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Abstract

Abstract

Throughout the central nervous system (CNS), the Cys-loop superfamily of
ligand-gated ion channels (LGICs), including nicotinic acetylcholine, serotonin type-3A,
strychnine-sensitive glycine and y-aminobutyric acid A/C receptors, play important
roles in synaptic transmission by converting chemical signals into electric signals.
Designing potent and subtype-selective ligands with therapeutic value requires

knowledge about how ligands interact with their binding sites.

y-Aminobutyric acid (GABA) is the predominant inhibitory neurotransmitter in
the mammalian CNS and its binding modes at GABA receptors have not been fully
elucidated. GABA( receptors consist of p subunits (0;-p3) and they are known to form
homomeric receptors. The five subunits are arranged around a central chloride
selective ion channel pore. Each subunit contains a large extracellular N-terminal
domain, four transmembrane domains (M1-M4) of which the second (M2) lines the
channel pore and a large M3-M4 intracellular loop. The orthosteric binding site is
located at the interface between two subunits in the N-terminal domain and the key

residues for ligand binding are found at the five discontinuous loops (A-E).

This thesis describes how ligand binding and receptor gating are closely
related and explores the effect of receptor conformational changes upon ligand
binding. A series of point mutations in the N-terminal domain of the GABA: p:
receptor were created and expressed in Xenopus oocytes. The mutant receptors were
then examined using a range of pharmacological tools to probe function which was

measured using the two-electrode voltage clamp method.

The GABA binding mode was explored at GABA receptors using the
enantiomers of 3-fluoro-y-aminobutyric acid (3F-GABA) and stereoisomers of 2,3-
difluoro-4-aminobutyric acids as conformational probes. Both enantiomers of 3F-
GABA were full agonists, with the R-3F-GABA being approximately 3-fold more potent
than S-3F-GABA at GABA( receptors. In contrast, both enantiomers were partial

agonists with similar efficacy and potency at GABA, receptors. These results suggest a
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different GABA binding mode at GABA¢ receptors to that found in the related but
pharmacologically distinct GABA, receptors. The effect of the different sterecisomers
of 2,3-difluoro-4-aminobutyric acids were also examined at GABA,, GABAg and GABA
receptors. In the study, two enantiomeric GABA: receptor ligands were identified,
one of which is an agonist (25,35-2,3-difluoro-4-aminobutyric acid) while the other is

an antagonist (2R,3R-2,3-difluoro-4-aminobutyric acid).

4-Amino-3-hydroxybutanoic acid (GABOB) is an endogenous ligand found in
the CNS in mammals and a metabolite of GABA. Homology modeling of the GABA: p;
receptor revealed a potential hydrogen (H-bond) interaction between the hydroxyl
group of GABOB and threonine 244 (T244) located on loop C of the ligand binding
site. Using site-directed mutagenesis, the effect of mutating T244 on the efficacy and
pharmacology of GABOB and various ligands were examined. It was found that
mutating T244 to amino acids that lacked a hydroxyl group in the side chain produced
GABA insensitive receptors. Only by mutating p;T244 to serine (0,T244S) produced a
GABA responsive receptor, albeit 39-fold less sensitive to GABA than p; wild-type. It
was also found that this mutation also changed the activity of GABA receptor partial
agonists, muscimol and imidazole-4-acetic acid (I14AA). At the concentrations tested,
both muscimol and 14AA antagonized the currents produced by GABA at piT244S
mutant receptors (Muscimol: p;wild-type, ECso = 1.4 uM; p1T244S, IC5o = 32.8 uM.
I4AA: p; wild-type, ECso = 8.6 uM; p1T244S, ICso = 21.4 uM). This indicates that T244 is

predominantly involved in channel gating.

R-(-)-GABOB and S-(+)-GABOB are full agonists at p; wild-type receptors. In
contrast, R-(-)-GABOB was a weak partial agonist at p;7244S (1ImM activates 26 % of
the current produced by GABA ECsq versus p; wild-type, ECsg = 19 uM; Inax 100%), and
S-(+)-GABOB was a competitive antagonist at p;T244S receptors (p; wild-type, ECso =
45 uM versus pT244S, ICso = 417.4 uM, Kz = 204 uM). This highlights that the

interaction of GABOB with T244 is enantioselective.

In contrast, the potencies of a range of antagonists tested, 3-

aminopropyl(methyl)phosphinic acid (3-APMPA), 3-aminopropylphosphonic acid (3-
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APA), S- and R-(3-amino-2-hydroxypropyl)methylphosphinic acid (S-(-)-CGP44532 and
R-(+)-CGP44533), were not altered. This suggests that T244 is not critical for
antagonist binding. Receptor gating is dynamic and this study highlights the role of
loop C in agonist-evoked receptor activation, coupling agonist binding to channel

gating.

Ligands acting on receptors are considered to induce a conformational change
within the ligand-binding site by interacting with specific amino acids. In this study,
tyrosine 102 (Y102) located in the GABA binding site of the p; subunit of the GABA
receptor was mutated to alanine (p1Y102A), serine (01Y102S) and cysteine (0,Y102C)
to assess the role of this amino acid plays on the action of 12 known and 2 novel
antagonists. Of the mutated receptors, p;Y102S was constitutively active providing an
opportunity to assess the activity of the antagonists on p; receptors with a proportion
of receptors existing in the open conformational state compared to those existing
predominantly in the closed conformational state (p; wild-type, p,Y102C and

p1Y102A).

It was found that the majority of antagonists studied were able to inhibit the
constitutive activity displayed by p,Y102S, thus displaying inverse agonist activity. The
exception was (x)-4-aminocyclopent-1-enecarboxamide ((+)-4-ACPAM) not exhibiting
any inverse agonist activity, but acting explicitly on the closed conformational state of

1 receptors.

It was also found that GABA antagonists were more potent at the closed
compared to the open conformational states of p; receptors suggesting that they may
act by stabilizing the closed conformational state and thus reducing activation by
agonists. Furthermore, of the antagonists tested, Y102 was found to have the
greatest influence on the antagonist activity of gabazine (SR-95531) and its analogue

(SR-95813).

Our GABA: p; receptor homology model identified a novel cavity, which

extended beyond the GABA binding site. The model predicted phenylalanine 124
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(F124), one of the residues lining the cavity, was pointing towards the orthosteric
binding site. In this study, F124 was mutated to various amino acids and only a
modest effect on receptor pharmacology was observed. However, the mutations had
a significant effect on the channel deactivation rate (Tpeactivation). This finding suggests
that F124 may play a role in channel gating or stabilizing the open conformation of

the receptor.

Designing potent selective agents are the key for the further understanding of
the physiological roles of GABA. receptors. Gabazine (SR-95531) is a potent GABAa
receptor competitive antagonist. In this study, a series of novel gabazine analogues
were tested at GABA, and GABA receptors. Of the compounds studied, (p)-methoxy
analogue without the butyric acid side-chain was 20-fold more potent at GABA¢ over
GABA, receptors. As there was no butyric acid side chain, it is suggested that the
carboxylic acid is not important for gabazine activity at this receptor. Establishing the
structure-activity relationship based on this analogue will facilitate the development
of selective GABA( receptor antagonists with possible physiological effects including

memory-enhancement.

Overall, our studies describe agonist and GABA receptor antagonist induced
conformational changes within the ligand binding site. Our findings also highlight the
dynamic nature of receptor gating, initiated by ligand binding at a site physically

distinct from the ion channel.
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Chapter 1: Receptor Structure and Function

1.1 Ligand-gated ion channels

In the central nervous system (CNS), the main inter-cellular communication is
mediated by chemical signalling molecules, such as neurotransmitters. An imbalance
between excitatory and inhibitory neurotransmissions leads to disorders of brain
function. There are two classes of pharmacologically important cell-surface receptors
for neurotransmission, the ligand-gated ion channels (LGICs), and the G-protein-
coupled receptors (GPCRs). LGICs are also known as ionotropic receptors and they are
oligomeric transmembrane proteins containing an ion channel pore. The classification

of LGICs is determined by their pharmacological profiles and subunit structures.

1.2 Cys-loop LGICs

One of the LGIC superfamilies, the Cys-loop LGIC superfamily plays key roles in
chemical synapses by converting chemical signals into electric signals throughout the
nervous system. The interaction of neurotransmitter leads to the channel opening
allowing ions to move across the membrane. The Cys-loop family includes nicotinic
acetylcholine (nACh), serotonin type-3A (5-HTsa), strychnine-sensitive glycine (Gly)
and y-aminobutyric acid A/C (GABAx/c) receptors and invertebrate glutamate-gated
chloride channels (GluCl) (Corringer et al., 2010; Hilf et al., 2009a; Miller et al., 2010;
Thompson et al., 2010).

1.2.1 Receptor structure

Amongst the Cys-loop family, the structure of nACh receptors has been
characterized in most detail. Early electron diffraction studies using the electric organ
of Torpedo Marmorata, where nACh receptors are highly expressed, revealed a
pentameric quaternary structure of the receptors (Unwin, 1993). Other experimental

evidence confirms that all members of the family have an identical quaternary
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pentameric structure (Chang et al., 1996; Langosch et al., 1988; Nayeem et al., 1994).
The schematic representation of how the five subunits are assembled is shown in
Figure 1.1. A single subunit structure contains, a large extracellular N-terminal
domain, four hydrophobic transmembrane domains (M1-M4) where M2 is known to

form the channel pore, and a large cytoplasmic M3-M4 loop domain.

A B

Extracellular

Intracellular

Figure 1.1 Schematic representation of Cys-loop LGIC receptors. A Single subunit structure contains three
main domains, a large extracellular N-terminal domain, four hydrophobic transmembrane domains
labeled M1-M4, M2 in red forming the lining of channel wall, and a large cytoplasmic loop domain
between M3 and M4. B Five subunits assembled to form a channel through plasma membranes.

1.2.2 Receptor structure and function

As expected from their sequence similarities, all members of the Cys-loop
family share similar tertiary and identical quaternary hetero- or homo-pentameric
structures (Ortells et al., 1995) (Figure 1.2). Functional, biochemical and
electrophysiological evidence suggests that there are three main steps involved in
chemical to electrical signal transduction: neurostansmitter binding, coupling
between the binding site and the channel, and channel gating. In Cys-loop LGICs,
agonist binding induces conformational changes in the N-terminal domain, and then
transmits the signal via the coupling region to gate the ion-selective pore (Figure 1.3)

(Unwin, 2005).
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Figure 1.2 Quaternary structure of nACh receptor from Torpedo Mamorata. A Top view of the quaternary
structure. The orthosteric ligand binding site is located between the two ring structures. B View of the
quaternary structure parallel with the membrane plane. Figure adapted from reference (Unwin, 2005).

Figure 1.3 Ribbon diagram of a single subunit. Important functional domains are highlighted; N-terminal
domain in blue, forming the orthosteric binding site. Transmembrane domains in yellow, forming the
gating machinery. The multiple loops between the two domains in green, forming the coupling region.
Figure is the homology model of the human «; nACh receptor subunit, adapted from reference (Zhang et
al., 2011).
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1.2.2.1 Extracellular-N-terminal domain

A conserved pair of cysteine residues, which is the signature structure in Cys-
loop family, is found within the N-terminal domain (Kao et al.,, 1986). Structural
information obtained from an X-ray crystal structure of a soluble pentameric
acetylcholine-binding protein (AChBP) from Lymnaea stagnalis has provided
important information about the binding site for ACh, also known as the orthosteric
binding site (Figure 1.4) (Brejc et al., 2001). The protein has up to 15-24% sequence
homology with the N-terminal of Cys-loop receptor family. For example, the nACh o
receptor subunit exhibits 24% sequence homology (Brejc et al., 2001). The AChBP has
the ability to bind to known nACh receptor agonists and antagonists, revealing
information about the orthosteric ligand binding site. The binding site is located at
the interface between two subunits, where one subunit contributes to the principal
and the other contributes to the complementary side of the binding site (Figure 1.4)
(Smit et al., 2001). The key residues for ligand binding at the orthosteric binding site

are formed by six discontinuous loops termed loops A-F. Loops A-C are from the

principal subunit, and loops D-F are from the complementary subunit (Figure 1.5).

Figure 1.4 Ribbon diagram of AChBP. A Top view of pentameric structure of AChBP. B Side view of AChBP
showing orthosteric ligand binding site formed between two domains: yellow, principle subunit; blue,
complementary subunit. Model adapted from reference (Brejc et al., 2001).
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Cterminus v Q)
Principal Complementary
Subunit Subunit

Figure 1.5 Ribbon diagram of AChBP, showing the principal and complementary subunits forming
ligand binding site. The principle subunits account for loops A-C and loops D-F are formed by the
complementary subunit. Figure adapted from reference (Thompson et al., 2010).

1.2.2.2 Coupling region

During receptor activation, the extracellular domain and the transmembrane
domain communicate via a coupling region, consisting of several loop structures
(Figure 1.6), including the $1-B2, Cys- and $8-B9 loops which interact with the M2-M3
loop from the transmembrane domain (Absalom et al., 2003; Bouzat et al., 2004;
Kash et al., 2003; Kash et al., 2004). The investigation of the covalent link between
the B-strand 10 and pre-M1 transmembrane domain using the rat GABA, a4 and 5,
subunits indicates the contribution of this region in agonist induced channel gating
(Mercado et al., 2006). The recent work of Bouzat and co-workers, who applied the
electrical fingerprinting strategy using the a;-5-HT3a chimeric receptors, provided us
with new insights into the function of the coupling region during Cys-loop receptor
activation (Andersen et al., 2011; Bouzat, 2011; Bouzat et al., 2008; Bouzat et al.,

2004; Rayes et al., 2009). They identified three loops in the AChBP, which were the
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links between the binding site interface and transmembrane domains that mediate
the coupling process (Bouzat et al., 2004). Another study found structural differences
at the interface between the extracellular and transmembrane domains of
homomeric a; and 5-HTsa receptors, which primarily determine differences in open-
channel lifetime and rate of desensitization between these two receptors (Bouzat et

al., 2008).

Pi1p2

Figure 1.6 Structure of the coupling region. Ribbon diagram of Torpedo nACh receptor, and a magnified
window indicates the structures at the interface between extracellular and transmembrane domains.
Each loop is color coded: yellow, 1-f32 loop; purple. Cys-loop; green, [38-f9 loop; pink, B-strand 10; blue,
pre-M1 and red, M2-M3 loop. Figure adapted from reference (Bouzat, 2011).

1.2.2.3  Four hydrophobic transmembrane domains (M1-M4)

Four membrane spanning a-helices in each subunit form the transmembrane
domain of Cys-loop receptors. To date, the best available structural information of
transmembrane domain comes from a 3.3 A resolution X-ray crystal structure of the
eukaryotic Cys-loop receptor, GIuCl a from Caenorhabditis elegans (Hibbs et al.,
2011) and 4 A resolution cryo-electron microscopy images from the nACh receptor
from Torpedo Marmorata (Miyazawa et al., 2003). Both structures agree that the a-

helices from each subunit are arranged symmetrically with the five M2 helices lining
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the channel pore, and M1, M3 and M4 helices stabilize the bundle arrangement

(Figure 1.7).

“tﬁ“lm«v

)M2

Figure 1.7 Structural arrangements of nACh receptor transmembrane domain (M1-M4). Top view of the
channel pore. M2 helices are lining the pore. Figure adapted from reference (Miyazawa et al., 2003).

The channel pore structures differ between anion and cation selective
receptors (Absalom et al., 2009). When studying pore regions, the prime numbering
system has been applied to compare M2 residues between family members, where
lysine at position 242 of Torpedo nACh a; subunit is equivalent to the 0" position.
There is a conserved leucine residue (Leu 9°) and a flanking valine residue (Val 8°) in
the middle of the helix. The anion selective channels mainly consist of polar residues,
such as glycine, serine and threonine. In contrast, polar residues are clustered at the
intracellular end of M2 at cation selective channels and the intracellular mouth has a
net negative charge (Figure 1.8). Initially, it was reported that the ion selectivity of the
channel was determined by three rings of charged amino acids in the M2 region of
nACh receptors (Konno et al., 1991). However, deletion of the proline residue (Pro-2’)
located at the intracellular end of the M2 region in glycine o, receptors produced
receptors with reduced anion selectivity and an increased pore diameter from 5.4 A
to 6.9 A. This indicates that the size of channel pore is also important in ion selectivity

(Lee et al., 2003). Therefore, the ion selectivity at the M2 region is determined by
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residue electrostatics at the selectivity filter region and the diameter of the channel

pore (Keramidas et al., 2004).

S-HT,A  Achad GABA, «1 Glycine 1
Extracellular D298 E262 20' N275 D276
1204 L258 16' 1271 A280
V291 V255 13 T268 G283
Hydrophobic L287 L251 9 L264 T287
Region T2s4  S248 6 T261 L2900
S280 T244 2 Vas57 T294
Intermediate E277 E241 -1 A254 $297
Cytoplasmic D274 D238 -4 E250 A301

Figure 1.8 Residues in M2 terminal facing the water accessible surface. Polar residues are found below
conserved Leu 9” at M2 helices of 5-HT3, and nACh a; subunits. At GABA, a; and glycine a; subunits, polar
residues are found at entire length of M2 helices. Figure adapted from (Thompson et al., 2010).

M1, M3 and M4 helices stabilizes the bundle arrangement (Figure 1.7). The
outer ring which is in contact with the lipid bilayer, is formed by the M1 a-helix.
Mutagenesis studies of the M1 a-helix demonstrated that these residues influence
receptor desensitization, agonist efficacy and receptor assembly (Thompson et al.,
2010). Application of the substituted cysteine accessibility method (SCAM) at the
intracellular end of GABA p; M1 a-helix and the M1-M2 loop found seven residues
(A271, T272, L277, W279, V280, P290 and A291) were functionally modified by
negatively charged sulfhydryl reagents and greater accessibility was achieved in the
presence of agonist. This indicates that M1-M2 loop region is facing the ion
permeation pathway and possibly influencing the ion selectivity of the channel

(Filippova et al., 2004).

M3 and M4 a-helices shield the M2 helix from the lipid environment (Figure

1.7) and mutation of these regions have significant effects on receptor function, such
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as changes in whole-cell currents and single-channel kinetics of nACh and 5-HT;
receptors (Thompson et al., 2010). Recent studies provided experimental evidence
suggesting that these regions also affect receptor expression. Serial deletions at the
C-terminal and M4 a-helix of human GABA: p; receptors revealed that receptor
functions are maintained up to a critical point, tryptophan (W) 475. Further deletion
after W475 failed to form functional receptors, even though localization of the
mutant receptors in the plasma membrane was observed (Reyes-Ruiz et al., 2010).
Mutation of C-terminal residues was also found to influence the cell surface
expression of 5-HTsy receptors (Butler et al., 2009). Interestingly, non-assembly
receptors, comprising the extracellular N-terminal domain and M1-M3
transmembrane domain, can be restored by co-expression with the M4
transmembrane a-helix (Haeger et al., 2010; Villmann et al., 2009). The evidence
implies that the function of M3 and M4 o-helices may extend beyond simply

stabilizing the bundle arrangement.

1.2.2.4 Cytoplasmic M3-M4 loop domain

There are passages (portals) for ions formed at the cytoplasmic domain in the
nACh receptor, formed by amino acids located within the cytoplasmic M3-M4 loop
domain, also known as the membrane associated (MA) stretch (Miyazawa et al.,
1999; Popot et al., 1984) (Figure 1.9). The MA stretch at the majority of cation-
selective subunits is lined by polar or negatively charged side chains, whereas anion
selective subunits, such as GABA and glycine receptors, the MA stretch is lined by
positively charged side chains (Peters et al., 2010; Unwin, 2005). Recent studies using
nACh and 5-HTss receptors have shown that the MA stretch is important for the
interaction with intracellular proteins (Huebsch et al., 2003; Jeanclos et al., 2001),
receptor targeting (Williams et al., 1998) and channel conductance (Gee et al., 2007;
Hales et al., 2006; Kelley et al., 2003). In addition, there is experimental evidence
suggesting that charged residues in the MA stretch in chloride-selective glycine o
receptors affect channel conductance (Carland et al., 2009). One of the studies
constructed a series of loop chimeras containing the cytoplasmic M3-M4 loop domain

from different nACh receptor subunits (a-a10, and fB1-f), to investigate the influence
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of the domain on receptor assembly, surface expression and functional properties
(Kracun et al., 2008). The domain had no influence on the formation of subunit
tertiary structures, however a significant influence on the formation of quaternary

structures and cell surface expression was observed.

ECD

Figure 1.9 Schematic representation of Cys-loop family pentameric structure and the location of portal.
Left, ribbon diagram of a single subunit of human 5-HTs, receptor. The channel lining transmembrane
domain 2 (TM2) and MA-stretch are indicted. Right, Schematic representation showing the location of
portal forming the permeation pathway in the receptor. Abbrebiations: ECD, extracellular domain; TMD,
transmembrane domain; ICD, intracellular domain; MA, membrane-associated. Figure adapted from
reference (Peters et al., 2010).
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1.2.3 Channel gating

To convert agonist binding into the channel gating, signals are mediated from
the extracellular domain to the transmembrane domains via the coupling region,
located at the interface between extracellular and transmembrane regions of Cys-
loop receptors (Bouzat et al., 2004). The understanding of how ligand binding initiates
global conformational changes to activate a receptor is not fully understood due to
the lack of X-ray crystal structures of either the open or closed conformational states
of Cys-loop LGICs (Cederholm et al., 2009). Nevertheless, the channel gating
mechanism is probably “relatively” simple and interactions with low energy states are
involved since the channel rapidly opens and closes in a reversible manner (Kash et
al., 2004). The X-ray crystal structures of the related prokaryotic proton-gated ion
channels, Erwinia chrysanthem (ELIC) and Gloebacter violaceus (GLIC) represent
closed and desensitized channel conformations (Figure 1.10), respectively. They
provide information on structural rearrangements that occur during receptor gating
(Hilf et al., 2009a; Hilf et al., 2009b; Hilf et al., 2008). Recently, a crystal structure of
the eukaryotic Cys-loop receptor, GIuCl a from Caenorhabditis elegans has been
reported (Hibbs et al., 2011). The GluCl-Fab complex was co-crystalized with the
allosteric agonist ivermectin and in additional with |-glutamate and the open-channel
blocker picrotoxin. The open channel conformation was similar to the conformation

found in GLIC.
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Figure 1.10 Comparison of structures. A X-ray crystal structure from ELIC. B Electron micrograph
structure from Torpedo marmorata. C X-ray crystal structure from GLIC. Figure adapted from reference
(Absalom et al., 2009).

The rate-equilibrium free energy relationships (REFER) approach has been
widely used to analyze the sequence of conformational changes during nACh receptor
channel gating (Chakrapani et al., 2005; Chakrapani et al., 2004; Chakrapani et al.,
2003; Cymes et al., 2002; Grosman et al., 2000a; Grosman et al., 2000b; Jha et al.,
2007; Purohit et al., 2007a; Purohit et al., 2007c; Wang et al., 2011; Zhou et al., 2005).
This method can characterize transition states of individual amino acids during
channel gating by measuring single channel opening and closing rate constants of
receptors with point mutations. The gating equilibrium constant is dependent upon
the opening and closing rate constants. If the value of the gating equilibrium constant
changes with the amino acid mutation, this implies that the opening and/or closing
rate constants have been altered. The REFER method can determine which rate
constant was altered. A REFER plot is a log-log plot of the closing rate constant versus
the gating equilibrium constant and its slope is called ¢. One interpretation, ¢ values
give the relative timing of the movement of the amino acid residues during channel
gating (Purohit et al., 2007c). Higher values indicate that amino acid movement
occurs earlier in a sequence of conformational changes, while similar values indicate

that these amino acids move together. It was found that the sequence of
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conformational changes that occur during gating can be divided into several clusters
according to their ¢ values (Figure 1.11). This indicates that after agonist binding, the
N-terminal domain moves in a stepwise manner before the channel opens.
Combining information from studies using crystal structures and ¢-value analysis

gives great insights into how Cys-loop receptors work.

Figure 1.11 Map of ¢-value in the nACh «a subunit. Residues with similar ¢ values are clustered,
suggesting each cluster moves as a rigid body. Spheres represent the residues where ¢ value was
measured and residues with similar ¢-values are colour coded: purple, >0.90; orange, 0.75-0.85; green,
0.59-0.72; blue, 0.48-0.57; red, 0.26-0.35; white, no ¢ value. Upper and lower arrows indicate N-terminal
and transmembrane domains. Figure adapted form reference (Purohit et al., 2007c).

Kinetic studies of agonist induced channel gating reveals that there are three
steps involved in receptor activation; agonist binding, sequential conformational
change, and gating (Chang et al., 2009). Traditionally, the relationship between
agonist binding and receptor activation was explained by two equilibrium constants,
the binding and gating constants (Del Castillo et al., 1957). For the majority of Cys-
loop receptors, at least two binding sites are required to initiate signal transduction
from the extracellular domain before inducing conformational changes across the
receptor to gate located within the M2 domain (Amin et al., 1993). However, recent

studies have shown that binding of a single agonist molecule is sufficient to activate
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receptors (Andersen et al., 2011; Jha et al., 2010). The two constants, binding affinity
and receptor gating, are coupled with mutual influence upon each other (Colquhoun,
1998). For example, the agonist binding affinity increased at the open conformation
of GABA( p; receptors (Chang et al., 1999). A new study comparing the effects of full
and partial agonists on channel gating suggested that the coupling between binding
and receptor gating was not a single step (Lape et al., 2008). Instead, there was an
intermediate state, termed the ‘flip state’, where a conformational change occurs at
the ligand binding domain then leads to channel gating (Figure 1.12). This observation
is supported by the findings from ¢-value analysis (Purohit et al., 2007c). Partial
agonists were found to be less likely to induce the conformational change into the flip
state, while the conformational changes for the flip to open state remain the same

(Lape et al., 2008).

Binding Gating
AR

A A+R AR*

Binding
B A+R==—=AR = A,R
[ / A

Flipping

i /
A+F == AF =——=AJF
/ | |

Gating

/ /
R* AR* A R*

Figure 1.12 Activation Scheme. A The del Castillo-Katz mechanism, adapted from reference (Del Castillo
et al.,, 1957). Agonist (A) binds to a receptor (R). AR complex then isomerizes to open conformation (AR*).
B Flip model with two binding steps, typical for all heteromeric Cys-loop receptors, adapted from
reference (Lape et al., 2008). Flip state (F, AF or A,F) represents the conformation entered after agonist
binding (R, AR or A,R) but before channel opening (R*, AR* or A,R¥).
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1.2.3.1 Extracellular domain and gating

Ligand binding induces a local conformational change at its binding site.
Studies using AChBP crystal structures show that the binding of different ligands leads
to different movements within the binding pocket (Celie et al., 2004; Hansen et al.,
2005; Hibbs et al., 2009). For example, structures of agonists and antagonists bound
to Aplysia AChBP complexes revealed distinctive binding conformations (Hansen et
al., 2005). The binding of agonists evokes ‘loop C closure’, resulting in a constriction
of the binding site, while antagonists push loop C away from the binding site (Figure
1.13). The conformational change in loop C appears to be one of the first steps that

contributes to channel gating.

Figure 1.13 Conformational change of loop C. A Top view of distinctive conformations of agonist (blue
loop C) and antagonist (red loop C) bound Aplysia AChBP pentamers. B Overlay of loop C in apo Aplysia
AChBP (gray), agonist (blue) and antagonist (red) bound complexes. The curve arrow illustrates loop C
closure and opening upon ligand binding. Figure adapted from reference (Hansen et al., 2005).

Changes in the Loop F conformation in the crystal structure of AChBP have
also been observed (Celie et al., 2004). The movement of loop F may be due to the
movement of loop C. Loop C is linked to the bottom of loop F within the same subunit
(Chang et al., 2009). Moreover, an intersubunit hydrogen bond (H-bond) between
loops C and F upon agonist binding in muscle nACh receptors has been reported
(Gleitsman et al., 2008). This H-bond has a potential to cause outward movement of
loop F, mediating signals to coupling regions, $1-p2 loop and M2-M3 loop (Chang et
al., 2009).
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1.2.3.2 Transmembrane domain and gating

The images from electron microscopy of the open conformation of nACh
receptors of Torpedo marmorata indicate that channel opening involves a rotation of
the pore forming transmembrane, M2 a-helix (Unwin, 1993). The gate of the pore is
formed by hydrophobic interactions, and rotation most probably disrupts the
interactions to widen the pore and allow ions to flow (Chang et al., 2009) (Figure
1.14A). However, protonation scanning of M2 a-helix using single channel analysis
suggests that the rotation of M2 in the open conformation is minimal (Cymes et al.,
2005). Studies of bacterial ELIC and GLIC structures raise a new gating mechanism
termed the pore dilation mechanism. In these studies, it is suggested that the tilting
of the M2 and M3 domain is the cause of pore dilation (Bocquet et al., 2009; Hilf et
al., 2009b) (Figure 1.14B). The bacterial LGIC homologue from ELIC is thought to
represent a receptor in the closed conformation. On the other hand, GLIC was
apparently representing the receptor in the desensitised conformation. The major
structural difference between the ELIC and GLIC transmembrane domains was found

at the M2-M3 helices, which were tilted out in GLIC (Hilf et al., 2009b).

