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G-protein-coupled receptors (GPCRs) have central roles inintercellular
communication®? Structural studies have revealed how GPCRs can activate
G proteins. However, whether this mechanismis conserved among all classes of GPCR

remains unknown. Here we report the structure of the class-C heterodimeric GABA;
receptor, whichis activated by the inhibitory transmitter GABA, iniits active form
complexed with G;; protein. We found that a single G protein interacts with the GB2
subunit of the GABA; receptor at asite that mainly involves intracellular loop 2 on the
side of the transmembrane domain. This isin contrast to the G protein bindingina
central cavity, as has been observed with other classes of GPCR. This binding mode
results from the active form of the transmembrane domain of this GABAg receptor
being different from that of other GPCRs, as it shows no outside movement of
transmembrane helix 6. Our work also provides details of the inter- and intra-subunit
changes that link agonist binding to G-protein activation in this heterodimeric

complex.

GPCRs are essential elements that are involved in cell-cell commu-
nication and represent major targets for therapeutic drugs'. Recent
structural studies have provided importantinformation on how GPCRs
can act as nucleotide-exchange factors that allow the release of GDP
from the inactive G protein, and then the activation of these proteins
upon GTP binding?. Several previous structures of activated GPCR-G
protein complexes have revealed a similar mode of action for each® .
Despite differences in the interaction mode of G proteins for various
class-A, -B and -F GPCRs, in all previously characterized interactions
the C-terminal extremity of the Ga subunit engages with a cavity on
the intracellular side of the receptor that results from the opening of
this domain owing to the movement of transmembrane helix (TM) 6
relative to TM3%".

Comparedto other classes of GPCRs that can be activated inamono-
meric form, class-C GPCRs are mandatory dimers® that are composed
oftwoidentical or similar subunits® ™. These dimers may activate only
one G protein at a time'®", but the molecular basis of this asymmetric
mode of action remains unknown. Among the class-C GPCRs that are
activated by the neurotransmitter GABA, the GABAg receptor (hereafter
referred to as GABAy) is an attractive drug target for the treatment of
brain diseases. GABA; is composed of two distinct subunits: GBI (to
which agonists bind) and GB2 (whichis responsible for G-protein activa-
tion)®?*, Each subunit is composed of an extracellular Venus flytrap
(VFT) domain and a transmembrane domain (TMD)"*", The structure

of thisreceptor has recently beensolved in anumber of states, includ-
ing apo, antagonist-bound, agonist-bound, and agonist- and positive
allosteric modulator (PAM)-bound™**8, Although these studies have
helped to identify the conformational changes in subunits that are
associated with ligand binding, it remains unclear at the atomic level
how this heterodimeric GPCR activates G proteins.

Here we report the cryo-electron microscopy (cryo-EM) structure
ofthe agonist-and PAM-bound form of the GABA; in complex with the
G protein G, at 3.5 Aresolution. Our results reveal amode of G-protein
coupling that differs from those that have previously been reported
for GPCRs of other classes; our structures reveal that small movements
of TM3 and TMS5 lead to changes in the intracellular loops (ICLs) that
offer a binding site for the G protein on the side of the GB2 subunit of
GABA;. These dataalso help to refine models that describe how agonist
bindinginthe VFT domain of GB1leads to the activation of the TMD of
GB2, and how small molecules can act as PAMs.

Overall architecture of GABA;-G;complex

Using a modified version of a previously established protocol™
(Extended Data Fig. 1), we assembled the GABA;-G; complex by incu-
bating purified GABAg with G; in the presence of the agonist baclofen
andthe PAMR,S-5,7-di-tert-butyl-3-hydroxy-3-trifluoromethyl-3H-benz
ofuran-2-one (BHFF)" (Fig.1a, b). Our cryo-EM analysis indicated that
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Baclofen

Fig.1|Cryo-EMstructure of GABA;-G,complex.a,b, Cryo-EM map (a) and
model (b) of the baclofen-and BHFF-bound GABA-G;, complex.

the binding of G; to GABA; was flexible, and the consensus refinement
map exhibited poor density in the G protein (Extended Data Fig. 2).
The flexible conformations of G; bound to GABA; in a similar pocket,
but were rotated within an angle of up to 46° (Extended Data Fig. 3,
Supplementary Videos 1, 2). To obtain detailed structural informa-
tion, we subjected the individual structures of G; and GABA to local
reconstruction, and produced improved G; and the GABA; maps ata
resolution of 3.4 A and 3.3 A, respectively (Extended Data Figs. 2, 4).
These maps were combined on the basis of the consensus refinement
map, and provided a rational structural framework for analyses of
G-protein coupling (Fig. 1a, b, Extended Data Table 1).

