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Mechanisms of inhibition and activation of 
extrasynaptic αβ GABAA receptors

Vikram Babu Kasaragod1,2, Martin Mortensen3, Steven W. Hardwick4, Ayla A. Wahid1, 
Valentina Dorovykh3, Dimitri Y. Chirgadze4, Trevor G. Smart3 ✉ & Paul S. Miller1 ✉

Type A GABA (γ-aminobutyric acid) receptors represent a diverse population in the 
mammalian brain, forming pentamers from combinations of α-, β-, γ-, δ-, ε-, ρ-, θ- and 
π-subunits1. αβ, α4βδ, α6βδ and α5βγ receptors favour extrasynaptic localization, 
and mediate an essential persistent (tonic) inhibitory conductance in many regions of 
the mammalian brain1,2. Mutations of these receptors in humans are linked to epilepsy 
and insomnia3,4. Altered extrasynaptic receptor function is implicated in insomnia, 
stroke and Angelman and Fragile X syndromes1,5, and drugs targeting these receptors 
are used to treat postpartum depression6. Tonic GABAergic responses are moderated 
to avoid excessive suppression of neuronal communication, and can exhibit high 
sensitivity to Zn2+ blockade, in contrast to synapse-preferring α1βγ, α2βγ and α3βγ 
receptor responses5,7–12. Here, to resolve these distinctive features, we determined 
structures of the predominantly extrasynaptic αβ GABAA receptor class. An inhibited 
state bound by both the lethal paralysing agent α-cobratoxin13 and Zn2+ was used in 
comparisons with GABA–Zn2+ and GABA-bound structures. Zn2+ nullifies the GABA 
response by non-competitively plugging the extracellular end of the pore to block 
chloride conductance. In the absence of Zn2+, the GABA signalling response initially 
follows the canonical route until it reaches the pore. In contrast to synaptic GABAA 
receptors, expansion of the midway pore activation gate is limited and it remains 
closed, reflecting the intrinsic low efficacy that characterizes the extrasynaptic 
receptor. Overall, this study explains distinct traits adopted by αβ receptors that 
adapt them to a role in tonic signalling.

Type A GABA (GABAA) receptors belong to the pentameric ligand-gated 
ion channel (pLGIC) superfamily, which includes mammalian nicotinic  
acetylcholine receptors (nAChRs), serotonin type 3A receptors and glycine  
receptors, as well as other non-mammalian homologues14,15. GABAA αβ 
receptors share common properties regardless of specific α or β sub-
type16, comprise a notable population of extrasynaptic receptors8,17–19,  
and are important model receptors for understanding drug modula-
tion20,21. They bear two distinct traits common to tonic GABAergic con-
ductance. The first is a low open-channel probability (Po) in response to 
GABA7,8,21 that avoids over-damping neuronal circuitry. The second is a 
high sensitivity9 to inhibition by endogenous Zn2+, with αβ receptors 
being the most sensitive of all isoforms, which has physiological and 
pathological consequences during development and in conditions such 
as temporal lobe epilepsy22,23. Here we solve structures of extrasynaptic 
GABAA receptors to explain the molecular mechanisms underlying a 
low Po and marked inhibition by Zn2+.

We reconstituted purified α1β3 receptor pentamers into lipid 
nanodiscs24 and solved structures of the receptor in complex with 
α-cobratoxin (α-CBTx)–Zn2+ (to 3.0 Å resolution), GABA–Zn2+ (2.8 Å) 
or GABA (3.0 Å) (Extended Data Fig. 1, Extended Data Table 1). Looking 
down from the extracellular side onto the pentamer, the subunit order 

and stoichiometry read α–β–β–α–β in a clockwise direction, such that 
the third subunit (β (chain C), underlined) occupies the equivalent of the 
‘γ-position’ in synaptic αβγ receptors25–27 (Fig. 1a). In all the structures, 
the single β–β interface is occupied by megabody 25 (Mb25), which com-
prises the immunogenic binding domain nanobody 25 (Nb25) fused to 
a cHopQ enlargement domain, which is required to randomize particle 
orientation and break the quasi-five-fold symmetry for particle align-
ment25,28. The co-ligand histamine, included to boost yield, also occupies 
this β–β interface in all the structures, binding deeper inside the crevice 
in a pocket homologous to the two orthosteric β–α GABA binding sites, 
as previously described28,29. Whole-cell patch-clamp recording con-
firmed that the construct that we imaged by cryo-electron microscopy 
(cryo-EM) (Methods) exhibited the sensitivity, desensitization, current 
response size and weak histamine modulation30 of the wild-type receptor 
(Extended Data Fig. 2). Nb25 exerted a weak positive allosteric modula-
tion at the highest concentration tested (10 μM) that was not observed 
with α1β3γ2 receptors, which lack the β–β interface (Extended Data 
Fig. 3). In contrast to αβγ receptors, the N-linked glycans at Asn111 in α1 
are not resolved by electron density inside the vestibule (Fig. 1a), consist-
ent with the absence of the γ2-subunit Trp123 (β3 chain C Gly108 in αβ 
receptors), which stacks under the α1 chain A glycan to impose order25,27.
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Mechanism of inhibition by α-CBTx
α-Cobratoxin (α-CBTx) blocks muscle nAChRs to paralyse prey, but 
has also been shown to act with reduced potency as an inhibitor of 
GABAA receptors in recombinant expression systems13. Such toxins 
represent new scaffolds for subtype-selective inhibitor design, but 
to our knowledge, there are no available structures of GABAA recep-
tors in complex with protein inhibitors13,31,32 to reveal modes of action 
and guide rational engineering approaches33. α-CBTx bridges the β–α 
interface of the receptor halfway up the outer extracellular domain 
(ECD) at both GABA binding pockets (Fig. 1a). The characteristic three 
β-strand loops (‘fingers’) I–III of α-CBTx dock perpendicular to the 
cylindrical GABAA receptor to encase loop C, an essential responsive 
element to neurotransmitter binding26,27,34,35 (Fig. 1a–c, Extended Data 
Fig. 4a, b). Thr6 and Phe65 of α-CBTx form van der Waals interactions 
with the receptor loop C Val199. Finger II inserts into the neurotrans-
mitter pocket (between loops β3 B and C, and the α1 loop D, E and F 
β1-strands), forming the key contact zone below loop C. The positively 
charged side chains of Arg33 and Arg36 straddle the aromatic side 
chain of loop C Phe200. Arg33 also stacks below the Tyr205 aromatic 
side chain, and its backbone carbonyl contributes a putative hydrogen 
bond with the Thr202 hydroxyl 2.7 Å away. The binding mode resem-
bles the one solved at 4.2 Å resolution for α-CBTx bound to the AChBP 
from Lymnaea stagnalis, a soluble homologue of nAChR36, and for 
α-bungarotoxin-bound muscle nAChR37 (Extended Data Fig. 4c–h). 

Consistent with conserved roles in binding, Arg33Gly and Arg36Gly 
mutations reduce affinity by 300-fold at nAChRα733. The GABAA recep-
tor α-subunits lack the apex loop C aromatic residue (Phe200 in β3), 
explaining why α-CBTx does not bind at its α–β interfaces. This suggests 
that α-CBTx will also not bind α–γ or γ–β interfaces in αβγ receptors, 
although it might bind δ- and ρ-subunit loop C, which also possess 
this aromatic variant.

α-CBTx does not overlap with and directly antagonize GABA bind-
ing (Fig. 1d). Instead, α-CBTx induces rearrangement of the α-subunit 
Arg67 and an outward motion of the β-subunit loop C by 5.9 Å, thus per-
turbing two crucial components of the GABA binding site26,27 (Fig. 1d).  
The equivalent residue to α1 Ser69—the neighbouring residue to 
Arg67—is a Lys in α2, and this reduces sensitivity to α-CBTx fivefold13. 
This position is too distal to interfere directly with toxin binding, but 
the structure reveals that the lysine could exert a steric and electrostatic 
repulsion on Arg67 that hinders its reorganization to accommodate 
α-CBTx finger II (Extended Data Fig. 4i, j).