Figure 1.14 Channel pore gating. A M2 terminal rotation hypothesis. B M2 terminal tilting and pore
dilation hypothesis. Close conformation: cyan, M2 and blue M3. Open conformation: pink, M2 and red,
Ma3. Arrows indicate the direction of M2-Ma3 tilting. Figure adapted from reference (Chang et al., 2009).
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1.3 Conclusion

The Cys-loop receptor structure and function has been extensively studied
using a variety of biochemical techniques including cryo-electron microscopy, X-ray
crystallography and mutagenesis. Gene studies revealed that member of this family
share significant amino acid sequence homology. This led to the development of
homology models, including homology models of GABA: p; receptor ligand binding
site (Abdel-Halim et al., 2008; Adamian et al., 2009; Harrison et al., 2006b; Osolodkin
et al., 2007). However, a detailed molecular knowledge of the sites of drug targets
remains unclear due to the lack of X-ray crystal structures of Cys-loop receptors. The
gating mechanism of Cys-loop receptors is still incompletely understood, although
information from prokaryotic proton-gated ion channel (GLIC and ELIC) crystal
structures gave a great insight into the structural rearrangement during channel
gating. In addition, the REFER approach and kinetics studies have revealed that the
sequence of conformational changes in the N-terminal domain occurs in clusters

during agonist-evoked channel gating.
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GABA receptors
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Chapter 2: GABA receptors

y-Aminobutyric acid (GABA) is the predominant inhibitory neurotransmitter in
the mammalian central nervous system (CNS), acting via GABAA,, GABAz and GABAC
receptors (Chebib et al.,, 2000; Farrant et al., 2007; Mody et al., 2004). The
classifications of GABA receptors are according to their structural and
pharmacological profiles. GABAy, and GABA: receptors are ionotropic receptors,
belonging to the Cys-loop family of LGICs. Chloride ions flow across the cell
membrane via the chloride selective ion channel pore, and the direction of the ion
flow is determined by the electrochemical gradient, the membrane potential
difference across the cell and the intracellular and extracellular concentrations of
chloride ions according to the Nernst equation. In most mature neurons, the opening
of chloride channels leads to net inward flow of chloride ions, resulting in the
hyperpolarization of neurons. However, GABA also has excitatory actions at particular
cell types or immature neurons where the intracellular chloride ion concentration is
high or the membrane is at a negative potential (Ben-Ari, 2001; Cherubini et al., 1991;
Farrant et al., 2007). GABAg receptors are metabotropic receptors coupled to G-
proteins. GABA binding at GABA; receptors activates Gj,-proteins, propagating cell-
signalling cascades to interact with various effectors including ion channels and other

receptors to modify its cellular physiology (Emson, 2007).

In the adult brain, 17-20% of neurons are GABAergic (Somogyi et al., 1998).
GABA generally mediates inhibition by hyperpolarizing the membrane increasing the
sodium influx required to reach the threshold for an action potential. The balance
between excitatory and inhibitory neurotransmission is fundamental for normal
function of the CNS and disruptions cause disorders of the nervous system. GABA
receptors are broadly expressed in the CNS and considered as therapeutic targets for
a wide range of neuronal disorders including epilepsies, moods disorders,
schizophrenia and sleep, cognitive and anxiety disorders (Johnston, 2005). For
example, classical benzodiazepine drugs act via GABA, receptors by enhancing

GABAergic neuronal inhibition in the CNS.
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Ever since the presence of GABA in mammalian system was first reported in
1950 (Awapara et al., 1950; Roberts et al., 1950), numerous studies have been carried
out to elucidate the role of GABA in the mammalian CNS. The understanding of the
anatomical distribution of GABA receptors in the brain has been greatly enhanced
using in situ hybridization and immunohistochemistry techniques, and the knock-in
and knockout mice experiments have contributed to understanding the functional
role of GABA receptors in the CNS. Selective ligands, such as bicuculline have also
been used in research to elucidate the function of GABA receptors in mammalian CNS
(Curtis et al., 1970; Curtis et al., 1971a; Curtis et al., 1971b). The first GABA receptor
subunits were cloned in 1987 (Schofield et al., 1987) and their discovery led to
multiple other related subunits by using complementary deoxyribonucleic acid
homology hybridization screening methods. The cloning of GABA subunits has also
enabled recombinant systems to express receptor subunit combinations in order to

investigate the roles of individual subunits in receptor function and pharmacology.
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2.1 GABAareceptors

GABA, receptors mediate fast synaptic inhibition predominantly in the adult
CNS. GABA binding at this class of receptor opens chloride selective channels and
typically result in hyperpolarization of neurons. They have several modulatory binding
sites that bind known drugs including benzodiazepines, anesthetics, ethanol,

barbiturates and neurosteroids.
2.1.1 GABAAa receptor structure

To date, 16 human GABA, receptor subunits have been identified; a (o - o),
B(B1-P3), y(n- 1) 6 ¢ mand 6 (Whiting, 2003). Functional GABA, receptors are
heteropentameric assemblies of five subunits. Each subunit contains a large
extracellular domain, four transmembrane domains (M1-M4) and a large intracellular
M3-M4 loop. The large number of subtypes allows a vast diversity of possible
receptor combinations. However, only a small proportion of receptor combinations
are relatively abundant (Sieghart, 2006). The majority of receptors are composed of
two «, two 8 and one y subunits combination (Chang et al., 1996; Farrar et al., 1999;
Im et al., 1995; Tretter et al., 1997), while 6, € and & subunits, thought to be
substitute for the y subunit form a minority of functional GABA, receptors (Sieghart,
2006). Of the vast number of GABA, receptor subtypes, the of,), receptor
combination is the most abundant receptor combination in the brain (Whiting, 2003).
The GABA orthosteric binding site is located at the interface of the extracellular
domains of a and S subunits (Smith et al., 1995). The considerable heterogeneity in
receptor combinations have generated distinctive pharmacological and physiological

properties of GABA, receptors in the CNS (D'Hulst et al., 2009).
2:1.2 GABAAa receptor pharmacology

GABA, receptors were first classified as ‘bicuculline-sensitive’ receptors (Curtis
et al., 1970). Bicuculline (Figure 2.1) inhibited the fast-synaptic inhibition

differentiating from the receptors mediating slow, long lasting inhibition in the CNS.
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Later on, the receptors mediating fast-synaptic inhibition, blocked by bicuculline were
classified as GABA, receptors introduced by Hill and Bowery (1981) (Bormann, 2000;
Bowery, 1989; Chebib et al., 1999)

O\/O

Bicuculline

Figure 2.1 Structure of bicuculline.

2.1.2.1 GABAareceptor agonists

GABA, imidazole-4-acetic acid (I-4AA) and y-amino-B-hydroxybutyric acid
(GABOB) (Figure 2.2) are endogenous agonists and activate GABA, receptors
(Johnston, 1996a; Krogsgaard-Larsen et al., 1994). GABA contains three rotatable
bonds that give rise to multiple conformations. The GABA analogue, muscimol (Figure
2.2) is a natural product isolated from Amanita muscaria mushrooms. Muscimol is a
potent agonist at GABA, receptors and it has a depressant effect similar to GABA in
the CNS (Brehm et al., 1972; Johnston et al., 1968). An conformationally restricted
analogue of muscimol, 4,5,6,7-tetrahydroisoxazolo[4,5-c]pyridin-3-ol (THIP) (Figure
2.2), also known as gaboxadol, is a partial agonist at GABA, receptors (Krogsgaard-
Larsen et al., 1994). It has analgesic and sedative properties in humans (Kjaer et al.,
1983). Interestingly, THIP is a superagonist at &-containing receptor combinations
(aaf330), and the ability to target these receptors suggests THIP may act as a potential

hypnotic drug (Boehm et al., 2006; Krogsgaard-Larsen et al., 2006).
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Figure 2.2 Structures of GABA, agonists.

2.1.2.2 GABAa receptor antagonists

Bicuculline and gabazine (SR-95531) (Figure 2.3) are classical GABA, receptor
competitive antagonists. Gabazine (SR-95531) is a potent GABA antagonist and widely
used as a pharmacological tool when studying GABA receptors in vitro, in vivo or ex
vivo (Kitamura et al., 2011; Meeks et al., 2009; Vigh et al., 2011). Furosemide (Figure

2.3) is a negative allosteric modulator of ag containing receptors (Jackel et al., 1998).
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0]
< Q cl
N
0 CH, HO
H H
NH
(@) | \'l\l o O
N\/\/”\
o OH Z o
(0]
A=Y NH,* Br —
Bicuculline Gabazine (SR-95531) Furosemide

Figure 2.3 Structures of GABA, antagonists.

2.1.2.3 GABAj receptor modulators

The benzodiazepine (Figure 2.4) binding site is considered to be located
between the a and y interface, potentiating the effect of GABA at most GABA,
receptors (Johnston, 2005). It acts only in the presence of GABA, increasing GABA’s
affinity for the GABA, receptor. Benzodiazepines affect the open channel
probabilities to enhance chloride ion influx (Bianchi et al., 2009; Costa et al., 1979).

Thus, it is known as a positive allosteric modulator. Diazepam, (Figure 2.4) an

Dl



Chapter 2:

analogue of benzodiazepine also known as valium, is a commercially available

benzodiazepine (Martin et al., 1999).

0 \ 0

O QO

Benzodiazepine Diazepam

Figure 2.4 Structures of benzodiazepine and diazepam.

Flavonoids are also modulators at GABA, receptors (Hanrahan et al., 2011).
They are found in our food sources, such as fruits, vegetables and chocolate (Manach
et al., 2004). Flavone, flavanone, flavan-3-ol and isoflavone are the examples of
different classes of flavonoids (Figure 2.5). Several studies suggest flavonoids bind to
discrete sites, located independently from the flumazenil-sensitive benzodiazepine
site (Gavande et al., 2011; Karim et al., 2011b; Mewett et al., 2009), however, the
exact location of the binding site is yet to be determined. Although flavonoids are
generally thought to be positive modulators, recently the direct activation of GABAa

receptors by 2’-methoxy-6-methylflavone in the absence of GABA has been reported

0 P

Flavone Flavanone Flavan-3-ol Isoflavone

(Karim et al., 2011a).

Figure 2.5 Structures of flavone, flavanone, flavan-3-ol and isoflavone.

Neurosteroids such as pregnenolone and ganaxolone (Figure 2.6) are allosteric
modulators of GABA, receptors (Belelli et al., 2002). They enhance chloride influx via
GABA, receptors by increasing the open channel probabilities (Lambert et al., 1995).

Studies using chimeras formed between subunits with high and low sensitivity for
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potentiation by neurosteroids identified the neurosteroid binding sites to be located

within the transmembrane domains of & and 8 subunits (Hosie et al., 2007).

Pregnenolone Ganaxolone

Figure 2.6 Structures of pregnenolone and ganaxolone.

Barbiturates (Figure 2.7) have in the past been used clinically for the
treatment of a variety of disorders, including sleep and anxiety disorder. Barbiturates
enhance the action of GABA by increasing the open channel duration by up to five
times (Mathers et al., 1980; Parker et al., 1986). The actions of barbiturates are
concentration dependent, at > 50 uM, barbiturates act as agonists at GABAa
receptors and in millimolar concentrations, they act as antagonists (Akk et al., 2000;
D'Hulst et al., 2009). The S subunit is partly involved in barbiturate binding (Rudolph
et al., 2004) and the absence of a y subunit does not affect the activity of barbiturate,
suggesting their binding sites are independent from benzodiazepine sites (Akk et al.,

2000; Davies et al., 1997).

Ox >< -,O O O
HN\”/NH HN
(0]

NH

T

O

Barbitone Phenobarbitone

Figure 2.7 Structures of barbitone and phenobarbitone.
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Anesthetics including propofol and etomidate (Figure 2.8) are known to
potentiate the actions of GABA at GABA, receptors (Kopp Lugli et al., 2009; Pistis et
al., 1997). Mutagenesis studies have revealed that the anesthetic binding sites are
located in the M2 and M3 transmembrane domains of a and f subunits (Krasowski et
al., 1998; Mihic et al., 1997; Siegwart et al., 2002). It has been shown that residues in
the S subunit play a crucial for propofol and etomidate binding (Belelli et al., 1997,
Krasowski et al., 1998; Siegwart et al., 2002).

OH & O\/
N7 N
A@A @Ag

Propofol Etomidate

Figure 2.8 Structures of propofol and etomidate.
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2.1.3 GABAAx receptors as therapeutic targets

GABA, receptors are implicated directly or indirectly in many brain disorders
including anxiety, mood, cognitive, epilepsies, schizophrenia and sleep disorders
(Johnston, 2005). Studies using in situ hybridization (Laurie et al., 1992; Persohn et al.,
1992; Wisden et al., 1992) and immunohistochemistry (Fritschy et al., 1992; Pirker et
al., 2000; Sperk et al., 1997) have shown the anatomical localization of the GABAa
receptor subunits, revealing that individual subunits have distinct distributions in the

brain.

Activation of GABA, receptors leads to two types of inhibitory effects on the
postsynaptic membrane, ‘phasic’ and ‘tonic’ inhibitions (Figure 2.9). Postsynaptic
GABA, receptors are activated by millimolar concentrations of GABA released from
presynaptic vesicles, mediating the fast inhibitory postsynaptic potential. This specific
point inhibitory process is known as ‘phasic’ synaptic inhibition, which is mediated
predominantly by most y,-containing receptors such as, a13:/372, 02f32/3Y2 and asf32/3Y2
receptors (Farrant et al., 2005; Nusser et al., 1995; Nusser et al., 1998). In contrast
extrasynaptic GABA, receptors, including d-containing receptors (agfxd, asf50 and
asfx0) are activated by micromolar concentrations of GABA, mediating slower and
prolonged inhibition known as ‘tonic’ inhibition (Farrant et al., 2005). ‘Phasic’ and
‘tonic’ inhibition of GABA, receptors have distinct roles in the control of neuronal
excitability, underlying different physiological importance in the brain (Farrant et al.,
2007). Therefore, the understanding of native GABA, receptor combinations and
distribution of subunits in the brain is inevitable in order to understand the
physiological roles of GABA, receptors and to develop agents with therapeutic

potential.
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GABAergic synapse

c— ——

—_— @ e
GABA . Ké@ggx GABA

Extrasynaptic Synaptic 00
GABA, receptor GABA, receptor

Figure 2.9 Synaptic and extrasynaptic GABA, receptors. Synaptic GABA, receptors (green) are activated
by GABA from the presynaptic vesicles mediating fast inhibitory postsynaptic potentials (phasic
inhibition). Extrasynaptic GABA, receptors (purple) detect low concentration of GABA escaped from the
synaptic cleft, mediating slow and prolonged inhibitory postsynaptic potentials (tonic inhibition). Figure
adapted from reference (Rudolph et al., 2011).

The high-affinity benzodiazepine binding site is believed to be located at the
interface of the extracellular domain of a and y, subunits. An in vitro study
demonstrated a conserved histidine residue in ai, a,, as, and as subunits to be a key
benzodiazepine binding residue (Benson et al., 1998). The a; subunit is located
throughout the brain, especially in the cortex, thalamus, pallidum and hippocampus
(Rudolph et al., 2001). In contrast the a; and a3 subunits are highly expressed in brain
areas where the a; subunit is absent (Pirker et al., 2000). Thus the «, subunit is
expressed in the hippocampus, cortex, striatum and nucleus accumbens. Receptors
containing the a, subunit are believed to be involved in anxiety, depression and
cognitive impairments in schizophrenia (Rudolph et al., 2011). The a; subunit is
expressed in the cortex and the reticular nucleus of the thalamus, and a3 knockout
transgenic mice have the phenotype of deficit in sensorimotor information processing

(Yee et al., 2005), which is a common feature in schizophrenia patients. Therefore,
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selective agents targeting as containing receptors may be useful for treatments of
sensorimotor gating deficits in psychiatric conditions. The as subunit is expressed in

deep layers of the cortex and in the hippocampus.

a subunits play an important role in benzodiazepine binding, and mutations at
the conserved histidine residues to arginine (a; H101R) located in the extracellular
domain, resulted in benzodiazepine insensitive receptors in vitro (Benson et al., 1998).
Studies using knock-in mice which have a point mutation within the conserved
histidine residue in the benzodiazepine binding site &y (H101R) and «, (H101R)
subunits revealed that a;-containing receptors were involved in the sedative effects
of benzodiazepine and a,-containing receptors were responsible for anxiolytic
responses (Low et al., 2000; McKernan et al., 2000; Rudolph et al., 1999). These
studies require further validation using subtype selective agents, however, drugs
selective for ay-containing receptors are expected to be anxiolytics with less side-
effects associated with the clinically used non-selective benzodiazepine including

sedative (Rudolph et al., 2001).

Isoforms of S subunits are widely distributed in the brain (Pirker et al., 2000)
and surprisingly > subunit knockout mice have no overt phenotype despite being the
most abundant of the S subunits (Sur et al., 2001). 5, and f3; subunits are involved in
the action of the general anesthetic etomidate (Johnston, 2005). Mutating asparagine
to serine residue at position 289 (N289S) located in the channel domain of f; subunit
resulted in reducing etomidate activities in vitro (Belelli et al., 1997). In a study using
knock-in mice containing a mutation in S, subunit (N265S which is the homologous
residue in f3;) revealed that etomidate produces the sedation effect via ,-containing
receptors and the anaesthesic effect via fs-containing receptors (Reynolds et al.,
2003). Improved recovery after etomidate anaesthesia was also observed, suggesting
that 35 subunit selective agents may result in anesthesics with an improved recovery
profile (Reynolds et al., 2003). fs-containing receptors are also believed to be
involved in sleep disorders, as a point mutation in f; subunit has been found in a

patient with chronic insomnia (Johnston, 2005). In addition, the endogenous sleep
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promoting fatty acid, oleamide was inactive in 83 subunit knock out mice (Laposky et

al., 2001).

Amongst the three isoforms of y subunits, it is the y, subunit that is the most
widely distributed and found throughout the brain, with the exception of the
thalamus (Pirker et al., 2000). Deletion of the y, subunit appears to be lethal since
almost all y, homozygote knockout mice died in the first few days after birth (Gunther
et al., 1995). The y, subunit contributes to the high affinity benzodiazepine binding
site (Gunther et al., 1995) and appears to play a role in synaptic clustering (Crestani et
al., 1999; Essrich et al., 1998). The y; subunit is expressed mainly in the bed nucleus
of the stria terminalis and the y; subunit is expressed throughout the brain with a low
expression level (Pirker et al., 2000). The physiological roles of y; and y; subunits are

yet to be determined.

The 6 subunit is expressed in the thalamus and cerebellum (Pirker et al., 2000)
and forms receptors specifically with a; and o subunits (Jones et al., 1997; Quirk et
al.,, 1995; Sur et al.,, 1999). dé-containing GABA, receptors are also known as
extrasynaptic receptors, which are activated by GABA which has escaped from the
synaptic cleft to mediate tonic inhibition (Farrant et al., 2005; Stell et al., 2003; Wei et
al.,, 2003). 6 subunit knockout mice are affected by occasional seizures and
electroencephalographic abnormalities were found, implying the role of tonic
inhibition in epilepsy (D'Hulst et al., 2009; Mihalek et al., 1999; Spigelman et al.,
2003).

The ¢ and 6 subunits have been found in the hypothalamus, amygdala and
thalamus (Sieghart et al., 2002) and 6 subunit co-assembles with a,;:1y1 receptors
(Bonnert et al., 1999). & subunit is mainly found in the peripheral tissues. Studies
have implicated that the & subunit is involved in pregnancy (Hedblom et al., 1997)

and cancer (Takehara et al., 2007).
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2.2 GABAsgreceptors

GABA binding at GABA; receptors leads to the activation of Gj,-proteins, a
heterotrimeric protein structure comprised of: a, f and y subunits. GDP/GTP
exchange at o/, subunit results in dissociation of the By dimer, triggering activation of
various effectors including ion channels and enzymes (Figure 2.10) (Padgett et al.,
2010). There are two main important signalling cascades for the physiological roles of
GABAg receptors. When GABA binds at GABAg receptors, they activate G-proteins
(GDP/DTP exchange). The dissociation of the By dimer stimulates the activation of K*
channels, resulting in hyperpolarizing the neuron. At the same time o subunits inhibit
the activity of adenyl cyclase which results in reduction of cAMP formation. cAMP is a

secondly messenger used as intracellular signal transductions.
2.2.1 GABAg receptor structure

GABAg; receptors belong to the class C of G-protein coupled receptors, which
also includes metabotropic glutamate (mGlu) and Ca’* sensing receptors (Pin et al.,
2003). There are three GABAg receptor subunits; GABAgi.,, GABAg, and GABAg;.
Functional GABAg receptors are heterodimers formed from GABAg; and GABAg;
subunits (Figure 2.11). GABAg; subunit cell surface expression is prevented through its
C-terminal endoplasmic reticulum retention motif, so the interaction of GABAg; with
GABAGg; subunits via C-terminal coiled-coil a helices is essential to mask the retention
signals to ensure surface expression (Margeta-Mitrovic et al., 2000). It was found that
GABAg: and GABAg; subunits have different properties in mobility and they dimerize
primarily at the plasma membrane in hippocampal neurons (Ramirez et al., 2009). A
recent study using a new a-bungarotoxin binding site labeling technique reported
GABAg receptor internalization was regulated by GABAg, subunits (Hannan et al.,
2011). Some GABAg receptors were found to form higher-order oligomeric
assemblies, impacting on G-protein coupling efficacy (Maurel et al., 2008). Pin and co-
workers proposed the oligomerisation of GABAg receptors increases ways to
modulate receptor signaling and activity, allowing GABAg receptors to have specific

properties at different locations in the CNS (Pin et al., 2009).
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A single subunit structure contains, a large extracellular domain, known as
Venus Flytrap domain (VFT) and seven transmembrane domain (Galvez et al., 2000).
The VFT from GABAg; subunit forms the orthosteric binding site (Galvez et al., 2000;
Malitschek et al., 1999) and the transmembrane domain from GABAg, subunit is

responsible for G-protein activation (Duthey et al., 2002; Galvez et al., 2001; Robbins
etal., 2001).

GABABg13 GABA&g)

NH:

Fibulin

Pre-
synaptic
Ca?*

GS39783

Post-
synaptic
K*

Figure 2.10 Schematic representation of the GABAy receptor and its primary signaling pathways.
Activation of GABA; receptor stimulates G, dissociation of ¢, and By dimer. o, subunit inhibits adenylyl
cyclase and By dimer modulates volage-gated ca®* or G-protein gated inwardly rectifying K* (GIRK)
channels. Figure adapted from reference (Emson, 2007).
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GABA,, GABA,,
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Lobe 2

VFT
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Figure 2.11 Structure of heteromeric GABA; receptor. GABAg; (yellow) and GABAg, (blue) subunits are
composed of a VFT domain and a 7TM domain. The C-terminal regions of the two subunits are joined via
coiled-coil interaction. Abbreviations: VFT, venus flytrap; 7TM, seven transmembrane; CC, coiled-coil.
Figure adapted from reference (Rondard et al., 2011).

2:2:2 GABAg receptor pharmacology

GABAg receptors were first identified using the GABA analogue baclofen
(Figure 2.12). Baclofen was identified as selective agonist inhibiting neurotransmitter
release in the mammalian CNS (Bowery et al., 1980). A number of analogues were
developed based on the structure of baclofen, which led to the production of the first

GABAg antagonist, phaclofen (Figure 2.12) (Kerr et al., 1987).

Cl Cl

0, OH
o
H,N HoN o P<
OH OH

Baclofen Phaclofen

Figure 2.12 Structures of baclofen and phaclofen. Baclofen is a selective GABAg agonist and phaclofen is
a selective GABAg antagonist.
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2.2.3 GABAGg receptors as therapeutic targets

GABA; receptors mediate slow and longer phase of pre- or post-synaptic
inhibition in the CNS. They are found in many regions of the brain, and some of the
highest regions of GABAg receptor expression include the hippocampus, thalamus,
neocortex and cerebellum (Fernandez-Alacid et al., 2009; Kulik et al., 2006; Kulik et al.,
2003; Padgett et al., 2010). GABAg receptors are implicated in a range of neuronal
disorders including, sleep disorders, stress, epilepsy and substance abuse (Bettler et
al., 2004; Bowery, 2006; Enna et al., 2004). The GABAg agonist, baclofen (Lioresal), is
the only therapeutic agent that targets these receptors and is used as a muscle
relaxant to treat spasticity in multiple sclerosis patients (Brogden et al., 1974). GABAg
antagonists also produce beneficial therapeutic effects, such as cognition
improvement (Froestl et al., 2004), models of absence epilepsy (Manning et al., 2003)

and antidepressant effects (Cryan et al., 2005).
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2.3 GABAcreceptors

GABA: receptors were first described by Johnston and co-workers (1975)
using the conformationally restricted analogue of GABA, cis-4-aminocrotonic acid
(CACA, Figure 2.14). They discovered CACA depressed cat spinal interneurons,
however, its effect was not blocked by bicuculline (Johnston et al., 1975). In addition,
the binding of radiolabelled baclofen was not affected by CACA on rat cerebellum
(Drew et al., 1984). This unique pharmacological profile of this receptor type was

termed ‘GABA( receptors’ or “ bicuculline- and baclofen-insensitive receptors’.

GABA: receptors have a higher affinity to GABA, a smaller chloride ion
conductance and a longer mean channel opening time than the major GABA,
receptors (Bormann et al., 1995; Chebib et al., 2000; Enz, 2001; Feigenspan et al.,
1994). In addition, GABA( receptors do not tend to desensitize as GABA, receptors do
(Bormann, 2000; Enz et al., 1998).

The International Union of Pharmacology (IUPHAR) has recently published a
review on the classification of GABA, receptors, suggesting the usage of the term
‘GABA( receptor’ should be avoided and re-classified as ‘a subclass of the GABAa
receptor’ due to the sequence and structural similarities between p subunits that
make up this receptor and GABA, receptor subunits (Barnard et al., 1998; Olsen et al.,
2008). However, this nomenclature is still a matter of debate since their difference in
pharmacology, structure, function and localization from other classes of GABA
receptors (Bormann, 2000; Chebib et al., 1999; Chebib et al., 2000; Johnston, 2005;
Johnston, 2002). For the purpose of this thesis, the term ‘GABA" has been used to

describe ‘ bicuculline- and baclofen-insensitive receptors’.
Z2.3.1 GABA( receptor structure

GABA( receptors are structurally related to GABA, receptors, and also belong
to Cys-loop LGIC family. GABA. receptors are pentameric assemblies of p subunits: In

mammals, p;-p3 isoforms have been identified (Bailey et al, 1999; Cutting et al.,
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1992; Ogurusu et al., 1999). The receptors are homomeric composed of only a single
p-subunit or pseudo-homomeric receptors, composed of p;p, or p,ps; subunit

combinations (Chebib et al., 2000; Enz et al., 1998; Ogurusu et al., 1999).

2.3.1.1 GABAc receptor orthosteric binding site

The orthosteric binding site of p; homomeric receptor is located at the
interface of two subunits. The binding site is formed by residues drawn from five
discontinuous stretches of amino acids from the N-terminal domain of each subunit.
These stretches of residues are referred to as loops A-E (Figure 2.13). Loops A-C form
the principle side of the binding site while loops D and E form the complementary

side (Sedelnikova et al., 2005).
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Cys-Loop

Cys-Loep

B

LYLRHYWKDE RLSFPSTNNL SMTFDGRLVK KIWVPDMFFV 140
Loop D Loop A

HSKRSFIHDT TTDNVMLRVQO PDGKVLYSLR VTVTAMCNMD 180
Loop E

FSRFPLDTQT CSLEIESYAY TEDDLMLYWK KGNDSLKTDE 220
Loop B

RISLSQFLIQ EFHTTTKLAF YSSTGWYNRL YINFTLRRHI 260
Loop C

Figure 2.13 p; receptor orthosteric binding site. A The orthosteric binding site is located at the interface
of extracellular domain of p; subunit. Each loop is colour coded. The principle side loops (p; (+)): blue, loop
A; green, loop B; red, loop C. The complementary side loops (p; (-)): yellow, loopD; purple, Loop E. Figure
adapted from (Abdel-Halim et al., 2008). B Amino acid sequence of N-terminal of p; subunit. The amino
acid sequences located at the orthosteric binding site are underlined. The Subunits sequence was taken
from: Genbank®, Accession code: P24046 and reference (Sedelnikova et al., 2005).

