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Abstract

Epilepsy is among the most prevalent neurological disorders, affecting approximately 1%
of the human population. There are many types of epilepsies, with diverse aetiologies, and many
therapies that target ion channels as a means to combat neuronal hyper-excitability. However, most
anti-epileptic drugs today target a limited number of ion channel types, mainly voltage-gated
sodium and calcium channels. Retigabine is a recently approved anti-epileptic drug that operates
through a novel mechanism of activating voltage-gated potassium channels. Previous research has
established neuronal KCNQ channels as the therapeutic target of retigabine. However, detailed
insights regarding the molecular mechanisms of retigabine action are lacking, such as its mode of
binding, the factors underlying its ability to stabilize channel opening, and the stoichiometry of its
action. A lack of such knowledge hampers the development of more potent and specific channel
openers devoid of side effects associated with this first-generation drug.

The work presented in this thesis utilizes various research techniques to investigate
retigabine pharmacology at a molecular level. In the first objective, retigabine binding to KCNQ3
channels is investigated using unnatural amino-acid mutagenesis. The data pinpoint an essential
hydrogen-bonding interaction that likely occurs between an S5 tryptophan residue and a carbonyl
oxygen moiety present in most KCNQ activating drugs, providing the highest resolution
understanding of the retigabine pharmacophore to date. In the second objective, voltage-clamp
fluorometry is used to track conformational changes of the voltage-sensing domain of KCNQ3
channels. The data illustrate a network of interactions between the voltage-sensing and ion
conducting regions of the channel protein that is dependent on the anionic membrane phospholipid
PIP2; these interactions are not only essential for channel function, but also for retigabine binding

to modulate channel voltage sensing downstream of binding in the pore domain. Finally, using



concatenated KCNQ3 constructs to express channels with variable stoichiometry of retigabine
binding sites, we demonstrate that a minimum of one retigabine sensitive channel subunit is
required for functional pharmacological effects. Overall, this work provides novel insights
applicable to the development of retigabine derivatives with greater therapeutic impact, and

improves our understanding of lipid and drug regulation of KCNQ channels.



Lay Summary

Currently, despite the availability of over 30 anti-epileptic therapies, seizure prevention is
inadequate in approximately 25% of patients. Retigabine is a recently discovered compound
proven to be effective in reducing seizures in patients resistant to previously existing drugs, and it
uniquely operates through a mechanism of opening voltage gated KCNQ potassium channels in
the brain. The research in this thesis explores the detailed mechanisms of retigabine using
advanced approaches in electrophysiology and molecular biology. The experiments reveal that
retigabine interactions with KCNQ channels relies on the formation of a hydrogen bond between
a specific amino acid sidechain in the channel pore region, and an oxygen molecule in the drug.
Additionally, the membrane lipid PIP2 plays an important role in altering channel function in
response to retigabine binding. These findings can be used to guide the development of more

effective drugs for the treatment of epilepsy.
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Chapter 1: Introduction

OVERVIEW

Epilepsy is a condition of recurring, unprovoked seizures and is one of the most common
neurological disorders. Adding complexity to the widespread prevalence of this disease is the fact
that there are many types of epilepsy, which vary in their clinical manifestations. Moreover, the
causes of these epileptic syndromes are seldom determined, only in rare cases when a single gene
is found to underlie a familial disorder. A probable explanation for this observation is that any
mechanism that disrupts the proper temporal and spatial regulation of neuronal communication
has the potential to cause epileptic activity. When considering the vast complexity of our brains in
the context of the number of genetic, epigenetic, and environmental players governing its activity,
the possible permutations leading to electrical disorders seem limitless. This notion is supported
by a recent study demonstrating a lack of detectable genotypic discrepancy between healthy and
epileptic individuals (Klassen et al., 2011), likely underlying some of the challenges involved in
devising appropriate therapeutic interventions.

In terms of sheer numbers, the therapeutic toolkit for preventing epileptic seizures is large,
with approximately 30 compounds approved for use. However, the diversity in the electrical
signaling mechanisms targeted by these drugs is lacking, and this is suggested to be a reason for
the continued persistence of drug-resistant epilepsies which account for approximately 30% of
epilepsies (Kwan and Brodie, 2000). In a broad sense, the current therapeutic strategy for seizure
prevention is to modulate membrane proteins that regulate neuronal excitability. Blockade of
voltage-gated sodium and calcium channels and enhancement of GABA signaling are the primary
mechanisms utilized by currently prescribed first-line, broad spectrum anti-epileptic drugs (AEDs),

such as carbamazepine and sodium valproate.



In 2011, after multiple clinical trials to assess efficacy in patients with drug-resistant partial
epilepsy, retigabine became the first voltage-gated potassium (Kv) channel activator approved for
human use, and the first AED to operate on Ky channels(Brodie et al., 2010; Porter et al., 2007).
In the decade following the discovery that retigabine alters potassium conductance in neurons
(Rundfeldt, 1997), studies demonstrated that retigabine specifically activates neuronal KCNQ
channels to hyperpolarize neurons and suppress excitability (Main et al., 2000; Rundfeldt and
Netzer, 2000; Wickenden et al., 2000). Furthermore, genotyping studies have identified congenital
forms of epilepsy and neurological disorders caused by mutations in KCNQ2 and KCNQ3
genes(Lerche et al., 2013), providing a basis for understanding the physiological importance of
these channel types. Such knowledge regarding the genetic underpinning of different epilepsies
may eventually contribute to the development of more effective strategies for deploying KCNQ
channel openers in clinical settings, and necessitates expanding our knowledge of their
mechanism(s) of action.

In contrast to the large number of reports investigating effects of retigabine in animal
models of disease, relatively few studies have targeted the molecular mechanisms of this drug or
its many emerging analogs. Understanding the principles underlying activity and specificity of
retigabine towards KCNQ channels may accelerate the development of compounds with enhanced
potency, specificity and ultimately, improved therapeutic applications. There is no better
indication for the need for such compounds than recent news from GlaxoSmithKline announcing
intentions to discontinue retigabine production, due to a lack of commercial success. Unpleasant
symptoms caused by off-target effects of retigabine may have contributed to low patient adherence

and a decline in its popularity as an adjuvant therapy. Furthermore, its novelty and limited proven



efficacy in a wide range of conditions (compared to other established AEDs), may have prevented
it from being adopted into entrenched AED prescription practices.

The general approach taken to investigate retigabine pharmacology in this thesis was to
apply a combination of electrophysiology, chemical biology, and fluorometric recording
techniques to probe different facets of drug action. This introductory chapter will cover the
physiological roles and regulatory mechanisms of KCNQ channels, with a particular emphasis on
neuronal KCNQZ2/3 channels which are the primary therapeutic target of retigabine. The current
knowledge regarding the pharmacology of these channels and the molecular mechanisms of
retigabine will be discussed to illuminate the gaps in knowledge that we set out to address in our

studies.

KCNQ CHANNELS

Discovery of KCNQ, or “M” channels

As early as 1968, scientists recognized the existence of slow post-synaptic potentials that
were elicited in the absence of an increase in membrane conductance (Kobayashi and Libet, 1968).
In these early studies, recordings from curarized ganglionic preparations from rabbit and frogs
demonstrated the generation of slow EPSPs that were distinct from the well characterized fast
EPSPs associated with activation of nicotinic acetylcholine receptors. Weight and Votaya showed
that the reversal potential of this slow EPSP coincided with that of the after-hyperpolarization and
that changing extracellular chloride concentration had no appreciable effect, which lead them to
propose that the most plausible mechanistic explanation for slow EPSPs was a decrease in the
post-synaptic membrane conductance to potassium (1970).

In 1980, through a set of carefully devised electrophysiological measurements, Brown and

Adams showed that in frog sympathetic ganglia, muscarinic stimulation leads to blockade of a K*



current that is distinct from TEA"-sensitive A-type current (Brown and Adams, 1980). In this
seminal paper, they revealed some features of this current, which they coined “M-current”, now
viewed as hallmarks of neuronal KNCQ channel function: activation at subthreshold potentials, a
lack of inactivation, and that muscarinic inhibition leading to diminished current levels (but not
altered voltage-dependence). They proposed that M-current is involved in regulating the firing
frequency of neurons in a stimulus-dependent and muscarinic receptor regulated fashion, laying
the foundations for our current understanding of M-channels.

The gene(s) encoding M-currents were not identified until the late 1990s. In 1996, the
KvLQT1 gene was discovered, named in reference to its role in causing acquired forms of long-
QT syndrome (Wang et al., 1996). In today’s nomenclature, KvLQT1 is referred to as KCNQ1, or
Kv7.1, and represents the first identified member of the KCNQ family of voltage-gated potassium
channels. KCNQL1 is arguably the most unique member of this ion channel family. Often referred
to as the ‘cardiac isoform’, it is the only KCNQ channel expressed in the heart, where it is crucial
for cardiomyocyte repolarization. KCNQ1 channels do not form heteromeric ion channel
complexes with other KCNQ types, but associate with non-pore forming auxiliary KCNE subunits
that regulate channel function (Barhanin et al., 1996; Sanguinetti et al., 1996; Schroeder et al.,
2000a). Importantly, KCNQZ1 is the only isoform that is insensitive to the action of retigabine
(Schenzer et al., 2005), allowing the drug to be devoid of cardiac toxicity. This feature also plays
an important role in scientific developments leading to the elucidation of the retigabine binding
site, and will be revisited when discussing retigabine pharmacology.

KCNQ2 and KCNQ3 genes were subsequently discovered and classified based on
homology to KCNQ1, and accompanied by data revealing that mutations in these genes were

present in patients with benign familial neonatal convulsions (BFNC, or BFNS)(Biervert et al.,



1998; Charlier et al., 1998; Singh et al., 1998). This condition is characterized by infantile seizures
that occur within the first weeks of life, followed by an increased susceptibility to epilepsy during
adulthood in otherwise normal individuals. These hallmark symptoms of BFNC highlight the
subtle involvement of KCNQ2/3 in the developing brain, and how neuronal plasticity can
neutralize the impact of aberrant channel function. There are over 35 mutations in KCNQ2 and
KCNQ3 that account for the majority of BENC cases; interestingly, the majority of these mutations
are in KCNQ2, and possible reasons for this will be discussed later.

Similar to the identification of previous KCNQs based on associations to known hereditary
disorders, KCNQ4 was later discovered by using KCNQ3 fragments to probe for novel genes
implicated in acquired deafness (Kubisch et al., 1999). In this study, KCNQ4 transcripts were
found in cochlear and vestibular tissue, consistent with its implication in hearing loss, as well as
in the brain at lower levels. Genetic mapping of KCNQ4 resulted in overlap with a DFNA2 locus
in chromosome 1, which is linked to a form of autosomal dominant non-syndromic hearing loss
(Coucke et al., 2010). Screening of families affected by dominant deafness revealed one particular
French family in which all deaf individuals possessed a copy of a missense mutation resulting in
a serine residue in place of the first glycine in the K" channel trademark “GYG” consensus
sequence. Expression of KCNQ4 channels carrying this mutation in cells imposes a dominant
negative phenotype which likely contributes to the gradual loss of hearing in these patients.

Finally, KCNQ5 channels were identified and characterized to complete the family of
KCNQ voltage-gated potassium channels that we are familiar with today (Lerche et al., 2000;
Schroeder et al., 2000b). Unlike KCNQ1-4, mutations in KCNQ5 have not yet been identified in
patients with disorders of excitability, despite several lines of evidence suggesting that it may fulfil

similar physiological functions. For example, KCNQS5 transcripts are found in most brain regions



(Schroeder et al., 2000b), and electrophysiology experiments indicate that KCNQ5 channels
assemble with KCNQ3 to produce highly expressing channels with functional characteristics
similar to classical KCNQ2/3 “M-channels” (Lerche et al., 2000). It is a possibility that the
expression of KCNQ5 in the brain is redundant beyond more subtle functions that it may provide
that are yet to be understood, and that it’s more significant functions may lie in vascular and other
smooth muscle tissues, where it is also detected in the absence of KCNQ2 or KCNQ3 (Jepps et al.,
2009, 2009; Ng et al., 2011).

With respect to the “M-Current” identified and characterized by Brown and Adams (1980),
it is now accepted that the principal contributors to this K* current are heteromeric ion channels
consisting of KNCQ2 and KCNQ3. Several lines of evidence suggests this to be the case: the
pharmacological sensitivity of M-current in SCG neurons to channel blockers matches the
sensitivity of KCNQ2/3 heteromers expressed in Xenopus laevis oocytes, but not KCNQ2
homomers (Wang et al., 1998). KCNQS3 subunits alone are unable to form functional channels,
but its expression in neurons coincides with the expression of KCNQ?2, and it has been shown that
either of the two subunits can be co-immunoprecipitated along with the complementary subunit
(Cooper et al., 2000; Schroeder et al., 1998). Numerous studies, including experiments done in
our lab, demonstrate that co-expression of KCNQ2 and KCNQ3 increases currents by an order of
magnitude relative to expression of KCNQ2 alone. Based on these findings, heteromeric channels
consisting of KCNQ2 and KCNQ3 are expected to give rise to the majority of M-current in the

nervous system.

KCNQ channel structural overview and evolutionary origins
It is interesting to note that the KCNQ family was the last major family of voltage-gated

ion channels to be discovered (Cooper, 2011). What distinguishes KCNQ channels from other



known voltage-gated K* channels and what similarities do they share? In terms of overall
architecture, KCNQ channels possess six transmembrane domains that contain the voltage-sensing
(S1-S4) and pore forming (S5-S6) domains (Fig. 1.1), with close homology to the transmembrane
segments of other Ky channels. Beyond these similarities, there is considerable divergence in the
sequences of the C- and N- termini, which account for some of the unique properties of KCNQ
channels. Unlike Kvl - Kv4 channels, KCNQ channels lack N— terminal T1 tetramerization
domains, which enable assembly and heteromerization within Kv1-4 channel subfamilies (Xu et
al., 1995). Instead, KCNQ channels possess a C-terminal stretch of ~100 amino acids referred to
as the “A-domain” which contains residues that enable the formation of coiled-coil structures
within homomeric and heteromeric channels of specific KCNQ composition (Schwake et al., 2003,
2006). Chimeras of KCNQ1 channels possessing the C-termini of KCNQ2 and KCNQ3 channels
can form functional channels with WT KCNQ2/KCNQ3 subunits, revealing the importance of this
domain in subunit assembly (Schwake et al., 2003). Furthermore, the large C-terminus of KCNQ
channels (300-500 residues long) encodes regions that enable channel interactions with
AKAP79/150, PKC, calmodulin, PIP2, and ankyrin-G (in KCNQZ2/3) (Haitin and Attali, 2008).
These interactions are vital for proper channel function and will be discussed later in detail.

In an effort to understand the possible physiological consequences of the emergence of
unique KCNQ-channel features, Pan et al. (2006) investigated the evolutionary origins of KCNQ
channels by comparing KCNQ sequences obtained from various organisms. Specifically, they
were curious with regards to the origin of the ankyrin-G binding domain present in KCNQ2/3
subunits, which is homologous to a motif in the intracellular loop between domains Il and Il in
Nav channels (Fig. 1.1). While this domain appears to have emerged in Nav channels before the

appearance of chordates (spinal organisms), KCNQ channels acquired this property much later



through convergent evolution. In models of early vertebrates, such as the sea lamprey, KCNQ1,
KCNQ4 and KCNQ5 orthologues exist but not KCNQ2/3, and neurons are also unmyelinated; it
appears that a KCNQ4 gene duplication event lead to the emergence of a new KCNQ gene which
evolved a C-terminal domain that interacts with ankyrin-G, followed by another gene duplication
event resulting in KCNQ2 and KCNQ3 in a common ancestor of modern jawed vertebrates
(Cooper, 2011). Indeed, KCNQ2/3 is only present in jawed vertebrates and coincides with the
emergence of myelinated axons and saltatory conduction. The excitozone hypothesis postulates
that the emergence of ankyrin-dependent axonal clustering of Nav channels was critical for the
development of larger, more complex brains in chordates (Cooper, 2011). Similarly, it is
presumable based on evolutionary evidence that the ability to target KCNQ channels to critical
regions of neurons through ankyrin-G interactions was important for the evolution of novel

neuronal mechanisms in extant jawed vertebrates, including humans.
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Figure 1.1: Defining features of M-channels. (A) KCNQ2/3 subunits assemble to form a transmembrane structure
resembling canonical K, channels consisting of voltage sensing (S1-S4) and pore forming (S5-S6) domains.
Sensitivity to regulation by various endogenous signalling pathways, such as Gq-protein coupled M1 muscarinic
receptors, and their positioning at axon initial segments (B) and nodes of Ranviers, enable these channels to play a
unique role in the control of neuronal excitability.

Dendritic inputs

Knockout studies reveal critical roles of KCNQ2/3 genes

Several knock-out and knock-in studies have highlighted the broad importance of
KCNQ2/3 channels, adding sophistication to the early understanding that their dysfunction can
cause neonatal epilepsy (Peters et al., 2005; Soh et al., 2014; Watanabe et al., 2000). From these
studies, coupled with our understanding that only a moderate loss of M-current activity can lead
to BFNC (Schroeder et al., 1998), it can be inferred that highly disruptive mutations in KCNQ2
genes are likely to be lethal or result in rare, but significant forms of neurological defect. Indeed,
the first KCNQ knock-out study by Watanabe et al. (2000) showed that homozygous knockout of
KCNQ2 genes in mice results in immediate post-natal lethality. Surprisingly, complete knockout
of KCNQ3 produces viable mice, but the neurological characteristics of these mice have not been
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analyzed in detail (Tzingounis and Nicoll, 2008). In a study employing a more subtle approach to
disturb M-current expression in mice using inducible expression of a dominant negative KCNQ2
allele, Peters et al. (2005) showed that a substantial loss of M-current causes epilepsy, behavioral
hyperactivity, and morphological changes in the hippocampus causing impaired learning. By
inhibiting expression of the dominant-negative KCNQ2[G279S] allele during a short post-natal
time period, they were able to demonstrate that many of these deficits can be attributed to aberrant
hippocampal development that occur in early stages of life, a finding that is consistent with the
fact that mild loss of KCNQ function in humans typically manifests as infantile seizures.

More recently, Soh et al. (2014) generated mice in which KCNQ2 and KCNQ3 genes were
selectively knocked out in pyramidal neurons using the Cre/loxP approach, and showed that
KCNQ?2 but not KCNQ3 knockdown in these cells caused death in nearly all mice by the third
week of life. Electrophysiology recordings from pyramidal CAl hippocampal neurons
demonstrated that KCNQ2 knockdown had a far greater impact on reducing M-current expression,
resulting in a dramatic rise in excitability that is not observed after KCNQ3 knockdown. Loss of
KCNQ2 expression in these neurons caused a reduction in not only KCNQ3 levels but also
KCNQD5, which is surprising given other evidence demonstrating that KCNQ2 is not likely to co-
assemble with KCNQ5 (Schroeder et al., 2000b). This suggests that the loss of KCNQ?2 and its
impact on neuronal excitability may alter the expression of related ion channel genes, but how this
may occur is unclear. The results of this study however, suggest that while KCNQ3 genes are
important (and it is likely that a more careful examination of KCNQ3 KO mice will reveal more
subtle neurological defects), KCNQ2 genes are indispensable for proper control of neuronal

excitability, and required for life.
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Physiological roles of M-channels in different neuron types

The presence of a unique C-terminal ankyrin-G binding domain in KCNQ2-3 channels
hints at the physiological roles these proteins have adapted to serve in jawed vertebrates. This
domain positions KCNQZ2/3 channels at specific neuronal locations, specifically the axon initial
segment (AID) and Nodes of Ranvier (Pan et al., 2006), where they are predicted to play important
roles in neuronal excitability. However, unlike KCNQ1 and KCNQ4 subunits which are
predominantly expressed in the heart and ear respectively, KCNQZ2/3 subunits display a broad
pattern of expression throughout the CNS and PNS, with transcripts identified in sympathetic
neurons, sensory neurons, and extensively throughout the brain (Brown and Passmore, 2009;
Wang et al., 1998). The expression of M-channels in these neurons of diverse function is likely to
exert similar, overlapping effects on their electrical properties; however, differences in how these
channels contribute to neuronal function are likely to arise depending on the specific cellular milieu
of other ion channel types, regulatory receptors, and second messengers. The emergence of
retigabine and selective KCNQ blockers such as XE-991 has enabled further dissection of neuronal

currents and have aided in elucidating some specific functions of M-channels.

M-channels in sympathetic neurons

In sympathetic neurons, where M-currents were first identified based on their sensitivity to
muscarinic agonists (Brown and Adams, 1980), it is well established that the presence of
KCNQ?2/3 channels regulate the firing properties of neurons in response to depolarizing stimuli,
with muscarinic inhibition of these channels causing increased neuronal excitability and a shift
from phasic to tonic firing patterns in response to excitatory stimuli (Brown and Passmore, 2009).
Analysis of sympathetic neurons isolated from different ganglia show that the baseline firing

properties of these neurons in terms of displaying phasic versus tonic firing in response to a

11



depolarizing stimuli can be accounted for by differential expression levels of M-current (Wang
and McKinnon, 1995). Basic KCNQ2/3 channel properties such as their slow activation and
deactivation, lack of inactivation, and activation at sub-threshold potentials enable a clear
conception of how the recruitment of these channels in response to neuronal excitation would
allow for this; indeed, computational modelling studies show that recruitment of outward M-
currents upon neuronal depolarization raises the subsequent threshold for the neuronal firing,
explaining the phasic adaptations displayed in neurons with sufficient M-current density (Wang
and McKinnon, 1995; Zaika et al., 2006).

The modulation of M-channels in sympathetic neurons is not only limited to cholinergic
signaling pathways, but to other endogenous receptor/ligand systems that are coupled through Gq
signaling pathways. For example, Zaika et al. (2006) showed that application of angiotensin Il to
cultured superior cervical ganglion neurons results in neuronal depolarization, increased AP firing
and reduced spike frequency; these effects were antagonized by PLC inhibition and upregulation
of PIP2, demonstrating a mechanism of M-channel inhibition very similar to M1 receptor
activation. Additionally, bradykinin (Cruzblanca et al., 1998) as well as ATP (Akasu et al., 1983)
have been shown to enhance sympathetic neuron excitability through the inhibition of M-currents.
These examples highlight the diversity in the pathways that can regulate M-currents through a

convergent mechanism of PIP2 hydrolysis.

M-channels in sensory neurons

Several studies have implicated M-currents in regulating sensory signal transduction.
Recordings from dissociated neurons from a dorsal root ganglion (DRG) preparation revealed the
presence of M-currents sensitive to blockade by XE-991 and potentiation by retigabine in various

sensory neuron types (Passmore et al., 2003a). In this study, retigabine attenuated the excitatory

12



response of the dorsal horn in response to the stimulation of Ad and C-type fibers, afferents
responsible for the sensation of noxious stimuli. Consistent with the expression of M-channels in
DRG sensory neurons is the efficacy of retigabine in attenuating pain responses evoked
peripherally through various methods (Du et al., 2014; Hayashi et al., 2014; Passmore et al.,
2003b). Du et al (2014) demonstrated that M-currents make a significant contribution to the resting
potential of DRG cell bodies by using selective blockers and channel openers, and proposed that
the regulation of M-currents at the t-junction of sensory neurons may play a role in regulating the
threshold of axon potential propagation from distal axons to the spine. Interestingly, another study
demonstrated that injection of retigabine directly into the paw of rats attenuates pain induced by
formalin (Hayashi et al., 2014), suggesting an involvement of M-channels throughout the length
of the sensory neuraxis. In these studies, retigabine induced M-current upregulation silenced
neurons to attenuate pain responses, but they did not demonstrate that M-currents are involved in
normal sensory processing. This issue may be addressed by the demonstration that XE-991
application enhances the firing of Ad afferent fibers in response to thermal or mechanical stimuli
in skin (Brown and Passmore, 2009), and enhances baroreceptor discharges in response to
increasing intra-aortic pressure (Wladyka et al., 2008). Collectively, these studies demonstrate that
KCNQ?2/3 channels are involved in the physiology of sensation, and suggest that targeting these

channels for anti-pain therapy may be viable.

