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Abstract

Structural mechanisms of modulation of y-aminobutyric acid (GABA) type A receptors by
neurosteroids and hormones remain unclear. The thyroid hormone L-3,5,3’-triiodothyronine
(T3) inhibits GABA, receptors at micromolar concentrations and has common features with
neurosteroids such as allopregnanolone (ALLOP). Here we use functional experiments on
aoB1y2 GABA, receptors expressed in Xenopus oocytes to detect competitive interactions
between T3 and an agonist (ivermectin, IVM) with a crystallographically determined binding
site at subunit interfaces in the transmembrane domain of a homologous receptor (gluta-
mate-gated chloride channel, GIuCl). T3 and ALLOP also show competitive effects, sup-
porting the presence of both a T3 and ALLOP binding site at one or more subunit interfaces.
Molecular dynamics (MD) simulations over 200 ns are used to investigate the dynamics and
energetics of T3 in the identified intersubunit sites. In these simulations, T3 molecules occu-
pying all intersubunit sites (with the exception of the a-f interface) display numerous ener-
getically favorable conformations with multiple hydrogen bonding partners, including
previously implicated polar/acidic sidechains and a structurally conserved deformation in
the M1 backbone.

Introduction

The ionotropic y-aminobutyric acid (GABA) type A receptor (GABA,) is a primary transducer
of inhibitory signaling in the central nervous system. GABA 4 receptors are anionic members
of the pentameric ligand-gated ion channel (pLGIC) or “Cys-loop receptor” superfamily. In
addition to widely-used drugs like anesthetics [1-4] and sedatives [5,6], locally synthesized ste-
roids called neurosteroids modulate GABA 4 receptors and act as endogenous sedatives,
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anesthetics, analgesics, anti-convulsants, and anxiolytics. The neurosteroid 3a-hydroxy-5a.-
pregnan-20-one (allopregnanolone or ALLOP) potentiates response to GABA and can activate
the receptor in the absence of GABA [7-10].

We have previously proposed [11] that the thyroid hormone, triiodothyronine (T3) modu-
lates the GABA 4 receptor via a mechanism similar to that of neurosteroids. Such modulation
has potential physiological significance as a non-genomic mechanism through which T3 exerts
its significant effects on sleep and mood in adulthood [12-15]. T3 inhibits the activity of
GABA-gated chloride currents on recombinant GABA , receptors expressed in human embry-
onic kidney-293 cells and Xenopus oocytes at lower concentrations [16], but activates at con-
centrations beyond 30 uM [16,17].

Similarities in the molecular dimensions and functional groups of T3 and neurosteroids are
consistent with overlapping mechanisms [11] (Fig 1A), and the conformational flexibility of
T3 is reduced by bulky iodine atoms (S1 Movie). Conformational flexibility of ALLOP is
shown for comparison (S2 Movie 2). Structure-activity studies have demonstrated that, as in
T3, true steroids must contain a hydroxyl at C3 and a hydrogen-bond accepting group at C20
in order to activate GABA 4 receptors [9,18,19]. Tetracyclic structure is not a strict requirement
for binding [20] despite its presence in most identified endogenous lipophilic modulators of
GABA 4 receptors. T3 is an endogenous novel dicyclic modulator [11] that may bind to the
same sites as positively modulating neurosteroids but that causes negative modulation.

An extensively investigated group of sites for lipophilic modulators of eukaryotic pLGICs lie
in pockets at the subunit interfaces, in the transmembrane domain. Significant evidence from
mutagenesis and photoaffinity labeling approaches as well as molecular dynamics (MD) simu-
lations suggests that anesthetics and alcohols bind to this region in the nicotinic acetylcholine
receptor (nAChR), glycine receptor, and GABA 4 receptor [1,3,21-25]. Structural interpreta-
tion of results from site-directed mutagenesis and photoaffinity labeling has proven highly sen-
sitive to details of the homology model used for the GABA 4 receptor. Earlier models were
based on the cryo-electron microscopy structure [26] of the nAChR, which suffered from the
ambiguous gap in the alignment between cationic and anionic pLGICs transmembrane
domains; different alignments significantly alter the proposed orientation of many trans-mem-
brane residues [27-29]

Site-directed mutagenesis [30,31] was used to identify two residues critical for activation of
GABA 4 receptors (0;:M1:T237 and B,:M1:Y284) by ALLOP; due to modeling ambiguities
mentioned previously, it was not clear whether these residues formed a common binding
pocket at the B-o. (counter-clockwise) interface, as proposed in [30] or whether they faced into
distinct intrasubunit cavities, as suggested in [29]. The alignment used for the model proposed
in [29] was supported in part by evidence from cysteine mutagenesis and sulthydryl cross-link-
ing [27,28] and is also consistent with that used in newer models based on an unambiguous
alignment with GluCl as well as the recent crystal structure [32] of a human GABA, 3 homo-
pentamer. As a result, newer models are also consistent with the placement of these residues
facing into distinct intrasubunit cavities, as originally proposed in [29]. Furthermore, ALLOP
has been shown to enhance photoaffinity labeling of residues in the -0 subunit interface [29]
by an etomidate analog, suggesting minimal competition between ALLOP and etomidate for
that site, as well as the presence of at least one allosteric site for ALLOP distinct from the B-a
subunit interfaces. The latter, however, has not been further confirmed, and other subunit
interfaces have not been extensively investigated as potential allosteric binding sites for
ALLOP.