The outward motion of loop C, which is usually associated with 
antagonist binding to pLGICs, is larger than the one caused by 
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Fig. 1 | α-Cobratoxin binding site on α1β3 GABAA receptors. a, α-CBTx–Zn2+- 
bound α1β3 receptor cryo-EM map, showing top (top) and side (bottom) views. 
α-CBTx is bound to the β–α neurotransmitter pocket interface. Glycans (orange) 
are not resolved inside the vestibule (top). Mb25 is shown in lime green; nanodisc 
and ‘hanging’ β3-subunit thermostabilized apocytochrome b562RIL (BRIL) 
densities are in grey. b, Atomic model of α-CBTx (green) bound to the GABAA 
receptor with finger II positioned at the β3 (blue)–α1 (red) interface. c, Close up 
of the binding mode in b showing residue positions and interactions (β3 loop C 
residues in blue are Val199, Phe200, Ala201, Thr202 and Tyr205). d, Overlays of 
the GABA-bound model (white) and α-CBTx-bound model (β3 loop C in blue,  
α1 with Arg67 in pink and red, and α-CBTx finger II in green), showing that finger II 
does not directly overlap with the GABA binding pose but displaces loop C and 
Arg67 away (black arrows) so that they no longer support GABA binding. Dashed 
lines represent putative hydrogen-bond interactions.
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Fig. 2 | The Zn2+ binding site. a, Bar chart showing inhibition of maximal (1 mM) 
and EC20 (1 μM) GABA whole-cell current responses (IGABA) by 66 nM free Zn2+ 
(controlled using the chelator tricine) for wild-type αβ (WT) and the α1β3 cryo- 
EM construct (α1β3CryoEM) expressed in HEK 293 cells. Data are mean ± s.e.m. 
n = 7 for wild-type and cryo-EM constructs, from biologically independent 
patch-clamp experiments with individual cells. One-way analysis of variance 
(ANOVA) and Tukey multiple comparisons post hoc test showed no significant 
differences across groups, F(3, 24) = 0.6449; P = 0.5937. b, Corresponding 
current recordings for α1β3CryoEM. c, Top view of Cα backbones of M2 pore-lining 
helices showing three 17′ β3 His267 (blue) residues coordinating Zn2+ across the 
pore (α1 17′ Ser272 residues in red). Cryo-EM map shown as white transparent. 
d, Side-on view of β3-subunit chain B and E M2 helices flanking the pore 
permeation pathway (blue dots) with narrowings (orange dots) for three closed 
‘gates’ at the 17′ Zn2+ site, 9′ hydrophobic (activation) gate and −2′ intracellular 
(desensitization) gate to create a triple-gated closed pore.
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the competitive antagonist bicuculline26 in αβγ receptors (2.1 Å) 
(Extended Data Fig. 4k). Globally however, the ECD conformation 
is similar to the bicuculline-bound inhibited state of the αβγ recep-
tor (ECD Cα root mean square deviation (r.m.s.d.) = 1.0 Å, β-subunit 
chains B and E r.m.s.d. = 0.8 Å), rather than the αβγ GABA-bound 
state, which features realigned GABA-binding β-subunits26 (ECD Cα 
r.m.s.d. = 1.5 Å, β-subunit chains B and E r.m.s.d. = 1.8 Å) (Extended 
Data Fig. 4l–n). Thus, with respect to receptor conformation, α-CBTx 
mimics a small competitive antagonist to stabilize an inhibited state 
of the receptor.

Zn2+ mechanism of channel blockade
The divalent transition metal cation Zn2+ is a non-competitive inhibi-
tor of αβ and αβγ GABAA receptors17,38,39. We reproduced this effect 
in whole-cell patch-clamp recordings, showing that 66 nM free Zn2+ 
inhibited submaximal (20%) (EC20) 1 μM and maximal 1 mM GABA 
responses by the same amount: 38 ± 2% and 36 ± 6%, respectively, for 
the wild-type receptor; and 32 ± 2% and 32 ± 4% for the α1β3 cryo-EM 
construct, (Fig. 2a, b). Sensitivity to inhibition by free Zn2+ was the same 
for the wild-type receptor and the α1β3 cryo-EM contruct (Extended 
Data Fig. 5a, b). We observed non-protein density that could accom-
modate a coordinated Zn2+ ion at the extracellular end of the pore in 
the GABA–Zn2+–receptor cryo-EM map (2.79 Å resolution), which was 
absent in the GABA–receptor map (3.04 Å resolution) (Extended Data 
Fig. 5c–e). No other densities attributable to Zn2+ were observed.

The Zn2+ site comprises a triad of His267 side chains from the 
pore-lining M2 helices of the three β3 subunits (Fig. 2c). The τ (far) 

nitrogen of each imidazole ring is positioned approximately equi-
distant, 2.5–2.9 Å, from the Zn2+ ion, and at approximately 120°, 
despite the pseudo-five-fold symmetry of the pore. This location 
is consistent with its non-competitive mode of antagonism and 
voltage dependence38. Alanine substitution of His267 ablates the 
high sensitivity to Zn2+ inhibition9,40. Replacement of one β-subunit 
His with Ser (as in the δ-subunit) or Ile (as in the γ-subunit) in αβδ 
and αβγ receptors reduces Zn2+ sensitivity 50-fold and 200-fold 
respectively, explaining the basis of the exquisite subtype selec-
tivity9. The triad of His side chains resembles dynamic ‘catalytic’ 
sites rather than obligate-bound ‘structural’ sites involving four 
sulfur-containing residues41. In catalytic sites, an activated water 
molecule usually completes the tetrahedral coordination41, but we 
could not visualize an ordered water molecule in the 2.8 Å-resolution 
map of the hydrated pore.

Previous GABAA receptor structures have shown how blockade is 
achieved at the intracellular end of the pore, for example, by picrotox-
inin or cations26,37,42. Our structure reveals how blockade operates at the 
extracellular end of a pLGIC. Zn2+ binds a channel conformation with 
a closed midway hydrophobic gate (9′ leucine ring) and intracellular 
(−2′ ring) gate, as previously described for αβγ receptors26,37 (Fig. 2d). 
However, the Zn2+ site creates an additional top gate to prevent the 
passage of chloride ions from the vestibule into the channel (Fig. 2d).  
By contrast, the GABA structure shows that in the absence of Zn2+, the 
β3 17′ His side chain density is absent because these polar residues ori-
ent randomly and the pore diameter at this location expands (>4.1 Å) to 
permit the passage of chloride ions (Pauling radius of 1.8 Å) (Extended 
Data Fig. 5f–h).
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Fig. 3 | Response of the TMD to GABA binding. a, Top-down views of  
α-CBTx–Zn2+ (grey) and GABA-bound (red and blue) atomic model overlays 
showing the M2 helices, M2–M3 linkers, α1 Pro278 and β3 Pro273. The GABA 
binding β3 B–E subunit linkers respond and switch to the ‘outward’ conformation  
(arrows). b, Cross-section at the 9′ Leu ring showing expanded Cα pentagonal 
perimeter for GABA (purple) compared with α-CBTx–Zn2+ (grey). c, Side-on view 

of the permeation pathway (blue and orange dots) between opposing β3-subunit 
chain B–E M2 helices, showing closed 9′ and −2′ hydrophobic gates. The asterisk 
indicates the kink in the permeation pathway around the 17′ residue, which varies 
depending on mobile His side chain positioning, so the 17′ radius of 2.1 Å is 
indicative only. d, Pore radius along the permeation pathway.
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Receptor response to GABA
Comparison of the α-CBTx–Zn2+, GABA–Zn2+ and GABA-bound struc-
tures reveals the activation pathway. GABA binding at the two β–α sites 
induces realignment of the corresponding β-subunit ECDs (chains B 
and E) and clockwise translation of the β1–β2 and β6–β7 base loops 
above the transmembrane domain (TMD) (Extended Data Fig. 6a).  
The motion is equivalent for GABA and GABA–Zn2+ structures (Extended 
Data Fig. 6b, c). Thus, occupation of the pore by Zn2+ does not hinder 
the ECD transition in response to GABA, as previously observed for 
picrotoxin bound in the channel of αβγ receptors26,37. Globally, the 
GABA-induced motions mirror those observed for αβγ receptors, with 
the β-subunit ECD in αβ receptors that occupies the ‘γ-position’ mimick-
ing that of the γ-subunit ECD in αβγ receptors (Extended Data Fig. 6a, d).