M-channel functions in CNS neurons

Much of what is known regarding the role of KCNQ channels in the brain has been
determined based on electrophysiology experiments from rat hippocampus in vitro. From these
experiments, the contribution of M-current to the firing properties of neurons has been

characterized, and these mechanisms are generally assumed to be at play where KCNQ channels
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are expressed. In the brain, KCNQ2/3 subunits appear to the primary constituents of M-currents;
however, there is evidence that KCNQ5 channels also contribute as homotetramers (Huang and
Trussell, 2011) or in complex with KCNQ3 (Shah et al., 2002). There are three ‘classic’ examples
of how M-channels control neuronal firing patterns in hippocampal neurons (Brown and Passmore,
2009); they promote a decrease in firing frequency in response to a depolarizing stimuli (tonic to
phasic conversion), they prevent burst firing in response to a single short depolarizing stimulus
(by inhibiting the after-depolarization), and their activation in the sub-threshold range contributes
to the RMP, and threshold for AP firing. Interestingly, it was shown that disrupting the targeting
of KCNQ2/3 channels to the AIS by injecting a peptide that competes with channel binding to
ankyrin-G results in enhanced neuronal excitability that cannot be explained by M-current
inhibition alone (Shah et al., 2008), demonstrating that the relative AlS-somatic distribution of
these channels also governs neuronal excitability.

In CNS and PNS neurons, KCNQ mediated currents contribute to the apamin-insensitive
medium afterhyperpolarizations following action potentials (mAHP), and it is the presence or
absence of this repolarizing influence that largely influences the firing processes described above.
The relative contributions of M-currents to the mAHP of neurons is cell-type specific; for example,
in CAL hippocampal pyramidal neurons there is strong evidence that they are the primary
constituent of I(MAHP)(Gu et al., 2005; Yue and Yaari, 2004), whereas SK channels have been
demonstrated to predominantly mediate mAHPs in other neuron types, such as in neocortical
pyramidal neurons (Abel et al., 2004). Furthermore, the relative contribution of KCNQ?2, 3, and
even 5 subunits to these currents is cell type dependent(Tzingounis et al., 2010), and their levels

are likely to be regulated not only by cell-specific transcription factors, but by reciprocal feedback
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mechanisms, as selective knockdown of KCNQ2 or KCNQ3 subunits alone did not appreciably
inhibit I(mAHP) in hippocampal pyramidal neurons (Tzingounis and Nicoll, 2008).

It is also worth noting that in addition to the influence of KCNQ channel expression on
how neurons respond to stimuli, the basic oscillatory firing properties of neurons in vivo is also
affected. In mice expressing dominant negative KCNQ?2 alleles, the resonance frequency of
neurons in the hippocampus is shifted towards lower frequencies (Peters et al., 2005). As KCNQ
channel expression is found to be concentrated at sites that control neuronal rhythm and
synchronization (Cooper et al., 2001), it is reasonable to hypothesize that the distinct voltage and
kinetic properties of these channels are utilized by neurons to conduct complex neuronal processes.

Finally, there is emerging evidence that KCNQ channels also contribute to the slow
afterhyperpolarization (sSAHP)(Kim et al., 2016; Tzingounis and Nicoll, 2008), which is a calcium
induced current whose identity is still under debate. An enticing mechanism proposed by these
studies is that calcium influx following AP increases membrane PIP2 levels through the action of
hippocalcin, and subsequently, increased PIP2 levels shift the voltage-dependence of KCNQ2/3
channels so that they can operate at the more hyperpolarized voltages at which SAHPs take place.
If this mechanism holds true, then this is an amazing example of how the multi-modal regulation
of KCNQ channels by voltage and PIP2 can produce temporally distinct but related effects on AP
waveforms and neuronal excitability (mediating both mAHP and SAHP after the same depolarizing

stimulus).

Speculated roles of M-channels in neuronal circuits
Given knowledge of their widespread expression in the brain and in many different neuron
types, the impact of cholinergic neurons on excitability in vivo, indirectly through the modulation

of KCNQ channels, is likely to play an important role in certain processes. For example, it is
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known that increased activity of cholinergic neurons from the forebrain can increase the activity
of various cortical circuits; for example, parallel stimulation of cholinergic afferents enhances the
sensitivity of direction-sensing neurons of the visual cortex (Delmas and Brown, 2005). Such
increases in activity may, in part, be due to the enhanced neuronal excitability following
muscarinic receptor activation, and downregulation of M-currents. Alternatively, degradation of
the cholinergic neurons, such as in Alzheimer’s disease, may lead to cognitive decline due to
downstream M-channel-mediated neuronal silencing (Delmas and Brown, 2005). While these
physiological processes are likely to be true to a certain extent, there are few studies that have
investigated specific roles for KCNQ channels in neuronal circuits in vivo.

An example is the examination of the impact of KCNQ channel block in the retrotrapezoid
(RTZ) nucleus of rat brain (Hawryluk et al., 2012), a region that is responsible for regulating
breathing in response to COz2 levels. In this study, the authors demonstrate that administering XE-
991 into the RTZ nucleus of live rats causes an increase in breathing that is reminiscent of what is
observed upon administration of serotonin in this region (Mulkey et al., 2007). Serotonin release
from raphe nuclei that innervate this region is thought to regulate breathing in addition to CO2/pH
dependent chemo-sensation. The authors found that KCNQ channel block in the RTZ nucleus
blunts its response to serotonin, resulting in reduced serotonin induced phrenic nerve discharge
and breathing activity. Based on these findings it is hypothesized that post-synaptic activation of
serotonin receptors causes a Gq mediated PIP2 depletion and subsequent KCNQ channel closure
and increased RTZ neuron activity.

Another study revealed the involvement of KCNQ channels in signaling processes
regulating motor function in the substantia nigra (Shi et al., 2013). Specifically, it was found that

the activation of dopaminergic neurons in this region by the peptide hormone ghrelin, can be
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antagonized by KCNQ channel block with XE-991. Inhibition of the PLC-PKC pathway induced
by activation of the ghrelin receptor GHS-R1a attenuated the ghrelin response, suggesting that
ghrelin produces an inhibition of KCNQ channels through PLC-PKC that leads to neuronal
excitation. Interestingly, PKC inhibition alone leads to a complete inhibition of ghrelin effects
suggesting that it is phosphorylation, rather than PIP2 depletion, which leads to KCNQ channel
inhibition. In a model of Parkinson’s disease where haloperidol induces symptoms of motor
impairment, administration of either ghrelin or XE-991 into the substantia nigra provided the same
therapeutic effects, suggesting that these mechanisms play a role in the physiology of motor control.

These examples highlight only a few of likely many receptor-mediated pathways that
influence KCNQ channel function in order to regulate neuronal excitability to produce specific
physiological functions. Numerous studies have been conducted to elucidate the molecular
mechanisms of how activation of these pathways lead to functional effects on the ion channel

protein. In the next sections, these mechanisms will be discussed.

Mechanism of KNCQ channel regulation by PIP-

After the identification of KCNQ channels as the muscarine-sensitive K* current, the
elucidation of mechanisms involved in receptor mediated channel closure remained elusive for
some time. First, the accumulation of evidence demonstrating that M-currents are impacted by
receptors that are coupled to the pertussis toxin-insensitive Gq class of G-proteins (Haley et al.,
1998; Pfaffinger et al., 1988), suggested that Gq mediated activation of PLC is involved this
mechanism. PLC depletes PIP2 and releases the diffusible second messengers IPs and DAG;
therefore, subsequent research investigated the role of these messengers in muscarinic-receptor
coupled KCNQ current rundown (Beech et al., 1991; Rio et al., 1999). The general conclusion

from these studies was that these messengers are not necessary for coupling muscarinic receptor
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activation to KCNQ channel inhibition, leaving the possibility that PIP2 depletion itself, or direct
interactions of these channels with G protein subunits, may be responsible. The emergence of
inward rectifying K* channels being gated by PIP2 and Gy subunits (Huang et al., 1998; Shyng
and Nichols, 1998), made it seem plausible that similar mechanisms might be involved in the
gating of M-channels.

Later experiments showed that recovery of M-currents from muscarinic inhibition can be
attenuated by blocking the re-synthesis of PIP2 by applying nonhydrolyzable ATP analogs or
blocking the activity of Pl 4- kinases, and that PIP: itself can activate these channels (Suh and
Hille, 2002; Zhang et al., 2003), providing strong evidence that PIP2 is indeed the gating modifier
coupling muscarinic receptor activation to channel closure. However, these studies did not
completely rule out the possibility that PKC activation or a rise in Ca?* was still playing a role. To
rule out the contribution of these factors, the Hille lab (Suh et al., 2006) applied a rapamycin-
induced enzyme translocation system to rapidly alter PIP2 levels without affecting intracellular
[Ca?*] or other second messengers, and demonstrated that PIP2 depletion itself is sufficient to gate
M-channels. Since this study, the emergence of voltage-sensitive phosphatases as a means to
deplete PIP2 with voltage has become an important tool for studying interactions of KCNQ
channels with PIP2. In a study analyzing the kinetics of PIP2 metabolism and regulation of
KCNQ?2/3, it was concluded that the mean residence time of PIP2 with a channel subunit is <10ms
and does not limit the rate of current rundown produced by VSP or PLC, which deplete PIP2 via
hydrolysis of the 5” phosphate or by removal of the IP3 head group, respectively (Falkenburger et
al., 2010).

With the establishment that PIP2 is a critical determinant of KCNQ channel function,

numerous studies have investigated how PIP2 is involved in molecular mechanisms of channel
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gating. Despite earlier discussions on the determination of PIP2-dependent gating of neuronal
KCNQs, it is worth mentioning that the importance of PIP2 in gating KCNQ1 channels also
emerged in parallel (Loussouarn et al., 2003; Zaydman and Cui, 2014; Zaydman et al., 2013). In
particular, studies of KCNQ1 channel interactions with PIP2 have been important in revealing the
potential aspects of channel gating that may be affected, providing a template for investigation of
differences in PIP2 modulation of other KCNQ channel isoforms.

The general consensus on the effect of PIP2 on KCNQs is that it is necessary for opening
of the gated pore in these channels. The rundown of inside-out patch recordings that is reversible
or delayed with exogenous PIP2 (Loussouarn et al., 2003; Zhang et al., 2003), as well as
demonstration that KCNQ2-5 single channel conductances are not impacted by PIP2 while open
probability approaches zero in its absence (Li et al., 2005), suggest that PIP2 has a role in
stabilizing conformations that are necessary for pore opening. While KCNQ channels are voltage-
gated, the impact of PIP2 on the voltage-dependent gating appears to vary depending on KCNQ
isoform. Loussouarn et al. (2003) show that PIP2 can shift the voltage-dependent activation of
KCNQ1+KCNEL channels by ~12 mV in the hyperpolarizing direction, but there is little evidence
that PIP2 levels affect the voltage-dependent gating of KCNQ2/3 subunits (Zaydman and Cui,
2014). It is safe to say that while PIP2 may impact channel voltage sensing, it is not the primary
means of channel modulation. Utilizing the voltage clamp fluorometry technique to study bi-
directional effects of PIP2 on the voltage-sensing domain and pore in KCNQ1 channels, Zaydman
et al. (2013) provide a quantitative model in which PIP2 allosterically couples the voltage-sensing
domain with the pore gate: in the absence of PIP2 the active VSD is no longer able to influence

pore opening, and vice versa.
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What are the structural determinants of PIP2 binding and regulation of KCNQ channels?
The positioning of negatively charged phosphate groups of PIP2 in the inner membrane, as well as
the fact that the cytosolic domains (S2-S3 linker, S4-S5 linker, C-terminus) of all KCNQ channels
are rich with basic residues, many of which are highly conserved, suggest that electrostatic
interactions between PIP2 and these residues may be essential for channel opening. Crystal
structures of the PIP2 binding in inwardly rectifying Kir2.2 and GIRK channels (Hansen et al.,
2011; Whorton and MacKinnon, 2011) clearly reveal how such interactions may stabilize
conformations leading to the opening of homologous gates in KCNQ channels.

With this notion, several groups have performed experiments using site-directed
mutagenesis and chimeric approaches to elucidate how KCNQ channels might interact with PIP2
(Hernandez et al., 2008; Zaydman et al., 2013; Zhang et al., 2003, 2013; Zhou et al., 2013). The
general conclusion that can be drawn from these studies is that there is a distribution of basic
residues throughout the cytosolic domains in these channels which are involved in enabling
channel-PIP2 interactions, as well as facilitating the coupling of the VSD and PD. In particular,
charges located in the S2-S3 linker, S4-S5 helix/linker region as well as at the proximal C-terminus
appear to be critical as singular charge neutralizations at many of these sites results in a significant
loss of current expression and PIP2 affinity (Zaydman et al., 2013; Zhang et al., 2013; Zhou et al.,
2013). In KCNQ1, Zaydman et al. (2013) identified eight residues in this region that lead to near
complete loss of pore function, but a comprehensive scan in KCNQ2/3 has not yet been performed.

In KCNQ2/3 subunits, the region separating the A-B helices in the more distal C-terminus
have been implicated in facilitating channel-PIP2 interactions as neutralization of basic residues
here also leads to reduced PIP2 affinity and channel function (Hernandez et al., 2008). However,

combined charge neutralizations in this region have a weaker effect on channel function than the
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singular mutations mentioned above, and a more recent study (Aivar et al., 2012) demonstrates
that removal of this entire region in KCNQ2 still results in functional channels, albeit with a
reduced open probability. Taken together, it seems likely that the primary PIP2 interaction residues
that determine pore opening and coupling lie at the VSD-PD interface defined by the cytosolic
regions of the VSD and the proximal C-terminus, and that charged residues in the distal C-terminus
may be involved in minor interactions with PIP2, or more likely, facilitate channel functioning by
other binding partners that exert effects via C-terminal interactions.

There is also a wide range of apparent PIP2 affinity among the different KCNQ subunits.
KCNQ3 subunits display di-C8-PIP2 sensitivity that is an order of magnitude higher than KCNQ2
or KCNQ4 subunits (Li et al., 2005; Telezhkin et al., 2012a). Interestingly, application of PIP2 to
excised patches expressing KCNQ2/3 heteromeric channels clearly shows a biphasic increase in
current, which can be explained by channel opening in response to PIP2 interactions with KCNQ3
subunits at lower concentrations, followed by lower affinity interactions with KCNQ2 enabling
maximal channel activation by PIP2 (Telezhkin et al., 2012a). Single channel analyses of KCNQ2
vs KCNQ3 homomeric channels reveal that the native on-cell open probability is much greater in
KCNQ3 vs KCNQ2 (0.9 vs 0.11, respectively)(Li et al., 2004), and application of PIP2 upon patch
excision causes a marked increase of open probability in KCNQ2(L.i et al., 2005); however, open
probability does not reach unity at saturating levels of PIP2, suggesting that in addition to differing
PIP2 affinities, the PIP2-dependence of pore coupling to voltage-dependent activation also differs
between KCNQ subtypes. These results are also quite thought provoking, suggesting the
hypothesis that variable expression of KCNQ subtypes in different neurons (for example the

selective expression of KCNQ5 homomers in CA3 vs CAL hippocampal neurons(Tzingounis et
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al., 2010)) may be a method of regulating the impact of PIP2 on M-currents, thereby fine tuning
the effects of receptor mediated excitation.

Finally, another study performed in the Brown lab (Telezhkin et al., 2012b) investigated
the structural determinants of PIP2 that are important for its stabilizing effects on the channels, by
analyzing the ability of lipids with varying lipid tail and headgroup composition to open KCNQ2/3
channels in excised patches. This study demonstrates that at a minimum, a lipid tail anchor and
one negatively charged phosphate in the headgroup is required for channel activation. A
monophosphate presented by a sphingosine or fingolimod lipid headgroup was less effective than
P1(4)P. Furthermore, PI(4)P is less potent than PI(4,5)P2, which is equally potent to PI(3,4,5)Ps.
This study supports the notion that PIP2 is the primarily lipid regulator of these channels, and that
the KCNQ channel architecture has evolved to detect and respond to PIP2 in a manner that is
sensitive, but only enough to operate within the range of typical endogenous levels of PIP2 to

enable dynamic regulation.

Regulation by CaM/Ca?*and AKAP5/PKC signalling

An early indication that M-channels can be modulated by cellular processes other than
direct hydrolysis of PIP2 was the observation that bradykinin-induced inhibition of KCNQ2/3
currents can be inhibited by IP3 receptor block, internal calcium buffering, or depletion of internal
calcium stores (Cruzblanca et al., 1998). In 2002, multiple groups released their findings that the
C-terminal region of KCNQ?2 interacts with calmodulin (CaM) and that two domains that resemble
IQ and 1-5-10 CaM binding motifs (now often referred to as helix A and B) are essential for this
interaction (Wen and Levitan, 2002; Yus-Najera et al., 2002)(Fig. 1.2). Furthermore, CaM binding
appeared to be independent of Ca?* binding as both WT CaM and Ca?*-insensitive CaM1234

interacted equally well (Wen and Levitan, 2002). In this study, co-expression of a CaM binding
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peptide inhibited the expression of KCNQ2/3 currents, suggesting that channel interactions with
apoCaM are important for channel function (Wen and Levitan, 2002).

Subsequently, it was demonstrated that overexpressing CaM, but not CaMzi234, confers
profound Ca?* sensitivity to KCNQ2/3 channels expressed in CHO cells(Gamper and Shapiro,
2003). Under these conditions, a rise in intracellular Ca?* fully abolishes KCNQ2/3 currents,
suggesting that under normal conditions, there may not be sufficient CaM to interact with
overexpressed channel protein to confer Ca?* sensitivity. Alternatively, overexpression of CaM
may cause Ca?*-bound CaM to predominantly interact with KCNQ2/3 channels and cause channel
inhibition. In this study, expression of CaMai234 in SCG neurons prevented the afore-mentioned
bradykinin receptor mediated inhibition of neurons, but not muscarinic effects, supporting the
hypothesis that bradykinin-induced inhibition results from the PLC-1P3- Ca®* release pathway.

Why does bradykinin receptor activation, but not muscarinic stimulation operate through
this pathway? Delmas and Brown (2005) speculate that it may have to do with the coupled
localization of internal I1P3 receptors(and calcium stores) to bradykinin receptors on the cell surface
producing a localized rise in Ca?* concentration that is sufficient to modulate KCNQ channels
through CaM. Bradykynin-induced rise in intracellular Ca?* has been shown to promote PIP2
resynthesis through the action of neuronal Ca?*-sensor-1 (Gamper et al., 2004), thereby preventing
PIP2 depletion from being the primary mechanism of channel inhibition.

To add to the complexity of the mechanisms regulating receptor mediated M-channel
modulation, around the same time, the involvement of AKAPS5 (also referred to as AKAP79/150)
mediated PKC action on KCNQ channels also emerged (Hoshi et al., 2003). AKAPS is a scaffold
that anchors PKC and KCNQ in close proximity such that muscarinic activation results in

phosphorylation of the C-terminus through the PLC-DAG-PKC pathway, and channel inhibition.
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This inhibition is likely produced indirectly by inhibiting channel-PIP2 interactions and making
channels more sensitive to PIP2 depletion, as over-expression of AKAP5S sensitizes KCNQ2-5
channels to muscarinic inhibition (Bal et al., 2010).

Interestingly, the PKC phosphorylation residues identified overlap with CaM-binding in
helix B, suggesting an additional mechanism for PKC inhibition of channel-PIP2 interactions, by
displacing CaM or altering channel-CaM interactions. In a recent study it was shown that indeed,
PKC phosphorylation, or the S541D ‘pseudo-phosphorylation’ mutation, inhibits channel
interactions with CaM (Kosenko et al., 2012), while producing an increased sensitivity to
muscarinic inhibition of KNCQ2 currents.

These works investigating the effects of PIP2, CaM, Ca?*, and AKAP5/PKC on receptor
mediated inhibition can be integrated to imagine an orchestrated multi-step mechanism of receptor
mediated M-current inhibition. Under normal resting conditions, normal KCNQ channel function
is enabled in part by its association with apoCaM. Numerous studies have demonstrated that CaM
is required for efficient trafficking of KCNQ2/3(Alaimo et al., 2009; Cavaretta et al., 2014;
Devaux et al., 2004; Etxeberria et al., 2008), supporting the notion that CaM binding stabilizes
channel assembly and expression. Upon muscarinic receptor activation, PLC activation depletes
PIP2, while simultaneous activation of PKC through DAG disrupts channel-CaM interactions,
weakening channel-PIPz interactions to magnify the effect of PIP2 depletion. Essentially, the
AKAP/PKC pathway synergizes with the PIP2 depleting effects of PLC. Alternatively, activation
of receptors such as bradykinin can produce channel inhibition in a manner that is independent of
PIP2 and AKAP5/PKC, but dependent on Ca?* and CaM possibly for reasons previously discussed.

What is quite fascinating from all these studies is the likelihood that CaM plays a dual role in both
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enabling and disabling channel function depending on which receptor-mediated systems are at

play.
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Figure 1.2: Multi-modal regulation of KCNQ2/3 channels. Highlighted in red are the pathways through which
channel function can be regulated, such as through changes in membrane voltage (sensed by S4 Arg residues), PLC
mediated PIP, depletion, activation of AKAP5/PKC mediated C-terminal phosphorylation, and CaM dependent

regulation by Ca?* through bradykinin receptor mediated signalling.
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Additional regulatory mechanisms

KCNQ channel interactions with PIP2 have emerged as a central convergence point for a
majority of the regulatory mechanisms characterized thus far, but there are a few more accessory
binding partners for KCNQ channels that have been identified, and it seems plausible that many
more will emerge in future studies. Such proteins include Syntaxin 1A(Etzioni et al., 2011; Regev
et al., 2009), the sodium channel auxiliary subunit NavB1(Nguyen et al., 2012), SUMO proteins
(Qi et al., 2014), and the B secretase BACE 1(Hessler et al., 2015).

Syntaxin 1A is a synaptic membrane protein that is involved in the SNARE complex and
neurotransmitter release. The demonstration that KCNQ2 channels can localize to presynaptic
terminals and regulate the release of neurotransmitters in hippocampal neurons (Martire et al.,
2004; Peretz et al., 2007a), was followed by determination that syntaxin 1A can bind to the C-
terminus of KCNQ2 (Regev et al., 2009). Interestingly, it appears that syntaxin 1A binds to helix
A, which is also known to interact with CaM; as a result there seems to be interplay between CaM
and syntaxin 1A effects on channel function, as CaM overexpression attenuates syntaxin-mediated
inhibition of KCNQ?2 (Etzioni et al., 2011). Furthermore, a sequence of residues present in the N-
terminus of KCNQ3 appears to preclude syntaxin 1A action on these subunits. Insertion of these
residues in KCNQ?2, or deletion from KCNQ3, inhibit or endow syntaxin 1A actions respectively,
suggesting that syntaxin 1A binding to the A helix in the C-terminus modulates N- and C- terminal
interactions that promote channel closure. The physiological significance of such a mechanism
remains unclear, however, it seems plausible that syntaxin 1A that is not involved in vesicle release
may promote calcium influx at the presynaptic terminus by inhibiting K* flux through KCNQ2

containing M-channels.
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The evidence that the sodium channel auxiliary subunit NavB1 regulates KCNQ2, on the
other hand, is quite limited, with one study reporting modest effects of Nav31 coexpression on
slowing the activation kinetics and right-shifting the GV curve of KCNQ?2 currents (Nguyen et al.,
2012). The small effect observed in this study does not preclude the possibility of an artifact
resulting from Nav 1 overexpression producing an indirect effect on KCNQ2 channels, and it is
difficult to appreciate co-IP experiments purporting to demonstrate KCNQ2- Navf1 interactions
in the absence of substantive functional data.

