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ABSTRACT

The family of GABAA receptors is an important drug target group
in the treatment of sleep disorders, anxiety, epileptic seizures,
and many others. The most frequent GABAA receptor subtype
is composed of two a-, two 8-, and one y2-subunit, whereas
the nature of the a-subunit critically determines the properties
of the benzodiazepine binding site of those receptors. Nearly
all of the clinically relevant drugs target all GABA, receptor
subtypes equally. In the past years, however, drug develop-
ment research has focused on studying a5-containing GABAA
receptors. Beyond the central nervous system, a5-containing
GABAA, receptors in airway smooth muscles are considered
as an emerging target for bronchial asthma. Here, we in-
vestigated a novel compound derived from the previously
described imidazobenzodiazepine SH-053-2’'F-R-CH3 (SH53d-
ester). Although SH53d-ester is only moderately selective
for a5-subunit-containing GABA, receptors, the derivative
SH53d-acid shows superior (>40-fold) affinity selectivity
and is a positive modulator. Using two-electrode voltage
clamp electrophysiology in Xenopus laevis oocytes and
radioligand displacement assays with human embryonic
kidney 293 cells, we demonstrated that an acid group as

substituent on the imidazobenzodiazepine scaffold leads to
large improvements of functional and binding selectivity for
a5B3vy2 over other axB3y2 GABA, receptors. Atom level
structural studies provide hypotheses for the improved affin-
ity to this receptor subtype. Mutational analysis confirmed
the hypotheses, indicating that loop C of the GABAA receptor
a-subunit is the dominant molecular determinant of drug selectiv-
ity. Thus, we characterize a promising novel a5-subunit-selective
drug candidate.

SIGNIFICANCE STATEMENT

In the current study we present the detailed pharmacological
characterization of a novel compound derived from the pre-
viously described imidazobenzodiazepine SH-053-2'F-R-CH3.
We describe its superior (>40-fold) affinity selectivity for «5-
containing GABA, receptors and show atom-level structure
predictions to provide hypotheses for the improved affinity to
this receptor subtype. Mutational analysis confirmed the hy-
potheses, indicating that loop C of the GABAa receptor
a-subunit is the dominant molecular determinant of drug
selectivity.

Introduction

GABA, receptors are GABA-gated chloride channels that
are expressed in neurons, glial cells, and several non-neuronal
cell types (Gladkevich et al., 2006; Mizuta et al., 2008; Olsen
and Sieghart, 2008; Barragan et al., 2015; Wan et al., 2015)
wherein they influence a variety of cellular processes through
ligand-gated chloride flux. These receptors are pentamers of
subunits that are comprised of different subunit classes. The
existence of six a-, three B-, three y-, one 5-, one &-, one 6-, one
7-, and three p-subunits in mammalian systems gives rise to
an enormous theoretical diversity of GABA receptor subtypes
with distinct subunit composition and unique pharmacologi-
cal properties. Because of the presence of multiple GABA,
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receptor subunits in individual cells, however, an unequivocal
identification of a receptor subtype is difficult (Olsen and
Sieghart, 2008). So far, the native expression of only 11
subunit combinations has been conclusively demonstrated.
In addition, there is strong evidence for the existence of
several other subunit combinations, the number of which is
slowly increasing (Olsen and Sieghart, 2008).

GABA, receptors in the central nervous system (CNS) are
the site of action of a variety of pharmacologically and
clinically important drugs, such as benzodiazepines, barbitu-
rates, and anesthetics, that allosterically modulate GABA-
induced currents eliciting anticonvulsant, sedative-hypnotic,
and anxiolytic effects (Brickley and Mody, 2012; Rudolph and
Mohler, 2014; Sieghart, 2015). In addition to these synthetic
drugs, a wide range of natural products (Khom et al., 2010;
Lorenz et al., 2010; Hanrahan et al., 2011) as well as some
endogenous agents, such as neuroactive steroids (Belelli and
Lambert, 2005), the endocannabinoid 2-arachidonoyl glycerol
(Sigel et al., 2011), histamine (Saras et al., 2008; Fleck et al.,

ABBREVIATIONS: ASM, airway smooth muscle; CNS, central nervous system; cryo-EM, cryogenic electron microscopy; ECs.5_ GABA
concentration eliciting 3-5% of the maximal GABA response BMI binding mode one BMII binding mode two HEK, human embryonic kidney; PDB,
Protein Data Bank; RMSD, root-mean-square deviation; TC50, 50 mM Tris-citrate; TEV, two-electrode voltage clamp.
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2012), and dopamine (Hoerbelt et al., 2015), modulate GABA
receptors.

The benzodiazepine binding site is located at the extracel-
lular a+/y— interface of the GABA, receptors (Sigel and
Liischer, 2011; Richter et al., 2012). Thus, the potency and
efficacy of benzodiazepine site ligands are dependent on the
subtype of both of these subunits. In the CNS, benzodiazepine
ligands exert mostly anxiolytic, anticonvulsive, sedative hyp-
notic, and myo-relaxant properties (Sieghart, 2015; Sieghart
and Savi¢, 2018). The individual effects of benzodiazepines
seem to be predominantly mediated by distinct GABA,
receptor subtypes, and drugs specifically interacting with
these subtypes are thus expected to exhibit quite selective
pharmacological and behavioral effects (Mohler, 2011).

