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Abstract

Metabotropic y-aminobutyric acid receptors (GABAB) are involved in the modulation of synaptic
responses in the central nervous system and are implicated in various neuropsychological
conditions, ranging from addiction to psychosis'. GABAg belongs to G protein-coupled receptor
class C, and its functional entity consists of an obligate heterodimer composed of GB1 and GB22.
Each subunit possesses an extracellular Venus flytrap domain, connected to a canonical seven-
transmembrane domain. Here, we present four cryo-EM structures of the human full-length GB1-
GB2 heterodimer in its inactive apo, two intermediate agonist-bound, and active agonist/positive
allosteric modulator bound forms. The structures reveal startling differences, shedding light onto
the complex motions underlying the unique activation mechanism of GABAg. Our results show
that agonist binding in the GB1 Venus flytrap domain triggers a series of transitions, first bringing
the two transmembrane domains into contact and ultimately inducing conformational
rearrangements in the GB2 transmembrane domain via a lever-like mechanism, potentiated by a
positive allosteric modulator binding at the dimerization interface, to initiate downstream

signaling.



Main

GABA (y-amino butyric acid) is the principal inhibitory neurotransmitter in the central nervous
system (CNS), counteracting the main excitatory neurotransmitter glutamate and exerting its
function via two receptor types: the ionotropic GABA4 receptor, mediating fast responses’, and
the metabotropic G protein-coupled GABAGR receptor, eliciting slow, prolonged activity, primarily
through Gi, proteins'*. GABAgp functions both pre-synaptically, inhibiting the release of
neurotransmitters, and post-synaptically, leading to hyperpolarization of the neuron®®. Given its
central role in neurobiology, GABAg is linked to a variety of neurological diseases, pain
regulation, and addiction’, representing a major pharmacological target®. Therapeutic drugs
targeting GABAB, such as Lioresal® (baclofen) and Phenibut (B-phenyl-y-aminobutyric acid), have

10,11

been used to treat spasticity®, alcohol addiction!®!'!, anxiety, and insomnia'?. Auto-antibodies

targeting GABAg have been identified at the origin of epilepsies and encephalitis!® and mutations
in GB2 have been associated with Rett syndrome and epileptic encephalopathies!*!®,

GABAG belongs to the class C of G protein-coupled receptors (GPCRs) along with calcium
sensing (CaS), metabotropic glutamate (mGlu), and taste 1 (TASI) receptors'’. As opposed to
mGlu and CaS receptors, which function in homodimeric forms, the association of two distinct
subunits, GB1 and GB2, is required for GABAB function, although the formation of higher order
GABAG oligomers have been proposed as well>!8. The heterodimeric assembly is stabilized by the
interaction of two subunits through an intracellular coiled-coil domain (CC), which masks a di-
leucine internalization (sss EKSRLLg91) and an endoplasmic reticulum retention (923RSRRo26)
signals of GBI, allowing trafficking of the heterodimer to the cell surface!®?. GABAg
heterodimers utilize a unique allosteric mechanism for signal transduction, where binding of an
agonist in the extracellular Venus flytrap (VFT) domain of GBI leads to G protein activation

through a rearrangement of the intracellular interface of the transmembrane domain (TMD) of
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GB2?!22, The structural basis of this allosteric mechanism has previously been studied by X-ray
crystallography of soluble VFT heterodimers, revealing molecular rearrangements at the VFTs
upon ligand binding?*. While such information is instrumental for our understanding of GABAg
signal transduction®¥, it lacks key insights into the mechanism of TMD transitions associated with
receptor activation.

Here we used single particle cryo-EM to obtain the full-length GABAg structure in four distinct
conformations (Fig. 1) along the receptor activation path from an inactive apo state to the active
state, stabilized by both an agonist and a positive allosteric modulator (PAM). These structures
reveal how the agonist-induced transformations at the level of the VFT heterodimer lead to

conformational changes of the TMDs to finally trigger intracellular signaling.

Cryo-EM structure determination

After establishing expression and purification protocols using the co-expression of both subunits
in insect cells (Extended Data Fig. 1), we collected an initial dataset of the GB1-GB2 heterodimer
in digitonin micelles in the presence of 3-aminopropyl(methyl)phosphinic acid (SKF97541), a
GABAg agonist, 10-times more potent than baclofen. SKF97541 was shown to penetrate the
CNS?’ and demonstrated antidepressant activity in vivo®. We verified that both ligand binding and
signaling response of the GABAg construct used for the cryo-EM structure determination are
identical to those of the WT receptor (Fig. 2e, f). Our cryo-EM data revealed two substantially
different conformations of GABAGR at a resolution of 6.3 and 4.8 A, respectively (Fig. 1, Extended
Data Figs. 2, 3, and Extended Data Table 1). The first reconstruction showed poorly resolved
TMDs, with the VFTs adopting an intermediate conformation between the previously described
apo and agonist-bound crystal structures?’. The second reconstruction showed an active-like form,
with the two TMDs being in close proximity of each other, and the VFTs matching the agonist-

bound crystal structure (PDB: 4MS3) within a root mean square deviation (r.m.s.d.) of 2.1 A. We
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attributed the limited resolution of these structures to the fact that the agonist-bound receptor was
in a dynamic equilibrium between the two states, which we dubbed intermediate states 1 and 2
(int-1 and int-2), and could not be locked in a fully active conformation without a G protein or
another allosteric partner.

In an attempt to stabilize the receptor in its active state, we collected a second dataset of GABAB
in the presence of both the agonist SKF97541 and the PAM GS39783, which has demonstrated
anxiolytic activity without side-effects associated with baclofen?’. Indeed, we observed a single
receptor conformation achieving an overall resolution of 3.6 A (Figs. 1, 3a, Extended Data Figs.
3, 4, and Extended Data Table 1), allowing confident modelling of most amino-acid side chains.

Finally, we collected a third dataset of the ligand-free (apo) form of the receptor at 4 A resolution.
This structure differs drastically from all ligand-bound states described above and represents the
starting point of the activation pathway (Figs. 1, 2a, Extended Data Figs. 3, 5, and Extended Data

Table 1).

Overall structure of GABAg heterodimer

The overall GABAR structure reveals a heterodimeric arrangement of two subunits (Figs. 1, 2a),
where each subunit contains an extracellular VFT attached to the canonical TMD via a stalk
domain. Both VFTs consist of two lobes (LB1, LB2) connected by a hinge that allows them to
sample a range of conformations from fully open to fully closed. The heterodimeric association of
the VFTs is mediated by the LB1 lobes interacting with each other in a side-by-side orientation,
facing opposite directions. The structure of the stalk is distinct from the cysteine-rich domain
(CRD) connecting the VFT and TMD domains in other class C receptors?®. The stalk consists of a
twisted three-stranded B-sheet, bundling the linker between the VFT and TMD domains with a
long extracellular loop 2 (ECL2) of the TMD (Fig. 2c). This secondary structure element ensures

a strong pairing between the two main domains, directly connecting the VFT with transmembrane
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helices TM1, TM4, and TMS5, as well as with TM3 through a conserved disulfide bond (CF¢-2-
C32%, superscript refers to the generic residue numbering in class C GPCR??). The junction sites
between the stalks and the VFTs in both subunits are strengthened by ionic interactions between
positively and negatively charged residues, which sustained throughout our molecular dynamics
(MD) simulations, despite fluctuations of the VFTs (Fig. 2¢, d). Bending and twisting modes of
the VFTs were observed in the inactive and active states, respectively, with stronger ionic contacts
and smaller amplitudes of motion in the active state (Extended Data Fig. 6a, b, d, e).

