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Benzodiazepines: structural mechanisms underlying their actions at
GABA 4 receptors

Elaine V. Morlock
Graduate Program in Molecular and Cellular Pharmacology
University of Wisconsin - Madison

Benzodiazepines (BZDs) are clinically important drugs that exert their CNS actions by
binding to the GABA receptor and allosterically modulating GABA-activated chloride
currents (Igapa). Their actions depend on residues in the BZD binding site that mediate
their high-affinity binding as well as residues that mediate local movements in the site
important for coupling BZD binding to modulation of Igapa (efficacy). To identify and
distinguish residues involved in each of these functions, we made 22 mutations in and
surrounding the BZD binding pocket. To assess BZD binding, mutant a3,y GABAA
receptors were expressed in HEK293T cells and radioligand binding assays used to
measure BZD affinity. To identify residues that contribute to drug efficacy, mutant
receptors were expressed in Xenopus laevis oocytes, characterized using two-electrode
voltage clamp and BZD maximal potentiation of Igapa was measured. We identified six
residues whose mutation altered BZD efficacy without altering BZD binding affinity,
three residues whose mutation altered binding but had no effect on efficacy, and four
residues whose mutation affected both binding and efficacy. These data advance our
understanding of allosteric modulation and will aid in future rational drug design.

Seven of the mutations assessed for their effects on BZD efficacy exhibit altered
GABA kinetic effects apparent in two electrode voltage clamp experiments. This method
is not as well suited to assess macroscopic kinetics and excised patch clamp recordings

with rapid solution exchange were employed to evaluate these mutant receptors

kinetically. aS205C and aG157C containing receptors both exhibited a decreased extent



Xii

of desensitization after 1 sec in 10mM GABA and aG157C containing receptors have a
significantly reduce 10-90% rise time.

Taken together this data improves our knowledge of atypical BZDs interactions at
the BZD binding site, but also provides some insight into how structural perturbations at
subunit interfaces affect GABA4 receptor functioning. These perturbations come from
ligand occupancy, such as BZD presence in the BZD binding site, or by mutation, such as
the cysteine mutations engineered into the BZD binding site. Also, this data paves the
way for further experimentation to explore the effects of ligand orientation on channel

function or for in silico modeling or drug screens.



CHAPTER 1. Introduction

Signaling in the brain controls movement, sleep patterns, thoughts and perceptions.
Communication at the neuronal level is both electrical and chemical. Electrical signals
travel down neurons aided by voltage-gated receptors. As this electrical impulse reaches
an axon terminal, voltage gated calcium channels open causing an influx of calcium ions.
Calcium binding to SNARE proteins on docked vesicles at the presynaptic membrane
causes fusion of vesicular membrane with the cellular membrane and a release of
neurotransmitter into the synaptic cleft. When neurotransmitter is released from a
presynaptic neuron it diffuses across the synaptic cleft where it can bind receptors on the
postsynaptic neuron (Fig. 1.1).

Receptors at the postsynaptic receptor can be ligand gated ion channels (LGICs)
or G protein coupled receptors (GPCRs). Neurotransmitter binding to GPCRs, such as
the muscarinic acetylcholine receptor, y-amino butyric acid (GABA) type B receptor, or
metabotropic glutamate receptor triggers the uncoupling of the G-protein o subunit from
its associated [ and y subunits. The uncoupled subunits trigger signaling cascades that
have far reaching effects in cellular activity. Changes in the activity of a cell caused by
these receptors is slow. Alternatively, activation of LGICs is fast. Ligand binding to the
LGIC opens an intrinsic ion-conducting channel on a millisecond time scale. These
ionotropic receptors are of two structural classes: glutamate receptors and pentameric
ligand gated ion channels (pLGICs).

Glutamate receptors include kainate, NMDA and AMPA receptors. They are
activated by the neurotransmitter glutamate and vary in their pharmacology. Glutamate

receptors consist of four subunits arranged around a nonselective cation pore, fluxing



mainly sodium and potassium ions. pLGICs include the nicotinic acetylcholine receptor
(nAChR), GABA type A (GABA,) receptor, glycine receptor and serotonin type 3 (5-
HT;3) receptor. These receptors are composed of five homologous subunits arranged
pseudo symmetrically around a central ion conducting pore. nAChR and 5-HT;
receptors are cationic ion channels whereas glycine and GABA 4 receptors are anionic,
fluxing chloride.

The focus of my thesis is GABA receptors. When GABA, the endogenous
neurotransmitter, binds to the receptor the typical result is an influx of chloride into the
cell, driving the membrane potential toward the chloride reversal potential (Bormann,
1987). This generally results in a hyperpolarization of the cell membrane, driving the
membrane potential away from threshold potential, which inhibits action potential firing.
GABA, receptors are responsible for the majority of fast synaptic inhibition in the brain.

The GABA receptor is made of five homologous subunits. Many subunits have
been cloned including: o 3.y, §, €, m, p, and 6, with multiple subtypes (Schofield, 1989,
Whiting et al., 1999, Simon et al., 2004). The substituent subunits of the GABA 4 receptor
dictate their distribution throughout the brain and their cellular location (synaptic, and
extrasynaptic) as well as their pharmacology and kinetics.

GABA binding at the f—a subunit interfaces triggers rapid opening of the
intrinsic chloride-conducting channel (activation). In the continued presence of GABA,
receptors can maintain bound GABA but the channel closes, in a process called
desensitization. Current deactivation results from GABA unbinding resulting in channel
closure. The receptor exists in at least three different states: the unbound-closed channel

state, bound-active open channel state, and bound-desensitized closed channel state.



Hypotheses as to connectivity of these states and the existence of additional kinetics
states vary.

GABA, receptor function is modulated by a wide variety of clinically relevant
drugs that are used in the treatment of sleep, seizure and anxiety disorders. Among these
drugs are commonly prescribed benzodiazepines (BZDs), barbiturates and anesthetics.
Ligands that bind to the GABA4 receptor bind either at the orthosteric site or at several
allosteric sites around the receptor. Many clinically relevant drugs bind the GABAA
receptor at these other binding sites and act allosterically to modulate GABA activated

current responses (Igasa).

1.1 The role of GABA, receptors in neuronal signaling.

GABAergic synapses mediate two types of inhibition, phasic and tonic (Farrant
and Nusser, 2005). Phasic inhibition results from GABA release following the fusion of
synaptic vesicles at the presynaptic membrane. GABA 4 receptors located at synapses are
exposed to high concentrations (mM) of GABA released into the synaptic cleft. These
receptors are most commonly composed of the o, 3, and y subunits. Phasic inhibition
results in inhibitory post-synaptic currents (IPSCs). GABA exposure is transient as
GABA is readily taken up by GABA transporters (GATs) on the presynaptic neuron or
astrocytes (Roth and Draguhn, 2012, Rowley et al., 2012).

The time course of IPSCs is shaped by GABA receptor subtype combinations,
endogenous allosteric modulators, exogenous pharmaceuticals, phosphorylation and
associated proteins. All of these factors affect the microscopic rates into various kinetic

states visited by the receptor that in turn shape the timecourse of IPSCs (Jones and



Westbrook, 1995, 1997, Nusser et al., 1999, Eyre et al., 2012). IPSCs regulate neuronal
firing as they hyperpolarize the membrane and are a major regulator of network
oscillations (Whittington et al., 1995, Whittington et al., 2000, Whittington and Traub,
2003). In the cortex, connectivity between GABAergic interneurons and glutamatergic
cells sets up rhythmic and synchronous firing of populations of neurons that produce

B and y oscillations (Isaacson and Scanziani, 2011, Mendez and Bacci, 2011). In the
hippocampus, 0 and y oscillations have been shown to be involved in learning and
memory (Mohler, 2007). Aberrations in GABA 4 receptor signaling can alter frequency
or rhythmicity and result in pathology, including epilepsy (Traub et al., 1999) and
psychiatric disorders (Benes and Berretta, 2001, Levitt et al., 2004, Lewis et al., 2005).
A number of familial mutations in the GABA 4 receptor have been found to cause
epilepsy in humans (Baulac et al., 2001, Harkin et al., 2002, Marini et al., 2003, Dibbens
et al., 2009).

Tonic inhibition is mediated by extrasynaptic GABA4 receptors, that usually
contain au4,¢ or & subunits (Wei et al., 2003, Caraiscos et al., 2004, Jia et al., 2005,
Scimemi et al., 2006, Mortensen et al., 2010, Brickley and Mody, 2012). GABAx
receptors containing these subunits have higher GABA potency (Mortensen, 2012) and
slower desensitization (Saxena and Macdonald, 1994) causing greater sensitivity to the
lower ambient levels of GABA that spillover into the extrasynaptic space (Rossi and
Hamann, 1998). This constitutive current acts to hyperpolarize the membrane and
decreases the likelihood of reaching threshold potential for action potential firing.
Depending on the cell type and brain region, tonic inhibition can differ in current

amplitudes and kinetics largely dependent on substituent subunits (Belelli et al., 2009).



Additionally, the extrasynaptic environment can vary by the reuptake transporters present
as well as the possible presence of allosteric modulators such as neurosteroids (Semyanov
et al., 2004). Aberrant tonic inhibition is involved in stress, sleep and mood disorders
and drugs targeting extrasynaptic GABA receptors are important therapies for these

ailments (Brickley and Mody, 2012).

1.2 GABA, receptor structure

GABA receptors are comprised of five subunits arranged pseudo symmetrically
around a central ion-conducting pore. Each subunit of the receptor contains a large N-
terminal extracellular domain (ECD), a transmembrane domain (TMD) consisting of four
a helical segments, termed M1-M4, and a short extracellular C-terminus. The M2 helix
of each subunit contributes to the channel pore (Leonard et al., 1988, Xu and Akabas,
1993, 1996, Zhang and Karlin, 1998) (Fig. 1.2). The ECD of each subunit consist of 10
beta strands and a single alpha helix and constitutes the ligand binding domain (LBD).
The beta strands are folded into a beta sandwich configuration with an inner and outer
beta sheet surrounding a hydrophobic core (Brejc et al., 2001, Cromer et al., 2002,

Dellisanti et al., 2011) (Fig 1.3).

1.2.1 GABA, receptor subunit subtypes

The GABA, receptor is made of five homologous subunits all with the basic
structure outlined above. However, the subunit composition of the receptors can vary.
Nineteen subunits of the GABA receptor have been cloned: a6, P13, Yi1-3, 0, €, T, P1-3,

and 6 (Schofield, 1989, Whiting et al., 1999, Simon et al., 2004). The various subtypes



are expressed differently in different brain regions (Hevers and Luddens, 1998, Akinci
and Schofield, 1999, Sieghart et al., 1999, Sieghart, 2006). Additionally, different
subtype combinations combine preferentially (Olsen and Sieghart, 2009). For example,
the d subunit is found extrasynaptically (Nusser et al., 1998) and typically combines with
the a4 subunit in the thalamus, striatum and outer layers of the cortex, yet is found in
conjunction with the o subunit in the cerebellum (Pirker et al., 2000). The localization
of various subunit subtypes has been shown by in situ hybridization (Persohn et al., 1992,
Wisden et al., 1992) and immunohistochemistry (Fritschy et al., 1992, Pirker et al.,
2000). The most common receptor in the brain is o3y (Benke et al., 1991, Sieghart et
al., 1999, Pirker et al., 2000). This is the subunit combination used in experiments
throughout this thesis. These receptors contain 2c, 2f3 and a single y subunit arranged
apapy clockwise when looking down onto the ECD from outside the cell (Chang et al.,

1996, Baumann et al., 2001, 2002) (Fig. 1.3A).

1.2.2 The GABA binding site

Photoaffinity labeling identified the GABA binding sites at the interface of the §
(principal subunit, + side) and o (minor subunit, - side) subunits in the ECD (Casalotti et
al., 1986, Smith and Olsen, 1994). There are two GABA binding sites per pentameric
receptor (Fig. 1.2). In general, for heteropentameric receptors two GABA molecules are
bound to open the receptor (Macdonald and Young, 1981). However, use of
concatameric receptors indicates that a single bound GABA molecule can open the
channel (Sigel et al., 1992) and recent kinetic modeling suggests a singly bound open

state contributes to shaping [PSCs (Petrini et al., 2011). In addition to photoaffinity



labeling, the substituted cysteine accessibility method (SCAM) has been used to identify
and characterize the GABA binding site (Boileau et al., 1999, Holden and Czajkowski,
2002, Wagner et al., 2004). There are six regions that contribute to the binding site that
have historically been called loops A, B, and C in the § subunit and D, E, and F in the

o subunit. Agonist binds under loop C, which is believed to close over the ligand
(Hansen et al., 2005). Loop C capping is thought to trigger a series of conformational
movements that are translated through residues at the ECD-TMD interface and ultimately
to an outward twist of M2 that results in channel opening (Unwin, 2005, Cheng et al.,

20006).

1.2.3 Structural information based on homologous proteins

Much of what is know about the overall structure of the GABA 4 receptor is based
on crystal structures of homologous proteins. Based on the various crystal structures,
homology models of the GABA, receptor have been made. Lymnae stagnalis
acetylcholine binding protein (AChBP) has five identical subunits and is homologous to
the N-terminal extracellular ligand binding domain (LBD) of the pLGICs. The crystal
structures of this protein in apo, agonist and antagonist bound states have been refined to
2.7A (Brejc et al., 2001, Celie et al., 2005a, Hansen et al., 2005). A 4A resolution
structure of the nAChR in the resting state has been solved from cryo-electron
microscopy (Unwin, 2005). An isolated ECD from the nAChR was crystallized at higher
(1.94A) resolution providing detailed information on side chain locations not possible
with lower resolution structures (Dellisanti et al., 2007). A crystal structure of a

nAChR/AChBP chimera has also provided important structural information (Li et al.,



2011). Most recently, a glutamate activated chloride channel from C. elegans was
crystallized at 3.3A (Hibbs and Gouaux, 2011).

Two prokaryotic pLGICs from G. violaceus (GLIC) and E. chyrsanthemi (ELIC)
pentameric ion channels have been identified and crystallized. The x-ray structure of
ELIC in a presumed closed channel state was solved at 3.3A resolution (Hilf and Dutzler,
2008) (Fig. 1.4). Recently, ELIC was crystallized with acetylcholine docked in the
agonist binding site (analogous to the neurotransmitter binding site in eukaryotic
pLGICs) and a contraction of loop C was observed (Pan et al., 2012). Additionally,
electron paramagnetic resonance (EPR) spectroscopy studies on GLIC indicated loop C is
less mobile in an open to desensitized transition (Velisetty and Chakrapani, 2012) similar
to what is known about these movements in AChBP and eukaryotic pLGICs (Celie et al.,
2004b, Celie et al., 2005b, Hansen et al., 2005, Venkatachalan and Czajkowski, 2008,
Mukhtasimova et al., 2009). More recently a crystal structure of ELIC, which contained
a mutation that rendered the channel with an open probability (P,) >0.9 was crystallized
in an attempt to capture the receptor in an open conformation (Gonzalez-Gutierrez et al.,
2012). In the mutant crystal structure, the channel still appeared closed, resembling that
of the native, apo crystal. This highlights some of the weaknesses of crystallography in
that the protein crystals represent a single, static state captured in a highly artificial
environment and cannot tell us very much about protein movements, especially in
physiological conditions. In addition, it is difficult to assign functional states to crystal
structures.

The other prokaryotic channel, GLIC, was resolved at 2.9A in an apparently open

confirmation (Bocquet et al., 2009). It has also been crystalized in the presence of



propofol and desflurane (Nury et al., 2011) and the open channel blockers, lidocaine and
quaternary ammonium compounds (Hilf et al., 2010). Additionally, an isolated
extracellular domain of GLIC was solved at 2.3A resolution but this protein crystallized
as a hexamer (Nury et al., 2010). Electrophysiological characterization of mutant
containing GLIC receptors combined with molecular docking studies suggest a site for
alcohol modulation within the “linking tunnel”, a cavity within the TMD helices that
spans from plasma membrane into the channel pore (Alqazzaz et al., 2011). Co-
crystaliization studies indicate propofol binds in an intrasubunit transmembrane pocket
between M1, M2, M3 and M4 helices. Additionally, functional chimeras of GLIC with
glycine receptor have been made and shown to be potentiatied by ivermectin, anasthetics
and propofol and alcohol, each of these drugs inhibits GLIC. This chimera allows for the
study of glycine receptor pharmacology in a purified protein (Duret et al., 2011).

The recent availability of homologous prokaryotic channels that can be readily
purified in large quatities makes available a wide variety of techniques for the study of
pLGIC structure and function. High resolution structures allow for the visualization of a
wide variety of ligands and pharmacological agents in complex with the protein
(Corringer et al., 2010). Additionally, the ability to purify protein makes available a
number of techniques including: electron paramagnetic resonance (EPR) spectroscopy,
isothermal calorimetry (ITC), patch clamp of liposomes etc... These techniques are
useful to assess the biophysical properties of the proteins in a lipid environment under

non-static conditions.

1.3 GABA, receptor Kinetics
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LGICs do not simply transition from a closed to open state and back again. Early
work suggests that LGICs can exist in an agonist bound, inactive transition state that
exists between the closed-unbound state and bound-active state. (Del Castillo and Katz,
1957). This idea stemmed from antagonists that can bind a receptor, but do not result in
channel opening. Since this early work, additional states have been hypothesized. It is
thought that GABA receptors exist in at least three interconvertible, conformational
states: an unliganded, closed channel, non-conducting state (U); a ligand-bound, open
channel, ion-conducting state (O); and a ligand-bound, closed channel desensitized state
(Fig. 1.5A). Upon agonist binding, the channel rapidly opens (activation). In the
continued presence of agonist, GABA receptors undergo a conformational transition that
closes the channel even though agonist is still bound with high affinity, a process called
desensitization. When agonist unbinds (e.g. when agonist is removed), the channel closes
and the receptor adopts a non-conducting, unliganded closed resting state. Models
suggest open and desensitized states can exist with one or two bound GABA molecules.
However, the probability of channel opening is greatest with two bound agonist
molecules (Monod et al., 1965, Changeux, 2011).

The transitions and microscopic rates between various kinetic states determines
GABA 4 receptor macroscopic current responses. Multiple models have been developed
that describe kinetic states (i.e. closed, open, and desensitized) and how they are inter-
connected. Depending on the model, connectivity between the states varies, some have
desensitized states branching from closed channel states (Jones and Westbrook, 1995,
Bianchi et al., 2007, Mozrzymas et al., 2007), whereas others have the desensitized state

connected to the open channel state (Burkat et al., 2001, Corradi et al., 2009). More



11

recently, a model has emerged with a “flip state” as an additional, higher agonist affinity,
closed state that precedes channel opening. This model has been used to explain partial
agonism. (Burzomato et al., 2004, Lape et al., 2008, Sivilotti, 2010). More complicated
kinetic models include additional states to account for allosteric modulation of GABA
actions by various drugs (Gielen et al., 2012) (Fig. 1.5).

The microscopic transitions between kinetics states determine the time course of
macroscopic current responses and can be modulated by many things. Desensitization
prolongs IPSCs by maintaining receptors in a GABA-bound, non-conducting state which
can later re-sensitize to an open channel, conducting state before releasing GABA and
converting back to a closed channel, resting state (Jones and Westbrook, 1995,
Dominguez-Perrot et al., 1996, Tia et al., 1996, Haas and Macdonald, 1999, Bianchi et
al., 2001). Desensitization influences IPSC duration and decay and thus, regulates
neuronal firing patterns. Moreover, GABA 4 receptor desensitization and recovery from
desensitization influences a cell response to repeated high frequency stimuli (Jones and
Westbrook, 1996). Receptor deactivation and desensitization kinetics are dependent on
ligand affinity, ligand concentration, and subunit composition (Tia et al., 1996, Bianchi et
al., 2002a) and can be modulated by phosphorylation (Jones and Westbrook, 1997,
Hinkle and Macdonald, 2003), proton concentration (Feng and Macdonald, 2004), and
neurosteroid binding (Zhu and Vicini, 1997). GABA receptor desensitization is
multiphasic, featuring fast, medium and slow components (Celentano and Wong, 1994,
Puia et al., 1994, Jones and Westbrook, 1995).

Little is known about the structural elements that regulate GABA A receptor

kinetic state transitions. Receptor subtype composition clearly affects receptor kinetics,
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including desensitization. In comparing a;f3y2r and aufsyar receptors, receptors that
contained the a4 subunit exhibit more rapid and extensive desensitization (Lagrange et
al., 2007). Animal models of epilepsy show upregulation of o4 subunit containing
receptors (Schwarzer et al., 1997, Brooks-Kayal et al., 1998, Sperk et al., 1998). The y
and o subunits also confer distinct kinetics. 6 subunit containing receptors exhibit very
little desensitization (Haas and Macdonald, 1999). Our lab has shown that desensitization
is slower in a,; .y, receptors compared to receptors that lack the y subunit (Boileau et al.,
2003, Boileau et al., 2005). Distinct regions within subunits have also been implicated in
desensitization, specifically the M1 region. Mutations of conserved hydrophobic residues
in the extracellular end of M1 in the a, B, Y and p subunits alter desensitization (Amin and
Weiss, 1994, Bianchi et al., 2001).

Determination of macroscopic kinetics and microscopic rates requires specific
experimental methods. IPSCs reach maximal amplitude on a time scale of hundreds of
microseconds (Edwards et al., 1990). Techniques that can reliably apply agonist faster
than the activation rate are necessary to accurately resolve kinetics, as slower solution
exchange results in receptors being in multiple kinetic states (i.e. unbound-resting,
bound-open, bound, desensitized). Excised patch clamp recordings with rapid solution
exchange allow for resolution of kinetics (Jones et al., 1998). Determining the
microscopic kinetics rates is complicated and depends on in silico modeling. However,
specific rates and parameters to constrain kinetic models can be measured experimentally
to further refine the estimate of kinetic rates. Channel open probabilities (P,) can be
measured by single channel recordings, or a technique called nonstationary variance

analysis can be utilized (Sigworth, 1980). Single channel recordings can also be used to
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assess channel open and closing rates. To measure binding rates, co application of agonist
and competitive antagonist can be used in a “race” experiment. The peak current of the
co-application is smaller than that of agonist alone as some binding sites will be occupied
by antagonist. The ratio of the relative currents can be used to calculate agonist and
antagonist binding rates (kon) (Jones et al., 1998). These parameters are useful in
conjunction with various agonist application protocols to constrain in silico kinetic
models to estimate microscopic rates. The use of kinetic modeling will be further
discussed in chapter 4.

Transitions amongst kinetic states determine current responses and thus dictate
the time course of IPSCs. The precise timing of IPSCs is crucial for proper brain
function and mutations that alter pLGIC kinetics are seen in disease states.

GABA, receptors containing the y,K289M mutation, seen in some epileptic patients,
exhibit increased current deactivation rate (Bianchi et al., 2002b). In glycine receptors,
homomeric receptors containing the o.;K276E mutation that causes hyperekplexia,
produce currents with slower rise times and faster decay rates (Lape et al., 2012).
Additionally, macroscopic kinetics can be altered by various pharmacological agents as
well as by endogenous modulators. Thorough characterization of these effects will
provide a better understanding of the mechanisms underlying the actions of commonly

used therapeutics.

1.4 Pharmacology of GABA, receptors

GABA, receptors bind a variety of different ligands, which have different actions.

Among these are many clinically relevant pharmaceuticals as well as numerous reagents
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that are of experimental use. There are a number of ligands that bind at the orthosteric
site, as well as a wide variety of allosteric effectors, that bind in a variety of places within
the protein. Among ligands at the orthosteric site, some are agonists (that fully activate
the receptor), partial agonists (that activate the channel submaximally), and antagonists
(that bind but exert little to no effect on Igapa). Allosteric ligands also come in several
varieties. This thesis focuses on the BZD binding site. BZDs come in three varieties,
termed: agonists (positive modulators), antagonists (zero modulators) and inverse
agonists (negative modulators). Allosteric agonists potentiate Igapa, allosteric inverse
agonists inhibit Igapa, and allosteric antagonists bind, but have little to no effect on
IGABA-

The diverse pharmacology of the GABA, receptor is invaluable in the study of
protein structure as it relates to function. Utilizing ligands that bind at the same binding
site, such a GABA and gabazine (at the orthosteric site) or diazepam and Ro15-788 (at
the BZD binding site) can be used in competitive binding experiments. Additionally,
ligands that bind at the same binding site yet have different efficacies (i.e. diazepam is a
BZD agonist, DMCM is a BZD inverse agonist) can be used to study different
conformation movements within the receptors originating from ligand binding at the
same site. For example, these types of experiments were used to implicate movements
within the loop F region (spanning from near the BZD binding site toward the TMD/ECD
interface) of the y, subunit in the action of BZD agonists, but not inverse agonists
(Hanson and Czajkowski, 2008). Alternatively, ligands that bind at different sites but
have similar actions, i.e. both etomidate and GABA open the channel but bind in

different regions, can be used to monitor actions that are not binding site specific, but
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specific to an action, such as channel activation. Experiments in appendix one used this
approach to suggest that, regardless of where the activating ligand is bound, opposing,
twisting movements between the ECD and TMD are universal to channel activation.
Furthering the complexity of the pharmacology of the GABA 4 receptor, some ligands
have differing properties at different concentrations; pentobarbital can potentiate the
actions of GABA at low concentrations, and at high concentrations activate the channel
in the absence of GABA. It is thought that these two activities require different structural
regions of the GABA4 receptor (Dalziel et al., 1999, Greenfield et al., 2002).
Therapeutically, ligands of the GABA receptor are used to treat many conditions.
To name a few clinical uses for GABA 4 receptor modulators, anesthetics such at
pentobarbital and etomidate, are used for surgery and sedation; benzodiazepines, such as
diazepam and midazolam, are used to treat epileptic, sleep and anxiety disorders. There
is growing evidence that drugs that target GABA receptors could be used to treat
Alzheimer’s disease and other cognitive impairments (Lanctot et al., 2004, Rissman and
Mobley, 2011). Neuronal death in Alzheimer’s patients alters the balance of inhibition
and excitation, with GABAergic neurons being largely spared (Lowe et al., 1988,
Reinikainen et al., 1988). Drugs that modulate GABA, receptor function could restore
that balance, especially inverse agonists at the os subunit, which is abundant in the
hippocampus, a brain region important for learning and memory (Klausberger, 2009,

Olsen and Sieghart, 2009).

1.4.1 GABA and the orthosteric binding site
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Many ligands bind at the orthosteric binding site. These ligands are agonists:
GABA, muscimol and p-alanine; partial agonists: piperidine-4-sulfate (P4S), THIP; and
competitive antagonists: bicuculine and SR-95531 (gabazine). These additional ligands
are experimentally useful as they induce different conformational movements in the
receptor (Boileau et al., 2002b). Also, *H-muscimol has been used for competitive
radioligand binding assays and photoaffinity studies (Casalotti et al., 1986, Smith and

Olsen, 1994).

1.4.2 Pentobarbitol and anaesthetics

Multiple drugs used in sedation and anesthesia target the GABA, receptor.
Volatile anesthetics, such as isoflurane and halothane as well as intravenous anesthetics
pentobarbital, etomidate and propofol potentiate GABA4 receptor activity. General
anesthetics are thought to bind in the TMD (Jenkins et al., 2001). Volatile anesthetic
actions require residues within the M2 and M3 helices (Mihic et al., 1997). Photoaffinity
labeling with etomidate analogs has identified a binding site at the —o. subunit
interface, the same interface as GABA binding, yet within the TMD helices, specifically
a;M236 (in M1) (a1 235 also have an M in the analogous position) and $3M286 (in M3)
(B1 and B, also have aligned M) (Li et al., 2006). Etomidate and pentobarbital bind to
sites that are different from the GABA and BZD binding sites and allosterically enhance
GABA and BZD binding (Leeb-Lundberg et al., 1980, 1981a, b, Olsen and Snowman,
1982, Olsen et al., 1986). In single channels, propofol modulation of Igapa results in
increased open time (Hales and Lambert, 1991). At the synapse, IPSCs are prolonged by

anesthetics (Tanelian and Maclver, 1991). Additionally, it is known that specific
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subunits are responsible for different activities of anesthetics. For example, 3, subunit is

involved in sedative effects of etomidate whereas 3; accounts for anesthetic effects

(Reynolds et al., 2003).

1.4.3 Neurosteroids: endogenous modulators of GABA, receptor function
Neurosteroids, such as allopregnanalone, are endogenously produced in the
mammalian brain (Majewska et al., 1986) and bind within the TMD to modulate GABA A

receptor function (Ueno et al., 1997). Neurosteroids alter the effects of many GABA
receptors in vitro but O subunit containing receptors are particularly sensitive and react to
physiology relevant concentrations (Belelli et al., 2002). In neurons, the response of
GABA, receptors to neurosteroids is highly varied dependent on brain structures and
receptor subunit composition (Belelli et al., 2009). Neurosteroids also modulate the

activity of administered pharmaceuticals, including BZDs (Dhir and Rogawski, 2012).

1.5 Benzodiazepines

A main focus of this thesis is the actions of BZDs on the GABA receptor. BZDs
are generally constructed of a benzene ring fused to a diazepine ring. Classical
benzodiazepines such as valium, flurazepam and midazolam have this chemical structure
(Fig. 1.6). However, structurally diverse ligands bind at the BZD binding site which have
similar actions as classical BZDs. Some examples of atypical BZDs are shown in Fig.
1.6. In this thesis, the term BZD is used to describe ligands that bind at the BZD binding

site even if they are structurally distinct from classical BZDs.
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BZDs act at GABA, receptors and allosterically modulate the actions of GABA.
Three functional types of BZDs exist: agonists (positive modulators), antagonists (zero
modulators) and inverse agonists (negative modulators). BZD agonists, such as
diazepam or zolpidem, potentiate Igapa and have a clinical effect of inducing sleep,
reducing anxiety and slowing seizure activity. BZD antagonists, such as Ro15-1788
(flumazenil), bind at the BZD binding site with high affinity but have little to no effect on
GABA activated current (Igapa). Flumazenil is the only FDA approved BZD antagonist,
it is used clinically to treat BZD overdose and works by displacing other BZDs. BZD
inverse-agonists, such as DMCM (3-carbomethoxy-4-ethyl-6,7-dimethoxy-B-carboline)
and Ro15-4513 inhibit Igapa. DMCM is used experimentally to induce anxiety (Cole et
al., 1995). As described above, the use of inverse agonists at the as subunit have been
recently suggested as a potential treatment for Alzheimer’s disease (Atack, 2010,
Gabriella and Giovanna, 2010). It is not well understood what makes a BZD a positive,
negative or zero modulator. In fact, a single GABA4 receptor point mutation can switch
the modulator type of a BZD (Mihic et al., 1994, Benson et al., 1998, Morlock and
Czajkowski, 2011). For example, eszopiclone (ESZ) is a positive modulator of the WT
receptor whereas at aF99Cpy receptors, it is a negative modulator (see chapter 3 of this

thesis).

