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| 1. Introduction

Heterocycles are an extremely diverse compound class since any cyclic system in which at least one carbon is
exchanged for any other atom belongs to it. Consequently, they occur abundantly in nature, where they exhibit important
functions. For example, the purine and pyrimidine bases in DNA, are heterocyclic, or the amino acids proline, histidine,
and tryptophan contain heterocyclic motifs. Naturally, many heterocyclic scaffolds can be found in biologically active
natural products such as coniine, atropine, tetrodotoxin, etc. This list could be extended ad infinitum. Hence, it is not
surprising that drug development also makes excessive use of heterocyclic scaffolds. Their use enabled us to explore and
expand the drug-like chemical space. Some privileged structures contain heterocyclic moieties, which are most frequently
nitrogen, oxygen, and sulfur. Heterocycles are useful structures to optimize ADME/toxicity features of drug candidates,
such as solubility, lipophilicity, or their hydrogen bond donor/acceptor properties. The presence of heterocyclic moieties in
recently developed drugs has increased due to advances in synthetic chemistry such as the development of cross-
coupling or hetero-coupling reactions, which allow synthetic accessibility to molecules containing functionalized
heterocycles. Additionally, some heterocyclic drug compounds have been developed to be inspired by natural product
isolates [,

Even though many small synthetic organic molecules with high medicinal potential contain heterocyclic rings, the range of
easily accessible and suitably functionalized heterocyclic building blocks is surprisingly limited, and the construction of
even a small array of relevant heterocyclic compounds is far from trivial. Heterocyclic chemistry, therefore, continues to
attract the attention of medicinal and synthetic chemists. The development of novel methodologies allowing for efficient
access to heterocycles is still highly beneficial . In particular, synthesis of heterocyclic scaffolds has to implement novel
reaction technologies for expanding the chemical space of biologically-active molecules such as biocatalytic methods &I,
electrochemical methods, flow chemistry 4, and photochemistry & to expedite medicinal chemistry programs [€IlZ],

1.1. The Receptor Family

Among the mammalian ligand-gated ion channels, the GABA, receptor family comprises the largest family with subunits
encoded by 19 different genes. Some of these undergo alternative splicing, and, thereby, increase the variety B9l Their
endogenous ligand known as the gamma-aminobutyric acid (GABA) has been established as the main inhibitory
neurotransmitter in the central nervous system X8, These chloride channels are homopentamers or heteropentamers,
whereby the subunits share a 30-80% sequence identity L1, It is generally accepted (though not proven) and suggested
by the bulk of experimental evidence that the majority of GABA, receptors in the adult brain are pentamers with the
subunit composition two al, two B2, or B3 and one y2 subunits, i.e., (al),(B2 or B3),(y2); 2. The subunit arrangement of
this type of receptor is depicted in Figure 1. Each subunit is defined by its position in the pentamer and by its interfaces
perceived from the extracellular side, going into counter-clockwise directions. A principal (or plus, +) face is in contact with
the next complementary (or minus, -) face, i.e., the canonical orthosteric 3+/a- interface.
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Figure 1. Overview of pentamer structure and localization of orthosteric and allosteric binding sites. (a): Generic subunit
interface, featuring ECD, TMD, and lower TMD. (b) View of the ECD. GABA sites, the benzodiazepine (BZD) site, and the
modulatory pyrazoloquinolinone (PQ) site are shown explicitly. (¢) View of the TMD of a canonical receptor with etomidate
(Eto) and barbiturate (Bbt) sites shown explicitly.

