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mutagenesis findings suggest that the picrotoxinin and the
TETS binding sites are overlapping but not identical on asB3ys
GABA, receptors.

Confirmation of the Mutagenesis with a Chemical
Biology Approach. To not solely rely on mutagenesis for
identification the TETS binding site, we decided to confirm
our results by altering the structure of the ligand instead
of mutating the receptor site. Our group had previously
synthesized a library of TETS derivatives for use as haptens
for the development of an immunoassay for the detection of
TETS (Barnych et al., 2017). We selected three of these TETS
haptens (Fig. 8) and measured their ability to block chloride
currents elicited by 100 uM GABA (ECgy) through the asB3vs
GABA, receptor. Two TETS derivatives that enlarge (Hapten
2a) or open the tetraazaadamantane cage (Hapten 4a) were
found to be roughly 15-fold less potent than TETS, whereas
a derivative lacking one of the two hydrogen bond—accepting
sulfone groups (Hapten 6b) was 180-fold less potent than TETS.
To confirm that all three TETS haptens were still interacting
with the T6’ ring and that we were indeed investigating a
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Fig. 5. TETS docked in the closed/resting-state
homology model of the a583y, GABA, receptor. (A)
Transmembrane view of the dominant low-energy
binding pose of TETS identified by RosettaLigand.
(B) Alternative low-energy TETS binding pose. In
both panels, one B3 subunit has been removed for
clarity. Hydrogen bonds are shown in green. The
receptor is color-coded as follows: as (blue), B3 (red),
and vs (yellow). (C) The TETS binding site viewed
from above the T6’ ring. TETS is shown in stick
representation with a transparent molecular sur-
face. The five threonine residues are rendered as
spheres. (D) Van der Waals interactions of TETS
shown in the same transmembrane view as in (A).
(E) Van der Waals interactions of TETS viewed
from above the T6' ring.
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structure-activity relationship, we also tested the three haptens
at a concentration of 1 mM on the 83T6'C mutant (see gray box
in Fig. 8). Although Hapten 2a and 4a still exhibited some effect
that was dramatically reduced, Hapten 6b was found to be
ineffective on the B3T6'C at 1 mM (Fig. 8).

Discussion

We here used atomistic scale molecular modeling, site-directed
mutagenesis, and whole-cell voltage-clamp experiments to
map the binding site of the convulsant agent TETS in the
asB3ys GABA, receptor. Like other “caged” convulsants,
TETS interacts with residues in the M2 segment lining the
chloride permeation pathway at the NCA site. That TETS
binds to this site was suspected since the early 1990s when
the Casida laboratory reported that TETS displaced [3°S]
TBPS from what was then termed the mammalian-brain
GABA-gated chloride channel in rat brain synaptosomes (Esser
et al., 1991). However, since the first insect and mammalian
GABA, receptors were cloned and recombinantly expressed,
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Fig. 6. Concentration-response curves for TETS inhibition of currents evoked by EC9y GABA (100 M) comparing wild-type asB3vye1, receptors with
mutant receptors. (A) T6’ mutations: asB3ys1, ICs0 0.48 M, 95% CI 0.32-0.64 pM), aaT6'MB3yar, IC50 438.6 pM, 95% CI 346.2-503.9 pM, P < 0.0001),
and aB3T6’ Cyyy, (ICs50 326.7 M, 95% CI 263.3-355.3 uM, P = < 0.0001). (B) T2’ mutations: asB3ysr, (IC5¢ 0.48 wM, 95% CI 0.32—0.64 uM), asV2'WB3ysr,
(IC50 5.70 M, 95% CI 5.10-6.28 pM, P = 0.03), and a9B3A2'Sysr, (IC50 299.5 M, 95% CI 263.3—-335.6 pM, P < 0.0001). Individual data points are
presented as mean *+ S.D. from five to eight independent recordings. Concentration-response curves were compared using an extra sum-of-squares F test
(GraphPad Prism8; GraphPad Software). The reported P-values test the null hypothesis that the concentration-response curves for wild-type and mutant

channels are identical. CI, confidence interval.