In contrast, the effect of the 3 secretase BACEL has striking effects on KCNQ?2, greatly
enhancing current expression and shifting voltage dependence of activation by ~-20mV (Hessler
et al., 2015). These effects of BACE1 were determined following the observation that BACE1
knockout mice display neuronal hyperexcitability due to a loss of XE-991 sensitive currents, which
led the authors to hypothesize that BACEL may be an endogenous auxiliary subunit of M-channels.
The proteolytic action of BACEL1 is not essential for its modulatory effect; therefore, the authors
predict that as a type 1 transmembrane protein like KCNE1 (which regulates cardiac KCNQ1
subunits), BACEL resides in neuronal membranes and associates with KCNQ2 subunits to enhance
their function under normal physiological conditions. BACEL initially garnered much attention for
the discovery of its role in generating amyloid peptides implicated in the progression of
Alzheimer’s disease (Cai et al., 2001; Luo et al., 2001). It will be interesting to see how this story
unfolds in terms of how KCNQ2 channel modulation is involved in the pathophysiology associated
with changes in BACEL expression, or if BACE1 regulation of KCNQ2 channels has any unique
function in normal physiology. My interpretation of this study is that under normal conditions,

BACEL1 effects on KCNQ?2 channels are saturated, based on the fact that the discrepancy of M-
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current expression between neurons from WT and BACEL1 knockout mice is similar to the
maximally inducible M-current under heterologous expression.

Finally, another emerging mechanism of KCNQ channel regulation worth noting is
covalent modification by small ubiquitin-like modifiers (SUMO). Recent work using a SENP2
knockout mouse model suggest that hyper-SUMOylation of KCNQ2/3 channels causes functional
silencing, enhanced neuronal excitation, and, ultimately, death caused by epilepsy similar to what
is observed in cases of SUDEP (sudden unexplained death in epilepsy)(Qi et al., 2014). In this
study, immunoprecipitation/blot analyses demonstrate modification of hippocampal KCNQ2
channels by SUMO?2. They demonstrate that neurons from SENP2 knockout mice have reduced
M-current, and are hyper-excitable. Furthermore, administration of the KCNQ opener retigabine
can inhibit this increase in excitability and prevent seizures in SENP2 knockout mice. These
findings strongly suggest that in healthy mice, SENP2 expression results in KCNQ2
deSUMOylation and restoration of channel function, allowing neurons to properly regulate
excitability.

These examples of both covalent and non-covalent modification of KCNQ channels help
to illustrate a general idea regarding the vast molecular toolkit utilized by neurons in vivo to
regulate M-currents, and in doing so, modulate neuronal excitability. Some mechanisms of
regulation clearly have a greater impact on channel function, whereas others have more nuanced
effects. Epileptogenesis produced by substantial loss of KCNQ channel function is likely to mask
the effect of potential alterations in channel modulation in these nuanced ways, and therefore,
advancements in the discriminatory power of neurological assessments in both humans and animal

models may help elucidate the physiological importance of some of these processes.
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Molecular determinants of subunit assembly, heteromerization, and localization

Unlike ‘canonical’ delayed rectifier Kv channels, which possess N-terminal T1-domain
motifs that govern the tetrameric assembly of subunits within subfamilies (Li et al., 1992; Vivienne
Shen et al., 1993; Xu et al., 1995), KCNQ channels possess an analogous C-terminal helical
domain termed the “A-domain”(consisting of the most distal C-terminal helix, helix D), which
guides the assembly of subunit types into both homomeric and heteromeric ion channels (Howard
et al., 2007; Schwake et al., 2003, 2006). The generation of chimeras where the A-domain is
swapped between KCNQ subtypes confers the ability to generate non-native ion channel
configurations (Schwake et al., 2003)(Fig. 1.2). Crystal structures show that the tail region of ~30
residues in the KCNQ4 A-domain can self-assemble to form a tetrameric coiled-coil structure
through a network of hydrophobic and electrostatic interactions (Howard et al., 2007). Subtle
variation in the amino-acid sequences of the A-domains in different KCNQ subtypes is expected
to underlie subtype-specificity of KCNQ channel assembly.

While KCNQ1, 2, 4 and 5 are able to form functional homotetrameric ion channels,
KCNQ3 subunits are unique in that they appear to only express with other subtypes, unanimously
giving poor current expression when expressed alone in heterologous systems. When co-expressed
with KCNQ2 or KCNQ5, KCNQ3 dramatically boosts current expression by an order of
magnitude (Lerche et al.,, 2000; Wang and McKinnon, 1995). Such a massive increase in
expression when KCNQ3 is co-expressed with KCNQ2, is enabled through the aforementioned
inter-subunit interactions mediated by the A-domain (Schwake et al., 2006). Based on their
analyses of the side-chain contacts formed in the coiled-coil KCNQ4 A-domain tail in their crystal
structure, Howard et al. (2007) proposed that the inability of KCNQ3 to form homotetrameric

channels is due to destabilizing electrostatic and steric interactions that occur at the inter-subunit

29



A-domain interface, which seems plausible given that KCNQ2, 4 and 5 subunits are more
homologous to each other at these contact points relative to KCNQ3. However, it was found that
mutating a KCNQ3 alanine residue in the pore-helix domain to a threonine residue that is normally
present in other KCNQs (as well as other Kv channels at homologous site) confers a profound
“rescue” of current, suggesting that KCNQ3 channels are able to form functional channels that are
electrically silent due to a non-functional pore (Etxeberria et al., 2004; Gdmez-Posada et al., 2010).
Further biophysical work has characterized a network of interactions in the pore region of KCNQ3
that is important for ion conduction, without altering channel trafficking to the plasma membrane
(Choveau et al., 2012a, 2012b). The study by Gomez-Posada et al. (2010) also reports that the
A315T mutation enhances surface expression of KCNQ3 channels, and propose that in addition to
creating an inactivated pore, the native alanine residue contributes to an overall lack of channel
stability that precludes efficient trafficking of channels from the ER to the PM.

Arguably the most unique feature of M-channels, in the context of the family of voltage-
gated K* channels, is the aforementioned Ankyrin-G binding motif that is present in the distal C-
terminus of KCNQ2 and KCNQ3 subunits. The first indication that such a targeting motif might
exist was from observations in immunostaining experiments of rat sciatic nerves that KCNQ2/3
localizes to the nodes and axon initial segments, that this axonal targeting follows the expression
of Ankyrin-G in developing rats, and that Ankyrin-G and KCNQZ2/3 can be co-immunoprecipitated
(Devaux et al., 2004). Subsequently, it was demonstrated that this localization is absent in
Ankyrin-G knockout mice (Pan et al., 2006), and analysis of the C-terminal sequence of KCNQ?2
and KCNQ3 revealed the presence of a motif homologous to the Ankyrin-G binding motif
identified in the domain II-111 linker of Nav channels that is required for axonal targeting (Garrido

etal., 2003; Pan et al., 2006). This sequence is located at the C-terminus, almost 500 residues from

30



the S6 helix and distal to the helices involved in CaM binding and subunit assembly described
earlier. A more in-depth study has demonstrated that despite having similar Ankyrin-G binding
motifs, the C-termini of KCNQ2 and KCNQ3 serve specific roles in channel localization (Chung
et al., 2006). In this study, fusion of the C-terminus of KCNQ2 or KCNQ3 to a reporter protein
revealed that KCNQ?2 subunits enable preferential targeting of channels to axonal membranes
versus the dendrites, whereas the KCNQ3 C-terminus contain determinants that enable expression
at more distal axonal segments versus the AIS. Interestingly, the determinants of these subunit-
specific effects on localization appear to be in proximal regions of the C-terminus, suggesting that
while the Ankyrin-G binding domains of these subunits underlie general interactions that are
important for nodal and AlS localization, there are other structural determinants that can be utilized

by neurons to further enhance the spatial specification of M-current expression.

Mechanisms of BFNC pathogenesis

Over 30 KCNQ2 and KCNQ3 mutations have been identified in cases of BFNC, and
considerable work has been done to elucidate mechanisms of disease pathogenesis. Most BFNC
mutations are found in KCNQ2, with only 3 disease mutations identified in KCNQ3 thus far (Singh,
2003). Consistent with knockout mice studies discussed previously in which significant loss of
KCNQ?2 function causes death and/or severe neurological defect, many of these mutations produce
only a moderate loss of current expression (Schroeder et al., 1998). Co-expression of the BFNC
causing KCNQ2 mutation Y284C (Singh et al., 1998), along with one equivalent of WT KCNQ2
and two equivalents of KCNQ3 (to mimic endogenous conditions), produces a mere 25% loss of
currents. Haploinsufficiency, rather than exertion of dominant-negative effects on channel
function, appears to the predominant pathogenic mechanism of BFNC causing mutations; however,

there is one exception, in which a dominant negative C-terminal insertion has been identified in a
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family of BFNC patients (Singh, 2003). A possible explanation for the unusual tolerability in this
family may be genetic variability in other genes controlling neuronal excitability that can offset
the deleterious effect of this allele. Most BFNC mutations in both KCNQ2 and KCNQ3 are found
either in the pore region or the C-terminus. Experimental evidence shows that BFNC mutations in
the C-terminus disrupt the proper trafficking and assembly of channels (Borgatti et al., 2004;
Schwake et al., 2000), and promote expedited degradation of channel complexes by exerting
destabilizing effects (Soldovieri et al., 2006). These findings are consistent with knowledge that
the C-terminus permits inter-subunit interactions essential for channel assembly.

While most BFNC mutations cause loss of current expression with little or no effect on
channel gating, two mutations have been identified in the voltage sensing domain of KCNQ2
channels: R207W and R214W (Castaldo et al., 2002; Dedek et al., 2001). Both of these mutations
are neutralizations of a S4 helix gating charge involved in voltage-sensing. Channels expressing
these mutations have slightly shifted voltage dependence of activation (to more depolarized
potentials), but also significantly slower kinetics of activation upon membrane depolarization. Co-
expression of mutant subunits along with WT KCNQ3 produces channels that display an
intermediate level of delayed kinetics and voltage-sensitivity, which seems to cause M-current
suppression sufficient to cause BFNC. Interestingly, patients harboring the R207W mutation also
experience lifelong myokymia, which is characterized by involuntary skeletal muscular
contractions (Dedek et al., 2001). The R207 residue is located more centrally on the S4 helix
compared to the R214 residue, and inhibits channel activation and voltage-sensing to a greater
degree upon neutralization; this is the rationale for the more severe clinical manifestation of the

R207W mutation.
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RETIGABINE AND KCNQ CHANNEL PHARMACOLOGY
Overview of commonly used AED therapies and their mechanisms

Currently there are over thirty AED therapies available for the treatment of epilepsy, with
the primary goal of these therapies being to ameliorate seizure frequency and/or severity. The
selection of therapy depends on many factors, but usually begins as monotherapy with drug
selection based on the seizure type, followed by additional add-on drugs when necessary.
Ultimately, the treatment regime becomes highly individualized, but even after poly-therapy, it is
estimated that ~30% of patients remain refractory to treatment and continue to experience seizures
(Kwan and Brodie, 2000). An Italian clinical study observing the therapeutic regimen of over 1000
patients diagnosed with refractory epilepsy found that almost 80% of patients were receiving at
least two AEDs and a third were receiving three or more (Malerba et al., 2010). Paralleling the
highly variable etiology of epilepsies and their clinical manifestations, is the unpredictable and
varied outcome of receiving AED therapy. Fortunately, approximately half of newly diagnosed
epilepsy patients will experience full seizure control with monotherapy, and 70% after adjuvant
therapy (Kwan and Brodie, 2000); in short, while many people receive fully adequate therapy,
others are forced to play a balancing act that involves avoiding the unwanted side effects associated
with additional AEDs, while trying to reduce the numbers of seizures they experience.

Despite the abundance of AEDs, the majority of these drugs operate through only a few
known mechanisms: inhibition of sodium or calcium channels, and enhancement of GABA
signaling. Sodium channel blockers such as carbamazepine, phenytoin and lamotrigine, are among
the most commonly prescribed AEDs. These operate through use-dependent block of sodium
channels and possess some interesting features that make them well suited as AEDs. Preferential

and slow binding of these drugs to the inactivated state of these channels ensures that they act on
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hyperactive neurons that are able to accumulate inactivated sodium channels sensitized to block
(Kuo and Bean, 1994; Rogawski and Ldscher, 2004). These drugs are proposed to interact with a
common binding site consisting of key aromatic residues present in the domain 1V S6 helix of Nav
channels (Kuo, 1998; Ragsdale et al., 1996). Interestingly, there are reports that in some cases
seizures can be paradoxically aggravated by sodium channel blockers like carbamazepine (Lerman,
1986). While the mechanism of AED aggravated seizures is not clear, one proposed mechanism is
the inhibition of inhibitory circuits (Rogawski and Loscher, 2004). This seems plausible as
numerous mutations in the SCN1A gene (encoding Nav1.1 channels) have been identified in cases
of Dravet syndrome (also referred to as SMEI, severe myoclonic epilepsy of infancy) (Claes et al.,
2001, 2003), and it has been demonstrated that Nav1l.1 channels are selectively expressed in
inhibitory interneurons (Yu et al., 2006).

In addition to blocking the activity of sodium currents contributing to neuronal action
potential generation, there are reports that phenytoin and valproate can inhibit the late sodium
current at concentrations lower than those required for phasic block (Segal and Douglas, 1997
Taverna et al., 1998). This effect is caused by stabilization of the inactivated state of the channels
at voltage ranges where a small fraction of channels equilibrate between and open and inactivated
states. As the late sodium current is implicated in contributing to burst firing of neurons, its
inhibition may be an important aspect of how drugs like phenytoin and valproate exert anti-
epileptic activity.

Voltage gated calcium channels (VGCC) of both the high voltage activated (HVA, P/Q-,
L-, N-, R-type) and low voltage activated (LVA, T-type) also constitute a major target of AEDs.
HVA VGCCs are essential regulators of voltage-dependent neurotransmitter release at synapses,

and therefore, their inhibition prevents inter-neuronal AP propagation. An example of a widely
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used drug in this class is gabapentin, a GABA derivative that was synthesized as a potential GABA
receptor agonist (Rogawski and Léscher, 2004) but was instead found to interact with the o206
auxiliary subunits of VGCCs (Gee et al., 1996). Gabapentin binding prevents proper modulation
of HVA VGCCs by 28 subunits, leading to a decrease in Ca?" currents and inhibition of
neurotransmitter release (Dooley et al., 2000; Sutton et al., 2002). In contrast, levetiracetam is an
inhibitor of VGCCs that is more subtype-specific, in that it selectively inhibits N-type calcium
channels (Lukyanetz et al., 2002). This also indicates that unlike gabapentin, levetiracetam is likely
exerting its effects directly on the channel a—subunit. Unlike the HVA VGCCs that govern
neurotransmitter release in the brain, T-type calcium channels activate at lower voltages and are
important in controlling neuronal burst firing and oscillations (Perez-Reyes, 2003). This activity
is particularly important for thalamic function, and is engaged during thalamo-cortical
dysregulation that leads to absence seizures. Ethosuximide is a drug that is particularly effective
against absence seizures because it selectively blocks T-type calcium channels (Coulter et al.,
1989).

The last major class of AEDs are modulators of GABA signaling. Interestingly, one of the
first AEDs ever used was bromide salts, dating back over 150 years (Rogawski and Ldscher, 2004),
and part of bromide’s efficacy lies in its ability to conduct through GABAA channels, which are
more selective for bromide than chloride (Bormann et al., 1987). AEDs such as benzodiazepines
(ie.diazepam) and barbiturates (ie. phenobarbital) are positive allosteric regulators of GABAAa
receptors, enhancing CI conductance at inhibitory synapses. They are often administered in status
epilepticus, a severe form of convulsion in which return to normal consciousness does not occur

for five minutes. Other drugs such as vigabatrin and tiagabine impact GABAAa signalling indirectly
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by inhibiting GABA breakdown or uptake from inhibitory synapses, respectively (Biase et al.,
1991; Suzdak and Jansen, 1995).

Finally, it is noteworthy that while a specific mechanism of action has been ascribed for
many of the drugs described, it is clear that many if not most AEDs are “dirty” in the sense that
have been shown to act via multiple mechanisms (Rogawski and Léscher, 2004). There is some
agreement that these additional targets contribute to many undesirable side effects of AEDs, but
what is more difficult to reconcile is which target constitutes the primary mechanism of action of
an AED that displays a lack of specificity. Certain drugs such as valproate, which displays a broad
spectrum of anti-epileptic activity, are poorly understood relative to other AEDs but more

clinically effective and frequently prescribed.

The discovery of retigabine and its development as an AED

The chemical synthesis of retigabine was performed by a German company called ASTA
in the early-mid 1990’s after an NIH program evaluating anti-epileptic outcomes of existing drugs
revealed that flupirtine (a drug used in Europe as an acute analgesic) displayed anti-convulsant
properties (Rostock et al., 1996). Using flupirtine as a template, ASTA generated a compound
library and discovered that retigabine, which was referred to as compound D-23129 at the time,
displayed greater potency. This initial report on anti-convulsant effects of retigabine revealed
protection against both chemically and electrically induced convulsions in mice, and even
demonstrated a better protective index than the established AEDs phenytoin and valproate based
on the therapeutic versus toxic dose ratios.

Shortly thereafter it was established that retigabine enhances potassium currents in cultured
neurons (Rundfeldt, 1997). Based on the nature of the currents elicited by retigabine along with

the simultaneous emergence of KCNQ2/3 channels as the correlates of the M-channel that is
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mutated in neonatal epilepsies (Charlier et al., 1998; Singh et al., 1998; Wang et al., 1998), several
groups went on to express KCNQ2/3 channels heterologously to demonstrate that retigabine is a
powerful activator of these channels (Main et al., 2000; Rundfeldt and Netzer, 2000; Wickenden
et al., 2000). The mechanistic insights that emerged in these and subsequent studies will be
discussed below.

With the establishment that retigabine displays broad anti-epileptic activity in animal
models and the determination of a clear therapeutic target, retigabine entered the clinical trial
pipeline which resulted in its approval for human use as an adjuvant drug in refractory epilepsy in
2011. In a series of multi-center clinical trials conducted in Europe, in which over 1200 patients
with refractory epilepsy were randomized to placebo or varying doses of retigabine, it was
demonstrated that retigabine dose-dependently reduces seizure frequency by up to 54.5% (Brodie
etal., 2010; French et al., 2011; Porter et al., 2007). However, it was also clear from these studies
that retigabine produces many side effects such as dizziness, headache, fatigue, vertigo, confusion
and urinary retention, with higher doses causing as much as 26.8% of patients to discontinue their
treatments (French et al., 2011). Overall, these trials indicated that while retigabine could produce
significant therapeutic effects, it would likely be incorporated into personalized treatment regimes
as an adjuvant therapy only in cases where the benefits of seizure reduction outweighed its adverse

effects.

Current mechanistic understanding of retigabine action on KCNQ channels

Initial studies revealing the potentiating effects of retigabine on KCNQ2/3 channels
demonstrated its ability to accelerate channel activation, slow channel deactivation and shift the
voltage dependence of channel opening to more negative potentials (Main et al., 2000; Wickenden

et al., 2000). A subsequent study demonstrated that retigabine activates KCNQ2-5 channel
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subunits but not KCNQ1, and that muscarinic rundown of KCNQZ2/3 currents prevents current
potentiation (Tatulian et al., 2001). This study also found that in the presence of retigabine, M-
currents are protected against muscarinic induced rundown, suggesting that a common factor
governs retigabine induced channel potentiation as well as muscarinic induced inhibition (my
results from chapter 4 indicate that this is PIP2). The same group also performed single channel
recordings to show that retigabine does not affect single channel conductance but rather, increases
the channel open probability (Tatulian and Brown, 2003).

Based on the previous findings that KCNQ2-5 but not KCNQ1 subunits are sensitive to
retigabine, chimeric approaches were utilized to determine channel regions essential for retigabine
effects (Schenzer et al., 2005; Wuttke et al., 2005). By inserting transmembrane regions
corresponding to KCNQ1 into KCNQ2 or KCNQ3 backgrounds, the authors of these studies
demonstrated that the pore region of these channels is essential for retigabine effects, and narrowed
down the interaction to a single tryptophan residue in the S5 helix of all retigabine sensitive KCNQ
subunits, which, when inserted into the equivalent position in KCNQ1 endows retigabine
sensitivity (Schenzer et al., 2005). Additional mutagenesis experiments suggest that while this S5
tryptophan residue (W265 in KCNQ3) is essential for retigabine effects, other residues residing in
the pore region of the channel (Leu-272 in S5, Leu-314 in pore loop, Leu-338 in S6 in particular)
are also important (Lange et al., 2009). Taken together, the functional data from these experiments
reveal that retigabine is likely to bind to the pore through interactions with several residues,
although the S5 Trp is the only residue that can be mutated to abolish retigabine effects while

preserving channel function.
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Scope of thesis investigation

To date, most published investigations of retigabine have been clinically focused, with
many reports testing its efficacy in various animal models of disease. Relative to other anti-
epileptic drugs, few studies have delved into the topic of understanding the detailed mechanisms
of action of retigabine, possibly limited by the experimental approaches that were available.
Nevertheless, important aspects of retigabine pharmacology have emerged, such as a general
understanding of the retigabine pharmacophore, as well as the biophysical effects caused by
retigabine binding. One obvious gap in our knowledge is how retigabine binding to the pore
domain exerts such a massive shift in voltage-sensitivity. A recent study demonstrated that under
muscarinic receptor mediated inhibition, retigabine loses its ability to potentiate KCNQ2/3
channels unlike the channel opener zinc pyrithione (ZnPy)(Zhou et al., 2013), suggesting that PIP
might be an important mediator of retigabine action on these channels.

In recent years, several research groups have successfully employed the voltage-clamp
fluorometry technique to measure conformational changes of the voltage-sensing domain in
KCNQZ1 channels in order to study the effects of PIP2 and the auxiliary subunit KCNEL on channel
gating and voltage sensing (Barro-Soria et al., 2014; Osteen et al., 2010; Zaydman and Cui, 2014).
Inspired by these studies, | began my PhD work by generating a KCNQ3 channel construct
amenable for VCF studies and optimizing the fluorescence recording apparatus so that | could
perform similar studies on KCNQ3 channels. The main objective of employing this method was
to understand how retigabine modulates voltage sensitivity in these channels, and to determine the
role that PIP2 plays in mediating the pharmacology and function of these channels. This work is
the topic of the fourth chapter, and was the project that took up most of my time in the lab. As |

was gaining momentum on this endeavor, | also had the opportunity to employ unnatural amino
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acid mutagenesis to investigate the atomic interactions that underlie retigabine binding to KCNQ3,
specifically investigating the role of the crucial S5 residue W265. The results of this study
(described in Chapter 3) pinpoint a hydrogen bond interaction that likely occurs between the indole
nitrogen of W265 and a carbonyl oxygen group present on retigabine and other derivatives, and
represents what is currently the most detailed experimental evaluation of the retigabine
pharmacophore. More recently, | have also developed a project aimed at understanding the
stoichiometry of retigabine action, which has not been explored previously. Electrophysiological
recordings from KCNQ3 concatamers devised to control the stoichiometry of retigabine sensitive
subunits surprisingly indicated that that expression of a single retigabine-sensitive subunit can
fairly closely replicate the pharmacological sensitivity of wild-type channels. This project
comprises a smaller fifth and final research chapter of this thesis. Collectively, the research that is
presented here provides fundamental new insights into the binding mechanism of retigabine, the
number of retigabine binding events required for a full functional effect, and the detailed
mechanism of transduction of retigabine binding to the voltage sensing apparatus of neuronal

KCNQ channels.
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Chapter 2: Methods

MOLECULAR BIOLOGY

KCNQ?2 (human) and KCNQ3 (human) channel cDNAs were propagated and manipulated
using the pTLN vector (gifts of Dr M. Taglialatela and Dr T. Jentsch). Introduction of point
mutations was accomplished using PCR to combine two fragments each of which contained the
mutation in an overlapping region of the sequence (‘two-step’ PCR method). To accomplish this,
we used standard PCR approaches to amplify a 5’ fragment and a 3’ fragment (using a ‘flanking
primer’ paired with a mutagenic primer). These fragments were then mixed along with the
‘flanking primer’ pair for a second round of PCR to combine the overlapping fragments. The
resulting fragment was then subcloned into the appropriate parent vector using EcoRI and Notl
restriction enzymes, and the sequence was verified by Sanger sequencing approaches (Genewiz).
Sequences for the flanking primers and the ‘forward” mutagenic primers are provided in Table
2.1 (‘reverse’ mutagenic primers are simply the reverse complement). In all experiments involving
homomeric expression of KCNQ3 channels (including in vivo nonsense suppression experiments),
the Ala315Thr mutation was introduced to enable efficient trafficking of homomeric KCNQS3.
KCNQ3 does not efficiently form functional channels; however, the Ala315Thr mutation enables
efficient KCNQ3 functional expression without co-injection of KCNQ2 mRNA (throughout the
text we refer to KCNQ3[Ala315Thr] as KCNQ3%*).