For heteromeric receptors of different compositions (such as off or afd combinations), the arrangements are debated
controversially and have not yet been defined conclusively 22123l The number of pentameric assemblies that exist has
also not been determined [&. Figure 1 depicts a generic subunit interface, which features sites known or proposed at and
near a subunit interface. Regions 1 and 1a form the extracellular domain (ECD) interface site which harbors, e.g., GABA
or benzodiazepine sites (see panel b). Region 2 is a cation site while region 3 corresponds with the etomidate or
barbiturate sites in the upper transmembrane domain (TMD) (see panel c), while region 4 at the lower TMD is the site
where positive modulatory steroids have been observed 4. Sites more remote to the interface (intrasubunit-sites and
lipid-associated sites) for which ligands are confirmed include site 9 24! for negative modulatory steroids, and tentative
sites in positions 5, 6, 7, and 8 13 One a subunit shows the remaining sites with the numbers to illustrate their
approximate localization from this perspective.

For the major receptor subtypes that have been observed in the mammalian central nervous system, subtype-selective
targeting to address specific circuitry and physiology selectively has been attempted and is still an ongoing major direction
of ligand development (18, Knowledge of binding sites is crucial for subtype-selective targeting so that pockets that feature
sequence differences can be taken into consideration as discussed for some relevant examples below.

1.2. Allosteric Binding Sites

GABA, receptors are targets of many heavily used pharmaceuticals such as benzodiazepine-based sedatives, hypnotics,
and anxiolytics, barbiturate-based anticonvulsants, and general anesthetics of a broad range of chemotypes 1871 Nearly
all pharmaceuticals and a wide range of toxins that target members of the GABA, receptor family do not interact with the
binding site for the physiological agonist (GABA) as orthosteric ligands, but rather with one or several allosteric-binding
sites L2517 Figure 1 provides an overview of the described allosteric sites.

Of the sites depicted in Figure 1, some display a high degree of variability, while others are fairly conserved throughout
the family 2. The extracellular interfaces have large variable pocket-forming regions and are, thus, particularly suited for
the development of selective agents. The ECD a+/y- interface features potentially 18 subtypes (six o and three y subunit
isoforms) and is the major site of action of high-affinity benzodiazepine effects 18!,

Since their serendipitous discovery and the introduction of chlordiazepoxide (Librium®) in 1960, benzodiazepines have
spurred enormous efforts to develop benzodiazepine site ligands with further improved properties compared to classical
benzodiazepines. Dozens of chemotypes, among them (-carbolines, pyrazoloquinolinones, and imidazopyridines, have
been identified as high-affinity ligands of benzodiazepine binding sites. The exact number of high and low-affinity
benzodiazepine binding sites is still not completely defined, and even high affinity sites that are not localized to the
canonical a+/y- interfaces have been described 18,

Due to the high homology of the a+/B- interfaces with the a+/y2- interfaces (see Figure 1), benzodiazepine binding site
ligands such as the class of pyrazoloquinolinones can bind at both these interfaces, eliciting different functional effects 19,



While still being in an early stage, the a+/B- interfaces are considered to be highly promising targets for novel therapeutic
principles as well as a wide range of tool compounds to be utilized in (human brain) imaging or research applications 29,

Some benzodiazepines also bind at non-homologous sites located in the TMD [21122l. These sites are thought to be the
main site of action of intravenous anesthetics such as etomidate or propofol. Promiscuous binding of chemotypes that

bind at the high-affinity benzodiazepine binding site at both extracellular and TMD sites has been observed unexpectedly
often [22,

1.3. Allosteric Ligands and Their Action on GABA, Receptors

Ligands that bind to allosteric sites can have a multitude of effects on the receptor complex in the presence or absence of
orthosteric ligands. The structural basis of the GABA, receptor pharmacology has been reviewed recently based on a
surge of structural data of heteropentameric receptors with various ligands present in ortho- and allosteric sites 231,

Many compounds can interact with several binding sites that are contained within a receptor. The ones that bind at the
location of the endogenous ligand are known as orthosteric ligands, whereas compounds that interact in other binding
sites that are different from the orthosteric binding site are known as allosteric ligands.

