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Type A GABA (y-aminobutyric acid) receptors (GABA, receptors) mediate most fast
inhibitory signalling in the brain and are targets for drugs that treat epilepsy, anxiety,
depression and insomnia and for anaesthetics'2. These receptors comprise acomplex

array of 19 related subunits, which form pentameric ligand-gated ion channels. The
composition and structure of native GABA, receptors in the human brain have been
inferred from subunit localization in tissue'?, functional measurements and structural
analysis from recombinant expression*” and in mice®. However, the arrangements of
subunits that co-assemble physiologically in native human GABA, receptors remain
unknown. Here we isolated o subunit-containing GABA, receptors from human
patients with epilepsy. Using cryo-electron microscopy, we defined aset of 12 native
subunit assemblies and their 3D structures. We address inconsistencies between
previous native and recombinant approaches, and reveal details of previously
undefined subunit interfaces. Drug-like densities in asubset of these interfaces led

us to uncover unexpected activity on the GABA, receptor of antiepileptic drugs and
resultedinlocalization of one of these drugs to the benzodiazepine-binding site.
Proteomics and further structural analysis suggest interactions with the auxiliary
subunits neuroligin 2 and GARLH4, which localize and modulate GABA, receptors at
inhibitory synapses. This work provides a structural foundation for understanding
GABA, receptor signalling and targeted pharmacology in the human brain.

GABA, receptors assemble in homo- and hetero-pentameric com-
binations of subunits. This combinatorial puzzle generates a broad
spectrum of sensitivities to the neurotransmitter GABA, channel
biophysical properties and drug-binding interfaces®°. The 19 human
receptor subunits are al-6, 1-3,y1-3, p1-3, 5,0, mand £". These subu-
nits formaring surroundinga central ion-conducting channel through
the membrane. Binding of GABA to $-a interfaces favours channel
opening, whichincreases chloride conductance and generally acts to
inhibit neuronal activity™. The al subunit exhibits the overall highest
expression, and receptors containing al, 32 and y2 subunits are thought
to be the most abundant™?,

Although a large number of subunit combinations is theoretically
possible, only asmall subset of these is understood to form physiologi-
cally relevant GABA , receptors’. Insitu hybridization and immunobhis-
tochemical approaches have determined the amounts of individual
GABA , subunits inhuman, non-human primate, and rodent brains'® ¢,
Several distinct assemblies have been structurally determined using
recombinant systems*”. A recent study determined native mouse
GABA, receptor structures®. Together, these approaches inform on
differences among species and onthelikelihood of receptors to contain
certaincombinations of subunits. However, the absolute arrangements
of subunits inhuman brains remain ambiguous. Notably, the diversity of
GABA , receptor subunit compositions is greater in primates compared

with rodents®, and is even more heterogeneous in humans thanin
non-human primates'®. Anotherimportant element of native receptor
complexity is regulation by auxiliary subunits. The localization, clus-
tering and anchoring of GABA, receptors are modulated by synaptic
proteins, including GARLH proteins, neuroligin 2 (NL2), gephyrinand
neurexins”?°, Despite theirimportance, we have almost no structural
understanding of how these proteins interact with the intact receptor.
Here we explore the compositions and arrangements of native GABA,,
receptors in the human brain using a high-affinity antibody fragment
(Fab1F4, hereafter referred to as 1F4) that targets the al subunit, mass
spectrometry and cryo-electron microscopy (cryo-EM). We collected
tissue samples from 81 patients with temporal or frontal lobe epilepsy,
which were pooled into two groups for receptor analysis. Our study
revealed aminimum of 12 distinct al-containing GABA, receptor assem-
blies, comprising al, a2, a3, 31, 32, 33 and y2 subunits, defining an exten-
sive repertoire of native structures. Several of the structures exhibited
drug-like densities at subunitinterfaces thatled us touncover modulator
activity for two epilepsy drugs that were not previously knowntoact on
the GABA, receptor. Cryo-EM mapped binding of one of these drugs,
lamotrigine, to the al-y2 benzodiazepine-binding site. Additionally, we
observed non-receptor densities adjacent to an al-y2 subunitinterface
in the transmembrane domain (TMD), suggesting interactions with
GARLH4 and NL2, which were supported by mass spectrometry data.
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Receptor purification fromresected brain tissue

Drug-resistant epilepsy can be treated with surgical resection?. This
procedure commonly resultsin the removal of otherwise healthy tissue
outside of the epileptic focus that has been verified by histopathology
to lack structural abnormalities. To investigate the composition of
native GABA, receptors in the human brain, we used affinity purifica-
tion withan anti-al Fab® (1F4) in conjunction with cryo-EM, leveraging
nominally healthy neurosurgical specimens obtained from patients
with epilepsy. The surgical resections primarily targeted the temporal
lobe, with a smaller portion from the frontal lobe; tissues were col-
lected between 2016 and 2023 (Fig. 1a) as detailed in Methods. Tissue
samples (0.5-6 g each) were pooled into two groups. The first group
contained tissue from 45 individuals, and the second group included
tissue from 36 individuals. The pooled samples were from patients
ranging from 19 to 77 years of age, of whom 39.5% were women and
60.5% were men. Further details regarding patient demographics can
be found in Extended Data Tables1and 2.

The resected tissues were homogenized to isolate cell membranes
(Fig.1b). Receptors were then extracted using lauryl maltose neopen-
tyl glycol to preserve interactions with synaptic binding partners®.
We isolated native GABA, receptors using 1F4, which targets the a1
subunit, known for its high expression and ability to assemble with
other subunits including a2-6, B1-3, y1-3 and 8%*?. The purified
receptors were then reconstituted into spMSP1D1-lipid nanodiscs®.
This nanodisc scaffold was selected for its ability to produce larger,
circularized nanodiscs, which may minimize artefacts inion channel
conformation®. We confirmed the presence of isolated al-containing
GABA, receptors using mass spectrometry followed by preparation of
cryo-EM grids. Thirteen GABA, receptor subunits were identified by
mass spectrometry: al-6, 31-3,yl-3 and 6 (Fig. 1b and Extended Data
Fig.1a,b). Amongthem, a1, 32 and y2 were the most abundant, consist-
ent with reports that these three subunits co-assemble into the most
abundant GABA, receptor pentamer population®?. The highly sensitive
mass spectrometry analysis suggests many potential compositions of
«l-containing GABA, receptors in the human brain. However, it does
not provide insights into stoichiometries and assemblies.

Heterogeneity in subunit assemblies

To determine the subunit compositions of major al-containing GABA,
receptor subtypes, we analysed two large single-particle cryo-EM data-
setsderived from tissue samples from 45 and 36 patients with epilepsy,
referred to as datasets 1and 2, respectively (Extended Data Table 3).
The protein samples for both datasets were prepared following the pro-
cedures outlined in Fig. 1b, with the dataset 2 sample also undergoing
chemical crosslinking to stabilize interactions with synaptic binding
partnersor auxiliary subunits; this modification resulted in a very minor
improvement in map quality but no noticeable differences in recep-
tor conformations. Two-dimensional (2D) classification revealed two
major subsets of GABA, receptor particles: one with receptors bound
by two Fab molecules and another with particles bound by asingle Fab
(Extended Data Figs. 2-4), suggesting the presence of receptors with
different numbers of al subunits.

We used several rounds of focused three-dimensional (3D) clas-
sification, followed by non-uniform refinement to resolve distinct
cryo-EM density maps that correspond to unique subunit arrange-
ments of pentameric receptors. The classification was focused on
the extracellular domain (ECD), which includes strong asymmetric
features such as bound Fabs and subunit-specific N-glycosylation
patterns. Ultimately, we obtained a total of 7 distinct cryo-EM den-
sity maps from dataset 1 with overall resolutions ranging from 2.5 to
3.3 A (Fig.2and Extended Data Fig. 2), and 7 maps from dataset 2 with
overall resolutions of 2.7 to 3.3 A (Fig. 2 and Extended Data Fig. 3).
Three compositions overlapped between the datasets; particles from
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Fig.1| Tissue samples and purification of a1-containing GABA , receptors.
a,Samplelocations and demographics of patients with epilepsy. Green
indicates frontallobe and yellow indicates temporallobe. Dataset lincludes

45 patients:22women and 23 men. Dataset 2 includes 36 patients: 10 women
and26 men.b, Leftand bottom, overview of tissue processing and purification
of al-containing GABA , receptors using Fab1F4. The brain cross-sectionis shown
with the same colour schemeasina.Middle, the purified GABA ,receptors were
separated by SDS-PAGE. Right, subunitsidentified by mass spectrometry of the
regionofthegel outlinedinred. Gel source dataare provided in Supplementary
Fig.1.HC, heavy chain; LC, light chain; SEC, size-exclusion chromatography.

these subunit assemblies were combined to generate the final maps
(Extended Data Fig. 5).

The 11 high-resolution maps enabled distinction of subunits through
progressively finer levels of analysis. Subunit identities were first
assigned on the basis of selective binding of 1F4 to a1, followed by
identification of the distinct N-glycosylation patterns among «, 3, y
and & subunits. The relatively weak density of the y-subunit TMD*8
was further used for coarse identification of subunits. Next, finer
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Fig.2|Architecture of native human al-containing GABA ,receptors.
a-c,Cryo-EM maps ofthethree GABA ,receptor assemblies that are presentin
both datasets: 2-al-pf2-al-y2 (a), f2-al-y2-B2-a2 (b) and f2/3-al-B2-a2-y2
(c).d-g, Cryo-EM maps obtained from dataset 1: f2-al-p2-a2-y2 (d), 2-al-
B2/3-a2-y2(e), B2-al-B2-a2/3-y2 (f) and B2-al-y2-B1-a2(g). h-k, Cryo-EM
maps obtained from dataset 2: f2-a1-f2/3-al-y2 (h), B3-al-y2-B2/B3-a2 (i),

features were examined: the presence of GABA at B-a interfaces, and
the density of residues with side chains that could be unambiguously
assigned to receptor subunits (Supplementary Figs.1-11).Inall cases,
subunit assignment and 3D classification were performed iteratively,
with ambiguity at a subunit position leading to further classification.
Five maps indicated the presence of a mixture of two subunits at one
position that could not be separated (Fig. 2¢c,e,f,h,i). In these cases,
models corresponding to unique subunit assemblies were built and
analysed. In total, these 11 distinct cryo-EM maps enabled building of
12models of unique subunit assemblies (Extended Data Tables 4 and 5).