Concatemeric constructs of KCNQ3* were generated by first creating dimers of
combinations of KCNQ3* and KCNQ3*[W265F] by subcloning copies of the cDNA sequence
into the Nhel-Xhol or Xhol-HindlIlI restriction sites of pcDNA3.1(-). PCR primer design omitted
a stop codon from the leading subunit, while preserving a stop codon in the trailing subunit.

Sequences of individual inserts were confirmed by Sanger sequencing before combining them by
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restriction digestion and ligation, leading to a dimer of the form: Nhel-COPY1(no stop)-Xhol-
COPY2-STOP-Hindlll. A second set of dimers was constructed with one subunit in the Nhel-Xhol
position (stop codon omitted), and a second subunit cloned in the Xhol-Hindlll position but with
an engineered Nhel site. These second dimers had the form: Nhel-COPY1(no stop)-Xhol-
COPY2(no stop)-Nhel-HindlIll. Using an Nhel digestion and ligation to combine these dimers, we
generated a variety of tetrameric channel combinations of the form: Nhel-COPY1(no stop)-Xhol-
COPY2(no stop)-Nhel-COPY3(no stop)-Xhol-COPY4(no stop)-Hindlll, in pcDNA3.1(-).

The plasmid encoding Ci-VSP was kindly provided by Dr Y. Okamura. Complementary
RNA was transcribed from the cDNA using the mMessage mMachine Kit (Ambion). Stage V-
VI Xenopus laevis oocytes were injected with cRNA alone or cRNA plus synthetic tRNA (for
nonsense suppression, described below). After injection, oocytes were incubated for 27-72 h at

18 °C before recording.

WESTERN BLOT, ANTIBODIES

Lysates from HEK cells transfected with KCNQ3* channel constructs were separated by
gel electrophoresis on 0.7% SDS-PAGE gels, and transferred to nitrocellulose blots using standard
protocols. KCNQ3 protein was probed with a rabbit polyclonal antibody (APC-051, Alomone),
HRP-conjugated mouse anti-rabbit secondary antibody (ABM), and visualized using ECL reagents

and a FluorChem SP Gel Imager.
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Primer Sequence (5’ to 3°, forward)  Primer Sequence (5’ to 3°, forward)
KCNQ2 FF CCA AGC GCA ACG CCT TCT ACC Q3 G219C GTG GGA AAC CAA TGC AAT GTT CTG
Gee
KCNQ2 RF GGC TGG TTT AGT GGT AAC CAG Q3 N220C GGA AAC CAA GGC TGT GTT CTG GCC
ACC
KCNQ3 FF GGC GAC GTG GAG CAA GTC ACC Q3V221C GA AAC CAA GGC AAT TGT CTG GCC
ACC TCC
KCNQ3 RF TAA GGC CTC AAA GTC TCC TTG Q3 L222C CAA GGC AAT GTT TGT GCC ACC TCC
CTG
Q2 W236F GCT GGT CAC TGC CTT CTA CAT CGG Q3 A223C GGC AAT GTT CTG TGC ACC TCC CTG
cTTCC CGA AGC
Q3 W265F GCA AAG AAC TCA TCA CGG CCT TCT Q3 T224C GGC AAT GTT CTG GCC TGC TCC CTG
ACAT CGAAGC
Q3 W265S GCA AAG AAC TCA TCA CGG CCT TGT Q3 R183A GGA TGT TGC TGC GCA TAC AAA GGC
ACAT TGG
Q3 W265T GC AAA GAA CTC ATC ACG GCC ACG Q3 K185A GC TGC CGA TAC GCA GGC TGG CGG
TAC ATC GGT TTC CTG AC GGC
Q3 W265Y GC AAA GAA CTC ATC ACG GCC TAC Q3 R188A CGA TAC AAA GGC TGG GCG GGC CGA
TAC ATC GGT TTC CTG AC R190A CTG AAG
Q3W265TAG  GCA AAG AAC TCA TCA CGG CCT AGT Q3 R190A GGC TGG CGG GGC GCA CTG AAG TTT
ACAT Gece
Q3 T271F GGT ACA TCG GTT TCC TGT TTC TCA Q3 K192A CGG GGC CGA CTG GCG TTT GCC AGG
TCC TTT CTT CAT TTC AAG
Q3 T271V GGT ACA TCG GTT TCC TGG TAC TCA Q3 R195A CTG AAG TTT GCC GCG AAG CCC CTG
TCCTTT CTT CAT TTC TGC
Q3 L2721 GGT ACA TCG GTT TCC TGA CAA TCA Q3 K196A G AAG TTT GCC AGG GCG CCC CTG TGC
TCC TTT CTT CAT TTC ATG
Q3 L314A GGG GCC TGA TCA CAG CGG CCA CCA Q3 K248A GGT GGC ACC TGG GCG CTT CTG GGC
TTG GCTATG G TCAG
Q3 L314V GGG GCC TGA TCA CAG TGG CCA CCA Q3 K358A GGG CTG GCC CTC GCG GTG CAG GAG
TTG GCT ATG G CAAC
Q3 L338A GCC GCC ACC TTT TCC GCA ATT GGC Q3 R364A CAG GAG CAA CAC GCT CAG AAG CAC
GTC TCC TTT TTT GCC TTTG
Q3L338V GCC GCC ACC TTT TCC GTA ATT GGC Q3 H367A CAC CGT CAG AAG GCC TTT GAG AAA
GTCTCC TTT TTT GCC AGG
Q3 G216C GTG GTT GCT GTG GGA TGT CAA GGC Q3 K370A G AAG CAC TTT GAG GCA GCG AGG
AAT G R371A AAG CCA GCT GC
Q3 N217C GTT GCT GTG GGA TGC CAA GGC AAT Q3 R372A GCT CAG CAG CTG GCG CCG CCC TTT
GTTC K373K TCT CAA AG
Q3 Q218C GCT GTG GGA AAC TGT GGC AAT GTT Q3 K370A CTTT GAG GCA GCG GCG GCG CCA GCT
CTG R371A R372A GCTGAGC

Table 2.1: List of Mutagenic Primers. Corresponding reverse complement primers were used in conjuction with
flanking primers (FF: forward flanking, RF: reverse flanking) to generate all mutants used.
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HARVESTING XENOPUS LAEVIS OOCYTES

Mature female Xenopus laevis weighing >100 grams were obtained from the University of
Alberta Biology Department or Boreal Science (Ontario), and handled in accordance with the
animal care procedures implemented at the University of Alberta or University of British Columbia.
Oocyte lobes were harvested and dissected into smaller fragments of ~10-20 oocytes in OR2
solution (82.5 mM NacCl, 2.5 mM KCI, 1 mM MgClI2, 5 mM HEPES, pH 7.6), and transferred to
a collagenase solution consisting of 3 pg/mL of Type IV collagenase (Worthington Biochemical
Corporation) in OR2. 1:5 ratio mixtures of oocytes to collagenase solution, not exceeding 25 mL,
were placed in 50 mL falcon tubes and placed on a rotator which inverted the tubes at a frequency
of 0.5 Hz. We found this step to be crucial, as it enabled thorough exposure of oocytes to the
collagenase solution without physically damaging oocytes. Oocytes were checked periodically
starting at 2 hours, until a majority of their follicular layers were removed by the collagenase.
Subsequently, the collagenase solution was replaced with OR2 and tubes were placed back on the
rotator for another 30 minutes, to rinse the oocytes and allow any remaining follicular layers to
peel off. Oocytes were sorted and kept in OR3 solution at 18°C until use (500 mL Leibovitz’s L-

15 Medium, 3.57 g HEPES, 5 mL Glutamine, 5 mL Gentamysin, 500 mL H20, pH 7.6, filtered).

UNNATURAL AMINO ACID MUTAGENESIS

Fluorinated Trp derivatives (5-F1-Trp; 7-F1-Trp; 5,7-F2-Trp (F2-Trp) and 5,6,7-F3-Trp
(Fs-Trp) were purchased from Asis Chem (Watertown, MA) and Sigma-Aldrich (St Louis, MO).
The ‘Ind’ Trp variant was synthesized in-house as described previously(Lacroix et al., 2012).
Incorporation of unnatural amino acids into ion channel proteins was carried out as described
extensively in prior publications(Beene et al., 2003; Pless et al., 2013a, 2013b). Briefly, unnatural

amino acids (aa) were protected with nitroveratryloxycarbonyl and were activated as the
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cyanomethyl ester, which were then coupled to the dinucleotide pdCpA (GE
Healthcare/Dharmacon, Lafayette, CO). This aminoacyl dinucleotide was subsequently ligated to
a modified (G73) Tetrahymena thermophile tRNA. The amino-acylated tRNA-aa was deprotected
by ultraviolet irradiation immediately before oocyte injection. In a typical experiment, 80 ng of
tRNA-aa and 40 ng of KCNQ3 cRNA were injected in a 50 nl volume. In control experiments, the
CRNA alone or the cRNA together with a tRNA coupled to pdCpA but without an appended amino
acid were injected (these parallel control experiments were conducted every experimental day and

the results are described throughout the text).

TWO ELECTRODE VOLTAGE CLAMP

Voltage-clamped potassium currents were recorded in modified Ringer’s solution (in mM):
116 NaCl, 2 KCI, 1 MgClI2, 0.5 CaCl2, 5 HEPES (pH 7.4) using an OC-725C voltage clamp
(Warner, Hamden, CT). Glass microelectrodes were backfilled with 3 M KCI and had resistances
of 0.1-1 MQ. Data were filtered at 5kHz and digitized at 10 kHz using a Digidata 1440A
(Molecular Devices) controlled by the pClamp 10 software (Molecular Devices). Drugs were
purchased from Toronto Research Chemicals (retigabine) or Tocris (ML-213, flupirtine, ICA-
069673, ICA-110381), stored as 100 mM stocks in dimethylsulphoxide and diluted to working

concentrations each experimental day.

VOLTAGE CLAMP FLUOROMETRY

Xenopus laevis oocytes expressing KCNQ3*[Q218C] (abbreviated as Q3*VCF in chapter
5) were incubated in 100 uM Alexa Fluor-488 Maleimide (ThermoFisher Scientific) for 20
minutes in a depolarizing high K* Ringer’s solution (in mM): 100 mM KCI., 1 mM MgCIl2, 0.5
mM CaCl2, 5 mM HEPES (pH7.4). Following labelling, oocytes were thoroughly rinsed in

standard Ringer’s solution, and kept on ice for prompt use. Fluorometry was simultaneously

45



performed with a two-electrode voltage clamp on an Olympus IX51 inverted microscope. A
PhlatLight LED (Luminus Devices) powered by a DC power supply (F25-12-AG, Bel Power
Solutions) served as the light source, and emitting light from the oocyte animal pole was collected
and amplified as an electric signal using a PIN040-A photodiode (OSI Optoelectronics) connected

to a patch-clamp head unit/amplifier in voltage-clamp mode (Axopatch-1C, Axon instruments).

DATA ANALYSIS

Voltage-dependence of channel activation and normalized fluorescence change was fitted
with a standard single component Boltzmann equation of the form G/Gmax = 1/(1+exp((V-V12)/K)),
where V112 is the voltage where channels exhibit half-maximal activation, and k is a slope factor
reflecting the voltage range over which an e-fold change is observed. Data in chapter 5 were fitted
with a double Boltzmann equation of the form G/Gmax = a[l/(1+exp((V-Virza)/ka))]+(1-
a)[1/(1+exp((V-V1zb)/Kkb))], where a and b represent the shifted and un-shifted channel populations,
respectively. Fluorescence data were low-pass filtered at 20 Hz and adjusted for bleaching by
subtracting a linear component fitted to the baseline fluorescence at the beginning and end of each
voltage sweep. To minimize the impact of bleaching, only data from cells displaying a >0.5%
maximal AF were used for analysis. AF values were obtained by dividing the maximal fluorescence
change at the end of the test pulse by the baseline fluorescence preceding the test pulse, from single
non-averaged sweeps. Statistical tests and significance are described in figure legends throughout

the text.
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CONSTRUCTION OF MOLECULAR MODEL

The molecular model of KCNQ3 was generated using a homology model of KCNQ3 based
on the Kv1.2-2.1 paddle chimera structure (PDB 2R9R)(Long et al., 2007) using the online
SWISS-MODEL tool (swissmodel.expasy.org)(Kiefer et al., 2009), fused manually to a
KCNQ2/KCNQ3 chimeric C-terminal domain structure (PDB 5J03)(Strulovich et al., 2016),
followed by energy minimization (Schrodinger Maestro). A series of docked conformations of
PIP2 were predicted using AutoDock Vina 1.1.2 (Trott and Olson, 2010). We emphasize that this
is a preliminary structural model intended to illustrate our hypothesis, and that further development

and refinement of the model will be possible as further constraints are collected.
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Chapter 3: H-bonding with W265 is Essential for Retigabine Effects

BACKGROUND AND SUMMARY

A conserved tryptophan residue in the pore-forming S5 helix of retigabine-sensitive KCNQ
channels (KCNQ2 W236, KCNQ3 W265) is known to be essential for retigabine effects and is
absent in the retigabine-resistant cardiac isoform KCNQZ1(Lange et al., 2009; Schenzer et al.,
2005). The identification of retigabine as a potent Kv channel opener has led to numerous
compound library screens to generate novel analogs with altered subunit specificity and
effectiveness (Boehlen et al., 2013; Gao et al., 2010; Peretz et al., 2007a; Xiong et al., 2008; Yu
et al., 2011). However, the molecular details that underlie retigabine-KCNQ channel interactions
have remained elusive because of the inherent lack of resolution of conventional site-directed
mutagenesis techniques.

To overcome these limitations, unnatural amino acid mutagenesis was used to subtly
rearrange atoms and electrons in the Trp side chain that form the retigabine binding site.
Repositioning of the indole nitrogen atom of KCNQ3 W265 completely abolishes retigabine
effects, suggesting that retigabine interaction requires formation of a H-bond with W265. The
importance of this H-bond interaction is further illustrated by introduction of fluorinated Trp
analogs (with increased H-bonding propensity) at KCNQ3 W265, causing increased drug potency.
Using a range of retigabine analogs, the carbonyl oxygen moiety is identified as an electrostatic
fingerprint that correlates with drug potency and may act as a H-bond acceptor with KCNQ. These
experimental constraints pinpoint specific atoms and chemical forces involved in retigabine
interactions, and highlight approaches that may be used to guide rational improvement of existing

drugs.
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RESULTS
Retigabine modulation of KCNQ channels through an S5 Trp

Retigabine strongly affects voltage-dependent gating of KCNQ2 and KCNQ3* channels
(Fig. 3.1a,b) by generating a substantial hyperpolarizing shift of the V12 of activation by ~40-60
mV (KCNQ3* refers to KCNQ3[Ala315Thr] — see METHODS). These effects have also been
demonstrated in KCNQ4 and KCNQJ5, but are absent in KCNQ1 due to the absence of an essential
Trp residue (Trp 236 in KCNQ2, Fig. 3.1a; Trp 265 in KCNQ3, Fig. 3.1b, Leu246 in
KCNQZ1)(Lange et al., 2009; Schenzer et al., 2005). This Trp side chain lies in the pore-forming
S5 transmembrane segment, near the intracellular voltage-operated gate of the channel. As
KCNQ?2-5 subunits generally assemble as heteromers in the CNS, we tested the effects of
retigabine in oocytes co-injected with KCNQ2 and KCNQ3 and observed large shifts of activation
to more negative voltages, although not quite as large as with KCNQ2 or KCNQ3 alone (Fig. 3.1c).
Some KCNQ channel activator molecules also cause a marked increase in peak current, however
the effects of retigabine on KCNQ3* channels are quite modest (rarely greater than a 15% increase
in peak current), and throughout this study we have focused on the large gating shifts observed in
these channels.

Heteromeric KCNQ2/3 channels were used to alter the number of available retigabine
binding sites, by co-injecting KCNQ2[W236Phe] with WT KCNQ3, or KCNQ3[W265Phe] with
WT KCNQ2. Assuming 1:1 stoichiometry of KCNQ2/3 assembly, both conditions are estimated
to eliminate roughly half of the retigabine binding sites. Consistent with this, we observed
intermediate effects of retigabine with fewer available binding sites, indicating that multiple
molecules of the drug must bind for a full effect (Fig. 3.1c). A surprising, currently unexplained

observation, was that the retigabine-mediated gating shift in KCNQZ2/3 heteromers (~-40 mV) was
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noticeably smaller than the shift in KCNQ2 or KCNQ3* homomeric channels. This likely hints
that determination of the exact details of stoichiometry and cooperativity of drug binding in
heteromeric channels will require alternative experimental approaches. We measured the effects
of various mutations at position W265 (in KCNQ3*) or W236 (in KCNQ2) on retigabine
sensitivity (Fig. 3.1d). In both KCNQ2 and KCNQ3* channels, only a Trp side-chain present at
this position was sufficient to enable a significant activation shift by retigabine, and even
conservative mutations to other aromatic side chains (Phe or Tyr, Fig. 3.1a, b, d) cannot replicate
the retigabine-mediated gating shift.

We tested whether KCNQ3 position Trp 265 plays a role in regulating channel responses
to PIP2. Using the voltage-sensitive phosphatase Ci-VSP to hydrolyze PIP2 at depolarized voltages,
we pulsed oocytes through a range of prepulse voltages followed by a test pulse to -20 mV to
assess channel activity after PIP2 depletion. We observed similar channel rundown with
depolarizing voltage steps in both KCNQ3* and KCNQ3*[W265Phe] channels, indicating that
W265 does not significantly influence the effects of anionic phospholipids on channel function
(Fig. 3.1¢e,f). Overall, these findings illustrate that KCNQ3 residue W265 is essential for the effects

of retigabine, but does not play a significant role in regulating channel gating by voltage or PIP2.
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Figure 3.1: Multiple retigabine molecules modulate KCNQ2 and KCNQ3 channel subunits via an S5 Trp side
chain. (a,b) Conductance—voltage relationships for (a) KCNQ2 (n=3) and KCNQ2[W236Phe] (n=6), and (b)
KCNQ3* (n=5) and KCNQ3*[W265Phe] (n=3) homomeric channels along with indicated mutants (retigabine
concentration of 100 uM). (¢) Conductance—Vvoltage relationships for heteromeric combinations of KCNQ2 and
KCNQ3 (1:1 ratio of injected mRNA, with or without Trp—Phe mutations as indicated, n=5 for each combination),
used to generate channels with reduced numbers of retigabine binding sites. (d) Summary of V., shifts in saturating
100 puM retigabine for mutations of KCNQ2 W236 and KCNQ3 W265 as indicated (*P<0.05 in a paired Students t-
test comparing control versus 100 uM retigabine in each experimental oocyte, n=3-6 per mutant). Only a Trp at either
position is sufficient for retigabine sensitivity. (¢) Exemplar currents of KCNQ3* and KCNQ3*[W265Phe] mutant
coexpressed with Ci-VSP, illustrating that the Trp side chain responsible for retigabine sensitivity is not required for
PIP, sensitivity. (f) Summary data of tail current magnitude (—20 mV) after prepulses to a range of voltages, in oocytes
expressing KCNQ3* (n=5) or KCNQ3*[W265Phe] (n=5) channels, along with Ci-VSP. In all panels, error bars
represent + s.e.m.
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Unnatural amino acid mutagenesis of KCNQ3 channels

In order to investigate the underlying mechanism of retigabine interactions with this
essential Trp sidechain, we employed unnatural amino acid mutagenesis to introduce subtly altered
Trp variants (Fig. 3.2a). With this method, a stop codon (TAG) is placed in the ion channel gene
at a site of interest, and this mRNA is co-injected into Xenopus laevis oocytes along with a
synthetic amino-acylated tRNA (carrying an unnatural amino acid) that is orthogonal to Xenopus
tRNA synthetic pathways. When the ribosomal translation machinery encounters the introduced
TAG stop codon, the complementary synthetic tRNA (with a CUA anti-codon) enables read-
through and incorporation of the appended amino acid into full-length ion channels (Fig. 3.2a).