Following site-directed mutagenesis studies [33,34], the recent crystal structure of GluCl
[35] includes an intersubunit transmembrane site for an agonist (the antiparasitic IVM) that
also activates the GABA 4 receptor [36,37]. While it is not confirmed that IVM occupies the
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Fig 1. Chemical analogy among modulators and receptors. (A) Comparisons of structures of the neurosteroid ALLOP and thyroid hormone T3.
Neuroactive steroids and T3 share common features, including molecular dimensions, placement of hydrogen-bond accepting groups, and multiple rings. (B)
The GIuCl IVM binding site. Residues identical to those at the GABA, B-a interface are red, similar residues are white, and residues with no similarity are
blue.

doi:10.1371/journal.pone.0139072.g001

same binding mode in the GABA 4 receptor as it does in GluCl [33], the cavity is one of the
regions with the closest homology (Fig 1B). Here we use competition of T3 and ALLOP with
IVM as a test for likelihood of intersubunit binding. We focus on the intersubunit site due to
its occupancy by IVM in the GluCl crystal structure and its previously identified significance
for numerous modulators. We present here two-electrode voltage-clamp recordings and MD
simulations used to explore this potential binding site for T3. We find that T3 acts competi-
tively with IVM and with ALLOP, suggesting that T3 and ALLOP both bind to an intersubunit
site. We perform docking calculations that identify intersubunit sites as potential sites for IVM,
ALLOP, and T3. Over the course of a 200 ns MD simulation of T3 bound to a GABA 4 receptor
model in a hydrated lipid bilayer, we find that T3 is stable in four intersubunit sites over these
timescales, with spontaneous rebinding observed for the fifth interface. We further show that
multiple T3 conformations, with distinct hydrogen binding partners including the M1 helix
backbone, can have equivalently favorable energies. As described in Discussion, these observa-
tions suggest possible origins of inconclusive results for mutagenesis studies of various pLGIC
allosteric modulators.

Results

Electrophysiological Studies

Inhibition of GABA response by T3. The inhibiting effect of T3 (0.1 pM- 100 uM) on
GABA 4 receptor stimulation by 10 uM GABA is shown in Fig 2A, with a representative trace
indicating a significant reduction in the response of GABA in the presence of 10 uM T3 (Fig
2A, inset). Further representative traces are in supplementary information (S2 Fig). Apparent-
maximal concentrations of T3 (between 50-100 pM) reduced response to GABA to 60 + 3% of
control, with an ICs; of 8 + 2 uM (Fig 2A). These results are similar to previously reported
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Fig 2. Inhibition of GABA response by T3. (A) Dose-response curve for the effects of T3 on the GABA-stimulated current as a percent of the maximal
GABA response in the absence of T3. The values are expressed as a mean of three separate determinations, with error bars representing the standard error
of the mean (S.E.M.). (A, Inset) Representative tracings for the effect of 10 yM GABA with or without added 10 uM T3. The solid lines above the tracing
indicate the time of superfusion of the oocyte with the indicated solutions. (B) Evaluation of T3 inhibition of GABA response. Dose-response curves for the
effects of GABA were constructed separately in the presence of 0, 5, 10, or 20 uM T3. The data are represented as means + S.E.M. for triplicate
determinations. For each data point, n = 3-5. (B, Inset) Schild plot of the data from (B). “Dr” stands for dose-ratio. The slope of the line was 0.04 + 0.02, which
was significantly different from unity according to 95% confidence levels (shown in dotted lines).

doi:10.1371/journal.pone.0139072.g002

findings using a o By, construct expressed in Xenopus oocytes [17], indicating low sensitivity
of T3 response to B subunit sequence, as also observed in neurosteroid response [38].

Varying concentrations of T3 were applied to evaluate the likelihood of competition
between 1-1,000 uM GABA and T3. Resulting dose response curves had reduced Hill coeffi-
cients with increasing T3, inconsistent with a competitive interaction. The data were analyzed
by the method of Schild [39] (Fig 2B, inset), yielding a Schild plot with a slope of 0.04 +/- 0.02,
also inconsistent with a competitive effect. These results are consistent with our hypothesis
that the lipophilic T3 molecule binds to a transmembrane binding site distinct from the extra-
cellular GABA binding site, although transmembrane binding of T3 cannot be determined
based on this result alone.

T3 inhibition of activation by IVM. Dose-response curves indicated that sufficient con-
centrations of IVM could activate the o3, Y, GABA 4 receptor in the absence of GABA, consis-
tent with previous studies on o 3,y, GABA 4 receptors [40]. IVM concentrations ranging from
0.1 uM- 125 uM (S1 Fig) stimulated Xenopus oocytes expressing a4 By, constructs while unin-
jected oocytes were unaffected by IVM (data not shown). An apparent maximal effect of IVM
was observed between 20-50 uM with an ECsy of 7.1 £ 0.8 uM, and a Hill coefficient of
1.9+04.