The predominant subunit composition in both datasets was 32—
«l1-Bf2-al-y2 (Fig. 2a, Extended Data Figs. 5a and 6a and Supplemen-
tary Fig. 2), aligning with previous functional investigations? and a
recentstructural study of the receptor from mouse brain®. The recep-
tor conformations among the closely related native and recombinant
protein structures showed good agreement (Extended Data Fig. 7).
The second most abundant population was 2-al-y2-2-a2, result-
inginapreviously undefined a2-p2 interface (Fig. 2b, Extended Data
Figs. 5b and 6b and Supplementary Fig. 3). Despite being expressed
at lower levels than alin the brain, a2 holds promise as a drug target
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B2-al-Bl-a2-y2 (j) and B2-al-B1-P1-y2 (k). Each panelincludes aschematic
cartoonillustrating the composition, subunitarrangement and 1F4 binding.
Italsoincludesthe overall cryo-EM map top and side views, resolution, and
percentage. The percentageis derived fromthe fraction of particles that gave
rise to the map of that assembly (Extended Data Figs. 2 and 3).

for neuropsychiatricillnesses, substance abuse and pain*°. A similar
composition included a mixture of 32 and 33 (2/3) at one position,
resulting in 32/3-al1-B2-a2-y2 (Fig. 2¢, Extended Data Figs. 5c and
6c and Supplementary Fig. 4). To our knowledge, the 3-containing
model is the first to report 3 assembling into native al-containing
GABA, receptors. Despite the close similarity to 2 (80% amino acid
identity), 3 has unique functional properties that distinguish it in
GABA, receptor-mediated inhibition®*,

Beyond the three major assemblies identified in both datasets
(Fig. 2a-c), eight maps were reconstructed uniquely from separate
analysis of datasets 1and 2. Dataset 1 contained an easily distinguish-
able 32-al-f32-a2-y2 assembly that overlapped with one of the mixed
compositions common to both datasets (Fig. 2d, Extended Data Fig. 6d
and Supplementary Fig. 5). This finding underscores the abundance of
receptors comprising both a1 and a2 subunits, and reveals details of
receptorswith an a2-y2 benzodiazepinesite. Dataset1also contained
aminor population of f2-al1-f2/3-a2-y2, indicating rare a1-33 and
B3-a2 subunitinterfaces (Fig. 2e, Extended Data Fig. 6e and Supple-
mentary Fig. 6). The compositions containing o3 subunits are also
heterogeneous withaclear mixture at one position, f2-al1-2-a2/3-y2.
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Fig.3|Densities innative al-containing GABA ,receptors and related
pharmacology.a-c, Cryo-EM densities were observed at the interfaces
formed by the ECDs of the a1l and y2 subunits in 2-al1-p2-al-y2 (a), B2-al-
B2/3-al-y2(b) and B3-al-y2-2/3-a2 (c) GABA,receptors. Thresholds for
mapsare provided inthe Methods. Residues surrounding the density and
known determinants of benzodiazepineand DMCM binding are labelled.
Experimental density located at the interfaceis shown as asemi-transparent
surface. Each panelincludes aschematicillustrating the composition of
thereceptor.d, Chemical structures of six drugs taken by the tissue donors
and the fraction of donors who were taking them. e, Potentiation of currents

(Fig. 2f, Extended DataFig. 6f and Supplementary Fig. 7). The a3 subunit
isimplicated not only in regulating sleep® but also specifically in anxi-
ety, with distinct roles compared with a2**. Finally, dataset 1 contains
asmall fraction of f2-al-y2-pB1-a2, which effectively illustrates the
heterogeneity, with five different subunit types assembled into asingle
receptor molecule (Fig. 2g, Extended Data Fig. 6g and Supplementary
Fig. 8). The last three subtypes were not found in dataset 2, probably
owingto different limits of detectionin the two sets of pooled samples,
or differences among the sampled patient sets.

Both datasets revealed assemblies containing mixtures of 3 subu-
nits. In dataset 2, the 32-al-f2/3-al1-y2 map shows 33 occupying a
pentameric position typically held by 32, which may stem from the
close similarity of 3to 2, but not to 1 (Fig. 2h, Extended Data Fig. 6h
and Supplementary Fig. 9). We also identified amixed composition of
B3-al-y2-B2/B3-a2 (Fig. 2i, Extended Data Fig. 6i and Supplementary
Fig.10), a stoichiometry that incorporates two 33 subunits. A third
assembly from dataset 2, B2-al-p1-a2-y2, has the same stoichiom-
etry as one found in dataset 1, but with y2 and 1 subunits swapping
positions (Fig. 2j, Extended Data Fig. 6j and Supplementary Fig. 11).
All previously mentioned assemblies adhere to acommon arrange-
ment of two a subunits, two 3 subunits, and one y subunit. However,
the final composition in dataset 2 deviates from this pattern. The
B2-al-p1-p1-y2 features a f1-Plinterface (Fig. 2k, Extended Data
Fig. 6k and Supplementary Fig. 12). The existence of the - inter-
face has been implicated in functional studies® and has also been
observed in recombinant GABA, receptor structures, for instance
B3-a4-B3-B3-y2°.

produced by GABA plus 50 uM lamotrigine (LTG) and GABA plus 250 uM
levetiracetam (LEV) on a12y2 and alp2receptors.n =7 (lamotrigine, a1p2y2),
11 (levetiracetam, a1B2y2), 5 (lamotrigine, «1B2) and 6 (levetiracetam, a1p32)
recordings fromindependent cells. Dataare mean + s.e.m.; Welch'’s t-test;
**P<0.01,***P<0.001,****P<0.000L1.f, Cryo-EM density map and structural
model of the recombinant human GABA, receptor (f2-al-f2-al-y2)in
complex with lamotrigine. Glycans are labelled for clarity. g, Close-up views
ofthelamotrigine-binding pocket, with nearby residues displayed in stick
representation.

The12distinctreceptor subunit assemblies stemming from 11 unique
maps represent the diversity of native al-containing GABA , receptors
foundinboththetemporaland frontal lobes of the humanbrain, provid-
ing valuable insights into pharmacology. The 31-31 subunit interface
appearstobe unique to human sstructures, contrasting with the study
in mice. Furthermore, the presence of 33 in al-receptor assemblies
detected by cryo-EM suggests that this subunit in particular is present
inhigher amounts thaninthe mouse study, where it was only detected
by mass spectrometry®. The structural distribution of GABA,, receptor
subunits generally corresponds to the findings of mass spectrometry
(Fig. 1b). The presence of a4-6, y1, y3 and 6 subunits in mass spec-
trometry, and its absence in the cryo-EM reconstructions, suggests
they areindeed present in al-containing receptors, but only in minor
assemblies below our detection limit.

Insightinto epilepsy drug mechanisms

While assigning subunits on the basis of model-map agreement, we
noted strong density features at several subunitinterfacesinthe ECD,
inlocations analogous to those where benzodiazepines bind. In the
most abundant and highest-resolution assembly of B2-al-B2-al-y2,a
shrimp-shaped density was found at the al-y2 benzodiazepine-binding
site® (Fig. 3a). In two B3-containing assemblies (32-a1-f2/3-al-y2 and
B3-al-y2-B2/3-al), the density in the al-y2 interface was similarly
strong but elongated (Fig. 3b,c). We superimposed structures of several
experimental GABA, receptor-drug complexes to determine whether
these densities may correspond to locations of chemical groups of

Nature | Vol 638 | 13 February 2025 | 565



Article

knownactive compounds. We found that diazepam**® and the negative
modulator DMCM?® partially fit this a1-y2 density in the most abundant
subunitassembly (Extended DataFig. 8e,f), whereas DMCM better fits
the elongated density at the al-y2 interfacein the f2-al1-2/3-al1-y2
map (Extended DataFig. 8g,h). The presence of these varied densities
across the three compositions suggests that multiple types of ligands
may bind at this site, with the density appearing as an average of several
components.

Structural biology approaches have yet to reveal drug binding to
an a-f interface, although modulators are suggested to bind at this
site***!, Here we observed density features suggestive of small-molecule
binding (Extended Data Fig. 8a-c). Although the contributions of inter-
facesfromthese three compositions vary among the subunits (a2-32,
al1-B2/3 and a2-33), the residues that pack around the densities are
conserved and adopt similar conformations (Extended Data Fig. 8i).
Together, the densities at a-B interfaces are distinct in size and shape,
suggesting that these pockets exhibit pharmacological preferences. In
contrast to thestructurally undefined pharmacology at a-f interfaces,
recombinant approaches have revealed histamine exerting agonist
activity through the 3-p3interface’. In the native structures, density
at the B1-Blinterface in the f2-al-B1-B1-y2 composition is coordi-
nated by the same set of residues as for histamine in the 3-containing
receptor (Extended Data Fig. 8d,j).