Among the KCNQ channels we tested, KCNQ3* channels exhibited large currents when
expressed as homomeric channels in Xenopus oocytes, with a short latency between injection and
expression, and were found to be an effective model system for incorporation of unnatural amino
acids. KCNQ3* is also a useful model for retigabine binding because it does not possess a second
interaction site that is targeted by some other recently studied KCNQ2 activators (see
DISCUSSION)(Boehlen et al., 2013; Peretz et al., 2010), and so our results are specifically
focused on the retigabine binding site formed by W265. Several criteria illustrate the feasibility
and fidelity of the nonsense suppression approach in KCNQ3* channels. Firstly, in the presence
of a full-length tRNA lacking a conjugated amino acid (pdCpA control), virtually no ionic currents
were observed for several days after injection (Figure 3.2b,d). However, when
KCNQ3*[W265TAG] channels were co-injected with Trp-conjugated tRNA, robust currents with
WT-like gating were observed, indicating efficient suppression of the introduced TAG stop codon
and synthesis of functional channels with WT-like properties (Fig. 3.2b,e). Secondly, although

there may be differences in the efficiency of unnatural amino acids at this position, we are
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restricting our investigation to homomeric channels (rather than KCNQ2/KCNQ3 heteromers),
and to biophysical parameters (V12, activation kinetics) that are normally independent of channel
expression, so differences in expression of channel subtypes should not impact our findings. Lastly,
we are confident that the synthetic Trp-tRNA was incorporated in a significant fraction of channel
subunits because elicited currents responded to retigabine (Fig. 3.2c, f, g), and only Trp appears to

be sufficient for retigabine sensitivity (Fig. 3.1d).
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Figure 3.2: Nonsense suppression for amino-acid incorporation in KCNQ3* channels. (a) Schematic diagram of
the nonsense suppression method, in which mRNA (with a stop codon at W265) and amino-acylated tRNA are co-
injected into Xenopus oocytes. Incorporation of the unnatural amino acid enables readthrough of the stop codon and
expression of functional channels. (b) Current magnitudes in oocytes injected with KCNQ3*[W265TAG] mRNA and
either an unconjugated tRNA (pdCpA,; n=5) or tRNA amino-acylated with Trp (n=8, *P<0.05, Student’s t-test). (c)
Activation kinetics of KCNQ3* (n=5) and KCNQ3*[W265TAG] (n=8) channels rescued with Trp, in the presence or
absence of 100 uM retigabine (*P<0.05, Student’s t-test). (d—f) Exemplar currents from oocytes injected with
KCNQ3*[W265TAG] mRNA, and indicated synthetic tRNAs. (g) Conductance—voltage relationships for Trp-rescued
KCNQ3*[W265TAG] (n=8), with retigabine response, illustrating faithful incorporation of the desired side chain at
position 265. For KCNQ3* channels Vi, =—44+1 mV, k=7.5+0.5 mV; for Trp-rescued KCNQ3*[W265TAG] V1.2
=—434+2 mV, k=7.9+0.5 mV. Error bars throughout represent + s.e.m.
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Loss of retigabine effects after removal of W265 H-bonding

Next, we tested the retigabine sensitivity of KCNQ3* channels synthesized with the ‘Ind’
amino acid at position 265. This unnatural amino acid side chain ablates the hydrogen bonding
capability of Trp by shifting the position of the indole nitrogen atom (Fig. 3.3a) but retains the
sterics and identical chemical composition of Trp. KCNQ3*[W265TAG] currents were efficiently
rescued with Ind relative to the pdCpA control, yielding relatively large voltage-activated K*
currents that closely resembled KCNQ3* (Fig. 3.3b,c). Remarkably, however, this single atom
alteration in each of the KCNQ3* subunits entirely abolishes the ability of retigabine to activate
KCNQ3* channels (Fig. 3.3d, e). Again, little or no currents were observed from oocytes co-
injected with only the pdCpA control tRNA. Notably, Ind channels displayed WT-like gating,
indicating that this residue does not play a significant role in conformational stabilization of
channel states in the absence of drug. However, given the potent impact of such a minor
manipulation, we examined the effects of the W265Ind substitution on channel gating more closely,
to rule out the possibility of significant perturbation of channel function. We observed no
statistically significant difference in the V12 or slope of the voltage-dependence of activation of
KCNQ3* and KCNQ3*[W265Ind](see Table 3.1). Also, activation kinetics of KCNQ3*[W265Ind]
were very similar to channels rescued with Trp at position 265 (Figure 3.3d, ). Lastly, as described
earlier, the more disruptive W265Phe mutation did not alter inhibition of KCNQ3* currents by
PIP2 depletion (mediated by Ci-VSP). Thus, this collection of observations support the highly
specific effect of the W265Ind substitution on drug interactions (with little disruption of intrinsic
channel voltage-dependent gating or lipid regulation), indicating that H-bond formation with

W265 is a crucial step for retigabine action.
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Figure 3.3: The position of the Trp 265 indole nitrogen is essential for retigabine sensitivity. (a) Chemical
structures of Trp and Ind side chains, illustrating the subtle change in the position of the indole nitrogen atom. (b)
Exemplar currents elicited from a Xenopus oocyte with Ind-rescued KCNQ3*[W265TAG] channels illustrating
retigabine insensitivity. (c) Current magnitudes in oocytes injected with KCNQ3*[W265TAG] mRNA and either an
unconjugated tRNA (pdCpA; n=5) or tRNA amino-acylated with Ind (n=7, *P<0.05, Student’s t-test). (d)
Conductance-voltage relationships for Ind-rescued KCNQ3*[W265TAG], in the presence and absence of retigabine,
illustrating the importance of the correct positioning of the N-H group. For KCNQ3*[W265Trp], Vi
=—43+£2 mV,k=7.940.5 mV;forKCNQ3*[W265Ind], Vi, =—48+2 mV, k=7.3£0.6 mV (no statistical significance,
xindicates s.e.m). (e) Activation kinetics for KCNQ3*[W265Ind] measured at —20 mV in the presence and absence
of 100 uM retigabine (n=7, no statistical significance). In all panels, error bars represent + s.e.m.
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Construct Vi k n

WT-Trp -44.4 +0.9 7.49+0.5 5
265TAG-Trp -43.0+1.3 7.93+0.5 12
265TAG-F1-Trp -37.9+11 9.26 £ 0.5 9
265TAG-F2-Trp -476+1.3 9.92+0.8 7
265TAG-F3-Trp -62.3+25 10.89£0.8 12
265TAG-Ind -475+1.2 7.25+0.6 7

Table 3.1: Activation gating parameters for unnatural amino acid substitutions of KCNQ3*[W265TAG]
channels. Fitting of conductance-voltage relationships (see Methods) yielded V1, (voltage where activation is half-
maximal) and the slope factor k (voltage range where fractional activation changes e-fold). Data are presented as mean
+ standard error (S.E.M.).

Tuning the strength of the W265-retigabine interaction:

To investigate the possible involvement of other modalities of Trp interactions with the
drug, we also examined the consequences of fluorination of W265 on retigabine effects. Trp
fluorination is typically used to modify the electrostatic surface potential and test for the effects of
cation-pi interactions (Fig. 3.4a)(Dougherty, 1996). We were unable to express channels carrying
the F4-Trp side chain (fluorines at ring positions 4,5,6, and 7, as numbered in Fig. 3.4a) but robust
current rescue was observed for less fluorinated derivatives such as Fs-Trp (Fig. 3.4b,c).
Retigabine potentiation of KCNQ3* channels was retained with Fs-Trp substitution at W265 (Fig.
3.4c-e), a substitution that still potently diminishes the negative electrostatic potential on the face
of the side chain (Fig. 3.4a), indicating that a cation-pi interaction of W265 with retigabine or some
other entity (perhaps another channel residue) is not required for retigabine effects. It is noteworthy
that progressive fluorination of W265 caused variable effects on KCNQ3* gating properties (Table
3.1), with Fi-Trp causing a modest depolarizing shift of the activation Vi, while Fs-Trp
significantly shifted gating in the hyperpolarizing direction. This lack of an obvious trend also
suggests that an endogenous cation-pi interaction involving W265 does not contribute significantly

to the gating process.
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The most interesting outcome of fluoro-Trp substitutions highlights the role of hydrogen
bond formation by the indole N-H group. Specifically, fluorination of the Trp side chain
significantly increases the polarity of the indole N-H, thereby strengthening the hydrogen bonding
propensity of the indole side-chain (Pless et al., 2013b). This is illustrated by the electrostatic
surface potentials for Trp and Fs-Trp (note the more polarized electrostatic surface potential of Fs-
Trp, highlighted by the blue color around the N-H bond, in the lower right corner as oriented in
Fig. 3.4a). Consistent with this, retigabine potency was increased with fluoro-Trp analogs at W265.
For instance, in KCNQ3*[W265TAG] channels rescued with Trp (mimicking KCNQ3* channels),
1 uM retigabine elicits very little shift in the voltage-dependence of activation (Fig. 3.4d).
However, in channels with Fs-Trp substituted at W265, 1 uM retigabine elicits a much larger
response (Fig. 3.4d). Consistent with this effect being attributable to strengthening of the formation
of a hydrogen bond by W265, we observed a fluorination-dependent strengthening of the potency
of retigabine on KCNQ3* channels, with progressive fluorination shifting the retigabine
concentration-response to lower doses (Fig. 3.4f). In addition, we observed a small but significant
position-dependent effect of mono-fluorination of W265, in which fluorination of ring position 7
(closer to the indole N-H) increased retigabine effects slightly more than fluorination of ring
position 5 (Fig. 3.4f). This is consistent with the fluorine substituent at position 7 having a stronger
effect on the polarity of the N-H bond.

Since Fs-Trp incorporation itself caused a hyperpolarizing shift of channel activation even
in the absence of retigabine (Fig. 3.4d), a possible alternative explanation for increased retigabine
potency with F3-Trp at position 265 was due to a secondary allosteric effect of stabilization of the
channel open state, rather than a direct effect on retigabine binding. Thus, as an additional control

experiment, we investigated the effects of another mutation on retigabine sensitivity (Asn220Cys,
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located in the extracellular S3-S4 linker, distant from the W265 putative retigabine binding
residue). This mutation shifts channel opening to more negative voltages, even more than Fs-Trp
substitution at position 265. In the Asn220Cys mutant, no sensitization to retigabine was observed
(Fig. 3.4g). That is, 1 UM retigabine was unable to generate a marked gating shift, in contrast to
the potent retigabine effects with Fs-Trp substitution at W265 (curve fits for the Fs-Trp substitution
are included for comparison, Fig. 3.4g). Also, the retigabine concentration-response for
Asn220Cys channels was very similar (albeit shallower) to the KCNQ3* background construct
demonstrating that the Asn220Cys mutation per se does not inhibit retigabine activation (Fig. 3.4h).
These observations suggest that an indirect effect of open state stabilization likely does not account

for the increased retigabine potency in F3-Trp substituted channels.
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Figure 3.4: The polarity of the W265 indole nitrogen modulates retigabine sensitivity. (a) Chemical structures of
Trp (with ring positions labelled) and Fz-Trp, accompanied by colorimetric representations of electrostatic surface
potentials. (b) Current magnitudes in oocytes injected with KCNQ3*[W265TAG] mRNA and either an unconjugated
tRNA (pdCpA; n=5) or tRNA amino acylated with Fz-Trp (n=12, *P<0.05, Student’s t-test). (c) Exemplar currents
from Fs-Trp-rescued KCNQ3*[W265TAG] channels in the presence and absence of retigabine. (d) Conductance—
voltage relationships illustrating the effects of 1uM retigabine on Trp-rescued (n=12) and Fs-Trp-rescued
KCNQ3*[W265TAG] (n=12) channels. () Activation kinetics (=20 mV) for Fs-Trp-rescued channels (n=3), in the
presence and absence of 100 uM retigabine (*P<0.05, Student’s t-test). (f) Concentration-response curves for
retigabine effects on numerous fluoro-Trp analogues (n=9-12 per Trp analogue) substituted at position W265,
illustrating enhanced retigabine potency with increased fluorination. (g) Conductance—voltage relationships with
indicated retigabine concentrations on a KCNQ3 mutant (Asn220Cys, n=4) with an intrinsic hyperpolarizing shift in
gating. Conductance—voltage relationships for Fs-Trp substituted at W265TAG are shown for comparison. (h)
Concentration—response curves for retigabine effects on KCNQ3* (n=5) and KCNQ3*[Asn220Cys] (n=4) channels.
In all panels, error bars represent + s.e.m.
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Relative contributions of putative drug binding residues:

Given the dramatic effects of the W265Ind substitution, we sought to clarify the
contributions of other residues reported to play a role in retigabine binding. Using a chimeric
approach between KCNQ1 and KCNQ3, previous work identified KCNQ3 residues Thr271 (S5
helix), Leu272 (S5 helix), Leu314 (pore helix), and Leu338 (S6 helix) as important contributors
to a putative retigabine binding pocket(Lange et al., 2009). We generated several mutations at each
of these positions in KCNQ3* and tested retigabine effects over a broad range of concentrations
(Fig. 3.5a, b). We observed that all functional mutants at these positions retained a large retigabine-
mediated gating shift (Fig. 3.5b), although reduced potency was reflected by a shift to higher drug
concentrations in many cases. Moreover, many of these mutations caused intrinsic shifts in channel
gating in the absence of retigabine (Fig. 3.5a). Previous reports have suggested that many of these
mutations strongly diminish retigabine action, but our application of a wider range of
concentrations illustrates that while potency of the drug is weakened, strong gating shifts can still
occur in these mutants. These data indicate that contacts with Thr271, Leu272, Leu314, and L338
make measurable contributions to retigabine binding affinity. However, the W265Ind substitution
abolishes any response to retigabine at experimentally achievable concentrations. Thus, W265Ind
remains the most structurally subtle, yet most disruptive mutation we have identified in terms of
retigabine sensitivity, and highlights the potential importance of H-bonding with the W265 side
chain.

We next used a previously published molecular model of the retigabine binding site to
investigate alternative binding modes of the drug (Lange et al., 2009). In the published model
(‘original’ in Fig. 3.5¢) there are no obvious H-bond acceptors in the vicinity of the W265 side

chain. There are also no apparent H-bond interactions with the Thr271 side chain. However, this
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putative binding site can accommodate altered orientations (eg. ‘flip” in Fig. 3.5¢) in which the
drug occupies a similar space (see ‘overlay’ panel illustrating both binding models in Fig. 3.5¢),
but orients the carbamate moiety of retigabine in close proximity to Trp 265. A rotameric shift of
W265 enables a close interaction between the indole N-H and a carbamate oxygen atom of
retigabine. Using molecular dynamics simulations (of 12 retigabine binding sites starting in a “flip’
orientation, for 10 ns each), we measured the mean distance between the retigabine carbamate
oxygen and indole N-H group at the end of the simulations as 4.0 + s.e.m. 0.5A (4 binding sites
were measured between 2-3 A, 3 sites between 3-4 A, and 5 sites were >5 A), consistent with the

possible formation of a hydrogen bond in this region.
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Figure 3.5: Detailed characterization of secondary retigabine binding residues and alternative binding site
orientations. (a) Conductance—voltage relationships were gathered for the indicated KCNQ3* mutant channels (n=4—
6 per mutant), in 0, 100 or 300 uM retigabine. (b) Maximal AV1y, in 300 uM retigabine measured in each mutant
channel. Error bars in a,b represent s.e.m. (c) retigabine was docked into a molecular model of the pore-forming
domain of KCNQ3. Two orientations are shown with the carbamate group in either the vicinity of Leu314 (‘original’
model) or W265 (‘flip” model). The two binding models are superimposed in the ‘overlay’, showing the similar space
occupied by both drug orientations.
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Identification of a likely H-bond acceptor in retigabine:

We further investigated the mechanism of hydrogen bonding with W265 by seeking
potential hydrogen bond acceptors in the retigabine molecule, a task facilitated by the availability
of numerous retigabine analogs. We first considered the analog ML-213 because it has a simplified
chemical scaffold compared to retigabine and a reduced number of possible hydrogen bond
acceptors (Fig. 3.6a,b). We found that ML-213 is a more potent activator of KCNQ3* compared
to retigabine (ECso = 3.6 £ s.e.m. 0.2 uM versus 11.6 + s.e.m. 0.4 uM, respectively, Fig. 3.6c). We
have also included the calculated electrostatic surface potentials for retigabine and ML-213,
illustrating that the negative surface potential around the carbonyl oxygen is more pronounced for

ML-213 (red protrusion, Fig. 3.6a, b).
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Figure 3.6: ML-213 exhibits a stronger electrostatic surface potential and higher potency than retigabine for
KCNQ3* activation. (a,b) Chemical structures and electrostatic surface potentials for retigabine and ML-213. Note
the increased negative surface potential in the vicinity of the carbonyl oxygen atom in ML-213. The scale for
electrostatic surface potential representation is red: —80 kcal, yellow: 0 kcal, blue: +80kcal. (c) Concentration—
response curves for retigabine and ML-213 (n=5) effects on KCNQ3* channels (n=5). Error bars represent + s.e.m.
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Expanding on these observations, we examined a spectrum of KCNQ channel activators
with varying potency in KCNQ3* channels (Fig. 3.7). We have depicted all of the drugs tested and
colorimetric representations of their calculated electrostatic surface potentials, along with the
observed ECso for the shift of V12 of activation of KCNQ3*[W265TAG] channels (rescued with
Trp, F3-Trp, or Ind). For all drugs tested, effects were abolished by the W265Ind substitution,
indicating a common mechanism via hydrogen bond formation with W265. Also, Fs-Trp
substitution at W265 generally resulted in higher drug potency, although this effect was not as
pronounced with the less polar analogs ICA-110381 and ICA-069673. Importantly, all of the
activator compounds contain a carbonyl oxygen (either in the carbamate moiety of retigabine and
flupirtine, or in the amide linker in ML-213 or the ICA compounds), and it is noteworthy that the
strength of the negative surface potential correlates well with the potency of the drug for KCNQ3*
activation — drugs with a weaker electrostatic surface potential trend towards weaker potency on
KCNQ3* channels (Fig. 3.7). The ICA compounds are less potent activators of KCNQ3* channels
within our typical experimental concentration range (up to 300 uM), and notably ICA-110381
caused considerably more activation in Fs-Trp substituted channels, demonstrating that effects of
an otherwise weak channel activator can be strengthened by targeting the chemical properties of
W265. Taken together, these findings illustrate the importance of the hydrogen bonding propensity
of W265, likely involved in the formation of a hydrogen bond with a carbonyl oxygen present in

retigabine and its analogs.
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Figure 3.7: Effects of retigabine analogues correlate with electrostatic surface potential. (a) Chemical structures
and electrostatic surface potentials for a series of retigabine analogues. All structures and surface potential maps have
been aligned on the basis of the location of the conserved amide-ester bond—note the gradient of the intensity of the
negative surface potential around the carbonyl oxygen atom (scaling is the same as in Fig.6). (b) Summary illustrating
the ECso of each drug on Trp-rescued, Fs-Trp-rescued and Ind-rescued KCNQ3*[W265TAG] channels (n=4-9 per
data point), and the maximal efficacy (AV12) of each drug in F3-Trp and Trp-rescued channels (effects on Ind-rescued
channels are minimal and thus have been omitted). Error bars represent + s.e.m.
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DISCUSSION

At the outset of our study, chimeric studies with the retigabine-insensitive KCNQ1 channel
had identified the importance of a Trp residue (KCNQ3 W265) in the pore-forming region, near
the presumed cytoplasmic channel gate. Retigabine interactions with this site had been rationalized
as generic hydrophobic interactions with this conserved Trp residue (also present in KCNQ?2, 4
and 5)(Lange et al., 2009; Schenzer et al., 2005).

Although most often considered to be hydrophobic, Trp side chains can deploy diverse
chemical forces in ligand interactions (Burley and Petsko, 1985), and these require specialized
chemical-scale approaches to be distinguished (Beene et al., 2003). There is growing recognition
of the general importance of electrostatic cation—pi interactions with all aromatic side chains
(Beene et al., 2003; Gallivan and Dougherty, 1999). In addition, both Trp and Tyr side chains can
act as H-bond donors. Unnatural amino-acid mutagenesis approaches allow us to parse out
atomistic modes of interaction, and also hopefully mitigate the possibility of gross structural
perturbations that might arise using conventional mutagenesis. By engineering KCNQ3 channels
to include subtle Trp variants at position 265, our study identifies the very atoms required for
retigabine effects and, further, the chemical forces involved in forming a direct interaction with
retigabine. Surprisingly, our findings indicate that the critical property of W265 for retigabine
activation, rather than hydrophobicity, is the ability to H-bond. Repositioning of the indole
nitrogen atom to remove Trp H-bonding abolished the effects of retigabine and all analogues tested
(Figs 3.3 and 3.7). Moreover, a Trp analogue (Fs-Trp) with altered electrostatics but
intact/enhanced H-bonding ability enhances retigabine potency (Figs 3.4 and 3.7). A valuable
future direction for these experiments will be to develop an independent measure of drug binding,

to distinguish whether the H-bond interaction (disrupted by the W265Ind mutation) is essential for
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drug binding, or couples drug binding to a later step involved in channel potentiation. Nevertheless,
these observations highlight a rarely investigated mode of drug interactions with Trp, as Trp
residues in a binding pocket are often presumed to indicate a hydrophobic site. Our findings
illustrate the importance of detailed investigation of the underlying chemistry of these binding sites
to better understand mechanisms of drug action.

By demonstrating the effects of H-bond strength on a range of KCNQ3 activators, our
findings suggest the importance of a carbonyl oxygen (usually in a carbamate or amide moiety)
for the formation of a negative electrostatic surface potential to act as a H-bond acceptor. Previous
screens of compound libraries have investigated important physicochemical features important for
drug activity on KCNQ2-5 channels. Several studies have reported the importance of an amide
bond (or a carbonyl oxygen) as an essential element of the pharmacophore, although the
relationship between this functional group and the H-bonding propensity of W265 has not been
recognized (Miceli et al., 2008; Wu et al., 2004). Notably, KCNQ activators with marked
structural diversity appear to act through W265 (several examples are shown in Fig. 3.8), and these
share the common feature of a carbonyl oxygen that we suggest acts as an essential hydrogen bond
acceptor. Supporting this notion, our findings illustrate that ML-213 is an effective KCNQ3
activator, correlated with its strong surface potential relative to other drugs tested. In the context
of understanding drug interactions with ion channels and other receptors, these observations
illustrate the importance of investigating specific chemical forces that enable drug interactions
with aromatic side chains known to contribute to binding sites in other ion channels (for example,
voltage-gated Na* channels, human ether-a-go-go related gene product (RERG))(Mitcheson et al.,
2000). These insights could guide rational ‘tuning’ of the properties of certain functional groups

to alter drug properties in desirable ways.
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Figure 3.8: Diverse structures of KCNQ openers. Multiple structures of KCNQ channel openers are presented to
highlight the overall features of an amide group flanked by various ring structures. Our findings highlight the
importance of the amide carbonyl for interaction with KCNQ3 W265 and likely equivalent positions in KCNQ?2, 4
and 5. Drugs depicted are (a) retigabine, (b) ztz-240 (Gao et al., 2010)), (c) acrylamide (s)-1, (d) BMS-204352 and (e)
an unnamed experimental drug (Wu and Dworetzky, 2005).

On the basis of the magnitude of the retigabine-induced shift of the conductance—voltage

relationship, saturating effects of retigabine are estimated to stabilize channel opening by
~6 kcal mol ™ (calculated as AG=A(zFV12)). As a comparison, formation of a H-bond between a
carbonyl and amino groups (N-H: O=C) is generally quite weak, on the order of 2 kcal mol—1. A
tetrameric KCNQ channel likely contains four potential retigabine binding sites, and our

characterization of heteromeric channels with fewer binding sites (Fig. 3.1c) indicates that multiple

sites may be occupied in saturating retigabine concentrations. Thus, the energetics of the full
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retigabine-mediated gating shift can be reasonably attributed to multiple retigabine molecules
interacting with W265 via a H-bond. Although not as prominent as the W265 indole nitrogen,
other residues also make additional measurable contributions to the overall energy of retigabine
binding (Fig. 3.5). It should also be noted that cooperativity between retigabine binding sites has
not been investigated in detail, and so it is not known how multiple retigabine binding events may
interact and influence channel function. Investigation of libraries of retigabine analogues has
highlighted that variable aromatic ring substituents can alter the apparent affinity, maximal effect
and subunit specificity (Gao et al., 2010; Wu and Dworetzky, 2005). For example, many ring
substituents (such as halogenation) alter the polarity of the carbonyl oxygen and thereby alter drug
interactions with W265. In addition, it seems likely that diverse flanking structures (potentially by
interacting with the auxiliary retigabine binding residues investigated in Fig. 3.5) could influence
the orientation of the carbonyl oxygen relative to W265.

A final noteworthy detail is that, although our findings delineate an atomic basis for the
retigabine interaction with KCNQ3 W265 (and analogous residues in KCNQ2,4,5), there is
significant evidence for additional interaction sites that enable potentiation of certain KCNQ
subunits. For example, the ICA compounds tested (and other related compounds such as ztz-240),
along with a family of diclofenac derivatives, have been reported to influence KCNQ2 channels
independent of the conserved S5 Trp residue and exhibit dramatically stronger effects in KCNQ?2
relative to KCNQ3 (Boehlen et al., 2013; Gao et al., 2010; Peretz et al., 2007b, 2010). In addition,
unrelated KCNQ openers such as zinc pyrithione do not appear to depend on the hydrogen bond
interaction that we have identified in this study (Xiong et al., 2007). Therefore, ongoing
examination of drug binding to different KCNQ channel subtypes may help to reveal additional

sites for KCNQ potentiation.
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In conclusion, we have used unnatural amino-acid mutagenesis and available retigabine
analogues to localize the effects of retigabine binding to a single H-bond interaction with KCNQ3
W265. These findings highlight an unusual mode of drug interaction with a Trp side chain, and
demonstrate the importance of careful investigation of the mechanism of drug interactions to guide

rational modification of therapeutic compounds.
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Chapter 4: PIP, Modulates Functional Coupling and Pharmacology of
KCNQ3 Channels

BACKGROUND AND SUMMARY

Previous studies have demonstrated that retigabine stabilizes the open state of KCNQ2-5
channels, reflected in a marked shift (~30-60 mV) of the voltage dependence of channel activation
to more negative potentials, and in many cases an increase of maximal open probability (Main et
al., 2000; Rundfeldt and Netzer, 2000; Tatulian and Brown, 2003; Wickenden et al., 2000). The
retigabine binding site has been characterized in several reports (Kim et al., 2015; Lange et al.,
2009; Schwake et al., 2006; Wuttke et al., 2005), highlighting the importance of a binding pocket
within the pore domain (PD) anchored by a critical hydrogen bond interaction between the drug
and an S5 tryptophan residue that is conserved in retigabine-sensitive KCNQ channels (KCNQ2-
5).

