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Summary

Most general anesthetics and classical benzodiazepines act through positive modulation of -y-
aminobutyric acid type A (GABA,) receptors to dampen neuronal activity in the brainl=. Direct
structural information for how these drugs work at their physiological receptor sites is absent for
general anesthetics. Here we present high-resolution structures of GABA receptors bound to
intravenous anesthetic, benzodiazepine, and inhibitory modulators. These structures were solved in
a lipidic environment and complemented by electrophysiology and molecular dynamics
simulations. Structures in complex with the anesthetics phenobarbital, etomidate and propofol
reveal both distinct and common transmembrane binding sites, shared in part by the
benzodiazepine diazepam. Structures bound by antagonistic benzodiazepine-site ligands identify a
novel membrane binding site for diazepam and suggest an allosteric mechanism for anesthetic
reversal by flumazenil. This study provides a foundation for understanding how pharmacologically
diverse and clinically essential drugs act through overlapping and distinctive mechanisms to
potentiate inhibitory signaling in the brain.
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Introduction

General anesthetics were long thought to act through a membrane effect due to a strong
correlation between their potency and their tendency to partition into lipid®=°. This non-
specific model became harder to reconcile upon discovery of exceptions to the rule,
including isomers of anesthetics with opposing activities!9-12. More recent
electrophysiology!!, mutagenesis!3 and labeling studies?, in concert with mouse knock-in
studies!4, identified the GABA receptor as the principal target for modern intravenous (1V)
anesthetics. Barbiturates were developed in the 1930s as anti-convulsive drugs and were the
first IV anesthetics. They have a narrow therapeutic index and have been largely replaced by
etomidate and propofol, which are more selective, and are the two most commonly used 1V
anesthetics. All general anesthetics acting through the GABA receptor are positive
allosteric modulators, like the classical benzodiazepines, but with transmembrane sites
distinct from where benzodiazepines are mainly thought to act.

Benzodiazepines are GABA receptor ligands used in treating epilepsy, anxiety and
insomnia3#. Classical benzodiazepines like diazepam are positive allosteric modulators of
GABA receptors and exhibit a spectrum of pharmacological effects, from sedation at low
doses to induction of anesthesia at higher doses. These different effects have been related to
two distinct classes of binding sites on the receptor. A high-affinity benzodiazepine site at
the a-y subunit interface in the receptor’s extracellular domain is responsible for the
positive modulation useful in treating anxiety and seizure disorders. One or more lower
affinity sites are thought to contribute to the ability of high doses of some benzodiazepines,
like diazepam, to directly induce anesthesial®16. Flumazenil is a competitive antagonist of
the a1-y2 high-affinity benzodiazepine site3" that is used clinically as an antidote for
benzodiazepine overdose and to reverse general anesthesial’. The structural mechanisms
underlying potentiation by benzodiazepines and their antagonism by flumazenil have begun
to emerge but remain unclear.

Here we investigate the structural basis of how IV anesthetics modulate GABA receptor
signaling, and how their mechanisms overlap in part with those of benzodiazepines. We
optimized a lipid reconstitution approach for the a1p2y2 GABAA receptor to determine
structures in complex with GABA plus the barbiturate phenobarbital, and with GABA plus
etomidate, and GABA plus propofol, mapping their distinct sites and atomic interactions.
We compare these anesthetic complexes to new structures bound by GABA alone, GABA
plus diazepam, and GABA plus flumazenil, to define common and distinctive mechanisms
for potentiation, and elucidate how flumazenil competitively or allosterically antagonizes the
positive modulators. We then analyze a 1322 receptor structures bound by GABA plus
picrotoxin (pore blocker) and bicuculline (competitive antagonist) for comparison with
recent structures of the highly similar a1p3y2 receptor'8:19, where we identify systematic
conformational differences likely arising from the lipid reconstitution method. Mutagenesis,
electrophysiology and molecular dynamics simulations (MD) complement the structural
findings on ligand recognition and conformational stabilization.
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Barbiturate recognition

Barbiturates exhibit a spectrum of GABA receptor-mediated activities, including sedative,
anxiolytic, hypnotic and anti-convulsant effects. Phenobarbital specifically remains popular
as an anti-epileptic drug. At low concentrations it potentiates the receptor’s response to
GABA, while at high concentrations it evokes direct allosteric activation, through binding
sites in the transmembrane domain2°. We developed a lipid reconstitution approach to
stabilize the TMD and avoid pore collapse observed with detergent?! (Extended Data Fig. 1
and 2, Methods), then collected cryo-EM data on the a1p2-y2 receptor in complex with
GABA plus phenobarbital. Despite approximate 5-fold symmetry in the membrane domain
for the barbiturate complex, density for the TMD of the y2 subunit (y-TMD) was weaker
than for other subunits, an observation common in all ligand complexes we studied, with
functional implications potentially relevant to desensitization22. Therefore, we performed
focused 3D classification on the y-TMD to improve local signal, which resulted in a 3.1 A
resolution map with strong signal in the -y-TMD, and with clear density for phenobarbital at
a-p and y-p interfaces (Fig. 1, Extended Data Figs. 3, 4, and Extended Data Table 1).

The binding mode for phenobarbital is equivalent between the two sites, with the barbituric
acid group resting deep in the M3-M1 interfaces, the phenyl group orienting away from the
channel axis, and the ethyl group orienting toward the pore (Fig. 1c—d, Supplementary
Videos 1-2). The binding locus is at the level of the M2 15" residue and just below a short
rt-helix in B2 M1. Notably, the proline responsible for this rc-helix is conserved across
diverse members of the Cys-loop receptor superfamily; it creates a bulge in M1 that in turn
creates a pocket present at all interfaces in the structure below the M2-M3 loop.
Phenobarbital is stabilized mainly through van der Waals interactions, with one electrostatic
contact between the backbone carbonyl oxygen of fL223 and a barbituric acid nitrogen.
While these two binding modes are consistent in position and in predicted pose with the
affinity labeling analysis23, they are in potential conflict with a study in B3 point-mutant
knock-in mice that predict binding at B-a. interfaces?4. Mice with a mutation of 3 N265M,
the M2 15" residue that would contribute to a B-a interface site, exhibit a partial loss in
anesthetic response from pentobarbital. This B2/3 15" asparagine residue corresponds to
S270 in al and S280 in y2 (Fig. 1c—d). We observed no density for phenobarbital at the B-a
interface, and based on the structure, substitution of the 15" serine with asparagine would
result in a clash with phenobarbital. To test the roles of the y-p, a-p and potential B-a
interfaces in sensitivity /n vitro, we mutated these homologous positions to methionine,
which renders receptors less sensitive or unresponsive to anesthetics2%, and tested the
sensitivity of mutant receptors to potentiation of low dose GABA with phenobarbital (Fig.
1b). We found that individual mutation of the residue in the interfaces where we modeled
phenobarbital resulted in a significant loss in potentiation, which was increased in the double
mutant. In contrast, mutation of the p265 position resulted in no significant difference in
phenobarbital potentiation. Thus, the mutagenesis, electrophysiology, structural biology and
affinity labeling are internally consistent in defining two important barbiturate sites in the
GABAp receptor TMD, at the a-p and -y-p interfaces.
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Etomidate and propofol recognition

Propofol is the most widely used IV general anesthetic28. Etomidate preceded propofol in
development and is currently substituted for propofol in cases where cardiovascular or
respiratory depression is a concern26:27. /n vitro mutagenesis studies identified binding sites
for both compounds at B-a. interfaces, in positions equivalent to the B-a TMD sites of
diazepam, which were responsible for their potentiation of GABA binding, as well as direct
activation at higher concentrations. Evidence for etomidate binding exclusively at p-a
interfaces is strong2>28-30_ Affinity labeling and mutagenesis results for propofol suggest
that in addition to the B-a sites?531-33, there may be additional sites at other subunit
interfaces®2:34 and/or at the TMD-ECD junction3®. Mouse knock-in studies of mutated
GABA, subunits connected the immobilizing vs. sedative-hypnotic effects of both agents to
the B-a TMD sites in 336 vs. B237 subunit-containing receptors, respectively, with a caveat
that the results were less clear in the B2 knock-in mice for propofol than for etomidate. We
obtained structures of the a1B2y2 GABAA receptor in complex with etomidate (3.5 A) and
propofol (2.6 A) to directly interrogate binding interactions and provide a foundation for
understanding allosteric potentiation.

