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y-Aminobutyric acid type A (GABA,) receptors mediate fast inhibitory signal-
ing in the brain and are targets of numerous drugs and endogenous neuro-
steroids. A subset of neurosteroids are GABA, receptor positive allosteric
modaulators; one of these, allopregnanolone, is the only drug approved spe-
cifically for treating postpartum depression. There is a consensus emerging
from structural, physiological and photolabeling studies as to where positive
modulators bind, but how they potentiate GABA activation remains unclear.
Other neurosteroids are negative modulators of GABA, receptors, but their
binding sites remain debated. Here we present structures of a synaptic GABA,

receptor bound to allopregnanolone and two inhibitory sulfated neuroster-
oids. Allopregnanolone binds at the receptor-bilayer interface, in the con-
sensus potentiator site. In contrast, inhibitory neurosteroids bind in the pore.
MD simulations and electrophysiology support a mechanism by which allo-
pregnanolone potentiates channel activity and suggest the dominant
mechanism for sulfated neurosteroid inhibition is through pore block.

Neurosteroids regulate neuronal activity in the central and peripheral
nervous systems. The levels of endogenous neurosteroids in the body
are dynamic and altered by stress, pregnancy, the ovarian cycle, neural
development, and aging'. Their dysregulation can result in neurologi-
cal and psychiatric disorders; accordingly, neurosteroids are
employed clinically as sedatives, hypnotics, anticonvulsants, and
antidepressants®*. These steroids modulate neurotransmission in the
brain by interacting with a variety of membrane proteins including
ionotropic y-aminobutyric acid type A (GABA,) receptors. One such
neurosteroid, allopregnanolone, is the first FDA-approved drug to
treat post-partum depression.

GABA, receptors belong to the Cys-loop superfamily of penta-
meric ligand-gated ion channels. GABA, receptors mainly assemble as
heteromers, and each subunit shares a common topology, with a large
N-terminal extracellular domain (ECD), followed by four transmem-
brane o-helices (M1-M4; TMD). A poorly conserved intracellular
domain (ICD) connects the M3 and M4 helices. GABA binds at -a

subunit interfaces in the ECD>®. The ICD is disordered in experimental
structures and includes motifs important for intracellular sorting and
plasma membrane localization. Binding of GABA to a resting-state
receptor results in conformational changes that allow anions, mainly
chloride, to pass through the intrinsic TMD channel and, in most cases,
inhibit neuronal excitability’. In the sustained presence of GABA, the
receptor then enters a desensitized state wherein agonist remains
bound, and the channel adopts a closed, non-conducting conforma-
tion distinct from that in the resting state. The TMD is surrounded by
lipids, and allosteric modulation of GABA, receptors by several drug
classes occurs in the TMD®*'°, These allosteric modulators include
important exogenous molecules, like general anesthetics and sedative-
hypnotics, and diverse endogenous molecules, like neurosteroids.
Our current understanding of GABA, receptor modulation by
neurosteroids comes from photoaffinity and binding experiments,
crystallographic structures, and electrophysiology. These studies have
shed light on the subunit dependence of neurosteroid modulation and
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amino acid determinants of potentiation and inhibition'"?. While
crystallographic structures and functional measurements paint a
consistent picture of where positive allosteric modulator (PAM) neu-
rosteroids bind, there is a lack of consensus on the mechanism for
inhibitory neurosteroids (or negative allosteric modulators, NAM).
Where NAM neurosteroids bind, and how these often-sulfated mole-
cules access suggested hydrophobic membrane sites, remain poorly
understood. Here, we combine cryo-electron microscopy (cryo-EM)
studies with electrophysiology and molecular dynamics (MD) simula-
tions to study GABA, receptor binding sites and allosteric mechanisms
for PAM neurosteroids versus sulfated NAM neurosteroids. Our find-
ings reinforce earlier conclusions about PAM neurosteroids, revealing
a TMD subunit interface site for allopregnanolone. Structural analysis
and MD simulations suggest how binding of this drug increases sen-
sitivity to GABA and increases ion channel width, thereby enhancing
receptor activity. Investigations of two NAM neurosteroids reveal the
principal site of inhibition to be in the ion channel, rather than at
previously suggested sites at the receptor-lipid interface. We reconcile
this finding with earlier structural and functional data to propose an
intuitively simple mechanism of antagonism by sulfated NAM
neurosteroids.

Results

Structure determination of receptor-neurosteroid complexes
Neurosteroids are the most potent endogenous modulators of
GABA , receptors®. Endogenous neurosteroids are synthesized from
cholesterol in neurons and glia, where a series of enzymatic reactions
add or remove functional groups to the steroid backbone that result
in derivatives with a spectrum of activities”. We used cryo-EM and
electrophysiology to better understand GABA, receptor modulation
and binding interactions of three particularly important neuroster-
oids: the PAM allopregnanolone, and two NAMs, pregnenolone sul-
fate (PS), and dehydroepiandrosterone sulfate (DHEAS) (Fig. 1). We
followed a similar approach to determine structures of all three
complexes (Methods, Supplementary Figs. 1-2). We first purified a
modified a132y2 GABA, receptor construct, in which the intracellular
loops were removed, and reconstituted it into lipid nanodiscs*. We
then formed a complex with GABA, neurosteroid, and Fab fragments
to aid in particle alignment, and collected single particle cryo-EM
datasets.

a Cholesterol b Allopregnanolone

(Allo)

HO™

c Dehydroepiandrosterone Sulfate
(DHEAS)

d Pregnenolone Sulfate

Fig. 1| Neurosteroid chemical structures. a The neurosteroid precursor choles-
terol with rings and atom numbers indicated. b-d Allopregnanolone is a GABA,
receptor positive modulator while the sulfated neurosteroids, DHEAS and PS, are
negative modulators.

Allopregnanolone binds at -a interfaces in the TMD

We selected allopregnanolone among the PAM neurosteroids due to
its remarkable clinical application in depression and an absence of
structural information for its binding to GABA, receptors. Note, while
preparing this manuscript, a preprint was made available on allo-
pregnanolone bound to native GABA, receptors®. Allopregnanolone
acts as a positive allosteric modulator of GABA, receptors. During
pregnancy, the levels of hormones like progesterone, a precursor for
allopregnanolone, increase over 100-fold?. To avoid sedation, the
expression level of GABA, receptors drops®. After birth, hormones
rapidly return to pre-pregnancy levels; however, the level of GABA,
receptors does not recover at the same rate”. This lag in changing
expression levels compounded with fluctuations in the level of allo-
pregnanolone in the brain is associated with mood disorders, includ-
ing premenstrual dysphoric disorder and postpartum depression®. To
probe allopregnanolone’s mechanism of action, we determined the
structure of the a1B2y2 GABA, receptor in complex with GABA and
allopregnanolone at 2.9 A resolution (Supplementary Figs. 1, 2a—c).
The map quality was sufficient to model all the expressed receptor
construct and position allopregnanolone in its TMD sites (Fig. 2a).
Importantly, we confirmed neurosteroid potentiating activity in the
cryo-EM construct (Fig. 2b).

We were interested to study the allopregnanolone mechanism at
two levels: first, where does the drug bind, which residues does it
contact, and are these interactions important for drug activity? Sec-
ond, how does allopregnanolone binding influence the receptor
structure and dynamics, locally and at a distance from the binding site,
and how do these effects contribute to potentiation? To answer the
first question, we examined the atomic interactions of allopregnano-
lone. We observed sausage-like densities in a hydrophobic cavity at the
two [(2-al subunit interfaces, near the base of the TMD (Fig. 2c). These
densities correspond to an established binding site for potentiating
neurosteroids and are not found in the absence of
allopregnanolone*?°. The nature of these sites, where more than half
the surface area of interaction is made by bulk lipids, results in ligand
density lacking strong high-resolution features. Accordingly, we used
MD simulations to test the stability of different allopregnanolone
poses that fitted the density comparably well (Supplementary Fig. 3).
One orientation (pose 1) was far more stable than all others, in which
the steroid’s A ring tilts toward the M1 helix of the « subunit and the D
ring points toward the cytosolic end of M3 of the 3 subunit (Fig. 2c).
The C3 hydroxyl group is positioned to form a hydrogen bond with the
epsilon oxygen of Q242 (Fig. 2¢). This interaction is essential, as the
«Q242L mutation ablates the potentiating effects of neurosteroids,
but other mutations that preserve the H-bond do not alter PAM neu-
rosteroid activity’®*2. This well-defined interaction, along with the
experimental density and MD results, allowed us to confidently orient
the D ring C20 ketone toward L301 of the adjacent (32 subunit. This
hydrophobic residue is conserved among all GABA, receptor o sub-
units. The indole side chain of W246 is positioned to make stacking
interactions with the C and D rings of allopregnanolone, stabilizing the
steroid in the binding pocket. The importance of this interaction is
underscored by its mutation to leucine resulting in complete loss of
potentiation by allopregnanolone and pregnanolone®**** with no
effect on barbiturate potentation°.