At the level of the TMD, without Zn2+ bound, the M2–M3 loops 
(which link the top of channel-lining α-helix 2 to helix 3) of the two 
GABA-bound β-subunits switch from ‘inward’ to ‘outward’ (Fig. 3a; 
Extended Data Fig. 7a), as previously observed for αβγ receptors26 
(Extended Data Fig. 7b). For the β-subunit occupying the γ-position 
(chain C), the M2–M3 loop also moves outwards (Fig. 3a), owing to 
the absence of any inward pull by Zn2+, which matches the γ2 subunit 
in αβγ receptors in both inhibited and GABA-bound conformations 
(Extended Data Fig. 7b).

With all the M2–M3 loops in the outward position, each of the five 
channel-lining M2 helices, one contributed by each subunit around 
the pore, tilt and laterally translate outwards (Extended Data Fig. 8a). 
The tilt angle increases on average by 0.8° per helix relative to the 
pore axis, from 3.9° to 4.7° (Extended Data Fig. 8a, b). As a result, the 
9′ leucine ring, situated midway along the pore and forming a hydro-
phobic gate in the α-CBTx–Zn2+ inhibited state, retracts to increase the 
pore diameter from 2 Å to 3.1 Å, and the 9′ Cα perimeter increases from 
40.2 Å to 44.2 Å (Fig. 3b–d, Extended Data Fig. 8c). Despite this shift, 
the pore remains too narrow to permit the passage of chloride anions 
(Pauling radius of 1.8 Å) and this gate remains closed. This contrasts 
with GABA-bound αβγ receptor structures, which exhibit open 9′ acti-
vation gates with diameters26,37 in the range 5–6 Å (Fig. 3d, Extended 
Data Fig. 8c). By comparison with αβ receptors, the M2 outward tilting 

for αβγ receptors is consistently greater, increasing from 4.6° to 7.5° 
for α1β3γ2 and 4.8° to 6.5° for α1β2γ2 in response to GABA binding 
(Extended Data Fig. 8b). This results in larger 9′ Cα perimeters (45.8 Å 
for α1β3γ2 and 46.4 Å for α1β2γ2) and hydrophobic Leu side chains are 
rotated away from the hydrated pore (Extended Data Fig. 8c, d). Indeed, 
the GABA-bound αβ receptor mean M2 tilt angle (4.7°) does not exceed 
that of bicuculline-inhibited αβγ receptors (4.7–4.8°; Extended Data 
Fig. 8b), and the pore profiles are similar (Fig. 3d). The GABA-bound 
αβ receptor β3 subunit in the γ-position has the biggest difference in 
tilt angle versus the γ2 subunit (4.4° for α1β3 versus 8.5° for α1β3γ2 
and 9.3° for α1β2γ2; Extended Data Fig. 8b, e). Thus, replacing γ2 with 
the more upright β3 M2 helix has the consequent effect of limiting the 
outward tilt and expansion of the other subunits, thereby limiting 9′ 
gate expansion.

Given that extrasynaptic αβ and αβδ receptors have low gating effi-
cacy7,8,43 (low Po), we hypothesized that this could explain why there is 
no open 9′ activation gate in our GABA-bound αβ receptor structure. 
We compared α1β3 versus α1β3γ2 single-channel recordings in the 
presence of near-saturating (EC95) GABA concentrations to evaluate 
Po. Short and long open dwell times (τ1 and τ2) of similar durations 
were observed for both receptors (α1β3: τ1 = 0.65 ± 0.15 ms (n = 6) and 
τ2 = 4.3 ± 1.1 ms (n = 4; absent from two cells); α1β3γ2: τ1 = 0.78 ± 0.07 ms 
and τ2 = 4.8 ± 0.7 ms (n = 6) (Extended Data Fig. 9a, b). However, for 
α1β3 receptors, only 17 ± 6% of openings were of long duration versus 
61 ± 3% for α1β3γ2 receptors, confirming a reduced propensity of sta-
ble opening for α1β3 channels (Extended Data Fig. 9c). An absence of 
burst activity for α1β3 receptors precluded measurement of the burst 
Po (Methods); nevertheless for patches containing only one apparent 
ion channel, Po over the entire course of the recording was significantly 
lower for α1β3 versus α1β3γ2 receptors (Extended Data Fig. 9d).

Further evidence for reduced channel opening was obtained by meas-
uring the probability of activation21 (PA) from whole-cell recordings of 
the maximum response to a saturating concentration of GABA versus 
GABA plus pentobarbitone, a positive allosteric modulator. If Po is high 
in saturating GABA—that is, close to 1—it will not increase further with 
pentobarbitone. In support of the single-channel data, the PA for α1β3 
(wild type) and for the α1β3 cryo-EM construct were approximately 
0.6, compared with 0.94 ± 0.03 for α1β3γ2 (P < 0.001) (Extended Data 
Fig. 10). Our GABA-bound structure is thus consistent with a state in 
which GABA stabilizes primed ECDs and M2–M3 loops44,45 to facilitate 
brief opening, but cannot sufficiently stabilize an open 9′ gate (Fig. 4).

Conclusion
The structures we present here explain key aspects of the molecu-
lar pharmacology of α1β3 GABA receptors, including the mode of 
α-CBTx antagonism and the signature property for αβ receptors of 
high-sensitivity Zn2+ channel blockade. Despite the ECDs and M2–M3 
loops responding to GABA, a more upright β-subunit M2 helix occu-
pying the γ-subunit position results in the 9′ Leu pore gate remaining 
mostly closed. This provides a molecular explanation for the com-
paratively low Po of α1β3 receptors compared with synaptic α1β3γ2 
receptors, a feature required to prevent excessive inhibition of neuronal 
circuitry by αβ and αβδ extrasynaptic subtypes. Given recent successes 
targeting extrasynaptic GABAA receptors for therapeutic effects6, we 
anticipate that these structures will facilitate future design of drugs 
that modulate GABA-mediated tonic inhibition.
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Methods

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

Constructs
The protein sequences used were: human GABAAR α1 (mature poly-
peptide numbering 1–416, QPSL…TPHQ; Uniprot P14867) and human 
GABAAR β3 (mature polypeptide numbering 1–447, QSVN…YYVN; 
Uniprot P28472). The α1 intracellular M3–M4 loop amino acids 313–
391 (RGYA…NSVS) were substituted by the SQPARAA sequence46.  
The β3 intracellular M3–M4 loop amino acids 308–423 (GRGP…TDVN) 
were substituted by a modified SQPARAA sequence containing the 
Escherichia coli soluble cytochrome B562RIL41 (BRIL, amino acids 
23–130, ADLE…QKYL, Uniprot P0ABE7) to give an M3–M4 loop with 
the sequence SQPAGTBRILTGRAA, necessary to boost protein yields46. 
The mature engineered α1 construct with a 1D4 purification tag derived 
from bovine rhodopsin (TETSQVAPA) that is recognized by the Rho-1D4 
monoclonal antibody (University of British Columbia)47,48 was cloned 
into the pHLsec vector after the vector secretion signal49, ending 
TPHQGTTETSQVAPA. An alternative tagged version of the engineered 
α1 construct was cloned into the pHLsec vector after the secretion sig-
nal with an N-terminal streptavidin binding protein (SBP) and TEV cleav-
age site, starting (GCVA) with EMDEKTTGWRGGHVVEGLAGELEQLR 
ARLEHHPQGQREPDYDIPTTENLYFQGTG-GABRα1(QPSL…), and ending 
with a stop codon and no C-terminal tag. The engineered β3 construct 
was cloned into pHLsec after the vector secretion sequence without 
any tags.

