nature

LETTERS

Vol 444|23 November 2006 |doi:10.1038/nature05324

Endogenous neurosteroids regulate GABA 4 receptors
through two discrete transmembrane sites

Alastair M. Hosie', Megan E. Wilkins', Helena M. A. da Silva' & Trevor G. Smart’

Inhibitory neurotransmission mediated by GABA, receptors can
be modulated by the endogenous neurosteroids, allopregnano-
lone and tetrahydro-deoxycorticosterone'. Neurosteroids are syn-
thesized de novo in the brain during stress’, pregnancy’ and
after ethanol consumption®, and disrupted steroid regulation of
GABAergic transmission is strongly implicated in several debil-
itating conditions such as panic disorder, major depression,
schizophrenia, alcohol dependence and catamenial epilepsy>> .
Determining how neurosteroids interact with the GABA receptor
is a prerequisite for understanding their physiological and patho-
physiological roles in the brain. Here we identify two discrete
binding sites in the receptor’s transmembrane domains that medi-
ate the potentiating and direct activation effects of neurosteroids.
They potentiate GABA responses from a cavity formed by the
o-subunit transmembrane domains, whereas direct receptor
activation is initiated by interfacial residues between o and f sub-
units and is enhanced by steroid binding to the potentiation site.
Thus, significant receptor activation by neurosteroids relies on
occupancy of both the activation and potentiation sites. These sites
are highly conserved throughout the GABA, receptor family, and
their identification provides a unique opportunity for the devel-
opment of new therapeutic, neurosteroid-based ligands and trans-
genic disease models of neurosteroid dysfunction.

Endogenous neurosteroids are potent modulators of all major
GABA, receptor isoforms'’. At low nanomolar concentrations,
observed during stress'’, alcohol intoxication* and oestrus'’, they
potentiate GABA currents'*'*, whereas at submicromolar-to-micro-
molar concentrations, which occur during parturition’, they directly
activate the receptor'®. This profile indicates that two distinct neuro-
steroid binding sites may exist on the GABA, receptor, but their
location has remained enigmatic'. Previous studies have proposed
that neurosteroids target the GABA, receptors’ transmembrane (M)
domains'®'®. To determine how important these are, we exploited
the Drosophila melanogaster RDL (resistance to dieldrin) GABA
receptor, which has very low sensitivity to potentiation and lacks
direct activation by micromolar concentrations of neurosteroids'.
We replaced M1 through to the end of M2 in the murine o1 and 32
subunits with the corresponding sequence from the RDL subunit,
forming the chimaeras oR and PR, respectively (Fig. 1a), and estab-
lished their pharmacology as heterologously expressed oy subunit
receptors. Potentiation and direct activation by tetrahydro-deoxy-
corticosterone (THDOC) and allopregnanolone (ALLOP) was abol-
ished on receptors incorporating oR (Fig. 1b, and Supplementary
Fig. 1), whereas receptors containing BR were indistinguishable from
the wild type (data not shown). Thus, residues in the o1-subunit M1
and/or M2 domains are critical for neurosteroid action.

To regulate GABA, receptors, neurosteroids require a C3o
hydroxyl group on their A-ring and a C20 ketone in the D-ring*
(Fig. 1c). These groups are important for the binding of other

steroids to a wide variety of proteins by means of hydrogen-bonding
with polar or charged residues®**. In particular, several polar resi-
dues in the o1 subunit M1-M2 domains are replaced by hydrophobic
residues in aR (T2291, T2361, Q241W, T264V, S269M, N274A and
S275A), which could account for the reduced neurosteroid sensitivity
of aR 272 receptors (Fig. 1a). Sequential replacement of these polar
residues in the o1 subunit with the homologous RDL variants iden-
tified Thr236 and Gln241 as important determinants of steroid
action. Mutating Thr 236 to Ile markedly reduced receptor activation
by THDOC and ALLOP without affecting their potentiation of res-
ponses to GABA (Fig. 1d, and Supplementary Table 1). By contrast,
Q241W ablated the potentiation of GABA currents and markedly
reduced the apparent neurosteroid agonist efficacy without affecting
the concentration causing half-maximal receptor activation (Fig. 1e).
This mutation did not affect the potentiation mediated by diazepam,
pentobarbitone or mefenamic acid, which bind to separate sites on
GABA, receptors (Fig. 1f). The distinctive functions of Thr 236 and
Gln 241 in activation and potentiation by neurosteroids indicate that
they may contribute to two discrete binding sites.