The diverse densities detected in the native al-containing GABA,
receptors prompted us to consider potential candidates for ligands
among the antiepileptic drugs taken by the patients, as well asendog-
enous neurosteroids and endozepines. Neurosteroids target the TMDs
of GABA, receptors***3, which are far from the observed densities. The
small-molecule endozepines are probably not present at sufficient
physiological concentrations to exert substantial binding**, and the
diazepam binding inhibitor DBI**¢ was not detected by mass spec-
trometry. Among the drugs taken by the 81 patients, six types were
prevalent (Fig. 3d). These ligands act through multiple pathways®,
and were often taken in combination (Extended Data Tables 1and 2).
The two most common drugs, lacosamide (taken by 35 patients) and
lamotrigine (taken by 28 patients), act principally by enhancing sodium
channel inactivation. Levetiracetam (taken by 28 patients) targets
synaptic vesicle 2A (SV2A) proteins. Zonisamide (taken by 16 patients)
inhibits sodium and calcium channels and also potentiates inhibitory
glycine receptors*. Atotal of 18 donors took carbamazepine or oxcar-
bazepine, which principally inhibit sodium channels but also positively
modulate a12/3y2 GABA, receptors***°. The final category comprises
benzodiazepines, including clobazam and clonazepam, which were
takenby six patients, and are well defined positive modulators of GABA,,
receptors™*2,

Next, we aimed to determine whether any of the prescribed drugs
in the patient population might contribute to the density observed
at native receptor subunit interfaces. We therefore tested the activ-
ity of the four most commonly prescribed drugs among the donors:
lacosamide, lamotrigine, levetiracetam and zonisamide, which were
notthought to affect GABA, receptors. We examined their modulatory
effects on GABA, receptors at pharmacological concentrations® via
patch clamp electrophysiology of transfected HEK cells. Lamotrigine
and levetiracetam demonstrated small but significant potentiation
of the a1f32y2 receptor (Fig. 3e and Extended Data Fig. 8k,l), whereas
lacosamide and zonisamide had no effect. To test whether the y2 subu-
nitwasimportant for the activity of lamotrigine and levetiracetam, we
tested modulation of GABA responses on the a132 GABA, receptor.
These two drugs caused inhibition of the a132 GABA, isoform (Fig. 3e
and Extended Data Fig. 8m,n). These findings raise the possibility that
these commonly used antiepileptic drugs derive some of their efficacy
from potentiating synaptic a132y2 GABA, receptors. Furthermore,
the switch from enhancement to inhibition suggests that the p2-32
interfaceinthe al2 receptor, whichis absent in a132y2, may contain
the inhibitory site for these two drugs. Together, hints of potential
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Fig.4|Proteins associated with native al-containing GABA ,receptors.
a-c,Cryo-EM map of the GABA s receptor-TMD partner complex viewed from
the extracellular side (a) and the plane of the membrane (b) and rotated by
70°inthe plane of the membrane (c). The interaction partner density is shown
indark orange.d, Mass spectrometry of proteins associated with GABA ,
receptorisolated from brain tissue. Left, sample in detergent after affinity
chromatography, from a pilot purification. Right, sample in lipid nanodiscs,
from purification for structure determination. e, Interaction partner density
map fromcaligned with models of NL2 (residues 674-704, red) and GARLH4
(residues 41-210, orange). f, Cross-section schematic of suggested interactions
between the alsubunit, yx subunit, NL2and GARLH4, based onb.

drug occupancy in the native receptor structures led us to identify
unexpected activities of classically prescribed antiepileptic drugs. We
suggest that the densities in these interfaces represent a mixture of
several compounds thatindicate the potential of these sites for modu-
lation. To more confidently map binding sites for levetiracetam and
lamotrigine, we prepared cryo-EM samples of a recombinant a132y2
receptorinthe presence of the drugs. The results for levetiracetam were
inconclusive, but we identified unambiguous density for lamotrigine
at the al-y2interface, in a position overlapping the binding site for
benzodiazepines (Fig. 3f,g and Extended Data Fig. 9). Accordingly,
this site may have arole in the therapeutic efficacy of lamotrigine in
treating epilepsy.

Identification of synaptic binding partners

Our first goal in studying native GABA, receptors was to define the
major arrangements of subunits. To that end, we processed cryo-EM
datawith afocus on subunit-distinguishing features, which are mainly
inthe ECD. However, in parallel, we conducted classification based on
differencesin the TMD (Extended Data Fig. 4a). Unexpectedly, analysis
of dataset 1 revealed a map featuring two 1F4 molecules bound to a
receptor with five additional helical densities in the TMD. Subsequent
refinement yielded a 4.1 A resolution map (Fig. 4 and Extended Data
Fig.4b-d). Notably, the approximate five-fold symmetry of the pore was
disrupted, probably because the nanodisc scaffold could not otherwise
containthe whole receptor plus the additional interacting partner(s)



(Extended DataFig.4a). Distinctive N-glycosylation patterns along with
1F4 binding enabled us to assign the receptor composition as fx-al-
Bx-al-yx (Fig.4a). Notably, the five unidentified helices, situated near
theinterface between the alandysubunits, interact primarily with the
TMD of the y subunit (Fig. 4b,c).

The emergence of the new TMD density prompted us to revisit our
mass spectrometry findings to aid inidentifying these helices. In addi-
tion to the many GABA, receptor subunits, several proteins involved
in GABA, receptor trafficking, clustering and anchoring co-purified
with the receptor (Fig. 4d and Extended Data Fig. 1a,c). A subset of
these associate directly with GABA, receptors. For instance, NL2 and
the GARLH family—specifically GARLH4—form complexes with GABA,,
receptors through the TMD of y subunits®**. NL2 is asingle-pass trans-
membrane protein, whereas GARLH4 has four transmembrane helices.
Gephyrin helps cluster the receptors butisasoluble protein thatinter-
acts with the intracellular loop of the receptor. Neurexins modulate
GABA-dependent synaptic responses by associating with postsynaptic
GABA, receptors'®by reaching across fromthe presynapticside. There
is no evidence for direct interactions of SV2B and SYT1 with GABA,
receptors, and these proteins are mainly presynaptic. The mostly likely
binding partners of the GABA, TMD among the co-purified proteins
are GARLH4 and NL2.

Werigid-body-fitted the AlphaFold2-predicted® TMDs of NL2 (res-
idues 674-704) and GARLH4 (residues 1-210), in conjunction with
the model of the p2-al1-B2-al-y2 GABA, receptor, into the density
map (Fig. 4e). The combination of NL2 and GARLH4 fit well into the
density without needing local refinement. The fitting is consistent
with previous functional studies suggesting that GARLH4 bridges the
connection between NL2 and the TMD of the y subunit® (Fig. 4f). The
spatial arrangement of helices within GARLH4 matches those in an
experimental structure of LHFPL5 (a homologue of GARLH4), and the
site of NL2 binding is similar to abound helical partner of LHFPL5%. Our
findings thus provide a view into probable synapticinteractions of NL2
and GARLH4 with native al-containing GABA, receptors. However, fur-
ther validation and investigation are required to resolve awell-ordered
complex structure, as side-chain densities remain unclear.

Discussion

Previous structural investigations have enabled agood understanding
of the composition of GABA, receptors and how drugs act on them.
Recombinant studies on major synaptic and extrasynaptic receptor
subtypes haverevealed details at high resolution about several subunit
assemblies*”. However, they have not directly addressed whether these
assemblies are present physiologically or whether they are abundant
or minor components in brain tissue. A study on structures of native
GABA, receptors from mouse brain mapped three abundant subunit
compositions and uncovered the presence of a native neurosteroid
modulator®, Although this was a critical step for the field, this approach
isinherently limited for making inferences about the human brain.
The complexity in physiological assemblies was already thought to
be greater in humanbrains compared with mouse®™'¢, and was used to
explain failures in therapeutic development when translating results
from mouse to human¥. Our study on human brain tissue directly
addresses the composition of the major subunit assemblies in the
temporal and frontal lobes. Our structuresidentified unexpected drug
activitiesand probable interactions with synaptic proteins. However,
humanbraintissueis an exceptionally precious resource, and very small
amounts are available fromindividual surgeries, precluding compari-
sons between individuals that could inform on disease mechanisms.
There are alsoregional limitations when obtaining human brain tissue
from surgery—for example, drug-resistant temporal lobe epilepsy
isrelatively commonly treated with resection, so a large proportion
of the available tissue is from the temporal lobe. Furthermore, inter-
pretation is complicated by the unknown effects of drug regimens

on subunit expression and individual genetic variants, although we
found no evidence of mutations when analysing the structural data.
Theincreasing prevalence of non-resective epilepsy treatments, such
as laser interstitial thermal therapy and responsive neurostimulator
implants, also means that access to neurosurgical specimens is likely
todecrease furtherin the future. Nonetheless, by pooling tissue from
the diverse population of patients, we have been able to survey the
most abundant human receptor assemblies, which were common to
both datasets.

Multiple sources of variation may explain the difference in the minor
structural assemblies found in the two datasets, including patient sex,
age, duration of epilepsy, site of resection and drug regimen. Dataset
2includes ahigher percentage of males (72%) than dataset1(51%) and
higher levels of some GABA, subunits are found in male versus female
temporal cortex; by contrast, we did not find age-related differences
in the relatively young patient population that we surveyed*®***. Com-
parisons between tissue from epilepsy surgeries outside the epilepto-
genic zone and healthy tissue removed during brain tumour surgeries
suggest that when pooled from a given patient, these tissues are not
significantly differentin GABA, receptor subunit levels®®. This finding
suggests that the presence of the disease and variations related to
the disease (including duration) are likely to have a minimal impact
onour results. The resection sites were balanced between our two
datasets, witharound 90% of resections in both datasets coming from
the temporal lobe. Mouse studies indicate that chronic treatment
with epilepsy drugs, specifically benzodiazepines, canindeed affect
GABA, subunit levels®. Five patients in dataset 1were chronically pre-
scribed benzodiazepines, versus one patient in dataset 2 (Extended
Data Tables1and 2). Mouse studies suggest that these drugs can trig-
geradecreaseintheamountsofal, B2, a3 and 6 subunits; differences
in subunit assemblies between the two datasets are not in line with
abenzodiazepine effect, probably because only a small fraction of
the patients was prescribed this specific drug class. Overall, we can-
not confidently attribute the differences in subunit compositions
between the two datasets to variations in patient demographics or
conditions—these differences are likely to be because of the detec-
tion limits of cryo-EM for minor species, along with other undefined
variations within the patient pools.

Understanding GABA, signalling in the brain requires knowledge
ofthe explicitreceptor subunit arrangements. Different subunits and
interfaces between them tune pharmacology and channel biophysics.
There are many other essential pieces of the signalling puzzle, including
spatial and cellular distributions of specific subunit assemblies. How-
ever, as a starting point, we need to know the extent of heterogeneity
in subunit compositions. Here we addressed this question by purifying
receptors from human tissue. We studied the population of recep-
tors containing the al subunit, as this subunit appears to be the most
promiscuous with respect to its subunit partners. We identified the
predominantassembly inthe human temporal lobe as 2-a1-f32-a1-y2.
Assemblies with heterogeneous compositions were also abundant. The
«l, a2, a3 and B1, 32, 33 and y2 positions can swap with each other and
assemble inmultiple ratios, giving rise to single receptors that contain
five different subunits, as well as receptors with a 3—f interface. The
implications for pharmacology are diverse. For example, drugs deemed
or engineered to be specific for a2-containing receptors are likely to
also bind to receptors that contain an al subunit. Although the com-
plexity is daunting, it serves as a basis for developing tools to target
the now explicitly defined native interfaces. Our results also identify
previously unknown interactions with epilepsy drugs and interac-
tions with additional proteins. Mass spectrometry and featuresin the
experimental map identify NL2 and GARLH4, proteins that have been
shown tointeract with the receptor in mouse cerebellum”, as probable
binding partners. Together, our findings illustrate the complexity of
GABA, receptor subunit assemblies and their interactions with other
proteins in the human brain.
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Methods

Human tissue

The study included 81 patients with temporal and frontal lobe epi-
lepsy, 20 to 70 years of age, who were undergoing surgical resection
as part of their treatment plan for medication-resistant epilepsy.
Participants came from the University of Texas Southwestern (UTSW)
epilepsy surgery programme across a time span of seven years. The
protocol was approved by the UTSW Institutional Review Board on
Human Subjects Research prior to data collection, and all participants
provided informed written consent. After resection, the brain samples
were rinsed with cold PBS and any tissue damaged by electrocautery
was dissected away and discarded. The tissue was then divided into
cryo-tubes and flash frozen in liquid nitrogen. All tissue processing
was completed on ice within an hour of resection, typically within
20 min. Participant information is summarized in Extended Data
Tables1land 2.

