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ABSTRACT

Epilepsy affects 60 million people worldwide, and encompasses the most common forms of
neurological disorders. Epilepsy manifests in diverse ways in patients, ranging from mild cognitive effects,
to seizures, to the more severe epileptic encephalopathy. While many pharmacological approaches exist for
the treatment of epilepsy, 30% of the epileptic population do not respond to such treatments. The resistance
to treatment is perhaps due to the diverse neurological mechanisms underlying epilepsy, but also the limited
molecular mechanisms by which conventional therapies target. Recent studies have made significant
progress in unveiling the mechanisms of a novel class of anti-epileptic drugs, the Kv7/KCNQ activators,
which targets a class of voltage-gated potassium channels involved in M-channel formation, and are
implicated in neonatal seizures and epileptic encephalopathy. Retigabine (RTG) is the first-in-class
clinically approved Kv7/KCNQ channel opener for the management of pharmacoresistant epilepsies.
Despite its success in treating many patients, RTG was eventually removed from the market due to lack of
target specificity and abundant side effects, which created concern for patient safety. Recently, another
experimental compound was developed - ICA-069673 (ICA-73). ICA-73 has been shown through recent
studies to exhibit greater specificity, selectivity, and state-dependence on limited members of the
Kv7/KCNQ subclass. Currently, there remains a limited understanding of the function and regulation of
KCNQ channels, particularly with regards to mechanisms behind subtype-selective tetrameric assembly and
stability of the selectivity filter. In addition, there is little understanding of the relationship between KCNQ
mutations and neurological disease. My thesis uses the improved understanding of ICA-73 to develop a
pharmacological assay, which was used together with two electrode voltage clamp electrophysiology to
study the relationship between genetic mutations in KCNQ channels and clinical cases of neurological
disorders. Through our approach, we improved the current understanding of M-channels and determined
that the calmodulin binding helices are likely involved in tetrameric channel assembly. We also determined
that the selectivity filter of KCNQ channels are likely stabilized by a similar hydrogen bond previously

identified in Drosophila Shaker channels, and disruption of this interaction can cause neonatal epilepsy.
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Finally, we made significant improvements to an optical technique, voltage clamp fluorometry, by
dramatically increasing the amplitudes and consistency of signals obtainable from KCNQ3, using an
approach that can be expanded to other members of the KCNQ family, and can be potentially applied to

study other poorly understood KCNQ-targeted drugs.
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PREFACE

This thesis is an original work by Jingru Li. Other than Figure 5.1 (Kim et al., 2017) used to illustrate
voltage clamp fluorometry, no part of this thesis has been previously published. All chapters relied on the
contributions and technical assistance provided by Yubin Hao and Runying Yang, particularly with cloning
and mutagenesis. Harley Kurata was the primary author who conceptualized and designed the research
projects for all chapters. Frog surgeries, oocyte handling, and mRNA injections were done under the

approval of University of Alberta Animal Care Protocol AUP00001752.

Chapter 3 of this thesis is submitted for publication at the Journal of Molecular Pharmacology as a
manuscript titled “Heteromeric assembly of truncated neuronal Kv7 channels: implications for neurological
disease and pharmacotherapy”. The work in this chapter was conducted as part of a research collaboration,
led by Elysa Marco (Cortica) and Harley Kurata (University of Alberta). Jingru Li designed experiments
with Harley Kurata, performed all the experiments, and analyzed all the data. Manuscript was written by
Jingru Li and Harley Kurata, along with the guidance and input from Jasmine Maghera, Shawn Lamothe,
and Elysa Marco. Elysa Marco collected all clinical features of the proband, and obtained informed consent

from the patient in this study.

Chapter 4 of this thesis is submitted for publication at Epilepsia Open as a manuscript titled “Benign
familial neonatal epilepsy caused by the Kv7.3 selectivity filter mutation T3131”. The work in this chapter
was conducted as part of a research collaboration, led by Billie Au (University of Calgary) and Harley
Kurata (University of Alberta). Jingru Li designed experiments with Jasmine Maghera and Harley Kurata,
contributed to the experiments, and contributed to data analysis. Jingru Li also contributed to writing of the
manuscript, along with Jasmine Maghera, Shawn Lamothe, Marvin Braun, Juan Appendino, Billie Au, and
Harley Kurata. Billie Au, Marvin Braun, and Juan Appendino collected all clinical features of the proband,

and obtained informed consent from the patient in this study.
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Chapter 5 of this thesis is not currently being prepared for publication, since we wish to perform
additional experiments to extend our experimental approach to other ion channels. Jingru Li designed

experiments with Harley Kurata, performed all the experiments, and analyzed all the data.

Two manuscripts not included in this thesis have been submitted for publication. The first
manuscript was submitted to Epilepsia and is titled “Functional and behavioural signatures of Kv7 activator
drug subtypes” by Richard Kanyo, Caroline Wang, Laszlo Locskai, Jingru Li, Ted Allison, and Harley
Kurata. The second manuscript was submitted to the Journal of General Physiology and is titled
“Glycosylation tunes the sensitivity of Kv1.2 modulation by regulatory proteins” by Daniel Fajonyomi,

Victoria Baronas, Damayantee Das, Jingru Li, Shawn Lamothe, and Harley Kurata.

One paper not included in this thesis has been published in the Journal of General Physiology, titled
“One drug-sensitive subunit is sufficient for a near-maximal retigabine effect in KCNQ channels” by
Michael Yau, Robin Kim, Caroline Wang, Jingru Li, Tarek Ammar, Runying Yang, Stephan Pless, and

Harley Kurata.
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CHAPTER 1: INTRODUCTION

OVERVIEW OF VOLTAGE SENSITIVE POTASSIUM CHANNELS

Potassium channels are expressed in almost every known living organism (Miller, 2000). These
channels are localized in the cell membrane and facilitate efflux of potassium ions along the direction of the
electrochemical gradient. Regulating the passage of potassium ions across the membrane is critical for
cellular electrical signaling (Miller, 2000; Kuang et al., 2015), and controls a vast array of physiological
processes, including cognition, motor function, interpretation of sensory information, secretion of endocrine
hormones, and contractions of the heart (Kuang et al., 2015). There are three major categories of potassium
channels: the six transmembrane-domain (Kv) channels, the two transmembrane-domain inward rectifier
(Kir) channels, and the four transmembrane-domain tandem pore domain (K2P) channels (Kuang et al.,
2015). This thesis focuses on the Kv7 or KCNQ family of channels, which are members of the six

transmembrane-domain Kv family of channels.

General Kv channel structure

All Kv channels are believed to follow a similar structural organization within the lipid bilayer,
outlined in Figure 1.1 (Kuang et al., 2015), though significant variation exists in the voltage-sensing domain,
pore domain, and N- and C-terminal domains between channel subtypes. Such variation produces
functionally diverse Kv channels with distinct characteristics in gating, voltage-sensing, regulation,
localization, and pharmacology (Béhring et al., 2012; Barros et al., 2012; Islas, 2016; Kim and Nimigean,

2016).

The structure of KCNQI1 (Kv7.1) in complex with calmodulin (CaM) was resolved by the
MacKinnon group in 2017 through cryo-electron microscopy (Sun and MacKinnon, 2017). At the writing
of this thesis, KCNQI1 is the only KCNQ channel with an atomically resolved structure. Since then, the
KCNQI1 structure has been used to guide the study and modeling of other KCNQ subtypes, including the

model of KCNQ3 used in this thesis. KCNQ1 is the cardiac isoform of Kv7 channels, and tetramerizes with



a C4 configuration (Sun and MacKinnon, 2017). KCNQ1 possesses a classical Kv channel transmembrane
architecture, also believed to be adopted by the neuronal KCNQ subtypes (Figure 1.1): each subunit contains
six transmembrane helices (S1-S6) and intracellular N and C terminal domains (Doyle et al., 1998; Sun and
MacKinnon, 2017). Helices S1-S4 form the voltage-sensing domain, which renders channel sensitivity to
changing membrane voltages (Doyle et al., 1998; Islas, 2016). Helices S5-S6 and the pore loop together
form the pore, allowing for conduction and specificity to potassium ions (Doyle et al., 1998). Four
intracellular C-terminal helices (A-D) underlie interactions with PIP,, CaM, regulatory proteins, and other
KCNQ channels, providing the basis for KCNQ channel regulation and tetramerization (Doyle et al., 1998;
Schwake et al., 2003; Kim et al., 2017). Finally, in neuronal KCNQ2 and KCNQ3 channels, an ankyrin G
interacting region exists in the distal C-terminus and facilitates retention of channels to the axon initial

segment and nodes of Ranvier of neurons (Pan et al., 2006).
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Figure 1.1: KCNQ structure schematic. KCNQ channels have intracellular N and C-terminal domains
with six transmembrane helices (S1-S6). S1-S4 form the voltage-sensing domain, allowing channels to
respond to changing membrane potentials. The S5-Pore Loop-S6 form the pore domain, allowing for the
passage of and imparting specificity to potassium ions. Regulatory regions are clustered in the C-terminus
of KCNQ channels for tetramerization with other KCNQ subunits and regulation by PIP,, CaM, and ankyrin
G. In addition to C-terminal regions, PIP, binding is also proposed to occur with the intracellular loops
between transmembrane helices.



Ion selectivity and permeation

The ion conducting pore of Kv channels comprises distinct regions for mediating ionic selectivity
and channel gating. The pore domains of four KCNQ subunits assemble to form the ion conducting pore
(Doyle et al., 1998). Three distinct regions can be identified in the ion conducting pore, which are arranged
in an inverted teepee formation (Doyle et al., 1998). The regions are, listed in order from the intracellular to
the extracellular direction: the pore gate, the central cavity, and the selectivity filter (Doyle et al., 1998; Kim
and Nimigean, 2016). The pore gate and central cavity regions have relatively larger diameters and contain
a significant number of hydrophobic amino acid residues oriented towards the ion conducting region (Doyle
et al., 1998). On the contrary, the selectivity filter is largely composed of hydrophilic residues, and contains
the narrowest point (~ 3 A) by which K* ions (~ 1.4 A) must pass through (Doyle et al., 1998; Heginbotham
et al., 1994). Specifically, the pore loop confers K* specificity through a Gly-Tyr-Gly-Asp motif conserved
across Kv channels, and mutations to this motif have been shown to eliminate channel selectivity for K*

ions (Heginbotham and MacKinnon, 1993; Heginbotham et al., 1994).

At sufficiently depolarizing voltages, Kv channels enter the open conformation to facilitate the
efflux of K™ ions (Yellen, 2002). K* conduction begins as hydrated ions enter through an open pore gate.
The gate hinge responds to voltage sensor conformational changes to control the diameter of the pore gate,
and is controlled by conserved Gly and Pro residues in the inner S6 helix of Kv channels: a Pro-X-Pro motif
bends the S6 helix to tightly couple conformational changes between the S4-S5 linker and the S6 helix, and
a Gly acts as the gate hinge by creating flexibility in the helices that control the pore gate diameter
(MacKinnon, 2003; Labro and Snyders, 2012). Upon entry across the pore gate, K™ ions proceed to the
central cavity. Due to the cavity’s position in the centre of the membrane bilayer, and the hydrophobicity of
local amino acid side chains, ions in this region are at the highest energetic state in the conduction process
(Doyle et al., 1998). Entry into the narrowest region, the selectivity filter, requires K™ dehydration. Since
dehydration is a destabilizing process and requires energy, K" must be energetically re-stabilized during

conduction, and this is accomplished by forming coordination bonds with backbone carbonyl moieties in



the selectivity filter (Doyle et al., 1998). Na*, due to its smaller Van der Waals radius (~ 1.0 A), cannot form
the coordination bonds sufficient for overcoming dehydration, and hence is selected against in ionic
conduction through Kv channels (Doyle et al., 1998). Entry of subsequent K* ions into the selectivity filter
disrupts the coordination bonds of the former ion, rapidly ejecting it into the extracellular space (Doyle et
al., 1998). As the narrowest and the rate-determining region of transport, stabilization of the selectivity filter
is critical for facilitating ion permeation and preventing inactivation via pore collapse (Doyle et al., 1998;

Pless et al., 2013).
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Figure 1.2: K* channel pore and ion permeation. The central cavity is an aqueous environment that is
continuous with the cytosol. Hydrated K* (grey circles) enters the central cavity when the pore gate is in the
open conformation. Due to the hydrophobic residues from Kv channels and positioning in the center of the
membrane bilayer, ions in the central cavity are at their highest energetic state. lons proceed into the
selectivity filter and are stabilized by coordination bonds from hydrophilic backbone carbonyl groups. lons
stabilized via coordination are rapidly expelled as subsequent ions enter from the central cavity.

Voltage sensitivity and gating

Control of ion conductance across voltage-dependent channels requires the coupling of electric
work to changes in protein conformation through gating charges (Bezanilla, 2008). Gating charges are the
charged amino acids that mechanically shift in response to changes in the electric field. Initially
characterized in the Shaker K* channel from Drosophila melanogaster, and later determined to be similar

in human Kv channels, basic Arg and Lys residues are clustered in the S4 helix of the voltage sensing



domain and act as Kv channel gating charges (Bezanilla, 2000; Yellen, 2002; Cui, 2016). Despite the
abundance of basic charged residues in the S4 helix that influence voltage sensitivity, only the first four Arg
residues move significantly in response to voltage - with respect to Shaker numbering, these residues are
R362, R365, R368, R371 (Aggarwal and MacKinnon, 1996). The voltage-driven movement of these gating
charges produces transient gating currents which can be observed in electrophysiology records (Bezanilla
and Stefani, 1998). Mutations eliminating these gating Arg in Shaker K* channels have been shown to
reduce transient gating currents and K* conductance, reflecting the importance of these gating residues in
the voltage sensitivity of Kv channels (Perozo et al., 1994; Aggarwal and MacKinnon, 1996). Finally,
mutations in S4 that eliminate charged residues in KCNQ1 and KCNQ4 produced channels that are
constitutively active, difficult to activate, and/or difficult to deactivate, again reflecting the importance of

S4 in voltage-sensitivity (Panaghie and Abbott, 2007).

Movement of the S4 helix in Kv channels is coupled to channel gate conformational changes (Liu
et al., 1997). Coupling between the voltage sensor and the pore requires the S4-S5 linker and membrane
lipid PIP», the latter will be discussed in a later section (Lu et al., 2001, 2002; Zaydman and Cui, 2014). The
voltage-dependent activation of the S4 helix applies a force on the S4-S5 linker, which induces a
conformational change in the gate hinge to widen the channel gate for ion entry (Cui, 2016). Membrane
repolarization causes the S4 helix to shift back to its deactivated position, relieving the force applied to the
S4-S5 linker and causing the gating hinges to close, which stops ion flow (Cui, 2016). Problems with the
voltage-sensitivity and/or gating of Kv channels can result in disease states caused by constitutively open

or closed channels (Cui, 2016).



OVERVIEW OF KCNQ (Kv7) CHANNELS

There are five members of KCNQ, or Kv7, channels - KCNQ1-5 - expressed in humans (Barrese et
al., 2018). KCNQI1 is the cardiac subtype important for generating the slow, delayed rectifier current (Iks)
to repolarize cardiac myocytes, and KCNQ2-5 are neuronal subtypes with diverse neuronal functions both
centrally and peripherally (Robbins, 2001). Two copies of each KCNQ gene are found in the human genome,
one copy contributed by each of the maternal and paternal sets of chromosomes (Barrese et al., 2018).
KCNQ genes are translated into monomeric protein subunits, and four subunits subsequently assemble to
form functional tetrameric channels before trafficking to the cell surface (Soldovieri et al., 2011). KCNQ
subunits can assemble into homotetramers or heterotetramers, and their expression and assembly vary across
cell types (Soldovieri et al., 2011). Finally, Kv7 channels can assemble with auxiliary subunits, including
KCNEI and CaM, which can have effects on membrane expression, channel assembly, current behaviour,
and inactivation properties (Ghosh et al., 2006; Shamgar et al., 2006; Strutz-Seebohm et al., 2011).
Differential assembly and lipid/protein mediated regulation of KCNQ channels produce functional diversity

in a channel class limited to only five members.

The differential expression and assembly of KCNQ subunits contribute to the diverse and often
critical physiological roles of KCNQ channels (Soldovieri et al., 2011). KCNQ channels are important in
cardiac repolarization, regulation of neuronal activity, auditory function, modulation of smooth and skeletal
muscle contractions, and endocrine function (Barrese et al., 2018). Due to the important yet diverse
physiological roles of KCNQs, channelopathies are often linked in human disease, including cardiac
arrythmias, epilepsies, neurodevelopmental delays, and abnormal smooth muscle and endocrine function
(Barrese et al., 2018). Often, channelopathies arise from disrupted voltage-sensitivity, ion selectivity and

conductance, surface expression, and/or channel regulation (Maljevic et al., 2010).



KCNQ channel regulation

Kv channels are regulated by diverse mechanisms that control surface expression, biophysical
properties, tetrameric assembly, ubiquitination and degradation, and cellular localization (Capera et al.,
2019). Kv channels possess signature motifs that make them susceptible to these kinds of regulation,
mediated by lipids, regulatory proteins, post-translational modifying enzymes, and other ion channel
subunits (Capera et al., 2019). KCNQ channels have large intracellular C-terminal domains containing four
regulatory helices A-D (Barrese et al., 2018). The four helices enable interactions with essential regulatory
factors, including CaM, PIP», and other KCNQ subunits to form tetrameric channels (Barrese et al., 2018).
Mutations that affect KCNQ channel regulation have been implicated in cardiac arrythmias and neurological

disorders (Haitin and Attali, 2008; Maljevic et al., 2010).

PIP;

Phosphatidylinositol-4,5-bisphosphate (PIP,) is a relatively abundant (~ 1% of membrane lipids)
anionic lipid found exclusively in the inner leaflet of the lipid bilayer (McLaughlin et al., 2002; Rusten and
Stenmark, 2006). PIP; is synthesized from phosphatidylinositol (PI) by two stepwise phosphorylation
reactions mediated by Pls kinase to produce PIP, and PIs kinase to produce PIP, (Rusten and Stenmark,
2006; Suh and Hille, 2007). PIP; levels in the membrane are balanced by phospholipase C (PLC),
phosphatases, and Pl Kinase (Czech, 2000; Rusten and Stenmark, 2006). Interestingly, the M-current —
later discovered to be primarily produced by neuronal KCNQ2 and KCNQ3 channels — was initially
identified due to its suppression by M1 receptor activation and subsequent phospholipase C-mediated PIP;
hydrolysis (Robbins et al., 1993; Zhang et al., 2003). Application of wortmannin, inhibitor PI4 kinase,
suppresses M-currents in a similar way by reducing membrane levels of PIP, through synthesis (Suh and
Hille, 2007). On the flip side, activation of a voltage sensitive phosphatase (Ciona Intestinalis VSP) that
cleaves PIP, to PI4P in oocytes expressing KCNQ2/KCNQ3 suppresses M-currents generated from these
heteromeric channels (Kim et al., 2017), further demonstrating M-channel dependence on membrane levels

of PIP,. Both neuronal (KCNQ2-5) and cardiac (KCNQ1) KCNQ subtypes require PIP, for channel



conductance (Zhang et al., 2003; Zaydman and Cui, 2014). Specifically, PIP; is essential for the functional
coupling of the voltage sensing and pore domains of KCNQ channels (Zaydman and Cui, 2014; Kim et al.,
2017; Sun and MacKinnon, 2017). This coupling is further demonstrated by the MacKinnon group’s 2017
crystal structure of KCNQI in the absence of PIP», resulting in KCNQ1 in an uncoupled state — the channel
exhibited an activated voltage sensor but a closed pore (Sun and MacKinnon, 2017). In this uncoupled state,
the contact between the S4-S5 linker and the S6 helix is reduced, and likely reduces the sensitivity of the

gate hinge to respond to conformational changes in the voltage sensor (Sun and MacKinnon, 2017).