1.5.1 Clinical use of benzodiazepines
Clinical actions of BZDs are related to the subtype selectivity of the various drugs
and the distribution of different GABA 4 receptor subtypes in various brain regions. The

o4 and o subunits do not bind classical BZDs. Classical BZDs such as diazepam are not
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selective amongst a.;_3 5 subunits. However, newer drugs have been developed that are
less promiscuous and target specific subtypes and thus brain regions. For example, the
atypical BZD zolpidem (Ambien) is highly selective for a; containing GABA 4 receptors.
BZDs have many actions including: anxiolysis, myorelaxation, sedation and
amnesia and have anticonvulsant properties. When BZDs are administered for long
periods tolerance can be developed to BZDs (Weerts et al., 1998). Knock in mice have
been used to determine which o subunit contributes to the diverse effects of these drugs.
BZD sensitive subunits, a3 s contain a histidine at position 101, the classical BZD
insensitive a4 and o subunits have an arginine at the corresponding position. H101 has
shown to be crucial for the binding of classical BZDs (Wieland et al., 1992, Kleingoor et
al., 1993, Benson et al., 1998). Knock-in mice containing the o,;H101R mutations and
the corresponding mutations in other o subunits were used to tease apart the roles of the
various o subunit containing GABA, receptors in mediating the diverse actions of BZDs.
aiH101R mice are phenotypically normal, except when administered diazepam.
Compared to WT mice, the o;HIO1R mice do not exhibit the amnestic or sedative
reaction to the drug (Rudolph et al., 1999, McKernan et al., 2000). In a,H101R knock-in
mice the anxiolytic effects of diazepam are abolished, indicating the role of the o
subunit in anxiety (Low et al., 2000). This effect is not seen in asH126R mutant knock-
in mice (Low et al., 2000). In slice work from a;H126R knock-in mice, a; subunits in
the thalamus were implicated in the anti-epileptic effects of clonazepam (Sohal et al.,
2003). In the analogous asH105R mice the sedative, anticonvulsant and anxiolytic

activities of diazepam are not impaired and myorelaxation is only modestly affected
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suggesting the a5 containing GABA 4 receptors do not mediate these actions (Crestani et
al., 2002) Studies employing these diazepam insensitive knock in mice also implicate the

a5 subunit in BZD tolerance (van Rijnsoever et al., 2004).

1.5.2 Benzodiazepine mechanisms of action

BZDs bind at a binding site homologous to the GABA binding site, but located at
the a—y ECD subunit interface. BZD binding site residues have been identified by
photoaffinity labeling with [*H]-Flunitrazepam and [’H]Ro15-4513 (Davies et al., 1996,
Duncalfe and Dunn, 1996, Sawyer et al., 2002) and substituted cysteine accessibility
method (SCAM) (Amin et al., 1997, Boileau et al., 1998, Renard et al., 1999, Kucken et
al., 2000, Teissere and Czajkowski, 2001, Kucken et al., 2003) (Fig 1.3). Detailed
information about specific residues involved in BZD binding is provided in Chapter 2
(Hanson et al., 2008). A recent study suggests that a low affinity BZD site exists at the
o—f subunit interface as well, an idea that will be discussed further in chapter 5
(Ramerstorfer et al., Sieghart et al., 2012).

Binding at a site distant from the GABA binding site, BZD agonists left shift the
GABA concentration response curve, i.e in the presence of BZDs, GABA ECsgis
decreased. BZDs, however, do not increase maximal GABA activation (Fig. 1.7A). The
effects of BZDs are thought to be caused either by shifting the GABAAR closed to open
state channel equilibrium (altering channel gating) (Downing et al., 2005, Rusch and
Forman, 2005, Campo-Soria et al., 2006) or by altering the receptor’s microscopic
binding affinity for GABA (Twyman et al., 1989, Rogers et al., 1994b, Lavoie and

Twyman, 1996, Mellor and Randall, 1997, Thompson et al., 1999, Goldschen-Ohm et al.,
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2010). Itis believed that GABA affinity is increased specifically by a decrease in the
microscopic rate of GABA unbinding (Bianchi et al., 2009, Goldschen-Ohm et al., 2010).
Recent work has also suggested that BZDs may increase formation of a pre-open bound
‘flip’ state of the receptor (Gielen et al., 2012).

At the single channel level, diazepam acts to increase Py by increasing burst
frequency (Rogers et al., 1994a). This is in contrast to barbiturates that increase channel
open duration (MacDonald et al., 1989, Twyman et al., 1989). In whole cells, with rapid
solution exchange into saturating (mM) concentrations of GABA, diazepam acts to
prolong current deactivation (Bianchi et al., 2009). This mimics what happens at the
synapse, as release of GABA into the synaptic cleft results in mM concentrations of
neurotransmitter (Kleinle et al., 1996). Resultantly, IPSCs recorded from neurons are

prolonged in the presence of BZDs (Strecker et al., 1999) (Fig. 1.7).

1.6 Overview and significance of this work

Much is known about GABA 4 receptors and their interactions with BZDs. Many
BZDs are available for clinical use and many more are useful experimentally. Where
these drugs bind and the actions they have on GABA, receptor current responses are well
documented. However, the structural mechanisms that mediate BZD binding and the
mechanisms underlying BZD effects on Igapa are relatively unknown. What dictates
whether a BZD is an agonist, antagonist, or inverse agonist is unknown. Related to this,
what contributes to differing efficacies amongst modulators of the same type has not been
elucidated (i.e. high efficacy positive modulators vs low efficacy positive modulators). 1

hypothesize that different types of modulators cause different conformational movements
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within the BZD binding site that dictate their potentiating or inhibiting abilities and these
movements are not well characterized. Concerning the actions of BZDs on Igapa
kinetics, there is disagreement in the field as to how BZDs affect GABA4 receptor
kinetics. Some experiments indicate BZDs increase receptor microscopic affinity for
GABA, while others suggest that BZDs effect channel gating. Additionally, detailed
information about what dictates specificity for different subunit subtypes is not available.
Addressing these holes in our understanding of BZD actions at the GABA4 receptor will
be valuable clinically as more detailed information about BZD subunit selectivity and
causes for varied BZD efficacy and type of modulation will allow for focused drug
screens and more specific therapeutic indications for future BZDs that could alleviate
side effects.

Using subunit selective BZDs could provide a way to design in or out certain drug
actions (i.e. non-sedative anxiolysis). The more that is known about BZD interactions
with the GABA receptor the more feasible the development of subunit selective drugs
will be (Rudolph and Knoflach, 2011). For example, L-838,417 is a positive modulator
of the a3 and a5 subunits and has anticonvulsant and anxiolytic effects in mice and
primates, but does not exhibit the sedative and motor performance effects of diazepam
(McKernan et al., 2000, Rowlett et al., 2005). Further utilizing subunit selectivity and
BZDs of differing modulator type (from the standard positive modulators like diazepam),
inverse agonists at as subunit have been implicated in cognitive enhancement.
RO4938581, a imidazo[1,5-a][1,2,4]-triazolo[1,5-d][ 1,4]benzodiazepine (Achermann et
al., 2009) has been shown to reduce memory impairment induced by scopolamine, a

muscarinic antagonist, (Ballard et al., 2009) and cognitive defects caused by PCP
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(Redrobe et al., 2011). Additionally, these drugs may be useful in treating cognitive
defects caused by Alzheimer’s disease (Atack, 2010).

This thesis aims at teasing apart which amino acid residues within the
benzodiazepine binding site affect the high affinity binding (chapter 2) and efficacy
(chapter 3) with a focus on the commonly prescribed sleep aids eszopiclone (Lunesta)
and zolpidem (Ambien). Additionally, receptors containing mutant residues within this
binding site exhibit altered kinetic effects. Characterization of the macroscopic kinetic
effects resulting from these mutations in chapter 4 increase our understanding of the role
of structural perturbations at subunit interfaces and provides insight into the mechanisms
by which BZDs may exert their effects on Igapa kinetics. Additional work in the
appendix of this thesis explores structural perturbations of non-binding subunit interfaces
in the GABAA4 receptor and demonstrate the importance of these protein interfaces and
their role in the conformational movements that dictate GABA 4 receptor function.

Overall, my work expands our understanding of how typical and atypical BZDs
interact with the BZD binding site. This information can be paired with information from
other BZD binding site ligands and used to refine in silico docking for use in
computational drug screens or to help explain experimental data. Additionally, this data,
collected from a;3,y2 receptors can be used in concert with homology models and
sequence alignments as a starting point for experiments exploring BZD actions at other
GABA, subunit subtypes. Data in this thesis also leads to hypotheses on the role of
ligand orientation in BZD binding and efficacy. This information is critical for
understanding BZDs and their actions at the GABAx receptor. The basic principles

underlying protein-ligand interactions that I have resolved in this thesis extend beyond



GABA, receptors and have implications in the structural mechanisms underlying

allosteric drug action for many types of proteins.
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Figure 1.1. GABA, receptors at the synapse. Fusion of vesicles containing GABA
result from action potential propagation down a presynaptic neuron. GABA4 receptors in
the synaptic density react to high concentrations of GABA while extrasynaptic GABAA
receptors respond to lower GABA concentrations that diffuse out from the synaptic cleft.

Figure adapted from (Avoli and de Curtis, 2011).
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Figure 1.2. Basic structure of GABA, receptors. A) Five subunits are arranged around
a central chloride conduction pore. GABA binds at the two f—a interfaces and BZDs
bind at the a—y interface. Other ligands such as barbiturates bind within the TMD. Image
adapted from (Uusi-Oukari and Korpi, 2010). B) Top down view of the receptor showing
the TMD helices surrounding a chloride conducting pore. The M2 helix lines the channel
pore. C) Membrane topology of a single subunit. Each subunit consists of a large

extracellular n-terminus that constitutes the LBD and 4 transmembrane helices. B) and C)

adapted from (Avoli and de Curtis, 2011).
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Figure 1.3. GABA, receptor structure and detailed view of the BZD binding site. A)
Homology model of the a.f.y. GABAA4 receptor pentamer (Mercado and Czajkowski,
2006) as seen from the extracellular membrane surface. The o, B2, and y, subunits are
highlighted in red, yellow, and blue, respectively. Arrows indicate that GABA binds at
the pB,-a.; interfaces whereas benzodiazepines (BZDs) bind at the a;-y, interface of the
receptor. B) Side view of the a; (red) and vy, (blue) subunits. The region of the interface
encompassing the BZD binding site is boxed and highlighted in C), where BZD binding

site Loops A-F are individually color-coded. Figure adapted from (Hanson et al., 2008).
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Figure 1.4. Recent crystal structures of homologous prokaryotic pLGICs. A) ELIC
was crystallized in a closed conformation (Hilf and Dutzler, 2008). B) GLIC was
crystallized in an apparently open conformation (Bocquet et al., 2009). C) Comparisons
of the two structures provide information about the movements involved in channel

opening. GLIC is in green, ELIC in red (Bocquet et al., 2009).
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Figure 1.5. Kinetic models showing hypothesized pLGIC receptor states and
interconnectedness. A) Standard model showing unbound, closed state, single and
double bound open, closed and desensitized states from (Jones and Westbrook, 1995). B)
Model of glycine receptor activity incorporating singly, doubly or triply bound “flipped”
states (AF) as transitions between the closed states (AR) and open states (AF*)
(Burzomato et al., 2004). C) An alternative kinetic model for GABA 4 receptors where
two binding of two GABA molecules (G) produces two bound, closed states (CG and
CGy) precedes the open state (O). There are three desensitized states (D;, D, and D3) that
are connected only to the doubly bound closed state and open states (Burkat et al., 2001).
D) Models that include many more kinetics states are often used to describe allosteric
effects of drugs. This model features and unbound, closed state (R) as well as closed
states bound by GABA (RG and RG), benzodiazepine alone (RBz), and both GABA and
benzodiazepine (RGBz and RG,BZ). Additionally there are separate states accounting
for spontaneous opening (O), opening with only benzodiazepine bound (OBz), singly and
doubly bound GABA opening with benzodiazines (OGBZ and OG,BZ) and without (OG
and OG;). This particular model does not account for a desensitized state independent

from the bound, closed state (Rusch and Forman, 2005).
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Figure 1.6. Chemical Structures of BZD binding site ligands. Classical BZD agonists
flunitrazepam and diazepam show the core BZD structure. DMCM is a BZD inverse
agonist of the beta-carboline family. Eszopiclone and Zolpidem are atypical
benzodiazepine agonists, that are commonly used sleep aids. Ro15-1788 is a BZD

antagonist.
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Figure 1.7. Benzodiazepine mechanisms of actions. A) Concentration response curves
demonstrate potentiating affects of the BZD agonist, diazepam (DZ). BZDs do not
increase the effect of the full agonist GABA, but effectively left shift the concentration
response curve. For partial agonists, THIP and P4S there is both a left shift and increase
in max current with the addition of diazepam. Figure adapted from (Gielen et al., 2012).
B) At the single channel level diazepam increases burst frequency. Figure adapted from
(Rogers et al., 1994a). C) In whole cell recordings from HEK cells, diazepam (gray)
prolongs deactivation when compared to the current from GABA alone (black) both after
a long and brief GABA pulse. Figure adapted from (Bianchi et al., 2009). D) In neurons,
the BZD agonist flunitrazepam prolongs deactivation of IPSCs similar to what is seen

with recombinant receptors. Figure adapted from (Strecker et al., 1999).
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CHAPTER 2: Structural requirements for eszopiclone
and zolpidem binding to the GABA, receptor are
different'

2.1 Contributions

This work was completed in conjunction with Dr. Susan Hanson and Dr. Kenneth
Satyshur. Dr. Kenneth Satyshur constructed the homology models as well as performed
the molecular docking studies. Dr. Susan Hanson and I constructed GABA receptor
mutants as well as performed radioligand binding experiments. I specifically constructed
the aS204C, aS205C, aV211C, yT81C, yR132C, yL140C mutant containing subunits. I

contributed to analyzing the data, figure preparation and writing the paper.

2.2 Abstract

The sleep-aids, zolpidem and eszopiclone, exert their effects by binding to and
modulating GABA, receptors (GABAARS), but little is known about the structural
requirements for their actions. We made 24 cysteine mutations in the benzodiazepine
(BZD) binding site of a;B,y2 GABAsRs, and measured zolpidem, eszopiclone, and BZD-
site antagonist binding. Mutations in y,Loop D and a;Loops A and B altered the affinity
of all ligands tested, indicating that these loops are important for BZD pocket structural
integrity. In contrast, y,Loop E and o,Loop C mutations differentially affected ligand

affinity, suggesting that these loops are important for ligand selectivity. In agreement

! Published as Hanson SM, Morlock EV, Satyshur KA, Czajkowski C (2008) Structural
requirements for eszopiclone and zolpidem binding to the gamma-aminobutyric acid
type-A (GABAA) receptor are different. ] Med Chem 51:7243-7252.

* Published as Morlock EV, Czajkowski C (2011) Different residues in the GABAA
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with our mutagenesis data, eszopiclone docking yielded a single model stabilized by
several hydrogen bonds. Zolpidem docking yielded three equally populated orientations
with few polar interactions, suggesting that unlike eszopiclone, zolpidem relies more on
shape recognition of the binding pocket than on specific residue interactions and may

explain why zolpidem is highly a;- and y,-subunit selective.

2.2 Introduction

Insomnia is associated with increased morbidity and mortality resulting from
accidents, cardiovascular disease, and psychiatric disorders (Balter and Uhlenhuth, 1992).
Approximately 10% of the population suffers from insomnia (Ohayon, 2002). with an
estimated 2.5% using medications to aid sleep each year (Balter and Uhlenhuth, 1992).
Past pharmacological treatments have included barbiturates and benzodiazepines (BZDs),
both of which promote sleep by binding to and allosterically modulating GABAA
receptors (GABAARs) in the CNS. These drugs however, have several unwanted side
effects including alteration of sleep architecture, nightmares, agitation, confusion,
lethargy, withdrawal, and a risk of dependence and abuse (Ramakrishnan and Scheid,
2007). The newest generation of sleep-aid drugs, the non-BZD hypnotics, were
developed to overcome some of these disadvantages. These drugs, which include
zolpidem (ZPM) and eszopiclone (ESZ) (Fig. 2.1), act through a similar neural
mechanism as classical BZDs in that they bind to the same site in the GABA4R, but
differ significantly in their chemical structures and neuropharmacological profiles. Unlike
classical BZDs, the non-BZDs have minimal impact on cognitive function and

psychomotor performance while facilitating more restorative sleep stages, thus inducing a
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pattern and quality of sleep similar to that of natural sleep (Scharf et al., 1994, Darcourt
et al., 1999). Moreover, patients taking non-BZDs are less likely to exhibit tolerance,
physical dependence, or withdrawal (Scharf et al., 1994, Darcourt et al., 1999, Krystal et
al., 2003, Sanger, 2004).

Unlike classical BZDs, the sedative/hypnotic effect of ZPM occurs at much lower
doses than the other pharmacological effects attributed to BZD-site action such as muscle
relaxation and anti-convulsant activity (Sanger, 2004). This likely results from its
selective binding to a specific GABAAR subtype. The GABA4R is a pentameric ligand-
gated ion channel that can be formed by several different subunits (e.g. a, p, y, etc.) and
subunit isoforms (e.g. a1, o, a3, etc.). Receptors composed of different subunits have
different kinetics, cellular distributions, and pharmacological profiles. Classical BZDs
bind equally well to GABAaRSs containing all of the a subunit isoforms except o4 and o
(Pritchett and Seeburg, 1990, Wieland and Luddens, 1994). In contrast, ZPM has high
affinity for receptors containing the o, subunit, low affinity for o,- and as-containing
receptors, and no significant affinity for ais-containing receptors (Table 1) (Pritchett and
Seeburg, 1990, Benavides et al., 1992, Wieland and Luddens, 1994). The sedative
actions of BZDs have been shown to be mediated by o;-containing GABAsRs, whereas
BZD eftects such as anxiolysis, are mediated by other a subunit isoforms (Rudolph and
Mohler, 2006). This helps explain why ZPM is useful as a sedative/hypnotic but is not a
clinically efficacious anxiolytic, whereas classical BZDs such as diazepam are effective
at treating anxiety but their use is accompanied by a myriad of adverse side effects.
Interestingly, the non-BZD ESZ (and its racemate zopiclone) has similar affinity for

GABARSs containing a.;, a2, a3, and as subunits (Table 1) (Benavides et al., 1992,
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Graham et al., 1996), yet when taken for extended periods does not induce the adverse
side effects associated with classical BZD treatment (Krystal et al., 2003). Thus, the
neuropharmacological properties of ESZ must stem from more than just o.-subunit
selectivity.

The BZD binding site is located on the extracellular surface of the GABAAR at
the interface of the o and y subunits and is formed by residues located in at least six
noncontiguous regions (historically designated Loops A-F) (Fig. 2.1) (Sigel, 2002).
Although several studies have made significant strides in uncovering the specific amino
acid residues that contribute to the binding of classical BZDs (e.g. flunitrazepam and
diazepam; (Fig. 2.1)) (Sigel, 2002) complete descriptions of the residues that
preferentially contribute to the binding of non-BZD ligands and the orientation of these
ligands within the BZD site are relatively unknown.

In this study, we used site-directed mutagenesis, radioligand binding, and
molecular docking to compare the structural requirements for ZPM and ESZ binding
to a-containing GABAsRs. We found that residues in y,Loop D, and a,;Loops A and B
are important for maintaining the overall structural integrity of the binding pocket
whereas residues in y2Loop E and a,;Loop C are important for ligand selectivity.
Molecular docking is in good agreement with the binding data and suggests that unlike
ESZ, ZPM binding relies more on the overall shape of the binding pocket than on specific

residue interactions within the BZD site.

2.4 Materials and Methods

2.4.1 Site-directed mutagenesis
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Cysteine mutants of y,;. and a; receptor subunits were made by recombinant PCR in the
pUNIV vector (Venkatachalan et al., 2007) and verified by double-stranded DNA
sequencing.

2.4.2 Radioligand binding

HEK293T cells were grown in Minimum Essential Medium with Earle’s salts
(Invitrogen, Grand Island, NY) containing 10% fetal bovine serum in a 37°C incubator
under 5% CO; atmosphere. Cells were plated on 100mm dishes at ~40%
confluency(Venkatachalan et al., 2007) for transient transfection using a standard
CaHPO; precipitation method (Graham and van der Eb, 1973). Cells were transfected
with equal ratios of a, 3, and y subunit DNA in the same vector (4 ug/subunit). For
experiments involving cysteine mutants and WT a3y, receptors, cells were co-
transfected with WT pUNIV-a,;, pUNIV-f,, pUNIV-y,1, or mutant subunit cDNA. For
expression of azf2y2, asP2y2, and oPay2 receptors, cells were co-transfected with 3,-
pRKS and y,-pRKS and either o,-pRKS, as-pRKS, or as-pRKS (constructs kindly
provided by S. Dunn (Department of Pharmacology, University of Alberta, Edmonton,
Canada)). For expression of ouf2y2 and asp,y2 receptors, cells were co-transfected with
a4-pUNIV, B2-pUNIV, and y,-pUNIV or as-pCEP4, B,-pCEP4, and y,-pCEP4 cDNA,
respectively. Cells were harvested and membrane homogenates prepared 48 hours post-
transfection as described.(Boileau et al., 1998) Briefly, membrane homogenates (50 ug)
were incubated at room temperature for 40 min with a sub-Ky4 concentration of
radioligand ([’H] Ro15-1788, 70.7Ci/mmol; [*H] flunitrazepam, 85.2 Ci/mmol; [*H]
Ro15-4513, 35.7 Ci/mmol; PerkinElmer Life and Analytical Sciences, Boston, MA) in

the absence or presence of seven different concentrations of unlabeled ligand in a final
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volume of 250 uL. Data were fit by non-linear regression to a one-site competition curve
defined by the equation y=B,..//1+(x/ICss)], where y is bound [H] ligand in
disintegrations per minute, B, is maximal binding, x is the concentration of displacing
ligand, and ICs, is the concentration of unlabeled ligand that inhibits 50% of [*H] ligand
binding (Prism; GraphPad Software). Equilibrium dissociation constant values for the
unlabeled ligand (K;) were calculated using the Cheng-Prusoff/Chou equation:
K=ICsy/[1+L/K,], where K, is the equilibrium dissociation constant of the radioligand,
and L is the concentration of the radioligand.

2.4.3 Statistical analysis

Binding data represent mean + SD from three experiments performed in triplicate. The
data were analyzed by one-way ANOVA with Dunnett’s post-test for significance of
differences (StatView v.5.0.1, SAS Institute Inc, Cary, NC).

2.4.4 Automated ligand docking

The homology model of the GABA AR used in this study was constructed as described
(Mercado and Czajkowski, 2006). ESZ and ZPM were built using Sybyl Modeling
software (Tripos Corp., St. Louis, MO). Each of the drug structures were energy
minimized using the Tripos force field, then a random search was performed for the
lowest energy conformations. The single lowest energy form was placed in the GABAAR
a1/y, interface using Sybyl and a 15 A sphere of residues around the ligand was chosen as
the starting active site. The active site was setup for docking using AutoDock 4.0 Tools,
placing Gatseiger charges and desolvation parameters on the chosen 15 A receptor
sphere. Autodock 4 (Morris et al., 1998, Huey et al., 2007) parameters were chosen for

the Genetic Algorithm (GA) to examine 150 individuals in a population with a maximum
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of 5 million energy evaluations, followed by 300 iterations of Solis & Wets local search
(Lakmarkian algorithm). A total of 10 to 30 of these hybrid dockings were performed on
each drug. The binding results were clustered based upon lowest energy, visual
similarities, and the orientation in the active site. The reported binding energies in
kcal/mol is the sum of the final intermolecular energy, the internal energy of the ligand,
and the torsional free energy minus the unbound systems energy. The orientation with
stronger binding has the lower total energy and the cluster of highest number of bindings
represents a higher probability of binding. The drug was allowed to flexibly dock, but the
receptor's backbone and side chains remained rigid during docking. Each docking gave
an ensemble of docking modes, with many orientations nearly identical and only

differing by less than 0.1 kcal/mol.

2.5 Results

2.5.1 Effects of BZD-site mutations on [’H] Ro15-1788 binding affinity

Several residues that contribute to the binding of BZD ligands have previously
been identified (Fig. 2.1e). On the a subunit these residues include: H101 (Loop A)
(Wieland et al., 1992, Wieland and Luddens, 1994, Duncalfe et al., 1996, Davies et al.,

1998, Davies et al., 2000, Berezhnoy et al., 2004, Tan et al., 2007b), G157, Y159, T162

(Loop B) (Wieland and Luddens, 1994, Amin et al., 1997, Renard et al., 1999, Tan et al.,

2007b), and G200, V202, S204, S205, T206, Y209, and V211 (Loop C) (Pritchett and

Seeburg, 1991, Wieland and Luddens, 1994, Amin et al., 1997, Buhr et al., 1997a,
Schaerer et al., 1998, Sigel et al., 1998, Renard et al., 1999, Strakhova et al., 2000,

Sawyer et al., 2002, Derry et al., 2004, Tan et al., 2007b); on the y subunit these include:
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F77, A79, T81 (Loop D) (Buhr and Sigel, 1997, Wingrove et al., 1997, Sigel et al., 1998,

Kucken et al., 2000, Teissere and Czajkowski, 2001, Kucken et al., 2003, Berezhnoy et
al., 2004) and M130 (Loop E) (Buhr et al., 1997b, Sigel et al., 1998).

To help elucidate the unique structural requirements for ESZ and ZPM binding,
24 single cysteine mutations (12 each in the o, and y, subunits) were made in or near the
BZD binding site in the GABAAR (Fig 2.1e). These included all of the sites mentioned
above with the exception of two residues and some new sites. We did not mutate o, H101,
as it has already been shown to contribute to the high affinity binding of both zopiclone
and ZPM (Wieland et al., 1992, Wieland and Luddens, 1994, Davies et al., 2000), and
a1 Y159, because serine and cysteine substitutions at this site abolish [°’H] Ro15-1788 and
[*H] flunitrazepam binding thereby precluding further BZD affinity measurements (Amin
etal., 1997, Tan et al., 2007b).

The mutant subunits were co-expressed with wild-type (WT) subunits in
HEK293T cells to form a2y GABAARs and the binding of the BZD-site antagonist,
[’H] Ro15-1788 (Fig. 2.1d) was measured. The majority of mutant receptors bound
Ro15-1788 with similar affinity as WT receptors (K;= 3.3 + 1.3 nM) (Table 2.2). Seven
mutations caused small but significant decreases (2.0 - 4.5 fold) in Ro15-1788 affinity,
whereas one mutation, a;G157C, increased the affinity over 17-fold (Table 2.2). For
three mutant receptors (ot B2y2.F77C, a;D97CR2Y2, and o Y209CB2y2) specific binding of
[’H] Ro15-1788 or the BZD-site agonist [*H] flunitrazepam (Fig. 2.1d) was not
measurable (data not shown), precluding any further examination.

2.5.2 Effects of y, subunit mutations on ESZ and ZPM binding affinity
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ESZ and ZPM binding affinities were determined by their ability to competitively
displace [’H] Ro15-1788. In the vy, subunit, one mutation in Loop D (B-strand 2), A79C,
significantly reduced both ESZ and ZPM affinity (~8-9 fold) compared to WT receptors
(Kigsz =50.1 +10.1 nM; K zpm = 61.9 + 7.3 nM), whereas y,T81C located adjacent to
v2A79, had a small but significant effect on ZPM but not ESZ binding (Fig. 2.2, 2.3a;
Table 2). y,D56C on the neighboring B-strand (Fig. 2.3a) had no effect on the binding of
either drug (Fig. 2; Table 2.2).

v2Loop E of the BZD binding site is composed of two adjacent $-strands (5/6)
that form the back and side of the BZD binding pocket (Fig 2.1¢). Several mutations in
the middle of these B-strands differentially affected ESZ and ZPM binding (Fig. 2.2,
2.3b; Table 2). Whereas cysteine substitution of y,M130 and y,R132 each decreased ESZ
affinity ~2-fold, these mutations increased ZPM affinity ~2-4 fold. While y,T142C
significantly reduced the affinity of both ligands, it had a larger effect on ZPM binding
compared to ESZ (21-fold vs. 10-fold change). Moreover, o.;32y2R144C receptors
showed a significant reduction in ESZ affinity (3.5-fold) but no change in ZPM binding.
v2T126C and y,L140C, located at the periphery of the BZD-site (Fig. 2.3b) did not affect
the binding of ESZ or ZPM. Overall, the data suggest that Loop E plays an important role
in determining ligand selectivity of the BZD binding site.

Loop F of the y, subunit (~residues 182-197) is a dynamic region of the receptor
located between the BZD binding site and the transmembrane channel domain (Fig. 2.1).
Through the use of y»/a; chimeras, a portion of Loop F (y2186-192) was shown to be
important for high affinity ZPM binding (Sancar et al., 2007). A chimeric subunit, 161

(containing vy, residues up to and including amino acid 161 and o, residues C-terminal to
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161), when expressed with WT a; and {8, subunits retained WT binding affinity for
flunitrazepam, but the binding affinity for ZPM decreased 8-fold. Here, we used the same
chimera to test whether residues C-terminal to 161 were also important for ESZ binding.
We found that 161 slightly increased (~2-fold) the affinity of the receptor for ESZ (Fig.
2.2, 2.3c; Table 2.2).

We noticed that in our homology model of the GABAAR (Mercado and
Czajkowski, 2006) two arginine residues and a glutamate from Loop F (y2R185, y,R194,
and y,E189) point toward the ligand binding pocket (Fig. 2.3¢). We individually mutated
the arginine residues to cysteine and found the binding of Ro15-1788, ESZ, and ZPM to
v2R185C- and y,R194C-containing receptors was indistinguishable from WT (Fig. 2.2;
Table 2). These data are consistent with our previous study of y,Loop F where we
demonstrated mutations in this region (Y2 W183C, y,E189C, and y,R197C) affect
modulation of GABA current by BZD agonists without affecting binding affinity of
various BZD ligands including ZPM, Ro15-1788, the classical BZD, flurazepam, and the
inverse agonist, DMCM (Hanson and Czajkowski, 2008). Overall, these results strongly
suggest no one residue in y,Loop F is critical for binding classical or non-BZDs.