One of the first relatively a583vy2-selective positive allo-
steric modulators reported was the imidazobenzodiazepine
SH-053-2'F-R-CH3 (SH53d-ester), featuring a window of
separation between the modulation of a583y2 receptors
and al, a2, or a3B3y2 receptors (Savi¢ et al., 2010). In
electrophysiological experiments, SH53d-ester is selective
for a5 receptors at low nanomolar concentration. At 100 nM
concentration, this compound markedly enhances GABA-
elicited currents at «1B3y2, a283vy2, a383y2, and a583y2
receptors (Fischer et al., 2010; Savi¢ et al., 2010). Concom-
itantly, this compound has moderate affinity for the benzo-
diazepine binding site of a583y2 receptors and low affinity
for a1, a2, or a3B3y2 receptors (Fischer et al., 2010).

Ester-to-amide substitution in SH53d-ester led to MP-III-
022 with improved selectivity, efficacy, and kinetic behavior as
a positive modulator of GABA, receptors containing the a5
subunit (Stamenic¢ et al., 2016). Accordingly, binding affinities
of MP-III-022 (Ki) for the different receptor subtypes a183y2,
a2B3v2, a3B3y2, and a5B3y2 expressed in human embryonic
kidney (HEK) 293 cells were 850, 360, 660, and 55 nM,
respectively. TEV electrophysiology in oocytes revealed allo-
steric modulation of MP-III-022 in a«583y2 GABA,4 receptors
with efficacies of 300% at 100 nM while being nonmodulatory
(al) or only weakly modulatory at a2- and a3-containing
receptors.

Clinically applied drugs targeting GABA, receptors are
mainly used for their effects on the human CNS (Sieghart,
2015). However, considerable interest in these receptors
expressed in peripheral tissues as potential therapeutic
targets has emerged (Gladkevich et al., 2006; Mizuta et al.,
2008; Sengupta et al., 2014; Barragan et al., 2015; Gallos et al.,
2015; Wan et al.,, 2015). Of specific interest are GABA,
receptors expressed in airway smooth muscle (ASM) and their
ability to induce relaxation of an established contraction,
which could have enormous clinical implications in broncho-
constrictive diseases, such as asthma. It was shown that
the a5-preferring chiral imidazobenzodiazepine SH53d-ester
relaxes ASM and enhances chloride currents in cultured
ASM cells (Gallos et al., 2015), thus suggesting that
benzodiazepine-sensitive a5By2-containing receptors are
present.

The derivative of SH53d-ester, which we characterize here
(called SH53d-acid, formerly known as compound 2), has also
been tested in this assay and shown to be effective (Forkuo
et al., 2017), whereas a detailed presentation of the com-
pound’s pharmacology was still missing. In the current study
we now provide this detailed pharmacological characteriza-
tion of SH53d-acid and describe its superior (>40-fold) affinity

selectivity for a5-containing GABA, receptors. Computa-
tional docking provides a hypothesis for the improved affinity
to this receptor subtype. Using mutational analysis, we were
able to identify loop C of the GABA4 receptor a-subunit as the
dominant molecular determinant of drug selectivity.

Materials and Methods

Compounds. SH-053-2'F-R-CH3 = SH53d-ester: (R)-8-ethynyl-6-
(2-fluorophenyl)-4-methyl-4H-benzolflimidazo[1,5-a][1,4]diazepine-3-
carboxylic acid ethyl ester; SH53d-acid: (R)-8-ethynyl-6-(2-fluoro-
phenyl)-4-methyl-4H-benzolflimidazo[1,5-a][1,4]diazepine-3-carboxylic
acid; Fig. 1. All compounds listed above were synthesized at
the Department of Chemistry and Biochemistry, University of
Wisconsin—-Milwaukee. For details of SH53d-acid synthesis, see
“compound 2” in Forkuo et al. (2017).

[®Hlflunitrazepam (specific activity 83 Ci/mmol) and [*H]Ro 15-
4513 (specific activity 49.5 Ci/mmol) were purchased from Perkin
Elmer New England Nuclear (Waltham, MA). Diazepam (7-chloro-1,3-
dihydro-1-methyl-5-phenyl-2H-1,4, benzodiazepine-2-one) was from
Nycomed (Opfikon, Switzerland). Standard chemicals came from
Sigma-Aldrich (St. Louis, MO).

GABA,4 Receptor Subunits and Mutated Subunits. cDNAs of
rat GABA, receptor subunits a1, a2, a3, &b, 83, and y2S (GenBank
accession numbers: NM_183326.2, NM_001135779.2, NM_017069.3,
NM_017295.1, NM_017065.1, NM_183327.1) were cloned into pCI
expression vectors. The mutant subunits (for details on the nomen-
clature of the mutated amino acids see Supplemental Fig. 1 and
Supplemental Table 2) were constructed using the Q5 Site-Directed
Mutagenesis Kit (New England Biolabs) following manufacturer’s
instruction using the primers designed with the NEBaseChanger
online tool (https:/nebasechanger.neb.com) and listed in Table 1. The
mutated subunits were confirmed by sequencing (Table 1).

Culturing of Human Embryonic Kidney 293 Cells. HEK 293
cells (American Type Culture Collection ATCC CRL-1574) were
maintained in Dulbecco’s modified Eagle medium (high glucose,
GlutaMAX supplement, Gibco 61965-059; ThermoFisher, Waltham,
MA) supplemented with 10% fetal calf serum (F7524; Sigma-Aldrich),
100 U/ml penicillin-streptomycin (Gibco 15140-122; ThermoFisher),
and minimum Eagle’s medium (Nonessential Amino Acids Gibco
11140-035; ThermoFisher) on 10-cm cell culture dishes (Cell*; Sar-
stedt, Niirnbrecht, Germany) at 37°C and 5% CO,.