PIP, mediates coupling of the voltage sensor and the pore through a binding pocket believed to be
formed by basic residue contributions from the S2-S3 linker, the S4-S5 linker, the intracellular region of S6,
helix A and B linker of the proximal C-terminus, and helix C and D of the distal C-terminus (Zaydman and
Cui, 2014). Variations exist in the putative PIP, binding site between KCNQ subtypes, and is likely why
differences exist in KCNQ channel binding affinities for PIP, and sensitivities to Gq11-GPCR mediated
channel regulation (Delmas and Brown, 2005; Li et al., 2005; Zaydman and Cui, 2014). Mutations that
eliminate positively charged residues in the putative PIP, binding pocket can weaken voltage sensor and
pore coupling, reducing or eliminating the KCNQ channel response to changes in voltage (Zaydman and
Cui, 2014). Finally, recent work demonstrated the importance of PIP; binding on KCNQ channel
pharmacology, and showed that mutating a positively charged KRRK putative PIP,-binding motif in the
inner S6 helix at the membrane-cytosol interface influenced the channel’s response to externally applied
retigabine (RTG), a first-in-class KCNQ opener (Kim et al., 2017). The same study determined that KCNQ
opener drugs may protect PIP, from phosphatase-mediated degradation, and could be the underlying
mechanism by which certain drugs open KCNQ channels (Kim et al., 2017). Therefore, it is important to

consider PIP, when studying both KCNQ channel function and pharmacology.

M1 muscarinic receptors allow for the physiological regulation of M-channel activity (Zhang et al.,
2003; Delmas and Brown, 2005; Li et al., 2005). Outlined in Figure 1.3, activation of M1 receptors by

acetylcholine (Ach) leads to a signaling cascade mediated by activated Gq11 o and Py subunits (Mizuno and



Itoh, 2009). PLC is directly activated by the GTP-bound Gg11 o subunit, resulting in the cleavage of PIP,
into DAG and IP3; (Mizuno and Itoh, 2009). This cleavage directly reduces membrane PIP, suppressing M-
channel activity (Robbins et al., 1993; Zhang et al., 2003). In addition, recent work has also shown the
reduction in M-channel affinity for PIP, mediated by Ca®*-bound CaM (Kosenko and Hoshi, 2013). IPs
released from PIP; hydrolysis can activate IPs-sensitive Ca®" channels at the SR/ER to liberate intracellular
Ca’" stores, increasing the proportion of Ca?>*-bound CaM in the cytosol (Mizuno and Itoh, 2009). Ca*"-
bound CaM can further suppress M-channel activity by reducing channel affinity for PIP, (Kosenko and

Hoshi, 2013).
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Figure 1.3: Activation of M1 muscarinic receptors suppress M-channel currents. M-channels require
interaction with PIP; to conduct K*. Cholinergic stimulation of the 7-transmembrane domain G-protein
coupled M1 muscarinic receptor (simplified as a generic receptor in this figure) activates the Gg/11 signaling
pathway, and the subsequent activation of phospholipase C (PLC) cleaves membrane PIP,, directly
suppressing M-currents. Additionally, IP;-mediated Ca*" efflux from the ER/SR increases Ca®'-bound CaM,
further suppressing M-currents by decreasing channel affinity for PIP,.



Calmodulin

Calmodulin (CaM) is highly conserved in the eukaryotic kingdom, with no amino acid sequence
differences between vertebrate species (Friedberg and Rhoads, 2001). CaM is a small soluble regulatory
and signaling protein that interacts with diverse cytosolic and membrane-associated proteins (Friedberg and
Rhoads, 2001). Being able to respond to physiological changes in [Ca?'], CaM is a mediator of Ca?'-
dependent signal transduction pathways, including the M1 receptor pathway in Figure 1.3 (Grundstrom,
1999; Friedberg and Rhoads, 2001). In addition to the enzymes and signaling protein CaM interacts with, it
also interacts with a diverse range of ion channels, often regulating them in a Ca**-dependent manner (Shah

et al., 2006).

CaM is an essential co-factor to all KCNQ channels (Chung, 2014). CaM interacts with IQ motifs
in helix A and B of the proximal C-terminus in KCNQ channels (Wen and Levitan, 2002; Yus-Najera et al.,
2002; Sun and MacKinnon, 2017). Interestingly, the ability to bind Ca?" does not influence the interaction
between CaM and KCNQ channels, as the Ca?*-binding deficient mutant CaM; 34 and wild type CaM bind
channels equally well (Wen and Levitan, 2002). However, wild type CaM can sense changes in cytosolic
[Ca*] and influence KCNQ2/3 channel affinity for PIP,, thereby controlling channel function in a Ca*'-
dependent manner (Kosenko and Hoshi, 2013). CaM influences trafficking, folding, and function of cardiac
and neuronal subtypes of KCNQ channels, often in subtype-specific ways (Haitin and Attali, 2008; Chung,
2014). For example, while CaM similarly facilitates the trafficking of both KCNQ1 and KCNQ2, the
application of bradykinin which produces a rise in intracellular [Ca*'] (and therefore Ca*"-bound CaM)
activates KCNQ1 channels by shifting channel voltage-dependence in the hyperpolarizing direction, but
suppresses KCNQ2 channel current expression (Gamper and Shapiro, 2003; Shamgar et al., 2006). Finally,
recent studies have also identified residues in CaM near the voltage sensor of KCNQ1, where mutations can
influence channel voltage-dependence of this channel (Sun and MacKinnon, 2017), suggesting that
interactions other than those with helices A and B may be involved. It is not currently known if CaM

mutations that affect KCNQ1 voltage-dependence can also influence neuronal KCNQ channels.
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KCNQ channel assembly

KCNQ channels form functional homomeric and heteromeric tetramers at the cell membrane
(MacKinnon, 1991; Papazian, 1999). KCNQ channels are selective for the subtypes they assemble with to
form tetrameric channels (Howard et al., 2007). For instance, KCNQ1 will only assemble with itself to form
homotetramers (Schwake et al., 2003), while KCNQ3 can heteromerically assemble with KCNQ2, 4, and 5
(Wang et al., 1998; Kubisch et al., 1999; Schroeder et al., 2000). Despite being limited to only five members,
the variation in tetrameric channel composition produces KCNQ channels that are functionally diverse and
biophysically distinct (Howard et al., 2007). To further increase channel diversity, variable subtype
stoichiometries exist within any subtype combination, each of which exhibits unique biophysical and

pharmacological properties (Schwake et al., 2003).

Unlike the Shaker K™ channel, KCNQ channels do not have N-terminal T1 domains to drive channel
assembly (Schmitt et al 2000). Assembly of KCNQ channels is believed to be driven instead by a subunit
interacting domain — sid in the distal C-terminus (Schwake et al., 2003). The sid region exists within helices
C and D in Figure 1.1, and contains sequences believed to adopt coiled-coil structures. These coiled-coil
elements are believed to drive KCNQ channel assembly and impart specificity for KCNQ subtypes
(Maljevic et al., 2003; Schwake et al., 2003; Howard et al., 2007). KCNQ chimeric studies further dissected
the sid region into two domains: the relatively conserved A domain required for all KCNQ assembly, and

the notably variable B-domain that influences subunit specificity (Schwake et al., 2003; Howard et al., 2007).

It is also recognized that the regulatory protein CaM, an obligate subunit in KCNQ channels, may
contribute to channel assembly (Ghosh et al., 2006). Ghosh et al. (2006) truncated the KCNQ1 C-terminus
at amino acid position 555, which eliminated the A- and B-domains attributed to KCNQ1 assembly (Schmitt
et al., 2000). It was determined through DSG crosslink experiments that CaM can drive the tetramerization
of the C-terminally truncated KCNQ1 (Ghosh et al., 2006). KCNQI C-terminus in-vitro affinity
chromatography experiments allowed Ghosh et al. (2006) to test several mutations identified in the KCNQ1

C-terminus. The S373P, R518X, and R539W mutations in helix A and B disrupted CaM-KCNQ1
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interactions. In cells expressing these mutated channels, current levels decreased significantly despite
showing a wild type level of protein expression: a characteristic that supports a reduced channel assembly,

but can also be due to reduced intrinsic channel function (Ghosh et al., 2006).

KCNQL is critical for cardiac function

KCNQI is primarily expressed in cardiac tissue where it generates the slow delayed rectifier current
(Ixs) important for mediating cardiac repolarization and controlling cardiac rhythm (Barhanin et al., 1996;
Sanguinetti et al., 1996). While the heterologous expression of KCNQI1 yields functional homomeric
channels, KCNQI1 is rarely expressed alone in human tissue. Instead, KCNQ1 is typically co-assembled
with its auxiliary  subunit, KCNEI, to generate the Ixs current (Sanguinetti et al., 1996; Sesti and Goldstein,
1998). KCNEI influences KCNQI function by enhancing channel currents, slowing channel activation,
right-shifting the voltage-dependence of activation, and slowing C-type inactivation (Barhanin et al., 1996;

Sanguinetti et al., 1996; Yang et al., 1997; Sesti and Goldstein, 1998; Tristani-Firouzi and Sanguinetti, 1998;

Wu et al., 2010). Physiologically, the Ixs current begins to activate during Phase 0 depolarization, and
becomes a prominent hyperpolarizing K current in Phases 3 and 4 of the cardiac myocyte action potential
(Tristani-Firouzi et al., 2001). The identification of KCNQ1 was important as it guided the discovery of the
neuronal KCNQ2-5 genes (Jentsch, 2000). The KCNQ1 crystal structure ((Sun and MacKinnon, 2017) also
continues to guide the modelling of other KCNQ subtypes, which has been particularly useful for the work

in this thesis.

KCNQI is implicated in LOTS

Shortly after the identification of KCNE1, KCNQ1 became the first KCNQ subtype to be identified
and cloned due to its link to an inherited form of cardiac arrythmia - long QT syndrome type 1 (LQT1)
(Wang et al., 1996). LQT is a condition that prolongs the Q-T interval observed on an electrocardiogram,
which translates to significant delay between ventricular depolarization and repolarization (Wang et al.,

1996; Tristani-Firouzi et al., 2001). This can have serious consequences on the cardiac rhythm of patients
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and can result in syncope and ventricular arrythmias (Tristani-Firouzi et al., 2001). Patients with LQTS are
also limited in the pharmacological agents they can use for other illnesses, since many drugs can exacerbate
their condition by desynchronizing cardiac electrical activity and causing life-threatening arrythmias people
without LQTS rarely experience (Fazio et al., 2013). LQT1 and LQT5 occur from KCNQI and KCNE1
mutations respectively, both characterized by the reduced expression of cardiac Ik, (Tristani-Firouzi et al.,
2001). Alternatively, KCNQ1 and KCNE1 mutations that enhance Ixs can also cause cardiac issues,
including short QT syndrome (SQT) and familial atrial fibrillation (Rothenberg et al., 2016; Whittaker et

al., 2018).

KCNQI is also implicated in auditory disease

KCNQI1 and KCNEI1 are also involved in auditory function by maintaining ionic homeostasis in the
cochlea of the inner ear (Neyroud et al., 1997). K" ions leave the endolymph during auditory stimulation,
and KCNQI1/KCNEI1 channels are believed to facilitate K* recycling in the endolymph to maintain auditory
function (Neyroud et al., 1997; Bleich and Warth, 2000; Casimiro et al., 2001). Therefore, mutations that
sufficiently reduce KCNQ1/KCNE]1 channel function can have implications in both LQTS and auditory

disease, as seen in patients with Jervell and Lange-Nielsen Syndrome (JLNS) (Casimiro et al., 2001).

KCNQ2-3 encode the neuronal ‘M-current’

The M-channel, encoded primarily by the KCNQ2 and KCNQ3 genes, was initially identified by
Brown and Adams (1980) in frog sympathetic ganglia and named due to its suppression by muscarinic
receptor activation (Brown and Adams, 1980). Due to their ankyrin G binding region in the C-terminus,
KCNQ2 and KCNQ3 cluster to the axon initial segment and nodes of Ranvier along with voltage-gated
sodium channels (Nav) in neurons (Pan et al., 2006). Several hallmark features of M-channels have been
described: activation at subthreshold potentials around — 60 mV, slow rates of activation requiring tens to
hundreds of milliseconds, lack of inactivation, and sensitivity to cholinergic suppression via muscarinic

GPCRs (Constanti and Brown, 1981; Selyanko et al., 2000; Brown and Passmore, 2009). These properties
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allow M-channels to generate a sustained K" conductance to suppress repetitive firing of neurons in an
activity-dependent manner, and also to be physiologically regulated by acetylcholine to fine tune neuronal

activity (Brown and Passmore, 2009).

M-channels are likely formed by the heteromeric assembly of KCNQ2 and KCNQ3 (Brown and
Passmore, 2009). Several pieces of evidence support this idea. First, KCNQ2 and KCNQ3 are co-localized
to axon initial segments and nodes of Ranvier in neurons (Cooper, 2011; Benned-Jensen et al., 2016). Next,
KCNQ2 and KCNQ3 have a propensity to co-immunoprecipitate when expressed heterologously and lysates
from native neurons (Cooper et al., 2000). Co-expressed KCNQ2 and KCNQ3 produce currents that are
biophysically comparable to M-currents, and display similar attenuation of TEA-mediated suppression of
M-currents, where homomeric KCNQ?2 channels are strongly suppressed (Wang et al., 1998). KCNQ2 can
also be functionally expressed in heterologous systems, but KCNQ3 expresses very poorly unless a specific
[A315T] pore mutation is introduced to promote efficient membrane trafficking (Gomez-Posada et al.,
2010). Finally, homomeric KCNQ2 channels differ biophysically and pharmacologically when compared
to M-channels (Wang et al., 1998; Hadley et al., 2000; Selyanko et al., 2000; Shapiro et al., 2000). Therefore,
due to the differences when compared to homomeric KCNQ2 and KCNQ3, and the similarities to co-
expressed heteromeric KCNQ2/KCNQ3 channels, M-channel likely formed by the heteromeric assembly

of KCNQ2 and KCNQ3.

In humans, M-channels are expressed abundantly in central and peripheral neurons to facilitate the
efflux of K* and suppress neuronal excitability (Jentsch, 2000; Robbins, 2001). M-channels are expressed
extensively in the cerebrum, cerebellum, and hippocampus of the central nervous system, regulating the
activities of these brain regions (Brown and Passmore, 2009). M-channels are also expressed in the dorsal
root ganglia of the peripheral nervous system, where it suppresses nociceptive neurons and produces
analgesic effects when activated (Brown and Passmore, 2009). Its diverse functions make M-channels a
viable therapeutic target for the treatment or management of neurological and sensory disorders. In addition,

mutations that disrupt M-channel function can result in neurological disease (Robbins, 2001).

14



Mutations in KCNQ2 and KCNQ3 can cause neonatal epilepsies and encephalopathies

Benign familial neonatal epilepsy (BFNE) is an autosomal dominant form of epilepsy that affects
1:100,000 patients (Rogawski, 2000). BFNE produces generalized seizures involving both sides of the
cerebrum, and are often associated with breathing difficulties, abnormal heart rates, general confusion,
seizures, stiffening of muscles, and jerking movements (Weckhuysen et al., 2013). The seizures begin within
the first week of life, but usually self-resolve within the first few months of life (Weckhuysen et al., 2013).
It is not understood why BFNE is self-resolving, other than speculations that sufficient compensatory
mechanisms may have developed in patients during development (Rogawski, 2000). While many of the
seizure characteristics are concerning, BFNE often does not usually disrupt brain development or leave
permanent neurological damage (Rogawski, 2000). In fact, most patients experience normal neurological
development, and only <16% of patients are at greater risk for seizures later in life (Robbins, 2001). It is
difficult to treat BFNE, but patients may be given anti-convulsants (e.g. phenobarbital, phenytoin, or sodium
valproate) to manage the seizures. However, due to the transient nature of BFNE, patients are eventually

weaned off of anti-convulsants with little to no complications (Rogawski, 2000).

KCNQ2 was identified as a BFNE-linked gene on chromosome 20 and named due to its similarity
to the already identified KCNQ1 (Leppert et al., 1989; Charlier et al., 1998; Singh et al., 1998). KCNQ3
was similarly identified on chromosome 8 due to its link to BFNE and contribution to the M-current (Lewis
et al., 1993; Biervert et al., 1998). Mutations in KCNQ2 or KCNQ3 that reduce M-channel conductance by
20-30% are sufficient to cause BFNE (Schroeder et al., 1998). Many BFNE-linked mutations have been
identified, and typically occur in regions important for channel function. BFNE-linked mutations often
influence the voltage-dependence, gating properties, and ionic selectivity of the M-channel (Jentsch, 2000).
Several dominantly inherited BENE-linked mutations identified in KCNQ2 and KCNQ?3 produces channels
with decreased or eliminated function, and only occur on one copy of the respective gene. It is unclear how

BFNE is caused by such mutations, but two possibilities have been proposed: either the haploinsufficiency

15



of functional KCNQ2 or KCNQ3, or dominant-negative effects caused by assembly of loss-of-function

mutants with functional channels (Rogawski, 2000).

While mild mutations in KCNQ2 typically result in BFNE, severe mutations that significantly
impair KCNQ2 or M-channel function can cause epileptic encephalopathy (EE) (Weckhuysen et al., 2013).
EE may resemble BFNE due to its characteristic onset of seizures in the first week of a patient’s life
(Weckhuysen et al., 2013). However, EE is much more severe, and can cause bradycardia and apnea with
potential to severely impair neurological development. Unlike BFNE, EE may cause lifelong neurological

or intellectual impairments, and even death (Weckhuysen et al., 2013).

KCNQ4 channels contribute to hearing and other diverse functions

KCNQ4 was originally identified through studies on hereditary hearing loss, and later was found to
be heavily expressed in the cochlear and vestibular tissue. In both tissues, KCNQ4 contributes to auditory
functions by mediating the efflux of K" to control intracellular K+ concentrations (Kubisch et al., 1999).
Despite KCNQ4 presence in the vestibule, it does not seem to contribute to spatial orientation or the ability
to balance typically associated with vestibular function (Kubisch et al., 1999). In the lower brain regions
where KCNQA4 is expressed in neurons, it can affect the release of neurotransmitters by regulating fusion of
synaptic vesicles (Kharkovets et al., 2000). Finally, KCNQ4 is expressed in mechanoreceptors, and may be

important for touch sensation (Heidenreich et al., 2011).