Both the etomidate and propofol maps revealed clear ligand density at f-a interfaces at the
predicted sites, and no corresponding density at the other interfaces (Fig. 2a—d, Extended
Data Figs. 3, 4, Extended Data Table 1, Supplementary Videos 3, 4). The pose for both
ligands, at each of the two B-a interfaces, is equivalent. Etomidate binds at the p-a
interfaces at the same level as phenobarbital, with its phenyl ring orienting toward the
cytosol, its methyl and imidazole groups orienting toward the channel axis, and its ethyl
ester orienting away from the pore, toward bulk lipid (Fig. 2c, Supplementary Video 3). The
etomidate orientation is strikingly similar to that predicted from affinity labeling38. Its
phenyl ring packs against the B15" N265, likely forming an electrostatic interaction between
the side chain amide nitrogen and phenyl ring = electrons. Mutation to serine at this 15
position in a related receptor assembly results in a 10-fold loss in etomidate sensitivity,
while mutation to methionine results in total loss of etomidate potentiation28. The imidazole
ring of etomidate is sandwiched between BF289 in the M3 helix and aP233 across the
interface in M2. Extensive van der Waals contacts are made at the interface, including with
the side chain of BM286. Mutation of M286 to tryptophan results in a large loss in
sensitivity to etomidate2, consistent with all common rotamers of tryptophan in this
position generating clashes with either etomidate or the receptor.

The notably high resolution of the GABA plus propofol complex allowed confident
positioning of propofol at both B-a interfaces in a position overlapping with that of
etomidate (Fig. 2d, Supplementary Video 4). Propofol is symmetric and smaller than
etomidate, and makes fewer contacts with the receptor. One isopropyl group orients toward
the channel axis and one toward bulk lipid; this latter hydrophobic group packs against the
aP233 that creates the M1 m-helix. The channel-proximal isopropy! group orients toward
the B15” position, forming van der Waals contacts. Substitution of this residue with serine
has little effect in the response of knock-in mice to propofol37, which is logical in the
context of the structure; unlike for etomidate, propofol is not oriented to make electrostatic
interactions with the 15 asparagine. In contrast, knock-in mice harboring a B3 15’
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methionine are insensitive to the immobilizing effects of propofol3¢; this long hydrophobic
side chain would compete directly for propofol binding in the structure. The benzyl ring is
oriented with its face parallel to the membrane normal; its hydroxyl extension, a hydrogen
bond donating group known to be a determinant of propofol potency3?, forms a hydrogen
bond with the a1228 backbone carbonyl oxygen liberated by the M1 w-helix. pM286
reaches across the subunit interface such that it could limit or slow exchange between the
bound propofol and bulk lipid; mutation of this residue to tryptophan causes a loss of
propofol potentiation, as observed for etomidate2®. Simulations to assess propofol binding
at the other three TMD interfaces suggests it is less stable there (Extended Data Fig. 1h).
While we cannot rule out the possibility of propofol binding at additional sites*1, the
structural analysis, combined with mutagenesis, affinity labeling and animal studies, are
consistent with high-affinity binding of both etomidate and propofol only at f-a interfaces
in the TMD. Interestingly, at the a-p and a-y interfaces, density consistent with a lipid head
group occupies the propofol-equivalent position. At the two B-a interfaces, lipid density is
also present, but peripheral to the site (Extended Data Fig. 5a—€).

Benzodiazepine mechanisms

We next relate the anesthetic recognition insights to a distinct class of allosteric modulators,
the benzodiazepines. We obtained structures of three complexes with GABA bound to
survey a range of activities: the benzodiazepine-site antagonist flumazenil (3.5 A); an apo
benzodiazepine site (3.2 A); and the positive modulator diazepam (2.9 A; Extended Data
Figs. 2-7, Extended Data Table 2). We discuss these three structures in detail in
Supplementary Information and focus here on novel findings and emergent trends. In the
flumazenil complex, we found near-perfect agreement between the ECD between this
structure and the same complex in detergent?! (Extended Data Fig. 6f, g). The relatively
high disorder in the -y-TMD observed in all structures was most notable in the flumazenil
complex, where a gap is present at the y-p interface (Fig. 3a—f, Extended Data Fig. 2e, f).
This gap shrinks in the absence of flumazenil and disappears in the presence of diazepam. In
addition to the expected density for diazepam at the classical benzodiazepine site in the ECD
a-vy interface (Extended Data Fig. 7a, b), we observed three distinct densities for diazepam
in the transmembrane domain, two at B-a. interfaces observed previously!® and a third at the
v-P interface that overlaps with one of the phenobarbital sites (Fig. 3c, Extended Data Fig.
7d—f, Supplementary Videos 7, 8). Binding of diazepam to this latter site may contribute to
the overall stability of the TMD by closing the y-p gap, similar to what was observed with
the barbiturate, and may also play a role in benzodiazepine-induced potentiation through a
mechanism similar to that of anesthetics'>16, In this new class of diazepam binding site at
the y-p TMD interface (Extended Data Fig. 7d, f, Supplementary Video 8), the diazepine
ring pucker inverts, adopting an enantiomeric conformation (Extended Data Fig. 7g). In
contrast to the B-a sites, the diazepam at the y-p interface positions above yS280,
homologous to BN265. In this pose, the pendant phenyl ring of diazepam points away from
the channel axis and interacts with conserved phenylalanine (-vF304) and proline (3P228)
residues (Extended Data Fig. 7f, Supplementary Video 8). Consequently, the benzyl ring is
located near the yM2 helix and the diazepine carbonyl oxygen forms a hydrogen bond with
¥T277. Investigation of the other intersubunit sites in the TMD revealed tubular density at
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the a-B interface, which shares sequence similarity with the y-p site and has been proposed
to be an active binding site for benzodiazepines!®16 and barbiturates?3, in addition to the a-
vy interface. These densities likely correspond to lipids based on MD simulations (Extended
Data Fig. 5f, g; Supplementary Videos 9-10). Our structural and simulation results thus
support the existence of an orphan site that does not respond to benzodiazepines or
anesthetics?.

Occupancy of four sites by diazepam results in global stabilization compared to the GABA
alone complex, and especially compared to the flumazenil complex (Fig. 3a—f). Together,
these three structures and the anesthetic-bound complexes display a correlation between
receptor stability in the TMD and activity of the allosteric ligand. In contrast to the
stabilization in the TMD observed with positive modulator complexes, flumazenil binding
destabilizes the TMD and results in a slightly expanded ECD (Supplementary Video 5). In
simulations of the flumazenil-bound and GABA-alone complexes, GABA frequently
dissociated (Fig. 3g, Extended Data Fig. 7h); conversely, GABA remained stably bound at
both its binding sites in all simulations of the diazepam-bound complex (Fig. 3g, Extended
Data Fig. 7i). Diazepam additionally stabilized the TMD, as monitored in rmsd of the pore-
lining M2 helices relative to complexes with GABA alone and with flumazenil (Fig. 3h). We
next simulated substitution of flumazenil for diazepam at the ECD site while preserving the
TMD diazepam molecules, and observed specific dissociation of diazepam from the -y-p site
(Fig. 3i), consistent with our structure-based hypothesis that flumazenil binding in the ECD
destabilizes this interface. Taken together, structural and dynamic analyses reveal that both
benzodiazepine and anesthetic positive modulators stabilize local and global organization of
the receptor.

