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Abstract

The K.7 subfamily of voltage-gated potassium (K*) channels includes 5 members (K.7.1-
K.7.5) having distinct expression patterns and physiological roles. In neurons, K,7.2, K,7.3
and K.,7.5 subunits underlie the so-called M-current (Ikm), @ sub-threshold K* current
playing a critical role in the control of neuronal excitability. Mutations in the genes encoding

for K.7.2, K.7.3 and K,7.5 are responsible for a wide spectrum of early-onset epilepsies.

Retigabine is the first antiepileptic drug acting on K,7 channels. It was approved for clinical
use in 2011 as an adjunctive therapy in adults showing drug-resistant partial onset
seizures. Retigabine suppresses neuronal hyperexcitability by shifting the K.7.2/7.3
activation threshold toward more hyperpolarized potentials, thereby increasing their
participation to the stabilization of the membrane potential. Unfortunately, retigabine
suffers from considerable drawbacks including photo instability: light exposure causes
retigabine photodegradation and oxidation, leading to the formation of dimers. Upon long-
term use, retigabine dimers accumulate into light-exposed tissues, thus inducing retinal
and mucocutaneous blue-gray discoloration in patients. This led to a progressively
reduced use of retigabine, until the manufacturing company (GSK) has decided to
withdraw the drug from the market in 2017. Since then, no K.,7 activator is clinically

available as anticonvulsant.

The present work originates from our effort to identify novel and safer K.7 channels
activators to be used as new antiseizures medication. For this purpose, we developed a
cellular fluorescence-based assay to rapidly evaluate the effect of K,7 modulators, suitable
for both small-scale and large-scale high throughput screening (HTS). The assay was

exploit for two different drug discovery approaches:

1. Structure-based Drug Design: retigabine structure-activity relationship (SAR) and the
molecular determinants responsible for its photo-induced dimerization were combined to
guide the design of novel analogues. The new-synthesized retigabine derivatives were
screened for their K,7 opening ability using the fluoresce-based assay. Among them,
compound 60 was unable to form photo-induced dimers, was more potent and effective
than retigabine in activating K,7.2/7.3 currents in vitro and in vivo as anticonvulsant in an

acute epilepsy animal model.

2. Drug Repurposing: the Fraunhofer repurposing library, containing more than 5600
bioactive compounds already tested in preclinical and clinical studies, was screened in
search of new K.,7 channel openers using the fluoresce-based assay adapted to a large-

scale HTS. From the screening, C4 emerged as the most potent and effective newly



identified K,7 channel opener; further in vitro characterization of C4 revealed an efficacy

and potency comparable to retigabine in activating K,7.2/7.3 currents.



1. Introduction

1.1 Epilepsy: definition and classification

With an incidence ranging from 50.4 to 81.7 per 100,000 people per year and 50 million
people affected worldwide (WHO 2019), epilepsy is one of the most common contributors
to the global burden of neurological disorders, together with Alzheimer's disease, stroke
and migraine (Beghi et al., 2019). It affects people across all ages and sexes, albeit with a
higher prevalence at the very early and late developmental stages in males over females
(Fiest et al., 2017).

The International League Against Epilepsy (ILAE) founded in 1909 with the aim of
improving the lives of people with epilepsy through research, works on defining and
classifying epilepsy to provide key concepts and clear terminology. In 2005 epilepsy was

conceptually defined as “a disorder of the brain characterized by an enduring
predisposition to generate epileptic seizures” (Fisher et al., 2005). Later in 2014 the
definition was amended and expanded (Fisher et al., 2014) and epilepsy was defined as “a
disease of the brain defined by any of the following conditions: (1) at least two unprovoked
seizures occurring more than 24 hours apart; (2) one unprovoked seizure and a probability
of further seizures similar to the general recurrence risk (at least 60%) after two
unprovoked seizures, occurring over the next 10 years; (3) diagnosis of an epilepsy
syndrome”.

Noteworthy, in this new definition epilepsy was defined as a disease instead of a disorder,
to make patients better understand the gravity of this condition, and the concept of
“resolved epilepsy” was added: according to the 2014 definition, epilepsy is considered
resolved if (1) no seizures have occurred for at least 10 years and (2) no medications have

been taken to treat epilepsy for

y

at least the past 5 years (3)
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epilepsy type and epileptic syndrome (Figure 1.1).

Figure 1.1 Framework for classification of the epilepsies. *Denotes
onset of seizure (from Sheffer et al., 2017)


https://en.wikipedia.org/wiki/Epilepsy

An epileptic seizure is defined as “a transient occurrence of signs and/or symptoms due to
abnormal excessive or synchronous neuronal activity in the brain” (Fisher et al., 2005).

To identify a seizure type, ILAE provided an Operational classification (Fisher et al., 2017)
that considers the onset, the awareness status (weather is impaired or not) and the motor

symptoms caused by seizures (Figure 1.2).

ILAE 2017 Classification of Seizure Types Basic Version !

[ Focal Onset ] [Generalized Onset} [ Unknown Onset J

Impaired
p T p Moter _ Motor
Awareness Tonic-clonic Tonic~clonic
Other motor Other motor
Motor Onset Nonmotor (Absence) Nonmotor
Nonmotor Onset

Unclassified 2

[ focal to bilateral tonic—clonic]
Figure 1.2. The basic ILAE 2017 operational classification of seizure types (from Fisher et al., 2017)

Based on their onset, seizures are classified into focal, generalized, and unknown, the

latter also called “unclassified”.

Focal seizures (previously namely partial seizures) originate within networks limited to one
hemisphere. During a focal seizure awareness of self and environment can be retained or
impaired. Focal aware or impaired awareness seizures are further distinguished according
to the manifestation of motor or nonmotor symptoms and they are classified by the earliest
prominent feature.

Seizure activity propagates through brain networks, so focal epileptic seizures may evolve
to bilateral tonic-clonic seizures (previously called secondarily generalized seizures) and
present with multiple clinical manifestations as a result of propagation. Propagation
sometimes leads to uncertainty about whether an event is a unitary seizure or a series of
multiple seizures starting from different networks, in such cases, they are called “multifocal
seizures”. The term “bilateral” is used to describe a propagation pattern of a focal-onset

seizure, while “generalized” means seizures that engage bilateral networks from onset.

Generalized seizures affect both cerebral hemispheres; manifestations can be
asymmetrical, rendering difficult the distinction from focal-onset seizures. Generalized
seizures are divided into motor (tonic-clonic, clonic, myoclonic, atonic, etc.) and nonmotor
(typical or atypical absences, absences with myoclons) seizures and are associated with

impairment of awareness or complete loss of consciousness.



After diagnosis of the seizure type, the second level to classify epilepsy is the definition of
the epilepsy type. Considering the type of epileptic seizures manifested by the patient,
epilepsy can be classified in four main classes: focal, generalized, mixed (generalized and

focal epilepsy), and unknown epilepsy, when there is insufficient information available.

Finally, the third level is represented by the delineation of the epilepsy syndrome. An
epilepsy syndrome refers to a collection of features including seizure types, EEG, and
imaging features that tend to occur together. Often it has age-dependent features such as
age at onset and remission, seizure triggers, diurnal variation, and sometimes prognosis. It
may also have distinctive comorbidities such as intellectual and psychiatric dysfunction,
together with specific findings on EEG and imaging studies. Epileptic syndromes are
therefore defined by a set of elements (clinical characteristics of the patient, EEG features,
type of epileptic seizures, etiology, comorbidities, etc.) that constitute and define a
particular clinical condition; their correct classification allows to use of a more targeted
treatment and define with more precision the prognosis. The epilepsy type may also be the
final level of diagnosis achievable when the clinician is unable to make an epilepsy

syndrome diagnosis.

Once the epilepsy type has been defined, then the etiology should be determined.
Etiological categories in the ILAE classification (Figure 1.1): include (1) structural: a
structural finding (for example stroke, trauma etc.) is the likely cause of the epilepsy; (2)
genetic: a known or presumed genetic defect is the principal contributor to the epileptic
seizures, although environmental factors may contribute to the expression of the disease;
(3) infectious: this etiology occurs when a patient who previously had an infection of the
brain develops epilepsy and continues to have seizures after the acute phase of the
infection; (4) metabolic: epilepsy is the result of metabolic conditions or diseases that may
also be of genetic origin, in this case epilepsy has both a metabolic and a genetic etiology;
(5) immune: immunological causes of epilepsy, include autoimmune diseases, can be
recognized; (6) unknown: there is no clear etiology for epilepsy. It is important to note that
epilepsy etiology is unknown in approximately 50% of cases in both children and adults
(Falco-walter, 2020).

Differences in etiology of epilepsy are observed amongst different age groups: in children,
the most common causes of seizures are genetic, injury due to perinatal insults, and
malformations of cortical development (Sokka, 2016; Aaberg, 2017). In adults without a
genetic predisposition to epilepsy, common etiologies for seizures include

encephalitis/meningitis, traumatic brain injury, and brain tumors (Bosak, 2019). In elderly



patients, epilepsy is usually the result of primary neurodegenerative disorders, head

trauma, and brain tumours (Liu, 2019).

1.2 Genetic epilepsies

It has been estimated that about 20% of epilepsy cases are genetically determined
(Syvertsen et al. 2015).

The first epilepsy-associated gene to be discovered was CHRNA4, encoding for the a4-
subunit of the neuronal nicotinic acetylcholine receptor nAChR. In this gene a S248F
amino-acid exchange was found in a patient with autosomal dominant nocturnal frontal
lobe epilepsy (ADNFLE) (Steinlein et al., 1995).

Since the identification of the first epilepsy-associated gene in 1995, the history of gene
discovery in epilepsy went through three phases (1) the pioneer era of gene discovery in
monogenic familial epilepsy syndromes; (2) a period of relative stagnation where very few
novel genes were identified; and, finally, (3) the genome-wide era in which the information
about the genetic basis of epilepsy syndromes has grown exponentially, thanks to the
revolution in next-generation sequencing (NGS) that has accelerated novel gene discovery
(Figure 1.3) (Helbig et al., 2016).

STX1B

Next Generation SLC6A1
. GABRA1
Sequencing Era GABRB3

SIK1
KCNA2

ALG13

GRINZB
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Figure 1.3 The history of epilepsy genetics (from Helbig et al., 2016)

The NGS technology, also known as “massively parallel sequencing”, has largely replaced
traditional Sanger sequencing in the research and clinical laboratories, allowing the

simultaneous sequencing of millions of short fragments of DNA.



It is applied in “Sequencing-Based Gene and Variant Discovery Approaches” such as
targeted sequencing (focused on specific regions of interest in the genome), whole-exome

sequencing (WES), and whole-genome sequencing (WGS).

Sequencing-Based approaches allow de novo mutation discovery through the powerful
parent—child trio design (the genomes of the affected individual and their parents are
analysed through WES in order to identify and report any variants relating to the affected
individuals disease and determine whether the disease-causing variant is inherited)
(McTague et al. 2016) and larger cohort-based variant analysis such as a WES study of
9,000 individuals with epilepsy published in 2019 where ultra-rare, deleterious variants

were identified in patients, compared with controls (Feng et al. 2018).

With the new technologies available, genome-wide association studies (GWAS) can be
performed. In 2018, the ILAE Consortium on Complex Epilepsies published the results
from a GWAS involving 15,212 cases and 29,677 controls, revealing 16 genome-wide

significant loci for epilepsy, of which 11 were novel (Abou-Khalil et al., 2018).

To date, more than 140 epilepsy-associated genes or loci are listed in the Online
Mendelian Inheritance in Man database. Pathogenic variants predisposing to epilepsies
may range from changes in single base pairs, to small deletions or insertions of genomic
material (microdeletions/microduplications), to chromosomal rearrangements, up to
chromosomal abnormalities/monosomy or trisomy (Sorge G. and Sorge A., 2010). If the
structural variants are larger than 1 kb (1,000 base pairs), they are referred to as copy
number variants (CNVs) (Coppola et al., 2019).

Genetic variants contributing to epilepsy etiology can be common or rare, defined by
whether they are present in 21% or <1% the population, respectively, and are classified
into five different categories: benign, likely benign, variant of unknown significance (VUS),
likely pathogenic, and pathogenic, according to the American College of Medical Genetics
(ACMG) guidelines (Richard et al., 2015).

Both monogenic and polygenic mutations can lead to epilepsy (Poduri and Lowenstein,
2011). Monogenic variants are usually rare or unique (absent in healthy populations) and
have been identified in a large number of epilepsy genes, even though only a minority of
epilepsies overall has a monogenic etiology. Although a single gene is affected,

phenotype-genotype correlation can be challenging in monogenic epilepsy.

Common epilepsies, such as the genetic generalized epilepsies and focal epilepsies,
follow complex inheritance with a polygenic basis, where multiple gene variants contribute

to the disorder, with or without an effect from environmental factors. Each variant may



have a weak effect size, but when combined their interaction reduces seizure threshold
and results in epilepsy, with mechanisms difficult to investigate (Poduri and Lowenstein,
2011).

An increasingly important issue in the genetics of the epilepsies is the role of somatic
mosaicism (Yew et al., 2019). Mosaicism arises when an individual has two populations of
cells: one wild-type and one pathogenic, because the variant occurs in post-egging
developmental stages. The pathogenic variant may be confined to one tissue (somatic
mutation), if the patient has gonadal mosaicism the mutation may be transmitted to the

patient’s offspring.

Identification of a genetic etiology in epilepsy is important to guide management and
pharmacological treatment. Genetic variations can affect treatment response through
pharmacokinetic and pharmacodynamic mechanisms or produce idiosyncratic adverse
drug reactions (Balestrini et al., 2018). Furthermore, information about the functional
alteration due to a genetic mutation could lead intervention of “precision medicine” (Striano
et al.,, 2020). Genetic diagnosis could be helpful in guiding the selection of suitable
candidates for invasive intracranial monitoring and resective surgery (Sanders et al.,
2019). Finally, genetic etiology provides additional prognostic information, for example a
higher risk of sudden unexpected death in epilepsy (SUDEP) present in some genetic

epilepsies, such as sodium channelopathies (Matthews et al. 2020).

Genetics plays a major role particularly in patients with refractory epilepsy. When the
clinical diagnosis suggests a possible genetic etiology, the patient is suggested to undergo
a genetic testing: karyotype, chromosomal microarray (CMA), epilepsy gene panels, WGS,
WES (Poduri A. 2017; Bayat et al. 2021).

Gene panels utilize NGS technology to analyse multiple genes known to be associated
with epilepsy simultaneously. They provide a higher sequencing depth and lower cost

when compared to WES and WGS but restrict the diagnosis to specific genes in the panel.

Although several genes encoding for proteins other than ion channels have been recently
identified and added to the gene panels, the majority of the genes causing epilepsy listed
in gene panels encode components of neuronal ion channels, in which pathological
mutations lead to neuronal hyperexcitability or depletion of inhibitory mechanisms (Herrab
and Mefford, 2020). Variants in KCNQ2, KCNQ3 and KCNQ5 genes, encoding for
potassium channels belonging to the family of our interest K,7, figure as responsible of a

range of epileptic syndromes that will be discussed in more detail in the next sections.



1.3 Potassium channels

Potassium (K*) channels represent the broadest and the most functionally heterogeneous
class of ion channels present in both eukaryotic and prokaryotic cells. They are located in

cell membranes and control the K™ ions efflux from cells.

In excitable and non-excitable cells, K* channels are involved in the control of cell volume,

proliferation, differentiation, and survival.

In excitable cells, these channels play an important role in in controlling and stabilizing the
membrane potential: inward potassium current push the membrane voltage toward the
potassium equilibrium potential (-84 mV) and away from the threshold potential for action
potential (AP). Therefore, the activation of potassium channels reduces the frequency and

the duration of the AP, as well decreases the susceptibility of the cell to excitatory stimuli.

In humans, more than 70 genes encoding proteins serving as K* channel subunits have
been identified. They share a highly conserved selectivity filter for K* ions within the pore
but show different gating mechanisms adapted for their function and respond to diverse
physicochemical stimuli. K* channels can be activated by voltage changes (K)),
intracellular calcium (Ca?") (Kca) or sodium (Na*) oscillations (Ka), cellular mediators (Ki),
or temperature (Kzr). Based on their different gating mechanism, they can be classified in

different subfamilies (Figure 1.4):
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Figure 1.4 Dendrogram of the different families of potassium channels



All K* channels are formed by subunits assembling into a tetrameric (K., Kca, Kna and Kir
channels) or tetramer-like (K2» channels) architecture. Subunits forming K* channels can
either be the same (homomers) or different (heteromers), conferring great diversity to
these channels. Based on transmembrane topology of their subunits, K* channels could be

classified in three main families:

I) Channels with six transmembrane segments subunits (6TM): includes voltage-gated K*
channels (K, channels; K,1-K,12), small conductance Ca?*-dependent K* channels (Kc.)

and Na*-dependent K* channels (Kna).

II) Channels with two transmembrane segments subunits (2TM): composed by the inward-
rectifier channels (Kr1-Kir7), structurally homologous to the S5 —-S6 segments of K,

channels and voltage-independent as they lack the voltage-sensing domain (VSD).

) Channels with four transmembrane segments subunits (4TM): includes at least 15
different genes (K2p1-K217), topologically characterized by the tandem repetition of two

pore domains.

However, structural, and functional heterogeneity of K* channels is not restricted to these
three groups. For example, large-conductance Ca?*-dependent K* channels assemble as
tetramers of subunits containing seven transmembrane segments, which differ from K,

subunits for an extra transmembrane segment (S0) at the N-terminus.

1.3.1 K,7 potassium channels

The K.,7 subfamily comprises five members of volage-gated potassium channels (K,7.1 —
7.5) encoded by the KCNQ genes (KCNQ1-5).

K.7 channels underlie voltage-activated K* currents characterized by slow activation, slow
deactivation and no inactivation and by a rather negative activation threshold (~60 mV).
These features make these channels crucial in controlling cellular excitability in neurons

and muscle cells (Delmas and Brown 2005; Du et al. 2018; Gamper and Shapiro 2015).

K.7 currents were recorded and studied in neuronal, cardiac and epithelial cells before the
KCNQ genes were identified: first, in bullfrog sympathetic neurons a slow, non-inactivating
K* current fraction was identified, and from the observation that muscarinic acetylcholine
receptor agonist, muscarine, inhibited this voltage-sensitive K* currents, derived its name
“M-current” (lkm) (Brown and Adams 1980); later, a K" current mediating the late
repolarization of the cardiac action potential, with even slower kinetics than I«u, was

identified in the heart and called “Iks" (Walsh and Kass 1988); finally, a small-conductance



K* current was identified in the basolateral membrane of some epithelial cells, where it
provides the driving force for electrogenic CI secretion (Lohrmann et al. 1995; Warth et al.
1996).

With the advent of new genetic and cloning techniques the ion channels producing these
currents were identified as belonging to the same protein family: the K.7 channel

subfamily.

1.3.1.1 Structure of K.,7 channels

Structurally, K,7 channels are organized in tetramers in which each a-subunit shows a
common architecture, with six transmembrane domains (from S1 to S6), and intracellular
amino (-NH;) and carboxy (-COOH) termini. The region encompassing S1-S4 segments
forms the Voltage Sensing Domain (VSD), whereas the S5 and S6 segments and the

interconnecting loop (P region) forms the Pore Domain (PD) (Figure 1.5).

The VSD plays a crucial role in switching the channel from a resting to an activated
configuration in response to changes in membrane potential. In particular, the S4 segment,
which contains from four (K,7.1) to six (K.7.2-5) positively charged arginine (Rs) separated

by uncharged residues, plays a key role in voltage-sensitivity (Robbins J. 2001).

The P region consists of about 20 amino acids representing the molecular determinants of
the so-called selectivity filter: a glycine-tyrosine-glycine-aspartate (GYGD) sequence,

essential for discrimination between K* and other ionic species.

Recently, the structure of K,7.1 was solved using cryoelectron microscopy (Cryo-EM)
techniques: Sun and MacKinnon first published in 2017 a construct of Xenopus laevis
K.7.1, (which shares 78% sequence with human K,7.1) in complex with calmodulin (CaM)
and in absence of phosphatidylinositol-(4,5)-bisphosphate (PIP.); later in 2020 the same
authors published a Cryo-EM structures of the human K,7.1 in complex with its ancillary
subunit KCNE3 (see below) and in the presence or absence of the PIP,. These works
revealed important structural insights for regulatory interactions between CaM, PIP, and
K.7 channels (see section 1.4.3); furthermore, the available Cryo-EM structures reveal a
domain-swapped architecture, which is typical of many K, channels families, in which the

VSD of each subunit interacts with the PD of the adjacent subunit.

Subsequently, two more human K,7 Cryo-EM structures, the K,7.2 and K.,7.4 structures
respectively, were solved: K,7.2 structure was determined in complex with two activators,

ztz240 or retigabine, to study their binding modes and mechanisms of action (Li X. et al.,



2021); K,7.4 structure was first solved in complex with the opener retigabine or the
blocker linopirdine (Li T. et al 2021), and later in complex with the activator ML213 in the
absence or presence of PIP, (Zheng et al. 2022). These studies allowed a deeper
understanding of the structure of K,7 channels, provided insights into the mechanism of
action of synthetic modulators and of how K,7 channels are regulated by PIP, (Cooper et
al. 2022).

V?D PkD
A T Vol . | B -
e Saes) = Extra )
. e T e AV
+ \=— L - ﬁ/}\—\ :«\ A ’SZ\'.‘
+ p-loop — ™ ) LAY
el ran | \ N
S5VS6Y | | [ A
S1((S2|/S3||S4||S5 S6 | BK v ) XA s7)
+ A/« AN\ =
‘/.77-'\/\‘:..f'_‘ ]\
+ \\ /= )
B i b itra VX O |
& D)\ O
/ l‘/':-—\';\\‘_/' /f, {5 \ i
Inr - )_ | \'\\_ \r"
N-terminus C-terminus "7’:‘*'\]' W
v Iy

Figure 1.5 A) Schematic architecture of one a K,7 channel subunit of the tetrameric channel (side view).
Cylinders are helical segments. Transmembrane helices S1-S4 assemble into a voltage-sensing domain.
“+”-signs in S4 represent the positive charges of arginine. The ion-conducting pore is formed by S5-p-loop-
S6 (dark gray), with the p-loop harboring the selectivity filter. VSD: voltage sensing domain; PD: pore domain
B) Schematic representation of the assembled tetrameric K,7 channel in a domain-swapped fashion (top
view)

The properties of K,7 channels can be modified through the association of K,7 a-subunits
with five B-subunits called MinK-related peptides (MiRPs) encoded by KCNE1-5 genes.
Structurally, MiRPs are single-transmembrane-spanning segment with extracellular NH.-
terminus and intracellular COOH-terminus (Figure 1.6). While four K,7 a-subunits are
necessary and sufficient to form a functional tetrameric voltage-gated channel, MiRPs
subunits cannot form functional channels alone, therefore they are considered auxiliary [3-
subunits. Although the properties of all K,7 channels are modified to some extent when
they are co-expressed with MiRPs, the best-studied associations are those involving K,7.1:
when co-expressed in heterologous systems, each MiRP exerts a different effect and
drastically modifies biophysical characteristics and pharmacology of K,7.1 channel (see
section 1.4.3) (Melman et al. 2004; Wrobel, Tapken and Seebohm 2012; Abbott 2016;
Abbott et al. 2021).
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Figure 1.6. Topology of a Kv7.x/KCNEx subunit (adapted from Wrobel, Tapken and Seebohm 2012)

K7 channels assembly in tetramers composed of identical or compatible subunits. Two
domains in the COOH-terminus called “subunit interaction domains” (SID) are responsible
for coiled-coil interactions among subunits and determine the subunit-specific assembly
(Schwake et al. 2003) (Figure 1.8). The SID may also act as a platform for K,7 interactions
with accessory MiRP subunits (Haitin et al. 2009), although additional sites in S6 and in
the VSD also have been implicated (Lundby et al. 2010).

K.7 channels assembly in heteromeric tetramers with specific patterns: K.7.3 co-
assembles with either K,7.2 (Shapiro et al. 2000), K.7.4 (Bal et al. 2008) or K,7.5 (Lerche
et al. 2000); K,7.4 and K.,7.5 also form heteromeric channels with each other
(Brueggemann et al. 2014); K.7.2 does not multimerize with K.7.4 (Sogaard et al. 2001),
and although initial studies suggested that K.7.2 was not to be able to co-assembly with
K.7.5 (Lerche et al. 2000), in a more recent study the heteromeric configuration K.,7.2/7.5
was found to be possible (Soh et al. 2022); K,7.1 was initially considered unable to co-
assemble with any other K,7 subunits (Schwake et al. 2006) but later it was found that
K.7.1 and K,7.5 form heterotetrameric channels in smooth muscle cells (Oliveras et al.
2014).

1.3.1.2 Voltage gating of K,7 channels

K. channels are gated through changes in the voltage across the cell membrane which

induces a conformational change of the VSD coupled to the opening of the pore.

During depolarization, the positively-charged S4 segment in the VSD follows the
electrostatic force and moves through the membrane, making the VSD pass from its
resting downward position to an activated outward position. This movement is mediated by

positive charged Rs in S4 (numbered from the outer side of the cell membrane to the inner



cytoplasmic side, see Figure 1.7) and pulls the intracellular S4-S5 linker, which in turn
transfers these mechanical forces to the distal region of S6 of a neighbour subunit, leading
to pore opening. When the membrane potential returns to its resting potential, the channel
returns to the resting state. In some K, channels an inactivated state following the open

state is also present, this is not the case for K,7 channels that are non-inactivating

channels.
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Figure 1.7. Representation of the differential role of ionized hydrogen bonds involving arginines (R) in the
proximal (R2) and distal (R4, R5, R6) portions of the S4 transmembrane segment on VSD movement during
K,7 channel gating (adapted from Nappi et al. 2020)

The precise rearrangements occurring in the VSD during activation are not fully
understood yet, the hypotheses indicate that resting and activated states are stabilized by
ionized hydrogen bonds occurring between the positive Rs in S4 and clusters of highly
conserved negatively charged residues in the neighbouring segments (Tao et al. 2010). In
a recent paper published by our research group about the molecular basis of K,7.2, K,7.3
and K,7.5 channels defects, it was hypotesized that the activated VSD configuration is
stabilized by hydrogen bonds established between arginine residues R4, R5, R6 and an
internal negative amino acid cluster mostly provided by E1 and E2 in S2 and D1 in S3,
wheras R2 residue stabilizes the resting VSD states by forming an intricate network of
electrostatic interactions with neighboring negatively charged residues (Figure 1.7) (Long
et al., 2007; Miceli et al., 2015a; Nappi et al. 2020).

Direct contacts between the S4-S5 linker and the terminal region of S6 is required for
efficient electromechanical coupling between VSD dislocation and pore opening during
depolarization, but this is not sufficient: K,7 are indeed considered both voltage and PIP,

dependent (see section 1.3.1.3).

K.7 channels have a bundle crossing at the level of the COOH -terminal region of S6 that
functions as a pore gate thanks to a hinges proline-adenine-glycine (PAG) motif (Sun and
MacKinnon 2017). In particular, the PAG sequence of each subunit creates a bundle of
four flexible helices that dislocate radially during pore opening and converge centrally

during the closing, thereby interrupting ion flux (Seebohm et al. 2006).