Expression and protein preparation
Four-hundred millilitres of HEK 293S-GnTI- cells (which yield pro-
teins with truncated N-linked glycans, Man5GlcNAc2

50,51 were grown 
in suspension up to densities of 2 × 106 cells per ml in Protein Expres-
sion Media (PEM) (Invitrogen) supplemented with l-glutamine, 
non-essential amino acids (Gibco) and 1% v/v fetal calf serum 
(Sigma-Aldrich). Cultures were grown in upright round 1-l bottles 
with filter lids, shaking at 130 rpm, 37 °C, 8% CO2. For transient trans-
fection, cells were collected by centrifugation (200g for 5 min) and 
resuspended in 50 ml Freestyle medium (Invitrogen) containing 
0.6 mg PEI Max (Polysciences) and 0.2 mg plasmid DNA, followed 
by a 4 h shaker-incubation in a 2-l conical flask at 160 rpm. Plas-
mids were transfected at 1:1:4 ratio (that is, 0.035:0.035:0.13 mg) of 
α1-1D4:SBP-α1:β3. Subsequently, culture medium was topped up to 
400 ml with PEM containing 1 mM valproic acid and the cell suspen-
sion was returned to empty bottles. Typically, 40–50% transfection 
efficiency was achieved, as assessed by inclusion of 3% DNA of a con-
trol GFP plasmid. Seventy-two hours after transfection, cell pellets 
were collected, snap-frozen in liquid N2 and stored at −80 °C.

The receptor was double purified against first the SBP tag and 
then the 1D4-tag to only purify receptors containing one of each of 
the alternatively SBP or 1D4 tagged α1 subunits. The β3 subunit was 
transfected in excess relative to the α1 subunit, at 2:1, to ensure that 
the double-purified material consisted of only receptors comprising 
two α1 subunits and three β3 subunits, as previously proposed52,53. 
Note that 1 mM histamine was included in all the buffers described 
below, throughout the purification to aid yield. The cell pellet 
(approx. 7–10 g) was solubilized in 30 ml buffer containing 20 mM 
HEPES pH7.2, 300 mM NaCl, 1% (v/v) mammalian protease inhibitor 
cocktail (Sigma-Aldrich, cat.P8340) and 1.5% (w/v) lauryl maltose neo-
pentyl glycol (LMNG, Anatrace) at a 10:1 molar ratio with cholesterol 
hemisuccinate (CHS, Anatrace), for 2 h at 4 °C. Insoluble material was 
removed by centrifugation (10,000g, 15 min). The supernatant was 
diluted twofold in a buffer containing 20 mM HEPES pH 7.2, 300 mM 

NaCl and incubated for 2 h at 4 °C with 1 ml high-capacity streptavidin 
beads (Thermofisher 20361). Affinity-bound samples were washed 
by gravity flow for 30 min at 4 °C with 10 ml of detergent-lipid (DL) 
buffer containing 20 mM HEPES pH 7.2, 300 mM NaCl, and 0.1% (w/v) 
LMNG 10:1 CHS containing an excess (400 μl) of a phosphatidylcho-
line (POPC, Avanti) and bovine brain lipid (BBL) extract (type I, Folch 
fraction I, Sigma-Aldrich) mixture (POPC:BBL ratio 85:15). POPC and 
BBL extract stocks (10 and 20 mg ml−1, respectively) were prepared by 
solubilization in 3% w/v dodecyl maltopyranoside (DDM). Protein was 
eluted in 2 ml DL buffer supplemented with 5 mM biotin, for 2 h at 4 °C. 
The elution was incubated for 2 h at 4 °C with 100 μl CNBr-activated 
sepharose beads (GE Healthcare) pre-coated with Rho-1D4 antibody 
(British Columbia) (3.3 g dry powdered beads expand to approximately 
10 ml during coupling of 50 mg of 1D4 antibody in 20 ml phosphate 
buffered saline). The beads were gently centrifuged (300g, 5 min) and 
washed with 10 ml of DL buffer.

On-bead nanodisc reconstitution was performed26, in which the 
beads were equilibrated with 1 ml of DL buffer. Beads were centrifuged 
and excess solution removed leaving 100 μl DL buffer, which was topped 
up with 75 μl of MSP2N2 at 5 mg ml−1 together with Bio-Beads (40 mg ml−1 
final concentration) and incubated for 2 h rotating gently at 4 °C.  
The MSP2N2 belt protein was produced as previously described24. 
After nanodisc reconstitution, the 1D4 resin and Bio-Bead mixture was 
washed extensively with buffer (300 mM NaCl, 50 mM HEPES pH 7.6) to 
remove empty nanodiscs. Protein was eluted using 100 μl of buffer con-
taining 75 mM NaCl, 12.5 mM HEPES pH7.6, 500 μM 1D4 peptide over-
night with gentle rotation at 4 °C. The next day, beads were centrifuged 
and the eluate was collected, which contained protein at 0.3 mg ml−1. 
This was used directly for cryo-EM grid preparation. Purified Mb2528 
was added at a twofold molar excess. For drug treatments, GABA was 
added at 200 μM, ZnCl2 at 20 μM and α-CBTx (Smartox) at 10 μM. For 
the α-CBTx–Zn2+ (3.0 Å resolution) and GABA–Zn2+ (2.8 Å resolution) 
structures a concentration of 20 μM Zn2+ was chosen because it is suf-
ficient to achieve approximately 90% inhibition (Extended Data Fig. 5a) 
while minimizing risks of off-target binding to low-affinity Zn2+ sites9. 
For grid preparation, 3.5 μl of sample was applied onto glow-discharged 
gold R1.2/1.3 300 mesh UltraAuFoil grids (Quantifoil) for and then blot-
ted for 5.5 s at blot force of −15 before plunge-freezing the grids into 
liquid ethane cooled by liquid nitrogen. Plunge-freezing was performed 
using a Vitrobot Mark IV (Thermo Fisher Scientific) at approximately 
100% humidity and 14.5 °C.

Nb25 purification and production
Nb25 was produced exactly as described29, and reproduced here. Nb25 
was produced and purified in milligram quantities from WK6su E. coli 
bacteria. Bacteria were transformed with about 200 ng of the nanobody 
expression plasmid pMESy4 containing Nb25 and selected on lysogeny 
broth (LB)-agar plates containing 2% glucose and 100 μg ml−1 ampicil-
lin. Two or three colonies were used to prepare a preculture, which was 
used to inoculate 0.5 l Terrific broth (TB) cultures supplemented with 
0.1% glucose, 2 mM MgCl2 and 100 μg ml−1 ampicillin. Cultures were 
grown at 37 °C until their absorbance at 600 nm reached 0.7, at which 
point Nb25 expression was induced with 1 mM IPTG. After induction, 
cells were grown at 28 °C overnight and harvested by centrifugation 
(20 min, 5,000g). Nanobodies were released from the bacterial peri-
plasm by incubating cell pellets with an osmotic shock buffer containing 
0.2 M Tris, pH 8.0, 0.5 mM EDTA and 0.5 M sucrose. The C-terminally 
His6-tagged Nb25 was purified using nickel-affinity chromatography 
(binding buffer: 50 mM HEPES, pH 7.2, 1 M NaCl, 10 mM imidazole; 
elution buffer: 50 mM HEPES, pH 7.2, 0.2 M NaCl, 0.5 M imidazole) 
and then subjected to size-exclusion chromatography on a Superdex 
75 16/600 column (GE Healthcare) in 10 mM HEPES, pH 7.2, 150 mM 
NaCl. Nb25 stocks were concentrated to 5–10 mg ml−1, snap frozen in 
liquid nitrogen and stored at −80 °C. Yield was in the range 2–10 mg 
from 500 ml bacterial suspension.