Agonist binding closes GB1-VFT and reorients TMDs

Our apo structure at 4 A resolution allowed us to model the majority of side-chains and detailed
arrangements within its main structural domains (Fig. 2a). We observed that in the apo state the
two GABARB subunits interact through their LB1 lobes and the intracellular tips of TMS and TM3
(Extended Data Figs. 5a, 6¢). In agreement with the crystal structure of the soluble heterodimeric
apo VFT (PDB: 4MQE, r.m.s.d. = 1.3 A, Extended Fig. 7a), both VFTs are in a fully open
conformation with a maximal separation of 47.6 A between the C-terminal ends of LB2 lobes.
Agonist binding results in two intermediate states that exist in a dynamic equilibrium (Fig. 1,
Supplementary video 1). In the int-1 state, the GB1-VFT is partially closed at ~20% of the total
amplitude as observed between its fully closed and fully opened crystal structures. This closure is
accompanied by a rotation of both VFTs with respect to the TMDs (Fig. 4a). At the same time, the
two LB2 lobes remain separated and the TMDs face each other via TM5. In addition, the
aforementioned interaction between the TMDs is likely released in the int-1 structure, resulting in
a more dynamic conformation, underlined by the substantially lower resolution of this state.

The second intermediate state (int-2) shows a complete closure of the GB1-VFT, in agreement
with the previous crystal structures of the agonist-bound VFTs?*. This closure brings the two LB2
lobes in contact, decreasing the distance between their C-terminal ends from 42 to 32 A (Fig. 4a).
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This conformational rearrangement of the VFTs propagates through the stalks, leading to a relative
translation of the TMDs by 30 A along with a clockwise rotation by 15°, when observed from the
extracellular side (Figs. 4a, b). As a result of these transformations, the two TMDs come in direct
contact through an interface along TM6 (Extended Data Fig. 4g), in perfect agreement with
previous cross-linking studies®’. A similar interaction along TM6 was also observed in the agonist-
bound mGlu5 homodimer structure?®. The conformational rearrangement of the TMDs completely
changes not only the heterodimer interface (Fig 4b,c d), but also the overall dynamics of the
receptor domains, as observed in our MD simulations and normal mode analyses (Figs. 2d, 4c,

Extended Data Fig. 6d, e).

PAM further stabilizes the active state conformation of GABAg

The addition of a PAM along with the orthosteric agonist stabilized the receptor conformation
similar to int-2, resulting in a 3.6 A resolution structure, and allowing us to observe activation-
related transitions within the GB2-TMD. A comparison of the local resolution between the agonist-
and agonist/PAM-bound structures (Extended Data Figs. 2f, g, 4f) indicates that the TMDs of the
agonist-bound structure are more flexible compared to the VFTs, while the agonist/PAM-bound
structure shows a more rigid conformation for both TMDs and VFTs.

Overall, both agonist- (int-2) and agonist/PAM-bound GABAg share a similar conformation
(r.m.s.d.=1.0 A) and no major differences in the VFTs. The high-resolution structure revealed the
binding details of the orthosteric agonist SKF97541, a close analog of GABA with the carboxylic
acid moiety replaced by the methyl-phosphinic acid. Similar to interactions of GABA in its
complex with the GB1-VFT (PDB: 4MS3), binding of SKF97541 is largely defined by its acidic
and basic groups. The basic amino moiety of SKF97541 forms polar and ionic interactions with
H287 and E466, while the phosphinic acid of SKF97541 makes key hydrogen bonds to Y367,
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S247, and S270 (Fig. 3¢, Supplementary video 2). The ligand is also sandwiched between bulky
aromatic side chains of W182 and W395. Our MD simulations confirmed the stability of these
interactions (Extended Data Figure 6f, j). Most residues interacting with SKF97541 and GABA
belong to LB1 of the GB1-VFT, while two of them, Y367 and W395, reside on LB2 and shift by
about 2 A between the int-1 and int-2 states.

The most substantial differences between the agonist- (int-2) and agonist/PAM-bound structures
occur within the GB2-TMD, where upon PAM binding TM3 and TMS straighten and shift on the
intracellular side by ~6 A, while TM6, considered a hallmark of activation in class A and B
GPCRs, does not move substantially (Fig. 4a, d). On the other hand, the conformation of the GB1-
TMD remains mostly unchanged (Extended Data Fig. 7c-f). Strikingly, the first three structures
(apo, int-1, and int-2) show the same conformation of TM3 and TMS5 in GB2-TMD. The ionic lock
between K3% and D%3°, which is highly conserved among class C receptors and observed in all
inactive mGlu crystal structures®*, is intact in GB1, but broken in GB2 in the PAM-bound state.
These conformational changes in the GB2-TMD are most likely required to accommodate binding
of the Gij, protein for the initiation of intracellular signaling. This mechanism is further supported
by the local resolution and B-factor comparison of GB2 (Extended Data Fig. 4e, f) demonstrating
that the intracellular ends of TM3-5 are the most dynamic parts of the structure, while ICL2 and

ICL3 of GB2 have been identified to be crucial for downstream signalling??3!.

PAM binding site at the heterodimer interface

Compound GS39783 has been characterized as a PAM of GABAg, however, little is known about
its binding site and its mechanism of action®’. We confirmed a positive allosteric effect of GS39783
on both ligand binding and signaling response of GABA. Additionally, using highly amplified IP;
assays, we observed that GS39783 alone behaves as an agonist (Extended Data Fig. 1c, d and

Extended Data Table 2). After building and refining the agonist/PAM-bound GABAg model, we
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identified two putative binding sites for GS39783 with unexplained residual density. Site 1 is
located inside the GB2-TMD, while site 2 is observed at the interface between the TMDs of GB1
and GB2 (Fig. 3d and Supplementary video 3). Mutations of residues in the canonical site 1 inside
the GB2-TMD did affect neither the allosteric nor the agonist action of GS39783, suggesting that
this is not the main binding site for GS39783 (Extended Data Figs. §, 9).

On the other hand, mutation of residues in site 2, located at the TM6 heterodimer interface,
unambiguously confirmed it as the site of action for GS39783 (Fig. 3e, f, Extended Data Fig. 8§,
9). TM6 plays a major role in the activation of GABAB as the sole interface between TMDs, and
binding of GS39783 in between the TM6s can stabilize this interaction. In this site, GS39783 fits
well in the experimental density and is anchored by a hydrogen bond with N698%4% of GB2 and a
stacking interaction with Y8104 of GBI (Fig. 3d). Other residues shaping the pocket and
interacting with GS39783 include Y789°%°, K7923¢2, and M807%4! of GBI, as well as M69454!
and Y697%* of GB2. These interactions are largely preserved in the MD simulations of the

complex (Extended Data Fig. 6f, 1).

We, therefore, propose that GS39783 plays a dual role in GABAR activation by (i) stabilizing the
TM6-mediated dimerization interface®, and (ii) facilitating conformational transitions within the

GB2-TMD.