Activation of the GABA 4 receptor by IVM was inhibited by the presence of T3 (Fig 3A)
with a representative tracing shown for 10 uM T3 (Fig 3A inset). Further representative traces
are in supplementary information (S2 Fig). For the maximal concentrations of T3 used in this
study (about 50 uM), response to IVM was reduced to 51% *+ 5% of control, with an ICs, for
T3 of 7 £ 3 uM (Fig 3A); non-vanishing IVM response at 20 uM T3 likely corresponds to the
onset of the high concentration regime associated with positive modulation and is addressed in
the discussion.
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Fig 3. Inhibition of IVM response by T3. (A) Dose-response curve for the effects of T3 on the IVM-stimulated current as a percent of the maximal IVM
response in the absence of T3. The values are expressed as a mean of three separate determinations + S.E.M. (A, Inset) Representative tracings for the
effect of 10 uM IVM with or without added 10 uM T3. The solid lines above the tracing indicate the time of superfusion of the oocyte with the indicated
solutions. (B) Evaluation of T3 inhibition of the IVM response. Dose-response curves for the effects of IVM were constructed separately in the presence of 0,
5,10, or 20 uM T3. The data are represented as means + S.E.M. for triplicate determinations. For each data point, n = 3-5. (B, Inset) Schild plot of the data
from (B). “Dr” stands for dose-ratio. The slope of the line was 1.2 + 0.1, which was not significantly different from unity according to 95% confidence intervals,

shown in dotted lines.

doi:10.1371/journal.pone.0139072.g003

Competitive binding between T3 and IVM. In order to evaluate the likelihood of compe-
tition between T3 and IVM for sites on the GABA 5 receptor transmembrane domain, the dose
response to IVM was measured (Fig 3B) for various steady concentrations of T3 (0-20 uM).
For this concentration range, increasing concentrations of T3 shifted curves to the right, main-
taining the same slope but increasing ICs, values. No changes were observed in the maximal
response. A Schild analysis (Fig 3B inset) yielded a slope of 1.2 + 0.1 with no significant differ-
ence from a slope of 1 according to 95% confidence intervals. Although the slope is not signifi-
cantly different from one, it is still possible that the slight observed 0.2 deviation is not the
result of statistical noise but instead reflects weak deviations of the mechanism from a simple
competitive interaction. The shifted but parallel dose response curves with equivalent maxi-
mum responses shown in Fig 3B, however, further indicate that the dose ratio is insensitive to
the concentration of agonist; such an observation would be surprising in a non-competitive
inhibitory mechanism for which the agonist remains bound.

The Schild equation has been shown [41] to apply more generally to complicated models
involving multiple agonist sites but which satisfy a basic set of assumptions. It is also thought
to be approximately true for many cases in which those assumptions are weakly violated, such
as the use of a partial agonist or inverse agonist rather than a true antagonist [41]. Many viola-
tions, including the presence of multiple binding sites for the antagonist, can be sufficiently
strong to alter the intercept of the Schild plot without significantly changing the slope.

For the Schild plot shown in Fig 3B, the pA2 value calculated from the intercept was
-5.0 £ 0.5 log concentration of T3 (about 10 uM), providing an estimated average affinity of T3
for inhibitory sites on the GABA 4 receptor that is consistent with the ICs, for inhibition of
GABA 4 receptor response by T3. We emphasize, however, that the relationship between the
pA2 value and the average affinity will be less direct if inhibition occurs via multiple T3 sites
with substantially different affinities and/or efficacies. The present estimates are consistent
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with inhibition by T3 of both GABA- and IVM-induced currents via a common site(s), but are
not sufficient to rule out multiple overlapping binding sites, with a subset inhibiting GABA
induced currents and a non-overlapping or partially overlapping alternate subset inhibiting
IVM-induced currents.

T3 inhibition of activation by ALLOP. Consistent with its well-known pharmacological
effects on GABA 4 receptors, the neurosteroid ALLOP had a stimulatory effect on the GABA
receptor response in Xenopus oocytes (Fig 4), with an ECso 0f 0.9 £ 0.1 uM. For 1 uM ALLOP,
this effect was inhibited 24% by the addition of 10 pM T3 in a sample tracing (Fig 4, lower
inset). Further representative traces are in supplementary information (S2 Fig). Similar to the
effect of T3 on stimulation by IVM, the addition of a constant concentration of T3 to a dose-
response curve for ALLOP shifted the curve to the right. The Schild plot (Fig 4, upper inset)
yielded a slope of 0.94+0.03, which was not significantly different from 1 according to 95% con-
fidence intervals. The data therefore support the conclusion that T3 is a competitive inhibitor
of the stimulatory effect of ALLOP at the GABA , receptor. A pA2 value of -4.7 + 0.2 log con-
centration of T3 was calculated (about 20 uM), suggesting a value for the average affinity of T3
for the site(s) of competition. This value was consistent with the estimated affinity from com-
petition between T3 and IVM, indicating that T3 might compete with both IVM and ALLOP
via the same or similar sites; however it is not, in isolation, sufficient to conclude that all three
sites overlap.

Computational Results

Docking calculations. Docking calculations identified the subunit interface as a potential
binding site for IVM, ALLOP, and T3 (Fig 5). Although these poses were likely facilitated by
the cleft found in the GluCl template due to IVM binding in that structure, the asymmetry
among docked poses suggests that the results are also sensitive to the receptor sequence. Asym-
metry in docking scores (S1 Table) further suggests some degree of specificity, although the
likely significance of these differences is reduced given dispersion in scores among identical
sites (e.g. for ALLOP both the site with the least favorable and with the second most favorable
average score were atp- o interfaces). IVM and ALLOP were docked to all five subunits (each
with a reduced average score for at least one of the B-o. interfaces). T3 was only docked to the
B-a and a- v interfaces, with the latter having the most favorable score. This trend, however,
was reversed in the MD simulations, as we discuss subsequently.