2.5.3 Effects of oy subunit mutations on ESZ and ZPM binding affinity

In a; Loops A and B, cysteine substitution of two residues, a;A160 and o, T162,
had no significant effect on either ESZ or ZPM binding affinity (Fig. 2.2; Table 2.2). In
contrast, cysteine substitution of o;F99 and a;G157, caused significant changes in the
affinity of both ligands. 0,;F99C reduced ESZ and ZPM affinity by ~8- and 3-fold,
respectively, compared to WT receptors. o,;G157C had a larger effect, with 42- and 20-

fold changes in ESZ and ZPM binding affinity, respectively (Fig. 2.2, 2.4a; Table 2.2).
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Cysteine substitution of several residues in o Loop C also significantly altered the
binding affinity of both ligands. a;G200C and o, V202C reduced ESZ affinity by 2.4-
and 5.0-fold, respectively, and reduced ZPM affinity 9.7- and 9.0-fold, respectively (Fig.
2.2, 2.4b; Table 2.2). Other mutations differentially affected ZPM and ESZ affinity.
a1S204C reduced ZPM affinity by 7-fold, but had no effect on ESZ binding, whereas
a1 T206C increased ESZ affinity over 60-fold while having no effect on ZPM binding
(Fig. 2.2, 2.4b; Table 2.2). Receptors containing o,;S205C and o, V211C bound both
ligands with WT affinity. These results suggest that together with y,Loop E, o;Loop C is
an important determinant for BZD-site ligand selectivity.

2.5.4 Molecular docking of eszopiclone and zolpidem

Independent of the radioligand binding experiments described above, we used our
homology model of the GABAAR to dock ESZ and ZPM into the BZD binding site. ESZ
docking yielded a single most populated pose with low energy (-6.61 kcal/mol). In this
pose (termed ESZ-dock), the free carbonyl of ESZ is pointed up toward Loop C and the
ring carbonyl is near y,R144 (Loop E) and a;H101 (Loop A) near the base of the pocket
(Fig. 2.5a, 2.6a). In contrast, ZPM docking yielded three equally populated poses with
similar energies (between -7.0 and -6.7 kcal/mol), one with the imidazopyridine ring
under o, Loop C, the carbonyl pointed up toward the tip of oi;Loop C and the dimethyl
amide pointed towards y,Loop D (ZPM-up-dock) (Fig. 2.5b), one with the
imidazopyridine ring under o,;Loop C and the dimethyl amide pointed down in the pocket
toward o, ;H101 (ZPM-down-dock) (Fig. 2.5¢c, 2.6b), and one where the imidazopyridine

ring pointed toward the back wall of the pocket, the carbonyl pointed down away from
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a1 Loop C and the dimethyl amide positioned under the tip of a;Loop C (ZPM-out-dock)
(Fig. 2.5d).

To gain insight into the potential interactions between ESZ or ZPM and the
GABAAR in our docked ligand-receptor complexes, we measured the distance between
atoms in each ligand and atoms in the protein, with the idea that functional groups
separated by less than 7 A have the potential to interact (Schreiber and Fersht, 1995) and
those within 4 A may form salt bridges or hydrogen bonds (Kumar and Nussinov, 1999).
In ESZ-dock, residues v,F77, v2A79, v.T142, y,R144, oyH101, o, Y159, o, T206, and
Y209 all come within 4 A of the ligand (Fig. 2.5a, 2.6a), and when mutated alter ESZ
binding (Table 2.2) and/or BZD binding in general. In this docking, potential polar
contacts exist between ESZ and y,R144, ;Y 159, ;S204, o, Y209, and the backbone of
a;Loop C (shown as dashed lines in Fig. 2.5a, 2.6a). In addition, residues a;F99,
a1V202, y2M130, and y,R132, which when mutated all adversely affect ESZ binding
(Table 2.2), are all within 7 A of ESZ in our model.

For ZPM, the three poses are similar in that residues including y,F77, y.M130,
v2T142, 0yH101, oY 159, 0;S204, and 0., Y209, all come within 5 A of the ligand in each
case (Fig. 2.5, 2.6b). Likewise, residues o, F99, a,; V202, v,A79, and y,R132 are within
~7 A or less from ZPM in each model. Thus, even though the free carbonyl of ZPM is
oriented differently in each pose, the space occupied by ZPM within the binding pocket is
similar. The major difference between the three models lies in the potential for hydrogen
bonding. In ZPM-up-dock, potential hydrogen bonds exist between ZPM and the

backbone of Loop C near a,;T206/G207, in ZPM-down-dock, the free carbonyl may form
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a hydrogen bond with ;S204 in Loop C, and in ZPM-out-dock the carbonyl may interact

with y2R194 in Loop F (dashed lines, Fig. 2.5, 2.6b).

2.6 Discussion

Although several studies have revealed important information on the amino acid
side chains that contribute to classical BZD binding in the GABAAR, a complete
description of the residues that participate in non-BZD binding has been lacking.
Residues previously shown to participate in ZPM binding include: y.F77, v.M130,
aH101, 0, T162, 0.G200, ..S204, a.T206, o, Y209, and ., V211 (Pritchett and Seeburg,
1991, Wieland et al., 1992, Wieland and Luddens, 1994, Buhr et al., 1997a, Buhr et al.,
1997b, Buhr and Sigel, 1997, Wingrove et al., 1997, Schaerer et al., 1998, Sigel et al.,
1998, Renard et al., 1999, Strakhova et al., 2000). To our knowledge, only one site,

o, H101, has been identified that is important for zopiclone (the racemate of ESZ) binding
(Davies et al., 2000). Here, we define receptor models for how ESZ and ZPM are
oriented in the binding site, evaluate how specific residues in the binding site interact
with ESZ and ZPM, and provide new insight into the pharmacophores for these drugs.
2.6.1 Residues in Loops A, B, and D are critical for the overall structure of the BZD
site

Several lines of evidence suggest that residues in y,Loop D and a,;Loops A and B
are critical to the binding of BZDs in general and thus are important for the overall
structure of the BZD binding site. Mutations in these areas affect the binding affinities of
a variety of structurally diverse BZD-site ligands. In y,Loop D, we were unable to detect

specific binding of BZD antagonist, ["’H] Ro15-1788 or the BZD agonist [*H]
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flunitrazepam to F77C-containing receptors, suggesting that the native phenylalanine at
this position is a key structural element in the BZD binding pocket. This is consistent
with previous findings that showed a variety of substitutions at y,F77 dramatically alter
the affinity of various BZDs including Ro15-1788, diazepam, flunitrazepam, and ZPM
(Buhr and Sigel, 1997, Wingrove et al., 1997, Sigel et al., 1998), and where y,F77C was
shown to completely abolish flurazepam potentiation (Teissere and Czajkowski, 2001).

Moreover, we found mutation y,A79C reduced the binding of ESZ and ZPM to a
similar extent (~8-9-fold) (Fig. 2.2) and the affinity of the receptor for Ro15-1788 was
also significantly decreased (Table 2.2). Previous studies found mutation of y,A79 was
also detrimental to flunitrazepam, Ro15-4513, Ro15-1788, and diazepam binding
(Kucken et al., 2000, Kucken et al., 2003, Berezhnoy et al., 2004). These results are in
good agreement with cysteine accessibility studies that showed y,A79 is part of the BZD
binding pocket (Teissere and Czajkowski, 2001, Kucken et al., 2003).

Cysteine substitution of y,T81 had no effect on ESZ or Ro15-1788 and only a
minor effect on ZPM affinity (<2-fold) (Table 2). However, larger volume BZD-site
ligands such as Ro15-4513, Ro40-6129, and Ro41-3380 are affected by mutations at this
site (Kucken et al., 2003). Thus, even though y,T81 may not contribute significantly to
ESZ or ZPM binding, it likely forms part of the binding site for other BZDs.

In o;Loop A, we observed no specific binding of [°’H] Ro15-1788 or [’H]
flunitrazepam to a;D97CB.y. receptors. Functional o;D97CR.y. receptors that respond to
GABA can be expressed in Xenopus oocytes (Sharkey and Czajkowski, 2008a). Thus, it
is unlikely that cysteine substitution at this location impairs proper folding or expression

of the receptor. Molecular docking indicates that c;;D97 is within 8 A of ESZ and ZPM.
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In our model, a;D97 appears part of an electrostatic network of residues that bridges the
ou1/y,2 subunit interface. We speculate that the lack of specific binding for this mutant is
because 0;D97 is important for maintaining the structural integrity of the BZD pocket.

Mutation of 0;F99 in Loop A significantly reduces GABAAR affinity for ESZ,
ZPM, and Ro15-1788. This may be because a,F99 participates in hydrophobic
interactions with bound drug, or because mutation of o,;F99 to cysteine alters the position
of a;H101 (Loop A) and o, Y159 (Loop B) which lie on either side of it in the binding
pocket (Fig. 2.5). Indeed, the necessity of o,;H101 in binding ZPM (Wieland et al., 1992,
Wieland and Luddens, 1994), zopiclone (Davies et al., 2000), and several other BZDs
(Duncalfe et al., 1996, Davies et al., 1998, Berezhnoy et al., 2004) has been established.
The importance of ;Y159 is underscored by its potential to hydrogen bond directly with
ESZ in the binding pocket (Fig. 2.5) and the inability of [’H] Ro15-1788 or [*H]
flunitrazepam to bind o, Y 159C- or a; Y 159S-containing receptors (Amin et al., 1997,
Tan et al., 2007D).

One of the most dramatic shifts in BZD binding affinity was measured for the
o1 Loop B mutant, G157C. This residue appears to be at the side wall of the ESZ and
ZPM binding pocket (Fig. 2.5). In our homology model of the GABAAR, a larger
cysteine side chain would decrease the volume of the binding site. This may hinder
occupation of the site by ZPM and ESZ and/or affect the positioning of nearby residues
including o,;H101 (Loop A) and ;Y209 (Loop C) (Fig. 2.5). The fact that G157C
drastically reduces ZPM and ESZ binding (Fig. 2.2; Table 2.2) but increases Ro15-1788
affinity 17-fold supports the idea that G157C alters the shape of the BZD binding pocket

and that imidazobenzodiazepines (i-BZDs) such as Ro15-1788, have different structural
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requirements than the non-BZDs. Indeed, a recent study showed that a sulthydryl-
reactive derivative of the i-BZD, Ro15-4513, was able to covalently attach to a cysteine
at ;G157 (Tan et al., 2007Db).

Since mutation of residues in y,LoopD and o,;Loops A and B alter the binding
affinity of a variety of structurally diverse BZD-site ligands (our work and others), we
envision that these regions define the core of the binding site for BZD-site ligands. Thus,
a question remains as to what defines ligand specificity at the BZD binding site.

2.6.2 Residues in Loops C and E determine ligand selectivity at the BZD site

Unlike residues in Loops A, B, and D, y,Loop E residues are located at the back
of the binding pocket where extra space exists for ligand placement/movement (Fig. 2.6c¢,
right panel). The large unfilled volume bordered by Loop E is likely ideal for
accommodating ligands of different size and chemical composition. Indeed, we found
mutations M130C, R132C, and R144C in y,Loop E differentially affect ESZ, ZPM, and
Ro15-1788 affinity (Table 2.2; Fig. 2.2). In addition, the magnitude of the effect of the
T142C mutation was different for all three ligands tested. Interestingly, previous studies
have shown mutation of y,M130 to leucine reduces ZPM affinity while having very small
or no effects on the binding of several other BZDs (Buhr et al., 1997b, Sigel et al., 1998).
Thus, substitution of native Loop E residues may cause a change in the volume of the
binding site that results in altered positioning of the ligand in the pocket, thereby
affecting affinity. For example, molecular docking shows the native arginine at position
144 stabilizes the ring carbonyl of ESZ in the binding pocket via a hydrogen bond (Fig.

2.5), thus removal of this H-bond via cysteine substitution likely causes the observed
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reduction in ESZ affinity. In contrast, ZPM dockings show no interaction with y,R144,
explaining the lack of effect of y,R144C on ZPM binding.

Mutations in a;Loop C also differentially affect ligand binding to the BZD-site of
the GABAAR (Fig. 2.2) suggesting that these residues also play a role in determining
ligand selectivity. We found that three mutations, G200C, V202C, and S204C, had a
much greater effect on ZPM affinity than ESZ or Ro15-1788, whereas T206C
dramatically increased ESZ affinity without affecting ZPM or Ro15-1788 (Fig. 2.2; Table
2.2). In addition, previous studies have shown mutations T206V and T206A selectively
alter the affinity of diazepam, flunitrazepam, and ZPM but not that of several other BZDs
(Buhr et al., 1997a, Sigel et al., 1998).

Based on the low sequence homology of a;Loop C to other a subunit isoforms
(Fig. 2.1e), Loop C is likely a significant determinant in the o;-subunit selectivity of
ZPM. This is supported by previous studies. First, replacement of ;G200 with the
aligned glutamate residue present in all other o subunit isoforms reduces ZPM binding
(Schaerer et al., 1998), whereas replacement of the glutamate in a3, a5, and o with
glycine increases the affinity of these receptors for ZPM (Pritchett and Seeburg, 1991,
Wieland and Luddens, 1994, Renard et al., 1999). Second, replacement of the threonine
in as with the aligned serine at 204 in a; increases the affinity of o5 for ZPM (Renard et
al., 1999). Lastly, mutation of a; V211 to the aligned isoleucine in as and o decreases
flunitrazepam and ZPM affinity, while increasing the affinity of as-selective ligands
(Strakhova et al., 2000). All of these substitutions show that a,;Loop C residues promote
ZPM binding whereas Loop C residues from other a subunit isoforms reduce ZPM

affinity, supporting the idea that o,;Loop C contributes to ZPM selectivity.
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Loop C residues a;Val211, a,Val202, and a;Ser205 also appear to be especially
important for i-BZD binding. A sulthydryl-reactive derivative of Ro15-4513 has been
shown to covalently attach to a; V202C and o, V211C (Tan et al., 2007b), whereas
a;S205C reduced the affinity for Ro15-1788 (Table 2), and replacement of a;S205 with
the aligned asparagine in o, was shown to decrease the affinity of i-BZDs and f3-
carbolines (Derry et al., 2004). Of the cysteine substitutions at these sites, only a;V202C
had an effect on ESZ and ZPM binding (Fig. 2.2; Table 2.2). Overall, mutations in
v2Loop E and a;Loop C differentially affect binding of structurally diverse classes of
BZD-site ligands supporting the idea that these regions define specificity.

2.6.3 Zolpidem interaction with the BZD site is less specific than eszopiclone

The orientation of ESZ in the BZD binding pocket as presented in Fig. 2.5 and 2.6
is supported by our mutagenesis data. This docking was the lowest energy, most highly
populated pose obtained using AutoDock 4.0. A similar orientation of ESZ was observed
using AutoDock 3.0 and SureFlex Dock (data not shown) and the docking is consistent
with the recently described unified pharmacophore/receptor model of the BZD site
(Clayton et al., 2007). Essential functional groups defining the ESZ pharmacophore and
its orientation in the site are its two carbonyls, which hydrogen bond with the backbone
of Loop C and y,R144 (Loop E), respectively, and two ring nitrogens, which hydrogen
bond with ;S204 (Loop C) and a; Y159 (Loop B), respectively (Fig. 2.6).

In contrast, ZPM may bind in multiple orientations in the BZD site. Our
molecular docking revealed three equally populated poses with equivalent energies that
occupy a similar space within the BZD site (Fig. 2.5 and 2.6), but with few potential

polar contacts in any orientation. Thus, the essential descriptor of the ZPM
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pharmacophore is likely its size and shape. ZPM has only a single carbonyl, which
appears capable of interacting with several different residues in the BZD binding site
(Fig. 2.5). We found that this carbonyl could hydrogen bond with o,;Loop C (at ;5204
or the backbone near o,;T206/G207) or with y,Loop F (Argl194) (Fig. 2.5). Similar
orientations were observed with Autodock 3.0 and SureFlex Dock software (data not
shown). Our ZPM-up-dock pose is similar to that reported by Sancar et al, which allowed
flexible movement of the side chains during docking (Sancar et al., 2007). While our
mutagenesis data would favor hydrogen bonding with a;S204, we cannot exclude any of
the poses presented here. Overall, we believe that unlike ESZ, ZPM binding relies more
on shape recognition of the binding pocket than on specific interactions in the BZD site.
This would explain several observations:

First, this would account for the a; subunit selectivity of ZPM (Table 2.1)
(Pritchett and Seeburg, 1990, Puia et al., 1991, Benavides et al., 1992, Herb et al., 1992,
Wieland and Luddens, 1994). The included volume of the BZD binding pocket for ;-
containing receptors has a slightly different shape, polarity, and lipophilicity compared to
ap- and a3-containing receptors (Clayton et al., 2007), explaining the reduced but still
measurable affinity of ZPM for o, and o3 (Table 2.1). Furthermore, the included volume
of a-containing receptors is much larger than ou-, as-, and os-containing receptors
(Clayton et al., 2007), thus explaining the lack of ZPM binding at these o subtypes
(Table 2.1). It follows that differences in the included volumes of the BZD-site for y,-
versus yi- and y3-containing receptors also likely play a role in ZPM selectivity.

Second, this clarifies why %161, but not specific mutations in Loop F, specifically

reduce ZPM binding (Table 2.2). The replacement of the entire y,Loop F, which is poorly
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conserved, with the o,;Loop F that is also two amino acids longer, likely changes the size
of the binding pocket to the detriment of ZPM binding.

Third, shape recognition by ZPM would explain why minor mutations in Loop C
like 01;G200C, 0, V202C, and 0;S204C, affect ZPM binding to a much greater extent
than ESZ (Fig. 2.2). Loop C, which comprises the entire lid over of the BZD site (Fig.
2.6¢) is highly flexible, and is believed to move upon ligand binding (Celie et al., 2004a,
Gao et al., 2005a, Hansen et al., 2005). Thus, it stands to reason that mutation of c.;G200,
located at the hinge of Loop C (Fig. 2.5), would change the overall flexibility of the
Loop, perhaps preventing its full closure on the binding site, resulting in an altered shape
of the binding pocket, which in turn precludes high affinity ZPM binding. In contrast,
ESZ, which is anchored to the BZD site by multiple interactions (e.g. Argl44, Tyr209,
Tyrl159, etc.)(Fig. 2.6a), is less affected by any single mutation.

Overall, this evidence suggests that ZPM binding depends largely on the size and

shape of the BZD binding pocket rather than specific polar interactions.

2.6.4 Summary and Conclusions

In summary, our data provide new insights toward defining the pharmacophore
for non-BZD hypnotics as well as the structure of the BZD binding site (Fig. 2.6). We
provide a comprehensive description of the amino acid residues that contribute to the
binding of these ligands and present molecular models for their orientation in the BZD
binding site. We show that residues in y,Loop D and a;Loops A and B provide the
necessary framework for ligand binding in the pocket, while specific residues in y,Loop
E and a,;Loop C play a key role in determining ligand selectivity. We conclude that

v2Loop F does not directly contribute to BZD binding but may serve indirectly to
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maintain the structural integrity of the region. We also provide evidence that the subunit
selectivity of ZPM results mainly from the overall shape of the binding pocket and is
based largely on its interaction with Loop C.

Thus, their footprint within the BZD binding pocket of the GABAAR may in part
determine the pharmacological properties of the non-BZDs. Further experiments will be
necessary to determine if specific residues in Loops C and E differentiate the efficacies of
the classical and non-BZD ligands. The identification of the structural elements important
for the high affinity binding and efficacy of these drugs provides insight into the unique
neuropharmacological profile of ESZ and ZPM in the CNS and will be beneficial in the
design and development of more pharmacologically and behaviorally selective BZD site

ligands.
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Figure 2.1 The GABA,4 receptor a.1/y; interface and structures of benzodiazepine
binding site ligands. (a) Homology model of the a,;8,y, GABAA receptor pentamer
(Mercado and Czajkowski, 2006) as seen from the extracellular membrane surface. The
a1, B2, and y, subunits are highlighted in red, yellow, and blue, respectively. Arrows
indicate that GABA binds at the 3,/a, interfaces whereas benzodiazepines (BZDs) bind
at the a;/y» interface of the receptor. (b) Side view of the o, (red) and vy, (blue) subunits.
The region of the interface encompassing the BZD binding site is boxed and highlighted
in (¢), where BZD binding site Loops A-F are individually color-coded. (d) Structures of
the BZD binding site ligands eszopiclone, zolpidem, Ro15-1788, flunitrazepam, and
diazepam. (e) Rat GABAAR sequence alignment of Loops A, B, and C of a6 subunits
and Loops D, E, and F of y,.3 subunits, where only differences from a; and y, are shown.
Amino acid residues shown previously to be important for BZD binding are bold,

residues examined in this study are underlined.
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Figure 2.2 Cysteine mutations in the benzodiazepine binding site differentially affect
eszopiclone and zolpidem affinity for the GABA, receptor. The apparent affinity (Kj)
of WT, y,-mutant (Loops D-F) and a;-mutant (Loops A-C) receptors for ESZ (light bars)
and ZPM (dark bars) is graphed and was measured as described in the Methods. x161 is
the y/a chimera where residues N-terminal to 161 are y, sequence and residues C-
terminal to 161 are o, sequence. Bars represent mean + SD of at least three independent

experiments. Values significantly different from WT are indicated (*p<0.05; **p<0.01).
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Figure 2.3 Mutations in the v, subunit differentially affect eszopiclone and zolpidem
binding to the GABA, receptor. (a-c) Representative radioligand binding curves depict
the displacement of [’H] Ro15-1788 binding by ESZ (left panels) and ZPM (middle
panels) for WT o1 2y, receptors (filled squares) and the indicated y, mutant receptors
(open symbols) in Loop D (a), Loop E (b), and Loop F (¢), respectively. Representative
binding curves are shown for a selected group of mutants. Each data point is the mean +
SEM of triplicate measurements. Data were fit by nonlinear regression as described in the
Methods and K; values are reported in Table 2. A close-up view of the benzodiazepine
binding site (right panels), with the o, subunit in red and the y, subunit in blue, highlights
all sites where individual cysteine substitutions were introduced (yellow). For

x161, residues 1-161 are vy, sequence (blue), and residues C-terminal to 161 are o
sequence (red). The localization of residues y,R185, y:E189, and y,R194 is based on their

position in the WT v, sequence.
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Figure 2.4 Mutations in the a; subunit differentially affect eszopiclone and zolpidem
binding to the GABA, receptor. (a-b) Representative radioligand binding curves depict
the displacement of [’H] Ro15-1788 binding by ESZ (left panels) and ZPM (middle
panels) for WT o1 2y, receptors (filled squares) and the indicated o cysteine mutant
receptors (open symbols) in Loops A and B (a) and Loop C (b), respectively.
Representative binding curves are shown for a selected group of mutants. Each data point
is the mean + SEM of triplicate measurements. Data were fit by nonlinear regression as
described in the Methods and K; values are reported in Table 2. A close-up view of the
benzodiazepine binding site (right panels), with the a; subunit in red and the y, subunit in

blue, highlights all sites where individual cysteine substitutions were introduced (yellow).
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Figure 2.5 Molecular docking of eszopiclone and zolpidem.

View looking down on a;Loop C (left panels) and underneath o, Loop C (right panels) of
(a) ESZ and (b,c,d) ZPM docked into the benzodiazepine binding site of the GABAAR
using AutoDock 4.0 software as described in the Methods. The a; subunit is red, the y»
subunit is blue, and residues of interest are highlighted in yellow. Docked ligands are
represented as sticks with transparent space-fill. Atoms are color coded as follows:
oxygen, red; nitrogen, blue; sulfur, yellow; chloride (ESZ), green. Potential hydrogen
bonds are represented by dashed lines. Pdb files containing eszopiclone and zolpidem

docked at the BZD site of the GABAAR are provided in the supplementary material.
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Figure 2.6 Eszopiclone and zolpidem in the BZD binding pocket.

Two views of ESZ-dock (a) and ZPM-down-dock (b) showing the relative orientation of
ligand and residues of interest in the BZD-site. Potential hydrogen bonds are represented
by dashed lines. Atoms are color coded as follows: oxygen, red; nitrogen, blue; sulfur,
yellow; chloride (ESZ), green. (¢) The surface of the a; (red) and y, (blue) subunits near
the BZD-site is shown to highlight the size of the binding pocket. Left panel: ESZ (pink)
is represented as sticks with transparent space-fill. Middle panel: The three orientations
of ZPM (green, tan, gray) are represented as sticks. Right panel: Surface view of ZPM-
down-dock (tan, sticks) as seen looking down on a;Loop C. (Note: most of the molecule
is occluded by Loop C). The surface of Loop E residues examined in this study is
highlighted in yellow. Observe the large unfilled volume of space bordered by Loop E

residues.
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Table 2.1 Binding affinities of Ro15-1788, Ro15-4513, eszopiclone and zolpidem for

a.xP2y2 receptors.

Ro15-1788 Eszopiclone Zolpidem R015-4513

Receptor Ki (nM) Ki (nM) Ki (nM) Ki (nM)

o 3.3+1.3 50.1 + 101 61.9+7.3 N.D.

o2 57+0.1 114 +40.8 408 + 35 N.D.

o3 8.1+0.1 162 + 29.5 975 + 132 N.D.

o5 20+0.1 102 +17.9 >15000 N.D.

o4 N.D. >15000 >15000 3.1+0.1
o6 N.D. >15000 >15000 5.1+ 0.1

K; values were determined by displacement of [’H] ethyl 8-fluoro-5,6-dihydro-5-methyl-
6-0x0-4H-imidazo[1,5-a][1,4]benzodiazepine-3-carboxylate (Ro15-1788)(Codding and
Muir, 1985) binding (for o, o, o, and o) or ['H] ethyl-8-azido-5,6-dihydro-5-methyl-
6-oxo0-4H-imidazo-1,4-benzodiazepine-3-carboxylate (Ro15-4513)(Wong and Skolnick,
1992) binding (for o4 and o) and represent the equilibrium dissociation constant
(apparent affinity) of the unlabeled ligand. Data represent mean +/- SD from at least 3

separate experiments; N.D.= not determined.



Table 2.2 Binding affinities of Ro15-1788, eszopiclone and zolpidem for WT and

mutant o;8,y2 receptors.

R015-1788 Eszopiclone Zolpidem
Loop Receptor Ki (nM) mut/wt Ki (nM) mut/wt Ki (nM) mut/wt

WT 33+13 1.0 50.1 +10.1 1.0 61.9+73 1.0
apyD56C 3.1+0.2 0.9 82.4 +16.1 1.6 67.6 +8.0 1.1

D apyF77C N.B. N.D. N.D.
D apyA79C 92+16* 2.8 393 +23.3* 7.9 577 +64.7 ** 9.3
D opyT81C 4.4+14 1.3 75.2+11.6 1.5 108 +9.2* 1.7
E apyT126C 44+03 1.3 71.9+35 1.4 72.7+19.2 1.2
E opyM130C 13.8+4.7* 4.1 102 +18.4* 2.0 1565+3.7* 0.3
E apyR132C 13.0+4.7* 3.9 110 +23.7* 22 358+48" 0.6
E apyL140C 3.8+0.1 1.2 463 +1.4 0.9 63.1+1.9 1.0
E apyT142C 92+20* 2.8 503 + 89.1 ** 10 1321 + 300 ** 21
E apyR144C 3.7+1.1 1.1 174 + 50.6 ** 3.5 38.0+11.5 0.6
F Py 161 96+15* 2.9 224+26* 0.4 427 +44.8 * 6.9
F apyR185C 3.3+0.0 1.0 709+35 1.4 67.4+6.8 1.1
F apyR194C 4.1+0.0 1.2 67.0+4.6 1.3 62.6 +0.7 1.0

A aD97CBy N.B. N.D. N.D.
A oF99CBy 15.0+0.8* 4.5 407 + 123 ** 8.1 180 + 35.6 * 2.9
B aG157CBy 0.19+0.06 **  0.06 2103 + 400 ** 42 1252 + 367 ** 20
B aA160CBy 4.0+0.6 1.2 60.4 +32.2 1.2 81.4+10.7 1.3
B aT162CBy 22+041 0.7 33.8+5.6 0.7 109 + 30.4 1.8
Cc aG200CBy 3.0+0.3 0.9 119 +13.8* 24 598 + 104 ** 9.7
Cc aV202CBy 1.5+0.1 0.4 249 +529* 50 556 + 153 ** 9.0
C aS204CBy 8.8+0.6* 27 579+16 1.2 433 +56.4 ** 7.0
Cc aS205CBy 65+1.0" 2.0 349+1.1 0.7 412+76 0.7
Cc aT206CRy 21+05 0.6 0.83+0.23* 0.02 76.4 +23.2 1.2

C aY209CpBy N.B. N.D. N.D.
] aV211CBy 41+14 1.2 624 +4.4 1.2 67.8 +22.2 1.1

73

K; values were determined by displacement of [’H] Ro15-1788 binding and represent the

equilibrium dissociation constant (apparent affinity) of the unlabeled ligand. The loop

where each mutation is located inside the BZD binding pocket is indicated. The ratio of

mutant to WT binding is shown and was calculated by dividing the K; value for the

mutant by the K; value for WT. Data represent mean +/- SD from at least three separate

experiments; N.B.= no binding detected; N.D.=not determined. Values significantly

different from WT are indicated (* p<0.05; ** p<0.01).
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CHAPTER 3: Different residues in the GABA, receptor
benzodiazepine binding pocket mediate benzodiazepine
efficacy and binding’

3.1 Abstract

Benzodiazepines (BZDs) exert their therapeutic actions by binding to the y-aminobutyric
acid type A receptor (GABAAR) and allosterically modulating GABA-activated chloride
currents (Igapa). A variety of ligands with divergent structures bind to the BZD site and
the structural mechanisms that couple their binding to potentiation of Igapa are not well
understood. Here, we measured the effects of individually mutating twenty-two residues
throughout the BZD binding pocket on the abilities of eszopiclone, zolpidem and
flurazepam to potentiate Igapa. Wild-type and mutant a3,y GABAARs were expressed
in Xenopus oocytes and analyzed using two-electrode voltage clamp. GABA ECsy, BZD
ECso and BZD maximal potentiation were measured. This data, combined with previous
radioligand binding data describing the mutations’ effects on BZD apparent binding
affinities (Hanson and Czajkowski, 2008, Hanson et al., 2008), were used to distinguish
residues within the BZD pocket that contribute to BZD efficacy and BZD binding. We
identified six residues whose mutation altered BZD maximal potentiation of Igapa (BZD
efficacy) without altering BZD binding apparent affinity, three residues whose mutation
altered binding but had no effect on BZD efficacy, and four residues whose mutation

affected both binding and efficacy. Moreover, depending on the BZD ligand, the effects

? Published as Morlock EV, Czajkowski C (2011) Different residues in the GABAA
receptor benzodiazepine binding pocket mediate benzodiazepine efficacy and binding.
Mol Pharmacol 80:14-22.
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of some mutations were different indicating that the structural mechanisms underlying

the ability of BZD ligands with divergent structures to potentiate Igapa are distinct.