Homology models of GABA: receptor have been developed using the
acetylcholine-binding protein (AChBP) crystal structure. This protein shares
approximately 18% homology with the p subunit (Abdel-Halim et al., 2008; Adamian
et al., 2009; Harrison et al., 2006b; Osolodkin et al., 2007; Sedelnikova et al., 2005).
Mutagenesis studies using natural and unnatural amino acids as well as the

substituted cysteine accessibility method (SCAM) identified a number of residues that
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are critical for GABA binding or channel gating at the p; receptor orthosteric binding
site. These studies identified that an aromatic box located within the binding site play
a role in ligand binding (Amin et al., 1994; Harrison et al., 2006a; Lummis et al., 2011;
Sedelnikova et al., 2005; Torres et al., 2002). The most important residues for GABA
binding were; tyrosine at position 102 (Y102), tyrosine at position 198 (Y198), and
arginine at position 104 (R104).

A series of mutagenesis studies were carried out to locate amino acids
involved in GABA-evoked receptor activation (Amin et al., 1994; Torres et al., 2002).
The studies found that a tyrosine at position 102 in loop D when mutated to cysteine
(Y102C), serine (Y102S), tryptophan (Y102W) or glycine (Y102G) dramatically changed
the GABA ECso (Torres et al., 2002). Furthermore, Y102C was accessible to
modification by methanethisulfonate indicating the residue was water accessible.
Furthermore co-application of GABA attenuated the modification by
methanethisulfonate at Y102C mutant receptors, suggesting the tyrosine possibly

involved in the GABA binding site.

Tyrosine at position 198 was identified as amino acid involved in GABA-
mediated activation. Removal of benzene ring at this position has increased GABA
ECso value approximately 3000-fold (Amin et al., 1994). Using the unnatural amino
acid mutagenesis method, a series of tyrosine derivatives were incorporated at
tyrosine position 198. The results indicated a cation-m interaction between the amino
terminal of GABA and the tyrosine (Lummis et al., 2005). Interestingly, the residues
that forms the cation-m interaction is not conserved in GABA, and GABA( receptors
(Lummis, 2009; Padgett et al., 2007). These findings suggest that GABA binds subtly
different locations and a different mode of GABA binding at these receptors is

expected.

Homology model developed by Lummis and Harrison (Harrison et al., 2006b)
identified four arginine residues which were in close proximity to the carboxylic acid
terminal of GABA. Mutagenesis and functional studies revealed that an arginine at

position 158 (R158) was crucial for receptor function (Harrison et al.,, 2006b). In
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addition, mutating arginine at position 104 (R104) to either an alanine or glycine
resulted in a 10000-fold increase in GABA ECso. Their homology model indicates that
this residue is important for GABA binding and in forming the structure of the binding

pocket (Harrison et al., 2006b).

2.3.2 GABAc receptor pharmacology

GABA: receptors are pharmacologically unique, as they are insensitive
towards the classical GABA4 receptor antagonist, bicuculline, and the GABAg selective
agonist, baclofen (Drew et al., 1984; Johnston et al., 1975; Woodward et al., 1993).
They are also insensitive to benzodiazepines and other positive GABA, receptor

modulators (Shimada et al., 1992).

2.3.2.1 GABAcreceptor agonists

GABA and conformationally restricted analogues of GABA, CACA and trans-4-
aminocrotonic acid (TACA) activate recombinant GABA: receptors expressed in
Xenopus oocytes (Figure 2.14) (Ng et al., 2011). CACA is a partial agonist at
homomeric p; and p, receptors and has weak agonist activity at ps; receptors (Kusama
et al., 1993b; Vien et al., 2002; Woodward et al., 1993). TACA is a potent GABA
receptor agonist however it also activates GABA, receptors (a1,7.1) (Chebib et al.,

2000; Chebib et al., 1998; Kusama et al., 1993a; Vien et al., 2002).

o HoN o 0
HeN \/\)I\OH MOH HeN \/\/LOH
GABA CACA TACA
ECsy (p)) = 1 uM ECso (o)) = 74 uM ECs (,By1a) = 133 uM
ECs, (p,) = 0.8 uM ECso (p) = 70 uM ECso (p)) = 0.6 uM
ECs (p3) = 4 uM ECso (p3) =1394uM  ECs (p) = 0.4 uM

ECs) (p3) =3.8 uM

Figure 2.14 Structures of GABA, CACA and TACA.
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GABOB is an endogenous derivative of GABA and the hydroxyl goup at third
carbon of GABA creates a stereogenic centre, resulting in (S)-GABOB and (R)-GABOB
(Figure 2.15). The enantioselective agonist actions of the (S)- and (R)- enantiomer of
GABOB at p; receptors have been reported (Hinton et al., 2008). I-4AA (Figure 2.15) is
a partial agonist at p; and p, homomeric receptors (Carland et al., 2004; Johnston,
2002) and acts as competitive antagonist at p; receptors (Johnston, 2002). Unlike I-
4AA, muscimol (Figure 2.15) is a partial agonist at both human p; and p, and rat ps
homomeric receptors expressed in Xenopus oocytes (Kusama et al., 1993a; Kusama et

al., 1993b; Vien et al., 2002).

OH
vl
OH (0] OH (0]
HoN \M HoN \/E\)I\ N NH 7 HZN\/(/\<N
OH OH X o)
(S)-GABOB (R)-GABOB I-4AA Muscimol

ECs, (p;) = 45 uM ECs(p)=19uM  ECs, (p;) = 8.6 uM ECs, (p)) =23 uM
ECsp (0p) =3 uM ECs (0) = 1.4 uM

Kg (p3) = 12.6 uM ECs, (p3) = 1.9 uM

Figure 2.15 Structures of (S)-GABOB, (R)-GABOB, I-4AA and muscimol.

The conformationally restricted GABA analogues, (+)- and (-)-cis-2-
(aminomethyl)cyclopropanecarboxylic acid ((+)- and (-)-CAMP) (Figure 2.16) exert
opposite pharmacological effects at GABA( receptors (Crittenden et al., 2006; Duke et
al., 2000). (+)-CAMP acts as a full agonist, while (-)-CAMP acts as antagonist (Duke et
al., 2000). (+)-CAMP acts as very weak antagonist at GABA, receptors and is inactive
at GABAg receptors, indicating it is one of the most potent and selective GABAc

receptor agonist known.
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A OH

HoN OH  HaN__ ” ]/
: I
(+)-CAMP (-)-CAMP
ECs (py) =39.7 uM ICs, (p;) = 890 uM
ECs (pp) = 16.6 uM ICs (0,) = 400 uM
ECs (p3) = 28.1 uM ICs (03) = 178 uM

Figure 2.16 Structures of (+)-CAMP and (-)-CAMP

2.3.2.2 GABAcreceptor antagonists

The phosphinic acid analogues of GABA (Figure 2.17), which were originally
developed for GABAg receptors, were also found to be potent antagonists at GABA¢
receptors. 3-aminopropylphosphonic acid (3-APA), 3-aminopropylphosphinic acid (3-
APPA) and 3-aminopropyl(methyl)phosphinic acid (3-APMPA) are potent competitive
antagonists at p; homomeric receptors expressed in Xenopus oocytes (Woodward et
al., 1993). CGP36742 (SGS742) (Figure 2.17) was developed as an orally active GABAg
receptor antagonist with therapeutic potential for the treatment of cognitive deficits,
absence seizures, epilepsy, and depression (Froestl et al., 2004). CGP36742 (SGS 742)
also acts as a GABA( receptor antagonist with approximately half the potency as at

GABAg receptors (Chebib et al., 1997a; Ng et al., 2011).

(@) (0] (@) (®)
\__-OH N\ _H N\ _CHz A\ NN
HoN P HoN P HoN P H,N P
NN S N \OH N N \OH ~ NS L
3-APA 3-APPA 3-APMPA CGP36742
K (p)) = 10 uM Kg (p)) = 1.7 uM Kg (p))=0.7 uM ICso (GABAy) = 38 uM

ICs (py) = 62.5 uM

Fiqure 2.17 Structures of 3-APA, 3-APPA, 3-APMPA and CGP36742.

(1,2,5,6-tetrahydropyridine-4-yl)methylphosphinic acid (TPMPA) (Figure 2.18)
was the first selective GABA. receptor competitive antagonist (Murata et al., 1996),
while ((S)-4-aminocyclopent-1-en-1-yl)(butyl)phosphinic acid ((S)-4-ACPBuPA) (Figure

2.18) is the most potent GABA antagonist. (S)-4-ACPBuPA was developed based on a
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series of conformationally restricted analogues of 4-aminocyclopentene carboxylic
acids. Kumar and colleagues designed chimeric molecules composed of 4-
aminocyclopentene moiety and alkylphosphinic acids (Kumar et al., 2008). It appears
that the alkylphosphinic acid group helps to make the molecule more selective for the
GABA: receptor while reducing activity for the GABAp receptor. Recently, the
guanidine analogue, 3-[guanidino]-1-oxo-1-hydroxy-phospholane (3-GOHP) (Figure
2.18) was reported to be a potent selective GABA: competitive antagonist (Gavande
et al., 2010b). In contrast, gabazine (SR-95531) (Figure 2.18) acts as an antagonist at
both GABA, and GABA( receptors, with higher preference for the GABA, receptors
(Zzhang et al., 2008).

OCHs
o SN 0

Q N\ i / I l[l\/\/L

| HoN i, R L P OH
HN / P—CHj : OH OH

Cl)H NH NH,* Br

TPMPA (5)-4-ACPBuPA 3-GOHP Gabazine

Ky (py) =2.3 uM Kg (p)) =497 uM Kg (py) = 10 uM ICs) (o 857,) =0.15 uM
Kg (py) =149 uM ICs4 (p)) =97 uM
Kp (p3) =4.5 uM

Figure 2.18 Structures of TPMPA, (S)-4-ACPBuPA, 3-GOHP and gabazine.

2.3.3 GABA( receptors as therapeutic targets

Unlike the GABA, receptor, the distribution of GABAc receptors in the CNS is
restricted. p1, p, and ps subunits are predominantly expressed in the retina (Qian et
al., 2009) and the superior colliculus (Boue-Grabot et al., 1998; Clark et al., 2001),
indicating a role in visual processing. Indeed p; subunit knockout mice had defects in
visual function by altering the signal from rod bipolar cells to third order cells (McCall

et al., 2002). In addition, GABA. receptor-mediated inhibition was not eliminated in
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the superior colliculus in p; knockout mice, suggesting p, subunit has more functional

role in this region (Schlicker et al., 2009).

Experiments using GABA( selective antagonists, TPMPA and cis- and trans-(3-
aminocyclopentanyl)methylphosphinic acid (cis- and trans-3-ACPBPA) on chick model
of myopia showed that GABA( selective antagonists could be used to prevent the
development of myopia (Chebib et al., 2009b; Stone et al., 2003). Although the p
subunits dominate sites in the retina, they are also found throughout the brain. p;
and p, subunits are localized in the cerebellum (Rozzo et al., 2002), hippocampus
(Alakuijala et al., 2005) and lateral amygdala (Cunha et al., 2010), while p; subunits
are expressed in the hippocampus and cortex of the rat (Wegelius et al., 1998). The
expression of GABA receptors in the hippocampus implies a role for the receptor in
memory, and experiments using GABA. receptor selective antagonists, TPMPA, cis-
and trans-3-ACPBPA were found to enhance memory in chicks and rats (Chebib et al.,
2009b; Gibbs et al., 2005). Interestingly, reverse transcription-polymerase chain
reaction (RT-PCR) studies observed a higher expression of p, subunit mRNA than p;
and ps; subunits mRNA in hippocampus, suggesting that the p, subunit may play the

more dominant role in memory (Alakuijala et al., 2005; Rozzo et al., 2002).

GABA( receptors have also been shown to play an important role in sleep
walking and fear and anxiety disorders (Cunha et al., 2010; Johnston, 2002).
Administration of TPMPA increases sleep walking behavior in rats, indicating GABAc
receptors are also involved (Arnaud et al., 2001). The lateral amygdala is associated
with the fear learning memory (Blair et al., 2001; LeDoux, 2000; Maren et al., 2004),
and the activation of GABA: receptors enhanced fear and learning, and it was
attenuated by TPMPA in vivo (Cunha et al., 2010). This study highlights that GABA
receptors are potential therapeutic targets for the treatment of fear and anxiety

disorders.
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2.4 Aims

The main aim of this thesis is to explore how ligands interact with their
binding sites at GABA receptors. Understanding of the interactions between ligands,
especially endogenous molecules such as GABA, with their binding sites is important
in developing potent and subtype-selective agents. The homology model of GABAc p;
receptor ligand binding site (Abdel-Halim et al., 2008) predicted amino acid residues
that were involved in ligand binding. Receptor structure and function studies were
also carried out using GABA¢ p; receptors. p; subunits form homomeric receptors and
they express in recombinant systems making them a suitable model for carrying out
receptor structure and function studies. A series of point mutations were introduced
using molecular biology techniques and the effect of mutations were explored using
structurally diverse GABA agonists and antagonists. The receptors were expressed in
Xenopus oocytes and their functions were measured by two-electrode voltage clamp

method.
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Chapter 3: Materials and Methods

3.1 Materials

Human GABA: p; DNA cloned into the vector pcDNA3 was donated by Dr.
David Weiss (The University of Alabama, Birmingham, AL). Human p, cloned into the
pKS vector was donated by Dr. Garry Cutting. Human GABAs a3, f; and y,, cDNAs
cloned into pcDM8 were gifts from Dr. Paul Whiting (Merck Sharpe and Dohme,
Harlow, UK). Rat GIRK4, human GABAg1,) and GABAg, subcloned in pcDNA3.1(-), and
rat GIRK1 subcloned in pBluescript were gifts from Drs. Fiona Marshall and Andrew
Green (Glaxo Wellcome, UK). Xenopus laevis were obtained from South Africa and

housed in the Department of Veterinary Science, University of Sydney.

GABA, muscimol, I-4AA, THIP and 5-aminovaleric acid (DAVA) were purchased
from Sigma-Aldrich Chemical Co. (St Louis, MO, USA). 3-APMPA (3-
Aminopropyl(methyl)phosphinic acid) was purchased from Tocris Bioscience (Bristol,
UK). CGP-36742 or SGS-742 (3-aminopropyl-n-butylphosphinic acid), the enantiomers
of 4-amino-3-hydroxybutanoic acid (GABOB) and (3-amino-2-
hydroxypropyl)methylphosphinic acids (CGP44532 and CGP44533) were gifts from Dr.
Wolfgang Froestl (formerly Novartis, Switzerland) and Prof. Povl Krogsgaard-Larsen

(The University of Copenhagen, Denmark).

6-Imino-3-(4-methoxyphenyl)-1(6H)-pyridazinebutanoic acid (gabazine/SR-
95531), (1,2,5,6-Tetrahydropyridin-4-yl)methylphosphinic acid (TPMPA), [(+)-cis-(3-
aminocyclopentyl)butylphosphinic acid] ((x)-cis-3-ACPBPA), [(x)-trans-(3-
aminocyclopentyl)butylphosphinic  acid]  ((%)-trans-3-ACPBPA), [(S)-4-amino-1-
cyclopent-1-enyl(butyl)phosphinic acid] ((S)-4-ACPBPA), [(+)-4-aminocyclopent-1-ene-
1-carboxylic acid] ((+)-4-ACPCA), 4-guanidinobutanoic acid (4-GBA), [(2)-3-
[(@aminoiminomethyl)thio] prop-2-enoic acid] (ZAPA), (R)- and (S)-3F-GABA,
enantiomers of syn- and anti-2,3-difluoro-4-aminobutyric acids were prepared

according to previously published methods (Allan et al., 1986; Deniau et al., 2007;
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Gavande et al., 2010a; Hanrahan et al., 2001; Hanrahan et al., 2006; Hunter et al.,
2011; Kumar et al., 2008) by Drs. Navnath Gavande from Faculty of Pharmacy, The
University of Sydney, Sydney, Australia, Ken Mewett and Katherine Locock from
Department of Pharmacology, The University of Sydney, Sydney, Australia, Luke
Hunter from School of Chemistry, The University of New South Wales, Sydney,
Australia, and Prof. David O’Hagan from School of Chemistry, The University of St

Andrews, Scotland, United Kingdom.

(£)-4-aminocyclopent-1-enecarboxamide  ((+)-4-ACPAM) and  gabazine
analogues (Table 8.1) were synthesized by Drs Katherine Locock and Navnath
Gavande (affiliations as above) and the unpublished synthetic procedures are found

in appendix.
3.2 Methods - Molecular Biology

3.2.1 Site-directed mutagenesis

Sense and antisense oligonucleotide primers were designed to introduce point
mutations into the human GABA¢ (p0:) subunits and they were synthesized by
Invitrogen (Invitrogen Australia Pty. Ltd. VIC, Australia). The QuickChange Site-
directed Mutagenesis Kit Il (Stratagene, CA, USA) was used to introduce mutations
with accordance to the manufacturer’s instructions. Briefly, the reaction mixture
contained reaction buffer (5 uL; 100 mM KCl, 100 mM (NH4)2S0,4, 200 mM Tris-HCl,
pH 8.8, 20 mM MgS0,, 1% Triton X100, 1mM/mL nuclease-free bovine serum
albumin (BSA)), p: wild-type dsDNA template (5-50 ng), sense and antisense
oligonucleotides (125 ng), dNTP (deoxynucleotide triphosphate) (1 uL) and sterile
distilled water to make the final reaction volume of 49 uL. Then 1 uL of Pfu Turbo
polymerase (2.5 U/ulL) was added to the mix and a polymerase chain reaction (PCR)
was performed using a thermal cycler (DNA Engine, MJ Research, Inc., MA, USA). The
PCR cycle conditions were shown in Table 3.1, following the manufacture’s

instructions and the size of the plasmid DNA. After the PCR reaction, the mixture was
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incubated with 1 uL of Dpn | (10U/uL) for 1 hour to digest parental dsDNA. The

mixture was kept in the freezer (-20°C).

Table 3.1 PCR cycle conditions.

Segment Number of Cycles Temperature Time
1 1 95 °C 30s
2 18 95 °C 30s
55 °C 1 min
68 °C 10 min
3 4.°C 00

3.2.2 Transformation of DNA plasmids

Desired mutant or plasmid DNAs were transformed into XL 1-Blue
supercompetent E. coli (Stratagene, CA, USA) for p;, p,, rat GIRK1, rat GIRK4,
GABAg(15) and GABAg; subunits or One Shot® TOP10/P3 competent cells (Invitrogen
Australia Pty. Ltd. VIC, Australia ) for a;, ; and y,. subunits. Transformation was

carried out according to the manufacture’s instructions.

Briefly, for XL 1-blue supercompetent E. coli, plasmid DNA (1 uL; 100 ng/uL)
and the supercompetent cells (30-50 uL) were combined in a microcentrifuge tube
and incubate on ice for 10 minutes. Then the mixture was then heat shocked by
placing the tube in a 42 °C water bath for 1 minute before returning on ice for further
5 minutes incubation. Transformed cells were then incubated in LB broth (500 uL;
10g/L typtone, 5 g/L yeast extract, 5 g/L NaCl; Sigma Chemical Co. Ltd) for p; and p,
or NZYM broth (500 ul) (BIO 101, Inc., CA, USA) for GIRK1, rat GIRK4, GABAg1,) and
GABAg; at 37 °C for at least 30 minutes (Labec Incushaker, Crown Scientific, Sydney,
Australia). Following incubation, the cultures were spread on LB agar (Sigma Chemical
Co. Ltd) plates containing ampicillin (100 ug/ml). Plates were air dried then incubated

at 37 °C for at least 16 hours.
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For One Shot® TOP10/P3 competent cells, cells (50 ulL) were thawed on ice
and combined with plasmid DNA (1 ulL; 100 ng/uL) and incubated on ice for 30
minutes. Then the mixture was heat shocked by placing the tube in a 42 °C water
bath for 30 seconds. Transformed cells were then incubated in pre-warmed SOC
medium (250 uL; 20g/L bacto-typtone, 5 g/L bacto-yeast extract, 0.5 g/L NaCl, 2.5
mM KCl, 10 mM MgCl,, 20 mM glucose) (Invitrogen Australia Pty. Ltd. VIC, Australia)
at 37 °C for exactly 1 hour at 225 rmp in a shaking incubator (Labec Incushaker,
Crown Scientific, Sydney, Australia). Following incubation, the cultures were spread
on LB agar (Sigma Chemical Co. Ltd) plates containing tetracycline (10 ug/ml) and
ampicillin (50-100 ug/ml). Plates were air dried then incubated at 37 °C for at least 16

hours.

3.2.3 Growth of E. coli. containing DNA plasmids

Isolated bacterial colonies were picked and placed in 50 mL Falcon Tubes
(Becton Dickinson, Sydney, Australia) containing LB broth (5 mL) with ampicillin (100
ug/ml) for p; and p,, NZYM broth (5 mL) with ampicillin (100 ug/ml) for rat GIRK1, rat
GIRK4, GABAg(1p) and GABAg, or LB broth (5 mL) with ampicillin (50-100 ug/mL) and
tetracycline (10 pg/mL) for a4, B, and y, subunits. Inoculated media was then
incubated for at least 16 hours at 37 °C in a shaking incubator (225 rpm). Glycerol
stocks are made from the inoculated media, which contain 20 % glycerol. They were

snapped frozen using dry ice and ethanol bath, and stored at -80°C.

3.2.4 Purification of plasmid DNA

Qiagen Spin Miniprep Kit (Qiagen, VIC, Australia) was used to purify wild-type
and mutated plasmid DNA from E. Coli cells. Cells were harvested in a microcentrifuge
tube by centrifugation (17900 x g; Eppendorf Centrifuge 5417R, Hamburg, Germany)
for 2 minutes at room temperature. The supernatant was removed and the cell pellet
was resuspended in Cell Resuspension Solution (250 uL; 50 mM Tris (pH 8), 10 mM
EDTA, 100 ug/ml of RNase A), followed by Cell Lysis Solution (250 uL; 200 mM NaOH,
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1 % SDS) to lyse the cell membrane. The mixture was thoroughly mixed and once the
solution was clear Cell Neutralizing Solution (350 uL; 4.2 M Gu-HCI, 0.9 M CH5;COOK,
pH 4.8) was added to precipitate chromosomal DNA and cell membranes. The
precipitant was then pelleted by centrifugation for 10 minutes at 17900 x g. The clear
supernatant containing plasmid DNA was retrieved and purified by QlAprep spin
column and centrifuged for 1 minute (17900 x g). The flow-through was discarded
and the column was subsequently washed by applying PB column washing buffer (500
uM; 5 M Gu-HCl, 10 mM Tris-HCI (pH 6.6) and 30 % ethanol), then it was centrifuged
for 1 minute (17900 g). After discarding the flow-through the column was washed
with PE washing buffer (750 uL; 10 mM Tris-HCI (pH 7.5) and 80 % ethanol) and it was
centrifuged for 1 minute (17900 x g). Discard the flow-through and the column was
spun for an additional minute (17900 x g) to remove the excess washing buffer
trapped in the column. Plasmid DNA was eluted by the application of Elution buffer
(50 uL; 10 mM Tris-HCI, pH 8.5) to the column and let stand for 1 minute before
centrifuging (17900 x g) it over a microcentrifuge tube for 1 minute to collect the

eluant.

The quantification and qualification of synthesized plasmid DNAs were
determined absorbance at 260 nm and 280 nm using Nanodrop Spectrophotometer
(Thermo Scientific, Wilmington, DE, USA). The purity of plasmid DNAs were accessed
using the ratio of absorbance at 260 nm and 280 nm and a ratio of ~1.8 is generally
accepted as pure (Thermo Scientific TO42 technical Bulletin). For nucleic acid
quantification, the Beer-Lambert equation was applied to use a factor with units of

ng-cm/microliter (Equation 1).

c=(A*g)/b Equation 1

Where c is the nucleic acid concentration in ng/ul, A is the absorbance in AU, ¢ is the
wavelenghth-dependent extinction coefficient in ng-cm/microliter and b is the

pathlength in cm.
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The presence of plasmid DNAs were also confirmed by agarose gel
electrophoresis (0.9 %) using the GelDoc 1000 (Bio-Rad Laboratories, Hercules, CA,
USA) and Molecular Analyst® (Bio-Rad Laboratories).

3.2.5 Mutation verification

Successful mutagenesis was confirmed by sequencing the whole gene of
interest using appropriate primers. Samples of plasmid DNA were then sent to the
Australian Genome Research Facility Ltd. (AGRF, Westmead Millennium Institute,
Westmead, Australia). The samples typically contained, plasmid DNA (600-1000 ng),
primer (0.8 pmol/ uL) and sterile distilled water to make the final reaction volume of

12 ul.

3.2.6 Linearization and purification of DNA

Plasmid DNA was linearized by incubation with Xbal enzyme for p; and rat
GIRK4, EcoRl enzyme for GABAg:,, GABAg,, rat GIRK1, EcoRV enzyme for p,, and Notl
enzyme for ai, B, and y,, for 2 hours at 37 °C. Linearized DNA was purified by
QIAquick PCR Purification Kit (Qiagen, VIC, Australia). Briefly, five volumes of buffer
PB was added to the reaction mixture and mixed thoroughly. The mixture was then
transferred to a QlAquick column and it was centrifuged (17900 x g) for 1 minute to
bind the linearized DNA to the column. The flow-through was discarded and the
column was washed by adding PE washing buffer (750 uL; 10 mM Tris-HCI (pH 7.5)
and 80 % ethanol) and centrifuged (17900 x g) for 1 minute. After discarding the flow-
through, the column was spun for an additional minute (17900 x g) to remove the
excess washing buffer trapped in the column. Linearized DNA was eluted by the
application of Elution buffer (30 uL; 10 mM Tris-HCI, pH 8.5) to the column and let
stand for 1 minute before centrifuging (17900 x g) it over a microcentrifuge tube for 1

min to collect the eluant.
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To ensure complete linearization of the plasmid DNA, agarose gel
electrophoresis (0.9 %) using the GelDoc 1000 (Bio-Rad Laboratories, Hercules, CA,

USA) and Molecular Analyst® (Bio-Rad Laboratories) was carried out.

3.2,7 cRNA synthesis

cRNA for pi1, p2, ou, B2, ya1, rat GIRK1, rat GIRK4, GABAg(1p) and GABAg, were
synthesized from linearized plasmid DNA using the T7 mMESSAGE mMACHINE kit
(Ambion, Austin, TX, USA). The transcription reaction mixture contained linearized
DNA (1 ug), reaction buffer (2 ulL; salts, buffer, dithiothreitol and other ingredients),
ribonucleotide mix (10 uL; 15 mM ATP, 15 mM CTP, 15 mM UTP, 2 mM GTP, 8 mM
Cap Analog) and T7 enzyme mix (2 ulL; T7 RNA polymerase and placental RNase
inhibitor in 50% glycerol). The total reaction volume was kept at 20 ulL. The reaction
was incubated for 90 minutes at 37 °C. The RNA produced was purified by lithium
chloride precipitation methods. Briefly, the reaction mixture was mixed thoroughly
with 30 uL of Nuclease-free water and 30 ul of LiCl precipitation solution then it was
chilled for at least 30 minutes at —20°C. Then, the mixture was centrifuged at 4 °C for
15 minutes (20817 x g; Eppendorf Centrifuge 5417R, Hamburg, Germany) to collect
the RNA pellet. The supernatant was carefully removed and the RNA pellet was
washed with 70 % ethanol (200 uL), then the mixture was centrifuged (15 minutes at
20817 x g) again to remove unincorporated nucleotides. 70 % ethanol was then
carefully removed and the RNA pellet was incubated at 37 °C for 5 minutes to remove

all ethanol. The RNA pellet was resuspended in Nuclease-free water (10-20 uL).