HEK 293 cells were transfected with ¢cDNAs encoding rat GABA
receptor subunits subcloned into pCI expression vectors. The ratio of
plasmids used for transfection with the calcium phosphate precipitation
method (Chen and Okayama, 1987) were 3 pg « (1, 2, 3, or 5): 3 pg B3:
15 pg y2 per 10-cm dish. Medium was changed 4-6 hours after trans-
fection. Cells were harvested 72 hours after transfection by scraping into
phosphate-buffered saline. After centrifugation (10 minutes, 12,000g,
4°C) cells were resuspended in 50 mM Tris-citrate (TC50) (pH = 7.1),
homogenized with an ULTRA-TURRAX (IKA, Staufen, Germany), and
centrifuged (20 minutes, 50,000g). Membranes were washed three times
in TC50 as described above and frozen at —20°C until use.

Radioligand Binding Assay. Frozen HEK 293 membranes were
thawed, resuspended in TC50, and incubated for 90 minutes at 4°C in
a total of 500 .l of a solution containing 50 mM Tris-citrate buffer, pH
=7.1; 150 mM NaCl; and 2 nM [*H]flunitrazepam or 5 nM [*H]Ro 15-
4513 in the absence or presence of 5 pM diazepam or 50 pM Ro 15-
1788 (to determine nonspecific binding; final DMSO concentration
0.5%). Membranes were filtered through Whatman GF/B filters (GE
Healthcare, distributed by VWR Austria) and rinsed twice with 4 ml of
ice-cold 50 mM Tris-citrate buffer. Filters were transferred to scintilla-
tion vials and subjected to scintillation counting after the addition of
3 ml Rotiszint Eco plus liquid scintillation cocktail (Lactan, Graz,
Austria). Nonspecific binding determined in the presence of 5 pM
diazepam or 50 nM Ro 15-1788 was subtracted from total binding to
determine specific binding.
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To determine the equilibrium binding constant Kp for the various
receptor subtypes, membranes were incubated with various concen-
trations of the radioligand in the absence or presence of an inhibitor.
Saturation binding experiments were analyzed using the equation Y =
Bhax X X/(Kp + X). Nonlinear regression analysis of the displacement
curves used the equation: log(inhibitor) vs. response — variable slope
Y =100/(1 + 10~ ((logICsp-x) x Hill slope)) with Top = 100%; Bottom =
0%; and Hill slope = —1. Both analyses were performed using
GraphPad Prism version 8.3.0 for Mac OS X (GraphPad Software,
La Jolla, CA; www.graphpad.com). Drug concentrations resulting in
half-maximal inhibition of specific [*H]-ligand binding (ICs,) were
converted to Ki values by using the Cheng-Prusoffrelationship (Cheng
and Prusoff, 1973), Ki = IC5¢/(1 + (S/Kp)), with S being the concentra-
tion of the radioligand (2 nM for [3H]ﬂunitrazepam or 5 nM for [*°H]Ro
15-4513) and the measured Kp values (see Table 4).

Statistical Analysis. One-way ANOVA followed by Tukey’s mul-
tiple comparisons test was performed using GraphPad Prism version
8.3.0 for Mac OS X; GraphPad Software, www. graphpad.com. The full
ANOVA analysis is shown in the Supplemental Data.

RNA Preparation. RNA was prepared as described (Simeone
et al., 2017): After linearizing the cDNA vectors with appropriate
restriction endonucleases, the cDNA was purified and concentrated
with the DNA Clean and ConcentratorTM Kit (Catalog Number
D4005; Zymoresearch). Capped transcripts of the purified cDNA were
produced using the mMESSAGE mMACHINE T7 transcription kit
(Ambion, TX) and polyadenylated using the Ambion PolyA tailing kit
(Ambion). After transcription and polyadenylation, the RNA was
purified with the MEGAclearTM Kit (Catalog Number AM1908;
Ambion). The final RNA concentration was measured on NanoDrop
ND-1000 and finally diluted and stored in diethylpyrocarbonate-treated
water at —80°C. For the microinjection, the RNA of aBy receptor
combinations was mixed at 1:1:5 for axB3y2 (x = 1,2,3) and 3:1:5 for
a5B3y2. All receptor combinations had a final concentration of 56 ng/p.l.

Two-Electrode Voltage Clamp Electrophysiology. Electro-
physiological experiments with X. laevis oocytes have been described
previously (Simeone et al., 2017). Defolliculated cells were obtained
from commercial suppliers (EcoCyte Bioscience Europe, Dortmund,

TABLE 1
Cloning primers

Primer sequences for the cloning of mutated a3 and a5 GABA, receptor subunits.
Mutated bases are highlighted .in italic. Numbering corresponds to precursor
proteins based on the UniProtKB-accession numbers P20236 and P19969.

Q5-a3-T215P-FW CTATGCCTATcCCAAAGCTGAAG

Q5-a3-T215P-RV CTTCCAAACTTCAGTGGAC
Q5-3-S257T-FW GATAATCCGGaCTAGTACAGG
Q5-a3-S257T-RV TCTGTCCCAACAACATGAC
Q5-a5-197T-FW TTATGCTTACaCTAATTCGGAAG
Q5-a5-197T-RV CTGCCAAATTTCAGGGGAC
Q5-a5-239S-FW AACATCAGCAgCAGCACAGGT
Q5-a5-239S-RV CTCAGTGCCTACTGTCTGC
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Fig. 1. Chemical structures of the two compounds.