Comparison with recent structures

The structure of the a1p2-y2 receptor in complex with GABA plus diazepam provides an
opportunity for direct comparison with the a1p3y2 receptor in complex with the same
ligands!®. There are important differences in the approaches used to obtain these structures,
including a truncation in the M3-M4 loop used in the constructs of our studies (discussed in
Extended Data Figs. 8-10 and Supplementary Information). Sequence identity between p2
and B3 is 92% when the disordered intracellular domain is not considered. Consistencies
lend confidence to the results and differences may have important consequences for
physiology or model interpretation. Overall, the functional profiles (Extended Data Fig. 11)
and the structures agree well in architectural details, including pose and interactions of the
ligands (Extended Data Fig. 8a—b), except as noted in the distinct TMD binding site for
diazepam. Global comparisons reveal that the TMD of the a183y2 receptor is more
compact and its pore is more constricted (Extended Data Fig. 9a—c). We sought additional
reference points for direct comparison and obtained cryo-EM structures of the al1p2y2
receptor in complex with the competitive antagonist bicuculline (methylated form) at 3.1 A,
and with GABA plus the channel blocker picrotoxin at 2.9 A resolution (Extended Data
Figs. 3-4,6, 8, Extended Data Tables 1-2, Supplementary Information). We observed the
same trend in pore constriction in these structures as compared to the a 132 structures,
wherein the top of the pore in our structures is consistently wider (Extended Data Fig. 9d-i).
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Extending the comparison to other members of the Cys-loop receptor superfamily, the
a1PB3y2 receptor structures have more surface area buried at subunit interfaces than any
other structures in the anion-selective branch (Extended Data Fig. 9j). Examination of low-
pass filtered maps reveals a smaller nanodisc diameter for the a1B3y2 structures (90-93 A)
compared to the a1p2y2 structures (107-109 A, Extended Data Fig. 10a—c). This finding
was surprising, as the scaffold employed for the former, MSP2N2, was used intentionally for
its large diameter of ~150-165 A%2, but in the a.1B3y2 maps, it wraps tightly around the
TMD structure. Differences in reconstitution may underlie the discrepancy: the on-column
reconstitution approach used in the a183y2 studies'®19 removes excess lipids, while still in
detergent, before adding the nanodisc scaffold. As detergent is removed, the scaffold could
condense around the TMD. In contrast, in an effort to better mimic a bona fide membrane,
we included excess lipids throughout purification and reconstitution (Methods, Extended
Data Fig. 10d). The result is a layer of lipids insulating the a1p2-y2 receptor from the
saposin shell, and more flexibility and a wider pore in the TMD. The differences are
relatively subtle but systematic, and may help explain why the pore conformation of the
alP3y2 structures in the presence of picrotoxin +/- GABA, and vs. bicuculline, are
essentially identicall®, unlike the two distinct conformations we observe (Supplementary
Information Figs. 2—4 and Supplementary Discussion). We suggest that delipidation during
alPp3y2 GABAA receptor reconstitution constrained the TMD and obscured the full range
of conformational changes.

Conformational state and anesthetic selectivity

The pores of all six agonist and agonist plus modulator structures adopt desensitized
conformations, with a closed gate at the base of the pore at the level of the =2 side chains
(Extended Data Fig. 8g), consistent with expectations from steady-state physiological
responses. Interestingly, all IV anesthetic-bound structures show an increase in channel
diameter at the 9" position relative to GABA alone. This pore expansion at its midpoint
results from rotation of the 9 Leu sidechains away from the central axis, toward the
adjacent subunit, resulting in a decrease in the free-energy barrier to chloride permeation
(Extended Data Fig. 8h). This rotation is a hallmark of activation*3, suggesting that the
potentiation mechanism of 1V anesthetics may include stabilizing the 9 activation gate in an
open-like state (Extended Data Fig. 8g).

The pore conformations in the presence of GABA plus picrotoxin, and the competitive
antagonist bicuculline, contrast with these desensitized states. Bicuculline stabilizes a
closed, resting-like state of the pore, with a gate at the 9” position (Extended Data Fig. 8g),
similar to that observed in the a 132 structurel?; relative to GABA complexes, this
structure is less hydrated above the hydrophobic gate in MD simulations (Supplementary
Fig. 2a). Picrotoxin, in the presence of GABA, stabilizes what we suggest is an intermediate
state between desensitized and resting, where the ECD adopts a compact agonist-bound
conformation while the TMD adopts a more resting-like conformation with the 9" gate
partially closed. Electrophysiology results are consistent with this structural interpretation,
as are comparisons of buried surface areas at interfaces (Supplementary Fig. 3, Extended
Data Fig. 9k), and published observations that picrotoxin readily dissociates from the
agonist-bound receptor#*. Simulations of the picrotoxin-bound structure also demonstrated a

Nature. Author manuscript; available in PMC 2021 March 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 8

similar extent of hydration above the hydrophobic gate as in other GABA complexes, greater
than in the bicuculline complex (Supplementary Fig. 2a). Furthermore, principal component
analysis (PCA) of TMD transitions project the picrotoxin-bound structure along a path from
GABA- to bicuculline-bound states (Extended Data Fig. 8i, Supplementary Fig. 2b); PCA
within the ECD clustered the picrotoxin complex with GABA-alone (Supplementary Fig.
2c). Thus, structural, functional and simulation results are consistent with picrotoxin, in the
presence of GABA, binding to a receptor with a desensitized- or activated-like ECD
conformation, and an intermediate TMD conformation, from which it can dissociate more
readily than it could from a simple resting state.

While the funnel shape of the TMD pore is similar among the GABA and modulator-bound
structures, we observed modulator-induced asymmetric motions that correlate with the
specific site(s) occupied by a specific ligand. These subunit transformations are complex and
include translations and rotations, with all rotations counter-clockwise about an axis
approximately normal to the membrane plane and through varying positions of each subunit.
The transformations result in opening or closing of access to the anesthetic TMD pockets
(Fig. 4; curved arrows approximate trend in transformation). In the GABA alone structure,
all 5 interfacial sites are open. Flumazenil binding has little overall effect, but through
destabilizing the -y-p interface closes the p-a TMD pocket where diazepam, etomidate and
propofol bind, providing a compelling long-range allosteric mechanism for anesthetic
reversal upon clinical administration of flumazenil*>46, Diazepam, through binding at one
ECD site and three TMD sites, promotes global rotation of the TMD halves of all subunits,
most noticeably in the B2 subunits, which results in closure of the a-p interface pocket.
Phenobarbital causes a less dramatic but more symmetric rotation of all subunits via binding
at the y-p and a-p interfaces. Etomidate and propofol bind at common B-a sites; etomidate
closes both y-p and a-p access points while binding of the smaller propofol does not affect
access to other sites. Notably, all potentiator-bound structures (phenaobarbital, etomidate,
propofol and diazepam) clustered in a region along the dominant principal components of
motion for the TMD distinct from complexes with inhibitors (bicuculline or picrotoxin),
flumazenil, or GABA alone (Extended Data Fig. 8i, Supplementary Fig. 2b).

Picrotoxin binding results in occlusion of a single -a interface, while bicuculline binding
closes both B-a interfaces as well as the a-p site, further emphasizing the conformational
state distinction between the picrotoxin and bicuculline complexes. Bicuculline, in addition
to a rotation in the TMD halves of the subunits, promotes a compression of the TMD
structure that brings the 9” leucine side chains into position to block ion permeation, and
creates the most compact TMD structure among all the structures (Extended Data Figs. 89,
9Kk). Bicuculline binding allosterically closes three of the anesthetic pockets, including the
a-B interface, consistent with its partial antagonism of activation by phenobarbital®’. A
striking observation is that one pocket, at the a-y interface, is always open. We see density
consistent with a lipid at this position (Extended Data Fig. 5a, b, f, g), which may relate to
why this pocket cannot be closed, and why at least among the panel of ligands we surveyed,
none bind there. A speculative hypothesis is that a lipid plays the role of an endogenous
modulator or cofactor at this site.
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Taken together, this panel of structures illustrates the complex interplay between binding of
diverse modulators and conformational transitions. The observation of distinct, asymmetric
structural differences arising from binding of each ligand mirrors results from cysteine
accessibility, disulfide crosslinking and electrophysiology studies that uncovered functional
asymmetry in structural transitions?2:3348:49_ The structural and dynamic stabilization that
emerge from anesthetic and benzodiazepine positive modulators contrasts with the
destabilization in particular at the -y-p interface observed from flumazenil binding. The
finding that flumazenil binding destabilizes the receptor TMD suggests a long-range
allosteric mechanism for benzodiazepine and anesthetic reversal by flumazenil.

Receptor expression and purification.