Using the transmembrane region of the nicotinic acetylcholine
receptor”, we created a homology model to determine where in
the GABA, receptor M domains Thr236 and Gln241 are located
(Figs 2a and 3a, and Supplementary Fig. 4a). Threonine 236 lies on
the receptor surface, close to the /o subunit interface (the same
interface in which GABA binds but to the amino-terminal domain)
and would be accessible to hydrophobic neurosteroid molecules
in the membrane (Fig. 3a). By contrast, Gln241 lies at the base
of a water-filled cavity between the o subunit’s M1-M4 domains
(Fig. 2a, and Supplementary Fig. 4a). After receptor activation, the
depth and volume of this cavity seems to increase** ¢, which could
allow neurosteroids to bind to Gln 241 and stabilize the receptor in an
active state. The relative locations of Thr 236 and Gln 241 on opposite
faces of the M1 helix strongly suggest that they will contribute to
steroid binding at two distinct sites. We therefore determined how
the hydrogen-bonding capacity of these residues affected neuro-
steroid potentiation and activation on GABA, receptors.

Both the Q241H and Q241N variants supported wild-type levels of
potentiation by ALLOP and THDOC, whereas their potencies were
slightly reduced by Q241S and Q241T mutations (Fig. 2b, and
Supplementary Fig. 1b). The level of potentiation was closely corre-
lated with the substituent’s abilities to act as hydrogen-bond accep-
tors (by providing a lone pair of electrons), which is how histidine
residues form hydrogen bonds at pH 7.4. However, hydrophobic
replacement with isoleucine or leucine abolished neurosteroid
potentiation, while minimal potentiation was retained with methio-
nine (10 pM or more; Fig. 2c, and Supplementary Fig. 1b). Sig-
nificantly, potentiation was also abolished with tryptophan, which
acts only as a hydrogen-bond donor. Because the neurosteroid’s C20
ketone can only participate as a hydrogen-bond acceptor, these data
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Figure 1| Neurosteroid activity is determined by
a~subunit M1 domain residues. a, The oR
chimaera formed between o1 and RDL subunits.
Polar residues present only in o1 (blue) are in
bold, with Thr 236 and Gln 241 (red) highlighted.
The transmembrane domains are boxed.

b, THDOC concentration—response curves for
direct activation (red) and for potentiation (blue)
of EC (concentration causing 10% of maximal
response) GABA currents expressed as a
percentage of the maximum GABA response, at
wild-type 01272 (squares) and chimaeric
aRP2y2 (circles) receptors. ¢, Structures of
ALLOP and THDOC. d, e, THDOC
concentration—response curves for o1T236I(32y2
(d) and 21Q241W[32y2 (e) mutants. Blue points,
potentiation; red points, activation. Top: the
wild-type activation (dotted) and potentiation
(dashed) curves are taken from b. Bottom:
reduced potency of activation by T236I (d) and
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indicate that the C3a hydroxyl group donates a hydrogen bond to
Gln 241.