Germany). Healthy oocytes were injected with an aqueous solution of
mRNA. A total of 2.5 ng of mRNA per oocyte was injected with
a Nanogject II (Drummond). Subunit ratio was 1:1:5 for axB3y2 (x =
1,2,3) and 3:1:5 for a5B83y2. After injection of mRNA, oocytes were
incubated at 18°C in ND96 solution (96 mM NaCl, 2 mM KCl, 1 mM
MgCl,, 5 mM HEPES; pH 7.5) containing penicillin G (10000 IU/100
ml) and streptomycin (10 mg/100 ml) for at least 36 hours before
electrophysiological recordings. For current measurements, oocytes
were impaled with two microelectrodes filled with 2 M KCI with 1-1.5
MQ resistance. The oocytes were constantly washed by a flow of
6 ml/min washing buffer (96 mM NaCl, 2 mM KCI, 1 mM MgCl,,
5 mM HEPES, CaClyx2H,0 1.8 mM; pH 7.5) that could be switched to
the same buffer containing GABA and/or drugs. Drugs were diluted from
DMSO solutions, resulting in a final concentration of 0.1% DMSO. The
GABA concentration eliciting 3-5% of the maximal GABA response
(EC3_5) was determined at the beginning of each experiment. Maxi-
mum currents measured in mRNA-injected oocytes were in the
microampere range for all receptor subtypes. Compounds were
coapplied with GABA until a peak response was observed. Enhance-
ment of the chloride current was defined as (Igaga+comp/Igaa) — 1,
wherein Igapa+comp is the current response in the presence of a given
compound, and Igaga is the control GABA current. Between two
applications, oocytes were washed in NDE for up to 15 minutes to
ensure full recovery from desensitization. SH53d-acid did not affect
the pH of the measuring buffer (7.51-7.52) over the whole concentra-
tion range of the compound. pH was measured in the buffer alone, in
GABA ECj3 5, and in GABA EC;3_5 containing SH53d-acid at 1 nm to
10 pM. Since the measurement buffer keeps the pH constant, we can
be sure that over the dose-response curve, the protonation state of the
compound did not change. Beyond this observation, we cannot draw
any conclusions about the influence of the protonation state on the
activity. It seems reasonable to assume that this compound was, as
organic acid, deprotonated at physiologic pH. As has been discussed in
Forkuo et al., (2018), this is beneficial for topical application. All
recordings were performed at room temperature at a holding potential
of —60 mV using a Dagan CA-1B Oocyte Clamp or a Dagan TEV-200 A
TEV amplifier (Dagan Corporation, Mineapolis, MN). Data were
digitized using a Digidata 1322 A or 1550 data acquisition system
(Axon Instruments, Union City, CA), recorded using Clampex 10.5
software (Molecular Devices, Sunnyvale, CA), and analyzed using
Clampfit 10.5. Data were analyzed using GraphPad Prism v.6 and plotted
as concentration-response curves. These curves were normalized and
fitted by nonlinear regression analysis to the equation Y = bottom + (top-
bottom)/1 + 10(LogEC5-X) x ny, wherein ECs is the concentration of the
compound that increases the amplitude of the GABA-evoked current by
50%, and ny is the Hill coefficient. Data are given as mean * S.D. from at
least three oocytes of two or more oocyte batches. Statistical significance
was calculated using an extra sum of squares F' test. P values of <0.05
were accepted as statistically significant.

Computational Docking. The experimental structures 6HUO,
6D6T, and 6A96 containing the a1y2 interface were employed for this
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study. The 6A96 structure does not contain a benzodiazepine site. The
a5 subunit’s extracellular domain of 6A96 overlaps well with the a1
subunits in 6HUO, 6D6T, and 6D6U. Thus, since benzodiazepine-
bound states are of interest, we used 6HUO and 6D6T to generate
homology models of the extracellular a5+/y2— interface on the basis of
the alprazolam- and flumazenil-bound experimental structures using
Modeler (Sali and Blundell, 1993) for the subsequent docking.
Molecular docking was performed with the program GOLD (Jones
et al., 1997). The numbering of the amino acids in the figures
corresponds to mature human protein UniProtKB-accession numbers
P14867 for a1l and P31644 for a5 (for comparison between rat and
human amino acid numbering, see Supplemental Table 2). The
putative binding site was set around the B carbon atom of the
a5Ser209 that lies on the loop C with a cutoff distance of 12 A. Five
amino acids of the y2-subunit and five of the a5-subunit were selected
to have flexible side chains: y2Asp56, y2Tyr58, y2Phe77, y2Thr142,
and y2Argl44 and «5Tyr163, «5Thr208, a5Ser209, a5Thr210, and
abTyr213, respectively. Soft potentials were chosen for a5Thr208,
abSer209, a5Thr210, and a5Gly211 to simulate backbone flexibility of
loop C. The ligand was docked with the protonated carboxylic acids
group fully flexible and the seven-ring restrained to what is seen in the
experimental structures (a control run with a flexible seven-ring gave
very similar results). The poses were scored with GoldScore and
rescored with ChemScore, as implemented in GOLD. For each ligand
and each protein, the top-100 (GoldScore) poses were generated with
default settings.