3.2 Introduction

Benzodiazepines (BZDs) are commonly used in the treatment of sleep disorders,
anxiety, muscle spasms, seizure disorders, and some forms of depression (Mohler et al.,
2002). They exert their therapeutic actions by binding to the y-aminobutyric acid type A
receptor (GABAAR) and modulating GABA-induced chloride current (Igaga). The
GABAAR is a heteropentameric, ligand-gated ion channel and belongs to the cys-loop
superfamily of receptors that includes the SHT3 receptor, glycine receptor and nicotinic
acetylcholine receptor (nAChR) (Ortells and Lunt, 1995). The most common GABA,
receptor subtype found in the brain is comprised of a, B, and v, subunits in a ratio of
20:2B:y (Chang et al., 1996, Farrar et al., 1999, Baumann et al., 2002, Sieghart and Sperk,
2002). The BZD binding site is located in the extracellular domain of the receptor at the
interface of the a and y subunits (Fig. 3.1A), and is formed by six noncontiguous regions
historically designated loops A-F (Fig. 3.1B) (Sigel and Buhr, 1997, Boileau et al., 1998,
Boileau et al., 2002a).

Ligands that bind to the BZD site can act as negative modulators that inhibit Igapa
(BZD inverse agonists), as positive modulators that potentiate Igapa (BZD agonists) or as
zero modulators that bind yet have no effect on Igaga (BZD antagonists). While multiple
studies have identified residues that are involved in mediating the apparent binding
affinity (Kq4) of BZD-site ligands including classical, [1,4]benzodiazepines (Wieland and
Luddens, 1994, Kucken et al., 2000, Boileau et al., 2002a, Derry et al., 2004),

cyclopyrrolones (e.g. eszopiclone) (Davies et al., 2000, Hanson and Czajkowski, 2008)
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and imidazopyridines (e.g. zolpidem) (Buhr et al., 1996, Buhr et al., 1997b, Buhr and
Sigel, 1997, Schaerer et al., 1998, Hanson et al., 2008), much less is known about the
structural determinants that couple their binding to modulation of Igaga and govern
whether a BZD-site ligand is a positive modulator, zero modulator or negative modulator
(i.e. BZD efficacy).

In general, it is believed that BZDs exert their allosteric effects by either shifting
the GABAAR closed to open state channel equilibrium (Downing et al., 2005, Rusch and
Forman, 2005, Campo-Soria et al., 2006) or by altering the receptor’s microscopic
binding affinity for GABA (Twyman et al., 1989, Rogers et al., 1994b, Lavoie and
Twyman, 1996, Mellor and Randall, 1997, Thompson et al., 1999, Goldschen-Ohm et al.,
2010). Regardless of the mechanism, BZD binding to the receptor is the initial
perturbation that triggers structural rearrangements in the protein that result in
modulation of GABAR function. Residues that line the BZD binding site pocket likely
have different roles in this process. Some residues may directly interact with the ligand
and contribute to its binding affinity, some may stabilize binding site structure, whereas
others may mediate local conformational movements important for coupling BZD
binding to modulation of Igapa. Identifying the residues that are involved in these
actions is critical for elucidating the structural mechanisms that govern the
pharmacological effects of these drugs and will help predict the therapeutic effects of
new drugs.

Previously, we identified residues within the BZD binding site that were
important for high-affinity binding of flumazenil (Ro15-1788), eszopiclone (ESZ) and

zolpidem (ZPM) (Hanson and Czajkowski, 2008, Hanson et al., 2008). Here, we tested
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the hypothesis that residues in the BZD binding site are also crucial for determining BZD
efficacy. We measured the effects that 22 single cysteine mutations (Fig. 3.1D), made
throughout the BZD binding site, had on the abilities of flurazepam (FZM), ESZ and
ZPM to potentiate Igapa (BZD ECsg values and maximum potentiations were measured).
We focused on residues that have not been extensively examined previously and for
which the effects of mutating the residue on BZD apparent binding affinities were
known. We identified six residues whose mutation solely altered BZD efficacy
suggesting that they are part of the allosteric pathway involved in coupling BZD binding
to modulation of GABAAR function. We identified three residues that when mutated
only altered BZD binding affinity suggesting that they are important for ligand docking.
Four additional residues, in the a subunit, when mutated, decreased both the binding
affinity and efficacy of the BZD ligands suggesting that they play roles in mediating high
affinity BZD binding and the initial structural rearrangements in the site that help couple
binding to modulation of Igaga and likely contribute to the structural integrity of the
binding site. Moreover, we provide evidence that the structural mechanisms underlying

the ability of BZD ligands of diverse structure to modulate Igaga are distinct.

3.3 Materials and Methods

3.3.1 Site directed mutagenesis.

Rat cDNAs encoding the GABAR a,, B, and v, subunits in the pUNIV vector
(Venkatachalan et al., 2007) were used. Cysteine mutations in the a; and y,r subunits
were made previously (Hanson and Czajkowski, 2008, Hanson et al., 2008) using

recombinant PCR and verified by double stranded DNA sequencing.
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3.3.2 Expression in Xenopus laevis oocytes.

Expression of WT and mutant GABARs was performed as described previously (Hanson
and Czajkowski, 2008). Capped cRNA from Notl- digested cDNA was in vitro
transcribed using the mMessage mMachine T7 kit (Ambion, Austin, TX). X. Laevis
oocytes were harvested and prepared as described previously (Boileau et al., 1998).
Oocytes were injected within 24h of treatment with 27nl cRNA (1-15pg/nl/subunit) in the
ratio 1:1:10 (a:B:y) (Boileau et al., 2002a) and stored at 16°C in ND96 buffer (in mM: 96
NacCl, 2KCl, 1MgCl,, 1.8CaCl,, 5 HEPES, pH 7.2) supplemented with 100pg/ml BSA
until used for electrophysiological recordings.

3.3.3 Two-electrode voltage clamp.

Electrophysiological recordings were performed as described previously (Hanson and
Czajkowski, 2008). Oocytes were held at -80mV under two-electrode voltage clamp
while being continuously perfused with ND96 at a rate of Sml/min in a bath volume of
200ul. Borosilicate glass electrodes (0.4-1.0 mQ) (Warner Instruments, Hamden, CT)
were filled with 3M KCI. Electrophysiological data were collected using GeneClamp 500
(Molecular Devices, Sunnyvale, CA) interfaced to a computer with a Digidata 1200 A.D
device (Molecular Devices). Recordings were made using the Whole Cell Program,
v.3.6.7 (kindly provided by J. Dempster, University of Strathclyde, Glasgow, UK). Stock
solutions of FZM (RBI, Natick, MA) were dissolved in ND96 and diluted in ND96 for
working concentrations. GABA (Sigma, St. Louis, MO) solutions were prepared fresh
daily with ND96. Stock solutions of DMCM (3-carbomethoxy-4-ethyl-6,7-dimethoxy-f-
carboline) (RBI, Natick, MA), ZPM (Sigma, St. Louis, MO) and ESZ (kindly provided

by Sepracor, Inc.) were prepared in DMSO and subsequently diluted in ND96 for
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working concentrations where the final [DMSO] (< 2%) did not affect GABAAR
function.
3.3.4 Concentration-response analysis.
GABA concentration-response curves were determined as described previously (Hanson
and Czajkowski, 2008). Six to twelve concentrations of GABA were used for each
GABA ECs value determination. Each current response was scaled to a low, non-
desensitizing concentration of GABA (EC,.s5) applied just before the test concentration to
correct for any drift in Igapa responsiveness over the course of the experiment.
Concentration-response data were fit by the following equation: 7 = I.x/[ 1+ECso/[A]")],
where [ is the peak response to a given drug concentration, /.y is the maximum
amplitude of current, ECs is the drug concentration that produces that half-maximal
response, [4] is drug concentration, and # is the Hill coefficient using Prism V.4.0
(GraphPad Software, San Diego, CA). The ECs( values in Table 1 for four mutants
(YR185C, yE189C, yR194C and YR197C) are from Hanson and Czajkowski, 2008 with
the associated errors in SEM, as opposed to SD reported in the 2008 publication. Two
values that were significantly different from wild-type (WT) values in the 2008
publication (YR185C and yR194C) are no longer significant in the present study because
the GABA ECs value for WT receptors in this study is slightly lower than in the
previous report and the full data sets that was used for the ANOVAs in both studies are
different.

BZD concentration responses (6-8 different concentrations) were measured at
GABA EC;s. BZD modulation was defined as follows: [(/gasa+szp/IgaBa)-1], where

Igasa+szp 1s the current response in the presence of GABA and BZD, and /gaga is the
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current evoked by GABA alone (GABA EC;s5). When measuring BZD concentration
responses, each application of GABA + BZD is preceded by a brief pulse of EC;5s GABA
alone. Wash times between application of GABA + BZD and the following application of
GABA alone were increased with every increase in BZD concentration. During the
experiment, the magnitude of the currents elicited by the GABA EC;s pulses alone did
not change (< 3%) even following high concentrations of BZD, indicating complete
washout of the BZDs. BZD concentration response curves were fit with the equation P =
Pumax /(1+(ECs¢/A)"), where A is the BZD concentration, ECsy is the concentration of
BZD eliciting half maximal current potentiation, Pmax is the maximal BZD potentiation of
IgaBa, P is the potentiation amplitude and n the Hill coefficient. The reported values for
maximum potentiation were determined from curve fitting the data.

3.3.5 Statistical analysis.

All data are from at least three different oocytes from at least two different frogs. Data
represent mean + SEM. Significant differences in ECs values and maximal BZD
modulation values were determined by one-way ANOVA, followed by a post hoc
Dunnett’s test using Prism v.4.0 (GraphPad Software Inc., San Diego, CA). Log (ECs)

values were used for statistical analyses.

3.4 Results

We previously made 22 single cysteine mutations throughout the BZD binding
site in loops A (D97C, F99C), B (G157C, A160C, T162C), and C (G200C, V202C,
S204C, S205C, T206C, Y209C, V211C) of the a; subunit and loops E (T126C, M130C,

R132C, L140C, T142C, R144C) and F (R185C, E189C, R194C, R197C) of the v,
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subunit (Fig. 3.1) and examined the effects of these mutations on BZD binding using
competitive radioligand binding experiments (see Table 2 for mut/WT K; values)
(Hanson and Czajkowski, 2008, Hanson et al., 2008). The mutations in the y Loop F
region had no effect on BZD apparent binding affinity, whereas at least one mutation in
each of the o loops A and B and y loop D altered the affinities of all of the ligands tested
(Ro15-1788, ZPM and ESZ) suggesting that these regions are critical for the binding of a
variety of structurally-diverse BZD-site ligands (Hanson et al., 2008). In contrast, a
number of the mutations in a loop C and y loop E altered the binding of some BZDs but
not others suggesting that residues in these regions help define BZD selectivity (Hanson
et al., 2008). Here, we tested the hypothesis that residues in the BZD binding site are not
only important for BZD binding but also play a role in defining BZD efficacy. Cysteine
mutant subunits were co-expressed with wild type (WT) subunits in Xenopus laevis
oocytes to form a; B2y, GABA, receptors and analyzed using two-electrode voltage
clamp. We examined the effects the mutations had on GABA-activated currents (Igapa)
and on FZM, ESZ and ZPM modulation of EC;5 Igaga.
3.4.1 Effects of cysteine substitutions on Igapa

All of the mutant subunits assembled into functional GABAARs (Table 1). Seven
out of the twelve cysteine substitutions in the a; subunit significantly increased GABA
ECso values (13-31 fold) as compared to WT receptors (18.1+ 4.4uM; Table 1). In
general, the mutations in the y, subunit had smaller effects. yT126C and yM130C
increased GABA ECs approximately 3-fold, whereas YR144C decreased GABA ECs 6-
fold compared to WT receptors (Table 1).

3.4.2 Effects of cysteine substitutions on FZM modulation of Igapa
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We measured the effects the mutations had on the abilities of three structurally
different BZD-site positive modulators, FZM (1,4 benzodiazepine), ESZ
(cyclopyrrolone) and ZPM (imidazopyridine) to potentiate GABA (EC;s) currents.
Current traces and dose response curves for BZD potentiation of Igapa are depicted in
Figures 3.2 and 3.3, respectively. At saturating BZD concentrations (i.e. when the BZD
binding site is fully occupied), the effects of the mutations on BZD efficacy are being
monitored. Eight out of the 22 mutations significantly decreased FZM maximal
potentiation of Igapa compared to WT receptors (pot = 2.3 + 0.2; Fig. 3.4, Table 3.2). In
the a; subunit, cysteine substitution of D97 and F99 in loop A; G157 and A160 in loop B;
and Y209 in loop C significantly decreased FZM maximal potentiation. In the v, subunit,
cysteine substitution of T142 and R144 in loop E, and R197 in loop F also significantly
decreased FZM maximal potentiation. Note, that aF99C and yR144C almost completely
eliminated FZM potentiation of Igapa and thus FZM ECs, values could not be
determined.

3.4.3 Effects of cysteine substitutions on ESZ modulation of Igaga

The effects of the mutations on ESZ were also measured. Eight of the 22
mutations altered ESZ max potentiation of Igapa as compared to WT receptors (pot = 2.8
+ 0.3) (Figs. 3.2, 3.3, 3.4; Table 3.2). In the a; subunit, D97C in loop A; G157C and
A160C in loop B; and T206C and Y209C in loop C significantly decreased ESZ maximal
potentiation. ESZ inhibited Igapa and became a negative modulator at aF99C containing
receptors (Figs. 3.2B, 3.3B). As reported in Hanson et al. (2008), the specific binding of
[*H]Ro15-1788, [*H]flunitrazepam or [’H]Ro15-4513 to alpha D97C- and Y209C-mutant

receptors was not detectable using a filtration-based radioligand binding assay (Table 2).
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The inability to detect radioligand binding is likely due to inherent limitations of filtration
binding assays, which preclude measuring binding when the affinity of the radioligand is
much above 100nM. Given that we can measure BZD modulation of Igaga for these
mutant receptors, these drugs bind to the mutant receptors, likely with lower apparent
affinity. The rightward shifts in the BZD concentration responses are consistent with this
idea. In the v, subunit, mutations at R144 in loop E and R197 in loop F significantly
reduced ESZ maximal potentiation. While aA160C significantly reduced ESZ
potentiation of Igapa (i.e. ESZ efficacy), this mutation had little to no effect on ESZ
apparent binding affinity (Kj, Table 2).
3.4.4 Effects of cysteine substitutions on ZPM modulation of Igapa

The effects of the mutations on ZPM modulation of Igaga were also examined.
Nine out of the 22 mutations altered ZPM max potentiation of Igapa (Figs 3.2, 3.3, 3.4,
Table 3.2). aF99C in loop A, aG157C and aA160C in loop B, aT206C and a'Y209C in
loop C, YR144C in loop E, and YR197C in loop F significantly decreased ZPM
potentiation when compared to WT receptors (pot = 2.8 £ 0.3). Interestingly, aV211C
(loop C) and YE189C (loop F) significantly increased ZPM potentiation of Igapa (1.8 and
2.3 fold, respectively; Figs. 3.3C and 3.4C). Previously, we reported that YE189C had no
effect on ZPM potentiation (Hanson and Czajkowski, 2008, Hanson et al., 2008). The
differences in results are likely due to using higher concentrations of ZPM used in this
study. While aA160C, aT206C, aV211C, yR144C, yE189C and yR197C significantly
altered ZPM potentiation of Igapa (efficacy), the mutations had little to no effect on ZPM
apparent binding affinity (Kj, Table 2).

3.4.5 Effects of cysteine substitutions on DMCM modulation of Igaga
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For a subset of mutations (aF99C, aG157C, aA160C, aT206C, aY209C and
YR144C), we also examined the ability of DMCM (3-carbomethoxy-4-ethyl-6,7-
dimethoxy-B-carboline) to inhibit GABA (EC;s) currents. DMCM is a BZD site inverse
agonist. None of the mutations tested significantly altered DMCM inhibition of Igapa
(WT, DMCM inh = 0.55 + 0.04, n = 3, Fig. 3.5) indicating that the effects of the
mutations on BZD positive modulator actions are specific. DMCM inhibition of one
mutant, YR144C, was decreased compared to WT but this did not reach significance.
Since only y-containing GABAARs are modulated by DMCM, the near WT inhibition of
Icasa by DMCM also indicates that the mutations do not impair subunit assembly or
incorporation into functional afy GABAARs.

3.4.6 Changes in BZD modulation of Igaga are not correlated to changes in GABA
ECso

Some mutations caused significant changes in GABA ECs raising the possibility
that the changes in BZD potentiation observed are linked to the GABA ECs alterations.
BZD positive modulators enhance GABAAR current by decreasing GABA ECs and
shifting the GABA dose response curve to the left. If a mutation only shifted the GABA
dose response curve to the right, one would expect that the mutation would increase
FZM, ESZ and ZPM potentiation and that inhibition by a negative modulator, such as
DMCM, would decrease if a fixed GABA concentration was being used to elicit the
responses. In our experiments, BZD modulation of Igapa was measured at the same
effective GABA concentration (EC;s) for each of the mutant and wild-type receptors,
which should mitigate GABA ECs effects on BZD modulation. Moreover, for many of

the mutations, their effects on GABA ECs, and BZD potentiation were not correlated
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(Fig. 3.6). Some mutations significantly altered BZD potentiation without affecting
GABA ECs (yT142, yE189 and yYR197) whereas others affected GABA ECs, without
changing BZD potentiation (yT126C, yM130C, aS205C, aV211C). Additionally, while
the aF99C, aAG157C, aA160C, aT06C, aY209C, YR 144C mutations altered GABA
ECs, inhibition of Igapa by DMCM was not significantly altered (Fig. 3.5). Taken
together, these data indicate that the observed changes in GABA ECs are not causative

for the observed alterations in the efficacies of BZD site positive modulators (Fig. 3.4).

3.5 Discussion

We identified four residues in the BZD binding pocket that specifically contribute
to BZD-site agonist efficacy: in loop B, A160; in loop C, T206; in loop E, R144; and in
loop F, R197 (Fig. 3.7, Top row). Mutating these residues significantly disrupted the
abilities of ZPM, ESZ and FZM to potentiate Igapa but had little to no effect on high
affinity binding (Table 3.2) (Hanson et al., 2008). Consistent with the mutations having
little effect on binding, these residues are largely localized at the periphery of the binding
pocket (Fig. 3.7C) and thus, are in an ideal position to propagate local movements in the
BZD binding pocket outward to more distant regions of the protein involved in
modulating Igapa. We also identified two residues (V211 and yE189) that when
mutated significantly increased ZPM potentiation of Igapa without affecting FZM or ESZ
potentiation indicating that the residues involved in coupling high affinity BZD binding
to potentiation of Igapa can be different depending upon the type of BZD-site ligand
bound. This is consistent with our previous data, where we demonstrated that structural

determinants for high affinity binding of ESZ and ZPM are different (Hanson and
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Czajkowski, 2008, Hanson et al., 2008). One can envision that depending on the
orientation of the BZD in the binding pocket and its contact residues that some of the
residues involved in the initial coupling of binding to potentiation of Igapa may differ.
ZPM binding is largely dependent on shape recognition and in silico docking has
revealed that ZPM can adopt multiple orientations in the site (Hanson et al., 2008).
Mutating YE189 or aV211 may cause ZPM to preferentially adopt a position that has a
higher efficacy.

We also identified three residues (aG200, YM130 and yR132) that specifically
mediate high affinity BZD agonist binding. In contrast to the residues discussed above,
mutating these residues had no significant effects on BZD agonist efficacy but
significantly altered their binding (Fig. 3.7, middle row). Consistent with the mutations
affecting binding and not efficacy, G200, yM130 and yR132 are located on 3 strands
(Fig. 3.7F) that line the core of the BZD binding pocket. Previous mutagenesis studies
have demonstrated the importance of G200 and yM130 in BZD binding. The glycine at
position 200 is only found in the GABAAR a,; subunit isoform, o,.¢ subunits have a
glutamate at aligned positions (Fig. 3.1D). Schaerer et al. showed that replacing o, G200
with glutamate decreases ZPM binding affinity (Schaerer et al., 1998). Mutating asE200
to its o counterpart in a background of 3 other point mutations confers ZPM binding to
the BZD insensitive ae subunit (Wieland and Luddens, 1994). Mutating y,M130 to a
variety of different residues also alters ZPM binding (Buhr and Sigel, 1997) and
replacement of the aligned lysine in the v, subunit (Fig. 3.1D) with a methionine

increases the binding affinity of a variety of classical BZDs (Wingrove et al., 1997).
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Here, we also identified residues that are important for both high affinity BZD
agonist binding and BZD efficacy: aD97and aF99 in loop A, aG157 in loop B and
Y209 in loop C. Introducing cysteines at these positions decreased ZPM and ESZ
binding and decreased the efficacy of FZM, ZPM and ESZ potentiation of Igapa (Fig.
3.7, bottom row, Table 3.2). The binding of ZPM and ESZ to aD97C and aY209C
containing receptors was so disrupted, their binding affinities could not be reliably
measured (Hanson et al., 2008). These residues are located in the back of the BZD
binding pocket in loop A (D97 and F99), the side of the pocket in loop B (G157) and at
the base of loop C facing directly into the binding site (Y209) (Fig. 3.71). aD97and aF99
in loop A are located near aH101. aH101 has been previously shown to be important for
binding of ZPM (Wieland et al., 1992, Wieland and Luddens, 1994), zopiclone (the
racemate of ESZ) (Davies et al., 1998), flunitrazepam (Berezhnoy et al., 2004), and
diazepam (Davies et al., 2000, Berezhnoy et al., 2004). Mutation of aH101 to arginine
has also been shown to alter BZD efficacy (Benson et al., 1998). Previous studies have
also identified aG157 in loop B and a'Y209 in loop C as important determinants for BZD
binding (Amin et al., 1997, Tan et al., 2007b). Interestingly, all of the residues we have
identified that are important for both high affinity BZD agonist binding and BZD efficacy
are located in the a subunit and are conserved in all o subunit isoforms (Fig. 3.1D).
Residues in the o subunit are likely to play critical roles in BZD efficacy since a single a
subunit contributes to forming both a GABA and BZD binding site at the -o and o~y
interfaces, respectively. Thus, BZD induced movements may be directly propagated

through the a subunit from the BZD site to the GABA binding site. Previous studies
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have demonstrated that BZDs cause movements at the GABA binding site interface
(Kloda and Czajkowski, 2007).

Interestingly, mutating aF99 to cysteine caused ESZ to switch from a potent
positive modulator to a negative modulator (Fig. 3.2B) and had similar effects on the
BZD agonist diazepam, making it a weak negative modulator (Tan et al., 2007a). It is not
unprecedented that a single mutation can alter a BZD’s action from enhancement to
inhibition of Igaga. The yT142S mutation, as well as mutations of aH101, cause the
inverse agonist Ro15-4513 and the antagonist flumazenil to become BZD agonists and
potentiate Igapa (Mihic et al., 1994, Benson et al., 1998). How these mutations result in
switches in a BZD’s actions is not clear. Many structurally diverse ligands bind to the
BZD binding site indicating the site can accommodate a variety of ligands. We speculate
that the mutations may alter the positioning of the drug in the site and/or positioning of
nearby residues, which then induces different downstream allosteric rearrangements.

Previously, we identified residues and regions in the y, subunit, outside of the
BZD binding pocket, that were critical for coupling BZD agonist binding to potentiation
of Igaa actions but were not involved in coupling DMCM binding to inhibition of Igapa
(Boileau and Czajkowski, 1999, Kloda and Czajkowski, 2007, Hanson and Czajkowski,
2008). Here, none of the mutations we tested significantly altered the inhibitory abilities
of DMCM (Fig. 3.5) demonstrating, even at the level of the BZD binding site, that the
structural mechanisms underlying the coupling of DMCM binding to inhibition of Igapa
are different than those underlying BZD agonist modulation.

The benzodiazepine (BZD) binding site of the GABA receptor is

pharmacologically complex. Structurally diverse ligands can bind to it and elicit a range
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of actions from potentiation of Igaga to inhibition. Residues that line the BZD binding
site pocket likely play different roles in mediating these actions. Here, we have
identified specific residues that contribute to BZD binding affinity, other residues that
contribute to BZD efficacy and others that mediate both binding and efficacy. Moreover,
we show that local structural elements important for coupling BZD binding to modulation
IcaBa are not only different for BZD positive modulators versus negative modulators but
are also different for structurally diverse BZD positive modulators indicating that, at the
level of the binding site, there is not a single common set of BZD induced movements
that underlies BZD positive modulation. We envision that depending on how a BZD
occupies the site (e.g. the orientation of the BZD in the site and its interactions with the
receptor), its binding elicits distinct motions within the site, which then can induce
different downstream allosteric rearrangements. It has been demonstrated for G-protein
coupled receptors that even structurally similar agonists interacting with the same
orthosteric site can bind to and activate the receptor via different structural mechanisms.
(Ghanouni et al., 2001, Swaminath et al., 2004, Swaminath et al., 2005). In summary, the
data in this study provide substantial new insights into the structural determinants
important for BZD allosteric modulation of GABA, receptor function. Our results,
which identify residues within the BZD binding site that encode BZD efficacy versus

affinity, will aid in the design of more efficacious and selective drugs.
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Figure 3.1 The BZD binding site at the a,/y; interface of the GABAAR and
structures of BZD site ligands. (A) Homology model of the a,/y; interface
perpendicular to the plane of the membrane. The o, subunit is in blue and the y, subunit
isinred. (B) The region of the a,/y, interface that contains the BZD binding site is
expanded and BZD binding site loop regions A-F are each highlighted in a different
color. (C) Structures of BZD ligands ESZ, ZPM and FZM. (D) Sequence alignments of
the extracellular domain of ;.6 and y;.3 rat GABAR subunit isoforms with BZD binding
site loops are shown. Loop regions are colored as in (B). Residues mutated in this
study are underlined and residues highlighted in color are identical. Numbering refers to

a; and v, residues.
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Figure 3.2 Effects of the mutations on BZD maximal potentiation. Representative
current traces showing maximal potentiation of GABA EC;s current from oocytes
expressing WT and mutant receptors by (A) FZM, (B) ESZ or (C) ZPM. In all cases,
BZDs were at concentrations that elicited maximal responses. I bar in panel A indicates

potentiation of Igapa. Note, in panel B, for aF99CPy receptors, ESZ inhibited Igapa.