1.3.1.3 Regulation of K,7 channels

K7 channels exhibit a very long intracellular COOH-terminal tail, organized into four a-
helical regions (called A-D helices), which are conserved in all K,7 family members (Yus-
Najera et al., 2002). The COOH-terminus presents the binding sites for different molecules

and proteins playing a crucial role for K,7 channel function and regulation (Figure 1.8).
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Figure 1.8. Schematic representation of a K,7 subunit and COOH-terminus. The long COOH-terminal
domain is organized in four helices (A—D) and contains most of the binding sites for regulatory proteins as
well as the regions responsible for channel tetramerization, indicated with different colours. (Modified from

Barrese et al. 2017)

Subunit interaction domains

The regions involved in multimerization and subunit-specific heteromerization, called
subunit interaction domains (SID), were identified in helices C and D. They are responsible
for coiled-coil interactions among subunits and determine the subunit-specific assembly
(Schwake et al. 2003).

Phosphatidylinositol-(4,5)-bisphosphate

PIP; is a negatively charged phospholipid present in the inner leaflet of the cell plasma
membrane. It is essential for the activation of all K,7 channels: without PIP,, VSD
activation does not itself cause pore opening (Zaydman et al. 2013). All the homomeric
and heteromeric K,7 channels studied have been found to be highly sensitive to PIP,, and
differences in the single-channel open probability (P,) are dependent on their intrinsic

affinities for intracellular PIP, (Hernandez et al. 2009).



The earliest study identified an interaction site of PIP; in K,7.2 in the junction between S6
and the A helix, the so call the S6Jx domain. The replacement of a histidine in this region
(at position 328 in K.,7.2) with a cysteine reduced the sensitivity of the channel to PIP;
(Zhang et al. 2003).

Later, in both K,7.2 and K,7.3, a cationic cluster identified in in the A-B helix linker was
suggested to interact with negatively charged phosphate headgroups of PIP, molecules
(Hernandez et al. 2009).

Lastly, two binding sites have been detected in the S2-S3 and in the S4-S5 loop,
respectively. Particularly, PIP; binds the S2-S3 loop in the closed state in K,7.2, whereas,
upon channel activation, PIP; interacts with the S4-S5 loop, modulating the gating of the
channel (Zhang et al. 2013).

PIP, binds to S2-S3 loop, the S4-S5 loop and S6 also in K,7.1, as first hypothesized
through molecular dynamics simulations (Kasimova et al. 2015) and later found in the cryo-
EM structures of K,7.1 in complex with the KCNE3 B-subunit, CaM and PIP; (Sun and
MacKinnon 2020). Homomeric K,7.1 channel shows a low PIP; sensitivity that is increased
by several orders of magnitude when K,7.1 a-subunits are co-expressed with KCNE1 3-
subunits (Li et al. 2011).

The mechanism underlying K,7 regulation by PIP,is not completely unveiled. In the K,7.4
cryo-EM structure solved in the absence or presence of PIP,, the authors identified two
bound PIP, molecules per subunit (one bound at the S4-S5 linker and the other at the
cytosolic half of S6) mediating the interaction between the VSD and PD (Zheng et al.
2022). Moreover, molecular dynamic simulations performed with the PIP.-bound and PIP,-
free K.7.4 structures showed that PIP; induces a dramatic conformational reorganization of
each K.,7 subunit’s intracellular C-terminal region, leading to an expansion of the inner gate

and the opening of the K,7 channel pore (Zheng et al. 2022).

Calmodulin

All members of K,7 subfamily interact with Calmodulin (or calcium-modulated protein,
CaM) (Gamper and Shapiro, 2005). CaM is a small, soluble, ubiquitous and thermostable
protein able to bind calcium (Ca?*) ions, switching from an apo state to a Ca**/CaM state
based on the in intracellular Ca®* concentration. Structurally, CaM presents two globular
domains, the N-lobe and the C-lobe, and each lobe is composed of two EF-hands, which

are responsible for the binding of up to four Ca?* ions per CaM molecule.



CaM binds different sites in the COOH-terminus of K,7 channels: the first one is in helix A
and is formed by an 1Q-binding motif (IQXXXRXXXXR); the second is in helix B and
displays two overlapping consensus 1-5-10 CaM-binding motifs (Yus-Najera et al., 2002).
Apo-CaM binds both helices A and B, whereas Ca?/CaM forms binds to helix B only. A
new site was found in the VSD through the Cryo-EM structure of K,7.1 in complex with
CaM: a nine-amino-acid sequence in the S2-S3 loop, partially conserved among the K,7
but not present in the other K, channels. This newly identified binding site led to the
hypothesis that interaction of CaM with both the VSD and the helices A and B could
provide an alternative functional linkage between VSD and the pore of K,7.1 separate from
the S4-S5 linker (Sun and MacKinnon 2017). This hypothesis was corroborated by
evidence that CaM regulates also K,7.4 activation binding to its S2-S3 loop (Zhuang and
Yan 2021).

CaM functions as a regulator of channel gating: in response to increased intracellular Ca?,
CaM is converted to Ca?/CaM that binds K,7 channels causing suppression of K,7.2,
K.7.4 and K.,7.5 currents, through decrease of channels PIP; affinity (Gamper and Shapiro
2003) whereas Ca?*/CaM augments the K,7.1/KCNE1 channel current (Shamgar et al.
2006).

CaM contributes to channel assembly (Ghosh et al. 2006) and plays an important role in
surface ftrafficking: in hippocampal neurons, CaM regulates the trafficking and the
enrichment of K,7.2/7.3 channels at the axonal initial segment (AIS) (Liu and Devaux
2014); in heterologous-expression systems, CaM binding to K,7.1 COOH-terminus was
found to be essential for proper channel folding, assembly and expression (Shamgar et al.
2006) while mutations in K,7.2 CaM-binding sites can reduce the export from the

endoplasmic reticulum to the plasma membrane (Exteberria et al. 2008).

Phosphorylation and muscarinic acetylcholine receptors stimulation

The COOH-terminus region of K,7 channels presents different sites amenable to be
phosphorylated, but the consequences of phosphorylation are still being investigated and

not completely clarified.

First a binding site for the A-kinase anchoring protein AKAP79/150 was found in K,7.2
subunits. AKAP79/150 forms a trimeric complex with protein kinase C (PKC). Activation
of PKC leads to phosphorylation of serine residues located in helix B (S541 in K,7.2),
which suppress K,7.2 currents via M1 muscarinic acetylcholine receptor activation (see

below) (Kosenko et al. 2012). This effect is largely prevented by removing two putative



PKC phosphorylation sites in helix B (Hoshi et al., 2003). PKC activation was found to
suppress K,7.4/7.5 currents expressed in murine aortic smooth muscle
cells (Brueggemann et al. 2014) and to decrease K,7.1 subunit membrane localization and
K.7.1/KCNE1 channel activity (Xu Parks et al. 2020).

Many other phosphorylation sites were identified in K,7.2 and in vitro and in vivo studies
suggested these could be phosphorylated by enzymes such as CDK5, PKCa, PKA, p38
MAPK, CamKlla, and GSK3p (Erdem et al. 2017). Five specific serine residues (S427,
S436, S438, S446, S455 in K,7.2) substrate for CDK5, p38 MAPK, CaMKIlla and PKA

enzymes, were found to be important for K,7.2 PIP;sensitivity (Salzer et al. 2017).

A leucine zipper (LZ) motif in the K,7.1 COOH-terminus is the substrate for the A-kinase
anchoring protein AKAP9, also called Yotiao, that recruits the cAMP-dependent protein
kinase A (PKA) and phosphatase 1 (Marx et al. 2002). Phosphorylation of K,7.1 at S27
residue via the PKA pathway enhances K,7.1/KCNE1 (Kurokawa et al. 2003) and
K\7.1/KCNE2 channel activity but not K,7.1/KCNE3 channel activity (Kurokawa et al.
2009).

AKAP9 also binds K,7.1 NHz-terminus and was suggested to have a PKA-independent

role in regulating K,7.1 channel (Kurokawa et al. 2004).

As previously mentioned, the current underlying by K,7 channels is called M-current (Iku)
because it is suppressed upon stimulation of several muscarinic acetylcholine receptors
linked to G proteins of the Gy/11 family, like M1, M3, and M5. Stimulation of the M
receptors triggers the G4 pathway: activation of phospholipase C (PLC) causes hydrolysis
of PIP; into diacylglycerol (DAG) and inositol triphosphate (IPs), leading to the activation of
PKC. These events cause three phenomena that negatively modulate the Iv (Figure 1.9):

I) the depletion of PIP, by PLC prevents the opening of channels;

[I) the activation of PKC, which anchors the K,7 complex through AKAP79/150,
phosphorylates the COOH-terminus of the K,7.2 subunit, which overlaps with the CaM
binding site in helix B. Phosphorylation of the K,7.2 subunit leads to dissociation of CaM

and destabilizes PIP; interaction (Kosenko et al. 2012);

1) the production of the second messenger IP; triggers Ca?* release from the endoplasmic
reticulum. The Ca?’CaM complex binding sites overlap the putative binding site for PIP,

reducing the interaction of PIP with the channel (Gamper and Shapiro 2003).
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Figure 1.9 Signal transduction mechanisms controlling M-current activity. A) M-current activity when G-
protein coupled receptor (GPCR) is inactive. B) M-current activity is suppressed when GPCR is active (from
Weckhuysen and George, 2022).

Ankyrin-G

In the distal end of the helix-D of K,7.2 and K,7.3 COOH-termini (but not in other K.7
subunits), an interaction domain for the protein Ankyrin-G (AnkG) has been identified.
AnkG is an adaptor protein that allows localizing K.7.2 and K.7.3 subunits at the axon
initial segment and in nodes of Ranvier, two neuronal sites crucially involved in the

generation and propagation of action potentials (Devaux et al. 2004; Pan et al. 2006).

Ubiquitination

In K\7.1 a proline-tyrosine motif (PY) at the COOH-terminal responsible for the interaction
with  the ubiquitylating enzymes Nedd4-2 (neuronal precursor cell-expressed
developmentally downregulated) was identified, whereas the role of the same region in
other K,7 subunits is less defined. Nedd4-2 is a ubiquitin-protein ligase that regulates the
plasma membrane expression of K,7.2/7.3, K,7.3/7.5 channels (Ekberg et al. 2007) and
K.7.1/KCNE1 heteromultimers (Jespersen et al. 2007). The protein reduces the current
generated by these channels, probably by promoting their ubiquitination, internalization,

and degradation (Krzystanek et al 2012).

Syntaxin-1A

In both K,7.2 and K,7.3 subunits, the protein syntaxin-1A (syx-1A), a major component of
the exocytotic SNARE complex, interacts with the helix A. Syx-1A is a plasma membrane
protein that regulates neurotransmitter release; when N-terminal of syx-1A interacts with
the neuronal syntaxin binding protein 1 (Sec1 or STXBP1), establishes a core complex

involved in membrane fusion and neurotransmitters release (Misura et al. 2002).

Syx-1A binds K,7.2 and K,7.3 subunits producing different effects: it decreases currents
mediated by K,7.2 or K,7.2/7.3 channels, while it fails to inhibit the K,7.3 currents. This



could be due to the presence of additional binding sites for syx-1A in the K,7.2 channel,
which may not be present in K,7.3 (Regev et al. 2009). STXBP1 has no direct effects on
K.7 current but dampens the inhibition produced by Syn-1A by abrogating Syn-1A binding
to K7 channels (Devaux et al. 2017).

1.3.1.4 Distribution and physiological role of K,7 channels

K.7 channels are not uniformly expressed across the body. Since they were first
discovered in neurones and cardiac myocytes, K,7 channels are referred to as “cardiac”
K.7 channel (K.,7.1) and “neuronal” K.7 channels (K.7.2-7.5) but the more their
physiological and pathological roles are studied, the more it becomes clear that this
classification is reductive and that K,7 channels play important physiological roles in many

different cell types.

The K.7.1 subunit, encoded by KCNQ1 gene, is mainly expressed in cardiomyocytes,
where, together with KCNE1 B-subunits, underlies the slow component of delayed
rectifying K* current (lks) involved in the repolarization of the cardiac action potential
(Sanguinetti et al. 1996). The pathophysiological importance of Iks in the heart electrical
activity is demonstrated by the fact that mutations in the KCNQ1 and KCNE genes are
responsible for cardiac diseases characterized by severe arrhythmias, syncopal episodes,
and sudden death. Most K,7.1 loss-of-function variants reduce the amplitude of the
repolarizing outward Ixs current and thus increase the ventricular action potential duration
causing the long QT syndrome (LQTS); conversely, rare severe gain-of-function mutations
in K\7.1 channels cause short QT syndrome (SQTS) and atrial fibrillation by increasing lks
channel activity thereby shortening the ventricular action potential duration (Dvir et al.
2014).

K.7.1 subunits are localized also in non-cardiac tissues, such as the inner ear,
gastrointestinal tract, thyroid gland and pancreas. In the apical membrane of strial
marginal cells and dark cells, K,7.1/KCNE1 channel provides a conduit for K* secretion,
thus recycling K* in the endolymph of the inner ear. In the human ear, loss of this recycling

is sufficient to cause bilateral sensorineural deafness.

Contrary to K.,7.1/KCNE1 heteromers, K,7.1/KCNE2 and K,7.1/KCNE3 complexes
generate channels that are constitutively open in the voltage range between -80 to +80 mV
(Abbott 2015; Abbott 2016a). In gastric parietal cells, K,7.1/KCNE2 channels are involved
in the apical K* recycling coupled to the H*-K*-ATPase, essential for acid secretion, while

in thyrocytes they regulate the synthesis of thyroid hormones (Roepke et al., 2006). In the



intestine, K,7.1/KCNE3 channels are located on the basolateral membrane of colonic crypt
cells where their constitutive activation and lack of inactivation enable them to provide a K*

recycling conduit that facilitates electrogenic intestinal CI™ secretion (Preston et al. 2010).

Although the activity of K,7.1 channel is modulated by all five KCNEs proteins, the roles of
KCNE4 and KCNES B-subunits in vivo are still being studied (Abbott 2016b). In vitro
studies showed that co-expression of KCNE4 suppress K,7.1 channel activity through a
shift in the voltage sensitivity toward positive membrane values (Grunnet et al. 2002);
KCNES5 shifts the voltage dependence of K,7.1 and in addiction it exerts a temperature-

dependent modulation on K,7.1 activation and deactivation (Angelo et al. 2002).

The K.7.2 and K.,7.3 subunits, encoded by KCNQ2 and KCNQ3 genes respectively, are
highly expressed in both the central and peripheral nervous systems. In neuronal cells,
K.7.2 and K,7.3 are localized at subcellular sites that play key roles in the regulation of
neuronal transmission, such as the perisomatic region, the AIS, nodes of Ranvier, and
synaptic terminals (Soldovieri et al., 2011). The currently most accepted hypothesis is that
K7.2 and K.,7.3 channels are mainly present in adult neurons assembled in the
heteromeric K,7.2/7.3 channel that underlies the Ik current, crucial in controlling neuronal
excitability (as described in the next section). This viewpoint is supported by various

findings:

1) in heterologous cells, heteromeric K,7.2/7.3 channel shows biophysical and
pharmacological properties that best resemble those of the native Ik current (Wang et al.,
1998; Shapiro et al., 2000; Hadley et al., 2003);

2) in heterologous cells and in neurons as well, K,7.2 or K,7.3 homomers generate rather
small currents, while co-expression of K,7.2 with K,7.3 leads to a larger current density

than expression of K,7.2 or K,7.3 channel alone (Schwake et al., 2000);

3) co-expression of K,7.3 with K,7.2 leads to increased trafficking to the membrane of
K.7.3 channel that is otherwise retained in the endoplasmic reticulum (Schwake et al.,
2000) and to a stabilization of K,7.3 pore residues that are instable and in a quiescent

silent conformation in the homomeric K,7.3 channel (Shapiro et al., 2000).

However, recent fundings suggest that K,7.2 and K,7.3 channels composition likely differs
during development, nervous system region, and from cell type to cell type, supporting the

possible expression of homomeric K,7.2 and K,7.3 channels in neurons.

K.7.2 and K,7.3 channels show a different age-dependent expression. In the mouse brain,

K.7.2 is already present 3 days after birth, increases one week after birth and remaining



stable until the adult stage; conversely, K,7.3 expression is very low at day 3 but increases
continuously until the adult stage (Tinel et al., 1998). In human hippocampus, temporal
lobe, cerebellum and medulla oblongata, high K,7.2 expression in pre-natal period was
revealed, with levels decreasing after birth; in contrast, the expression of K,7.3 increased
from late fetal life to infancy (Kanaumi et al., 2007). Different expression levels for K,7.2
and K,7.3 in the pre- and post-natal period reflect a different role for the two channel, as
proven by the fact the the Kcng2 homozygous knockout mice initiate breathing but die
within an hour due to pulmonary atelectasis (i.e., lungs are deflated) (Watanabe et al,
2000), while Kcng3 knockout mice survive to adulthood (Tzingounis et al, 2008). In
accordance with mouse studies, a recent work in humans identified epilepsy patients who
lack both copies of functional K,7.3 channels (Lauritano et al., 2019), while, until know, no

patients with homozygous K,7.2 variants have been identified.

In the brain, K,7.2 and K.,7.3 have been detected in different areas, including the dentate
gyrus and CA1-3 regions of the hippocampus, the subiculum, all layers of the neocortex,
and in the reticular nucleus of the thalamus (Cooper et al. 2001; Tzingounis et al. 2010;
Weber et al. 2006; Geiger et al. 2006). In the hippocampus and cortex, K,7.2 and K,7.3
colocalize in excitatory and inhibitory cells, with the exception of the vasoactive intestinal
polypeptide (VIP) interneurons GABAergic cell, a cell type that controls the activity of
interneuron networks. VIP interneurons express K.7.2 but very limited number of K,7.3
channels (Tasic et al., 2016; Goff and Goldberg, 2019). Although the majority of cells in
the forebrain and thalamus express both K,7.2 and K,7.3 channels (Saganich et al, 2001),
this trend may not occur in subcortical regions, and different evidence support the notion
that K,7.2 channels may be expressed at much higher levels in the brainstem and spinal
cord (Verneuil et al., 2020) than K,7.3 channels. Other neuronal populations, for instance,
a subpopulation of dorsal root ganglion neurons (King et al., 2014), large sciatic nerve
axons (Schwarz et al., 2006) have been found to express K,7.2 but not K,7.3; while in
vagal bronchopulmonary neurons K.,7.3 mRNA was detected but was not so for K,7.2
mRNA (Sun et al., 2019).

All together these studies support the hypothesis that homomeric K,7.2 and K,7.3
channels are expressed in the neuronal membrane in various areas and in different

developmental stages, playing individually different roles.

Furthermore, the concept that Ikw current is mainly mediated by the heteromeric K,7.2/7.3

channel formed by 2 K,7.2 subunits and 2 K,7.3 subunits (Hadley et al., 2003) has recently



been expanded, including the possibility of a stoichiometry for K,7.2 and K.,7.3 subunits

different from 2:2, or considering the participation of the K,7.5 subunit.

In a conditional mouse model the deletion of K,7.2 from granule cells (GCs) of the dentate
gyrus diminished the Ikw current by only 50%, due to compensation through increased
expression of K,7.3 channels, which led to the formation of K,7.3 homomers or K,7.2/7.3

heteromers with a 1:3 K,7.2:K,7.3 channel stoichiometry (Carver and Shapiro, 2019).

In a recent work, Soh and colleagues demonstrated that K.,7.2, contrary to what was
believed, is able to assemble and form heteromeric channels with K,7.5 in heterologous
cells and in the brain. Moreover, the K,7.2/7.3/7.5 channel composition, that was already
hypnotized to be possible according to what observed using super-resolution microscopy
(Zhang at al., 2016) was detected in a heterologous expression system and functionally
characterized, resulting in a channel with unique biophysical properties (Soh et al., 2022).
These evidence, together with the fact that brain and subcellular expression of K,7.5
overlaps with those of K,7.2 and K,7.3 subunits (Figure 1.10), strongly support the
hypothesis that K,7.5 participates to the molecular component of Iku, together with K,7.2
and K,7.3 subunits (Lerche et al., 2000; Schroeder et al., 2000).
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Figure 1.10 Schematic representation of the distribution of K,7 channels in the different compartments of a
myelinated axon. The K,7.2, K,7.3 and K,7.5 subunits were detected at the AIS, nodes of Ranvier and
presynaptic terminals (adapted from Barrese et al., 2017)

The K.,7.4 subunit, encoded by KCNQ4 gene, is highly expressed in sensory outer hair
cells (OHCs) of the cochlea, where it is involved in the regulation of their intrinsic
excitability (Housley and Ashmore 1992) and, at a lower level, in inner hair cells (IHCs)
(Kimitsuki et al. 2010). Loss-of-function mutations in the KCNQ4 gene result in autosomal-
dominant non-syndromic deafness (DFNAZ2), a rare condition in which hearing loss is
caused by a slow degeneration of OHCs induced by their chronic depolarization (Kubisch
et al.,1999).

K.7.4 subunits have also been detected in vascular and visceral smooth muscle, where

they are involved in the control of basal tone and in response to myogenic stimuli (Ipavec



et al.,2011; Jepps et al.,2011; Svalg et al., 2013), and in skeletal muscle cells, where they
regulate proliferation, differentiation, and response to myotoxic stimuli (lannotti et al. 2010;
2013)

K.7.5, encoded by the KCNQ5 gene, was the last subunit member of the K,7 family to be
identified. As mentioned above, K,7.5 subunit shows an overlapping cellular pattern of
expression with K,7.2 and K,7.3 subunits in brain areas (Lerche et al., 2000) and in
neuronal cells (Soldovieri et al., 2011) being localized at perisomatic region, the AlS, the
nodes of Ranvier, and synaptic terminals of neurons. K,7.5 subunit can form heteromeric
channel with K,7.2 (Soh et al., 2022) and with K,7.3 (Lerche et al., 2000) subunits and has
been proposed to participate in Ikw molecular heterogeneity (Lerche et al., 2000;
Schroeder et al., 2000). Moreover, K,7.5 has been found to be important in regulating
excitability especially in the hippocampus where it contributes to the afterhyperpolarization
currents (Tzingounis et al., 2010). This subunit was also found in non-neuronal tissue, like
skeletal and smooth muscle cells where K,7.4/7.5 heteromeric channels may contribute to
the hyperpolarizing K* current in as vascular smooth muscle cells that promotes
vasodilation by preventing Ca*-dependent contraction (Stott et al., 2014).

Recently, both gain-of-function and loss-of-function mutations in the KCNQ5 gene have
been discovered in patients affected with severe epilepsy conditions (Lehman et al., 2017;
Wei et al., 2022), constituting further evidence for K,7.5 crucial participation in regulating

neuronal excitability.

1.3.1.5 The roles of the M-current

In 1980, Brown and Adams recorded in bullfrog sympathetic neurons a slow-activating
voltage-gated potassium current that was blocked by muscarine, therefore they termed it
the “M-current” (Ikm) (Brown and Adams 1980).

About two decades later the molecular component underlying lkm current was identified in
K.7.2 and K.,7.3 potassium channel subunits (Wang et al., 1998) which were previously
identified through positional cloning in patients experiencing self-limiting familial neonatal
seizures (Singh NA et al.,, 1998; Charlier C et al., 1998). Currently, more and more
evidence supports K,7.5 subunit participation to Ikm (Lerche et al., 2000; Schroeder et al.,
2000, Soh et al., 2022).

Ikw was recorded in almost all regions of the central and peripheral nervous system (Green
and Hoshi, 2017) and it is characterized by slow activation, slow deactivation and no

inactivation and triggered by a rather negative activation threshold (~60 mV) (Gamper and



Shapiro 2015). These features lend it to various roles associated with controlling

excitability in the brain that are summarized in Figure 1.11.

In the AIS and in the nodes of Ranvier, K,7 channels are involved in the control of the
resting membrane potential, a key parameter to regulate AP generation. The AP is
biological signalling provided by a transient change in the membrane potential. It is
triggered by a stimulus inducing a gradual depolarization toward threshold values, beyond
which there is a rapid rising phase, an overshoot, and a repolarization phase (Figure 1.11,
panel A). Membrane potential modification are induced by the flow of ions inside/outside
the cell: the depolarization upstroke of the action potential spike is mediated by an
increase in inward Na' conductance and, instead, the repolarization downstroke is
mediated by the inactivation of some of voltage-gated Na* channels (Na,) and an increase
of K* efflux.

At the AIS, K.7 channel activation at a subthreshold potential induces hyperpolarization of
the membrane, setting the neuronal resting potential, shaping the action potential profile

and promotes the recovery of inactivated Na, channels (Battefeld et al., 2014).

During the repolarization phase, the membrane potential goes below the resting

membrane potential. Hence, there is an undershoot or hyperpolarization phase, termed

afterhyperpolarization (AHP) (Figure 1.11, panel B), where K* channels remain open.
AHP persists until the membrane potassium permeability returns to its usual value,

restoring the membrane potential to the resting state. AHP is divided into three phases:

) a fast one, namely fAHP, lasting 1-5 ms, largely mediated by Ca* - and voltage-

dependent BK channels;
II) a medium one called mAHP, lasting 50-200 ms, mediated by K.,7 and HCN channels;

[Il) and a slow one the sAHP, lasting from about 0.5 s to several seconds, mediated by K,7

and SK Ca?' channels.

The M-current contributes to the medium (mAHP), and the slow components (sAHP) of the
afterhyperpolarization current determining the refractory period and the discharge

frequency on neurons (Tzingounis and Nicoll, 2008).

A neuron that emits an action potential is often said to “fire”. Action potentials in neurons
are also known as “spikes”, and the temporal sequence of action potentials generated by a
neuron is called its “spike train”. Ikw contributes to spike-frequency adaptation by

reducing the frequency of neuronal firing in response to sustained stimuli (Figure 1.11,


https://en.wikipedia.org/wiki/Afterhyperpolarization
https://en.wikipedia.org/wiki/Hyperpolarization_(biology)

panel C). When lku is inhibited (e.g., by channel blockers like linopirdine or XE991), the

neuron remains depolarized for a long period, during which it may generate multiple spikes
(Yue and Yaari, 2004).

In individual neurons, or in a neuronal population

rhythmic patterns of AP can be
observed, these are called “neural oscillation”. When the oscillation amplitude increases in

response to stimuli at a specific frequency, this is called “resonance

. In pyramidal neurons
in the hippocampus, somatic K,7 channels in conjunction with dendritic HCN channels

facilitate neuronal responsiveness to oscillating subthreshold membrane potential within
theta frequencies (2—7 Hz) (Hu et al

2002), therefore this theta-resonance is also called
M-resonance (Figure 1.11, panel D)

Network oscillations at the theta frequency have been shown to be important for

hippocampal function, such as exploration and working memory (Sarnthein et al., 1998).
As such, disruption of M-channel activity, such as conditional knockout of K,7.2 subunits

reduces hippocampal theta resonance and consequently impairs animal performance in
spatial memory tasks (Peters et al., 2005)
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Figure 1.11 Summary of Ixu current electrophysiological effects in neurons. A) Following K.7 channel
opening, the outward K* flow hyperpolarizes the cellular membrane, setting the resting potential, thus a



greater stimulus is required to trigger an AP. B) K,7 channel opening contributes to the afterhyperpolarization
phase following an AP. C) Spike frequency adaptation was observed after train of action potentials were
induced by depolarizing current injection, limiting the ability of the neurons to fire repetitively. D) Theta waves
were recorded in CA1 pyramidal neurons in the hippocampus and were noted to disappear after M-current
suppression. (Adapted from Borgini et al., 2021)

Finally, K.7 channels are express in the presynaptic terminal and can modulate the
release of the neurotransmitter. In 2003 Martire and co-workers, have demonstrated
that activation of presynaptic Iku may hyperpolarize hippocampal nerve endings, reducing
Ca?" influx through voltage-gated Ca* channels resulting in a reduction of norepinephrine
GABA and D-aspartate release (Martire et al., 2004). The same authors in 2007 also
described the involvement of K.,7.2 subunits in dopamine release from rat striatal
synaptosome, showing that [*H] dopamine release is inhibited by the I« activator
retigabine while the Ikw blockers TEA and XE991 enhanced [*H] dopamine release and

prevented retigabine induced inhibition (Martire et al., 2007).