Fab 1F4 expression and purification

The coding sequence of Fab 1F4, which recognizes the human GABA,
receptor al subunit, was determined previously?’. DNA fragments
encoding the heavy and light chains were synthesized and subcloned
into the pCEP4 mammalian expression vector (Invitrogen). A signal
peptide from mouse IgG (MGWSCIILFLVATATGVHS) was added to the
5" ends of both genes in place of the original signal peptides to boost
expression. To facilitate affinity purification, 3xFlag and 8xHis tags
were added to the C terminus of the heavy chain. Recombinant Fab
expression was carried out using the ExpiCHO expression system
(Thermo Fisher) by transient transfection. Four-hundred millilitres
of ExpiCHO cells were transfected with 0.4 mg total plasmid DNA at
acell density of 7 million per ml at 37 °C, 8% CO.,. Cells were collected
after 9 days by centrifugation for 20 min at 6,000g. The supernatant
wasfiltered (0.22 um) and concentrated using a 30 kDa cutoff Vivaflow
200 (Sartorius) after adjusting pH to 8.0. Fab 1F4 was purified using a
5mlHisTrap HP column (Cytiva) with binding buffer (50 mM Tris-HClI,
pH 8.0,200 mM NacCl, 20 mM imidazole, pH 8.0) and elution buffer
(20 mM Tris-HCI, pH 8.0, 200 mM NacCl, 500 mM imidazole, pH 8.0).
The eluted fractions were pooled for concentration and gel filtration
assay after analysis by SDS-PAGE. The collected fractions (-30 mg)
were stored at —80 °C for future use.

Native al-containing GABA, receptor purification

Purifications were performed from two sets of pooled samples; sam-
plesfrom 45 patientsled to dataset 1, and samples from 36 patientsled
to dataset 2. For purification, the brain tissue was washed 3 times in
ice-cold 1x PBS (pH 7.4) by centrifugation for 10 min at 6,000g followed
by resuspension. The final pellet was resuspended in ice-cold buffer
A (20 mM Tris-HCI, pH7.4,200 mM NaCl,2 mM GABA) supplemented
with 0.2 mM phenylmethyl sulfonyl fluoride (PMSF, Sigma-Aldrich). The
suspension was processed with aDounce homogenizer and further dis-
rupted using an Avestin Emulsiflex. This homogenate was centrifuged
at10,000gfor 20 min, and the supernatant was further centrifuged at
186,000gfor 2 hto pellet the membrane. The membrane pellet was col-
lected, then mechanically homogenized and solubilized with buffer A
containing 1% (w/v) lauryl maltose neopentyl glycol (LMNG; Anatrace)
and protease inhibitors (aprotinin, leupeptin, pepstatin A and PMSF)
for 3 h. The membrane solubilization and subsequent affinity chroma-
tography were carried out at 4 °C. Next, the mixture was clarified by
centrifugation at186,000g for1h.Fab 1F4 was added to the supernatant
(6 mgfor45-patient sample; 4 mgfor 36-patient sample), and incubated
for2.5h.Then, pre-equilibrated M2 anti-Flag resin (Sigma-Aldrich) was
added to bind the Fab 1F4 and native al-containing GABA, receptors
for 3.5 h while rotating. The resin was washed with 5 column volumes
buffer A supplemented with protease inhibitors, 0.01% (w/v) LMNG,
and 0.01% (w/v) brain polar lipids (Avanti).

Receptor-nanodisc reconstitution

The on-bead nanodisc reconstitution was performed with the spM-
SP1D1 scaffold protein (a gift from H. Bao, Addgene #172482)* and
brain polarlipids. GABA, receptor-bound Flag resin was resuspended
withbuffer A containing 0.01% (w/v) LMNG and 0.01% (w/v) brain polar
lipids and incubated for 30 min at 4 °C. Then, spMSP1D1 was added
andincubated for another 30 min at 4 °C. The molar ratio of receptor,
lipids and spMSP1D1 was 1:100:10. Detergent was removed by adding
Bio-Beads SM2 (Bio-Rad) to a final concentration of 60 mg ml™ while
rotating overnight at 4 °C. The next day, excess lipids and spMSP1D1
were removed by washing with buffer A. Next, the Fab 1F4-bound recep-
torswere eluted with buffer A containing 0.15 mg ml™ 3x Flag peptide
(Sigma-Aldrich). The eluted fractions were concentrated and runovera
Superose 6 Increase 10/300 GL column (Cytiva). For just the 36-patient
sample, two separate purifications were performed after isolating
membranes, to test two different crosslinking reagents. Inthese cases,
after affinity chromatography, the eluted protein was incubated with
either 5 mMglutaraldehyde, or 5mM Bs3 crosslinking agent (both from
Sigma-Aldrich) for 2 h prior to preparative SEC. The peak fractions
were analysed by SDS-PAGE, then collected and concentrated to an
absorbance at 280 nm (A,5,) of 6.4 for the 45-patient dataset (dataset 1)
and 1.4 for the 36-patient dataset (dataset 2).

Cryo-EM sample preparation and data collection

Cryo-EMgrids were prepared using a Vitrobot Mark IV (FEI). 300-mesh
copper R1.2/1.3 holey carbon grids (Quantifoil) were used for dataset
1. Three-hundred mesh copper R 2/1 overlaid with 2-nm continuous
carbongrids (Quantifoil) were used for dataset 2. Before freezing grids,
0.5 mM fluorinated Fos-Choline-8 (Anatrace) was mixed with the pro-
teinsampletoinduce random particle orientations. Three microlitres
of sample was applied to glow-discharged grids and blotted for 3.5 s
at 4 °C with 100% humidity, and then plunge-frozenin liquid ethane.
Electron microscopy images were collected at the University of Califor-
nia San Diego (UCSD) Cryo-EM Facility on the Titan Krios G4 (Thermo
Fisher Scientific) at 300 keV equipped with a Gatan BioContinuum
energy filter. The total exposure was 50 e” A2 and the defocus range
was set to —2.2 um to —1.0 um. Details for both datasets are provided
in Extended Data Table 3.

Cryo-EM data processing

Both datasets were processed using a CryoSPARC 4.4%* workflow. First,
theimages were motion and gain corrected using patchmotion correc-
tion. Contrast transfer function estimation was performed with Patch
CTF. For each dataset, particles were subjected to 3 rounds of 2D clas-
sificationtoremove junk particles. The good 2D classes were selected
to generate ab initio models with four seeds, followed by two rounds of
heterogenous refinement with junk volumes to further remove bad par-
ticles. Theretained particles were re-extracted at full size and aligned
with non-uniform refinement. The consensus maps were obtained at
2.6 A (dataset 1) and 2.8 A (dataset 2). To resolve the heterogeneity of
native GABA, receptors, two kinds of strategies, both using focused
(masked) 3D classification without alignment were applied, described
below. In processing of dataset 2, we found no differences between the
two crosslinking agents mentioned above, so images were combined
fromboth samples.

Dataset1processing

The first classification approach was focused on resolving distinct
GABA, receptor subunit assemblies. Focused 3D classification with
an ECD mask was carried out to separate classes with one Fab versus
two Fabsbound. Then, particles from 3D classes with two Fabs, or one
Fab, were pooled with each other; these particle sets were aligned in
3D using non-uniform refinement. For the two-Fab particles, further
focused 3D classification was used toidentify the heterogeneity but no
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indications of mixtures of subunits at any positions were found in the
composition of f2-al-f2-al-y2. For the one-Fab particles, focused
3D classification was carried out and followed by non-uniform refine-
ments. The processing workflow is shown in Extended Data Fig. 2.
ChainIDs are always represented in an anticlockwise order as follows:
Bx (chainA)-al(chain B)-X (chain C)-X (chain D)-X (chain E) (Supple-
mentary Figs. 1-11). Five types of masks were tested in the secondary
3D classification: a mask focused on chain B; amask focused on chain
D; amask focused on chain A and B; a mask focused on chain C, D and
E; and a mask focused on chain D and E. All the masks were generated
with UCSF ChimeraX (1.7.1)%%. The focused 3D classification with the
mask on chain A and chain B was the most effective in separating par-
ticles. This masked classification was followed by further focused 3D
classifications, from which six compositions were revealed including:
B2-al-y2-B2-02,32/3-al-f2-a2-y2, f2-al-P2-a2-y2, f2-al-B2/3~-
a2-y2, B2-al-B2-a2/3-y2 and B2-al-y2-Bl-a2.

Thesecond classification approach was designed to investigate inter-
esting possibilities in the TMD of GABA, receptors, including compo-
sitional or conformational heterogeneity and interacting proteins.
Tworounds of focused 3D classification witha TMD mask, followed by
non-uniformrefinements, were performed (Extended Data Fig.4). After
thefirstfocused 3D classification, one class witha poorly ordered TMD
was identified. Ultimately, density indicative of five transmembrane
helicesin addition to the TMD of the GABA, receptor was discovered.
Through docking of likely candidates identified in mass spectrometry,
GARLH4 and NL2 are the suggested bound proteins.