the question of the putative TETS binding site became
somewhat confused. Although TETS was found to displace
[PHIEBOB and [*Hldihydropicrotoxinin from Drosophila
receptors or human «;B3ys receptors, it did not inhibit
GABA-stimulated chloride fluxes through the human B3
homopentamer (Ratra et al., 2001). To determine whether
TETS indeed directly binds to GABA, receptors, the Casida
group synthesized [1*C]TETS in 2014 and used accelerated
mass spectrometry to show that TETS can displace itself as
well as [PHJEBOB and [**S]TBPS from rat brain synapto-
somes (Zhao et al., 2014). The authors of this study also
generated a homology model of the o182y, GABA4 receptor
based on the open-state structure of the Caenorhabditis
elegans glutamate-gated chloride channel (Hibbs and Gouaux,
2011) and used molecular dynamics simulations to propose
a putative TETS binding site in the lower pore of the a1B2y2
GABA, receptor where TETS was predicted to make three
hydrogen-bonding interactions with two a1T1’ residues and
v2S2'. However, although appearing reasonable at the time,
this prediction, which was never confirmed by mutagenesis,
was called into question when the subsequently solved GABA
receptor structures showed that T1' was not a pore-lining
residue and that GABA, receptors in various states are
narrower at 2’ (Miller et al., 2017; Laverty et al., 2019;
Masiulis et al., 2019) and not splayed open as widely as the
C. elegans GluCl channel, making it impossible for TETS to
hydrogen bond with T1'.

When determining the GABA4 receptor subtype selectivity
of TETS, we observed that TETS inhibits asB3y2 and agBsys
GABA, receptors with submicromolar IC5¢s in whole-cell
patch-clamp experiments while it blocks ay, a4, B2, v1, Or &
containing GABA, receptors roughly 5-10-fold less po-
tently and basically has no effect on 8;-containing receptor
combinations (Pressly et al., 2018), suggesting a preference
for the as or ag/Bs/yvo combination. We therefore here set out
to map the binding site of TETS on the asB3ys receptor,
which we believe is the pharmacologically most-relevant