>

N
1

—
L

I:I(GABA+FZM)II(GABA):I -1

S Ob e

WT %—
aD97C ,;—— ———
U4

aA160C e {
T206C {’f

o

[I(GABA+ESZ)I I(GABA)]-1

M

6

4

I:I(GABA+ZPM)II(GABA)]-1

> O e

> O O n

log [FZM], (M)

WT
oF99C

aY209C %
YE189C V%’%

-4
log [ESZ], (M)
WT fe)
aV211C
YR144C
yR197C "
1
1 1
-8 -6 -4

log [ZPM], (M)

94



95

Figure 3.3 BZD concentration response curves from WT and mutant GABA,Rs for
(A) FZM, (B) ESZ and (C) ZPM. BZD potentiation was calculated as
[(IcaBa+Bzp/lgaBa)-1]. Data represent mean £+ SEM. Data were fit by nonlinear
regression as described in Materials and Methods. Dashed lines are curve fits from WT
receptors. BZD ECs values and BZD maximal potentiation values are reported in Table

2.
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Figure 3.4 Mutations throughout the BZD binding site affect BZD efficacy. Maximal
potentiation of GABA EC;s current from WT and mutant receptors by (A) FZM, (B) ESZ
or (C) ZPM is plotted. BZD potentiation was calculated as [(Igasa+szp/lgaa)-1]. Data
are mean = SEM from at least three oocytes from two or more batches. Dashed lines

indicate WT levels of potentiation. Black bars indicate values that are significantly

different from WT (*, p <0.05; **, p <0.01).
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Figure 3.5 DMCM modulation of WT and mutant GABA, receptors. Inhibition of
EC;5s GABA by 1uM DMCM for WT and mutant receptors is plotted. Inhibition of
GABA current was calculated as [(Igapa+pmcm/Igaa)-1]. Data are mean + SEM from at
least three oocytes from two or more batches. The dashed line indicates the level of WT
inhibition. None of the mutations significantly altered DMCM inhibition of Igaga. (B)
Representative current traces from oocytes expressing WT afy and aF99CPy receptors in

response to EC;s GABA and EC;5s GABA + 1uM DMCM.
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Figure 3.6 GABA ECs is not correlated with BZD maximal potentiation. For WT
and each mutant receptor, the maximal BZD potentiation of EC15 GABA current is
plotted versus log GABA ECs] for A) FZM, B) ESZ and C) ZPM. Data are mean values.
Error bars are SEM of BZD potentiation. Open circles represent WT values. Dashed lines
represent 95% confidence intervals for WT GABA ECs (vertical lines) and BZD
maximal potentiation (horizontal lines). Residues whose mutation significantly altered

BZD potentiation compared to WT are labeled.
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Figure 3.7 Summary of data highlighting residues important for BZD efficacy (A, B,
C), BZD binding (D, E, F), and BZD binding and efficacy (G, H, I). Panels A, D and
G plot the percent change in maximum potentiation for FZM , ESZ and ZPM [((mutant
max potentiation-WT max potentiation)/WT max potentiation )(100)], respectively.
Negative values represent a decrease in potentiation, while positive values indicate an
increase. Panels B, E, and H plot changes in binding affinity [log (mut KyWT Kj;)]. Ki
values for FZM, ESZ and ZPM are from (Hanson and Czajkowski, 2008, Hanson et al.,
2008) and were determined by displacement of [’H]JRo15-1788 binding. Negative
values indicate increased affinity, positive values indicate decreased affinity. Panels C, F
and I are homology models with residues involved in BZD efficacy (C), BZD binding (F)
or BZD binding and efficacy (I) shown in sticks. a subunit is blue, y is red. Loop C is
labeled. Values statistically different from WT are indicated (*, p < 0.05; **, p <0.01).
ND, binding of [’H]R015-1788 was not detectable thus K; values for FZM, ESZ and

ZPM were not determined. T, no binding data available



104

Table 3.1. Summary of GABA dose-response data for WT and mutant a,;,y, GABAARS

[,,ax range
receptor ECs (uM) ny (UA)
WT afy 18.4+4.4 1.50+£0.09 5 84-11.6
Loop | 4D97CRy 485+ 67**  0.66+0.10%* 5  23-4.0
A ] aF99CBy 391 £94*%  0.75+0.06%*% 7  2.7-3.1
aG157CBy  408+93*  0.65+0.03** 8 14-4.1
B | aA160CBy 560+ 138%*  0.60+0.04** 6 3.3-50
aT162CPy  39.8+132 0.89+0.12%* 4  7.6-93
aG200CBy  33.0+11.0 1.03 +£0.02%* 3 4.4-8.0
aV202CPBy  40.0+22.5  0.99+0.06%* 3  6.0-7.2
aS204CPy 22.0+4.7 1.04 £0.03*%* 3 2.7-8.8
C | aS205CBy  230+126%  1.08+0.20% 3 2.6-7.7
aT206CBy 268 +58.0%¥  0.59+0.05%* 3 19-2.8
aY209CBy 319+ 170%  0.68+0.13** 3  35-8.8
aV211CBy 803 £27.5 1.11+0.19%¥ 3  32-114
afyT126C  49.1£7.8**  1.13+026 4 43-82
afyM130C  45.9 £7.5% 143+£002 3 26-35
afyR132C 154 +3.1 1.64+£004 3 58-92
E afyL140C  22.2+7.1 128+021 3 44-11.0
afyT142C 119 £0.2 1.61+0.12 4 10.6-13.7
afyR144C  3.0+0.7* 1.55+0.13 3  7.6-164
afyR185C"  10.7+2.0 1.52+£0.16 3 11.2-16.0
. afyE189C"  16.6+3.1 1.50+£0.03 4 52-11.2
afyR194C*  11.0+24 141£0.10 3 124-172
afyR197C*  17.4+2.3 1.17+£0.04 4  9.7-12.0

Data are mean = SEM for n experiments. ny values are calculated Hill coefficients. Iiax

range is the lowest and highest maximal GABA current amplitude measured for each of

the receptors. * Values are from (Hanson and Czajkowski, 2008) with errors in SEM not

SD as previously reported. Values significantly different from wild type a,B,y2 are
indicated (*, p <0.05, **, p <0.01). In Hanson and Czajkowski (2008), GABA ECsy
values for YR185C and YR194C were decreased 2.5-fold compared to WT and were
statistically different. Here, these values are no longer significant due to a slight

decrease in the WT ECs, value reported here and due to differences in the data sets

analyzed by ANOVA.
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Table 3.2. Summary of BZD concentration response data and binding data for WT and

mutant o,;B,y2 GABAARS.
Flurazepam Eszopiclone Zolpidem
receptor Max ECso (nM) n mut/WT Max ECs(nM) n mut/WT Max potentiation ECs, (nM) n mut/WT

potentiation K potentiation K,b KI“

WT ofy 23+£02 442+34 3 1.0 28+03 55+8.5 8 1.0 28+0.2 769+274 6 1.0
Loop | «D97CBy 08+02% 941 +140 3 11 +0:2%* 166 +49 3 ND 25+02 331+18 3 ND
A | aF99CBy 0.1 +0.0%* 3 -0.5+£0.0%* 1400 +£290** 3 8. ]** 0.7+£0.2%* 3670 £ 1900%* 3 29*
aGI57CBy  0.9£02% 1620+ 760 4 0.7£0.1%* 1230+ 140** 3 42%* 132012 2820£610%* 3 20%*

B | aA160Cpy 1.0 £0.2%* 368+14 3 08+0.1** 140+ 47 3 1.2 14+0.1% 118+13 3 13
aT162CBy 2.1+0.1 500+£53 3 25+05 131+£20 3 0.7 25+03 410+ 84 3 1.8
aG200CBy 20+0.0 454+£83 3 37+05 230 +8.1 4 24%* 24405 996 + 48] ** 3 9.7%*
aV202Cpy 1.4+04* 922£165 3 22+04 522+£130*%* 3 50%* 32+03 2490 £250%* 3 90**
aS204CBy 15+0.1 305£43 3 1.7£02 139+£39 3 12 3604 2100 £280** 3 7.0**

¢ |aS205Chy 20+0.1 366+68 3 32402 75+21 307 24+02 143+ 634 307
aT206CPy 14+£03 946 £ 188 3 0.4+0.0%* 509+£19.1 3 0.02** 1.2+0.2* 245+£42 3 12
aY209CBy  0.7+0.1%* 2770+ 649** 3 0.8+0.2% 766 £250** 3 ND 0.9+ 0.2** 14300 £ 2300** 3 ND
aV211Cpy 23£0.1 511+£93 3 3.0+04 115£21 3 1.2 49+0.1%* 356+ 117 3 1.1
affyT126C 2.5+03 280+£357 3 34+02 144+4.1 3 1.4 39+02 9617 3 1.2
apyM130C 18102 305£90 3 31405 245+77 3 20* 30£03 44104 3 «0ar*
apyR132C 1.9£0.1 264+£76.7 3 22+03 12.5+3.1 3 22% 33402 7.03+128 3 06*

5 afyL140C 21101 330£65 3 28402 12614 4 09 87202 12.1£2.7 3 1.0
apyT142C 1.0 £0.0%* 561£58 3 2.1+05 148 £39%* 3 10* 27+£03 980 + 260** 3 2]
affyR144C 0.0 £0.0%* 3 02+0.0%* 3 35%* 1.0£0.2*%* 225+94 3 0.6
apyR185C 1.7£0.2 317+82 3 24+02 104£1.5% 3 1.4 2004 100+£22 3 1.1

F afyE189C 1.7£0.2 645+£78 3 1.3 31+02 122+£3.0* 4 6.3 +0.4%* 1838 £ 636** 5 JL82
afyR194C 14£0.1 332+£53 3 1.7+£04 128+34 3 13 1.7+0.8 212483 3 1.0
apyR197C 0.6+ 0.3** 494+48 3 04* 0.4+0.0** 6.0+2.1*% 3 0.8 £0.2%* 13.842.3 4 04"

Data are mean + SEM for n experiments. Maximal potentiation is calculated as

[(IcaBa+Bzp/lgaa)-1]. The values for BZD binding affinities (K;) were determined

previously and the ratio of mutant to WT binding affinity is shown. * Values from

(Hanson and Czajkowski, 2008). ® Values from (Hanson et al., 2008). ND, not detectable.

Values significantly different from wild type a;B>y» are indicated (*, p < 0.05, **, p <

0.01).
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CHAPTER 4. Alterations to GABA macroscopic
kinetics caused by mutations at non GABA
binding site interfaces.

4.1 Introduction

The y amino butyric acid type A receptor (GABAR) is a pentameric ligand gated ion
channel that is a member of the cys-loop family of receptors that includes the nicotinic
acetylcholine receptor, serotonin type 3 (5-HT; receptor) and glycine receptors.
GABAARs are the major source of fast synaptic inhibition in the brain. These
neurotransmitter receptors also bind a variety of clinically relevant drugs used as
sedatives, antiepileptics, anxiolytics and general anesthetics.

The most common subunit subtype combination in the brain is two o, two B2 and
a single vy, subunit (McKernan and Whiting, 1996). The five subunits are arranged in
Bopay order around a central chloride conducting channel (Baumann et al., 2002).
Binding of the endogenous neurotransmitter GABA, in the extracellular domain at the
—o subunit interface opens this channel. Drugs such as benzodiazepines, anesthetics
and barbiturates allosterically modulate channel properties, in most cases potentiating
GABA-induced currents (Icapa). Benzodiazepines, such as diazepam, bind at the
o~y subunit interface at a binding site homologous to that of the GABA binding site.

GABA RS exist in at least three interconvertible, conformational states: an
unliganded, closed channel, non-conducting state (Unbound); a ligand-bound, open
channel, ion-conducting state (Open); and a ligand-bound, closed channel desensitized

state. Upon agonist binding, the channel rapidly opens (activation). In the continued
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presence of agonist, GABAARs undergo a conformational transition that closes the
channel even though agonist is still bound, a process called desensitization. When
agonist is removed, the channel closes and the receptor adopts a non-conducting,
unliganded closed resting state.

GABAAR desensitization is multiphasic (Celentano and Wong, 1994, Puia et al.,
1994, Jones and Westbrook, 1995). Desensitization prolongs IPSCs by maintaining
receptors in a GABA-bound, non-conducting state which can again convert to an open
channel, conducting state before releasing GABA and converting to the resting state
(Jones and Westbrook, 1995, Dominguez-Perrot et al., 1996, Tia et al., 1996, Haas and
Macdonald, 1999, Bianchi et al., 2001). Desensitization influences IPSC duration and
decay and thus, contributes to neuronal firing patterns. Moreover, GABAAR
desensitization and recovery from desensitization influences a cell’s response to repeated
high frequency stimuli (Jones and Westbrook, 1996).

Receptor deactivation and macroscopic desensitization kinetics are dependent on
ligand affinity, ligand concentration, and subunit composition (Tia et al., 1996, Haas and
Macdonald, 1999, Bianchi et al., 2002a, Boileau et al., 2003, Boileau et al., 2005, Eyre et
al., 2012) and can be modulated by phosphorylation (Jones and Westbrook, 1997, Hinkle
and Macdonald, 2003), proton concentration (Feng and Macdonald, 2004), and
neurosteroid binding (Zhu and Vicini, 1997). In comparing o, B3y2r and ouf3y2r receptors,
receptors that contained the a4 subunit exhibit more rapid and extensive desensitization
(Lagrange et al., 2007). Upregulation of o4 subunit containing receptors is seen in rats
after epileptogenic injection with pilocarpine or kainic acid (Schwarzer et al., 1997,

Brooks-Kayal et al., 1998, Sperk et al., 1998). Little is known about the structural
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elements that regulate GABAR Kkinetics, especially desensitization. Receptor subtype
composition clearly affects receptor kinetics. Distinct regions within subunits have been
implicated in desensitization, specifically the M1 region. Mutations of conserved
hydrophobic residues in the extracellular end of M1 in the a, B, and y subunits alter
desensitization (Amin and Weiss, 1994, Bianchi et al., 2001). A recent study indicated
that a residue within the GABA binding site, o.;R120 significantly decreases the extent of
desensitization (Laha and Wagner, 2011).

In my previous work, using receptor expression in Xenopus laevis oocytes and
two electrode voltage clamp, apparent alterations in macroscopic current kinetics were
seen for several mutant containing receptors. Overall, the mutations aD97C, aF99C,
aG157C, aA160C, aS205C, aT206C, and aY209C, located in loops A, B and C of the
a1 subunit, appeared to slow current activation, decrease the extent of desensitization and
increased the rate of current deactivation compared to WT receptors (Fig. 4.1). These
mutations are located within the BZD binding site and at a second, non-binding interface.
Because of the large size of oocytes the rate of solution exchange in two electrode
voltage clamp recordings is too slow to accurately resolve kinetics. The slow solution
exchange rates of two electrode voltage clamp results in the receptors occupying a
mixture of states with some receptors open, some desensitized and others not open.
Assessing a mixed population of receptors does not accurately reflect fast activation and
maximal current amplitude (Jones and Westbrook, 1996). For the experiments in this
chapter, mutations exhibiting altered macroscopic kinetics in Xenopus oocytes were
expressed in HEK293 cells. I used excised outside-out patch clamp recordings and ultra-

rapid solution exchange. The solution exchange rates, measured by open tip potential,
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were ~300-500us. This rate approaches that of channel opening and thus allows for
resolution of macroscopic activation rates. Though expression was low or not detectable
for several of the mutations, an effort was made to assess at least a single mutation from
each of the affected loops for which BZD binding data was available (Hanson and
Czajkowski, 2008, Hanson et al., 2008). The goal of these experiments was to test the
hypothesis that structural perturbations at non-GABA binding site subunit interfaces can

influence GABA 4 receptor kinetics.

4.2 Materials and Methods

4.2.1 Mutagenesis

Mutants were constructed previously (Hanson et al., 2008). Cysteine mutants of o
receptor subunits were made by recombinant PCR in the pUNIV vector (Venkatachalan
et al., 2007) and verified by double-stranded DNA sequencing.

4.2.2 Cell Culture and Transfection

Human Embryonic Kidney (HEK) 293 cells (American Type Culture Collection CRL
1573) were cultured in minimal essential media with Earle’s salts (Mediatech, Manassas,
VA) containing 10% fetal bovine serum (Hyclone, Logan, UT) in a 37°C incubator under
5% CO, atmosphere. Cells were plated in 60 mM culture dishes 24 hrs prior to
transfection with Lipofectamine2000 reagent (Invitrogen, Carlsbad, CA) as indicated.
Cells were transfected with 500 ng a;, 500 ng B, and 5 ug y» cDNA and 300 ng eGFP.
For low expressing mutant receptors, I tried two protocols to increase expression:

maintaining cells at 31°C post transfection and the addition of the pAdV Antage vector
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(Promega, Madison, WI) but neither approach noticeably increased expression..
Recordings were performed 48-80 hrs after transfection.

4.2.3 Excised Outside-out Patch Clamp Recordings

Outside-out patches excised from HEK293 cells were made using borosilicate glass
pipettes filled with 140 mM KCL, 10 mM EGTA, 2 mM MgATP, 20 mM
phosphocreatine, and 10 mM HEPES, pH 7.3, osmolarity 320 mOsm. Patches were
voltage clamped at -60mV and placed in the stream of a multi-barreled flowpipe.
Position of the flowpipe was controlled by a piezeoelectric bimorph (Dagan Corporation,
Minneapolis, MN). Rapid solution exchange was accomplished by a computer controlled
constant current source which drove the flowpipes to move, relative to the patch electrode
achieving 10-90% rise times for open tip solution exchange of ~300-500 usec. 10 mM
GABA was dissolved in the perfusion solution which contained 145 mM NacCl, 2.5 mM
KCl, 2 mM CaCl,, | mM MgCl,, 10 mM HEPES and 4 mM glucose, pH 7.4. Solution
exchange rates were monitored by a junction current produced by altering the ionic
strength of solutions with an additional 5 mM NaCl. Currents were low-pass filtered
with a four-pole Bessel filter and digitized at a rate no less than twice the filter frequency.
Data were collected at 20 kHz using an Axopatch 200B amplifier (Molecular Devices,
Sunnyvale, CA) and a digidata 1322A digitizer (Molecular Devices, Sunnyvale, CA)
controlled by Axograph X software (Axograph Scientific, Sydney, Australia).

4.2.4 Data Fitting and Statistical Analysis

Curve fitting was also performed using Axograph X software. Deactivation phases were
fit with a biexponential function and desensitization was fit with bi-exponential or single

exponential functions. Traces fit by a single exponential were not fit by a bi-exponential
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function with two positive time constants (t; and t,) with corresponding negative
amplitudes (A; and A;). For deactivation, the time of GABA removal was set to zero and
the remaining current fit with the equation Y = A; = e”(-t/t1) + Az + e™(-t/12). %
Contribution of each T is calculated as %t; = Aj/(A; + Ay) and %1, = Ay/(A1+ Ay)
respectively. For desensitization, the onset of desensitization was set to zero, and the
region of desensitization was fit with the equation Y = A « e (-t/t)) + Az « e”(-t/t2) + C.
A, = 0 for cases where the current trace was best fit by a single exponential function. A
weighted time constant (Tyeighied) Was calculated for those traces fit best by a bi-
exponential function. Tweighted = (A1/(A1 + A2)) « T1 + (A2/(A1+ Ay)) = T2. For those traces
best fit by a single exponential function Tyeighied = T1. Percent remaining is calculated as %
remaining = C/(A; + A, + C). % Contribution of each t of desensitization is calculated as
%t = A1/(A; + A+ C) and %, = Ay/(A; + Ay + C). Figures of raw data represent
ensemble averages that have been decimated. Significant differences from WT were
determined by one-way ANOVA with a post hoc Dunnett’s test (Prism 5; GraphPad
Software, Inc., San Diego, CA). Outlier in kinetic rates were removed using a Grubb’s
test with a significance level of P < 0.05.

4.2.5 Kinetic Modeling

Kinetic modeling was performed using custom software from the lab of Matt Jones
(University of Wisconsin-Madison) using the Q-matrix method (Colquhoun and Hawkes,
1995). A 7 state model was used which included two ligand binding steps, channel
opening and desensitization (Fig. 4.7A and 4.8B). This model has been described
previously (Jones et al., 1998, Wagner et al., 2004, Goldschen-Ohm et al., 2010, Laha

and Wagner, 2011). During optimization ko, was constrained to 1.9 x 10° molar™ sec™ as
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determined in (Goldschen-Ohm et al., 2010). o, and o, were also constrained, a; to 3300
sec” and o, to 380 sec” as described previously (Goldschen-Ohm et al., 2010). These
rates are based on prior single channel recordings (Fisher and Macdonald, 1997). For
WT modeling other values were initially set to published values (Goldschen-Ohm et al.,
2010). For modeling of aS205Cpy receptors other values (except kon, 01 and o) were
initially set to WT values determined in this study. Current responses from 3 msec and 1
sec pulses of 10 mM GABA were simultaneously fit for each patch. Optimization used a
simplex algorithm to minimize the amplitude-weight sum of square errors between actual

and simulated currents.

4.3 Results

4.3.1 Mutations altered cell surface expression of functional receptors in HEK293
cells.

In my previous studies, I noticed that expression of aD97Cfy, aF99CBy,

aG157CBy, aA160CRyY, aS205CPy, aT206CPy, and aY209CPy receptors was decreased
in oocytes compared to WTafy receptors based on decreases in Iax range (Table 1).
However, each of the mutant containing receptors reliably expressed in oocytes. This was
not the case for HEK293 cells. For each of the above mutant receptors, expression in
HEK293 cells and and patch clamp recordings were attempted at least three times. For
aD97CRy, aA160CPy and aT206Cpy receptors, I could never record GABA activated
currents above the +/- 5 pA noise level. For the other mutations, measurable currents
above noise were less common than with WT receptors and only currents with

amplitudes of 20 pA above noise or greater were included in my analyses. Current
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amplitudes for the aF99CRy, aG157CPy, S205CPy, and aY209Cy receptors were
generally decreased compared to WT receptors. aG157CPy receptors were the most

affected, never producing a current above 38pA and only rarely producing measurable

currents, hence the low number of patches, n, in Table 2.

4.3.2. Current deactivation is not significantly altered in mutant containing
receptors.

Exponential functions were used to fit the current traces and examined by eye for
goodness of fit. In all cases (WT and mutant receptors), the current deactivation phase
after a 1 sec pulse or a ~3 msec pulse of 10mM GABA were well fit by a bi-exponential
function (Fig. 4.2B,C and 4.. 4.4A). No significant differences in deactivation rates were
found using a Isec pulse of GABA or an ~3 msec pulse of GABA and the data were
pooled. No short pulse traces are available for aG157Cfy receptors. None of the
mutations significantly altered current deactivation kinetics as compared to WT (Tsiow
,WT =189 £+ 16.3, n= 14; trs, WT =25.5 + 3.4, n= 14, and Tyeighted, WT = 96.3 £ 9.6, n=
14). Percent contribution of each of the time constants was also unaltered (Fig. 4.4 and

Table 4.2).

4.3.3 Components of desensitization in the continued presence of 10 mM GABA are
altered in a F99CBy, a G157CBy, S205CBy, and aY209CPy receptors.

All of the curve fits of current desensitization in the presence of a 1sec pulse of 10mM
GABA were examined by eye and assessed for minimal sum of squared errors. All of the

WT and aY209Cpy desensitization traces were well fit using a bi-exponential functions
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(4.2A). Some aF99CPy (1 out of 8), S205CRy (5 out of 7) and all aG157Cpy receptor
current desensitization traces were best fit by single exponential functions. (Fig. 4.5A).
The single time constants from these current traces were statistically indistinguishable
from the Tgow Of their biexponential counter parts and no significant differences were
found when comparing these to the WT Tgow (653 £ 59 msec, n = 15) (Fig. 4.5B, Table
4.3). In receptor traces that were best fit using a bi-exponential function, T did not
differ from WT (32.5 £ 4.2, n = 15) (Fig. 4.5C, Table 4.3). For aG157Cpy receptors, the
fast component of desensitization was missing (Fig. 4.5C). For aY209Cpy receptors,
there was a significant decrease in the % of current contributing to Tt as compared to
WT (WT, %t =47.8 £ 1.9, %1,=23.7 £ 2.5, n = 15; aY209CPy, %t; =54.8 +£6.9, %,
=10.2 £ 1.7, n=4) (Table 3). Desensitization time constants were altered when
comparing the single exponential fits of aG157Cpy (607 = 108, n = 5) and
aS205CPy (577 +£75,n=5) current traces to WT weighted t (Fig. 4.5E) The time
constant from the single exponential fit from aF99Cfy receptors (666, n = 1) appeared
increased compared to WT, but an ANOVA cannot assess differences withn = 1.
Current remaining after 1 sec in 10 mM GABA is calculated from the asymptote
of the exponential fit. This value was increased (total desensitization was decreased)
compared to WT receptors (28.5% + 2.9, n = 15) in aG157Cpy receptors (60.4% + 2.1, n
=5), and aS205Cpy receptors (single exponential fits: 54.1% = 4.0, n = 5; biexponential
fits: 42.4% + 2.7, n =7; all combined: 47.3% + 2.8, n = 12). Current remaining after 1 sec
is increased in the one aF99Cfy receptor current trace with a single exponential fit, but

ANOVA cannot assess differences with n = 1 (Fig. 4.3, 4.5 and Table 4.3).
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4.3.4 Activation rate at 10 mM GABA is altered only in a G157CBy receptors.
Activation rate was determined by measuring the 10-90% current rise time in the
presence of 10 mM GABA. Rise times were measured from long pulse traces (1 sec in
10 mM GABA). Traces with small signal to noise (average noise of +/- 5 pA) ratio were
excluded from these analyses as measurement to peak was unreliable. The 10-90% rise
times for aF99CPy (1.26 £ 0.13 msec, n =8), aS205Cy (0.86 + 0.08 msec, n =8) and
aY209Cpy (1.31 £ 0.26 msec, n = 4) receptors did not differ from WT (1.05 + 0.11 msec,
n=11) (4.6). Rise times that are unaltered from WT receptor suggest that I0mM GABA
is saturating for these receptors. Rise times decrease (i.e. activation get fasters) with
increasing concentrations of GABA until it reaches a plateau at GABA concentrations
that saturate the binding site (Bianchi et al., 2007). 10mM GABA is above saturating for
WTopy receptors. The 10-90% current rise time was significantly slower for

aG157Cpy receptors (2.92 + 0.31 msec, n =5) compared to WT receptors for 10mM
GABA (Fig. 4.6). Despite multiple attempts, I was not able to collect additional patch
clamp data from aG157Cpy receptors at higher GABA concentrations due to abrogated
expression. For each of the mutations in this study, GABA ECs is right shifted
compared to WT when I measured it using two electrode voltage clamp recordings from

X. laevis oocytes expressing WT and mutant receptors.

4.3.5 Kinetic Modeling provides insights into microscopic rates contributing to
alterations in aS205CBy receptor macroscopic kinetics.

Using a previously described 7 state Markov model (Jones et al., 1998, Barberis et al.,

2007, Goldschen-Ohm et al., 2010, Laha and Wagner, 2011) some insight into the
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microscopic rates between kinetics states can be gained. Comparisons between WT and
aS205CPy were examined as this mutant receptor had the most reliable and robust
expression as well as displayed a significant decrease in the extent of desensitization after
I sec in 1I0mM GABA. Simulations increasing specific rates 3 fold from the published
values (Laha and Wagner, 2011) were performed (Fig. 4.7). Simulations increasing the
rates of channel opening (f3; and 3,) (Fig. 4.7E) as well as the rate of resensitization (1,
and ry) (Fig. 4.7D) both decrease the extent of desensitization. However, deactivation
appears slower with increased rate of channel opening and no significant changes were
seen in the deactivation rate of S205Cpy receptors. Simulations were used as a starting
point for kinetic modeling of mutant receptor traces.

Two kinetic models were fit to the WT and aS205Cpy receptor current traces.
Traces were best fit by the previously describe model in Fig. 4.8B (Jones et al., 1998,
Wagner et al., 2004, Goldschen-Ohm et al., 2010, Laha and Wagner, 2011). Current
traces from a single patch from 1sec and ~3ms 10mM GABA pulses were fit
simultaneously. Data from a single patch was fit for both WT and aS205Cpy receptors
to assess which microscopic rates could possibly be altered to produce the macroscopic
kinetics of aS205Cpy receptors. Due to the lack of additional, high quality paired long
and short pulse data statistical significance cannot be assigned to modeling data.
Modeling is provided as an example. WT currents were modeled starting with published
rates (Goldschen-Ohm et al., 2010) and all values except kon, 0; and o, were allowed to
float. When modeling aS205Cfy, the starting rates were set to that of WT values from

this study and kop, ot and o, constrained as above.
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Microscopic rates estimated by kinetic modeling for 1 sec and ~3ms pulses of
10mM GABA for aS205Cpy receptors differed by more than 2 fold from WT estimated
rates in the rate of unbinding the second bound GABA molecule (kor, increased 2.2
fold), the rate of entering the singly bound desensitized state (d,;, decreased 2.5 fold), the
rate of resensitizing from the doubly bound desensitized state (r», increased 2.8 fold), and
the rate of the singly bound desensitized state binding an additional GABA molecule (q,
decreased 3.3 fold) (Fig. 4.8D). Overall, these changes shift the equilibrium away from
the desensitized states. Equilibria are shifted in both desensitized states, favoring the
bound-inactive states (d; is decreased, while r; is near WT and d, is near WT while r; is
increased). These specific changes in rates and shifts in equilibria may explain the
decrease in the extent of desensitization seen in aS205Cy receptors compared to WT.
Changes in binding rates, both between the desensitized states (q) and bound-inactive
states (kos2) may be the result of nuances in the particular traces that were fit as these
rates would have minimal impact on the decreased extent of desensitization observed
between WT and aS205Cfy receptor traces. Additional experimental protocols would
help to further constrain kinetic models. Modeling of data from multiple patches is
necessary to make finite conclusions as to the specific microscopic rates contributing to

observed macroscopic behavior.

4.4 Discussion

4.4.1 Further mutant characterization required and potential alternative methods to

address decreased mutant containing receptor expression.
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Patches from HEK cells expressing mutant containing GABA 4 receptors that produced
great than 20pA currents were pulled less frequently than those cells expressing WT
receptors. Additionally, some mutant containing receptors produced no discernable
currents. It is possible that these receptors did traffic to the cell surface and were not
functional and thus produced no currents. However, each of the mutant containing
receptors reliably expressed functional receptors in X. laevis oocytes and each of the
mutant containing receptors, with the exception of aD97Cfy and aY209Cpy also
produced receptors on the cell surface capable of binding BZDs (Hanson and
Czajkowski, 2008). Binding could not be determined for aD97Cpy and

aY209Cpy receptors indicating these receptors did not express in HEK293 cells or that
binding of [’H] Ro15-1788 and [*’H] Ro15-4513 was so severely abrogated as to be below
the level of detection.

To study these mutant receptors further one would need to explore different
expression systems or methods of transfection to help alleviate issues of low expression.
Perhaps the simplest thing to try is a wholly different transfection method, such as
calcium phosphate, which has been used for excised patches in HEK293 cells previously
(Goldschen-Ohm et al., 2010). Alternatively, the receptors may express better in a
different cell line, such as Cos-7 cells. Additionally, use of a different vector may
improve expression. Experiments using GABAaRs for excised outside-out patch clamp
recordings have used DNA constructs in a pcDNA3.1 vector (Goldschen-Ohm et al.,
2010, Laha and Wagner, 2011). Also, excised patches can be pulled from the membrane
of X. laevis oocytes (Stuhmer, 1998) as these receptors were reliably expressed in oocytes

previously (Morlock and Czajkowski, 2011).
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With more reliably expressing mutants a larger sample size could be assayed.
This is crucial for understanding the effects these mutation have on GABAA receptor
kinetics as there is wide degree of variability from patch to patch in many of the metrics
assayed. It is particularly puzzling that a decrease in the extent of desensitization
occurred with no alteration in the desensitization time constants. However, due to the
large degree of variability in both the WT and mutant receptor time constants, no
significant differences were apparent. Also, it would appear that for aS205Cpy and
possibly for aF99CPy containing receptors there were two kinetically distinct
populations. Those traces from patches that were best fit with a single exponential
appeared to have no fast phase of desensitization. These seemingly different populations
could not be attributed to specific transfections or recordings days and could not be
correlated to low signal to noise ratios. Increased sample size from reliably expressing
receptors would allow for a more accurate assessment of any differences in receptor
populations.

Additional experimentation to ensure incorporation of each subunit should also be
included. However, of the mutant containing receptors described in the present study, all
but aY209Cpy bound either Ro15-1788, eszopiclone or zolpidem with near WT, or
higher, binding affinity when expressed in HEK293 cells, indicative of accurate
incorporation of the y subunit, which is required to bind BZDs (Hanson et al., 2008).
However, assaying the functionality of these BZD ligands, which require a y subunit to
function, or Zn”" block, which is disrupted at low concentrations by the presence of the
vy subunit, (Hosie et al., 2003) using patch clamp recordings would assure the

incorporation of all subunits in this experimental set up.
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Additional experimentation to more accurately describe the kinetics could be
performed. Concentration response of mutant containing receptors is needed to address
whether 10mM GABA is saturating. Kinetic properties of GABAR, including activation
rate, desensitization and deactivation vary with GABA EC (Bianchi et al., 2007). Also,
race experiments to assess the microscopic binding rate for GABA (Jones et al., 1998)
and non-stationary variance analysis that would provide a measure of Po.max (Sigworth,
1980). These measurements would allow for more constraints on kinetic modeling and
provide more detailed information as to the effects of the mutations. Additional
constraints and data for modeling are necessary to draw specific conclusions as to

microscopic rates affecting macroscopic kinetic alterations seen in aS205Cfy receptors.