Dataset 2 processing

Focused 3D classification with an ECD mask was also applied toresolve
distinct GABA, receptor subunit assemblies. Then, 3D classes with two
Fabsandthose with one Fab, were pooled with each other; these particle
sets were aligned in 3D using non-uniform refinement (Extended Data
Fig. 3). For the two-Fab particles, further focused 3D classification
was used to resolve heterogeneity, and a total of two compositions
including f2-a1-B2-al-y2 and f2-al-B2/3-al-y2 wereidentified. For
the one-Fab particles, focused 3D classification with amask on chains
A and B was carried out and followed by non-uniform refinements.
Classification and refinement of the one-Fab particles yielded five
subunit assemblies: f2-al-y2-f2-a2, f2/3-al-B2-a2-y2, 2-al-
B1-a2-y2, B3-al-y2-f2/3-a2 and 2-al-f1-B1-y2.

From both datasets, we observed three common compositions:
B2-al-B2-al-y2, B2-al-y2-B2-a2 and f2/3-al-pf2-a2-y2. Particles
for these compositions, from the two datasets were combined and
non-uniformrefinement was performed to generate the final maps for
these three compositions. For these 3 abundant assemblies, additional
processing was performed to further improve map quality, related to
acommon feature observed in GABA, receptors, a disordered TMD
of the y subunit. Focused 3D classification without alignment on the
entire TMD was performed (Extended Data Fig. 5), as there were suf-
ficient particles available after combining these particle sets. Parti-
cles with a five-fold symmetric TMD were selected for non-uniform
refinement. The overall resolution for all maps was estimated using
the gold-standard Fourier shell correlation 0.143 criterion.

Model building, refinement and validation

Afour-step procedure was developed toidentify and assign the GABA,
receptor subunits in the maps. First, the subunit bound by Fab 1F4 is
assigned as al. Second, identification is based on the N-linked glycosyla-
tion patterns of the subunits, such as the hallmark glycosylationsitein
the Cys-loop unique to 3 subunits. Third, subunits involved in GABA
bindingareidentified as « and 3 subunits on the basis of their binding
interfaces. Finally, the side-chain density is checked after docking the
target subunit models. A total of 11 distinct maps were obtained from
these two datasets. Five of these maps contain a currently unresolv-
able mixture of two subunits at a single position. The full set of maps

includes: f2-al-f32-al-y2 (Supplementary Fig. 2), B2-al-y2-f2-a2
(Supplementary Fig. 3), 32/3-al1-B2-a2-y2 (Supplementary Fig. 4),
B2-al1-B2-a2-y2 (Supplementary Fig. 5), p2-al-B2/3-a2-y2 (Sup-
plementary Fig. 6), p2-al-p2-a2/3-y2 (Supplementary Fig. 7), B2-al-
y2-B1-a2 (Supplementary Fig. 8), B2-al1-2/3-al-y2 (Supplementary
Fig.9), B3-al-y2-B2/3-a2 (Supplementary Fig.10), B2-al-pf1-a2-y2
(Supplementary Fig.11) and 2-a1-1-B1-y2 (Supplementary Fig.12).
Allthe details used in subunit assignment are listed in the supplemen-
tary figures.

For model building and refinement of f2-a1-2-al-y2, therecom-
binant f2-al1-B2-al-y2 with Fab 1F4 bound (Protein Data Bank (PDB):
6X3T) and B3-al1-B3-al-y2 (PDB: 6153) were used as the initialmodels
after docking into the map using UCSF ChimeraX. The refined model
of B2-al-B2-al-y2 was used as the initial model for the additional
11 models. The map with the composition of $3-al-y2-2/3-02 was
used to build two models: B3-al-y2-p2-a2 and 3-al-y2-p3-a2.
The models underwent a series of iterative adjustments manually in
Coot (v.9.8.92)%, followed by Phenix (1.20.1) real space refinement®’
with secondary structure restraints. The density for the y-TMD was too
poor to model that domain of the subunitin the following assemblies:
B2-al-B2-02-y2, 2-0al1-B2/3-02-y2, B2-al-B2-02/3-y2, B2-al-y2-
Bl-a2, 32-a1-B2/3-a1-y2, B3-al-y2-B2/3-aland 2-al-Pl-a2-y2;
accordingly, in these cases, the TMD of the y2 subunit was not mod-
eled. Models were validated using MolProbity v4.5%. The validation
statistics of the PDB models are provided in Extended Data Tables 4
and 5.Subunitinterface densities in Fig. 3and Extended Data Fig. 8 are
shown at the following thresholds, rendered using ChimeraX: Fig. 3a,
0.14; Fig. 3b, 0.14; Fig. 3¢, 0.14; Extended Data Fig. 8a, 0.15; Extended
DataFig.8b, 0.21; Extended DataFig. 8c, 0.12; Extended Data Fig. 8d,j,
0.11; Extended Data Fig. 8e,f, 0.14; Extended Data Fig. 8g,h, 0.14. The
pore diameter was calculated by HOLE v.2%” and rendered using PyMOL
(v.2.5.5, Schrodinger).

Mass spectrometry

Proteins were identified after SDS-PAGE separation by mass spectrom-
etry using standard methods®, Proteins from dataset 1were analysed at
the UT Southwestern proteomics facility, and proteins from the dataset
2 atthe UCSD proteomics core. The dataset 1 samples were digested
overnight with trypsin (Pierce) following reduction and alkylation
with dithiothreitol and iodoacetamide (Sigma-Aldrich). The samples
then underwent solid-phase extraction cleanup with an Oasis HLB
plate (Waters) and the resulting samples were injected onto either
a Q Exactive HF or Orbitrap Fusion Lumos mass spectrometer cou-
pled to an Ultimate 3000 RSLC-Nano liquid chromatography system.
Samples were injected onto a 75-pum internal diameter, 15-cm-long
EasySpray column (Thermo) for Q Exactive HF samples or a 75-pm
internal diameter, 75-cm long EasySpray column (Thermo) for Orbitrap
Fusion Lumos samples and eluted with a gradient from 0-28% buffer
B over 90 min. Buffer A contained 2% (v/v) acetonitrile (ACN) and 0.1%
formic acid in water, and buffer B contained 80% (v/v) ACN, 10% (v/v)
trifluoroethanol, and 0.1% formic acid in water. The mass spectro-
meter was operated in positiveion mode withasource voltage of 2.5 kV
(QExactive HF) or 2.2 kV (Orbitrap Fusion Lumos) and anion transfer
tube temperature of 275 °C. MS scans were acquired at 120,000 resolu-
tioninthe Orbitrap. For Q Exactive HF samples, up to 20 tandem mass
spectrometry (MS/MS) spectra were obtained intheion trap for each
full spectrum acquired using higher-energy collisional dissociation
(HCD) forions with charges 2-8. For Orbitrap Fusion Lumos samples,
up to 10 MS/MS spectra were obtained in the ion trap for each full
spectrum acquired using higher-energy collisional dissociation (HCD)
for ions with charges 2-7. Dynamic exclusion was set for either 20 s
(QExactive HF) or 25 s (Orbitrap Fusion Lumos) after anion was selected
for fragmentation. Raw MS data files were analysed using Proteome
Discovererv.3.0 (Thermo), with peptideidentification performed using
atryptic search with Sequest HT against the human reviewed protein



database from UniProt. Fragment and precursor tolerances of 10 ppm
and either 0.02 Da (Q Exactive HF) or 0.6 Da (Orbitrap Fusion Lumos)
were specified, and three missed cleavages were allowed. Carbami-
domethylation of Cys was set as a fixed modification, with oxidation
of Met set as a variable modification. The false-discovery rate (FDR)
cutoff was 1% for all peptides.

The mass spectrometry results from dataset 2 were obtained using
thefollowing method. The gel slices were cut to1 mm x 1 mm cubes and
destained 3 times by first washing with 100 pl of 100 mM ammonium
bicarbonate for 15 min, followed by addition of the same volume of
ACN for 15 min. The samples were dried, then reduced by mixing with
200 pl of 100 mM ammonium bicarbonate and 10 mM dithiothreitol
andincubated at 56 °C for 30 min. The liquid was removed and 200 pl of
100 mM ammonium bicarbonate, 55 mMiodoacetamide was added to
the gel pieces andincubated at room temperaturein the dark for 20 min.
Gels were washed with 100 mM ammonium bicarbonate for 15 min,
then the same volume of ACN was added to dehydrate the gel pieces.
Thesolutionwas thenremoved and samples were dried. For digestion,
ice-cold trypsin (0.01 pg pl™) in 50 mM ammonium bicarbonate was
addedtocoverthegel pieces and set onice for 30 min. After complete
rehydration, excess trypsin was removed, replaced with fresh 50 mM
ammonium bicarbonate, and left overnight at 37 °C. The peptides were
extracted twice by the addition of 50 pl of 0.2% formic acid and 5%
ACN and mixed at room temperature for 30 min. The supernatant was
removed and saved. A total of 50 pl of 50% ACN, 0.2% formic acid was
added to the sample, which was vortexed again at room temperature for
30 min. The supernatant was removed and combined with the superna-
tant fromthe first extraction. The combined extractions were analysed
directly by liquid chromatography in combination with MS/MS using
electrospray ionization. Trypsin-digested peptides were analysed by
ultra-high-pressure liquid chromatography (UPLC) coupled with tan-
dem mass spectroscopy (LC-MS/MS) using nanospray ionization. The
nanospray ionization experiments were performed using a TIMS-TOF
2 pro hybrid mass spectrometer (Bruker) interfaced with nano-scale
reversed-phase UPLC (EVOSEP ONE). The evosep method of 30 SPD
(samples per day) was utilized using a 10 cm x 150 um reverse-phase
column packed with 1.5-um C18-beads (PepSep, Bruker) at 58 °C. The
analytical columns were connected with a fused silica ID emitter (10 pm
ID; Bruker Daltonics) inside a nanoelectrospray ion source (Captive
spray source; Bruker). The mobile phases comprised 0.1% formic acid
assolution Aand 0.1% formicacid, 99.9% ACN as solution B. The mass
spectrometry settings for the TIMS-TOF Pro 2 used the PASEF method
for standard proteomics. The values for mobility-dependent colli-
sion energy ramping were set to 95 eV ataninversed reduced mobility
(1/k,) of .6 Vs™ cm™?and 23 eV at 0.73 Vs cm™ Collision energies
werelinearly interpolated between these two 1/k, values and kept con-
stantabove or below. No merging of TIMS scans was performed. Target
intensity per individual PASEF precursor was set to 20,000. The scan
range was set between 0.6 and 1.6 Vs™ cm™with aramp time of 166 ms.
14 PASEF MS/MS scans were triggered per cycle (2.57 s) with a maxi-
mum of seven precursors per mobilogram. Precursor ions inan m/z
range between 100 and 1,700 with charge states >3+ and <8+ were
selected for fragmentation. Active exclusion was enabled for 0.4 min
(mass width 0.015 Th, 1/k, width 0.015 V s cm™). Protein identifica-
tionand label free quantification was carried out using Peaks Studio X
(Bioinformatics Solutions).