Discussion

In this work, we determined the 3D structure of the pharmacologically important GABAB receptor
in four distinct conformations along its activation trajectory from an inactive apo to an
agonist/PAM-stabilized active state (Supplementary video 1), allowing us to propose a model of
signal transduction by GABARg and its modulation by a PAM (Fig. 4e). Upon binding of an agonist,

a compaction of the VFTs brings the two TMDs closer and reorient them to allow direct contact



along TM6, in agreement with the proposed model based on TM cross-linking experiments®’ (Fig.
4b). Overall, the observed domain rearrangements associated with the activation of GABAg
resemble the previously published structures of mGlu5?8, suggesting that this activation
mechanism is likely conserved among class C GPCRs. There are, however, three major differences
between mGlu receptors and GABAg: i) GABAg is a mandatory heterodimer of two non-
covalently associated subunits, while mGluRs function as homodimers with two identical subunits
linked via a disulfide bond, ii) while GABA binding in a single subunit (GB1) is sufficient to fully
activate the receptor, glutamate binding in both mGlu subunits is required for full activation®*, and
iil) GABAB lacks a CRD, present in mGlu subunits, connecting the VFTs with the TMDs and
increasing the overall size of the receptor. Notably, our GABAR structures revealed the presence
of a relatively rigid stalk composed of the ECL2 hairpin and the linker connecting the VFT with
TMD. Similar to the CRD in mGlu receptors, this stalk likely transduces the signal from the VFTs
to the TMDs, acting as a lever.

In contrast to the mGlu5 study?®, where no conformational changes within TMDs were reported,
we succeeded in reaching an additional activation-related step and captured a PAM-stabilized state
of GABAg with marked changes within the GB2-TMD. Unlike class A and B GPCRs, in which
receptor activation is associated with a pronounced outward movement of TM6, the amplitude of
TM6 motion in GABAg is constrained by the heterodimeric interface between two subunits.
Instead, we observed striking movements of TM3 and TMS5, opening a cleft on the intracellular
side of GB2, potentially to engage a G protein or other transducers. This conformational change
may be favored by the interaction between the TM6 from each subunit resulting from the
reorientation of the TMDs upon receptor activation, possibly explaining the role proposed for the
GBI1-TMD in the activation process®*33. Importantly, we identified the location of a binding site

for GS39783 at the interface between the TMDs of the two subunits. GABAg PAMs can be



attractive alternatives to orthosteric agonists due to their therapeutic potential; however, the lack
of knowledge about their binding and mechanism of action hindered progress in their development.
Our results, therefore, provide detailed insights into the structural transformations associated with
the activation of GABAB, shedding light on the intrinsically asymmetric allosteric mechanism,
where binding of a ligand in the GB1-VFT translates via the stalk into drastic rearrangements of
the GB2-TMD. Such mechanism has not been described in any GPCR structure, and underlines
the unique activation process of this receptor. Finally, the structural differences between each of
the states give important insights into pharmacological intervention of this receptor and could

potentially result in the design of novel allosteric modulators.

Methods

Expression of GABAg

This study utilized two separate constructs with cleavable N- and C-terminal tags for GB1and
GB2. Human GBlisoform 1A (UniProt: QQUBSS, residues 165-920) was modified to include an
N-terminal influenza hemagglutinin signal sequence and a C-terminal eGFP tag. Additionally,
human GB2 (UniProt: 075899, residues 42-821) was modified to include an N-terminal influenza
hemagglutinin signal sequence following a 3xFLAG epitope. The N- and C-terminal tags are
removable by tobacco etch virus protease (TEV) and human rhinovirus 3C protease (PreX),
respectively. The overall strategy of designing the constructs was to keep the topology of VFT and
CC intact and also to provide the ability of pulling down the heterodimeric species.

Each construct was cloned into a pFastBacl vector (Invitrogen) and expressed in Spodoptera
frugiperda S19 insect cells using the Bac-to-Bac system (Invitrogen). Cells were co-infected with
baculovirus at a density of 2.5-3x10% cells ml"! in ESF921 media containing 2% (v/v) production

boost additive (PBA, Expression Systems) at an MOI (multiplicity of infection) of 8 for both GB1
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and GB2 constructs. After 48 h cells were harvested, washed in PBS, and stored at -80 °C until

further use.

Purification of GABAg

Cells were thawed in low salt wash buffer containing 20 mM HEPES-NaOH pH 7.5, 10 mM
MgClz, 20 mM KCI and protease inhibitor cocktail (made in-house). One round of dounce
homogenization followed by centrifugation at 200,000 x g was carried out to disrupt intact cells
and to remove unwanted soluble proteins. Further homogenization and centrifugation were done
in the presence of 1 M NaCl for two rounds to remove cell nuclei and membrane associated
proteins. The washed membranes were re-suspended and solubilized in buffer containing 100 mM
HEPES-NaOH pH 7.5, 800 mM NaCl, 10% (v/v) glycerol, 1% (w/v) n-dodecyl-B-d-
maltopyranoside (DDM, Anatrace), 0.2% (w/v) cholesteryl hemisuccinate (CHS, Sigma-Aldrich)
for 2.5 h at 4 °C. Purification was carried out in the presence of 50 uM SKF97541 (Tocris
Bioscience) for preparation of the agonist-bound sample, and without adding ligands for the
agonist/PAM-bound and apo sample. Solubilized membranes were spun down at 200,000 x g for
50 min, and the resulting supernatant was incubated with anti-FLAG M2 affinity gel
(MilliporeSigma) overnight at 4 °C. The resin was washed with 15 column volumes (CV) of wash
buffer I containing 25 mM HEPES-NaOH pH 7.5, 300 mM NaCl, 0.1% (w/v) DDM, 0.02% (w/v)
CHS and incubated overnight in the same buffer with the addition of 100 pg ml"! FLAG peptide
and TEV protease (GenScript) at 4 °C. The eluted protein was then incubated with anti-GFP
nanobody resin (made in-house) and washed with 5 CV wash buffer I and 10 CV wash buffer II
containing 25 mM HEPES-NaOH pH 7.5, 300 mM NacCl, 0.02% (w/v) DDM, 0.004% (w/v) CHS
and exchanged to digitonin (MilliporeSigma) by incubating the resin with the same buffer
containing 1% digitonin for 1 h. Elution was performed overnight by incubating the resin with

PreX protease (GenScript) at 4 °C. The protein was finally purified by size-exclusion
11



chromatography (SEC) on a Superose 6 Increase 10/300 GL column (GE Healthcare) in SEC
buffer containing 25 mM HEPES-NaOH pH 7.5, 300 mM NaCl, 0.1% (w/v) digitonin. Dimeric
fractions were pooled, supplemented with 100 uM SKF97541 (for the agonist sample) or with 100
uM SKF97541 and 100 uM GS39783 (for the agonist/PAM sample, Tocris Bioscience), stored at
4 °C overnight and concentrated to 10 mg ml™! using a 100 kDa cut-off concentrator (Amicon)

immediately before applying the sample to cryo-EM grids.

Cryo-EM data acquisition and processing

For the preparation of cryo-EM grids, Quantifoil grids (Au 1.2/1.3, 200 mesh, Quantifoil) were
glow-discharged for 40 s at 30 mA (EasiGlo, Ted Pella). A total of 2.5 pl of concentrated GABAg
sample was applied to each grid in a plunge-freezer (Leica GP3), blotted for 5 s at 95% relative
humidity at 20 °C and plunge-frozen into liquid ethane. Frozen grids were transferred to liquid

nitrogen and stored for data acquisition.

The first two datasets (agonist- and agonist/PAM-bound receptor) described in this study were
collected on a Titan Krios (Thermo Fisher), equipped with a K3 direct-electron detector (Gatan),
without energy-filter, operated at 300 kV. Each movie had a total exposure time of 3.5 s with 70
ms per frame readout, at a dose-rate of ~ 15 e A2 57!, corresponding to a total dose of ~ 50 e A2
High magnification images were collected in super-resolution mode, with a corresponding pixel
size of 0.426 A px’'. Automated data collection was performed using Serial EM?®, with a strategy
of applying image shifts to collect data from 9 holes (with 3 images per hole) after each stage
movement, to increase throughput. The third ‘apo’ dataset was collected on a Titan Krios (Thermo
Fisher) equipped with an energy filter and K2 direct-electron detector (Gatan), operated at 300 kV.