1.3.1. Orthosteric Ligands

Orthosteric ligands can be classified into agonists, antagonists, or inverse agonists, based on the response that their
binding causes to the receptor (definitions were taken from NIH, NIC dictionary). Agonists cause the same effect as the
endogenous ligand that normally binds to the receptor. Antagonists attenuate or block the effect of an agonist. Inverse
agonists bind to the receptor and produce the opposite pharmacological effect that would be produced by the endogenous
ligand 24,

An example of a GABA, agonist is muscimol, whereas a well-known antagonist is bicuculline 222827 Figure 2 depicts
the structure of examples of an agonist and an antagonist/inverse agonist of the GABA, receptor.
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Figure 2. Examples of a GABA, receptor agonist and antagonist.

1.3.2. Allosteric Ligands

When allosteric ligands interact with a receptor, they can either exert an effect in the receptor’s physiology or just bind but
produce no modification on the receptor’s physiology. In the former case, some allosteric ligands can directly exert their
effects without the orthosteric ligand present. On the other hand, allosteric ligands that require the presence of the
endogenous ligand to exert an effect are commonly referred to as allosteric modulators.

Allosteric ligands that produce an enhanced response when interacting with the receptor in the absence of the
endogenous ligand are known as allosteric functional agonists or termed GABAmimetics. Examples of these kinds of
allosteric functional agonists are etomidate, barbiturates, or neuroactive steroids [28129  Similarly, allosteric ligands can
reduce or block channel activity in non-competitive ways. An example of a GABAa receptor blocker is picrotoxin, which
has a binding site located within the channel pore B, Functional allosteric antagonism that is not based on a channel
block can occur at a variety of allosteric sites, such as the effects elicited by inhibitory steroids 4. Figure 3 depicts the
structure of some examples of allosteric ligands, which impact the receptor function in the absence or presence of GABA.
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Figure 3. Examples of allosteric GABA, receptor ligands.

Allosteric modulators (in the strict sense) require the presence of the endogenous ligand to exert their effects. In other
words, they modulate the GABA-elicited channel response. In general, allosteric modulators are classified in the following
way.

« Positive allosteric modulators (PAM): they enhance the effect of the endogenous ligand
« Negative allosteric modulators (NAM): they diminish the effect of the endogenous ligand

¢ Silent allosteric modulators (SAM): they do not influence the effects of the endogenous ligand, but they can compete
with a PAM or a NAM for the occupation of a binding site B4,

Figure 4 shows a schematic representation of the effect that a GABA, receptor PAM, NAM, and SAM can produce in
comparison to the response that GABA produces.
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Figure 4. Effect on the response current caused by a GABA, positive allosteric modulators (PAM), negative allosteric
modulators (NAM), and silent allosteric modulators (SAM).

Since some ligands can fall into more than one category of these classifications, each receptor subtype must be
considered separately for each case. Some ligands can act as a SAM in a certain receptor subtype, whereas, in other
receptor subtypes, it can show a PAM behavior. Flumazenil is an example of a GABA, receptor SAM 18 Etomidate is
another example of a GABA, receptor ligand with a mixed behavior. Depending on the concentration that is being studied,
etomidate can behave as an allosteric modulator or as an allosteric functional agonist.



2. Assays to Probe Interactions of Small Molecules with the Receptors, or
with Specific Binding Sites

Historically, radioligands were used to test substances’ ability to displace or modulate a known ligand, where usually
tritiated ligands are used and where brain membranes are used as a preparation of all receptors found in the brain. To test
specific receptor subtypes, membrane preparations from cells used for recombinant expression are employed (typically
HEK, COS, Ltk cells, etc.). The most commonly used radioligands interact with the orthosteric site, with the high-affinity
benzodiazepine sites, and with the channel pore.