The quantification and qualification of synthesized cRNAs were determined
absorbance at 260 nm and 280 nm using Nanodrop Spectrophotometer (Thermo
Scientific, Wilmington, DE, USA). The purity of cRNAs were accessed using the ratio of
absorbance at 260 nm and 280 nm and a ratio of ~2.0 is generally accepted as pure
(Thermo Scientific TO42 technical Bulletin). The presence of cRNAs were also
confirmed by agarose gel electrophoresis (0.9 %) using the GelDoc 1000 (Bio-Rad

Laboratories, Hercules, CA, USA) and Molecular Analyst® (Bio-Rad Laboratories).
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3.3 Methods - Electrophysiology

3.31 Preparation and injection of Xenopus laevis oocytes

Xenopus laevis oocytes are widely used as a reliable expression system for
LGICs receptors. For this work, the lack of endogenous GABA receptors allows us

examine the expressed receptors in isolation.

Lobes of ovaries from Female Xenopus laevis (South Africa clawed frogs),
which were anaesthetized with tricane (850 mg/500 mL), were harvested in
accordance with the National Health and Medical Research Council (NHMRC) of
Australia’s ethical guidelines and approved by the University of Sydney Animal Ethics
Committee. The lobes were rinsed with oocyte releasing buffer 2 (OR2: 82.5 mM
NaCl, 2 mM KCI, 1 mM MgCl,.6H,0, 5 mM HEPES) and separated evenly by tweezers.
The lobes were then incubated with collagenase A (Boehringer Manheim, Germany)
(2 mg/mL in OR2) at 18 °C to release and defolliculate the oocytes. Stage V-VI oocytes
were collected and stored in Frog Ringer buffer (ND96: 96 mM NaCl, 1 mM
MgCl,.6H,0, 1.8 mM CaCl,.2H,0, 5 mM HEPES supplemented with 2.5 mM sodium

pyruvate, 0.5 mM theophylline) with shaking at 18 °C.

Micropipettes were made using a microprocessor-controlled micropipette
puller (PUL-100, World Precision Instruments, Inc., Sarasota, FL) and the tip was
blunted to diameter 10-20 um. They were filled with mineral oil (Sigma Chemical Co.
Ltd) and cRNA solution was pulled into the micropipette using negative pressure.
Stage V-VI oocytes were injected with 10-15 ng of cRNA. Mixtures of different cRNA
were made for heteromeric receptor expressions. A mixture of a4, 5, and y,. cRNA at
ratio of 1:1:10 was used for o f3,)2. receptor expression and a mixture of rat GIRK1,
rat GIRK4, GABAg1p) and GABAg, cRNA at the ratio of 1:1:1:2 was used to express
GABAg (1b,2) receptors co-expressed with rat GIRK1 and 4 channels. After injection,

the oocytes were stored at 18 °C with constant oscillation in ND 96 solution
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supplemented with 2.5 mM sodium pyruvate, 0.5 mM theophylline, gentamycin (50

ug / ml) and tetracycline (2.5 mg/ml). Storage buffer was changed daily.

3.3.2 Two-electrode voltage-clamp methods

The two-electrode voltage clamp method was employed to assess GABA
ligands activities at GABA receptors or the effect of mutations on the function of

GABA (p1) receptors have been examined.

Two to eight days after injections, the activity was measured by two-electrode
voltage clamp recording using Geneclamp 500 amplifier (Axon Instruments, Foster
City, CA), a Maclab 2e recorder (AD Instruments, Sydney, NSW, Australia), and Chart
version 5.5.6 program. Oocytes expressing receptors were placed in a cell bath and
clamped at -60 mV with continuous flow of ND96 buffer. The recording
microelectrodes were fabricated using PUL-100 micropipette puller (World Precision
Instruments, Inc., FL, USA) and filled with 3 M KCIl. The external bath reference

electrode was a Ag**/AgCl electrode.

To collect pharmacological data, the cell bath was continuously perfused with
ND96 and briefly switched to solutions containing drugs made with ND96 solution.
Stock solutions of GABA ligands were prepared using MilliQ water or DMSO in the
case of gabazine and its analogues. Drugs were stored at —20°C. During experiments,
stock solutions were diluted as required with ND96. The concentrations of gabazine
and its analogues were made with the total concentration of 0.8 % DMSO and not
tested higher than 3 mM concentration due to the solubility concentrations above
this. During the recording, the revel of receptor expression was determined by the
application of maximum concentration GABA that produces maximum current (ECpay)
(e.g. for GABAc p; wild-type receptors, ECrax = 100 uM). If EC,,.x GABA produced at
least 100 nA of current receptor expression was considered sufficient. To construct
agonist concentration-response curves, known concentrations of compounds were
applied until maximum responses were obtained. In the case of inhibitory

concentration response curves, antagonist effects were tested in the presence of
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GABA concentration which effectively activates 50 % of the maximum response
(ECs0). To examine the competitive nature of antagonists, a complete GABA
concentration-response curve was obtained in the presence of a known

concentration of antagonist.

When recording the function of GABAg (1b,2) receptors co-expressed with rat
GIRK1 and 4 channels, the pharmacological measurement was performed after a two
minute perfusion of ND96 and 45 mM K" buffer (45K; 45 mM NaCl, 45 mM KCl, 1 mM
MgCl,, 1.8 mM CaCl,, 5 mM HEPES). Traces recorded in ND96 buffer were substracted
offline from traces recorded in 45 mM K* buffer to correct the leak currents from
endogenous oocyte. While recording, the oocytes were initially superfused with ND96
buffer until a stable baseline current was obtained, and then switched to 45 mM K*

buffer.

Compounds were superfused till a steady baseline was achieved and the
washing intervals were depending on the nature of receptors and compounds tested
at the time. Typically, for p; and p, homomeric receptors, 5 minutes of washing
interval was performed between doses. However, when testing SR-95531 and its
analogues 10 minutes of washing interval was performed. When testing as,/52721
heterometric receptors, 8 minutes of washing interval was performed between
doses. At the beginning of the recording, each cell was tested by Zn** (100 uM) with
the presence of GABA ECso (30 uM) to ensure y, incorporation. No GABA current
inhibition by Zn** was considered to be the successful expression of a1,f2y2
receptors. For GABAg receptors co-expressed with rat GIRK1 and rat GIRK4 channels,

6 minutes of washing interval was performed between does with 45 mM K" buffer.

3.4 Pharmacological data analysis
Current responses were normalized to the maximum GABA-activated current

recorded in the same cell and expressed as a percentage of this maximum and fitted

by least squares to Hill equation (Equation 2). GABA concentration response curves
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were generated using GraphPad PRISM 5.02 (GraphPad software San Diego, CA). For
other agonists tested at GABA receptors, the responses were normalized by GABA

ECnax cOncentrations in order to construct their concentration response curves.

I'= Inax[A]™/(ECso™ + [A]™) Equation 2

Where [ is the current response to a known concentration of agonist, /max is the
maximum current obtained, [A] is the agonist concentration, ECs is the concentration

of agonist at which current response is half maximal and ny is the Hill coefficient.

Dissociation equilibrium constants (Kg) were estimated via the Schild equation
(Equation 3). Where [B] is the antagonist concentration, [A] is the ECso of GABA in the
presence of antagonist, [A*] is the ECso of GABA in the absence of antagonist. The
Schild plot of log([A]/[A*] — 1) versus log [B] was fitted and if the slope was
sufficiently close to one indicated B was a competitive antagonist. The intercept on
the x-axis provided an estimate of log Kz. Data are expressed as mean * standard

error of the mean (SEM).

Ks = [B]/([A]/[A*] - 1) Equation 3

The inhibitory concentration curves were generated using GraphPad PRISM 5.02 and

ICso values were calculated using equation 4.

I = Imax[A]"/(1Cs0™ + [A]™) Equation 4

| is the peak current at a given concentration of agonist, Imax is the maximal current
generated by the concentration of agonist, [A] is the concentration of GABA, ICso is
the antagonist concentration, which inhibits 50% of the maximum GABA response,

and ny is the Hill coefficient.

.
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3.4.1 Estimating tpeactivation fOor the GABA deactivation phase

The deactivation phase of the currents produced by GABA ECso concentrations
were fitted with a monoexponential decay curve using GraphPad PRISM 5.02
(GraphPad software San Diego, CA) to estimate the Tpeactivation fOr p1 wild-type and

mutant receptors.

3.5 Statistical analysis

Student’s t-test was performed to determine the statistical significance of the
change in ECsg, ICsp and Tpeactivation Values at pywild-type and pymutants. Two-tailed
distributions, unequal variance and log of ECsg, ICsop OF Tpeactivation Values from p;wild-

type and pymutants were used where appropriate.
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GABA binding conformations

~ 59 ~



Chapter 4:

Chapter 4: GABA binding conformations

4.1 GABA binding conformations at GABA receptor
ligand binding site

GABA 1 contains three rotatable carbon-carbon bonds that give rise to
multiple configurations (Figure 4.1). The various low energy conformations of the
molecule are important for its inhibitory effects in the central nervous system (CNS),
as different conformations of GABA interact with different classes of GABA receptors,
enzymes and transporters essential for developing potent and subtype selective

agents.

3
HoN %/COOH
4 2

GABA 1

Figure 4.1 Structure of GABA. Rotatable carbon chain gives a rise to a number of different conformations
of GABA.

3-fluoro-GABA enantiomers (3F-GABA) were introduced as conformational
probes by O’Hagan and co-workers (O'Hagan, 2011). They explored various GABA
binding conformations at GABAx (a1f%y,) receptors and GABA transaminase by
comparing relative agonist activities of the enantiomers (Deniau et al.,, 2007).
Introduction of fluorine at the third carbon of GABA creates a stereogenic centre,
resulting in (5)-3F-GABA 2 and (R)-3F-GABA 3 (Figure 4.2). Fluorine has a partial
negative charge due to its electonegativity. It forms a dipole of the C-F bond and it
favours a close interaction with the protonated ammonium group (ie., F--N+
attraction), which provides up to 5.0 kcal mol™ stability (Gooseman et al., 2007;
O'Hagan, 2008; Sun et al., 2005). Newman projections of the three staggered
conformations of the enantiomers of 3F-GABA (Figure 4.2) suggests that both

enantiomers prefer the gauche conformations due to the interaction between the
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fluorine and ammonium group. In addition, there are two disfavoured conformers,
where the fluorine and ammonium group are anti to each other (Figure 4.2). Using this
concept, the preferred chiral binding mode was assessed by comparing the activities
of enantiomers of 3F-GABA at GABAs (a1f%.}») receptors and GABA transaminase
(Deniau et al., 2007). It was found that both enantiomers of 3F-GABA were partial
agonists with similar /.x and ECsp values at recombinant a; 3,7, receptors suggesting
that they bind at the receptor in a similar conformation around C3 and C4

(Conformaer B) (Deniau et al., 2007).

H H,CCO, F
i H @H H @ H H H
HoN \A/M\/COOH “0,CCH, F F H H H,CCOy
' NHz* NHg* NH*
(S)-3F-GABA 2 disfavoured
A B C
r F H,CCO, -
= Hﬁa H H@H - @ H
HH \“,@’a\/ GoaH "0,CCH, H H F F H,CCO,
NH5* NH,* NHg*
(R)-3 F-GABA 3 disfavoured

Figure 4.2 Newman projection showing staggered conformations. Three staggered conformations A, B
and C are shown after rotation around third and fourth carbons. Conformer A for (R)-3F-GABA and
conformer C for (5)-3F-GABA are disfavoured, due to the fluorine and ammonium group are anti to each
other. Figure adapted from reference (Deniau et al., 2007).

4.2 Exploring GABA binding mode at GABAc receptor

using conformational probes

Extensive mutagenesis studies and GABA analogue activities have contributed
in developing homology models of the GABAc receptor binding site (Chebib et al.,
2001; Chebib et al., 1997b; Crittenden et al., 2005; Harrison et al., 2006a; Lummis et
al., 2005; Sedelnikova et al., 2005). However, the GABA binding mode at GABAc
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receptors is not yet clear. Several studies have hypothesized the binding mode of
GABA using different homology models of the GABA binding site (Abdel-Halim et al.,
2008; Adamian et al., 2009; Harrison et al., 2006b; Osolodkin et al., 2007; Sedelnikova
et al., 2005), and each study proposes different amino-acid residues that make
contacts with GABA, and their assessment of the conformation of the molecule on
binding varies. One model (Harrison et al., 2006b) predicts an extended structure for
GABA binding whereas two of the models (Abdel-Halim et al., 2008; Osolodkin et al.,
2007) predicted a similarly folded conformation, although they differ in the nature of
the amino-acid residues contacted by the neurotransmitter. A quantitative structure-
activity relationship model was constructed using conformationally restricted GABA
analogues, and it was revealed that the putative optimal binding geometries of GABA
at GABA receptor binding site was similar to the biologically active TACA conformer

(Figure 2.16) (Crittenden et al., 2005).

Figure 4.3 Proposed binding conformation of GABA at GABA( receptors. Figure adapted from reference
(Crittenden et al., 2005).

Here, we investigated the binding mode of GABA at GABA( receptors using
stereoisomers of 3F-GABA and new fluorinated GABA analogues, 2,3-difluoro-4-
aminobutyric acids as conformational probes (Figure 4.4). GABA receptors were
expressed on Xenopus oocytes and the activities of ligands were measured using two-

electrode voltage clamp method.

The conformational probes were synthesized by Dr. Gildas Deniau, EASTChem
School of Chemistry and Center of Biomolecular Sciences, The University of St.
Andrews, United Kingdom and Dr. Luke Hunter, School of Chemistry, The University

of New South Wales, Australia. Docking studies using the GABA: p: receptor
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homology model (Abdel-Halim et al., 2008) were performed by Dr. Navnath Gavande
and Dr. Munikumar Reddy Doddareddy, Faculty of Pharmacy, The University of
Sydney, Australia. The conformational characteristics of compounds 4-7 (Figure 4.4)
were probed using NMR simulation which was carried out by Dr. Luke Hunter,

affiliation as above and Dr. Meredith Jordan, School of Chemistry, The University of

Sydney, Australia.

3 E
HN __~_-COOH HoN \/'\/COOH HN __A\__-COOH
GABA 1 (5)-3F-GABA 2 (R)-3F-GABA 3
syn-Isomers
F F
HoN \/§\/COOH HoN COOH

F

(25.,35)-2,3-Difluoro-4-aminobutyric acid 4 (2R,3R)-2,3-Difluoro-4-aminobutyric acid 5

anti-Isomers

i

: H,N COOH

H,N \/YCOOH

F
(2R,3S)-2,3-Difluoro-4-aminobutyric acid 6

(2S,3R)-2,3-Difluoro-4-aminobutyric acid 7

Figure 4.4 Structures of GABA 1, enantiomers of 3F-GABA 2,3 and stereoisomers of 2,3-difluoro-4-

aminobutyric acid 4-5.
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4.2.1 Results and discussion

4.2.1.1 Enantiomers of 3F-GABA at GABAc receptors

The activities of (S)-2 and (R)-3F-GABA 3 were assessed at recombinant human
GABAc (01 and p,) receptors expressed in Xenopus oocytes, and the two-electrode
voltage clamp was used to measure the response. GABA concentration response
curves at (1) and (p,) homomeric receptors revealed GABA being 2-fold more potent
on (p,) receptors (Table 4.1). Like GABA, compounds 2 and 3 displayed agonist
activity without any antagonist effects. Both of the enantiomers were less potent
agonists than GABA itself, by up to 10-fold for compound 2 and 20-fold for compound
3 (Figure 4.5, Table 4.1). This trend in potency was similar to what was observed
previously with GABA, (a1 /3,y,) receptors (Deniau et al., 2007) and is probably due to
fluorine reducing the pK, of the amine (10.6 to 9.0), and thus weakening electrostatic
interactions, such as hydrogen binding (H-bond) and cation-mt interaction between the
ligand carboxylate group and the arginine at position 104 (Arg104) and 158 (Arg158),
to the surface of the receptors. This in turn suggests the folded binding conformation
C (Figure 4.2) for GABA 1 best resemble the conformation of binding to the GABAc
receptors. The data conflicts with one recent model (Harrison et al., 2006b) which
suggests a linear extended structure for GABA binding to GABA( receptors. The two
studies (Abdel-Halim et al., 2008; Osolodkin et al., 2007) that propose a folded
conformation for GABA binding to GABA: receptors, also predict the same chiral
sense for binding i.e. conformation C (Figure 4.3) rather than conformation A,
therefore this study which compares compounds 2 and 3 reinforces that developing

hypothesis.
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Figure 4.5 Concentration-response curves for GABA 1, (S)-3F-GABA 2 and (R)-3F-GABA 3 at GABA.
receptors. A at human (p;) receptors and B at human (p,) receptors expressed in Xenopus oocytes. Data
are the mean + SEM (n = 3-4 oocytes). Figure adapted from reference (Yamamoto et al., 2011a).

Table 4.1 Pharmacological evaluation of compounds 1-3 at human human (p;) and
(p2) receptors expressed in Xenopus oocytes.

P P2’
GABA 1 ECs0=0.81 £0.07 uM ECsp = 0.48 = 0.05 uM
(5)-3F-GABA 2 ECs0=18.72 + 0.60 uM ECsp=10.76 = 1.90 uM
(R)-3F-GABA 3 ECs0=11.10 + 1.24 uM ECs0=2.92 + 0.66 uM

? All data are the mean = SEM (n = 3-4 oocytes).
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To delineate the key interactions responsible for differences in potency, the
structures of compounds 1-3 were flexibly docked into the ligand-binding site of a
homology model of GABA( (1) receptor ligand binding site (Abdel-Halim et al., 2008)
(Figure 4.6). Both ligands docked in the more favourable gauche conformation
(O'Hagan, 2011), with the dipole of the C-F bond pointing towards the positively
charged amino group of the ligands. The acidic groups of the ligands were flanked
between the guanidium groups of arginine at position 104 (Arg104) and position 158
(Arg158) forming a salt bridges and H-bonds with the hydroxyl group of threonine at
position 244 (Thr244). The basic amine group oriented towards the acidic amino acid,
gulutamate at position 196 (Glul96), forming an H-bond. Additionally, the amino
group of the ligands was shown to be making an H-bond with tyrosine at position 198
(Tyr198) and serine at position 168 (Ser168), which may be important for the shape

and stability of the active site.

For both isomers the orientation of the C-F bond was examined for its
interaction with other groups which may contributing their stability or instability in
the binding site. There were no obvious short contacts to F in the case of (S)-3F-GABA
2. In the case of (R)-3F-GABA 3, the C-F bond is located 3.5 A from a guanidium
hydrogen of Arg104 (Figure 4.6). This is beyond a reasonable H-bonding distance for
organic bound fluorine (Howard et al., 1996), and the C-F to H-N angle is rather acute,

however this interaction may contribute additional stabilisation for that isomer.

~ 166~



Chapter 4:

Glul%

Figure 4.6 Enantiomers of 3F-GABA docked into the homology model of (p;) receptor GABA binding site.
A GABA 1 and (S)-3F-GABA 2 docked in the binding site. Selected H-bonds are depicted with dashed pink
lines. B GABA 1 and (R)-3F-GABA 3 docked in the binding site. Selected H-bonds are depicted with dashed
pink lines. Figure adapted from reference (Yamamoto et al., 2011a).

4.2.1.2 Stereoisomers of 2,3-difluoro-4-aminobutyric acids at GABA

receptors

The introduction of fluorines at C2 and C3 positions lead to four stereoisomers
of 2,3-difluoro-4-aminobutyric acids (4-7) (Figure 4.4). The highly polarized C-F bond
participates in a variety of stereoelectronic interactions with neighbouring functional
groups in ways that affect the molecular conformation. Therefore, compounds 4-7
were expected to form different preferred conformations leading to different binding

properties at GABA receptors.

The pharmacology of compounds 4-7 was investigated at GABAA (a1f:Y21),
GABAg (1b,2) co-expressed with rat GIRK1 and rat GIRK4, and GABA¢ (p:) receptors
(Table 4.2). In the case of GABAa (a1f3:Y21) receptors, the syn-isomers 4 and 5 are
inactive at 100 uM whereas the anti-isomers 6 and 7 exhibited modest antagonist
activities (Figure 4.7). The higher GABA, activity of the anti-isomers 6 and 7 relative to
the syn-isomers 4 and 5 is consistent with a folded binding conformation as predicted
by previous studies (Deniau et al.,, 2007; Dickenson et al.,, 1990). However, the
fluorine substituents of 4-7 were expected to lower the pK, of the amino group,
substantially decreasing the potency. Hence the magnitude of the activities at GABA,

receptors is very small so this conclusion is rather tentative.
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At the GABAg (1b,2) receptors, compound 4 was inactive, while 5-7 exhibited
varying degrees of agonist activity with 5 being the most potent agonist (Figure 4.8).
To our knowledge, no detailed model of the binding geometry of GABA at GABA;
receptors has been created, so this result may be relevant to future endeavours in

this regard.

At the GABA( (p;) receptor some intriguing trends were observed (Figure 4.9
and Table 4.2). The syn-isomers 4 and 5 were more potent at GABA( receptors than
the anti-isomers 6 and 7, and this is consistent with a binding mode in which the
GABA carbon chain adopts a trans conformation (Crittenden et al., 2005). The high
selectivity of compound 4 for GABA: over both GABA, and GABAg receptors is
striking, and it is also interesting that compound 5 exhibited dual GABAz/GABA
receptor selectivity despite the closer structural relationship between GABA, and
GABA( receptors. Of particular note is the observation that compound 4 is an agonist
at GABAc (1) receptors while compound 5 is an antagonist (Figure 4.10 and Table
4.2).
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Figure 4.7 Sample current trace (nA vs sec) showing the effect of compounds 4-7 at GABA, (1f3,721)
receptors expressed in Xenopus oocytes. A 4 had no agonist effect at 100 uM (red bar), and did not
inhibit the current produced by GABA (30 uM) (grey bar). B 5 had no agonist effect at 100 uM (green bar),
and did not inhibit the current produced by GABA (30 uM) (grey bar). € 6 had no agonist effect at 100 uM
(blue bar). However the current produced by GABA (30 uM) (grey bar) was inhibited by 5.3 % in the
presence of 6 (100 uM) (blue bar). D 7 had no agonist effect at 100 uM (purple bar). However the current
produced by GABA (30 uM) (grey bar) was inhibited by 8.3 % in the presence of 7 (100 uM) (purple bar).
Figure adapted from reference (Yamamoto et al., 2011b).
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Figure 4.8 Sample current trace (nA vs sec) showing the effects 4-7 at human GABA; (1b/2) receptors co-
expressed with GIRK1/4 channels in Xenopus oocytes. In the presence of 45 mM K+ buffer (open bar), 4
had no effect as agonist or antagonist when tested at 100 uM (red bar). 5 (100 uM) activated the receptor
by 106.4 % compared to the current produced by GABA ECs, (grey bar). 6 (100 uM; blue bar) and 7 (100
uM; purple bar) produced weak agonist responses alone (4.6 % and 23 %, respectively) without inhibiting
the response produced by GABA (1 uM). Figure adapted from reference (Yamamoto et al., 2011b).
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Figure 4.9 Sample current trace (nA vs sec) showing the effect of 4-7 at GABA( (p;) receptors expressed
in Xenopus oocytes. A Sample current trace showing weak agonist effect of 4 at 100 uM (red bar). 4 had
additive effects in the presence of GABA (1 uM) (grey bar) indicating no antagonist properties. B 5 had no
agonist effect at 100 uM (green bar) but inhibited the current produced by GABA (1 uM) (grey bar) by
50.2 %. € 6 had no agonist effect at 100 uM (blue bar). However the current produced by GABA (1 uM)
(grey bar) was inhibited by 14.8 % in the presence of 6 (100 uM) (blue bar). D 7 had no agonist effect at
100 uM (purple bar). However the current produced by GABA (1 uM) (grey bar) was inhibited by 15.4 % in
the presence of 7 (100 uM) (purple bar). Figure adapted from reference (Yamamoto et al., 2011b).
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Figure 4.10 Pharmacology of compound 4 and 5 at human GABA (p;) receptors expressed in Xenopus
oocytes. A Concentration response curves for GABA 1 and compound 4. Each data point represents the
mean = SEM (n = 4 oocytes). All data are normalized with lgaga (100 v B Inhibitory concentration response
curve for compound 5. Each data point represents the mean + SEM (n = 4 oocytes). All data are
normalized with Igaga 1 v Figure adapted from reference (Yamamoto et al., 2011b).

Table 4.2 Pharmacological evaluation of compounds 4-7 at GABA receptors
expressed in Xenopus oocytes.

GABA4 (01182y21) © GABAg (1b,2) ° GABAc (p1) °
4 0%°” 0% ECso=154.7 5.4 uM @
5 0%" 106.4+2.8%° ICso = 128.4 8.2 uM ©
6 53+34%" 46+2.0%"° 148+1.2%"
7 83+22%" 23.0£25%"° 154+3.6%

? All data are the mean = SEM (n = 3-4 oocytes). ® percent inhibition of 100 uM
compound in presence of ECso GABA 1 (30 uM). © Percent activation by 100 uM
compound compared to the response produced by ECso GABA 1 (1 uM). ¢ Agonist
activity (Figure 4.10A). ¢ Antagonist activity (Figure 4.10B). ! percent inhibition of 100
uM compound in presence of ECso GABA 1 (1 uM).
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The conformational characteristics of compounds 4 and 5 were probed by
NMR and molecular modelling studies. The lowest-energy geometries were found to
be 4a and 4b (Figure 4.11). The syn-isomer 4 was found to have a strong preference
for the fully extended conformation 4a (Figure 4.11A) in aqueous solution. This
conformation gives gauche alignment between C3-C4 bond due to the charge-dipole
interaction (F---N" attraction). Rotation about C3-C4 bond of conformer 4b leads to
the next higher energy conformer 4b (Figure 4.11A), which also benefits from F---N*
proximity and the fluorine gauche effect. Both low-energy geometries of 4 contain a
trans arrangement of the carbon atoms, and notably, the slightly higher-energy
conformer 4b closely resembles the proposed active geometry of GABA at GABA¢ (1)

receptors (Figure 4.3) (Crittenden et al., 2005).

In the case of the syn-isomer 5, the minimum energy conformer was 5a and
this geometry has the same N-C-C-C-C arrangement as 4a (Figure 4.11B). However,
the next higher energy conformer was 5b and contains a non-superimposable N-C-C-
C-C arrangement compared with 4b, so compound 5 cannot readily access the

proposed GABA binding geometry at GABA( (,01) receptors.

gl — 3

4a (0.0 kd/mol)

5a (0.0 kJ/mol) 5b (+2.4 kJ/mol)

Figure 4.11 Lowest-energy conformations of compounds 4 and 5. Structures resembling to the proposed
GABA( receptor binding mode (4b) is highlighted. Figure adapted from reference (Yamamoto et al.,
2011b).
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In an attempt to gain further information about the molecular interactions
governing agonist vs. antagonist activity in this system, docking studies were
performed using a homology model of the GABA¢ (p1) receptor ligand binding site
(Abdel-Halim et al., 2008). The two lowest-energy conformers of 4 and 5 were rigidly
docked in separate experiments (Figure 4.12). Previous studies identified several
amino acid residues that are critical for binding, including Arg158 and Arg104 which
form salt bridges with the GABA carboxylate group, and Tyr198 which forms a
hydrogen bond and a cation-it interaction with the GABA ammonium group (Abdel-
Halim et al., 2008; Lummis et al., 2005). When the fully extended conformer of 4a is
docked into the model of the receptor, no hydrogen bonding contact with Tyr198 was
observed (Figure 4.12A), and so it was concluded that the fully extended conformer is
unlikely to be the bioactive geometry. In contrast, when the next higher-energy
conformer of 4b is docked, the contact with Tyr198 is restored (Figure 4.12A). This
next-higher energy conformer of 4 is close to the proposed GABAc-active geometry

(Figure 4.3) (Crittenden et al., 2005).

When the enantiomeric ligand 5 was docked, both the fully extended and the
next-higher energy conformers (5a and 5b, respectively) made contacts with Arg158,
Arg 104 and Tyr198 (Figure 4.12B). However, in both cases this entails a significantly
altered docking pose that involves substantial deviation of the carbon chain from the
alignment previously described by the proposed putative optimal binding geometries
of GABA and in the study using compounds 2 and 3 (Figure 4.3, Figure 4.6) (Abdel-
Halim et al., 2008; Crittenden et al., 2005). This deviation could lead to additional
steric interactions with other binding site residues such as Thr244, possibly leading to

a more open binding site and, hence, antagonist activity (Abdel-Halim et al., 2008).
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Figure 4.12 Compounds 4 and 5 docked into the homology model of (p,) receptor GABA binding site. A
Overlay image of conformers 4a and 4b docked in the binding site. Selected H-bonds are depicted with
dashed green lines. B Overlay image of conformers 5a and 5b docked in the binding site. Selected H-bonds
are depicted with dashed green lines. Figure adapted from reference (Yamamoto et al., 2011b).