A tri-cistronic construct of the human a1p2y2 GABAA receptor, with the three genes linked
by a 22 amino acid long P2A “self-cleaving” peptide®®, was designed, codon optimized,
synthesized and cloned into the pEZT-BM expression vector to enhance the expression of
the tri-heteromeric receptor®. Both a full-length wild-type and M3-M4 loop truncation
construct were made in this tri-cistronic format. In the construct used for EM, for each
subunit, the M3-M4 loop of the three subunits was replaced by a linker peptide, SQPARAA,
as in our previous study?L. The order of the subunits in the expression construct was p2-y2-
al, with a twin strep tag placed at the N-terminus of the y2 subunit for purification.
Bacmam virus was produced using Sf9 cells (ATCC CRL-1711) and titered as described for
the a4f2 nicotinic receptor®. Suspension cultures of HEK293S GnTI~ cells (ATCC
CRL-3022) were grown at 37°C with 8% CO, and were transduced with multiplicities of
infection of 0.5 at a cell density of 3.5 — 4.0 x 10° cells/ml. The HEK and Sf9 cells lines
were not authenticated nor were they tested for mycoplasma. At the time of transduction, 1
mM sodium butyrate (Sigma-Aldrich) was added to the culture and temperature was reduced
to 30 °C to enhance protein expression. After 72 hr, cells were collected by centrifugation
and resuspended in 20 mM Tris, pH 7.4, 150 mM NaCl (TBS buffer) containing 1 mM
phenylmethanesulfonyl fluoride (PMSF; Sigma-Aldrich) and the target ligands (2mM
GABA,; 1 pM flumazenil (Santa Cruz Biotechnology) + 2 mM GABA,; 200 uM diazepam
(Sigma-Aldrich) + 2 mM GABA; 2 mM phenobarbital (Sigma-Aldrich) + 2 mM GABA;
500 uM etomidate (Tocris) + 2 mM GABA; 100 uM propofol (Sigma-Aldrich) + 2 mM
GABA,; 50 uM bicuculline methbromide (Sigma-Aldrich); 100 uM picrotoxin (Sigma-
Aldrich) + 2 mM GABA) for the intended complex, and lysed using an Avestin Emulsiflex.
Lysed cells were centrifuged for 20 min at 10,0009 and the resulting supernatants were
centrifuged at 186,000g for 2 h. Membrane pellets were homogenized using a Dounce
homogenizer and solubilized in TBS buffer containing 40 mM r+dodecyl-p-maltoside
(DDM, Anatrace) and 1 mM PMSF and ligands. Solubilized membranes were centrifuged
for 40 min at 186,000 g and the supernatants were passed over Strep-Tactin XT Superflow
affinity resin (IBA-GmbH). The resin was washed with TBS buffer containing 0.01 % (w/v)
porcine brain polar lipids (Avanti), 2 mM DDM, and ligands. The receptors were eluted in
the same buffer containing 50 mM biotin (Sigma-Aldrich).
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Receptor-nanodisc reconstitution.

The saposin A expression plasmid was provided by Salipro Biotech AB. We selected
saposin over other nanodisc scaffolds based on its ability to accommaodate a range of
membrane protein sizes and preserve an approximately symmetric TMD conformation
(Extended Data Fig. 1a—€). Reconstitution of GABAA receptors into saposin-based
nanodiscs was modified from the protocol in Lyons et al.%9 (Extended Data Fig. 9D). The
concentrated a132y2 receptors (~15 pM) were pre-incubated with porcine brain polar lipids
for 10 min at room temperature, and then saposin was added and incubated for 2 min. The
molar ratio of receptor, lipids and saposin was 1:230:30. The reaction was diluted ~10-fold
by TBS to initiate reconstitution. Detergent was removed by adding Bio-Beads SM-2 (Bio-
Rad) to a final concentration of 200 mg/ml while rotating overnight at 4 °C. Bio-Beads were
removed the next day, and the sample was collected for size exclusion chromatography.

Cryo-EM sample preparation.

The a1B272 receptors reconstituted in nanodiscs were mixed with 1F4 Fab?l in a 3:1 (w/w)
ratio. After incubating for 15 min, the mixture was concentrated and injected over a
Superose 6 Increase 10/300 GL column (GE Healthcare) equilibrated in TBS with ligands (2
mM GABA,; 1 uM flumazenil + 2 mM GABA,; 200 uM diazepam + 2 mM GABA; 2 mM
phenobarbital + 2 mM GABA; 500 uM etomidate + 2 mM GABA,; 100 uM propofol + 2
mM GABA,; 100 uM picrotoxin + 2 mM GABA,; 50 uM bicuculline methbromide). Peak
fractions were analyzed by fluorescence-detection size exclusion chromatography (FSEC),
monitoring tryptophan fluorescence. Fractions showing a single peak were collected and
concentrated to an A280 of 7-9. During sample concentration, the buffer for the propofol
sample was changed to TBS with 2 mM GABA and 1 mM propofol. Immediately prior to
freezing grids, 0.5 mM fluorinated Fos-Choline-8 (Anatrace) was mixed with the sample to
minimize preferred orientation. 3 L of sample was applied to glow-discharged gold
R1.2/1.3 200 mesh holey carbon grids (Quantifoil) and immediately blotted for 3 s at 100%
humidity and 4°C. The grids were then plunge-frozen into liquid ethane using a Vitrobot
Mark IV (FEI).

Cryo-EM data collection and processing.

Cryo-EM data were collected on a 300 kV Titan Krios Microscope (FEI) equipped with a
K2 Summit or a K3 direct electron detector (Gatan) and a GIF quantum energy filter (20 eV)
(Gatan) using super-resolution mode. Details of all datasets are summarized in Extended
Data Tables 1-2. All datasets were processed using the same general workflow in RELION
3.0 or 3.1%1, Dose-fractionated images were gain normalized, 2 x Fourier binned, aligned,
dose-weighted and summed using MotionCor2%2. Contrast transfer function (CTF) and
defocus value estimation were done using GCTF®3 or CTFFIND4%4, Particle picking for the
three data sets collected at the HMS facility were carried out using crYOLOS5. For the five
data sets collected at the UTSW and PNCC facilities, ~50 particles were picked manually
and subjected to reference-free 2D classification to generate initial references for
autopicking in Relion. These references were then used for autopicking from a subset of 30—
50 images, and then 2D classification was repeated to obtain good references for autopicking
on all images. After autopicking, images were inspected, and bad images and false-positive
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particles were removed manually and by particle sorting. Ab initio models were generated
using 3,000-5,000 good particles in RELION, and then were used for 3D classification. 3D
classes with strong TMD signal were selected for 3D refinement. The best 3D class was
used for an initial model (low-pass filtered to 40 or 50 A) for 3D refinement. Per-particle
CTF refinement and beam tilt estimation were performed and a second round of refinement
was followed with fine local angular sampling using the map from the first refinement as the
initial model, which was low-pass filtered to 10 A. Because we observed a high level of
disorder in the TMD of the -y-subunit in all 8 data sets, focused 3D classification without
alignment56 was performed on the -y-TMD after subtracting the signal from the rest of the
receptor and nanodisc. Particles from the best classes were selected for particle polishing
and an additional round of 3D refinement to generate the final maps. Local resolution was
estimated with ResMap®”.

Model building, refinement and validation.

An initial model was generated by combining the ECD of the heteropentameric GABAA
receptor — Fab complex bound to GABA + flumazenil (RCSB: 6D6U)2! and the TMD of a
homology model generated by Swiss-Model®® based on the B3 homopentamer structure
(RCSB: 4COF)89, This model was docked into the density map using UCSF-chimera’®. The
model was manually adjusted, and flumazenil was removed, in Coot’?. To build models of
the different complexes, the GABA-bound structure was first built and then used as a
starting model. Well-ordered N-linked glycans were built within the vestibule and along the
surface of the ECD. In GABA, GABA + diazepam, GABA + etomidate, GABA + propofol
and bicuculline complexes, an additional branch of mannose densities was found in chain B
and built de novo. After manual building in Coot, global real space and B-factor refinement
with stereochemistry restraints were done in Phenix’2. The map-model FSC value between
the final model and the map was estimated by Phenix and plotted in Extended Data Fig 3. In
Extended Data Tables 1-2 we list fraction of particles used in the final fraction relative to
those that emerge from 2D classification. We found a correlation between this percentage
and relative order in the y2-TMD. The GABA + flumazenil reconstruction was produced
from only 8% of the particles selected after 2D classification, indicating a high degree of
intrinsic flexibility in the y-TMD. In the GABA alone complex, the fraction was 16%. For
the diazepam complex, 36% of the particles after 2D classification had a well-ordered y2-
TMD, similar to that from the phenobarbital complex, providing a measure of the increase in
stability in the diazepam complex relative to both flumazenil and GABA alone.