Results

SH53d-Acid has Superb Affinity, Efficacy, and Selec-
tivity. Since the ester-to-amide substitution in SH53d-ester
led to MP-III-022 with improved binding and efficacy selec-
tivity, more substituents were explored. Here, we present an
acid-substituted compound with superior affinity selectivity.
To directly compare the properties of this novel compound
SH53d-acid with its parent compound SH53d-ester, both were
measured at identical conditions side-by-side in radioligand
binding assays as well as in two-electrode voltage clamp
experiments. Although SH53d-acid still displays low affinity
for al, a2, or a3B83y2 receptors (in the micromolar range) in
radioligand binding assays, the affinity toward «583y2 is
approximately 10-fold higher than the parent compound, now
being in the low nM range (see Fig. 2B; Table 2). SH53d-acid
has superior (>40-fold) affinity selectivity for a5- over al-
containing GABA, receptors, which is much more selective
than MP-III-022 (15-fold) and SH53d-ester (9-fold). There is
also a clear window of separation between «5- and a3-
containing GABA, receptors with an affinity selectivity of
16-fold in SH53d-acid compared with 12-fold in MP-II-022,
whereas it is only 7-fold in SH53d-ester. Compared with a3-
containing GABA, receptors, the differences in affinities are
13-fold (SH53d-acid), being nearly equal to the parent com-
pound SH53d-ester (15-fold), whereas MP-III-022 has the
smallest difference (6-fold). In two-electrode voltage clamp
experiments, we not only observed a similar affinity shift but
also greatly enhanced efficacy in modulating GABA-induced
currents in a5-containing receptors compared with the other
receptors analyzed (Fig. 2D; Table 3). The SH53d-acid has
a wider window of separation, with nearly no modulatory
activity in the non-a5 subtypes up to 30 nM (see Table 3). As is
also the case for diazepam, the efficacy is higher in a3-
containing receptors compared with a2-containing receptors,
but unlike diazepam, it is highest in a5-containing receptors
(Savi¢ et al., 2010) (Fig. 2; Tables 2 and 3).

The Acid Group of SH53d-Acid Is Predicted to Be in
Contact with Loop C. To provide a structural hypothesis
for the extraordinary potency preference of the novel ligand
SH53d-acid, we performed a computational study utilizing the
recently published flumazenil- and alprazolam-bound struc-
tures PDB IDs 6D6T and 6D6U (Zhu et al., 2018) and PDB ID
6HUO (Masiulis et al., 2019) together with homology models
and computational docking as established in our laboratories
(Elgarf et al., 2018; Siebert et al., 2018).

Figure 3 shows the unligated pocket of the recently released
heteropentameric cryo-EM structure PDB ID 6D6T (Phulera
et al.,, 2018) and the «b5-subunits of the PDB ID 6A96
structures (Liu et al., 2018), providing an overview of the
pocket contributing amino acids of these two « isoforms. At the
time of writing, no experimental structures of the other «
isoforms were available (Fig. 3).

Computational docking has resulted in two different
binding modes as candidates for benzodiazepine- and
imidazobenzodiazepine-based ligands, previously termed bind-
ing modes one (BMI) and two (BMII) (Richter et al., 2012;
Middendorp et al., 2014; Elgarfet al., 2018; Siebert et al., 2018).
The R-substituted chiral analogs of SH53d-ester have been
proposed previously to use BMI (Elgarfet al., 2018), which later
was observed experimentally for flumazenil in the 6D6T and
6D6U structures (Zhu et al., 2018). For the triazolobenzodiaze-
pine alprazolam, on the other hand, a binding mode was
observed experimentally, which corresponds to BMII (Richter
et al., 2012; Middendorp et al., 2014; Masiulis et al., 2019).

Both the flumazenil- and the alprazolam-bound structures
were determined with the a1-subunit, whereas for a5, so far
only an interface with a B-subunit is available (Liu et al., 2018,
see Fig. 3). Since the structural similarity between these two «
isoforms is sufficiently high, we took advantage of the induced-
fit states of the flumazenil- and alprazolam-bound states and
generated the ab-containing homologs from these. Subse-
quent computational docking into the original a1l-containing
structures and the a5-containing models produced similar
posing space for both isoforms. The results for the «5-
containing pocket yield a diversity of highly ranked poses
without a clear favorite: Docking SH53d-acid into the models
of both the flumazenil-bound pocket and the alprazolam-
bound pocket yielded among both top-20 ChemScore and
GoldScore results both flumazenil-like (BMI) and alprazolam-
like (BMII) poses as well as unrelated binding modes.
Similarity was assessed by computing pairwise root-mean-
square deviation (RMSD) of the common atoms of the three
ligands in the superposed pairs of experimental structure
with the models. Five poses within ChemScore top 20 and
two among GoldScore top 20 are within an RMSD 0f0.5-1.5
A relative to alprazolam. In the comparison with flumaze-
nil, poses with RMSD up to 2 A contained two in the
ChemScore top 20. Thus, the alprazolam-like binding
mode was observed more often, but higher level of compu-
tational methods would be needed for firm conclusions.
Representative poses are depicted in Fig. 4.

Importantly, both binding modes position the acid group in
close proximity to segment (loop) C of the pocket. Thus, for
both binding modes the structural evidence predicts a strong
impact of diverging amino acids in segment C to drive the
affinity differences, whereas the difference in segment (loop) B
should be of less influence. To test this structural hypothesis,
we studied conversion mutants. For the mutational work, we
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sought to narrow down the influence of amino acids that are
different among « isoforms but do not contribute to the a5
unique properties. In segment C, the a5- and al-subunits
differ in two pocket-forming amino acids (see Fig. 3), whereas
the a5- and a3-subunits differ only in one of these. We
therefore chose to compare the two subunits that share more
amino acids in the pocket and proceeded to the mutational
analysis with a side-by-side comparison of the a5- and «3-
subunits as described in the Materials and Methods.

Choice of Radioligand: 3H-Flunitrazepam Proves to
Be Unsuitable. Based on our computational analysis we
decided to generate mutated subunits: In the B-loop amino
acids, proline and threonine were exchanged between a3 and
ab, generating an «3T215P- and an a5P197T-subunit. Like-
wise, in the C-loop, amino acids serine and threonine were
switched, generating a3S257T and «5T239S. Those mutated
a-subunits were cotransfected with 83y2 in HEK 293 cells,
and the receptors formed were analyzed via radioligand
binding experiments.