Impact of allopregnanolone binding on receptor conformation
and GABA stability

In cell membranes, binding of allopregnanolone to the GABA, recep-
tor enhances channel activation by GABA. We compared the a1f32y2
GABA,4 receptor structure bound to GABA alone (PDB: 6X3Z) versus
that bound to GABA and allopregnanolone to identify differences that
may contribute to potentiation (Fig. 3a). Global superposition revealed
small differences, with a Ca root mean-squared deviation (rmsd) at
0.66 A between the two structures. There are notable differences in the
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Allo site 1
n

Fig. 2 | Allopregnanolone activity and binding site. a Density map of the GABA,
receptor bound to GABA and allopregnanolone with ligands and lipids indicated.
Subunits are colored in dark green (al), blue (32), and gold (y2), with lipids in beige.
b Whole cell patch-clamp electrophysiology showing allopregnanolone

Allo site 2
—

Allo 10 yM

GABA 30 uM GABA 30 uM

potentiation of GABA response in the cryo-EM construct, similar responses were
seen in n =8 independent cells. ¢ Detail for allopregnanolone binding at one B-a
interface. Subunits are colored as in (a). Ligand is shown in red sticks with
experimental density shown as a semi-transparent surface.

alignment of the transmembrane helices (Fig. 3b) that stem from local
changes in conformation surrounding the allopregnanolone site. In the
ligand-bound conformation, the stacking W246 shifts intracellularly,
accommodating the bulky steroid (Fig. 3c). The MIM2 loop, just below
this M1 tryptophan, pivots away from the pore axis, coincident with
altered interactions between aMIM2 and BM3. These conformational
transitions near the neurosteroid site result in loosening of TMD
subunit interfaces that enable tilting and twisting of several trans-
membrane helices in cryo-EM structures in the presence versus
absence of allopregnanolone (Fig. 3b). The outward-facing end of the
pore is stabilized through new electrostatic interactions. Specifically,
in the GABA bound structure, E270 of BM2 orients away from the pore
and interacts with the N275 of the adjacent al subunit (Fig. 3d). In the
presence of allopregnanolone, E270 points toward the pore and
interacts with BH267. Together, the M2 helix movement results in
apical pore dilation observed in the presence of allopregnanolone
(Fig. 3e, f).

Comparisons of pore conformation lend insight into overall
mechanisms of positive modulation. In the GABA-alone structure, the
primary pore constriction is at the -2’ position, a structural hallmark of a
non-conducting desensitized state (Fig. 3e). There is a secondary con-
striction at the activation gate found at the 9’ position of the pore with a
diameter of 4.6 A. Examination of the pore diameters in the GABA +
allopregnanolone model indicate conservation of the -2’ constriction
but an expansion of the 9’ constriction to approximately 9.1 A (Fig. 3f).
In simulations, this expansion was associated with increased hydration
of the pore (Fig. 3i), an effect consistent with increased ion access to the
hydrophobic constriction. Indeed, the free-energy barrier for chloride
permeation across the 9’ gate was <18 kJ/mol in the presence of allo-
pregnanolone (Fig. 3j), substantially lower than in the structure with
GABA alone (=232 kJ/mol)*.

This effect is reminiscent of other PAM-bound complexes,
including etomidate and propofol, which widen the pore diameter at
the 9’ position to 8.4 Aand 10.5 A, respectively (Fig. 3g, h)**. Indeed, the
energy barrier at 9’ is lowered nearly as far with allopregnanolone as
was previously shown with propofol (<7 kJ/mol) (Fig. 3j)**. The widest

diameter of the ion pore is found near its extracellular end, between 17
and 20" This more open state may be a common feature of positive
allosteric modulators, as it is seen across the Cys-loop receptor
superfamily’®®. A caveat of these interpretations is that all PAM com-
plexes studied to date adopt non-conducting, desensitized-like
conformations.

The presence of allopregnanolone at the cytosolic end of the TMD
appears to have long-range effects on receptor dynamics, including in
the ECD almost 80 A away. Simulations in the presence of allo-
pregnanolone revealed reduced flexibility and overall spread of the
outer ECD (Fig. 3k), phenomena associated with activation in penta-
meric ligand-gated ion channels®?®. Interestingly, GABA dissociated
from its extracellular binding site in multiple simulations of the GABA-
only structure, but not in any of our simulations in the presence of
allopregnanolone (Fig. 31, Supplementary Fig. 4), reminiscent of the
agonist-stabilizing effect of diazepam in previous independent
simulations®. In summary, the presence of allopregnanolone in its
binding pocket at the intracellular end of the transmembrane domain
influences the conformational state and dynamics of the entire
receptor including changes from the pore to the outer ECD consistent
with increased activity.

Structural basis of sulfated neurosteroid inhibition

Sulfated neurosteroids are negative allosteric modulators of GABA,
receptors®”*%, The best-studied endogenous sulfated neurosteroids are
pregnenolone sulfate (PS) and dehydroepiandrosterone sulfate
(DHEAS), both of which play important roles in memory, learning, and
aging”. DHEAS and PS share similar chemical structures and differ only
in the C17 carbon substituent of the sterol D ring (Fig. 1c, d): the car-
bonyl oxygen of DHEAS is substituted with an acetyl group in PS. These
steroids also differ in their negative modulatory effects on GABA,
receptors. Overall, they both inhibit GABA, receptor activitys, How-
ever, DHEAS exerts its effects more by decreasing the current ampli-
tude with little effect on kinetics, while PS both reduces peak currents
and accelerates apparent desensitization, in both the full length and
cryo-EM constructs (Fig. 4a, b)”. The binding site(s) for sulfated

Nature Communications | (2023)14:5091



Article

https://doi.org/10.1038/s41467-023-40800-1

b Allo: 978
: al
Y2 GABA: 1034

Alo: 908 i ¥ Allo: 1021

o GABA:1148
GABA: 769 %

B2 ’ia’? ’

Allo: 951
Allo: 1047
GABA: 1990 GABA: 1038

e s
Y
20' E270 e K288
{\' r 1282
17" H267
f 7’&’ T278
12 7263
"\ 4.6 A&\" L274
91259 _ -t
6' T256 ’{Tzﬁ
2 A252 ﬁ S267
-2' A248 ---4 P263
GABA Propofol
i j ° k |
> 2 GABA 1 —ocaBA . © 107
2 = — Allo <
© 161 ] 5
- = —— Propofol 2 GABA < 81
N GABA S o 0 4 > GABA
£ 124 S S °
ES > %) GABA g 61 GABA
g 3 a 34 Allo £ Allo
§ 8 2 i g
© uw o - 24 g
9]
E 44 S 44 O 21
<] T T T T T T T T T 5
HH* 12 10 8 6 4 2 0 -2 -4 0
01 distance along pore (nm) 01

Fig. 3 | Allopregnanolone potentiation mechanism. a Superposition of allo-
pregnanolone (Allo) complex, colored as in Fig. 2, with published structure of the
receptor bound to only GABA (gray, 6X3Z). Boxes indicate areas highlighted in
(b-d). b Horizontal slice through TMD shown from extracellular perspective, with
subunits colored as in (a). Numbers between subunits indicate surface area buried
(A% measured by PDBePISA. ¢ Allopregnanolone binding site detail, colored as in
Fig. 1, compared to GABA-only structure (in gray). d Changes in rotamers at the top
of the M2 helix lining the pore, colored as in (c). e-h M2 helices of 3 and y subunits,
with helices colored by structure: GABA complex in grey, allopregnanolone colored
as in (a), etomidate in mauve, and propofol in dark grey. Numbers indicate pore
diameters in A at different positions measured by Hole”. PDB codes for each group:
e 6X3Z; g 6X3V; h 6X3T.i Number of waters within 3 A of the M2 9’ gate. The pore of
the GABA+Allo system (blue) is more hydrated than the system with GABA alone
(gray). j Free energies for chloride ion permeation along the pore axis (left-right

extracellular-cytoplasmic sides, with -2’ gate at O nm) for representative alp2y2
complexes. Overlaid plots show the energy barrier at the 9’ hydrophobic gate
(around 1.5 nm) in the structure with GABA alone (blue) to be partially relieved in
the GABA+Allo complex (red), nearly to the extent previously reported for GABA +
propofol (green). k Upper-ECD spread during simulations in the presence of GABA
(gray) or GABA+AIlo (blue). Allo binding is associated with contraction of the upper
ECD. 1 GABA stability as measured by rmsd during simulations in the absence (gray)
or presence of Allo (blue). Upon exiting the orthosteric binding pocket, free dif-
fusion of GABA was associated with extreme rmsd values (>60 A), which were
arbitrarily cropped to 10 A for ease of comparison. No unbinding events were
observed in the presence of Allo. Violin plots (i, k, I) represent probability densities
from 4 independent simulation replicates of >400 ns each, sampled every 0.4 ns
(n>4000), with markers indicating median and extrema.

neurosteroids on GABA, receptors is controversial with conflicting
findings over the past several decades from electrophysiology and
structural biology studies®***~*, We sought to resolve this controversy
by determining structures of the a132y2 GABA, receptor in complex
with GABA+PS and GABA+DHEAS at 2.6A and 2.7A resolution
respectively (Supplementary Fig. 2a-c).