Unsurprisingly, orientation of IVM among the docked poses heavily overlapped with that
in GluCl, with little dispersion among the poses within a given site. T3 poses were nearly all
placed with the amino end of T3 closest to the pore-lining M2 helices and the hydroxyl end
exposed to the lipid, while ALLOP was placed in multiple orientations with the hydroxyl either
near to the M2 helices or facing the lipid. The increased dispersion in ALLOP poses relative to
T3 poses likely reflects, in part, the bulky iodine atoms present in the latter molecule.

Although docking calculations primarily identified sites for T3 at the B-o and o y inter-
faces, false-negative results are common with docking to homology models with underdeter-
mined placement of side-chains, so we cannot rule out potential sites at the other interfaces on
this basis alone. Dispersion in resulting poses also yielded a certain amount of uncertainty in
generating initial conditions for Molecular Dynamics Simulation. Finally, docking programs
often underestimate the favorability of small molecule poses involving significant interactions
with the protein backbone, which were observed for T3 in the MD simulations. Symmetric
poses for initial conditions were obtained by alignment of similarly shaped T3 groups with
IVM bound to sites on the GABA 4 receptor analogous to those in GluCl; this choice is further
explained in Methods.
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superfusion of the oocyte with the indicated solutions.

doi:10.1371/journal.pone.0139072.g004

Molecular dynamics of T3 in the intersubunit site. Although more computationally
expensive, MD simulations are able to provide insights beyond those of automated docking
programs, by generating atomic resolution data on an ensemble of interactions between the
parameterized ligand and a fully flexible binding site. The MD simulations used here take place
over hundreds of nanoseconds, but are not likely to be sufficient for determining the effect of
binding-site occupancy on global structure of the receptor, and are therefore not appropriate
for inferring functional effects.

Initial (following minimization) and final poses of T3 (after 200 ns of Molecular Dynamics
simulation) are shown in Fig 6A and 6B. Root-mean-squared-displacements (RMSD) between
T3 in the initial and final frames ranged from 5.5-8.5 A (S3 Fig, for comparison, an extended
T3 molecule is about 15 A in length). However, root-mean-squared-fluctuations (RMSF) for
the heavy atoms of the T3 molecule over the last 100 ns of simulation ranged between 0.7 and
1.8 A (S3 Fig), indicating that the T3 molecules become less fluid in the sites (and potentially
more tightly bound) as the simulation proceeds.

The total energy of each bound T3 molecule was calculated over the course of the simula-
tions (Fig 6D); this total included all intra-T3 contributions from conformational terms and
non-bonded (van der Waals and electrostatic) interactions between atoms on the same T3 mol-
ecule, as well as any non-bonded interactions between T3 atoms and protein, water, lipid, or
ion atoms. T3 molecules in the two B-o interfaces had equivalent average total energies,
although as shown in S1-S3 Tables and S4 Fig, these reflected distinct conformations and
hydrogen-bonding partners. In particular, T3 in the left-most B-a interface (Fig 6D) had con-
formational and non-bonded energies that were 1.3 kcal/mol more favorable and 1.2 kcal/mol
less favorable, respectively, than that of the other B-o interface.

T3 molecules in the other interfaces had energies between 2 and 4 kcal/mol greater than in
the B-o interface, in the following order from most to least favorable: y-§ (2kcal/mol), a-y (2.9
kcal/mol), a- (3.6 kcal/mol). Assuming that entropic costs of binding to each site are roughly
equivalent, these results suggest that the y-f site would be occupied at T3 concentrations of
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ALLOP

Fig 5. Poses indicated by automated docking of IVM (A), T3 (B), and ALLOP (C) to the GABA 5 receptor model. Five runs generating twenty poses
each were conducted for all three ligands. Poses are colored according to docking score rank within a single run with strong scores in red, intermediate
scores in white, and the weakest scores in blue, indicating that although poses for ALLOP and T3 are confined to subunit interfaces, multiple docking runs
yield significant dispersion in orientation and ranking of individual interfaces (average scores in S1 Table). Poses located in the ion channel pore were
excluded. The GABA, receptor transmembrane domain is shown and is colored by subunit: a-silver, B-green, y-blue. In (B) and (C) the ligand hydroxyl is
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shown as a space-filling sphere to indicate orientation. Residues implicated by mutagensis for activation by ALLOP are shown in orange (34) and those
photolabeled by etomidate (35) are shown in black.

doi:10.1371/journal.pone.0139072.9005

about 30 (10") times that required for occupation of the B-o sites. For comparison, T3 inhibi-
tion of GABA stimulation by T3 is observable at 1 uM, but reverses at about 30-40 uM (Fig 2A
and [17]).