GABA, receptor for the seizure-inducing activity of TETS.
Since we had previously successfully used the Rosetta molec-
ular modeling suite to make a homology model of the pore
region of the calcium-activated potassium channel KCa3.1
(Nguyen et al., 2017) that agreed well with the subsequently
solved cryo-EM structure (Lee and MacKinnon, 2018) and that
allowed us to correctly predict the binding sites of several
KCa3.1 inhibitors in either the pore or the fenestration region
of KCa3.1 with RosettaLigand, we again used the Rosetta
Membrane method (Rohl et al., 2004; Yarov-Yarovoy et al.,
2012) for homology modeling of the asB3ys receptor but this
time in combination with the more recently developed Roset-
taES refinement approach (Frenz et al., 2017), which is
particularly useful for “cleaning up” and relaxing cryo-EM
structures before docking ligands. When we started this work,
the structure that seemed most attractive to us as a template
was the X-ray structure of a chimeric channel in which the
ECD of the human B3 subunit had been fused to the TMD of
the human a5 subunit (Miller et al., 2017). Although the ECD
of this chimera, which can only be activated by histamine and
not by the natural ligand GABA because it is lacking the
GABA binding site in the o/ interface, might be of question-
able value for modeling the ECD, the membrane-embedded
part of this chimera was appealing because its pore showed
two constriction sites at the intracellular end at the 2’ and -2’
ring, and binding of the positive allosteric modulator pregna-
nolone enlarged the pore diameter at the -2 proline ring. The
BsECD-a5TMD chimera was further capable of producing
picrotoxin-sensitive chloride currents (Miller et al., 2017),
suggesting that it contained an NCA site in the TMD. After
generating what we here assume to be an open-state homology
model of the agB3ys receptor using Rosetta (Fig. 3A), we first
probed the putative NCA site of our model by docking
picrotoxinin and EBOB. For both these “classical” antago-
nists, RosettaLigand identified binding poses that were in
good agreement with literature and existing mutagenesis data
(Esser et al., 1991; Xu et al., 1995; Chen et al., 2006; Erkkila
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Fig. 7. (A) Overlay of the lowest-energy binding poses of TETS and picrotoxinin in stick representation in the closed/resting-state homology model of
the asB3ys GABA4 receptor. The receptor is color-coded as follows: ay (blue), B3 (red), and ys (yellow). One as subunit is removed for clarity.
Picrotoxinin is shown in black. Hydrogen bonds are shown in green. The panels on the side show transparent molecular surfaces of picrotoxinin (black)
and TETS (green) with pore-lining resides in the L9’, T6’, and 2’ ring rendered as spheres. (B) Concentration-response curves for picrotoxinin
inhibition of currents evoked by ECgo GABA (100 M) comparing wild-type asB3ysr, receptors with T6’ mutations: asB37ysr, (ICs50 6.8 M, 95% CI1 4.5-8.4 uM),
asT6'MPB3ysr, (no meaningful ICs5, can be determined since the maximal effect is drastically reduced, and we therefore consider this channel insensitive to
picrotoxinin), and agB3T6'Cygr, (IC50 4.2 M, 95% CI 1.2-6.9 uM, P = 0.2). Individual data points are presented as mean = S.D. from five to eight independent
recordings. Concentration-response curves were compared using an extra sum-of-squares F test (GraphPad Prism8; GraphPad Software). The reported
P-values test the null hypothesis that the concentration-response curves for wild-type and mutant channels are identical. CI, confidence interval.

et al., 2008; Nget al., 2016). Encouraged by this validation, we
next used three different ligand-docking algorithms, Rosetta-
Ligand, Glide, and Swissdock, with different energy functions,
different parametrizations, and different requirements for
initial ligand placements to search for the TETS binding site
(Fig. 3). Specifically, although RosettalLigand and Glide re-
quire ligands to be placed into predefined boxes for which the
diameter can be chosen, which somewhat biases the search
toward potential binding sites selected by the user, Swissdock
requires no such assumption. The different programs found

two possible binding sites for TETS: one site at theT6’ ring,
which was identified by all three programs, and a second site
lower down at the entrance to the permeation pathway. Site-
directed mutagenesis experiments (Fig. 4) ruled out the
lower site and confirmed that TETS interacts with the T6’
ring where threonine residues from all five subunits line the
channel pore.

Although the predominant TETS binding poses identified
by Rosettaligand at the T6' ring of our open-state model
agreed with the mutagenesis, TETS was only partially
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Fig. 8. Concentration-response curves comparing the potency of TETS (black symbols) and three TETS haptens in blocking of currents evoked by ECgq
GABA (100 p.M) on wild-type asB3ysr1, receptors. TETS (IC5¢ 0.48 wM, 95% CI 0.32—-0.64 pM), Hapten 4a (IC5¢ 6.5 pM, 95% CI 5.0-8.0 uM), Hapten 2a
(IC50 7.9 M, 95% CI1 7.1-8.7 p.M), Hapten 6b (IC5o 86.6 pM, 95% CI 83.2-90.1 puM). Individual data points are presented as mean * S.D. from five to eight
independent recordings. The gray inset shows the % of current blocked on the a9B3T6’Cysr, mutant by 1 mM of Hapten 2a (orange), Hapten 4a (green), and

Hapten 6b (purple). CI, confidence interval.