75



Chapter 4:

4.3 Conclusion

In summary, the studies suggest a different mode of GABA binding at GABA
and GABA( receptors (Figure 4.13). The proposed mode of GABA binding at GABAc
receptors provided by enantiomers of 3F-GABA and the stereoisomers of 2,3-difluoro-
4-aminobutyric acids support the putative optimal binding geometries of GABA at
GABA( receptors predicted by a quantitative structure-activity relationship model and
the p; homology modelling study (Abdel-Halim et al., 2008; Crittenden et al., 2005).
Furthermore it was found that the syn-isomers of 2,3-difluoro-4-aminobutyric acids (4
and 5) have opposite pharmacology at GABA( (p;) receptors. These studies contribute
to understanding the binding mode of GABA and to the pharmacology of GABAergic
compounds at GABA( receptors. The findings will give insight into the design and

development of new ligands with therapeutic values at GABA receptors.

© H

H H.
O:'C"',’ eo C Y4y H

2
H\H
. H” SNHD

H™ "NH,
GABA receptor GABA, receptor
binding mode binding mode

Figure 4.13 Proposed binding conformations of GABA 1 at GABA, and GABA_ receptors. Figure adapted
from reference (Yamamoto et al., 2011a).
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Chapter 5: Differentiating enantioselective

actions of GABOB

4-Amino-3-hydroxybutanoic acid (GABOB) is an endogenous molecule found
within the central nervous system (CNS), possessing anticonvulsant properties
(Johnston, 1996a). It is formed by two metabolic pathways: Either the metabolism of
putrescine to y-aminobutyric acid (GABA) and then hydroxylation of GABA at the third
carbon (C3) (Nakao et al., 1991; Noto et al., 1988), or by the hydroxylation of
putrescine to 2-hydroxyputrescine and then oxidative N-dealkylation to GABOB (Noto
et al., 1988). Introducing a hydroxyl group at the C3 position of GABA generates a
stereogenic centre, thus producing the enantiomers R-(-)-GABOB and S-(+)-GABOB
(Figure 5.1). Of the two enantiomers, R-(—)-GABOB is the more potent anticonvulsant
(Nakao et al., 1991) and has been shown to have a greater inhibitory effect on
induced seizures in cat brain and rabbit motor cortex (Aishita et al., 1978; Katayama

et al., 1977).

Like GABA, GABOB mediates its inhibitory effects by activating ionotropic
(GABA, and GABA() and metabotropic (GABAg) receptors. Both isomers of GABOB act
as agonists at all three classes of GABA receptors. However there are differences in
their potencies: The affinity of S-(+)-GABOB is higher than R-(-)-GABOB at GABAa
receptors (Krogsgaard-Larsen et al., 1985; Roberts et al., 1981). In contrast, R-(-)-
GABOB is the more potent agonist at GABAg and GABA receptors (Falch et al., 1986;
Hinton et al., 2008). While S-(+)-GABOB shows similar efficacy for GABAc receptors, it

acts as a partial agonist at GABAg receptors (Ong et al., 2001).

Of particular interest to this study is the ionotropic GABAc receptor. GABAc
receptors are members of the Cys-loop superfamily of ligand-gated which include
nicotinic acetylcholine (nACh), serotonin type-3A (5-HTsa), strychnine-sensitive
glycine, GABA, receptors and invertebrate glutamate-gated chloride channels (GluCl)
(Corringer et al., 2010; Hilf et al., 2009a; Miller et al., 2010; Thompson et al., 2010)

and share a similar tertiary and identical quaternary pentameric structure (Ortells et
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al., 1995). GABAc receptors are formed by p subunits (p1-p3) and exist as
homopentameric receptors with distinct pharmacology compared to that of GABA,
and GABAg receptors (Chebib et al., 2000; Zhang et al., 2008). They are highly
expressed in retina and in distinct areas of the brain; cerebellum (Rozzo et al., 2002),
hippocampus (Alakuijala et al., 2005), superior colliculus (Boue-Grabot et al., 1998)
and lateral amygdala (Cunha et al., 2010). Experimental evidence suggests that GABAc
receptors are potential therapeutic targets for the treatment of myopia (Stone et al,,
2003), anxiety (Cunha et al.,, 2010), memory (Johnston, 2002) and sleep-related
disorders (Arnaud et al., 2001).

Agonist Partial agonist OH \
HN™ " cooH HZN/Y\COOH HNT Y ScooH HoN \/[_\<N (/J/\COOH
OH OH o’ HN
GABA R-()-GABOB S-(+-GABOB Muscimol 4AA
Antagonist
OH OH OH OH
HNT NS HzN/Y\P/\ HNSNSE TSN
O// Me O// Me CE) H O// Me O// OH
3-APMPA $4)-CGP44532 R-(+H)-CGP44533 3-APA

Figure 5.1 Structures of agonists; GABA, R-(-)-GABOB, S-(+)-GABOB, partial agonists; muscimol, 14AA
and antagonists; 3-APMPA, S-(-)-CGP44532, R-(+)-CGP44533, 3-APA. Figure adapted from reference
(Yamamoto et al., 2012a)

In this study, we docked the enantiomers of GABOB in our previously reported
homology model of the p; receptor binding site (Abdel-Halim et al., 2008) (Figure 5.2)
in order to elucidate the key interactions between the receptor and ligands.
Threonine at position 244 (T244) in the p; subunit is located in loop C of the ligand
binding site. This residue is highly conserved in chloride selective Cys-loop receptors,
such as the GABA,,c and glycine receptors (Amin et al., 1994; Brejc et al., 2001). Our
homology model predicts a possible hydrogen-bond (H-bond) formation between the
acidic group of GABA and the hydroxyl group of T244 (Yamamoto et al., 2011a) and a
possible H-bond between the C3-hydroxyl group of GABOB and T244 (Figure 5.2). In
addition, the model predicts there are no H-bonds between the C3-hydroxyl group of

the phosphinic analogue of GABOB, S- and R-(3-amino-2-
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hydroxypropyl)methylphosphinic acid (S-(-)-CGP44532 and R-(+)-CGP44533) and
T244 (Figure 5.2). However, a possible H-bond was predicted with methyl
phosphonate analogues of GABA, possibly as a result of the extra oxygen in the
compound (Xie et al., 2011). To validate these predictions, we mutated T244 to
explore the effect on affinity and efficacy of these ligands using molecular biology and
electrophysiology techniques. Partial agonists were also examined to explore the

effect of the mutation on channel gating.

Docking studies using the GABAc p; receptor homology model (Abdel-Halim et
al., 2008) were performed by Dr. Munikumar Reddy Doddareddy, Faculty of

Pharmacy, The University of Sydney, Australia.

5168 /7 7 ot o S168 T e\
o ,

Figure 5.2 Ligands docked into the p, receptor GABA binding site. A The hydroxyl group of R-(-)-GABOB
(vellow) and S-(+)-GABOB (green) forming H-bond with the hydroxyl group of T244. Selected H-bonds are
depicted with dashed cyan lines. B The hydroxyl group of R-(+)-CGP44533 (yellow) and S-(-)-CGP44532
(green) not interacting with T244. Selected H-bonds are depicted with dashed cyan lines. Figure adapted
from reference (Yamamoto et al., 2012a).
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5.1 Results and discussion

5.1.1 Mutation at threonine 244

The role of the hydroxyl group on the side-chain of the threonine residue at
position 244 (T244) was explored by mutating T244 to alanine (T244A), glycine
(T244G), serine (T244S), valine (T244V), isoleucine (T244l), leucine (T244L) and
phenylalanine (T244F). As previously reported, only the serine mutant (T244S)
produced receptors that elicited a chloride current in response to GABA (Amin et al.,
1994). The observed GABA ECsq value at p;T244S mutant receptors was increased by
39-fold compared to p; wild-type receptors (Table 5.1), indicating that GABA has
reduced potency for the mutant receptor. This is consistent with previous findings
(Figure 5.3) (Amin et al., 1994). Altered GABA sensitivity indicates either a change in
GABA binding for the orthosteric binding site or a change in receptor gating.
Homology modelling predicts that the acidic group of GABA may form an H-bond with
the hydroxyl group of T244 (Yamamoto et al., 2011a), indicating that the change in
GABA potency observed at the p;T244S mutant is most likely the result of altered

binding and/or gating.

Mutation of T244 to amino acids that lack a hydroxyl group in their side chain
(T244A, T244G, T244V, T2441, T244L and T244F) resulted in a lack of GABA-mediated
responses, even when GABA was tested at a concentration of 30 mM (n = 9-15). This
suggests that a hydroxyl group at position 244 in GABA p; receptors is important for
GABA induced receptor activation. To assess the effect of the T244 mutation on
receptor gating, we examined the activity of the partial agonists, muscimol and
imidazole-4-acidic acid (14AA), at p;T244S mutant receptors. The intrinsic efficacy of
muscimol at 100 uM produced 2.4 = 0.8 % (n = 5) of the maximum response of GABA
(1 mM) at p;T244S mutant receptors, and it was reported that muscimol at 100 uM
produce 79 % of the maximum response of GABA at p; wild-type receptors (Carland
et al., 2004) (Figure 5.4A). We did not observe 14AA (1 mM, n = 4) acting as an agonist
at p;T244S mutant receptors (Figure 5.4B). However, at the concentrations we

tested, muscimol and 14AA acted as antagonists (Muscimol; ICso = 32.8 £ 2.2 uM, n =
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6, 14AA; ICso = 21.4 = 1.7 uM, n = 4) (Figure 5.4C, D and E, Table 5.1). The conversion
of a partial agonist to antagonist at mutant receptors infers that while the compound
still binds to the receptor, they are unable to activate or gate the receptor. Thus, our

results demonstrate that mutation of T244 alters receptor gating.

Interestingly, we and others (Amin et al., 1994) showed that mutating T244
has a much more dramatic effect on GABA potency compared to mutating the
adjacent serine residue (5243) of the p; subunit (Harrison et al., 2006a). Mutation of
serine 243 to alanine (5243A) afforded mutant receptors that were functional, with
GABA potency reduced only by approximately 2-fold compared to p; wild-type
(Harrison et al., 2006a). The lack of a hydroxyl group in the residue at 243 did not
strongly change the potency of GABA. However, our results confirm the fact that
removal of the hydroxyl group at T244 was not tolerated (Amin et al., 1994),
indicating that the T244 has a more important role in p; receptor GABA mediated

channel gating than S243.

~ 82 ~



Chapter 5:

127 o wr

M ax
=)
il

001 01 1 10 100 1000 10000

GABA (uM)

1 utM GABA 100 pM GABA

WT

30 pM GABA 1 mM GABA

T244S
| 100 nA

50s

Figure 5.3 Effect of mutation at threonine 244. A Normalized concentration-response curves from
responses to GABA for p, wild-type and p;T244S mutant receptors expressed in Xenopus oocytes. Each
data point represents the mean + SEM (n = 4-7). All data are normalized with Iy, which refers to their
maximum current. B Example of responses for GABA at p; wild-type and p;T244S receptors at
approximately ECs, and ., GABA concentrations. Figure adapted from reference (Yamamoto et al.,
2012a).
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Figure 5.4 Effect of partial agonists at p;T244S mutant receptor expressed in Xenopus oocytes. A Sample
current trace showing the effect of muscimol (green) (30 uM and 100 uM) at p,T244S mutant receptors. B
Sample current trace showing the effect of 14AA (purple) (100 uM and 1 mM) at p;T244S mutant receptors.
C Sample current trace showing inhibition of GABA ECs, 30 uM (black) by muscimol concentrations, 3 uM,
30 uM and 300 uM (green). D Sample current trace showing inhibition of GABA ECsy 30 uM (black) by 14AA
concentrations, 3 uM, 30 uM and 300 uM (purple). E Inhibitory concentration response curves for

muscimol (green) and I14AA (purple) at p,T244S

mutant receptors. Data are the mean = SEM (n = 4-6

oocytes). All data are normalized with lgaga 30 v concentrations. Figure adapted from reference

(Yamamoto et al., 2012a).
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T244 is located in loop C within the orthosteric binding site. Studies using
crystal structures of the related acetylcholine binding protein (AChBP) have shown
that upon agonist binding, loop C undergoes a distinctive binding conformation,
resulting in constriction of the binding site (Celie et al., 2004; Hansen et al., 2005).
Loop C directly interacts with ligands, suggesting that a conformational change in loop
C is one of the first steps which contributes to the channel gating. Other studies using
rate-equilibrium free energy relationships (REFER) (Purohit et al., 2007c) examined
the sequence of conformational changes during nACh receptor channel gating and
found the conformational changes at the extracellular domain of the receptor before
the channel gating. In another study using REFER (Purohit et al., 2007b), it was found
that residues in loop C of the mouse ACh receptor a-subunit and the surrounding
area undergo initial stages of gating motion upon changes in receptor conformation.
Taken together, these studies provide strong evidence that loop C is involved in
agonist-mediated channel gating. Our homology modelling of the p; subunit predicts
that T244 may be involved in GABA binding and/or gating (Yamamoto et al., 2011a).
In agreement with this prediction, introduction of the T244S mutation into p;
resulted in an approximately 39-fold change in GABA affinity, which is consistent with
that previously reported (Amin et al., 1994). In addition, changes in the efficacy of the
partial agonists muscimol and I4AA were observed. The partial agonists acted as
antagonists at the mutant receptors. These findings, along with data from other
groups (Celie et al., 2004; Hansen et al., 2005; Purohit et al., 2007b) strongly suggests

that mutation of T244 predominantly alters receptor gating as well as GABA binding.
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Table 5.1 Pharmacological data for agonists and antagonists at p; wild-type and
172445 mutant receptors expressed in Xenopus oocytes.

p1wild-type receptors 01T244S mutant receptors
GABA EC50=0.8+0.1 uM ECs0=31.5+4.5uM
Muscimol ECs0=1.4+0.2uM"“ ICsp = 32.8 £ 2.2 uM
I14AA EC50=8.6+1.0uM"“ ICso=21.4+1.7 uM
R-(-)-GABOB ECso=19 uM” 1mM activates 26.0 + 0.8 % °
S-(+)-GABOB ECso = 45 uM® ICso = 417.4 = 7.0 uM

Ks=204.0+14.3 uM¢

3-APMPA ICso=0.75 uM © ICso = 0.64 = 0.03 uM
S-(-)-CGP44532  ICso=17 uM”® ICso = 16.6 = 1.0 uM
R-(+)-CGP44533  ICso=5uM® ICso = 28.8 + 2.4 uM
3-APA ICso = 20.8 + 3.3 uM ICso = 33.1 + 2.0 uM

? Data from (Carland et al., 2004) ® Data from (Hinton et al., 2008) © Data from (Chebib et
al., 1997a). All Data are the mean = SEM (n = 4-13 oocytes). ? Percentage activation by R-
(-=)-GABOB (1 mM) compared to the current produced by a submaximal concentration of
GABA (30 uM, ECsp). Data are the mean = SEM (n = 3 oocytes). ° The Kz value is the mean
+ SEM (n =4).
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9. 1.2 Effect of GABOB at p1T244S receptors

The enantiomers of GABOB are full agonists at p; receptors (Hinton et al.,
2008), but at p;T244S receptors it was found that R-(-)-GABOB and S-(+)-GABOB
exert opposite pharmacological effects; R-(—)-GABOB is a weak partial agonist (1 mM
activates 26 % of the current produced by GABA ECso; n = 3), while S-(+)-GABOB is a
competitive antagonist (Kg = 204.0 = 14.3 uM, n = 4.) (Figure 5.5, Figure 5.6, Table
5.1). The change in GABOB pharmacology observed with the introduction of the
T244S mutation infers that the interaction between the enantiomers and the
hydroxyl group of T244 differs. Threonine possesses two chiral centres and it is .
threonine that is naturally found in proteins. In contrast, \-serine has only one chiral
centre. The major differences between -threonine and -serine lie in their side chain
volume and the rotational freedom of the hydroxyl group. Specifically, the position of
the hydroxyl group of threonine is restricted due to the additional methyl group in
the side chain. This restriction and added volume appears to stabilize T244 in a
conformation that is optimal for agonist interaction. Indeed, our experimental data
suggests that |.threonine at the position 244 in the p, ligand binding site is preferred

in the agonist induced activation compared to serine (Table 5.1).

The weak partial agonist activity of R-(-)-GABOB at p;T244S receptors
suggests that R-(—)-GABOB can interact with the serine hydroxyl group, but not as
strongly as with the hydroxyl group of the original threonine residue. Thus, the
increased rotational freedom of serine may allow the amino acid residue side chain to
adopt conformations that are unable to interact with R-(-=)-GABOB. In contrast, S-(+)-
GABOB, like muscimol and I4AA, acts as a competitive antagonist at p;T244S
receptors. This implies that S-(+)-GABOB can still bind but it is unable to facilitate
activation, suggesting that the mutation has removed the ability of the molecule to
gate the receptor, possibly due to a lack of interaction between the serine hydroxyl

and S-(+)-GABOB.

An alternative explanation may be postulated from our homology modelling

studies and the role of loop C in the active conformation of the receptor. Our
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previous homology modelling studies (Abdel-Halim et al., 2008; Yamamoto et al.,
2011a) have shown the possible formation of H-bonds between S243 or T244 with
the carboxylate group of GABA. Modelling studies with GABOB show the possible
formation of an H-bond with the hydroxyl group of GABOB (Figure 5.2). Upon ligand
binding, loop C is thought to close over or engulf the agonist, and with this movement
coupling agonist binding to channel gating (Celie et al., 2004; Hansen et al., 2005). It is
possible that T244 initially forms an H-bond with the hydroxyl group of GABOB and
that gating of the receptor may require the H-bond to break and make an alternative
H-bond with the carboxylate group in order to stabilize the subsequent
conformational change of loop C. The hydroxyl group of the serine side chain has
more rotational freedom than threonine and may therefore adopt conformations
that do not interact with the hydroxyl of S-(+)-GABOB and interact only weakly with
R-(-)-GABOB. Thus S-(+)-GABOB is a competitive antagonist at the mutant. On the
other hand, while serine may preferentially interact with the hydroxyl group of R-(-)-
GABOB, it may also be capable of forming a H-bond with the carboxylate group.

Therefore, R-(—)-GABOB is a very weak partial agonist at the p;T244S receptors.

Insertion of a methyl at the C2 position of trans-4-aminocrotonic acid (TACA)
to give trans-4-amino-2-methylbut-2-enoic acid (2-MeTACA) results in a similar
change in activity (Chebib et al, 1997b). TACA is a full agonist at p; receptors,
however, 2-MeTACA is an antagonist. Initial studies suggested that this change in
activity was due to steric factors. However, we now speculate that the methyl group
at the C2 position may interact unfavourably with T244 and interrupt any possible H-
bond with carboxylate group of 2-MeTACA, preventing gating of the receptor and

therefore 2-MeTACA acts as an antagonist at p; wild-type receptors.
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R-(-)-GABOB 3 mM
R-(-)-GABOB 1 mM
R-(-}-GABOB 300 uM
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Figure 5.5 Effect of the enantiomers of GABOB at p;T244S mutant receptor expressed in Xenopus
oocytes. A Sample current trace showing weak agonist effect of R-(—)-GABOB on p;T244S mutant
receptor. GABA ECso 30 uM (black) activates the receptor, allowing Cl- ions to pass through the pore.
Application of R-(—)-GABOB (red), 100 uM, 300 uM, 1 mM and 3mM concentrations activates the receptor
in concentration dependent manner. B Sample current trace showing the effect of S-(+)-GABOB (blue) at
p1T244S mutant receptor. S-(+)-GABOB did not exhibit agonist effects at concentration 100 uM and 1 mM.
C Sample current trace showing inhibition of GABA ECs, 30 uM (black) by S-(+)-GABOB (blue)
concentrations, 10 uM, 100 uM and 1 mM. Figure adapted from reference (Yamamoto et al., 2012a).
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Figure 5.6 Pharmacology of S-(+)-GABOB at p;T244S mutant receptor expressed in Xenopus oocytes. A
Inhibitory concentration-response curve for S-(+)-GABOB at p;T244S mutant receptors. Each data point
represents the mean + SEM (n = 6). All data are normalized with ligaga 30 . B Concentration-response
curves of GABA alone (black, n = 4) and GABA in the presence of S-(+)-GABOB 600 uM (blue, n = 4) at
p1T244S mutant receptor. Each data point represents the mean + SEM (n = 4). All data are normalized
with I ... Figure adapted from reference (Yamamoto et al., 2012a).
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5.1.3 Antagonist activity at p1T244S receptors

We further investigated the role of T244 on p; receptor antagonists. The
methylphosphinic  and phosphonic  acid analogues of  GABA, 3-
aminopropyl(methyl)phosphinic acid (3-APMPA) and 3-aminopropylphosphonic acid
(3-APA), respectively, and the methylphosphinic acid analogues of GABOB, S-3-amino-
2-hydroxypropyl)methylphosphinic acid (5-(-)-CGP44532), R-3-amino-2-
hydroxypropyl)methylphosphinic acid (R-(+)-CGP44533), showed no agonist activity
(100 uM, n = 5) at p,T244S receptors. This is consistent with the compounds acting as
antagonists at p; wild-type receptors (Chebib et al., 1997a; Hinton et al., 2008;
Johnston, 1996b). Our homology model does not predict any H-bonds between T244
and the hydroxyl group of the GABOB analogues, R-(+)-CGP44533 and S-(-)-
CGP44533 (Figure 5.2). In addition, no H-bond was predicted for 3-APMPA, while an
H-bond was observed between the phosphonic acid group of 3-APA and T244 in the
model (Figure 5.7), similar to what was observed with the methylphosphonate (Xie et
al., 2011). Electrophysiological data demonstrated that the ICs, values observed at
p1T244S mutant receptors for 3-APMPA and S-(-)-CGP44533 were unchanged
compared to p; wild-type receptors (Figure 5.8, Table 5.1). In contrast, the ICsg values
for R-(+)-CGP44533 and 3-APA were increased by approximately 6-fold and 2-fold,
respectively, at p;T244S receptors (Table 5.1). These subtle changes in 1Cs, values
suggest T244 is not important for antagonist affinity, as predicted by the homology
model and therefore the effect of the T244S mutation on antagonist activity was not

as drastic as that observed for the agonists.
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Figure 5.7 3-APMPA and 3-APA docked into the p; receptor GABA binding site. A 3-APMPA docked into
the p;receptor GABA binding site. Selected H-bonds are depicted with dashed green lines. B 3-APA docked
into the p; receptor GABA binding site. Selected H-bonds are depicted with dashed green lines. Figure
adapted from reference (Yamamoto et al., 2012a).
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Figure 5.8 Inhibitory concentration response curves for 3-APMPA, S-(-)-CGP44532, R-(+)-CGP44533 and
3-APA at p;T244S receptors expressed in Xenopus oocytes. Each data point represents the mean + SEM
(n = 5-13 oocytes). All antagonists were tested with the presence of GABA ECs, (30 uM). All data are
normalized with ligaga 30 .m)- Figure adapted from reference (Yamamoto et al., 2012a).
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5.2 Conclusion

Threonine at position 244 is critical for p; receptor pharmacology. A hydroxyl
group on the side chain of the amino acid at position 244 in p, receptors is crucial for
agonist-mediated activation. This is consistent with previous findings (Amin et al.,
1994). In addition, T244 plays an important role for the enantioselective actions of
GABOB, with S-(+)-GABOB converted to a competitive antagonist, while R-(-)-GABOB

acts as a weak partial agonist at p,T7244S mutant receptors.

While mutating T244 had a significant effect on agonist activity, antagonist
activity remained similar to p; wild-type. Studies using the crystal structure of AChBP
from Aplysia Californica reported that loop C did not exhibit significant changes in
conformational change upon antagonist binding (Hansen et al., 2005). However, the
interaction between T244 and antagonists may have minor effects on the stability of
antagonist binding, resulting in the small changes in affinity of R-(+)-CGP44533 and 3-
APA at p;,T244S receptors. In contrast, T244 in loop C is involved in receptor gating
upon agonist binding. Thus, this study confirms that mutation of T244 has a
significant influence on agonist potency and efficacy and highlights the dynamic role
of loop C in channel gating with T244 playing a critical role in agonist-evoked receptor

activation.
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Chapter 6: Ligand interactions at different

conformations of GABA receptors

y-Aminobutyric acid (GABA) is the major inhibitory neurotransmitter in the
mammalian central nervous system (CNS), activating three receptors termed GABA,,
GABAz and GABA:. The GABA( receptor is found on the retina and at distinct
anatomical areas within the CNS, including the superior colliculus (Boue-Grabot et al.,
1998), cerebellum (Rozzo et al., 2002), hippocampus (Alakuijala et al., 2005) and
lateral amygdala (Cunha et al., 2010), and have been shown to play an important role
in the onset of myopia (Stone et al., 2003), the sleep-waking process (Arnaud et al.,
2001), memory enhancement (Johnston, 2002) and in fear and anxiety disorders
(Cunha et al., 2010). The design of potent and selective GABA( receptor antagonists,
along with understanding how these agents modulate the receptor, will help
characterize of these receptors and establish whether GABA( receptors play a major

role in various CNS disorders (Chebib et al., 2009b; Gavande et al., 2010b).

GABA: receptors belong to the Cys-loop ligand-gated ion channel (LGIC)
superfamily (Ortells et al., 1995). All members of this superfamily require five
subunits to form functional receptors. In mammals, GABA. receptors are composed
of three p subunits, p:-ps, which form homomeric receptors or pseudo-homomeric
receptors, composed of p;0, or p,p3 subunit combinations (Chebib et al., 2000; Enz et
al., 1998; Ogurusu et al., 1999). The orthosteric binding site of the Cys-loop receptors
is located at the interface of two subunits, formed by residues drawn from five
discontinuous stretches of amino acids from the N-terminal domain of each subunit.
These stretches of residues are referred to as loops A-E. Loops A-C form the principle
side of the binding site and loops D and E form the complementary side (Sedelnikova
et al., 2005). GABA( receptors potentially have five orthosteric or GABA binding sites;
GABA binding to these sites induce conformational changes within the receptor that

subsequently lead to the opening of the pore, allowing Cl ions to pass through.
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X-ray crystal structures of related prokaryotic proton-gated ion channels have
provided some insights into the structural rearrangement that can occur during
receptor gating (Cederholm et al., 2009). ELIC (Erwinia chrysanthem ligand-gated ion
channel) represents an inactive receptor conformation and GLIC (Gloebacter
violaceus ligand-gated ion channels) represents a desensitized receptor conformation
(Hilf et al., 2009b; Hilf et al., 2008). Despite a lack of mammalian crystal structures,
there is strong evidence that structural changes occur within the orthosteric binding
site upon activation of the receptor by GABA (Kash et al., 2004) and that the binding

site is constricted in the active conformation (Wagner et al., 2001).

Tyrosine at position 102 (Y102) is located on loop D of the p; subunit within the
GABA binding site. This residue has been proposed to be associated with agonist
binding and channel gating (Torres et al., 2002). Recently, this residue was
demonstrated not to form a cation-m interaction with GABA (Lummis et al., 2011) and
in an alternative homology model of the p; GABA binding site implicates that this
residue does not directly bind GABA (Abdel-Halim et al., 2008). Mutation of Y102 to
serine (p1Y102S) in the p; subunit shifts the equilibrium of the receptor towards the
open conformation, producing a constitutively active form of the receptor (Torres et
al.,, 2002). The competitive antagonist 3-aminopropyl-methyl-phosphinic acid (3-
APMPA) inhibits the spontaneous current of p;Y102S receptors in a concentration-
dependent manner (Torres et al., 2002), demonstrating that 3-APMPA acts as an
inverse agonist, inducing a conformational change which shifts the equilibrium of the

receptor towards the closed conformation.