Schematic interaction analysis of the bound ligands was performed using Ligplot+73.
Subunit interfaces were analyzed by PDBePISA server’, Pore radius profiles were analyzed
using Hole2">. Sequence alignments were made using PROMALS3D6. Structural figures
were generated by UCSF-Chimera and Pymol (Schrodinger, LLC). Structural biology
software packages were compiled by SBGrid”’.

Electrophysiology.

Whole cell voltage-clamp recordings were made from adherent HEK293S GnTI™ cells
transiently transfected with the tri-cistronic pEZT construct used for structural analysis.
Upon transfection with 0.2 — 0.5 pg of the plasmid per well in a 12-well dish, the cells were
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moved to 30°C. On the day of recording (1-3 days later), cells were re-plated onto a 35 mm
dish and washed with bath solution, which contained (in mM): 140 NaCl, 2.4 KClI, 4 MgCl,,
4 CaCly, 10 HEPES pH 7.3, and 10 glucose. Borosilicate pipettes were pulled and polished
to an initial resistance of 2—-4 MQ. The pipette solution contained (in mM): 150 CsCl, 10
NaCl, 10 EGTA, and 20 HEPES pH 7.3. Cells were clamped at =75 mV. The recordings
were made with an Axopatch 200B amplifier, sampled at 5 kHz, and low-pass filtered at 2
kHz using a Digidata 1440A (Molecular Devices) and analyzed with pClamp 10 software
(Molecular Devices). The ligand solutions were prepared in bath solution from concentrated
stocks (1 M GABA and 500 mM phenobarbital stocks were prepared in water and 100 mM
stocks of bicuculline, diazepam, picrotoxin, etomidate, and 10 mM stock of flumazenil were
prepared in DMSO. Solution exchange was achieved using a gravity driven RSC-200 rapid
solution changer (Bio-Logic). In phenobarbital potentiation experiments with mutants (in
Fig. 1b), responses are from 5 uM GABA compared to 5 UM GABA plus 500 uM
phenobarbital. Peak currents were measured using HEK293S GnTI™ expressing WT or
mutant receptors. The experiments were repeated for at least 3 times from three different
cells. Statistical analyses were performed using Prism v8 (GraphPad). To quantify
differences in peak currents between EM and mutant constructs, mean and standard
deviations were calculated from more than three independent patches for each group. An
unpaired two-tailed Student’s #test was used for single comparisons between wild-type and
mutant groups. * and ** denote statistical significance corresponding to p-values of < 0.01
and < 0.0001, respectively.

Coarse-grained simulations.

Atomic coordinates for the a1p2y2 receptor with the intracellular domain modification in
complex with GABA plus phenobarbital were coarse-grained, through the representation of
~4 heavy atoms as a single bead, using Martini Bilayer Maker in CHARMM-GUI8,
Ligands and glycans were omitted, and the protein was embedded in a symmetric membrane
containing 40% cholesterol, 20% 1-palmitoyl-2-oleoyl-sr-glycero-3-phosphocholine
(POPC), 20% POPE, 9% POPS, and 1% PIP,, previously shown to approximate the
neuronal plasma membrane??. In total, 4,437 lipids were inserted in the simulation system,
constituting 313,112 total beads including water and ions. After energy minimization and
equilibration in CHARMM-GUI, simulations were run with the protein restrained for 25 ps
in GROMACS 2019.47° to allow lipid convergence, using Martini 2.2 and 2.0 parameters®3
for amino acids and lipids, respectively. Five replicates were performed from different initial
lipid compositions generated in CHARMM-GUI. For comparison, an additional simulation
of the receptor in complex with bicuculline was performed. All simulations relaxed within
20 ps to equivalent patterns of lipid association around the receptor, including local
enrichment of PIP, and cholesterol at transmembrane subunit interfaces.

MD simulations.

The final frame from a randomly selected coarse-grained simulation was selected for
backmapping to an all-atom system, including all PIP, molecules observed to bind
persistently in more than 2 replicates. The lipid bilayer was backmapped into CHARMM?36
topologies?, then placed around each protein model reported in this work, and trimmed to a
box size of 14 x 14 x 16 nm. The system was solvated and neutralized in ~150 mM NacCl.
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All atomistic simulations were performed using GROMACS 2019.4 in the CHARMM36
forcefield8!. Simulations included resolved GABA or modulatory ligands except as
indicated. For flumazenil-substitution simulations, flumazenil was superimposed from the
flumazenil-bound structure in place of extracellular diazepam in the diazepam-bound
structure; for propofol-saturation simulations in Extended Data Figure 1, propofol was
superimposed at the a-y, y-p, and a-p interfaces based on pseudo-symmetric poses at p-a
interfaces in the propofol-bound structure. Parameters for ligand molecules were generated
with CGenFF in CHARMM-GUI78, with additional optimization using quantum mechanics
for ligands with high penalty scores®2. Each system was energy-minimized and then relaxed
with a constant number of particles, pressure, and temperature for at least 60 ns, during
which the position restraints on the protein were gradually released. All ligands were
restrained during equilibration. For each equilibrated system, four replicates of 500-ns
unrestrained simulations were then generated and frames analyzed every 4 ns, for a total of
500 samples in each condition (four replicates x 125 frames). Temperature was kept at 300
K using a velocity-rescaling thermostat82, Parrinello-Rahman pressure coupling84 ensured
constant pressure, the particle mesh Ewald algorithm®7 was used for long-range electrostatic
interactions, and H-bond lengths were constrained using the LINCS algorithm8®. Analyses
were performed using VMD8®6, MDAnalysis8’, and MDTraj88. Simulation properties were
represented using raincloud plots (doi: 10.12688/wellcomeopenres.15191.1), e.g. Fig. 3g—i,
Extended Data Fig. 1h and Supplementary Fig. 2a showing unmirrored probability
distribution functions at left, and jittered raw data with superimposed boxplots indicating
sample median, interquartile range (25th—75th percentiles), minimum-maximum range, and
outliers at right.

Principal component analysis.

Protein models in complex with GABA, bicuculline, GABA + etomidate, GABA +
phenobarbital, and GABA + propofol were rmsd-aligned using all Ca atoms, then used to
calculate principal components (PC) of motion in Cartesian coordinate space for Ca atoms
of the TMD (residues equivalent to p2-218 to 338) or ECD (B2-10 to 217) in all subunits.
Subsequently, all protein models reported in this work (/7= 8 independent structures) were
projected onto the PC1-2 subspaces for the two domains. Elastic-network interpolations
between the bicuculline and GABA complexes were performed using eBDIMS®? with
cutoff=6, mode=3, and 1 unbiased step, then projected onto the principal component
subspaces.

lon permeation calculations.

The free energy along the pore axis for chloride was calculated using the accelerated weight
histogram (AWH) method®. Briefly, for each equilibrated structure (complexes with
GABA, bicuculline, GABA + phenobarbital, or GABA + propofol) we applied one
independent AWH bias, and simulated for 50 ns each with 16 walkers sharing bias data and
contributing to the same target distribution. Each bias acts on the center-of-mass z-distance
between one central chloride ion and the Ca of $—270, a-275, and y—285 residues, with a
sampling interval across more than 95% of the box length along the z axis to reach
periodicity. To keep the solute close to the pore entrance, the coordinate radial distance was
restrained to stay below 10 A by adding a flat-bottom umbrella potential.
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Data availability:
Atomic model coordinates for bicuculline methbromide, GABA + propofol, GABA +
flumazenil, GABA + etomidate, GABA + phenobarbital, GABA + diazepam, GABA, and
GABA + picrotoxin—bound structures have been deposited in the Protein Data Bank with
accession codes 6X3S, 6X3T, 6X3U, 6X3V, 6X3W, 6X3X, 6X3Z and 6X40, respectively,
and the cryo-EM density maps have been deposited in the Electron Microscopy Data Bank
with accession codes EMD-22031, EMD-22032, EMD-22033, EMD-22034, EMD-22035,
EMD-22036, EMD-22037 and EMD-22038, respectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Extended Data Figure 1: Biochemistry, sample condition screening, and stability of atomistic
MD simulationsin brain lipids.