Cryo-electron microscopy data acquisition and image 
processing
All cryo-EM data presented here were collected in the Department of 
Biochemistry, University of Cambridge and all data collection param-
eters are given in Extended Data Table 1. Krios data were collected using 
FEI EPU and then processed using Warp54 and cryoSPARC55,56. In short, 
contrast transfer function correction, motion correction and particle 
picking were performed using Warp. These particles were subjected 
to 2D classification in cryoSPARC followed by ab initio reconstruction 
to generate the initial 3D models. Particles corresponding to different 
classes were selected and optimized through iterative rounds of hetero-
geneous refinement as implemented in cryoSPARC. The best models 
were then further refined using homogeneous refinement and finally 
non-uniform refinement in cryoSPARC. For the final reconstructions 
the overall resolutions were calculated by FSC at 0.143 cutoff (Extended 
Data Table 1). A local_res map was generated in cryoSPARC using the 
program ‘local resolution estimation’. The resolution range was based 
on the Fourier shell correlation output calculated for voxels only within 
the mask output from the homogenous refinement job used as the input 
for local resolution estimation. To generate maps coloured by local 
resolution, the local_res map along with the main map were opened in 
UCSF Chimera57 and processed using the surface colour tool.

Model building, refinement, validation, analysis and 
presentation
Model building was carried out in Coot58 using PDB 6HUO as a tem-
plate for the GABAAR α1β3 GABA map. The model was docked into the 
cryo-EM density map using the dock_in_map program, PHENIX suite59. 
The map resolution was sufficient to allow ab initio building of M3–M4 
helix linkers for GABAAR α1. Before refinement, phenix_ready_set was 
run to generate the restraints for the bound ligands including lipids, 
GABA and histamine and optimize the metal ion coordination restraints. 
The geometry constraint files for small-molecule ligands used in the 
refinement were generated using the Grade Web Server (Global Phas-
ing). The model was improved iteratively by rounds of refinement using 
phenix_real_space_refine and manual inspection and improvement 
of refined models in Coot. Model geometry was evaluated using the 
MolProbity Web Server60. The new GABAAR α1β3 GABA model was sub-
sequently used as a template in the GABA–Zn2+ and αCBTx–Zn2+ maps, 
which were then modified and built using the same process as applied 
for creating the GABA map. PDB:1YI5 Chain J was used as a template for 
α-CBTx. Phenix_mtriarge61 was used to calculate the resolution at 0.5 
FSC. Pore permeation pathways and measurements of pore diameters 
were generated using the HOLE plug-in62 in Coot. Structural overlays 
were generated using Matchmaker function in UCSF chimera57 and Cα 
r.m.s.d. values measured using the rmsd function. Rotation angles were 
calculated using UCSF Chimera. Structural presentations for figures 
were produced using UCSF Chimera or Pymol (Schrödinger).

Electrophysiology
Whole-cell recordings. Whole-cell responses were recorded in 
patch clamp experiments from HEK 293 cells transiently transfected 
with human GABAA α1β3 (WT), α1GLIVIβ3BRIL (α1β3cryo-EM; see ‘Con-
structs’) or α1β3γ2 (WT). HEK 293 cells were grown in DMEM supple-
mented with 10% v/v fetal bovine serum, 100 U ml−1 penicillin-G and 
100 μg ml−1 streptomycin (37 °C; 95% air/5% CO2), and transfected 
using a calcium-phosphate precipitation method with α1:β3:GFP or 
α1:β3:γ2:GFP cDNAs in a ratio of 1:1:1 or 1:1:3:1, respectively, 12–24 h 
before experimentation. Recordings were performed with cells 
continuously perfused with Krebs solution composed of (mM): 
140 NaCl, 4.7 KCl, 1.2 MgCl2, 2.52 CaCl2, 11 Glucose and 5 HEPES (pH 
7.4; ~300 mOsm). Patch pipettes (TW150F-4; WPI; 3–4 MΩ) were 
filled with an internal solution containing (mM): 140 KCl, 1 MgCl2, 
11 EGTA, 10 HEPES,1 CaCl2, 2 K-ATP (pH 7.2; ~305 mOsm). Drugs were 

applied to cells using fast Y-tube application, where Zn2+ and hista-
mine were pre-applied before co-application with GABA. Cells were 
voltage-clamped at −40 mV with an Axopatch 200B amplifier (Mo-
lecular Devices), currents were digitized at 50 kHz via a Digidata 1322A 
(Molecular Devices), filtered at 5 kHz (−36 dB), and acquired using 
Clampex 10.2 (Molecular Devices). Series resistance was compensated 
at 60–70% (lag time 10 μs).

For free Zn2+ concentration experiments, the Zn2+ chelator tricine was 
used to precisely control Zn2+ concentration and eliminate background 
Zn2+ contamination. Krebs solution was supplemented with 10 mM 
tricine and pH corrected to 7.4. The free Zn2+ concentrations were 
calculated according to the equation: [Zn]free = (α × Kd × [Zn]total)/[tri-
cine]; where [Zn]total is known, Kd is dissociation constant, α is 6.623777 
(that is, 1 + ([H+; M = 3.98 × 10−8]/[association constant (Ka) for tricine; 
M = 7.08 × 10−9]) (M, molar), Kd for tricine is 10 μM, and the concentra-
tion of tricine was 10 mM. In these experiments we used the following 
total Zn2+ concentrations (μM): 1, 3, 10, 30, 100, 300, 1,000, 3,000 and 
10,000, which in 10 mM tricine-buffered Krebs solution, resulted in the 
following calculated free-zinc concentrations (nM): 6.6, 19.8, 66, 198, 
662, 1,990, 6,600, 19,900 and 66,200.

Data analysis for whole-cell recordings. Peak current responses 
and desensitization rates were obtained using Clampfit 10.2 (Molecu-
lar Devices). The EC50 and IC50 values were obtained by curve fitting 
concentration response data from individual experiments to the Hill 
equation (I/Imax = An/(EC50

n + An)) or inhibition equation (I/Imax = 1 − (Bn/
(IC50

n + Bn)), where A is GABA or histamine concentration, B is Zn2+ con-
centration and n is the Hill coefficient; data were fitted using Origin 
6.0. Potency values are presented as pEC50 or pIC50 with s.e.m., and 
the mean was converted into a molar concentration (pEC50 = −log EC50; 
pIC50 = −log IC50). Experiments were repeated at least three times from 
three different cells. Statistical analysis and graphical data presenta-
tions were performed using Prism 9 (GraphPad Software). Unpaired 
two-tailed Student’s t-tests were used for single comparisons of prop-
erties between wild-type and the Cryo-EM construct, and no values 
reached significance; that is, none were less than 0.05 (values reported 
in relevant figure legends). For comparing the two Zn2+ inhibition con-
centrations across wild-type and cryo-EM constructs a one-way ANOVA 
and Tukey multiple comparisons post hoc test was used, and showed 
no significant differences across groups, F(3, 24) = 0.6449; P =  0.5937. 
Specific statistical analyses performed for each dataset comparison 
are provided in the relevant figure legends.

Single-channel recording. Single GABA-activated channel currents 
were recorded in outside-out patches from transfected HEK 293 cells 
at –70 mV holding potential. Channel currents were recorded using an 
Axopatch 200B and filtered at 5 kHz (4-pole Bessel filter) before digi-
tizing at 20 kHz with a Digidata 1322A. The fixed time resolution of the 
system was set at 80 μs. WinEDR was used for analysing single channel 
data. The single-channel current was determined from compiling chan-
nel current amplitude histograms and fitting Gaussian components 
to define the mean current, s.d. and the total area of the component.  
The single-channel conductance was calculated from the mean unitary 
current and the difference between the patch potential and GABA cur-
rent reversal potential. Individual open and closed dwell times were 
measured using a 50% threshold cursor applied to the main single chan-
nel current amplitude in each patch. The subsequent detection of open 
and closed events formed the basis of an idealized single channel record 
used for compiling the dwell time distributions. Frequency distribu-
tions were constructed from the measured individual open and closed 
times and analysed by fitting a mixture of exponentials, defined by:
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where Ai is the area of the ith component to the distribution and τi rep-
resents the corresponding exponential time constant. A Levenberg–
Marquardt non-linear least-squares routine was used todetermine the 
values of individual exponential components. An F-test determined 
the optimal number of exponential components that were required 
to fit the individual dwell time distributions. The determination of a 
critical closed time (τcrit) to define bursts of GABA channel activity was 
performed as previously described63. Given that sufficient numbers of 
bursts were not resolved for α1β3WT, we could not compare intra-burst 
open probabilities. Therefore, we assessed the open probabilities from 
continuous single channel recordings where there was no evidence 
of channel stacking during GABA application and thus it was possi-
ble, but not guaranteed, that these patches contained only one active 
channel. Even if this premise is false, the same analysis conditions 
were applied to recordings for both α1β3γ2WT and α1β3WT receptors. 
To ensure near-accurate estimates of GABA channel open probability 
patches were rejected if they displayed multiple channel activation or 
if such activity accounted for more than 2% of the open-channel cur-
rents measured in a single recording. The single channel current for 
α1β3γ2WT of about 1.9 pA at −70 mV, reflected a main state conductance 
equivalent to 28 pS, whereas for α1β3WT the main open state current 
and conductance were lower as expected8, at about 1.3 pA at −70 mV, 
equivalent to about 19 pS.