To our surprise, both structures bound to NAM neurosteroids
revealed multiple potential binding sites for these ligands (Supple-
mentary Fig. 5a). First, we observed two strong densities in the TMD
at B2-al interfaces that overlap with the allopregnanolone binding
sites. Second, density was present in the benzodiazepine binding
pocket of the a-y interface in the ECD. Finally, there was a strong
density in the ion pore for both NAM-bound datasets. To determine
which site(s) are physiologically relevant, we examined them in the
context of the existing literature, and electrophysiology and MD
studies guided by our structural findings. We propose that the pore
site is the most important inhibitory site of action for NAM neuro-
steroids. We did not find evidence for an a-subunit TMD site postu-
lated for pregnenolone sulfate’® and instead find that this site is
occupied by lipids.

Interrogation of the TMD and ECD subunit interface sites for
sulfated neurosteroids

When the receptor was prepared with either DHEAS or PS, we observed
densities in the transmembrane domain that overlap with the allo-
pregnanolone site. We attempted to build neurosteroids in this pocket
between the M1 helix of al and the M3 helix of 32, with the D ring of
DHEAS and PS facing the al subunit and the A ring toward the cytosolic
TMD junction (Supplementary Fig. 5a-b). In this pose, the C17 carbonyl
oxygen of DHEAS and the C20 acetyl oxygen of PS could form
hydrogen bonds with the amide side chain of Q242 (Supplementary
Fig. 5c, d). The hydrophobic tetracyclic core of both ligands would be
positioned to stack against aW246, similar to allopregnanolone, while
the sulfate group could interact with L301 of the 2 subunit. To test the
hypothesis that €Q242, aW246, fL301 are important for NAM function
in cells, we mutated these positions and measured inhibition of GABA
evoked currents (Supplementary Fig. 5e). None of the mutations,
including the triple mutant, affected NAM-mediated inhibition. We
next performed MD simulations to assess the stability of NAM neuro-
steroids in the TMD (2-al subunit interface site. MD results support a
lack of stability of sulfated neurosteroids in this site; they quickly drift
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Fig. 4 | Sulfated neurosteroids act as pore blockers. a, b Whole cell patch-clamp
electrophysiology recordings comparing the sulfated neurosteroid responses of
the EM construct to the full-length WT receptor. ¢ Side view of GABA4 receptor - PS
complex structure. d View of TMD from extracellular side with PS (colored spheres)
bound in the pore. Side chains are shown for 9’Leu residues that form activation

gate. e Detailed view of PS in pore site with experimental density shown as semi-

transparent surface. f DHEAS in the pore as for PS in (e). In (e) and (f), the y-subunit
is removed for clarity. c-f Subunits are colored as in Fig. 2, with PS in purple and

DHEAS in scarlet.

toward the intracellular side of the model membrane to interact
with polar lipid head groups (Supplementary Fig. 5e-h). We suggest
that the observed density at the PAM site in the PS and DHEAS-bound
structures corresponds to a sticky steroid binding site that is not
functionally coupled to channel activity and may arise as a function
of the receptor preparation being in a lipid nanodisc, and not a
planar bilayer.

The extracellular benzodiazepine binding pocket is the high affi-
nity site for positive allosteric modulators such as diazepam, zolpidem,
and alprazolam***>*>, Occupation of this pocket by sulfated neuro-
steroids was unexpected, and thus we performed similar mutational
studies and electrophysiology to examine the contribution of this site
to inhibition by sulfated neurosteroids. We also assessed whether
inhibition by PS and DHEAS could be blocked by flumazenil, which
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>400 ns each, sampled every 0.4 ns (n >4000), with markers indicating median
and extrema. d, Representative DHEAS poses during simulations. Five poses were
chosen by cluster analysis based on neurosteroid rmsd. Representative -2, 2, 5, 6’,
and 9’ residues along the righthand M2 helix are labeled and colored for reference
to the bar graph in (e). e Interaction frequencies of residues in contact with DHEAS.
Residues are grouped and colored according to panel (d). Each column indicates
mean * standard deviation of 4 independent simulation replicates (n=4), with
values from individual replicates as gray dots. f-j Analyses for PS as in panels (a-e).

occupies the benzodiazepine binding pocket and reverses the effects
of diazepam and other benzodiazepines. Neither mutations in the
«-y ECD interface, nor competition with flumazenil, affected inhibition
by PS and DHEAS (Supplementary Fig. 6). We conclude that this site is
also irrelevant to the activity of sulfated neurosteroids.

Sulfated neurosteroids bind in the pore

While allopregnanolone can diffuse through the membrane to its
binding site in the TMD, the charged sulfate groups in PS and DHEAS
hinder this membrane partitioning. PS is unable to inhibit GABA,
receptors from the cytosolic side of the cell membrane, suggesting
that the sulfated neurosteroids can only access their binding site(s)
externally***. This finding, combined with our mutational studies, led
us to examine the receptor cryo-EM maps for densities in additional
places that may correlate to the physiologically relevant sulfated
neurosteroid binding site. We observed a strong density in the ion pore
of the PS + GABA and DHEAS + GABA data sets that is absent without
the addition of sulfated neurosteroids to the preparations (Fig. 4c,
d)""22*, These sausage-shaped densities follow the central axis of the
pore from the -2’ position to the 9’ position, and exhibit features
suggestive of the sulfate group orienting up, extracellularly (Fig. 4e, f).
To test the stability and orientation preferences of sulfated neuro-
steroids in the channel, we first modeled two poses for each molecule,
first with the A ring sulfate oriented toward the extracellular side and
the D ring toward the base of the ion channel pore, and second, with
the ligand flipped on its long axis, with the sulfate oriented intra-
cellularly. MD simulations showed that the former orientation, with the
sulfate up, is relatively stable, in contrast with a tendency for the
neurosteroid to move toward the intracellular side when the sulfate is
oriented down (Fig. 5a, b, f, g). This sulfate-up pose was preferred for
both PS and DHEAS, despite subtle differences in the initial config-
urations of the two ligands.

Within the more stable sulfate-up simulations, neurosteroids,
particularly PS, nonetheless sampled a range of orientations. After
clustering individual simulation frames based on the relative rmsd of
the neurosteroids, representative poses from the five most frequent
clusters included various rotations along the steroid long axis (Fig. 5d).

Accordingly, both ligands interacted frequently (=50%) with residues
at the -2’ and 2’ positions in all &, 3, and y subunits (Fig. 5e, j). The most
consistent contacts were with the 2’ residues in a (V257) and 3 (A252),
where mutations have been shown to reduce NAM activity*. Indeed,
the pore poses for both PS and DHEAS were destabilized in simulations
with serine introduced at either aV257 or A252 (Fig. 5¢c, h). Interest-
ingly, whereas DHEAS interactions were primarily with these residues
in the inner pore, PS contacts were distributed more broadly among
positions -2, 2’,5’, 6/, and 9’ (Fig. 5e, j), and sampled greater deviations
from the initial pose (Fig. 5d, i). Compared to DHEAS, a less fixed
position of PS could reflect its lower apparent affinity for NAM activity
at GABA, receptors”. Interestingly, we found that binding of sulfated
neurosteroids in the pore stabilized a channel conformation distinct
from that stabilized by GABA alone (Supplementary Fig. 7), consistent
with a recent functional study concluding that PS and DHEAS stabilize
an atypical nonconducting state®. We place this proposed pore block
mechanism for sulfated neurosteroids in the context of earlier work in
the Discussion.

Neurosteroids influence receptor-lipid interactions

Interactions of neurosteroids like allopregnanolone with membrane
lipids are important not only for accessing their binding sites but also
for their stability and activity once bound***’. The cryo-EM structures
revealed several well-ordered lipid densities positioned to form a
component of the neurosteroid binding sites, as well as lipid densities
distal from the PAM neurosteroid site likely important for receptor
stability (Figs. 2, 3, and 6). The pattern of bound lipids is different from
that observed in previous GABA, receptor structures bound to endo-
genous neurotransmitter alone or other allosteric modulators.