Mass spectrometry results after analysis are shown in Fig. 1b and
Extended Data Fig. 1. Analysis of dataset 1 revealed the presence of
the short form of y2, and dataset 2 revealed both the short and long
forms of the y2 subunit.

Recombinant human GABA receptor structure in complex with

lamotrigine

The recombinant human a12y2 GABA, receptor was expressed in
a stable cell line using the Sleeping Beauty transposon system, as

previously described®. Inbrief, a tri-cistronic construct encoding the
three subunits was cloned into the pSBtet vector (pSBtet-GP, Addgene
plasmid #60495). This was co-transfected with SB1I00X transposase
(pCMV(CAT)T7-SB100, Addgene #34879) into HEK293S GnTI cells
(ATCC CRL-3022). These two Addgene plasmids were gifts from
E.Kowarz” and Z.1zsvak™, respectively. Transfected cells were selected
with 1 g ml™ puromycin before being transferred to suspension cul-
ture. A total of 6.4 1 of cells, at a density of 3.5 to 4 x 10° cells per ml
were induced with 2 pg mI™ doxycycline and incubated at 30 °C with
shaking (130 rpm) for 48 h in 8% CO,. To enhance expression, 3 mM
sodium butyrate was added with doxycycline.

Cells were collected by centrifugation and resuspended in buffer
A with 0.2 mM PMSF. After mechanical lysis, the lysate was centri-
fuged at 10,000g for 20 min. The resulting supernatant, containing
cellmembranes, was then centrifuged at 186,000g for 2 h. Membrane
pellets were homogenized using a Dounce homogenizer and solubi-
lized at 4 °C for 2 h nutating in buffer A supplemented with 1% (w/v)
lauryl maltose neopentyl glycol (LMNG; Anatrace). The solubilized
membranes were clarified by centrifugation at 186,000g for 40 min,
and the supernatant was passed through a Strep-Tactin XT Superflow
affinity resin (IBA-GmbH). The resin was washed with buffer A contain-
ing 1 mM LMNG and 0.01% (w/v) porcine brain polar lipids (Avanti).
The protein was eluted with wash buffer supplemented with 50 mM
biotin (Sigma-Aldrich).

Nanodisc reconstitution was performed using SPMSP1D1 under
conditions with 0.5 mM lamotrigine. Concentrated GABA, receptors
were mixed with porcine brain polar lipids (Avanti) and incubated at
4 °Cfor 30 min. SPMSP1D1 was then added, and the mixture was fur-
therincubated for 30 min. The final molar ratio of protein, lipids, and
SPMSP1D1was1:100:10. To remove detergent, Bio-Beads SM2 (Bio-Rad)
were added at a concentration of 100 mg ml™, and the mixture was
rotated overnight at 4 °C. The next day, the Bio-Beads were removed,
and the sample was collected for SEC.

Purified GABA, receptor ata concentration of 1.8 mg ml™ was mixed
with 0.5 mM lamotrigine and 2 mM GABA, then incubated on ice for
30 min prior to cryo-EM grid preparation. To promote random par-
ticle orientations, 0.5 mM fluorinated Fos-Choline-8 (Anatrace) was
addedto the protein sample just before freezing. Cryo-EM grids were
prepared using a Vitrobot Mark IV (FEI). A 3 pL sample was applied
to glow-discharged 200 mesh copper R 2/1 grids overlaid with 2-nm
continuous carbon (Quantifoil), using 100% humidity in the chamber
at4 °C.Thegrids wereblotted for 3.5 sand plunged into liquid ethane
cooled with liquid nitrogen, then transferred to liquid nitrogen for
storage.

Cryo-EM data collection was performed at the UCSD Cryo-EM Facil-
ity using the Titan Krios G4 (Thermo Fisher Scientific) operating at
300 keV and equipped with a Gatan BioContinuum energy filter. Data
collection parameters are detailed in Extended Data Table 3, called
dataset 3. This dataset 3 was processed using a CryoSPARC 4.4 workflow.
In brief, approximately 0.7 million particles were subjected to three
rounds of 2D classification to remove junk particles (Extended Data
Fig.9). A consensus map was generated by non-uniformrefinement at
2.6 Aresolution. Three rounds of 3D classification focused on the TMD,
followed by non-uniformrefinement, yielded the final map for model
building at 2.95 A. Additionally, 3D classification and local refinement
focused on the ECD improved the density of the lamotrigine-binding
pocketto2.7 A, used for figure preparation. Both maps were uploaded
to the EMDB during PDB deposition.

The human a1f32y2 GABA, receptor bound to GABA (PDB: 6X3Z7)
was used as the initial model for building and refinement. Restraints
forlamotrigine were generated using the Grade Web Server’?. Manual
adjustments and further refinements were performed using Cootand
Phenix, as previously described. Model refinement statistics are sum-
marized in Extended Data Table 5 (dataset 3: LTG). Structural figures
were generated using UCSF ChimeraX.
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Electrophysiology

Whole-cell voltage-clamp recordings were made from adherent
HEK293S GnTI cells transiently transfected with pEZT-based plasmids,
as well as with GFP protein in pCDNA for cell selection. Each 10 mm
well of cells in a 12-well dish was transfected with 0.1-0.4 pg plasmid
mixture of each subunitinaratioof 1al:132 or1a1:132:10y2 (to ensure
the incorporation of y2 subunit), using Lipofectamine 2000 reagent
(Invitrogen). The transfected cells wereincubated at 30 °C. After48 h
post-transfection, cells were re-plated on 35 mm dishes and allowed
tosettle foratleast 3 h. Recordings were made 48-96 h after transfec-
tion. The bath solution contained (in mM): 140 NacCl, 2.4 KCI, 4 MgCl,,
4 CaCl,, SHEPES and 10 glucose pH 7.3. Borosilicate pipettes were pulled
and polished to aninitial resistance of 2-4 MQ, filled with the pipette
solution containing (in mM): 100 CsCl, 30 CsF, 10 NaCl, 10 EGTA, and
20 HEPES pH 7.3. Whole-cell currents were recorded using pClamp 11
with an Axopatch 200B amplifier, sampled at 20 kHz, and low-pass
filtered at 2 kHz using a Digidata 1550B (Molecular Devices). Cells
were held at —75 mV. Solution exchange was achieved using a gravity
driven RSC-200 rapid solution changer (Bio-Logic). Whole-cell cur-
rents were analysed with Clampfit 11 software (Molecular Devices).
GABA and ligand (lamotrigine, levetiracetam, lacosamide, and zon-
isamide, Sigma-Aldrich) solutions were prepared inbath solution from
concentrated stocks: 1M GABA in water, and 300 mM lamotrigine,
500 mM Levetiracetam, 300 mM lacosamide and 300 mM zonisamide
in DMSO. For the statistics in Fig. 3 (bar graph), results are presented
as normalized peak currents. Rundown was consistently observed in
12 recordings; repeated measurements of the response to GABA
application were made until stable peak currents were observed, then
the drug applications were tested. We observed that only half of the
cells expressing the alf32 receptors responded to levetiracetam and
lamotrigine; we report in Fig. 3e the currents from responsive cells.
Replicate numbers from independent cells are labelled in each bar.
Statistical analysis was performed using GraphPad Prism 10.2.0 soft-
ware (GraphPad Software). Data are expressed as mean + s.d. Two-tailed
Welch’s t-test was used. A Pvalue of <0.05 was considered statistically
significant (**P < 0.001;**P< 0.01;0.01<*P<0.05).

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Allatomic models and cryo-EM maps have been deposited in the Pro-
tein Data Bank (PDB) and Electron Microscopy Data Bank (EMDB):
B2-al-B2-al-y2 (PDB 9CRS, EMD-45878), p2-al-y2-B2-a2 (PDB
9CRYV, EMD-45884), B3-al-B2-02-y2 (PDB 9CSB, EMD-45890), 2~
al-2-a2-y2 (PDB9CTO, EMD-45894), 32-al1-3-a2-y2 (PDB 9CT]J,

EMD-45908), 32-a1-32-a3-y2 (PDB 9CTP, EMD-45914), 2-al-y2-
B1-a2 (PDB 9CTV, EMD-45920), f2-al1-3-al-y2 (PDB 9CXA, EMD-
45983), B3-al-y2-p2-a2 (PDB 9CXC, EMD-45985), B3-al-y2-p3-a2
(PDB 9CX7, EMD-45980), 32-a1-1-a2-y2 (PDB 9CXB, EMD-45984),
B2-al1-B1-B1-y2 (PDB 9CXD, EMD-45986), lamotrigine-bound 32—
al-B2-al-y2 (PDB 9DRX, EMD-47132). Raw electrophysiology and
mass spectrometry data are included as Source data with this paper.
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Extended DataFig.1|Characterization of native human al-containing GABA ,
receptorsand associated proteins frombrain tissue. a, Sample analysis focus
onthe GABA,Rand non-GABA,Rbands. b, Same analysis conducted asin Fig.1b.
¢, Thetop threeunknownbandsin the SDS-PAGE gel were individually excised
for mass spectrometry analysis. Detailed results regarding associated proteins

and their related homologues are provided in the table. The table groups are
color-coded to match theboxesina. Resultsshownin thisrepresentative gel were
similarly obtained fromn=4gels fromindependent purifications. Molecular
weights of standards are given on the left of the gel in kD. Uncropped SDS-PAGE
gelis providedin SupplementaryFig.1.
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Extended DataFig.2|See next page for caption.



Extended DataFig.2|Cryo-EM dataprocessing of Dataset 1from tissue from
45 patients. -28k dose-fractionated micrographs were collected from multiple
grids stemming from one purification using anti-a1Fab (1F4) as the affinity
reagent. All data processing was performed in CryoSPARC v4.4. Particles were
picked and subjected to multiple rounds of 2D classification; final results are
shown, with-1.3 M particles selected from this step. Abinitio reconstruction
was performed with 3 classes, which were used as inputs for heterogeneous
refinement of the whole particle set. Asingle particle set emerged from
heterogeneousrefinementincluding-1.0 M particles, whichwas subjected to
non-uniform (NU) refinement. This map and particle set served as the starting
point forall 3D classification. The primary 3D classification used a focused
mask around the whole ECD and was set up with 10 classes (Class0 - Class9).