KCNQ channel:PIP2 interactions are essential for channel activity, and have also been
highlighted as important modulators of pharmacological sensitivity to certain KCNQ activators.
Retigabine effects on KCNQ channels rely on the presence of sufficient PIP2, while certain other
activators such as Zn-pyrithione can rescue KCNQ currents in the nominal absence of PIP.
Overall, the interactions between KCNQ activators, the KCNQ channel voltage-sensing apparatus,
and the essential phospholipid PIP2, have not been investigated and are poorly understood.

To elucidate how the pore-delimited retigabine binding site results in modulation of
voltage-sensing, we used voltage clamp fluorometry (VCF) to track conformational changes of the
voltage sensing domains in KCNQ3 channels in response to voltage, retigabine, and PIP2. lonic
conductance and voltage sensor fluorescence closely overlap under basal PIP2 conditions,

suggesting a tight coupling between the VSD and PD in KCNQ3 channels. Retigabine stabilizes
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the conducting conformation of the pore and activated conformation of the voltage sensors, but
these effects are attenuated upon PIP2 hydrolysis by Ci-VSP, revealing a critical role of VSD-PD
coupling in retigabine effects. We identify an essential PIP2 interaction motif below the S6 helix
that is likely to mediate VSD-PD coupling and enables the transduction of retigabine binding to
altered voltage sensor function. Taken together, the data suggest a mechanism whereby retigabine
binding to KCNQ channels at the VSD-PD interface results in dynamic regulation of VSD and PD

conformations that is PIP2 dependent.

RESULTS

Voltage clamp fluorometry of KCNQ3 channels

The VCF approach requires introduction of a fluorophore in a region that undergoes voltage-
dependent conformational changes (Fig. 4.1B, bottom). In order to generate a useful KCNQ3*
construct for VCF, we tested a series of cysteine mutants throughout the extracellular S3-S4 linker
(Fig. 4.1A). This region was highly sensitive to mutation, with several mutants generating ~100mV
hyperpolarizing shifts in channel gating (Fig. 4.1A), although we have not explored these large
gating effects any further. The KCNQ3*[G219C] and [Q218C] mutations were nearly
indistinguishable from KCNQ3* channels in terms of their voltage dependence (Fig. 4.1A) and
retigabine response. G219C is homologous to the mutation successfully used in several reports of
VCF studies of KCNQ1 (Barro-Soria et al., 2014; Osteen et al., 2010; Zaydman et al., 2013). Both
the Q218C and G219C sites reported fluorescence changes upon labelling, but the most robust
signals were obtained from channels with Q218C (labelled with Alexa Fluor 488-maleimide, Fig.
4.1B). This construct was used throughout the study and is abbreviated as Q3*VCF in all figures

and remaining text.
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Figure 4.1: Cysteine mutagenesis of KCNQ3* S3-S4 linker residues and identification of Q218C as the ideal
position for fluorophore labelling. (A)Cysteine mutations of putative S3-S4 linker residues impact channel voltage-
sensing (n=3-4 for all mutants) (B) lonic (black) and fluorescence (green) trace from a Xenopus laevis oocyte
expressing KCNQ3*[218C] (abbreviated as Q3*VCF in text and all figures), labelled with Alexa-488 maleimide and
depolarized to +40mV. Bottom: cartoon illustration of the VCF technique. Error bars represent s.e.m, and * denotes
P<0.5 using paired or non-paired Student’s t-tests, in all figures.

Close coupling of the KCNQ3 voltage sensor and pore

Fluorescence-voltage relationships of Q3*VCF were generated by holding oocytes at a
depolarized potential (+20 mV) and stepping to a range of hyperpolarizing potentials. This was
required because the strongly shifted voltage-dependence of activation in KCNQ3 in retigabine
required long interpulse intervals at very negative voltages to achieve a stable fluorescence
baseline, leading to technical difficulties with recording. We observed a direct overlap in the
voltage dependence of the fluorescence change and conductance (Fig. 4.2A). This close coupling
of the pore and voltage sensor persists in the presence of saturating RTG, as both pore gating and
fluorescence are shifted equally to hyperpolarized potentials by approximately 60 mV (Fig. 4.2A,

E, note that the absolute V12 reported here differs somewhat from typical experiments because of
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the altered voltage step protocol that was needed). RTG is known to decelerate channel closure,
and we demonstrate that it also strongly decelerates the kinetics of voltage sensor deactivation (Fig.
4.2B), and modestly accelerates activation (Fig. 4.2C). Unexpectedly, we also observed that RTG
increases the magnitude of the fluorescence signal (AF) in response to a given depolarization (Fig.
4.2F). Overall, these findings demonstrate that RTG binding to the pore alters the voltage sensor
equilibrium, and this conformational coupling can be detected with VCF. As an important control,
all effects of RTG on fluorescence and currents are abolished when the RTG binding site is
disrupted by the W265F mutation (Fig. 4.2D-F), demonstrating the requirement for RTG binding

to the channel pore.
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Figure 4.2: Characterization of retigabine effects on Q3*VCF fluorescence. (A) Oocytes were clamped at a
holding potential of +20mV/-20mV and hyperpolarized in -10 mV steps to -140mV/-180mV for 3 seconds in
control/100uM RTG, respectively. Sample current (black) and fluorescence (green) traces (top) and normalized AF or
G (tail currents) are displayed (bottom) (n=6 or 5, ctrl/RTG). (B and C) Sample fluorescence sweeps and summary of
deactivation kinetics at -140mV (t: 254.2 £23.6 ms in control and 1436 +177.2 ms in RTG, n=9 each) and activation
Kinetics at +40mV (t: 177.5 £3.4 ms in control and 131.2 +4.6 ms in RTG, n=5 each) in the presence (green) or
absence (grey) of 100uM RTG. (D) Same protocols were used as in (A) to assess RTG effects on Q3*VCF [W265F]
(n=7 or 8, ctrl/RTG). (E) Summary of Vi, values (AF and G) for Q3*VCF and Q3*VCF[265F] + 100 uM RTG
(Q3*VCF: 62.0 £2.6 mV and -62.71 +3.0 mV for AF and G in control, respectively, -122.2 £2.2 mV and -119.3 +1.4
mV for AF and G in 100uM RTG; Q3*VCF[W265F]: -65.12 +2.1 mV and -67.9 +1.7 mV for AF and G in control,
-64.4+2.1 mV and -67.2 £1.5 mV for AF and G in 100 uM RTG). (F) Fluorescence sweeps and AF(RTG)/ AF(control)
summary data from depolarizations to +40mV from -140mV in the presence (green) or absence (grey) of 100uM RTG
for Q3*VVCF(1.28 £0.06, n=12) and Q3*VCF[W265F](1.00 +0.02, n=11)
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PIP; influences pore coupling and VSD movement

The membrane phospholipid PIP2 is an essential co-factor and regulator of KCNQ channels.
PIP2 is required for pore opening, and its hydrolysis underlies Gq—coupled receptor-mediated
channel inhibition (Suh et al., 2006; Zhang et al., 2003). Recent investigations of KCNQ1 suggest
this requirement reflects PIP2-dependent conformational coupling of the VSD and PD (Zaydman
and Cui, 2014; Zaydman et al., 2013). Therefore, we reasoned that PIP2-dependent coupling might
also influence transduction of RTG binding from the pore to the voltage sensor. To evaluate the
influence of PIP2, we co-expressed Q3*VCF with the voltage-sensitive phosphatase Ci-VSP,
allowing time-resolved control of PIP2 levels using depolarization to activate the phosphatase
(Murata et al., 2005). At depolarized potentials that activate Ci-VSP, we observed a fluorescence
deflection that persists even as pore closure is induced by PIP2 depletion (Fig. 4.3A). A subsequent
identical depolarization produces a similar fluorescence change but little current, illustrating that
PIP2 is not required for voltage sensor movement, as the voltage sensor appears to operate
independently of the pore in the absence of PIP2 (Figure 4.3A).

There are important quantitative differences in voltage sensor fluorescence signals after
PIP2 depletion. There is a pronounced increase in the magnitude of the fluorescence signal that
occurs simultaneously with PIP2 depletion (Figure 4.3B). This is not immediately obvious in
Figure 4.3A because the Ci-VSP mediated PIP2 depletion is occurring on approximately the same
time scale as activation of current and fluorescence. However, in oocytes with slower current
rundown Kinetics, there is a clear correlation between the time course of current decay and a second
phase of fluorescence unquenching at +100 mV where Ci-VSP becomes activated (Figure 4.3B,
see also 4.3E). To confirm that this unusual behavior was due to PIP2 depletion, we performed the

same protocol in the absence of Ci-VSP (Fig. 4.3C), and observed that depolarizations to +100
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mV compared to +20mV elicited fluorescence signals with a much smaller increase in magnitude,
and lacking the unquenching phase (Fig. 4.3B-D). Although perhaps not ideal, even more
convincing evidence of this effect came from non-uniformly voltage clamped oocytes, where
artefactual irregular kinetics of current decay closely overlap with kinetics of fluorescence

unquenching (Figure 4.3E,F).
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Figure 4.3: PIP, depletion alters Q3*VCF fluorescence. (A) Sample trace from an oocyte expressing Q3*VCF +
Ci-VSP, highlighting the effects of PIP, depletion on current (black) and fluorescence (green). (B and C) When Ci-
V'SP is present, PIP, depletion at highly depolarized potentials produces a significant increase in AF. (D) Summary of
AF (+100mV)/ AF (+20mV) for Q3*VCF and Q3*VCF + Ci-VSP (1.35 £ 0.05 and 1.99 £ 0.02, respectively, n=4 and
5). (E) Sample current and fluorescence traces from oocytes expressing Q3*VCF + Ci-VSP displaying variable
kinetics of PIP, rundown at +100mV. (F) Time to half maximal Ci-VSP induced current rundown plotted against time
to half maximal increase in secondary fluorescence component AF2 for several oocytes (n=8).
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Lastly, we performed a triple pulse protocol comprising two depolarizations to +20 mV,
separated by a depolarization to +100 mV (to deplete PIP2). In this experiment, PIP2 depletion
consistently facilitates the fluorescence signal in the second +20 mV depolarization (Fig. 4.4A, B).
A final important observation, revisited later, is that PIP2 depletion causes acceleration of voltage
sensor deactivation (Fig. 4.4C), while activation kinetics are largely unchanged. Taken together,
these results highlight that PIP2 enables pore opening in response to voltage sensor movement, and

influences the dynamics and conformations experienced by the VSD.
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Figure 4.4: PIP, depletion produces a voltage independent increase Q3*VCF fluorescence and acceleration of
deactivation kinetics. (A) A triple-pulse protocol was applied to assess the impact of PIP, depletion on AF magnitude
and kinetics. (B) Summary graph displaying the increase in AF magnitude at +20mV after a PIP, depleting +100mV
pulse, including paired data points from individual oocytes (0.48 £+ 0.06 %AF pre-rundown, 0.66 + 0.05 %AF post-
rundown). (C) Kinetics of activation and deactivation at +20mV before and after PIP, depleting pulse (tac: 137.7
11.6 ms in control, 152.8 £ 12.2 ms in RTG; Tgeact : 311.2 £ 21.1 ms in control, 212.4 £ 11.6 ms in RTG).
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Retigabine protects channels from Ci-VSP mediated rundown

We next examined how PIPz influences transduction of RTG binding to changes in voltage
sensing. We began by using Ci-VSP co-expression to deplete PIP2 and observed that the effects of
Ci-VSP are considerably weakened in the presence of RTG (Fig. 4.5A). In this experiment, voltage
pulses between -140mV and +100mV were delivered, followed by a test pulse to -20 mV to
observe the extent of PIP2 depletion after different pre-pulse voltages. In control conditions, this
yields a characteristic bell-shaped relationship, reflecting channel activation at modest
depolarizations (insufficient to activate Ci-VSP), and strong inhibition of current at positive
voltages where Ci-VSP becomes active. In the presence of RTG, channel activation is observed at
more negative voltages, as expected (due to the RTG-mediated shift in channel activation). More
importantly, there is prominent protection against current rundown at positive voltages (Figure
4.5A), which is reminiscent of previously reported protective effects of RTG against M1 receptor-
mediated current rundown (Tatulian et al., 2001). The rundown of current after pulsing to +60mV
is attenuated by 54.6 + 6.5% in the presence of RTG (Fig. 4.5E, black line). This effect is absent
in the W265F mutant (Fig. 4.5B), demonstrating that RTG does not directly inhibit Ci-VSP activity,
but instead appears to strengthen channel-PIP2 interaction, leading to ‘protection’ of channel-
associated PIP2.

We exploited the RTG “protection’ effect to investigate reciprocal influences of PIP2, RTG,
and potential PIP2-interacting residues. The cytoplasmic side of KCNQ channels has a high density
of basic residues that may be involved in PIP2 interaction, especially in the S2-S3 linker and the
proximal C-terminus immediately following the S6 helix (Fig. 4.5E, F, G). We performed a charge
neutralization scan by mutating positively charged residues to alanine on the Q3*VCF background

(Fig. 4.5C-E). In addition to multiple alanine point mutations, we modified a cluster of consecutive
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basic residues (“KRRK motif”) in the proximal KCNQ3 C-terminus. For this charge cluster we
generated constructs expressing double alanine substitutions, along with a construct in which all
four residues were neutralized (termed S6-AARK, S6-KRAA, S6-AAAA). Relative to KCNQ1,
there is a slightly higher number of charged side chains in the S2-S3 and C-termini of KCNQ2 and
KCNQ3 (Figure 4.5F, G), with notable differences in the “KRRK” cluster.

We reasoned that mutation of residues important for channel:PIP2 interactions might alter
RTG protection against Ci-VSP mediated rundown, potentially by reducing the association time
between channels and PIP2. In the absence of RTG, most mutants exhibited similar sensitivity to
Ci-VSP mediated rundown (Fig. 4.5C). However, we observed a range of RTG-mediated
protection in these mutants. Most significantly, multiple mutations in the proximal C-terminus
abolished RTG-induced protection from Ci-VSP (Fig. 4.5C, D, and E). Currents from the K248A,
R364A, H367A, S6-AARK and S6-KRAA mutants were nearly completely inhibited by Ci-VSP
at +60mV, even in the presence of RTG (Fig. 4.5E). An interesting exception in this region was
the K358A mutant, which was insensitive to Ci-VSP in both the presence and absence of RTG
(Fig. 4.5E). The protection effect is retained to varying degrees for all S2-S3 mutants, with R190A

and K192A exhibiting slightly weaker protection against Ci-VSP-mediated rundown (Figure 4.5E).
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Figure 4.5: RTG induced strengthening of channel PIP; interactions relies on C-terminal basic residues. (A and
B) Summary GV curves obtained from oocytes co-expressing Ci-VSP with Q3*VCF (A) or Q3*VCF[W265F](B), in
the presence (filled circles) or absence of 100uM RTG (n=6 and n=5, respectively). (C and D) Summary GV curves
obtained from channels expressing various mutations (shown in E and color coded by region) on the background of
Q3*VCF and co-expressed with Ci-VSP, in the presence (D) or absence (C) of 100uM RTG (n=4 - 6 for all constructs).
(E) Summary of Ci-VSP induced current rundown at +60mV, highlighting the necessity of C-terminal residues in
enabling RTG mediated PIP, rundown protection. (E, right) Illustrations highlight the positions of cytosolic basic
residues. (F and G) Sequence alignments highlighting the conservation of poly-basic motif in the S2-S3 linker (F) and
C-termini (G) of KCNQ1-3 channels.
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More conventional characterization of these charge neutralization mutants was consistent
with the RTG protection assay. Neutralization of S2-S3 linker charges had modest effects on
current expression, V12 of activation, or response to 100 uM RTG (Fig. 4.6A, B). In contrast,
mutation of K248 (S4-S5 linker) and the majority of basic residues in the proximal C-terminus had
profound effects: all except K358A led to >50% reduction in currents, with K248A, R364A, S6-
AARK and S6-AAAA causing >85% reduction in currents (Fig. 4.6A). The S6-AAAA mutation
was the most disruptive, as currents were undetectable in the absence of RTG, although 100 uM
RTG rescued a small amount of ionic current and enabled the collection of conductance-voltage
relationships (Fig. 4.6B). With the exception of K358A, all proximal C-terminus mutants

attenuated (but did not abolish) the RTG-induced shift in V12 of activation.

A $2-S3 Linker
T 1
S 251 o
>
& o) (o]
g 204
= S6 proximal C-terminus
5 154 O 1
A O
s B
5 104 8 8l°|.
g 8 o)
g 0.5
o
Z 00
%v\bv@%v @\» %qy q@v'@@&@%@v @“” AY Qgs»
S & E Q,, b
&
B v, (mV)
-120 -100 -80 -60 -40 20
[ ] O + Q3*VCF
H@H =O- + R183A
o Q L K185A
L ] O - R188A
[ J Ol L R190A
o L0 F K192A
® 'e) L R195A
O F K196A
[ ] 1Ol L K248A
o O + K358A
[ ] O L R364A
[ O + H367A
—o— +OH I S6-KRAA
@ 100uM RTG 1@ O I S6-AARK
o L S6-AAAA

Figure 4.6: Functional characterization of Q3*VCF charge neutralization mutants. (A) Summary of current
expression levels one or two days after injection for all mutants normalized to Q3*VCF (n=4-10). (B) Activation V1,
values for all constructs in the presence of absence of 100uM RTG (n=4).
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Structural basis for PIP,-mediated VSD:PD coupling

Overall, the charge neutralization scan highlights the importance of charged residues in
the proximal C-terminus for channel function and suggest this region is important for normal
transduction of RTG binding to altered VVSD function. Based on molecular models of KCNQ3, we
suggest a possible structural basis for the observed effects (Fig. 4.5E). The rich density of
positively charged sidechains on the intracellular surface forms a favorable environment for
interaction of negatively charged PIP2 headgroups (a population of docked PIP2 headgroup
conformations are illustrated as a yellow density in Figure 4.5E). We modeled the proximal C-
terminus as a helical extension of the S6 helix in a molecular model of open KCNQ3, based on a
fragment of the structure of a chimeric KCNQZ2/3 proximal C-terminus (Strulovich et al., 2016).
We speculate that these C-terminal positive charges require interaction with a resident PIP2
molecule residing on the intracellular face of the channel, near the VSD/PD interface — with the
PIP2 headgroup ‘sandwiched’ between the S2-S3 linker charges and the C-terminus. Although this
is a hypothetical model, and we do not know the specific orientation of the C-terminal extension
of S6, a requirement for something resembling the proposed configuration would account for both
poor efficiency of channel opening in C-terminal mutants (Fig. 4.6) or PIP2 depletion (Figs.
4.3,4.5). Moreover, stabilization of this configuration by RTG would account for the protection of
PIP2 against Ci-VSP rundown, and the loss of protection after neutralization of critical C-terminal

residues. We introduce the model here to provide context and interpretation for results that follow.
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The C-terminus is essential for normal pore-VSD coupling

We investigated this potential model and the role of the C-terminus in the transduction of
RTG effects in more detail using VCF. Despite the extremely small currents detectable from
mutations in the KRRK cluster, mutant channels generated robust voltage-dependent fluorescence
signals that were consistently much larger than signals from Q3*VCF (Fig. 4.7A). These
observations suggest that the mutants express very well at the cell surface but are likely hampered
by weak VSD-pore coupling. We also observed marked RTG enhancement of currents in these
mutants (Fig. 4.7C), suggesting that there is a ‘reserve’ of channels with dysfunctional pores that

can be rescued by RTG.
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Figure 4.7: RTG effects on the VSD are partially mediated by C-terminal residues involved in VSD-PD coupling.
(A) Sample recordings of current (black) and fluorescence (green) obtained from Q3*VCF with charge neutralizations
in their S6-KRRK motifs. -60mV sweeps (red) highlight RTG induced shifts in the voltage dependence of AF, which
remain even as pore function is progressively lost. (B) Summary graphs of the voltage and RTG dependence of AF
and G for mutants shown in A (n=4-10). (C) Summary of RTG induced enhancement of current at +20mV for S6-WT
(1.4 £0.3), S6-KRAA (2.3 £ 0.6), S6-AARK (8.4 £ 0.9), and S6-AAAA (immeasurable due to absence of currents in
ORTG) (n=4-10). (D) V1, values for AF and G, highlighting the RTG mediated shift in fluorescence (green lines).
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There were two pronounced differences in the effects of RTG on the C-terminal mutant
channels. Firstly, the RTG-mediated shift of the conductance-voltage relationship was weakened
relative to Q3*VCF channels (Fig. 4.7B, D), and this effect correlated with the impact of mutations
on overall channel function (KRAA channels were more strongly shifted than AARK channels).
However, the voltage-dependent shift of the fluorescence-voltage relationship was less perturbed,
resulting in a dissociation of FV and GV that was very pronounced in the presence of RTG (Fig.
4.7B, D). Secondly, KRRK mutants markedly altered the kinetic effects of RTG (Fig. 4.8). In
Q3*VCF channels, RTG application causes dramatic deceleration of fluorescence deactivation
(Figs. 4.2B, 4.8A), and generally leads to the appearance of sigmoidal kinetics (loss of exponential
decay kinetics). In the C-terminal mutants, this RTG-mediated effect is attenuated or lost entirely
(in S6-AARK or AAAA mutants), suggesting that pore binding of RTG is no longer transduced
normally to the VSD (Fig. 4.8A and B). Also, the accelerated deactivation kinetics closely
resemble the accelerated deactivation caused by PIP2 depletion (Fig. 4.4C, Fig. 4.8B). In the
context of the structural model described earlier (Fig. 4.5E), these findings are consistent with
PIP2-dependent ‘bridging’ of the open conformation of the C-terminus and active voltage sensor
being required for RTG to exert its dramatic effect on voltage sensor deactivation (as PIP2
depletion or C-terminal mutants abolish the effect). In contrast, RTG-mediated acceleration of the

activation kinetics is weakly affected in C-terminal mutants or after PIP2 depletion (Fig. 4.8C, D).
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Figure 4.8. S6-KRRK mutations abolish RTG effects on Q3*VCF fluorescence deactivation, but not activation.
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(C) of fluorescence at -140mV and +20mV, respectively. (B and D) Summary of kinetics values (single exponential
1, n=4-10).

Residual P1P2-independent coupling of retigabine effects

Mutations in the KRRK cluster cause attenuated RTG sensitivity, and exert several
additional related effects: low efficiency of pore opening, and weakened PIP2 ‘protection’ that we
interpret as a reflection of destabilized PIP2 binding. However, these mutations do not completely
uncouple effects of RTG on the voltage sensor, which still exhibits significant RTG-mediated
shifts (Fig. 4.7B, D). In order to distinguish the possibility of some persistent PIP2-mediated
coupling of RTG effects (eg. incomplete effects of the C-terminal mutations) or an alternative
mechanism of coupling, we exploited the increased susceptibility of KRRK mutants to Ci-VSP
mediated PIP2 rundown. Specifically, we used the Q3*VCF[S6-AARK] mutant, which expresses
a small amount of current that can report Ci-VSP induced PIP2-depletion, together with a robust
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fluorescence signal, affording more confidence that channel:PIP2 interactions could be abolished
in this channel even in the presence of RTG (Fig. 4.5).

With Ci-VSP co-expression, we recorded the voltage-dependence of Q3*VCF[S6-AARK]
fluorescence using a holding potential of +80mV (for sustained Ci-VSP activation), to test the
voltage sensor effects of RTG with maximal PIP2 depletion (Fig. 4.9A). Thus far, this appears to
be the most efficient and complete method of PIP2 depletion that we have been able to devise.
There are no detectable KCNQ3 currents in the presence or absence of RTG, despite very
pronounced fluorescence signals, indicating that the Ci-VSP is functioning properly. The data
demonstrate that even in the absence of PIP2, RTG stabilizes VSD activation leading to a -31.1+1.9
mV hyperpolarizing shift in the FV relationship (Fig. 4.9B), similar to the shift observed without
Ci-VSP co-expression (Fig. 4.7D, -30.4+£3.8 mV).