With the exception of the least favorable (o.-B) interface, T3 in all interfaces averaged
between 0.6 and 1.1 hydrogen bonds per frame (S2 Table). The two B-a interfaces fell on either
end of this extreme, with the interface in the first and second panel in Fig 6D averaging 0.6
and 1.1 hydrogen bonds per frame respectively. In the first case, 40% of the hydrogen bonds
were formed between T3 and the backbone carbonyl oxygen of oM1 1228, at the location of a
helix deformation that has been observed in all presently available high resolution crystal struc-
tures of pLGICs. An additional 40% were due to interactions with BM2 S265, a residue that
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Fig 6. Molecular Dynamics Simulations of GABA, receptors with T3 bound. A) GABA, receptor-membrane complex, shown in cartoon with surface
overlay, from a view parallel to the membrane. Lipids in the membrane are in licorice with POPC molecules colored by atom name and cholesterol molecules
in pink. T3 molecules colored by atom name are shown at the interfaces between the a (silver) and 8 (green) subunits. B) Initial (gray) and final (orange)
poses of T3 from 200 ns MD simulation. C) Representative frame showing interactions between T3 at one of the -a interfaces, corresponding to the first
column of S1-S3 Tables. Numbers shown in parentheses in residue labels represent the contribution of hydrogen bonds with the residue to the total number
of hydrogen bonds observed in the second (equilibrated) half of the MD simulation (listed for all interfaces in S3 Table). T3 frequently formed simultaneous
hydrogen bonds to aM1 1228 and BM2 S265, as shown here. D) Total energy of T3 molecules across trajectory, relative to that of the B-a interface shown in
first column and in Panel C, and in left to right order of increasing average energy/decreasing favorability. Energy trajectories were smoothed with a 20 ns
window, with the initial and final 20 ns removed due to distortion from the windowing process. Solid region of the trajectory curve indicates the equilibrated
regions used in calculating the average listed in S2 Table, and represented here by the horizontal solid line. Decomposition of the total energies can be found
in S2 Table and S4 Fig

doi:10.1371/journal.pone.0139072.9006
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homologous to GluCl M2:5270, which forms a hydrogen bond with ivermectin in the GluCl
crystal structure PDB:3RHW. These hydrogen bonds were formed simultaneously (as shown
in Fig 6C) in about 75% of the frames in which they appeared. A third polar residue (BM2
T262) one turn toward the intracellular end of M2 contributed another 10% of the observed
hydrogen bonds with T3.

In contrast, in the second B-o interface, T3 formed hydrogen bonds primarily as a donor
with both acidic and polar sidechains: BM3 D282 and M1 Q229, which contributed 60% and
20% of the observed average of 1.1 hydrogen bonds/frame respectively. While in both p-o
interfaces, T3 served (primarily) as a donor to an M1 residue, in one interface T3 also served as
an acceptor (primarily) to an M2 residue and in the other T3 served as a donor to an M3 resi-
due; the average energy for T3 in each interface differed only by 0.1 kcal/mol. This result sug-
gests that a number of binding modes in the same interface could be equally favorable for T3
(and possibly analogs like ALLOP), and consequently changes in affinity resulting from single
residue substitutions may be particularly subtle.

Discussion

The concentration of T3 in rat serum ranges from 1.6-1.9 nM [42,43]. However, thyroid hor-
mone is taken up from blood and concentrated in brain tissue, particularly in the nerve termi-
nals [44-46]. Synaptosomes, in a nerve-terminal fraction, are estimated to have concentrations
of T3 ranging from 13.0-65 nM, depending on the methods used [47,48]. In disorders such as
hypothyroidism, synaptosomes contain higher levels of T3 ranging to 126 nM, as part of a
homeostatic mechanism to maintain brain hormone in the face of lowered circulating hor-
mone [48]. The actual concentration of T3 at the site of the GABA 4 receptor in the synapse is
difficult to evaluate, due in part to distributions within the membrane that are unlikely to be
uniform. The sensitivity of the GABA 4 receptor to the lowest concentrations of thyroid hor-
mone found in healthy humans was not specifically addressed in the current study, but other
studies have shown effects of T3 in the hundred nanomolar range using other preparations
[16]. T3 modulation of GABA 4 receptors therefore has a plausible significance in normal phys-
iology, and apparent relevance to dysthyroid states. Concentrations of T3 tested in the current
study are in the range of concentrations commonly used to demonstrate effects of pregneno-
lone sulfate [49]. While the effects of T3 show parallels to the effects of pregnenolone sulfate at
10 uM doses, there are interesting differences in the actions at higher 100 uM concentrations,
where T3 has a stimulatory effect on the GABA 5 receptor [17]. Study of the effects of exposure
to T3 is therefore likely to yield novel insight into the mechanisms of action of the GABA 4
receptor.

In the present work, we test the likelihood that T3 causes inhibition via a site that has been
previously implicated in binding of positive modulators or agonists (IVM, general anesthetics,
and activation by neurosteroids). We find that T3 reduces activation of GABA 4 receptors by
IVM and ALLOP, with pharmacological analyses indicating competitive interactions. Further-
more, docking calculations return intersubunit transmembrane sites as potential T3 binding
sites. In MD simulations, T3 molecules bound to these sites are stable over the 200 ns simula-
tion time, and spontaneous rebinding is observed at the o- interface. Our results are conse-
quently consistent with an intersubunit binding site for IVM, T3, and ALLOP on the GABA ,
receptor.

The result that ALLOP may activate GABA 4 receptors via an intersubunit site is consistent
with the results of Ref. [30,31]; however, the identified residues from that work are not
expected to form this binding site, as suggested by Ref. [29]. Interpretation of the results of
Ref. [30,31] and Ref. [29] is dependent upon the model used for the GABA 5 receptor [29], and
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while the model used in [30] suggested that the two residues identified by mutagensis formed a
common site, later models did not. These residues may have therefore been critical for trans-
ducing the effects of ALLOP and THDOC. The recent high-resolution structure [32] of a B3
homopentamer is consistent with more recent models indicating that implicated residues on
the B subunit (Y284) face into the subunit center, rather than the subunit interface.

