1375-AZ-1729-FFA2-Gi, and 9NS9 (https://doi.org/10.2210/
pdb9NS9/pdb) for TUG-1375-cmpd187-FFA2-Gi.

The following structural data used for comparison are available in the Protein Data Bank (PDB): 7LD3 (https://doi.org/10.2210/pdb7LD3/pdb, the adenosine Al
receptor bound to the PAM MIPS521) 38, 8)22 (https://doi.org/10.2210/pdb8J22/pdb, TUG-1375-bound FFA2 coupled with Gi) 22, 8)23 (https://doi.org/10.2210/
pdb8J23/pdb, empty FFA2 coupled with Gi), 8T3S (https://doi.org/10.2210/pdb8T3S/pdb, butyrate-bound FFA2 coupled with miniGqg) 21, 8J21 (https://
doi.org/10.2210/pdb8J21/pdb, butyrate-bound FFA3 coupled with Gi) 22, 8G05 (https://doi.org/10.2210/pdb8G05/pdb, GPR84 coupled with Gi) 85, 6C1R (https://
doi.org/10.2210/pdb6C1R/pdb, C5aR bound to PMX53 and avacopan) 59.

Simulation trajectories were uploaded to GPCRmd (https://www.gpcrmd.org/) 86 and linked to the current publication. Simulation IDs are provided in
Supplementary Table 3.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size For functional assays, we used data from 3-5 experiments. The rational is that three biological replicates are the minimum for inferential
analysis. For cryo-EM studies, each dataset contains 10 to 20 million particles, collected from >10,000 micrographs. The sample size was
determined based on the number of particles to achieve sufficient resolition of cryo-EM maps.

Data exclusions  For cryo-EM data, particles were excluded during 2D and 3D classification based on protocols of cryoSparc to achieve high resolution.

Replication For all signaling and binding assays, we used data from 3-5 repeated experiments . Not all attempts at replication were successful because of
mistakes in sample preparation. For each cryo-EM structure, 4-6 cryo-grids prepared from the same protein sample were screened and the
best grid was used fro data collection. Only one cryo-EM dataset was used for the determination of each structure. Classical MD simulations
included 3 replicates, probe-confined dynamic mapping included 5 replicates.

Randomization  All experiments follow a deterministic pattern. No probability distributions were involved in the rationale of experimental design. All the
pharmacological data for replication and statistical analysis were obtained using distinct biological replicates from membrane preparations
from different cell cultures.

Blinding No human or animal subjects are involved. Blinding is not applicable to the study. All experiments follow a deterministic pattern. The

investigators were aware of how cells were treated before collecting data and how protein samples were prepared for cryo-EM data
collection.
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Cell line source(s) Flp-In™ T-REx™ 293 cells (InvitroGen), HEK293T cells (ATCC), insect Sf9 cells (ExpressionSystems)
Authentication All the mammalian cell lines are fully authenticated. We rely on the vendor to authenticate the insect cell line.
Mycoplasma contamination HEK293T and Flp-In T-REx 293 cells were authenticated by Northgene (Case Number C-24809a and C-24809b). They were

confirmed to be mycoplasma free and continue to be tested for mycoplasma every 3 months.

Commonly misidentified lines None found in the ICLAC database.
(See ICLAC register)

Plants

Seed stocks N/A

Novel plant genotypes  N/A

Authentication N/A
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