In 2018, our group reported the structure of the a1p2y2 receptor in complex with GABA
and flumazenil in detergent?l. While this initial study revealed details of the classical
neurotransmitter and benzodiazepine binding sites, the structures showed an unanticipated
asymmetric occluded state in the transmembrane region, where we observed the y2
transmembrane domain (TMD) collapsed into the pore or structurally disordered. Structures
in complex with GABA®? or with a nanobody modulator (unpublished®l), also in detergent,
exhibited very low resolution in the membrane domain that precluded detailed analysis.
Structures of the a1p3+y2 receptor in lipid nanodiscs were reported more recently, with a
well-ordered and approximately symmetric transmembrane domainl819, We first sought to
improve order and prevent collapse of the symmetric transmembrane domain (TMD)
quaternary structure by optimizing lipid reconstitution of the GABA plus flumazenil
receptor complex as a benchmark. Panel a shows analytical size-exclusion chromatography
of the a1p2y2 receptor at different stages of preparation of the GABA plus flumazenil
complex, which we used to benchmark the reconstitution approach: receptor in detergent,
increasing in size after exchange into nanodiscs, then a further increase in size after addition
of Fab. Inset SDS-PAGE shows relatively pure nanodisc-Fab-receptor complex, which was
used for grid preparation. Panels b-e show TMD z-slices of 3D reconstructions from
preparations with GABA, flumazenil and various membrane mimetics. Inset numbers are
resolution values from the reconstructions and white dashed lines highlight subunit
boundaries. Panel b is from the dataset published in 201821, Panel c is from sample purified
in DDM supplemented with brain lipids, more symmetric but very low resolution. Panel d is
from protein purified in DDM supplemented with soy polar lipid extract (Avanti) and
cholesteryl hemisuccinate (CHS, Anatrace) and exchanged in MSP1E3 nanodiscs containing
soy lipids, highly asymmetric. Panel e is the condition used to obtain the GABA plus
flumazenil complex in this study. We applied this purification and nanodisc reconstitution
approach to all other complexes. Panel f shows results from atomistic MD simulations
validating the stability of these complexes in a brain-lipid environment, as well as
differential dynamics in the presence of different ligands. After embedding our models in
mixed membranes with expected brain-lipid proportions®2 and equilibrating with coarse-
grained simulations®3, cholesterol and phosphatidylinositol 4,5-bisphosphate (P1P5) were
found to accumulate at the protein surface, particularly at subunit interfaces (Supplementary
Videos 9 and 10, respectively). Such interactions could contribute to the symmetrizing effect
of brain lipids relative to detergent or other lipid mixtures. Subsequent quadruplicate 500-ns
all-atom MD simulations of all 8 structures reported in this work were largely stable,
converging to < 3 A root-mean-squared deviation (rmsd) for all protein Ca. atoms. This
panel shows deviations from starting conformations (rmsd, A) of protein Ca atoms in
alP2y2 receptor structures. Each trace represents one of four 500-ns replicates. Panel g
illustrates an alternative conformation observed in multiple exploratory simulations of the
flumazenil-bound structure (gray) with flumazenil removed. Within 200 ns, the y M2-helix
spontaneously translocates to block the pore (snapshot at 500 ns, colored), supporting a
flexible conformational repertoire for this subunit. Transition is tracked over time (red-blue)
by the position of P-2” in a and y. Panel h presents simulation results for propofol stability
at all five interfacial TMD sites, with probability distributions at left, and raw data (/7= 500
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samples from 4 simulations, see Methods) plus boxplots indicating sample median,
interquartile range (25th-75th percentiles), minimum-maximum range, and outliers at right..
Propofol was inserted at the a-f3, a-y and y-p sites by symmetry superposition of the
resolved pB-a propofol. In quadruplicate simulations of >400 ns each, the inserted propofol
molecules were not stably bound, sampling a broad distribution up to 8 A rmsd from initial
poses. In contrast, propofol at the B-a interfaces remained within 4 A rmsd of its initial
poses. Thus, simulations support a preference for propofol binding at the B-a. over other
interfaces.
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Extended Data Figure 2: Detailed cryo-EM processing flowchart for GABA plus flumazenil
complex.

Panel a shows a representative cryo-EM image. Panel b shows projection images from the
final selected 2D classes. Panel ¢ shows 3D classification results; good classes selected for
further processing are boxed in red and in lower row have TMD z-slices shown. Note fuzzy
nanodisc appearance adjacent to y2 subunit, consistent with conformational heterogeneity in
this region. Panel d shows 3D maps from a second round of 3D classification, from which
particle from four classes (red boxes) were selected and used to generate map shown in
panel e. Signal subtraction and -y2 subunit focused 3D classification resulted in the map in
panel f.
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Extended Data Figure 3: Overall and local map resolution and global map-model agreement.
For each structure, the sharpened map is colored by local resolution, and map FSC (upper

right) and map-model FSC (lower right) plots are shown. For the flumazenil complex, two
maps were used in building, a higher resolution map that had weak y-TMD density, and a
lower resolution map with strong y-TMD signal. Shown here for this structure is the lower
resolution map with strong signal for the whole receptor. Both maps will be deposited for
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this flumazenil complex, and relevant statistics for these maps are shown in Extended Data
Tables 1, 2.

a GABA b Fumazenil c Diazepam d  Phenobarbital

520
ks

e Etomidate f Propofol g Picrotoxin h Bicuculline (bicuculline
(R(+)-etomidate) (picrotoxinin) methbromide)

Extended Data Figure 4: Map quality and ligand binding sites.
Each panel a-h shows a side view and a TMD slice from the experimental density map,

accompanied by the chemical structure of the ligand in that complex. Note, GABA is present
in all structures except the bicuculline complex. Solid boxes highlight GABA binding sites;
dashed boxes highlight allosteric ligands (including picrotoxin) binding sites. Propofol
binding sites at subunit interfaces in f are distinct from the intrasubunit sites identified
initially in the prokaryotic GLIC channel®, and similar in location but distinct in pose
compared to the intersubunit site mutants of GLIC®.
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Extended Data Figure 5: Lipid interactionsin TMD.
Panel a shows an atomic model overview of the TMD sites for possible lipid binding in the

GABA plus propofol complex; densities for putative lipids are shown in tan. A subset of
these are consistent with those modeled as POPC in the a 1832 structures'819, Panels b-e
show side views of lipid density at the different subunit interfaces. The lipid density maps
shown were generated using the unsharpened map. Panels f-h are made from the GABA plus
diazepam complex structure. Panel f shows an atomic model overview of the TMD sites for
possible lipid binding; densities for putative lipids are shown in tan. Panels g and h show
side views of potential lipid density at the subunit interfaces.
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Extended Data Figure 6: Representative map quality and model fit and structural analysis of
GABA alone, diazepam and flumazenil complexes.

Semitransparent surface is shown for central ligand and contacting side chains for panels a-
d. Panel a shows GABA site at chain A-B B-a interface in GABA alone structure. The two
B-a GABA sites from the structure superimpose nearly perfectly and do not shed light on
the differences in functional contributions found in electrophysiology studies with
concatamers8. Structures of apo receptor may be essential in identifying structural
differences in the two GABA sites. Panel b shows flumazenil site at a-y interface; panel c
shows diazepam at same ECD interface in its structure. Panel d shows bicuculline site at
same interface as panel a. Panel e shows picrotoxin site in TMD; here, density is shown for
ligand and all nearby protein structure elements. Panel f shows superposition of two GABA
plus flumazenil complexes, one from the detergent condition?! and one from this study in
brain lipids, to illustrate absence of differences in backbone conformation. Note, loops that
interact with the TMD do vary in conformation. Panel g shows detail of flumazenil site from
the superposition in panel f. Panels h and i show superpositions of three structures from the
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current study: GABA alone, GABA plus diazepam and GABA plus flumazenil, focused on
the two GABA binding sites. Panel j shows calculated interface areas and interaction
energies for each subunit pair, for each of the benzodiazepine-related structures.