Ligands of the orthosteric site (GABA sites) such as muscimol, GABA, gabazine (and likely many others) were and still are
used. They display different degrees of specificity for different isoforms (subtypes). To indicate the challenges and
limitations, in a recent study, it was shown that the majority of high-affinity muscimol sites in brain membranes are not the
most expressed afy receptors, but are a smaller population of 3- containing receptors £2,

In this scenario, we are interested chiefly in allosteric ligands. Historically, radioligands for the high-affinity benzodiazepine
sites predate the cloning of receptor subunits and were originally considered as ligands of an unidentified “benzodiazepine
receptor.” Thus, ligands that displaced radiolabeled benzodiazepines were termed “agonists,” “antagonists,” and “inverse
agonists” of the “benzodiazepine receptor.” This leads to the unfortunate situation that benzodiazepine site ligands are
often referred to as “GABA, receptor agonists or inverse agonists,” which is rather misleading. Several radioligands for
high-affinity benzodiazepine sites exist and are widely used: flunitrazepam, flumazenil, Ro-15 4513 are the most
commonly used ones. They do not show complete overlap in the subtypes to which they are binding with high affinity.
Therefore, some radioligands bind to more receptor subtypes than others due to differential interactions with isoforms of a
or y subunits.

Radioligands that bind in a state-dependent way to the ion channel also exist, where a prominent example is EBOB.
EBOB binding is state-dependent. Therefore, its binding is dependent on the absence or presence of GABA and often
even responds to allosteric modulators. Thus, modulation (rather than displacement) of EBOB binding can also be used to
detect ligands that bind at sites other than the channel lumen, but these sites then remain unspecified 31,

Limitations of radioligand based assays include the following. Competitive displacement is the gold standard to confirm
binding site usage. Radioligand modulation helps to detect ligands that use unknown sites 23, but may fail to respond to
sites that cause only small or no conformational changes (silent binders that may not be silent in the presence of other
agents).

As discussed in the previous chapter, ligands not only bind to the receptors, but they exert complex effects such as
negative or positive modulation, or direct channel block, or allosteric “activation” on them. These effects can only be
detected with functional assays. This more comprehensive approach directly assesses the effects of ligands on channel
activity, or on agonist-elicited channel activity. The biggest disadvantage of functional studies is that the binding sites
cannot be identified by the assay. Competitive functional assays are exceedingly challenging and often allosteric and
competitive effects cannot be reliably distinguished.

The most commonly used methods to determine ligand function comprise low and high throughput electrophysiological
assays and diverse methods that are based on fluorescent probes that are charge-sensitive or, otherwise, coupled to
changes in membrane potential. Functional assays are performed in recombinantly expressing cell systems to determine
the effects of ligands on defined receptor species or on known mixtures of subunits that are expressed, or on ex vivo
preparations such as acute brain slices, synaptosome or membrane preparations, or on primary cultured cells (typically
hippocampal neurons). It has to be noted that the large diversity of receptor subtypes renders every assay incomplete in
the sense that effects only on those receptors that are present in a given preparation can be captured.

Due to the big complexity of GABA, receptor-mediated pharmacology and the wide diversity of assays, which are used to
investigate ligand properties such as affinity, potency, electrophysiological efficacy, and in vivo effects and efficacy, it is
challenging to compare ligand characteristics across different studies. Even though, by now, it is well acknowledged that
radioligand-based competition assays can fail to detect modulatory interactions, there is still a lack of consensus
concerning functional testing. The large number of receptor subunits, the lacking knowledge about the precise number of
existing subtypes, and the observation that neurons, glia cells, and non- neuronal cells express a broad and
heterogeneous mixture of subunits documents that no single in vitro or ex vivo protocol can be designed and research
relies on combining multiple assay types to define ligand effects on molecular species. A recent review illustrates the
complexity and discusses many of the problems that are faced on the path toward receptor subtype-specific ligand
characterization (18],



Generally, after binding or functional effects are confirmed in either heterologously expressed protein or suitable ex vivo
preparations (such as brain membranes, acute brain slices, or neuronal cell cultures), a broad range of toxicological and
behavioral testing will follow for the most promising compounds. The behavioral animal experiments are out of the scope
of this review. As a very broad rule, compounds that are chiefly GABAmimetic or positive allosteric modulators display
sedative-like and anticonvulsant-like effects while ortho- and allosteric antagonists and blockers will be anxiogenic and
pro-convulsant. If individual subtypes respond differently, very complex combinations of effects can occur and raise hopes
for the development of totally novel therapeutics that combine silent, PAM, and NAM characteristics toward different
receptor subtypes 241,

| 3. Clinical Pharmacology of Allosteric Ligands Used in Human Medicine

Three large groups of heavily used GABAergics are allosteric modulators of GABA, receptors, and additional indication
groups exist and are summarized in this case as a fourth heterogeneous group.