1.3.1.6 KCNQ2, KCNQ3 and KCNQ5-related channelopathies

The KCNQ2 and KCNQ3 genes were identified through positional cloning in patients
experiencing self-limiting familial neonatal seizures (Singh et al., 1998; Charlier et al.,
1998). Indeed, mutations in the KCNQ2, KCNQ3, and also KCNQ5 genes, encoding for
K\7.2, K,7.3 and K,7.5 subunits, respectively, are responsible for a wide spectrum of
human neuronal pathologies in which epilepsy is often (but not always) present, consistent

with the crucial role of Ikm in the control of neuronal excitability.

Diseases caused by the dysfunction of ion channel subunits are referred to as
channelopathies, and so are the pathological conditions due to mutations that alter the K,7
functions. Mutation-induced alteration of K.7 currents can be investigated through
functional in vitro analysis. In particular, electrophysiological whole-cell patch clamp
recordings of currents generated upon heterologous expression of wild-type (WT) and
mutant subunits allow to analyse the consequences of the inserted mutation: a mutation
that reduces the WT ionic current exerts a Loss-of-function (LoF) effect, conversly gain-of-

function (GoF) effect is observed for a mutation enhancing the WT current.

KCNQ2-related channelopathies

Mutations in KCNQ2 are responsible for highly heterogenous epileptic and

neurodevelopmental phenotypes ranging from more benign forms like self-limited familial



neonatal epilepsy (SeLFNE, previously called Benign Familial Neonatal Seizures, BFNS)

to more severe phenotype, such as developmental and epileptic encephalopathy (DEE).

Among the benign forms, two genetic conditions similar to SeLFNE have also been
described: The Self-limited Familial Infantile Seizures (SeLFIS) or Self-limited Familial
Neonatal-Infantile Seizures (SeLFNIS) (Zhou et al. 2006, Zara et al. 2013).

The term self-limited was recently proposed by the ILAE to replace the more confusing
term “Benign” and indicates that epileptic seizures resolve in patients within the first few
months or years of life (Scheffer et al., 2017). Indeed, SeLFNE is characterized by
multifocal seizures starting around the third day of life and disappearing within a few
weeks or months; however, 10-15% of affected children show seizures later in life.
Seizures are generally brief, lasting one to two minutes, and the motor activity may be
confined to one body part, migrate to other body regions, or generalize. The patient’s

neuropsychological development is usually normal (Miceli et al., 2018).

In SeLFNE, KCNQ2 mutations are transmitted from affected parents following a classical
autosomal dominant inheritance mode. Mostly missense and frameshift/deletion variants
have been identified in patients, but also splice variants, nonsense mutations, exon and

whole-gene deletions were identified.

Mutations found in SeLFNE appear to be spread along the entire K.,7.2 sequence,
frequently localized in the VSD between the S2 and S3 segments and cause a mild LoF,
that cannot be compensated by the wild type allele, thus resulting in haploinsufficiency.
Functional studies suggested that in most cases a decrease of lku of only 25% is sufficient
to cause SeLFNE (Schroeder et al., 1998).

Several molecular mechanisms appear responsible for the mutation-induced LoF:
mutations in residues located the PD can alter the K* ion permeation; variants affecting the
VSD may reduce sensitivity to changes in membrane potential (Dedek et al 2001,
Castaldo et al 2002, Miceli et al 2013); mutations affecting the C-terminus can alter the
affinity and/or functional regulation mediated by modulators like calmodulin or syntaxin-1A
(Alaimo et al., 2009; Soldovieri et al., 2014). In case of frameshift/deletion variants, the
nonsense-mediated RNA decay (NMD) of the transcript, and enhanced subunit turnover

are the two molecular mechanisms responsible for decreased levels of functional subunits.

As mentioned above, mutations in KCNQ2 gene can also cause DEE. “Developmental
and epileptic encephalopathies” is the more recent definition introduced by the ILAE to

designate a heterogeneous group of disorders characterized by early-onset, often severe



epileptic seizures and EEG abnormalities on a background of developmental impairment
that tends to worsen as a consequence of epilepsy (Specchio et al. 2022). KCNQ2-related
DEE are characterized by pharmacoresistant seizures that begin in the first week of life
and remit between nine months and four years of age. Patients show moderate to severe
developmental impairment (Weckhuysen and George, 2022). Additionally, KCNQ2
mutations have been identified in several individuals with Ohtahara syndrome (Saitsu et
al., 2012), the most severe and the earliest developing age-related epileptic
encephalopathy, characterized by tonic seizures occurring within the first three months of

life, often within the first two weeks.

Mutations found in KCNQ2-related DEE are all missense de novo pathogenic variants
(except 2 variants causing an in-frame deletion of a single amino acid); however, few
children with KCNQ2-DEE were born from mosaic parents (Milh et al., 2015; Kato et al.,
2013; Mulky et al., 2017).

DEE-associated mutations appear to be concentrated in channel sites critical for the
activity, such as: the S4 in VSD, the proximal C-terminal segment which binds PIP, and
CaM, the B helix also involved in CaM-binding (Millichap et al., 2016), the PD, the S6 and
the intracellular S6-helix A linker (Goto et al., 2019). Consistent with their localization at
crucial channel sites, pathogenic variants causing KCNQ2-DEE exert more severe
functional defects than haploinsufficiency, with more than a 25% function impairment
resulting in a profound LoF (Orhan et al., 2014). However, in addition to LoF variants, de
novo missense variants causing GoF effects on the Ik were found in DEE-affected
patients (Miceli et al., 2015a; Mulkey et al., 2017).

In addition to epileptic syndromes, mutations in the KCNQ2 gene have also been recently
associated with severe, non-epileptic neurodevelopmental diseases, specifically 10
patients carrying a KCNQ2-R201C or KCNQ2-R201H missense variant showed neonatal
encephalopathy without seizures, burst suppression EEG, profound developmental delay,

and early mortality (Mulky et al., 2017).

KCNQa3-related channelopathies

Although less frequently (Miceli et al., 2017) mutations in the KCNQ3 gene are identified in
patients with different neurological phenotypes. KCNQ3 variants have been found in
patients with SeLFNE or SeLFIS, with clinical characteristics indistinguishable from K,7.2-
related self-limited syndromes. Patients usually present a normal psychomotor

development, although some individuals showed some degree of intellectual disability (ID)



(Soldovieri et al., 2014; Miceli et al., 2015b). KCNQ3 mutations causing SeLFNE are
inherited in an autosomal dominant manner, are mostly missense, and cause LoF effect in

vitro.

Additionally, more severe phenotypes have been associated with de novo KCNQ3
variants: pathogenic LoF variants have been described in few patients with DEE
(Ambrosino et al., 2018), ID apparently without epilepsy (McRae et al., 2017), cortical
visual impairment (Bosch et al., 2016) and ID with autism spectrum disorder (Sands et al.,
2019).

Contrary to KCNQ2, KCNQ3 homozygous variants are compatible with life, indeed two
frameshift variants causing LoF effect, were found in homozygosity in patients with
developmental delay and neonatal seizures (Kothur et al., 2018. Lauritano et al., 2019). In
addition, in both families described, heterozygous carrier parents of the KCNQ3 frameshift
variant were unaffected. In general, the ability of KCNQ3 to tolerate mutations better than
KCNQ2 may contribute to the lower incidence of epilepsy-associated variants described
for KCNQ3 when compared with KCNQ2.

In addition to LoFs, recently, KCNQ3 de novo missense mutations producing a GoF effect
have been found in children with global developmental delay, autism spectrum disorder
ASD, frequent sleep-activated multifocal epileptiform discharges. These mutations are
located in the VSD at the two outermost arginines of the K,7.3 S4 segment, R1 and R2,
and resulted in GoF (Sands et al., 2019).

Interestingly, corresponding mutations found in KCNQ2 R1 and R2 arginine residues, also
resulted in GoF (Millichap et al., 2017; Mulkey et al., 2017). Although the in vitro functional
characterization revealed a GoF effect for both K,7.3 and K,7.2 mutated channels, the
clinical picture of patients carrying KCNQ2 or KCNQ3 variants at these positions was
different (Millichap et al., 2017; Mulkey et al., 2017). A possible explanation of the different
phenotypes between KCNQ2 and KCNQ3 variants at homologous positions can be given
to the distinct expression pattern during ontogenesis and a distinct functional role of
KCNQ2 and KCNQ3 genes.

KCNQS5-related channelopathies

While several hundred disease-causing variants are known in KCNQ2 and a few tens in
KCNQ3, only twelve KCNQ5 variants are currently known to be associated with distinct

human phenotypes. In particular, four patients with ID with or without seizures carried



KCNQ5 de novo heterozygous missense mutations causing LoF or GoF (Lehman et al.,
2017). Another patient affected by mild ID with history of absence epilepsy in adolescence
and no EEG nor MRI alterations carried an intragenic duplication of the KCNQ5 gene in
heterozygosity (Rosti et al., 2019). Recently, our research group functional characterized
two de novo heterozygous variants found in two patients affected by DEE or ID without

seizures, both resulted strong GoF (Nappi et al., 2022).

Moreover, in a large WES study three deleterious heterozygous missense variants, one
truncation and one splice site alteration were identified in ten individuals from five
independent families affected by genetic generalized epilepsy (GGE). Two identified
variants were de novo, one was inherited from an unaffected parent, one from a parent
suffering from absence seizures and one from a parent affected by ID. The five new

variants identified were functionally characterized as strong LoF (Kruger et al., 2022).

Although in vitro functional studies performed in heterologous cells do not completely
reproduce the complexity of the in vivo phenotypes, the identification and quantification of
a LoF or a GoF channel effect allows to delineate genotype-phenotype correlations: more
severe phenotypes are correlated to more drastic alterations of K,7 channel function, such
as strong GoF or LoF, while milder phenotypes results from smaller alterations (Nappi et
al., 2020). This is particularly clear for KCNQ2-related disorders, because several KCNQ2
mutations have been identified and functionally characterized and more and more are
identified every year, thanks to NGS techniques. Given the fewer number of KCNQ3
variants described untii now when compared with KCNQZ2, genotype-phenotype
correlations are not so clear for this gene, and for KCNQS5 it is currently impossible to draw
genotype-phenotype correlations due to the very small number of variants identified until

now.

1.3.1.7 Pharmacology of K,7 neuronal channels

Given the prominent role in human physiology and pathology of Ik, it is not surprising that
neuronal K.,7 potassium channels represent an attractive pharmacological target for

several neurologic disorder (Barrese et al., 2010).

Compounds acting on neuronal K,7 channels include both activators and blockers.
Historically, blockers were developed for treatment of learning and memory disorder while
application of activators appears as a rational approach to treat epileptic disorders as well
as other pathological conditions in which neuronal hyperexcitability plays a critical role

such as neuropathic pain (Liu et al., 2021), ischemic stroke (Bierbower et al., 2015) and



amyotrophic lateral sclerosis (Wainger et al., 2021) (figure 1.13). Moreover, activation of
K.7 channel has been proposed as pharmacological intervention to treat migraine, anxiety
(Korsgaard et al.,2005), mania (Dencker et al., 2008), attention deficit hyperactivity
disorder (Hansen et al., 2008) addiction to psychostimulants (Hansen et al., 2007) and

depression (Friedman et al., 2016).
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Figure 1.13 Effects of K,7 channel inhibitors and activators on pathologically altered neuronal activity
(adapted from Wulff et al., 2009).

1.3.1.8 Ikm blockers

K.7 blockers promote a reduction of outward K* current, and, consequently, shift the

cellular membrane potential to more positive values.

The first selective K.7 blocker has been the phenyl indolinone derivative linopirdine (for
all structure molecules see Table 1.1), synthesized in 1980s. Linopirdine is a non-selective
K7 blocker, being active also on cardiac K.,7.1 channels, although with a lower potency
when this channel co-assembles with KCNE1 accessory subunits (Aiken et al., 1995), and
a cryo-EM structure revealed its binding site in a cytosolic pocket underneath the inner
gate in K,7.4 (Li T. et al., 2021). Linopiridine was able to release acetylcholine in rat
hippocampus, cortex and caudate nucleus slices, in addition to causing increased
dopamine, glutamate, aspartate, GABA, and serotonin levels (Zaczek et al., 1993).
Because of its ability to increases the performance in learning and memory in several
animal models (Brioni et al.,1993) Linopiridine has been proposed for the treatment of

neurodegenerative conditions like Alzheimer's disease. Nevertheless, clinical trials did not



show a clear effectiveness of linopiridine on Alzheimer's patients, and finally it failed in
phase Il clinical trials due to undesired pro-epileptic side effects (Rockwood et al., 1997).
Possible reasons for the lack of effect of linopiridine in ameliorating the cognitive state in
humans might be its low brain penetration and short half-life. To address these drawbacks,
many linopirdine analogues were synthesized. Among these, the XE-991 showed an
increased potency in blocking K.7 currents, improved brain-plasma ration and longer half-
life. Like linopirdine, also XE991 is unable to discriminate among K.,7 subunits (Wang et
al., 2000). The absence of seizures in an animal model after XE991 and linopirdine
treatment and their neuroprotective properties could be explained by their slow binding
kinetics to the active conformation of K,7 channels, mainly exerting their inhibition in

hyperexcited neurons (Greene and Hoshi, 2017).

Differently from non-selective K,7 blockers linopiridine and its derivatives UCL2077 inhibits
K.7 channels in a subtype-selective manner, acting mainly on K,7.1 and K,7.2 channels.
Moreover, this compound increases K,7.3 currents at negative membrane potentials, while
inhibits them at more depolarized values. UCL2077 was able to suppress slow
afterhyperpolarization (sAHP) at low micromolar concentration, without affecting medium
afterhyperpolarization (Soh and Tzingounis, 2010). This property is probably derived from
a combination of UCL-2077's inhibitory effects on a wide variety of channels, not only a
selective K,7.1 and K.,7.2 inhibition, but also hERG current suppression, inhibition of
intermediate-conductance Ca?*-activated K* (IKc.) channels, and a weak effect against the

large-conductance Ca?- activated K* (BKc.) channels (Hsu et al., 2020).

Another potent K,7 inhibitor recently described is ML252. This molecule, unlike other K,7
channel blockers (XE991, linopiridine), exerts an inhibitory action at very low
concentrations, proving to be very potent. Furthermore, it appears to be more selective
than other inhibitors in blocking specifically K,7.2 isoforms: in fact, the inhibitory action on
K.7.2 currents is about 40 times greater than that shown on K,7.1 cardiac isoform. The
ML252 shows reduced selectivity for K,7.2/7.3 heteromeric channels or K,7.4 channels
(Cheung et al., 2012). Interestingly, SAR studies revealed that small structural changes of
ML-252 (substitution of the ethyl group with a hydrogen) are sufficient to cause a functional

switch of its activity from an antagonist to an agonist.

During a screening for new retigabine analogues, a K,7 antagonist was identified and
subsequently modified to improve its properties; the results was the compound HN38, a
K.7 blocker 7-times more potent than XE991 in inhibiting K,7.2 channels (Hu et al., 2013).



In addition another bloker, the fenamets NH17 has been described as a K,7.2 channel
inhibitor, although its subtype selectivity for other K,7 family members is unknown (Peretz
et al., 2007).

Recently, fangchinoline, an natural alkaloid isolate from Stephania tetrandra that exerts
anticancer, anti-inflammatory, and antihypertension effects, has been described as a K,7
blocker. It inhibited K,7 currents in heterologous expression without selectivity among the
different member of the family. Furthermore, fangchinoline slowed the activation of K,7.1-

7.5 channels and inhibited native M-channel currents of DRG neurons (Li H et al., 2022).

Table 1.1. K,7 channel inhibitors.
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1.3.1.9 Ikm activators
1.3.1.9.1 Flupirtine, Retigabine and Derivatives

Flupirtine was the first compound identified as a K,7 activator, even though its
development predates the discovery of these channels. The drug was initially introduced
as a non-opioid nonsteroidal antinflammatory analgesic in the 1980's by the German
pharmaceutical company Chemiewerk Homburg and became the first clinically approved
K.7 channel agonist in 1984 in Europe on the basis of its unique analgesic and muscle

relaxation properties compared to opioids and other non-steroidal anti-inflammatory drugs.

The analgesic action of flupirtine has been initially ascribed to its ability to acts as an
antagonist of N-methyl-D-aspartate (NMDA) receptors or an agonist of y-amino-butyric
acid (GABA\) receptors (Szelenyi et al., 2013), but further studies have demonstrated that
flupirtine enhanced the activity of Ik, acting on homomeric K.,7.2 channels at
concentrations close to those achieved during standard therapy with this drug (Martire et
al., 2004). Flupirtine is a pan-K,7.2-7.5 agonist, sharing the same binding site than
retigabine and other K,7 openers in the pore channel region (Kim et al., 2015; Bock, et al.,
2019).

In addition to analgesia, flupirtine displays neuroprotective effects (Boscia et al., 2006) and
anticonvulsant activity, both in in pentylenetetrazol-induced seizures (PTZ) mice models
and in kainic acid model of neonatal seizures (Raol et al., 2009). Flupirtine was effective
as anticonvulsant in patients with pharmacoresistant epilepsy, but at ten-times higher than

that producing analgesia (Rostock et al., 1996).



Because of its severe liver toxicity, flupirtine use was first limited to short-term pain
management in 2013, and later in 2018 its marketing authorization was withdrawn by EMA
(see European Medicines Agency, Withdrawal of pain medicine flupirtine endorsed,
www.ema.europa.eu/docs/enGB/documentlibrary/Pressrelease/2018/03/WC500246353.pd
f). Despite this significant setback, flupirtine remained a compound of great interest for its
potential therapeutic properties and as a starting point for the development of more potent

and selective K,7 activators.

To separate the analgesic action from the anticonvulsant activity, molecular modelling
studies have been carried out. Analyses of pharmacophoric region suggested that the
phenyl ring and the basic nitrogen atom in the pyridine put at a specific distance from this
ring, is essential for the analgesic activity. The absence of this basic nitrogen atom
enhanced the antiepileptic activity, reducing at the same time analgesic activity (Figure

1.14).
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Figure 1.14 Pharmacophore modification of flupirtine and development of retigabine.

Based on these observations a synthesis program began and resulted in the development
of several desazaflupirtine derivatives. Among this new class of anticonvulsants, the most
potent obtained has been the retigabine. Retigabine represent the first approved
anticonvulsant drug acting on K.,7 potassium channel, it was indicated adjunctive therapy
for partial-onset seizures in patients aged 18 years or older and commercialized by GSK in
2011 as Trobalt® in Europe and Potiga® in the US. The drug has also shown to be
effective in the treatment of KCNQ2 LoF mutations, representing an option for

personalized therapy approach (Millichap et al., 2016).

Retigabine is a pan K,7.2-7.5 activator, while the cardiac K,7.1 channel is completely
insensitive to this drug. The principal effect of retigabine is a hyperpolarizing shift in
channel activation, together with an acceleration in channel activation and a slowing down
of its deactivation (Main et al., 2000). Its effect on the channel voltage-sensitivity depends
on the K.7 channel subtype: on K.,7.3 homomers the effect on voltage sensitivity is

maximal (maximal shift of -43mV), intermediate for K,7.2/7.3 heteromers (-30 mV) and


http://www.ema.europa.eu/docs/enGB/documentlibrary/Pressrelease/2018/03/WC500246353.pdf
http://www.ema.europa.eu/docs/enGB/documentlibrary/Pressrelease/2018/03/WC500246353.pdf

K/7.2 homomers (-24 mV) and very small for K.,7.4 homomers (Tatulian et al., 2001)
(Table 1.2).

In K.7.5 homomers retigabine does not change voltage sensitivity, but increases current
amplitude (Dupuis et al., 2002). Finally, on K,7.2/7.3 heteromers retigabine increases the
single channel open probability by stabilizing the open conformation, without any

significant change in channel conductance (Tatulian and Brown 2003).

Table 1.2. Potency of retigabine against K,7.1, K,7.2, K,7.3, K.7.4, and K,7.2/7.3. (From Tatulian et al., 2001)

Maximum shift in Vy, (mV) Retigabine ECs, (M)

K.7.2/7.3 -30.4 1.9 £ 0.2 (n=5)
K.7.1 0.7 100.1 £ 6.5 (n=5)
K.7.2 24.2 2.5+ 0.6 (n=5)
K.7.3 42.8 0.6 0.3 (n=5)
K.7.4 24.6 5.2+ 0.9 (n=5)

Anticonvulsant activity of retigabine has been also demonstrated in a broad spectrum of
animal model. In 1996 Rostock and collaborators demonstrated that retigabine was
effective in reducing seizure induced electrically (MES) or chemically by PTZ, picrotoxin
and NMDA. The drug has been also effective in genetic animal model like the DBA/2
mouse in which showed an additive effect when co-administered diazepam, phenobarbital,
phenytoin, and valproate (Rostock et al., 1996; de Sarro et al., 2001) or epilepsy-prone
rats (GEPR-3 and GEPR-9) (Dailey et al., 1995). Moreover, in the amygdala kindling
model, retigabine was able to reduce seizure severity and duration, total duration of
behavioral changes, and after discharge duration showing higher potency compare to
valproate (Tober et al., 1996). The drug also exhibited anticonvulsant activity in two
pharmacoresistant epilepsy models; lamotrigine-resistant kindled rats (Postma et al.,

2000) and in the 6 Hz psychomotor mouse model (Barton et al., 2001).

More recently, retigabine has been test in two heterozygous knock-in mice carrying BFNS
causing mutations Y284C, A306T in KCNQ2 (KCNQ2Y%4°* and KCNQ2***™ Here, after

intraperitoneal injection of kainic acid, retigabine mitigated induced seizure activities in



both mice models, more significantly than phenobarbital (Ihara et al., 2016). However,
retigabine has some known pharmacologic actions distinct from its effects on K.7
channels; most notably, in vitro it potentiates GABAA receptor responses at similar or
perhaps slightly higher concentrations than are effective on potassium channels (Otto et
al., 2002).

In neuronal K.,7, retigabine recognizes an intracellular hydrophobic pocket located between
the segments S5 and S6 in the pore domain (Main et al 2000). Within this cavity, a residue
of tryptophan (W236 in K,7.2. W265 in K.,7.3), present at the end of the S5 helix, was
found to be crucial for the retigabine effect. Beside this residue, also other amino acids are
involved in the binding of retigabine, like L243 in S5, L275 in the pore, L299/ and Gly301 in
the S6 (according to K.7.2 sequence); however, none of them seems to be critical as the

tryptophan.

The key-role of this residue was confirmed by site-specific mutagenesis experiments;
substitution of this residue with a leucine, resulted in a completely loss ability of retigabine
to activate K,7.2 currents (Schenzer et al., 2005; Wuttke et al., 2005).

In 2009 Lange and co-authors, hypothesized a generic hydrophobic interaction between
the fluorophenyl ring of retigabine and the conserved tryptophan residue therefore (Lange
et al., 2009). The binding mode involving this tryptophan residue and retigabine was fully
elucidated by Kim and collaborators, using unnatural amino acid. They demonstrated that
an H-bond interaction occurs between the carbamate group of retigabine, that acts as a H-
bond acceptor (HBA) and the amino group of the tryptophan residue, that acts as a H-
bond donor (HBD). This evidence suggested a “flip” conformation compared to the original

proposed by Lange (Kim et al., 2015).

This binding mode was also observed in molecular docking and MD studies using a K,7.2
pore homology model (Shi et al., 2020) and it was recently validated by MD studies using
the publish Cryo-EM structures of the human K.,7.2 and K,7.4 in complex with retigabine
(Li X et al., 2021; Li T et al., 2021). Interestingly, in these models, further interaction sites
were described: in both cases an H-bond interaction occurred between the aniline group of
retigabine and the side chain of serine. Electrophysiological experiments showed a
decreased activity of retigabine in the K.,7.2 S303A mutant (Li X et al., 2021) while the in
K.7.4 S309H retigabine activity was completely lost (Li T et al., 2021).

Moreover, in K,7.4 MD simulations a 1r-m stacking contact was observed between
fluorophenyl group of retigabine and the aromatic ring of F246 (F240 on K,7.2); mutation of
F246 to alanine partially abrogated the retigabine effect (Li T et al., 2021).
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Figure 1.15. Localization of retigabine in K,7.2 (left, from Li X et al., 2021) and K,7.4 (right, from Li T et al.,
2021)
Nevertheless, the precise structural basis for the activation mode remains enigmatic.
Homology models of the closed and open conformations of the K,7.3 PD suggested that
T—TT interactions of W265 in S5 and F343 in S6 were determinant for the stability of the PD
closed conformation and that retigabine binding destabilized this —1r interaction in favor
of the open channel conformation (Syeda et al., 2016). Alignment of the apo structure of
K.7.2 (without the ligand) and K.,7.2-retigabine, revealed that retigabine binding causes
conformational changes mainly in the PD. By contrast, the VSD in K,7.2-retigabine
structure remained almost unchanged but displayed increased mobility upon retigabine
binding (Li X et al., 2021). According, alignment of the apo structure of K,7.4 and K,7.4-
retigabine revealed displacement of residues that are involved in ligand binding, as well as
the movement of S5, that was transduced to the whole VSD through the S4-S5 linker (Li T
et al., 2021). These conformational changes caused by the binding of retigabine provide a
possible explanation for the activation mechanism on K,7.2-5 channels, suggesting that

retigabine acted as an allosteric modulator.

Despite its efficacy as anticonvulsant, retigabine clinical use was limited such that the
company decide to discontinue its marked distribution in 2017. The limitations causing

retigabine unfavourable risk/benefit ratio were:

[) poor selectivity for K.,7 subtypes. Indeed, activation of K,7.4 and K.7.5 channels
expressed in genitourinary smooth muscle caused urinary retention (Brickel et al., 2012;
Malysz and Petkov, 2020). Recently, this hypothesis has been questioned by Tykocki and
colleagues which suggest that urological side effects of retigabine are due to activation of
K7 channels in sensory nerves which decreases sensory outflow in the mouse urinary
bladder (Tykocki et al., 2019).



) Short half-life. The rapid metabolism by phase-ll enzymes (acetylation and N-
glucuronidation), leading to the requirement of a three-times-a-day dosing regimen
(Barrese et al., 2010).

[Il) Poor brain penetration. Due to the limited lipophilicity (log P = 3.08) (Zhou et al., 2015)

IV) Photo-induced dimers formation. In 2013, the Food and Drug Administration (FDA)
issued an alert that retigabine could induce retinal and muco-cutaneous blue-gray
discoloration upon long-term use. This off-target effect was observed in patients treated for
at least four years (Clark et al., 2015) with unclear consequences on vision and no
information about the permanency of these alterations (Brickel et al., 2020). A proposed
mechanism for formation of the phenazinium dimers, hypothesized by our research group,

is depicted in figure 4.16 in chapter 4.

In animal models, considering pigmented (Long Evans) and albino (Wistar Han) rats,
dimers have been detected only the eye tissues from the pigmented rats while they were
absent non-melanin containing ocular tissues from the albino rats, demonstrating a high
affinity of these by products to tissue containing melanin (Groseclose and Castellino,
2019).

Since retigabine has been discontinued, no drug acting on K.,7 channels is clinically
available, therefore several companies and academic groups are pursuing the synthesis of
novel retigabine derivatives with improved physico-chemical, pharmacokinetic, or

pharmacodynamic properties (Bock and Link, 2019).