0 250 500

Time (ns)

DZP in the B-a interfaces

z

Extended Data Figure 7: Agonist and benzodiazepine complexes.
Panels a-c focus on ECD binding sites viewed from synaptic perspective; a, Overview of the

diazepam complex. Panel b, position of diazepam with ligand map quality shown; side
chains shown for residues contacting diazepam. Panel c, superposition of flumazenil and
diazepam complexes. Panel d shows the three TMD sites identified for diazepam. Panels e
and f show binding site details for diazepam at B-a and y-p interfaces. The two
enantiomeric conformations of diazepam identified in the TMD sites are in panel g. Panels
h-i show snapshots from MD simulations viewed from the extracellular side. Extracellular
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GABA and henzodiazepines are shown as sticks, colored by frame (red-blue scale). Panel h,
flumazenil-bound simulation with GABA in the upper site unbinding within 100 ns (pink-
blue peripheral sticks). Panel i, diazepam-bound simulation with GABA retained in both
orthosteric sites. Subunit subscripts denote chain ID. Stick representation is shown for
residues within van der Waals contact range.

a Diazepam vs. BHUP b Diazepam vs. 6HUP c Bicuculline vs. BHUK
ECD RMSD: 0.49 A ECD RMSD: 0.49 A ECD RMSD: 0.51 A

TMD RMSD: 0.74 A TMD RMSD: 0.74 A TMD RMSD: 0.65 A

d Picrotoxin vs. 6HUJ L

ECD RMSD: 0.81 A
a1p2y2 TMD RMSD: 1.04 A a1p3y2 GIuCl (3RI5)
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Extended Data Figure 8: Ligand site comparisons among a1f2y2, a1p3y2 and GluCl structures,
and panel of pore conformations.

Panels a and b show superpositions of the GABA and diazepam ECD binding sites from the
alp2y2 receptor (this study; subunits and ligands are colored) and the a133y2 receptor (in
grey)19, respectively. Panel ¢ shows a superposition similar to those in aand ¢ but for the
bicuculline complexes (N, A-dimethyl higher affinity form from this study; bicuculline
(single A~methyl) for a1p3+y2 in grey). Panels d and e compare picrotoxin binding sites
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from three structures: this study, the a1p3y2 structure and GIuCI®8. The results suggest
picrotoxin can bind to multiple conformations at different depths of the pore. GIuCl is most
widely open and picrotoxin binds most deeply; in that study, picrotoxin was used as a probe
for an open-state conformation®®. The pore is more tightly closed in a1f3y2 than in
alp2y2, which may allow picrotoxin to bind more deeply in the latter structure. In GluCl
and in a1p2y2, the picrotoxin isoprenyl tail orients toward the cytosol; in a1p3+y2, tail
orients toward extracellular surface. This orientation allows in GIuCl for favorable
interactions between the “basket” oxygens and the polar 2" residues. The a1p2/B3y2
receptors are more hydrophobic at the 2” position, which may also explain favorable
positioning of picrotoxin higher in the pore, where in the a1p2y2 structure these oxygens
are likely to make hydrogen-bonding interactions with conserved 6" threonine hydroxyls.
Panel f shows a sequence alignment of GABA subunit M2 helices. Red boxes highlight
residues potentially important in picrotoxin binding; in bold are the 15" residues that play a
role in anesthetic selectivity and sensitivity. Panel g shows pore conformational states for all
ligand complexes, with opposing 1 and y2 M2 a-helices shown as ribbons with pore-lining
side chains shown as sticks. Purple and green spheres illustrate shape of the pore. Boxed
distances in the pore are diameters at the desensitization gate (—-2") and resting gate (9")
positions. Panel h shows free energies for chloride ion permeation along the pore axis
(cytoplasmic side down, with =2 gate at 0 nm), for representative a12y2 complexes.
Overlaid plots show the energy barrier at the 9" hydrophobic gate (~2 nm) in the bicuculline
complex (orange) to be partially relieved in the GABA complex (green), and further relieved
in complexes with GABA + phenobarbital or + propofol (light or dark blue, respectively).
Panel i shows all a1p2+y2 structures reported in this work (7= 8 independent structures),
plotted along dominant principal components (PCs) calculated for the TMD. Snapshots of a
simulated transition®’ between the GABA and bicuculline complexes (dark-to-light crosses)
show that the GABA + picrotoxin complex maps along this pathway. GABA + diazepam and
IV anesthetics bound structures (GABA + diazepam, dark blue; etomidate, gray;
phenobarbital, orange; propofol, purple) cluster at lower left, distinct from GABA-alone or
flumazenil- or inhibitor-bound states.
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This study, Masiulus et al. 2019,
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Extended Data Figure 9: lon pore conformation and TM D subunit interface packing in a1f2y2
vs. alp3y2 structures.

Panels a-b show pore conformations for a1p2y2 (this study) and a1B3y219 structures
bound by GABA plus diazepam, respectively, with opposing p1 and y2 M2 a-helices shown
as ribbons and pore-lining side chains shown as sticks. Purple and green spheres illustrate
shape of the pore; purple is for radii > 2.8 A; green is 1.4-2.8 A; red is < 1.4 A. Distances on
right side of pore are radii at the desensitization gate (—2") and resting gate (9”) positions.
Panel ¢ compares these two structures in the form of a pore radius vs. distance along the
pore plot. Structures were aligned at y=0 at the level of the —2” desensitization gate. Panels
d-f and g-i make the same comparisons, but for the bicuculline and GABA plus picrotoxin
complexes, respectively. Panel j compares interface area buried per subunit interface (A2,
ECD+TMD) for representative anion-selective receptors; top three are homopentamers
where the area given is the average from all interfaces, while for the two bicuculline
structures the area comes from the average of the two pB-a interfaces. Comparison is limited
to anion-selective receptors due to absence of ordered intracellular domains; eukaryotic
cation-selective receptors contain intracellular domains that contribute to interface surface
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area. Panel k tabulates buried TMD subunit interface areas between pairs of GABAa
receptor structures to illustrate tighter packing in the a1p3y2 receptor structures.
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Extended Data Figure 10: Nanodisc sizes correspond to lipid ratio used in reconstitution.
Panels a-c compare experimental EM maps (with docked structures), low-pass filtered to 10

A resolution, between matched a1p2y2 and a1p3y2 ligand complexes. Panel d compares
the reconstitution approach from the current study with the on-column approach used to
obtain the a1B3+y2 receptor structures!819, Asterisks indicate steps we hypothesize give rise
to the observed different nanodisc sizes: washing with lipid-free detergent buffer removes
lipids, and the step of collecting affinity resin by centrifugation removes excess lipids, such
that when the MSP2N2 scaffold and biobeads are added, there are no extra lipids to fill the
large scaffold.
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Extended Data Figure 11: Example electrophysiological recordingswith cryo-EM construct.
All recordings were made in whole-cell voltage-clamp mode at =75 mV with transiently-

transfected HEK cells. In panel a, WT, full-length receptor compared to cryo-EM construct,
response to application of GABA. All remaining recordings are with the EM construct. In
panel b, a representative response is shown for application of GABA, then GABA plus
diazepam, then GABA plus flumazenil, then GABA plus diazepam plus flumazenil. In panel
¢, application of GABA, then GABA plus phenobarbital. In d, application of GABA, then
GABA plus etomidate. In e, application of GABA, then GABA plus propofol. In f,
application of GABA, then GABA plus methylated form of bicuculline. The patch clamp
experiments were repeated 3 times independently.
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Cryo-EM data collection, refinement and validation