Persistence of IVM response at higher T3 concentrations is seemingly inconsistent with a sim-
ple binding mechanism. However, dose response to T3 consists of two regimes: about 1 to
30 uM, for which T3 negatively modulates IVM response, and above 30 puM, for which T3 acts as
a positive modulator [17]. The present experimental study assumes that the low concentration
regime can be treated approximately separately from the high concentration regime, due to
expected negligible occupation of sites required for positive modulation at low concentrations,
and results from this study are only presumed to be relevant to sites required for negative modu-
lation. Interestingly, however, our energetic calculations from MD simulation suggest a difference
of 2 kcal/mol in binding energy (a factor of 30 in dissociation constant) between the highest and
second highest affinity interfacial sites; a mechanism in which the highest affinity (B-o) sites are
inhibitory and the secondary site (y-p) reverses the inhibitory effect would be quantitatively con-
sistent with the onset of the high concentration potentiation regime (~30uM) given the onset of
the low concentration inhibition regime (~1puM). Such a mechanism is also consistent with previ-
ous functional studies showing y subunits to be unnecessary for inhibition of GABA by T3 [16].

Our focus on the intersubunit site in the present paper originates from the presence of IVM
at the subunit interfaces in the GluCl homolog. We postulate here that IVM also activates
GABA , receptors via some or all of the subunit interfaces; however, the role of each interface
in the heterooligomer is unknown. Characterizing interface specificity for lipophilic ligands
binding to pLGICs using experimental techniques has been particularly challenging, with pseu-
dosymmetry posing well-defined challenges for crystallographic efforts and mutagenesis
approaches yielding conflicting results. (For instance, efforts to interpret results of the S265N
mutation on general anesthetic sensitivity have spanned multiple decades; a recent discussion
accompanies numerous new experiments to elucidate the effect’s complex origins [50]). The
latter may be due in part to the effects we observed in the present MD simulations, which sug-
gest that multiple alternative protein-ligand interactions of equivalent strength may be capable
of compensating for single residue substitutions. One such interaction observed here involves a
hydrogen bond with the M1 helix backbone at a deformation conserved across available
pLGIC structures, which puts a clear limitation on the power of a site-directed mutagenesis
approach for altering affinity. If these predictions are accurate, techniques that introduce a ste-
ric block, either through substitutions with multiple bulky residues or competition with ligands
of established interface specificity, as in [29], are likely to yield more useful results than those
that aim to reduce affinity via weakened interactions with the cavity.

Materials and Methods
Experimental Studies

Materials. GABA, IVM, T3, and all other materials, unless stated otherwise, were obtained
from Sigma (St. Louis, MO). T3 was initially dissolved in 0.1 M NaOH to make a stock concen-
trate of 1 mM T3, causing a slight 0.1 pH increase not expected to significantly affect GABA 4
receptor currents. During trials involving IVM, all solutions included 0.1% v/v dimethyl sulfox-
ide (DMSO), which was required due to the low solubility of the substances. This concentration
of DMSO had no effect on the membrane properties of the oocytes.

The cDNAs encoding human GABA 4 receptor ol and B1 subunits were acquired from
American Type Culture Collection (ATCC, Manassas, Virginia), while those encoding y2
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subunits were acquired from GeneCopoeia (Rockville, Maryland). Restriction enzymes for the
cDNAs came from New England Biolabs (Ipswich, MA).

Female Xenopus laevis were obtained from Xenopus Express Inc (Brooksville, FL). X. laevis
were maintained according to Rutgers University Animal Care standards. The experimentation
was approved by the Institutional Animal Care and Use Committee at Rutgers University.

Synthesis of cRNAs. HindlII-digested and Xholl-digested DNA templates encoding human
oy, Py, or v, GABA 4 receptor subunits (4 pg) were transcribed through the mMESSAGE mMA-
CHINE T7 kit from Ambion (Austin, TX). Effects of neurosteroids are typically universal across
known B subtypes [38]; use of the B; subtype rather than the previously used B, allowed us to test
for similar universal effects for T3. The solution was then treated with RNase-free DNase I and
precipitated with lithium chloride. The cRNAs were dissolved in double-distilled diethyl-pyro-
carbonate (DEPC) treated water to a final concentration of ~ 1-2 pg/ pL. Subunit combinations
were aliquoted for the specific receptor type with total concentration remaining ~ 1-2 pg/ pL.

Oocyte preparation. X. laevis were anesthetized by placing them in solution of 1 g tricaine
methanesulfonate (MS222) per 500 mL in de-chlorinated water. A small incision in the abdo-
men was made 1 cm away from and parallel to the midline and lobes of ovary were removed.
The lobes were gently agitated at room temperature with collagenase (2 mg/mL) in calcium
free OR-2 (82.5 mM Na(l, 2.5 mM KCl, 1 mM MgCl,, 5 mM HEPES, pH adjusted to 7.6 with
NaOH) until the ovarian epithelium and the follicular cell layer were removed (~2 hrs).
Oocytes were checked for proper size and shape, color, and for the presence of distinct animal
and vegetal poles. Viable oocytes were placed in ND96 solution (96 mM NaCl, 2mM KCl, 1
mM MgCl,, 1 mM CaCl,, 5 mM HEPES, pH adjusted to 7.6 with NaOH) and the oocytes were
injected with 46 nL cRNAs (1-2 pg/uL) expressing the o, v, construct using a digital micro-
dispenser (Drummond ‘Nanoject II’), with the ratio o;. ;. v, 1:1:2. Incorporation of the y sub-
unit was confirmed via potentiation of GABA response by diazepam. Injected oocytes were
incubated at 18°C in a sterile solution containing Leibovitz L-15 Medium supplemented with
10 mM HEPES, 50 mg/L gentamicin and 50 mg/L tetracycline at pH 7.4.