The ECD mask was chosen due to the highest resolution features being mainly
foundinthe ECD, and thus this region should allow more robust separation of
compositional heterogeneity. ClassO and Class5 contained two strong Fab
densities, so were combined and refined to asingle subunitarrangement

easily definable during model building as $2-a1-B2-a1-y2. This map and subunit
arrangementare indicated as afinal, high confidence endpointin this data
processing by listing the subunitorder in bold font. The FSC-based map
resolution estimate and particle number are given below all maps. Classes1, 2,
and 4 were pooled due to the presence of one strong Fab, refined, and yielded
a-2.6 Aresolution map. Heterogeneity in TMD signalin theinput classes (1,2, 4)

motivated usto conductasecondary 3D classification on this ~420k particle

set (8 classes). Briefly, however, from the primary 3D classification, Class3 and
Class6-Class9 were excluded from further analysis due to anisotropic resolution
features suggestive of preferred orientation, or low resolution overall (Class3
and 9).Secondary classification of 1-Fab containing particles using focus map on
Chains A-BECD. This region was selected for masking after testing alarge panel
of masks (single subunits, pairs, adjacent triplets). All 3D classes were subjected
toNurefinement, then atomic model building was done to begin assigning
subunits to map positions (Supplementary Figs. 1-11). ClassO and Class5
exhibited features of acommon assembly, so were pooled and refined, to a final
subunitarrangement of 32-a1-y2-B2-a2. All processing is summarized in this
flow chart for the dataset with the above explanations serving as representative
decision-making approaches. Each composition has beenalso labeled as (a-g),
correspondingtothelabelsinFig.2 and Extended DataFig. 6. Insome cases, a
single positioninamap was clearly amixture of two subunits, for example a2/a3.
Inother cases, we designate the heterogeneity as a “mixture,” which instead
means that one or more positionsare notyet at thatstep clearlyan avs. B vs.y.
While we cannot rule out the possibility of contaminationin a “final” particle
set, arising fromaminor fraction ofincorrect particles, we can conclude with
confidence that for each of the “final” maps, the model built represents the
clearly dominant speciesin that particle set.
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Extended DataFig. 3 |See next page for caption.



Extended DataFig.3|Cryo-EM data processing of Dataset 2 from tissue outlinedin Extended Data Fig.2. Allmodels were constructed for the

from 36 patients. Approximately 45k dose-fractionated micrographs reconstructions highlighted in the back boxes. Each compositionisalso
were collected, resultingin 1.8 million particles after several rounds of 2D labeled as (a-c) and (h-k), corresponding to the labelsin Fig. 2 and Extended
classification. The workflow was conducted according to the procedures DataFig. 6.
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Extended DataFig. 4 |Cryo-EM analysis of the native al-containing GABA , Fourier shell correlation (FSC) curves with gray line indicating FSC = 0.143 (b),
receptorsincomplex withinteracting partner density. a, Single-particle angular distribution plot (c) and local-resolution maps (d) for the final 3D
cryo-EMimage processing workflow, focusing on the transmembrane domain reconstruction.

(TMD). Refer to the Methods section for further elaboration on the workflow.



Extended DataFig. 5|See next page for caption.
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Extended DataFig. 5| Focused classificationfor y2-TMD mapreconstruction  thereconstructions highlighted in the outlined black boxes. The determination

inthe threesubunitcompositions abundantinbothdatasets. All cryo-EM ofthey2subunitinthe compositions 2-a1-$2-a1-y2, f2-al-y2-B2-a2, and 2/3-
dataprocessing steps were performed using CryoSPARC v4.4. Further NU al-B2-al-y2isdisplayedinpanelsa,b,and c, respectively. Each final composition
refinement combined particles fromboth datasets. Focused 3D classifications isalsolabeled as (a-c), corresponding to the labels in Fig. 2 and Extended Data

ontheentire TMD region were conducted, and the class with a strong y2 subunit Fig.6.
signal was selected for the final reconstruction. Allmodels were constructed for



Extended DataFig. 6 | See next page for caption.
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Extended DataFig. 6 | Characteristics of cryo-EMreconstructions. The FSC curves were calculated between half-maps, with the overall resolution
angular distribution plots of particles used for the final cryo-EM reconstructions estimated using the FSC=0.143 criterion (below). The detailed compositions of
areshowninthetop left. The cryo-EM maps, colored according tolocalresolution  theelevencryo-EM mapsarelabeledinthe tables of FSC curves.

estimationin CryoSPARC v4.4, are displayed in the top right (color scale in A).



Extended DataFig.7 | Comparative analysis of the most abundant native
GABA ,receptor with previously reported structures. a, Structural
comparison of the 2-al-B2-a1-y2 (light coral) with 6X3Z* (burly wood),

61537 (light green), and 8G4N® (sky blue) demonstrates high overall similarity.
b, Detailed comparison of the transmembrane domain regions, with colors
consistent with panela. Eachsubunitislabeled accordingly. c, Pore conformation
ofthe $2-al-B2-al-y2 receptor, highlighting the opposing 32 and y2 M2

o-helicesasribbons, with the pore-lining side chains shown as sticks. Purple
and greenspheresillustrate the poreshape. Distances shown within the pore
represent diameters at the desensitization gate (-2’) and resting gate (9)
positions.d, Comparative pore diameter versus distance plot for the structures
depictedinpanela,aligned aty = O at the level of the -2’ desensitization gate.

e, Superposition of structures based on the extracellular domains of adjacent
and a subunits, as shownin panela.
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Extended DataFig. 8| Densities in native al-containing GABA, receptors,
ligand docking and electrophysiological recordings. Cryo-EM densities were
observedattheinterfacesformedby the ECDs of theaand B subunitsinthe
composition of 2-al-y2-B2-a2 (a), B2-al-p2/3-a1-y2 (b) and B3-al-y2-2/3-a2
(c). Additionally, density was observed at the interfaces formed by the ECDs
ofthe fland 1subunitsin the composition of $2-a1-B1-B1-y2 (d). Ligands of
diazepam (DZP) and DMCM aligned with the composition of $2-a1-B2-a1-y2 (e, f)
and $2-a1-B2/3-al-y2 (g, h) at theinterface of al and y2 subunits. DZP poseis

from PDB: 6X3X*” and DMCM from PDB: 8DD3%. i, Superposition of surrounding
residues from the compositions of f2-al-y2-f2-a2, 32-a1-2/3-al-y2 and f3-al-
Yy2-B2/3-a2 atinterfaces of a and 3 subunits. j, The alignment of histamine (HSM)
with the composition of 32-a1-B1-B1-y2 at the interface of l1and B1subunits;
histamine binding pose from Sente etal.’. k-1, Representative responses are
shown forapplication of GABA, followed by GABA plus LTG with a1f2y2 and
«1f32,and same for LEV (m-n).



Extended DataFig. 9 |Cryo-EM analysis ofrecombinant GABA s receptor
incomplex withlamotrigine. a, Single-particle cryo-EM image processing
workflow, with several rounds of focused 3D classification onthe transmembrane
domain (TMD), asshowninb. ¢, Fourier shell correlation (FSC) curves, with
thegraylineindicating FSC = 0.143.d, Local-resolution map and e, angular
distribution plot for the final 3D reconstruction. To enhance lamotrigine

density, focused 3D classification and local refinement were applied to the
extracellular domain (ECD), as showninf. g, FSC curves, with the gray
lineindicating FSC = 0.143,and h, local-resolution maps for the final 3D
reconstruction. Infandh, blackbox boundaries approximate mask usedin
focusedrefinementand local resolution estimate; local resolution for regions
outside of the mask (e.g., TMD helices) are not meaningful.
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Extended Data Table 1| Characteristics of 45 Epilepsy Patients

Sample Age Sex Region AEDs at time of surgery Epilepsy duration (y)
25 35 M Temporal Phenytoin, Zonisamide 25
26 56 M Temporal Lacosamide, Lamotrigine 19
27 33 F Temporal Carbamazepine, Lamotrigine, Levetiracetam 26
28 43 F Temporal Lamotrigine, Topiramate 17
29 46 M Temporal Zonisamide, Lacosamide, Gabap entin, Valproate 9
30 74 M Temporal Brivaracetam, Zonisamide 3
35 22 M Temporal Brivaracetam, Lacosamide 9
37 64 M Temporal Lacosamide, Levetiracetam 8
39 22 M Temporal Lacosamide, Topiramate 3
40 45 M Temporal Levetiracetam, Oxcarbazepine 41
42 51 F Temporal Zonisamide, Lacosamide, Gabapentin, Valproate 50
43 29 M Temporal Clobazam, Lacosamide, Levetiracetam 28
48 50 F Temporal Phenytoin, Lacosamide, Gabapentin 4
52 24 F Temporal Levetiracetam, Oxcarbazepine 1
53 51 M Temporal Phenytoin, Gabapentin 43
57 59 F Temporal Carbamazepine, Clonazepam 36
58 68 F Temporal Lacosamide 23
59 38 F Temporal Eslicarbazepine 31
63 26 M Temporal Brivaracetam, Eslicarbazepine 1.5
65 35 F Temporal Unknown 2
66 54 F Temporal Lacosamide, Clobazam, Brivaracetam 22
70 29 M Temporal Lacosamide, Zonisamide 10
72 33 M Temporal Lamotrigine 4
74 36 M Temporal Carbamazepine, Levetiracetam 18
75 36 F Temporal Lamotrigine, Levetiracetam, Oxcarbazepine 31
76 24 M Temporal Lamotrigine, Zonisamide 16
77 23 M Temporal Brivaracetam, Lacosamide 10
78 54 F Temporal Eslicarbazepine, Lamotrigine 5
82 37 F Temporal Lamotrigine 5
83 23 F Temporal Lacosamide, Levetiracetam 5
84 44 F Temporal Levetiracetam, Lamotrigine, Lacosamide 41
85 19 M Temporal Lacosamide, Lamotrigine 11
87 35 F Temporal Brivaracetam, Lamotrigine 25
88 34 F Temporal Eslicarbazepine, Cenobamate 4
89 57 F Temporal Lacosamide 11
90 46 M Temporal Brivaracetam, Lamotrigine 12
91 51 M Frontal Lacosamide, Clonazepam 17
92 55 F Temporal Lacosamide, Topiramate 15
94 43 M Frontal Zonisamide 4
95 21 F Temporal Oxcarbazepine, Phenobarbital, Clonazepam, Lacosamide, Levetiracetam, Pregabalin 7
96 67 F Frontal Zonisamide 25
97 31 M Frontal Lamotrigine, Levetiracetam 15
98 44 M Temporal Carbamazepine, Lamotrigine, Levetiracetam 5
99 58 F Temporal Zonisamide, Gabapentin 5
100 50 M Temporal Lacosamide, Oxcarbazepine 20

Table summarizing information on 45-patient samples, including age, sex, brain region (temporal or frontal lobe), antiepileptic drugs administered to patients, and the duration of epilepsy
(in years).