statistics
Bicuculline GABA+ Propofol GABA+ Etomidate GABA+
methbromide (EM DB-22032) (EM DB-22034) Phenaobar bital
(EMDB-22031) (PDB 6X3T) (PDB 6X3V) (EMDB-22035)
(PDB 6X3S) (PDB 6X3W)
Data collection and
processing
EM Facility UTSW PNCC UTSW HMS
Magnification 105 K 225K 105 K 105 K
\oltage (kV) 300 300 300 300
Electron exposure (e 85.05 50.00 66.07 69.59
_/AZ)
Defocus range (um) -1.8t0-2.8 -1.8t0-2.8 -1.8t0-2.8 -1.8t0-2.8
Pixel size (A) 0.833 1.035 0.833 0.825
Symmetry imposed C1 C1 C1 C1
Initial particle images 1,219,070 3,052,289 1,972,936 1,076,196
(no.)
Particle images after 2D 815,729 926,936 719,534 513,431
classification
Final particle images 80,103 (9.8) 158,159 (17.1) 124,310 (17.3) 145,958 (28.4)
(no.) (%)
Map resolution (A) 3.12 2.55 3.47 3.14
FSC threshold 0.143 0.143 0.143 0.143
Map resolution range 27-42 2-28 3-4.0 24-38
A)
Refinement
Initial model used (PDB ~ 6X3Z 6X3Z 6X3Z 6X3Z
code)
Model resolution (A) 331 2.60 3.56 3.24
FSC threshold 0.5 0.5 0.5 0.5
Model resolution range na. n.a. n.a. n.a.
Map sharpening Bfactor -86 -61 -100 -102
(A%
Model composition
Non-hydrogen atoms 17,407 17,416 17,426 17,399
Protein residues 2,121 2,121 2,121 2,121
Ligands 23 27 27 25
Bfactors (A2?)
Protein 43.00 41.53 29.54 35.92
Ligand 52.96 42.31 40.90 45.94
R.m.s. deviations
Bond lengths (A) 0.004 0.004 0.005 0.008
Bond angles (°) 0.599 0.586 0.568 1.133

Validation
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Bicuculline
methbromide
(EM DB-22031)
(PDB 6X3S)

GABA+ Propofol
(EMDB-22032)
(PDB 6X3T)

GABA+ Etomidate

(EMDB-22034)
(PDB 6X3V)

GABA+
Phenaobar bital
(EM DB-22035)
(PDB 6X3W)

MolProbity score

Clashscore

Poor rotamers (%)
Ramachandran plot

Favored (%)

Allowed (%)

Disallowed (%)

1.79 (100t %)
9.42 (96 %)
0.05

95.72
4.28
0.00

1.77 (99 %)
5.88 (99t %)
2.28

96.96
3.04
0.00

1.72 (100t 9%)
7.33 (100t %)
058

95.48
452
0.00

1.59 (100t 9%)
5.41 (100t %)
0.85

95.67
4.33
0.00

17tPercent of particles in final reconstitution compared to after 2D classification

Extended Data Table 2:
Cryo-EM data collection, refinement and validation

statistics
GABA GABA+ Diazepam  GABA+ GABA+ Picrotoxin
(EM DB-22037) (EM DB-22036) Flumazenil (EM DB-22038)
(PDB 6X32) (PDB 6X3X) (EMDB-22033) (PDB 6X40)
(PDB 6X3U)
Data collection and
processing
EM Facility HMS uTsw UTsSw HMS
Maghnification 105 K 105 K 165 K 105 K
\oltage (kV) 300 300 300 300
Elz%tron exposure (e 63.79 63.04 50.28 62.91
-IA%)
Defocus range (um) -1.8t0-2.8 -1.8t0-2.8 -0.6t0-2.1 -14t0-23
Pixel size (A) 0.825 0.833 0.84 0.825
Symmetry imposed C1 C1 C1 C1
Initial particle images 1,705,334 2,868,814 1,072,111 1,847,538
(no.)
Particle images after 2D 871,313 826,254 810,710 1,550,272
classification
Final part}cle images 171,838 (19.7) 297,028 (35.9) 260,276 / 62,364 165,494 (10.7)
(no.) (%) (32.1/7.7)
Map resolution (A) 3.23 2.92 3.20/3.49 2.86
FSC threshold 0.143 0.143 0.143 0.143
Map resolution range 25-39 2-35 3-45 2-32
A
Refinement
Initial model used (PDB ~ 6U6D + 4COF 6X3z 6X3Z 6X3Z
code)
Model resolution (A) 3.34 3.02 3.70 2.99
FSC threshold 0.5 0.5 0.5 0.5
Model resolution range na. n.a. n.a. na.
Map sharpening Bfactor -109 -113 -125/-120 -94

(A%
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GABA GABA+ Diazepam  GABA+ GABA+ Picrotoxin
(EMDB-22037) (EM DB-22036) Flumazenil (EMDB-22038)
(PDB 6X32) (PDB 6X3X) (EMDB-22033) (PDB 6X40)
(PDB 6X3U)
Model composition
Non-hydrogen atoms 17,365 17,470 17,387 17,411
Protein residues 2,121 2,121 2,121 2,121
Ligands 23 29 24 26
Bfactors (A?)
Protein 62.75 40.07 24.15 62.21
Ligand 66.81 46.42 31.71 60.63
R.m.s. deviations
Bond lengths (A) 0.007 0.006 0.005 0.007
Bond angles (°) 1.069 1.024 0.998 1.092
Validation
MolProbity score 1.59 (100t %) 1.49 (100t %) 1.47 (100t %) 1.68 (100t %)
Clashscore 5.44 (100th %) 4.14 (100t %) 4.05 (100" %) 7.16 (98t %)
Poor rotamers (%) 0.69 0.53 0.32 0.42
Ramachandran plot
Favored (%) 95.77 95.82 9591 95.82
Allowed (%) 4.23 4.18 4.09 4.18
Disallowed (%) 0.00 0.00 0.00 0.00

iPercent of particles in final reconstitution compared to after 2D classification
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Figure 1: Phenabarbital binding sites.
Panel a provides overview of atomic model of TMD viewed down channel axis from

synaptic perspective; boxes highlight phenobarbital sites with ligand shown as spheres.
Panel b shows the effect of mutation at the 15 position of different subunits on fold
potentiation of GABA activation by phenobarbital. The bars indicate mean + SD,n=7
(WT), 4 (aS270M), 5 (BN265M), 3 (yS280M) and 5 (double mutant) *, p < 0.01 ; ** p <
0.0001. “n=X" represents biologically independent patch clamp experiments with individual
cells. Panels c and d show binding site details for phenobarbital at y- and a-p interfaces.
H-bonds indicated with dashed line and distance.
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Figure 2: Etomidate and propofal interactions.
Panels a and b show atomic model overview of the TMD sites for etomidate and propofol,

respectively; ligands are shown as spheres. Subunit subscripts denote chain ID. Panels ¢ and
d show binding site details for one of the two equivalent p-a sites for each ligand.
Experimental density for ligands is shown as semi-transparent surface.
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Figure 3. Benzodiazepine sites and mechanism.
Panels a-c show z-slices in the TMD of cryo-EM density maps for the three complexes;

boxes in ¢ highlight diazepam (salmon) TMD sites. Panels d-f show map and model in TMD
at the y-B interface to illustrate large interfacial gap in flumazenil complex, smaller gap in
GABA alone complex, and absence of a gap in diazepam complex. Panels g-i show stability
(rmsd, A) in benzodiazepine-related simulations, with probability distribution at left, and
raw data (n7= 500 samples from 4 simulations, see Methods) plus boxplots indicating
median, interquartile (25th-75th percentiles) and minimum-maximum ranges at right. Panel
g, diazepam-bound simulations (blue) exhibit stabilization of GABA over both orthosteric
sites relative to flumazenil-bound (yellow) or GABA-alone (green) conditions. Panel h,
stabilization of M2 helices in the presence of diazepam. Panel i, destabilization of the
transmembrane y-p interface in the presence of extracellular flumazenil, relative to either
diazepam or no ligand at the extracellular a-y interface.
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Figure 4: Anesthetic cavity selectivity and confor mation.
Models and molecular surfaces are shown from a perspective down the channel axis, at the

level of the TMD binding sites identified for diazepam, phenobarbital, etomidate and
propofol. Straight arrows indicate occupied binding sites with ligands shown as spheres.
Curved arrows indicate rigid body subunit transformations relative to the GABA alone
structure (dashed lines are minor; solid lines are major rotations/translations). Green “O’s”
indicate open or partially open cavities; red “X’s” indicate closed-off cavities.
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