Retigabine and flupirtine derivatives

In 2015 Kalappa and colleagues, synthetized the fluroanilinic retigabine derivative SF0034
(for all structure molecules see Table 1.3), obtained by introducing a fluorine atom at the 3-
position of the aniline ring of retigabine. The compound appeared 5-times more potent
than retigabine on K,7.2/7.3 channels. Moreover, SF0034 showed reduced affinity for the
channels associated with urinary retention side effect, such as K.,7.4/7.5 and more
chemical stability compared to retigabine. In fact, incorporation of an electron-withdrawing
atom on the aniline ring of retigabine reduce the oxidation and the consequent dimers
formation. Considering in vivo model, in the MES and corneal kindled seizure models

SF0034 was significantly more potent than retigabine (Kalappa et al., 2015)

Considering the structure of SF0034, in 2016 by Kumar and collaborators synthetized the
RL-81, characterized by a CF3-group at the 4-position of the benzylamine moiety,



combined with the fluorine atom on the aniline ring. Compered to SF0034, RL-81 has
been reported to be 3- times more potent in activating K,7.2/7.3 channels. As well as
SF0034, RL-81 appears to preferentially target K.,7.2/7.3 channels over K.7.4/7.5
channels, thus obtaining a compound more potent, selective, and stable than retigabine
(Kumar et al., 2016). Similarly, to retigabine, conserved residue W236 is necessary for
SF0034, and RL-81 activity. In both cases, gating effect on K,7.2 channels are abolished
upon substitution of W236 to L (leucine) suggesting that these analogues share the same

binding site.

Starting from the RL-81 as new lead compound, Liu and co-authors synthetized 19 newly
analogues. Several molecules exhibited an improved selectivity on K,7.2/7.3 over the other
tested channels (e.g., K\7.3/7.5, K.7.4, and K.,7.4/7.5) specifically, RL-36 and RL-12
resulted more potent on K,7.2/7.3 than K,7.3/7.5, K.7.4 and K,7.4/7.5. The authors also
identified an analogue of RL-81, RL-56, remarkably potent on K,7.2/7.3 compared to lead
compound (Liu et al., 2019).

As reported previously, one of the limits of retigabine is our poor brain penetration, lead to
the limited lipophilicity. To overcome them, by introducing a propargyl group at the N4
position of the retigabine linker, the so-called P-retigabine has been developed. The
compound showed an increased brain-to-plasma ratio equal to 2.30 versus 0.16 for
retigabine, while electrophysiological experiment demonstrated that P-retigabine was more
potent than retigabine on K,7.2. In in vivo models, P-retigabine exhibits an improved
antiepileptic activity anticonvulsant less toxicity when compared to retigabine (Zhou et al.,
2015). Upon deleting the ortho liable —NH2 group and installing two adjacent methyl
groups to the carbamate motif of P-retigabine, the same group generated the HN37
(pynegabine), which exhibited enhanced activation potency toward neuronal K,7 channels
and high in vivo efficacy in a range of pre-clinical seizure models, including the maximal
electroshock test and a 6 Hz model of pharmacoresistant limbic seizures. With its
improved chemical stability, strong efficacy, and better safety margin, HN37 has

progressed to clinical trial in China for epilepsy treatment (Zhang et al., 2021).

Based on P-retigabine structure, the N-3 tertiary butyl substituted compound has been
synthesized. The so-called compound 10g, exhibited a highly selectivity to K.7.4 and
K.7.5 channels without potentiating the other subtypes of the family. Mainly, the compound
increased current the current amplitude, with no effect on the voltage-dependent activation
curves probably because, according to authors, G-V shift should be sensitive to N3

structure alterations (Wang et al., 2018a).



To obtain more stable compounds another strategy has been to replace the secondary
amine linker by a sulphur atom. With this approach Bock and colleagues have produced a
series flupirtine/retigabine derivatives which showed a strong less oxidative behaviour and
a pharmacological activity retained or even increased. For example, flupirtine analogue
compound 48, showed an enhanced potency on K,7.2/7.3, improved toxicity/activity ratio
and the same efficacy as retigabine while compound 36 showed the same potency and

efficacy as flupirtine but less toxicity (Bock et al., 2019).

Another flupirtine/retigabine chemical analogue is NS15370, a potent K,7.2-K,7.5 channels
activator. NS15370 is effective in rodent models of partial epilepsy the 6 Hz seizures and
rat amygdala kindling providing full protection against discharges (Dalby-Brown et al.,
2013).

To remove the aniline ring of the retigabine, responsible for dimers formation, a series of
dimethoxy-pyrimidines have been synthesized by Davoren and colleagues. Among them
the lead compound PF-05020182, in which the aniline structure and carbamate at the 5-
position have been replaced with a 4,6-dimethoxypyrimidine and an amide respectively,
showed: potent K,7.2/7.3 channel opener activity, no effect over the cardiac K.7.1/KCNE1

channels and anticonvulsant activity in the MES model (Davoren et al., 2015).

Based on the structure of retigabine and PF-05020182, using a hybridization drug design
strategy, a novel series of substituted piperidine derivatives were obtained by replacing the
carbamate group with an amide group and two methyl groups into the core phenyl
scaffold. Between these, compound 11 displayed a better activity than retigabine on
K\7.2, a slightly higher potency in vitro and a good pharmacokinetic profile in rat (Yang et
al.,, 2018a). Piperidine derivatives were subsequently optimized by the authors who
synthesized a novel series of N-phenylbutanamide derivatives. Several molecules were
found to be potent K.7 openers in Rb* flow assay, in particular compound 1 emerged for
its higher potency than retigabine in Rb* flow assay. Subsequently tested by patch-clamp,
compound 1 showed higher efficacy in leftward shifting the V1, compared to retigabine. A
significant anticonvulsant activity in MES model with no adverse effects and good brain

permeability was also exhibit (Yang et al., 2018b).

To reduce the formation of dimers responsible for the mucocutaneous discoloration
induced by long-term use of retigabine, Surur and colleagues applied a retro-metabolic
drug design strategy; starting for the dimers structure, they synthesized a series of 43
compounds were the amino groups supposed to be involved in the dimerization reaction

are modified. Two derivatives emerged: the compound 22d was more potent that



retigabine in activating K,7.2/7.3 channels, but it displayed limited aqueous solubility; the
compound 25b was less potent than compound 22d but more soluble in aqueous
solutions and showed a safe hepatoxicity profiles in vitro (Surur et al., 2019). The same
research group also tried a ligand-based design strategy, replacing amino substituents of
the triaminoaryl core with alkyl substituents, generating led carba analogues of flupirtine
and retigabine with improved oxidation resistance and negligible risk of quinoid metabolite
formation, as observed the N-1/3 dicarba analogues 35a and 43b, displaying a good
submicromolar K,7.2/7.3 opening activity, no critical toxicity in vitro and improved oxidation
stability (Wurm et al., 2022a). The author further attempted to separate retigabine and
flupirtine activity from toxicity by employing a drug design strategy to avoid the detrimental
oxidation of the central aromatic ring. The inversion of the amide group (forming a
nicotinamide central scaffold) together with an additional methil group in ortho position
respect to the amide group, resulted in compound 36b, a flupirtine analogue showed
potent K,7.2/7.3 opening activity, being six times as active as flupirtine itself, and by design
is devoid of the potential for azaquinone diimine formation (Wurm et al., 2022b). A further
attempt to increase K,7.2/7.3 opening ability was made by introducing a morpholino
substituent and a 2,2,2-trifluoroethoxy group in the structure of compound 36b. The
resulting compound 18c was 150 times more potent than flupirtine and 20 times more
potent than retigabine in activating K,7.2/7.3 channel in a fluorescence-based assay.
Compound 18c also showed a superior toxicity/activity ratio, but also a low water solubility
(Wurm et al., 2023).

A different strategy to improved chemical stability was explored by Ostacolo and
collaborators who synthesized three different series of conformationally restricted
retigabine analogues. Among 42 tested compounds, the two selected compounds 23a
and 24a were able to increase K,7.2 currents more than retigabine at -40 mV and at 0
mV. Compared to the reference compound, compounds 23a and 24a exhibited slow
ON/OFF kinetics due to their increased hydrophobicity, a very important aspect since, as
report previously, one limit of retigabine is its poor brain penetration, a pharmacokinetic
drawback that might be improved by the increased hydrophobicity. Additionally, compared
to retigabine compound 23a showed higher potency on K,7.2 channels, whereas no
change in potency was observed for 24a. Furthermore, both derivatives showed higher
potency in activating heteromeric K,7.2/7.3 and homomeric K,7.4 channels (Ostacolo et
al., 2020).



Lately, Xenon Pharma has developed the XEN1101, a K,7 potassium channel modulator,
chemically designed to improve potency, selectivity, pharmacokinetics, and chemical
stability of retigabine. Currently Xenon has initiated a Phase b clinical trial with XEN1101.
Moreover, Xenon has initiated a Phase Il randomized, double-blind, placebo-controlled,
parallel group, multicenter clinical trial, called the “EPIK” study, evaluating the efficacy,
safety, and tolerability of XEN496, a pediatric formulation of retigabine, administered as
adjunctive treatment in approximately 40 pediatric patients aged one month to less than 6
years with KCNQ2-DEE.

Table 1.3. Flupirtine, Retigabine and Derivatives
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1.3.1.9.2 Acrylamides

Besides flupirtine and retigabine, other molecules act as potent K,7 channels activators,
like compounds belonging to the class of the acrylamide. Developed by the Bristol-Myers
Squibb Pharmaceutical Research Institute, the fluoro-oxindoles BMS-204352 (for all
structure molecules see Table 1.4) represent the first acrylamide synthetized. Originally
described as an agonist of calcium-activated potassium channels (BK channels) indicated
for the treatment of ischemic stroke (Gribkoff et al., 2000), BMS- 204352 was also active
on K.7.4 channels, producing a leftward shift of the activation curve and an increase in the

maximal current, with a potency similar to retigabine (Schroder et al., 2001).

Later, the Bristol-Myers Squibb, synthesized the so called (S)-1 compound, a K,7.2 opener
with excellent oral bioavailability, showing positive effect in a cortical spreading depression
model of migraine (Wu et al., 2003a) (S)-1 exhibited opposite effect on cardiac and
neuronal K,7 channels, acting as a blocker of K,7.1 and K,7.1/KCNE1 current whereas
enhancing K,7.4 and K,7.5 maximal current amplitude at all potentials, contrary to K,7.2
and K.,7.2/7.3, in which the activation/block of was strongly voltage-dependent (Bentzen et
al., 2006).

Since (S)-1 compound leading to the formation of a reactive intermediate found to be
responsible for CYP3A4 metabolism-dependent inhibition, subsequent structural
optimization yielded to the BMS-568274, a difluoro analogue which does not alter CYP3A4
metabolism, thus showing lesser potential for pharmacokinetic interactions (Wu et al.,
2003b).

In the search for more powerful compounds, the (S)-2 compound was developed. (S)-2
displayed a profound hyperpolarizing shift in the voltage-dependence of activation of K,7.2;
also, it was able to reduces spontaneous neuronal discharges in rat hippocampal slices
(Wu et al., 2004a). Following structure modification of (S)-2 lead to identification (S)-3, (S)-
4, and (S)-5 derivatives. Notably, (S)-3 was most potent but less efficacious compared to
(S)-2, while (S)-4 and (S)-5 showed moderate potency but improved efficacy over (S)-2,
(S)-3 and retigabine. Moreover, is important to underling that the (R)-enantiomers of these
compounds did not show any opener activity on K,7.2, thus suggesting a strong

stereoselectivity (Wu et al., 2004b).

Two biaryl ether acrylamides, (S)-6, and (S)-7, have been later synthetized: the (S)-6
derivative, in particular, is a strong K.7.2 and shown significant efficacy in the treatment of

neuropathic pain (Wu et al., 2013).



Finally, an analogue of acrylamide (S)-2, called SMB-1, showed a unique profile of action
on K.,7 channels; inhibiting K,7.2 and activating K.7.4 channels (Blom et al., 2014).
According to acrylamides binding site, (S)-1 and SMB-1 binds within the same pocket as
retigabine; in both case the activity on K.,7.4 was critically dependent on the tryptophan
residue in S5 (Bentzen et al., 2006).

Table 1.4. Acrylamides structures

Compound Name Structure
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1.3.1.9.3 Benzamides

Belonging the class of benzamides the compound ICA-27243 (for all structure molecules
see Table 1.5), represent the first benzamide described as a strong K.,7 activator. It
caused a strong hyperpolarizing shift in the voltage-dependence of activation in K,7.2/7.3
channel, but was less active on K,7.4 and K,7.3/7.5 channels. No effect on GABA-
activated chloride channels, Na, 1.2 or voltage-gated calcium channels have been
reported. In addition, ICA-27243 suppresses seizure-like activity in an ex vivo hippocampal
slice model and exhibits anticonvulsant activity in a broad spectrum of seizure animal
models such as MES, PTZ-induced seizures, amygdala kindling model of partial seizures
and in the 6-Hz model of psychomotor seizures (Wickenden et al., 2008; Roeffols et al.,
2008). For these reasons, ICA-27243 represented a good antiepileptic candidate, even
though toxicity studies showed that repetitive dosages of the drug-induced non hemolytic

anemia in animal models.

Therefore, novel N-pyridyl benzamides derivatives were synthesized, like the ICA-069673,
an orally active compound effective in several animal models of epilepsy, with good
pharmacokinetic properties and higher selectivity on K,7.2/7.3 over K,7.3/7.5 (Amato et al.,
2011).

Another compound belonging to the class of benzamides is ICA-110381 which
predominantly activates K,7.2 causing a hyperpolarizing shift in channel activation and a
slowing of channel deactivation. ICA-110381 showed anticonvulsant activity in the

amygdala kindling model by reducing seizure severity and duration (Boehlen et al., 2013).

A HTS of ChemBridge Diverset™ library composed by 20,000 compounds allowed the
identification of the benzamide ztz240, structurally similar to ICA-27243. On K.,7.2 ztz240
produced a significant increase in outward current amplitude, a slowing in deactivation
kinetics, and a marked left-shift on the voltage activation curve. On the other hand, ztz240
potentiates K.7.4 and K,7.5 more than K,7.2, in terms of current amplitude whereas, the
left shift of activation was similar. Finally, K.,7.3 and K.,7.1 were insensitive to the

compound (Gao et al., 2010).



Compared to retigabine and acrylamides, the compounds belonging to the class of
benzamides show a different binding site. While retigabine binds in a hydrophobic pocket
in the PD, benzamides bind to the VSD (Padilla et al., 2009), indeed the K,7.2 W236L
mutant channel was sensitive to both ICA compounds and ztz240 (Padilla et al., 2009;
Gao et al.,, 2010; Boehlen et al.,, 2013). Recently it has been demonstrated that these
compounds not only differ for the binding site but also for the subunit stoichiometry needed
to evoke their effects, indeed, while for retigabine a single subunit is sufficient to produce
the near-maximal effect (Yau et al., 2018), all four subunits are required for maximal
sensitivity to ICA-069673 and even a single insensitive subunit leads to significantly
diminished effects (Wang et al., 2018b).

To understand which residues in VDS are involved in the binding of these compounds
mutagenesis experiments were conducted. Considering the ztz240, the phenylalanine in
position 137 (highly conserved in the family of K, channels) was found to be critical for the
activity of the compound, and when mutated with an alanine (F137A) dramatically reduced
the effect of ztz240 on K,7.2. Also, other residues seemed important like E130, 1134,
G138, R207 (Li P et al, 2013). Regarding ICA-069673, Wang and co-workers
demonstrated that the two residues F168 and A181 in the S3 segment appear essential for
its activity (Wang et al., 2017). More recently, cryo-EM structures of the human K,7.2 in
complex with ztz240 has been obtained (Li X et al., 2020), confirming that the binding site
is located between the S3 and S4 segments in the VSD and residues F137, 1171, D172,
R207, R210 are involved in ztz240 binding. Indeed, electrophysiology experiments
performed on F137A, D172A, and R210Q mutants, in presence of ztz240, revealed a
reduced increase of outward current amplitude ratio and prevented or attenuated the left-
shift of the curve. Furthermore, R207Q attenuated the left-shift of the curve without
changing the outward current amplitude whereas mutation 1171A decreased the outward
current amplitude with no effect on the voltage activation. It is important to note that
residues involved in the interactions with the ztz240 are less conserved in K,7.1 or K,7.3.
This could explain the lesser sensitivity of these two K,7 family subtypes to ztz240 (Li X et
al., 2020).

Table 1.5. Benzamides structure

Compound Name Structure
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1.3.1.9.4 Fenamates

Belonging to the family of fenamates, meclofenamic acid (for all structure molecules see
Table 1.6) and diclofenac, two well-known nonsteroidal anti-inflammatory drugs acting as
non-selective inhibitors of the COX-1 and COX-2 cyclooxygenases, activate K,7 potassium
channel. Mainly these two compounds activate K,7.2/7.3 channels, by causing a leftward
shift in the voltage-dependent gating of the channel and slowing the deactivation kinetics
while no effects are elicited on cardiac K,7.1 channel (Peretz et al., 2005). Moreover,

diclofenac also exhibits anticonvulsant activity in MES model.

To separate the Iku-opening property from COX inhibition activity, several derivatives have
been developed. Among them, the diclofenac derivative NH6 was obtained by adding a
diethylene glycol tail to the carboxylic acid group of the molecule. On K,7.2/7.3 channels,
NHG6 caused a hyperpolarizing shift of the voltage activation curve and markedly slowing of
the deactivation kinetics whereas it did not affect homomeric K.,7.1 and heteromeric
K.7.1/KCNE1 currents. In cortical, hippocampal, and dorsal root ganglion (DRG) neurons
the compounds strongly reduced the number of evoked and spontaneous action potentials
while in hippocampal slices it decreased somatically evoked spike afterdepolarization of

CA1 pyramidal neurons. By activating K.7 channels, NH6 decreased the frequency of



miniature excitatory (mMEPSC) and inhibitory (mIPSC) postsynaptic currents with no

modification in their amplitude and waveform (Peretz et al., 2007).

The second derivative of diclofenac called NH29 was able to increase K.7.2 currents,
produced a hyperpolarizing shift in the gating of the channel, and significantly enhanced
both activation and deactivation kinetics of K,7.2 channels, whereas like the other
members of the family it failed to activate homomeric K,7.1. In DRG neurons and primary
cultures of hippocampal neurons NH29 reduced the number of evoked spikes and
depressed synaptic transmission, respectively. NH29 was active in retigabine-insensitive
K.7.2 W236L channels suggesting that did not interact with the retigabine binding site on
K.7.2. Docking studies have demonstrated that NH29 binds a pocket in the VSD formed by
K120 in the S1-S2 loop, Y127 and E130 in helix S2, and L200 and R207 in S4. Here, the
nitro group of one aromatic ring of NH29 forms a hydrogen bond with the guanidinium
group of R207 and the carboxylate of E130 (Peretz et al., 2007).

Table 1.6. Fenamates structure
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1.3.1.9.5 Other chemotypes of neuronal K,7 activators

In 2011 Yu and co-workers screening the NIH Molecular Libraries Small Molecule
Repository (MLSMR) containing 300, 000 molecules, identified the compound ML-213
(for all structure molecules see Table 1.7). The authors reported that this molecule
activated preferentially K,7.2 and K,7.4 channels (Yu et al., 2011), although it was later
found to be a pan K.7.2-7.5 activator (Kanyo et al., 2020). Subsequent studies performed
in A7r5 vascular smooth muscle cell line, have shown that ML-213, was a potent and
effective activator of homomeric K,7.5 and heteromeric K.,7.4/7.5 channels and was able to
increase the maximum conductance, to negatively shift of their activation curves and to
decrease the current deactivation rates. Substitution of the tryptophan residue at position
235 of K,7.5 and 242 of K,7.4 to leucine (W235L/W242L), abolished the effects of ML-213
on K,7.5 and K.,7.4 demonstrating that the compound recognized the same binding site of

retigabine (Brueggemann et al., 2014).

Zinc Pyrithione (ZnPy), a compound used for the treatment of psoriasis and dandruff
control, has been demonstrated to be a potent activator of K,7 channels, except for K,7.3
and K,7.1/KCNE1 subunits. This molecule produced an increase in open probability, a
leftward shift in the activation process and a reduction in the deactivation rate (Xiong et al.,
2007). The binding site is located within the pore, but unlike retigabine ZnPy is active in
retigabine-insensitive K,7.2 W236L channels suggesting that this residue is not essential
for the activity. Moreover, mutagenesis studies based on K,7.2 channels have revealed
that residues L249 in S5, L275 between S5 and the pore region, and A306 in segment S6
play an important role (Xiong et al., 2008).

A HTS of a library of 80,000 compounds enabled the identification of two novel K,7.2
activators, the amide ZG1732 and the benzothiophene ZG2083. The two selected
compounds increased the outward K,7.2 currents and left shifted the activation curve, at

micromolar concentrations (Yue et al., 2016).

The compound NS1643, reported as an opener of K,11 channels, is also a K,7 channel
activator; in fact, NS1643 potentiated homomeric K,7.2, K,7.4, and heteromeric K,7.2/7.3,
but not cardiac K,7.1 channel. When tested on K,7.2 channels, NS1643 left shifted the

activation curve and slowed deactivation (Li et al., 2014).

Benzbromarone (BBR), an inhibitor of urate transporters, has been recently

demonstrated to activate K.7 channels. BBR shows promising antinociceptive effects,



consistently attenuating bradikinin-, formalin-, or monosodium urate-induced inflammatory

pain in rat and mouse models (Zheng et al., 2015).

At the American Epilepsy Society’s 2019 meeting, Knopp Biosciences presented a new
K\7 channel activator, compound KB-3061, described as a potent K,7.2/7.3 channel
activator studied for the treatment of KCNQ2-Neonatal Epileptic Encephalopathy
(Picchione et al., 2019).

The 4- aminotetrahydroquinoline ZK-21 is a potent K,7.2 activator. Its structure
represented a novel K,7 activator chemotype identified by Hernandez and colleagues
screening an in-house library of compounds through an electrophysiological HTS. Since
ZK-21 lost activity in the K,7.2W236L mutant, this new lead structure is likely to occupy the
same pore region S5 binding site as retigabine and the RL-series of compounds
(Hernandez et al., 2022).

Compound GRT-X was synthesized during a search for novel analgesics acting on K,7
channels (Kihnert et al.,, 2012). This K,7 allosteric modulator lacks a GABAergic
component (Bloms-Funke et al.,, 2022a). In a receptor and ion channel screen, the
mitochondrial translocator protein 18 kDa (TSPO) receptor was identified as the only other
target of GRT-X in addition to K,7 potassium channels. Subsequent in vitro and in vivo
experiments showed that GRT-X acts as an activator at the TSPO receptor, stimulating the
synthesis of GABAmimetic neurosteroids such as allopregnanolone in the rat brain
(Bloms-Funke et al., 2022a). GRT-X is the first drug combining an agonistic effect at K.7
and TSPO receptors. When its antiseizure efficacy was compared to that of retigabine in
six different rodent epilepsy models, GRT-X was more effective than retigabine in three of
the tested models, the most important difference being the high efficacy in the 6-Hz

seizure model in mice (Bloms-Funke et al., 2022b).

Table 1.7. Structure of other chemotypes of neuronal K,7 activators
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1.3.1.9.6 Gaba, gabapentinoids, and ketogenic diet

The hypothesis that endogenous ligand, with similar chemical properties to retigabine,
were able to bind the conserved tryptophane residue in S5 of K,7 channels was pursued
for the first time by Manville and colleagues. The authors found that the primary inhibitory
neurotransmitter GABA, containing a negative electrostatic surface potential cantered on a
carbonyl group (like retigabine), interacted with K,7.2-5 tryptophane; electrophysiological
recordings showed that K.,7.3, K,7.5 and K.7.2/7.3 channels, were activated by GABA,

which caused a negative-shifts in the voltage activation current (Manville et al., 2018Db).



Because of the structural similarities with GABA, the authors, hypothesized that
gabapentin and pregabalin could modulate K,7 channels. The results obtained showed
that gabapentin, but not pregabalin, was a potent activator of the heteromeric K,7.2/7.3
and homomeric K.7.3, K.7.5 channels, exhibiting nanomolar potency (Manville et al.,
2018c) But was ineffective in K,7.2 and K,7.4 channels. Gabapentin activation of K,7.2/7.3
or homomeric K,7.3 channels requires K,7.3-W265 residue, the conserved tryptophan in
segment S5. Pregabalin failed to activate K.7.2/7.3 because it lacks of the negative
electrostatic surface potential close to carbonyl group (Manville et al., 2018). More
recently, gabapentin has been used for the first time as a precision treatment in a DEE-
affected child carrying a de novo LoF in KCNQ2 (Soldovieri et al, 2020).

Two related endogenous metabolites of GABA, B-hydroxybutyric acid (BHB) and y-
amino-B-hydroxybutyric acid (GABOB) have been reported to activate K,7.2/7.3. BHB,
the primary ketone body generated by ketosis, directly activated K,7.2/7.3 channels and
exhibited an anticonvulsant activity in the PTZ seizure assay in mice. Also, GABOB
activated K,7.2/7.3 channels with high affinity and lower efficacy than GABA or BHB. In
addition, GABOB acted as a partial agonist and competed with GABA, retigabine and BHB
for the same binding site (Manville et al., 2020). Among non-pharmacological therapies,
the ketogenic diet has been shown to be particularly effective in children with DEE caused
by KCNQ2 variants (Ko et al.,, 2018). More recently, Miceli and co-authors have
demonstrated that BHB was able to reverse channel dysfunction induced by the K,7.3-
M240R variant identified in a SeLFNS family (Miceli et al., 2020).

1.3.1.9.7 Polyunsaturated fatty acids (PUFA) and endocannabinoids

Polyunsaturated fatty acids (PUFAs) are naturally occurring lipids formed by a carboxyl
head group and an unbranched hydrocarbon tail, that contains two or more double bonds
in cis conformation. PUFA are part of the human diet and cannot be formed de novo in the
human body, but they can be transformed in the body to generate other desired PUFA

species, such as triacylglycerols and phospholipids.

PUFA, generated from the hydrolysis of phospholipids by phospholipases, can interact
with membrane proteins, such as ionic channels. It was observed that PUFA can
potentiate K, channels (Borjesson et al. 2008). In particular, PUFAs can activate K.7.1
(Liin et al 2015), K,7.2/7.3 (Liin et al., 2016) and K,7.5 (Frampton et al., 2022) inducing a
shift in the voltage dependence of the channels and an increase of the maximum
conductance observed at the most positive voltages. The molecular hypothesis for K,7

PUFAs activation involved electrostatic interactions between positively charged arginine in



the upper half of S4 of the VSD and the negatively charged head group on PUFAs (and
their analogues) (Yadzi et al., 2021; Liin et al., 2018).

Interestingly, PUFAs showed an opposite effect in K,7.4, where they inhibit activation of
the channel by shifting the voltage dependence toward more positive voltages. In K,7.4
PUFAs bind to a different region compared to the other K,7 channels (Frampton et al.,
2022) and this is a possible explanation for their different mechanism of action in this

channel.

Endocannabinoids are a class of bioactive lipids that bind to cannabinoid receptors. The
endocannabinoids are PUFA-related substances and recently they have been described

as K.,7 channels activators.

Arachidonoyl-L-Serine (ARA-S), an arachidonic acid-based endocannabinoids, was
identified as a potent activator of K,7.2/7.3, K,7.1 and K,7.5 but not K,7.4, which instead
was inhibited. Interestingly, Larson and colleagues found that co-application of ARA-S and
retigabine allowed to use lower concentrations of both drugs to still observe a K,7.2/7.3

channel opening effect, without activation of other K,7 subtypes (Larson et al., 2020).