KCNQS may contribute to the neuronal ‘M-current’

KCNQS5 shares the lowest sequence similarity (~40%) with other KCNQ subtypes. KCNQS5 is
expressed broadly in the brain, and often in similar brain regions as KCNQ2 and KCNQ3 (Schroeder et al.,
2000). KCNQS5 is believed to heteromerically assemble with KCNQ2 or KCNQ3 to conduct an M-like
current (Schroeder et al., 2000). Xenopus laevis oocyte studies demonstrated that KCNQS5 functionally
assembles with KCNQ3 to enhance current expression by 4-5-fold but does not appear to interact with

KCNQ?2 (Schroeder et al., 2000). KCNQ3/5 channels display similar functional and pharmacological
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characteristics as the classical KCNQ2/3 M-channels (Schroeder et al., 2000). If KCNQ5 can
heteromerically assemble into M-like channels physiologically, it may contribute to the same regulation of
neuronal excitability as classical M-channels. Little is known regarding KCNQS5 assembly with other KCNQ
subtypes. In the periphery, KCNQS5 expression has been detected in sympathetic ganglia and in skeletal

muscles, both of which have a KCNQ3 presence (Schroeder et al., 1998).

There are no clear physiological roles of KCNQS5 as of the writing of this thesis, though evidence
of KCNQS5’s physiological importance is implied through links to hereditary disease. Mutations in KCNQ5
have been linked to autosomal dominant forms of EE and intellectual disability (Lehman et al., 2017),

supporting its potential role as a contributor to neuronal M-currents.
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KCNQ CHANNEL PHARMACOLOGY

Epilepsy and pharmacoresistance to AEDs

Epilepsy is an excitatory neurological disorder that affects about 60 million people worldwide.
Epileptic patients exhibit a spectrum of symptoms, from mild confusion to unprovoked debilitating seizures.
These are caused by the excessive and often synchronous firing of neurons (Stafstrom and Carmant, 2015).
It is difficult to predict the onset of such seizures, which can endanger the patient and their surroundings
when seizures occur unexpectedly (Stafstrom and Carmant, 2015). In addition, epileptic patients can
experience indirect harms both economically and socially caused by the symptoms of the illness and costs
associated with its management (Stafstrom and Carmant, 2015). The molecular causes of epilepsy are
diverse, including but not limited to head injuries, tumors, autoimmune disorders, malnutrition, drug and
alcohol use, and genetic mutations (Stafstrom and Carmant, 2015). However, for most patients, the

underlying cause of epilepsy is poorly understood or unknown (Stafstrom and Carmant, 2015).

The diversity in its causes and gaps in the understanding of epilepsy make this disorder difficult to
treat and manage (Stafstrom and Carmant, 2015). Antiepileptic drugs (AEDs) are typically used to manage
the severity or frequency of seizures by suppressing the firing of neurons, but they do not treat the underlying
disorder (Shorvon et al., 2015). AEDs are prescribed to patients as monotherapies, though patients who are
resistant or refractory to treatment may move to combination therapies. Many epileptic patients (~30%) are
resistant to AED treatments, even with combination therapies (Shorvon et al., 2015). These patients often
undergo more individualized and specialized treatments (e.g. surgical intervention), or simply leave their

epilepsies unmanaged (Shorvon et al., 2015).

An explanation for the high prevalence of pharmacoresistant epilepsy is while approximately ~30
AEDs exist and are currently approved for clinical use, they share similar molecular targets: inhibition of
Na" channels, modulation of GABA receptors, inhibition of AMPA receptors, and rarely through inhibition

of Ca*" channels (Rogawski, 2013; Shorvon et al., 2015; Stafstrom and Carmant, 2015). Hence, for patients
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with pharmacoresistant epilepsy, there remains a need to study and develop AEDs that target novel targets
and/or pathways. The goal is to develop novel pharmacotherapies that can be used independently or in
combination with other drugs to allow the effective management pharmacoresistant epilepsy without the
need for medically invasive procedures. Recently, the neuronal KCNQ channels have emerged as targets
for the management of pharmacoresistant epilepsy (Gunthorpe et al., 2012). Retigabine (RTG) was the first-
in-class drug approved by the FDA for the clinical management of pharmacoresistant epilepsy, and its
effectiveness has motivated the study and ongoing development of novel KCNQ activating compounds (e.g.

ICA-069673 and ML-213).

Retigabine: first-in-class pore targeted KCNQ channel activator

RTG is the first Kv channel activator approved for the treatment of epilepsy. While RTG proved
effective in treating pharmacoresistant epilepsy in some patients, it was used without a full understanding
of its mechanism of action (Gunthorpe et al., 2012). Several important properties of RTG include its
selectivity towards neuronal Kv7/KCNQ channels, ability to shift voltage-dependence of channels to more
negative voltages, hyperpolarization of neurons, and suppression of action potential frequency (Yue and
Yaari, 2004; Gunthorpe et al., 2012). RTG proved useful for many patients in their management of
pharmacoresistant epilepsy (Gunthorpe et al., 2012). However, GlaxoSmithKline announced the
discontinuation of RTG production for clinical use in 2017. This decision was partly due to RTG’s many
side effects and safety issues in patients, including eye abnormalities and skin discoloration, which led to
low rates of RTG usage in patients and low financial incentive for the company. Many of these side effects
were likely due to the off-target activation of KCNQ channels outside the central nervous system (Gunthorpe

etal., 2012).

Mechanistic insights on RTG and the use of voltage clamp fluorometry (VCF)

Since its approval by the FDA for clinical use, studies have elucidated important details describing

the binding site and mechanistic properties of RTG. RTG binds to an essential Trp residue (W236 in KCNQ2

19



and W265 in KCNQ?3) in the S5 helix of the pore domain via a critical hydrogen bond (Schenzer et al., 2005;
Lange et al., 2009; Kim et al., 2015). This interaction stabilizes the open conformation of neuronal KCNQ
channels and shifts voltage-dependence of activation to more negative voltages (Schenzer et al., 2005;
Lange et al., 2009). The critical Trp residue is conserved in neuronal KCNQ2-5 but is absent in the RTG-
insensitive KCNQI1, explaining the absence of significant cardiac effects caused by this drug. Interestingly,
partial RTG-sensitivity can be restored upon an analogous L266W mutation in KCNQI (Schenzer et al.,
2005). Having characterized its binding site, RTG was later determined through concatenated channel
tetramers to require only one sensitive subunit to elicit near-maximal channel-opening effects,

demonstrating the potency of RTG-mediated channel effects (Yau et al., 2018).

RTG’s mechanism was further elucidated by Kim et al. (2017) through the use of voltage-clamp
fluorometry (VCF). In this study, RTG was shown to enhance the interaction between KCNQ3 and PIP,,
resulting in the resistance of PIP, to hydrolysis by a voltage sensitive phosphatase (CiVSP) (Kim et al.,
2017). This subsequently led to the channel’s resistance to phosphatase-mediated current rundown (Kim et
al., 2017). RTG seems to strengthen the coupling between the voltage sensor and the pore by increasing
channel affinity for PIP,, and this strengthened coupling improved the pore’s sensitivity to voltage sensor
conformational changes (Kim et al., 2017). Conversely, mutations that eliminate putative PIP, binding
KRRK sequence in the S6 helix can moderately reduce RTG’s channel opening effects, suggesting PIP,’s

role in coupling RTG binding in the pore to changes in channel voltage sensitivity (Kim et al., 2017).

ICA-73: voltage sensor targeted KCNQ channel activator

ICA-069673 (ICA-73) is another KCNQ activating compound with distinct properties from RTG.
ICA-73 mediates its channel opening effect through a mechanism independent of RTG-sensitivity, as the
RTG-insensitive KCNQ2[W236F] mutant retains full sensitivity to ICA-73 (Wang et al., 2017). Instead,
ICA-73 relies on two currently identified residues — F168 and A181 — in the voltage sensors of sensitive
channels (Wang et al., 2017). Only KCNQ2 and KCNQ#4 are sensitive to I[CA-73 channel opening effects,

despite all neuronal KCNQs being sensitive to RTG, further supporting a differential mechanism between

20



the two drugs (Boehlen et al., 2013; Brueggemann et al., 2014). In contrast to RTG, application of saturating
ICA-73 to KCNQ2 causes unique effects on channel function: a larger hyperpolarizing shift in channel
voltage-dependence, significant deceleration of channel closure, and potentiation of currents (whereas RTG

may attenuate currents instead) (Kim et al., 2015; Wang et al., 2017).

Recent studies identified unique pharmacological properties currently known to be specific to ICA-
73. The understanding of these properties was critical for my thesis work in Chapters 3 and 4. These
properties were exploited in my thesis work to detect the functional assembly of heteromeric KCNQ

channels and for understanding the link between KCNQ mutations and human disease.

Subtype selectivity

ICA-73 is selective for KCNQ2 and KCNQ4, with little to no effect on other KCNQ subtypes
(Boehlen et al., 2013; Brueggemann et al., 2014). Wang et al. (2017) determined that a chimera containing
the KCNQ?2 voltage sensor and the KCNQ3 pore produced channels sensitive to ICA-73. Further chimeric
experiments isolated the determinants of ICA-73 sensitivity to be within the S3-S4 helix of the voltage
sensing domain (Wang et al., 2017). Finally, two critical positions were identified in the KCNQ2 voltage
sensor: F168 and A181 (L and P respectively in the ICA-73 insensitive KCNQ?3). Mutating these positions
to the residues found in KCNQ3 abolished (F181L) or weakened (A181P) ICA-73 effects (Wang et al.,
2017). Conversely, mutating KCNQ3 at L198 and P211 to residues found in KCNQ2 (F and A respectively)
produced ICA-73 sensitive KCNQ3 channels (Wang et al., 2017). Therefore, sensitivity to ICA-73 appears
to be dependent on two critical residues, Phe and Ala in the voltage sensing domain normally found in

KCNQ2 and KCNQ4, but not in KCNQ3.

State dependence

ICA-73 can only mediate its channel opening effects after channels have been activated through
depolarization; this was described as state-dependence of ICA-73 effects (C. K. Wang et al., 2018). The

extent of ICA-73 effects positively correlates with the extent of voltage dependent activation, producing a
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voltage-dependence of drug effects that overlaps closely with the voltage-dependence of channel activation
(C.K. Wang et al., 2018). It is currently believed that the activation of the voltage sensor exposes a normally
occluded drug binding site, allowing ICA-73 to bind stabilize the activated channel conformation and
prevent closure (C. K. Wang et al., 2018). Closure of channels likely requires the drug to unbind. Due to
ICA-73’s slow rate of unbinding, it significantly extends the time required for full channel closure (C. K.
Wang et al., 2018). State-dependence can be a useful therapeutic property, as [CA-73 is more likely to target
hyperactive neurons rather than neurons at rest. Hyperactive neurons are more frequently depolarized,
resulting in a greater proportion of activated KCNQ2 channels available for drug binding. ICA-73 may
therefore produce fewer side effects in the management of epilepsy when compared to RTG, due to its

selectivity for KCNQ2 and KCNQA4, as well as state-dependence (C. K. Wang et al., 2018).

Stoichiometric dependence

Four drug-sensitive KCNQ subunits are required for ICA-73 to elicit its maximal channel opening
effect (A. W. Wangetal., 2018). A.W. Wang et al. (2018) showed that KCNQ2 and KCNQ3 have attenuated
sensitivity to ICA-73’s channel opening effects relative to KCNQ2 alone (A. W. Wang et al., 2018).
Additionally, WT KCNQ2 and KCNQ2[F168L] tetrameric concatemers became increasingly sensitive to
ICA-73 with increasing KCNQ2:KCNQ2[F168L] stoichiometric ratios (A. W. Wang et al., 2018). The
stoichiometric dependence property of ICA-73 is important in my thesis work as any assembly between
KCNQ2 and ICA-73 insensitive channels can be detected as an attenuation of ICA-73’s channel opening

effects.

The unique properties of ICA-73 can potentially guide the development of novel KCNQ-targeted
AEDs with greater subtype selectivity, state-dependence, and reduced side effects. My thesis work also
demonstrates its potential to be used scientifically for understanding ion channel function, studying human
disease, and improving our understanding of KCNQ pharmacology. Table 1.1 outlines key differences

between RTG and ICA-73.
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Retigabine (RTG)

ICA-069673 (ICA-73)

Binding site Pore

Voltage sensor

W236 (KCNQ2)
W265 (KCNQ3)

Critical residues

F168 and A181P
(KCNQ2)

Subtype selectivity Neuronal KCNQ2-5 KCNQ2, KCNQ4
State dependence No Yes
# of drug sensitive

subunits required for 1 4

maximal effect

Table 1.1: Known differences between RTG and ICA-73. Postulated drug binding site, critical residues
required for drug effect, subtype selectivity, state dependence, and drug-sensitive subunits required for

maximal effect.
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SCOPE OF THESIS INVESTIGATION

As an emerging class of anti-epileptic drug, KCNQ channel openers and their mechanism of action
are gradually being understood. While no KCNQ openers are currently produced for clinical use (2019), the
two subtypes of KCNQ openers — voltage sensor-targeted (e.g. ICA-73) or pore-targeted (e.g. RTG) drugs
— demonstrate the potential to use as therapeutics for the treatment of pharmacoresistant epilepsies, and to
guide the development of more potent, selective, and efficacious KCNQ openers. In addition to their clinical
potential, these drugs can be utilized as pharmacological tools in ion channel research. Two chapters in this
thesis investigates KCNQ channel mutations, their effects on channel assembly, and relation to human
disease using an ICA-73 pharmacological assay. The final chapter investigates an approach to improve the
use of voltage-clamp fluorometry in KCNQ channels, through an approach that can potentially be applied

to other channels, and help enable future KCNQ functional and pharmacological studies.

In Chapter 3, we collaborated with Dr. Elysa Marco in investigating a KCNQ3 truncation mutation
observed in a child patient. We were interested in this mutation because while the patient exhibits autistic
and ataxic phenotypes, studies on KCNQ channel assembly imply that such a mutation will eliminate the
mutant’s ability to assemble into M-channels with KCNQ?2. To determine whether phenotypes are due to
haplo-insufficiency or dominant negative suppression of endogenous wild type channels, we created a
pharmacological assay using ICA-73 and detected the unexpected assembly of heteromeric M-channels

between KCNQ3 truncations and KCNQ?2.

In Chapter 4, we collaborated with Dr. Billie Au, Dr. Juan Appendino, and Dr. Marvin Braun in
investigating a BFNE-linked KCNQ3 mutation [T3131]. Using the same pharmacological assay established
in Chapter 3, we detected the assembly of functional heteromeric M-channels between KCNQ3[T313I] and
wild type KCNQ2 channels. In addition, we constructed KCNQ3[T313I] M-channel concatemers and
observed a suppression of M-channel currents relative to wild type KCNQ3, which may have caused the

BFNE observed in the proband.
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Lastly, in Chapter 5, we investigated a methodical approach to improve the strength and consistency
of voltage-clamp fluorometry (VCF) signals from KCNQ3 channels. Using the structure and sequence of
KCNQI1 as guide, a channel that consistently produces massive VCF signals, we constructed KCNQ3 VCF
mutants with significantly improved VCF consistency and signal strength, which can be applied to future
functional and pharmacological studies on KCNQ3. Our approach for improving VCF signals from KCNQ3
can be potentially applicable to other KCNQ channels (particularly KCNQ2), and perhaps also other classes

of ion channels.

Overall, this thesis addresses gaps in our understanding of KCNQ?3 channel function, and highlights
how we can use an improved understanding of KCNQ-targeted drugs to explore the details of M-channel
assembly and study the relation between KCNQ mutations and human disease. In addition, we improved
upon the VCF technique that has been valuable for understanding the pharmacology of KCNQ openers and
demonstrated an approach that may enable future functional and pharmacological studies of other ion

channels.
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CHAPTER 2: MATERIALS AND METHODS

Ion channel constructs and molecular biology

Human KCNQ2 and KCNQ3 ¢DNAs in the pTLN expression vector were gifts of Dr. M.
Taglialatela and Dr. T. Jentsch. The KCNQ3-FS534 truncation and KCNQ3[T3131] was generated by their
corresponding mutagenic primers using the two-step overlapping PCR approach, and subcloned into the
original pTLN vector using Notl and EcoRI restriction enzymes. The artificial KCNQ3 truncations were
generated through introduction of a TAG stop codon at amino acid positions 369, 532, 571, and 830 through
a one-step PCR approach, and subcloned into the original pTLN vector using Notl and Kpnl restriction

enzymes to produce KCNQ3-AC503, KCNQ3-AC340, KCNQ3-AC301, and KCNQ3-AC42 respectively.

The human KCNQ3[A315T] channel trafficks more efficiently to the cell membrane than wild type
KCNQ3 and was used for the homomeric expression of KCNQ3 channels. KCNQ3[A315T] was cloned
into the pSRCS5 vector and were gifts of Dr. M. Taglialatela and Dr. T. Jentsch. KCNQ3[A315T]-FS534
and KCNQ3[A315T][T313I], and KCNQ3[A315T][Q218C] (referred to as KCNQ3*VCF) mutant channels
were generated by their corresponding mutagenic primers using the two-step overlapping PCR approach,

and subcloned into the original pSRCS vector using Notl and EcoRI restriction enzymes.

The KCNQ?2 tetrameric concatemer was generated in pCDNA3.1(-) in a previous study (A. W.
Wang et al., 2018). Wild type KCNQ3 or KCNQ3[T313I] were amplified through a flanking PCR,
restriction digested using Nhel and Xbal, and finally inserted into the original KCNQ2 concatemer by
replacing the first KCNQ2 channel gene. The overall design summarized is: Nhel-(KCNQ3 or
KCNQ3[T3131])-Xbal-(KCNQ2)-EcoRV-(KCNQ2)-EcoRI-(KCNQ2)-BamHI-(GFP)-(STOP CODON)-

HindIII.

Sequences for all KCNQ channel constructs were verified by Sanger sequencing through the

University of Alberta’s Applied Genomics Core (TAGC). Mutagenic primers are listed in Table 2.1: forward
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and reverse flanking primers, forward primers for site-directed mutagenesis, and reverse primer for

introducing the TAG stop codon are shown in Table 2.1.

QOocyte harvesting and microinjection

Mature Xenopus laevis females were obtained from the University of Alberta Department of
Biological Sciences. Lobes of stage V-VI oocytes were harvested surgically and dissected into fragments
of 10-20 oocytes in filtered OR2 solution (82.5 mM NacCl, 2.5 mM KCI, 1 mM MgCl,, 5 mM HEPES, pH
7.6). Fragments were transferred into an OR2 solution containing 3 pg/mL type IV collagenase
(Worthington Biochemical Corporation) and diluted to a final enzyme concentration of 2 pg/mL in 50 mL
falcon tubes. Oocytes were defolliculated on a rotator for 2 hours at a rotation frequency of 0.5 Hz. After 2
hours, oocytes were checked on every 15 minutes to ensure that most oocytes have been defolliculated.
Defolliculated oocytes were rinsed with 25 mL of OR2 solution four times prior to incubation in a filtered
OR3 solution (500 mL Liebovitz’s L-15 medium, 15 mM HEPES, 1 mM L-glutamine, 0.5 mM gentamycin,

pH 7.6) and allowed to rest for at least 4 hours in 18°C prior to sorting and mRNA microinjections.

cDNAs were linearized with Mlul for pTLN(KCNQ?2), Hpal for pTLN(KCNQ3), and ApaLl for
pSRC5(KCNQ3[A315T]) and ethanol precipitated to concentrate templates for RNA transcription.
Concentrated mRNAs were transcribed from linearized cDNAs using the SP6 (for channels pTLN) or T7
(for channels in pSRC5) mMessage mMachine kit (Ambion). All mRNAs were diluted to experimental
concentrations to ensure that the correct amounts of mRNA can be injected through a 50 nL injection. After
microinjections, oocytes were incubated for 24-72 hours at 18°C before recording using two electrode

voltage clamp electrophysiology.