4.4.2 Despite caveats to the data, there is an indication that GABA macroscopic
kinetics are altered by mutations at a non GABA binding site.

Despite difficulty collecting these data, the low expression of mutant containing receptors
and large variability within the data, significant decreases in extent of desensitization in
aG157CPy and aS205CPy receptors and increased rise time of aG157Cpy receptors
support a more thorough characterization of these mutant receptors. The difference in
extent of desensitization seen in aS205Cpy receptors is robust and exists in both data
populations, those fit by one or two exponential functions. Additionally, the activation
rate of aG157Cpy is significantly slowed and the extent of desensitization decreased
compared to WT receptors. This warrants further experimentation to resolve the

concentration dependence of these phenomena.
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These differences in macroscopic kinetics of Igapa caused by mutations in loops
A, B and C of the GABAAR are of particular interest as these mutations are distant from
the GABA binding site, yet located in a site homologous to the GABA binding site.
These mutations are crucial to the binding and efficacy of multiple BZD ligands at the
o~y interface (Hanson et al., 2008, Morlock and Czajkowski, 2011) and are also located
at the o—f interface. Using concatameric receptors, it would be possible to isolate
mutations discussed in this chapter to a single o subunit at either the a—y interface or o—f3
interface to assess individual contributions of these mutant locations (for review see
(Ericksen and Boileau, 2007)).

Pharmacological agents that allosterically modulate Igaga, such at BZDS which
bind at the a—y interface, do so by altering macroscopic GABA kinetics. BZDs have
been shown to speed desensitization (Mellor and Randall, 1997), prolong deactivation
(Mellor and Randall, 1997, Strecker et al., 1999, Bianchi et al., 2009), and increase rates
of activation (Lavoie and Twyman, 1996). It is enticing to think that there is a
relationship between the kinetic aberrations resulting from two types of structural
perturbations at these binding sites: those caused by ligand occupancy and those from
engineered mutations.

Additionally, recent work suggests the a—f interface may be a site of action for
BZDs. A recent screen of BZD actions at a3 receptors, that do not contain an a—y
interface, indicate that the a—f interface contains a low affinity binding site
(Ramerstorfer et al., 2011, Sieghart et al., 2011). Experiments in concatameric receptors
limited an aH101C mutation (or analogous mutations in other o subunits) to the a.—f

interface. The diazepam insensitive o, subunit was inserted at the o—y interface.
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Covalently linking a diazepam analog to the aH101C mutation in a single alpha subunit
at the a—f interface indicates the activity of BZDs at this site (Baur et al., 2008). This
data provides further impetus to assess the individual contribution to macroscopic kinetic
effects of mutations at either the a—f3 or a—y interface. These ideas will be further

discussed in Chapter 5.
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Figure 4.1. Two electrode voltage clamp recordings from X. laevis oocytes
expressing BZD binding site mutations are indicative of differences in macroscopic
kinetics of Igapa. (A) top down view of the GABA 4 receptor homology model
indicating GABA and BZD binding sites. Mutations of interest are located in the o
subunit at the BZD binding site at o—y interface and at the nonbinding f-a interface. (B)
A close up view of the BZD binding site at the a—y interface with residues F99, G157,
S250 and Y209 shown in sticks and labeled. (C) Recordings from oocytes expressing
aD97CBRy, aF99CRy, aG157CPy, aA160CHy, aS205CPy, aT206CPy, and

aY209CBy receptors produced traces at max GABA concentrations that appeared to have
slower current activation, a lesser extent of desensitization and faster deactivation than
WTopy receptors. These affects were not observed from many other mutations within
the BZD binding site as well as elsewhere in the GABA, receptor, including the GABA
binding site and provided the impetus for more thorough kinetic analysis with excised

outside-out patch clamp recordings.
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Figure 4.2. WTa.By deactivation and desensitization are well fit exponential
functions. Axograph software was used to fit exponential functions to desensitization
during a 1 sec pulse of I0mM GABA (A) and deactivation after 3ms in 10mM GABA
(B) or at the end of a 1sec pulse (C). Deactivation and desensitization from all WTafy
receptors were well fit by two exponentials. Time constants and % contribution are

labeled for the individual fits. % Remaining is the current remaining after a 1sec

exposure to 10mM GABA.
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Figure 4.3. Traces from a F99CBy, a G157CBy, a.S205CBy, and aa Y209CRy
receptors elicited by 10mM GABA for 1sec or ~3ms are shown overlaid with
corresponding current traces from WTao By receptors. (A) aF99Cpy, (B)
aG157CBy, (C) aS205CPy and (D) aY209CPy receptor current traces are overlaid with
WTapy normalized for current amplitude to illustrate some differences in macroscopic
kinetics such as reduced extent of desensitization for aG157Cfy and

aS205Cpy receptors. Minimal differences are seen in deactivation kinetics. For
aG157Cpy (C), no current trace from a 3ms exposure is available, a zoomed in image of

deactivation after 1 sec exposure to GABA is shown instead.
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Figure 4.4. Deactivation Kkinetics of mutant containing receptors are not different
from WTafy receptors. (A) Deactivation of all current traces was well fit by two
exponential functions. (B) Tsiow, (C) Trast and (E) Tweighted fOr

aF99CPBy, aG157CPRy, aS205CPy, aY209CPy receptors did not differ from

WTapy kinetics. (D) The relative contributions of T and Tgow Were also unaltered from

the WT receptor.
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Figure 4.5. Desensitization of mutant containing receptors vary in several Kinetic
measurements from WTa By receptors. (A) Some aF99Cpy, S205CRy and

all aG157Cpy receptor current traces were best fit by a single exponential function. Time
constants from single exponential fits were similar to those of the Ty, from current traces
fit by two exponentials and are included in chart (B) with the number of receptor and
number exponential fits labeled in parenthesis. (C) Ty is shown for those current traces
fit best by two exponentials. (D) The relative contributions of T and Tsjow for those
current traces fit by two exponentials differed from the WT receptor only in the Ty for
aY209CBy. (D) Average and SEM of Tyeighied from all data are indicated by the box and
whiskers. Individual Tyeighied are indicated by each point, those in black from traces fit by
two exponential functions, those in red fit by a single exponential function. Tyeightea differs
from WT only for aG157Cpy receptors and for aS205Cpy if considering only those
receptors fit best by a single exponential function (Tweighiea = 577 = 75, Table 3). Despite
minimal differences in time constants, percent of current remaining after 1sec exposure to
10mM GABA is significantly increased in aG157Cy and S205CPy receptors fit by both
one and two exponential functions. *p<0.05, **p<0.01 by one-way ANOVA. In some
cases data from single exponential fits differs from WT for aS205Cpy receptors where

average data from aS205Cpy receptors does not, § p <0.05.



A
Vel —g wa;
WTaBy WTay
aF99CRy aG157CPy
0.85ms 0.85ms
1.26ms 3.22ms
B
10-90% rise
receptor time(ms) n
WTafy 1.05+0.11 11
aF99CRy 1.26+0.13 8
aG157CBy 2.92+031** 5
aS205CRy 0.86+0.08 8
aY209CBy 1.31+0.26 4

B s
WTapy
aS205CPy

0.85ms
0.84ms

e
WTay
aY209CRy

133

0.85ms
1.06ms

C
4- E .3
2
-~ 3-
(0]
=
=
8 21
R —_ T
o b el
Q@ 11 |;|
o
C | | | |
g SR SR ) )
£ g &



134

Figure 4.6. At 10mM GABA 10-90% rise time is slowed in a G157Cfy receptors.
(A) Close up images of current onset of WTafy (blue) and mutant containing receptors
(red) are overlaid normalized for current amplitude. (B) Mean current rise times = SEM
are tabulated. (C) Rise times are shown graphically, 10-90% rise time for aG157Cfy is

significantly different from WT. ** p<0.01.
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Figure 4.7. Simulation of macroscopic kinetics from 1sec and 3ms GABA pulse.
Simulations based on microscopic kinetic rates publish in (Laha and Wagner, 2011) using
the kinetic scheme show in (A) were run to demonstrate the effects of specific
microscopic rates. (B) The simulation run with the microsopic rates as published closely
resembles data from WTafy receptors. Increasing the rate of channel closing

(oyand o) (C), the rate of resensitizing (r; and r,) (D), the rate of channel opening (3
and 32) (E), or the rate of entering the desensized state (d; and d,) (F) alters macroscopic
kinetics. Traces (D) and (E) show reduced extent of desensitization, with deactivation
affected to a lesser extent in (D). These data more closely resemble macroscopic kinetics
seen in aS205CPy receptors and provide some insight into kinetic modeling that may
indicate microscopic rates affected by this mutation. (G) Table of rates used in

simulations.
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Figure 4.8. Kinetic Modeling of WTafy and aS205CBy illustrate possible rates that
could influence altered Kinetics. The 7 state markov models that best fits

WTafy and (A) aS205CBy (C) is shown (B) (U, unbound; B, bound; O, open; D,
desensitized). Rates are tabulated (D), units are sec” except for GABA binding steps,
which are molar™ sec”. Rates for 0S205Cy that are altered more than two-fold from
WT are shown in bold. Black traces are 1 sec pulse overlaid with model fit, and red pulse

is 3ms pulse overlaid with model fit. Both pulses were fit simultaneously.
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Table 4.1. Concentration Response data from two electrode voltage clamp recordings in

Xenopus laevis oocytes.

[ Tange
receptor ECso (uM) Ny n (LA)

Loop WTaBy 18.4+4.4 1.50 £ 0.09 5 84-11.6
A aD97CBy 485+ 67** 0.66+0.10¥* 5 2.3-4.0
aF99CBy 391 £94*% 0.75+£0.06%* 7 27-31

B aG157CBy 408 £93*  0.65+0.03** 8 1.4-4.1
aA160CBy 560+ 138** (.60 +0.04** 6 33-5.0
aS205CPy  230+£126* 1.08+0.20% 3 2.6-17.7

C| aT206CPy 268 £58.0% 0.59 £0.05*%* 3 1.9-28
aY209CBy 319+£170* 0.68+0.13** 3 3.5-8.8

Data are mean + SEM for n experiments. ny values are calculated Hill coefficients. Inax

range is the lowest and highest maximal GABA current amplitude measured for each of

the receptors. Values significantly different from wild type a,B,y» are indicated (*, p <

0.05, **, p < 0.01)
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Table 4.2. Deactivation kinetic measurements for WT and mutant containing receptors

receptor | Tyow (MS) 0Tt Trast (MS) %ot Tycighted (INS) lmax(r:ir;ge
WTapy 189+16.3 453+43 255+34 547+43 96.319.6 53-973 14
aF99CRy 169+329 429+46 173123 57.1+46 82.6%16.1 32-785 10
aG157CBy | 248+37.2 49.1+29 12731 509+29 126151 25-38 4
aS205CBy | 324+54.4 39.0+37 366+17.7 61.0+37 143+19.4 23765 13
a¥209CPy | 156%33 568148 22153 432+148 97.2:356  56-304 4

Data are mean + SEM for n experiments. Deactivation after 3ms and 1sec pulse of

10mM GABA are grouped. All current traces were well fit by biexponential functions.

Imax range is the range of max current amplitudes for recorded traces.
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Table 4.3. Desensitization kinetic measurements for WT and mutant containing receptors

receptor current
(exponentials Toiow (MS) YoTgiow Tpagt (MS) %Ttast Tyeighted (NS)  réMaining after  n

fit) 1 sec (%)
WTapy (2) 653 +59 47.8+1.9 325+4.2 23.7+25 327 +38 28.5+2.9 15
aF99CBy (1) 666 - - - 666° 59.7° 1
aF99CBy (2) 763+104 47255 342+47  19.0+27  419+90 33.8+4.8 8
aF99CBy (all) 435 + 88 36.7+5.1 9
aG157CPy (1) 607 + 108 - - - 607 £ 108*  60.4+2.1** 5
0S205CBy (1) 577 £ 75 577 +75%  541+4.0** 5
«S205CRy (2) 439 + 88 39.0+2.0 30.2+44 186 £+32  175%33 42.4 +£2.7* 7
aS205CBy (all) 343 +31 473+2.8% 12
aY209CBy (2) 688 + 65 54.8+6.9 37.0+4.6 10.2+1.7* 383 +60 35.0+£5.6 4

Data are mean + SEM for n experiments. Desensitization is in the continued presence of

Isec pulse of 10mM GABA. All WTafy and aY209CBy current traces were all well fit

by biexponential functions and aG157CBy current traces were best fit by a single

exponential. aF99CPy and aS205CPy had receptors fit best by both one and two

exponential functions. For these receptors mean of current remaining and Tweighted are

shown for grouped populations (all) those traces fit by a single exponential (1) and those

fit best by two exponentials (2). In the case of current traces fit best by a single

exponential that exponential is tabulated as Tow as it is statistically indistinguishable

from the WT t4,w. Values significantly different from WTafy are indicated (*, p < 0.05,

** p <0.01). “These values are apparently different from WT but differences cannot be

assessed by ANOVA asn = 1.



142

CHAPTER 5. Discussion and Future Directions

GABA, receptors are crucial for neuronal signaling. The myriad pharmaceuticals that
target these receptors are invaluable to human health. Diazepam, lorazepam and
phenobarbital are all on the World Health Organization essential medicines list,
indicating the “minimum medicine needs for a basic health-care system” (WHO, 2011).
Diazepam, trade name Valium, is widely used today and at its peak sales in 1978 sold 2.3
billion pills (Sullivan, 2005). Valium is so pervasive in our healthcare and culture it is
even widely credited as the inspiration for the Rolling Stones song “Mother’s Little
Helper.” Current usage of BZDs is widespread, zolpidem was the 15" most prescribed
drug in 2010 at approximately 38 million prescriptions (IMS, 2011). Despite the large
variety of BZD site ligands available and their widespread use and value in the treatment
of anxiety, seizure disorders, and sleep disorders there is much to still learn about these
drugs and their actions. More detailed information about how these drugs interact with
the GABA, receptor to exert their effects will aid in the design of drugs with reduced
side effects and abuse potential as well as allow for targeted design of drugs for specific
uses. For example, this information could lead to the development of o5 selective inverse
agonists that can be used to treat cognitive dysfunction, an ever-expanding issue with an
increasing elderly population, or to explore the mechanisms by which zolpidem can
increase responsiveness of patients in vegetative states (Shames and Ring, 2008, Whyte

and Myers, 2009).

5.1 Benzodiazepine binding site residues: roles in binding and

efficacy
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Like any drug, the utility of BZDs relies on two basic components: the ability of the
drugs to bind with adequate affinity, and the ability of a drug to exert an effect while
occupying the binding site (efficacy). These basal elements of protein-ligand interaction
are affected by protein structure not only in a limited, regional sense but also by the
protein as a whole, its substituent components or domains, and even other interacting
proteins. At the local level there are amino acids that make up the immediate binding site,
these are structures within close proximity to the bound ligand that interact with the
ligand. The interactions can be hydrophobic and/or electrostatic. For example, nonpolar
residues that interact with a nonpolar ligand, amino acids that hydrogen bond to the
ligand or residues that contribute to cation-pi interactions. In addition, some residues may
dictate the physical shape of the site and could contribute to repulsive forces such as
steric hindrance.

Residues within the binding pocket contribute to both drug binding and efficacy.
Some residues affect drug binding directly or can influence movements within the
binding site that are the origin of conformational movements caused by ligand
interactions. These local movements cause downstream actions that ultimately shape the
efficacy of a drug. At the agonist binding site of pentameric ligand gated ion channels
(pLGICs) local structural rearrangements caused by orthosteric agonists and antagonists
have been proposed. Using AChBP as an analog of the extracellular ligand binding
domain, it has been shown that agonists induce a closure of loop C over docked ligands,
whereas antagonist binding either causes an outward movement or does not affect loop C
mobility (Hansen et al., 2005). More recently a crystral structure of GLIC in the

presence of ligands supports movement of loop C (Pan et al., 2012). Beyond the binding
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site ligand binding also elicits long range conformational movements. Work from Nigel
Unwin on the nAChR suggests that binding of agonist sets in motion a twisting of the 3
sandwich ECD that is propagated through interactions at the ECD-TMD interface to a
rotation of the M2 helix resulting in channel opening (Unwin, 2005). These movements
are thought to be triggered by loop C closure (Cheng et al., 2006). Recent work suggests
that loop C closure is indicative of the “flipped state”, a pre-activated bound state
(Mukhtasimova et al., 2009). Comparisons of the GLIC and ELIC structure indicate a
twisting movement in the ECD, with a coordinated, opposing twist in the TMD that leads
to channel opening (Bocquet et al., 2009). My data in Appendix 1 of this thesis support
this idea. Disulfide crosslinking loop 9 of one subunit to the M2-M3 loop of an adjacent
subunit results in inhibition of Igapa, consistent with this hypothesis as this crosslink
would inhibit an opposing twisting motion.

The conformation motions underlying BZD actions are less well known. Several
groups have described conformational movements that are induced by BZD positive
modulation. Experiments from our lab implicate y, loop F in the actions of BZD positive
modulators, but not in the effects of the negative modulator DMCM (Hanson et al.,
2008). In addition, preventing movement of the y, loop 9 by disulfide trapping decreased
zolpidem (ZPM) and flurazepam potentiation of Igapa consistent with a role in positive
modulation. The crosslinking did not affect negative modulation by DMCM further
implicating the y, loop F/ loop 9 region in BZD positive modulation (Hanson and
Czajkowski, 2011). Additional studies show that BZD binding causes movements at the
GABA binding site as well as in the transmembrane M3 segment (Williams and Akabas,

2000, Kloda and Czajkowski, 2007, Sancar and Czajkowski, 2011). These studies
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indicate structures distant from the BZD binding site can be altered by BZDs and that
these movements differ by the type of BZD modulator. Little is known about the local
movements at the BZD binding site where these long range movements originate and
what dictates if a BZD is a positive, negative or zero modulator. My studies in chapters 2
and 3 of this thesis address this knowledge gap and identified residues within the BZD
binding site that contribute to binding and efficacy. The data provide framework for
understanding the local origins of conformational pathways that dictate BZD efficacy.

Residues that form the BZD binding site have been identified by photoaffinity
labeling, the substituted cysteine accessibility method (SCAM), and chimeragenesis
(Davies et al., 1996, Duncalfe and Dunn, 1996, Sigel and Buhr, 1997, Boileau and
Czajkowski, 1999, Kucken et al., 2000, Sawyer et al., 2002, Kucken et al., 2003). More
recently, homology modeling combined with in silico docking studies have also been
instrumental in developing a structural picture of the BZD binding site (Richter et al.,
2012).

Radioligand binding studies described in chapter 2 greatly expanded our
understanding of specific residues involved in the high affinity binding of the atypical
BZDs, eszopiclone (ESZ) and ZPM. The molecular docking results in that chapter
agreed with the binding results. Mutations that caused significant disruption to drug
binding correlate with those residues that had direct interactions (hydrogen bonds) with
the drug in silico. In chapter 3, I expanded on this study and assessed the effects of
specific mutation on the efficacy of these drugs. Data from both studies allowed me to
distinguish which residues were important for drug binding, drug efficacy or both. This

work is crucial for understanding how atypical benzodiazepines interact with the BZD



146

binding site. Teasing apart the participation of each of the residues in binding versus
efficacy paves the way for in silico drug screens or rational drug design.

Molecular docking in chapter 2 suggests that some ligands can dock in a variety
of orientations. I envision that point mutations that cause altered efficacy in chapter 3
may be the result of a disturbed binding site forcing a different ligand orientation.
Distinct orientation of ligands within the binding site can result in interactions with
different residues of the binding site that contribute to altered binding affinity, or efficacy
(maximal potentiation). I further hypothesize that BZDs that elicit different modulation
(i.e. agonism, antagonism, or inverse agonism) induce distinct local conformational
movements within the BZD binding site that trigger different long range conformational
movements. Moreover, BZD positive modulators with varying degrees of efficacy (i.e.
FZM has maximal potentiation of 2.3, whereas ESZ has a maximal potentiation of 2.8)
have an overall potentiation that is the net result of a multiple local conformational
movements triggered by distinct interactions within the binding site. Further
characterization of mutations at the BZD binding site may provide evidence into the
individual conformational movements resulting in altered Igapa kinetics. These same
residues may be the trigger points through which bound BZDs exert their effects on the

kinetics of Igapa and thus dictate their modulator type or degree of efficacy.

5.2 Effects of mutations at the benzodiazepine binding site on

GABA, receptor Kkinetics

Ultimately the efficacy of a BZD is due to the conformational movements induced

by BZD binding and how these perturbations to protein structure affect the macroscopic
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kinetics of Igapa. Allosteric modulation by BZDs has distinct effects on GABA4 receptor
kinetics. At the single channel level, diazepam act to increase Py by increasing burst
frequency (Rogers et al., 1994a). In whole cells, with rapid solution exchange into
saturating GABA, diazepam acts to prolong GABA deactivation (Bianchi et al., 2009).
This mimics what happens at the synapse, as release of GABA into the synaptic cleft
results in mM concentrations of neurotransmitter within hundreds of microseconds
(Kleinle et al., 1996). Resultantly, IPSCs are prolonged as a result of slowed deactivation
in the presence of BZDs (Strecker et al., 1999). BZDs been shown to speed
desensitization (Mellor and Randall, 1997), prolong deactivation (Mellor and Randall,
1997, Strecker et al., 1999, Bianchi et al., 2009), and decrease 10-90% rise time (Lavoie
and Twyman, 1996).

There is some disagreement as to the microscopic kinetic alterations caused by
BZDs that result in these macroscopic phenomena. Studies examining the ability of
BZDs to potentiate currents elicited by saturating concentrations of partial agonists and,
at high concentrations, to directly gate mutant GABA receptors with a gain of function
suggest BZDs shift the GABA 4 receptor closed to open state equilibrium (alter channel
gating) (Downing et al., 2005, Rusch and Forman, 2005, Campo-Soria et al., 2006).
Other studies suggest BZDs alter the receptor’s microscopic binding affinity for GABA
(Twyman et al., 1989, Rogers et al., 1994b, Lavoie and Twyman, 1996, Mellor and
Randall, 1997, Thompson et al., 1999, Goldschen-Ohm et al., 2010). In a recent study,
BZDs have been proposed to increase the probability of receptors transitioning into a
“flipped” pre-gating state (Gielen et al., 2012). Overall, experiments showing BZDs alter

GABA, receptor affinity for GABA are convincing. However, BZDs acting solely as a
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modulator of GABA binding affinity does not explain the ability of BZDs to directly gate
a mutant receptor or to increase partial agonist efficacy. I believe BZDs work through a
mechanism that can alter both GABA binding and channel gating. This belief is based on
experiments supportive of both hypotheses and an understanding that protein behavior is
highly nuanced and heavily amenable to many forms of modulation. Structural
perturbations caused by ligand binding or mutation often have long range structural
repercussions and broad ranging effects on GABA, receptor functioning, it is not hard to
imagine BZD binding could impact many aspects of GABA receptor functioning.

My two electrode voltage data presented in chapter 4 indicates point mutations
(another type of structural perturbation) in the BZD binding site cause changes in the
macroscopic kinetics of GABA activation. These mutations in the o subunit increase
GABA ECsand alter current responses. Overall, these mutations appear to have slower
activation, decreased extent of desensitization, and increased rate of deactivation when
examined using two electrode voltage clamp. These mutations are in the o subunit and
are located at both a—f} and a-y interfaces distant from the GABA binding sites. Two
electrode voltage clamp is not suitable to accurately resolve macroscopic kinetics as slow
solution exchange rates blur kinetic transitions. Therefore, the kinetic affects of these
mutations were further assessed by excised patch clamp recordings with rapid solution
exchange. Patch clamp data presented in Chapter 4 describe the kinetic effects of several
point mutations in the BZD binding site. aS205C and aG157C decrease the extent of
desensitization after 1 sec in 10mM GABA, and aG157C increased the 10-90% rise time.
The mutations at the BZD binding site caused nearly opposite kinetic effects than BZD

positive modulators. The mutations had relatively minimal effects on deactivation, they
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decreased extents of desensitization and slowed current activation rate compared to the
WT receptor. It is not surprising that a single cysteine mutation would not mimic the
effects on kinetics as occupation of a binding site by a small molecule. In addition, the
mutations I made are located at two interfaces, whereas BZDs bind at a single o—y
interface (though recent work suggests a low affinity site at the o—f} interface as well
(Ramerstorfer et al., Baur et al., 2008, Sieghart et al., 2012)). Concatameric receptors
composed of tethered concatameric subunits could be used to isolate mutations to either

the a—y or a—f interface to independently evaluate their effects on macroscopic kinetics.

5.3 Subunit interface rearrangements: A common mechanism
underlying GABA induced channel activation and BZD

modulation of GABA, receptor current responses

Interactions at subunit interfaces are of clear importance to the functioning of
GABA, receptors. Photoaffinity labeling has shown that many ligands bind at subunit
interfaces, such as GABA (Casalotti et al., 1986, Smith and Olsen, 1994), BZDs (Davies
et al., 1996, Duncalfe and Dunn, 1996, Sawyer et al., 2002), and anesthetics (Li et al.,
2006, McCracken et al., 2010). Perturbations at various interfaces are capable of causing
structural changes in the receptor, both in the channel region but also in effects at other
subunit-subunit interfaces in the ECD as well. BZD binding has been shown to cause
alterations at the distant GABA binding site (Boileau et al., 1998, Holden and

Czajkowski, 2002, Sharkey and Czajkowski, 2008b, Goldschen-Ohm et al., 2010, Sancar
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and Czajkowski, 2011). Of course BZDs can also cause alterations to the kinetics of
IGaga as stated above.

These types of long range perturbations can be caused, not only by ligand
binding, but by mutations. Naturally occurring mutations at subunit interfaces have
profound affects on GABA4 receptor functioning. The y,R43Q mutation at the y>—32
interface was discovered in patients with epileptic disorders (Wallace et al., 2001). From
modeling studies, YR43 appears to be involved in a network of inter subunit electrostatic
interactions with BR117 and YE178 (Cromer et al., 2002). The yYR43Q mutation breaks
these interactions and has profound affects on both GABA and BZD kinetics (Goldschen-
Ohm et al., 2010).

Additional evidence of long range structural perturbations come from engineered
mutations in the GABAx receptor. The appendix of this thesis describes mutations in
loop 9 of the §§ subunit. Loop 9 spans a region near the GABA binding site to the ECD-
TMD interface at the non-binding a—f and y-f interfaces. Mutations in this region had
significant effects on GABA ECs, and modification of the introduced cysteines by MTS
reagents decreased Igapa. Most notable of these mutations is Q185C. This mutation
caused a significant left shift in GABA ECsy. Previous work suggested that Q185 is
involved in stabilizing the closed state of the receptor (Williams et al., 2010). T used
disulfide trapping to examine the proximity of Q185C and loop 9 of the § subunit to the
M2-M3 loops of the adjacent a or y subunit. Using disulfide trapping to inhibit
movements between these domains I tested the hypothesis that movements in these non-
binding site interfaces were important for GABA receptor activation. My experiments

demonstrate that Q185C can form spontaneous crosslinks across subunits at both the o.—f3
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and y—f interface to mutant cysteine residues in the M2-M3 loop of opposing subunits.
The data were important for determining that homology models of the GABA4 receptor
should resemble the GLIC and ELIC structures, not the cryo-EM structure of the nAChR
in this region. These crosslinks significantly decreased the amplitude of current elicited
by GABA (binding in the ECD at the p—a. interface), or by etomidate (binding in the
TMD at the f—o interface). The data suggested that, regardless of the ligand, channel
activation is accompanied by structural rearrangements at non-binding site subunit
interfaces near the border of the TMD and ECD.

My data in combination with data from ligands and mutations at other GABAA
receptor interfaces conveys the importance of subunit interfaces in the communication of
conformational movements contributing to channel activity. This concept pertains not
just to pLGIC function but to the utility of many protein-protein interfaces as druggable
targets. In fact, benzodiazepine derivatives are among the drugs that have been found to
block the interaction of P53 and MDM2, an interaction that inhibits the check point
activities of P53 and is found in 50% of cancers (Zhu et al., 2011). Such protein-protein

interfaces are an appealing target of drug discovery (Winter et al., 2012).

5.4 Future experimentation

Much is known about benzodiazepine interactions with the GABA4 receptor as
described in earlier chapters. There are many known ligands at the BZD binding site that
have varying efficacy and selectivity. However, what chemical moieties of a BZD
dictate its efficacy or selectivity are unknown and increased information about how BZDs

fit into the binding site might make this level of specificity possible through more
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focused drug screens and, eventually, through rational drug design. Ultimately, a true
understanding of how BZDS interact with the GABA receptor requires atomic level
structures.

With the recent availability of readily purified homologous proteins and the
expanded experimental methods available with purified proteins it is enticing to utilize
these proteins for the study of BZDs. Data from the Uhlens lab recently presented at the
Society for Neuroscience meeting has shown that ELIC current can be inhibited by
BZDs. Additionally, protein crystals of ELIC grown in the presence of BZDs show
BZDs docked at the ECD subunit interfaces and reveal a novel BZD binding site located
along the ECD channel vestibule. Though this information will be beneficial, it may be
more informative to engineer in specific residues seen within the BZD binding site of the
GABA, receptor to more accurately mimic BZD binding in its native site.

Using previous data describing residues that contribute to BZD binding as well as
data from chapters 2 and 3 of this thesis it would be possible to select residues to
construct a putative BZD binding site in both GLIC and ELIC. Engineering a BZD
binding site into one of the prokaryotic channels poses several problems. Firstly, both
GLIC and ELIC are homopentameric receptors. Though it is possible to insert mutations
onto both sides of a single subunit so it orients into an engineered binding site, this would
create a receptor with five such binding sites. Additionally, mutating in a BZD binding
site to ELIC would engineer out the agonist binding site. ELIC has been shown to be
activated by primary amines that bind at the subunit interface in the ECD, under loop C
(Zimmermann and Dutzler, 2011, Gonzalez-Gutierrez et al., 2012). It is possible to

overcome this by constructing concatameric receptors, some subunit interfaces with the
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native binding site, some with engineered BZD sites. Additionally, injection or
transfection of both WT and mutant RNA or DNA may allow mixed receptors to
assemble with both binding sites. In GLIC, the agonist binding site is unknown.
However, GLIC is activated by protons and it is unlikely that proton binding is isolated to
a single location in the receptor or that this binding would easily be occluded.