Cell lines
HEK 293T cells used for electrophysiology and HEK 293S GnTI− cells 
used for protein production for cryo EM were obtained from ATCC. 
Further authentication of cell lines was not performed for this study. 
Mycoplasma testing was not performed for this study.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
Atomic model coordinates for α-CBTx–Zn2+, GABA–Zn2+ and 
GABA-bound structures have been deposited in the Protein Data Bank 
with accession codes 7PC0, 7PBZ and 7PBD, respectively. Cryo-EM 
density maps have been deposited in the Electron Microscopy Data 
Bank with accession codes EMD-13315, EMD-13314 and EMD-13290 
respectively.

46. Miller, P. S. et al. Heteromeric GABAA receptor structures in positively-modulated active 
states. Preprint at https://doi.org/10.1101/338343 (2018).

47. Molday, R. S. & MacKenzie, D. Monoclonal antibodies to rhodopsin: characterization, 
cross-reactivity, and application as structural probes. Biochemistry 22, 653–660 (1983).

48. Oprian, D. D., Molday, R. S., Kaufman, R. J. & Khorana, H. G. Expression of a synthetic 
bovine rhodopsin gene in monkey kidney cells. Proc. Natl Acad. Sci. USA 84, 8874–8878 
(1987).

49. Aricescu, A. R., Lu, W. & Jones, E. Y. A time- and cost-efficient system for high-level 
protein production in mammalian cells. Acta Crystallogr. D 62, 1243–1250 (2006).

50. Reeves, P. J., Callewaert, N., Contreras, R. & Khorana, H. G. Structure and function in 
rhodopsin: high-level expression of rhodopsin with restricted and homogeneous 
N-glycosylation by a tetracycline-inducible N-acetylglucosaminyltransferase I-negative 
HEK293S stable mammalian cell line. Proc. Natl Acad. Sci. USA 99, 13419–13424 (2002).

51. Aricescu, A. R. & Owens, R. J. Expression of recombinant glycoproteins in mammalian 
cells: towards an integrative approach to structural biology. Curr. Opin. Struct. Biol. 23, 
345–356 (2013).

52. Tretter, V., Ehya, N., Fuchs, K. & Sieghart, W. Stoichiometry and assembly of a 
recombinant GABAA receptor subtype. J. Neurosci. 17, 2728–2737 (1997).

53. Horenstein, J. & Akabas, M. H. Location of a high affinity Zn2+ binding site in the channel 
of α1β1 γ-aminobutyric acidA receptors. Mol. Pharmacol. 53, 870–877 (1998).

54. Tegunov, D. & Cramer, P. Real-time cryo-electron microscopy data preprocessing with 
Warp. Nat. Methods 16, 1146–1152 (2019).

55. Punjani, A., Brubaker, M. A. & Fleet, D. J. Building proteins in a day: efficient 3D molecular 
structure estimation with electron cryomicroscopy. IEEE Trans. Pattern Anal. Mach. Intell. 
39, 706–718 (2017).

56. Punjani, A., Rubinstein, J. L., Fleet, D. J. & Brubaker, M. A. cryoSPARC: algorithms for rapid 
unsupervised cryo-EM structure determination. Nat. Methods 14, 290–296 (2017).

57. Pettersen, E. F. et al. UCSF Chimera—a visualization system for exploratory research and 
analysis. J. Comput. Chem. 25, 1605–1612, (2004).

58. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and development of Coot. 
Acta Crystallogr. D 66, 486–501 (2010).

59. Afonine, P. V. et al. Real-space refinement in PHENIX for cryo-EM and crystallography. 
Acta Crystallogr. D 74, 531–544 (2018).

60. Chen, V. B. et al. MolProbity: all-atom structure validation for macromolecular 
crystallography. Acta Crystallogr. D 66, 12–21 (2010).

61. Afonine, P. V. et al. New tools for the analysis and validation of cryo-EM maps and atomic 
models. Acta Crystallogr. D 74, 814–840 (2018).

62. Smart, O. S., Neduvelil, J. G., Wang, X., Wallace, B. A. & Sansom, M. S. HOLE: a program 
for the analysis of the pore dimensions of ion channel structural models. J. Mol. Graph. 
14, 354–360 (1996).

63. Mortensen, M. et al. Activation of single heteromeric GABAA receptor ion channels by full 
and partial agonists. J. Physiol. 557, 389–413 (2004).

Acknowledgements We thank L. Cooper for training in cryo-EM grid preparation and for 
performing grid clipping; J. Stayaert and R. Aricescu for advice on, access to and use of Mb25; 
R. Aricescu and S. Masiulis for valuable discussions and training in sample preparation; and  
E. Seiradake for provision of the pHLsec-SBP plasmid. This work was supported by a 
Department of Pharmacology new lab start-up fund, the University of Cambridge Isaac 
Newton and Wellcome Trust Institutional Strategic Support Fund, and Academy of Medical 
Sciences Springboard Award (SBF004\1074). Electrophysiology work in the T.G.S. laboratory 
was funded by an MRC programme grant (MR/T002581/1) and Wellcome Trust Collaborative 
Award (217199/Z/19/Z). The cryo-EM facility receives funding from the Wellcome Trust 
(206171/Z/17/Z; 202905/Z/16/Z) and University of Cambridge.

Author contributions V.B.K. performed protein purification, atomic model building and 
structural interpretation. A.A.W. performed protein purification. M.M. and T.G.S. designed and 
analysed the electrophysiological experiments, which were performed by M.M. and V.D. S.W.H. 
and D.Y.C. performed cryo-EM data acquisition and processing. P.S.M. performed construct 
design, protein purification, cryo-EM sample preparation, atomic model building and 
structural interpretation. P.S.M. wrote the manuscript with input from all other authors.

Competing interests The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material available at 
https://doi.org/10.1038/s41586-022-04402-z.
Correspondence and requests for materials should be addressed to Trevor G. Smart or  
Paul S. Miller.
Peer review information Nature thanks Margot Ernst and the other, anonymous, reviewer(s) for 
their contribution to the peer review of this work. Peer review reports are available.
Reprints and permissions information is available at http://www.nature.com/reprints.

https://doi.org/10.2210/pdb7PC0/pdb
https://doi.org/10.2210/pdb7PBZ/pdb
https://doi.org/10.2210/pdb7PBD/pdb
http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-13315
http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-13314
http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-13290
https://doi.org/10.1101/338343
https://doi.org/10.1038/s41586-022-04402-z
http://www.nature.com/reprints


Extended Data Fig. 1 | Local resolution maps, overall plotted resolutions, 
and global map-model agreements. For the three structures, α-CBTx/Zn2+, 
GABA/Zn2+, and GABA-bound, a map on the left is coloured by local resolution 

(see methods). Maps of Fourier shell correlation (FSC) (upper right panels) and 
map-model FSC (lower right panels) plots are also shown. Relevant statistics 
for these maps are presented in Extended Data Table 1.
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Extended Data Fig. 2 | GABA responses and histamine potentiation. a, GABA 
concentration response curves for αβWT (white symbols) and αβCryoEM  
(black symbols) in the absence (circles) or presence (triangles) of 3 mM 
histamine (HSM). Data was obtained in whole cell patch clamp experiments 
performed on transiently transfected HEK 293 cells. b, Histamine concentration  
response curves for potentiating the 300 μM GABA response for αβWT and 
αβCryoEM. For a, and b, points represent mean ± s.e.m. Curves generated are n = 4 
and n = 5 for WT and EM constructs respectively. For a, One-way ANOVA showed 
no statistical difference across the 4 pEC50 values, and for b, Two-sided 
unpaired t-test showed values were not statistically different, P = 0.51.  

c, Representative whole-cell patch clamp current responses to GABA and GABA 
+ 3 mM histamine applications. Note that histamine was pre-applied before 
co-applying with GABA (blue lines). d–e, Bar charts showing average maximum 
(1 mM) GABA current response levels and rates of desensitisation, respectively, 
for αβWT and αβCryoEM. Individual values are shown as circles, and bars are means 
± s.e.m. EM Imax n = 14, WT Imax n = 15, EM desens n = 11, WT desens n = 10. 
Two-sided unpaired t-test showed values were not statistically different for 
either property, P = 0.64 and 0.08, respectively. Each n = 1 value of an pEC50,  
Imax and desensitisation value were from biologically independent patch-clamp 
experiments from individual cells.