By using our homology model to locate other polar residues in this
cavity that might engage with the neurosteroids’ C20 ketone group,
we identified Asn 407 and Tyr 410 in the M4 domain of the ol sub-
unit. Both residues could donate a hydrogen bond to the C20 ketone
and are separated from Gln 241 by about 15-18 A (Fig. 2a), an appro-
priate distance to accommodate a neurosteroid molecule*"*>. The
hydrophobic substitutions N407A and Y410F reduced neurosteroid
potency although not to the same extent as the mutation of Gln 241
(3-10-fold opposed to more than 100-fold; Fig. 2d, and Supple-
mentary Table 1). Furthermore, N407V and N407D, neither of
which can act as a hydrogen-bond donor, caused similar reductions
in neurosteroid potency (Supplementary Table 1). The mutation
N407A caused a greater reduction in the potency of THDOC (about
tenfold) than in that of ALLOP (about threefold), whereas Y410F
only reduced the potency of THDOC (Fig. 2d, and Supple-
mentary Fig. 1¢). This is consistent with their coordination of oxygen
moieties on the neurosteroid D-ring, the only region where ALLOP
and THDOC vary structurally (Fig. 1c). A combined mutation of
N407A and Y410F further reduced THDOC potency (Fig. 2d),
whereas mutation of other polar residues in M3 and M4 (Y293F,
S298A, N407A, Y410F, T413I and Y414F) had no effect. Poten-
tiation of GABA responses by diazepam remained unaffected by all
these mutations (data not shown). Q242, N407 and Y410 are there-
fore ideally located for a neurosteroid-binding site that potentiates
receptor function.

We next determined whether oThr 236 contributes to a second
binding site associated with receptor activation. Replacing
oThr 236 with non-hydrogen-bonding isoleucine or valine markedly
reduced the agonist potency of ALLOP and THDOC (Fig. 3b). By
contrast, ALLOP and THDOC had similar potencies but lower
apparent efficacies on oT236SPy than on wild-type receptors
(Fig. 3b), indicating that the presence and orientation of a hydroxyl
group at position 236 might be critical for wild-type neurosteroid
activation (Fig. 3b). If oThr 236 c9ntributes to a neurosteroid-bind-
ing site, it should lie about 15A from a second surface-exposed
residue capable of hydrogen-bonding with the neurosteroid mole-
cule. In our model, Tyr 284 in the 2 subunit’s M3 domain fulfilled
these criteria (Fig. 3a). Consistent with a role in binding, the replace-
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f, Concentration-response curves for the
modulation of EC,; GABA currents by diazepam
(squares), pentobarbitone (triangles) and
mefenamic acid (circles). Filled symbols, wild
type; open symbols, Q241W. Error bars represent
s.e.am.
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ment of BTyr 284 with phenylalanine (removing the hydrogen-bond-
ing hydroxyl group) markedly reduced the potencies of both
THDOC and ALLOP as direct agonists (Fig. 3b) but had no effect
on their potentiation of GABA currents (Supplementary Fig. 1i). The
effects of mutating Thr 236 and Tyr 284 on receptor activation by
neurosteroids were quite specific because they did not markedly
affect activation by piperidine-4-sulphonic acid, a partial agonist of
the GABA, receptor, or by the allosteric activator pentobarbitone
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Figure 2 | Neurosteroid potentiation requires a-subunit M1 and M4
residues. a, Ribbon structure of o subunit M1-M4, showing 0Gln 241,
aAsn 407 and oTyr 410 docking with a THDOC molecule, viewed from the
lipid bilayer. The channel lining the M2 domain is shown in purple, and a
section of M3 is omitted for clarity. b, c, THDOC concentration-response
relationships for potentiation of EC,;y GABA responses on wild-type
(21B27y2, dashed line) and o1 mutant receptors where Gln 241 is replaced
with polar (b; filled squares, His; open squares; Asn; filled circles, Ser; open
circles, Thr) or hydrophobic (c; filled squares, Ile; open squares, Leu; filled
circles, Met; open circles, Trp) residues. d, Effects of mutating «Asn 407 and
oTyr 410 on THDOC potentiation. Dashed line, wild type; open circles,
N407A Y410F; filled circles, Y410F; open squares, N407A. Error bars
represent s.e.m.
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(Supplementary Fig. 2a, ¢; Supplementary Table 2). This indicated
that these residues might form a second neurosteroid-binding site,
distinct from that mediating potentiation.