Frog surgeries, oocyte handling, and mRNA injections were done under the approval of University

of Alberta Animal Care Protocol AUP00001752.
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Mammalian cell culture and transfection

Mouse LM (tk-) fibroblasts (ATCC), referred to in this thesis as LM cells, were cultured in 50 mL
polystyrene tissue culture flasks (Falcon) in Dulbecco’s Modified Eagle Medium — DMEM (Invitrogen)
supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin. LM cells were transferred
into six-well plates and transfected with plasmids encoding concatenated tetrameric channels using the
jetPRIME DNA transfection reagent (Polyplus). Successfully transfected cells were identified visually due
to the C-terminal GFP tag in our constructs. Cells were incubated at 37°C in 5% CO», and for 24 hours after

transfection to allow sufficient channel expression for whole cell patch-clamp recordings.

Two electrode voltage-clamp electrophysiology

Recording pipettes were pulled from borosilicate glass tubes (Harvard Apparatus LTD) using a
Sutter P-97 puller (Sutter Instrument), and had resistances between 0.1-1 MQ. Recordings were filtered at
5 kHz and sampled at 10 kHz using a Digidata 1440A (Molecular Devices) controlled by pClamp 10
software (Molecular Devices). Recordings were done in modified Ringer’s solution (116 mM NaCl, 2 mM

KCl, 1 mM MgCl,, 0.5 mM CaCl,, 5 mM HEPES, pH 7.4). Pipettes were filled with 3M KCl solution.

Voltage-clamp fluorometry

VCF requires oocytes to incubate for 3 days post-microinjection to allow sufficient channel
expression. The Alexa-488 maleimide cysteine-reactive fluorophore was stored as 3 pL aliquots and diluted
to 100 uM with depolarizing high K Ringer’s solution (100 mM KCI, 1mM MgCl,, 0,5 mM CacCl,, 5 mM
HEPES, pH 7.6) each experimental day. Oocytes expressing KCNQ3*VCF constructs were labeled in the
fluorophore solution for 20 minutes on ice, rinsed using standard Ringer’s solution, and finally kept on ice
in modified Ringer’s solution prior to recordings. VCF was performed with two electrode voltage-clamp on
an Olympus IX51 inverted microscope. A PhlatLight LED (Luminus Devices) served as the light source

and was directed to the dark poles of oocytes. Fluorescence from the oocyte was filtered and converted into
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an electrical signal by a PIN040-A photodiode (OSI Optoelectronics). The electrical signal was sent to a

patch-clamp unit, where the signal was amplified and sent to the pClamp 10 software for recording.

Whole cell patch-clamp

Patch pipettes were pulled from soda lime capillary glass tubes (Fisher) using a Sutter P-97 puller
(Sutter Instrument) and had resistances of 1-3 MQ. Recordings were filtered at 5 kHz and sampled at 10
kHz, and manually compensated for capacitance and series resistance. Recordings were done on cells
immersed in bath solution (135 mM NaCl, 5 mM KCl, 1 mM CaCl,, 1 mM MgCl,, 10 mM HEPES, pH 7.4).

Pipettes were filled with an internal solution (135 mM KCl, 5 mM K-EGTA, 10 mM HEPES, pH 7.2).

Drug solutions

Retigabine was purchased from Toronto Research Chemicals, and ICA-069673 was obtained from
Tocris. Both drugs were dissolved in DMSO to produce 100 mM stock solutions. Drug stock solutions were

diluted into respective extracellular solutions each experimental day.

Data analysis
Conductance-voltage relationships for channels were fit using a standard single component
Boltzmann equation in the form:

G 1

= V-V
Gmax 14+ CED

Where V; is the voltage where channels exhibit half-maximal activation, k is the slope factor
reflecting the voltage range over which an e-fold change in the open probability (P,) is observed, and
G/Gmax is the proportion of channels in the open and conducting state. Fractional instantaneous currents
were determined as the ratio of the instantaneous current divided by the maximal current in the presence or

absence of ICA-73. Statistical tests and significance are described in figure legends throughout the thesis.
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Student’s T-test was used for one comparison of mean between two groups. Non-parametric Kruskal-Wallis
one-way ANOVA was used for comparing ranks on fractional instantaneous current and current amplitude
data. Dunnett’s post-hoc test was used to compare means to a control mean. Tukey’s post-hoc test was used

to compare every mean with multiple control means.

Molecular modelling

Molecular models of KCNQ2 and KCNQ3 were generated using the online SWISS-MODEL tool
(Waterhouse et al., 2018), using the 2017 cryo-EM structure of KCNQ1 as guide (Sun and MacKinnon,
2017). These models are for illustration only and have not undergone refinement or development beyond

this web-based homology modelling tool.

Primer name Sequence of forward primer Primer name Sequence of reverse primer
(5’to 3) (5’to 3)
GGC GAC GTG GAG CAA GTIC TAA GGC CTC AAA GTC TCC
KCNQ3 FF ACC KCNQ3 RF -
KCNQ3 tetrameric GGG GGC TAG CAT GGG GCT KCNQ3 tetrameric = GGG GTC TAG AAA TGG GCT
insert FF CAA GGC GCG C insert RF TAT TGG AAG G

CCG TCT CTA TAA AAA AAA KCNO3-AC503 GCG CGG TAC CCT ACT CAA
AAT TCA AGG AGA C Q3- AGT GCT TCT GAC G
GCC TGA TCA TAC TGG CCA

KCNQ3-FS534

GCG CGG TAC CCT AAT AGA

KCNQ3 T3131 CCA TTG GC KCNQ3-AC340 GAC GGA ATT GTA G
KCNQ3 A315T igi ;ié EEA TAC TGA CCA KCNO3-AC301 GCG CGG TAC CCT AAA TCA
T3131 Q3- TAT CTA TTC TCG TC
KCNQ3 L156W CGG GAG ACT GGT GGT TCT GCG CGG TAC CCT AGC TTC
L157F TAC TGG AGA C KCNQ3-AC42 TCC CTC ATC CAG C
KCNQ3 Q218C GGA AAC TGC GGC AAT GTT

L222F TTC GCC ACC TCC

KCNQ3 Q218C GGA AAC TGC GGC AAT GTT

L222W TGG GCC ACC TCC

Table 2.1: List of mutagenic primers. Forward primers are used with the corresponding reverse flanker,
and vice versa for reverse primers. FF = forward flanker, RF = reverse flanker. Constructs requiring the
two-step PCR method used corresponding flanking primers in the second step. All constructs were generated
using the listed primers.
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CHAPTER 3: PHARMACOLOGICAL DETECTION OF HETEROMERIC ASSEMBLY
OF TRUNCATED KCNQ3 CHANNELS

BACKGROUND

KCNQ2 and KCNQ3 are the primary molecular correlates of the neuronal M-current, a
hyperpolarizing potassium current that controls threshold and burst firing properties of neurons (Brown and
Adams, 1980; Wang et al., 1998; Cooper et al., 2000; Shapiro et al., 2000). M-channels are physiologically
regulated by membrane levels of PIP,, which are controlled by M1 acetylcholine receptor-mediated
activation of Gg11 and phospholipase C (Zhang et al., 2003; Suh and Hille, 2007). Since these channels are
expressed broadly in the central nervous system and play an important role in controlling neuronal
excitability, then it is no surprise that mutations in KCNQ2 and KCNQ3 have been linked to a spectrum of
childhood epileptic conditions (Biervert et al., 1998; Charlier et al., 1998; Singh et al., 1998). KCNQ3
mutations are most commonly associated with benign familial neonatal epilepsy (BFNE); a mild form of
childhood epilepsy that is responsive to conventional anti-epileptic drugs and typically resolves in the first
few years of life with no structural or cognitive impairment (Maljevic and Lerche, 2014; Miceli et al., 1993).
In contrast, despite its similar involvement in M-channels, KCNQ2 mutations are linked to far more severe
neurological defects including pharmacoresistant seizures, epileptic encephalopathy (EE), and global
neurodevelopmental delay (Miceli et al., 1993; Weckhuysen et al., 2012; Lerche et al., 2013; Maljevic and

Lerche, 2014; Millichap et al., 2016).

Assembly of KCNQ2 and KCNQ3 produces heteromeric channels biophysically distinct from either
homomeric channels, including unique voltage-dependence, current expression, and altered sensitivity to
pharmacological agents (Shapiro et al., 2000; Wang et al., 1998). It is generally believed that the C-terminus
of KCNQ channels govern subtype-specific channel assembly. KCNQI1 and KCNQ3 channels are not
normally compatible and do not generate functional heteromeric channels, but this exclusion can be
overcome by the chimeric swapping of the C-terminal regions between KCNQ subtypes (Schmitt et al.,

2000; Maljevic et al., 2003; Schwake et al., 2003, 2006). Specifically, the C-terminal helices C and D
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contains segments with high probabilities for the formation of coiled-coiled domains thought to contribute
to tetrameric assembly and influence subtype specificity (Howard et al., 2007). However, there remains

significant uncertainty regarding the determinants of subtype-selective assembly of KCNQ2-5 channels.

ClinVar and RIKEE databases report a variety of KCNQ2/KCNQ3 frameshift and truncation
mutations summarized visually in Figure 3.1 A. KCNQ2 truncations often cause severe phenotypes (e.g.
epileptic encephalopathy, red symbols in Figure 3.1 A) compared to similar KCNQ3 truncations (e.g. benign
familial neonatal epilepsy, green symbols in Figure 3.1 A). In these cases of KCNQ-related disease, it is
unclear if abnormal channel function arises from haploinsufficiency of functional KCNQ channels versus
dominant negative effects from the assembly of mutated subunits with normal subunits. In other words,
truncation of one copy of KCNQ2 or KCNQ3 may reduce the number of normal subunits available to form
functional M-channels, reducing M-current expression, or alternatively, truncated subunits may assemble
with wild type subunits and suppress function in a dominant negative manner, also reducing M-current
expression. Additionally, heteromerization of KCNQ2 and KCNQ?3 influences sensitivity to certain types
of Kv7/KCNQ activators, so studying their assembly and how sensitivity to pharmacological agents is

changed can influence the selection of therapies for managing patient epilepsies.

Lauritano et al. (2019) recently identified a homozygous KCNQ?3 truncation at amino acid 534 in a
patient with intellectual disability and pharmacodependent epilepsy (Lauritano et al., 2019). We investigated
a patient with an identical KCNQ3 mutation (but heterozygous and de novo), to study the effects of KCNQ3
channel truncations on M-channel assembly and function. Using the subtype specific actions of the voltage
sensor targeted ICA-069673 (ICA-73) (Padilla et al., 2009; Wang et al., 2017; A. W. Wang et al., 2018),
we devised a pharmacological strategy to assess heteromeric channel assembly. ICA-73 drastically
decelerates the deactivation of homomeric KCNQ2 channels, but this effect is significantly attenuated when
KCNQ2 and KCNQ3 are co-assembled (A. W. Wang et al., 2018; C. K. Wang et al., 2018). We used the
ICA-73 assay to test heteromeric assembly of KCNQ2 with the disease linked KCNQ3 truncation, along

with a series of artificial KCNQ3 truncations. Pharmacological characterization offers unambiguous
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evidence that significant truncations of KCNQ3 retain the ability to assemble and form heteromeric channels
with KCNQ2, similar to WT KCNQ3. The findings in this chapter suggest that heteromeric assembly may

occur in patients and can potentially contributes to a dominant-negative effect on M-channels in disease

states.
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Figure 3.1: Truncation and frameshift mutations of KCNQ2 and KCNQ3. (A) Locations of frameshift
and truncation mutations in KCNQ2 and KCNQ3 reported on ClinVar and RIKEE databases. Mutations
associated with BFNE are highlighted in green, whereas mutations associated with epileptic encephalopathy
or other severe syndromes are highlighted in red. (B) A de novo adenine insertion in KCNQ3 was identified
in a patient exhibiting traits of autism and neurodevelopmental delay. The patient sequence is presented
along with the reference WT KCNQ3 sequence. The frameshift causes premature truncation at amino acid
position 548, leading to the modification of 14 amino acids and truncation of 324 amino acids.
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RESULTS

Clinical features of a heterozygous KCNQ3-FS534 child

The heterozygous KCNQ3-FS534 mutation was initially observed in an 8-year-old male at first
evaluation at an academic center’s child neurology division. He exhibits Autism Spectrum Disorder (ASD)
and Attention Deficit Hyperactivity Disorder (ADHD) according to DSM-5 criteria, but he also shows
global developmental challenges. He exhibited intact gross motor milestones at 12 months of age but
exhibited delays in language development. At 2 years of age, he stopped making communicative utterances.
At 8 years of age, he exhibited gross motor skills (e.g. running, climbing, swimming), struggled with fine
motor skills (e.g. writing, dressing independently), and his capacity to use language was limited to single
words to express his needs and wants. At 11 years of age, his inattention and hyperactivity became more
prominent, significantly impacting his ability to use fine motor control and following instructions. At the
time of this study, his language remained limited to single word expressions, and he continues to struggle

orienting to social stimuli, reciprocal interaction, imitation, and general social interactions.

Exome sequencing revealed a de novo KCNQ3 gene truncation in our patient, arising from a
frameshift at amino acid position 534 that resulted from a single adenine insertion in a repetitive polyadenine
region shown in Figure 3.1 B. This frameshift modified 14 amino acids, and prematurely truncated the
protein at amino acid position 548. A GeneDX array, mitochondrial DNA sequencing, fragile X screening,
and chromosome microarray did not reveal other noteworthy findings. The patient’s family have members
previously diagnosed with dyslexia and ASD traits, though not with comparable severity as observed in the
patient. Interestingly, this patient does not exhibit BFNE typically observed in patients with disease-linked

KCNQ3 mutations.

The recent report by Lauritano et al. (2019) highlighted an identical frameshift KCNQ3 mutation,
but with a pattern of recessive inheritance in a female patient (Lauritano et al., 2019). This female patient

was homozygous for this frameshift and unlike our patient, exhibited neonatal epilepsy that have been
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effectively treated with various anticonvulsants including sodium valproate. Similar to our male patient, this
female patient exhibits speech delay, motor difficulties, little autonomy, and mild learning difficulties,
reflecting a form of ASD (Lauritano et al., 2019). In our case, the KCNQ3-FS534 appeared de novo in the
male child. Therefore, the penetrance of neurological phenotypes despite a heterozygous phenotype reflect
complexities, perhaps genetic or environmental factors throughout the child’s development, that influenced
the severity of illness caused by the KCNQ3-FS534 mutation. This may not be surprising as KCNQ2 and
KCNQ3 channels likely have shifting patterns of expression and functional importance during development

(Kanaumi et al., 2008).

Functional characterization of the KCNQ3-FS534 mutation in Xenopus laevis oocytes

The C-terminus of KCNQ channels has been implicated in many studies as the mediator of channel
assembly and subtype specificity, particularly in studies focusing on the exclusion of cardiac KCNQI by
neuronal KCNQ2 or KCNQ3. However, there is not a clear understanding of features that drive the assembly,
maturation, or subtype specificity of neuronal KCNQ channels, including M-channels formed by KCNQ?2
and KCNQ3. The KCNQ3-FS534 was used as a starting point for this study, where we aimed to study the
effects of KCNQ3 truncations on assembly of heteromeric M-channels. We first reconstituted the KCNQ?3-
FS534 mutation in both WT KCNQ3 and the KCNQ3[A315T] background channels (the [A315T] mutation
enhances KCNQ3 currents >30 fold when compared with WT KCNQ3) (Etxeberria et al., 2004; Gémez-
Posada et al., 2010), and examined the effects on current expression and function. Similar to Lauritano et
al. (2019), we observed that the KCNQ3 truncation leads to a pronounced reduction of total current
equivalent to background uninjected levels in X. [aevis oocytes (Figure 3.2 A, B, C). In addition, the non-

selective AED retigabine (RTG) was unable to rescue channel function (Figure 3.2 B, C).
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Figure 3.2: Frameshift mutation FS534 abolishes KCNQ3 currents and channel response to RTG. (A
and B) Exemplar two-electrode voltage-clamp records for KCNQ3[A315T] and KCNQ3[A315T]-FS534
channels in X. laevis oocytes, in control conditions (upper trace) and 100 uM RTG (lower trace). A total of
50 ng of mRNA was injected per oocyte. Injected oocytes were held at -80 mV, pulsed for 2 s between
voltages of +20 mV to -140 mV, followed by a -20 mV test pulse (start-to-start interval, 3 s). Traces in green
indicate a 2 s pulse to -30 mV. (C) Current magnitude comparison between KCNQ3[A315T] and
KCNQ3[A315T]-FS534, in control or 100 uM RTG, plotted on a logarithmic scale. Each data point
represents a unique oocyte recording (n = 8-19). Current magnitudes were compared using the Kruskal
Wallis one-way ANOVA on ranks, followed by Dunn’s post-hoc test to compare with the KCNQ3[A315T]
control group. (* indicates p < 0.05 relative to KCNQ3[A315T]).

We then used the KCNQ3-FS534 mutation on the WT KCNQ3 background to test its effects upon
co-expression with KCNQ?2 in the formation of heteromeric M-channels. After 48 hours of expression time,
we observed clearly resolvable currents in oocytes expressing WT KCNQ2 homomeric channels, but no
observable currents can be produced by KCNQ3-FS534 alone (Figure 3.3 A, B). Co-expression of WT
KCNQ2 and WT KCNQ3 in a 1:1 mRNA ratio produced a synergistic increase of total current relative to
KCNQ2 or KCNQ3 alone (Figure 3.3 A, D). The same combination of KCNQ2 and KCNQ3-FS534 failed
to recapitulate this current increase (Figure 3.3 A, C). Interestingly, KCNQ3-FS534 did not suppress channel
currents either, resulting in currents that are similar in amplitude as KCNQ2 homomeric channels (Figure
3.3 A). These results cannot distinguish if KCNQ3-FS534 fails to assemble with and influence KCNQ2, or

if KCNQ3-FS534 assembles with KCNQ2 but fails to enhance current expression of heteromeric channels.