Extended Data Fig. 3 | Nb25 potentiation at α1β3 receptors. a, Atomic 
models show no obvious distinctions for the β-β interface and the Nb25 binding 
pose of α1β3 receptors in the inhibited α-CBTx/Zn2+-bound conformation 
(3.0 Å, darker shades) versus the GABA-bound conformation (3.0 Å, lighter 
shades), consistent with any functional impacts exerted by Nb25 being subtle. 
Upper insets are viewing aids to highlight the region of the protein complex 
being viewed. Nb in green, β-subunits in blue, α-subunits in red. CDR3 is 
complementarity determinant loop 3 of Nb25. b, Representative currents of 

whole cell patch clamp responses to GABA and GABA + 10 μM Nb25 applications 
for α1β3CryoEM versus α1β3γ2 wild-type. Note that Nb25 was pre-applied before 
co-applying with GABA (red lines). c, Bar chart showing average potentiation of 
EC15 GABA current responses for αβCryoEM versus α1β3γ2 wild-type by Nb25, 
revealing a weak selective potentiation of α1β3 receptors due to the β-β 
interface, which is absent from α1β3γ2 receptors. Bars are means ± s.e.m.  
n = 3, each value being from biologically independent patch-clamp 
experiments from individual cells.
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Extended Data Fig. 4 | See next page for caption.



Extended Data Fig. 4 | α-Cobratoxin binding mode and αβ receptor 
conformation. a, Atomic model fit in the cryo-EM map density of the α1β3 
receptor bound by α-CBTx/Zn2+ (3.0 Å) for the receptor β3 subunit loop-C 
(blue) and toxin finger II (green); yellow segment is Cys26-Cys30 side chain 
Cys-bridge. b, Alternative view of the toxin to show side chain density for 
Phe29, and binding residues Arg33 and Arg36. c–e, Atomic models showing 
common binding poses for toxins against pLGICs at inter-subunit interfaces 
(AChBP PDB 1YI5; nAChR PDB 6UWZ). f, Overlays showing closely matching 
arrangements of α-CBTx atomic models for GABRα1β3, AChBP and apo-α-CBTx 
(PDB 1ZFM). g, h, Atomic models comparing α-CBTx finger II binding mode to 
GABAA receptor β3 subunit loop-C versus AChBP. i, Receptor α1-subunit Arg67 
side chain can move away from toxin finger II Ile32 to accommodate toxin 
binding. j, Mechanism of reduced toxin sensitivity for α2-GABAAR subunit, 
caused by Lys68 in the equivalent position to α1 Ser69, which can be explained 
by Lys68 sterically and electrostatically hindering Arg67 movement away from 
toxin Ile32 to reduce accommodation of the toxin. k, Overlays to compare 
loop-C outward motion imposed by α-CBTx on αβ receptor (arrow;  

GABA-bound in pale blue, toxin-bound blue), and bicuculline on αβγ receptor 
(GABA-bound in white PDB:6HUO, bicuculline-bound in dark grey PDB:6HUK; 
bicuculline not shown). l, Overlays of cross-section of top of pentameric ECD 
for α1β3 α-CBTx/Zn2+ (blue/red) versus an inhibited state of α1β3γ2 bound by 
the specific antagonist bicuculline (grey). The only distinguishable difference 
is the exaggerated outward translation of the β3-subunit loop-C for α-CBTx/
Zn2+ (red circles) caused by toxin binding (toxin not shown). Inter-subunit 
interfaces are indicated by orange dashed lines. m, Same as l except overlay of 
αβ versus GABA-activated state of α1β3γ2 to reveal a greater divergence in 
conformation (RMSD increased from 1.0 Å in l to 1.5 Å in m), in particular for the 
agonist-responding β-subunits (chains B/E), indicated by red arrows (RMSD 
increases to 1.8 Å). n, Overlays of the β1-β2 loops (inner) and β6-β7 loops  
(Cys-loops; outer) at the base of the ECD, which oppose the TMD, for α1β3 
α-CBTx/Zn2+ (blue/red) versus the inhibited state of α1β3γ2 bound by 
bicuculline (pale shades, yellow for γ2 loops), showing occupation of the same 
positions for all subunits, including for the α1β3 Chain C β-subunit fitting the 
α1β3γ2 Chain C γ2-subunit position.
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Extended Data Fig. 5 | Zn2+ inhibition. a, Free* Zn2+ inhibition curves from whole 
cell patch-clamp experiments performed in recording buffer supplemented with 
10 mM tricine for αβWT (white symbols) and αβCryoEM (black symbols) expressed in 
HEK293 cells. Points represent mean ± s.e.m. Curves generated are n = 8 and  
n = 7 respectively of WT and EM constructs, of biologically independent 
patch-clamp experiments from individual cells. Two-sided unpaired t-test 
showed pIC50 values were not statistically different, P = 0.35. b, similar Zn2+ 
inhibition curve for αβCryoEM, but in the absence of Zn2+-chelating tricine, showing 
that contaminating Zn2+ in buffers was not impacting sensitivity in any way,  
n = 6. c–e, Atomic model fits in cryo-EM map density of β3 (chain E) subunit TMDs 

for α-CBTx/Zn2+ (3.0 Å), GABA/Zn2+ (2.79 Å) and GABA (3.04 Å) respectively.  
Zn2+ density at 17′ His is indicated. Note the 17′ density is absent when Zn2+ is not 
bound. f–h, Atomic model fits in cryo-EM map density for top-down slices of the 
pentamer at the 17′ pore position for α-CBTx/Zn2+, GABA/Zn2+ and GABA-bound 
structures, respectively. h, Density for 17′ His residues is absent when Zn2+ is not 
bound to coordinate them, indicating these side chains are highly mobile.  
Pore expands nominally to 4.1 Å diameter (variable depending on flexible His 
arrangement). *free Zn2+ concentration controlled and determined using the 
chelator, tricine (see “Methods”).



Extended Data Fig. 6 | Impact of GABA binding on ECD conformation.  
a, Upper panel: Overlay cross-sections of the top of pentameric ECDs of 
α-CBTx/Zn2+ (grey) versus GABA (α-red/β-blue)-bound atomic models. 
Greatest divergence is observed for the GABA binding β3-subunits (chains B/E), 
which have tilted/rotated in response to GABA binding, red arrows, and is 
reflected by RMSD being higher for these subunits, 1.8 Å, relative to the whole 
ECD, 1.3 Å. a, Lower panel: Overlay of the β1-β2 loops (inner) and β6-β7 loops 
(Cys-loops; outer) at the base of the ECD which oppose the TMD (not shown). 
This shows the resultant translation for the GABA binding β3-subunits (chains 
B/E; red arrows), caused by the motion in the upper ECD (upper panel). b, same 