There are caveats to these type of experiments including the large amount of
mutagenesis involved which may affect expression or trafficking of the receptor or may
alter the receptor so heavily as to not be a good representation of a BZD binding site.
However, these chimeric types of receptors would be very useful in attaining an atomic
level structure of BZDs bound with in a GABA, receptor type binding site. Information
about ligand-amino acid interactions and ligand orientation could be used in future small
molecule design. Additionally this type of chimeric receptor could be helpful in studying
hypotheses from this thesis about the effect of ligand orientation on BZD efficacy and
modulator type. For example, specific mutations have been shown to change the type of
modulation a BZD ligand elicits compared to the WT receptor. At WT receptors, ESZ is
a potent positive modulator, data from chapter 3 indicates that in the presence of aF99C
containing receptors, ESZ is a negative modulator. Crystal structures of prokaryotic
chimeras containing the “WT” vs the F99C binding site would indicate ligand orientation
and provide clues as to the effects of orientation on modulator type. This information
could be a basis for design of drug structures that would find an intended orientation
within the binding site to exert specific modulatory effects. Crystal structures of GPCRs
have been utilized to indicate the importance of ligand orientation as well as for drug

screens to optimize chemical compounds for a binding site (Shoichet and Kobilka, 2012).
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Similarly, it is possible to use what is known about the structure of the BZD
binding for drug screening. A recent study used homology models of the GABA
receptor and in silico docking algorithms to model diazepam in the BZD binding site and
used this dock as the basis for structure based drug screens (Richter et al., 2012). This
screen accurately identified known BZD site ligands and identified a potential new class
of BZD site ligands, the 3-hydroxyoxindoles, that were verified by radioligand binding
and electrophysiology experiments. Utilizing similar methods and information provided
in this thesis, similar work could be conducted to dock structurally diverse BZD ligands
and employ this as a starting point for additional drugs screens. Also, this approach could
be useful in screening compounds that would be selective for different GABA , receptor
subunit interface. Modeling could utilize the o, ,;and o5 subunits with the vy, subunit, but
also other interfaces that are not commonly thought of as BZD sensitive. It is known that
a, and o, subunits can bind beta-carbolines and imidazobenzodiazpines (Ito et al., 1994,
Derry et al., 2004). Additionally, the o, subunit can be covalently modified by diazepam
analogs if it contains an R100C mutation. This diazepam “binding” confers positive
modulation of I;,5, (Baur et al., 2008), suggesting that ligands that could bind to the
native site could have BZD like effects at o, receptors. Additionally, work utilizing
concatameric subunits limited an o,;H101C mutation (or the analogous mutations in other
o subunits) to a single o subunit at the a.—f3 interface in receptors containing a diazepam
insensitive o, subunit at the a—y interface. Covalently linking a diazepam analog to the
axH101CB,06Y2P2 receptors at the a—f3 interface indicates BZDs may bind at this site

(Baur et al., 2008). Further evidence for BZD actions at an a—f} interface comes from a
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screen of BZD ligands at a3 receptors (containing no y subunit) that found a low
affinity for several drugs (Ramerstorfer et al., 2011, Sieghart et al., 2011).

Both atomic level structures of a chimeric BZD binding site and in silico docking
studies would provide information about ligand orientation within the binding site. This
would expand upon and verify data from my thesis. Ultimately, this type of information
could be used to evaluate the hypothesis that ligand orientation, and thus interaction with
specific amino acid residues within the binding site contribute to the efficacy of BZDs.
This may provide information about what dictates BZD modulator type (agonist,
antagonist, or inverse agonist). Data provided in this thesis expands our understanding of
the local structures within the BZD binding site that contribute to the mechanisms by
which BZDs bind and assert their affects. Further studies suggested in this chapter will

utilize this data for methods that could lead to a focused approach to drug discovery.
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APPENDIX 1: The B, subunit Loop 9 Region Is
Involved in GABA, Receptor Activation

A1l.1 Contributions

This work was a continuation of work completed by Jose Mercado. Dr. Mercado
constructed the mutant containing subunits and performed the MTS reaction and general
mutant characterization experiments. I performed experiments with double mutant
containing receptors assessing ability to form intersubunit disulfide bridges. I contributed

to data analysis, figure preparation and writing of the chapter.

A1.2 Abstract

Protein movements underlying Cys-loop ligand-gated ion channel (LGIC) gating
are poorly understood. Molecular simulations of homo-oligomeric receptors and the
acetylcholine binding protein (AChBP) indicate that neurotransmitter binding triggers
movement of Loop 9. In hetero-oligomeric GABA, receptors (GABAARS), Loop 9 is
located at both agonist binding site and non-binding site subunit interfaces. This raises
the question of whether Loop 9 movements at non-binding site interfaces are important
for coupling agonist binding to channel gating. Loop 9 is comprised of a stretch of
approximately 18-22 residues that spans from the Loop B binding site region to the C-
terminal end of B-strand 9 that lies near the transmembrane domain. Therefore, §, Loop
9 is in an ideal position to transduce binding site movements from the Loop B region of

the 3, subunit to gating movements in the coupling interface and channel domain. Loop 9
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residues in the 8, subunit (W168-Q185; non-binding site interface) were mutated to
cysteine, expressed with wild-type o, and y, subunits in Xenopus laevis oocytes and the
effects on GABAR function examined using two-electrode voltage clamp. Mutations at
8 of 17 positions altered GABA ECs indicating that cysteine substitutions at these
positions altered GABA activation. The MTSEA-biotin rate of modification of W168C,
V175C and Q185C varied in the presence of agonists and antagonists, indicating that
GABA-induced channel gating and antagonist binding induce localized structural
rearrangements. Additionally, disulfide trapping 3, loop 9 to either the adjacent o or y
subunits’ M2-M3 loop significantly decreased currents activated by GABA and
etomidate indication that channel opening depends on conformational rearrangements at

non-binding site interfaces.

A1.3 Introduction

Gamma-aminobutyric acid type A (GABAAR), nicotinic acetylcholine (nAChR),
5HT; serotonin and glycine receptors are members of the cys-loop superfamily of ligand-
gated ion channels (LGIC) and mediate fast synaptic transmission throughout the nervous
system (Karlin, 2002). Our understanding about the structure of these receptors has been
advanced from the recent 4-A resolution model of the nAChR (Unwin, 2005), the crystal
structure of the related acetylcholine binding protein (AChBP) (Brejc et al., 2001, Celie
et al., 2004b) and more recently the structures of homologous prokaryotic channels (Brejc
et al., 2001, Hilf and Dutzler, 2008) and eukaryotic homolog, GluCI (Hibbs and Gouaux,
2011). Receptors in this superfamily are formed by five homologous or identical

subunits assembled around a central ion-conducting pore. In each subunit, the N-terminal
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~210 residues form an extracellular domain consisting predominately of B-strands that
contains the neurotransmitter binding site. The principal subunit provides residues from
Loops A, B, and C, whereas residues within Loops D, E, and F come from the
complementary subunit (Galzi et al., 1990, Akabas, 2004). The extracellular domain
(ECD) of each subunit is connected to a transmembrane domain (TMD) comprised of
four a helices (M1-M4) where the “gate” of the ion channel is located (Fig. Al.1).

The GABA binding site lies some distance (~50 A) from the channel gate located
in the transmembrane domain, a key question in the field is focused on elucidating the
structural rearrangements associated with coupling GABA binding to channel gating.
Insights into the structural changes associated with neurotransmitter binding and gating
have been gained from photolabeling studies (Leite et al., 2003) and molecular
simulations (Nury et al., Gao et al., 2005b, Henchman et al., 2005) of homo-oligomeric
receptors as well as the related AChBP (Brejc et al., 2001, Celie et al., 2004b). More
recently, comparing the crystal structure of prokaryotic LGICs in an assumed open and
presumed closed state have led to hypotheses about the structural rearrangements
involved in channel gating (Hilf and Dutzler, 2008, Bocquet et al., 2009). These studies
suggest that ligand binding induces conformational rearrangements of Loop 9 as well as
Loop C in the binding site. Loop 9 is comprised of a stretch of approximately 18-22
residues that link 3-strand 8 and B-strand 9 in the extracellular domain of each subunit
(Fig. Al.1). In hetero-oligomeric a;3,y2 GABARs, Loop 9 is located on: 1) o
subunits where it forms part of the agonist binding site with the neighboring 3, subunit,
2) the vy, subunit where it forms part of the benzodiazepine binding site with the

neighboring o subunit, and 3) 3, subunits where it forms a non-binding interface with
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either an a; or y,subunit (Fig. A1.1). This raises the question of whether Loop 9
movements in the 3, subunits at non-binding site interfaces are important for coupling
agonist binding to channel gating.

Loop 9 in the 3, subunit of the GABAAR (W168-Q185) spans from the Loop B
binding site region to the C-terminal end of B-strand 9 that lies near the TMD (Fig. A1.1).
Thus, B2 Loop 9 is in an ideal position to transduce binding site movements from Loop B
to gating movements in the coupling interface and TMD. Here, we used the substituted
cysteine accessibility method (SCAM) to examine the structure, solvent accessibility and
dynamics of the 3, Loop 9 W168-Q185 region of the GABAAR. In additiona, we used
disulfide linking of engineered cysteines to assess the mobility of loop 9 and its proximity
to the TMD of the neighboring a or y subunits. Previous work in the Jenkins laboratory
focused on this region, examining the effects on GABAAR activation in receptors
containing alanine mutations of residues from G170-Q185 (Williams et al., 2009). They
posit that Q185 in its native state helps to stabilize the closed state of the receptor our
Q185C data support this conclusion.

Our data indicate that structural perturbation of the region alters GABA induced
gating of the receptor. Moreover, we demonstrate that this region is solvent accessible
and undergoes structural rearrangements during GABA and pentobarbitol (PB) gating of
the channel consistent with this region acting as a dynamic element during channel gating
transitions. Additionally, tethering the Q185C at the tip of loop 9 to the adjacent a or y
subunits inhibits Igapa and Lewomidate SUgEesting that mobility in this area is critical for
channel gating and suggests a possible locale for translating ECD binding movments to

gating transitions in the TMD.
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A1.4 Materials and Methods

A1l.4.1 Mutagenesis

Rat cDNAs encoding o; and 32 GABAR subunits were used for all molecular cloning
and functional studies, yo. was used in receptors subjected to DTT and H,O, to assay for
crosslinking, all other studies used receptors containing y,s. Cysteine mutants were made
using the QuickChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA).
Mutagenic oligonucleotides were synthesized to introduce the desired mutation and a
silent restriction site was used to screen for the desired mutations. All mutant cDNA was
verified by double stranded cDNA sequencing to confirm that the desired point mutation
was present and that the cDNA was free of additional mutations.

A1.4.2 Expression in Xenopus laevis Oocytes.

Oocytes were prepared as previously described (Boileau et al., 1998). Capped cRNAs
encoding the a., B2, y2s, B2W168C, B.R169C, $.G170C, B.D171C, $,D172C, B.N173C,
B2A174C, B2V175C, B.T176C, B.G177C, B.V178C, B.T179C, B.K180C, B.I181C,
B2E182C, B.L183C, B,P184C and B,Q185C subunits in the vector pUNI (Venkatachalan
et al., 2007) were transcribed in vitro using the mMessage mMachine T7 kit (Ambion,
Austin, TX). Single oocytes were injected within 24 hr with 27nL. of cRNA (10ng/uL for
a and 3 subunits, 100ng/uL per y subunit ) (Boileau et al., 1998). Oocytes were
incubated at 18°C in ND96 (in mM: 96 NaCl, 2 KCl, 1 MgCl,, 1.8 CaCl,, and 5 HEPES,
pH 7.2) supplemented with 100ug/mL gentamycin and 100ug/mL BSA for 2-14 days
before use.

A1.4.3 Two-electrode Voltage Clamp.
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Oocytes were continuously perfused at a rate of SmL/min with ND96 while being held
under two-electrode voltage clamp at -80 mV. The bath volume was ~200 uL. Stock
solutions of GABA (Sigma-Aldrich, St. Louis, MO), SR-95531 (Sigma-Aldrich, St.
Louis, MO) and pentobarbital (Research Biochemicals, Natick, MA) were prepared fresh
in ND96. Borosilicate electrodes (Warner Instruments, Hamden, CT) were filled with
3M KCl and had resistances between 0.7 to 2 MQ. Electrophysiological data were
acquired with a GeneClamp 500 (Axon Instruments, Foster City, CA) interfaced to a
computer with an ITC16 analog-to-digital device (Instrutech, Great Neck, NY) and
recorded using Whole Cell Program 3.2.9 (kindly provided by J. Demspter; University of
Strathclyde, Glasgow, Scotland).

A1.4.4 Concentration-Response Analysis.

Concentration-response experiments were performed as described previously (Boileau
and Czajkowski, 1999). In brief, GABA concentration-responses were scaled to a low,
nondesensitizing concentration of GABA (EC,-EC,) applied just before the test
concentration to correct for any slow drift in GABA-induced current (/g4p4)
responsiveness over the course of the experiment. Currents elicited by each test
concentration were normalized to the corresponding low concentration current before
curve fitting. GraphPad Prism 4 software (San Diego, CA) was utilized for data analysis
and fitting. Concentration-response data were fit to the following equation: 7 = I, /(1 +
(ECso/[A])"), where I is the peak response to a given concentration of GABA; I, is the
maximum amplitude of current; ECs is the concentration of GABA that evokes half-
maximal response; [A] is the agonist concentration; and # is the Hill coefficient. For

concentration response before and after DTT exposure, full concentration response
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curves were performed before or after a 2 minute exposure to DTT. Stability of reduced
disulphide bridges in the absence of H,O, was assayed with pulses of GABA ECso. ECs
Igaa did not vary in double mutants (<5% change) after 2 minute exposure to DTT for
the duration of the concentration-response analysis.

Etomidate concentration-response was performed as with GABA and fit with the
same equation. 50mM stock solutions of etomidate (Tocris Bioscience, Ellisville, MO)
were made in DMSO and diluted to working concentrations in ND96 (final DMSO
concentration < 2%).

To measure the sensitivity to SR-95531, GABA (ECs) was applied via gravity
perfusion followed by a brief (1 min) washout period before co-application of GABA
(ECso) and increasing concentrations of SR-95531. The response to the application of
SR-95531 and GABA was normalized to the response elicited by the agonist alone.
Concentration-inhibition curves were generated for each recombinant receptor, and the
data were fit by non-linear regression analysis using GraphPad Prism software. Data
were fit to the following equation: 1 — 1/(1 + (ICs¢/[Ant])"), where ICs is the
concentration of antagonist ([ Ant]) that reduces the amplitude of the GABA-evoked
current by 50% and 7 is the Hill coefficient. K; values were calculated using the Cheng-
Prussof correction: K; =ICso/(1 + (JA]/ECsp)), where [A] is the concentration of GABA
used in each experiment and ECs is the concentration of GABA that elicits a half-
maximal response for each receptor (Cheng and Prusoft, 1973).

BZD potentiation of /454 was recorded at GABA (ECs). Potentiation is defined
as (Igapa + pruc/lGasa) — 1), where Iap4 + pruG 1S the current response in the presence of 3

uM flurazepam, and /g4p4 is the control GABA-induced current.
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A1.4.5 Modification of Introduced Cysteine Residues by MTSEA-biotin.
MTSEA-biotin (Biotium, Hayward, CA) was the sulthydryl-specific reagent used in this
study. It is a relatively impermeant compound with dimensions of 14.5A unreacted
moiety and 11.2A reacted moiety. Stocks solutions (100mM) were made in DMSO,
aliquoted into microcentrifuge tubes and rapidly frozen on ice before storage at -20°C.
For each application of MTSEA-biotin, a new aliquot was thawed, diluted in ND96 to the
working concentration and used immediately to avoid hydrolysis of the MTS compound.
The final DMSO concentrations were < 2%. These solvent concentrations did not affect
GABAAR functional responses.

MTSEA-biotin modifications of the engineered cysteines were assayed by
measuring changes in GABA evoked current (/g454). The effects of MTSEA-biotin were
studied using the following protocol: GABA (ECa¢.60) current responses (10-30 sec) were
measured from oocytes expressing wild type (a;32y2) or mutant receptors and stabilized.
Stability was defined as < 5% variance of peak current responses to GABA on two
consecutive applications. After stabilization, the MTSEA-biotin (2mM) was bath-applied
for 2 min, followed by a 5- to 7-min wash, and then /5454 Wwas measured at the same
concentration as before the MTSEA-biotin treatment. The effect of the MTSEA-biotin
application was calculated as: [((Zufier/Liniiar) -1) x 100], where 1,4, is the peak GABA
current elicited after the MTSEA-biotin and /i 1s the peak current before MTSEA-
biotin.

A1.4.6 Rate of MTSEA-biotin Modification.
The rates at which the MTSEA-biotin modified the engineered cysteines were determined

by measuring the effect of sequential applications of low concentrations of MTSEA-
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biotin on /G454 as described previously (Holden and Czajkowski, 2002). The protocol is
described as follows: EC49.60 GABA was applied for 10 sec every 3- to 5-min until /454
stabilized (< 3% variance). After a 40 s ND96 washout, a low concentration of MTSEA-
biotin was applied for 5- to 20-s and the cell was then washed for an additional 2.5- to
4.5-min. The MTSEA-biotin application was repeated until /454 no longer changed
indicating that the reaction had proceeded to completion. Concentration of MTSEA-
biotin and time of application varied as follows: f2W168C, 500uM, 10s; B,V175C, S5uM,
10s; B2Q185C, 25uM, 10s. The effects of GABA (agonists), SR-95531 (antagonists) and
pentobarbital (PB; allosteric modulator) on the rate of MTSEA-biotin modification was
assayed by co-applying GABA (ECg.90), 10uM SR-95531 (saturating concentrations), or
PB (ECsp) with the MTSEA-biotin. PB concentrations used for B,W168C (600uM),
B2V175C (500uM), and B$,Q185C (200uM) were estimated by determining ECso (uM)/10
mM PB current ratio. For the rates of MTSEA-biotin modification, /454 Was stabilized
as follows: EC40.60 GABA was applied for 10s, oocyte washed for 40s, the test drug was
applied for 5-20 s and the oocyte washed for 5-12min. The procedure was repeated until
1644 from ECap.60 GABA was < 3% of the previous /g4p4 peak. This ensured complete
wash-out of the different test drugs during the protocol and ensured that any alteration in
the current amplitudes following MTS treatment in the presence of drug was the result of
MTS modification and not the result of inadequate washout of the drug. Concentrations
of MTSEA-biotin and times of applications in the presence of GABA (ECs.90) were as
follows: B,W168C, 500uM, 10s; B.V175C, 10uM, 20s; f2Q185C, 70uM, 10s. In the

presence of PB (200-600uM): B,V175C, 25uM, 20s; p.Q185C, 50uM, 10s. In the
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presence of 10uM SR-95531: ,W168C, 500uM, 20s; B.V175C, 25uM, 10s; B2Q185C,
25uM, 10s.

For all rate experiments, the decrease or increase in /454 Was plotted versus
cumulative time of MTSEA-biotin exposure. Peak current at each time point was
normalized to the initial peak current (t=0), and fit to a single exponential function using
GraphPad Prism software. A pseudo-first order rate constant (k;) was determined and a
second order rate constant (k») was calculated by dividing k; by the concentration of the
MTSEA-biotin used (Pascual and Karlin, 1998).

A1.4.7 Disulfide crosslinking.

Treatment with dithiothreitol (DTT) and H,O, were performed as described previously
(Hanson and Czajkowski, 2011). Dithiothreitol (Fisher) was dissolved in water to make a
1 M stock solution and stored at —20°C. DTT and hydrogen peroxide (H20,) (3%; Fisher)
were diluted in ND96 buffer to final concentrations of 10 mM and 0.3%, respectively,
before each experiment. Before application of DTT or H,O,, oocytes were stabilized by
applying GABA or etomidate (ECsp) at 3 min intervals until the Igapa O letomidate peak
current amplitude varied by <5% (generally 2—3 pulses). After achieving current stability,
10mM DTT was applied for 2 min, followed by a 2 min wash period. GABA or
etomidate (ECso) was applied again. In each case, current amplitude remained stable with
multiple GABA or etomdiate applications. Oocytes were then treated with 0.3% H,O, for
2 min (or 10 min, where indicated), followed by a 2 min wash and GABA or etomidate
(ECsp) test pulses. A second treatment of 10 mM DTT for 2 min, followed by GABA
(ECsp) application was used to assess the reversibility of the H,O; effect. Percent change

in Igaa Or Letomidate calculated as ((IgaaatiernTT/ IgaBAbefore)-1) X 100 and ((IgaBaafiertizo2/
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IgaBabefore)-1) X 100 or ((Ietomidate afterdTT/ Letomidate before)-1) X 100 and ((Ietomdiate afterti202/
Letomidate before)-1) X 100 where IgapaafierdTT O letomidate afterpTT rEfETS to the current after a
treatment in DTT, Igaabefore aNd Letomidate before T€fET to an initial current elicited by GABA
or etomidate before any application of DTT or H,0,, and Igapaafteri202 and

Letomidate afteriz02 Tefer to the current after treatment in H,O».

A1.4.8 Statistical analysis.

Log k; values and second order (k) rates were analyzed using a one-way analysis of
variance, followed by a post-hoc Dunnett’s test to determine the level of significance
between wild-type and mutant receptors. Alterations in GABA ECs for B, W168C
resulting from MTS treatment in the absence and presence of PB were analyzed using a
Student’s two-tailed unpaired ¢ test. Log (ECsp) values, flurazepam potentiation and
changes in GABA ECs after MTSEA-biotin modification were analyzed using the false
discovery rate (FDR) method (Benjamini and Hochberg, 1995) due to the large number
of mutations being compared to wild type. Percent changes in Igapa OF letomidate from
mutant containing receptors before and after exposure to DTT or H,O, were compared to
WT under the same condition by one-way ANOVA with a Dunnett’s post hoc test.
Statistical comparisions among conditions for the same receptor type were compared
with a Student’s two-tailed unpaired # test.

A1.4.9 Structural Modeling. A model of the entire GABA4 receptor was built as
previously described (Mercado and Czajkowski, 2006). Other homology models of the
GABAAR shown in Fig. A.11 are based on the torpedo nAChR structure (Unwin, 1995,
Miyazawa et al., 2003) ( PDB:10ED) GLIC (Bocquet et al., 2009) (PDB: 3EAM) and

ELIC (Hilf and Dutzler, 2008) (PDB: 2VLO).
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A1.5 Results

A1.5.1 Functional Characterization of 3, Loop 9 Cysteine Mutants

Eighteen residues (W168, R169, G170, D171C, D172, N173C, A174, V175,
T176, G177, V178, T179, K180, 1181, E182, L183, P184 and Q185) in the Loop 9 region
of the GABAAR 3, subunit were individually mutated to cysteine (Fig. A.1) and co-
expressed with wild-type o, and y, subunits in X. laevis oocytes. All mutant subunits
formed GABA-activated channels indicating that the cysteine substitutions were tolerated
and yielded functional receptors. Maximal GABA current amplitudes ranged from 1 to
20 uA and did not differ significantly from maximal currents elicited from oocytes
expressing wild-type o327z receptors. Seven of eighteen mutations significantly altered
GABA ECs values compared with wild-type receptors (ECsp =18.3 £ 1.9 uM, np=1.4 £
0.04, Fig. A.2 and Table A.1) suggesting that structural perturbation of this region affects
GABA activation of the receptor. The largest increase in GABA ECsj was observed for
a132A174Cy, receptors (33-fold). Receptors containing f.W168C, 3.G170C, p,D171C,
B2T176C and B.G177C significantly increased GABA ECs, values between 3- and 11-
fold. Cysteine substitution of 3,Q185 significantly decreased GABA ECs, by 4-fold.
The Hill coefficients for GABA activation of $,D171C, B,A174C, $,T176C, .G177C
and (,Q185C-containing receptors were significantly lower than wild type (Table 1). Of
the seven cysteine substitutions that altered GABA ECsy, only two, 3,D171C and
B2A174C, significantly altered the 4; for the competitive antagonist SR-95531, and these

changes were < 3-fold (Fig. A1.3 and Table A1.2). Interestingly, cysteine mutations in
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the B subunit loop F region has much larger effects than cysteine substitutions in the o or
vy subunits (Fig A1.2D).

Except for f,L183C, the mutations did not alter flurazepam (3 uM) potentiation
of GABA responses and while potentiation of 3,L183C was reduced 1.8-fold, it was not
completely obliterated (Fig. A1.4). The mutations had no effect on pentobarbital (200-
600 uM) activation of the receptor (data not shown) compared with wild-type receptors.
Taken together these data indicate that cysteine containing receptors express, assemble
and are functional.

A1.5.2 Modification of Introduced Cysteine Residues by MTSEA-biotin

To define the solvent accessibility of the 3, subunit W168C-Q185C segment, wild
type and mutant receptors were exposed to MTSEA-biotin (2mM) for 2 min (Fig. A1.5).
MTSEA-biotin altered /454 on 9 of the 18 mutant containing receptors. MTSEA-biotin
significantly reduced /g4p4 at f2V175C (83.2 £ 1%, n = 3), foL183C (38.5 £3.4%, n =4)
and B,Q185C (90.7 + 3.3%, n = 3) and significantly potentiated /454 at B, W168C (50.8
+ 3.5%, n=4), p.G170C (13 £ 3%, n=3), $2D172C (18 + 4%, n =3), B.V178C (18.7 £
1.9%, n=3), B2E182 (20 + 3.1%, n = 3) and B.P184 (27.7 £ 1.7%, n = 3) (Fig. AL.5).
MTSEA-biotin had no effect on wild-type af.y2 receptors or those containing 3,R169C,
B2D171C, B2N173C, B2A174C, B.T176C, B.G177C, B.T179C, B.K180C and B,1181C
(Fig. A1.5). The pattern of accessibility suggest a -strand (i.e. every other residue)
extending from W168 to D172, an a-helical structure (i.e. every third or fourth residue)
extending from N173 to E182 and a loop/random coil from E182 to Q185. It is important

to note, however, that the structure of this region cannot be absolutely assigned since a
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lack of effect may indicate that the thiol group was not accessible to modification or that
modification produced no detectable functional effect.
A1.5.3 MTSEA-biotin reaction rates

The rate at which MTSEA-biotin covalently modifies an accessible introduced
cysteine depends on several factors, including the ionization of the sulthydryl group,
local steric restriction, the electrostatic potential near the cysteine, and the access route to
the engineered cysteine. Methanethiosulfonate reagents react 10° to 10'® times faster
with the ionized thiolate (RS-) form of cysteine than they do with the protonated form,
and ionization is more likely in an aqueous environment (Roberts et al., 1986, Stauffer
and Karlin, 1994). Second-order rate constants therefore provide information about the
local environment of a substituted cysteine. To gain insight into the physico-chemical
environment of the 3> Loop 9 region in the resting, closed state of the receptor, we
measured the second-order rate constants for MTSEA-biotin modification of introduced
cysteines located in the middle (V175C) and either end (W168C and Q185C) of 8, Loop
9 in the absence of ligands (Fig. A1.6). The second-order rate constant for B, W168C was
slow (130 £ 20M'sec™), suggesting that the thiol group is not well ionized and/or that the
introduced cysteine residue is in a restricted buried environment (Fig. A1.6 and Table
A1.3). The relatively fast second-order rate constants for MTSEA-biotin modification of
B2V175C (11,285 £ 923M 'sec™) and B,Q185C (3465 + 923M 'sec™) indicate that both
residues are found in an open, aqueous environment (Table A1.3). The rates measured
indicate that V175C and Q185C are solvent accessible, whereas W168C is less
accessible, which is consistent with the predicted positions of these residues based on

modelling. However, the rates also depend on the local electrostatic potentials near the
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sulthydryl groups, which are probably different at each position and contribute to the
range of reaction rates measured.

A1.5.4 Effects of GABA, SR-95531 and PB on MTSEA-biotin second-order rate
constants

To determine if the $, Loop 9 region undergoes structural rearrangements during
channel gating (open/desensitized states), we measured the rates of MTS modification of
B2V175C, B,Q185C and B,W168C in the presence of the agonist GABA. If the rate of
reaction of B,V175C, $,Q185C and B,W168C changes when GABA is present, it
indicates that the environment around the introduced cysteine has changed due to
movements at, or near, the introduced residue. In the presence of GABA (~ECyy), the
rates of modification of f,V175C and ,Q185C were significantly slowed by ~3 fold and
modification of B, W168 unchanged (Fig. A1.6 and Table A1.3), indicating that GABA
binding/gating of the receptor triggers movements in or near the Loop 9 region of the {3,
subunits.

Changes in the rates of modification induced by GABA, can be due to ligand
binding and/or gating of the channel. To determine whether movements in and near {3,
Loop 9 can occur by occupying the GABA binding site without gating the channel, we
measured the rates of modification in the presence of the competitive antagonist, SR-
95531. SR-95531 significantly slowed the rates of modification of f2W168C and
B2V175C by 2 and 3 fold, respectively and had no effect on the modification of $,Q185C
(Fig. A1.6 and Table A1.3).