Our determined structure of the GABA;-G; complex assumes
an overall architecture that is similar to the previously reported
low-resolution GABA,-G; structure in the B2a state™ (Extended Data
Fig. 5a). The agonist- and PAM-G;-bound GABA; exhibited a confor-
mation similar to that of the agonist- and PAM-bound GABA; (Protein
Data Bank code (PDB) 6U08) with a root mean squared deviation of
2.3 A, in which the TMDs adopted a TM6-TM6 interface and the TMD
of subunit GB2 showed an outward shift at the intracellular ends of TM3
and TM5. We did not observe conformation changes of TM3 and TM5
in the agonist-bound states (PDB 6U09) (Extended Data Fig. 5b). Our
structure shows that G, binds to a shallow cavity that is formed by the
ICLs of GB2, which provides a structural basis for understanding the
distinct mode of G; coupling to GABA;.

Asymmetric activation of GABA,

Inthe GABA;-G;, complex, thereis no obvious opening of a central cav-
ity on the intracellular side of the TMDs of either GB1 or GB2 (Fig. 2a,
Extended Data Fig. 6a). Using the TMD of GB1in agonist-bound GABA,
(PDB 6U09) as areference, the TMDs of GB1 remained unchanged but
the TMDs of GB2 did not overlap well (aroot mean squared deviation
of 4.8 A) (Fig. 2a). However, we observed only local environmental
differences between two forms when the GB2 TMD alone was aligned
(Extended Data Fig. 6a). The GB2 TMD underwent an anticlockwise
rotationrelative to GBl1uponbinding to aPAM and/or G protein (Fig. 2a).
Therefore, interactions with the PAM and G protein may induce fur-
ther structural rearrangements to agonist-bound GABA,. GB1 Y810%**
(superscript numbers refer to the GPCRdb numbering scheme) and
GB2 Y697%** had rotamer changes and formed a hydrogen bond with
GB2N689°* and GB1N811%%, respectively (Extended Data Fig. 6b, c).
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Fig.2| Asymmetricactivation of GABA;. a, Side, extracellular, and
intracellular views of the superposed structures of the agonist-bound (PDB
6U09) and the agonist-and PAM-G-bound (agonist/PAM-bound) GABA,,
aligned by the TMD of GB1. b, Conformational changes of the TMD of GB2
between antagonist-bound (PDB 7C7S) and agonist-and PAM-G;-bound
structure. ¢, Magnified views of the critical residue F568, the bulky side chain of
whichundergoesasubstantial rotation upon activation and causes the TM3
shifting. d, Baclofen-induced IP1accumulation of wild-type (WT) and
F568A-mutant GABA; using the chimeric Ga protein Go . Dataare

mean ts.e.m.fromsixindependentexperiments, performedin technical
triplicate. e, Magnified views of the ‘ionic lock’located in the cytoplasmic TMD
of GB2.f, Baclofen-induced IP1accumulation of wild-type GABAg and several
forms of GABA, with substitutionsin the ioniclock regionusing Ga. Dataare
mean +s.e.m.fromatleast threeindependent experiments, performedin
technicaltriplicate.

Theresulting TM6-TM6 interaction was critical for G-protein coupling
butdid notlead to a conformational change of TMé relative to the rest
of the GB2 TMD.

Intra-subunit conformational changes within the TMDs were
located in the intracellular half of TM3 and the entire TM5 of GB2
(Fig. 2b). TM5 moved 4 A towards TM3, and F568>* rotated away
from TMS5 by about 65° to avoid potential spatial clashes (which is
likely to be a critical origin for the 20°- rotation of the cytoplasmic
end of TM3) (Fig. 2c). Mutation of F568*** to alanine largely impaired
GABAg-induced G; coupling (Fig. 2d, Extended Data Fig. 6d), which
suggests that the bulky side chain of F568*** is essential for GB2
activation. Theintracellular tip of TM3 was farther away from TM5,
and was further stabilized by three critical charged residues that
may help to accommodate G protein (Fig. 2b, e). This is consistent
with a previous study? that identified residues of TM3 (K572%**°
and R575>%%) and TM6 (D688%*) of GB2, all of which are conserved
among class-C GPCRs. Similar to class-A GPCRs (in which a D/ERY
motif constitutes an ionic lock that stabilizes the inactive state)?,
K574*%° and D688%**of GB2 form an ionic lock in the inactive state
and become weaker owing toinward movement of TM3 upon recep-
tor activation. K574%*° turned to N520%%* of GB2 to form an addi-
tional ionicinteraction (Fig. 2e). Substitution of these residues with
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Fig.3|GABA;-G;coupling and G-protein selectivity. a, The G, binding
pocketin GABA;, whichis mainly formed by three intracellular loops of GB2.
GB2, green; Ga;, yellow. b, ¢, Detailed interactions of the ICL2 and TM3 of
GB2with Gg; (b), and of ICL1and ICL3 with Ge; (¢). d, Baclofen-induced IP1
accumulation using Ga,. Bars represent differencesin calculated £,,,,,and
basal activity or potency (pECs,) for each mutant asa percentage of the
maximuminwild type. Dataare meants.e.m.fromatleast threeindependent
experiments, performed intechnical triplicate and analysed using one-way
analysis of variance with Dunnett’s multiple comparison test to determine
significance (compared with wild type). ND, not determined; NS, not
significant. e, The C°"*?and G®"* residues in the C-terminal a5 helix of Ga;
areinvolvedintheselective couplingbetween GABA; and G; protein. The
a5-helix structures of G, (PDB 5VAI), G, (PDB 6WHA) and the GABA,-bound G;
werealigned.f, g, Effect of C¢"523 (f) and G“">** (g) mutationsin G, on GABA;-
G, coupling using NanoBiT G-protein dissociation assay. Dataare mean s.e.m.
fromatleast threeindependent experiments.