The data collection procedure was similar to the previous two datasets, with the difference of a
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nominal pixel size of 1.08 A px’!, a dose rate of ~8 e A2 5!, 200 ms exposure time per frame, a
total of 8 s exposures with the energy filter set to 20 eV slit size and only one acquisition per hole.

The first dataset (GABAgR/SKF97541) had a total of 14,271 micrographs (3.5 d of data collection),
the second dataset (GABAB/SKF97541/GS39783) of 10,917 micrographs (2.5 d of data collection)
and the third dataset (GABAg/apo) 5,947 micrographs (2 d of data collection). Beam-induced
motion correction was performed using MotionCor2?¢ and included binning of the super-resolution
images by a factor of 2 for the first two K3 datasets. CTF estimation was done using CTFFIND4%7.
Corrected images for the first dataset were imported into the RELION 3.0 software package?®,
following established processing pipelines. After initial template-based autopicking, 2D
classification resulted in classes from two distinctly different conformations of GABAg (Extended
Data Fig. 2). 3D classification in RELION was used to separate particles into two classes. The
particles from each class were then transferred to the cryoSPARC software package?® for detergent
belt subtraction, followed by several rounds of ‘ab-initio reconstructions’, ‘heterogeneous
refinement’, ‘non-uniform refinement’ and ‘local refinement’, resulting in two reconstructions at
6.3 and 4.8 A (Extended Data Fig. 2). The second dataset (GABAp/SKF97541/GS39783) was
directly imported into cryoSPARC, 2D classification resulted in 124,575 particles. A final of
89,001 particles resulted in a reconstruction of 3.6 A resolution, based on the FSC=0.143 criterion
(Extended Data Fig. 2g, Extended Data Fig. 4). The third dataset (GABAg/apo) was also only
processed with cryoSPARC, with a final of 113,093 particles resulting in a reconstruction at 4.0 A

resolution (Extended Data Fig. 5).

GABAGs structure determination and refinement

The initial model for the agonist/PAM-bound GABAg was composed of a TMD model generated
by homology from the crystal structure of mGlul (PDB: 40R2) using SWISS-MODEL* and a

VFT model derived from the previously published crystal structure of GABAg VFT in complex
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with GABA (PDB: 4MS3). Both models were first manually docked into the cryo-EM density map
using UCSF ChimeraX*! and further improved by using ‘phenix.dock_in_map’ in PHENIX v.
1.17.1%2. The pseudosymmetry of the GABAg heterodimer was addressed by both docking known
VFT crystal structures and pinpointing asymmetries in the glycosylation sites, most prominently
seen on N440 of GB1. The model was then subjected to iterative manual building in Coot* and
real space refinement in PHENIX against sharpened 3.6 A resolution map using global
minimization, local rotamer fitting, and restrained group ADP refinement with secondary structure
restraints and a nonbonded weight of 500. Interestingly, in this structure we observed an extensive
elongated density next to ICL2 of the GB2-TMD, stretching out in the intracellular space at an
angle of ~20° to the plane of the membrane (Fig. 3a). Due to the poor local resolution, it was not
possible to unambiguously model this domain. However, based on its topology, we tentatively

assigned it to the intracellular CC domain.

The fully refined agonist/PAM-bound GABAg TMDs along with a VFT model derived from the
crystal structure of GABAg VFT in the apo state (PDB: 4MQE) were used as an initial template
for the apo state model by fitting into the cryo-EM density map and further improved by iterative
manual building in Coot and real space refinement in PHENIX against the sharpened 4.0 A
resolution map using global minimization, local rotamer fitting, and restrained ADP refinement
with secondary structure restraints and a non-bonded weight of 500.

The initial model for the int-1 state was generated by fitting two TMDs from the fully refined apo
GABAG structure, as well as two separate lobes, LB1 and LB2, of GB1-VFT and a whole GB2-
VFT from the crystal structure (PDB: 4MS3) in the map in ChimeraX followed by rigid body
refinement in PHENIX. After manual adjustments in Coot, which included connecting separate
domains and trimming most sidechains and intracellular loops in TMDs, the model was subjected

to real space refinement in PHENIX against the sharpened int-1 6.3 A resolution map using global
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minimization, local rotamer fitting, and restrained group ADP refinement with secondary structure
and reference model (apo structure) restraints and a non-bonded weight of 500. Although the
agonist is likely bound to the receptor in the int-1 state, it was not included in the model because
of the insufficient resolution.

The initial model for the int-2 state was generated by fitting two TMDs from the fully refined apo
GABAB, as well as two VFTs from the GABA-bound crystal structure (PDB: 4MS3) in the map
in ChimeraX followed by rigid body refinement in PHENIX. After manual adjustments in Coot,
which included connecting separate domains and trimming some sidechains and intracellular loops
in the TMDs, the model was subjected to real space refinement in PHENIX against the sharpened
int-2 4.8 A resolution map using global minimization, local rotamer fitting, and restrained group
ADP refinement with secondary structure and reference model (agonist/PAM-bound structure)
restraints and a non-bonded weight of 500. Cryo-EM data collection and refinement statistics are

shown in Extended Data Table 1.

Molecular dynamics simulations

All molecular dynamics (MD) simulations were conducted with Gromacs** v.2018 simulation
engine under Charmm36 force field parameters and topologies*. Missing loops and side-chains
were modelled using loop modelling and optimization tools in ICM-Pro*® v.3.8.7b. The resultant
structures were then uploaded to the Charmm-GUI webserver*’ to generate input files for the
simulation. All structures were embedded into a bilayer of POPC lipids; initial membrane
coordinates were assigned by the PPM server*® via the Charmm-GUI interface. The Ligand Reader
& Modeller of Charmm-GUI* was invoked to generate Charmm36 force field parameters and
topologies for GS39783 and SKF97541. The apo system contained 375 POPC lipids, 61,663 water
molecules, 167 sodium, and 186 chloride ions, whilst the ligand-bound system contained 385

POPC lipids, 66,825 water molecules, 181 sodium, and 200 chloride ions. After initial energy
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minimizations, both systems were equilibrated for 20 ns, followed by production runs of up to 800
ns for the apo system and 500 ns for the SKF97541/GS39783-bound system. The simulations were
performed either on NVIDIA P100 GPU enabled nodes made available by the Google Cloud
Platform or with GPU clusters at the High-Performance Computing Center of the University of

Southern California. MD trajectories were analyzed using MDAnalysis package>°.

Normal mode analysis

Normal modes of the apo and SKF97541/GS39783-bound structures were assessed using the
ProDy package’!. Two independent anisotropic network models (ANM), with respect to apo and
SKF97541/GS39783-bound structures, were defined in the presence of explicit POPC lipid
bilayer. Coordinates of the lipids were taken from Charmm-GUI output. Network nodes include
Ca atoms from the proteins and heavy atoms from the lipids. Slowest modes of each ANM model
were compared to the principal components of corresponding MD trajectories by evaluating

correlations between eigenvectors on corresponding Co atoms>2.

Molecular pharmacology methods

The pRKS plasmids encoding the wild-type human GB1. with the signal peptide of mGlu5,
followed by a HA-tag and a Halo-tag at the N-terminus, upstream of residue G18, or the wild-type
human GB2 with the signal peptide of mGlu5, a Flag-tag followed by SNAP-tag at the N-terminus,
upstream of W42, were obtained from Prof. Jianfeng Liu's laboratory (Huazhong University of
Science and Technology, Wuhan, China). Human GB1 and GB2 constructs used for cryo-EM
analysis were subcloned into these pRKS plasmids to obtain a HA- and Halo-tagged GB1 construct
(between the Mlu-I and Hind-III unique sites), and the Flag- and SNAP-tagged GB2 construct

(between the Not-I and Hind-III unique sites). The mutations of GB1 and GB2 in the pRKS5
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plasmids were generated by site-directed mutagenesis using the QuikChange mutagenesis protocol
(Agilent Technologies).