Pentobarbital (PB) binds to a site that is distinct from the GABA binding pocket

(Amin and Weiss, 1993) and, at high concentrations, directly activates the GABAAR. The
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mean single channel conductances elicited by GABA and PB are similar (Jackson et al.,
1982), suggesting that in the vicinity of the channel the structure of the open states are
alike. Moreover, the pore lining M2 helix undergoes similar changes upon activation by
GABA or the anesthetics pentobarbitol, propofol and isoflurane (Rosen et al., 2007). We
therefore used PB ECs to assess whether PB would also elicit movements in the 32 Loop
9 region. The rate of modification at B,V175C was slowed 2 fold in the presence of PB,
while PB had no effect on the second order rate constant for 3,Q185C (Fig. A1.6). Rates
of modification in the presence of PB for §,W168C could not be reliably measured
because when PB was present during MTSEA-biotin treatment, it had variable effects on
the magnitude of the subsequent GABA current ranging from 2.5 to 52% potentiation
(Fig. A1.7). At this position, MTSEA-biotin reacted even for those experiments where
treatment of MTSEA-biotin in the presence of PB resulted in < 25% potentiation of
subsequent GABA current. This suggests that the reaction had proceeded to apparent
completion. In the absence of drug, MTSEA-biotin potentiated subsequent GABA
currents 52 + 3.5 % while in the presence of the drug the potentiation averaged 24 + 8 %
(Fig. A1.7). Statistical analysis revealed significant differences (p< 0.03) between the
effect of MTSEA-biotin alone and MTSEA-biotin in the presence of PB on the
subsequent GABA current. The data suggest that PB changes the environment near
B2W168C.
A1.5.5 Disulfide trapping of pQ185C to adjacent a and y subunits’ Mr-M3 loop

We used crosslinking of engineered cysteines between the a or y subunit M2-M3
linker (the loop region that connects TMD helices M2 and M3) and BQ185C to assess the

proximity of this residue, at the end of loop 9, to the TMD of the adjacent subunits. To
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form a disulfide bond the two 3 carbons of the cysteine residues must come within
~4.6A. We assayed for crosslinking by measuring GABA current before and after
treatment of a reducing agent DTT, then an oxidizing agent, H>O, and a second treatment
in DTT. Percent change in Igapa after treatment with both DTT and H,0O, did not differ
in WTafy and single mutant containing receptors (¢A280CBy, afQ185Cy and
afyY292C) and did not differ significantly between treatments (WT: 7.6 + 2.3% after
DTT, -4.0 + 3.2% after H,0,, -2.4 + 3.6% After 2™ exposure to DTT, n = 13) (Fig.
A1.8A, B, D, G). Whereas aA280CBQ185Cy receptors differed in percent change of
IgaBa between treatments (111 + 16% after DTT, -5.7 £+ 8.3% after H,O,, 103 + 15%
after a second exposure to DTT, n=3). Also, percent change in Igapa before and after
the first and second treatment with DTT differed significantly from percent changes to
the WT receptor after the same treatments (Fig. A1.8E). Similarly, apQ185CyY292C
receptors differed significantly in their percent change in Igapa from WT receptors after a
first and second exposure to DTT and after a 2 minute exposure to 0.3% H>O, (657 +
99% after DTT, 406 + 71% after H,0,, 705 £+ 162% after ond exposure to DTT, n = 3)
(Fig. A1.8H). After 10 minute incubation in 0.3% H,O; Igaa returned to levels similar
to pre-DTT currents, the percent change was not significantly different from WT
receptors and the percent change in Igapa Was statistically different from that after the 1%
and 2™ treatment with DTT (374 + 49% after DTT, 8.3 + 32% after 10 minutes in H,0;,
444 + 13% after second exposure to DTT) (Fig. A1.8K). The large increase in Igapa after
initial exposure to DTT suggests that a crosslink spontaneously forms across subunits
from ECD to TMD and inhibits GABA activation, this effect is reversible after reforming

a crosslink by incubation in H,O5 (10 minutes for afQ185CyY292C). We performed full
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GABA concentration-response experiments before and after exposure to DTT. There
were no alteration in GABA ECs in the presence and absence of a crosslink
(apQI185CyY292C before DTT: 37.1 + 8.1uM, n=3, after DTT: 21.4 + 5.8uM, n =4;
aA280CBQ185Cy before DTT: 17.3 £2.2uM, n=3, after DTT: 17.9 = 1.6uM, n=3) (Fig.
A1.9 and Table A1.4). Despite no difference in ECs, there were large increases in Ipax
after crosslink reduction (afpQ185CyY292C before DTT: 3883 £1028nA , n=3, after
DTT: 5830 + 732nA, n =4; aA280CBQ185Cy before DTT: 900 + 198nA, n=3, after
DTT: 3764 + 1594nA, n=3) (Fig. A1.9 and Table A1.4).

To assay if this effect is specific to GABA activation, we examined the effects of
the disulfide bonds on etomidate activation. Etomidate binds at the B-a interface, as does
GABA, but unlike GABA etomidate binds within the TMD between the § M3 and o M1
helix (Li et al., 2006). As with GABA, effects on etomidate activation were assayed by
pulses of etomidate ECs, before and after treatment with DTT and H,O, (dose response
curves: Fig. A1.10B). Crosslink effects on leiomidate Were similar to that of GABA (WT:
20.8 £ 9.8% after DTT, -12.1 + 13.1& after H,O,. -7.1 £ 8.6% after a second exposure to
DTT, n=3) (Fig. 9A), with a A280CBQ185Cy experiencing significant differences in
percent change in Icomidate between reducing and oxidizing agent treatment (89.2 + 32.4%
after DTT, -3.6 + 3.7% after H,O,, 75.2 £ 39.1% after a second exposure to DTT, n=3)
(Fig. A1.10C, D). There was also an increase in ECsg letomidate amplitude after initial DTT
application as was seen with Igapa but this increase did not reach significance.
afQ185CyY292C receptors responded similarly to etomidate activation as to GABA
activation. They experienced significant increases in percent change in Iewomidate after each

treatment (465 = 93% after DTT, 176 + 43 after H,O,. 571 & 133 after a second exposure
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to DTT, n = 3) (Fig. A1.10E, F). The increase in I¢tomidate after DTT exposure was not
fully reversible with a 2 minute incubation in H,O,, a 10 minute incubation was not tried
in this case. The similar effects seen with both GABA and etomidate activation of the
GABAAR is indicative of movement in 3 loop 9 relative to the M2-M3 linker of adjacent
subunits occurring in channel activation irrespective of the activating agonist’s binding

site.

A1.6 Discussion

Experimental and computational studies have begun to provide molecular insights
about the conformational changes leading to channel activation. In the structural model
proposed by Unwin, only two of the five subunits in the nAChR move in response to
ligand biding (Unwin et al., 2002). The conformational changes correspond to a 10-
degree clockwise rotation of the extracellular inner beta strands and an eleven-degree
outward tilt of the outer beta strands. The proposed movements in Unwin’s structural
model shows strong correlation with recent molecular dynamics simulations of the o,
nAChR ligand-binding domain comparing the “open” state conformation with the
“closed” state a-Cobratoxin-bound form (Yi M et al., 2008). In the GABAAR, the (3,
subunit forms the principal side of the GABA-binding site (Fig. A1.1) and is the subunit
that would undergo this movement. The 3, subunit segment between W168 and Q185
(Loop 9) links B-strands 8 and 9 and is a transition point between inner and outer f3-
strands. Thus, if agonist binding triggers movements in the inner and outer $-strands of

the 3, subunits relative to each other, one would expect that mutations in the Loop 9
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region would disrupt these movements and affect GABA-induced activation of the
receptor.

Indeed, seven of eighteen cysteine substitutions in this region of the 3, subunits
significantly altered GABA ECs values whereas mutations in homologous residues in
the a and y loop 9 regions have relatively little affect on GABA ECs (Fig. A1.2). The
changes in ECs reflect changes in either microscopic GABA binding affinity and/or
channel gating (Colquhoun, 1998). Two of the seven mutations that increase GABA
ECso (D171C and A174C) also significantly increased SR-95531 K; (Fig. A1.3),
suggesting that these mutations may alter ligand binding, because SR-95531 does not
gate the channel (but see (Ueno et al., 1997). Hill coefficients for GABA activation were
significantly reduced for a,;32D171Cy2, o1 f2A174Cy2, a2 T176Cy2, a12G177Cy, and
a1B2Q185Cy; receptors (Table 1) suggesting that these mutations may also alter gating
efficacy (Colquhoun, 1998). Since the 3, Loop 9 region spans from Loop B of the GABA
binding site to regions near the TMD, changes in binding and gating might be expected
for mutations in this region.

Consistent with our findings, a study using chimeric receptors comprised of
AChBP fused to the transmembrane pore domain of the serotonin type-3A (5HT34)
receptor demonstrated that functional coupling between binding and gating was only
restored when Loops 2, 7, and 9 from AChBP were replaced with SHT34 receptor
sequences (Grutter et al., 2005). In the GABAR, 4 of 9 alanine mutations in § loop 9
cause significant alterations in GABA ECso (Williams et al., 2009). These indicate that
Loop 9 is one of the critical structural elements involved in coupling the extracellular

binding domain to the transmembrane channel gating domain. It should be noted,
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however, that the Loop 9 region in the above chimeric receptor is present in both, binding
and non-binding interfaces. Thus, the independent contribution of each Loop 9 region in
the coupling mechanism could not be determined in the aforementioned study. However,
in the y subunit loop 9, intrasubunit crosslinks (to beta strand 9) and intersubunit
crosslinks (to o loop 2) inhibit benzodiazepine potentiation of Igapa suggesting that at
this non GABA binding interface movements affecting Igaga also occur (Hanson and
Czajkowski, 2011). Here, we provide evidence that the § Loop 9 region at non-binding
interfaces is important for GABAAR activation and therefore might play a role in the
structural transitions involved in the transduction of binding to gating of the channel
potentially through interactions with the M2-M3 loop of adjacent o and y subunits.

While the 4-angstrom structure of the nicotinic acetylcholine receptor provides
information about the path of the peptide backbone, residue side chain position is difficult
to determine at this resolution especially in regions without secondary structure such as
the Loop 9 region. Our data revealed two clusters of residues in the , Loop 9 that are
sensitive to cysteine substitutions. The first cluster of amino acids consists of W168-
D171 (located at the top of the Loop 9) while the second cluster consists of A174-G177
(located at the middle) (Fig. A1.10). In addition, a single amino acid at the bottom end of
the B2 Loop 9 region (Q185) is sensitive to structural perturbations, this is consistent with
work by the Jenkins group indicating mutation of this residue increases leak current and
decreases GABA ECso (Williams et al., 2009).

The GABA antagonist SR-95531, but not GABA, induces structural

rearrangements at or near B, W168C (Fig. A1.6 and Table A1.3). B2W168C points

towards B-strand 9 (Fig. A1.10) and is within 4 A of $,L.193 and B,T195 on B-strand 9,
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which forms part of Loop C. Therefore, we predict that movements of Loop C, out and
upward, upon antagonist binding (Hibbs et al., 2006) would change the environment of
W168 in Loop 9 (Fig. A1.10). SR-95531 slows the MTSEA-biotin rate of modification
of W168C (Fig. A1.6B) consistent with this region of Loop 9 and B-strand 9 moving
closer to each other. Movements of Loop C inward to cap the binding site upon agonist
binding will move B-strand 9 away from W168 in Loop 9 (Unwin et al., 2002, Celie et
al., 2004b). The lack of effect on the MTSEA-biotin rate of $,W168 in the presence of
GABA suggest that Loop C capping movements upon agonist binding are not detected
near the top of 32 Loop 9. Thus, we postulate that the top of B, Loop 9 is
“confomationally sensitive” to the binding of antagonist. In addition, PB
binding/activation induces changes near B, W168 indicating that the top of Loop 9 is
sensitive to an allosteric modulator that does not bind at the GABA binding site and that
PB and GABA trigger different movements in this region.

By using the structures of unliganded AChBP and AchBP bound with a variety of
ligands (agonists and antagonists) to homology model homo-oligomeric SHT34 receptors,
Thompson and colleagues (2006) proposed that ligand binding does not induce large
movements in Loop 9 but induces local changes in residue side-chain rotation that is
dependent upon the bound ligand and the location of the residue in the Loop 9.
Comparing bound and unbound 5HT3, receptors revealed a significant rotational
movement of W195 (which aligns with GABAAR B, W168). These movements were
most pronounced for antagonist-bound models, which showed that the side chain of

W 195 rotates clockwise between 90° (small antagonist) and 180° (large antagonist). The
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modeling is consistent with our data and supports our hypothesis that the top of the 3,
Loop 9 region (W168-D171) is conformationally sensitive to the binding of antagonist.
GABA and SR-95531 significantly slows MTSEA-biotin modification of
B2V175C (approximately threefold) (Fig. A1.7 and Table A1.3) indicating that this region
undergoes conformational rearrangements during antagonist binding and GABA
binding/gating. In addition, PB significantly slows modification of V175 indicating
that this residue is sensitive to channel gating by an allosteric modulator that does not
bind at the GABA binding site (Fig. A1.7 and Table A1.3). Interestingly, the SHT3
modeling study (Thompson et al., 2006) as well as recent molecular dynamics
simulations of the ai; nAChR ligand-binding domain of the apo and toxin bound forms
(Yi et al., 2008) revealed changes in flexibility, orientation and positioning in response to
ligand binding of Loop 9 residues corresponding to amino acids D172 to G177 of the
GABAAR f, subunit. GABA significantly slowed the rate of MTSEA-biotin modification
of B2Q185C located at the bottom end of the 3, Loop 9 region indicating that this region
of Loop 9 also undergoes conformational rearrangements during receptor activation
and/or desensitization. We postulate that the middle (A174-G177) and bottom (Q185) of
B2 Loop 9 undergo conformational changes during the transition from the resting state to
the open state. Consistent with our hypothesis, photolabeling and electrophysiological
studies on the nAChR identified a region on the a; subunit between residues S162 and
E180 in Loop 9 that was photolabeled only in the open state (Leite et al., 2003). These
residues are aligned with the residue(s) located at the middle and bottom of §, Loop 9 of

the GABAAR (Fig. Al.1).
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Since the B> Loop 9 of GABAAR is a transition point between inner and outer f3-
strands, the movements in this region likely reflect changes in the relative positions of the
inner and outer (3-strands upon agonist binding. Movements in Loop 9 may not only
contribute to the inner and outer 3-strands conformational rearrangements upon agonist
binding but may also influence other closely located domains. Recently, the Jenkins
group hypothesized that Q185 stabilizes the closed state of the receptor through
hydrophilic interactions(Williams et al., 2009). Our data suggest that Q185 is in close
apposition to the M2-M3 loop of both the a and y subunits. The cryo-EM strcuture of the
nACHR suggest interactions from extracellular -strands with the M2-M3 loop are
involved in propogating extracellular protein movements into the TMD (Unwin, 2005).

It has been shown previously that residues within the M2-M3 loop experience differences
in cysteine accesibility to sulthydryl modifying agents during channel activation (Bera et
al., 2002). Our data indicate that a crosslink can spontaneously form between fQ185C
and aA280C as well as yY292C indicating that these regions lie in cross proximity in the
resting state. Both of these crosslinks inhibits Igapa suggesting that movements at the
non-binding, a-f and B-y interfaces occur during channel activation. Interestingly,
similar affects are seen with etomidate activation. Etomidate binds at the -o interface
within the a helices of the TMD (Li et al., 2006). Thus, conformational movements
inhibited by this crosslink at the TMD/ECD interface are not specific to GABA
activation. Furthermore, recent comparisons of prokaryotic channel crystal structures
indicate a twisting motion of the ECD counter to the twising in the TMD (Hilf and
Dutzler, 2008). Our data support this hypothesis, by joining the ECD and TMD by

disulfide bond this opposing twisting movement is limited. When the disulfide is reduced
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by DTT, the receptor is free to twist resulting in a large increase in Igapa Or letomidate 18
seen.

Additionally, in comparing distances between 280 and 185 or 3185 and y292
beta carbons in structural homology models of the GABAAR based on crystal structures
of homologous channels ELIC (Hilf and Dutzler, 2008), GLIC (Bocquet et al., 2009) and
the nAChR (Unwin, 2005) our data indicate that the GABAAR more strongly resembles
the prokaryotic channels in these regions (Fig. A1.11). In the nAChR based model, the
distances between 0280 and $185 (20.6 A), and p185 and y292 (14.7 A) are far out of
reach of a disulfide bond (approximately 4.6 A). The distances for the ELIC based model
between 0280 and $185 (3.8 A), and 185 and y292 (9.2 A) are much closer to the
distance necessary to form a crosslink especially given in this model these residues fall in
an unstructured region that presumably has more mobility and may flex to within the 4.6
A range (Fig. A1.11). In the GLIC based model the distances between 0280 and $185
(8.5 A), and 185 and y292 (11.0 A) are, again, somewhat outside of the range where
they would likely form a disulfide bond (Fig. A1.11). GLIC was crystallized in a
presumed open state (Bocquet et al., 2009), our data is in keeping with this as it would
suggest crosslinks are more likely to form in a closed receptor (more closely resembling
the ELIC based model) and 1,5, is greatly increased after reduction of the crosslink,
allowing these regions to spread as the channel opens (more closely resembling the GLIC
based model).

Overall our data support the idea that Loop 9 at non-binding interfaces moves in
response to agonist/antagonist binding as well as channel activation and limiting this

mobility inhibits channel activation. The cluster of residues located at the top of the 3,
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Loop 9 region (W168-D171) are conformationally sensitive to the binding of antagonist
while the structural rearrangements near the residues located in the middle (A174-G177)
and bottom (Q185) of the Loop 9 likely play an important role allowing movements
between the inner and outer [3-strands as well as simultaneously propagating these
movements to the TMD potentially through interactions with the M2-M3 linker. Higher
resolution structures of the closed and open states of the receptor are needed to support

these hypotheses.
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Figure Al.1. The 3, Loop 9 region of the GABAR. (A) Schematic representation of a
GABAAR showing subunit stoichiometry and arrangement, and the binding sites for
GABA and BZD. Note that Loop 9 in the 3, subunits is at a non-binding interface
adjacent to the M2-M2 loop of either an o or ysubunit. (B) Alignment of the rat
GABAAR B,W168- 2Q185 region with analogous regions of the rat GABAAR a; and vy,
subunits, Caenorhabditis elegans GluCl channel, GLIC, ELIC and Aplysia Californica
AChBP. The numbering corresponds to the position of the residues in the mature
subunits. Homology model of the GABA, receptor a3, interface (C) and of the y,-B
interface (D) based on the nAChR cryo-EM structure (Unwin, 2005). The 3 loop 9
region is indicated in red with Q185C at the c-terminal end of loop 9 indicated in sticks.
The M2-M3 loop of the opposing a (C) or y (D) subunit are highlighted in green, with

residues of interest aA280 (C) and yY292 (D) shown in sticks.
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Figure A1.2. GABA concentration responses of wild type o.1f,y2 and mutant
GABAR. (A) Representative current responses from an oocyte expressing
a132A174Cy, receptors elicited by increasing concentrations of GABA (mM). (B) GABA
concentration response curves from oocytes expressing o.;[3,y. (M, dashed line),
a1B2D171Cy; (0), a1f2A174Cy: (V) and a1 32Q185Cy, (A) receptors. Data were fit by
nonlinear regression analysis as described in Materials and Methods. (C) Summary of
the effects on GABA ECsy of mutant GABA4 receptors. Bars represent the mean + SEM
from 3 to 7 independent experiments. The solid black bars indicate values that were
statistically different from wild-type values (p<0.002). GABA ECs and ny values are
reported in Table 1. (D) Relative ECsy’s of a;, B2 and v, subunit loop 9 regions. Bar
graph indicates fold change from respective WT calculated as mutant ECso/WT ECs.
Data from o subunit mutations are from af receptors and come from (Newell and
Czajkowski, 2003). Data from y subunit mutations are from Hanson et al. 2008 (Hanson
and Czajkowski, 2008). X-axis is labeled with the aligned B subunit residues (refer to

Fig. 1B).



Normalized Igaga

1.0+

0.8-

0.6-

0.4+

B oqP2y2

02-0 0(1[32D171C'Y2

N | 4 0(1[32A174CCY2

0.0 A OL1[32Q185CY2

' -8 7 -6 -5 4

Log [SR-95531]

186



187

Figure A1.3. SR-95531 concentration response curves of wild type a1f2y2 and
mutant GABA,Rs. Concentration-dependence of SR-95531-mediated reduction of /5454
(ECsp) for wild-type (B, dashed line), o,$,D171Cy; (0), o.i2A174Cy, (¥) and
a12Q185Cy, (A) receptors. Data represent the mean + SEM of at least three independent

experiments. The K; values and calculated Hill coefficients are summarized in Table 2.
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Figure Al.4. Flurazepam potentiation of /.54 for wild type o182y, and mutant
GABAAR. Oocytes expressing a,,y2 and mutant receptors were treated with GABA
(ECs) or GABA (ECs) plus 3 uM flurazepam. Flurazepam potentiation response ratio was
determined by dividing the peak current for o>y, and mutant receptors exposed to
GABA (ECs) plus flurazepam by the response to GABA (ECs) alone: [(Igapa+szn/lcasa)
— 1]. Bars represent the mean = SEM of at least three independent experiments and the

solid black bar indicates a value that is significantly different from wild type (p < 0.01).
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Figure A1.5. Effects of MTSEA-biotin on wild type and mutant GABAARs.
Summary of the effects of a 2 min application of 2 mM MTSEA-biotin on wild type
(WT) and mutant receptors. The percent change in /454 after MTSEA-biotin treatment is
defined as: [((Laier/Linitiar) -1) x 100]. Data represent the mean + SEM from at least 3
independent experiments. The black solid bars indicate values that were statistically
different from wild-type values (p<0.002). Inset are representative current traces
demonstrating the effects of MTSEA-biotin (2mM, 2min) on GABA-mediated current
(ECsp) on wild type, and W168C and Q185C containing receptors. The arrows represent
MTSEA-biotin application, and the breaks in the current trace represent the subsequent

wash (5 min).
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Figure A1.6. Rates of MTSEA-biotin modification. (A) Normalized GABA current
responses from aBW168Cy receptors were plotted versus cumulative time of MTSEA-
biotin (0) and MTSEA-biotin coapplied with ECgp.90 GABA (H) or 10mM SR-95531 (A)
and fit with single exponential functions. Data were normalized to the maximal amount
of potentiation of /5454 for each experiment and represent mean + SEM from at least 3
independent experiments. Inset are representative current traces recorded while applying
MTSEA-biotin to afW168Cy receptors. GABA ECy.60 current responses were recorded
before and after successive applications (5-10sec) of MTSEA-biotin (arrows). (B)
Summary of the second order rate constants (k) for reaction of MTSEA-biotin with
mutant receptors in the absence (Control) and presence of GABA, SR-95531 or
pentobarbital (PB). Second order rate constant (k,) are reported in Table 3. ** Values

significantly different than MTS alone (p <0.001).
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Figure A1.7. Effects of pentobarbital on MSTEA-biotin accessibility to apW168Cy
receptors. Summary of the effects of a 2 min application of 2 mM MTSEA-biotin on
B2W168C in the absence (Control) and presence of 600 uM pentobarbital (PB). The
percent change in /454 after MTSEA-biotin treatment is defined as: [((Zypier/Linitiat) -1) X
100]. Symbols represent data from individual experiments; line represents the mean for

each data set.
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Figure A1.8. pQ185C forms an aparent crosslink to aA280C or 7Y292C located in
the adjacent subunit’s M2-M3 loop. WTafy (A) and single mutant receptors
[apQ185Cy (B), aA280CBy (D), and afyY292C (G)] experience minimal perecent
change in Igapa after exposure to a reducing agent (DTT) and oxidizing agent (H2O,).
Whereas receptors with engineered cysteines in two subunits experience significant
perecent increases in Igapa after reduction of putative crosslinks by 10mM DTT
[aA280CBQ185Cy (E,F) and afQ185CyY292C (H, J)]. This effect is reversible upon 2
min exposure to 0.3% H»O, for aA280CBQ185Cy (E), but not for afQ185CyY292C,
which requires a 10 minute incubation in H,O; to restore Igapa to WT levels (K). Panels
C, F, I and L show representative current traces from WT and mutant containing
receptors before and after exposure to DTT and H,O,. Panel J depicts a top down
schematic of the GABAAR illustrating the location of putative crosslinks. All values
come from three or more oocytes from at least two batches. Percent changes calculated
as ((IaaatierdT1/ IgABAbefore)-1) X 100 and ((IgaBaaftern202/ IaBAbefore)-1) X 100.
“indicates statistical difference from WT percent change in Igapa under the same
condition by one-way ANOVA, p <0.01. "indicates statistical difference within

treatments on the same receptor type by t-test, p < 0.05.
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Figure A1.9. Igaga is increased but ECsg is unchanged for aA280CpQ185Cy and
apfQ185CyY292C receptors after exposure to DTT. Representative GABA
concentration-response curves before (O) and after (M) 2min exposure to 10mM DTT for
aA280CBQ185Cy (A) and afQ185CyY292C (B) receptors. Inset panels show averaged
curves for Igapa normalized to max currents demonstrating similar ECsgs before and after

DTT. Averaged curves are from at least three oocytes from two different batches.
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Figure A1.10. Crosslinks at o-p and B-y interface inhibit Lomidate. (A) WTaPy
receptors experience little percent change in ECsg letomdiate after exposure to 10mM DTT
or 0.3% H,0,. (B) Etomidate concentration response was performed to determine
etomidate ECsy. (C) aA280CBQ185Cy receptors experience significant differences in
percent change in Ieomidate between treatments with DTT and H,O,. (E) For
afQ185CyY292C receptors percent change in Ieiomidate increased significantly after DTT
exposure. Panels D and F show representative current traces from mutant containing
receptors before and after exposure to DTT and H,O,. All values come from three or
more oocytes from at least two batches. Percent changes calculated as ((Ietomidate afterpTT/
Letomidate before)- 1) X 100 and ((Letomidateatter1202/ Letomidate pefore)-1) X 100. "indicates
statistical difference from WT percent change in Igaga under the same condition by one-
way ANOVA, p <0.01. "indicates statistical difference within treatments on the same

receptor type by t-test, p < 0.05.
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Figure A1.11. GLIC and ELIC based homology model of the GABA, receptor are in
keeping with crosslinking data. Homology models of a putative crosslink between
aA280 and Q185 (A,C, and E) and Q185 and yY292 (B,D, and F) show variance in
distances between the loop 9 and M2-M3 loop residues. (A, B) Homology models based
on GLIC structure in a presumed closed state (PDB# 3EAM) indicate distances unlikely
to form a disulfide bond. (C,D) Whereas, a model of the GABA receptor based on the
assumed open state ELIC structure (PDB# 2VLO) indicate residues are closer in the
open state and assuming some flexibility of unstructure regions could form crosslinks.
(E,F) A model of the receptor based on the nAChR cryo-EM structure (PDB# 2BG9)
would suggest residues in these regions are very distant and buried in structured regions

unlikely to be flexible enough to form disulfide bonds.
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Table Al.1. GABA ECs)and Hill coefficient values of wild type and mutant

receptors.
Receptor ECso nH n mut/wt ECs
uM

a1B2y2 183+ 1.9 1.4 +0.04 7 1
a1B2(W168C)y 60.4 £ 9.3* 1.7+0.1 3 33
a1B2(R169C)y, 28.7+3.6 1.1+0.1 4 1.6
a1B2(G170C)y 59.9 £ 1.7* 1.0£0.1 3 33
a1B2(D171C) y2 196.3 £ 45* 0.6 +0.02* 4 10.7
a1B2(D172C) y2 83+ 1.1 1.4+0.1 3 0.45
a1B2(N173C)y2 25.5+10.1 1.2+0.1 3 1.4
a1B2(A174C)y, 597.7+ 113.2%* 0.5+0.1%* 3 32.7
a1B2(V175C)y2 264+ 8.1 1.4+0.2 3 1.4
a1B2(T176C)y2 182.3 £ 45.6* 0.6 +0.05* 5 10
a;1B2(G177C)y2 121.5+22.8* 0.7+0.1%* 3 6.6
a1B2(V178C)y2 212+ 2.1 1.6 0.1 3 1.2
a1B2(T179C)y2 320+11.2 1.1+0.1 4 1.8
a1 B2(K180C)y2 146+ 1.5 1.5+0.1 3 0.8
a1 B2(1181C)y2 203+ 6.6 1.6 0.1 3 1.1
a1B2(E182C)y2 239+9.9 1.1+0.2 3 1.3
a1B2(L183C)y2 15.6+4.0 1.0£0.1 3 0.85
a1B2(P184C)y, 239+9.9 1.3+0.03 3 1.3
a1B2(Q185C)y2 50+ 1.3% 0.8+0.1%* 3 0.27

ECsy and Hill coefficient values are expressed as mean + SEM.

*p<0.002, significantly different from control.
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Table A1.2. K; and Hill coefficient values of wild type and mutant receptors.

Receptor K; nH n mut/wt
uM
a1B2y2 0.21 £0.06 1.2+0.03 5 1
a1B2(W168C)y, 0.15+0.04 1.3+£0.2 3 0.7
a1B2(G170C)y2 0.18 £0.05 1.2+£0.02 3 0.9
a1B2(D171C) v2 0.33 £ 0.04* 1.3+£0.2 4 1.6
a1B2(A174C)y2 0.60+0.1* 1.1+£0.0 2 3
a1B2(T176C)y2 0.20 +0.03 1.2+0.03 3 1
a1B2(G177C)y2 0.27 £0.03 1.4+0.1 4 1.3
a132(Q185C)y» 0.13+0.02 1.2+0.1 3 0.6

K; and Hill coefficient values are expressed as mean + SEM.
*p<0.01, significantly different from control.
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Table A1.3. Second-order rate constants (k;) for reaction of MTSEA-biotin with
mutant receptors in the absence (control) and presence of GABA, SR-95531 and PB.

Control GABA SR95531 Pentobarbital
ECs0.90 (10 uM) (500 uM)
Receptor kL, M'sh) kM'sh g ky M's™) n ky, M's™) n
a1BaW168Cy, 130+ 20 3 123+ 6 3 71 £4* 3 N.M.
apV175Cy, 11285+923 3 3621+ 600** 3 3818 £293** 3 5207 £ 768** 3

wB,QI85CY, 3465315 3 1281 + 13%* 3 36274461 3 2607+47 3

MTSEA-biotin concentrations used were different depending on the mutant and are reported in
“Material and Methods”.

N.M. indicate not measured.

Values are the mean + SEM.

* and ** indicate values significantly different from control with p<0.05 and p<0.01.




Table A1.4 GABA ECs) before and after exposure to reducing agent DTT.
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Receptor GABA ECsp ny Imax (nA) n

(UM)
a1 A280CB,Q185Cy; before DTT 37.1£8.1 1.02+0.11 3883+1028 3
a1 A280CB,Q185Cy; after DTT 21.4+£5.8 0.82+0.03 5830+732 4
a1f2Q185Cy,Y292C before DTT 17.3£2.2 1.37+0.13 900+198° 3
a1B2Q185Cy,Y292C after DTT 17.9+1.6 1.12+0.03 3764+1594° 3

Values expressed as mean + SEM.

“significantly different from each other by Students t-test.
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