Other endocannabinoids, as well as the cannabidiol (CBD) were also recently reported to
act as agonists for K,7 channels in heterologous CHO cells, as well as in superior cervical

ganglion, and hippocampal neurons (Incontro et al., 2021; Zhang et al., 2022).

1.3.1.9.8 Traditional medicine

In recent years, several plant compounds have proven effective in activating K.7
potassium channels. Two components of M. oppositifolius leaf extract, mallotoxin (MTX)
and isovaleric acid (IVA) have been reported to be potent activator of K.,7.2 channels,
synergistically activate K,7.2/7.3 and protect against tonic seizures and associated
mortality in PTZ mouse model. MTX and IVA bind the same binding pocket of retigabine,
but mutagenesis results indicate a differential requirement of W236/W265. The presence
of these residues was not required for MTX binding, by contrast, was essential for I[VA on
activating K,7.2/7.3. Retigabine might synergize with MTX and/or IVA, converting K.7.2/7.3
it into a voltage-independent channel (Manville et al., 2018a). The compound E-2-
dodecenal contained in methanolic cilantro leaf extracts (Coriandrum sativum) activated
preferentially K,7.2 and K,7.5 while lesser effects were produced on K,7.1 and K,7.4 and
no effect on K,7.3. Finally.K,7.2/7.3 channels were highly sensitive. Consistent with
docking studies, mutagenesis experiments confirmed that K,7.2—W236 residue in S5 and
K/7.2-R213 in the S4-S5 were both required for E-2-dodecenal effects in K,7.2/7.3



channels (Manville et al., 2019a). Additionally, E-2-dodecenal showed anticonvulsant
activity in PTZ model. Aloperine, extracted from the Sophora flavescens specifically
activated K.,7.5 channel with nanomolar potency and required K.,7.5-R212 residue for both
binding and activation. In the vasculature, channels formed by K,7.5 alone or complex with

K.7.4 are a potential target for blood pressure control medications (Manville et al., 2019b).

Quercitin, a flavonoid present in the Capparis spinosa extract, was found to potentiate
K\7.1/KCNE1, K,7.2/7.3 and K,7.4 currents but not K,7.5. Strikingly, quercetin augmented
both activation and inactivation of K,7.1 via a unique K,7.1 activation mechanism involving
sites atop the voltage sensor and in the pore (Redford and Abbott, 2020).

Abbott and colleagues tested the effect of five plant-extracts derived from Native American
traditional medicine as analgesics and gastrointestinal therapeutics (A. menziesii, A.
glandulosa, U. dioica, P. munitum, and H. maximum) on K,7.2/7.3 channels. They found
that tannic acid, gallic acid and quercetin were the principal K.7 active compounds in the
extracts. In particular, tannic acid increased K,7.2/7.3 current at hyperpolarized potentials,
and gallic acid to a lesser extent. Moreover, while tannic acid also activated K,7.1 and
K/7.1/KCNE1 at hyperpolarized, negative membrane potentials, it inhibited K,7.1-KCNE3

at both negative and positive membrane potentials (Abbott et al., 2021).

1.4 The need for new antiseizures medications

Epilepsy is most commonly treated with antiseizures medications (ASMs), also called anti-
epileptic drugs (AEDs), administered chronically with the intent of preventing the

occurrence of epileptic seizures.

From the first reported use of bromide for seizure control in 1850s, more than 20 ASMs
have been introduced with the aim of providing better efficacy or safety profile than the

previous drugs.

ASMs approved prior to 1989 are generally referred to as “first-generation”, those
introduced after as “second-generation”. The more recently approved agents that either
represent improvement on a classic drug family or have new mechanisms of action, are
often considered as “third-generation” ASMs. Compared to the first-generation ASMs,
some of the second and third generation ASMs demonstrated similar efficacy in seizure
control while having more favourable pharmacokinetics and drug interaction profiles
(Chen, Brodie and Kwan, 2020) (Figure 1.16).
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Figure 1.16 Chronological development of antiseizure medications (ASMs) according to the year they were
first approved. (From Chen, Brodie and Kwan, 2020)

ASMs mechanisms of action can be classified into four basic subdivisions:

1) regulation of voltage-gated sodium channels (e.g., phenytoin, carbamazepine), voltage-
gated calcium channels (e.g., ethosuximide), or voltage-gated potassium channels (e.g.,

retigabine);

2) augmentation of inhibitory neurotransmission through gamma-aminobutyric acid type A

(GABA\) receptors (e.g., benzodiazepines, tiagabine);
3) reducing excitatory neurotransmission through glutamate receptors (e.g., perampanel);

4) regulating neurotransmitter release through alterations at the presynaptic terminal (e.g.,

levetiracetam, gabapentin) (Sills and Rogawski, 2020).

These actions reduce the probability of seizure occurrence by modifying the bursting
properties of neurons, reducing synchronization in localized neuronal ensembles, and

inhibiting the spread of abnormal firing to adjacent and distant brain sites.

Despite such variety of mechanisms, studies have shown that ASMs fail to control
seizures in more than 30% of clinical cases (Pohimann-Eden and Weaver, 2013), resulting
in the development of pharmacoresistant epilepsy (PRE) also referred to as drug-resistant

epilepsy (DRE).



According to the ILAE, a patient is deemed to suffer from PRE when 22 ASMs are
incompetent in seizure control, even after being appropriately selected based on the

patient's history and subject to sufficient drug usage (Kwan et al., 2010).

PRE is likely due to several, multifactorial mechanisms, which may even occur together in
the same patient. Current hypotheses about the mechanisms underlying PRE can be
broadly categorized into three groups: disease-related mechanisms, drug-related

mechanisms, and genetic mechanism (Ldscher et al., 2020).

Long-term outcome studies suggested that, after failure of two well-tolerated ASM
schedules appropriately chosen for the seizure type(s), the chance of success with further

drug manipulation becomes progressively less likely (Chen et al., 2018).

Lack of seizure control is inversely associated with a higher risk of SUDEP (Langan
et al., 2005). Studies also observed that children diagnosed with PRE are more prone to
the risk of developing ID (Cormack et al., 2007).

Studies of PRE may be complicated by unexplained temporal dynamics: the same person
may have prolonged periods of seizure freedom, with intervals during which seizures
cannot be controlled (Berg et al., 2003). In theory, at least four clinical patterns of drug

resistance can be observed:

1) de novo (or ab initio) PRE, whereby the patient never enters a useful period of seizure

freedom from the onset of the epilepsy;

2) delayed resistance, which is when the patient initially becomes seizure-free but seizures

recur and become uncontrollable;

3) a waxing-and-waning (or fluctuating) pattern, which occurs when the epilepsy alternates

between being controlled and uncontrolled;

4) the epilepsy is initially drug-resistant but with time responds to treatment (Schmidt and
Ldscher, 2005).

Patients with PRE often undergo presurgical evaluation as resective surgery has been
shown to offer a better chance of controlling seizures (Anyanwu and Motamedi, 2018).
Resective surgery involves the removal of a small portion of brain tissue where seizures
occur, such as the site of a tumor, brain injury or malformation. However, not all patients
qualify for surgery. As a management alternative, patients with PRE who do not qualify for
resective surgery are often instructed to follow dietary therapies. The ketogenic diet is the
most widely used and best validated such treatment approach and consists in a special

high-fat, low-carbohydrate diet that helps to control seizures in some people with epilepsy.



(Goswami and Sharma, 2019). However, due to its unappetizing and restrictive
characteristics, the ketogenic diet is often discontinued by patients (D’Andrea Meira
et al., 2019). Moreover, side effects such as hypercholesterolemia, as well as bone,
growth and cardiac impairments are reported in children long-term exposed to this diet
(Wells et al., 2020).

Although new ASMs are being designed every year, still 30% of people with epilepsy have
seizures that remain drug-resistant, even if ASMs with different mechanisms of action are
combined (Chen, Brodie and Kwan, 2020).

Thus, there is an urgent need to design newer and more effective anti-seizures drugs and

to identify new molecular targets.

1.5 Drug discovery
Drug discovery is the first phase in the process of developing a new drug.

Drug development is very complex, expensive, and time-consuming process: it comprises
all the activities involved in transforming a newly identified bioactive molecule (the end-
product of the discovery phase) to a product approved for marketing by the appropriate
regulatory authorities. Developing a drug from the identification of a new candidate to the
launch of a finished product can take 12—15 years and cost about 1-2 billion euro for each

new drug to be approved for clinical use and marketed (Hughes et al., 2011).

Typically, drug development can be divided into four main stages with different aims
(Figure 1.17):

1. Drug Discovery process: aims to find potential new molecules (called /eads) active in a

specific disease-related target.

2. Pre-Clinical Phase: points to characterize the leads for their safety and efficacy. Data

collected in this phase are necessary to authorize investigation in humans.

3. Clinical Phases: the drug candidates resulted safe in the preclinical studies are tested in
humans. In phase |, the safety, pharmacokinetics, best dose, timing, and route of
administration of a new treatment are evaluated in healthy volunteers; in phase Il the
effectiveness and possible side effects of the new treatment are tested in patients; in
phase Il the treatment is tested in a larger number of patients through randomized

controlled multicentre trials to better asses its value in clinical practice.

4. Regulatory Approval: agencies in charge of the evaluation and supervision

of pharmaceutical products review and approve, or do not approve, the drug application


https://en.wikipedia.org/wiki/Medication

submitted by the development company. In Europe this task is assigned to the European
Medicines Agency (EMA), in the United States of America the federal agency Food and
Drug Administration (FDA) is responsible for controlling and supervision of drugs, dietary

supplements and food safety.
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Figure 1.17 Drug discovery and development timeline. The current drug approval pipeline can take ~15
years. It is estimated that from 5,000-10,000 compounds only one new drug reaches the market.

An unmet clinical need is the underlying driving motivation to start a program to develop a
new drug, therefore the first and most important step in the drug discovery process is the
identification of a biological target (e.g., a gene, an enzyme, an ion channel, or a receptor)

and its validation as pathogenically relevant and druggable.

This phase is influenced by a complex balance of scientific, medical, and strategical
considerations and needs strong experimental evidence: in vitro tools, animal models and
modulation of a desired target in disease patients are combined in a multi-validation
approach to demonstrate that |) the target plays a crucial role in the pathogenetic
mechanism and Il) pharmacological actions on the target significantly modify the

consequences of the disease.

Once the target has been identified and validated, different approaches can be used to
identify new molecules acting on it and called lead compounds. Traditional approaches to
identify new leads active on the target of interest rely on a stepwise synthesis and in vitro
testing of large number of compounds to identify a potential candidate. In comparison to

traditional methods, rational drug design methods used to identify new lead compounds or
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during the lead-optimization stages bring down the time and cost involved in the drug

development process and has become an essential part of drug discovery projects.

1.5.1 Structure-based drug design

Drug design, often referred to as rational drug design, is the inventive process of finding
new medications based on the knowledge of a biological target. Based on available
information, two different drug design approaches can be used: structure-based drug
design (SBDD), used when the three-dimensional (3D) structure of the target is known and
is exploited to develop new modulators; ligand-based drug design (LBDD), used in the
absence of the receptor 3D information, and relying on the molecular structure of known
ligands of the biological target. These methods are also referred to as “computer aided” (in

silico) drug design.

The 3D structures required for SBDD are determined by experimental techniques such as
X-ray crystallography, NMR spectroscopy and Cryo-EM and collected in the Protein Data
Bank (PDB). Compared to X-ray crystallography, cryo-EM specimen is made by fast
freezing biological samples in liquid nitrogen temperature directly from the solution,
therefore maintaining the macromolecules in their soluble states in comparison with a state
in the crystal packing constraint. This lends cryo-EM the advantage to reveal structures in

more close-to-native state than X-ray crystallography (Wang et al., 2017).

If the structure of the protein drug target is not available, protein structure can be predicted

by computational methods like threading and homology modelling.

The 3D structure of a target is studied using software allowing molecular docking and
molecular dynamics (MD) analysis. These techniques are not only able to predict if and
where a ligand interacts with a target, but also which type of interaction occur between the
ligand and the target, thus, helping in the definition of the relationship between chemical-

physical properties and the pharmacological activity of the molecule.

In the first part of the present work, a SBDD study was carried out using the K,7.2 CryoEM
structure in complex with retigabine (Li X. et al., 2021) to analyse the chemical space in
the retigabine binding pocket. This knowledge has guided the synthesis of novel retigabine
analogues designed to find new ligand-target interactions increasing the retigabine K,7

opening ability, as described in section 4.2.



1.5.2 Drug repurposing

Drug repurposing (also named drug repositioning, reprofiling, redirecting or re-tasking) is a
strategy for identifying new uses for approved or investigational drugs that are outside the
scope of the original medical indication. It is also called “drug rescue” when a new use for
a developmental drug, that failed for its primary intended purpose, is successfully
identified.

Drug repurposing offers various advantages over developing an entirely new drug for a
given indication, such as lower failure risk, reduced time frame and less economic
investment. These advantages are greater the more preclinical and clinical phases
(preclinical testing, safety assessment in human, formulation development) have been
completed for the drug. Although the regulatory and phase Ill costs may remain more or
less the same for a repurposed drug as for a new drug in the same indication, it was
estimated that the costs of bringing a repurposed drug to market is around 300 million

euro, compared with an estimated 1-2 billion for a new chemical entity.

Historically, drug repurposing has been largely opportunistic and serendipitous: once a
drug was found to have an off-target effect or a newly recognized on-target effect, it was
taken forward for commercial exploitation. A classic example is thalidomide, a sedative
marketed in some countries in 1957 but withdrawn within 4 years owing to its teratogenic
effects in children born to mothers who had taken the drug during the first trimester of their
pregnancies. Thalidomide was first serendipitously found to be effective in the treatment of
erythema nodosum laprosum (Opromolla et al., 1966), decades later in multiple myeloma
(Singhal et al., 1999) and the research about its possible repurposed uses is still on-going
(Teng and Siegel, 2022), even going so far as to test a possible use against SARS-CoV-2

infections (Sundaresan et al., 2021).

Typically, a drug repurposing strategy consists of three steps: 1) identification of the right
drug for an indication of interest with a high level of confidence (hypothesis generation); 2)
mechanistic assessment of the drug effect in preclinical models; 3) evaluation of efficacy in
phase Il clinical trials (assuming there is sufficient safety data from phase | studies

undertaken as part of the original indication).

Early serendipitous successes have encouraged the development of more systematic
approaches to aid drug repurposing, especially for the first crucial step of generating a new
hypothesis of use. These systematic approaches can be subdivided into experimental

approaches and computational (in silico) approaches.



Among the experimental approaches there is the phenotypic screening. In the world of
drug discovery and development, the term phenotyping screening is used to describe the
techniques adopted to identify the biological effects of a drug directly or indirectly linked to
a disease. Drugs candidates are tested in cell-based or whole organism HTS assays to
evaluate their possible effect on cell viability, cell apoptosis, infection, cell motility, cell

cycle, signalling pathways or disease-related mechanisms.

In the second part of the present work an assay called FluxOR was optimized using K,7-
expressing cells as a phenotypic screening to measure the K,7 opening ability of
compounds. This experimental paradigm was used to screen the Fraunhofer repurposing
library with the aim to repurpose already approved or tested drugs as new ASM acting as

K.7 channels activators, as described in the section 4.3.

Drug Repurposing and rare diseases

Rare diseases, also called “orphan diseases”, are defined by WHO as diseases with a
prevalence of less than 6.5-10 in 10,000 (Aronson et al., 2006). It is estimated that more

than 7,000 rare diseases exist and over 95% of them lack an approved therapeutic agent.

It is very challenging to develop new drugs for the treatment of rare diseases for different
reasons: 1) the number of patients suffering from these diseases is very limited; 2) often
there is high variability among patients since rare diseases are mostly influenced by
genetic factors; 3) financially, the development and subsequent production of these drugs
to treat rare disease is not viable for the pharmaceutical companies. Therefore, drug
repurposing is a particularly attractive approach for rare diseases for both scientific and

commercial reasons (Pushpakom et al., 2019).

Commercially, there are specific regulatory measures that are meant to encourage
research into rare diseases, e.g., commercial exclusivity in situations where repurposed

products cannot be protected by a patent or if that patent is weak.

Scientifically, these conditions are often poorly patho-physiologically characterized,
therefore computational techniques for predictive repurposing offer a relatively quick

method to identify testable hypotheses that may be translated into the clinic.

The drug repurposing approach to find treatments for rare diseases often leads to an “off-
label" drug use. Off-label refers to the practice of prescribing a drug for a different
indication than what approved, or for a different dosage form, dose strength, route of

administration or in that patient age group which are not approved. To be used in this way,



proofs of drug efficacy and safeness in preclinical as well as clinical studies are needed.
Off-label drug use is being extensively practiced by physicians to treat any life-threatening
condition where no treatment is available and there is strong evidence that off-label use of

a drug may be helpful for the patient.

Rare diseases include various forms of epilepsy, especially severe early-onset genetic
epilepsies that are often drug-resistant and affect patient's neurocognitive development. In
such cases a quick identification of a treatment option, such as the off-label use of a

repositioned drug, is crucial.

There are many examples of drugs which have been first prescribed as “off-label” in a
patient with a rare disease and then the encouraging results paved the way for its use in a
larger number of patients. One of this is the case of quinidine repurposed to treat seizure

disorders caused by mutations in the Kya1.1 potassium channel (Liu et al., 2022).

Pathogenic Kya1.1 variants prompting GoF effects cause a range of rare infant-onset
epilepsy syndromes frequently associated with developmental delay and characterized by

drug-resistant seizures (Bonardi et al., 2021).

Quinidine, a class | antiarrhythmic agent blocking Na* channels (Grace and Camm, 1998)
also inhibits Kna1.1 channels (Yang et al., 2006), including those carrying GoF mutations
causing epilepsy (Rizzo et al., 2016; Dilena et al., 2018). Based on this evidence, quinidine
was tested as off-label treatment in a patient affected by a Kya.1.1-related
pharmacoresistant epileptic syndrome and it was found to reduce seizure frequency
(Bearden et al. 2014). This result prompted other clinical trials of quinidine for treatment of
Knal.1-related epilepsies, with different outcomes (Fitzgerald et al., 2019; Xu et al., 2022).
Although not effective in all patients in controlling seizures, and despite its clinical use is
limited due to the adverse effect of QT prolongation (Mullen et al., 2018) quinidine is
nevertheless a therapeutic option to be explored for severe Kna.1.1-related epilepsies
otherwise resistant to common ASM, therefore representing an example of how drug

repurposing can be helpful to find treatments for rare diseases.

1.5.3 lon channels high-throughput screening (HTS) techniques

Given the variety of fundamental physiological processes in which they are involved, ion
channels represent a class of attractive drug targets for in vitro pharmacological profiling.
Traditionally, patch clamp electrophysiology is the gold standard for ion channel studies.
However, the method is time-consuming with a low throughput and requires highly trained

staff to perform the experiments.



One of the in vitro technologies developed in the 1990s that enable a rapid evaluation of
thousands of chemical compounds in biologic assays is the HTS, consisting of highly
automated screening systems to record a biological activity at the model organism,
cellular, pathway, or molecular level. Cell based assays involve cell lines derived from

human or animals, immortalized cell lines or induced pluripotent cells lines (iPSCs).

Evaluation of molecule collections using these automated systems increases the chance
to find active compounds, the so-called “hits” compounds, that represent the basic
structures on which pharmaceutical chemists and biologists will focus to identify the
prototype molecule, the “lead” compound. HTS can also be performed using libraries of

known bioactive molecules/already tested drugs to explore drug repurposing opportunities.

In the past decades, the rapid progress in developing functional assays and
instrumentation has enabled HTS campaigns on an expanding list of ion channel types (Yu
et al. 2016). The HTS methodologies for studying ion channels can be divided into non-
electrophysiological and electrophysiological methods and include the ligand binding
assay, flux-based assay, fluorescence-based assay, and automated electrophysiological

assay.

Non-electrophysiological ion channels HTS methods

Ligand binding assays was extensively used, in the past, to screen channel modulators.
This assay requires previous knowledge of |) target binding sites and Il) a radio-labeled
ligand. It is useful to determine the affinity of a given compound (without distinguishing
between an agonist or an antagonist) but not its ability to alter the functionality of ion

channels.

Because of its intrinsic limits, ligand binding assays have been replaced by Flux-based
assay, even if radiolabelled [*H]-astemizole, [*H]-dofetilide and ['*°I]-BeKm are still today
regularly used to assess K,11.1 (hERG) channel pharmacology or to investigate new
potential modulators (Finlayson et al., 2001). Flux-based assay has been successfully
applied to detect the functional change of ion channel activity. For this purpose, radioactive
isotopes like ?Na*, *Ca?*" and ®**Rb* have been used to trace the cellular influx or efflux of

specific ions, such as Na*, Ca*, and K* channels, respectively.

However, the inconvenience and cost associated with the handling of radioactive
materials, radioactive flux-based assay have been substituted by non-radioactive
fluorescence-based assay or considering the radioactive Rb", this has been replaced by

unlabelled Rb* detected by atomic absorption spectroscopy (Wang et al.,2004).



Fluorescence-based methods can measure the membrane-potential dependent- or ion
concentration-dependent changes of fluorescence signals by using voltage-sensitive dye

or ion-specific fluorescent probes, respectively.

Fluorescent reports of membrane potential are lipophilic compounds containing a
delocalized charge (oxonols) that respond to variation in membrane potential with changes
in intramolecular charge distribution or by plasma membrane association/dissociation,
which causes a change in their fluorescent emission. To date, these are being overcome

by genetically encoded indicators (e.g., GECIs) (Wu et al., 2019).

lon-specific fluorescent reporters commonly used are fura-2, fluo-3, fluo-4, for calcium
channels, PBFI for potassium and SBFI indicators for sodium. When the intracellular
concentration of the specific ion increases, a binding event occurs between the dye and
the ion, leading to an increase in fluorescence or a change in spectral properties of the
dye. The relatively small changes in the intracellular concentrations of Na* and K* under
normal physiological conditions can make Na*and K" indicators challenging to use,
particularly for HTS applications. In many instances, thallium (TI") flux assays offer an
outstanding alternative to fluorescent potassium and sodium indicators. They take
advantage of Tl*-selective fluorescent indicators, such as FluxOR or Thallos, and the fact
that potassium and sodium channels are permeable to TI*. When TI* is added to the
outside of cells loaded with TI*-selective fluorescent indicators, TI* entering cells through
ion channels permeable to Na* or K* results in a dramatic increase in fluorescence. An
example of the application of a fluorescence-based HTS using TI*-sensitive indicators is
offered by the work of Spitznagel and colleagues that used the Thallos assay in HEK293
cells engineered to express Kna.1.1 potassium channels and screened a 100,000
compounds library, identifying a new Kya1.1 channel blocker, namely VU0606170
(Spitznagel et al. 2020).

Electrophysiological ion channels HTS methods

Electrophysiological techniques range from the classical patch-clamp to multielectrode
arrays (MEA). Conventional patch-clamp represents the gold standard to directly record
ion channel activity but suffers from low throughput and is labor-intensive, requiring highly
skilled and trained personnel. To overcome these limits, Automated electrophysiological
assays have been developed and to date, many automated platforms are commercially
available (PatchXpress, lonFlux, Qpatch, Patchliner, SyncroPatch, lonWorks ecc).

Compared to traditional patch, glass pipettes are replaced by a planar substrate
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characterized by openings where the single cell is placed. This removes the physical
technicalities and allows for parallel experimentation. These technologies have been
profitably used to identify new potassium channels modulators within small collections of
compounds, as described by Hernandez and colleagues that used the SyncroPatch to
screen an in-house library of 22 compounds and identified the compound ZK-21

representing a new K,7.2 channel agonist chemotype (Hernandez et al., 2022).

Conversely, MEA is characterized by multi-well plate with multiple electrodes at the bottom
of each well, allowing for real-time spontaneous activity measurement from hundreds of
neurons simultaneously under normal culture conditions. This device is suitable, for
example, to observe the response of iPSC-derived neurons to compounds added to the
well. Recently, Hirose et al. have reported that using inhibitor and excitatory neurons
differentiated from Dravet syndrome iPSCs in MEA, they identified among 13 million drugs,
two AED candidate compounds that mitigated deficient electrophysiological activity in
inhibitory neurons, the core pathogenic mechanism of Na,1.1 haploinsufficiency Dravet

syndrome (Hirose et al., 2020)

Different HTS approaches can be combined to screen large libraries of molecules, validate
hits, and successfully identify new leads compounds. An examples of the application of
these techniques in the discovery of new potassium channels modulators is offered by the
works of Yue and colleagues: they demonstrated that the use of a fluorescence-based TI*-
flux HTS (FIuxOR) in combination with an automated patch-clamp technology (lonWorks)
enhanced the chance to identify new K,7.2 activators in a library of thousands of
compounds and reduced the false positive hit rate previously observed in other screening
campaigns. In their work the FIuxOR assay was used in a K,7.2-expressing cell line to
primary screen a library of 80,000 compounds, identifying the 565 primary hits. They were
subsequently screened using the lonWorks automated patch-clamp technology, this
validation phase led to the identification of compounds ZG1732 and ZG2083, showing
higher potency in activating K,7.2 compared to the reference compound ztz240 (Yue et al.
2016).

1.5.4 Libraries of compounds

The outcome of a HTS depend on three major factors: the chosen target, the screening
assay, and the quality of the compound library. Many virtual and physical libraries of

compounds, with different properties, are commercially available. The choice of the library



to be used is important whether the screening to perform is virtual or experimental, for

repurposing or de novo drug discovery (Gribbon and Sewing, 2005).

The whole concept of “compound library” came into play with the introduction of
combinatorial synthesis and HTS. Combinatorial chemistry, born in the early 1980, is an
approach increasing the speed of the production of several hundreds of compounds, thus
forming compound libraries, known as combinatorial libraries. Combinatorial libraries are
simply collections of chemical compounds, small molecules, or macromolecules, usually
represented by one structure with a small number of R-group positions for each of which
there is a list of alternative groups. Since the introduction of HTS techniques in early
1990s, compound libraries used in drug screening projects were usually assembled
randomly: they were typically collections of companies compounds previously created
during drug-discovery programmes. From around 1990 to present, the trend in library
design was to reduce size and increase quality and diversity of screened compounds, to
improve hit rates and reduce the attrition rates found during hit triage and the subsequent

phases of drug development (Spears and Brown, 2017).

Initially, the chemical diversity of the compounds was the parameter most focused on to
improve the quality of the libraries. Soon, however, it was realised that chemical diversity
may not necessarily overlap with biological activity, and the concept of “drug-like molecule’
was introduced. Drug-likeness is a term used to rationalize how physicochemical
properties influence the molecular behaviour in vivo and especially the oral bioavailability
of a compound. Most models for drug-likeness use physicochemical properties calculated
from the molecular structure of a compound to predict its cell and tissues permeability and
correlate them against orally administered drugs (Zuegg and Cooper, 2012). One of the
first of such rules, the Rule of Five described by Lipinski et al., is to limit the size
(molecular weight <500), the hydrophobicity (logP <5) and polarity (hydrogen-bond
acceptors <10 and donors <5) of compounds, sticking to values found in compounds with
good oral bioavailability (Lipinski et al., 2001). The drug-likeness concept was extended to
include “lead-like properties” of compounds. One of the current lead-likeness models
proposed by Oprea et al. follows the concept of drug-likeness, but applying more stringent
criteria, limiting the size (molecular weight < 450), hydrophobicity (log <4.5), and polarity
(hydrogen-bond acceptors <8 and donors <5) (Oprea et al., 2001).