alanine or oppositely charged amino acids impaired or abolished
agonist-induced receptor activity (Fig. 2f, Extended Data Fig. 6e).
The intra-subunit conformational changes of GB2 TMD led to asym-
metric activation of GABA; through binding and activation of asingle
G protein.

Specificity of GABA;-G; coupling

Inthe GB2 subunit, the three ICLs and the intracellular tip of TM3 form
ashallow pocket for the G protein (Fig. 3a, Extended Data Fig. 7a).
The ICL2 of GB2 establishes extensive interactions with the a; helix
and the two linker regions (3,-f3; and ay—f,) in Ga; (Fig. 3b). There
are potential salt bridges between lysine residues in this ICL2 (K586,

K589 and K590) and acidic residues in oy (E28) and the linker region
in 3,—-B; (D193) in Ga;,. ICL1 and ICL3 were away from the G protein
and participated only in the recognition of the C-terminal ‘hook-like’
region of Ga; (Fig. 3c).

Giventhe flexibility of G, engagement to the receptor, we subjected
residues of GABA, within 6 A of the GABA,-G,, interface to mutagen-
esis and functional analyses (Fig. 3d, Extended Data Fig. 7b-g, Sup-
plementary Table 1). Substitutions of residues with alanine in the
intracellular tip of TM3 and entire ICL2 of GB2 led to a substantial
20-75% reduction in maximal responses (E,,,) (Fig.3d). Most mutants
intheICL2 showed decreased basal activity compared with wild type.
Amongthem, M587A, K590A and 1592A decreased the agonist potency
(half-maximal effective concentration (ECs,)) by 6-22 fold, which
highlights the essential role of ICL2 in GB2-G; coupling (consist-
ent with previous studies?). Substitutions in ICL1 (S515A) or TM3
(R577A and 1581W) abolished GABAg-induced production of inositol
monophosphate (IP1). Substitutions in TM3 (V578A, 1581A, F582A
and N584A) and in ICL3 (L686A) decreased the agonist potency by
9-32 fold, which indicates that ICL1, ICL3 and TM3 are involved in
the recognition of G;.

GABA; predominantly couples to G, subtypes of G protein®.
The C-terminal 5-9 residues of the s helix of G protein have previ-
ously beenfoundto be the key determinants for G-protein-coupling
specificity?*?. The a; helix of Ga; contributed 62% (533 A?) of the
interaction surface with GABA; (Extended Data Fig. 7a). Sequence
alignment of Ga, Ga,, Gay; and Go; showed four nonidentical amino
acids among the final five C-terminal residues (G.H5.22-G.H5.26)%*
(Fig. 3e, Extended Data Fig. 7h). We mutated these four residues in
Go; to the corresponding residues of Ga,, Ga,and Gays. Substitution
mutations of C351°1523 (superscript codes refer to common Ga num-
bering system) or G352¢"%2—put not L353%"522 or F354CH525
—impaired GABAg-induced G-protein signalling, which suggests an
essential role for C3515"523 and a partial involvement of G3526+52*
in the specificity of G; coupling (Fig. 3f, g, Extended Data Fig. 7i, j),
consistent with previous data®. The overall structure was similarin
the backbone of the o helix to that in different G proteins, but Ga,
and Ga, possess atyrosine instead of cysteine in Ga; G.H5.23, which
may lead to potential steric hindrance with the ICL2 of GB2 (Fig. 3e).
When replacing C351%"32* or G352%"52* with a bulky tryptophan to
create clashes with ICL2, we observed decreased GABA;-induced G;
signalling, whereas the substitution of C351%"2 with alanine led to
no obvious signalling loss (Fig. 3f, g). The specificity of recognition
of the a; helix of G;, by GABA; confirmed the importance of ICL2 in
the selective activation of G,.