In this study, the role of Y102 in antagonist activity was assessed. Y102 was
mutated to serine (p,Y102S), cysteine (p1Y102C) and alanine (p,Y102A), and the
resulting mutant receptors represent channels with a proportion in the open
conformational state (p,;Y102S) and almost entirely in the closed conformational state
(01Y102C, p1Y102A) of the channel. Twelve known antagonists (1-7 and 9-13) and two
novel antagonists (8 and 14) were evaluated at p; wild-type and mutant receptors to

investigate if antagonist activity was altered with receptor conformation.
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6.1 Results and discussion

The mechanism by which an agonist binds and subsequently opens the
channel of Cys-loop receptors is complex and involves many structural changes
throughout the receptor, including changes within the orthosteric binding site.
Ligands, for example 3-APMPA (2), have different affinities for the open or closed
conformational states of the receptor, as the conformation of the binding site differs
between the two conformational states (Torres et al., 2002). Constitutively active
receptors, such as the p;Y102S receptor, provide an opportunity to assess the activity
of antagonists on receptors in equilibrium between the open or closed

conformational states of the receptor.

6.1.1 01Y102S receptors are constitutively active

Consistent with previous studies (Torres et al., 2002) the ECsq values for GABA
increased by 21-, 233- and 196-fold when p; Y102 was mutated to cysteine, serine or
alanine, respectively (Figure 6.1, Table 6.1). This change in GABA sensitivity suggests
that mutation of Y102 on the p; subunit results in a change in GABA affinity or altered
receptor gating. Of the three mutant receptors evaluated, p,Y102S receptors were
constitutively active. When clamped at -60 mV, the holding current for cells
expressing p1Y102S (-200.3 = 20.1 nA, n = 11) was greater than that in cells expressing
o1 wild-type (-15.2 + 4.0 nA, n = 11), p1Y102A (-0.2 = 1.7 nA, n = 11), and p,Y102C (-
5.6 = 4.1 nA, n = 11) mutant receptors. This suggests that p,Y102S receptors exist in
equilibrium between the open and closed conformational states, while p; wild-type,
p1Y102A and p,Y102C receptors predominantly prefer the closed conformational

state.
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Figure 6.1 GABA concentration response curves for human p; wild-type (WT) and p,Y102C, p,Y102S
and p;Y102A receptors expressed in Xenopus oocytes. Each data point represents the mean + SEM (n =
3-4). All data are normalized with I,,,, which refers to their maximum current. ECs, values are listed in
Table 6.1. Figure adapted from reference (Yamamoto et al., 2012b).

Table 6.1 ECs, values for GABA at p; wild-type and p;Y102 mutant receptors.

1 Y102 mutation ECso (UM)
Wild-Type 0.8+0.1
Y102C 17.6:+ 1.2
Y102S 193.7 £9.7
Y102A 163.1+ 2.0

All data are the means = SEMs (n = 3-4 oocytes).
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6.1.2 (¥)-4-ACPAM (8) and SR-95813 (14) are potent

antagonists at pi receptors

In this study, a total of twelve known and two novel agents were evaluated at
p1 receptors. TPMPA (1), 3-APMPA (2) SGS-742/CGP-36742 (3), (+)-cis-3-ACPBPA (4),
(+)-3-trans-ACPBPA (5), S-4-ACPBPA (6), (+)-S-4-ACPCA (7), THIP (9), DAVA (10), 4-GBA
(11), ZAPA (12) and SR-93351/Gabazine (13) (Figure 6.2, Figure 6.4, Table 6.2) have
been shown previously to act as competitive antagonists at p; wild-type receptors,
indicating that they bind to the GABA binding site. The activities of two novel ligands,
(£)-4-ACPAM (8) and SR-95813 (14), were characterized at p; wild-type receptors
recombinantly expressed in Xenopus oocytes (Figure 6.3). These novel compounds
are interesting in that they do not possess an acid moiety (carboxylic or phosphinic
acid), a feature common to all ligands that bind to the GABA binding site. Instead of
the usual acid moiety, (+)-4-ACPAM (8) has an amide group, while SR-95813 (14) has a
nitrile group. To our surprise, these compounds were found to be potent p; receptor
competitive antagonists. Figure 6.3A demonstrates that (+)-4-ACPAM (8) inhibits the
ECsoof GABA (1 uM) in a concentration-dependent manner (Figure 6.3A, 1Cso = 9.6
0.9 uM, n = 4). Schild plot analysis demonstrates that in the presence of increasing
concentrations of (t)-4-ACPAM (8) (30, 100 and 300 uM; n = 3-4 oocytes per
antagonist concentration), the concentration response curve for GABA is shifted to
the right in a parallel manner (Figure 6.3B, Kz = 30.3 £ 3.1 puM, slope did not differ
from 1, see Figure 6.4), indicating that (+)-4-ACPAM (8) is a competitive antagonist at

01 wild-type receptors.
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Figure 6.2 Pharmacology of SR-95531 (13). A Inhibitory concentration response curve for SR-95531 (13)
against GABA (1 uM) at p; wild-type receptors. Each data point represents the mean + SEM (n = 4). B
Concentration response curves of GABA alone (black dot, n = 3) and in the presence of SR-95531 (13) at
100 (light purple dot, n = 3) and 300 uM (dark purple dot, n = 4). Each data point represents the mean +
SEM (n = 3-4). All data are normalized with |, which refers to their maximum current. Figure adapted
from reference (Yamamoto et al., 2012b).

Similarly, SR-95813 (14) inhibits the response produced by GABA (1 uM) in a
concentration-dependent manner (Figure 6.3C, ICso = 8.0 £ 0.8 uM, n = 4). Schild plot
analysis shows that in the presence of increasing concentrations of SR-95813 (14) (30
100 and 300 uM; n = 3-4 oocytes per antagonist concentration), the GABA
concentration response curve is shifted to the right in a parallel manner (Figure 6.3D,
Kg = 12.4 £ 0.4 uM, slope did not differ from 1, see Figure 6.4), indicating that SR-

95813 (14) blocks p; wild-type receptors in a competitive manner.

Mutagenesis studies of the p; receptor identified arginine 104 (R104) as
important for GABA binding and this residue is thought to interact via a salt bridge
with the carboxylate group of GABA (Harrison et al., 2006a). Homology models of the
p1 receptor support this observation (Abdel-Halim et al., 2008). As (+)-4-ACPAM (8)
and SR-95813 (14) do not possess a carboxylate group, it would be interesting to

evaluate R104 in the binding of these ligands.

25 90w



Chapter 6:

1.2 - 1.2
HoN AN\ M\ L4
1.0{ « ’ b 7N, 1.0]
_
%
.08 0.8
5
]
§, 0.6 = 0.6
—S -
0.4 0.4 GABA
o GABA + ()-4-ACPAM (30 uM)
0.21 0.2 o GABA + (+)-4-ACPAM (100 uM)
" oo o GABA + ()-4-ACPAM (300 M)
Y 1 10 100 1000 001 01 1 10 100 1000 10000
(£)-4-ACPAM (uM) GABA (uM)
1.2, OCH;3 1.24
[ )
1.0 1.0-
0.8 0.8
<
< :
O 0.6 =F 0.61
2 -
~ 04 0.4 e GABA
» GABA + SR-95813 (30 uM)
0.21 0.21 e GABA + SR-95813 (100 uM)
e GABA + SR-95813 (300 uM)
0.0 T T T B 0.0
0.1 1 10 100 1000 001 01 1 10 100 1000 10000

SR-95813 (uM) GABA (uM)

Figure 6.3 Pharmacology of (+)-4-ACPAM (8) and SR-95813 (14) at human p, wild-type receptors
expressed in Xenopus oocytes. A Inhibitory concentration response curve for (+)-4-ACPAM (8) against
GABA (1 uM) at p, wild-type receptors. Each data point represents the mean + SEM (n = 4). B
Concentration response curves of GABA alone (black dot, n = 3) and in the presence of (+)-4-ACPAM (8) at
30 (light green dot, n = 3), 100 (green dot, n = 4) and 300 uM (dark green dot, n = 3). Each data point
represents the mean + SEM (n = 3-4). All data are normalized with I, which refers to their maximum
current. C Inhibitory concentration response curve for SR-95813 (14) against GABA (1 uM) at p; wild-type
receptors. Each data point represents the mean + SEM (n = 4). D Concentration response curves of GABA
alone (black dot, n = 4) and in the presence of SR-95813 (14) at 30 (light blue dot, n = 3), 100 (blue dot, n =
4) and 300 uM (dark blue dot, n = 3). Each data point represents the mean + SEM (n = 3-4). All data are
normalized with I, which refers to their maximum current. Figure adapted from reference (Yamamoto
et al., 2012b).
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Figure 6.4 Schild plot analysis for (+)-4-ACPAM (8), SR-95531 (13) and SR-95813 (14). The action of (+)-
4-ACPAM (8) (green), SR-95531 (13) (purple) and SR-95813 (14) (blue) in antagonizing the effect of GABA
at p; wild-type receptors. Each data point represents the mean + SEM (n = 3-4). Figure adapted from
reference (Yamamoto et al., 2012b).

6.1.3 Assessing the activity of antagonists at a proportion of

receptors in the open conformational state

The activities of fourteen GABA antagonists (1-14) were evaluated using the
constitutively active p,;Y102S receptors. Antagonists were tested at 100 uM and 300
uM in the absence of GABA. The percentage inhibition of the spontaneous current
was measured and normalized to the initial resting current for each cell. All
antagonists tested inhibited the spontaneous current of p,Y102S receptors to a

various extent when evaluated at 300 uM, with the exception of (+)-4-ACPAM (8). (+)-
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4-ACPAM (8), at either 100 uM or 300 uM, failed to inhibit the spontaneous current

at these receptors (Figure 6.5B).

Of the compounds tested, SGS-742 (3), S-4-ACPCA (7), (+)-4-ACPAM (8) and
DAVA (10) were the weakest at inhibiting (0-9 %) the constitutive current produced
by 01Y102S receptors. The remaining antagonists inhibited the current by 10-87 %
(Table 6.2). 3-APMPA (2) was the most effective inhibitor of the constitutive current,
while TPMPA (1), (+)-cis-3-ACPBPA (4), 4-GBA (11), SR-95331 (13) and SR-95813 (14)

displayed moderate inhibition of the constitutive current.

To explore the relative activity of antagonists on the open conformational
state of the p; receptor, we focused on five structurally different GABA antagonists,
TPMPA (1), (+)-cis-3-ACPBPA (4), ()-4-ACPAM (8), 4-GBA (11), SR-95531 (13) and SR-
95813 (14) (Table 6.2, Table 6.3). Application of the competitive antagonist, TPMPA
(1), to p1Y102S receptors inhibited the spontaneous current in a concentration-
dependent manner (Figure 6.5A). This indicates that TPMPA shifts the equilibrium of
01Y102S receptors from the open to the closed conformational state, thus acting as
an inverse agonist (Table 6.3). However TPMPA is weak exhibiting a 600-fold decrease

in potency.

Figure 6.5C shows the concentration response curves for TPMPA (1), (<)-cis-3-
ACPBPA (4), (+)-4-ACPAM (8), 4-GBA (11) SR-95531 (13) and SR-95813 (14) inhibiting
the spontaneous current of p;Y102S receptors. The affinities of the compounds
against the spontaneous current were lower compared to the p; wild-type (Table 6.2,
Table 6.3). The order of potency of the compounds at p;Y102S receptors was SR-
95813 (14) > SR-95531 (13) > (=)-cis-3-ACPBPA (4) > 4-GBA (11) > TPMPA (1) (Table
6.3). (x)-4-ACPAM (8) had a very small effect on the constitutive activity of p,Y102S
receptors even at the 1 mM concentration (Figure 6.5C) and failed to significantly

inhibit GABA (ECso; 180 uM) at this mutant receptor (Figure 6.5D).

Interestingly, both SR-95531 (13) and SR-95813 (14) could not completely

block the spontaneous current of p;Y102S receptors (Figure 6.5C), indicating they
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may act as partial inverse agonists at the mutant receptor. Furthermore, in the
presence of GABA, both SR-95531 (13) and SR-95813 (14) inhibited GABA with ICso
values approximately 2-fold weaker than the ECsq value that inhibits the constitutive
activity (Table 6.3, Table 6.4, Figure 6.6) suggesting the binding affinity of these

compounds are similar in the presence or absence of GABA at p;Y102S receptors.
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Figure 6.5 Effect of GABA antagonists at p;Y102S receptor spontaneous currents. A A sample current
traces showing inverse agonist effects of TPMPA (1) at p;Y102S receptors expressed in Xenopus oocytes.
GABA ECs, (180 uM) activates the receptor (black bar), allowing the flow of CI ions. Application of TPMPA
(1) (200 uM, 1 mM and 5 mM) alone inhibited the resting conductance in a concentration dependent
manner (red bar). B A sample current trace showing the effect of (+)-4-ACPAM (8) at p;Y102S receptor
spontaneous current. (+)-4-ACPAM (8) did not exhibit inverse agonist effects at 100 uM and 300 uM (green
bar). C Inhibitory concentration-response curves for TPMPA (1) (red), SR-95531 (13) (purple), SR-95813 (14)
(blue), (+)-cis-3-ACPBPA (4) (black) and 4-GBA (11) (yellow) at p;Y102S receptors expressed in Xenopus
oocytes. All data are normalized with I, which refers to the initial resting conductance. Each data point
represents the mean +SEM (n = 3-5). D A sample current trace showing weak inhibitions of GABA ECs, (180
uM) (black bar) by (+)-4-ACPAM (8) (300 uM and 1mM) (green bar) at p;Y102S receptors. Figure adapted
from reference (Yamamoto et al., 2012b).
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Table 6.2 Effects of structurally diverse antagonists at p; wild-type and p;Y102S
receptors.

% inhibition of
spontaneous current at
01Y102S receptors’
100uM 300 uM

I
HNC/>—||=—CH3
ICso=2.22 uM ” 87+03 223%27

OH

Antagonist activity at
Compound human p; wild-type
receptors

TPMPA (1)

HNT " Np—ch,

OH ICso=0.75 uM 479+4.7 87.6+6.7
3-APMPA (2)
o
HZN/\/\'%/\/\
o ICso = 62.5 uM € 1.4+0.5 4.7=%0.3

SGS-742/CGP-36742 (3)

o)
HoN \\P\
OH

ICso = 5.06 uM “ 13.8£0.7 33.7%0.4
(+)-cis-3-ACPBPA (4)
N
ICs0 = 72.58 uM ¢ NA' 6.6+ 1.6
(x)-3-trans-ACPBPA (5)
(@)
A
HZN”"‘"@/\P\/OHL\
ICs0=4.97 uM € 57+06 17.5+0.9

S-4-ACPBPA (6)

o

HzN,, @)\
OH
Ki =6.0 MM f 0.3+0.2 2.0x0.6

(+)-5-4-ACPCA (7)

HZNQJ\NW ICso = 9.6 + 0.9 uM
NA' NA'

Ks=30.3+3.1uM
(+)-4-ACPAM (8)
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HoN

o

ZAPA (12)

OCHg
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OH
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OCHj,

Y
|

N\/\/CN

NH,* Br

SR-95813 (14)

ICso= 10 uM ?

Kg =20 uM "

ICso = 18.75 uM ’

|C50= 11 MM g

ICso = 60.7 = 12.6 pM’

Ks=512+2.9uM¥

|C50 =8.0+0.8 MM

Kz =12.4+0.4 uM

13+x0.7 10.7+0.3

2.2+0.5 5.5+0.2

13.5+x1.3 37.8+3.1
3.2+x1.1 99+0.8

16.4+1.3 28859
25.0+x2.0 333=+1.7

a

Percentage inhibitions

of Y102S receptor spontaneous currents by

compounds (100 uM and 300 uM), which were normalized by initial resting
conductance. All data are the mean + SEMs (n = 3-12 oocytes). ® Data from
reference (Gavande et al., 2010b). © Data from reference (Chebib et al., 1997a).
? Data from reference (Ng et al., 2011). © Data from reference (Kumar et al.,
2008). f Data from reference (Chebib et al., 2001). ¢ Data from reference
(Woodward et al., 1993). " Data from reference (Chebib et al., 2000). ' Data
from reference (Chebib et al., 2009a). / see Figure 6.2. ¥ see Figure 6.4.' NA
stands for not active at the concentration.
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Table 6.3 ECs, values of TPMPA (1), (+)-cis-3-ACPBPA (4), 4-GBA (11), SR-95531 (13),

SR-95813 (14) at p,Y102S receptors.

Compound ECso (UM) @
TPMPA (1) 1234.3 +57.7
(+)-cis-3-ACPBPA (4) 488.3 = 60.5
4-GBA (11) 568.7 + 25.3
SR-95531 (13) 312.9+15.1
SR-95813 (14) 643+28

? Concentration which inhibits 50% of the
maximum spontaneous current of p;Y102S
receptor. Data are the mean + SEM (n = 4-5

oocytes).
1.2 O SR-95531 (13)
L = SR-95813 (14)
1.0

o
P

Wecso (GABA 180 M)
o
(2]

0.4
0.2
0.0 ' r - .
1 10 100 1000 10000
Antagonist (uM)

Figure 6.6 Inhibitory concentration-response curves for SR-95531 (13) and SR-95813 (14) at p,Y102S
receptors. Each data point represents the mean + SEM (n = 3-5). All antagonists were tested in the
presence of GABA ECs, (180 uM). All data are normalized with Izcso)/GABA]. Figure adapted from reference

(Yamamoto et al., 2012b).
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6.1.4 Assessing the activity of antagonists at receptors in the

closed conformational state

The activities of the five antagonists were examined at p,Y102C and p;Y102A
receptors (Table 6.4, Figure 6.7). In contrast to p;Y102S receptors, p;Y102C and
1Y102A receptors were not constitutively active, thus existing predominantly in the
closed conformational state. Interestingly, (x)-4-ACPAM (8) at a concentration of 300
uM regained some of its antagonist activity for the p,Y102C and p;Y102A mutant
receptors (Table 6.4). At p,Y102C receptors, (+)-4-ACPAM (8) displayed a 25-fold
increase in 1Csp compared to p; wild-type (At p; wild-type; ICsop = 9.6 = 0.9 uM: at
01Y102C; ICsp = 241.8 = 17.2 uM). As (+)-4-ACPAM (8) did not inhibit the constitutive
activity of p,Y102S mutant receptors, nor did it inhibit GABA (Figure 6.5B and Figure
6.5D) or the inverse agonist effects of SR-95531 (13) (Figure 6.8, n = 3) at this
receptor, we can infer that either tyrosine is crucial for the binding of (+)-4-ACPAM
(8) or that (+)-4-ACPAM (8) acts at receptors existing predominantly in the closed

over the open conformational state.

At p1Y102C receptors, the I1Cso values for TPMPA (1), (+)-cis-3-ACPBPA (4) and
4-GBA (11) were also increased by 200-, 22- and 25-fold, respectively, compared to p,
wild-type receptors (Table 6.4). As the cysteine and alanine mutations did not affect
potency of the antagonists to the same extent as the serine mutation, indicating that
these compounds have the ability to preferentially bind to the closed conformational
state of the receptor. A similar phenomenon is observed with tetracaine at nicotinic
acetylcholine (nACh) receptors (Gallagher et al., 1999). Tetracaine has a 100 fold
higher affinity for the closed conformation compared the desensitized conformation
of the Torpedo nACh receptor, implicating tetracaine is a closed conformation

channel blocker.

In contrast to what was observed at p,Y102S receptors, the inhibitory activity
of SR-95531 (13) and its analogue SR-95813 (14) was significantly reduced at both
01Y102C and p;Y102A receptors. SR-95531 (13) (300 uM) inhibited only 7.5 % of the

current elicited by GABA ECso (20 uM) at p;Y102C receptors and was inactive at
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p1Y102A receptors (Figure 6.9, Table 6.4). Furthermore, SR-95813 (14) (300 uM) did
not inhibit the current elicited by GABA ECso (20 uM) at both p,Y102C and p,Y102A
receptors (Figure 6.9, Table 6.4). Thus, the order of potency of the compounds tested
at p1Y102C receptors was (+)-cis-3-ACPBPA (4) > 4-GBA (11) = TPMPA (1) >> SR-95531
(13) = SR-95318 (14). As SR-95531 (13) and its analogue SR-95813 (14) are more
potent at p;Y102S than p;Y102C receptors, may indicate that the compounds are
more likely to bind to the open over the closed conformational state of the receptor.
While we cannot rule out the possibility of direct interaction between the introduced
residues and the antagonists tested, there is no clear structure activity relationship to

suggest that either possibility may be the case.

1.2 e TPMPA (1)
A (%)-cis-3-ACPBPA (4)
1.0 4-GBA (11)
O SR-95531 (13)
e B = SR-95813 (14)
Q * ()-4-ACPAM (8)
Q. 0.6
B
T 0.4
0.2
o_c YT T—rrrrreT T + . . —
1 10 100 1000 10000

Antagonist (uM)

Figure 6.7 Inhibitory concentration-response curves for TPMPA (1), (+)-cis-3-ACPBPA (4), (+)-4-ACPAM
(8), 4-GBA (11), SR-95531 (13) and SR-95813 (14) at p,Y102C receptors expressed in Xenopus oocytes.
Each data point represents the mean +SEM (n = 3-5). All antagonists were tested in the presence of GABA
ECso (20 uM). All data are normalized with lgcso[ GABA]. Figure adapted from reference (Yamamoto et al.,
2012b).
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Figure 6.8 Effect of (+)-4-ACPAM (8) on inverse agonist activity of SR-95531 (13). A A sample current
traces showing inverse agonist effects of SR-95531 (13) at p;Y102S receptors expressed in Xenopus
oocytes. GABA ECs, (180 uM) activates the receptor (black bar), allowing flow of CI ions. Application of SR-
95531 (13) (purple bar, 300 uM) shifts the equilibrium of p;Y102S receptors. Co-application of (+)-4-
ACPAM (8) (green bar, 300 uM) has no effect on the inverse agonist activity of SR-95531 (13) (purple bar,
300 uM). B Magnified view of the effects of SR-95531 (13) (purple bar, 300 uM) alone and with the
presence of (+)-4-ACPAM (8) (green bar, 300 uM) at p,Y102S receptors. Figure adapted from reference
(Yamamoto et al., 2012b).

A
Y102C s SR-95813 (14) (300 uM)

= SR-95531 (13) (300 uM)

= = = fies GABA ECy; (20 uM)
200 nA
400 nA L
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Y102A =  SR-95813 (14) (300 uM)
SR-95531 (13) (300 uM)
GABA ECy, (200 uM)

s V\H

40s

Figure 6.9 Sample current trace showing the effect of SR-95531 (13) and SR-95813 (14) at p,Y102C and
p1Y102A receptors in Xenopus oocytes. A. The current produced by GABA (20 uM) (black bar) was
inhibited by 7.5 % in the presence of SR-95531 (13) (300 uM, purple bar), and SR-95813 (14) (300 uM,
dark blue) did not inhibit the current produced by GABA (20 uM, black bar) at p;Y102C mutated receptors.
B. SR-95531 (13) (300 uM, purple bar), and SR-95813 (14) (300 uM, dark blue) did not inhibit the current
produced by GABA (200 uM, black bar) at p;Y102A mutated receptor. Figure adapted from reference
(Yamamoto et al., 2012b).
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Table 6.4 Effect of p1Y102 mutations on the activity of selected antagonists in the presence of GABA ECs,.

% inhibition of GABA ECsg by selected compounds

WT Y102S Y102C Y102A
Compound 300 uM * 300 uM * 300 uM ° ICs0 (ULM) b 300 uM *
TPMPA (1) 100.0 + 0.0 % 13.0+x15% 49.7+55% 447.2 +50.9 251+44%
(%)-cis-3-ACPBPA (4) 100.0+0.0 % 225+2.4% 90.8+2.6% 110.7 £22.6 741+x115%
(+)-4-ACPAM (8) 100.0+ 0.0 % Inactive at 300 uM 685+2.1% 241.8+17.2 210 £1.0%
4-GBA (11) 98.9 +0.6 % 9.8+28% 506 +7.1% 460.1 = 58.1 479+7.1%
SR-95531 (13) 96.0 +0.9% 775.7 £54.9 uM ¢ 75+41% 50.7+6.4%" Inactive at 300 uM
SR-95813 (14) 98.8+1.2% 1352+ 16.0uM© Inactive at 300 uM 173+6.4%"° Inactive at 300 uM

“Data are percentage inhibition of the current produced by ECso (submaximal concentration) of GABA by selected compounds (300 uM). ECso
(submaximal concentration) values for GABA at p; wild-type, p;1Y102S, p;Y102C and p;Y102A mutant receptors are, 1 uM, 180 uM, 20 uM and
200 uM respectively. All data are the mean = SEM (n = 3-6 oocytes) bCompound concentrations of which inhibits ECso of GABA (20 uM) on
p1Y102C receptors. “ICsq values against ECso of GABA (180 uM) at p0,Y102S receptors. 7 Data are percentage inhibition of the current produced
by ECso of GABA (20 uM) by SR-95531 (13) and SR-95813 (14) (1 mM). All data are the mean = SEM (n = 3 oocytes).
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Previous studies have shown that mutating Y102 of the p; subunit to
phenylalanine alters the effect of SR-95531 (13) (Zhang et al., 2008) and that the
mutation of the homologous residue in the GABA, receptor a;-subunit (phenylalanine
at position 64) to cysteine dramatically changes the affinity of SR-95531 (Holden et
al., 2002). The data presented in this study using SR-95531 (13), SR-95813 (14), (x)-
cis-3-ACPBPA (4), 4-GBA (11) and TPMPA (1) provides further support that Y102 plays
a key role in binding/gating. However, the activity of SR-95531 (13) and its analogue
SR-95813 (14) is not dramatically changed when p; Y102 is mutated to serine. This
indicates that, at least with the gabazine analogues, r-it interactions are not the main
interactions affecting the activity of these compounds at p; receptors, despite an
improved affinity of SR-95531 (13) when Y102 is mutated to phenylalanine (Zhang et
al., 2008). This supports the homology model which infers that Y102 does not directly
interact with GABA (Abdel-Halim et al., 2008) and is most likely a residue involved in
channel gating. In support of this conclusion, the partial agonist imidazole-4-acetic
acid (14AA) activated the p;Y102C mutant receptor with high efficacy and lower
potency compared to p; wild-type (Torres et al., 2002), consistent with Y102 being a

residue involved in gating.

6.2 Conclusion

In conclusion, the affinity of p; receptor antagonists is dependent on the
receptor conformation as a result of the introduced mutations. In this study we
investigated the potencies of a range of antagonists at p; wild-type, p;Y102S,
p1Y102C, and p;Y102A mutant receptors. It was found that the acid moiety that is a
common feature of most p; antagonists was not found to be critical for antagonist
activity, as demonstrated with (x)-4-ACPAM (8) and SR-95813 (14). We also
confirmed that Y102 plays an important role in the potency of (+)-4-ACPAM (8), SR-
95531 (13) and SR-95813 (14). In addition, (+)-4-ACPAM (8) is more potent for closed
conformational state of the p; receptor, while SR-95531 (13) and its analogue SR-
95813 (14) are more potent where there are receptors in the open conformational

state.
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Role of phenylalanine 124
located within a novel
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Chapter 7: Role of phenylalanine 124

located within a novel hydrophobic cavity

The orthosteric binding site of the GABAc: p; receptor is located at the
interface of extracellular N-terminal domain of two subunits. The N-terminal domain
is made of pB-strands (1-10) (Cederholm et al., 2009). The inner p-sheet (B-strands 1,
2, 3, 5, 6 and 8) interacts with the outer B-sheet (B-strands 4, 7, 9 and 10) forming a
B-sandwich core. The residues forming the GABA binding site of p; receptors are
located on five discontinuous regions of the N-terminal, referred to as loops (A-E).
Loops A, B and C form the principal side and Loops D and E form the complementary
side of the binding pocket (Figure 7.1B) (Sedelnikova et al., 2005). There is evidence
indicating that aromatic residues typically play key roles in ligand binding (Amin et al.,
1994; Harrison et al., 2006a; Lummis et al., 2011; Sedelnikova et al., 2005; Torres et

al., 2002).