Equilibrium binding assays showed that receptors composed of
a5(P197T)B3y2 bind [*Hlflunitrazepam with similar high affinity
as ab(wt)B3y2 (Kp: 1.9 = 0.2 and 2.2 * 0.3 nM, respectively). In
contrast, a5(T239S)B3y2 receptors lost this high-affinity binding
and showed a 10-fold shift in Kp to 23.4 = 6.1 nM (see Fig. 5).

Radioligand displacement studies cannot be performed using
a low-affinity ligand. Therefore, a5(T239S)B33v2 receptors could

TABLE 2

8 B B
S N Q) O\ N Q)
O IN N IN

two batches of oocytes.

S

[SH53d-acid]

not easily have been analyzed using [*PH]flunitrazepam, and we
needed to search for another radioligand: Casula et al. (2001)
described similar mutants in their publication and showed that
the benzodiazepine Ro 15-4513 had a much higher affinity to the
mutated receptors compared with flunitrazepam. We therefore
decided to test [PH]JRo 15-4513 as possible radioligand, and
equilibrium binding assays were performed on transfected HEK
293 cells. As shown in Table 4, [PHJRo 15-4513 exhibited high-
affinity binding for all constructs/receptors tested.

Conversion Mutations Confirm Loop B Is Not the
Determinant of the Selectivity. We transfected HEK 293
cells with various GABA, receptor subunit combinations and
performed radioligand displacement assays with 5 nM [*H]Ro
15-4513 and increasing concentrations of SH53d-acid. The
concentrations resulting in half-maximal inhibition of radio-
ligand binding were converted into Ki values by using the
Cheng-Prusoff relationship, and the respective Kp values
were given in Table 4.

Figure 6B shows the comparison of the Ki values obtained
from the B-loop mutant «5P197T and «3T215P compared with
wild-type receptors (Panel A). As can be seen, the compound
SHb53d-acid still binds to a5-mutant receptors at very high
(nanomolar) concentrations and to a3-mutant receptors at
micromolar concentrations. It seems that proline 197 in the B
loop of the benzodiazepine binding pocket does not contribute
to the a5-selective binding properties of SH53d-acid.

Potency of [*Hlflunitrazepam displacement in axB3y2 receptors recombinantly expressed in HEK 293 cells

The concentrations resulting in half-maximal inhibition of specific binding from the experiment shown in Fig. 2, A and B were converted to Ki
values using the Cheng-Prusoff relationship (see Materials and Methods). Data are reported as mean + S.D. from three displacement curves
performed in duplicates each

Ki = S.D. in uM

Compound

al a2 a3 ab allab
SH53d-ester 1.9 £ 05 3.3+ 0.6 1.6 = 04 0.22 = 0.03 9
SH53d-acid 1.6 £ 0.44 0.53 = 0.14 0.65 = 0.22 0.039 = 0.003 41
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TABLE 3
Efficacy at axB3y2 receptor expressed in X. laevis oocytes given as % of control current at 30 nM concentration of the
compound

Subunit combinations expressed in X. laevis oocytes were analyzed as shown in Figs. 1, C and D. The currents at 30 nM were intrapolated via
nonlinear regression analysis from the curves shown. Respective EC5, values are given below.

% of Control Current at 30 nM (ECs0)

Compound

al a2 a3 ab allab
SH53d-ester 105 (5.0 pM) 108 (4.4 pM) 112 (1.6 pM) 138 (0.7 pM) 1.3
SH53d-acid 112 (1.3 pM) 127 (0.4 pM) 120 (2.4 pM) 380 (0.09 pM) 3.3

Affinity Change Induced by Conversion Mutations
Confirm Loop C as Dominant Molecular Determinant
of the Selectivity. Figure 6C shows the Ki values obtained
from the C-loop mutants «3S257T and «5T239S. Exchanging
the amino acid sequence from a threonine to a serine at
position a5 239/a3 257 in the C loop of the subunits changed
the binding properties of SH53d-acid in gaining nanomolar
binding to the a3 mutant while shifting e5-mutant binding
into the micromolar range. It can therefore be concluded that
threonine 239 in the C loop of the benzodiazepine binding
pocket contributes heavily to the a5-selective binding proper-
ties of SH53d-acid (for detailed statistical analysis see
Supplemental Fig. 2). For the parent compound SH53d-
ester, the influence of threonine 239 in the C loop is much
less pronounced (see Supplemental Fig. 2).

In line with the Ki values, we also observe a right-shifted
dose response in the modulation of «5T239S (ECsq of 555 vs.
60 nM in the wild type) and no change in EC5q for the B-loop
mutant (see Fig. 6). Both mutants do not strongly impact
efficacy (Fig. 6).

Discussion

Subtype-selective ligands of the benzodiazepine binding site
of GABA, receptors are highly desirable both as research tools
to study the role of individual receptor subtypes in neuronal
circuits and CNS function (Drexler et al., 2013; Sieghart, 2015)