The main aim of the various drug-likeness and lead-likeness rules is to give researchers,
as early as possible in the drug discovery process, a tool to eliminate compounds with

potentially low cell and tissue permeability and therefore a high risk of failure. Additional



chemistry-based rules are used to eliminate compounds with chemically reactive groups,

toxicophores or promiscuous binders.

However, although over 10% drug-like molecules do currently exist, only a tiny fraction of
these molecules is likely to be therapeutically relevant and may generate successful leads.
To improve the effectiveness of an in silico on in vitro HTS, compound libraries must be
rational designed. Diversity-based libraries, designed to maximize structural diversity, are
usually used for targets with few known active chemotypes, to provide multiple starting
points for further development. Contrary to diversity-based libraries, focused screening
libraries are often designed for well-studied targets, such as GPCRs, kinases and, in some

cases, ion channels, and revolve around active known chemotypes.

However, focused libraries are not necessarily a replacement for diversity-based libraries,
even for well-studied target classes, and many other compounds features can be taken in
account, such as novelty or repurposing, route of administration, a specific therapeutic

area or combinations.

The library design must be addressed based on the chemical, biological and medical data
available, given that screening the right set of compounds enhances the success rate in

any drug-discovery programme (Paricharak et al., 2018).



2. Aim of the work

K.7 potassium channels represent an attractive pharmacological target for several

neurologic disorder, including epilepsy (Barrese et al., 2018).

Retigabine was the first approved antiepileptic drug targeting K.,7 channels; unfortunately,
this molecule presents some drawback such as poor selectivity for K,7 subtypes, short
half-life, poor brain penetration and chemical instability. For these reasons retigabine was
withdrew from the market in 2017 and currently no K,7 activator is clinically available as

anticonvulsant drug, making necessary the identification of novel Ikm modulators.

According to these premises, the aim of this work was to identify novel and safer K,7.2/7.3

activators. Two different approaches were explored:

1) A rational structure-based drug design strategy was used to design, synthesize, and
screen novel retigabine analogues overcoming some limitations of the lead compound.
This part of our work involved the collaboration of the Department of Pharmacy, University
of Naples Federico Il, for the synthesis of novel retigabine analogues, and the Department
of Chemical, Biological, Pharmaceutical and Environmental Sciences, University of
Messina, for the in silico analyses. To facilitate the screening of newly synthesized
derivatives, | have generated stable cell lines expressing K,7.2/7.3, K,7.2 and, K,7.3
A315T channels and | have used these cell lines in a fluorescence-based assay called
FIuxOR Green Potassium lon Channel. Then | evaluated the effect of known K,7 activators
and inhibitors to assess the sensibility and the feasibility of the assay on K,7.2/7.3
channels. Finally, | used this assay to evaluate the ability of the newly synthesized

retigabine derivatives to activate K,7.2/7.3 channels.

2) A drug repurposing strategy was exploited to identify new K,7 activators among drugs
already tested in preclinical and clinical phases, in order to shorten the time and cost of
developing a new molecule and bring it more quickly to clinical use. This work originates
from the collaboration with the Screening-Port of the Fraunhofer Institute for Translational
Medicine and Pharmacology ITMP, where | spent a period of time to adapt the lab-scale
FIuxOR assay to a large scale HTS, suitable to screen the Fraunhofer Library. These
research activities were carried out within the framework of the project “TreatKCNQ”, a
four-years project with the aim to develop improved therapies for KCNQ-associated

encephalopathies, funded by the European Joint Programme for Rare diseases.



3. Materials and methods

3.1 Plasmids: site-directed mutagenesis

Each mutation was engineered by using the Quick-change Site-Directed Mutagenesis
(Agilent Technologies, figure 3.1). The mutations were insert in each plasmid by
Polymerase Chain Reaction (PCR), using a pair of primers (forward and reverse) (Table

3.1), incorporating the nucleotide mutation of interest.

Table 3.1. Mutations engineered in the K,7-templates vector and nucleotide sequences of primers used for
PCR.

Mutation Primers

F 5 - GGGAGACCCAAGCTAGCTTGTTC -3
K.7.2-Nhel
R 5 - GAACAAGCTAGCTTGGGTCTCCC - 3

F 5 - ATGGATCCGCGGCCTCGAGGATCTGCGATCG -3
K.7.3-Xhol
R &5 — CGATCGCAGATCCTCGAGGCCGCGGATCCAT -3

The amplification reaction was performed in a final volume of 50 pL containing the
following components: 50 ng of plasmid, 125 ng primer forward, 125 ng primer reverse,
5% DMSO, 2.5U Pfu DNA Polymerase, 1X buffer Pfu, 1 pl dNTP mix. The PCR consisted
of 18 cycles, with each cycle consisting of three temperature steps, that allow the
denaturation of the DNA Double Helix (95°C for 30”), the annealing of the primers to the
single strand of DNA (55°C for 1’) and the extension of the primers (68°C for 10°). After the
amplification reaction, the volume of the reaction contained both methylated (parental) and
unmethylated (neo-synthesized) DNA. Therefore, to remove the parental DNA, enzymatic
digestion was performed with 1 pl Dpnl enzyme (10 U/ pl) able to digest only methylated
DNA. Afterwards, the Dpnl-treated and untreated samples were analyzed by agarose gel

electrophoresis to confirm the presence of the mutated vector.

Mutant Strand Synthesis
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2) Anneal mutagenic primers
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Figure 3.1 Overview of the QuikChange Il site-directed mutagenesis method.



3.2 Bacterial transformation and plasmidic DNA preparation

Subsequently, the Dpnl-treated sample was transformed into 100 pl of competent E. coli
DH5a cells according to the heat-shock transformation protocol (30’ at 4°C, heat shock
step at 42°C for 45” followed by 3’ at 4°C), resuspended in 200 pyl SOC medium (2%
tryptone, 0.5% yeast extract, 10 mM NacCl, 2.5 mM KCI, 10 mM MgCI2, 10 mM MgSO4, 20
mM glucose) and then incubated at 37°C for 45’. Afterwards, the transformed product was
plated on Ampicillin-containing (50 um/ml) LB-Agar plates (10 g/L tryptone, 5 g/L yeast
extract, 5 g/L di NaCl, agar 15 g/L) and incubated upside down at 37°C overnight. Single
colonies were inoculated in 5ml of LB medium containing ampicillin (50 pg/ml) and
incubated at 37°C/220 rpm overnight. DNA plasmid was extracted from bacteria cultures
by using a commercially available kit (QIAprep Spin Miniprep, QIAGEN). Positive vectors
were identified by using enzymatic digestion followed by DNA sequencing (Eurofins
Genomics, Italy). To obtain DNA in large amount, one of the positive clones was amplified
on a large scale and plasmidic DNA was extracted by using a commercially available kit
(Plasmid Plus Maxi, QIAGEN). The cDNA was sequenced again, to confirm the presence
of the mutation of interest and to exclude additional mutations in the entire coding

sequence.

3.3 Cell cultures

Chinese Hamster Ovary (CHO) cells were grown in plastic Petri dishes (100 mm, 60 mm,
or 40 mm, according to the different experimental needs) in DMEM (Dulbecco’s Minimum
Eagle Medium) supplemented with 10% Fetal Bovine Serum, 1% L-glutamine (2 mM in
0.85% NaCl), 1% penicillin (50 U/mL) and 1% streptomycin (50 pg/mL) in a humidified
atmosphere at 37°C with 5% CO,. Every time cells became confluent within the dishes
(about every 2 days), they were split by using 1% trypsin solution and collected in novel

dishes with a 1:3 dilution.

3.4 Generation of stable cell lines
3.4.1 PiggyBac Transposon system and PB-RedPuro-K,7 plasmids cloning

SBI's PiggyBac (PB) Transposon System consists of a PiggyBac Vector and the Super
PiggyBac Transposase; the PB-CMV-MCS-EF1a-RedPuro PiggyBac cDNA Cloning and
Expression Vector (Cat# PB514B-1 is characterized by the CMV promoter and the site of
multiple cloning (MCS) in which, using appropriate enzymes, allows the insertion of the
gene of interest. Downstream the EF1a promoter, two selection markers are express: an
RFP reporter and the gene encoding the Puromycin N-acetyltransferase. Inverted terminal

repeat sequences (ITRs) are located on both ends of the cassette of gene expression that



are recognized by the transposase, encoded by the Super PiggyBac Transposase, which
efficiently integrates the ITRs and intervening DNA into the genome at TTAA sites. The
Super PiggyBac Transposase is delivered to the cell via the Super PiggyBac Transposase

Expression Vector, which is co-transfected with one or more PiggyBac Vectors (Figure 3.2

and 3.3).
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Generation of PB-RedPuro-K,7.2

The pcDNA;-KCNQ2-Nhel vector was subcloned into the pB-CMV-MCS-EF1-RedPuro
obtained from System Biosciences, LLC (Palo Alto, USA). Each vector was digested with
1U of Nhel restriction enzyme and incubated at 37°C for 1h. Subsequently, the enzyme
was inactivated incubating the mix at 65°C for 20’ and then incubated with 1U of EcoRl
enzyme for 1h. After the double digestion, in order to remove phosphate groups and
prevent a possible closure, the pB-CMV-MCS-EF1-RedPuro vector was treataed with 1U
of CIP (Calf Intestinal Phosphatase) at 37°C for 1h. Subsequently, pcDNA3-KCNQ2-Nhel
and the pB-CMV-MCS-EF1-RedPuro vectors were analyzed by Agarose gel
electrophoresis. The band corresponding to the KCNQ2 cDNA and the band
corresponding to the pB-CMV-MCS-EF1-RedPuro backbone were extracted from the gel
using the GEL EXTRACTION KIT according to the manufacturer protocol.

Finally, 8uL of KCNQ2 fragment was inserted by ligation into 4ul of pB-CMV-MCS-EF1-
RedPuro using 1U of T4 Ligase and incubated at 16°C overnight to obtain the final PB-
RedPuro- K,7.2 vector. The ligation product was transformed into One Shot® TOP10
Chemically Competent E. coli from Invitrogen and the right-ligated vector was selected as

previously mentioned. All the sequences were validated by DNA sequencing.

Generation of PB-RedPuro-K,7.3

The pcDNA;-KCNQ3-Xhol vector was subcloned into the pB-CMV-MCS-EF1-RedPuro
obtained from System Biosciences, LLC (Palo Alto, USA). Each vector was digested with
1U of Nhel restriction enzyme and incubated at 37°C for 1h. Subsequently, the enzyme
was inactivated incubating the mix at 65°C for 20’ and then incubated with 1U of BamHI
enzyme for 1h. After the double digestion, in order to remove phosphate groups and
prevent a possible closure, the pB-CMV-MCS-EF1-RedPuro vector was treated with 1U of
CIP (Calf Intestinal Phosphatase) at 37°C for 1h. Subsequently the pcDNA3-KCNQ3-Xhol
and the pB-CMV-MCS-EF1-RedPuro vectors were analyzed by Agarose gel
electrophoresis. The band corresponding to the KCNQ2 cDNA and the band
corresponding to the pB-CMV-MCS-EF1-RedPuro backbone were extracted from the gel
using the GEL EXTRACTION KIT according to the manufacturer protocol.

Finally, 6 pl of KCNQ3 fragment was inserted by ligation into 4 pyl pB-CMV-MCS-EF1-
RedPuro using 1U of T4 Ligase and incubated at 16°C overnight to obtain the final PB-
RedPuro- K,7.3 vector. The ligation product was transformed into One Shot® TOP10



Chemically Competent E. coli from Invitrogen and the right-ligated vector was selected as

previously mentioned. All the sequences were validated by DNA sequencing.

Generation of PB-RedPuro-K,7.3 A315T

The pcDNA3-KCNQ3 A315T vector was subcloned into the PB-RedPuro-K,7.3 vector,
previously obtained. Each vector was digested with 1U of Kpnl restriction enzyme and
incubated at 37°C for 1h. The pcDNA3-KCNQ3 A315T and the pB-RFPPuro- K,7.3 vector
were analyzed by Agarose gel electrophoresis and the band corresponding to the KCNQ3
A315TcDNA and the band corresponding to the pB-RFPPuro- K,7.3 vector were extracted
from the gel using the GEL EXTRACTION KIT according to the manufacturer protocol.
Subsequently, each extract product was digested with 1U of Notl restriction enzyme and
incubated at 37°C for 1h. The pcDNA3-KCNQ3 A315T and the pB-RFPPuro- K,7.3 vector
were analyzed by Agarose gel electrophoresis. The band corresponding to the pcDNA3-
KCNQ3 A315T and the band corresponding to the pB-CMV-MCS-EF1-RedPuro backbone
were extracted from the gel using the GEL EXTRACTION KIT according to the

manufacturer protocol.

Finally, 5 yl of KCNQ3 A315T fragment was inserted by ligation into 4 pl pB-CMV-MCS-
EF1-RedPuro using 1U of T4 Ligase and incubated at 16°C overnight to obtain the final
PB-RedPuro- K,7.3 vector. The ligation product was transformed into One Shot® TOP10
Chemically Competent E. coli from Invitrogen and the right-ligated vector was selected as

previously mentioned. All the sequences were validated by DNA sequencing.

3.4.2 Cell cultures and stable transfection with Lipofectamine

CHO cell line was used to create the stably transfected cell line expressing the pB-
RedPuro-K,7 vector. CHO cells were plated into 60mm cell plate and transfected at a
confluence of 80%. The transfection mix containing 3 ug of pB-RedPuro- K,7 vector, 1 ug
of Super PiggyBac Transposase Expression Vector (System Biosciences, Palo Alto, USA),
20 ul of Lipofectamine (Themofisher, Italy) and 500 ul of DMEM (Dulbecco’s Minimum
Eagle Medium) was incubated for 15 minutes according to the manufacturer protocol. The
mix was added to the CHO cell plate and incubated at 37°C for 24h. The conditioned
medium was replaced with fresh growing medium treated with 4ug/pl of Puromycin. After 7
days only the cells that had correctly internalized the expression vector and expressed the
antibiotic resistance was detectable in the cell plate. Subsequently, for 3 to 8 small cell
aggregates were isolated and amplified separately to obtain different stably transfected

clones.



3.5 CHO cells preparation and whole-cell electrophysiology

For electrophysiological experiments, CHO cells were seeded on glass coverslips, heat-
sterilized and pre-coated with poly L-lysine, in 35 mm dishes. After 24h, CHO cells were
transfected using Lipofectamine 2000, according to the manufacturer protocol
(Themofisher, Italy). In each transfection mixture, a plasmid encoding for an Enhanced
Green Fluorescent Protein (pEGFP; Clontech, Palo Alto, CA) was used as transfection

marker (3 pg of plasmids encoding for K,7 cDNA + 1 ug di pEGFP).

Macroscopic currents were recorded, after 1 day, using patch-clamp technique in the
whole-cell configuration with glass micropipettes of 3—5 MQ resistance. No compensation
was performed for pipette resistance and cell capacitance. During patch clamp recordings,
cells were perfused with an extracellular solution containing (in mM): 138 NaCl, 5.4 KCI, 2
CaClz, 1 MgCl,, 10 glucose, 10 HEPES, pH 7.4 (adjusted with NaOH). The pipettes used
for recordings were filled with an intracellular solution containing (in mM): 140 KCI, 2
MgCl,, 10 EGTA, 10 HEPES, 5 Mg-ATP, pH 7.4 (adjusted with KOH). Current was
recorded using an Axopatch-200A amplifier, filtered at 5 kHz, and digitized using a
DigiData 1440A (Molecular Devices). The pCLAMP software (version 10.2) was used for

data acquisition and analysis (Molecular Devices).

To generate conductance/voltage curves, cells were held at -80 mV, then depolarized for
1.5 s from -80 mV to +20 mV in 10 mV increments, followed by an isopotential pulse at 0
mV (Figure 3.4). Current values recorded at the beginning of the OmV pulse were
measured, normalized, and expressed as a function of the preceding voltage. The data

obtained were then fit to a Boltzmann distribution of the following form:
y =max/[1+exp (Viz = V)/K]

where V is the test potential, V1, indicate the half-activation potential, and k the slope
factor (Figure 3.4). Current densities (expressed in picoamperes per picofarad, pA/pF)
were calculated as peak K* currents (pA) measured at 0 mV divided by the capacitance of

the same cell (expressed in pF) (Figure 3.4).

To evaluate the effects of drugs on K,7, cells were clamped at - 80 mV and currents were
elicited by 3-s voltage ramps from -80 mV to +20 mV in the presence and absence of each

compound.
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Figure 3.4. Whole-cell configuration of patch-clamp tecnique. On the left, representative trace obtained
by application the voltage protocol in the bottom. On the right, conductance/voltage curve obtained fitting to a
Boltzman distribution the data.

3.6 96-well format FIluxOR Il Green Potassium lon Channel Assay

Screening of retigabine derivatives have been performed on stable CHO cell lines co-
expressing K,7 channel subunits of interest by using a fluorescence based (FIuxOR Green
Potassium lon Channel Assay). Briefly, the assay is based on the uses of Thallium (TI") as
a surrogate for K* ions and a fluorescent TI*-sensitive dye called FluxOR™. The dye is
loaded into cells as a membrane-permeable aminomethyl (AM) ester and its permeation is
facilitated by the presence of the surfactant PowerLoad™. Once in the cytosol, AM ester
dye is cleaved by endogenous esterase to obtain fluorogenic thallium-sensitive form and
its cell extrusion is inhibited by the presence of probenecid, a blocker of the organic anion
transporter. During the assay, a small amount of thallium is added to the cells with a
stimulus to open channels. Thallium then passes into cells through open potassium
channels according to a strong inward driving force. Upon binding cytosolic thallium, the
de-esterified FlIuxOR™ dye exhibits a strong increase in fluorescence intensity at its peak

emission of 525 nm (Figure 3.5 panel A)

CHO cells that stably expressed K,7.2/7.3 channels were resuspend to 2 x 10° cells/ mL in
complete growth medium, and 80 uL/well were plated into a Biocoat Poly-D-Lysine
Celleware 96-well plates (Corning,USA) and incubated overnight at 37 °C in a 5% CO.
incubator. The next day, the assay was performed using the “Wash method” as described
by the manufacturer: after manual removal of the medium, 80 uL of 1X Loading Buffer
(PowerLoad™ Concentrate 100X 100uL/10ml, FluxOR™ |l Reagent 10 pL/ 10ml,
deionized water 8.8 mL/10ml, FluxOR™ [I Assay Buffer, 10X 1 mL/10ml and probenecid
100uL/10ml) were manually added into the cell plate, and then incubated in the dark at
room temperature for 60 minutes. Subsequently the Loading Buffer was removed and
replace with 70 uL/well of Assay Buffer (Deionized water 8.9mL/10mL, FluxOR™ || Assay
Buffer 10X 1 mL/10mL, Probenecid 100 pL/10mL). Additionally, 10ul/well of the test

compounds were manually added into the plate. Cell plates were loaded onto an FLUOstar



OPTIMA microplate reader (BMG LABTECH) Set up the instrument with standard FITC
green filters or set the excitation wavelength to 485 nm and the emission wavelength to
520 nm. After 5 seconds of recording, 20 uL/well of stimulus buffer (Chloride-free Stimulus
Buffer 2 mL/10mL, thallium Sulfate (TI1.SO,) 1 mL/10mL, deionized water 7 mL/10mL) were
added and each well were read every second for 50 seconds. The OPTIMA data Analytics

software was used for data acquisition.

To evaluate the effect of retigabine derivatives, two different parameters have been
calculated; the ratio between the maximal fluorescent signal and the fluorescent signal at
time 0 (Fmax/Fo) and the slope of the fluorescent curve calculated between 5” and 15”

(Figure 3.5 panel B)
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Figure 3.5. The FluxOR™ assay. A) Low basal fluorescence from cells loaded with FluxOR™ dye until
potassium channels stimulation (left panel). Subsequently the addition of the stimulus, thallium flows down its
concentration gradient into the cells, activating the dye (right panel). B) Representative fluorescent curve
recoded on K,7.2/7.3 in presence of 10uM RET (activator) and 1% DMSO (vehicle).

The normalized slope values were plotted versus log(concentration) of the compound,
fitted to a four-parameter logistic equation, and ECs values were calculated with
SigmaPlot (version 12.3). Indicated ECs values are the mean of at least three

independent experiments + standard deviation (SD).

3.7 384-well format FIluxOR Il Green Potassium lon Channel Assay

CHO cells stably expressing K.7.3 A315T channels were resuspended in complete growth
medium, 4.000 cells/well were seeded in 50 yl growth medium in black transparent 384-
welll plates (Greiner Cellstar, M1937-32A) and incubated overnight at 37 °C in a 5% CO.

incubator. The next day the culture medium was replaced by 15 ul loading buffer plus



backdrop reagent (BackDrop™, B10512), cells were loaded for 30-60. Following, a “Direct”
method was used: the loading buffer was not replace with assay buffer, as in the “wash
method”, conversely the next assay steps were performed adding the compounds solution
directly in the wells containing the loading buffer. Compounds to test were dissolved in 100
% DMSO, 15 nl of each solution was transferred to a single well using the EchoTM-
compound transfer-system (Echo 550, Labcyte Inc.), resulting in a final concentration of 10
MM for each compound, or for the control retigabine. The vehicle was represented by
DMSO 0.1%. The assay plate was immediately transferred to the Plate reader (Enivion
2103 multilabel Reader, PerkinElmer) to acquire a pre-stimulus scan: 2 scans were
acquired using the FI bottom read protocol (sequential scan of all 394 wells with 45 sec (~
0.12 sec per well). After the pre-stimulus scan 5 yl of Stimulus Buffer (containing Thallium)
was added manually to each well using a multichannel pipette (16 channels). For a kinetic
reading, multiple scans were recorded up to 5 min (45 sec per 384 well plate scan) using

FI bottom read protocol.

To screen the Fraunhofer library, an endpoint measurement at 50 sec were performed.
The tested compounds fluorescent signal was expressed as the ratio Fo/Fs, was
normalized to the positive control retigabine, and expressed as relative percentage of

activation.

3.8 Photochemical Stability Assay

Compounds were dissolved in DMSO and then diluted in buffered aqueous solutions at pH
7.4 to a final concentration of 10 uM. 1cm quartz cells, filled with the above-mentioned
solutions were irradiated by an UV lamp (UV Consulting TQ 150 equipped with duran 50
sleeve and 150W power supply unit, Peschl, Germany) at a fixed distance of 20 cm from
the UV source. Control samples were maintained at 37°C and wrapped by aluminium foils
to avoid light exposure. At predetermined intervals aliquots were withdrawn and analysed
by HPLC in order to assess the concentration decrease of the starting materials and the
presence of the dimers usually formed by retigabine. UHPLC analyses were performed on
a Nexera UHPLC system (Shimadzu, Kyoto, Japan) consisting of a CBM-20A controller,
two LC-30AD pumps, a DGU-20 A5R degasser, an SPD-M20A photo diode array detector,
a CTO-20AC column oven, a SIL-30AC autosampler.

The separation was carried out on a KinetexTM C18 150 x 2.1 mm x 2.6 um (100 A)
column (Phenomenex, Bologna, ltaly). The optimal mobile phase consisted of 0.1%
TFA/H20 v/v (A) and 0.1% TFA/ACN v/v (B). Analysis was performed in gradient elution
as follows: 0-13.0 min, 5-65% B; 13—14.0 min, 65-95% B; 14—15.0 min, isocratic to 95%



B; 15-15.01 min, 95-5% B; then three minutes for column re-equilibration. Flow rate was
0.5 mL min-1. Column oven temperature was set to 45°C. Injection volume was 7 pL of
sample. The following PDA parameters were applied: sampling rate, 12.5 Hz; detector
time constant, 0.160 s; cell temperature, 40°C. Data acquisition was set in the range 190—-
800 nm and chromatograms were monitored at 224 nm to assess the decrease in
concentration of the starting material, while a wavelength of 550 nm was used to

eventually detect dimerization.

3.9 In vivo experiments

Animals. Male C57BI/6 mice (Charles River Laboratories, Italy) arrived in the animal facility
at 21 days of age, and they were housed in groups of three per cage under controlled
conditions (temperature 21 £ 1 °C, 60 = 10% relative humidity and 12/12 h light cycle with
lights on at 07:00 a.m.). Food and water were available ad libitum. Animals were
experimentally naive and were used only once. Sample size (n) is indicated in the figure
legends. The experiments were approved by the Italian Ministry of Health (n. 246/2019-
PR) and performed in agreement with the ARRIVE (Animals in Research: Reporting In
Vivo Experiments) guidelines,66 with the guidelines released by the Italian Ministry of
Health (D.L. 26/14) and the European Community Directive 2010/63/EU.

Drugs. Retigabine (Valeant), compound 60 and XE-991 (Tocris) were dissolved in saline
containing 2% Tween-20 and 2% PEG-400. Retigabine was administered in doses of 1
and 3mg/kg at concentrations of 0.1 and 0.3 mg/ml; compound 60 was administered in
doses of 0.1, 0.3 and 1mg/kg at concentrations of 0.01, 0.03 and 0.1 mg/ml and XE-991
was administered in dose of 3mg/kg at concentrations of 0.3 mg/ml. Thus, each dose was
dissolved to allow injection of 0.01 ml/g, i.p. Control group was represented by mice
injected only with vehicle solution (saline containing 2% Tween-20 and 2% PEG-400).
Retigabine, compound 60 and vehicle solution were administered 30 min prior to induction
of seizures based on pharmacokinetics data published in a previous paper of retigabine
efficacy against pentylenetetrazole (PTZ) induced seizures;67 XE-991 was administered

15 min before the retigabine or compound 60 or vehicle injection.

Seizure testing. PTZ (P6500-25G, Sigma, USA) (100 mg/kg, s.c.) was dissolved in saline
and administered in doses of 10 mg/ml, thus it was dissolved to allow injection of 0.01
ml/g, s.c. Animals were removed from their home cage, weighed, numbered, and treated
with vehicle, retigabine or compound 60 30 min prior to PTZ administration. PTZ was
injected, and animals were placed in clear plexiglass boxes for observation of seizure

activity. The severity of convulsions (from minimal “clonic” to maximal “generalized tonic-



clonic”) as well as the latency to onset of maximal seizure was recorded. Animals were
observed for 30 min following PTZ injection. The experiment was repeated upon pre-

treatment with XE-991 15 min before vehicle, retigabine or compound 60 injection.

Seizure scoring. Seizures were scored using an 9-point scoring system modified from
Ldttjiohann’s scale (Luttjohann et al, 2009). 0= Wisker trembling, 1= Sudden behavioural
arrest, 2= Facial jerking, 3= Neck jerks, 4= Clonic seizures (sitting), 5= Tonic Clonic
seizures (lying on belly), 6= Clonic seizures (lying on side), 7= Tonic clonic seizures (lying
on side), 8= Wild jumping. The behavioural assessments described above were performed
in a blind manner and the observers had to reach a unanimous agreement regarding the

scoring of the behaviour.

3.10 Statistical Analysis

Whole-cell electrophysiology. Statistically, significant differences in electrophysiological
data were evaluated with the Student t-test, or with ANOVA followed by the Student-
Newman-Keuls test when multiple groups were compared, with the threshold set at p <
0.05. Data were analyzed using the SigmaPlot 12.3 for Windows (Systat Software Inc, San
Jose, CA). Values are expressed as the mean + SD of at least three cells recorded in at
least two independent transfections as the mean * standard error of the mean (SEM) of at

least three cells recorded in at least three independent transfections.

Fluorencence-based assay. Assay robustness was determined according to the Z’ factor
(Zhang et al., 1999).
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SD: standard deviation of triplicate in a single experiment, AV: average of triplicate in a
single experiment, RET: retigabine at concentration of 10 pM; Vehicle: Assay buffer
prepared as indicated in the FluxOR protocol + 0.1% DMSO.