Distinct G;binding model of GABA,

G, binding to GABA, forms asmallerinterface (856 A2) thanin the class-A
cannabinoid receptor 1 (1,155 A%, class-B glucagon receptor (905 A?),
or class-F smoothened receptor (1,060 A?) (Extended DataFig. 8). The
o; helices coupled to class-A, -B and -F GPCRs through nearly the same
intracellular cavity that reached the same depthinto the TMDs of the
receptor, whereas the o; of G, coupled to GABAg inserts around 10 A less
deeply (Fig.4a, Extended Data Fig. 8). Consequently, the C-terminalend
of the o, of Ga; did not penetrate into a central cavity (which we term
pocket®), but rather into a cavity located at the periphery (Fig. 4b, c).
The extended ICL2 inserted into a G-protein pocket (which we term
pocket®) that comprised the ;s helix, the linker region in ,—f3; and
the linker region of ay—f, (Fig. 4c). The GABA;-bound G; adopted
open conformations, showing a notable separation of Ras and helical
domains and the displacement of the a; helix away from GDP-binding
sites (Fig.4d). Compared with other G; structures inthe GPCR-G;com-
plexes, GABA;-activated G protein retained all of the expected confor-
mational features of an activated G protein, except for a 25° upward
rotation along the oy domain that was due to the distinct interactions
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glucagonreceptor (GCGR) (class B) and smoothened (SMO) (class F).
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yellow.d, Superposition of GABA-bound G; with the GDP-bound G;.
GDP-bound G;, PDB1GP2. e, Structural comparison of the GABA;-bound G;,
with CB1-, GCGR-and SMO-bound G;. G proteins are coloured asina, b.

with ICL2 of GABAg (Fig. 4e). Collectively, these results suggest that
the GABA; adopts a distinct mode of G-protein coupling compared to
class-A, -Band -F GPCRs.

Discussion

Our cryo-EM structure of the GABA;-G; complex stabilized with an
agonist and aPAM reveals an asymmetric activation process in which
asingle G proteininteracts with GB2. It also reveals adistinct mode
of G-protein activation, as the Ga C-terminal end interacts with a
shallow groove that involves TM3 and the ICLs of GB2 (Extended
DataFig. 9) rather than with a central pocket that results from TM6
movement (as observed with other GPCRs)*’. Consistent with the
PAM-binding site being located at the TM6 interface between the
subunits, no outward movement of TM6 is observed in the GABA;-Gi
complex. Despite this different mode of activation, the activated
G protein retained all of the expected conformational changes (as
observed with the other classes of GPCR)>*%, This binding mode
explains the G;selectivity of the GABA;, and is supported by numer-
ous mutations within the ICLs and the G protein®**>*, The similar
determinants that are involved in G-protein recognition, the conser-
vation of ICL2*°*' and the similar mode of activation of these dimeric
receptors suggest that there may be asimilar coupling mechanism
in the other class-C GPCRs.

The agonist-and PAM-G-bound GABA structure was almostidenti-
caltothat observed with the agonist and PAM without G; (Extended Data
Fig.5b), whichindicates that the G protein has no additional effect on
the conformation of the receptor. This also suggests that the PAM has
an effect similar to that of the G protein on the conformation of GB2.
Although an agonist-bound GABA;-Gi complex will be informative in
clarifying this issue, we have not been able to obtain such a complex
thatis stable enough for cryo-EM analysis.

Our observations demonstrate how agonist binding in the VFT
domain of GB1 can allosterically control activation of the TMD of
GB2. Our results show that a closed VFT domain of GB1 leads to a
new positioning of the VFT domain of GB2 that is associated with the
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bending of this subunit and the movement of the TMDs one relative
to the other, whichleads to a change from TM5to TM6 as the dimer
interface (Extended Data Fig. 9a, b). This probably corresponds to
the first activation step, as previously reported in mGlus®>*, The
addition of a PAM (with or without the G protein) leads to a second
movement of the two TMDs with a closer apposition of GB2 on GB1
that creates the PAM-binding site and leads to a change in the bend-
ing of the GB2 subunit (Extended Data Fig. 9e-g). This bending is
associated with a slight change in the conformation of ICL2 and
amovement of TM3 relative to TMS5 in GB2 only, which opens the
shallow cavity in which the C-terminal end of the G protein binds
(Fig. 2b). This model highlights the intra-GB2-subunit conforma-
tional changes that result from the closing of the VFT domain of
GBland the contact between the TM6s as being the essential route
for the allosteric interaction between the agonist-binding site and
the G-protein-activating site.

Takentogether, our observations provide structural information for
the asymmetric activation of adimeric GABAg, which may also apply to
other class-Creceptors. Our results also reveal that—despite a different
binding mode compared to other GPCRs—activated GABAgleadstoan
almost identical conformational change in the Ga protein that allows
the receptor to act as aguanine nucleotide-exchange factor.
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Methods

No statistical methods were used to predetermine sample size. The
experiments were not randomized, and investigators were not blinded
to allocation during experiments and outcome assessment.