36



1001 KCNQ2
* KCNQ2 + KCNQ3

I

2 A
% ! 500 ms
14
KCNQ2 + KCNQ3-FS534
e 4

2 pA 2 pA

current at +20 mV (uA)

S M {

500 ms 500 ms
KCNQ2 KCNQ3 KCNQ3 KCNQ2 KCNQ2

FS534 + +
KCNQ3 KCNQ3
FS534

Figure 3.3: Frameshift mutant KCNQ3-FS534 does not enhance KCNQ2 currents. (A) Current
magnitude comparison at +20 mV for the injected combinations of channel mRNAs in X. /aevis oocytes on
a logarithmic scale. A total of 50 ng of mRNA was injected per oocyte, and the heteromeric combinations
were injected in a 1:1 mRNA ratio. Each data point represents a unique oocyte recording (n = 8-16). Current
magnitudes were compared using a Kruskal Wallis one-way ANOVA on ranks followed by Dunnett’s post-
hoc test comparing against the KCNQ?2 control. (B-D) Exemplar two-electrode voltage-clamp records for
KCNQ2, KCNQ2 + KCNQ3-FS534, and KCNQ2 + KCNQ3 channels, as indicated, with a protocol
identical to the one described in Figure 3.2. Traces in green indicate a 2 s pulse to -30 mV. (* indicates p <
0.05 relative to KCNQ?2)

Biophysical assessment of assembly of KCNQ3-FS534 with KCNQ2

Conductance-voltage (GV) relationships were fit using the standard single-component Boltzmann
described in Chapter 2, and were used to determine if KCNQ3-FS534 can influence channel gating or RTG
sensitivity when co-injected with KCNQ?2 (Figure 3.4). With no application of RTG, KCNQ2 homomeric
channels exhibited a half maximal activation (V12) of -36.6 mV +/- 2.7 mV, whereas the KCNQ2 + KCNQ3-
FS534 combination exhibited a right-shifted V. of -25.6 mV +/- 3.3 mV. In Ringer’s solution containing
saturating levels of RTG (we used 100 uM of RTG), neuronal KCNQ2-5 channels exhibit a marked
hyperpolarizing shift of voltage-dependence (Tatulian et al., 2001; Tatulian and Brown, 2003; Kim et al.,
2015). We observed an RTG-mediated gating shift of -41.2 mV in KCNQ2 homomeric channels, and a
moderately smaller gating shift of -36.2 mV in co-expressed KCNQ2 + KCNQ3-FS534 channels (Figure

3.4 D). In contrast, WT KCNQ2 + WT KCNQ3 heteromeric channels exhibited a larger RTG-mediated
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gating shift of -59.7 mV, from a Vi, of -37.5 +/- 4.6 mV in control conditions (Figure 3.4 D). GV
relationships for wild type homomeric KCNQ?2 and the wild type heteromeric KCNQ2 + KCNQ3 are
superimposed (grey curves in Figure 3.4 C). for comparison with KCNQ2 + KCNQ3-FS534. Although the
effects of KCNQ3-FS534 are small, they are statistically significant and provided the first hint that KCNQ3-
FS534 may assemble with KCNQ2 to moderately influence the GV and RTG-sensitivity of expressed
channels. Interestingly, Lauritano et al. (2019) did not report any biophysical effects of KCNQ3-FS534
using similar approaches but in mammalian Chinese hamster ovary (CHO) cells instead of X. laevis oocytes

(Lauritano et al., 2019).
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Figure 3.4: Altered voltage-dependence and RTG response of KCNQ2 co-expressed with KCNQ3-
FS534. (A-C) Summary conductance-voltage relationships from KCNQ2 (A), KCNQ2 + KCNQ3 (B), and
KCNQ2 + KCNQ3-FS534 (C), expressed in X. laevis oocytes. (D) Cell-by-cell illustration of Vi, for each
channel combination in the presence or absence of 100 uM RTG. Fitted gating parameters for KCNQ2 were
(mo RTG: Vi =-36.6 +/-2.7mV,k=8.6 +/- 1.1; 100 uM RTG: V, =-77.8 +/- 6.6 mV, k= 14.1 +/- 4.3).
KCNQ2 + KCNQ3 fitted gating parameters were (no RTG: Vi, =-37.5 +/- 4.6 mV, k= 10.5 +/- 1.7; 100
uM RTG: Vi =-97.2 +/- 9.9 mV, k = 12.9 +/- 2.0). KCNQ2 + KCNQ3-FS534 fitted gating parameters
were: (no RTG: Vi, =-25.6 +/-3.3 mV,k=9.9 +/- 1.5; 100 uM RTG: Vi, =-61.8 +/- 2.8 mV, k=154
+/- 3.4). Data are mean +/- SEM. Vi, compared between channel combinations in control and RTG
conditions using a one-way ANOVA and the Holm-Sidak post-hoc test. (* indicates p<<0.05 relative to
KCNQ2, # indicates p<0.05 relative to KCNQ2 + KCNQ3 heteromeric combination).
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The ICA-73 pharmacological assay and detection of KCNQ2/KCNQ3 channel assembly

Lauritano et al. (2019) reported that the KCNQ3-FS534 mRNA may be prone to significant
nonsense-mediated mRNA decay, and a reduced expression of this truncated channel may have minimized
the appearance of the biophysical effects in their experiments (Lauritano et al., 2019). Since we observed
biophysical effects from a co-expressed KCNQ3-FS534, we suspected that expression of KCNQ3-FS534,
at least in oocytes, were not reduced to the same degree as shown by Lauritano et al. (2019). We wanted to
devise an alternative approach to clearly detect the heteromeric assembly of KCNQ2 and KCNQ3. As
discussed in Chapter 1, recent studies have identified several characteristics of the voltage-sensor targeted
ICA-73 KCNQ channel activator, including its selectivity for KCNQ2 and KCNQ4, dependence on
activated channels, and stoichiometric dependence of drug effects (Wang et al., 2017; A. W. Wang et al.,

2018; C. K. Wang et al., 2018).

A.W. Wang et al., (2018) reported how subunit composition alters the sensitivity of channels to the
subtype-selective ICA-73 channel activator (A. W. Wang et al., 2018). We first assessed the differences in
drug responses by exposing homomeric and heteromeric KCNQ2/KCNQ3 channels to saturating levels of
ICA-73 in Ringer’s solution (we used 100 uM ICA-73), and delivering voltage-step protocols to
microinjected X. laevis oocytes as described in Figure 3.5. Each protocol began with the full activation of
channels at +20 mV to allow ICA-73 binding, due to the drug’s strict dependence on activated channels (C.
K. Wang et al., 2018). Following this, channels were exposed to a repolarization step to a range of voltages
(20 mV to -120 mV in 20 mV steps), to allow drug unbinding and channel closure. Finally, we stepped to
+20 mV to assess the magnitude of instantaneous current, which reflects the extent of drug unbinding and
deactivation that occurred during the repolarizing step, highlighted with arrows in Figure 3.5 A, B. This
assay clearly distinguishes homomeric KCNQ2 and heteromeric KCNQ2/KCNQ3, based on differences in
the magnitude of instantaneous current relative to the total current. While ICA-73 causes extremely slow
deactivation of KCNQ?2, and hence a large instantaneous current (Figure 3.5 B), this effect is largely

attenuated in co-expressed KCNQ2/KCNQ3 channels (Figure 3.5 A, C). Over the range of hyperpolarization
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voltages used in this study, the weaker ICA-73 sensitivity of heteromeric KCNQ2/KCNQ3 channels is
apparent (Figure 3.5 D), resulting in a less prominent instantaneous current compared to homomeric

KCNQ2 channels.
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Figure 3.5: Attenuated effects of ICA-73 on heteromeric KCNQ2 + KCNQ3 channels. (A-B) Exemplar
X. laevis oocyte two-electrode voltage-clamp records for measurement of instantaneous current. Injected
oocytes were held at a prepulse voltage of -100 mV for 10 s, then pulsed to + 20 mV for 2 s. Green arrows
highlight measurement of instantaneous current fraction. (C) Exemplar traces illustrating channel activation
after -100 mV prepulses in the absence and presence of ICA-73 (5.9 +/- 0.9 % and 81.1 +/- 3.8 %
respectively for KCNQ?2, 2.5 +/- 0.3 % and 32.3 +/- 2.0 % respectively for KCNQ2 + KCNQ3). (D)
Fractional instantaneous current was measured after a range of prepulse voltages (n = 7-12). Data in (C) are
presented as mean +/- SEM.
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Determination of assembly of C-terminally truncated KCNQ3 with KCNQ2

Next, we used ICA-73 as a pharmacological tool to investigate assembly of KCNQ3-FS534 with
KCNQ?2, and extended this approach to a variety of artificial KCNQ3 C-terminal truncations (Figure 3.6).
Since our ICA-73 assay can clearly demonstrate if KCNQ3 or its truncation mutants can functionally
assemble with KCNQ2, it may be valuable tool for future studies of KCNQ channel assembly or
characterizing biophysical and pharmacological effects of channel mutations. However, the use of this assay
can be limited if KCNQ3 forms non-functional channels with KCNQ?2. In these cases, observable currents
are only generated by homomeric KCNQ2 channels, and it becomes unclear if a mutated KCNQ3 is
dominantly suppressing currents through assembly, or if assembly is lost. However, alteration of ICA-73
sensitivity relative to homomeric KCNQ2 channels remains as strong evidence that a mutated KCNQ3 may

effectively and functionally assemble with KCNQ2.

We applied this ICA-73 assay and observed that KCNQ3 truncations, even significant ones
predicted to abolish channel assembly, are well-tolerated and can assemble with KCNQ2 (Figure 3.6).
Representative instantaneous currents after a repolarization step to -100 mV are shown in Figure 3.6 A,
organized according to the positions of these mutations on the KCNQ3 channel. The mean data for
instantaneous currents across a range of repolarization voltages is also shown in Figure 3.6 B, C. Truncations
as large as 340 amino acids in the KCNQ3-AC340 mutant (out of the total 872 amino acids in KCNQ3),
resulting in the deletion of the C and D helices, still supported prominent assembly with KCNQ?2 as reflected
by the reduction in instantaneous currents (Figure 3.6 B, C). Only the truncation of helices A and B in
KCNQ3-AC503 — required for CaM binding — completely abolished functional assembly of KCNQ2 and
KCNQ3 (Figure 3.6 A). Despite producing an attenuated response to ICA-73 (i.e. a reduction in
instantaneous current), KCNQ3-FS534 and KCNQ3-AC340 only partially reduced instantaneous current,
suggesting that the region between AC340 and AC301 has an important influence on KCNQ2/KCNQ3

heteromeric assembly, even if it is not the only region that drives assembly.
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Figure 3.6: Functional assessment of assembly of KCNQ3 truncations with KCNQ2. (A) KCNQ
structural model illustrating the location of KCNQ truncations tested in the study. Exemplar two-electrode
voltage-clamp records illustrating instantaneous current for KCNQ2 + KCNQ3 truncations with respect to
the positions of truncations. CaM is illustrated in green. Co-injections were controlled for total mRNA at
50 ng, with a 1:1 KCNQ2:KCNQ3 ratio. (B and C) Instantaneous currents were measured after a range of
prepulse voltages, using the same protocol as Figure 3.5 A, B. Instantaneous currents were measured in (B)
control or (C) 100 pM ICA-73 (n = 4-12 for control, n = 7-11 for drug condition). Data in (B) and (C) are
presented as mean +/- SEM.

Titration of KCNQ2/KCNQ3 channel ratios

Since we are overexpressing KCNQ2 and KCNQ3 (WT or truncated) in a heterologous system,
their expression levels may be significantly higher than physiological levels in native neurons. This
overexpression may be driving interactions which normally would not occur, allowing channels to overcome
the loss of important structural elements important for driving assembly. To address this uncertainty, we
injected oocytes significantly smaller ratios — 4:1 ratios — of KCNQ2:KCNQ3 (WT, AC301, and AC340),

halved the total mRNA injected to 25 ng per oocyte, and investigated current magnitude and ICA-73
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sensitivity using the same assay described in Figure 3.5 and 3.6. Although the data is not shown, the 4:1
KCNQ2:KCNQ3 ratio was determined through experimentation, where several ratios of KCNQ2:KCNQ3
were tested, to retain similar propensity to heteromerically assemble as the 1:1 ratio injection. We found
that co-expressing KCNQ2 with WT KCNQ3 at a 4:1 ratio still caused prominent current enhancement
(Figure 3.7 B) and substantial attenuation of ICA-73 effects (Figure 3.7 A). similar to levels observed for
the 1:1 co-expression at double the total mMRNA. Co-expressing the same 4:1 ratio of KCNQ2 with KCNQ3-
AC301 did not enhance current magnitude to the same extent as WT KCNQ3, but exhibited a similar degree
of attenuation of ICA-73 sensitivity as WT KCNQ3 (Figure 3.7 A, B), suggesting a strong propensity for
this truncation mutant to assemble with KCNQ2. However, the KCNQ3-AC340 demonstrated attenuated

assembly with KCNQ?2 (Figure 3.7 A, B), consistent with the findings in Figure 3.6.
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Figure 3.7: KCNQ3-AC301 and WT KCNQ3 have a similar propensity to assemble with KCNQ2. (A)
Fractional instantaneous currents in 100 pM ICA-73 for indicated channel combinations (25 ng total RNA
injection) using the experimental protocol described in Figure 3.5A). Dotted reference lines indicate the
mean fractional instantaneous currents of homomeric KCNQ2 (mean = 81.1 +/- 3.8 %, n = 8) and
heteromeric KCNQ2 + KCNQ3 1:1 mixture (mean = 32.3 +/- 2.0 %, n = 7). Each data point represents a
unique oocyte recording (n = 4-10). (B) Current amplitudes of the same oocytes when pulsed to +20 mV.
Dotted reference lines indicate the mean current amplitude of homomeric KCNQ?2 and heteromeric KCNQ?2
+ KCNQ3 1:1 mixture. Each data point represents a unique oocyte recording (n =4-16). Data were compared
using a Kruskal-Wallis ANOVA on ranks, followed by Dunnett’s post-hoc test (* indicates p <0.05 relative
to homomeric KCNQ2).
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Despite retaining the ability to assemble with KCNQ2, we realized that most KCNQ3 truncations
were unable to restore current expression to wild type KCNQ2 + KCNQ3 levels. In Figure 3.8, we
summarized the effects of 1:1 co-injection of various KCNQ3 truncations with KCNQ2, highlighting
patterns related to assembly versus current expression of these different subunit combinations. We observed
that the progressive truncation of KCNQ3 caused a gradual reduction of total current expression (Figure 3.8
B). Modest truncations (e.g. KCNQ3-AC42) supported wild type levels of current potentiation, but this
effect is lost with truncations of AC301 or greater. Therefore, there is a mismatch between the effect of
KCNQ3 truncations on current expression and the effect on ICA-73 sensitivity, particularly with KCNQ3-

AC301 in which assembly with KCNQ2 appears equally favourable as with WT KCNQ3.
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Figure 3.8: Most KCNQ3 truncations cannot enhance current to wild type heteromeric KCNQ2 +
KCNQ3 levels. (A) Current amplitudes of various 1:1 KCNQ2-KCNQ?3 co-injections in X. laevis oocytes
when pulsed to +20 mV. While KCNQ3-AC503 is the only construct unable to assemble with KCNQ?2,
having the ability to assemble is not sufficient to return current levels back to normal. Each data point
represents a unique oocyte recording (n = 12-20 for co-injections). The dotted line reflects the average
current amplitude of KCNQ2 homomers (mean = 1.81 +/- 0.14 uA, n = 16) in X. laevis oocytes. (B)
Fractional instantaneous current in 100 pM ICA-73, for indicated 1:1 co-injections of KCNQ2 + KCNQ3
(wild type or truncated). Dotted reference lines indicate the mean fractional instantaneous currents of
homomeric KCNQ2 and heteromeric KCNQ2 + KCNQ3 1:1 mixture. Data were compared using a Kruskal-
Wallis ANOVA on ranks, followed by Dunnett’s post-hoc test (* indicates p < 0.05 relative to heteromeric
KCNQ2 + KCNQ3).
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DISCUSSION

In previous studies, the subtype-specific assembly of KCNQ channels was determined to be
primarily driven by structural elements within the C-terminal helices C and D (Howard et al., 2007; Haitin
and Attali, 2008; Sun and MacKinnon, 2017). We investigated assembly through a series of C-terminally
truncated KCNQ3, using a subtype-selective KCNQ2 activating compound, ICA-73. ICA-73 clearly
distinguished homomeric KCNQ2 and heteromeric KCNQ2/KCNQ3, and revealed that significant C-
terminal truncations in KCNQ3, including the disease-linked KCNQ3-FS534, can functionally assemble

with KCNQ2.

Unlike most Kv channels (Kv1-6,8,9), which have an N-terminal T1 domain in regulating channel
function and subtype-specific assembly, Kv7/KCNQ channels lack this domain and must have other
determinants for controlling assembly (Li et al., 1992; Kreusch et al., 1998; Schwake et al., 2003, 2006).
There are many unanswered questions in the control of subtype selectivity and exclusion in assembly, and
subunit stoichiometries in assembled channels. Native M-channels are believed to contain KCNQ2 and
KCNQ3 in a 1:1 ratio, as determined by sensitivity to TEA-mediated channel block (Hadley et al., 2000,
2003). However, this is little understanding of how M-channel assembly is controlled, and if variable subunit
stoichiometries can occur (Bal et al., 2008; Stewart et al., 2012). Similarly, it is generally accepted that
KCNQ2 and KCNQS5 do not functionally assemble, but there is little understanding of how this exclusion
is controlled. It is only known that KCNQ!1 is excluded from assembly with the non-cardiac KCNQ2-5, and
this exclusion can be manipulated by the chimeric swapping of C-terminus between KCNQ subtypes

(Schwake et al., 2003, 2006; Howard et al., 2007).

Our motivation to investigate C-terminal regulation of M-channel assembly began with the
identification of a C-terminal KCNQ3 truncation in a male patient diagnosed with ASD and general
neurodevelopmental delay but lacked seizures. This was clinically interesting as KCNQ3 loss-of-function

mutations are typically observed in children with neonatal epilepsy, but this phenotype was absent in our
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patient. In addition, Lauritano et al. (2019) recently reported an identical frameshift mutation in a female
patient, from a family with consanguineous marriage, resulting in a homozygous inheritance of the mutation
and prominent penetrance of neurological features, including epilepsy (Lauritano et al., 2019). Interestingly,
the parents who were heterozygous for the mutation were only modestly affected by this significant
truncation of the KCNQ3 C-terminus (Lauritano et al., 2019). In contrast, the patient in our study exhibited
much more severe and notable autistic traits and neurological disability, including challenges with social
reciprocity, receptive and expressive language, fine motor skills, and markedly reduced sustained attention.
These findings suggest that differences in their genetic or environmental background may have affected the

penetrance of the neurological defects emerging from the KCNQ3-FS534 mutation.

Consistent to the findings of Lauritano et al. (2019), we found that the major defect attributed to the
KCNQ3-FS534 mutation is reduced current expression from heteromeric KCNQ2/KCNQ3 channels.
Lauritano et al. (2019) provided compelling evidence that the KCNQ3-FS534 mutation is poorly expressed
in heterologous CHO cells and patient-derived fibroblasts (Lauritano et al., 2019). They also observed little
evidence that KCNQ3-FS534 can functionally assemble with KCNQ?2. In our study using X. /aevis oocytes,
and through a pharmacological approach using ICA-73, we observed substantial assembly of KCNQ2 with
a wide range of truncated forms of KCNQ3, including KCNQ3-FS534. However, we find it noteworthy that
the KCNQ3-FS534 did assemble less prominently than KCNQ3-AC301, suggesting that assembly may be
disrupted if not eliminated. Our work may benefit from surface expression experiments (e.g. cell-surface
biotinylation) to determine the effects of truncation mutations and the role of the C-terminus in channel
trafficking and surface stability, to enable comparisons with the results from Lauritano et al. (2019)
regarding the expression of KCNQ3-FS534, and for expression data to be used to complement our
electrophysiological data. Since the ankyrin G binding region is truncated in KCNQ3-FS534, it is likely

surface expression and localization is affected.