Due to the lack of high-resolution structural data of GABA: p; receptors,
homology models of the GABA: p; receptor ligand binding site have been developed
based on a protein isolated from Lymnaea stagnalis, the acetylcholine binding protein
(AChBP). This protein is pentameric, binds acetylcholine (ACh) and has 24% sequence
homology to the N-terminal domain of nicotinic acetylcholine (nACh) a; Cys-loop
receptors (Abdel-Halim et al., 2008; Adamian et al., 2009; Brejc et al., 2001; Harrison
et al., 2006b; Osolodkin et al., 2007). Modelling studies of the p; receptor identified a
novel hydrophobic cavity which extended beyond the GABA binding site, located
between loops A and E (Abdel-Halim et al., 2008). It was found that the cavity
accommodated the aromatic ring of the 5-substituted-imidazole-4-acetic acid
agonists, 5-Ph-14AA, 5-p-Me-Ph-14AA and 5-p-F-Ph-14AA (Figure 7.1A) (Abdel-Halim et
al., 2008; Madsen et al., 2007). This cavity was composed of the loop B residues on
one side and the opposing side was formed by a non-characterized part of the GABAc
1 receptor sequence (Figure 7.1B). The model also predicted that the phenylalanine
124 (F124) pointed toward the vicinity of the cavity and docking studies suggested
F124 was located within 2.3 A of the aromatic ring of 5-Ph-14AA (Figure 7.1A). F124 is
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located on the 3-strand of the p; receptor (Figure 7.1B) and the role of this residue

or the $3-strand of the p; receptor has not been established.

To investigate the role of F124 in p; receptor activity, F124 was mutated to
alanine (F124A), valine (F124V), leucine (F124L), tyrosine (F124Y) and tryptophan
(F124W). The purpose of mutating F124 into alanine, valine, leucine, tyrosine and
tryptophan were to explore role of side-chain volume in receptor function. Mutant
receptors were expressed in Xenopus oocytes and receptor function was assessed
using the two-electrode voltage clamp method. Competitive antagonists were
examined to explore the effect of the mutations within the orthosteric binding site.
The kinetic properties of p;F124Y mutant receptors expressed on HEK-293 cells were
also examined using the outside out patch clamp method by Dr. Jane Carland, School
of Medicine, The University of New South Wales. Docking studies using the GABA: o,
receptor homology model (Abdel-Halim et al., 2008) were performed by Dr. Heba

Abdel-Halim, Faculty of Pharmacy, The University of Sydney.
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Figure 7.1 The GABA. p; receptor homology model. A 5-Ph-I4AA (Ball and Stick) docked into the
homology model of GABA p; receptor GABA binding site (Abdel-Halim et al., 2008), highlighting binding
residues and F124. Selected hydrogen bonds are depicted with dashed yellow lines. B The amino acid
sequence of the N-terminal of p; subunit. B-strands are blue (inner sheet) or green (outer sheet) arrows
and connecting loops are gray lines which are indicated above the sequence labelled in Greek letters as
predicted in the homology model of GABA. p; receptor (Abdel-Halim et al., 2008). The non-characterized
part of sequence is in bold and F124 is highlighted in red. The amino acid sequences located at the
orthosteric binding site are underlined according to the reference (Sedelnikova et al., 2005). The sequence
was taken from: Genbank®, Accession code: P24046.
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7.1 Results and discussion

7.1.1 Functional studies of p1 wild-type and p1F124 mutant

receptors

Expression of p; wild-type and p1F124 mutant subunit cRNAs in Xenopus
oocytes produced functional GABA activated receptors, with the exception of
p1F124A mutant receptor (no response was observed with GABA (30 mM, n = 7). At
all functional p;F124 mutant receptors GABA potency was reduced. This was
observed as rightward shifts in the GABA concentration response curves (Figure 7.2).
The ECso values for GABA were increased by 1.5-, 2-, 3- and 4-fold when p;F124 was
mutated to tryptophan, tyrosine, leucine and valine respectively (Table 7.1; p<0.05,
using Student’s t-test). These subtle changes in GABA ECs values at mutant receptors
suggest that F124 is not involved in GABA binding. In addition, there were no
significant changes to the Hill slopes (p>0.05, using Student’s t-test), suggesting that
the mutations were not affecting cooperatively effects of multiple agonist binding

sites (Table 7.1).

1.2
1.0

0.84

] o WT
= 061 ® F124W
» = F124Y
O F124L
0.2- A F124V
0.0 % o
0.1 1 10 100 1000
[GABA] (uM)

Figure 7.2 GABA concentration response curved for p; wild-type and p;F124 mutant receptors.
Normalized concentration-response curves from responses to GABA for p; wild-type (black), pF124W
(green), p;F124Y (red), p;F124L (purple) and p;F124V (blue) mutant receptors expressed in Xenopus
oocytes. Each data point represents the mean + SEM (n = 3-6). All data are normalized with I, which
refers to their maximum current.
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7.1.2 Kinetic properties of p; wild-type and p1F124Y mutant
receptors expressed in Xenopus oocytes and HEK-293

cells

In this study, we found that GABA evoked macroscopic deactivation rates of
p1F124 mutant receptors were different to p; wild-type receptors (Figure 7.3) when
expressed in Xenopus oocytes. The deactivation phase of the currents produced by
GABA ECs5p concentrations were fitted with a monoexponential decay curve to
estimate the Tpeactivation fOr 01 wild-type and p;F124 mutant receptors (Table 7.1). For
01 wild-type receptors, the current deactivation rate was consistent with previous
findings (Tpeactivation = 22.7 = 1.4 s, n = 4) (Chang et al., 1999). At mutant receptors, the
current deactivation rates were significantly faster (p<0.05, using Student’s t-test).
The mutant receptors, p:F124W, p;F124Y, p,F124L and p,F124V, deactivated
approximately 1.6-, 3-, 3.5- and 2.5-fold faster than p;wild-type receptors

respectively.

The mechanism of agonist-evoked receptor activation is complex and three
independent steps are involved, agonist binding, sequential conformational change in
the extracellular domain then lead to channel gating (Chang et al.,, 2009). Our
electrophysiological data and modelling study (Abdel-Halim et al., 2008) suggest that
F124 is unlikely to be involved directly in GABA binding. Interestingly, p1 homomeric
receptors are not prone to desensitization (Amin et al., 1994; Bormann et al., 1995;
Chebib et al., 2000) and a study performed by Chang and Weiss found channel
opening locked agonist onto p; receptors (Chang et al., 1999). Thus, it is possible that
the change in deactivation kinetics observed at mutant receptors is due to a

change/alteration of the GABA-off rate.

The p; wild-type and p;F124Y mutant receptors were also expressed on HEK-
293 cells to characterize the kinetic properties of the receptors using a piezoelectric
driver-based rapid solution exchange system. The p; wild-type and p1F124Y mutant

receptor kinetic properties expressed in HEK-293 cells were quantitatively
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characterized using outside-out patch configuration. At both p; wild-type and
p1F124Y mutant receptors the activation rate increased with increasing
concentrations of GABA, while the deactivation rate was concentration independent
(Table 7.2). The findings for p; wild-type receptor are consistent with previous reports
(Yang et al., 2006). The current decay rate was approximately 5-fold faster at p;F124Y
mutant than p; wild-type receptors (Table 7.2), consistent with our findings from

receptors expressed in oocytes (Table 7.1).
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Figure 7.3 Sample current trace (nA vs sec) showing the effect of GABA at p; wild-type and p;F124
mutants expressed in Xenopus oocytes. Example of responses for GABA at p; wild-type (black), p,F124W
(green), p;F124Y (red), p;F124L (purple) and p;F124V (blue) mutant receptors at approximately ECs, and
Imax GABA concentrations.
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Table 7.1 A comparison of intrinsic efficacy of GABA, Hill coefficient and Tpeactivation
at p; wild-type and p;F124 mutant receptors expressed in Xenopus oocytes.

Tpeactivation ‘ (S) at

GABA ECso

1 F124 mutation ECso (UM) Hill coefficient (n4)  concentration

WT 0.83 +0.05 1.96 £ 0.22 22.70 £ 1.36

F124W 1.24 +0.08 ° 1.42 +0.25 13.81+0.95°
F124Y 1.98+0.15° 1.60 +£0.08 7.28+0.89°

F124L 237+021° 2.17 = 0.07 6.53+0.32°

F124V 3.44+071° 1.46 £ 0.21 9.17+0.51°

F124A NR” - -

All Data are the mean = SEM (n = 3-6 oocytes). ? Significantly different from wild-type
(WT) (p<0.05, using Student’s t-test). ° NR, no response was detected at GABA 30 mM
concentration (n = 4). “ The deactivation phase of the current was approximated by a
monoexponential function.

Table 7.2 Kinetic properties of p; wild-type and p;F124Y mutant receptors
expressed in HEK-293 cells.

WT
GABA (HM) TActivation (ms) ‘ Rise time (S) TDeactivation (ms) ¢
3 2240 + 153 7.4 +05 6518 + 972
10 910+ 170 2404 3943 + 856
30 215+ 80 09=+0.4 5157 + 730
100 39+6 0.12 +0.03 3512 + 981
F124Y
10 633 + 66 1.4+0.2 774 +135°¢
30 193 + 30 0.45 +0.04 900 + 400 ¢
100 126 + 13 0.4 +0.08 663 +178°¢

All recordings were made at a pipette potential of -40 mV. Data are mean + SEM (n =
3-8). “ The activation phase of the current was approximated by a monoexponential
function. ” The deactivation phase of the current was approximated by two
exponentials. Data are presented as the weight average mean of Tpeactivation 1 and
Tpeactivation 2. - Significantly different from wild-type (WT) (p<0.05, using Student’s t-
test).
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For Cys-loop receptor activation, agonist binding initiates a series of
conformational changes within the N-terminal domain, resulting in a constriction of
the binding pocket to gate the channel pore (Celie et al., 2004; Hansen et al., 2005;
Wagner et al., 2001). This structural rearrangement at the binding site during channel
gating may be involved in slowing agonist release at p; wild-type receptors (Chang et
al., 1999). If that is the case, mutations at F124 may influence the open conformation
of the N-terminal domain. Therefore, these findings infer that by altering the size or
polarity of amino acid side-chain decreases Tpeactivation Py influencing the GABA-off
rate. F124 may stabilise the protein backbone around the GABA binding site. Thus
mutations at this position may have an effect on sustaining the channel open
conformation or they may influence the mechanism of constriction of the binding site

upon GABA binding, resulting reduction in Tpeactivation-

Cys-loop receptors are conformationally dynamic, and when an agonist binds
triggers rapid structural rearrangements in the millisecond time frame leading to
channel opening. Stability and flexibility of proteins are interdependent and
hydrophobic cores usually achieve protein stability. Amino acids with bulky side
chains are usually found at protein cores to fill the space (Chothia, 1984; Sandberg et
al., 1989) and any mutations which loosen the packing of these cores can decrease
thermodynamic stability (Eriksson et al., 1992; Kellis et al., 1988; Pakula et al., 1989;
Sonavane et al., 2008). The recent work by Czajkowski and co-workers proposed the
loose packing of the extracellular domain hydrophobic core influences the function of
Cys-loop receptors (Dellisanti et al., 2011). They introduced mutations at 2- and p6’-
strands to disrupt the loose packing and found that interruption of f-core packing
influenced receptor function. As F124 is located in the inner B-sheet (B3-strand)
(Figure 7.1), it is possible that the mutations affect protein stability and flexibility,

thus affecting the receptor Tpeactivation rate.
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7:1.3 Activities of competitive antagonists at pi1 wild-type

and p1F124 mutant receptors

The activities of the competitive antagonists TPMPA and gabazine (SR-95531)
were measured to assess the effect of F124 mutations upon antagonist binding
(Figure 7.4). TPMPA and gabazine maintained their antagonist activity at F124 mutant
receptors (Table 5.3). However there was a significant change in the apparent Kg
values for the competitive antagonist TPMPA at p,F124W and p:F124V mutant
compared to p; wild-type receptors. No significant change in the apparent Kg values
was observed at p;F124Y and p;F124L receptors (p>0.05, using Student’s t-test). In
addition, a significant change in gabazine activity was found at p;F124Y and p;F124V
receptors (p<0.05, using Student’s t-test), but not at p;F124W and p;F124L receptors
(p>0.05, using Student’s t-test). Although there were significant changes in antagonist
activities at some mutants, the changes were subtle, suggesting it is unlikely that

F124 is forming part of the binding site for TPMPA and gabazine.

The change in the observed antagonists affinities may relate to the size of
amino acid side chain volume at the position 124. Phenylalanine contains a large side-
chain and mutation of this residue to amino acids with a similar side-chain volume,
tryprophan and tyrosine (the apparent volumes of phenylalanine, tryptophan and
tyrosine in solution are, 121.3, 144.1 and 123.6 ml/mole respectively.), has relatively
small impact on agonist/competitive antagonist binding site(s). On the other hand,
the side-chain volume of valine (91.3 ml/mole) is reduced compared to phenylalanine
(121.3 ml/mole) (Zamyatnin, 1972). p,;F124V receptors were functional and exhibited
significant changes in the agonist/competitive affinities. At p;F124V mutant
receptors, TPMPA and gabazine affinities were altered (Table 7.3), and also the
affinity of GABA was reduced up to 4-fold suggesting the structure of
agonist/competitive antagonist binding site(s) were affected by the insertion of
smaller amino acids at position 124. It appears that the side-chain volume is
important at the position 124 to stabilize the structure of agonist/competitive

antagonist binding site(s).
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Figure 7.4 Inhibitory concentration-response curves for gabazine at p; wild-type and p;F124 mutants.
p; wild-type (black), p;F124W (green), p;F124Y (red), p;F124L (purple) and p;F124V (blue) mutant
receptors expressed in Xenopus oocytes. Each data point represents the mean + SEM (n = 3-4). All data
are normalized with Isp casa)-

Table 7.3 Activities of competitive antagonists at p; wild-type and p;F124 mutant
receptors expressed in Xenopus oocytes.

p1 F124 mutation TPMPA (uM) SR-95531 (uM)

WT Kz =1.89 = 0.04 ICsp = 60.66 = 12.55
F124W Ks=3.05+0.21° ICso = 36.83 = 1.86
F124Y Ks=2.50+0.24 ICso=29.40 £4.79 °
F124L Ks=2.16 +0.30 ICso = 48.69 = 2.56
F124V Ke=4.2+1.01° ICso = 127.30 £ 19.57 ¢

Data are the mean = SEM (n = 3-4 oocytes). ? Significantly different from wild-type (WT) (p<0.05, using
Student’s t-test).

7.2 Conclusion

Mutations at F124 had a modest effect on receptor pharmacology but had
significant effect on the deactivation rate (Tpeactivation) When expressed in Xenopus

oocytes and HEK-293 cells. The activities for TPMPA and gabazine were not greatly
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affected by the mutations suggesting that F124 is unlikely to be involved in antagonist
binding. At p;F124V receptors, GABA affinity was shifted approximately 4-fold with
significant but minor changes in TPMPA and gabazine potency suggesting that the
removal of an aromatic ring at position 124 could influence the stability of the overall
structure of the agonist/antagonist binding site(s). The amino acid side chain volume
and its polarity appear to be important at the position 124, influencing the GABA
deactivation current at p; wild-type receptors. We hypothesize that F124 may be
involved in channel gating or contributing in sustaining the open conformation of N-

terminal domain upon channel gating.
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Chapter 8: The effect of novel gabazine

analogues at GABA receptors

Gabazine 1 (Figure 8.1), also known as SR-95531, is a potent and selective
GABA, receptor antagonist, widely used as a pharmacological tool when studying
GABA, receptors in vitro and ex vivo. Intravenous administration of gabazine (1) elicits
tonic-clonic seizures in mice, indicating its ability to cross the blood brain barrier

(Heaulme et al., 1986).

Gabazine 1 contains a butyric acid and an aminopyridazine moiety, which have
some chemical characteristics similar to GABA, implicating a possible interaction with
GABA recognition sites. However, it is not necessary to have compounds that strictly
resemblance GABA in order to displace [’H]GABA from its binding site (Wermuth et
al., 1987). Gabazine was identified from a series of aminopyridazine derivatives that
were synthesized to conduct structure-activity relationship studies at GABAa
receptors (Heaulme et al., 1986; Igbal et al., 2011; Wermuth et al., 1987). It was
shown that the presence of an aromatic ring at the 6-position of the pyridazine ring
and an extended aminobutyric acid side-chain were important for antagonist activity
(Wermuth et al., 1987). In addition, the substituents attached to the aromatic ring

were found to be important for potency (Heaulme et al., 1986; Igbal et al., 2011).

GABA( receptors are another class of ionotropic GABA receptors (Ortells et al.,
1995) found at distinct anatomical areas within the central nervous system (CNS)
including the superior colliculus (Boue-Grabot et al., 1998), cerebellum (Rozzo et al.,
2002), hippocampus (Alakuijala et al., 2005) and lateral amygdala (Cunha et al., 2010).
GABA( receptors have been shown to play an important role in the onset of myopia
(Stone et al., 2003), in the sleep-waking process (Arnaud et al., 2001), memory
enhancement (Johnston, 2002) and in fear and anxiety disorders (Cunha et al., 2010).
Therefore, designing potent GABA: receptor selective agents, that cross the blood
brain barrier, will help establish the physiological importance of these receptors in

these processes.
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Gabazine 1 is known to inhibit current elicited by GABA at GABA( receptors,
however the inhibitory effect is weaker than at GABA, receptors (Zhang et al., 2008).
Previously we found that substituting the carboxylic acid group of gabazine with a
nitrile improved its activity at GABAc (p1) receptors (Yamamoto et al, 2012b).
Therefore, designing agents based on the core structure of gabazine with the
knowledge of GABA: receptor antagonists may lead to more potent and selective
agents that act on GABA: receptors. In this study, the pharmacological
characterization of a series of novel 6-aryl-3-aminopyridazine derivatives (Gavande et

al., 2010a) were performed to establish a structure-activity relationship profile.

The series of 6-aryl-3-aminopyridazine analogues were designed and
synthesized by Dr. Navnath Gavande, Faculty of Pharmacy, The University of Sydney,

Australia.

OCHs
& i
N\/\)J\
OH
NH* Br

Gabazine (SR-95531) 1

Figure 8.1 Structure of gabazine
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8.1 Results and discussion

8.1.1 Antagonist activities at GABA receptors

We evaluated 14 novel 6-aryl-3-aminopyridazine derivatives (Table 8.1) at
recombinant GABA, (a1 3,)21) and GABAc (p1) receptors expressed in Xenopus oocytes
and the activities of the analogues were measured using the two-electrode voltage
clamp methods. All gabazine analogues 2-15 had no agonist effects at GABA, or
GABA receptors when tested at 100 uM (n = 3). Consistent with previous findings
(Zhang et al., 2008), it was found that gabazine 1 was an antagonist, inhibiting the
effect of GABA at both receptor combinations, and it was found that gabazine was
approximately 200-fold more potent at GABAA (a13,)21) than GABAc (p:) receptors
(ICso (a132721) = 0.3 £ 0.0 uM, ICsg (01) = 60.7 £ 12.5 uM) (Table 8.2).

The inhibitory activities of the remaining 14 novel gabazine analogues 2-15
were then evaluated in the presence of the GABA ECso concentration at GABA, and
GABA( receptors (ECso values for GABA at GABA, and GABA( receptors were 30 uM
and 1 uM, respectively). Compounds were initially tested using two concentrations,
0.1 uM and 1 uM at GABA, receptors, and 30 uM and 100 uM at GABA( receptors in
the presence of their respective GABA ECso concentrations. The percentage inhibition
of the GABA current by compounds 2-15 was measured and normalized to the
current obtained by GABA alone (Table 8.2). If the activity of analogues were higher
or similar to gabazine 1, then full inhibitory concentration response curves were

generated and ICso values were calculated (Table 8.2, Figure 8.2, Figure 8.3).
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Table 8.1 Structures of gabazine analogues.

Compound  R! R’ R’ R* X
2 H OCH; H
3 H H OCH; :
i"__~~_~COOH Br
4 H H H -
5 OH H H
6 OCH; H H - :
7 H \\ //N - -
8 OCH H H é\/\/\COOH c
9 OCH; H H i~~~ CN Br
10 OCHs H H 5\/\CN Br
11 OCH; H H ; ™ oH cl
0
12 OCH; H H 5 ™ oH cl
o)
13 OCH; H H 5\/\CONH2 cl
14 OCHj H H i~~~ COOE! cl
N
TN
15 OCH; H H ; \/\/L N cl
i N
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8.1.1.1 Antagonist activities at GABAa receptors

All tested compounds 2-15 inhibited the current produced by GABA (30 uM)
at GABA, receptors. It was found that a para (p)-methoxy group as in gabazine 1 is
approximately 2 fold more potent than when the methoxy group is either in the ortho
(0)-2 or meta (m)-position 3 (Table 8.2). Hydrogen bond donor groups such as the (p)-
hydroxy group, as found on analogue 5, reduced the potency by approximately 4 fold
at GABA, receptors (Table 8.2). In addition, removal of the substituent on the
aromatic ring as shown in analogue 4 resulted in a decrease in potency at GABA,
receptors. Removing the butyric acid side-chain to generate analogue 6 and replacing
the (p)-methoxyphenyl by the bicyclic aromatic quinolin ring 7 also reduced the

potency at GABA, receptors (Table 8.2, Figure 8.2).

1.2;
A Gabazine (SR-95531) 1
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Figure 8.2 Inhibitory concentration-response curves for gabazine 1, compounds 6 and 15 at GABA,
(a12721) receptors. Gabazine 1, compounds 6 and 15 are shown in black, purple and red respectively.
Each data point represents the mean + SEM (n = 3-4).

~ 131~



Chapter 8:

The effect of modifying the butyric acid side-chain of gabazine on the
antagonist activity was also studied. The resulting compounds 8-15 were found to be
antagonists with varying potency at GABA, receptors. Increasing the length of the
side-chain to generate analogue 8 or substituting the carboxylic acid with a nitrile
group to generate 9 and 10, an amide group 13 or an ethyl ester group to give 14
resulted in compounds with weaker inhibitory effects than gabazine 1 at GABA,
receptors (Table 8.2). Similar results were reported in a previous gabazine structure-
activity relationship study for GABA, receptors (Wermuth et al., 1987). In their study,
lengthening the butyric side chain or substituting with nitriles or ethyl ester groups
resulted in weaker displacements of [°’H]GABA binding at rat whole brain membranes
(Wermuth et al., 1987). Replacing the carboxylic acid moiety of the butyric acid chain
with either a phosphonic 11 or phosphinic acid group 12 also reduced the potency by
approximately 4-fold as compared to gabazine 1 at GABA, receptors. The only
analogue that showed similar potency to gabazine was 15, the 5-substituted-1H-
tetrazole analogue (ICso (at132721) = 0.5 = 0.1 uM). This was not surprising as tetrazoles

are well known to act as carboxylic acid bioisosteres (Herr, 2002).

8.1.1.2 Antagonist activities at GABAc receptors

At GABA( receptors, compounds 9, 10, 13-15 inhibited currents produced by
GABA (1 uM) (Figure 8.3) while compounds 8, 11 and 12, at either 30 uM or 100 uM,
failed to inhibit the GABA current (Table 8.2). Similar to what was found for the
GABA, receptor, the methoxy group in the (p)-position 1 was approximately 2-4 fold
more potent at GABA. receptors than when it is in the (0)-2 or (m)-position 3 (Table
8.2). In addition, the (p)-hydroxy analogue 5 was approximately 4 fold less potent
than gabazine 1 while the removing the substitution 4 also resulted in a decrease in

potency at GABA. receptors (Table 8.2).

Unlike what was found at the GABA, receptor however, removing the butyric
acid side-chain produced some interesting and unexpected findings. Compound 6
(ICso (1) = 4.3 = 0.4 uM) was approximately 15-fold more potent as an antagonist at

GABA receptors as compared to gabazine 1 (ICso (1) = 60.7 £ 12.5 uM) and
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approximately 20-fold more potent at GABA as compared to GABA, receptors (ICso
(a12y21) = 67.8 £ 9.7 uM). However, modification at the phenyl ring 7 reduced

antagonist potency at GABA. receptors (Table 8.2).

Modifications of the butyric acid side-chain of gabazine 8-15 altered activity at
GABA receptors (Table 8.2). Lengthening the butyric acid side-chain 8 or substituting
the carboxylic acid group with a phosphonic 11 or phosphinic acid 12 resulted in
compounds, which were practically inactive at GABA: receptors (Table 8.2).
Substituting the carboxylic acid with a nitrile (compounds 9 and 10, ICs (01) = 8.0 =
0.8 and 3.4 = 0.6 uM, respectively) or an amide group 13 (ICso (01) = 14.3 = 3.4 uM)
also resulted in a compound with improved inhibitory effects compared to gabazine 1
(ICso (1) = 60.7 = 12.5 uM) at GABA( receptors (Table 8.2, Figure 8.3). Substituting
the carboxylic acid group with an ethyl ester group 14 did not significantly change the
potency of the compound at GABA( receptors (Table 8.2; p>0.05, using Student’s t-
test). The 5-substituted-1H-tetrazole analogue 15 (ICso (01) = 3.4 = 0.6 uM) had
improved antagonist potency, being 20-fold more potent than gabazine 1 at GABAc
receptors. Our findings indicate that the carboxylic acid moiety is not necessary for
antagonist activity at GABA. receptors consistent with our previous study (Yamamoto
et al., 2012b) while it is critical for potency at GABA, receptors, suggesting that
selective GABA( receptor antagonists can be designed with reduced GABA, receptor

effects.
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Figure 8.3 Inhibitory concentration-response curves for gabazine 1, compounds 6, 9, 10, 13 and 15 at
GABA( (p;) receptors. Gabazine 1, compounds 6, 9, 10, 13 and 15 are shown in black, purple, blue,
orange, green and red respectively. Each data point represents the mean + SEM (n = 3-4).

8.1.1.3 Compound 6 is a competitive antagonist at GABAc receptors

Removal of the butyric acid side-chain and the resulting (p)-methoxy
compound 6 showed weak inhibitory effects at GABA, receptors as compared to
gabazine 1 (Figure 8.2, Table 8.2). As previously reported, gabazine 1 and compound
9 are competitive antagonists at GABA receptors (Yamamoto et al., 2012b). In order
to determine whether the compound 6 is a competitive antagonist at GABAc
receptors, we constructed a Schild plot to determine the dissociation constants (Kz)
for 6 and compared Kz values with gabazine 1 and compound 9 at GABA receptors
(Figure 8.4, Table 8.2). It was found that all three compounds inhibited GABAc
receptors in a competitive manner as the Schild slopes did not differ from 1 (Figure

8.4B).
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Figure 8.4 Pharmacology of compound 6 at GABA( (p;) receptors. A Concentration response curves of
GABA alone (black dot, n = 4) and in the presence of compound 6 at 10 (light purple dot, n = 4), 30 (purple
dot, n = 3) and 100 uM (dark purple dot, n = 3). Each data point represents the mean + SEM (n = 3-4). All
data are normalized with |4, Which refers to their maximum GABA current. B Schild plot analysis for
gabazine 1, compounds 6 and 9 at GABA(p;) receptors. The action of gabazine 1 (black), compounds 6
(purple) and 9 (blue) in antagonizing the effect of GABA at p; receptors. Each data point represents the
mean = SEM (n = 3-4).

These data are interesting as they show that it is not necessary to possess an
acid moiety to attain compounds that are potent and selective for GABA( receptors.
To date most compounds reported to be potent at GABA. receptors contain a
carboxylic acid or bioisostere (Ng et al.,, 2011) in order to act as a competitive
antagonist at GABA: receptors. However, our previous study in Chapter 6, we
discovered two antagonists which did not possess acid moiety, SR-95813 and (+)-4-
ACPAM, and they were both competitive antagonists at GABAc (p:) receptors
(Yamamoto et al., 2012b). In contrast, previous reports indicated that the butyric acid
side-chain in gabazine 1 is important to retain/improve antagonist potency at GABA
sites (Wermuth et al., 1987). Consistent with our previous study, this study suggests it
is not the case for GABA¢ receptors. Therefore, current studies are underway to
develop non-zwitterionic selective GABA¢ antagonists that can probe the binding site

at GABA receptors.

Gabazine 1 and compound 6 were docked into our homology model of the
GABA( receptor ligand binding site (Abdel-Halim et al., 2008) (Figure 8.5). The model

predicts that the pyridazine ring is orientated in the opposite direction to gabazine 1
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and in the case of compound 6, the nitrogens are interacting with arginine at position
104 making direct interactions through hydrogen bonds. The difference in the binding
mode of the pyridazine ring may contribute to the differences in the activities of the

two compounds at GABAc receptors.
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Figure 8.5 Gabazine 1 and compound 6 docked into the homology model of (p,) receptor GABA binding
site. A Image of gabazine 1 docked in the binding site. Selected H-bonds are depicted with dashed green

lines. B Image of compound 6 docked in the binding site. Selected H-bonds are depicted with dashed green
lines.
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Table 8.2 Activities of gabazine 1 and its analogues 2-15 at GABA receptors.