Constructs

To facilitate expression and purification, human GABA; with the hae-
magglutinin (HA) signal peptide—including GB1a (UniProt: Q9UBSS5)
and GB2 (UniProt: 075899)—were cloned into the pEG BacMam vector?.
An 8x histidine tag and 3C protease cleavage site were inserted at the
C terminus of the GBl1a (residues 15-919) subunit, and a Flag epitope
tag (DYKDDDD) and a 2x GSG linker were added to the N terminus of the
GB2 (residues 42-819) subunit. GABA; and G; mutants were generated
using site-directed mutagenesis. All the constructs were confirmed
by sequencing.

Expression and purification of scFv16

scFv16 was expressed and purified as previously described®. Inbrief, the
6xhistidine-tagged scFv16 was expressed in secreted formin Trichoplu-
sianiHiSinsect cells for 48 husing the Bac-to-Bac system. The expressed
scFvl6 was purified using a Ni-NTA resin. The C-terminal 6xHis tag of the
Ni-NTA eluent was cleaved by 3C protease and further purified by gel
filtration chromatography using a Superdex 200 column. Finally, the
purified scFv16 was concentrated and stored at —80 °C until further use.

Expression and purification of heterotrimeric G;,

Heterotrimeric G, was expressed and purified as previously described™.
Inbrief, the dominant-negative G, (S47N, G203A, E245A and A326S)
and human B1y2 subunits (B1-8xHis tag) were co-expressed in Hi5insect
cellsfor48 husing the Bac-to-Bac system. The cells were collected and
lysed with a buffer containing10 mM HEPES (pH 7.5),100 uM MgCl, and
10 uM GDP. The cell membrane was collected by centrifugation and
heterotrimeric G; was extracted in a buffer containing 1% sodium cho-
late. The supernatant was purified by Ni-NTA column and the detergent
was exchanged with n-dodecyl-p-b-maltoside (Anatrace) onacolumn.
Afterward, G; was mixed witha 1.2 molar excess of scFv16 and further
purified by Superdex 200 column. Finally, the G;,-scFv16 complex
was concentrated and flash-frozeninliquid nitrogen until further use.

Formation of the GABA-G;,-scFv16 complex

The GB1and GB2 plasmids mixed with PEI 25K at a 3:0.5:0.5 ratio of
PEIl to GB1and GB2 plasmid (w/w) were added to HEK293F cells when
the density reached about 2.8 million per ml. Seventeen hours after
infection, sodium butyrate was added at a final concentration of 10
mM and the cells were grown for another 3 days at 30 °C before being
collected™. The collected cells were solubilized for 3h at4 °Cinabuffer
containing 0.5% (w/v) lauryl maltose neopentyl glycol (Anatrace) and
0.1% (w/v) cholesteryl hemisuccinate (Anatrace). After centrifugation at
30,000g for 30 min, the GABA, was purified by Ni-NTA column and M1
anti-Flag affinity resin. The GABA; was further concentrated and mixed
with a 1.3 molar excess of G;—scFv16 complex in the presence of 100
1M baclofen and 50 pM BHFF. The sample was incubated at 25 °C for 1
h, followed by the addition of 0.2 U ml™ apyrase for an additional 1.5-h
incubation at 24 °C*. Finally, the sample was purified using aSuperose
6 Increase column (GE Healthcare) to acquire a homogeneous GABAg
receptor-G;, complex. The entire purification procedure was accom-
plished in12 h, followed by immediate verification to acquire a stable
and fresh sample for structural determination.

Cryo-EM grid preparation and data collection

To prepare cryo-EM grids, 3.0 pl of the purified baclofen- and
BHFF-activated GABA,-G; complex at 1.8 mg ml™ was applied onto
the glow-discharged holey carbon grids (Quantifoil, R1.2/1.3,300
mesh). The grids were blotted for 3.0 s with a blot force of 3 at 4 °C,

100% humidity, and then plunge-frozen in liquid ethane using Vitro-
bot Mark IV (Thermo Fischer Scientific). Cryo-EM data collection was
performed ona TitanKrios at 300 kV accelerating voltage inthe Center
of Cryo-Electron Microscopy (Zhejiang University). Micrographs were
recorded using a Gatan K2 Summit Detector in counting mode with
a pixel size of 1.014 A using SerialEM software®. Image stacks were
obtained ata dose rate of about 8.0 electrons per A2per second with a
defocusranging from-1.0to-2.5 um. The total exposure timewas 8s,
and 40 frames wererecorded per micrograph. A total of 13,843 movies
were collected for the GABA;-G;; complex.