HEK?293 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10 % FBS and transfected by electroporation. Ten million cells were transfected with 260 V
voltage and 800 pF capacitance using the Gene Pulser Xcell MicroPulser Electroporator (Bio-Rad,
France), and then distributed into a 96 well plate (Greiner Bio-one). Eventually, Lipofectamine™
2000 (Thermo Fisher Scientific) was used according to the manufacturer protocol for transfection.
One hundred thousand cells were transfected with 20 ng GBI plasmid and 40 ng GB2 plasmid
either alone or simultaneously for 1 well in a 96 well-plate. For the IP; detection, cells were also
co-transfected with 10 ng chimeric G protein Gagis to allow efficient coupling of the receptor to
the phospholipase C pathway?'. IP; accumulation in HEK293 cells was measured using the IP-

One HTREF kit (Cisbio, France) according to the manufacturer’s recommendations.

Ligand binding assay

HEK?293 cells were co-transfected with pRKS plasmids encoding wildtype or mutant GB1 and
GB2 in 96 well plates. Intact cells were washed once with Tag-lite buffer (Cisbio, France) 48 h
later and incubated with both 5 nM CGP54626-DY647 (Cisbio, France) and increasing
concentrations of GABA for 3 h at 4 °C in Tag-lite buffer. After three washes with Tag-lite buffer,
fluorescence was measured as the specific DY647 emission spectrum (665 nm) with an Infinite

F500 reader (Tecan, Switzerland).

Cell-surface quantification of receptor with SNAP-tag or Halo-tag
For SNAP-tag and Halo-tag detection, HEK293 cells from 96 well plates were incubated at 37 °C
with 100 nM of SNAP-Lumi4-Tb or 100 nM of Halo-Lumi4-Tb for 1h, 48 h after transfection.

After labeling, cells were washed three times with Tag-lite buffer (Cisbio, France), and
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fluorescence of Lumi4-Tb (excitation at 337 nm, emission at 620 nm, 60 ms delay, and 400 ms

integration time) was read using Infinite F500 reader (Tecan, Switzerland).

Figures and graphical illustration

Pymol v. 2.3.3 (Schroedinger), UCSF ChimeraX v. 0.9, and ICM-Pro v. 3.8.7b (Molsoft) were
used to make figures and videos. All cryo-EM maps shown in the manuscript were masked to hide
densities arising from the detergent belt. All reported r.m.s.d. values were calculated using the
‘align’ command in Pymol. The distances between the C-terminal ends of the GB1 and GB2 VFTs
in Extended Data Fig. 7a, b were measured between Ca atoms of residues D576 (cryo-EM models)
or D459 (X-ray models) in GBI and D466 (cryo-EM and X-ray models) in GB2. The TM5-TM5
and TM6-TM6 distances in Fig. 4b, ¢ were measured between Ca atoms of residues G771°4! and
V822636 in GBI and residues G658 and V709% in GB2 to compare with cross-linking data®’.
The shifts of TM3 and TM5 of GB2 in Fig. 4d were measured for Co atoms of residues 158137
and T678°°!. The GABAg heterodimer interface areas in Extended Data Figs. 4g, 5i were

calculated using the program PISA33,

Data availability

Cryo-EM maps have been deposited in the Electron Microscopy Data Bank under accession codes:
EMD-20822 (GABAg bound to SKF97541 and GS39783), EMD-20823 (GABAg bound to
SKF97541, int-2 state), EMD-20824 (GABA&g bound to SKF97541, int-1 state), and EMD-21219
(GABARg in the apo state). The atomic coordinates have been deposited in the Protein Data Bank
under accession codes: 6UO8 (GABAg bound to SKF97541 and GS39783), 6UO9 (GABAg bound
to SKF97541, int-2 state), 6UOA (GABAg bound to SKF97541, int-1 state), and 6VIM (GABAg

in the apo state).
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Int-2 (4.8 A) Active (3.6 A)
SKF97541|GS39783

Inactive (4 A) Int-1 (6.3 A)

apo SKF97541 SKF97541
Fig. 1 | Cryo-EM maps and models of the GABAg heterodimer. a, Maps and b, models are shown for
four different conformations of GABABg, including active and inactive states and two intermediate
conformations. The numbers in parentheses indicate the estimated resolution of the cryo-EM maps. GB1
and GB2 are colored in blue and yellow, respectively. The agonist/PAM-bound state is labeled as active
with a caveat that the fully active state can only be observed in complex with a G protein or other transducer.

24



P S = ~ — N
N > 3
a8 g 1 R360-D751
X S 7 < ——1R360-Q577
' s Y. o 1 B 154 K387-D751
d s A e Y e ——1R360-D358
e & 105 s
GB2 c ’1
o
g 5 L
o GB1
b L £ L‘.\& .
0 25 5 75 10
Distance (A)
4 5207 C—1K276-D638
206 s°n 3 =
g0 s5 @ > 8 15+ 467-D4
e 2
@»3, S g@ @/\ ﬁw_
{ 2 <]
& " o B g
7 g 5+
@ : GB2
E LA
0 25 5 7.5 10
Distance (A)
e WT EM f
-o- -m GABA

s

- ®- SKF97541

00 r

WT  EM
- -= GABA
-A- -e- SKF97541

IP, production (%)
binding (%)
o0
o

CGP54626-DY647
o

—~
o -8 -6 -4 . -8 -6 -4
Log [compound] (M) Log [compound] (M)

Fig. 2 | Structural details of GABAR in the inactive apo state. a, Overall view of the apo GABAg model
and map. b, Extracellular view of the GABAg TMD in the inactive apo state. ¢, Structure of the stalk
domains. The junctions between the stalks and the VFTs are stabilized by a network of electrostatic
interactions between positively (red) and negatively (blue) charged residues. The disulfide bond between
ECL2 and TM3 is shown as yellow sticks. d, Distribution of distances for ionic interactions between the
stalk and VFT in GB1 and GB2 obtained from MD simulations of apo GABAB. e, IP; production mediated
by the WT receptor (blue) or the construct used for cryo-EM (red) upon stimulation with GABA (solid line)
or SKF97541 (dotted line). f, Displacement of non-permeant antagonist CGP54626-DY647 by GABA
(solid line) or SKF97541 (dotted line) from the WT receptor (blue) or the construct used for cryo-EM (red).
Data shown in (e) and (f) are normalized by the WT response and presented as means = SEM of 4
biologically independent experiments performed in triplicates.