These findings are consistent with the kinetic effects of PIP2 depletion and C-terminal
perturbations in different RTG conditions. Abolishing the putative C-terminal/PIP2 interactions
leads to accelerated deactivation, but more importantly, wholly abolishes the effects of RTG on
voltage sensor deactivation — drug binding in the pore no longer appears to immobilize the
activated conformation of the voltage sensor. However, under conditions that strongly reduce
channel:PIP2 interactions, effects of RTG on voltage sensor activation appear mostly intact (Fig.
4.8C,D). Taken together these data suggest that RTG has dichotomous effects on voltage sensor
deactivation (mediated by a C-terminal interaction with PIP2) and activation (mediated by a PIP2-

independent mechanism).
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Figure 4.9: RTG activates the VSD in ‘PIP;-less’ Q3*VCF [S6-AARK] channels. (A) Effects of RTG on the
voltage dependence of AF from Q3*VCF [S6-AARK] was assessed under PIP, depleted conditions. (B) Summary of

FV relationships £RTG, highlighting the RTG induced shift in the absence of PIP, (V12 =-53.1 £0.8 mV in control
and -84.2 £1.1 mV in 100 uM RTG, n=4).
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DISCUSSION

Retigabine is a powerful opener of neuronal KCNQ channels, with a well-defined binding
site in the channel pore. However, mechanisms that couple the pore to the voltage sensing domain,
and link retigabine binding to altered voltage sensitivity are poorly understood. Previous
investigations of voltage-sensing in KCNQ channels have focused primarily on KCNQ1,
demonstrating that VSD movements in KCNQ1 are dynamically regulated by association with
auxiliary subunits such as KCNE1/3 and by PIP2, which affect not only the VSD response to
voltage, but also coupling of VSD movements to opening of the pore gate (Barro-Soria et al., 2014,
2015; Osteen et al., 2010; Ruscic et al., 2013; Zaydman et al., 2013). Although neuronal KCNQ
channels like KCNQ3 share this requirement for PIP2, their unique sensitivity to retigabine has
enabled novel insights into structural motifs that govern the interplay between voltage-sensing,
pharmacology, and regulation by PIP>.

We have demonstrated that retigabine shifts the voltage-dependence of Q3*VCF
fluorescence in parallel with channel conductance, directly demonstrating drug-mediated
stabilization of the activated voltage-sensor. At ambient PIP2 levels, voltage-dependence of
KCNQ3 activation was modulated over a wide range with retigabine, and close coupling of pore
and voltage sensor was retained (Fig. 4.2A). This close coupling resembles observations made in
KCNQL in the absence of KCNE1 (Osteen et al., 2010). PIP2 depletion resulted in significant
changes of voltage sensor dynamics and coupling that we describe colloquially as ‘unhinging’ of
the voltage sensor from the pore.

One obvious feature of the ‘unhinged’ voltage sensor was a dramatic change in the
magnitude of the fluorescence signal (Fig. 4.3). We suggest that this effect reflects the adoption of

novel VSD conformations once the constraints imposed by PIP2-dependent pore coupling are
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removed. Given that the extracellular environment around the fluorescent tag has not been
manipulated in these experiments, it seems reasonable to infer that the much larger fluorescence
signals after PIP2 depletion indicate a significant change in VSD conformation when uncoupled
from the pore. It is noteworthy that KCNQ1 channels (tagged at the equivalent position) exhibit
much larger fluorescence changes than we have observed in KCNQ3. Although not yet tested
directly, one interesting possibility is that this is due to the lack of the critical KRRK cluster present
in KCNQ2-5 (and possibly the smaller number of S2-S3 basic residues) that appears to constrain
voltage sensor movement (Figs. 4.3, 4.5).

A second feature of the ‘unhinged’ PIP2-depleted voltage sensor is altered deactivation
kinetics of the voltage sensor fluorescence. This feature is particularly prominent in the series of
‘KRRK’ neutralizations (Figs. 4.7, 4.8), as voltage-sensor deactivation becomes accelerated in
correlation with loss of channel function. Moreover, deactivation of the ‘unhinged’ voltage sensor
appears wholly insensitive to RTG, unlike the dramatic deceleration of deactivation in Q3*VCF.
A previous study reported that PIP2 depletion prevents RTG activation of KCNQ3 channels (Zhang
et al., 2013). We were thus surprised to find that despite our best efforts to deplete PIP2 and
‘unhinge’ the voltage sensor, RTG was still able to induce a substantial hyperpolarizing shift of
the VSD (Fig. 4.9). The persistent RTG-mediated shift appears to be due primarily to an effect on
VSD activation kinetics, but not deactivation, implying that RTG binding to the pore is
communicated in multiple distinct ways to the VSD. Our findings seem to indicate separable PIP2-
dependent and PIP2-independent modes of coupling between the KCNQ pore and voltage sensors,
which specifically affect deactivation or activation, respectively (Figs. 4.8,4.9).

The convergent effects of KRRK mutations and PIP2 depletion on channel function,

voltage-sensor deactivation, and weakened PIP2 protection, can be rationalized with a model as
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shown (Fig. 4.5E). We suggest that the proximal C-terminus and S2-S3 linker can interact with
PIP2, with the lipid ‘sandwiched’ between these motifs. This creates a PIP2-mediated physical
association between the C-terminus (adjacent to the S6 gate) and the VSD. When PIP: is abundant,
these reciprocal interactions between the VSD, PIP2, and pore, may be reflected in the close
coupling of the FV and GV relationships observed under basal conditions. An intuitive explanation
is that when the C-terminus is closely engaged with the voltage sensor (via PIP2), mutual
constraints on their motions cause them to operate with similar voltage-dependence. Perturbation
of either of these putative partners (KRRK mutations, or PIP2 depletion) leads to dissociation of
the FVV and GV, which is especially apparent in RTG (Fig. 4.7). The influence of retigabine towards
stabilizing the engaged C-terminus:PIP2:VVSD arrangement also seems to emerge in the protection
of PIP2 against Ci-VSP mediated degradation. As mentioned, this mirrors earlier characterizations
of retigabine demonstrating protection against M1 receptor-mediated rundown. These types of
observation may have important implications related to drug mechanism, suggesting that in
addition to silencing neurons through the activation of KCNQ channels, RTG is likely to blunt the
sensitivity of neurons to endogenous receptor-mediated pathways that operate through PLC
mediated PIP2 hydrolysis.

A prediction of our structural model is that S2-S3 linker mutations might also abolish PIP2-
dependent pore:sensor coupling. We did not observe dramatic effects of S2-S3 linker mutations,
although certain mutants, such as R190A, exhibited both weaker PIP2 protection and less overall
current (Fig. 4.5, Fig. 4.6). These residues are good candidates for deeper investigation in the future,
although we suspect that there may be considerable redundancy of positively charged S2-S3
positions contributing to PIP2 interactions, as there are 8 charged residues in a relatively short ~20

amino acid loop. Previous work has proposed that the S4-S5 linker also contributes to channel-
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PIPz interactions in KCNQ2 and KCNQ3 (Zhang et al., 2013; Zhou et al., 2013). This is supported
by our observation that introduction of the S4-S5 linker K248A mutation produced a significant
inhibitory effect on channel function and RTG sensitivity in our study.

Collectively, our data indicate that structural changes that occur at the VSD-PD interface
upon VSD activation orient PIP2 molecules to interact with a cluster of basic residues below the
S6 helix in the proximal C-terminus to enable pore opening. When RTG binds to the channels, it
exerts bi-directional effects on the VSD and PD, simultaneously promoting VSD activation, while
strengthening PIP2 dependent VSD-PD coupling to promote pore activation and further enhance

voltage sensitivity.
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Chapter 5: Functional Stoichiometry of Retigabine Binding in KCNQ3
Channels

BACKGROUND AND SUMMARY

In this study we have investigated the functional stoichiometry of retigabine actions by
manipulating the number of available retigabine binding sites in concatameric KCNQ3* channels.
We demonstrate that in the presence of intermediate retigabine concentrations, channels exhibit
biphasic conductance-voltage relationships. This behavior suggests that retigabine can exert its
effects in a nearly ‘all-or-none’ manner, with channels exhibiting either fully shifted or unshifted
behavior. Supporting this notion, we find in concatameric channels containing defined numbers of
retigabine sensitive subunits that only a single binding site is required for a nearly maximal
retigabine effect, and can recapitulate the apparent ‘all-or-none’ features of retigabine regulation
observed in KCNQ3. Taken together these data suggest that a single retigabine binding event can
generate a large shift of the KCNQ3 conductance-voltage relationship, and that retigabine-
mediated shifts of the KCNQ conductance-voltage relationship may reflect concentration-

dependent accumulation of channels in a shifted gating mode.

RESULTS
Biphasic conductance-voltage relationships at intermediate retigabine concentrations
KCNQ?2-5 channels exhibit a pronounced hyperpolarizing shift of the voltage-dependence
of activation in the presence of saturating concentrations of retigabine. In addition to the pore
domain-delimited binding site for retigabine, there are also several reports suggesting an
alternative binding site for certain KCNQ openers in the voltage sensing domain (Wang et al.,
2017). This alternative site appears to be absent or only weakly effective in KCNQ3 channels, thus
making them a good model to investigate retigabine interactions and effects via the conserved pore
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site. Although reports vary slightly in terms of the magnitude of this shift, we routinely observe
large shifts of ~60 mV in saturating concentrations of retigabine (100-300 uM) for KCNQ3*
(KCNQ3* in figures and remaining text) channels expressed in Xenopus laevis oocytes.

In ongoing experiments investigating KCNQ channel openers, we frequently observed a
shallow slope of the conductance-voltage relationship at intermediate concentrations of retigabine,
when compared to control or saturating conditions. We investigated this phenomenon in more
detail with closely spaced voltage intervals, and observed prominent ‘splitting’ of the conductance-
voltage relationship. This is apparent in Fig. 5.1A (3 UM retigabine), in which tail current
magnitudes are closely spaced after prepulses to intermediate voltages, leading to a plateau
between -80 mV and -50 mV in the conductance-voltage relationship (Fig. 5.1B). This biphasic
conductance-voltage relationship is well fit with a sum of two Boltzmann functions (Table 5.1).
There is a dose-dependent increase in the contribution of the shifted component of the
conductance-voltage relationship, with the ‘left-shifted” component becoming more prominent
with increasing retigabine concentrations (Fig. 5.2A). Using the magnitude of the shifted fraction,
we calculated an ECso of 4.4 uM with a Hill coefficient close to 1 (Fig. 5.2B). There is a modest
increase in the magnitude of the Vi of the shifted component, from -93 mV at 1 and 3 uM
retigabine, to -103 mV at saturating concentrations (Table 5.1). In addition, the ‘right-shifted’
component was best fit with a Vi of -41 mV in control conditions, and progressed to more
hyperpolarized V12 values at higher concentrations. At the highest retigabine concentrations, we
could not confidently generate fit parameters for the ‘unshifted” component, and so we have only

reported parameters for a single component Boltzmann.
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Figure 5.1: A biphasic conductance-voltage relationship emerges at intermediate RTG concentrations. (A) Two-
electrode voltage clamp recordings from Xenopus laevis oocytes expressing KCNQ3* in Ringer’s solution containing
0, 3 uM, and 300 pM RTG using the voltage-step protocol shown. Highlighted in the expansions are the biphasic tail
currents evident in 3 uM RTG (B) Summary of GV relationships in different RTG concentrations. Grey lines represent
fits of data from individual oocytes in 3 uM RTG, and circles represent averages.
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Figure 5.2: Conductance-voltage relationships for KCNQ3* in different RTG concentrations. (A) Summary of
normalized tail current recordings from multiple oocytes. Notice the biphasic nature of GV curves at intermediate
RTG concentrations. (B) The shifted fraction a at different RTG concentrations was fit with a Hill equation.
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RTG Shifted Viza (MV)  Vizp (MV) Ka Ko n
Concentration Component,
(um) a
0 - - -41.8+0.7 - 7.6 £0.2 5
1 0.12 -93.3+0.7 -460+11 59404 9.2%0.3 5
3 0.32 -935+03 -483+x12 69401 99106 5
10 0.72 -98.8+0.7 -620+17 76402 114405 5
30 1 -97.4+£2.4 - 9.4+1.3 - 5
100 1 -103.3+£0.8 - 79107 - 5
300 1 -102.0+1.5 - 9.2+0.8 - 5

Table 5.1: Values for double-Boltzmann fits of recordings from KCNQ3* in different RTG concentrations. The
shifted component a, represents the fraction of the total current fit with the hyperpolarized component. The un-shifted
component b= 1-a. Values for k, and ky represent the slope factor for respective fits. In concentrations >10uM RTG,
the un-shifted component was unresolved, and thus, data was fit to a single shifted component.

Generation of a tetrameric KCNQ3* construct

The retigabine-induced biphasic conductance-voltage relationships suggest that retigabine
acts roughly in an ‘all-or-none’ manner, reminiscent of recently reported effects of gamma-
subunits of BK channels (Gonzalez-Perez et al., 2015). That is, altered drug concentrations appear
to govern the ratio of channels in ‘shifted” and ‘unshifted’ modes, rather than progressively shifting
the V12 to more hyperpolarized voltages. As described for BK channel modulation by gamma-
subunits, there can be numerous stoichiometric channel:modulator configurations that generate an
apparent ‘all-or-none’ effect. Experiments with homomeric KCNQ3* do not definitively
demonstrate the number of retigabine molecules required to induce the ‘shifted’ gating mode in
KCNQ3*, and also do not demonstrate whether varying numbers of retigabine-sensitive subunits
within a channel generate differential gating shifts. In order to investigate the stoichiometry of
retigabine effects, we generated concatenated KCNQ3 channel constructs with varying numbers

of retigabine-sensitive subunits (containing varying numbers carrying the W265Phe mutant, which
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abolishes the retigabine effect (Wuttke et al., 2005)). Throughout the study, W refers to a wild-
type W265-containing subunit, and F refers to a W265Phe mutant subunit (so for example,
‘WWFF’ contains two WT subunits, and two W265Phe subunits). We confirmed that our plasmids
encoded expression of full-length tetramers using Western blots (Fig. 5.3A), and also confirmed
that concatemeric channel generation did not alter the conductance-voltage relationship or other
general gating properties relative to channels generated from assembly of four identical KCNQ3*
monomers (Fig. 5.3B, C). It should be noted that we had difficulties using the KCNQ3 antibody
on lysates from Xenopus laevis oocytes, so Western blots were carried out using lysates from
transfected HEK?293 cells (using the same pcDNAS3.1(-) construct that was used to generate mMRNA

for oocyte recordings, Fig. 5.3A).
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Figure 5.3: Generation of KCNQ3* concatamers with variable stoichiometry of RTG sensitive subunits. (A)
Western blots obtained from HEK cells expressing tetrameric constructs show generation of KCNQ3 protein that is
four-fold greater in size compared to control. (B and C) Representative traces and summary data displaying intact
functional properties of KCNQ* tetramer constructs, indistinguishable from control (A315T monomer).

A single sensitive subunit encodes a large retigabine effect:
We characterized the maximal retigabine response (maximum AV12) and sensitivity of
concatameric KCNQ3 channels with 1, 2, 3, or 4 retigabine sensitive subunits. Channels with one

sensitive subunit (“WFFF”) exhibited a maximal retigabine-induced gating shifts of -92 +/- 1 mV,
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in comparison to the WWWW tetramer (-103 +/- 2 mV)(Fig. 5.4A, B). Channels with intermediate
numbers of retigabine binding sites exhibited intermediate effects, but it is apparent that the bulk
of the maximal retigabine effect can be accounted for by drug binding to a single subunit. It is also
noteworthy that the ‘single-site”> WFFF tetramer could partially reproduce the biphasic
conductance-voltage relationships observed in KCNQ3* homomeric channels or the WWWW
tetramer. This observation is consistent with the notion that a single retigabine binding event is
sufficient to nearly completely shift the voltage-dependence of channel gating. It is also
noteworthy that the maximally shifted V12 measured in the WFFF tetramer (-92 mV) is equal to
the shifted V12 component measured at low retigabine concentrations (eg. 3 uM) in either
KCNQ3* channels (-93 mV), or WWWW tetramers (-93 mV). Although perhaps coincidental,
this similar effect may suggest that the shifted component observed in KCNQ3 in low retigabine
concentrations corresponds to a fraction of channels that have predominantly bound a single

retigabine molecule.
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Figure 5.4: A single RTG-sensitive subunit encodes a large RTG effect. (A and B) Summary GV curves obtained
from WFFF (A) and WWWW (B) expressed in oocytes and incubated in various RTG concentrations, and
representative recordings illustrating the presence of a biphasic tail at intermediate drug concentrations. (C and D)
Summary data of the maximal RTG-induced shift in V1, for different constructs(C), as well as the ECs, values (D).
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The retigabine-induced gating shift is reflected in changes in both the activation
(accelerated) and deactivation (decelerated) kinetics of KCNQ3*. We compared the saturating
effects of retigabine on channel gating kinetics in the series of KCNQ3* tetrameric channel
constructs, over a range of voltages (Fig. 5.5). Overall, activation kinetics are accelerated similarly
whether channels have a full complement of four retigabine sensitive subunits, or just a single
subunit (Fig. 5.5B). Similarly, deactivation kinetics are decelerated by retigabine by a comparable
extent whether there is one or four sensitive subunits (Fig. 5.5C). These findings are consistent
with the effects observed on the conductance-voltage relationship, suggesting that a single

retigabine binding event can account for a large component of the maximal retigabine effect.
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Figure 5.5: Effects of RTG on the activation and deactivation kinetics of KCNQ3* tetramers. (A) Sample
activation (left) and deactivation (right) traces obtained at OmV and -140mV, respectively, in the presence (red) or
absence (black) of a saturating concentration of RTG. (B and C) Summary of kinetic data for all constructs (logtact,
lograeact). Notice that kinetic effects of RTG are already pronounced in channels with a single RTG-sensitive subunit.
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Auxiliary retigabine binding residue mutations produce pronounced biphasic features
Previous reports identified multiple residues in KCNQ2 or KCNQ3 channels that influence
retigabine sensitivity (Fig. 5.6A), albeit less strong than mutations of W265 (or W236 in KCNQ2),
which seems to be absolutely essential for retigabine sensitivity (Lange et al., 2009; Schenzer et
al., 2005). With the recognition of the unique effects of retigabine on the KCNQ3* conductance-
voltage relationship, we also examined the retigabine sensitivity of certain ‘auxiliary’ binding site
mutations in more detail. As previously reported, some of these residues (L314A, L2721) exhibit
a modest depolarizing shift of channel activation relative to KCNQ3* in control conditions, but
retain a similar V12 in saturating retigabine concentrations. Thus the maximal retigabine-mediated
gating shift in these mutant channels can be very large, and the biphasic nature of the conductance-
voltage relationship is extremely pronounced (Fig. 5.6B,C). Retigabine effects on these auxiliary
binding site mutants exhibits a similar progression of the magnitude of shifted and unshifted
components, although higher retigabine concentrations are required than for KCNQ3* channels

(consistent with the notion of these amino acids contributing to retigabine binding).
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Figure 5.6: Super-shifted RTG-binding site mutants highlight all-or-none shift. (A) Illustration highlighting the
positioning of L314 and L272 in close proximity to W265 in the RTG binding site (residues highlighted in yellow).
(B and C) Summary GV curves obtained from KCNQ3*[L314A] and KCNQ3*[L272I] channels in different RTG
concentrations. Inset displays sample tail current recordings in 30uM RTG, clearly highlighting the two components.
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DISCUSSION

Retigabine interaction with KCNQ2-5 potassium channels significantly alters the voltage-
dependence of channel activation (Schenzer et al., 2005; Wuttke et al., 2005). In the presence of
saturating concentrations of retigabine, the voltage-dependence of these channels is shifted in the
hyperpolarizing direction, causing channels to remain open in the normal range of neuronal resting
membrane potentials. This hyperpolarizing effect is thought to underlie the therapeutic benefit of
retigabine in diseases of membrane excitability like epilepsy. However, unlike other classes of
anti-epileptic drugs such as use-dependent Nav channel blockers, there is only a rudimentary
understanding of the fundamental mechanisms of action of retigabine and other KCNQ channel
openers.

Using homomeric KCNQ3 channels as a model system, we investigated the number of
retigabine-sensitive subunits that are required for a full retigabine response. To this end, we
generated concatenated tetrameric subunits, and varied the number of channel subunits carrying
the W265Phe mutation previously shown to abolish retigabine sensitivity. It should be noted that
KCNQ3*[W265Phe] mutant channels exhibit no response to the highest experimentally
manageable concentrations of retigabine, and are presumed to abolish binding, although no direct
investigation of retigabine binding to WT or mutant channels has been reported. Due to this
uncertainty we have chosen to refer to the number of retigabine-sensitive subunits, rather than the
number of retigabine binding sites.

The presence of a single retigabine sensitive subunit was sufficient to reproduce most of
the maximal retigabine response observed in homomeric KCNQ3* channels (Fig. 5.4). The
biphasic properties of the conductance voltage relationship observed for KCNQ3* (Fig. 5.1)

persisted in the WFFF concatenated tetramer, although the components of the GV were less
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obviously dissociated. The kinetic effects of retigabine (acceleration of channel activation,
deceleration of channel closure) were also consistent between the WFFF and WWWW
concatemeric channels. All of these data suggest that a single retigabine binding event is sufficient
to generate nearly the maximal retigabine gating effect. We are uncertain why the biphasic nature
of the conductance voltage relationship is less apparent in the WFFF tetramer. One possible
contributing factor is that the maximal gating shift in this channel (~50 mV) is smaller than
observed in WWWW channels (~60 mV), and this may have impacted our ability to resolve
distinct components of the conductance-voltage relationship. This is especially true at intermediate
retigabine concentrations, because the depolarized component of the conductance-voltage
relationship progressively shifts to negative voltages, rather than remaining constant at ~-40 mV,
thus making the two components of the GV less obvious. Although we do not have a good
explanation for this progressive drift of the fitted V12 of the depolarized component, it is unlikely
to be due to a concentration-dependent population of channels with few (i.e. 1 or 2) molecules of
retigabine bound, because the WFFF tetramer would then be predicted to exhibit two consistent
and clearly defined components. Given that additional residues contribute to retigabine binding in
the pore (and the unknown nature of how they cooperate between subunits), there may be
unrecognized effects of retigabine interactions with W265Phe mutant subunits.

We were especially intrigued by the dramatic biphasic response to retigabine that could be
engineered in ‘supershifted’ channels carrying auxiliary binding site mutations. Firstly, retigabine
appears able to fully overcome the destabilization of channel opening caused by certain mutations,
rather than making a constant energetic contribution to intrinsic open state stability of the mutant
channel. This may be important in disease-causing loss-of-function KCNQ2 or KCNQ3 mutations

linked to epilepsies, and whether retigabine might be an effective therapeutic in some of these
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cases. Secondly, the biphasic nature of voltage-sensitivity in the presence of retigabine may
influence how one considers dosing effects of the drug in clinical conditions. A drug causing a
progressive hyperpolarizing shift of channel activation while maintaining a steep voltage-
dependence might be expected to have a steep concentration dependence over which the drug
becomes effective at a given voltage. In contrast, a gradual shift in the fraction of
shifted/’potentiated’ channels at a given voltage might broaden the range over which the drug can
have a biological effect.