We focus on four distinct lipid interactions in our best resolved
PS-bound structure. These lipids can be categorized as outer-leaflet
lipids located just below the ECD-TMD interface and inner-leaflet lipids
situated at the base of the TMD (Figs. 2a, 6). The lipid occupancy for
the first outer leaflet site present at both B-a interfaces was modeled as
phosphatidylethanolamine (POPE), which is the most abundant lipid in
our preparation (Fig. 6¢). In the absence of endogenous neurosteroids,
this lipid extends from the 2 M2-M3 loop deeply into the bilayer, with
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Fig. 6 | Lipid interactions in GABA, receptor - pregnenolone sulfate complex.
a Side view of the GABA, receptor in complex with PS. b Model rotated to highlight
site 1 lipid protruding into -a subunit interface. 32 subunit in translucent color.

c Site 1 lipid tail protruding into where etomidate and propofol in purple and light

blue were previously found to bind. d Site 2 lipid at the $2-a1 subunit interface.
e Site 3 lipid binds in an a-subunit site. f Lipid site 4 at the base of TMD near the -«
subunit interface. a-f Subunits and lipids are colored as in Fig. 2.

the hydrocarbon tail of POPE inserting into the pocket where other
modulators bind, including etomidate, propofol, and high concentra-
tions of DMCM, diazepam, and zolpidem?****>, Photoaffinity labeling
experiments have predicted neurosteroid binding near this ligand-
binding pocket***!, However, mutations in this pocket that inhibit
etomidate potentiation did not affect neurosteroid potentiation or
inhibition*, consistent with our observation of a lipid tail occupying
this site, rather than neurosteroids. The second outer-leaflet lipid,
located between the M3 and M4 helices of the 3 subunits, was modeled
as phosphatidylserine (POPS) based on the density features and local
environment (Fig. 6, site 2). The POPS head group carboxylate orients
to make electrostatic interactions with 2 R141 of the Cys-loop, while a

phosphate oxygen is positioned to make a hydrogen bond with the
backbone nitrogen of 2 V278 in the M2-M3 loop (Fig. 6d). Both the
Cys-loop and M2-M3 loops are central elements for channel gating in
the receptor superfamily®. Previous studies have also shown lipidic
composition at the ECD-TMD junction where the M2-M3 loop is
housed can modulate receptor activity**>°. Together, we observe
outer leaflet lipids poised to regulate channel activity through a site
targeted by many allosteric modulators, but not the neurosteroids
studied in this work, and through binding in a region central to the
channel gating mechanism.

We observed two groups of inner leaflet lipid densities (Sites 3 and
4, Fig. 6e, f). Site 3 is adjacent to the M3 and M4 helices of the «
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subunits. This site has been previously identified as either a binding
site for PS in a GABAA-GLIC chimera®, or as a site for the lipid PIP2 in a
full-length a1B3y2 heteromeric receptor’. Our sulfated neurosteroid-
bound GABA, receptor structures exhibit clear density for acyl chains
indicative of a phospholipid at this site (Fig. 6e). The lipid density
present in site 4 is adjacent to the -M3 and a-ML1 helices, surrounding
the site where PAM neurosteroids bind (Site 4, Fig. 6a, f). We propose
that this lipid stabilizes the binding of allopregnanolone and other
PAM neurosteroids. We also note the presence of lipids in site 4 in
other related structures from this superfamily’>**; this site appears to
be a common locus for lipid-mediated stabilization of Cys-loop
receptors.

Discussion

Here we sought to delineate binding sites and allosteric mechanisms
for neurosteroids with opposing activities. We found that the positive
modulator allopregnanolone, a first in class therapeutic for post-
partum depression, binds and acts through what is becoming the
consensus PAM neurosteroid site. This site, at B-a interfaces in the
TMD, is supported by photoaffinity labeling, and by experimental
structures and robust mutagenesis results from several
groups> 171972130314 - Binding of allopregnanolone to the «1B2y2
receptor used in this study results in dramatic expansion of the
extracellular end of the pore, in a manner similar to that seen with
other PAMs that act through different sites, like propofol and
etomidate’. This receptor conformation resembles a stable
desensitized-like state, with GABA bound in the orthosteric sites,
consistent with steady state expectations from electrophysiology in
the presence of saturating GABA and allopregnanolone. These results
place allopregnanolone in a category with other PAM neurosteroids
like THDOC, alphaxalone, and pregnanolone®%, and provide a struc-
tural touchstone for therapeutic neurosteroids building off the suc-
cess of allopregnanolone. An activated state structure would shed
further light on PAM mechanism. Importantly, photoaffinity studies
have highlighted additional sites for PAM neurosteroids beyond this
single site identified through structural biology and
mutagenesis'******, Photoaffinity experiments can identify low occu-
pancy sites, ones that structural biology experiments are likely to miss.
Accordingly, we cannot rule out the possibility of additional sites for
allopregnanolone outside this consensus site, however loss of allo-
pregnanolone activity coincident with mutation of its major PAM site
suggests that other sites would play minor signaling roles. Notably, a
recent preprint on native GABA, receptors in rodents similarly iden-
tified only these two major allopregnanolone binding sites®. This solid
understanding for PAM neurosteroid mechanism contrasts with the
lack of consensus on how sulfated neurosteroids inhibit GABAA
receptor activity.

The search for the mechanism(s) by which sulfated neuroster-
oids inhibit GABA, receptors has been going on for over 30
years>™’. Many results and discussions have pointed toward chan-
nel block. Notably, groups have found that the PAM and NAM
neurosteroids act through different sites, with mutations that
ablate PAM activity having no effect on NAM activity, which we also
found®®*’. Further, sulfated steroids must be added extracellularly
to have an effect, suggesting they cannot partition into and traverse
the membrane to access their site**. While PAM activity is strongly
dependent on stereochemistry, NAM activity is, in comparison,
much less sensitive to ligand geometry***°°%, The only mutations
that strongly diminish NAM activity are deep in the pore*®*9¢°,
Lastly, inhibition by sulfated neurosteroids increases with increas-
ing GABA concentration®’*, suggesting use dependence, a hallmark
of channel blockers. However, this channel-block basis of inhibition
has been repeatedly discarded for several reasons, including a lack
of strong voltage dependence, ambiguous competition with the
famous pore blocker picrotoxin, and different kinetic effects

compared to well-defined channel blockers. Additionally, the only
direct structural information for a sulfated neurosteroid binding
site’ suggests it binds outside the ion channel. We discuss each of
these arguments against channel block in turn.

Voltage dependence is often observed for charged channel
blockers, in the case where its charge passes through the membrane
field where the voltage gradient is greatest. Inhibition by PS and DHEAS
have been shown by several groups to exhibit weak or no voltage-
dependence***>*, Our structural results, combined with MD simula-
tions, suggest stable pore binding only when the sulfate moiety orients
toward the extracellular surface. The location of the negatively
charged group approximately halfway across the membrane field is
consistent with lack of a strong voltage dependence for binding at this
site. Interestingly, sulfated neurosteroids also inhibit NMDA-type glu-
tamate receptors, where they are use-dependent, not voltage-depen-
dent, and are similarly proposed to act through a pore-block
mechanism®'. While voltage dependence can be a strong argument in
support of a channel blocking mechanism, the absence of clear voltage
dependence does not rule out this mechanism for inhibition. We
suggest that the affinity for PS and DHEAS for the pore site stems from
interactions of the hydrophobic steroid ring with hydrophobic pore
lining residues, which, when rendered polar, cause a loss of inhibition
for the sulfated neurosteroids. We further suggest that the charged
sulfate group is important for dramatically increasing solubility and
preventing membrane partitioning, and for stabilizing the anionic
ligand inside an anion-selective channel. Still, the absence of voltage-
dependence of block remains a weak point in our proposed pore block
mechanism. Mutagenesis to render the pore more polar in regions we
propose the steroid interacts could further test this mechanism.

Our structural results suggest that PS and DHEAS bind in a site
overlapping with that where the classical channel blocker picrotoxin is
known to bind in homomeric and heteromeric GABA, receptors,
below the 9’ leucines**>*2, Competition experiments using electro-
physiology have explored this idea**. A recent study found that
when the neurosteroids are applied with picrotoxin, there is a greater
inhibition than when either the steroid or picrotoxin is applied alone**.
These results were interpreted to suggest distinct, non-overlapping
sites for the two classes of inhibitors. An alternative explanation is that
in these whole-cell patch clamp experiments, there is a large popula-
tion of receptors transitioning among different conformations, and
picrotoxin is blocking some of them, while neurosteroids are blocking
others, which results in the appearance of combined inhibition. Radi-
oligand binding experiments to test PS and DHEAS competition
against the channel blocker TBPS indeed observed monophasic com-
petition and concluded physical overlap among the TBPS, picrotoxin,
and sulfated neurosteroid sites*>*>. These simple monophasic results
differed from more complex inhibition between TBPS and allosteri-
cally acting ligands like pentobarbital, further supporting a conclusion
that PS and DHEAS bind in the pore at a site overlapping with where
picrotoxin binds.

The kinetic argument against a channel block mechanism is based
on reported lack of effects on fast channel kinetics, and rather a more
slowly developing block®. While this counterargument is speculative,
the sulfated neurosteroids are both larger and much more hydro-
phobic than the fast-acting blockers like picrotoxin and TBPS, and
intuitively would bind and dissociate more slowly. Another
electrophysiology-based argument against pore block is that high
concentrations of sulfated neurosteroids were found to cause incom-
plete block®®. However, we and other groups®** consistently see that
at high sulfated neurosteroid concentrations the current rapidly
decays, reversibly, to approximately zero.