25



IP, production (%)

@ 5©©é%
4
e TEE
‘ e w3 & 3§

GB2 E

-

GABA (pKi)

6539(7‘:;’)015 015 015 015 015 015 015 015
(v

GB1 wr MBO7A  Y810A  N811A MYN-AAA
GB2 wT Y697A  NB9BA MYN-AAA wr
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view of GABAgR model and map in the active agonist/PAM-bound conformation. Elongated density
interacting with the intracellular part of GB2 resembles the coiled-coil domain. b, Extracellular view of
GABAg TMD in the active conformation. ¢, Zoom-in on the agonist binding pocket in GB1-VFT.
SKF97541 activates GABAR by interacting with LB1 (blue) and LB2 (teal) of GBI1. d, Binding of the
PAM (GS39783) further stabilizes GABARB active state by interacting with TMD residues from both GB1
and GB2. SKF97541 and GS39783 are shown as sticks with carbon atoms colored in sand, oxygen in red,
nitrogen in blue, phosphorus in light green, and sulfur in dark green. e, IP; production induced by 10 uM
GS39783 in intact HEK293 cells expressing the indicated subunit combinations. Values are means + SD
from 7 biologically independent experiments. Data are normalized by GABA response and analyzed using
one-way ANOVA with Dunnett’s multiple comparison test to determine significance (compared with WT),
with ****P<(.0001 for all, except for GB2-M870A (***P=0.013). f, pKi values for GABA, determined
from displacement of CGP54626-DY647 binding in intact cells expressing the indicated subunit
combinations in the absence or presence of 1 or 5 uM GS39783 (the number of biologically independent
experiments is given in Extended Data Table 2). Data were analyzed using one-way ANOVA with
Dunnett’s multiple comparison test to determine significance (compared with no GS39783 for the same
combined subunits), with ****P <0.0001 and ns P > 0.05. For 1 uM (5 uM) GS39783, P =0.9994 (0.8166)
for GB2-Y697A, 0.9672 (0.8849) for GB2-N698A, 0.9934 (0.4946) for GB2-MYN-AAA, 0.5504 (0.2972)
for GB1-M807A, 0.9981 (0.5843) for GB1-Y810A, 0.9605 (0.7139) for GB1-N811A, and 0.8819 (0.9318)
for GBI-MYN-AAA.
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Fig. 4 | Activation-related transitions in GABAg. a, Overall view of apo GABAg indicating the
conformational changes from inactive apo through two intermediate agonist-bound to active agonist/PAM-
bound states. Activation, initiated by the agonist binding and a closure of the GB1-VFT (blue arrows),
propagates to a large-scale translations of the TMDs in the int-2 state (green arrows). PAM binding induces
an additional conformational change within the GB2-TMD (magenta arrows). b, Extracellular view on the
GABAg TMDs in the inactive and active states aligned by the GB1-TMD demonstrates an ~30 A (black
arrows) relative movement of the GB2-TMD domain. During this transition, the interface between TMDs
changes from TMS5 (inactive state) to TM6 (active state), with the TM6-TM6 distance (red dash) decreasing
from 30.3 A to 8.4 A and the TM6-TM6 distance (olive dash) increasing from 13.1 A to 37 A in agreement
with previously published cross-linking data®’. ¢, Distribution of the TM5-TM5 and TM6-TM6 distances
in the inactive apo and active agonist/PAM-bound states as observed in MD simulations. d, Shifts of TM3
and TM5 by ~6 A on the intracellular side of GB2 upon agonist/PAM binding open a cleft for the
engagement of a G protein. e, Cartoon illustrates activation-related transitions from the inactive apo state,
through the agonist-bound intermediate states, to the agonist/PAM-bound active state. In the inactive state,
both VFTs adopt fully open conformations, with their LB2 lobes being well separated. Agonist binding
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closes the GB1-VFT, bringing LB2 lobes in contact. These transformations at the level of VFTs propagate
through the stalks towards TMD domains, resulting in their mutual reorientation and formation of a contact
interface along TM6. PAM binding further stabilizes the active state leading to substantial shifts of the
intracellular ends of TM3 and TMS5 opening up a cleft for the engagement of G proteins or other transducers.
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Extended Data Fig. 1 | Expression, characterization and purification of GABAg. a, b, Cell surface
expression of Halo-GB1 (a) and SNAP-GB2 (b) transfected alone or co-transfected with the second subunit,
measured by the fluorescence emission of the Lumi4-Tb bound to the Halo- (a) or SNAP-tag (b). Values
are normalized by the WT GB1 co-transfected with WT GB2 (purple bar) and shown as means + SD of 3
biologically independent experiments. GABAR constructs for cryo-EM are expressed and function like the
wild-type receptor. ¢, d, Positive allosteric effect of GS39783 (5 uM) on IP; accumulation in cells
expressing WT or cryo-EM constructs of GABAR receptor heterodimers and activated either by (¢) GABA
or (d) SKF97541. Data are normalized by the WT response in absence of GS39783 (Control) and shown
as means £ SEM of 3 biologically independent experiments (4 for WT). e, Representative size exclusion
chromatography (SEC) profile of apo GABABg in digitonin micelles. Dimeric fractions were pooled,
supplemented with ligand, and concentrated for cryo-EM imaging. f, SDS-PAGE profile shows two distinct
bands for GB1 (86 kDa) and GB2 (88 kDa).
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Extended Data Fig. 2 | Cryo-EM data processing for GABAp/SKF97541. a, Single particle cryo-EM
data processing scheme using RELION and cryoSPARC. b, Representative micrograph showing picked
particles. ¢, Representative 2D class averages. d, Angular distribution of particles included in the final cryo-
EM reconstruction for the int-1 state. e, The same as (d) but for the int-2 state. f, g, Density maps for int-1
(f) and int-2 (g) states colored by local resolution showing higher resolution at the VFT interface.
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Extended Data Fig. 3 | Cryo-EM map quality. a-d, Representative densities and fitted atomic models are
shown for GABAR in the inactive apo state (a), active agonist/PAM-bound state (b), and two intermediate
int-1 (c) and int-2 states (d).
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Extended Data Fig. 4 | Cryo-EM data processing for GABAp/SKF97541/GS39783. a, Single particle
cryo-EM data processing scheme using cryoSPARC. b, Micrograph showing picked particles. c,
Representative 2D class averages show distinct secondary structure features. d, Particle angular distribution
of the final cryo-EM reconstruction. e, Structural model shown in cartoon representation and colored by
the B-factors. f, Density map colored by local resolution showing higher resolution at the interface between
GB1 and GB2. g, The heterodimer interface includes both LB1 and LB2 lobes, as well as TM6 with a total
interface area of 1930 A2, Residues involved in dimerization contacts are colored in purple.
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Extended Data Fig. 5 | Cryo-EM data processing for apo GABARB. a, Single particle cryo-EM data
processing scheme using cryoSPARC. b, Micrograph showing picked particles. ¢, Representative 2D class
averages show distinct secondary structure features. d, Particle angular distribution of the final cryo-EM
reconstruction. e, Structural model shown in cartoon representation and colored by the B-factors. f, Density
map colored by local resolution showing higher resolution at the interface of GB1 and GB2. g, ‘Gold
standard’ FSC curves from cryoSPARC. h, Map-to-model FSC curve between each refined model and the
corresponding sharpened electron potential maps. i, GB1 and GB2 interact through LB1 lobes and
intracellular tips of TM3 and TMS5, with a total interface area of 963 A%. Residues involved in dimerization
contacts are colored in purple.
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Extended Data Fig. 6 | Molecular Dynamics (MD) simulations of inactive (apo) and active
(agonist/PAM-bound) states. a, VFT fluctuations in the inactive state are illustrated by comparing MD
snapshots at 500 ns for all five trajectories (cartoon, purple for a-helices, yellow for B-strands) against the
cryo-EM structure (grey surface). Cyan spheres indicate nitrogens of hydrophilic heads of the POPC lipid
bilayer. Asterisk corresponds to trajectory 1. b, Traces of Ca r.m.s.d. for different domains in trajectory 1.
The structures in the trajectory were aligned by TMDs against the cryo-EM structure. ¢, Distribution of
distances for ionic interactions between TM3/TMS5 at the intracellular side of the apo GABAg as observed
in MD simulations. d, e, Membrane-coupled anisotropic network model (ANM) analysis of the inactive (d)
and active (e) state cryo-EM structures. Eigenvectors of the slowest mode are drawn on every eights Ca as
magenta arrows. In the inset heat map, overall dynamics of the protein as observed in MD simulations are
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compared against that predicted from ANM analysis on EM structures; correlations between eigenvectors
of the ten slowest ANM modes and the principle components of Co motions in MD simulations are
calculated showing concurrence between the two. f, Distance plots as observed in agonist/PAM-bound
trajectories for interactions between SKF97541 (SKF) and various contact residues in the GB1 pocket (left
column), interactions between GS39783 (PAM) and its contact residues at the TMD interface (right column,
rows 1-3) and interactions between GB1 and GB2 residues (right column, rows 4-5). g, h, Traces of Ca
r.m.s.d. on the overall structure for individual MD trajectories (green) and plots of root mean square
fluctuations (r.m.s.f.) per residue in GB1 (blue) and GB2 (yellow) subunits as observed in MD simulations
for inactive (g) and active (h) states. i, j, Stacked snapshots of the PAM (i) and SKF (j) binding site for one
of the trajectories; snapshots were taken every 50 ns spanning 500 ns.
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Extended Data Fig. 7 | Comparisons with previous crystal structures and additional details of
activation-related transitions in GABAg. a, Comparison of the VFT domains between the apo cryo-EM
structure (teal) and the apo crystal structure (PDB: 4MQE, grey). b, Comparison of the VFT domains
between the active agonist/PAM-bound cryo-EM structure (orange) and the GABA-bound crystal structure
(PDB: 4MS3, grey). ¢, Comparison between GB1 and GB2 TMDs in the inactive apo state demonstrates
no substantial difference between the subunits. d, Comparison between GB1 and GB2 TMDs in the active
agonist/PAM-bound state illustrates the differences between the subunits upon activation. e, GB1-TMD
remains unchanged between the int-2 and the active agonist/PAM-bound states. f, Shifts of TM3 and TM5
at the intracellular side of the GB2-TMD between the int-2 and active states open up a cleft for the
engagement of a G protein.
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Extended Data Fig. 8 | PAM effects on the orthosteric ligand binding in the site 1 and 2 mutants of
GABAGB. a, Displacement of the CGP54626-DY 647 by GABA in intact cells expressing the WT GABA3
receptor in the absence (blue) or presence of 5 uM (red), 10 uM (orange) or 20 uM (sand) GS39783. b, Cell
surface expression of site 1 and 2 mutants, measured by co-transfecting Halo-GB1 with GB2 and recording
fluorescence emission of HaloTag-Lumi4-Tb. Data are normalized by the WT expression and shown as
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means £+ SD. The numbers of biologically independent experiments are shown in parentheses. ¢, pKi values
for GABA were determined from displacement of CGP54626-DY 647 binding in intact cells expressing the
indicated subunit combinations in the absence or presence of 1 uM or 5 uM GS39783. Values are means =+
SEM of 4 (10 for WT) biologically independent experiments. Data are analyzed using one-way ANOVA
with Dunnett’s multiple comparison test to determine significance (compared with no GS39783 for the
same combined subunits), with ****P < (0.0001, ***P < 0.001, *P < 0.01, and ns P > 0.05. For 1 uM (5
uM) GS39783, P = 0.0030 (0.0045) for GB2-R556A, 0.0205 (0.0157) for GB2-H647A, 0.0084 (0.0009)
for GB2-L657A, 0.0436 (0.0003) for GB2-F711A, 0.0013 (0.0053) for GB2-R714A, 0.0373 (0.0056) for
GB2-Q720A, and 0.0735 (0.0019) for GB2-SFR-AAA. d, e, Displacement of the CGP54626-DY 647 by
GABA in intact cells expressing the indicated mutants in site 1 (d) and site 2 (e), in the absence or presence
of the indicated concentrations of GS39783 as in panel (a). Data are normalized by the signal in absence of
GS39783 and shown as means + SEM of 3 biologically independent experiments.