Only experiments resulting in a Z’>0.5 were considered for the retigabine analogues
screening. For the Fraunhofer Library screening, also plates showing a Z2’20.4 were
considered. Data shown were obtained from at least three independent experiments.
Slope of the fluorescent curves was calculated from point at second 5 to point at second

15 in Microsoft Excel. Values are expressed as the mean + SEM.

Data were analyzed using the GraphPad Prism 8.0.2 (GraphPad Software, LaJolla, CA).
Statistically, significant differences in the initial slope of the curves were evaluated through

ordinary one-way ANOVA, multiple comparisons were corrected with the Tukey test. The



threshold of p<0.01 is indicated in figures as asterisk. The slope values of the curves, were
plotted versus log(concentration) of the compound, fitted to a four-parameter logistic
equation and ECs, values were calculated with SigmaPlot (version 12.3). Indicated ECs
values are the mean of at least three independent experiments + standard error of the
mean (SEM).

In vivo experiments. The number of animals needed for the experiment was determined
using the power analysis software GPower version 3.1.92. The require minimum sample
size resulted in 8 mice per each group. Statistical analyses were performed using
GraphPad Prism (GraphPad Software, LaJolla, CA) using a one-way analysis of variance
with Tukey post hoc test. P-value of <0.05 was accepted as indicative of a statistically

significant difference.



4. Results

4.1 Development of a fluorescence-based assay to evaluate the activity of K,7

channel modulators.

The first step of our work was to establish an in vitro model suitable to evaluate the activity
of K\7 modulators and to screen several compounds in a short time, therefore different
Chinese Hamster Ovary (CHO) cell lines expressing the K,7 channels were generated and

a fluorescence-based thallium-flux assay was implemented.

4.1.1 Electrophysiological characterization of CHO cell lines stably expressing
K.7.2, K,7.2/7.3 and K,7.3 A315T potassium channels.

CHO cells transfected with cDNA encoding for ion channels are a cellular model widely
used to study these proteins, especially in electrophysiological analyses, because CHO
cells do not show spontaneous ionic currents, therefore, upon transfection, the only
recorded currents are due to the expression in cellular membrane of the transfected ion

channel (Gamper et al., 2005).

With the aim to establish a cellular model to be used in a fluorescence-based assay to
study K,7 channels modulators, we generated CHO cell lines stably expressing K.,7.2,
K.7.2/7.3 or K.7.3 A315T channels by the means of PiggyBAC transposon system that
ensures higher transfection efficiency and more long-lasting protein expression than

traditional stable clone generation systems (Matasci et al., 2011).

After transfection and clone selection (described in section 3.1 of Materials and Methods),
the stable clones were further characterized using the patch-clamp electrophysiological
technique. Patch-clamp recordings were performed in CHO stable cell lines and in CHO
cells transiently transfected with the cDNAs of interest, representing the control group. To
generate conductance-voltage curves, the cells were held at -80 mV, then depolarized for
1.5 s from -80 mV to +20 in 10-mV increments, followed by an isopotential pulse at 0 mV.
All electrophysiological results are summarised in table 4.1. Cells transiently transfected
with K,7.2 generate a K* selective currents showing a current density of 22.9 + 4.5 pA/pF
and exhibit a half-activation potential of -25.2+1.5 mV. Among 4 generated clones, clone
number 1 showed Vi, and current density comparable to the control group (V1.=-29.2
3.4 mV; current density= 13.7 £+ 3.8 pA/pF) and was selected for further experiments
(Figure 4.1, Table 4.1).
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Figure 4.1 Functional characterization of K,7.2 stable cell lines. Representative current traces recorded in
CHO cells expressing, stably or transiently, the indicated subunits, in response to the voltage protocol shown
in bottom part. Current scale, 100 pA,; time scale, 0.1 s.

Cells transiently transfected with the cDNAs encoding for K,7.2 and K,7.3 generated a
voltage-dependent K* selective current with a current density of 119.7 £ 13.2 pA/pF and a
half-activation potential (V1) of -35.1 £ 1.6. Among the selected 7 clones, clone number 5
exhibited biophysical properties similar to the control group with a calculated V 1, of -32.2 £
1.7 mV and a current density at 0 mV of 71.1 + 17.4 pA/pF (Figure 4.2, Table 4.1),

therefore clone number 5 was chosen for the subsequent experiments.
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Figure 4.2 Functional characterization of K,7.2/7.3 stable cell lines. A. Representative current traces
recorded in CHO cells expressing, stably or transiently, the K,7.2/7.3 subunits, in response to the voltage
protocol shown in bottom part. Current scale, 200 pA (for stable) 100 pA (for transient); time scale, 0.1 s. B.
Screening of 7 K,7.2/7.3 stable clones based on their current density.



To ensure that both K,7.2 and K,7.3 subunits were expressed in the selected clone and
formed heteromeric channels, pharmacological experiments with the K,7 channel blocker
tetraethylammonium (TEA) were performed. These experiments are based on the known
differential TEA sensitivity existing between homomeric K,7.2, homomeric K,7.3 channels
and heteromeric K,7.2/7.3 channels: K,7.2 is highly sensitive to TEA (ICs= 0.3 mM), K,7.3
is TEA-insensitive (ICso= 30 mM), and the heteromeric K,7.2/7.3 channel shows an
intermediate sensitivity (ICso= 3 mM) (Hadley et al. 2000). The high TEA sensitivity of K,7.2
might result from the presence of a tyrosine residue in the pore loop of the channel
(Kavanaugh et al. 1991), by contrast this residue is replaced by a threonine in K,7.3 which

may confers low sensitivity to TEA (MacKinnon et Yellen 1990).

The effect of TEA blockade on K,7.2/7.3 currents of the selected clone was compared to
that of the blockade exerted on the control group, represented by CHO cells transiently
transfected with K,7.2/7.3 channels. The effect of the TEA blockade was investigated
using a ramp protocol in which K,7.2/7.3 currents were activated by 3 s voltage ramps
from -80 to +20 mV (Figure 4.3, panel A). Perfusion with 3 mM TEA in the control group
induced a current inhibition of about 55% while in the selected clone, the inhibition was
about 35%, suggesting that both K,7.2 and K.7.3 subunits are likely expressed, possibly
with a slightly higher participation of K,7.3 subunits (Figure 4.3 panel B, Table 4.1).
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Figure 4.3 Effects of TEA on ramp-evoked K,7.2/7.3 current. A. Representative current traces from CHO

cells transiently expressing K.7.2/7.3 subunits in response to the indicated voltage ramp protocol before TEA

exposure (CTL, control), and during TEA exposure (TEA, 3 mM). Current scale, 100 pA; time scale, 0.1 s. B.
TEA Blockade percentage in transiently (white) and stably-expressing (blue) K,7.2/7.3 CHO cells.

Compared with other members of the family, K,7.3 homomeric channels yield very small
macroscopic currents; indeed, CHO cells transiently transfected with K,7.3 WT showed
current density at 0 mV of 17.2 + 6.1 pA/pF.

Since the FIuxOR fluorescence signal intensity is proportional to the flow of ions throw the

channel pore, the low current density of K,7.3 channels may represent a hurdle for the



generation of an HTS-compatible cellular model. For this reason, we decided to generate a

stable cell line expressing the mutant K,7.3 A315T.

The introduction of a single point mutation in the inner pore at the 315-position of K,7.3
channels, changing an alanine with a hydrophilic threonine residue (A315T), is a tool
experimentally used to increase the current density of K,7.3 and enhance macroscopic
current size (Etxeberria et al., 2004). It is suggested that this mutation stabilizes the
selectivity filter of K,7.3 homomers in an open conductive configuration through a network
of interactions between the lower part of the selectivity filter and the pore helix (Choveau et
al. 2012) that results in an increased conduction (Zaika et al. 2008) and perhaps an
increase in membrane expression (Gomez-Posada et al. 2010) compared to K,7.3 WT
channel, without altering other important channel characteristics, such as voltage
dependence of activation, maximal open probability or PIP, affinity (Zaika et al., 2008;
Hernandez et al., 2009). Different studies showed that K,7.3 A315T channel generates a
potassium current with higher current density than K,7.2/7.3 channel (Zaika et al., 2008;
Choveau et al., 2012).

In our experiments, CHO cells transiently transfected with K,7.3 WT showed current
density at 0 mV of 17.2 £ 6.1 pA/pF and a V4, 0f-36.4 + 2.3 mV while CHO cells transiently
transfected with K,7.3 A315T showed a current density at 0 mV of 132.3 + 50.5 pA/pF and
a V4,0f-39.3 £ 3.0 mV (Table 4.1).

The K,7.3* stable clones showed similar current density and V4, values when compared to
those measured in CHO cells transiently transfected with K,7.3* (Figure 4.4, Table 4.1);

among the 3 clones, clone number 1 was selected for the subsequent experiments.

Notably, the current density measured for the selected CHO-K,7.2/7.3 clone was 71.1 +
16.9 mV, while the CHO-K,7.3 A315T clone exhibited a much higher current density of
179.2 £ 31.6 mV (Table 4.1), in accordance with the literature (Zaika et al. 2008; Choveau
etal. 2012).

For simplicity, in the next sections, the cell lines stably expressing K,7.2, K,7.2/7.3 and
K.7.3 A315T will be named CHO-K,7.2 CHO-K,7.2/7.3 and CHO-K.,7.3*, respectively.
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recorded in CHO cells expressing, stably or transiently, the indicated subunits, in response to the voltage
protocol shown in bottom part. Current scale, 200 pA; time scale, 0.2 s. B. Screening of 3 K,7.3* stable
clones based on their current density.

Table 4.1. Functional and pharmacological characteristic of stable and transient K,7 cell lines. TEA:

tetraethylammonium. Each data is the mean+SEM of cells recorded in at least three separate experimental
sessions.

Cell lines n \" k Current density Blockade
(mV) (mV/efold) (pPA/pF at 0 mV) by 3mM TEA (%)
PCDNA3-K.7.2 252415 | 13.3+15 22.9+4.5
transient 13
PBRFP-K.7.2 29.2¢34 | 10.4+0.6 13.743.8
clone 1 7
PCDNASK.7.2/7.3 | 16 | 351+16 | 13.0£0.7 119.7 £ 13.2 56.1 + 0.06
transient
PBRFPK.7.2/7.3 12 | 322417 | 9417 711+ 16.9 36.0+ 7.0
clone 5
PCDNA3-K.7.3 57 | -364:23 | 8206 17.2+ 6.1
transient
PCDNAS-K.7.3AIST | 57 | 393430 | 89408 132.3 505
transient
PBRFP-K.7.3A3IST | 34 | 411+40 | 9616 179.2 + 31.6
clone 1

4.1.2 Optimization of FIuxOR assay using K.7.2/7.3 and K,7.3 A315T-expressing
CHO cells

The current gold standard to measure ion channel activity and modulation are the

electrophysiological techniques, however they are expensive, time-consuming and their



automated applications are limited.

Therefore, to test the activity of several K,7 modulators, the fluorescence-based thallium-
flux assay FIuxOR™ (Thermo Fisher Scientific) was selected and the assay conditions
were optimized using the cell lines described in section 4.1.1. Fluorescence-based
thallium-flux assays have been widely used in drug discovery campaigns to identify new
K.7 modulators (Beachman et al., 2010; Li et al., 2011; Yue et al., 2016). Given the well-
known permeability of potassium (K*) channels to thallium (TI"), these assays exploit TI* as
surrogate for potassium K* and TI*-sensitive dyes, such as FIuxOR, that are incubated in
cell lines stably expressing the ion channel of interest. When TI* is added to the external
cellular solution, this flows through the open channels into the cytoplasm where it binds the
TI*-sensitive dye, and this interaction generates a cytoplasmatic fluorescent signal

proportional to the TI" influx and therefore to the channels opening.

For the following experiments, the K,7-expressing cells were seeded in 96-well plates, the
“Wash method” was used and the addition of thallium solution to the wells was automated
by an internal dispenser in the plate reader (detailed protocol is described in section 3.6.1
of Materials and Methods.)

Immediately after the drugs to test were added to the cells, the plate was inserted in the
plate reader and the base-line fluorescent signal was recorded for 5 seconds (Fo). Then,
the thallium solution was added automatically to the external cellular solution, the thallium
influx through potassium channels resulted in a cytosolic fluorescent signal increasing over
time that was measured for 45 seconds (F:), obtaining fluorescence curves. Two different
parameters were calculated: the ratio between the maximal fluorescent signal and the
signal at time 0 before thallium was added (Fmax/Fo) and the slope of the fluorescent curve

between 5 and 15 seconds.

The K.,7 activator retigabine and of the inhibitor XE991 were used in CHO-K,7.2/7.3 and in
the parental cell line rapresented by non-transfected CHO cells to exclude off-target
interferences with the thallium influx (Yu et al. 2016). In these experiments vehicle
consists of Assay Buffer/0.1% DMSO (see section 3.6.1). In non-transfected CHO cells
both retigabine (10 uM) and XE991(10 uM) did not modify the fluorescent signal or the
slope of the curves (Figure 4.8, panles A and B). By contrast, in CHO-K,7.2/7.3 cells
retigabine increased both the Fuax/Fo and the initial slope of the fluorescent signal; this

effects were abolished in presence of XE991 (10 uM) (Figure 4.8, panels C and D).
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Figure 4.8 Effect of vehicle (V), Retigabine (RET) and XE991 on Fuax/Foand slope generated by non-
transfected CHO cells (panels A and B) and CHO-K,7.2/7.3 cells (panels C and D) in the FluxOR assay; (*p
< 0.01 vs vehicle)

Retigabine (1-100 pM) increased the fluorescent signal in CHO-K,7.2/7.3 in a dose-
dependent manner with an ECs, calculated on the normalized slope of 11.6 + 1.6 uM, a
value slightly higher than that calculated by electrophysiological techniques (AV+. ECso
was 2.5 £ 1.8 uM, see section 4.2.5) (Figure 4.9)
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Figure 4.9 A) FluxOR fluorescence curves generated in CHO-K,7.2/7.3 cells by the following: vehicle DMSO
0.1% (gray curve), retigabine (RET, purple curves), and retigabine + XE991 10 yM co-administrated (black
curve). Non-transfected cell (NT) signal is also shown. (B, C) Average value of maximal fluorescence
(Fumax/Fo B) and initial slope (C) of the FluxOR fluorescence signal calculated between 5 and 15 s. (* indicates
p < 0.01 vs vehicle; # indicates p<0.01 for RET 10 uM vs RET 10 uM + XE991 10 pM)

To evaluate the ability of the assay to distinguish among compounds with different
potency, we use the K,7 activator RL-81 which has been described as a more potent
K.7.2/7.3 activator when compared to retigabine (Kumar et al. 2016). RL-81 (0.01-100 uM)

dose-dependently increased both slope and maximal fluorescence, and resulted more



potent that retigabine, with a ECs, calculated on the normalized slope of 4.0 + 1.0 uM, a

value lower than that calculated for retigabine (p<0.05 vs retigabine, n=5) (Figure 4.10).
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Figure 4.10 Dose-response curves of RET (purple) and RL-81 (yellow) in CHO-K,7.2/7.3 cells. Solid lines
represent fits of the experimental data to the four-parameter logistic equation used to estimate EC5, values.

The dynamic range calculated as ratio between Fuax/Fo induced by retigabine and vehicle
in CHO-K,7.2/7.3 cells was 1.35. An even higher dynamic range (2.09), resulting in a
larger signal window, was obtained using CHO-K,7.3* cells, in which retigabine (10 yM)
induced higher Fuax/Fo and slope than those reached in CHO-K,7.2/7.3 cells (p<0.05):
Fuax/Foand slope induced by 10 uM retigabine were 1.78 + 0.02 and 0.02 + 0.001 for CHO-
K.7.2/7.3 and 2.74 + 0.14 and 0.08 + 0.002 for CHO-K,7.3* (Figure 4.11).
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Figure 4.11 Average value of maximal fluorescence (Fuax/Fo) and initial slope of the FIuxOR fluorescence
signal calculated between 5 and 15 s in CHO-K,7.2/7.3 stable clone (A, B) or in in CHO-K,7.3* stable clone
(C, D). V: Vehicle; RET: 10 uM Retigabine (*p < 0.05)

Retigabine (1-100 pM) dose-dependent increased the fluorescent signal in CHO-K,7.3*
cells with an ECs, calculated on the normalized slope of 3.6 £ 1.5 yM (Figure 4.12). The
lower retigabine ECsy measured for CHO-K,7.3* compared to CHO-K,7.2/7.3 was in line
with our electrophysiological experiments performed in transiently transfected CHO cells,
where retigabine showed an ECs, calculated on AVy, of 2.5 + 1.8 uM for K.7.2/7.3 (see
section 4.2.6) and 0.6 + 0.1 uyM for K,7.3* (see section 4.3.3). These data are in
accordance with the higher sensitivity to retigabine described for K,7.3 channel compared
to K\7.2/7.3 (Tatulian et al. 2001).
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Figure 4.12 Dose-response curves of retigabine (RET) in CHO-K, 7.3 cells. Solid lines represent fits of the
experimental data to the four-parameter logistic equation used to estimate ECs, values.

Assay robustness was measured using the Z’ factor as described in the literature (Zhang
et al. 1999) (see Materials and Methods): for both CHO-K,7.2/7.3 and CHO-K,7.3* cell
lines a Z’ factor 20.5 was calculated, indicating a robust assay, suitable to study K.7
channels modulators. When the FluxOR assay was performed in CHO-K,7.2 cells, the
calculated Z’ factor was <0.5 because of an unfavourable signal-to-noise ratio, therefore

this cellular model was not pursued any further (data not shown).

The generated cellular models and the optimized FluxOR assay were used to test the K,7
opening activity of new molecules in the search for new K,7 activators, as described in the

next sections.

4.2 Identification of novel K,7 modulators using a Structure-based Drug Design

Strategy

One of the strategies we applied to identify novel K,7.2/7.3 channel activators was a
rational structure-based drug design to develop novel retigabine analogues overcoming
some retigabine limits. It is possible to apply this strategy when the three-dimensional
structure of the drug target of interest is available. In our study, the retigabine structure-
activity relationship (SAR) was studied exploring its binding site in K,7.2-5 channels
through in silico analysis and in vitro testing of newly synthesized retigabine analogues. A
further effort was made to design molecules that would overcome some limitations of

retigabine, such as the possibility of forming photo-induced dimers.

The experiments described in the section 4.2 were performed in collaboration with Dr.
Carmine Ostacolo (Department of Pharmacy, University of Naples Federico Il) who
performed the synthesis of novel retigabine analogues and Dr. Nunzio Iraci (Department of
Chemical, Biological, Pharmaceutical and Environmental Sciences, University of Messina)

who performed the in silico analyses.



4.2.1 In silico-guided synthetic strategy of new retigabine analogues

To design novel retigabine analogues overcoming some retigabine limitations, the binding
site, the structure-activity relations of retigabine and the structural determinants leading to

photo-induced dimers formation were studied.

To investigate the features of the retigabine binding site and to explore the chemical space
available in the retigabine binding pocket, molecular docking, and molecular dynamics

(MD) experiments were performed.

Two retigabine analogues, namely compounds 23a and 24a, recently describe by
Ostacolo and colleagues as more potent than retigabine in activating K,7.2 channels, were
the starting point for the study of the retigabine binding site. 23a and 24a harboured larger
substituents at the carbamate region compared to retigabine. Molecular docking
simulations performed using the K,7.2 channel structure, generated by homology
modelling starting from Kv1.2/2.1 paddle chimera, suggested that these substituents were
accommodated in a plastic binding pocket lined by residues L221, V225, L232, F304,
L307, 1311 and L312 that is not occupied by retigabine (Figure 4.5). Moreover,
electrophysiological experiments showed that 23a and 24a activities were abolished in the
K.7.2 W236L mutant channel, confirming that these analogues maintained the general

binding orientation of the parental molecule (Ostacolo et al. 2020).

In this work, 23a and 24a were used to further investigate retigabine binding site in K,7.2
using the cryo-EM structure of K,7.2 in complex with retigabine (Li X. et al. 2021).
Molecular docking and MD experiments confirmed that the larger substituents of both 23a
and 24a specifically interact with residues V225, F304, and L312 lining a region defined as
pocket 1 (Figure 4.6, panel B); these interactions are less pronounced in retigabine, given

the smaller size of its amide carbonyl substituent.

In addition, MD simulations gave insight into the interaction of retigabine, 23a and 24a with
two additional regions in K,7.2, one contributed by S303 (pocket 2) forming an H-bond with
the NH. at position 2 of retigabine (area 2) and flanking a small hydrophobic pocket lined
by T276, L299, V302, S303, F305 and A306, and another formed by F240, L243, L268,
L272, L275 and F305 (pocket 3), where F305 and F240 may interact with the fluorophenyl
ring of retigabine (area 3) (Figure 4.6).
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Figure 4.5 Ligand interaction diagram of 120ns-long MD simulations of K, 7.2 in complex with retigabine
(Li X. et al. 2021) and with the previously-described indole derivatives 23a and 24a (Ostacolo et al.
2020). Only residues interacting with the ligand for at least 12ns out of 120ns of MD simulation time are
shown. Hydrophobic residues are depicted in green, polar ones in cyan. H-bonds are represented by
magenta arrows (dashed when side chain atoms are involved); green solid lines represent -1
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Figure 4.6 A) Retigabine structure with the three different areas investigated by structure-based approach.
Highlighted: area 1 in blue, area 2 in orange, and area 3 in red. B) The retigabine binding pocket in K,7.2
channels. The two K,7.2 subunits shown are coloured in cyan and salmon. Bound conformations of
retigabine (magenta), 23a (yellow) and 24a (green) are shown in thin solid sticks. For each ligand, three
bound conformations (sampled at 0, 60 and 120 ns) from 120ns-long MD simulations of the ligand/K,7.2
complex) are shown. Experimentally solved bound conformation of retigabine (PDB ID: 7CR2) is shown in
magenta thick transparent sticks

These three pockets identified in K,7.2 (Figure 4.6) also exist in other retigabine-sensitive
K.7 subunits, as revealed by the recent cryo-EM structure of K.,7.4 in complex with
retigabine (Li T. et al. 2021). Moreover, the high primary sequence similarity among
retigabine-sensitive subunits at the level of the residues contributing to these pockets also
suggests that the indicated interactions may also occur in K,7.3 and K.,7.5 subunits (Figure
4.7).

225 236 240 S5
hKv7.2  ILRMIRMDRRGGTWKLLGSVVYARSKELVIAWY IGFLCLILASFLVYLAEKQE——————— 257
hKv7.4  ILRMVRMDRRGGTWKLLGSVMYAHSKELITAMY IGFLVLIFASFLVYLAEKA- - 263
hKv7.5  ILRMVRMDRRGGTWKLLGSVMYAHSKELITAMY IGELVLIFSSFLVYLVEKA- - 291
hKv7.3  ILRMLRMDRRGGTWKLLGSAIICAHSKELITAMYIGELTLILSSFLVYLVEKIOVPEVDAQG 293
hKv7.1  ILRMLHVDRQGGTWRLLGSVMFIHRQELITTLY IGHLGLIFSSYFVYLAEKAVN-———— 289

) 304

Pore helix Filter 383_3 305 312 S6

hKv7.2  ---NDHFDTVADALWWGLITIIT IEYGOKY POTHNGRLLAATFTLIG TPAGIGSGFAL] 318
hKv7.4  ---NSDFSSYADSLWWGTITL{'TIGYGDKTPHTWLGRVLAAGFALLGL LPAGIILGSGFAL | 324
hKv7.5 ---NKEFSTYADALWWGTITL{'TIGYGDKTPLTWLGRLLSAGFALLGL LPAGIILGSGFAL | 352
hKv7.3  EEMKEEFETYADALWWGLITLAT IGYGDKTPKTWEGRLIAATFSLIG LPAGILGSGLAL | 357
hKv7.1 ESGRVEFGSYADALWWGVVTV[I'T IIGYGDKVPQTWVGKTIASCFSVEAT LPAGILGSGFAL | 353

Figure 4.7 Sequence alignment of the S5, S6 and the S5-S6 intervening linker forming the pore domain of
the indicated K, subunits (www.ebi.ac.uk/Tools/psa/). Numbers above the sequences indicate the residues
interacting with retigabine, 23a and 24a.

To investigate the structure-activity relations of retigabine, novel retigabine analogues
were designed based on the in-silico hypothesis concerning the chemical space at the
retigabine binding site: systematic modifications in each of the three areas of retigabine
(Figure 4.6) were pursued, and a small library of retigabine derivatives was synthesized.

Structures of the newly-synthesized retigabine analogues are depicted in table 4.2, blue



names are used to indicate modifications inserted in area 1, yellow names for

modifications in area 2 and red names for modifications in area 3.

4.2.2 Structure-activity relationship study of newly synthesized retigabine

analogues

To screen the library of the newly synthesized retigabine analogues, and to investigate the
pharmacological consequences of the structural modifications introduced in the retigabine
molecule, the fluorescence-based assay described in section 4.1.2 was used in CHO-
K.7.2/7.3 cells. The initial slope of the fluorescent signal produced by 10 uM of each
newly-synthesized retigabine analogue was used to study their effect in opening K.7.2/7.3
channels and was compared to that of 10 yM retigabine (or other compounds used as
reference for each sub-series). Results are shown in figure 4.13 and summarized in table
4.2

Table 4.2 Chemical structures and K,7 opening activity of synthesized compounds
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Figure 4.13 Average FluxOR flurescence signals obtained in K,7.2/7.3-transfected cells upon exposure to
the synthesized compounds exploring the chemical space at area 1 (blue bars), area 2 (orange bars) and
area 3 (red bars) at a concentration of 10 uM in comparison with retigabine (purple bar). *p < 0.05 vs
retigabine 10 uM.

Exploration of the lipophilic pocket 1 (Figure 4.6 panel B) was performed with compounds
indicated as 13-20 and 71 carrying substitutions at R1 in area 1 (Figure 4.13, blue bars;
Table 4.2). For this sub-series, compound 13 was considered as the reference compound,
since a (4-(trifluoromethyl)benzyl group at R3 responsible for a marked improvement in
agonist activity (i.e. RL-81) (Kumar et al. 2016; Ostacolo et al. 2020) was present in all
these derivatives. The results obtained confirm the presence of a lipophilic pocket in which
linear (compounds 13, 14), branched (compound 17), or cyclic (compounds 18, 19)
substituents are well accommodated when up to 7 carbon atoms are present at R1 (Table
4.2, Figure 4.6 panel A). Instead, at least for linear chains, beyond this optimal length, a
progressive decrease in K,7 opening ability was observed (compounds 15 and 16);
consistent with this are the results of MD simulations showing the escape from the binding

pocket of the longer side chains of compounds 15 and 16 (Figure 4.14).

In addition, given the hydrophobic nature of pocket 1, hydrophilic substituents at R1 are
poorly tolerated, as for the ethylene glycol chain of compound 20 showing a complete loss

of activity.

The observation that the inversion of the amide group in derivative 71 abolished
completely the K.,7 opening activity because of the loss of H-bonding between the
carbamate group and the indole nitrogen atom of the W236 was in line with literature (Kim
et al. 2015) and confirmed the constraints imposed by the specific orientation of the
hydrogen bond donor (HBD)-hydrogen bond acceptor (HBA) pattern at W236 for the K.7

opening.
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Figure 4.14 Molecular Dynamics (MD) simulations of retigabine analogues. (A) Predicted bound
conformations of 13 (orange), 14 (green), 17 (pink), 18 (light gray) and 19 (dark gray) at 60 ns of MD
simulations are depicted in sticks. B) Bound conformations of 15 (yellow) and 16 (magenta) at 60 ns of MD
simulations are depicted in sticks. C) Predicted bound conformation of 17 (magenta sticks) at 60 ns of MD
simulations. (D) Predicted bound conformations of 23 (yellow sticks) and 24 (magenta sticks). In all panels,
the two different K.7.2 monomers are depicted in sticks and cartoons and coloured in cyan and salmon. H-
bonds are represented by yellow dashed lines.