Loop A Loop B Loop C
label i1 2 3 45 6 7
102 160 163 205 206 207 210
alpha-1 FHN X A YT QSISTGEY
105 163 166 208 209 210 213
alpha-5 FHN Y AXYP SIT[ISTGE Y
197 r239
Loop G Loop D Loop E*
label 8 -] 10 11 12
56 s8 77 79 142
gamma-—2 TDMY FFAE YTL

and to selectively modulate these receptors in experiments
investigating animal models of diseases as well as GABA
effects in non-neuronal cells that express GABA, receptors.
Because of the high homology of the six « subunits and
particularly of the four diazepam-sensitive al-, a2-, @3-, and
ab5-subunits, compounds with pronounced selectivity are still
very rare (Rudolph and Méhler, 2014). One of the first «583y2-
selective compounds reported was 1-655,708 (Quirk et al.,
1996), a benzodiazepine negative allosteric modulator, which
exerts its subtype selectivity via high-affinity binding while
showing no change in efficacy (Casula et al., 2001). The
imidazobenzodiazepine SH-053-2'F-R-CH3 (SH53d-ester)
proved to be the first a«5B83y2-selective positive allosteric
modulator (Savi¢ et al., 2010). Here, we present the pharma-
cology of a derivative of the a5-preferring compound SH53d-
ester with improved GABA, a5-subunit—selective properties.
This novel compound SH53d-acid displays a 40-fold—higher
affinity toward a5-containing receptors. In addition, it shows
pronounced efficacy selectivity: The maximal modulation of
GABA ECj;.5 achieved at high concentrations is 3-fold higher
in «583y2 compared with «183y2. This combination of affinity
and efficacy selectivity enables a specific concentration range
(up to ~30 nM) in which other a-containing receptors are not
yet modulated, whereas GABA currents in a5 receptors are
markedly enhanced.

SH53d-acid has already been shown to be effective as an
airway smooth muscle relaxant (Forkuo et al., 2017). Airway

Fig. 3. The benzodiazepine pocket of the cryo-EM structure
(6D6T) and the human a5 subunit in 6A96. Color coding:
Amino acids differing between a5 and al are marked in
cyan. y2-Subunit is light gray. @5- and a1l-subunits are in
pale yellow. Concecutive numbers are used in the images
and the partial alignment to identify the depicted side-
chains. (A) The benzodiazepine pocket of the al (pale
yellow)/y2 (gray) GABA4 receptor with the pocket-forming
amino acids in stick rendering. (B) The principal subunit of
the benzodiazepine pocket of the a5-subunit. (C) Partial
alignment of the al- and a5-subunits, with the mutated
amino acids marked by cyan boxes, pocket-forming amino
acids from the y2-subunit. For comparison with the rat
amino acid numbering, see Supplemental Table 2.
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smooth muscle cells contain several GABA4 receptor subunits,
in which, among the « subunits, only a4 and a5 are expressed
(Mizuta et al., 2008; Gallos et al., 2015; Yocum et al., 2016).
It has been demonstrated previously that targeting GABA,
receptors containing either one of these subunits leads to
relaxation of precontracted ex vivo ASM from guinea pig,
mouse, and human (Gallos et al., 2015; Yocum et al., 2016)
and, indeed, so does SH53d-acid (Forkuo et al., 2017).

A combination of computational modeling, mutagenesis,
and radioligand binding assays has been used to determine
the amino acids responsible for the exceptional a5-subtype
selectivity of SH53d-acid. The benzodiazepine ligand binding
site is situated at the extracellular interface between adjacent
a- and y-subunits and is being lined by amino acids located in
seven so-called “loops.” Loops A, B, and C are on the principal
(+) side of the a-subunit, whereas loops D, E, F, and G are on
the complementary (—) side of the y2-subunit (Richter et al.,

4 N
SH53d-acid
(BM 1)
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a5-model 2 V2

Fig. 4. Comparison of alprazolam and
flumazenil binding modes with represen-
tative results from the top-20 SH53d-acid

N .
Al SH53d-acid T poses. (A) 6HUO with alprazolam; (B)
J (BM ﬁl)c' f /( representative alprazolam-like (BMII)
pose; (C) 6D6T with flumazenil; (D) rep-
D resentative flumazenil-like (BMI) pose.
/ o5-model Color coding: pale yellow ribbons: al/a5-

V2 subunits; gray ribbons: y2-subunit; stick

rendering: O is red, N is blue. The Ser/Thr
position in which a5 sequence is uniquely
featuring Thr is also shown in stick
representation.

2012; Middendorp et al., 2014). The amino acids of loop B
(GSYAYT in the subunits a1, @2, and a3; GSYAYP in o4, a5,
and a6) have been studied previously to understand how they
are involved in ligand binding. Especially a1l-alanine 160
seems to contribute to the benzodiazepine binding site,
whereas al-threonine 162 seems to be of less importance
(Morlock and Czajkowski, 2011). In our experiments, this
region in loop B did not contribute to the a5-selective binding
properties of SH53d-acid. Our findings are in line with Moody
and Jenkins (2018), who describe that mutations in loop B
made no significant shifts in affinity and only modest changes
in maximum whole-cell current modulation to benzodiazepine
(such as midazolam) binding.

Loop C, on the other hand, has long been known to be
important for ligand binding since it is more variable than the
other loops (Michatowski et al., 2017). a1-Serine 206 (neigh-
boring the serine mutated in our study) seems to interact

A a5p3y2 B a5(P197T)B3y2 C 5(T239S)p372
e 5 5
g 4001 A g 1000+ £ 2500+ a
3 S ° 4
é E 800+ © 20004
< 300+ o kel
c A c <
8 150- . 8 600- 800- 3 1500_ 200.
a o a A .
200+ 150:
c 100 € a0 c
9] 5 g 4004 . S 10004 -
N 50. N 200 N
S 1004 o o 50
£ . £ 2004 £ 5004
= . c o 5 o
= o 100 200 a0 400 = 0 500 1000 = 0 1000 2000
L B L B u.‘ B
£ o0 : : ; ' £ 0 1 . . ] £ 0 . 1 .
el 0 5 10 15 20 © 0 5 10 15 20 0 0 50 100 150

3H-Flunitrazepam (nM)

3H-Flunitrazepam (nM)

3H-Flunitrazepam (nM)