We demonstrated an alternative approach to detect the heteromerization of KCNQ2 with KCNQ3

(and can be potentially applied to other KCNQ subtypes) based on channel sensitivity to the voltage sensor-
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targeted drug ICA-73. Wang et al., (2017) demonstrated that ICA-73 effects rely on the subunit composition
of M-channels. While the deactivation of KCNQ?2 can be strongly decelerated by ICA-73, requiring ~20 s
hyperpolarizing steps to allow drug unbinding and permit channel closure, heteromeric KCNQ2/KCNQ?3
channels are much more resistant to ICA-73 effects, exhibiting faster and more complete channel closure
upon hyperpolarization (Wang et al., 2017; A. W. Wang et al., 2018; C. K. Wang et al., 2018). While the
mechanism underlying this effect is not clear, the effect is clearly useful for diagnosing the assembly of
KCNQ?2 with other ICA-73 insensitive subtypes. Previous studies have exploited differential sensitivity to
TEA-mediated block of KCNQ2 and KCNQ?3 channels (Hadley et al., 2000, 2003). Our pharmacological
assay provides an alternative approach to determine assembly, and may benefit from ICA-73’s channel
specificity. It was also useful to show how KCNQ-activating compounds with therapeutic potential can

influence the function of disease-linked channels.

Lastly, the demonstration of efficient assembly of some C-terminally truncated KCNQ3 with
KCNQ2 was unexpected, particularly since both KCNQ3-FS534 and KCNQ3-AC340 lack the subunit
interacting domain (sid) previously found to strongly influence subtype-specific assembly (Maljevic et al.,
2003; Schwake et al., 2003, 2006). It is noteworthy that these prior studies used chimeric strategies to replace
C-terminal segments of KCNQ1 with KCNQ2 or KCNQ3, and used current potentiation as a marker of M-
channel assembly with KCNQ3 and KCNQ?2 respectively (Maljevic et al., 2003; Schwake et al., 2003, 2006;
Howard et al., 2007). While these studies clearly identified important elements in the C-terminus, it is not
clear if effects on current expression arose from altered assembly or reduced channel maturation and
trafficking. Nakajo and Kubo (2008) was the first to produce evidence that prominent C-terminal deletions
of KCNQ2 or KCNQ3 can retain the propensity to functionally assemble using differential TEA-sensitivity
(Nakajo and Kubo, 2008). Structural studies also indicate that the C-termini of Kv7/KCNQ channels can
assemble into protein-interacting coiled-coil structures, and may promote tetrameric channel assembly and
act as a scaffold for association with regulatory proteins (Howard et al., 2007; Sun and MacKinnon, 2017).

Our findings indicate that KCNQ channel assembly and trafficking are likely controlled by distinct channel
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regions, and pharmacological assays using selective drugs can be useful to study the composition of

functional tetramerized channels in future studies.

In summary, our study introduces a new and useful pharmacological approach to investigate
heteromerization of KCNQ channels using the subtype-selective ICA-73. Our findings illustrate that
significant truncations of the KCNQ3 C-terminus are well tolerated in terms of assembly with KCNQ?2, but
may cause neurological phenotypes due to a failed promotion of functional current expression observed

with WT KCNQ3.
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CHAPTER 4: BENIGN FAMILIAN NEONATAL EPILEPSY CAUSED BY THE
KCNQ3[T313I] SELECTIVITY FILTER MUTATION

BACKGROUND

Many epileptic disorders, ranging from benign familial neonatal epilepsy (BFNE) to epileptic
encephalopathy (EE), have been linked to mutations identified in the KCNQ2 and KCNQ?3 voltage gated
potassium channels (Jentsch, 2000; Rogawski, 2000; Robbins, 2001; Cooper and Jan, 2003; Soldovieri et
al., 2011; Weckhuysen et al., 2012; Lerche et al., 2013; Maljevic and Lerche, 2014). One clinical issue often
encountered is how to best predict long term outcomes and management approach for neonates with new-
onset seizures. Although genetic sequencing is becoming more accessible, clinicians who identify genetic
links to epilepsy often do not have sufficient information to best predict phenotypes from genotypes,

particularly for mutations in KCNQ2 and KCNQ3, which presents a wide range of epileptic severity.

KCNQ2 and KCNQ3 heteromerically assemble into the neuronal M-channel, which controls
threshold and burst firing of neurons. One hallmark feature of the heteromeric M-channel is the potentiation
of current expression >10 fold relative to KCNQ2 and KCNQ3 homomeric channels. Dysfunction in both
KCNQ2 and KCNQ3 can lead to pathological states in patients. BENE is a mild form of childhood epilepsy
that begins in the first few postnatal days, and are typically self-resolving and do not interfere with structural
or cognitive development. BFNE is associated with mutations in both KCNQ2 and KCNQ3 (Leppert et al.,
1989; Lewis et al., 1993; Singh et al., 2003; Maljevic and Lerche, 2014). In contrast, EE is a severe form of
epilepsy and typically causes long-term neurological disabilities, decreased motor function, and propensity
towards pharmacoresistant epilepsies later in life; EE is typically associated with mutations in KCNQ2
rather than KCNQ3 (Weckhuysen et al., 2012). In general, disease-linked mutations in KCNQ2 are more

frequently reported than KCNQ3, and are generally more severe.

KCNQ3 mutations have been reported throughout the channel sequence, including the voltage
sensing domain, the pore domain, and C-terminal regions important for tetramerization, PIP, association,

and calmodulin binding. Figure 4.1 A highlights the locations of pathogenic point mutations of KCNQ3
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reported in ClinVar and RIKEE databases, on the structural template of the recently reported KCNQ1 cryo-
EM structure (Sun and MacKinnon, 2017). The green shaded SF region in Figure 4.1 A reflects the cluster
of validated disease-linked mutations in the KCNQ3 selectivity filter, an important region for ion selectivity
and permeation. The geometry and stability of the selectivity filter is determined by several intra- and
intersubunit interactions that are widely conserved among Kv channels (MacKinnon and Yellen, 1990;
Doyle et al., 1998; Zhou et al., 2001; Pless et al., 2013). In Drosophila melanogaster Shaker channels, which
are prone to a slow C-type inactivation (analogous to the human Kv1.3), disruption of these selectivity filter
stabilizing bonds leads to pronounced acceleration of inactivation and significant reduction in channel
conductance (Perozo et al., 1994; Y. Yang et al., 1997; Kurata and Fedida, 2006; Pless et al., 2013). In
contrast, M-channels are not normally inactivating, and many selectivity filter mutations have relatively

mild effects on overall channel function (Brown and Adams, 1980; Wang et al., 1998).

In this study, we investigated a previously unreported KCNQ3[T3131] mutation in the selectivity
filter region identified in a child patient previously diagnosed with BFNE. An analogous mutation in
KCNQ2 was previously reported (KCNQ2[T274M]), but was associated with severe clinical outcomes,
including profound global developmental delay, motor dysfunction, and remitting seizures characteristic of
EE (Weckhuysen et al., 2012; Orhan et al., 2014; Milh et al., 2013, 2015). We characterized the
electrophysiological effects of the [T313I] mutation in KCNQ3 in homomeric and heteromeric
KCNQ2/KCNQ3 channels, to describe the effects of the selectivity filter mutation in KCNQ3 on channel
function. We applied the same ICA-73 pharmacological assay used in Chapter 3 to detect the functional
assembly between KCNQ2 and KCNQ3[T313I]. Our findings highlight that KCNQ2/KCNQ?3 heteromeric
channels are relatively tolerant of the mutation that is extremely disruptive in other Kv channels (e.g.
D.melanogaster Shaker channels), and this likely explains the mild disease pathology associated with

KCNQ3 selectivity filter mutations.
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Figure 4.1: Inheritance of KCNQ2 and KCNQ3 mutations associated with epilepsy. (A) Mutations in
KCNQ2 or KCNQ3 associated with a documented case of epilepsy (compiled from ClinVar or RIKEE
databases) are highlighted on molecular models of each channel. Mutations are color coded based on
severity (green = BFNE, red = epileptic encephalopathy or other severe outcomes). Mutations that do not
map to structural elements defined in the KCNQ1 cryo-EM structure have been omitted (VSD = voltage-
sensing domain, SF = selectivity filter, CaM = Calmodulin). (B) Pattern of inheritance of a neonatal seizure
phenotype in a family carrying the KCNQ3[T3131I] mutation. Upper, sequence alignment of the reference
KCNQ3 gene and KCNQ3 protein in relation to the proband. The identified mutation [T3131] is highlighted
in bold type. Lower, pedigree for the family characterized in our study with filled symbols indicating

affected individuals.
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RESULTS

Clinical features of a heterozygous KCNQ3[T313I] child

The patient proband was initially identified as a baby girl born after a normal pregnancy and
uncomplicated vaginal delivery. Four days after birth, she exhibited abnormal breathing patterns and body
tremors. The frequency of these events increased, eventually requiring patient hospitalization. Through
video-EEG monitoring, frequent seizures were recorded for the patient during sleep and wakefulness. The
seizures were determined to be characteristic of BFNE. As the seizures continued, the patient was eventually

prescribed anti-epileptic therapies, including phenobarbital, which eventually stopped the seizures.

Neurological examinations of this patient revealed a normal non-dysmorphic infant with normal
brain anatomy. The family members who carried this mutation experienced a history of childhood seizures
and ADHD, but like the proband, exhibited no severe neurological or structural defects. Several months
after the seizures, the patient remained event-free, and a repeat EEG revealed normal brain activity.
Eventually, phenobarbital was weaned at 8 months of age. At 2 years of age, the proband developed

normally in all domains, suggesting a clinical presentation consistent with BFNE.

KCNQ3[T131I] mutation eliminates homomeric channel function

The KCNQ3[T313I] mutation was intriguing to us from a biophysical and physiological perspective
due to its positioning in the selectivity filter. Due to the functional importance of the selectivity filter,
mutations in this region of KCNQ3 often result in disease (D305, A306, W309, G310, 1317, Y319, G320
reported in ClinVar associated with BFNE), particularly the relatively mild and self-resolving BFNE. One
previous study of an analogous mutation in Shaker channels highlighted the importance of this particular
site in stabilizing the selectivity filter (Pless et al., 2013). The KCNQ3 T313 is analogous to the Shaker
T439, which is likely involved in an intersubunit hydrogen bond with the selectivity filter residue Y455 (in
the conserved GY G motif of Kv channels) of a neighbouring subunit, highlighted in Figure 4.2 A. In Shaker

channels, disruption of T439 in even one subunit is sufficient to suppress channel currents, and accelerates
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the rate of inactivation by ~100 fold (Pless et al., 2013). It is likely that the powerful effect of mutating T439
is due to a propagated effect from the mutated subunit to neighbouring subunits, resulting in a suppression
of channel function in an allosteric manner (Pless et al., 2013). Consistent with the effects of the
Shaker[T439V] mutation on channel currents, the KCNQ3[T313I] mutation abolishes channel currents
when expressed in X. laevis oocytes. Even when we used KCNQ3[A315T] background to enhance the
surface of KCNQ3 surface expression, we were unable to detect functional channels from homomeric

KCNQ3[T313I][A315T] channels (Figure 3.2 A, B).
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Figure 4.2: KCNQ3[T313I] abolishes KCNQ3 function. (A) Molecular model of essential
intersubunit hydrogen bond between conserved residues T313 and Y319 located in the selectivity signature
sequence. (B) Two-electrode voltage-clamp recordings from Xenopus laevis oocytes expressing
KCNQ3[A315T] and KCNQ3[A315T][T313I]. Oocytes were held at —80 mV and depolarized for 1.5 s to
voltages between —140 mV and +40 mV (in 10 mV steps) followed by repolarization to —20 mV test pulse.
(C) Cell-by-cell comparison of current amplitudes of KCNQ3[A315T] and KCNQ3[A315T][T313I] at +20
mV, plotted on a logarithmic scale. KCNQ3[A315T] and KCNQ3[A315T][T313I] groups were compared
using Student’s t-test (* indicates p < 0.05 relative to the KCNQ3[A315T] control).
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KCNQ3|[T313I] attenuates currents in heteromeric KCNQ2/KCNQ?3 channels

We wanted to address the effects of the KCNQ3[T3131] mutation on M-channel function, due to
the predominance of heteromeric KCNQ2/KCNQ3 channels in vivo. We expressed KCNQ2, KCNQ3, and
KCNQ3[T313I] independently and together to simulate the heteromeric assemblies that may occur in vivo.
Wild type heteromeric KCNQ2 and KCNQ3 channels co-expressed at a 1:1 mRNA injection ratio
significantly potentiated currents relative to homomeric KCNQ2 or KCNQ3 channels. However, co-
expression of KCNQ2 and KCNQ3[T3131] at the 1:1 mRNA ratio was unable to potentiate currents, but

instead produced currents similar in amplitude as homomeric KCNQ2 channels (Figure 4.3 A, B).

In our proband, the KCNQ3[T313I] mutation was inherited paternally, and a normal KCNQ3 was
inherited maternally. Therefore, to mimic the heterozygous genotype of the proband, we tested the mixed
expression of WT KCNQ3 and KCNQ3[T313I] with KCNQ2 wusing a 2:1:1 (KCNQ2:WT
KCNQ3:KCNQ3[T313I]) mRNA injection ratio. We observed that the presence of KCNQ3[T313I] in the
triple injection did not suppress current magnitude relative to co-expressed KCNQ2 and WT KCNQ3, but
instead produced currents that resemble the wild type 1:1 KCNQ2/KCNQ3 co-expressed channels (Figure
4.3 A, B). However, current magnitudes in these experiments can be variable due to the complex
stoichiometries of channel subunits in assembled channels (e.g. one KCNQ3 assembled with three KCNQ2
subunits, amongst all other combinations between KCNQ2 and KCNQ3). In all co-injections with
KCNQ3[T313I], no effects on voltage-dependence of channel activation were observed in X. laevis oocytes
(Figure 4.3 C). Due to the similarity in channel gating and current magnitude between homomeric KCNQ2
channels and co-expressed KCNQ2/KCNQ3[T313], it was not clear if the currents we observed in co-
injected oocytes were due to homomeric KCNQ2 channels or functionally assembled
KCNQ2/KCNQ3[T313I] channels. This detail is important for characterizing the nature of selectivity filter

mutations on heteromeric KCNQ2/KCNQ3 channels.
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Figure 4.3: Co-expression with KCNQ2 and KCNQ3[T313I] reduces heteromeric channel function
with no effect on gating. (A) Two-electrode voltage-clamp sample traces from oocytes expressing various
combinations of KCNQ2 and KCNQ3 (injected with a total of 50 ng of mRNA per group). The voltage step
protocol is the same as Figure 4.2B. (B) Current amplitudes after a 1.5 s +20 mV voltage step, plotted on a
logarithmic scale. Current magnitudes were compared using one-way ANOVA, followed by Tukey’s post-
hoc test (* indicates p < 0.05). (C) Conductance-voltage relationships were collected using the protocol in
panel (A), using tail current magnitudes (-20 mV) to assess the extent of channel opening during the
conditioning step. Fitted gating parameters are shown as mean +/- S.E.M.: for KCNQ2 + KCNQ3 +
KCNQ3[T313I], k=9.4+/- 0.3 mV, Vi2=-29.7+/- 1.0 mV; for KCNQ3 + KCNQ3[T313I],k=9.1+/-0.3
mV, Vip=-35.1 +/- 0.5 mV; for KCNQ2 + KCNQ3, k = 10.2 +/- 0.3 mV, Vo= -34.2 +/- 0.3 mV; for
KCNQ2 homomers, k = 9.2 +/- 0.2 mV, Vip = -34.2 +/- 0.6 mV. No significant differences in gating
parameters were detected.

Heteromeric composition of KCNQ2:KCNQ3[T313I] determined by ICA-73 sensitivity

Discussed in Chapters 1 and 3, KCNQ2 channels exhibit pronounced deceleration of deactivation
in the presence of ICA-73, whereas the effects are attenuated in heteromeric KCNQ2/KCNQ3 channels due
to the presence of ICA-73 insensitive KCNQ3 (Wang et al., 2017; A. W. Wang et al., 2018; C. K. Wang et
al., 2018). We used the same pharmacological assay discussed in Chapter 3 to investigate whether currents

observed in the KCNQ2/KCNQ3[T313I] condition were generated by homomeric KCNQ2 or heteromeric
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channels. We depolarized oocytes to +20 mV to open channels and allow ICA-73 binding, followed by
repolarization to a range of voltages from -20 mV to -120 mV. We depolarized oocytes again to +20 mV to
assess the extent of the deceleration of channel deactivation caused by the drug, as reflected by the relative
magnitude of instantaneous current at this step. As observed in Chapter 3, homomeric KCNQ2 channels
exhibit high sensitivity to ICA-73, resulting in significant deceleration of deactivation and large
instantaneous current fractions. In contrast, wild type heteromeric KCNQ2/KCNQ3 channels deactivate
considerably faster, producing smaller instantancous currents (Figure 4.4 A, B, C). While
KCNQ2/KCNQ3[T313I] exhibited an intermediate instantaneous fraction compared to wild type
homomeric and heteromeric channels (Figure 4.4 A, B, C), these channels behaved distinctively from
KCNQ2, suggesting that KCNQ3[T3131I] can functionally assemble with KCNQ?2, even if it cannot

potentiate currents to wild type heteromeric levels.

Though we have not directly tested this, it is unlikely that KCNQ2/KCNQ3 assembly is affected by
the KCNQ3[T313I] mutation. Therefore, the intermediate response to ICA-73 is likely due to a mixture of
homomeric KCNQ2 - which exhibit maximum responses to ICA-73, and heteromeric
KCNQ2/KCNQ3[T313I] — which exhibits attenuated responses to ICA-73, where homomeric and
heteromeric channels are comparable in the magnitudes of the current they conduct. Co-expression of the
2:1:1 (KCNQ2: WT KCNQ3: KCNQ3[T313I]) displayed similar ICA-73 response to the wild type

heterozygous control (Figure 4.4 A, B, C).
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Figure 4.4: Reduced ICA-73 sensitivity of KCNQ2/KCNQ3[T313I] heteromeric channels. (A)
Example currents of two-electrode voltage-clamp recordings. Oocytes were depolarized to +20 mV and
hyperpolarized for 12 s in a step-down manner (-20 mV per sweep), followed by another +20 mV
depolarizing pulse to determine instantaneous current at -100 mV. (B) Fractional instantaneous current after
incubation with 100 uM ICA-73 was measured as indicated by the arrows in panel (A). (C) Fractional
instantaneous current for various combinations of KCNQ2, KCNQ3, and KCNQ3[T313I]. Instantaneous
current fractions were compared using one-way ANOVA, followed by Tukey’s post-hoc test (* indicates p
< 0.05 relative to KCNQ?2, # indicates p < 0.05 relative to KCNQ2 + KCNQ?3).