Extended Data Table 2 | Characteristics of 36 Epilepsy Patients

Sample Age Sex Region Antiepileptic drugs at time of surgery Epilepsy duration (y)
101 31 M Temporal Valproate, Lamotrigine 7
102 26 F Temporal Lacosamide 10
103 44 F Frontal Phenytoin 22
106 31 M Temporal Lacosamide, Topiramate 2
107 57 M Temporal Clobazam, Carbamazepine, Levetiracetam 27
108 40 M Temporal Oxcarbazepine, Zonisamide 2
109 40 M Temporal Carbamazepine, Lacosamide 40
110 47 F Temporal Carbamazepine, Lamotrigine 28
130 48 M Temporal Topiramate, Carbamazepine, Lamotrigine 45
131 61 M Temporal Levetiracetam 53
132 59 M Temporal Lacosamide, Oxcarbazepine 5
133 59 M Temporal Eslicarbazepine 20
134 25 M Temporal Valproate, Levetiracetam 1
135 55 M Temporal Lamotrigine 13
138 55 M Temporal Lacosamide, Lamotrigine 51
141 36 M Temporal Oxcarbazepine 2
142 64 M Temporal Lacosamide, Levetiracetam 62
143 45 M Temporal Zonisamide, Oxcarbazepine 32
144 28 M Temporal Brivaracetam, Lamotrigine 15
145 37 F Frontal Zonisamide, Lacosamide, Lamotrigine, Levetiracetam 3
146 43 M Frontal Zonisamide, Lacosamide, Levetiracetam 5
147 41 F Temporal Fosphenytoin, Levetiracetam 3
148 26 M Temporal Lacosamide, Oxcarbazepine 7
149 44 M Temporal Lamotrigine, Levetiracetam 18
150 33 M Temporal Zonisamide, Levetiracetam 18
153 38 F Temporal Lamotrigine, Levetiracetam 20
154 58 M Temporal Zonisamide, Lacosamide 7
155 41 F Temporal Zonisamide, Levetiracetam, Lamotrigine 38
156 42 F Temporal Lacosamide, Lamotrigine 37
158 49 M Frontal Brivaracetam, Lacosamide, Cenobamate 35
159 41 F Temporal Levetiracetam 21
162 23 M Temporal Cenobamate, Lamotrigine, Levetiracetam 4
163 31 F Temporal Fosphenytoin, Lamotrigine 12
165 23 M Temporal Valproate, Levetiracetam, Lacosamide, Fosphenytoin 20
166 39 M Temporal Lacosamide, Levetiracetam 36
167 38 M Frontal Felbamate, Fosphenytoin, Lacosamide, Lamotrigine, Levetiracetam 33

Table summarizing information on 36-patient samples, including age, sex, brain region (temporal or frontal lobe), antiepileptic drugs administered to patients, and the duration of epilepsy
(in years).
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Extended Data Table 3 | Cryo-EM data collection parameters

Dataset1 Dataset2 Dataset3
Native GABAAR (+GABA) Native GABAAR (+GABA) GABAAR (+GABA and LTG)

Data collection and processing
Microscope UCSD UucsD ucsD

Krios G4 Krios G4 Krios G4
Electron Gun FEG FEG FEG
Detector Falcon4 Falcon4 Falcon4
Magnification 130K 130K 130K
Voltage (kV) 300 300 300
Electron exposure (e*/AZ) 50 50 50
Defocus range (pum) 1.0-22 1.0-22 1.0-2.2
Pixel size (A) 0.935 0.935 0.935
Symmetry imposed Cl Cl Cl
Number of collected movies 27,849 45,062 18,308
Initial particle images (no.) 1,290,608 1,808,823 789,923

Table summarizing cryo-EM data collection and processing statistics for the 3 datasets in this study.



Extended Data Table 4 | Refinement and validation statistics

Dataset Dataset1+2 Dataset1+2 Dataset1+2 Datasetl Datasetl Datasetl Datasetl
Map p2-0l-p2-al-y2 p2-al-y2-B2-a2 B2/3-al-p2-a2-y2 B2 -al -p2 -a2 -y2 B2 -al -B2/3 -a2 -y2 B2 -al -p2 -02/3 -y2 p2-al-y2-Bl-02
Model p2-0l-p2-al-y2 p2-al-y2-B2-a2 p3-al-p2-02-y2 B2 -al -p2 -a2 -y2 B2 -al -B3 -02 -y2 B2 -al -B2 -03 -y2 p2-0l-y2-Bl-02
EMDB ID EMD-45878 EMD-45884 EMD-45890 EMD-45894 EMD-45908 EMD-45914 EMD-45920
PDB ID 9CRS 9CRV 9CSB 9CTO 9CTJ 9CTP 9CTV
Initial model used 6X3T/6153 6X3T/6153 6X3T/6153 6X3T/6153 6X3T/6153 6X3T/6153 6X3T/6153
(PDB code)
Final particle images 101,120 30,526 14,361 39,793 10,975 13,527 14,782
(no.)
Map resolution (A) 2.90 3.18 3.34 3.19 3.74 3.62 3.36
FSC threshold=0.143
Map sharpening B 87.1 70.5 57.0 743 54.1 53.8 53.8
factor (A%)
Model composition
Non-hydrogen atoms 17,623 15,727 155,25 14,736 14, 479 14, 609 14,578
Protein residues 2122 1886 1873 1761 1755 1751 1751
Glycans 22 21 16 19 19 17 19
Ligands 4 4 1 4 0 2 2
Lipids 2 1 2 2 0 2 1
B factors (Az)
Protein 66.45 79.80 103.26 95.86 129.00 113.03 104.00
Ligands 79.93 102.99 166.91 145.7 103.32 131.68 131.91
R.m.s. deviations
Bond lengths (A) 0.006 0.006 0.007 0.007 0.007 0.007 0.006
Bond angles (°) 0.972 0.877 1.000 1.080 1.087 1.075 0.873
Validation
MolProbity score 1.56 1.62 1.89 1.97 2.09 1.88 1.54
Clashscore 5.10 5.94 7.42 7.65 8.71 8.51 6.07
Poor rotamers (%) 0.90 0.65 1.37 1.58 1.97 1.14 0.57
Ramachandran plot
Favored (%) 95.85 95.80 94.54 94. 02 94.00 94.45 96.76
Allowed (%) 4.15 4.20 5.46 5.98 6.00 5.55 3.24
Disallowed (%) 0 0 0 0 0 0 0

Table summarizing cryo-EM data refinement and validation statistics for 7 of the native receptor maps and models generated in this study.
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Extended Data Table 5 | Refinement and validation statistics

Dataset Dataset2 Dataset2 Dataset2 Dataset2 Dataset2 Dataset3: LTG
Map B2-al-p2/3-al-y2 p3-al-y2-p2/3-a2 B3-al-y2-B2/3-a2 p2-al-pl-a2-y2 p2-al-p1-p1-y2 p2-al-p2-al-y2
Model p2-al-B3-al-y2 B3-al-y2-B2-a2 p3-al-y2-B3-02 B2-0l-pl-a2-y2 B2-al-B1-B1-y2 p2-al-p2-al-y2
EMDB ID EMD-45983 EMD-45985 EMD-45980 EMD-45984 EMD-45986 EMD-47132
PDB ID 9CXA 9CXC 9CX7 9CXB 9CXD 9DRX

Initial model used 6X3T/6153 6X3T/6153 6X3T/6153 6X3T/6153 6X3T/6153 6X3Z

(PDB code)

Final particle images 74,535 29,584 29,584 30,789 28,909 124,678

(no.)

Map resolution (A) 3.04 3.30 3.30 333 3.36 2.95

FSC threshold=0.143
Map sharpening B factor
(A% 89.4 80.6 80.6 79.7 76.9 83.5

Model composition

Non-hydrogen atoms 16521 14, 577 14, 584 14,479 15, 403 17,398
Protein residues 1989 1754 1755 1749 1874 2121
Glycans 20 19 19 19 9 21
Ligands 4 4 4 2 2 3
Lipids 2 0 0 1 0 0

B factors (A?)
Protein 73.25 89.62 92.88 97.43 94.68 143.57
Ligands 94.65 111.21 116.73 96.22 111.31 133.19

R.m.s. deviations
Bond lengths (A) 0.006 0.005 0.007 0.006 0.004 0.008
Bond angles (°) 0.936 0.755 1.112 0.950 0.896 1.232

Validation
MolProbity score 1.59 1.49 2.10 1.74 1.61 1.71
Clashscore 5.50 4.10 8.10 6.38 5.18 5.03
Poor rotamers (%) 1.0 0.06 2.23 1.0 0.42 1.43

Ramachandran plot

Favored (%) 95.82 95.79 94.17 94.33 95.14 95.39
Allowed (%) 4.18 421 5.83 5.67 4.86 4.61
Disallowed (%) 0 0 0 0 0 0

Table summarizing cryo-EM data refinement and validation statistics for 5 of the native receptor maps and models, and for the recombinant receptor plus lamotrigine map and model, gener-
ated in this study.
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Antibodies
Antibodies used 1F4 Fab against the alphal subunit of the GABAA receptor was characterized by our group previously as referenced in the Methods
section. For example details on this monoclonal antibody, see PMIDs 38898000 and 29950725. For the current study, we produced
this antibody fragment recombinantly.
Validation Binding was validated by gel filtration and structural analysis; sequence was verified through DNA sequencing of the expression
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