While many of the counterpoints to proposed pore block
mechanisms are based on functional measurements, there is one
experimental structure from a homopentameric chimeric receptor
with PS bound. This structure was obtained by x-ray crystallography at
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3.0 A resolution and was of a construct comprising the GABA, receptor
o1 TMD and the ECD from GLIC, a pH-gated prokaryotic pentameric
ligand-gated ion channel®. Crystallization conditions included deter-
gent plus CHS, a water-soluble cholesterol derivative. The ol subunit
had a truncated ICD like that in our cryo-EM study, and a point
mutation in the M2 helices reported to increase desensitization. This
study concluded that PS binds at the interface of the al subunit and the
inner leaflet of the lipid membrane. The electron density map reveals
comparably strong density in the PAM neurosteroid site, which was
not modeled, and density in the proposed PS site that could be
explained by the added cholesteryl hemisuccinate. Mutations in the
proposed PS site had modest effects on PS activity, which were com-
parable to the study’s mutation of the stacking PAM site tryptophan.
We were motivated to look at these details as recent structures from
our group and others have modeled phospholipids in this earlier
proposed PS site. We propose, based on the current structural data,
and that sulfated neurosteroids cannot access their binding sites when
applied intracellularly**, that the earlier proposed PS site is not
important for inhibition in the a1f32y2 GABA4 receptor.

Taken together, we define atomic level details for the interaction
of allopregnanolone, an important therapeutic for postpartum
depression, and provide experimental evidence for inhibition by sul-
fated neurosteroids exclusively via pore block. MD simulations and
electrophysiology on mutant constructs complement the cryo-EM
structures to sample dynamics and test the mechanistic hypotheses.
We further discuss the rationale for a pore block mechanism in the
context of decades of studies wherein the investigators appear
tempted to draw this same conclusion but discarded it. Importantly,
among the NAM neurosteroids, we focused here on well-studied sul-
fated steroids. Other non-sulfated inhibitory neurosteroids, like epi-
allopregnanolone, may act through distinct mechanisms*.

Methods

Receptor expression and purification

For structural studies, we expressed a tri-cistonic a1f2y2 GABA,
receptor construct that as described previously?*. BacMam virus was
generated from Sf9 cells (ATCC CRL-1711) and titrated®. HEK293S
GnTI cells (ATCC CRL-3022) were grown in suspension at 37 °C with
8% CO, and transduced with multiplicities of infection of 0.5 when the
cell density reached 3.5-4x10° cell per mL. To enhance protein
expression, 1 mM sodium butyrate (Sigma-Aldrich) was added to the
culture at the time of transduction and the temperature was reduced
to 30 °C. After 72 h the cells were harvested by centrifugation. Cells
were lysed using an Avestin Emulsiflex in 20 mM Tris pH 7.4 and
150 mM NacCl (TBS buffer) with 1 mM phenylmethanesulfonyl fluoride
(PMSF; Sigma-Aldrich). At this point, 2mM GABA was added in addi-
tion to the neurosteroids, each at the indicated concentration: 200 pM
allopregnanolone (Sigma-Aldrich), 100 uM DHEAS, and 100 puM preg-
nenolone sulfate (Sigma-Aldrich). Lysed cells were centrifuged at
10,000 x g for 20 min to pellet nuclei and unlysed cells. Membranes
were collected via ultracentrifugation at 186,000 x g for 2h. Mem-
branes were homogenized and solubilized in TBS containing ligands at
the concentrations indicated above along with 40 mM n-dodecyl-3-
maltoside (DDM, Anatrace) for 1h at 4 °C. The solubilized membranes
were then centrifuged for 40 min at 186,000 x g, and the supernatants
were passed through Strep-Tactin XT Superflow affinity resin (IBA-
GmbH). The resin was washed using TBS buffer that contained ligands,
0.01% (w/v) porcine brain polar lipids (Avanti), and 2 mM DDM and
eluted in the same buffer that contained 50 mM biotin (Sigma-Aldrich).

Receptor-nanodisc reconstitution

Salipro Biotech AB provided the saposin A expression plasmid. We
modified a previously published protocol for reconstituting GABA,
receptors into saposin-based nanodiscs***°. The molar ratio of recep-
tor, lipids, and saposin was 1:230:30. The alf32y2 receptors at a

concentration of approximately 15 uM were first mixed with porcine
brain polar lipids for 10 min at room temperature. Saposin was then
added and allowed to incubate for an additional 2 min. The reaction
mixture was diluted -10-fold with 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 (-15h) at 4 °C.
The following day, BioBeads were removed, and the sample was con-
centrated for size-exclusion chromatography.

Cryo-EM sample preparation

The reconstituted a132y2 receptor was subsequently combined with
1F4 Fab at a ratio of 3:1 (w/w)®’. After a 15-minute incubation period, the
mixture was concentrated and passed through a Superose 6 Increase
10/300 GL column (GE Healthcare), which had been pre-equilibrated
with ligands (200 pM allopregnanolone + 2mM GABA; 100 pM
DHEAS +2 mM GABA or 2 mM pregnenolone sulfate + 2 mM GABA) in
TBS. SEC fractions were assayed by fluorescence-detection size-
exclusion chromatography monitoring intrinsic tryptophan fluores-
cence. Fractions that exhibited a single peak at the expected elution
volume were collected, pooled, and concentrated to an A280 of 7-9.
Prior to grid freezing, 0.5 mM fluorinated Fos-Choline-8 (Anatrace) was
mixed with the sample to induce random orientations in the grid holes.
Finally, 3 pL of the sample were placed on a glow-discharged gold R1.2/
1.3 200 mesh holey carbon grid (Quantifoil), which was immediately
blotted for 3 s at 100% humidity and 4 °C. Subsequently, the grids were
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),
which was equipped with a K3 direct electron detector (Gatan) and a
GIF quantum energy filter (20 eV) (Gatan). Super-resolution mode was
used during data collection at the Pacific Northwestern Cryo-EM
Center (PNCC). Detailed dataset-specific information can be found in
Supplementary Data Table 1. A uniform workflow was used in Relion 3.1
to process all datasets®®. Dose-fractionated images were gain-normal-
ized, 2x Fourier binned, aligned, dose-weighted, and summed using
MotionCor2®. Contrast transfer function (CTF) and defocus values
were estimated using GCTF’°. Cryolo 1.5.6”" was used to pick particles
for all datasets, which were then subjected to 2D classification. Good
classes were selected for a second round of 2D classification, and an
initial 3D model was generated using a few (5-7) classes. The initial
model was then used for 3D classification. The best 3D classes were
selected and low-pass-filtered to 40 or 50 A to generate an improved
initial model for 3D refinement. Particles from this refinement were
polished. Due to high levels of disorder in the TMD of the y-subunit
observed in all datasets, focused 3D classification 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 3D refine-
ment followed by final round of particle polishing and an additional
round of 3D refinement to generate the final maps. Relion 3.1 was
used to estimate local resolution.

Model building and refinement

The starting point for model building was the etomidate-bound a132y2
receptor model (PDB: 6X3X). UCSF Chimera” was used to dock this
model into the density map, which was then manually adjusted in Coot
0.9.4.1"*. Ligand geometry restraints were built using the GRADE
server”. The DHEAS-bound structure was initially built and served as a
starting model for the allopregnanolone and pregnenolone sulfate
complexes. Density was detected in the ECD a-y benzodiazepine site in
all three neurosteroid complex structures. Mutations showed that the
TMD sites for allopregnanolone were the physiologically important
ones; therefore, we modeled the ligand in only the TMD sites. Muta-
genesis and pharmacology described in the results similarly ruled out
this ECD site’s relevance to NAM neurosteroid activity. Phenix 1.19-
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40927 was used for global real space and B-factor refinement with
stereochemistry restraints. Molprobity 4.5.2 was used to assess model
quality. The PDBePISA”” server was used to analyze subunit interfaces,
and Hole2”® was used to analyze pore radius. PROMALS3D’® was used
for sequence alignments, while UCSF Chimera 1.15”° and UCSF Chi-
meraX 1.5°° were used to generate figures. Structural biology software
packages were compiled by SBGrid®.