Cryo-EM data processing

Image stacks for the GABA,;-G;, complex were subjected to
beam-induced motion correction using MotionCor2*, Contrast trans-
fer function parameters for non-dose-weighted micrographs were
determined by Getf*. Cryo-EM data processing was performed using
Relion 3.1*° and CryoSPARC 2.15*". Template-based particle selection
yielded 5,889,932 particle projections using Relion. The projections
were imported to CryoSPARC for 2D classification to discard poorly
defined particles. The selected particle projections were further sub-
jected to ab initio reconstruction and heterogeneous refinement in
CryoSPARC. The well-defined subsets accounting for 1,366,533 particles
were re-extracted for further processingin Relion. Three-dimensional
classification showed that G; predominantly bound to GB2, however,
asmall subset (112,338 particles) was also found to interact with GB1.
To sort out conformational uniform particles for 3D reconstruction,
these projections were subjected to 3D classification with a mask on
the TMD-G;,, producing one good subset that accounted for 362,826
particles. Further 3D classifications focusing the alignment on the G;
produced two good subsets, which accounted for 275,089 particles
that were subsequently subjected to 3D refinement, contrast transfer
function refinement and Bayesian polishing. The overall refinement
of GABA;-G; generated a map with an indicated global resolution of
3.5AataFourier shell correlation of 0.143. To further improve the map
quality of the complex (especially for G;;), local 3D reconstruction focus-
ing on the GABA; receptor and G; was performed using the partial
signal subtracted particlesin Relion. The local refinement maps for the
GABAgzand G, showed aglobal resolution of 3.3Aand 3.4 A, respectively,
whichwere combined on the basis of the global refinement map using
‘vop maximum’ command in UCSF Chimera*2. This composite map of
the GABA;-G;, complex was used for subsequent model building and
analysis. Global and local resolution was determined using the Bsoft
2.0.7 package* with half maps as input maps.

Model building and refinement

The model of the active GABA; (PDB 7C7Q)" was used to generate
the initial template of the GABA;. The atomic coordinates of G; and
scFv16 from the structure of the human cannabinoid receptor 2-G;,
complex (PDB 6PT0)** were used to generate the initial template of the
G;—scFv16 complex. Models of GABA; and G, -scFv16 were docked into
the electron microscopy density map using UCSF Chimera*. Agonist
and PAM coordinates and geometry restraints were generated using
aphenix.elbow*!. The docked model was subjected to flexible fitting
using Rosetta® and was further rebuiltin Coot* and real-space-refined
in Rosetta* and Phenix**. The final refinement statistics were validated
using the module ‘comprehensive validation (cryo-EM)’ in Phenix. The
goodness-of-fit of the model to the map was determined using a global
model-versus-map Fourier shell correlation. The refinement statistics
are provided in Supplementary Information and Extended Data Table 1.
Structural figures were created using UCSF Chimera** and the UCSF
Chimera X package*.

Enzyme-linked immunosorbent assay
The cell-surface expression of the receptor subunits was detected using
anenzyme-linked immunosorbent assay (ELISA). Inbrief, HEK293T cells



were plated in each well of a 6-well plate ata concentration of 0.3 million
per ml (2ml per well). Plasmid transfection was performed with a mix-
ture of 200 ng Ga;,~Igbit, 500 ng Gy-smbit, 500 ng Gf3,200 ng GABA,
wild type (HA-GB1 and Flag-GB2) or mutants using Lipofectamine
2000 (Thermo Fisher Scientific) in 200 pl of Opti-MEM (Thermo Fisher
Scientific). The Flag- and HA-tagged subunits were cotransfected into
HEK293T cells and plated ina 96-well plate with a white transparent bot-
tom. HEK293T cells were fixed with 4% paraformaldehyde and blocked
with 10% fetal bovine serum (FBS). Bound antibodies coupled to horse-
radish peroxidase were detected by luminescence using SuperSignal
ELISA Femto Maximum Sensitivity substrate (ThermoFisher Scientific),
and luminescence was measured using a luminescence microplate
reader (Tecan).

IP1accumulation assay

IP1accumulation was measured using the IP-One HTRF kit (PerkinElmer,
CisBio Bioassays). Transfected HEK293 cells were seeded in a 96-well
plate, and 24 h after transfection, cells were treated with baclofen
diluted in stimulation buffer in a Cisbio kit for 30 min at 37 °C. Then,
cryptate-labelled anti-IP1 monoclonal antibody and d2-labelled IP1
in lysis buffer were added to the wells. After 1 h of incubation at room
temperature, the plates were read in PHERAstar FS with excitation at
337 nmand emission at 620 and 665 nm. The accumulation of IP1 was
calculated according to astandard dose-response curve.