Although our data supported the existence of two distinct neuro-
steroid-binding sites on the GABA receptor, the mutation aQ241W
not only abolished potentiation but also disrupted neurosteroid-
induced activation. The apparent agonist efficacies for neurosteroids
were reduced by 0Q241W without affecting their potencies (Figs le
and 3d, Supplementary Table 1). This raises the possibility that bind-
ing to oThr236—BTyr284 elicits only low-efficacy activation and
that the high-efficacy activation, characteristic of wild-type recep-
tors, depends on additional neurosteroid binding to oGln241-
aAsn 407, thereby potentiating neurosteroid-induced activation.
Disruption of the potentiation site should therefore attenuate, but
not abolish, the efficacy of neurosteroid activation. Indeed, substitu-
tions that significantly reduced the potentiation of GABA responses
(for example 2Q241S, aN407A and 0Q241M) caused proportionate
reductions in the apparent agonist efficacy of neurosteroids, whereas
larger activation efficacies were observed for mutants (Q241H and
Q241N) that supported greater levels of potentiation (Fig. 3¢, d, and
Supplementary Table 1). Overall, high-efficacy activation by neuro-
steroids seems to require occupancy of both the activation (Thr 236,
BTyr284) and potentiation (Gln 241, otAsn 407) sites. Further evid-
ence for two sites was provided by using the stereoisomer of ALLOP,
5B-pregnan-3a-ol-20-one (533a), which is as efficacious as ALLOP
and THDOC as a potentiator but is considerably less efficacious as
an agonist (Supplementary Fig. 3). Because mutating oGln241-
oAsn 407 and oThr 236—BTyr 284 reduced potentiation and activa-
tion by 5B3a, it must bind to the same residues as ALLOP and
THDOC. However, whereas the potentiating site cannot distinguish
between 50300 and 5B3a isomers, the reduced agonist efficacy for
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Figure 3 | Neurosteroid activation binding site spans the f/a-subunit
interface. a, View through the lipid bilayer of model GABA, receptor
transmembrane region (extracellular and cytoplasmic domains removed)
with a bound THDOC molecule. oThr 236 and Tyr 284 are predicted to
face the surrounding lipid. b, THDOC concentration-response
relationships for o132y2 receptor activation in the absence of GABA for the
oT236 and Y284 mutants. The wild-type (dashed) and aT236I (dotted)
curves are taken from Fig. 1d. Filled squares, 2 T236S; open squares, aT236V;
filled circles, BY284F. ¢, Hydrophobic mutations of aGln 241 reduce the
apparent agonist efficacy of THDOC. Note that the concentration giving
half-maximal response is unchanged from the wild type (dashed line).
Dashed line, Q241W; triangles, Q241M. d, Mutations of oGln 241 and
oAsn 407 support varying degrees of direct receptor activation of o1272
receptors by THDOC. Dashed line, wild type; filled squares, Q241H; open
squares, Q241N; filled circles, N407A; open circles, Q2418S. Error bars
represent s.e.m.
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5B30. indicates that the activating site might have a different
pharmacophore.

We then used our homology model to locate residues that line each
site whose substitution might disrupt binding. We predicted that
when bound to the potentiation site (2Gln 241 and aAsn 407), the
hydrophobic A-ring of the neurosteroid is juxtaposed to the hydro-
phobic side chain of alle 238 (Fig. 4a). Introducing a similar-sized
but polar side chain at residue 238 should cause electrostatic repul-
sion, reducing neurosteroid potency. As predicted, mutant 1238N
caused a rightward shift in the THDOC concentration—response
curve for potentiation (Fig. 4c) without affecting the potentiation
by diazepam (not shown). The apparent efficacy of neurosteroid
activation was also reduced, which is consistent with high-efficacy
neurosteroid activation requiring occupancy of both the activation
and potentiation sites (Fig. 4d). Mutation of other residues lining this
cavity, but not expected to disrupt neurosteroid binding, did not
diminish potentiation (for example L231E and M235K; data not
shown).
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Figure 4 | Steric and dipolar disruption to the neurosteroid-binding sites.
a, Homology model of THDOC bound to the potentiation site between M1
and M4 of the o subunit (M3 domain removed for clarity). Ile 238 is
predicted to lie close to the A-ring of THDOC (left) and replacement with
asparagine should repel the steroid (right). b, Cys 233 (left) is predicted to lie
on the surface of the receptor; its replacement with tryptophan (right)
increases the steric hindrance for THDOC binding to BTyr 284 and