38



Site 1

100 GB1-WT + GB2-WT
10 uM GS39783
% ns = 100
S ns  ns ns . 2 -~ GABA
ns . .
£ i o ns 8 = GS39783
g . g
3 40 T & 2 50
g 3 1 = g
o 20 o | | . o
; alEIx 1.
< —_—
@2 £ g £ £ 2 g 2 3 ﬂ
8 & § §p £ § 3 - 8 6 4
N + c E log [compound] (M)
2]
GB1 wWT
c d
Site 1 Site 2
GB1-WT + GB2-R556A GB1-WT + GB2-HB47A GB1-WT + GB2-YB97A GB1-WT + GB2-N698A
__100 - 100 _ 1004 o £ 00
9 -0‘:\, GAl 9 GABA
»5 féGS39783 .E -#- GS39783
ERCY 3 50 3 50 50
2 o 4
s s 1
[ o o
04 == o4 & of L 04 &
- —— - —— - - ——
3 8 6 -4 o 8 6 -4 - 8 6 -4 -o 8 -6 -4
log [compound] (M) log [compound] (M) log [compound] (M) log [compound] (M)
GB1-WT + GB2-L657A GB1-WT + GB2-F711A GB1-WT + GB2-MYN-AAA GB1-M807A + GB2-WT
100 100 o 100 100
g S
c c
S 8
T B 50
3 50 50 E 50
2 4
5 s
[ a ;:
[N
o{ ¥ o & 0] ==
T
- —r— - —r— e ™ —_—_———
S 8 6 4 w 8 6 -4 el 8 6 4 w 8 6 -4
log [compound] (M) log [compound] (M) log [compound] (M) log [compound] (M)
GB1-WT + GB2-R714A GB1-WT + GB2-Q720A GB1-Y810A + GB2-WT GB1-N811A + GB2-WT
~ 100 100 —~ 100 100
8 ®
c <
i 0
135 T
3 50 50 2 50 50
8 8
s 5
o o
o4 #&= 04 &= 04 = 04 =
- —— - —— - ——T - ———
- -8 -6 -4 o -8 -6 -4 - 8 6 -4 - -8 -6 -4
log [compound] (M) log [compound] (M) log [compound] (M) log [compound] (M)
GB1-WT + GB2-SFR-AAA GB1-MYN-AAA + GB2-WT
__100 __100
£ g
c c
2 2
T °
3 50 3 50
2 4
a s
o o
0 [ o 0 Lol
— - ——
- -8 -6 -4 -0 -8 -6 -4
log [compound] (M) log [compound] (M)

Extended Data Fig. 9 | PAM effects on signaling of the site 1 and 2 mutants of GABAg. a, IP,
production induced by 10 uM GS39783 in intact cells expressing the indicated site 1 GB2 mutants co-
expressed with the wild-type GB1. Data are normalized by the GABA response and shown as means + SD
of 7 (10 for WT) biologically independent experiments. Data are analyzed using one-way ANOVA with
Dunnett’s multiple comparison test to determine significance (compared with WT), with P = 0.9998 for
GB2-R556A, 0.9999 for GB2-H647A, 0.9907 for GB2-L657A, 0.9995 for GB1-F711A, 0.9997 for GB2-
R714A, 0.9996 for GB2-Q720A, and 0.2807 for GB2-SFR-AAA. b-d, IP; production induced by GABA
(blue) or GS39783 (red) in intact cells expressing the wild-type receptor (b) or the indicated mutant of the
site 1 (c) or site 2 (d). Data are normalized by the GABA response and shown as means + SEM of 4
biologically independent experiments.
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Extended Data Table 1 | Cryo-EM data collection, refinement and validation statistics