Lastly, it is important to consider what fundamental mechanism might underlie the biphasic
nature of the conductance-voltage relationship in the presence of retigabine. In the case of gamma-
subunit regulation of BK channels, random assembly of BK channels with different numbers of
auxiliary subunits is presumed to govern the division of channels into populations with distinct
gating properties (Gonzalez-Perez et al., 2015). However, in the case of a small molecule, one
might expect channel:drug interactions to be more transient. In order to clearly divide available
channels into distinct populations, we presume that slow binding and unbinding kinetics of
retigabine (relative to the time scale of the experimental voltage pulses) are important to generate
this feature in the data. Although detailed characterization of the Kkinetic features of
retigabine:KCNQ channel interactions is an ongoing project, our preliminary findings suggest that
this condition is indeed met, with retigabine unbinding normally happening with a time constant

of several seconds in rapid perfusion switching experiments.
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Chapter 6: General Discussion and Conclusions

IMPLICATIONS FOR DRUG DEVELOPMENT

The key finding highlighted in work presented in chapter 3 was the identification of a H-
bond interaction that is likely to occur between W265 in the S5 pore-forming helix of KCNQ3
(and likely KCNQ?2, 4, and 5) and a carbonyl oxygen present on most KCNQ2-5 activating
compounds. We manipulated the H-bonding propensity of the Trp side chain by rearranging the
position of the indole nitrogen, and by weakening the polarity of the N-H moiety through
introduction of fluorinated Trp residues. These manipulations either completely ablated channel
sensitivity to retigabine (Fig. 3.3) or strengthened the potency of retigabine (Figs. 3.4 and 3.7) and
all analogues tested. Despite clear effects of these subtle perturbations on channel pharmacology
assessed through electrophysiology, our prediction that W265 is responsible for forming a direct
interaction with retigabine is still an assumption, as we have not directly assessed drug binding.
This assumption is supported by our observation that the H-bond accepting propensity of
retigabine analogues correlates with the negative electrostatic surface potential surrounding their
carbonyl oxygen atoms (Fig 3.7).

Our results do not rule out the possibility that H-bonding between W265 and another side
chain or regulatory co-factor, determines the structure of the retigabine binding site or is
responsible for downstream transduction of retigabine effects upon binding. The same can be said
about other residues in the pore domain which we have demonstrated to be important for retigabine
effects; however, the positioning of all of these residues in close proximity to W265 make it seem
likely that collectively these residues contribute to the formation of a retigabine binding pocket.
The indole substitution at W265 is the most subtle yet functionally disruptive mutation for

retigabine sensitivity, suggesting that residues in which mutagenesis is less consequential may be
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involved in orienting the drug molecule so that this crucial H-bond can be formed. Another
possible interpretation of our results is that H-bond formation between W265 and the carbonyl
oxygen of retigabine is a prerequisite for drug action as it provides the minimum energy required
to allow engagement of the drug in the channel activation process. A recent paper demonstrates
that the potency of retigabine can be increased by modifying either of the two phenyl rings of
retigabine through fluorination or other small chemical modifications (Kumar et al., 2016). The
impact of these alterations mirrors the effects of mutating residues other than W265 on retigabine
potency, and demonstrate that while W265 is the most important residue for retigabine effects (and
we presume, binding), it is not the sole determinant of potency.

Our observation that the negative electrostatic surface potential of retigabine and its
analogues correlates with their potency for activating KCNQ3 has important implications for the
design of novel compounds. The carbonyl oxygen in the retigabine molecule is a constituent of a
carbamate moiety, flanked by nitrogen and oxygen atoms that can reduce its H-bond accepting
capabilities. An appropriate set of follow-up experiments to test our hypothesis would be to
experiment with a series of retigabine analogues which are subtly altered at this region: for
example, a reasonable prediction might be that replacing the carbamate group with an amide or a
simple carbonyl flanked by carbons atoms might enhance retigabine potency. Consistent with this
prediction is our data indicating that ML213, which possesses an amide instead of a carbamate, is
clearly more potent than retigabine. However, it is important to point out that with ML213, the
maximal drug induced shift or efficacy is also reduced, suggesting that the overall architecture of
the drug molecule is an important determinant in the magnitude of drug-induced channel

stabilization in the active state. Therefore, an exciting possibility is that more subtle manipulations
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around the carbamate group of retigabine may result in a compound with greater potency while
maintaining efficacy.

Another recent paper demonstrated that adding a propargyl group to the phenyl-group
linker region of retigabine enhanced its efficacy in a mouse model of epilepsy, by producing a
more favorable brain-plasma distribution without altering the drug potency (Zhou et al., 2015).
This finding is consistent with our work suggesting that the distal carbamate region is a critical
determinant of drug binding, and demonstrates that tolerable chemical modifications of the body
of the drug molecule can lead to improvements in pharmacokinetics without impacting drug
potency and efficacy. As more studies emerge revealing specific structure/function properties of
drug action, our findings can be incorporated into an effective synthesis strategy to develop more
effective therapeutics, a task that will become increasingly more important as KCNQ channel
openers are evaluated as therapies in conditions other than epilepsy.

It is important to recognize the emerging concept that KCNQ channels can be regulated
through multiple distinct binding sites. W265 is present in the retigabine sensitive KCNQs (2-5);
however, certain isoforms such as KCNQ2 can be powerfully activated by drugs that appear to act
through interactions with the channel VSDs (Boehlen et al., 2013; Peretz et al., 2010; Wang et al.,
2017). The most straightforward evidence for this is that although W236 (the W265 equivalent
residue in KCNQ?2) is required for retigabine action, there are numerous compounds that do not
rely on this residue to exert powerful channel activating effects in KCNQ2. While our study adds
to the existing knowledge of the retigabine binding site in the pore domain, there is a relative
disparity in our knowledge of the determinants of drug binding and regulation on the VSDs. As
future research reveals distinct characteristics of these binding sites, the subtype specificity of

drugs that act through VSDs may enable specific targeting of KCNQ subtypes in different diseases,
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and to possibly generate therapeutic schemes in which both sites are targeted simultaneously with
different compounds to achieve maximum potency, with lower doses and possibly fewer side

effects.

Q3*VCF REVEALS IMPORTANT FEATURES OF KCNQ3 CHANNEL BIOPHYSICS
Employing VCF to study conformations of the voltage sensing apparatus in KCNQ3 has
been fruitful in illuminating the mechanism of retigabine-induced shift in channel voltage sensing,
as well as structural features underlying channel regulation by PIP2. The journey of successfully
applying VCF on KCNQ3 was a challenging one, which involved the generation of many mutant
constructs and constantly modifying the experimental procedures as well as the recording
equipment in order to obtain satisfactory fluorescence signals with adequate signal:noise. The
results from our cysteine substitutions in the S3-S4 linker of these channels indicate that the
voltage sensing equilibrium of these channels is regulated by the precise amino acid composition
of this extracellular loop. Despite drastic effects of some of these mutations, the Q218C mutation
preserved WT-like channel function, and importantly, enabled us to conduct VCF experiments.
Interestingly, despite trying to obtain fluorescence from many of the other cysteine mutants, | was
only able to succeed with Q218C and G219C, residues which had been used for VCF in KCNQ1
channels by several groups (Barro-Soria et al., 2014; Osteen et al., 2010). Thus it seems likely that
there is both sequence and conformational homology between KCNQ1 and KCNQ3 that enable
these sites to report state dependent fluorescence changes when labelled with fluorophores.
Labelling of residue V221 also enables VCF in KCNQ1, however, | suspect that the
hyperpolarizing shift produced by this mutation precluded this construct from utilized for detailed

investigations of how KCNEL1 regulates voltage-sensor function in these channels. However, this
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finding is consistent with our results in KCNQ3 that residues on the S3-S4 are important
determinants of channel voltage sensitivity.

There are both similarities and significant qualitative differences in voltage sensor
functions revealed by VCF experimentation in KCNQ3 compared to KCNQ1. Similar to KCNQ1
in the absence of KCNEL, the voltage dependence of fluorescence in KCNQ3 overlaps with the
voltage dependence of ionic conduction, indicating tight coupling between VSD activation and
pore opening in these channels. These findings are quite distinct from VVCF reports conducted on
Shaker potassium channels (Cha and Bezanilla, 1997; Kalstrup and Blunck, 2013; Mannuzzu et
al., 1996), which demonstrate voltage-dependent fluorescence changes and gating charge
movements occurring at voltages hyperpolarized to pore opening, consistent with models in which
movements of the voltage sensors precede a pore opening step (Schoppa and Sigworth, 1998;
Zagotta et al., 1994).

Experimental data indicating the presence of sub-maximal conducting states in KCNQ1
(Werry et al., 2013) lend support to a model in which independent movements of the four voltage-
sensors contribute to partial pore opening events to produce the overlap in FV and GV relationships
for KCNQ1. However, single channel studies performed in KCNQ2/3 have not revealed the
presence of such conduction states, making it difficult to rationalize such a mechanism for our
experimental observations (Li et al., 2004; Schwake et al., 2000). Furthermore, our data cannot
rule out the possibility that the fluorescence change obtained from Q3*VCF is a reflection of
concerted rearrangements of the voltage sensing domains in the latter stages of the channel
activation process coupled to pore opening, excluding independent movements preceding these

motions.
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In KCNQ1, VCF has revealed some fundamental channel regulatory mechanisms by
endogenous auxiliary subunits such as KCNE1 and KCNE3 (Barro-Soria et al., 2014, 2015). The
presence of KCNEL uncouples pore opening from the initial voltage-sensor activation step,
imposing a requirement for additional conformational changes at more depolarized potentials to
enable pore opening, leading to the hallmark features of cardiac 1Ks current. In contrast, KCNE3
can associate with KCNQ1 to lock the VSDs in the activated state, leading to persistent pore
opening at physiological voltage ranges. At present, there is no evidence that KCNE1 or KCNE3
contribute to functional regulation of neuronal KCNQ2/3 channels. There is some evidence that
KCNE2 may regulate neuronal KCNQs, however, the effects of KCNE2 co-expression on
KCNQ?2/3 function are extremely modest in comparison to the effects of KCNE1/3 on KCNQ1,
reported as a small ~5mV depolarizing shift in channel activation (Tinel et al., 2000). Other major
endogenous regulators of KCNQ2/3 discussed in the introductory chapter such as AKAP5 and
Calmodulin, exert their effects on channel open probability through indirectly modulating channel
interactions with PIP2. Thus, it will be interesting to see if novel endogenous regulators of
KCNQ2/3 emerge that can modulate channel function via directly altering channel voltage sensing
properties akin to the regulation of KCNQL.

Perhaps the most obvious distinction to be made regarding KCNQ3 VCF in relation to
KCNQ1 is that PIP2 depletion leads to a dramatic increase in fluorescence report, which has not
been reported in KCNQ1 (Zaydman et al., 2013). Previous work has established that the KCNQ
subtypes differ significantly in their PIP2 sensitivities and maximal open probabilities. KCNQ3
has a PIP2 sensitivity an order of magnitude greater than other KCNQs (Li et al., 2005), and this
increase in PIP2 sensitivity correlates with channel open probability, with KCNQ3 having an open

probability near unity at saturating voltages. In the presence of normal PIP2 levels, most of the
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KCNQ3 VSDs are coupled to an open pore at depolarized potentials; however, upon Ci-VSP
induced PIP2 rundown, uncoupling of the VSDs from the pore is likely to alter its conformation,
and this appears to manifest as a dramatic alteration of the fluorescence report. In channels such
as KCNQ1 (without KCNEL) where the PIP2-dependent coupling between the activated VSDs and
open pore are weaker (resulting in a lower open probability), it might be expected that even under
normal PIP2 levels, a majority of VSDs are uncoupled from the pore. This seems to be a reasonable
interpretation for why PIP2 depletion does not alter the fluorescence report from KCNQ1, and is
supported by our experimental data from the low-open probability Q3*VCF mutants with
disrupted proximal C-terminus charges. In the Q3*VCF S6-AARK mutant, PIP2 depletion causes
a much smaller increase in fluorescence, indicating that weak VSD-PD coupling prior to PIP2
depletion attenuates the impact of PIP2 depletion on VVSD conformations.

This interesting divergence in the regulation of KCNQ channels by PIP2 and KCNE
subunits is likely a reflection of their unique physiological roles. Although KCNQ1 channels must
associate with PIP2 to in order to function, their primary functions in the heart, ear, and gut require
association with KCNE1 and KCNE3 subunits, which drastically alter their functional properties.
In contrast, KCNQ2/3 channels are regulated through numerous signaling pathways (as discussed
in the introductory chapter) that converge to modulate PIP2-channel interactions and control
neuronal excitability. Thus, it is hardly surprising that they have evolved an exquisite sensitivity
to levels of PIP2. An intriguing hypothesis is that the conformational heterogeneity of KCNQ
channels is not only important for their regulation by diverse endogenous regulators, but also
underlies the ‘drugability’ of these channels. The ability to adopt various open conformations
occupying a vast energetic landscape may increase the probability that a small molecule can

associate with certain states to stabilize channel opening.

110



MECHANISM OF RETIGABINE INDUCED CHANNEL ACTIVATION

By utilizing VCF in conjunction with various methods of disrupting channel:PIP:
interactions, our study has elucidated the relationship between channel regulation by PIP2 and
activation by retigabine. Prior work has hinted that PIP2 plays an important role in mediating
retigabine effects, as PIP2 depletion precludes retigabine-induced pore opening, but not all
activators (eg. zinc pyrithione) are affected (Xiong et al., 2007; Zhou et al., 2013). By using VCF
to measure retigabine effects on the VSD in the absence of PIP2, we demonstrate that PIP2 is not
essential for retigabine binding as retigabine is still able to stabilize VSD activation. However,
PIP2 is critical for VSD-PD coupling and pore activation, and through a comprehensive mutagenic
scan of cytosolic basic residues, our data suggest that this may be due to interactions between PIP2
at the VSD-PD interface, and a PIP2 interaction motif located below the S6 helix of the channel.
The observation that retigabine protects channels against PIP2 rundown supports a model in which
the retigabine bound activated state of the channel has a strengthened affinity for PIP2. Since
retigabine stabilizes the activated VSDs in the absence of PIPz, it is conceivable that when PIP2 is
present, its orientation and interaction with important structural elements of the channel is altered.

To support this model of drug action and to distinguish it from drugs that activate the VSDs
directly, it would be interesting to perform the Ci-VVSP PIP2 depletion assay using drugs that target
the VSDs. If strengthened PIP2 dependent VVSD-PD coupling is not a primary mechanism of a
particular drug, then a reasonable hypothesis would be that Ci-VSP could effectively deplete
current in the presence of the drug, despite its ability to promote channel activation by increasing
voltage sensitivity. Currently, while there are several known drugs that act through a W236
independent binding site in KCNQ2, such drugs have not been identified for KCNQ3. Therefore

this set of experiments can be performed using KCNQ2 channels, for example, by comparing the
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effects of retigabine versus ICA-069673, a drug shown to act via an alternative binding site in the

VSD (Wang et al., 2017), on Ci-VSP induced current rundown.

STOICHIOMETRY OF RETIGABINE EFFECTS

When we began investigating retigabine action on KCNQ3* channels, we initially
attributed the shallowing of the GV curve at intermediate retigabine concentrations to the
consequence of averaging recordings from multiple oocytes exposed to drug concentrations in the
steep range of the retigabine dose response curve. Typically, the test potentials in our GV protocols
were applied in 10mV increments, and therefore, it was difficult to resolve the biphasic nature of
the GV curve which became evident when 5mV steps were used. This observation lead to our
hypothesis that an all-or-none response to retigabine divided channels into two distinct populations:
those experiencing a full shift, and a population of unshifted channels.

To test this hypothesis we generated concatemeric constructs with variable numbers of
retigabine sensitive subunits and found that channels expressing a single retigabine sensitive
subunit recapitulated to a large extent, the retigabine induced shift in voltage-dependence and
kinetics observed in WT channels. The characteristic biphasic GV curve at intermediate retigabine
levels is present in the WFFF construct, as well as a shift in V12 of activation ~ 70% of that
observed in ‘WWWW?’ tetramers and homotetrameric KCNQ3* channels. While the possibility
exists that the tetramers are not expressing as we expect, and that WFFF expression may result in
the expression of channels with more than one retigabine sensitive subunit, there is a clear
difference in their pharmacological sensitivity that suggests that the WFFF and WWWW
constructs are forming distinct channels. Channels formed by the WFFF construct have a reduced
shift in saturating retigabine concentrations, which is similar to the shifted component of the

biphasic GV at low retigabine concentrations in WWWW and KCNQ3*. This is likely a reflection
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of the majority of shifted channels interacting with retigabine through a single subunit at lower
concentrations. Taken together, the data from our KCNQ3 concatamer experiments suggests that
in homomeric KCNQ3 channels, the interaction between retigabine and one subunit within the
tetrameric complex is sufficient to stabilize channel opening to a great extent, and that subsequent
retigabine molecules exert marginal stabilizing effects on channel activation.

At this point, we can only speculate on the mechanistic basis of this effect. However, it
would be a reasonable hypothesis that the retigabine-sensitive gating process in a single subunit
of these channels is coupled to gating transitions of neighboring subunits. There exist the
possibility that the C-terminal motif that we identified to be crucial for channel gating and
retigabine effects are actually interacting with the VSDs/PIP2 of adjacent subunits. To test this,
expression of KCNQ3*[S6-AARK] with Q3*VCF[W265F], ideally as a dimeric construct, may
abolish retigabine effects on fluorescence. A recent structure resolved in the MacKinnon lab
(Whicher and MacKinnon, 2016) revealed that the S4-S5 linker in EAG1 potassium channels
interact with the S6 helix of adjacent subunits, as a result of a non-domain swapped configuration
of the VSDs and PDs. A unifying mechanism underlying the ability of a single retigabine-sensitive
subunit to exert a dominant functional effect, as well as the tight coupling of fluorescence report
and pore gating in Q3*VCF, could involve a mechanism where the VSD-PD coupling in KCNQ3
channels occur between domains of adjacent subunits. | think that this presents quite a fascinating
avenue for future studies using the constructs and methods established in the work presented in

this thesis.

LIMITATIONS AND OUTLOOK ON FUTURE EXPERIMENTS
The primarily limitation in the conclusions drawn from our studies is the use of a KCNQ3*

construct that enables functional expression of homomeric KCNQ3 channels. As discussed in the
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introductory chapter, M-currents in physiological settings are most abundantly expressed as
KCNQ2/3 heteromers and there is very little evidence for a functional role of KCNQ3 homomeric
channels. However, without the robust expression of this construct in Xenopus laevis oocytes, few
of our studies would have been possible. The incorporation of unnatural amino acids via the
nonsense suppression technique is inherently inefficient and requires the use of constructs that
enable a robust baseline of expression (with short latency) prior to introducing the amber stop
codon. For VCF studies, we normally only observe fluorescence changes for Q3*VCF at current
expression levels exceeding 20pA, and for KCNQ2 and KCNQ2/3 expression, these levels are
attainable only several days after injection at which time point a majority of the oocytes have
deteriorated and are no longer useful to perform reliable experiments, let alone expose them to the
harsh conditions necessary for fluorescent labelling. Based on the expectation that concatameric
subunits will also be less efficient at expressing, we generated our tetramers using the same
construct, however, currently we have succeeded in generating and expressing KCNQ2
concatamers in mammalian cell lines, and we are subjecting them to similar experimental protocols
to understand the subunit stoichiometry of retigabine effects.

As mentioned in the introduction, there is some conflicting evidence regarding the inability
of KCNQ3 channels to form functional homomeric channels. In my assessment of the literature, |
am inclined to believe that the KCNQ3 homomeric channels can be formed, but inefficiently when
compared to co-expression with KCNQ2. In this sense, KCNQ3 trafficking to the membrane is
similar to KCNQ2, the expression of which is substantially boosted by KCNQ3 co-injection. |
believe the main reason underlying a lack of current expression from KCNQ3 WT subunits is that
the presence of the Ala residue at position 315 causes the selectivity filter to be in a non-conducting

conformation, and by replacing this residue with a Thr, we are rescuing the ability of these channels

114



to conduct ions. It is likely that co-expression with WT KCNQ2 rescues pore functionality due to
the presence of a Thr at the equivalent position, and it would be interesting to test this hypothesis
by generating KCNQ3 WT — KCNQ3* dimeric or tetrameric constructs. Given some clear
functional difference between KCNQ2 and KCNQ3 such as their difference in PIP2 sensitivity,
and evidence for a physiological role of KCNQ2 homomers, | think that evolutionarily, KCNQ3
evolved to modulate M-channel functionality by titrating the relative abundance of KCNQ3
subunits within M-channel complexes, and that the presence of the Ala315 residue prevents
KCNQ3 channels from being electrically functional on their own.

In accepting the limitations of using the KCNQ3* construct in our studies, as a model M-
channel construct, some aspects of our conclusions are subject to more scrutiny than others. In
both homomeric and heteromeric channels composed of KCNQ2 and KCNQ3 subunits, we have
demonstrated that there is an absolute requirement for a Trp residue at positions 236 and 265,
respectively. Thus, our interpretation of our results employing unnatural amino acid mutagenesis
of W265 in KCNQ3* can reasonably be extended to native KCNQ2/3 M-channels. When it comes
to our interpretation of the mechanism of retigabine-induced channel activation and enhanced
voltage sensitivity, this is where we have to be more careful. In Chapter 3, we demonstrated that
the retigabine sensitivity of KCNQ2[W236F] co-expressed with WT KCNQ3 is intermediate
between WT M-channels and KCNQ2[W236F]:KCNQ3[W265F] channels. This is somewhat at
odds with our concatamer study in which a single retigabine sensitive subunit is sufficient to
reproduce most of the pharmacological sensitivity in KCNQ3. At this point, we can conclude that
either there is a difference in the stoichiometry of retigabine effects between KCNQ3 and
KCNQ2/3 channels, or that there are artefactual effects resulting from our concatamers or

experimental protocols. The retigabine-induced shift in KCNQ2/3 is significantly less than in
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KCNQ2 or KCNQ3* homotetramers, making it more difficult to resolve a biphasic response to
retigabine. However, at that time | was not fully aware of the biphasic nature of retigabine
sensitivity of KCNQ3* and thus did not carefully assess KCNQ2/3 channels for similar effects
using 5mV recording steps. Furthermore, over the course of our studies we have refined our
methods of applying solutions of different retigabine concentrations to oocytes, favoring a method
of incubating eggs to allow for more consistent equilibration of drug levels between different
batches of oocytes. It should not be difficult for us to more accurately resolve these distinctions in
future repeat experiments, and along with our data from KCNQ2 tetramers, we should be able to
determine if there is indeed a subtype specificity to the stoichiometry of retigabine effects.

In terms of our proposed mechanism of VSD-PD coupling and the role of PIPz in retigabine
sensitivity of KCNQ3 inferred from our VCF data, it is possible that there are mechanistic
differences in native KCNQ2/3 channels. Probably the most convincing argument against this
possibility is that the most salient features of our model, such as involvement of the cluster of
positively charged residues below the S6 helix, the S2-3 and S4-5 linkers, and the absolute
requirement of PIP2 for retigabine effects on pore opening, are features that are also prominent in
KCNQ2 subunits. In the future, | believe it will be possible to perform VCF from KCNQ2/3
heteromeric channels. By selectively recording fluorescence from either KCNQ2 or KCNQ3
VSDs, along with varying combinations of retigabine sensitive subunits and selective mutagenic
perturbations, a more detailed understanding of VSD-PD coupling and pharmacology in native

channel constructs could be obtained.
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SUMMARY

The work presented in this thesis expands our understanding of neuronal KCNQ channel
pharmacology at the molecular level. Using unnatural amino acid mutagenesis, we revealed that a
Trp residue previously established as essential for retigabine effects is likely interacting with
retigabine and its related analogs through H-bonding between the indole N-H and a carbonyl
oxygen present in these drugs. Future endeavors developing novel KCNQ channel activators can
apply this knowledge to fine tune the potency of novel compounds devoid of effects on unknown
targets, and establish library screens in which the importance of this interaction is recognized,
increasing efficiency. VCF has proven to be effective at not only illuminating the mechanism of
retigabine induced enhancement of channel voltage sensitivity, but also revealing basic structure-
function properties of KCNQ channels, particularly highlighting the central role of PIP2. Finally,
our studies using concatamers provides insight into the stoichiometry of retigabine action on
KCNQ channels, and highlights the need for further experimentation to resolve how the function

and pharmacology of M-channels is affected by its subunit composition.
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