Two-electrode voltage-clamp recording. After 24 h following injections, oocytes were
placed in a recording chamber perfused continuously with ND96. All drugs were perfused into
the chamber through a gravity flow system (~5 mL/min). Oocytes were impaled with two 3 M
KCl-filled glass microelectrodes (~ 1-2 MQ). Oocytes were then voltage-clamped at -60 mV
with a Model OC-725C Oocyte Clamp (Warner Instruments, Hamden, CT). Currents were
recorded using the iWorx LabScribe v1.959 software. The peak amplitudes of the responses
were used for data analysis.

Trials began after five consecutive GABA, ALLOP or IVM responses had been observed to
establish the peak amplitude of the response. In trials with T3, oocytes were preincubated with
T3 (1-100 uM) for 15 s, followed directly with coapplication of T3 and GABA, ALLOP or
IVM, for 30s. Oocytes were perfused with ND96 between trials until current returned to base-
line (approximately 10-15 minutes). The responses are expressed as a percentage of the peak
amplitude of response without T3.

During the competition studies, concentration-response curves of GABA, IVM, or ALLOP
(0.1-125 pM) were determined against steady concentrations of T3 (0-20 uM). The pre-trial
response to 125 uM GABA, IVM, or ALLOP without T3 was used as the maximum response to
which values were compared.

Computational Studies

GABA 4 receptor model. Docking and simulations used a previously built [51] model of
the 0B, Y, GABA 4 receptor, constructed using the structure for GluCl from C. elegans (PDB
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code:3RHW) as a template, as well as the accompanying alignment [35]. The template is pre-
sumed to be in the open state due to the presence of an agonist (IVM) and the dimensions of
the pore. The simulations conducted here do not include IVM or GABA; however, the IVM
cavity found in the template persists to the initial structure for the model. The native structure
of the cavity in the absence of IVM was unknown at the time of these simulations, but thought
to be partially closed [52] and/or partially filled with lipid tails or cholesterol [51] that could
exchange with other modulators; recent crystal structures [53] in the absence of IVM have
illustrated both of these scenarios.

The model was built using MODELLER [54] in the order y, B; o B; o (counter-clockwise),
based on the results from Ref. [55]. Homology models of the GABA 4 receptor based on GluCl
benefit from the unambiguous (no gaps) alignment of the two sequences in the transmembrane
domain as well as the highly conserved fold in the transmembrane domain, as indicated by
very close overlap of the protein backbones for prokaryotic GLIC and eukaryotic GluCl.

Ligand coordinates. Autodock Tools [56] was used for docking search space and ligand
preparation. Automated docking of IVM, ALLOP, and T3 to the complete GABA 4 receptor
model was conducted using AutoDock Vina [57]. Five runs generating twenty conformations
(poses) of the ligand each were calculated with the exhaustiveness parameter that controls the
extent of each search set to 20, well beyond the default value of 8; poses located in the ion chan-
nel pore (about 1-4 per run) were removed. No poses in the extracellular domain or in the sub-
unit centers of the transmembrane domain were identified by the algorithm, for any of the
three modulators. Use of flexible residues was limited to BM227 (which was required for sym-
metric docking of IVM) since subsequent MD simulations were expected to provide signifi-
cantly more extensive and realistic flexibility than that accessible through automated docking.

For the MD simulations, initial coordinates were determined from an alignment of T3 with
IVM so that T3 was placed symmetrically in all binding pockets. While likely not ideal as a
method for estimating actual coordinates of the binding mode, this approach was considered
preferable for providing initial coordinates to be relaxed during the simulation, since groups in
identified poses for T3 did overlap similar groups in IVM in most poses, but with significant
dispersion. As a result, any resulting asymmetry in relaxation of the binding interactions was
not biased by potentially artificial asymmetries in initial coordinates.

Molecular dynamics simulation. The GABA ,/T3 complex was placed into a 12 x 12 nm?
lipid bilayer with a 3 to 1 concentration of 1-palmitoyl-2-oleoyl-sn-glycerol-phosphatidyl-cho-
line (POPC) and cholesterol using VMD [58]. The system was fully solvated to a box size of 12
x 12 x 18 nm’ using the SOLVATE plugin and ionized with sodium and chloride ions for a
0.15 M neutralizing solution using the AUTOIONIZE plugin.

All simulations were run using the NAMD?2.9 package [59]. The CHARMM?22-CMAP force
field was used for proteins [60] and CHARMM36 was used for the phospholipids, ions, and
water [61]. The CHARMM generalized forcefield [62] was used for T3, with parameters gener-
ated via the ParamChem Server [63] with low penalties on all values. Periodic boundary condi-
tions were applied, with particle-mesh Ewald long-range electrostatics and a cut-off of 1.2 nm
Lennard-Jones potentials, with a smooth switching function starting at 1.0 nm. The simula-
tions were run at a temperature of 300 K, pressure of 1 atm, and vanishing surface tension.
Simulations began with 5 ns of simulation with harmonic restraints of 1 kcal/mol/A on the Co.
atoms of the protein. The restraints were then lifted and the simulation was run for another
195 ns. All MD runs were performed on the either the Cray XT5 supercomputer Kraken at the
National Institute for Computational Sciences, University of Tennessee at Knoxville, TN or the
Intel EM64T Xeon E5 cluster Gordon at the San Diego Supercomputer Center.