Fig. 5. [*Hlflunitrazepam equilibrium binding assays. Membranes from transfected HEK 293 cells were incubated with 1-20 nM (A and B) and 5-150
nM (C) [*Hlflunitrazepam in absence or presence of 5 pM diazepam (to determine nonspecific binding). Radioactivity bound to the membranes was
determined after rapid filtration. Inserts show the Scatchard transformation of the results. Data represent a single experiment performed in duplicates

each. Experiments were repeated three to four times with similar results.
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TABLE 4
Equilibrium binding constant (Kp) for [*'H]Ro 15-4513 binding to the different receptor subtypes

Membranes from HEK 293 cells transfected with the subunit combinations as indicated were incubated with various concentrations of [P'H]Ro 15-
4513 in either the absence or presence of 50 .M Ro 15-1788 (to determine unspecific binding). Results were analyzed using the equation Y = B ;.
x X/(Kp + X). Kp values are presented as mean + S.D. from three to five independent experiments performed in duplicates.

Subunit combination a3(wt)B3y2 a3(T215P)B3y2 a3(S257T)B3y2
Kp * S.D. mM) 1045 = 4.5 2.85 = 1.12 13.57 = 0.73
Subunit combination ab(wt)B3y2 a5(P197T)B3vy2 a5(T2395)B3y2
Kp = S.D. (nM) 0.16 = 0.09 0.23 = 0.04 0.47 = 0.13

physically with diazepam (Lischer et al., 2012). Both «1-
serine 206 as well as «al-tyrosine 209 are important in
determining the binding affinities for ligands of the benzodi-
azepine binding (Buhr et al., 1997), and S206 has been shown
to influence the efficacy of midazolam to modulate GABA-
induced currents (Moody and Jenkins, 2018) as well as the
affinities for B-carboline binding (Derry et al., 2004). The
neighboring amino acid al-threonine 207 specifically alters
benzodiazepine affinity while leaving binding unaffected
(Morlock and Czajkowski, 2011).

In our study mutating the conserved serine SXTGEY in the
subunits al, @2, a3, a4, and 6 versus TSTGEY in a5 had
a huge influence in shifting binding affinities, proving to be the
dominant molecular determinant of drug selectivity. Although
the S > T mutation is conserved, the threonine side chain has
an additional methyl group and thus a larger volume and
hydrophobic surface. It could be speculated that ligand burial
is improved, leading to a more efficient change in conforma-
tion and higher affinity of binding.

Two recently released cryo-EM structures feature binding
modes of flumazenil and alprazolam that are otherwise
quite different but share the positioning of the imidazole ring,
which bears the acid group. Computational docking of the

SH53d-acid results in both predictions (i.e., the compound can
assume a flumazenil-like or an alprazolam-like position in the
pocket). In both cases, the acid group is in the vicinity of loop C.
Thus, our docking results correlate well with experimental
evidence but do not differentiate between these two known
binding modes. The cryo-EM structures were obtained with
human subunits, whereas our experimental data were obtained
with rat subunits. The « isoforms are highly conserved across
mammalian species (%ID between rat and human subunits is
98% for a1l and a3 and 96% for o5, respectively; the binding
sites are 100% conserved), and both rodent and human subunits
are broadly used to characterize benzodiazepines. Thus, the use
of the human structural data is valid for the interpretation of
our experimental data.

In the current study we provide the detailed pharmacolog-
ical characterization of SH53d-acid and describe its superior
(>40-fold) affinity selectivity for a5-containing GABA4 recep-
tors. This makes SH53d-acid a potentially very useful re-
search tool for applications, such as slice electrophysiology,
because of its much wider window of selectivity. In addition, in
the current study we were able to identify the molecular basis
for drug selectivity: Computational docking combined with
mutational analysis identified loop C of the GABA4 receptor

A wild-type receptors B B-loop mutants C C-loop mutants
2uM 2pM A+ 2uM H
L]
15uM 15uM 15uM
< 1M < 1 A <M
- &
0.5uM 4 0.5uM 4 0.5uM o . S . . L.
i Fig. 6. Inhibition constants (Ki) of SH53d-acid competition
‘ ‘ . ‘ for [°’HIRo 15-4513 binding and TEV functional data in
N N N N N N abT239S-B3y2— and a5P197T-B3y2—injected oocytes. (A-C)
@Q?’* @Q@ Qg?* ,\,@* &g?’* %355\ Membranes from transfected HEK 293 cells were incubated
& & /\,1:\‘3 Q@ %,133\ /\,‘39 with 5 nM [®H]JRo 15-4513 in the presence of various
> & &> $ concentrations of SH53d-acid. The concentrations resulting
in half‘maximal inhibition of radioligand binding were
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a-subunit as the dominant molecular determinant of drug
selectivity. Thus, we characterize a promising novel a5-
subunit-selective drug candidate and suggest that this
atom-level structural hypothesis can now be used toward
a structure-guided design of further novel compounds with
similarly pronounced selectivity and otherwise improved
properties. As suggested based on in vivo data from murine
asthma models (Forkuo et al., 2017), this compound might be
suitable for clinical development as a topical asthma medica-
tion. Compared with the -ester or -amide analogs, it is more
selective and, as an acid, is expected to be very inefficient in
passing the blood-brain barrier.

Additionally, our results may pave the way to improved «5-
subunit-selective drug candidates useful also for CNS appli-
cations based on screening compounds into pharmacophore
models based on the SH53d-acid—bound state model. There is
still big interest in a5-subunit—selective CNS-permeant pos-
itive modulators to alleviate, for example, certain symptoms of
schizophrenia (Gill and Grace, 2014; Jacob, 2019).
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