Electrophysiology

We performed whole-cell voltage-clamp recordings from adherent
HEK293S GnTI cells that were transiently transfected with either the
tri-cistronic pEZT construct used for structural analysis or the WT
construct. Cells were transfected with 0.2-0.5 pg of plasmid per well in
a 12-well dish, and then maintained at 30 °C. On the day of recording,
1-3 days after transfection, the cells were re-plated onto a 35 mm dish
and washed with bath solution comprising 140 mM NaCl, 2.4 mM KClI,
4 mM MgCl,, 4 mM CaCl,, 10 mM HEPES pH 7.3, and 10 mM glucose.
Borosilicate pipettes were pulled and polished to an initial resistance
of 2-4 MQ. The pipette solution consisted of 150 mM CsCl, 10 mM
NaCl, 10 mM EGTA, and 20 mM HEPES pH 7.3. The cells were clamped
at —-75mV, and recordings were performed using an Axopatch 200B
amplifier (Molecular Devices), sampled at 5 kHz, and low-pass-filtered
at 2 kHz. The data were analyzed with pClamp 11 software (Molecular
Devices). Solution exchange was accomplished using a gravity-driven
RSC-200 rapid solution changer (Bio-Logic). Peak currents were
plotted in bar graphs using GraphPad Prism 9 as mean + standard
deviation. Replicate values are listed in respective figure legends as n =
number of independent cells.

Molecular dynamics

All-atom simulations in explicit solvent were deemed most appropriate
to verify ligand poses and assess steady-state dynamics, given the
relatively high precision and accuracy of atomistic interactions that
can be captured compared to e.g. coarse-grained methods. Detailed
dataset-specific information can be found in Supplementary Data
Table 2. Atomic coordinates for the a1p2y2 GABA, receptor deter-
mined by cryo-EM with different neurosteroid poses were used as
starting models for MD simulations. The proteins were embedded in a
bilayer of 400 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) molecules and subsequently solvated with TIP3P water®’ and
150mM NaCl in CHARMM-GUI®, the simulation boxes were
~127Ax127Ax163A. The CHARMM36m forcefield® was used to
describe the proteins. Parameters for the neurosteroids were gener-
ated by CGenFF®* in CHARMM-GUI.

Simulations were performed using GROMACS 2020.5 or 2021.5%
with temperature 300 K using the velocity-rescaling thermostat®” and
Parrinello-Rahman barostat®®. The LINCS algorithm was used to con-
strain hydrogen-bond lengths®’, and the particle mesh Ewald method®
was used to calculate long-range electrostatic interactions. Mutations
were generated using the mutate-residue function in CHARMM-GUI
during preparation. After each system was energy-minimized,
sequential 10-ns equilibration steps were performed with gradual
release of position restraints on heavy, backup, and C-alpha atoms.
Four replicates each of 400-500 ns were simulated as final unrest-
rained production runs. Time courses for protein and ligand rmsd
from their respective starting poses were monitored to verify equili-
bration, indicating that these systems converged appropriately within
the timescale of atomistic simulations (e.g. Supplementary Fig. 3b-d,
Supplementary Fig. 4a, b).

Root-mean-square deviations (rmsds) of ligands were calculated
in VMD®' while aligning on protein C-alpha atoms, and visualized with
Matplotlib®>. The upper-ECD spread was calculated based on the
center-of-mass movement of the upper ECD, which includes residues
7-43, 62-99, 104-130, 154-176, and 194-208 of each 2 subunit,
10-45, 66-102,107-133, 157-180, and 200-213 of each al subunit, and

25-57, 77-113, 119-145, 169-189, and 210-223 of the y2 subunit. Neu-
rosteroid interactions with protein were quantified using ProLIF 1.1.0%°.
Clustering analysis of neurosteroids was carried out using the clus-
tering plugin in VMD (https://github.com/luisico/clustering), with total
cluster number of 10 and rmsd cutoff of 1A.

Chloride permeation through the structure with GABA + Allo was
calculated using the accelerated weight histogram (AWH) method”.
Briefly, we applied one independent AWH bias and simulated for 50 ns
with 16 walkers sharing bias data and contributing to the same target
distribution. Each bias acts on the centre-of-mass z-distance between
one central chloride ion and the Ca of residues 32-270, a1-275 and y2-
285, 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 below
10 A by adding a flat-bottom umbrella potential. Permeation profiles
for structures with GABA alone or GABA + propofol were as previously
reported®.

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

Data availability

The data that support this study are available from the corresponding
authors upon request. The cryo-EM maps have been deposited in the
Electron Microscopy Data Bank (EMDB) under accession codes EMD-
40503 (GABA + allopregnanolone); EMD-40462 (GABA + pregneno-
lone sulfate); and EMD-40506 (GABA + DHEAS). The atomic coordi-
nates have been deposited in the Protein Data Bank (PDB) under
accession codes 8SI9 (GABA + allopregnanolone); 8SGO (GABA +
pregnenolone sulfate); and 8SID (GABA + DHEAS). Previously pub-
lished structures compared in the study include: 6X3Z, 6X3X, 6X3V,
and 6X3T. MD simulation trajectory, parameter files, and analysis
scripts are available in Zenodo [10.5281/zenod0.7770004]. The source
data underlying Figs. 3i, k, 1, 5a-c, e-h, j, and Supplementary Figs. 3e,
Se-i, and 6h are provided as a Source Data file. Source data are pro-
vided with this paper.

References

1. Lambert, J. J., Cooper, M. A., Simmons, R. D., Weir, C. J. & Belelli, D.
Neurosteroids: endogenous allosteric modulators of GABA(A)
receptors. Psychoneuroendocrinology 34, S48-S58 (2009).

2. Ziolkowski, L. et al. A neuroactive steroid with a therapeutically
interesting constellation of actions at GABAA and NMDA receptors.
Neuropharmacology 183, 108358 (2021).

3. Locci, A. & Pinna, G. Neurosteroid biosynthesis down-regulation
and changes in GABAA receptor subunit composition: a biomarker
axis in stress-induced cognitive and emotional impairment. Br. J.
Pharmacol. 174, 3226-3241 (2017).

4. Smith, S. S., Aoki, C. & Shen, H. Puberty, steroids and GABA(A)
receptor plasticity. Psychoneuroendocrinology 34, S91-S103 (2009).

5. Eaton, M. M. et al. gamma-aminobutyric acid type A alpha4, beta2,
and delta subunits assemble to produce more than one functionally
distinct receptor type. Mol. Pharmacol. 86, 647-656 (2014).

6. Sigel, E. & Steinmann, M. E. Structure, function, and modulation of
GABA(A) receptors. J. Biol. Chem. 287, 40224-40231 (2012).

7. Olsen, R. W. & Sieghart, W. International Union of Pharmacology.
LXX. Subtypes of gamma-aminobutyric acid(A) receptors: classifi-
cation on the basis of subunit composition, pharmacology, and
function. Update. Pharmacol. Rev. 60, 243-260 (2008).

8. Olsen, R. W. GABAA receptor: positive and negative allosteric
modulators. Neuropharmacology 136, 10-22 (2018).

9. Cheng, W. W. L., Arcario, M. J. & Petroff, J. T. 2nd Druggable lipid
binding sites in pentameric ligand-gated ion channels and transient
receptor potential channels. Front. Physiol. 12, 798102 (2021).

Nature Communications | (2023)14:5091

10


https://github.com/luisico/clustering
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-40503
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-40503
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-40462
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-40506
https://doi.org/10.2210/pdb8SI9/pdb
https://doi.org/10.2210/pdb8SGO/pdb
https://doi.org/10.2210/pdb8SID/pdb
http://doi.org/10.2210/pdb6X3Z/pdb
http://doi.org/10.2210/pdb6X3X/pdb
http://doi.org/10.2210/pdb6X3V/pdb
http://doi.org/10.2210/pdb6X3T/pdb

Article

https://doi.org/10.1038/s41467-023-40800-1

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

Kim, J. J. & Hibbs, R. E. Direct structural insights into GABA(A)
receptor pharmacology. Trends Biochem. Sci. 46, 502-517 (2021).
Bracamontes, J. et al. Occupation of either site for the neurosteroid
allopregnanolone potentiates the opening of the GABAA receptor
induced from either transmitter binding site. Mol. Pharmacol. 80,
79-86 (20M1).

Hosie, A. M., Wilkins, M. E. & Smart, T. G. Neurosteroid binding sites
on GABA(A) receptors. Pharmacol. Ther. 116, 7-19 (2007).

Hosie, A. M., Clarke, L., da Silva, H. & Smart, T. G. Conserved site for
neurosteroid modulation of GABA A receptors. Neuropharmacology
56, 149-154 (2009).

Akk, G. et al. Mechanisms of neurosteroid interactions with GABA(A)
receptors. Pharmacol. Ther. 116, 35-57 (2007).

Jayakar, S. S. et al. Photoaffinity labeling identifies an intersubunit
steroid-binding site in heteromeric GABA type A (GABA(A)) recep-
tors. J. Biol. Chem. 295, 11495-11512 (2020).

Chen, Z. W. et al. Multiple functional neurosteroid binding sites on
GABAA receptors. PLoS Biol. 17, e3000157 (2019).

Chen, Z. W. et al. Neurosteroid analog photolabeling of a site in the
third transmembrane domain of the beta3 subunit of the GABA(A)
receptor. Mol. Pharmacol. 82, 408-419 (2012).