3.1. Sedative General Anesthetics

Drugs with reliable sedative-hypnotic, amnestic, anxiolytic, antinociceptive, and immobilizing properties represent an
indispensable component of state-of-the-art general anesthesia. After the introduction of diethyl ether as the first viable
anesthetic for surgery in the middle of the 19th century, drug discovery became a prime focus of research in the field of
anesthesia 3. The ongoing quest for novel compounds with rapid-onset, potent sedative-hypnotic effects, predictable
clearance to inactive metabolites and minimal side effects has yielded a range of clinically established drugs. The vast
majority of anesthetic compounds in use today interact with GABA, receptors 8. In this scenario, we provide a glance at
the clinical roles of four important anesthetics, with the primary effects to rely predominantly on positive allosteric
modulation of GABA, receptors: Propofol, Etomidate, Midazolam, and Thiopental (Figure 5).
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Figure 5. Anesthetic drugs with different allosteric mechanisms of action.

Propofol is a hydrophobic compound for intravenous application in a lipid-solution. It was first approved for use in the
1980s and has quickly advanced to become the most frequently administered intravenous drug for the induction of
general anesthesia and a common choice for the maintenance of general anesthesia as well as procedural sedation 4.
Rapid inductions, rapid terminal half-life time, low incidence of postoperative nausea and vomiting, as well as rapid
psychomotor recovery make it a very versatile hypnotic drug 8!,

Propofol substantially inhibits sympathetic nerve activity, contributing to a significant, dose-dependent decrease of mean
blood pressure B9 as well as moderate respiratory depression 49 While these cardiopulmonary side-effects are
predictable and well manageable in most settings, they often present a challenge in hemodynamically constrained patient
populations. Other adverse events include pain on the injection site and less commonly hyperlipidemia resulting from lipid
formulation.

Etomidate is an imidazole derivative, where its anesthetic activity was coincidentally discovered during animal testing as
an antifungal agent in the 1960s. Its rapid onset of effects can be explained by the compound’s lipid solubility and large
non-ionized fraction at physiological pH and make it a common choice for induction of general anesthesia and short
procedures requiring deep sedation. The prolonged application of etomidate, however, is not feasible due to the incidence
of adrenocortical suppression, which negatively impacts the outcome, especially in critically-ill populations. Compared to
propofol, etomidate only causes a modest decrease of arterial blood pressure and leaves the respiratory system largely
unaffected [41],

Midazolam is a short-acting, rapid-onset benzodiazepine primarily used during procedural sedation. Its low hemodynamic
side-effects also make it a common choice for general anesthesia during cardiac surgery. Its amnestic effects are
advantageous in treating intraoperative awareness 42 and its application may be correlated with a decreased likelihood of



delayed recall of procedural sedation 3. As with other benzodiazepines, paradoxical excitement, cognitive impairment,
and prolonged recovery time present known complications.

Thiopental is an ultra-short acting barbiturate derivative. Barbiturates were used extensively over several decades to
induce and maintain general anesthesia. They have been largely replaced by newer compounds with safer
pharmacokinetic and pharmacodynamic profiles. Thiopental remains the only anesthetically used barbiturate with a firm
place in today’'s surgery rooms and emergency departments.

Many additional anesthetic compounds such as inhalational fluranes and ketamine also allosterically modulate GABA,
receptors but rely on other primary mechanisms of action.