oThr 236. ¢, Effect of a1238N (circles) on the potency of THDOC
potentiation of EC;o GABA responses. Dashed line, wild type. d, Effect of
C233W (filled circles) on the agonist potency of THDOC. Disruption of the
potentiation site (¢I238N; open squares) reduces THDOC apparent direct
agonist efficacy. Dashed line, wild type. Error bars represent s.e.m.
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The model also predicted that replacing C233 with tryptophan
should sterically hinder neurosteroid binding to the activation site
delineated by oThr 236 and BTyr 284 (Fig. 4b). Indeed, C233W sub-
stantially reduced the potency of neurosteroid activation (Fig. 4d)
without affecting either the potentiation of GABA responses or
receptor activation by GABA, piperidine-4-sulphonic acid or pen-
tobarbitone (Supplementary Fig. 2a—c). This further indicates that
oThr 236—BTyr 284 might form a second binding site from which
neurosteroids initiate receptor activation. Substitution of vicinal
residues (for example, aPro 232), predicted not to line the putative
binding site, had no effect on neurosteroid activation (data not
shown). The mutations a1238N and aC233W therefore have specific
effects on neurosteroid actions, each consistent with the disruption
of distinct binding sites.

Our study shows that the activation and potentiation of GABA,
receptors by neurosteroids are mediated by two discrete groups of
residues in the GABA receptor transmembrane domains: oThr 236
and BTyr284 initiate activation, whereas aGIln241 and oAsn 407
mediate the potentiation of responses to GABA or neurosteroids. It
is also evident that significant receptor activation by neurosteroids
relies on occupancy of both sites (Supplementary Fig. 3). The
requirement for suitably spaced hydrogen-bonding residues at each
site, and their specific disruption by mutating residues predicted to
line the binding pockets, indicates that these residues might particip-
ate directly in neurosteroid binding. Given the receptor stoichi-
ometry of 20:2P:1v, there will be two copies of these sites per
receptor molecule (Supplementary Fig. 3). Moreover, these residues
are conserved throughout the o and B subunit families and thus are
ideally placed to mediate neurosteroid regulation at all GABA 4 recep-
tor subtypes. The identification of neurosteroid-binding sites on the
GABA, receptor will now enable the pathophysiological roles of
these potent endogenous modulators of inhibitory neurotransmis-
sion to be clearly defined.

METHODS

Further details on the methods used in this study can be found in Supplementary
Information.

Complementary DNA constructs and transfection. Murine a1, 2 and y2S
subunits, chimaeras with RDL subunits, and all point mutants, were cloned into
the plasmid pRK5. Functional GABA receptor expression was achieved by cal-
cium phosphate transfection in human embryonic kidney cells.

Patch-clamp electrophysiology and data analysis. Whole-cell currents were
recorded from single human embryonic kidney cells voltage-clamped at
—40mV, with an Axopatch 200B amplifier. Membrane currents were normal-
ized to the maximal GABA response amplitude in each cell. Concentration—
response curves were generated with the Hill equation. For studies of potentia-
tion, neurosteroids and GABA were applied together without preincubation.
Homology modelling. The GABA, receptor o1 and 32 subunit transmembrane
domains were modelled on a cryo-electron microscopic image of the homolog-
ous nicotinic acetylcholine receptor M1-M4 domains (Protein Data Bank
accession number 10ED)* with the use of Deep View”. The GABA, receptor
transmembrane domains were aligned such that residues believed to contribute
to volatile-anaesthetic-binding sites faced into the cavity between the four trans-
membrane domains where these compounds are thought to bind*. Residue
Gln 241 lies on the same side of the M1 helix as Leu 231, a known member of
this site. The models were energy-minimized with the GROMOS 43B1 force field
and the positions of side chains after mutations were assessed for conformational
integrity with the use of Ramachandran plot analysis. For illustrative purposes,
ALLOP and THDOC molecules were docked by eye and are not intended to
predict the molecules’ absolute orientations within the proposed binding
cavities.
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