GABAg apo GABAR/SKF97541 |GABAR/SKF97541 [(GABAg/SKF97541/
Int-1 Int-2 GS39783
(EMDB-21219) (EMDB-20824) (EMDB-20823) (EMDB-20822)
(PDB 6VIM) (PDB 6UOA) (PDB 6UQ9) (PDB 6UO08)
Data collection and processing
Magnification 135,000 29,000 29,000 29,000
Voltage (kV) 300 300 300 300
Electron exposure (e7/A?) 8 15 15 15
Defocus range (um) -1.5--25 -1.5--3.0 -1.5--3.0 -1.5--3.0
Pixel size (A) 1.08 0.8521 0.8521 0.8521
Symmetry imposed Cc1 Cc1 Cc1 Cc1
Initial particle images (no.) 2,010,390 5,641,714 5,641,714 4,173,286
Final particle images (no.) 113,093 48,600 114,552 89,001
Map resolution (A) 4.0 6.3 4.8 3.6
FSC threshold 0.143 0.143 0.143 0.143
Map resolution range (A) 3.7-4.6 5.7 -12.2 45-73 34-7.0
Refinement
Initial model used (PDB code) 4MQE, 6U08 4MQE, 6VIM 4MS3, 6U08 4MS3, 40R2
Model resolution (A) 4.2 7.6 5.2 3.8
FSC threshold 0.5 0.5 0.5 0.5
Model resolution range (A)
Map sharpening B factor (A?) -143.0 -378.1 -230.7 -125.8
Model composition
Non-hydrogen atoms 10,629 9,153 9,915 10,958
Protein residues 1,369 1,323 1,365 1,385
Ligands 0 0 1 2
N-glycans 11 11 13 13
Average B factors (A?)
Protein 147.4 361.4 209.8 116.0
Ligand N/A N/A 141.0 120.8
N-glycans 191.8 421.3 260.1 145.3
R.m.s. deviations
Bond lengths (A) 0.005 0.006 0.006 0.004
Bond angles (°) 0.912 1.300 1.360 0.713
Validation
MolProbity score 1.86 1.87 1.86 1.68
Clashscore 6.77 6.80 6.36 4.16
Poor rotamers (%) 0.19 1.14 1.07 0.00
Ramachandran plot
Favored (%) 91.75 92.94 92.03 92.23
Allowed (%) 8.25 7.06 7.97 7.77
Disallowed (%) 0.0 0.0 0.0 0.0
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Extended Data Table 2 | Mutation study of GABAg. Apparent affinities for GABA (pK;) in the presence
of indicated concentrations of GS39783 (0, 1, 5, 10 or 20 uM) and functional data for the GABA or
GS39783 alone. N.E., no effect (absence of response); N.D., not determined (value cannot be calculated).
The number of biologically independent experiments (n) is shown in parentheses.

pK. £5.D. [GS] (n) PEC, +S.D. (n) PEC, +S.D. (n) GABA) £ 5.D. (n)
WT + WT 5.44 % 0.06 [0] (10) 6.19 % 0.08 (4) 5.03 * 0.08 (4) 919 + 4.3 (4)
5.65 * 0.08 [1] (10)
592 * 0.12 [5] (10)
595 * 0.16 [10] (7)
6.02 * 0.15 [20] (7)
WT + R556A 5.48 * 0.07 [0] (4) 6.16 = 0.07 (4) 493 * 0.14 (4) 985 + 8.7 (4)
5.80 * 0.05 [1] (4)
6.13 + 0.08 [5] (4)
6.16 * 0.25 [10] (4)
6.18 * 0.24 [20] (4)
WT + H647A 5.58 * 0.13 [0] (4) 6.26 * 0.09 (4) 5.00 * 0.11 (4) 90.8 * 6.6 (4)
579 * 0.09 [1] (4)
6.12 *+ 0.08 [5] (4)
6.06 * 0.14 [10] (4)
6.15 * 0.17 [20] (4)
WT + L657A 5.59 * 0.11 [0] (4) 6.2 * 0.13 (4) 5.04 % 0.14 (4) 995 + 8.6 (4)
5.88 * 0.07 [1] (4)
6.16 * 0.06 [5] (4)
6.10 * 0.16 [10] (4)
6.35 * 0.14 [20] (4)
WT +F711A 5.65 * 0.16 [0] (4) 63 * 0.1 (4) 5.14 * 0.11 (4) 90.7 * 6.4 (4)
5.84 * 0.11 [1] (4)
Site 1 6.13 * 0.14 [5] (4)
5.88 * 0.26 [10] (4)
5.86 * 0.23 [20] (4)
WT +R714A 5.46 * 0.05 [0] (4) 6.15 % 0.06 (4) 508 * 0.1 (4) 882 * 55 (4)
5.63 * 0.06 [1] (4)
593 * 0.14 [5] (4)
592 * 0.16 [10] (3)
5.65 * 0.20 [20] (3)
WT+Q720A 548 % 0.16 [0] (4) 6.37 = 0.07 (4) 5.35 + 0.11 (4) 80.1 * 4.7 (4)
570 + 022 [1] (4)
596 * 0.11 [5] (4)
5.82 * 0.16 [10] (3)
6.03 * 0.18 [20] (3)
WT +SFR-AAA 575 = 0.15 [0] (4) 6.34 % 0.06 (4) 5.39 * 0.12 (4) 937 + 5.9 (4)
593 + 0.08 [1] (4)
6.16 * 0.10 [5] (4)
5.98 * 0.18 [10] (3)
598 * 0.19 [20] (3)
WT +Y697A 5.43 * 0.04 [0] (4) 5.56 * 0.09 (3) N.D. N.D.
543 * 0.10 [1] (4)
5.45 * 0.05 [5] (4)
WT+N698A 548 * 0.07 [0] (4) 596 * 0.06 (3) N.E. N.E.
5.48 * 0.05 [1] (4)
5.46 * 0.07 [5] (4)
5.30 * 0.16 [10] (3)
5.18 * 0.16 [20] (3)
WT + MYN-AAA®  5.44 * 0.05 [0] (4) 5.25 % 0.16 (3) N.E. N.E.
5.44 % 0.05 [1] (4)
5.56 * 0.18 [5] (4)
Site 2 M807A+WT 551 % 0.06 [0] (3) 6.14 * 0.06 (3) 4.72 £ 012 (3) 735 * 6.6 (3)
5.60 * 0.09 [1] (3)
5.74 % 0.15 [5] (3)
Y810A + WT 5.48 * 0.09 [0] (3) 5.59 * 0.04 (3) N.E. N.E.
549 * 0.03 [1] (3)
5.46 * 0.09 [5] (3)
N811A + WT 5.45 * 0.12 [0] (3) 5.74 * 0.03 (3) N.E. N.E.
543 * 0.07 [1] (3)
548 * 0.16 [5] (3)
MYN-AAA+WT 5.47 % 0.10 [0] (3) 5.12 * 0.03 (3) N.E. N.E.
5.44 % 0.09 [1] (3)
5.45 * 0.11 [5] (3)

"Mutation MYN-AAA in GB2 refers to a triple mutant: M694A, Y697A, N69SA
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Supplementary videos

Supplementary video 1. Overview of the modeled activation pathway as illustrated transitions
between the four obtained models of GABAg heterodimers. Morphs were calculated between
inactive apo, agonist-bound int-1 and int-2, to the agonist/PAM-bound structure, with a sequential

alignment of the entire receptor.

Supplementary video 2. Rocking movie (90°) around the electron potential map of the agonist

SKF97541 in the binding pocket of the agonist/PAM-bound GABAB structure, depicted in Fig. 3c.

Supplementary video 3. Rocking movie (60°) around the electron potential map of PAM
GS39783 in the binding pocket at the dimer interface of the agonist/PAM-bound GABAB structure,
depicted in Fig. 3d.
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