Shen, W., Mennerick, S., Zorumski, E. C., Covey, D. F. & Zorumski, C.
F. Pregnenolone sulfate and dehydroepiandrosterone sulfate inhi-
bit GABA-gated chloride currents in Xenopus oocytes expressing
picrotoxin-insensitive GABA(A) receptors. Neuropharmacology 38,
267-271(1999).

Laverty, D. et al. Crystal structures of a GABAA-receptor chimera
reveal new endogenous neurosteroid-binding sites. Nat. Struct.
Mol. Biol. 24, 977-985 (2017).

Miller, P. S. et al. Structural basis for GABAA receptor potentiation
by neurosteroids. Nat. Struct. Mol. Biol. 24, 986-992 (2017).

Chen, Q. et al. Structural basis of neurosteroid anesthetic action on
GABAA receptors. Nat. Commun. 9, 3972 (2018).

Akk, G. et al. Neurosteroid access to the GABAA receptor. J. Neu-
rosci. 25, 11605-11613 (2005).

Tuem, K. B. & Atey, T. M. Neuroactive steroids: receptor interactions
and responses. Front. Neurol. 8, 442 (2017).

Kim, J. J. et al. Shared structural mechanisms of general anaes-
thetics and benzodiazepines. Nature 585, 303-308 (2020).

Sun, C., Zhu, H., Clark, S. & Gouaux, E. Regulated assembly and
neurosteroid modulation constrain GABA-A receptor pharmacol-
ogy in vivo. Preprint at bioRxiv https://doi.org/10.1101/2023.02.16.
528867 (2023).

Mody, I. GABA(A)R modulator for postpartum depression. Cell 176,
1(2019).

Meltzer-Brody, S. & Kanes, S. J. Allopregnanolone in postpartum
depression: role in pathophysiology and treatment. Neurobiol.
Stress 12, 100212 (2020).

Backstrom, T., Bixo, M. & Stromberg, J. GABAA receptor-
modulating steroids in relation to women'’s behavioral health. Curr.
Psychiatry Rep. 17, 92 (2015).

Hosie, A. M., Wilkins, M. E., da Silva, H. M. & Smart, T. G. Endogenous
neurosteroids regulate GABAA receptors through two discrete
transmembrane sites. Nature 444, 486-489 (2006).

Akk, G. et al. Mutations of the GABA-A receptor alphal subunit M1
domain reveal unexpected complexity for modulation by neu-
roactive steroids. Mol. Pharmacol. 74, 614-627 (2008).
Bracamontes, J. R. & Steinbach, J. H. Steroid interaction with a
single potentiating site is sufficient to modulate GABA-A receptor
function. Mol. Pharmacol. 75, 973-981 (2009).

Krishnan, K. et al. Neurosteroid analogues. 17. Inverted binding
orientations of androsterone enantiomers at the steroid potentia-
tion site on gamma-aminobutyric acid type A receptors. J. Med.
Chem. 55, 1334-1345 (2012).

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

Bracamontes, J. R., Li, P., Akk, G. & Steinbach, J. H. A neurosteroid
potentiation site can be moved among GABAA receptor subunits.
J. Physiol. 590, 5739-5747 (2012).

Sugasawa, Y. et al. The molecular determinants of neurosteroid
binding in the GABA(A) receptor. J. Steroid Biochem. Mol. Biol. 192,
105383 (2019).

Calimet, N. et al. A gating mechanism of pentameric ligand-gated
ion channels. Proc. Natl Acad. Sci. USA 110, E3987-3996

(2013).

Nemecz, A., Prevost, M. S., Menny, A. & Corringer, P. J. Emerging
molecular mechanisms of signal transduction in pentameric ligand-
gated ion channels. Neuron 90, 452-470 (2016).

Sachidanandan, D. & Bera, A. K. Inhibition of the GABAA receptor by
sulfated neurosteroids: a mechanistic comparison study between
pregnenolone sulfate and dehydroepiandrosterone sulfate. J. Mol.
Neurosci. 56, 868-877 (2015).

Pierce, S. R., Germann, A. L., Steinbach, J. H. & Akk, G. The sulfated
steroids pregnenolone sulfate and dehydroepiandrosterone sulfate
inhibit the alphalbeta3gamma2L GABAA receptor by stabilizing a
novel nonconducting state. Mol. Pharmacol. 101, 68-77 (2022).
Park-Chung, M., Malayev, A., Purdy, R. H., Gibbs, T. T. & Farb, D. H.
Sulfated and unsulfated steroids modulate gamma-aminobutyric
acidA receptor function through distinct sites. Brain Res. 830,
72-87 (1999).

Wang, M. D., Rahman, M., Zhu, D., Johansson, |. M. & Backstrom, T.
3Beta-hydroxysteroids and pregnenolone sulfate inhibit recombi-
nant rat GABA(A) receptor through different channel property. Eur.
J. Pharmacol. 557, 124-131 (2007).

Sugasawa, Y. et al. Site-specific effects of neurosteroids on GABAA
receptor activation and desensitization. Elife https://doi.org/10.
7554/elife.55331 (2020).

Masiulis, S. et al. GABAA receptor signalling mechanisms revealed
by structural pharmacology. Nature https://doi.org/10.1038/
s41586-018-0832-5 (2019).

Zhu, S. et al. Structural and dynamic mechanisms of GABA(A)
receptor modulators with opposing activities. Nat. Commun. 13,
4582 (2022).

Seljeset, S., Bright, D. P., Thomas, P. & Smart, T. G. Probing GABAA
receptors with inhibitory neurosteroids. Neuropharmacology 136,
23-36 (2018).

Eisenman, L. N., He, Y., Fields, C., Zorumski, C. F. & Mennerick, S.
Activation-dependent properties of pregnenolone sulfate inhibition
of GABAA receptor-mediated current. J. Physiol. 550,

679-691 (2003).

Sooksawate, T. & Simmonds, M. A. Influence of membrane cho-
lesterol on modulation of the GABA(A) receptor by neuroactive
steroids and other potentiators. Br. J. Pharmacol. 134,

1303-1311 (20071).

Henault, C. M. et al. A lipid site shapes the agonist response of a
pentameric ligand-gated ion channel. Nat. Chem. Biol. 15,
1156-1164 (2019).

Althoff, T., Hibbs, R. E., Banerjee, S. & Gouaux, E. X-ray structures of
GluCl in apo states reveal a gating mechanism of Cys-loop recep-
tors. Nature 512, 333-337 (2014).

Hibbs, R. E. & Gouaux, E. Principles of activation and permeation in
an anion-selective Cys-loop receptor. Nature 474, 54-60

(20Mm).

Kumar, P., Cymes, G. D. & Grosman, C. Structure and function at the
lipid-protein interface of a pentameric ligand-gated ion channel.
Proc. Natl Acad. Sci. USA https://doi.org/10.1073/pnas.
2100164118 (2021).

Laverty, D. et al. Cryo-EM structure of the human alphalbeta3-
gamma2 GABAA receptor in a lipid bilayer. Nature 565, 516-520
(2019).

Nature Communications | (2023)14:5091


https://doi.org/10.1101/2023.02.16.528867
https://doi.org/10.1101/2023.02.16.528867
https://doi.org/10.7554/eLife.55331
https://doi.org/10.7554/eLife.55331
https://doi.org/10.1038/s41586-018-0832-5
https://doi.org/10.1038/s41586-018-0832-5
https://doi.org/10.1073/pnas.2100164118
https://doi.org/10.1073/pnas.2100164118

Article

https://doi.org/10.1038/s41467-023-40800-1

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

Rahman, M. M. et al. Structural mechanism of muscle nicotinic
receptor desensitization and block by curare. Nat. Struct. Mol. Biol.
29, 386-394 (2022).

Kumar, A. et al. Mechanisms of activation and desensitization of full-
length glycine receptor in lipid nanodiscs. Nat. Commun. 11,

3752 (2020).

Budelier, M. M. et al. Common binding sites for cholesterol and
neurosteroids on a pentameric ligand-gated ion channel. Biochim.
Biophys. Acta Mol. Cell. Biol. Lipids 1864, 128-136 (2019).
Majewska, M. D., Mienville, J. M. & Vicini, S. Neurosteroid pregne-
nolone sulfate antagonizes electrophysiological responses to
GABA in neurons. Neurosci. Lett. 90, 279-284 (1988).

Mienville, J. M. & Vicini, S. Pregnenolone sulfate antagonizes
GABAA receptor-mediated currents via a reduction of channel
opening frequency. Brain Res. 489, 190-194 (1989).

Majewska, M. D., Demirgoren, S. & London, E. D. Binding of preg-
nenolone sulfate to rat brain membranes suggests multiple sites of
steroid action at the GABAA receptor. Eur. J. Pharmacol. 189,
307-315 (1990).

Nilsson, K. R., Zorumski, C. F. & Covey, D. F. Neurosteroid analo-
gues. 6. The synthesis and GABAA receptor pharmacology of
enantiomers of dehydroepiandrosterone sulfate, pregnenolone
sulfate, and (3alpha,5beta)-3-hydroxypregnan-20-one sulfate. J.
Med. Chem. 41, 2604-2613 (1998).