as a, but for α-CBTx/Zn2+ (grey) versus GABA/Zn2+ (α-red/β-blue). Differences 
are the same because GABA induces the same ECD motions even with Zn2+ 
bound in the pore. c, same as a, but for GABA (α-red/β-blue) versus GABA/Zn2+ 
(grey). As these ECDs have undertaken the same motions in response to  
binding GABA, RMSDs are lower and β-subunit RMSDs do not increase relative 
to whole ECD. d, same as a, but for α1β3γ2 bicuculline-bound (grey; PDB 6HUK) 
versus α1β3γ2 GABA/Alprazolam-bound (α-red/β-blue/γ-gold; PDB 6HUO).  
The impact of GABA/Alprazolam binding versus the antagonist is the same as 
observed for the αβ receptor GABA binding versus antagonist (shown in a). 
NOTE: ligands are not shown.
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Extended Data Fig. 7 | TMD M2-3 loop conformations. a, Atomic model fits in 
the cryo-EM map density for the M2-M3 loops of β3 chains B and E for α-CBTx/
Zn2+ (3.0 Å, blue maps) and GABA-bound (3.04 Å, grey maps) respectively. 
Viewed looking down on to the M2-M3 loop reveals the switch to the ‘outward’ 
conformation in response to the ECD binding GABA, as highlighted by Pro276 
repositioning to the other side of the dashed line. b, Top-down view of α1β3γ2 

bicuculline-bound (dark grey; PDB 6HUK) versus α1β3γ2 GABA/Alprazolam- 
bound (α-pink/β-pale blue/γ-gold; PDB 6HUO) showing the M2-M3 loop 
positions. In response to GABA binding the β-subunit chain B/E M2-M3 loops 
switch to the ‘outward’ conformation, indicated by red arrows that highlight 
the motion of Pro273. The γ2-subunit is in the outward conformation in  
both states.



Extended Data Fig. 8 | Pore arrangement. a, Side-on views of subunit 
transmembrane helical bundle Cα-polypeptide for Chains A-E showing M2 helix 
tilt axis. α1β3 GABA model is coloured red (α-subunit) or blue (β-subunit), and 
the M2 helix axis is shown as a dim grey bar. α1β3 α-CBTx/Zn2+ model is white, 
M2 helix axis green. Pore axis is to right of each bundle, vertical black bar.  
M2 helix tilt and/or translation away from pore axis increases for each subunit 
when GABA is bound (angle values shown; translations not measured but 
visible by eye). b, Table showing M2 helix tilt angles for αβ and αβγ receptors in 
antagonist (black text) and agonist (GABA) bound (red text) conformations. 
αβγ M2 helix tilt angles shown as increase (+) or decrease (−) relative to the 
equivalent αβ M2 helix. The biggest increase is for the γ2 subunits (values bold, 

underlined). c, Electron density map slices of the pore conformation at the  
9′ Leu gate (pore diameters given inside pore circles) for α1β3 α-CBTx/Zn2+, 
GABA/Zn2+ and GABA-bound structures. For comparison the cryo-EM map of 
EMD-0282 used to build 6HUO PDB of GABA+Alprazolam bound structure is 
shown. d, Cross-section at 9′ Leu hydrophobic gate showing Cα pentagonal 
perimeters for GABA-bound αβ receptor versus GABA+Alprazolam-bound 
α1β3γ2 (left panel) or GABA-bound α1β2γ2 (right panel). e, Side by side 
comparison of the αβ receptor β3 subunit Chain C M2 helix tilts versus 
equivalent αβγ receptor γ2 M2 helix tilts, which are more reclined (for PDB 
codes see table in, b).
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Extended Data Fig. 9 | See next page for caption.



Extended Data Fig. 9 | Single channel current analysis for GABAAR 
heteromers. a, epochs of GABA single channel currents recorded from 
outside-out patches of HEK293 cells expressing α1β3WT and α1β3γ2WT receptors, 
activated by 30 and 100 μM GABA respectively (~EC95 for each receptor 
isoform) at low (upper trace) and higher time resolution (lower traces).  
C – closed and O – open state; closed state marked by dashed line; downward 
deflections are transitions to open state. b, Examples of open and closed state 
dwell time distributions for single cells expressing α1β3WT or α1β2γ2WT receptors. 
Single exponential component fits (green lines) and summed fits from a 
mixture of exponentials (red lines) are shown. In the example shown for open 
times, a single exponential fit was sufficient to account for the α1β3WT open 
state distribution, whilst for α1β3γ2WT a mixture of two exponentials was 
required. Mean exponential τ values (with SEM, and percentage area) 
determined from analysing multiple patches are: τ1 = 0.65 ± 0.15 ms 
(A1 = 83 ± 6%, n = 6), τ2 = 4.3 ± 1.1 ms (A2 = 17 ± 6%, n = 4 – two cells did not  
show long open times); for α1β3γ2WT: τ1 = 0.78 ± 0.07 ms (A1 = 39 ± 3%, n = 6), 
τ2 = 4.8 ± 0.7 ms (A2 = 61 ± 3%, n = 6). For closed state dwell time distributions 
both receptor isoforms required a mixture of four exponentials of similar 
magnitudes, however α1β3 favoured the longer duration closed states, 
whereas α1β3γ2 favoured the shortest closed states which normally appear 

within bursts of openings. Mean τ values (and SEM, including percentage areas) 
from multiple patches are: α1β3WT; : τ1 = 0.17 ± 0.05 ms (A1 = 36 ± 1%, n = 3), 
τ2 = 2.8 ± 0.3 ms (A2 = 62 ± 10%, n = 6), τ3 = 21 ± 5 ms (A3 = 22 ± 6%, n = 4), 
τ4 = 52 ± 3 ms (A4 = 20 ± 2%, n = 3)); α1β3γ2WT: τ1 = 0.50 ± 0.04 ms  
(A1 = 68 ± 3%, n = 6), τ2 = 3.0 ± 0.3 ms (A2 = 21 ± 2%, n = 6), τ3 = 24 ± 4 ms 
(A3 = 9 ± 2%, n = 6), τ4 = 165 ± 25 ms (A4 = 2 ± 0.5%, n = 3). c, Bar graph showing 
percentage distribution between short versus long open state dwell times for 
α1β3 and α1β3γ2. Points represent mean ± s.e.m. n = 6, except for α1β3 long 
openings n = 4 (no long openings observed for two of the cells). Two-sided 
unpaired t-test comparisons of open dwell times t(8) = 7.53, p < 0.0001, and 
shut dwell times t(10) = 7.01, p < 0.0001. d, Bar graph showing the open 
probability (Po; the average fraction of time spent in the open state), measured 
as the total open time divided by the total length of the recording. Recordings 
were taken from patches showing limited or no channel stacking (see Methods).  
Individual values are shown as circles/squares with associated error bars (mean 
± s.e.m.), n = 6, two-sided unpaired t-test comparison, t(10) = 4.43, P = 0.0013.  
** signifies as statistically different (P < 0.01)for bars linked by black lines.  
Each n = 1 value of an open time, shut time or Po were from biologically 
independent patch-clamp experiments from individual cells.
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Extended Data Fig. 10 | Probability of activation for α1β3 and α1β3γ2 
receptors. a, whole-cell patch clamp recordings from HEK293 cells expressing 
either α1β3 EM, α1β3 WT, or α1β3γ2 WT, showing responses to increasing 
concentrations of GABA and saturating GABA + 1 mM pentobarbitone in order 
to measure the probability of activation (PA). Dashed lines indicate the baseline 
current (grey), the maximum activation by saturating GABA alone (black) and 
activation by saturating GABA + 1 mM pentobarbitone (red). Accompanying 

concentration response curve plots are provided (mean ± s.e.m, α1β3EM n = 8, 
α1β3WT n = 5, α1β3γ2 WT n = 6). b, Bar chart showing similar PA values for α1β3 
EM and α1β3 WT, which were lower than for α1β3γ2 WT. Individual values are 
shown as circles/squares and bars are means ± s.e.m. (α1β3EM n = 8, α1β3WT 
n = 5, α1β3γ2 WT n = 6). One-way ANOVA comparing abWT vs abCryoEM vs 
abgWT: F(2,16) = 18.78; P < 0.0001. Post-hoc Tukey. Each n = 1 value of a PA were 
from biologically independent patch-clamp experiments from individual cells.



Extended Data Table 1 | Cryo-EM data collection, refinement and validation statistics for GABA, GABA/Zn2+, α-CBTx/Zn2+
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