occluding the pore (Supplemental Fig. 3), raising the question
of why this position was so sensitive to relatively small
changes in side-chain volume in the mutagenesis and making
us wonder whether we could be missing water molecules,
which are not explicitly modeled by Rosetta. Fortunately,
while we were working on this project, the cryo-EM structure
of the human «;B3ys receptor in a lipid environment was
published in both the closed and the desensitized states
(Laverty et al., 2019; Masiulis et al., 2019). Using these new
templates, we generated two additional homology models of
the asB3ys receptor in the desensitized and closed/resting
states and again docked TETS. Although the docking poses in
the desensitized state somewhat reduced the space at the T6’
ring (Supplemental Fig. 3), the dominant docking poses of
TETS in the closed/resting model had the comparatively
lowest Rosetta energy and showed a much “tighter” fit for
TETS (Fig. 5), which now perfectly “snuggled” into the T6’ ring
by making three hydrogen bonds and literally a net of van der
Waals interactions in its dominant low-energy binding pose
(Fig. 5). The perfect space complementarity and the multi-
tude of interactions observed in this pose also provided
a much better explanation for why the introduction of any
residue that changes side-chain volume, charge, or hydrop-
athy index in the T6’ ring reduces TETS activity (Fig. 4;
Fig. 6A). In contrast, the results of mutating the 2’ ring,
where TETS is again seen to hydrogen bond with y,S2’ in
our closed/resting-state model, were not as straightforward
to interpret. Introducing a large, aromatic Trp in a, shifted
TETS potency, as would be expected for introducing steric
bulk into the 2’ ring, but mutations of the y2S2’ residue itself did
not have the expected effects. However, when we then replaced
Ala with Ser in B3 in an attempt to potentially pick up an
additional hydrogen bonds, we saw a dramatic reduction in
TETS potency (Fig. 6B). One explanation for this finding could be
that maybe we did indeed create an additional hydrogen-bonding
opportunity and were now “catching” TETS at the 2’ ring and
preventing it from accessing the T6’ ring. Interestingly, our

finding that an A2'S mutation reduces TETS potency ~600-fold
is in line with reports that in the insect RDL receptor, the A2'S
mutation confers resistance to cyclodiene insecticides and
picrotoxin (Ffrench-Constant et al., 1993; Zhang et al., 1994)
and reduces fipronil activity (Zhang et al., 2016).

Based on our molecular modeling results, which showed
a “tighter” fit and a relatively lower energy in a resting/closed
state than in an open or desensitized state model of the asB3v2
receptor, we suggest that TETS preferentially binds to the
closed state. This assumption is in line with our observations
that in electrophysiological experiments current inhibition by
TETS shows no delays and that TETS produces more block if
GABA, receptors are preincubated with TETS before chan-
nels are activated with GABA (Fig. 1A) than if GABA and
TETS are applied simultaneously (Fig. 1B). The template for
our closed-state model was the cryo-EM structure of the
a1B3y21, receptor (Masiulis et al., 2019) in complex with
picrotoxinin (pdb:6HUG), which, based on the pore radius at
the -2’ and 9’, is closed at both the desensitization and the
activation gate and therefore assumed to have captured the
channel in the closed/resting state. Picrotoxinin, which has
been reported to be an open-channel blocker while also
sometimes displaying some competitive inhibitor effects (Xu
et al., 1995; Mehta and Ticku, 2001; Wang et al., 2006; Olsen
et al., 2019), is believed to bind initially to an open-channel
pore and then to stabilize a closed/resting receptor state
(Masiulis et al., 2019). We here show that the TETS and the
picrotoxinin binding sites in the ayB3ys receptor are over-
lapping but not identical. TETS is centered at the T6’ ring
with an additional contact at the 2’ ring, whereas the larger
picrotoxinin extends further up into the pore to the L9’ ring
(Fig. 7). It therefore is possible that TETS differs from picrotox-
inin, and it would be desirable in the future to determine its
structure in complex with the asB3vys receptor. TETS could be
binding directly to the closed state or like picrotoxinin initially
interact with the open state, enhance the rate of current decay,
and then stabilize the closed state.
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