Akk, G., Bracamontes, J. & Steinbach, J. H. Pregnenolone sulfate
block of GABA(A) receptors: mechanism and involvement of a
residue in the M2 region of the alpha subunit. J. Physiol. 532,
673-684 (20071).

Seljeset, S. Exploring the Activity of an Inhibitory Neurosteroid at
GABAA Receptors. PhD thesis, University College London (2017).
Vyklicky, V. et al. Block of NMDA receptor channels by endogenous
neurosteroids: implications for the agonist induced conformational
states of the channel vestibule. Sci Rep 5, 10935 (2015).

Cowagill, J. et al. Structure and dynamics of differential ligand
binding in the human p-type GABAA receptor. Preprint at BioRxiv
https://doi.org/10.1101/2023.06.16.545288 (2023).

Sousa, A. & Ticku, M. K. Interactions of the neurosteroid dehy-
droepiandrosterone sulfate with the GABA(A) receptor complex
reveals that it may act via the picrotoxin site. J. Pharmacol. Exp. Ther.
282, 827-833 (1997).

Le Foll, F., Louiset, E., Castel, H., Vaudry, H. & Cazin, L. Electro-
physiological effects of various neuroactive steroids on the
GABA(A) receptor in pituitary melanotrope cells. Eur. J. Pharmacol.
331, 303-311 (1997).

Morales-Perez, C. L., Noviello, C. M. & Hibbs, R. E. Manipulation of
subunit stoichiometry in heteromeric membrane proteins. Struc-
ture 24, 797-805 (2016).

Lyons, J. A., Boggild, A., Nissen, P. & Frauenfeld, J. Saposin-
lipoprotein scaffolds for structure determination of membrane
transporters. Methods Enzymol. 594, 85-99 (2017).

Zhu, S. et al. Structure of a human synaptic GABAA receptor. Nature
559, 67-72 (2018).

Zivanov, J., Nakane, T. & Scheres, S. H. W. Estimation of high-order
aberrations and anisotropic magnification from cryo-EM data sets in
RELION-3.1. IUCrJ 7, 253-267 (2020).

Zheng, S. Q. et al. MotionCor2: anisotropic correction of beam-
induced motion for improved cryo-electron microscopy. Nat.
Methods 14, 331-332 (2017).

Zhang, K. Gctf: Real-time CTF determination and correction. J.
Struct. Biol. 193, 1-12 (2016).

Wagner, T. et al. SPHIRE-crYOLO is a fast and accurate fully auto-
mated particle picker for cryo-EM. Commun. Biol. 2, 218 (2019).
Zivanov, J. et al. New tools for automated high-resolution cryo-EM
structure determination in RELION-3. Elife https://doi.org/10.7554/
elife.42166 (2018).

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

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

75. Smart, O.S. et al Grade, version 1.2.20, https://www.globalphasing.
com (2011).

76. Adams, P. D. et al. PHENIX: a comprehensive Python-based system
for macromolecular structure solution. Acta Crystallogr. D Biol.
Crystallogr. 66, 213-221 (2010).

77. Krissinel, E. & Henrick, K. Inference of macromolecular assemblies
from crystalline state. J. Mol. Biol. 372, 774-797 (2007).

78. 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, 376 (1996).

79. Pei, J., Kim, B. H. & Grishin, N. V. PROMALS3D: a tool for multiple
protein sequence and structure alignments. Nucleic Acids Res. 36,
2295-2300 (2008).

80. Goddard, T. D. et al. UCSF ChimeraX: meeting modern challenges
in visualization and analysis. Protein Sci. 27, 14-25 (2018).

81. Morin, A. et al. Collaboration gets the most out of software. Elife 2,
e01456 (2013).

82. Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W. &
Klein, M. L. Comparison of simple potential functions for simulating
liquid water. J. Chem. Phys. 79, 926-935 (1983).

83. Jo, S., Kim, T., lyer, V. G. & Im, W. CHARMM-GUI: a web-based
graphical user interface for CHARMM. J. Comput. Chem. 29,
1859-1865 (2008).

84. Huang, J. et al. CHARMM36m: an improved force field for folded
and intrinsically disordered proteins. Nat. Methods 14, 71-73 (2017).

85. Vanommeslaeghe, K. et al. CHARMM general force field: A force
field for drug-like molecules compatible with the CHARMM all-
atom additive biological force fields. J. Comput. Chem. 31,
671-690 (2010).

86. Abraham, M. J. et al. GROMACS: high performance molecular
simulations through multi-level parallelism from laptops to super-
computers. SoftwareX 1-2, 19-25 (2015).

87. Bussi, G., Donadio, D. & Parrinello, M. Canonical sampling through
velocity rescaling. J. Chem. Phys. 126, 014101 (2007).

88. Parrinello, M. & Rahman, A. Crystal structure and pair potentials: a
molecular-dynamics study. Phys. Rev. Lett. 45, 1196-1199 (1980).

89. Hess, B. P-LINCS: a parallel linear constraint solver for molecular
simulation. J. Chem. Theory Comput. 4, 116-122 (2008).

90. Essmann, U. et al. A smooth particle mesh Ewald method. J. Chem.
Phys. 103, 8577-8593 (1995).

91. Humphrey, W., Dalke, A. & Schulten, K. VMD: visual molecular
dynamics. J. Mol. Graph. 14, 33-38 (1996).

92. Hunter, J. D. Matplotlib: a 2D graphics environment. Compu. Sci.
Eng. 9, 90-95 (2007).

93. Bouysset, C. & Fiorucci, S. ProLIF: a library to encode molecular
interactions as fingerprints. J. Cheminform. 13, 72 (2021).

94. Lindahl, V., Gourdon, P., Andersson, M. & Hess, B. Permeability and
ammonia selectivity in aquaporin TIP2;1: linking structure to func-
tion. Sci. Rep. 8, 2995 (2018).

Acknowledgements

We thank J.J. Kim and S. Burke for guidance in sample preparation,
J. Zhou, W. Chojnacka, H.H. Li, and S. Burke for feedback on the
manuscript, and staff at the Pacific Northwest National Lab for cryo-
EM data collection. We thank G. Akk for preliminary functional studies
and discussion. Single-particle cryo-EM grids were screened at the
University of Texas Southwestern Medical Center Cryo-Electron
Microscopy Facility, which is supported by the CPRIT Core Facility
Support Award RP170644. A portion of this research was supported

Nature Communications | (2023)14:5091

12


https://doi.org/10.1101/2023.06.16.545288
https://doi.org/10.7554/eLife.42166
https://doi.org/10.7554/eLife.42166
https://www.globalphasing.com
https://www.globalphasing.com

Article

https://doi.org/10.1038/s41467-023-40800-1

by NIH grant U24GM129547 and performed at the PNCC at OHSU and
accessed through EMSL (grid.436923.9), a DOE Office of Science
User Facility sponsored by the Office of Biological and Environmental
Research. D.L. acknowledges a predoctoral fellowship from the
National Institutes of Health (NIH, F31DAO51176). C.F. was supported
by grant FV-5.1.2-0523-19 from Stockholm University, and E.L. and
R.J.H. by grants from the Swedish Research Council (2017-04641,
2019-02433) and Swedish e-Science Research Center. This project
was supported by grants from the NIH (DA047325) and the Welch
Foundation (1-1812) to R.E.H.

Author contributions

D.L. performed the biochemistry, cryo-EM sample preparation, data
processing, model building, refinement, structural analysis, and drafted
the manuscript with C.M.N. and R.E.H. J.T. performed electrophysiology.
C.M.N. screened the EM samples. C.F. and Y.Z. performed and analyzed
MD experiments and wrote accompanying sections of the manuscript,
with guidance from R.J.H. and E.L. All authors were involved in manu-
script revision.

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/s41467-023-40800-1.

Correspondence and requests for materials should be addressed to Erik
Lindahl or Ryan E. Hibbs.

Peer review information Nature Communications thanks Marco Cec-
chini and the other, anonymous, reviewer(s) for their contribution to the
peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:5091

13


https://doi.org/10.1038/s41467-023-40800-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Structural insights into opposing actions of neurosteroids on GABAA receptors
	Results
	Structure determination of receptor-neurosteroid complexes
	Allopregnanolone binds at β-α interfaces in the TMD
	Impact of allopregnanolone binding on receptor conformation and GABA stability
	Structural basis of sulfated neurosteroid inhibition
	Interrogation of the TMD and ECD subunit interface sites for sulfated neurosteroids
	Sulfated neurosteroids bind in the pore
	Neurosteroids influence receptor-lipid interactions

	Discussion
	Methods
	Receptor expression and purification
	Receptor-nanodisc reconstitution
	Cryo-EM sample preparation
	Cryo-EM data collection and processing
	Model building and refinement
	Electrophysiology
	Molecular dynamics
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