3.2. Prescription Hypnotics and Sleeping Aids

GABA, receptors present the prime molecular targets in the pharmacological treatment of insomnia. Barbiturates
undoubtedly played a historically significant role as prescription hypnotics but have been largely replaced by safer options
over the years. Their low therapeutic index paired with high tolerance formation and addiction potential contribute to the
significant risks associated with their use 441,

Benzodiazepines are known for their ability to promote sleep, dampen anxiety, and provide muscle relaxation with a much
broader therapeutic index than barbiturates. Their aggressive marketing and extensive prescription during recent decades
after their market introduction are now being increasingly criticized after tremendous evidence for risks associated with
long-term usage emerged. Prescription of benzodiazepines such as temazepam and nitrazepam still constitute a
significant fraction of prescribed hypnotics 451, The largest fraction of prescribed treatments for insomnia today is newer
non-benzodiazepines such as zolpidem and zopiclone (Z-Drugs). While they are promoted and attributed to possessing
greater benefits and fewer side effects than benzodiazepines, there is no evidence of significant differences in clinical
effectiveness and safety 48],

Many nature-derived compounds of which some are used as OTC sleep-aids, also seem to mediate their sleep-promoting
effects via interactions with GABA, receptors 44,

The development of new drugs with high efficacy, lower addiction liability, and lower incidence of paradoxical reactions
remains imperative in order to create safer long-term treatment options for insomnia.

3.3. Anticonvulsants

Several different antiepileptic drugs with various known and unknown mechanisms of action are in use for long-term
prophylactic treatment. The treatment of acute seizures and status epilepticus, however, requires potent and fast-acting
drugs capable of effectively disrupting the convulsive state. Many of these compounds are modulators of GABAA
receptors. Parenteral benzodiazepines such as midazolam, lorazepam, and diazepam are recommended during the initial
phase of therapy, which begins after 5 min of a persistent seizure. If the seizure continues after a duration of 20 min, a
second treatment phase begins, which consists of, not predominantly, GABAergic drugs such as fosphenytoin, valproic
acid, or levetiracetam. Due to a higher incidence of adverse events, phenobarbital is only recommended in case the other
options are unavailable. At the 40-min mark, a third treatment phase begins, where anesthetic doses of thiopental,
midazolam, or propofol should be considered 48!,

3.4. Additional Indication Groups for Therapeutically Used Allosteric Modulators of GABA, Receptors Exist

Other indication groups for benzodiazepines include anxiolysis and central muscle relaxation. In such cases, sedative
effects are unwanted and tolerance formation limits the duration of effective treatment. Since there are differences in the
effect profiles of benzodiazepines, specific derivatives are recommended for specific indications, which are not only based
on their pharmacokinetic profiles 421,

Barbiturates are still regularly used in the management of severe traumatic brain injury, where lowering intracranial
pressure and optimization of cerebral oxygenation are critical 42,

3.5. PET and SPECT Imaging Ligands

Allosteric ligands of specific groups of GABA, receptor subtypes are not only in use as therapeutics but also as isotope-
labeled imaging ligands for positron emission tomography (PET) or single-photon computed tomography (SPECT) to
investigate altered receptor expression patterns in a wide range of neuropsychiatric disorders B9, At this time, all
commonly used ligands for human brain imaging are ligands of some of the high-affinity benzodiazepine binding sites.



Prominent examples are flumazenil, iomazenil, and Ro 15-4513. Imaging ligands that interact with other receptor
subtypes and do not rely on the presence of a y-subunit would be highly desired.

| 4. Allosteric Ligands and Their Synthetic Accessibility

Many heterocyclic scaffolds have been investigated as GABA, receptor ligands. In addition, it turns out that many of them
contain nitrogen heterocycles. In fact, a large part contains even fused heterocycles, which represent scaffolds that are
often complex to synthesize. Within this chapter, the more recent (last 10 years) synthetic developments in the large field
of GABA, receptor ligands are summarized. This means that the selection of examples is based on new or improved
synthetic methods that have been applied, and not on improved biological activity. Hence, examples synthesized via long-
standing synthetic procedures are not included even though they might show interesting properties.
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