NanoBiT-G-protein dissociation assay

G-proteinactivation was detected using a Nanobit-G protein dissocia-
tion assay*’. The transfection system was the same as that used in the
ELISA. After1day of transfection, cellsin the 6-well plate were digested
and resuspended in complete medium DMEM (5% FBS, 1% antibiotic)
and plated in 96-well flat-bottomed white microplates. After 24 h, the
cells were washed twice with D-PBS and incubated in 40 pl of 5 uM
coelenterazine H (Promega) solution diluted with 0.01% BSA- and
5 mM HEPES (pH 7.4)-containing HBSS (assay buffer) for 2 h at room
temperature. Baseline luminescence was measured using aluminescent
microplate reader (Tecan). The test compound (5%, diluted in the assay
buffer) was added to the cells (10 pl) and incubated for 3-5minat room
temperature before the second measurement. The ligand-induced sig-
nal ratiowas normalized to the baseline luminescence, and fold-change
signals over vehicle treatment were used to show the G-protein dis-
sociation response.

Statistical analysis

Statistical analyses were performed on at least three individual data-
sets and analysed using GraphPad Prism software. Bars represent
differences in the calculated agonist potency (pECs,), maximum ago-
nist response (E,,,) and basal activity for each mutant relative to the
wild-type receptor. Data are mean + s.e.m. from at least three inde-
pendent experiments, performed in triplicates. ND, not determined.
*P<0.05,**P<0.01,***P<0.001, ***P<0.0001 (one-way analysis of vari-
ance (ANOVA) followed by Dunnett’s test, compared with the response
of the wild type). For dose-response experiments, data were normal-
ized and analysed using nonlinear curve fitting for the log (agonist)
versus response (three parameters) curves.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.
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Extended DataFig.5|Structural comparisons of the determined GABA;-G;
complex withthe previously reported low-resolution B2astate GABA,-G;
complex, the agonist-bound, and the agonist-and PAM-bound GABA;.

a, Structural comparison between the low-resolution GABA;-G;complexin B2a

state (grey) and this study determined GABA;-G; structure (green).

b, Structural comparisons of the G-bound GABAg (ago/PAM-G)) (green)

with the agonist-bound (ago) (PDB 6UQ9) (grey) and agonist-and PAM-bound
GABAg (ago/PAM) (PDB 6UO8) (blue).
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GABA:-G, vs. CB1-G, GABA:-G, vs. GCGR-G,

Extended DataFig. 8| Comparison of the G;binding pocket among class-A, Fig.2.A comparisonoftheindicated two receptorsis shown. Colours for a5
-B, -Cand -F GPCRs. a-c, Parallel comparisons of the G; binding pocket are: GABA;-bound, yellow; CB1-bound (PDB 6N4B), orange-red; GCGR-bound
betweenthe GABAand class-A CB1(a), class-B GCGR (b) and class-F SMO (c) (PDB 6LML), sky blue; and SMO-bound (PDB 60T0), magenta.

receptors. Four structures were aligned by the class-ATMD as areference, asin
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Extended DataFig.9|Proposed model of GABA; activation.a-d, Schematic
of the essential steps for GABAgactivation. e, Comparison of the relative
bending of GB2 subunitinthe agonist-and PAM-G;-bound (ago/PAM-G;)
(green), the agonist-bound (ago) (PDB 6UQ09) (blue), and antagonist-bound
(antago) (PDB 7C7S) (yellow) when aligned onthe GB2 VFT.f, The

(Active)
Ago/PAM Ago/PAM-G,

GB1

Ago Ago
Ago/PAM-G, Ago/PAM-G,
GB1TM GB2TM P

transmembrane domain rearrangement of GABA; during activation. The
antagonist-bound (antago) (PDB 7C7S) (yellow), agonist-bound (ago) (PDB
6U09) (blue), and the agonist-and PAM-G;-bound (ago/PAM-G;) (green)
structures of the TMD of GABA; were aligned by the TMB of GB1. g, PAM binding
inagonist-and PAM-G;-bound GABA; (ago/PAM-G)).



Extended Data Table 1| Cryo-EM data collection, model refinement and validation statistics

GABABg-Gi complex

(EMDB-31049)

(PDB 7EB2)

Data collection and processing
Magnification 4,9310
Voltage (kV) 300
Electron exposure (e7/A?) 64
Defocus range (um) -0.5~-2.0
Pixel size (A) 1.014
Symmetry imposed Cl1
Initial particle projections (no.) 5,889,932
Final particle projections (no.) 275,089
Map resolution (A) 3.5

FSC threshold 0.143
Map resolution range (A) 2.5-6.2
Refinement
Initial model used 7C7Q&6PTO
Model resolution (A) 3.9

FSC threshold 0.5
Map sharpening method deepEMhancer
Model composition

Non-hydrogen atoms 18506

Protein residues 2338

Ligand 2
B factors (A?)