% Inhibition of GABA ECs, at GABA, (i 3:71) receptor’ % Inhibition of GABA ECs, at GABA( (01) receptorb

Compound | 0.1 uM*¢ 1uM*® ICso (M) ? 30uM € 100 uM © ICso® / Kg® (UM)

_ ICso=60.7 = 12.5
1 403 +1.3 87.0+0.8 1ICsx=0.3+0.0 445+ 4.0 83.0+5.0 Ko=51.2+2.9
2 30.3+=3.1 68.8 +0.3 159+0.9 52,6454
3 20.2 +3.0 243+23 10.6 = 1.6 16.2+4.4
4 20.7 £ 2.8 33 1431 13.2+2.3 35.8+3.9
5 4.3+2.3 21.0+3.0 13.3+5.6 221 %25

B ICso=4.3+0.4
6 13.5+2.0 209+1.7 IC5p =67.8+9.7 945+13 95.4+2.7 Ky =8.6+0.7
7 13.6+0.5 17.0+0.9 10.8+1.1 15.6 +3.8
8 207+« 1.8 23.7+19 NA NA

|C5() =8.0+0.8

9 16.4+3.4 319=+1.7 84.3+2.1 96.8 + 0.5 Ko=12.4+04
10 28.4+0.8 55.2+2.1 91.3+34 100.0+0.0 ICso=3.4%0.6
11 89+27 22420 NA NA
12 199=+14 245+ 1.6 NA NA
13 21.8+1.0 377 =11 813%7.2 97.3+2.2 ICs0=14.3+3.4
14 7.7=28 27.0x1.6 68.2 +3.5 88.3+2.0
15 58.7+1.9 93.2 +0.5 IC50=0.5+0.1 96.5+2.9 100.0+0.0 1ICo=3.4+0.6

Determined electrophysiologically in Xenopus oocytes expressing GABA, (a1 3,721) or GABA( (1) receptors. Data are the mean + SEM of inhibition in
3-4 different cells. “ Percent inhibition of the chloride ion flow triggered by GABA ECs, concentration (30 uM) and test compound. ® percent inhibition
of the chloride ion flow triggered by GABA ECs, concentration (1 uM) and test compound. © Concentration of test compound. NA: no activity was
observed at the tested concentration. ¢ Data are the mean + SEM (n = 3-4). ¢ Data are the mean = SEM (n = 3). Structures are given in Table 8.1.
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8.2 Conclusion

In this chapter the effect of a variety of gabazine analogues (2-15) were
studied at recombinant GABA, and GABAc receptors. It was found that the (p)-
methoxy substitutuent of gabazine 1 is crucial for potency at both GABA, and GABAc
receptors which is consistent with previous findings (Wermuth et al., 1987). The
chemical modifications at the butyric acid moiety, resulted in improved antagonist
potency at GABA: but not at GABA, receptors (Table 8.2). On the other hand,
lengthening of the side chain 8 was disfavored at both receptors. Improved activities
at GABA( receptors were observed when the carboxylic acid group of gabazine is
replaced with either a nitrile 9 and 10, an amide 13 or an ethyl ester 14. (+)-4-ACPCA
is a potent competitive antagonist at GABA receptors and it posses a carboxylic acid
moiety (Chebib et al., 2001). We found that substitution of the carboxylic acid with an
amide group did not affect the antagonist activity of (+)-4-ACPAM (Yamamoto et al.,
2012b). It appears the carboxylic acid moiety is not necessary for antagonist activity
at GABA( receptors. It will be interesting to explore the binding sites of non-

zwitterionic selective GABAc antagonists.

To our surprise, the phosphonic 11 and phosphinic acid 12 analogues had no
inhibitory effects at GABAc receptors. Phosphonic or phosphinic acids are known to
enhance the selectivity of compounds for GABAc receptors over GABA, receptors
(Chebib et al., 2007; Kumar et al., 2008; Murata et al., 1996) but this was not found to

be the case for these analogues (Table 8.2).

The 5-substituted-1H-tetrazole analogue 15 had similar potency to gabazine 1
at GABA, while it had improved potency at GABA: receptors. 5-Substituted-1H-
tetrazole is often used as a metabolism-resistant isosteric replacement for carboxylic
acids, improving pharmacokinetics of medicinally active compounds (Herr, 2002). It
will be interesting to design analogues based on the structure of 5-substituted-1H-

tetrazole analogue 15 for animal models in the future.
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Finally, the removal of the butyric side-chain 6 improved antagonist potency
for GABA but not for GABA, receptors (Figure 8.2 and Figure 8.3). It appears that the
butyric acid side-chain of gabazine 1 is not important for its potency and its
competitive nature at GABAc receptors. In addition, this compound was
approximately 20-fold weaker at GABA, receptors, indicating it is selective for GABAc
over GABA, receptors. Our findings suggest that compound 6 may have potential
physiological effects such as memory improving effects in vivo targeting primarily at
GABA receptors. This hypothesis could be tested using behavioural experiments on a

mouse model.
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General Discussion
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Chapter 9: General Discussion

The Cys-loop superfamily of LGICs is critical for mediating the inter-cellular
communication of neurons in the CNS. All members of the family, including GABAc
receptors, share significant amino-acid sequence homology and have an identical
quaternary pentameric structure. The extracellular N-terminal domain contains the
signature motif, a conserved pair of cysteine residues that bond together to form a
loop along with the orthosteric ligand binding site that is located at the interface
between two subunits. This thesis focused on how ligands interact within their

binding site and their relationship with receptor function.

During channel gating, signals are mediated from the extracellular domain to
the transmembrane domain via coupling regions. As shown by the REFER approach
and kinetic studies, sequential conformational changes at the N-terminal domain
occur upon agonist binding to gate the channel pore. However, detailed molecular
knowledge of the ligand binding site and the gating mechanism across Cys-loop
receptors is not fully understood. The observations made in this thesis serve to
emphasize that upon agonist or antagonist binding, the conformation of the receptor
changes and at the same time, the open or closed conformational states influence the
conformation of the binding site. We observed that a series of point mutations at the
binding site influences receptor gating, highlighting the dynamic nature of these
receptors. These findings draw attention to the relationship between ligand binding
and receptor gating, and also the relationship between receptor structure and

function.

We employed pharmacological tools, partial agonists and competitive
antagonists to assess the effect of mutations on receptor function. Changes in GABA
activity at mutant receptors imply GABA binding and/or receptor function have been
compromised. Usually changes in the potency and efficacy of partial agonists against
GABA indicate that the mutations have altered receptor gating (Chapter 5 and
Chapter 6). Changes in competitive antagonist activities imply structural changes to

the agonist binding site by the mutations (Chapter 6 and Chapter 7). Thus, partial
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agonists and competitive antagonists give us insights into the effects of mutations,

which could not be revealed by full agonists alone.

Xenopus oocytes are very useful when studying GABAc receptor ligands,
however it is not a suitable assay to use when aiming to address questions related to
neurological disorders. It is important to understand how GABA receptor behaves in
mammals to discuss and implication the therapeutic potential of results. Receptors
usually exist with associated proteins and the potential partner proteins differ
between the expressing systems. It is important to use mammalian expression
systems such as HEK293 cells, since it is likely that important associated proteins exist
in mammalian cells but not in Xenopus oocytes. The work using mouse L929
fibroblasts by Everitt and his co-workers showed the co-expression of GABARAP
specially is important in GABA, receptor functions (Everitt et al, 2004). This
implicates that the use of neuronal cells, either primary or immortal cultures, we may
be able to observe unknown receptor functions due to the unidentified associated
proteins. This allows us to yield information that oocytes and transfected cell lines

cannot.

GABA is a major inhibitory neurotransmitter in the mammalian CNS. It has
three rotatable bonds that give rise to multiple conformations, and the different
binding modes of GABA interact with different effector systems. A large number of
conformationally constricted GABA analogues have been developed, however the
GABA binding conformation at GABA,, GABAg and GABA( receptors has not been
defined completely (Deniau et al., 2007). Chapter 4 of this thesis described the
binding conformation of GABA at GABA. p; receptor ‘orthosteric’ binding site by
employing mono-fluoro-y-aminobutyric acids; (S)- and (R)-3-fluoro-y-aminobutyric
acids and the stereoisomers of di-fluoro-y-aminobutyric acids; syn- and anti-2,3-
difluoro-4-aminobutyric acids, as conformational probes to explore the GABA binding
conformational modes at GABA( receptors. Our study suggested that the binding
mode of GABA at the GABA( receptor was different to that found at GABA4 receptors.
Our results also correlate with the proposed GABA: receptor binding geometry

(Crittenden et al., 2005) and expand the library of known GABAergic compounds that
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act on GABA( receptors to inform the ongoing development of new ligands for the

various potential therapeutic applications.

To our knowledge, no detailed model of the binding geometry of GABA at
GABA; receptors has been established. The activation mechanisms for class C G-
protein-coupled receptors, including metabotropic glutamate (mGlu) and GABAg
receptors are complex (Rondard et al., 2011). Like Cys-loop receptors, agonist binding
induces conformational changes at the venus flytrap (VFT) domain to initiate
intramolecular signal transduction via the heptahelical domain which activates G-
proteins (Kunishima et al., 2000; Matsushita et al., 2010). GABAg receptors are known
to activate the Gai and Goo-protein family (Menon-Johansson et al., 1993) and they
regulate many aspects of synaptic transmission (Chalifoux et al.,, 2011). GABA
activates G-protein-regulated inward-rectifying K*-channels (GIRK) via postsynaptic
GABAg receptors (Kulik et al., 2006) and the activation of receptors also limits
presynaptic neurotransmitter release by inhibiting Ca**-channel opening (Dolphin,
2003; Tatebayashi et al., 1992). In this study, we co-expressed GABAg(1p2) With rat
GIRK 1 and rat GIRK4, and we found one of the syn-2,3-difluoro-4-aminobutyric acid
isomers failed to activate the GIRK channels. It has been proposed that the types of
mGlu receptor activated signaling pathway are determined by ligand-specific
conformational changes at the VFT dimer (Tateyama et al., 2004; Tateyama et al.,
2006). If the same applies for GABAg receptors, it is possible that the different GABA
binding modes induce different signaling cascades. It will be interesting to try our
GABA conformational probes in native cells to explore the relationship between

GABA binding mode and the GABAg receptor mediated signaling cascades.

GABOB is an endogenous ligand found in the CNS. Homology modelling of the
GABA: p; receptor revealed that a potential hydrogen bond (H-bond) interaction
occurs between the hydroxyl group of GABOB and the loop C residue, threonine 244
(T244) of the ligand binding site of the p; subunit. Using site-directed mutagenesis,
the effect of mutating T244 on the efficacy and pharmacology of GABOB and various
other related ligands were examined (Chapter 5). It was found that mutating T244 to

small neutral amino acids produced GABA-insensitive receptors. Only by mutating
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17244 to serine (p,T244S) a GABA-responsive receptor was produced, albeit with 39-
fold less sensitivity to GABA than wild-type receptors. We also observed that the
partial agonists, muscimol and |4AA were converted to antagonists at p;T244S
mutant receptors, indicating that T244 is predominantly involved in channel gating.
Interestingly, the potencies of antagonists were not altered suggesting that T244 is
not critical for their binding. Therefore, this study highlighted the dynamic nature of

receptor gating and the role of loop C in agonist induced receptor activation.

Agonist binding induces conformational changes within the N-terminal
domain to transmit signals to the transmembrane domains to gate the channel.
Understanding the dynamic nature of receptor gating is currently limited by the
present reported models for LGICs. Furthermore, there is no crystal structure of the
GABA¢ p; receptor and thus not much is known about the receptor structure and
function in channel gating. Our homology model of the GABA( p; receptor is based on
acetylcholine-binding protein (AChBP), which is a soluble protein isolated from
Lymnaea stagnalis (,-AChBP) (Brejc et al., 2001). The model was optimized to predict
loop C conformations at open or closed conformations by performing a combination
of quantum mechanics/molecular mechanics (QM/MM) simulation (Abdel-Halim et
al., 2008). The model predicted conformational changes at loop C after agonists or
antagonists binding, consisting with the findings observed using crystal structures of
Aplysia Californica AChBP, which was co-crystalized with a number of nicotinic
agonists and antagonists (Hansen et al., 2005). One of the problems with homology
modelling studies is that it can only produce a snap shot of ligand interactions at a
particular moment of a predicted conformation of the receptor (e.g. resting, open or
closed states). Although our model was optimized, it most likely resembles the ligand-
bound state because the template used contains the ligand HEPES and was neither in
the open or desensitized state (Brejc et al., 2001). Therefore, it is simply a model and
does not predict the intermediate interactions that occur when the ligand binds to
gate the channel. As previously described, we can define the role of amino acid
residues by using partial agonists if full agonists can activate the mutant receptors
(Chapter 5 and Chapter 6). In addition, the AChBP has no structural features required

for ion channel functions (e.g. the transmembrane domain), so it is not an ideal
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candidate to use if we want to understand how channel gating is regulated by ligand
binding. Recently a glutamate-gated chloride channels (GluCl) has been crystallized
and the receptor has a higher homology (33%) to GABAc p; receptor than ;-AChBP
(18%) (Hibbs et al., 2011). Therefore, it is preferable to use the GluCl crystal structure
(GluCleryst) as a template for homology model of GABAc p; receptor. The limitations to
using this crystal structure is that, the receptor was co-crystallized with an
antibacterial agent Fab, and that receptors can rapidly undergo conformational
changes to gate the channels indicating the energy transfer from closed to open
states occurs in subtle manner that are not accounted for with crystal structures.
Therefore, any changes in the receptor environment can interfere with receptor
function. As such, we do not know how much the structural information obtained

from GluCl.s-Fab resembles the native receptors.

The crystal structure of the extracellular N-terminal domain of the mouse
nACh oy subunit (a211) at 1.94 A resolution has also been reported (Dellisanti et al.,
2007a). It was co-crystallized with a-bungarotoxin and provided key structural
elements of nACh receptors including the main immunogenic region (MIR), which had
not been observed by previous studies using AChBP. Lin and his colleagues have
compared the structural differences and similarities between the AChBP and 211
and they revealed many receptor-specific structural features important at the atomic
level (Chen, 2010; Dellisanti et al., 2007b). One of their findings is the identification of
hydration cavities in the hydrophobic core of N-terminal domain. These hydration
cavities do not exist or occur less frequently at AChBP sequences. It was subsequently
proposed that the loose packing of N-terminal domain was developed through
evolution for channel functions (Dellisanti et al., 2011). Their study showed that
changes in Cys-loop receptor function occurs by mutating the hydrophilic residues
into bulky or hydrophobic residues suggesting the flexibility of N-terminal domain

contributes to receptor gating.

We also observed changes in receptor function when a conserved
hydrophobic residue, phenylalanine 124 (F124) located at B3-strand of the p;

receptor was mutated to various amino acids (Chapter 7). F124 is located on the non-
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characterized part of the GABA¢ p; receptor sequence and our homology modelling
studies predicted it contributed to a novel hydrophobic cavity. Mutation studies at
F124 revealed that the residue was unlikely to be involved directly in ligand binding.
However the amino acid side chain volume and its polarity appeared to be important
for receptor function and the stability of the overall structure of the
agonist/antagonist binding site. Altering the amino acid side chain volume or its
polarity also influenced the gating kinetics of the receptor. From this study, it is
hypothesized that F124 may be involved in channel gating or contributing to the
stabilization of the open conformation of N-terminal domain upon channel gating.
Further studies are required to elucidate the role of F124 and the novel hydrophobic

cavity.

Overall, at present the use of homology models remain at best as ‘a
representation’ due to the challenges raised by the limited sequence identity and the
number of available crystal structures. Detailed structural receptor information with
high resolution is still necessary for drug design and development studies (Taly et al.,
2009). Nonetheless, homology models offer initial ideas of how ligands interact with
their binding site (Abdel-Halim et al., 2008; Yamamoto et al., 2012a; Yamamoto et al.,
2012b; Yamamoto et al., 2011a; Yamamoto et al., 2011b, Chapter 8), and homologues
of the Cys-loop LGICs found in bacteria provide some insight into receptor gating (Hilf

et al., 2009b; Hilf et al., 2008; Pan et al., 2012).

In Chapter 6, we employed a range of structurally diverse GABA antagonists to
explore their effects on two conformations of the p; receptor; the open and closed
conformational states. The different conformational states were achieved by
mutating tyrosine at position 102 (Y102) to serine (01Y102S), cysteine (p;Y102C) and
alanine (p;Y102A). p1Y102S receptors were constitutively active indicating that a
proportion of receptors exist in the open conformational state. This receptor
characteristic enabled one to assess the activity of antagonists in the absence of an
agonist (0,Y102S) compared to those receptors existing predominantly in the closed

conformational state (p; wild-type, p1Y102C and p1Y102A).
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It was found that all GABA: antagonists studied were inverse agonists at
p1Y102S receptors with the exception of (+)-4-ACPAM. However, (+)-4-ACPAM
inhibited GABA-evoked current at pY102C and p;Y102A, suggesting that (%)-4-
ACPAM preferred binding to the closed over the open conformational state of the
receptor. We also found that GABA antagonists were more potent at the closed
compared to the open conformation states suggesting that the antagonists act by
stabilizing the closed state and thus reducing activation by agonists in addition to

competing for the binding site.

Gabazine (SR-95531) is a potent GABA, receptor competitive antagonist and it
is known to cross the blood brain barrier. Gabazine also inhibits GABA-evoked
currents at GABA: receptors, however the inhibitory effect is weaker. A series of
novel 6-aryl-3-aminopyridazine derivatives were designed to establish a structure-
activity relationship profile and develop more potent and selective GABA: receptor
antagonists (Chapter 8). We identified one analogue lacking the butyric acid side-
chain that was approximately 20-fold more potent at GABA: over GABA, receptors.
Designing chemical structures based on this analogue may serve to develop selective
GABAc receptor antagonists with possible physiological effects including memory

enhancing effects.

9.1 Future direction

9.1.1 Ligand specific conformational changes

The findings in this thesis emphasize that upon agonist or antagonist binding,
the conformation of the receptor changes. It will be interesting to explore the
difference between agonist and antagonist induced signal transduction mechanisms.
Antagonist induced conformational change in the receptor is difficult to detect since
we cannot observe the change unless the receptors are constitutively active. Lynch
and co-workers have used the voltage-clamp fluorometry (VCF) technique to explore
ligand specific glycine receptor conformational changes with interesting results (Pless

et al.,, 2009; Wang et al., 2010). They labeled the region of interest with an
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environmentally sensitive fluorophore. This technique allows us to simultaneously
monitor current changes and changes in fluorescence intensity (AF) during ligand
application and detect antagonist induced electrophysiologically silent
conformational changes (Pless et al.,, 2008). They found one residue in loop C
responded differently to glycine and strychnine, indicating its importance in ligand
discrimination (Pless et al., 2009). They have also found three residues in inner beta
sheets which discriminated between agonists and antagonists. Strychnine is a
competitive antagonist at glycine receptors, and it only induced local conformational
changes which do not occur at the interface of the transmembrane domain (Pless et

al., 2009).

Chang and Weiss have also explored agonist/antagonist induced
conformational changes at GABA¢ p; receptors using VCF (Chang et al., 2002; Li et al.,
2010; Zhang et al., 2009). They saw changes in AF upon 3-APMPA and 3-APA
application, which were less than GABA, and also that the changes were opposite to
that of GABA at the regions in N-terminal domain (Chang et al., 2002). Their findings
indicate that the inhibitory effect of 3-APMPA is not by simply competing with GABA
at the binding site, but to also stabilize the receptor in a unique closed conformation.
TPMPA is a competitive antagonist at GABAc receptors and it is also an inverse
agonist (Chapter 6). It also inhibited the spontaneous current produced by the
mutation in the pore region of GABA¢ p; receptors (Carland et al., 2004). It will be
interesting to use the VCF technique or other fluorescence methods to explore how
GABA( antagonists evoke conformational changes at the transmembrane domain via
coupling regions and explore the difference in the energy transfer occurring during

conformational changes upon agonist or antagonist binding.

9.1.2 GABAc p1 receptor orthosteric binding site

Mutating threonine at position 244 (T244) influenced p; receptor gating, and
having a hydroxyl group at the position was critical for agonist induced receptor
activation (Yamamoto et al., 2012a). As the p; receptor is a homomeric receptor

containing five identical binding sites, we can vary the number and positioning of the
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binding sites within the pentamer by co-expressing wild-type subunits with subunits
mutated to form a disabled binding site (e.g. the non-functional p;T244A). Mutating
T244 into alanine (0,T244A) disables GABA binding site. Here we can explore the
number of active binding site by co-expressing experiments of WT and mutants by
changing the concentration ratio of p; WT and T244A cRNA mixtures. This way we can
explore the number of active binding sites required for agonist induced GABA: p;

receptor channel opening.

9.1.3 Role of F124

Our GABAc p; receptor homology model identified a novel hydrophobic cavity
and predicted the side chain of F124 points towards the cavity. By mutating F124, we
observed changes in whole cell deactivation currents using both two-electrode
voltage clamp and patch clamp methods (Chapter 7). We hypothesized that the
residue was involved in receptor gating or contributing in stabilizing the open
conformation of N-terminal domain upon channel gating. Activation of GABA: p;
receptor locks the agonist in the binding site (Chang et al., 1999), thus changes in
deactivation rate imply that the GABA dissociation equilibrium constant may have
been altered at mutant receptors. Radioligand-binding experiments using p; wild-
type and mutant receptors can give us insights into whether the mutations at F124
influence the receptor by detaining the agonist upon binding or not. However,
changes in receptor activation by these mutations indicate not only what influences
ligand binding but also receptor gating and differentiating between these can be
difficult. However employing partial agonists as pharmacological tools to explore the
effect of a mutation on receptor gating as shown in Chapter 6 can provide insights
into whether an amino acid is involved in binding or gating. Furthermore, single-
channel recordings can also be used to provide ways to explore the effect of a
mutation on receptor gating by comparing bursts of channel opening. Altering the
mean number of openings per burst between p; wild-type and mutant receptors may

imply that the residue is involved in stabilizing the open conformation.

9.2 Conclusion
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This thesis describes how ligand binding and receptor gating are closely
related and explores the effect of receptor conformational changes on receptor
pharmacology. We also achieved to facilitate the understanding of the relationship
between the ligand chemical structures and their activities at GABA receptors. It is
one of the important aspects in drug discovery to understand how ligands interact

with their binding sites.

~ 150 ~



Appendices

~ 151 ~



Appendices

Appendix 1 Synthetic procedures and
characterization data for ()-4-ACPAM

Methyl 4-tert-butoxycarbonylaminocyclopent-1-enecarboxylate (Locock et al.,
2009) (2.90 g, 12 mmol) was added to an aqueous solution of 0.5 M sodium
hydroxide (80 mL) and tetrahydrofuran (40 mL) and allowed to stir overnight at room
temperature. Excess tetrahydrofuran was removed from this solution under reduced
pressure followed by extraction with dichloromethane (60 mL). The remaining
aqueous fraction was acidified to pH 3 with 10% aqueous citric acid in the presence of
dichloromethane (180 mL). The combined organic phases were dried over magnesium
sulphate and evaporated to give A4-tert-butoxycarbonylaminocyclopent-1-
enecarboxylic acid (2.59 g, 95% vyield). Ry = 0.35 (4:1 ethyl acetate/petroleum ether).
'H NMR (300 MHz, CDCl5): 6 6.86 (1H, s, HC=), 4.75 (1H, br s, NH), 4.39 (1H, bs, C(4)H),
2.97 (2H, bt, J = 9 Hz, C(3)H and C(5)H), 2.49 — 2.39 (2H, m, C(3)H and C(5)H), 1.45 (9H,
s, Boc). *C NMR (300 MHz, CDCls): & 168.96 (C=0), 143.94 (=C), 134.27 (HC=), 79.80
(C(CH3)s), 50.40 (CHNHBoc), 41.57 (cyclopentene CH,), 39.03 (cyclopentene CH,),
28.60 (C(CHs)3). CI-MS m/z 154 (52%, MH*-C4HgO), 126 (100, MH"-Boc), 93 (14, MH™-
Boc-H,0), 82 (45, MH"-Boc-CO,).

Triethylamine (304 mg, 3 mmol) was added to a solution of 4-tert-
butoxycarbonylaminocyclopent-1-enecarboxylic acid (341 mg, 1.5 mmol) in
tetrahydrofuran (30 mL) at 0°C. iso-Butylchoroformate (338 mg, 2.5 mmol) was added
dropwise, and the solution left to stir for 15 minutes. Gaseous ammonia was bubbled
through the solution for 20 minutes and the reaction left to stir at 0°C for a further 2
hours. The reaction was concentrated in vacuo, diluted with ethyl acetate (30 mL) and
washed with aqueous sodium hydroxide (1M, 10 mL), saturated citric acid (10 mL)
and brine (10 mL). The organic fraction was dried over sodium sulphate and solvent
was removed under reduced pressure. The product was isolated using flash
chromatography, eluting with ethyl acetate/dichloromethane (10:1) to give tert-butyl
3-carbamoylcyclopent-3-enylcarbamate (315 mg, 92% yield). Rs = 0.47 (ethyl acetate).
IH NMR (300 MHz, CDCl3): & 6.52 (1H, s, HC=), 5.72-5.18 (2H, br d, NH,), 4.85-4.64
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(1H, m, C(4)H), 4.40 (1H, br s, NHBoc), 3.04-2.84 (2H, m, C(3)H and C(5)H), 2.52-2.33
(2H, m, C(3)H and C(5)H), 1.45 (9H, s, Boc). *C NMR (300 MHz, CDCls): & 166.76
((C=0)NH,), 155.57 ((C=0)Ot-Bu), 137.01 (HC=), 136.91 (=C), 79.80 C(CHs)), 50.65
(CHNHBoc), 41.14 (cyclopentene CH;), 39.64 (cyclopentene CH,), 28.60 C(CHs)). tert-
Butyl 3-carbamoylcyclopent-3-enylcarbamate (315 mg, 1.39 mmol) was dissolved in a
saturated solution of hydrochloric acid in ethyl acetate and the resulting solution
allowed to stir for 4 hours. Solvent was removed in vacuo, and the product isolated
using an ion-exchange column of Dowex 50W (H") (10 mL), eluting the amino amide
with ammonia (2M). This gave 4-aminocyclopent-1-enecarboxamide (156 mg, 89%
yield). Rf = 0.27 (4:1:1 n-butanol/acetic acid/water). 'H NMR (300 MHz, D,0): & 6.32
(1H, s, HC=), 4.03-3.93 (1H, m, CHNH,), 3.01-2.84 (2H, m, C(3)H and C(5)H), 2.56-2.43
(2H, m, C(3)H and C(5)H). *C NMR (300 MHz, D,0): § 171.13 (C=0), 140.23 (HC=),
136.08 (=C), 50.91 (CHNH,), 42.31 (cyclopentene CH,), 40.52 (cyclopentene CH,). ESI-
MS m/z positive ion mode: 127 (55%, MH"), 110 (5%, MH"-NH;); negative ion mode:
126 (20%, M*-H).
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Appendix 2 Synthetic procedues for novel

gabazine analogues

Cl Cl
N a = b
S G
~N ~N
Cl N

H,

Scheme 1 Reagents and Conditions: a) 28-30% NH,OH, MW, 120°C, 30 min., 87%; b) aryl/heteroaryl
boronic acid, 5 mol% Pd(PPh;), K,CO3 (1.5 equiv.), EtOH:water (4:1), MW, 120°C, 10 min., 75-94%; c) alkyl
halide, MW, 80°C, 15 min., 84-96%.

The initial step of the synthesis involved the monoamination of 3,6-
dichlorpyridazine using 28-30% aq. ammonium hydroxide as the source for the amine
functionality of 3-amino-6-chloropyridazine under microwave irradiation (Scheme 1)
(Gavande et al., 2010a). After optimization of Suzuki coupling reaction, we coupled
various aryl/heteroaryl boronic acids with unprotected 3-amino-6-chloropyridazine
under microwave irradiation (CEM Discover S-Class microwave reactor: equipped
with single mode reactor and fiber optic temperature control; method: dynamic
mode at power 300W) at 120 °C with stirring for 10 min afforded the corresponding
3-amino-6-arylpyridazines in moderate to good yield. The N-alkylation of the endo
amidinic system of 3-amino-6-arylpyridazines with alkyl halides under microwave

irradiation yielded desired compounds (1-5 and 8-15) in good yield.
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