KCNQ3[T313I] effects in concatenated tetrameric channels

To eliminate uncertainties caused by mixed channel stoichiometries, we generated concatenated
channel constructs to fix the subunit composition of channel tetramers (A. W. Wang et al., 2018), and
directly test the effects of the KCNQ3[T3131] mutant on tetrameric current expression and gating properties.
The three concatemers tested either had four covalently linked KCNQ2 protomers, or one WT
KCNQ3/KCNQ3[T313I] subunit at the first protomer position linked to three KCNQ2 protomers. Therefore,
variation only exists in the first subunit of the concatemer. The channel containing WT KCNQ3 as the first

protomer exhibited larger currents relative to the concatenated homomeric KCNQ2 channel (Figure 4.5 A,
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B). Unlike the concatemer containing WT KCNQ3, the concatemer containing KCNQ3[T3131] as the first
protomer was unable to enhance currents, but instead produced currents comparable to the concatenated
homomeric KCNQ?2 channel (Figure 4.5 A, B), similar to the current suppression effect observed in X. laevis
oocytes (Figure 4.3 B). Finally, he KCNQ3[T313I] containing concatemer produced a statistically
significant rightward shift in channel voltage-dependence relative to the WT KCNQ?3 containing concatemer
(Figure 4.5 C). Although the shift in voltage-dependence is relatively small (~7.5 mV) between WT KCNQ?3

and KCNQ3[T313]] containing concatemers, it was interesting as we did not observe this effect in monomerically

expressed channels in oocytes.
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Figure 4.5: Fixed stoichiometry of KCNQ2/KCNQ3 determined one mutated subunit trends towards
current suppression. (A) Exemplar patch clamp traces of tetrameric constructs, example traces were
chosen based on the mean values. LM cells were transfected and allowed to incubate for 24 hours before
patch data was obtained. (B) Cell-by-cell current density comparison at +20 mV accounting for variations
in cell capacitance, plotted on a logarithmic scale. Current density was compared using a one-way ANOVA
and Tukey’s post-hoc test (* indicates p < 0.05). (C) Normalized GV curves of concatemeric constructs
were collected 24 hours after incubation, using the same protocol as Figure 3A. Fitted gating parameters
were (mean +/- S.E.M.): for KCNQ3[T313I] + 3X KCNQ2, k=12.3 +/- 0.6 mV, V;,=-18.3 +/- 0.6 mV;,
for KCNQ3 + 3X KCNQ2, k =10.8 +/- 0.5 mV, Vi =-29.4 +/- 1.6 mV; for 4X KCNQ2, k= 13.6 +/- 0.7
mV, Vi, = -11.4+/-1.9 mV.
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DISCUSSION

There is significant interest in determining the genotype-phenotype correlation of mutations in
KCNQ2 and KCNQ3 for understanding the prognosis and pathogenesis of affected patients. Scientifically,
the characterization of these channel mutants is valuable for understanding the assembly, function, and
regulation of native M-channels, which are important regulators of neuronal excitability. Clinically,
understanding KCNQ-linked disease at a molecular level can guide clinical decisions for the treatment or
management of M-channel related illnesses in patients. In this chapter, we reported a novel mutation in the
selectivity filter region of KCNQ3 predicted to disrupt a stabilizing intersubunit interaction previously
reported in Shaker channels. This KCNQ3[T3131] mutation was identified in a patient who exhibited BFNE,
and there is likely a close relationship between the current suppressing of this mutation and the BFNE

phenotype.

Interestingly, while the analogous T439 in Shaker channels, or its hydrogen bonding partner Y445
(in the conserved GY G motif of the selectivity filter) were fundamental in stabilizing the selectivity filter to
allow ion conduction, the KCNQ3 T313 likely plays a similar role. The intersubunit nature of this interaction
made Shaker channels particularly intolerant to mutations at residues T439 and Y445, in contrast to the
greater tolerance for mutations that disrupt the infrasubunit interactions in the selectivity filter (e.g W434F
mutant). This is likely due to the propagation of loss-of-function effects to neighbouring subunits, or subunit

cooperativity, when infersubunit interactions are disrupted, resulting in disease outcomes.

KCNQ3 T313 is likely part of a critical intersubunit hydrogen bond with Y319, since
KCNQ3[T313I] are completely unable to functionally assemble, even on the highly expressing
KCNQ3[A315T] background (Figure 4.2). However, it appears that the effects of the T3131 mutation is less
pronounced in heteromeric conditions, as KCNQ2/KCNQ3[T313I] can clearly functionally assemble
(Figure 4.4). KCNQ3[T313I] moderately reduced heteromeric channel currents with KCNQ2, with no

differences in gating properties when compared with wild type heteromeric KCNQ2/KCNQ3 when co-
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expressed (Figure 4.3), or expressed in a concatemer (Figure 4.5). Our observations are distinct from the
powerful effects of disrupting the intersubunit hydrogen bond in Shaker channels, and other unidentified

interactions may be important in stabilizing the selectivity filter of KCNQ channels.

While the KCNQ3[T313I] is linked to the relatively mild BFNE, the analogous KCNQ2[T274M]
is linked to severe epileptic encephalopathy and global developmental delay (Weckhuysen et al., 2012;
Orhanetal., 2014; Milh et al., 2013, 2015). Interestingly, the functional characterization of KCNQ2[T274M]
in X. laevis oocytes produced similar outcomes as our observations for KCNQ3[T313I] in the same cells:
partial suppression of heteromeric current levels and no gating effects (Orhan et al., 2014). However, despite
having similar functional outcomes, the KCNQ2 mutation (and KCNQ2 mutations in general) is much more
severe phenotypically. The severe phenotypes associated with KCNQ2 mutations have been attributed to:
more important physiological roles of KCNQ2 homomeric channels, greater contributions to channel
stoichiometries, or its involvement with other channel or protein assemblies (Bal et al., 2008; Robbins et al.,
2013; Soh et al., 2014). Although it was interesting to see a small rightward shift in voltage dependence for
the KCNQ3[T313I]-containing tetrameric concatemer compared to the WT KCNQ3-containing control
(Figure 4.5 C), when expressed in LM cells, suggesting that gating shifts may appear depending on cell type
and raises the possibility that voltage dependence shifts may be present in our proband. As small as the shift
in voltage dependence is (~ 7.5 mV shift), it may have been sufficient when combined with the current
suppression effect to cause the mild BFNE observed in our proband. Since we have observed inconsistencies
in heterologous expression systems (oocytes vs LM cells), it would be interesting, and may perhaps improve
the translatability of our findings if we studied the effects of T3131 expressed in more physiologically

relevant systems (e.g. neurons).

Experiments with concatenated channels have their limitations. While the subunit composition
within a concatemer can be strictly controlled, it is often difficult to ensure that proper channel folding can
be achieved with novel structural constraints introduced through covalent linkage of protein subunits.

Misfolded proteins may have altered function and/or pharmacological sensitivities, producing results that
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may be different from properly folded and assembled channels. Additionally, it is unclear if all four subunits
in a functional channel are from the same concatemer, or if the fully assembled channels are composed of
subunits from multiple concatenated channels (e.g. the first subunit from four concatemers assembling into
a functional channel). While the differences in current densities caused by KCNQ3[T313I] in Figure 4.5 are

statistically significant, these are the limitations that must be considered when interpreting our results.

Finally, we highlighted another useful application of the pharmacological approach for detecting
functional assembly of heteromeric KCNQ channels using ICA-73. In addition to detecting the functional
assembly of KCNQ2 with KCNQ3[T313I], we were able to make inferences on potential current
suppression effects caused by the disease-linked KCNQ3 mutant on heteromeric M-channels. Clinically,
studying this mutant will enable more accurate predictions in patient outcomes caused by similar mutations
to the KCNQ3 selectivity filter. It provides useful information for clinicians in patient care should the same

or similar pathogenic KCNQ3 variants are identified in patients.

In summary, our study reports a BFNE-linked mutation in the KCNQ3 selectivity filter, which
eliminates the functional assembly of homomeric channels, suppresses the currents of heteromeric channels,
and have no significant effect on voltage-dependence of heteromeric channels in X. laevis oocytes. We
unambiguously detected the functional assembly of heteromeric KCNQ2/KCNQ3[T313I] channels using
ICA-73, and determined that the biophysical consequences of this KCNQ3 mutation are less severe than the

analogous mutation reported in D. melanogaster Shaker potassium channels.
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CHAPTER 5: AROMATIC MUTATIONS CAN IMPROVE VOLTAGE-CLAMP
FLUOROMETRY SIGNALS IN KCNQ3

BACKGROUND

Voltage clamp fluorometry (VCF) was first employed to optically track conformational changes in
the voltage sensor of Shaker channels independently from conformational changes in the pore (Mannuzzu
et al., 1996). In ion channel voltage sensor studies, VCF typically involves the covalent attachment of a
thiol-reactive fluorophore probe to a natural or engineered cysteine site (Mannuzzu et al., 1996; Gandhi and
Olcese, 2009; Kim et al., 2017). When exposed to light of a specified wavelength, the fluorophore is excited
and reaches a higher energetic state. The subsequent relaxation of the fluorophore emits a light of a longer
wavelength relative to the incident light, which can be selectively detected by a detector, and converted into
an electrical signal (Mannuzzu et al., 1996; Gandhi and Olcese, 2009). Conformational changes in ion
channel voltage sensors shifts the position of the fluorophore, resulting in brightening or dimming of
fluorescence that can be measured as a change in fluorescence between two voltage sensor states (AF)
demonstrated in Figure 5.1 (Gandhi and Olcese, 2009). This change in fluorescence is likely due to the
differential quenching of emitted light by the environment surrounding the fluorophore (Gandhi and Olcese,
2009). Additionally, the kinetics of voltage sensor movement can be measured through the rate of the change
in fluorescence as the channel responds to changes in voltage (Gandhi and Olcese, 2009). Therefore, VCF
can be a powerful technique to complement electrophysiology current data with measures of voltage sensor
conformational changes. It is noteworthy that the quantity of fluorescent light that ultimately reaches the
detector is variable, and can depend on the intensity of the incident light, the quantity and availability of
fluorophores, and the extent of environmental quenching of the fluorescent light (Mannuzzu et al., 1996;

Gandhi and Olcese, 2009).
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Figure 5.1: Voltage clamp fluorometry (VCF) detects the changes in fluorescence intensity caused by
voltage sensor conformational changes. In the left panel, the voltage sensor is in the resting state and the
channel is closed. Excitation of the fluorophore results in the emission of fluorescent light, but only small
quantities of light can be emitted due to positioning of the fluorophore. In the right panel, the voltage sensor
is activated by voltage and the channel is open. Excitation of the fluorophore results in an increased emission
of fluorescent light due to changes in the fluorophore environment. (Kim et al., 2017)

Since its first use in Shaker channels (Mannuzzu et al., 1996), VCF has been used to study a diverse
range of ion channel voltage sensors (Gandhi and Olcese, 2009). VCF has been employed successfully in
both the cardiac KCNQ1 and the neuronal KCNQ3 (Zaydman et al., 2013; Nakajo and Kubo, 2015; Cui,
2016; Kim et al., 2017). KCNQ1 channels can consistently produce massive VCF signals (large AF-to-noise
ratio) (Zaydman et al., 2013; Nakajo and Kubo, 2015; Cui, 2016), but comparatively, KCNQ3 can only
produce small VCF signals (small AF-to-noise ratio) and inconsistently (Kim et al., 2017). In fact, the first
KCNQ3 VCF signal was detected by Kim et al. (2017) after an extensive cysteine mutagenesis scan in the
voltage sensor, which led to the construction of the KCNQ3[Q218C][A315T] VCF channel background
(Kim et al., 2017) — we will refer to this background as KCNQ3*VCEF in this thesis. Until the writing of this

Chapter, no VCF signals have been detected from KCNQ2, KCNQ4, or KCNQS5.

The detection of VCF signals from KCNQ?3 allowed Kim et al. in 2017 to extensively study the role
of PIP; in channel function, voltage sensor and pore coupling, and the pharmacology of retigabine. This
study described the distinct effects of PIP, depletion, disruption of PIP, binding, PIP, protection by RTG,

and PIP, dependence of RTG effects (Kim et al., 2017). This study not only generated significant insight
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into our understanding of KCNQ3 and its pharmacology, but the KCNQ3[Q218C][A315T] has since been
used in other studies for a deeper understanding of KCNQ3 disease-linked mutations (Barro-Soria, 2019).
There is also significant interest in using VCF to study the effects of Kv7/KCNQ targeted anti-epileptic
compounds, particularly the voltage sensor targeted compounds, and how they influence voltage sensitivity
of KCNQ channels. Although possible, VCF signals from KCNQ3 remain difficult to obtain (as will be
shown in Figure 5.4), creating a need to improve the strength and consistency of VCF signals in KCNQ3.
We wanted to develop an approach that can improve VCF for KCNQ3, and perhaps enable the use of VCF

on KCNQ2, KCNQ4 and KCNQS5.

KCNQI1 can consistently produce large VCF signals (Figure 5.2). Due to sequence and predicted
structural similarities between KCNQ1 and KCNQ3, we used the former to guide mutations in KCNQ3 in
hopes of recreating a KCNQ1-like environment near the fluorophore attachment site to improve the strength
of VCF signals to levels observed in KCNQ1. We identified several positions in KCNQ3 — L156, L157,
L222 — near the fluorophore attachment site C218, which are aromatic residues at analogous positions in
KCNQ1 (F157, W158, F222 respectively). We mutated our KCNQ3*VCF at L156, L157, and L222 to
aromatic residues found in KCNQ1, and screened their effects on channel function, VCF signal strength,
VCEF signal consistency, and channel response to retigabine. We constructed several KCNQ3*VCF mutants
for screening: KCNQ3*VCF[L156W][L157F], KCNQ3*VCF[L156W][L157F][L222F],
KCNQ3*VCF[L222F], and KCNQ3*VCF[L222W]. While all mutants showed some degree of
improvement, we determined that KCNQ3*VCF[L156W][L157F] is likely the best candidate for future
KCNQ3 VCF studies. KCNQ3*VCF[L156W][L157F] provided significant improvements to both VCF
signal strength and consistency, with little effect on channel gating, current expression, and retigabine
sensitivity. In this study, we define consistency as the ability to detect usable signals (%AF/F > ~0.5%) on

an oocyte-to-oocyte basis.
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Figure 5.2: KCNQI1 produces massive VCF signals. The top panel shows a representative KCNQ1 current
trace. X. laevis oocytes are initially depolarized to +20 mV to open channels, hyperpolarized to -140 mV to
close channels, and depolarized to +20 mV again to open channels. The bottom panel shows the
corresponding fluorescence trace tracking voltage sensor movement. The LED light is turned on with an
input of 2 V when channels are fully active, measuring the fluorescence of fully activated voltage sensors.
Closure of the channel changes the fluorophore environment, reducing the fluorescence detected from
channels. Subsequent depolarization of closed channels increases the fluorescence back to activated levels.
The fluorescence change is measured relative to the fluorescence when channels are fully closed. In this
trace, AF/F = 8 % between the fully activated and deactivated states.
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RESULTS

Identification of positions near the fluorophore attachment site C218 for mutagenesis

Through our sequence alignment, we identified three Leu residues near the C218 fluorophore
attachment site in a model of the KCNQ3 structure in Figure 5.3 B (based on the Sun and Mackinnon 2017
KCNQI cryo-EM structure) (Sun and MacKinnon, 2017). We mutated these residues into aromatic Trp and
Phe residues found in KCNQI, producing several KCNQ3*VCF aromatic constructs:
KCNQ3*VCF[L156W][L157F], KCNQ3*VCF[L222F], KCNQ3*VCF[L222W], and
KCNQ3*VCF[L156W][L157F][L222F]. We will use the Alexa-488 dye described in Chapter 2 for all VCF

experiments discussed in this chapter.
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Figure 5.3: Sequence alignment and identification of KCNQ3 residues for aromatic mutation.
The top panel shows the aromatic F156, W157 and F222 residues present in KCNQI but are Leu in KCNQ3.
The bottom panel shows the structural model of KCNQ?3 in grey, calmodulin in red, Leu residues identified
from sequence alignment in green, and Q218 (mutated to C218 in KCNQ3*) in blue. L156, L157, and L222
are in close proximity to the fluorophore attachment position 218, and are good candidates for aromatic

mutagenesis.
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Aromatic mutations near C218 can significantly improve VCF signal strength and consistency

To our surprise, all KCNQ3*VCF mutants we constructed significantly improved VCF strength
and/or consistency, though to various degrees. Similar to previous studies, we struggled obtaining VCF
signals from the KCNQ3*VCF control channel, and observed mostly small or undetectable VCF signals
most of the time. However, we can occasionally obtain signals %AF/F > 0.5 %. The average %AF/F is the
smallest for KCNQ3*VCF (mean %AF/F = 0.4 +/- 0.1 %), and we often observed no changes in fluorescence
despite observing large ionic currents indicating efficient surface expression of channels (Figure 5.4 A, B).
For the KCNQ3*VCEF control, we observed a %AF/F range between 0 to 1.6 %, with most recordings being
closer to the lower end. KCNQ3*VCF[L222F] improved signal consistency (we rarely observed %AF/F <
0.5 %) and increased the mean magnitude of %AF/F to an intermediate level (mean %AF/F = 1.0 +/- 0.1 %)
relative to all the mutants we tested, with a %AF/F range of 0.3 to 1.6% (Figure 5.4 A, B).
KCNQ3*VCF[L156W][L157F] significantly improved signal consistency (%AF/F is rarely < 1.0 %) and
increased the mean magnitude of %AF/F to the highest level (mean %AF/F = 2.0 +/- 0.1 %) relative to all
other mutants we tested, with a %AF/F range of 0.9 to 4.2 % (Figure 5.4 A, B). Since both the L222F and
L156W/L157F mutations improved VCF signals from KCNQ3, we constructed a channel with all three
mutations to see if VCF signals can be further improved. When compared to
KCNQ3*VCF[L156W][L157F], KCNQ3*VCF[L156W][L157F][L222F] produced a similar mean
magnitude of %AF/F (mean %AF/F = 1.6 +/- 0.1 %), produced %AF/F > 1 % relatively consistently, with
a %AF/F range of 1.2 to 1.9 %. All %AF/F are compared between KCNQ3*VCF mutants on a cell-by-cell
basis on Figure 5.4 B. Although not all the data is shown in Figure 5.5 for the mutants we tested, we only
detected moderate changes in channel voltage dependence and current expression. Nevertheless,
KCNQ3*VCF[L156W][L157F] produced the strongest and most robust VCF signals that are not further

improved by an additional [L222F] mutation.
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While we are uncertain of its usefulness, the KCNQ3*VCF[L222W] mutant is interesting. Although
the mutation is in the same position as KCNQ3*VCF[L222F], the aromatic amino acid identity, either Trp
or Phe, had dramatically different effects on fluorescence behaviour. KCNQ3*VCF[L222W] produced
stronger VCF signals than the KCNQ3*VCF control (data not shown but is clear when comparing
representative traces in Figure 5.4 A), as did the KCNQ3*VCF[L222F] mutant. However, a higher level of
fluorescence is associated with the deactivated voltage sensor, rather than the typically observed activated
voltage sensor (Figure 5.4 B); in other words, the fluorescence associate with channel states is flipped.
Furthermore, we observed the highest fluorescence not when voltage sensors are fully activated or
deactivated, but somewhere in-between these two states (i.e. channel fluorescence is low when voltage
sensors are active, but channels undergoing voltage dependent closure will emit high fluorescence
transiently before stabilizing with an intermediate level of fluorescence upon full voltage sensor
deactivation). Although we are unsure about the importance of this finding, or how it can be applied to study

voltage sensor function, this fluorescence behaviour has not been previously observed in KCNQ channels.
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Figure 5.4: KCNQ3*VCF[L156W][L157F] channels produce the largest AF/F, and significantly
improves consistency of signals > 0.5 % AF/F. (A) Representative ionic current and fluorescence traces
from oocytes injected with 50 ng of KCNQ3*VCF control or aromatic mutant mRNA and were recorded
from 72 hours after injection for channel overexpression. Recordings are obtained using the same protocol
outlined in Figure 5.2. (B) Cell-by-cell comparison of maximum %AF/F between KCNQ3*VCF and
aromatic mutants. KCNQ3*VCF[L222W] is excluded from this comparison due to its complex fluorescence
behaviour during channel gating. Each data point represents a unique oocyte recording (n = 5-37). Data are
mean +/- SEM, and are as follows: KCNQ3*VCF (mean = 0.4 +/- 0.1 %), KCNQ3*VCF[L222F] (mean =
1.0 +/- 0.1 %), KCNQ3*VCF[L156W][L157F] (mean = 2.0 +/- 0.1 %), and KCNQ3*VCF
[L156W][L157F][L222F] (mean = 1.6 +/- 0.2 %). Data were compared using a Kruskal-Wallis ANOVA on
ranks, followed by Dunnett’s post-hoc test (* indicates p<0.05 relative to the KCNQ3*VCF control).