Protein 120.59

Ligand 114.43
R.m.s. deviations

Bond lengths (A) 0.007

Bond angles (°) 0.735
Validation

MolProbity score 1.64

Clashscore 7.34

Rotamer outliers (%) 0.00
Ramachandran plot

Favored (%) 96.37

Allowed (%) 3.58

Disallowed (%) 0.04
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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.
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|X| 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

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

[ ] Adescription of all covariates tested

XX X [0

|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X| A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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|X| For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
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

X X X

|:| 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.

Software and code

Policy information about availability of computer code

Data collection Cryo-EM data collection was performed using SerialEM3.8.

Data analysis The following software was used in this study: MotionCor2, Getf1.18, RELION 3.1, CryoSPARC 2.15, Bsoft 2.0.7, Rosetta 2019.35,
DeepEMhancer 1.0, Coot 0.8.9, Phenix 1.18, UCSF Chimera 1.13, UCSF ChimeraX 0.92, Graphpad Prism 7.

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/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research 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
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The cryo-EM density map for the GABAB-Gi complex has been deposited in the Electron Microscopy Data Bank (EMDB) under accession codes EMD-31049 The
coordinates for the model of GABAB-Gi has been deposited in the PDB under accession numbers 7EB2.
Source data have been provided including Fig.2d, 2f, 3d, 3f, 3g, Extended Fig. 1a, 6d, 6e, 7b-e, 7i and 7j.
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Life sciences study design

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

Sample size For structural determination, 13840 movies of GABAB-Gi complex were obtained using Titan Krios equipped with a Gatan K2 Summit direct
electron detector. For IP1 accumulation, Elisa and Nanobit assay, at least three biologically independent experiments (n>3) were performed
in technical triplicate as indicated in related Figure legends. Data were analysed by fitting various ligand concentrations and readouts using
appropriate equations in GraphPad Prism 7.0.
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Data exclusions  No data was systematically excluded. The procedure of generating 3D maps from cryo-EM particles involves sorting of particles that are
damaged or are false-picked that are unlikely to refine correctly. This is implemented in RELION 3.0beta.

Replication Replication Each experiment was reproduced at least three times on separate occasions. Experimental findings were reliably reproduced.

Randomization | No randomization was attempted or needed. Randomization was not necessary as the independent variables to be tested were sufficient for
the functional interpretation within this study. i.e. WT vs mutant vs control conditions or dose-response determination.

Blinding Blinding is not necessary or valid for the purposes of structural determination. For cyro-EM study, purified GABAB-Gi complex samples were
applied onto a glow-discharged holey carbon grid and subsequently vitrified using a Vitrobot Mark V. Cryo-EM imaging was performed on a
Titan Krios equipped with a Gatan K2 Summit direct electron detector. The microscope was operated at 300 kV accelerating voltage, at a
nominal magnification of 29,000x in counting mode, corresponding to a pixel size of 1.014 A.

Reporting for specific materials, systems and methods

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.

Animals and other organisms

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study

|:| ™| Antibodies |:| ChiP-seq

|:| Eukaryotic cell lines |Z |:| Flow cytometry

|Z Palaeontology |Z |:| MRI-based neuroimaging

X

Human research participants

OOOoOXD

Clinical data

X

Antibodies

Antibodies used The following antibodies were used in this study: Anti-HA-Peroxidase, High Affinity (3F10)(Roche, Cat. No. 12 013 819 001, Clone
BMG-3F10, rat IgG1), Monoclonal ANTI-FLAG M2-Peroxidase (HRP) (Sigma-Aldrich, Catalog Number A8592, mouse 1gG1)

The Anti-HA-Peroxidase was used in 1:1000 dilution.
The ANTI-FLAG M2-Peroxidase was used in 1:20000 dilution.

Validation All antibodies are well characterized and were applied according to data sheet information details.
Anti-HA-Peroxidase: https://www.sigmaaldrich.com/catalog/product/roche/12013819001?lang=zh&region=CN
ANTI-FLAG M2: https://www.sigmaaldrich.com/catalog/product/sigma/a8592?lang=zh&region=CN
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Eukaryotic cell lines
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Policy information about cell lines

Cell line source(s) HEK293 cells were obtained from Cell Resource Center of Shanghai Institute for Biological Sciences (Chinese Academy of
Sciences, Shanghai, China). Hi5 cells were purchased from Expression Systems (Cat 94-001S).




Authentication All of the cell lines are maintained by the supplier. No additional authentication was performed by the authors of this study.
Mycoplasma contamination Cell lines are tested by manufacturer for contamination.

Commonly misidentified lines  None of the cell lines used is listed in the database of commonly misidentified cell lines maintained by ICLAC.
(See ICLAC register)
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