Data analysis. Graph Pad Prism, version 5.00 (La Jolla, CA), was used for all statistical
analysis of two-electrode voltage-clamp data and for fitting the curves by nonlinear regression
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for determinations of EC5¢/ICsp, min and max response values, and Hill coefficients. To deter-
mine the type of competition, a Schild plot analysis was applied to the competitive binding
data, utilizing a linear regression fit [39]. The agonist dose response ECs, values at various T3
concentrations were compared to the EC5, value with no T3 present, and then plotted against
the log concentration of T3. The slope and x-intercept were used to analyze the type of compe-
tition and an estimate of the K4 for T3.

Analysis of MD trajectories was performed using scripts written in VMD [58]. Hydrogen
bonds were measured using a relatively loose definition, designed to detect weak hydrogen
bonds; they were defined as those with an O/N-H separation less than 3.3 A and an
angle less than 25°. Graphing and smoothing of MD data was performed using scripts in
Python 2.7.

Supporting Information

S1 Fig. Activation of o, Y, GABA , receptor by ivermectin (IVM). Data is fit to a Hill equa-
tion with ECs of 7.1 £ 0.8 pM and Hill coefficient of 1.9 + 0.4. Results are represented as a per-
centage of the maximal ivermectin response at 125 pM (mean + SEM., n = 3).

(PDF)

S2 Fig. Representative traces for T3 modulation of a8, Y, GABA , receptor response to
GABA (left), IVM (center), ALLOP (right).
(PDF)

$3 Fig. Dynamics of Bound and Free T3 molecules from Molecular Dynamics Simulation.
(A) Root-mean-squared-displacement (RMSD) trajectory for the carbon atoms of the T3 mole-
cule in each interface is shown, relative to the last frame of the simulation. With the exception
of the o.-p interface, the RMSD decreased dramatically in the first 100 ns to at most 2A and
(with a few very short deviations) remained under 2A for the remainder of the simulation. For
the o-p interface, the T3 molecule unbound and spontaneously rebound. In both A) and B),
the interfaces are ordered, left to right, in order of decreasing energetic favorability. (B) Root-
mean-squared-fluctuation (RMSF) of all non-hydrogen atoms of T3 molecules bound to five
subunit interfaces (solid lines) averaged over 8 consecutive 25 ns windows, as well as the equiv-
alent RMSF for free T3 in water (green dashes).

(PDF)

S4 Fig. Trajectory of T3 potential energy contributions for each interface, relative to inter-
face with minimum average T3 energy for a given contribution. Energy trajectories were
smoothed with a 20 ns window, with the initial and final 20 ns removed due to distortion from
the windowing process. Solid region of the trajectory curve indicates the equilibrated regions
used in calculating the averages represented by the horizontal solid line and listed in S2 Table.
The final row showing the relative total energies is identical to Fig 6D.

(PDF)

S1 Movie. Molecular Dynamics simulation of one T3 molecule in water (10 ns).
(MPG)

$2 Movie. Molecular Dynamics simulation of one ALLOP molecule in water (10 ns).
(MPG)

$3 Movie. Molecular Dynamics simulation of five T3 molecules bound to intersubunit
sites. The transmembrane domain (viewed from the extracellular domain) is shown, with the
protein colored by subunit: o (silver), B (green), y (blue). T3 molecules are colored to
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correspond with Fig 6C; the red T3 molecule at the y-P interface shows a brief unbinding event
before rebinding.
(MPG)

S$4 Movie. Molecular Dynamics simulation of five T3 molecules bound to intersubunit
sites. The transmembrane domain (viewed laterally from within the membrane) is shown,
with the protein colored as in S3 Movie.

(MPG)

S1 Table. Relative Autodock Vina docking score for ligand in each interface, averaged
across 5 runs of 20 poses each. Lower values indicate a more favorable average score, and all
values are shifted relative to the most favorable interface (underlined). Interfaces are listed
from left to right in the order of favorability according to energy calculations from MD simula-
tions (see Table 2). For T3, the affinity trend predicted by docking is reversed from the MD
predicted trend, potentially due to underestimating favorability of ligand-backbone interac-
tions in the docking calculations. No poses were identified for T3 in the y-p and a-f interfaces.
Autodock Vina docking scores are assigned units of kcal/mol.

(PDF)

S2 Table. Average Potential Energy of T3 over second half of MD simulation (100 ns),
decomposed into contributions from separate terms, relative to the interface with the low-
est average for a given component. Lower values indicate a more favorable energy. Interfaces
are listed from left to right in the order of favorability according to the final row. All values are
in kcal/mol.

(PDF)

S3 Table. Frequency of T3 hydrogen bond formation and common hydrogen-bonding
partners during MD simulation. All listed hydrogen bonds with non-polar residues represent
interactions of the ligand with the carbonyl oxygen of the protein backbone at the location of a
helix deformation in M1. No hydrogen bonds were identified in the o-f interface. Interfaces
are listed from left to right in the order of favorability according to energy calculations from
MD simulations (see S2 Table).

(PDF)
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