KCNQ3[L156W, 157F] has no effect on channel gating and but moderately enhances RTG effects

Finally, we wanted to determine if the L156W and L157F mutation affects channel function or
responses to RTG. We observed no departure in channel gating behaviour caused by these aromatic
mutations, and only a moderate increase in the RTG-mediated hyperpolarizing shift (by an additional -20.8
mV when compared with the KCNQ3*VCF control in voltage-dependence). Since there is no drastic
departure from normal KCNQ3*VCF behaviour, the KCNQ3*VCF[L156W][L157F] is a good KCNQ3

VCF background candidate to consider for future studies.
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Figure 5.5: The L156W and L157F double mutation has no effect on channel gating, and slightly
increases channel response to RTG. The black data points reflect data in the absence of RTG, and green
data points reflect data in the presence of 100 pM RTG. Normalized conductance is obtained from the
instantaneous tail current at -40 mV after depolarizing channels to the voltages in the graph. All four curves
are fitted with their respective GV fits using the one-component Boltzmann equation discussed in Chapter
2. Fitted gating parameters for KCNQ3* were (no RTG: Vi, =-33.7+/-2.2mV, k=122 +/- 2.5; 100 uM
RTG: Vip=-92.1 +/- 3.5 mV, k = 18.6 +/- 2.2). Fitted gating parameters for KCNQ3*[L156W][L157F]
were (no RTG: Vi, =-36.2+/-3.7mV, k=133 +/- 1.7; 100 uM RTG: Vi =-113.0 +/- 6.7 mV, k=152
+/- 3.1). Data are mean +/- SEM (n = 8-11).
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DISCUSSION

The study of voltage-dependent channels has been dramatically improved since the
conceptualization of voltage-clamp fluorometry; due to the ability it gives to researchers in tracking the
behaviour of voltage sensors independently from the pore (Gandhi and Olcese, 2009). Despite its usefulness,
VCF has always been a challenge in neuronal KCNQ channels. There have been no reports of VCF signals
obtained from KCNQ2,4,5, and only few reports of weak and inconsistent signals obtained from KCNQ3
(Kim et al., 2017; Barro-Soria, 2019). This chapter explored a mutagenic approach using aromatic residues
to improve VCF signals in KCNQ3 channels, that can be applied to other KCNQ as well. This approach

clearly improves both the signal strength and the consistency of large signals (> 1 %) for the KCNQ3.

Due to the Kv7/KCNQ’s emergence as a target for treating pharmacoresistant epilepsies, scientists
and industries have been interested in applying VCF to KCNQ3, and if possible, KCNQ2, to facilitate the
study and development of compounds with greater potency and decreased side effects. The crystal structure
of KCNQ1 generated by Sun and MacKinnon (2017) enabled the modeling of the KCNQ3 structure, and
combined with sequence alignment, allowed us to identify sequence differences between the VCF-friendly
KCNQ1 and the VCF-unfriendly KCNQ3 near the latter’s fluorophore attachment site. We made these
mutations hoping to increase the differential quenching between activated and deactivated voltage sensors,

so that changes in fluorescence can be more easily detected.

We found that all the KCNQ3 aromatic mutants we tested had altered, strengthened, and/or
improved the consistency of VCF signals from channels. Not only did we identify a useful tool that can be
applied to study KCNQ3’s PIP»-dependence or pharmacology (KCNQ3*VCF[L156W][L157F]), these
findings also increased our confidence in the structural model of KCNQ3. Due to the success of this study,
we will apply this novel mutagenic approach to KCNQ2,4,5, perhaps producing the first VCF signals

detected in these channel subtypes.
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In summary, we successfully improved the strength and consistency of VCF signals in KCNQ3
through our mutagenic approach. We found that the KCNQ3*VCF[L156W][L157F] construct can be a
useful tool due to its strong and consistent VCF signals, and minimal effects on channel gating and
pharmacology. We will likely use this construct for future studies of KCNQ3’s PIP,-dependence and the

pharmacology of novel KCNQ3-targeted compounds.
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CHAPTER 6: DISCUSSION

GENERAL DISCUSSION

Kv7/KCNQ channels are emerging targets for the treatment of pharmacoresistant epilepsy. Recent
studies have uncovered significant insight into the mechanisms of the first-in-class drug retigabine, and of
several other KCNQ activators including ICA-73 (Lange et al., 2009; Gunthorpe et al., 2012; Kim et al.,
2015; Wang et al., 2017; A. W. Wang et al., 2018; C. K. Wang et al., 2018; Yau et al., 2018). Differences
were identified between the pore-targeted RTG and the voltage sensor targeted ICA-73, including distinct
binding regions and sequence determinants of drug effects (Kim et al., 2015; Wang et al., 2017; A. W. Wang
et al., 2018b; C. K. Wang et al., 2018). Understanding the properties of these drugs not only guides the
investigation and development of their analogues, but also enables their use in research to identify functional
properties and stoichiometries of KCNQ channels (A. W. Wang et al., 2018; Yau et al., 2018), including
the work discussed in this thesis. Findings in this thesis exploit the properties of ICA-73 to improve our
understanding of the KCNQ-related neurological diseases, KCNQ channel assembly, and the structural
properties of the channel pore. Additionally, I investigated how aromatic mutations can improve the use of

voltage clamp fluorometry for future studies on KCNQ channel function and pharmacology.

In Chapter 3, we investigated the effects of KCNQ3 truncations, their link to disease, and M-channel
assembly in Xenopus oocytes. We began by characterizing the effects of a disease-linked KCNQ3 truncation
mutation KCNQ3-FS534 identified in a child patient, and determined that it suppresses homomeric and
heteromeric M-channel function to homomeric KCNQ?2 levels (Figures 3.1, 3.2, 3.3, 3.4). Moderate effects
were observed in channel voltage-dependent gating and attenuated retigabine-mediated effects were also
observed. Next, we demonstrated that the recently identified properties of ICA-73 (state-dependence,
selectivity, stoichiometric dependence) can be exploited in an assay to detect the heteromeric assembly of
KCNQ2/KCNQ3 M-channels (Figure 3.5). Using this assay, we unambiguously detected the assembly of

the disease-linked KCNQ3-FS534 and several artificial KCNQ3 truncations (Figures 3.6, 3.7, 3.8).
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Additionally, we showed that having a wild type-like propensity to assemble does not mean M-channel level
currents can be restored (Figures 3.7, 3.8), and this may be the underlying reason why we observe autistic
and ataxic phenotypes in our child patient. We further eliminated ambiguity caused by overexpression of
channels by significantly reducing the expression of mutant KCNQ3, and determined that many truncated
forms of KCNQ?3 have similar propensity to assemble as WT KCNQ3 (Figure 3.7). Our results suggest that
the dominant phenotype observed in the child patient is likely due to a dominant-negative effect caused by

the suppression of M-currents from heteromerically assembled KCNQ3-FS534.

In Chapter 4, we investigated the disease-linked T3 131 mutation in the selectivity filter of KCNQ3,
and observed its effects on homomeric and heteromeric M-channel function in Xenopus oocytes and mouse
LM fibroblasts. This mutation (Figure 4.1) is interesting since the analogous position in the Drosophila
Shaker stabilizes the selectivity filter through intersubunit hydrogen bonds, and mutation can dramatically
suppress channel current and accelerate C-type inactivation (Pless et al., 2013). We determined that
KCNQ3[T313I] cannot form functional homomeric channels, and suppresses M-channel currents to
KCNQ2 homomeric levels when co-expressed with KCNQ2 (Figure 4.2, 4.3). Since we already established
an assay in Chapter 3, using ICA-73 to detect the functional assembly of KCNQ2/KCNQ3 channels, we
employed it in this study and unambiguously detected significant assembly of functional
KCNQ2/KCNQ3[T313I] heteromeric channels (Figure 4.4). Though functional, currents from heteromeric
KCNQ2/KCNQ3[T313I] channels are significantly suppressed compared to wild type KCNQ2/KCNQ3
channels (Figure 4.4). Finally, we constructed tetrameric KCNQ2-KCNQ3 concatemers expressed in mouse
LM fibroblasts and determined that a single KCNQ3[T313I] subunit is sufficient to suppress M-channel
currents and produce a rightward shift in voltage dependence when compared to WT KCNQ3 (Figure 4.5).
Interestingly, we did not observe rapid inactivation (Figure 4.2) seen with the analogous mutation in Shaker

channels (Pless et al., 2013).

Lastly, in Chapter 5, motivated by the potential contributions of voltage clamp fluorometry to

understanding channel function and pharmacology, we methodically improved the voltage clamp
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fluorometry approach for KCNQ3 channels in a way that can be applied to other KCNQ subtypes. We
identified several amino acid differences between KCNQ1 (which consistently produces massive VCF
signals — Figure 5.2) and KCNQ3 (which inconsistently produces small VCF signals), near the fluorophore
attachment site in the KCNQ3 structural model (Figure 5.3). We mutated these residues to aromatic amino
acids to improve differential quenching between activated and deactivated voltage sensors, producing:
KCNQ3*VCF[L222F], KCNQ3*VCF[L222W], KCNQ3*VCF[L156W][L157F], and
KCNQ3*VCF[L156W][L157F][L222F]. All mutant channels that we tested improved the strength and
consistency of VCF signals (Figure 5.4). The KCNQ3*VCF[L156W][L157F] is particularly interesting for
future use since it produced the largest improvements to KCNQ3 VCF signals, with minimal effects on

channel biophysics and retigabine-mediated effects characteristic of KCNQ3*VCF (Figure 5.4, 5.5).

Understanding the genotype-phenotype correlation of Kv7/KCNQ mutations

An understanding of the genotype-phenotype correlation between mutations and disease can be
important for guiding clinical decisions for patients carrying such mutations. We collaborated with
clinicians who identified patients carrying a single copy of the FS534 or T313I variant of KCNQ3, and
exhibited some form of neurological disorder: neurodevelopmental delay and benign familial neonatal
seizures, respectively. When we first began characterizing the KCNQ3-FS534 and the KCNQ3[T313I]
mutant channels, we quickly realized a common difficulty. Since we observe dominant neurological
phenotypes in both patients, we could not determine if their disorders arose from the haploinsufficiency of
functional wild type KCNQ3, or dominant negative effects from assembled mutant KCNQ3 in homomeric
and heteromeric channels; in other words, are channels ‘inert’ and do not affect assembled M-channels, or
are they suppressing or modifying other functional channels through heteromeric assembly. The difference
between the two possibilities lies in the channel’s ability to assemble. Using our understanding of the
subtype specificity and stoichiometric dependence of the KCNQ activator ICA-73, we tested both KCNQ3
variants and unambiguously detected the assembly of both variants with KCNQ?2. Not only did the KCNQ3

variants assemble with KCNQ?2, but they influenced the function of heteromeric channels by suppressing
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current expression, shifting channel voltage dependence, and/or influencing channel sensitivity to
pharmacological agents. The work in this thesis shows that ICA-73 can likely be applied in future
experiments as a relatively easy way to detect assembly of heteromeric channels, and to characterize the

effects of KCNQ2 and KCNQ3 mutations on neuronal M-channel function.

Lastly, since we explored the effects of two KCNQ channel openers, retigabine and ICA-73, on
channels containing mutated KCNQ3 subunits, our findings may be able to guide the clinical decisions and
selection of therapeutics used to manage symptoms in the patients of our study, and they may be applicable

to other/future patients who share similar KCNQ3 mutations.

Insights into KCNQ channel assembly

While several studies have investigated C-terminal regions in facilitating KCNQ channel assembly,
they all used a similar chimeric approach to swap the C-terminal regions between KCNQ1 and KCNQ2 or
KCNQ3 (Schwake et al., 2003, 2006; Howard et al., 2007). While this approach can be useful when channel
currents are potentiated — a hallmark feature of co-assembled wild type KCNQ channels (Wang et al., 1998)
— it was limited when channel currents were not potentiated. These past studies focused exclusively on the
importance of the subunit interaction domain (sid, consisting of helix C and D), and its importance for
heteromeric KCNQ2/KCNQ3 assembly. We have shown using a more specific pharmacological approach
that the loss of sid, which may be decreasing the extent of assembly, is not the exclusive determinant of
heteromeric channel assembly. Other regions that drive assembly must exist, and may be in the
differentiating region between KCNQ3-AC501 and KCNQ3-AC340. This region consists of helix A and B,
which have been shown to be important for interaction with calmodulin and PIP, (Wen and Levitan, 2002;
Yus-Najera et al., 2002; Zaydman and Cui, 2014b; Sun and MacKinnon, 2017). If this differentiating region
is the final contributor to channel assembly, then we can begin investigating if intrinsic elements within this

region, calmodulin, and/or PIP; are driving channel assembly.
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Although it is clearly useful in some circumstances, we understand that the ICA-73 approach to
detect heteromeric assembly can also be limited. One requirement of this assay is that assembly can only be
detected if heteromeric channels are functional, since ICA-73’s effects can only be observed through
changes in channel currents. Therefore, while most of the mutants we tested (KCNQ?3 truncations or the
KCNQ3[T313I]) did functionally assemble into heteromeric channels and attenuated channel response to
ICA-73, it is possible that KCNQ3-AC503 assembles with KCNQ?2 into non-functional channels that cannot
be detected using ICA-73. In this case, assembly (or inability to assemble) must be determined using other
approaches (e.g. co-immunoprecipitation, BRET...). Combining these other approaches with our ICA-73
assay may finally help isolate the assembly-determining region in KCNQ channels that has long been

relatively unclear.

Finally, although different stoichiometries between KCNQ2 and KCNQ3 can assemble into
functional M-channels, we are uncertain regarding the specific stoichiometries that formed in vitro in our
injected oocytes, or in vivo in our patient probands. A.W. Wang et al. (2018) showed the stoichiometric
dependence of ICA-73 effects: where progressive loss of ICA-73 sensitive subunits led to the progressive
attenuation of ICA-73 channel opening effects. This property can perhaps be assessed more closely to
determine the types of, and perhaps the dominant stoichiometry, between wild type KCNQ3 or KCNQ3

mutants and KCNQ?2.

Differences between KCNQ and Shaker channel selectivity filters

Although Kv channels follow a similar channel architecture (6-TM, intracellular N and C-termini),
they are functionally and structurally diverse (Miller, 2000; Kuang et al., 2015). The Drosophila shaker
channel is unique to this genus, but is most homologous the human Kv1 class of channels (Rasmussen and
Trimmer, 2018). Shaker was the first voltage-gated potassium channel discovered, and its study has
generated significant insight into the voltage sensing and ion selective properties of Kv channels (Miller,

2000; Kuang et al., 2015). The selectivity filter of Shaker and the intrasubunit/intersubunit hydrogen
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bonding interactions have been studied extensively (Pless et al., 2013). The selectivity filter is shown to
collapse when the intersubunit hydrogen bonding residues T439 and Y445 are mutated, resulting in dramatic
acceleration of channel inactivation and suppression of current (Pless et al., 2013). We determined that the
analogous T3131 mutation in KCNQ3 likely disrupts a similar intersubunit hydrogen bond that normally
stabilizes the selectivity filter, since we observed a similar suppression of channel currents but no
appearance of channel inactivation (Figures 4.2, 4.3). It is interesting to observe that inactivation is
accelerated in Shaker (a channel that normally inactivates) (Hoshi et al., 1991), but not recreated in KCNQ3
(a channel that does not normally inactivate), suggesting a unique underlying mechanism driving
inactivation in Shaker that is influenced by the disruption of the critical intersubunit hydrogen bond (Pless

etal., 2013).

The importance of the intersubunit hydrogen bond is further shown in KCNQ2. The analogous
position in KCNQ?2 is likely involved in the same intersubunit hydrogen bond, as mutation in this region
reported in ClinVar and RIKEE databases is linked to severe epileptic encephalopathy phenotype expected
from loss-of-function KCNQ2 mutations. Due to the dramatic effects caused by disrupting this critical
intersubunit hydrogen bond in Shaker, KCNQ2, and KCNQ3, and the conservation of Thr and Tyr residues
amongst Kv channels at these positions (Doyle et al., 1998), this specific mechanism for stabilizing the

selectivity filter is likely shared by many Kv channels.

Implications for future drug development and channel studies

With the emergence of novel Kv7/KCNQ targeted anti-epileptic compounds with unique properties
and selectivity, it is important to dissect the details of their mechanism of action to guide the continuous
development of more potent, selective, and therapeutically beneficial drugs for treating pharmacoresistant
epilepsy. It has been shown that retigabine and ICA-73 have drastically different effects on KCNQ channel
behaviour (Kim et al., 2015, 2017; A. W. Wang et al., 2017, 2018; C. K. Wang et al., 2018). However, there
remains a lack of understanding of the mechanisms of these drugs, particularly with the relatively new

voltage sensor targeted compounds (e.g. ICA-73). Voltage clamp fluorometry has been a challenge in its
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application for KCNQ channel studies. However, it can provide specific details on the voltage sensor that
are normally unobtainable from current data alone (Gandhi and Olcese, 2009). In this thesis, we have shown
an approach that dramatically decreased the difficulty in obtaining KCNQ3 VCF signals. Similar aromatic
mutations can be made in other KCNQ subtypes, which may enable the use of VCF on these channels.
Making VCF usable for these other channels can significantly improve our functional and pharmacological
understanding of KCNQ channels, and can potentially accelerate research progress and pharmaceutical

development related to these channels.

CONCLUSION

An improved understanding of KCNQ activators has been guiding the development of novel
compounds with potentially improved clinical outcomes, but has also improved our overall understanding
of KCNQ channels. This thesis highlights the use of KCNQ activators to understand Kv7/KCNQ channel
mutations in disease, regions important for channel assembly, and interactions important for maintaining

the channel pore.
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