To explore the lipophilic pocket 2, compounds 2, 23 and 24 were synthesized and the role
of H-bond between -NH; in R2 and S303 side chain was investigated (Table 4.2).
Compound 2, in which the -NH- is replaced by a hydrogen atom, was still active although
with slightly lower efficacy when compared to the structurally similar compound 13 (Figure

4.13, yellow bars).

Moreover, replacement of the NH- with larger substituents unable to act as HBDs such as
pyrrolidin-1-yl and piperidin-1-yl groups (compounds 23 and 24, respectively) resulted in
K.7 opening ability comparable to that of the reference compound 17, with 23 being even
more active (Figure 1G). Altogether these results suggested that H-bond interaction with
S303 is not essential for K,7 opening ability and that lipophilic interactions can occur within
pocket 2; molecular modelling studies suggested that residues T276, L299, V302, S303,
F305, and A306 might act as possible contributors to such interactions (Figures 4.14 panel
C and D).

Within area 3 our MD simulations suggested that two phenylalanines (F305 and F240) are

close enough to -1 stack with the retigabine benzyl ring.



In the attempt to probe the interactions of the terminal phenyl ring of retigabine with pocket
3, a series analogues carrying modifications at R3 in area 3 was synthesized (Table 4.2)
and tested (Figure 4.13; red bars). Moving the fluorine atom in position 2 of the phenyl ring
(compound 52) or its removal (compound 41) resulted in no change in activity when
compared to reference compound 13, thus ruling out any specific halogen bond involving
this fluorine atom; in addition, the 2,6-difluoro analogue of compound 17 (compound 43)
designed to help the ligand phenyl ring to assume an optimal orientation for edge-to-face
and/or face-to-face interactions with phenylalanines 240 and 305, still displayed strong
activity. Altogether, these results confirm the critical functional role of the previously-
mentioned TT-T1 stacking interactions for K.7 opening. Moreover, replacement of the
fluorobenzyl group with hydrophilic hydroxybenzyl (compound 57) or pyridine (compounds
47 and 51) groups led to a complete loss of activity, despite their ability to form Tr-1r
stacking interactions; these results suggest that a critical degree of hydrophobicity at this
region is required for K,7 opening. Finally, increasing the length of the linker between the
fluorobenzyl ring and the amino group at N4 of retigabine with an extra -CH,- led to a
complete loss of activity (compound 42), likely because this substitution impedes the
interaction of the terminal phenyl ring of retigabine with pocket 3 residues L272 and F305
(Figure 4.15).
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Figure 4.15 Ligand interaction diagram of 120ns-long MD simulations of K,7.2 in complex with 42. Only
residues interacting with the ligand for at least 12ns out of 120ns of MD simulation time are shown.
Hydrophobic residues are depicted in green, polar ones in cyan. H-bonds are represented by magenta
arrows (dashed when side chain atoms are involved); green solid lines represent 11-1r interactions.

4.2.3 Photostability of newly synthesized retigabine analogues

One of the main clinical concerns over retigabine observed upon long-term treatment in
patients is a retinal and muco-cutaneous blue-gray discoloration due to the formation and
accumulations of photo-induced dimers into tissues. Identifying the structural determinants
leading to retigabine photo-induced dimers formation is essential to design novel
analogues less prone to this chemical reaction and therefore safer for a long-term use in

patients.



A proposed mechanism leading to dimers formation is illustrated in figure 4.16, consisting

of four reactions:

- Reaction 1 and 2: the first step of retigabine photooxidation is the cleavage of the C-N
bond in the linker between the two phenyl groups, leading to the formation of 4-
fluorobenzaldehyde and ethyl (2,4-diaminophenyl)carbamate; notably, ethyl (2,4-
diaminophenyl)carbamate has been consistently detected as one of the four process-
related impurities in several batches of retigabine (Wang et al. 2012); moreover, 4-
fluorobenzaldehyde is formed upon UV-visible light irradiation of retigabine solution
(Ostacolo et al. 2020).

- Reaction 3: Reaction of the aldehyde intermediate with an intact retigabine molecule
leads to the formation of ethyl (2,4-bis((4-fluorobenzyl)amino)phenyl)carbamate, detected

following UV-visible light irradiation of retigabine solution (Ostacolo et al. 2020).

- Reaction 4: reaction of the ethyl (2,4-bis((4-fluorobenzyl)amino)phenyl)carbamate with
ethyl (2,4-diaminophenyl)carbamate, most likely in the imino tautomeric form, drives to the
formation of phenazine and phenazinium dimers, such as those detected in melanin-rich

eye tissues upon long-term treatment with retigabine (Groseclose et Castellino 2019).
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Figure 4.16 Proposed mechanism for retigabine photooxidation.

Among the compounds described in the previously section, 13, 14, 17, 19, 23, 24, 41, 43,
and 52 showed higher efficacy compared to retigabine when tested at 10 uM (p<0.05). In

order to assess their photostability and dimer-forming ability, each molecule was dissolved



in a saline solution at 10 uM, exposed for 3 hours to UV-visible light, and the reaction

products were detected through HPLC analysis.

Two different HPLC wavelengths were utilized: a) 220 nm to evaluate the decreased
concentration of the starting molecule (photodegradation); b) 550 nm to investigate the
formation of phenazine/phenazonium dimers, as previously described (Groseclose et
Castellino 2019). Unfortunately, dimer formation was detected for all tested compounds,
except for 23 and 24. However, these two compounds showed an enhanced degradation
when compared to retigabine (Table 4.3).

Table 4.3 Photoinduced degradation of retigabine (RET) and its analogues under UV Lighting. Results are
expressed as percentage of degradation + SD.

Compound % Degradation (3h, UV) Dimers Formation

RET 61.3+0.1 Yes
13 30.6+2.2 Yes
14 73.2+04 Yes
17 79.8+4.2 Yes
19 64.8+0.9 Yes
97.7+1.0 No

79.8+4.2 No

41 19.5+47 Yes
43 98.4£0.2 Yes
52 74.9+0.1 Yes

The inability of compounds 23 and 24 to form dimers is likely due to the lack of the free

amino group in position 2 required for reaction 4 to occur (Figure 4.16).

4.2.4 Synthesis of a second series of retigabine derivatives with improved

photostability

With the aim to minimize dimer formation and, at the same time, retain the optimal
pharmacological activity revealed by previously-described structure-activity studies, three
additional groups of retigabine analogues were designed, synthesized (Table 4.4), and
their effect in opening K.,7.2/7.3 channels was tested using the previously described the
fluorescence-based assay (Figure 4.17). For the more active compounds, the
photostability and dimer-forming ability were tested as described for the previously series

of compounds (Table 4.5).



Table 4.4 Chemical structures and K,7 opening activity of photostable retigabine derivatives.
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Figure 4.17 Average FluxOR flurescence signals obtained in K,7.2/7.3-transfected cells upon exposure to
the indicated compounds each used at a concentration of 10 yM in comparison with retigabine (RET 10 yuM;
purple bar). * indicates values significantly different (p < 0.05) from RET 10 uM.

The first group of retigabine analogues consisted of N4 (-X- in Table 2) substituted
analogues, in which the tertiary amine is unavailable to form phenazine dimers (reaction 4

in figure 4.16) (compounds 25-28).

Small lipophilic substituents at N4, such as the methyl groups of 25 and 26 improved
agonist activity, whereas longer lipophilic substituents, such as a propyl group of 27 did not
improve activity, finally, rigid substituents, such as the acetyl group of 28 markedly
reduced activity. These observations suggested that pocket 3 displays a limited degree of

plasticity, accommodating only small lipophilic substituents.

Since the first step of retigabine photooxidation is the cleavage of the C-N bond in the
linker between the two phenyl groups, a second group of molecules designed to prevent
C-N bond photooxidative cleavage was synthesized replacing the -NH- in position 4 with
oxygen (31) or methylene groups (67-68). Unfortunately, none of these compounds were

able to activate K,7.2/7.3 channels.

The third group included derivatives replacing hydrogen atoms with electron-withdrawing
fluorine atoms at position R2 of the benzene-1,2,4-triamine core scaffold (compounds 59,
60), a strategy likely reducing the reactivity of N2 and N4. This latter approach has been
profitably used before to develop potent and metabolically stable K,7.2 activators such as
RL-81 (Kumar et al. 2016) Within this series, when compared to retigabine, K.,7 opening

activity was similar for 59, and enhanced for 60.

Overall, within this novel series of molecules, three compounds (25, 26, 60) displayed
efficacy as K,7.2/7.3 channel activators higher than that of retigabine, therefore their

photostability and dimer-forming ability were tested as described above.



Intriguingly, while compounds 25 and 26 did not form dimers but underwent extensive
photodegradation (Table 4.5), compound 60 was both more photostable than retigabine
and failed to dimerize, as indicated by the absence of the peaks at 550nm in the HPLC
spectrum (Figure 4.18). These results are consistent with the proposed mechanism for
retigabine photodegradation and dimer formation shown in Figure 4.26. In fact, the tertiary
amine in position 4 of 25 and 26, although preventing phenazine dimers occurrence,
remained prone to C-N photooxidative cleavage. The reduced electron availability at N2
and N4 due to the presence of fluorine atom in position 3 of compound 60 strongly
reduces also the first photooxidative step, thus conferring remarkable photostability.

Table 4.5 Photoinduced degradation of retigabine (RET) and its analogues under UV Lighting. Results are
expressed as percentage of degradation + SD.

Compound % Degradation (3h, UV) Dimers Formation
RET 61.3+0.1 Yes
25 63.3+2.8 No
26 99.5+0.1 No
60 348+1.8 No
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Figure 4.18 HPLC traces of retigabine (RET) and compound 60 at 550 nm after 3h exposure to UV-visible
light.

4.2.5 In vitro metabolism of photostable retigabine derivatives

To further explore the metabolic stability of compounds 25, 26, and 60 in a biologically-
relevant model, they were tested in an in vitro metabolism assay (S9 fraction of human
liver microsomes) using retigabine as a comparator. In this assay, a very small extent (4.7
+ 0.5%) of retigabine undergoes phase | metabolism, whereas a larger fraction (17.4 *

1.2%) was metabolized in phase Il reactions, as previously reported (Hiller et al. 1999,



Hempel et al. 1999, Borlak et al. 2006). Such metabolic profile largely overlaps that of
compound 60, whereas larger fractions of both compounds 25 and 26 underwent in vitro
metabolism via both pathways; indeed, compounds 60, 25 and 26 showed a phase |
turnover metabolism of 8.2+2.7%, 20.6+x1.4% and 32.1%1.2, respectively, and a phase |l
turnover metabolism of 15.6+0.3, 33.2+1.0% and 32.7+0.3, respectively.

4.2.6 Electrophysiological assessment of compound 60 as K,7 opener: comparison
with retigabine and RL-81

Given the higher efficacy as K,7.2/7.3 activator showed by compound 60 in the FluxOR
assay and considering its improved photostability and in vitro metabolic profile when
compared to retigabine, a further characterization of compound 60 was performed using
the whole-cell patch-clamp electrophysiological technique, the gold-standard assay for a

detailed evaluation of ion channel modulators.

Electrophysiological experiments were performed in mammalian CHO cells transiently
transfected with K,7.2/7.3 cDNA. Cells were held at -80 mV, then depolarized for 1.5 s
from -120 mV to +20 mV in 10 mV increments, followed by an isopotential pulse at 0 mV

(protocol depicted in figure 4.19).

K.7.2/7.3 channels expressed in CHO cells generated voltage-dependent K*-selective
currents characterized by a slow time course of activation and deactivation, a threshold for
current activation around -40 mV, and a half activation potential (V1) of -30.2 + 0.7 mV

(Figure 4.19, control).

The effect of compound 60 was compared to retigabine and its more potent analogue RL-
81 (Kumar et al. 2016). Perfusion with 1 uM retigabine induced a leftward shift in V4, (AV1,) of
about 10 mV; the same concentration of RL-81 or compound 60 caused a leftward shift of about 40

mV and 50 mV, respectively.

Ctl RET RL-81
+20mV 0 v ;
AV 10mV
120mV

Figure 4.19 Effect of retigabine (RET), RL-81 and compound 60 on K,7.2/7.3 currents. (A) Representative
macroscopic current traces recorded from CHO cell expressing K,7.2/7.3 channels in response to the
indicated voltage protocol before (Ctl) and after application of 1 yM RET, RL-81 and compound 60, as

indicated. Current scale, 200 pA, time scale, 200 ms.



The negative shift in the activation voltage triggered by RL-81 and, more so, compound 60
in K,7.2/7.3 channels caused a significant fraction of channels to be open at the holding
voltage of -80 mV; most of those open channels were closed upon membrane
hyperpolarization to -120 mV, leading to the appearance of deactivating inward currents

(red arrows in Figure 4.19).

To better assess the quantitative differences occurring in K,7-opening ability between
retigabine, RL-81 and compound 60, dose-response experiments (0.01-30 uM) were
performed to calculate ECsos using both functional parameters of AV, (Figure 4.20 panel
A) and maximal current increase (Figure 4.20 panel B). AV, ECs were 2.5£1.8 uM,
0.241£0.06 uM, and 0.15+£0.03 uM for retigabine, RL-81 and compound 60 (p<0.05 RL-81
and 60 vs retigabine, n=5), respectively. Instead, it was not possible to define an ECs, for
retigabine when the maximal current was taken into consideration, given the small size of
the drug-induced effect, as previously reported (Li X. et al., 2021) in fact, the | sigabine/ lcontrol
was 0.99+0.15. The same experiments carried out with RL-81 (in which the Ir.s1/lcontrol Was
1.6 £ 0.2) and compound 60 (whose lcso/lconrsl Was 2.1 £ 0.3) revealed ECsos of 0.27+£0.04
MM and 0.06 + 0.01 pM (p<0.05, n=6-11), respectively.

A B
80- 2.5
—>£60: 3 2
= 40; ®
> oRET 151
<1201 N RL-81
oA v60 14 }
4 1 1 L L] 1 1 1 1 1
8 7 6 -5 -4 8 7 -6 5 -4
Log

Figure 4.20 Dose-response curves reporting the effects of the 3 indicated compounds on the V; shift (AVy,)
in mV (A) and on maximal current densisty (larug/loontro; B) calculated at +20mV for K,7.2/7.3 channels

Altogether, these data, while confirming the 10-fold higher potency of RL-81 over
retigabine as K,7.2/7.3 activator (Kumar et al. 2016), also revealed that compound 60 was
16 times more potent than retigabine, thus resulting about twice more potent than RL-81.
Such rank-order of potency is similar to that revealed by the TI*-based fluorescent assay,
although the absolute ECs, values calculated with electrophysiological methods appear
generally lower than those assessed with the fluorescence assay; indeed, the ECsos were
11.2 £+ 1.6 uM for retigabine, 4.0 £+ 1.0 uM for RL-81 (p<0.05 vs retigabine, n=5, see
section 4.2.2, Figure 4.10), and 3.2 £ 1.7 yM for compound 60 (p<0.05 vs retigabine, n=5).



4.2.7 Binding site of compound 60 in K,7.2

Our molecular modelling simulations for compound 60 in K,7.2 predicted binding
interactions shared with retigabine, such as S303 in pocket 2 and W236. Moreover,
additional and specific hydrophobic interactions with residues in pocket 1 of K,7.2 channel
were identified. In particular, average distances between compound 60 or retigabine and
the residues V225, F304 and L321 suggested these aminoacidic residues were contacted
by compound 60 but not by retigabine, due to its shorter later chain in area 1. To
investigate if the slight increase in potency and the markedly higher efficacy as K.7
activator shown by compound 60 over retigabine or RL-81 was due to its ability to
establish additional hydrophobic interactions with residues in pocket 1, site-directed
mutagenesis was used to generate three mutants K,7.2 cDNAs: V225A, F304A, and
L312A. Unfortunately, when these cDNAs where expressed in CHO cells and voltage-
clamp experiments were performed, K,7.2 V225A, F304A, and L312A mutant channels
carried currents whose size was too low to be amenable for pharmacological analysis
(Figure 4.21, panel A).

Electrophysiological experiments using mutant K,7.2 channels S303A and W236L were
performed. Noticeably, similarly to retigabine, K,7 opening ability of compound 60 was
almost fully abolished in W236L channels, and slightly but significantly reduced in S303A
channels, suggesting a marked similarity in the overall binding of compound 60 and

retigabine (Figure 4.21, panel B).
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Figure 4.21 A. Current density of the indicated homomeric K,7.2 channels; B. Effect of 10 yM RET or 1 yM
60 on the indicated homomeric K,7.2 mutant channels. *indicates values significantly different (p < 0.05) from
respective WT controls.

4.2.8 K.7 selectivity of compound 60

In order to evaluate the effects of compound 60 on other K,7 channels, its ability to

activate K.,7.4 channels expressed in CHO cells was investigated. Application of



compound 60 at a concentration corresponding to the ECsy measured for K.7.2/7.3
channels (0.1 yM), caused a AVi, of —=29.2 + 4.4 mV and lgug/lconral Of 2.5 £ 0.3 (n= 4) on
K.7.4 currents; both these values were not significantly different (p>0.05) from those
observed in K,7.2/7.3 channels (Figure 4.20). These results suggested that similar to
retigabine, compound 60 does not discriminate between K,7.2/7.3 and K,7.4 channels, a
result consistent with the high degree of conservation of the amino acids involved in
retigabine binding between K,7.2 (Li X. et al., 2021) and K.7.4 channels (Li T. et al. 2021)
as well as with the structural similarity of pocket 1 likely accommodating the R1

substituents responsible for the higher potency of compound 60 as a K,7 activator.

4.2.9 Anticonvulsant effects of compound 60 in a mouse model of acute seizures

The data described in the sections above suggested that compound 60 was a chemically-
stable, highly-potent K,7.2/7.3 channel activator. Since activation of K,7.2/7.3 channels is
known to exerts antiseizure effects in vivo (Rostock et al. 1996) the possible
anticonvulsant activity of compound 60 was evaluated in an acute seizure model and
compared to that of retigabine. To this aim, a widely used mouse model of generalized

myoclonic seizures such as the acute exposure to pentylenetetrazol (PTZ) was chosen.

Convulsive behavior was triggered by a subcutaneous (s.c.) injection of 100 mg/Kg PTZ in
mice, intensity of seizures was assessed and quantified according to the revised
Ldttjiohann’s scale (see Materials and Methods) (Luttjohann et al. 2009) using a 9-points
severity score ranging from 0 (wisker trembling) to 8 (wild jumping). For each animal, the
maximal severity score (Figure 4.23 panel A) and the time latency required to reach such
value (Figure 4.23 panel B) were recorded. To assess the antiseizure effects of retigabine
and compound 60, each mouse was pre-treated with retigabine (1 or 3 mg/Kg i.p.) or
compound 60 (0.1, 0.3, or 1 mg/Kg i.p.) 30 minutes before PTZ injection. In vehicle-treated
mice the seizure score and the latency to maximal seizures were 7.4 + 0.1 and 407.6 £
89.3 seconds, respectively (Figure 4.23 panela A and B). Retigabine failed to affect
seizure severity (seizure score of 6.9 £ 0.3 and 7.3 = 0.3 at 1 mg/kg and 3 mg/kg,
respectively, Figure 4.x panel A), whereas it significantly increased the latency to maximal
seizure(s) when used at 3 mg/Kg (1041.4 + 223.2 s, Figure 4.x panel B), in agreement with
literature data (Forcelli et al. 2012). By contrast, compound 60 was able to reduce both the
severity and the latency of PTZ-induced seizures when used at doses 10-times lower than
those of retigabine (seizure score of 6.0 + 0.4 and latency time of 1159.7 + 169.4 s at 0.3

mg/Kg dose, Figure 4.23 panels A and B, respectively).



To demonstrate that the antiseizure effects of retigabine and compound 60 were mediated
by their K,7 channel-opening actions, the K,7 selective channel blocker XE991 (3 mg/Kg
i.p.) was used. In these experiments, for retigabine or compound 60 the minimum effective
doses calculated from previous experiments were used: 3 mg/Kg (retigabine) and 0.3
mg/Kg (compound 60), respectively. XE991 alone did not affect seizure severity score or
latency; in animals pre-treated with XE991 both retigabine (3 mg/Kg) and 60 (0.3 mg/Kg)
antiseizure effects were fully prevented, confirming that their effect is due to K,7 activation
Figure 4.23 panels C and D).
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Figure 4.23 Anticonvulsant efficacy of retigabine and compound 60 (c60) in pentylenetetrazol (PTZ)-induced

acute seizures in mice. (A-B) Average values for seizure score (A) and latency to onset of a maximal seizure

(B) as a function of retigabine (RET) or compound 60 doses. Individual scores calculated in each animal are

indicated by dots. (C-D) Effect of retigabine (RET) and compound 60, with (hatched bars) or without (empty

bars) pretreatment with XE991 (XE 3mg/Kg) on seizure score (C) and latency to onset of a maximal seizure
(D). The asterisk (*) indicates values significantly different (p < 0.05) from respective controls.

In our experiments, only about 37% (7/19) of vehicle-treated mice survived at the end of
the 60 min observation period (Figure 4.24), this was in line with the high mortality rate
observed in the PTX model (Breidenbach et al. 2020). In agreement with its strong
antiseizure effect, compound 60 dose-dependently reduced mortality, with 87% (13/15)
animals treated with 0.3 mg/Kg and all animals (8/8) treated with the highest dose of 1
mg/Kg surviving; instead, no protective effect on mortality was observed with the highest
dose of retigabine (3mg/Kg), with only 40% (4/10) of mice surviving. Notably, compound
60-induced pro-survival effects were largely (though not fully) abolished by XE991

pretreatment (Figure 4.24), with 75% (6/8) of mice surviving after PTZ administration.



As reported (Zaczek et al., 1998) doses higher than 3 mg/kg XE991 led to the occurrence
of significant tremors, which may affect the behavioral observation of the epileptic
phenotype; this might have resulted in the lower survival observed in XE-treated animals
when compared to controls or retigabine-treated animals; thus, no attempt was made to

use doses higher than 3 mg/kg to revert the pro-survival effect of compound 60.

£ 80
S 60
Z
S 40
J N
O B N D (D 5 N x
& AT AT AT R 97 e
AN AN N >
FT& & &8 Koo
+ ©

Figure 4.24 Effect of RET (1, 3 mg/Kg), ¢60 (0.3-1 mg/Kg) or XE991 (3mg/Kg) on mice survival rate after

PTZ exposure. The number of animals used in each group was: 19 for controls, 4 for XE (3 mg/Kg), 8 for

RET (1 mg/Kg), 10 for RET (3 mg/Kg), 8 for XE+RET (3+1 mg/Kg); 3 for ¢60 (0.1 mg/Kg), 15 for c60 (0.3
mg/Kg), 8 for ¢60 (1 mg/Kg), and 8 for XE+c60 (3+0.1 mg/Kg).

4.2.10 Pharmacokinetic assessment of compound 60

Poor brain penetration and short half-life were two pharmacokinetic limits of retigabine. To
investigate this aspect, brain/plasma distribution and plasma half-life of compound 60 were
studied and compared to retigabine. Brain and blood samples were processed to allow

UHPLC-MS/MS analysis.

The results obtained revealed that after 60 min i.p. administration of each drug at 1 mg/kg
in mice, the brain and plasma concentrations were 469.2 £+ 142.8 ng/mg and 202.2 + 90.9
ng/mg for retigabine, and 726.6 + 178.8 ng/mg and 18.2 + 3.7 ng/mg for compound 60,
respectively (Figure 4.25). Thus, compound 60 showed a remarkable brain accumulation,
with a brain/plasma ratio 18-times higher than that of retigabine (40.4 vs 2.3, respectively).
This result is likely explained by the higher lipophilicity (logP 4.74) of compound 60 over
that of retigabine (logP 3.08).
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Figure 4.25 Retigabine (RET) and compound 60 (c60) brain and plasma level after 60 min i.p. administration
of each drug at 1 mg/kg in mice



Blood sampling at predetermined intervals (0, 0.5, 2, 4, 8, and 24 hours) after i.p.
administration of retigabine (3 mg/Kg) or compound 60 (0.3 mg/Kg) was performed to
provide intial clues on time-dependent pharmacokinetics of compound 60 when compared
to retigabine; these experiments required multiple blood sampling in a short time, and
therefore rats instead of mice were used. The results obtained revealed that, altough the
AUC normalized on the administreted dose (AUC/dose) was not significantly different
between retigabine and compound 60 (0.44 for retigabine vs 0.33 for compound 60), the
plasma half-life of compound 60 (16.9 hours) was about 5-times higher than that of
retigabine (2.4 hours) (Figure 4.26). These results suggest that the longer plasma half-life
of compound 60 might overcome another important limitation of retigabine, namely its

three times a day dosing requirement.
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Figure 4.26 Plasma concentration-time curves after a single-dose of Retigabine (3 mg/Kg) or compound 60
(0.3 mg/Kg) injected i.p in rats. Values are represented as mean with £SD (n=3)

4.3 ldentification of novel K,7 modulators using a Drug Repurposing Strategy

Although the rational design of a new molecule, such as compound 60, allowed us to
develop a potential new drug with an improved pharmacological profile and fewer side
effects than the reference drug retigabine, we know that a new chemical entity must pass
through several stages of preclinical and clinical trials before it reaches therapy. So, an
alternative approach we explored to identify novel K,7.2/7.3 channel activators that could
reach clinical use more quickly than a newly synthesised molecule was the Drug

Repurposing Strategy.

Drug Repurposing is the investigation of existing drugs for new therapeutic purposes, with
the advantage of reducing time and costs involved in developing a new chemical entity as
a drug. The first step to find a new use of a drug is to identify a new pharmacological target
it acts on; one of the systematic approaches used to aid this step is the HTS of

repurposing compounds libraries.

HTS consists of highly automated screening systems to record a biological activity at the
molecular, cellular or organism level. In our work we used a cell based HTS to screen The

Fraunhofer repurposing library, a collection of 5632 compounds deriving from the Broad



Repurposing Hub (Corsello et al. 2017), including 3400 compounds that have reached
clinical use across 600 indications as well as 1582 preclinical compounds with varying

degrees of validation.

The experiments described in the sections 4.3.1 and 4.3.2 were performed at the
Screening-Port of the Fraunhofer Institute for Translational Medicine and Pharmacology
ITMP, under the scientific direction of Dr. Philip Gribbon and in cooperation with the HTS

specialist Oliver Keminer and with the bioinformatics scientist Andrea Zaliani.

4.3.1 Adaptation of the lab-scale fluorescence-based assay for a large-scale format

The lab-scale FIuxOR assay described in section 4.1.2 was a valuable tool to study the
effect of newly-synthesized retigabine analogues in activating K,7 channels (see sections
4.2.2 and 4.2.3). However, the parameter used to study their K,7 opening ability, such as
the slope of the fluorescent curves, requires a kinetic measurement of the fluorescent
signal lasting at least 15 seconds after the addition of TI" to the external cellular solution,
for each tested substance. To screen large libraries of thousands of compounds, such
kinetic measurement would take an inordinate amount of time and was therefore
unsuitable. To find a parameter other than the slope to query the library, and to optimize
the assay to an automated handling of the tested compounds, an adaptation of the

fluorescence-based assay from a lab-scale to a large-scale was necessary.

To adapt the FluxOR assay to a large-scale automated process suitable to screen large
libraries of compounds and identify K.7 channels modulators, CHO-K,7.2/7.3 and CHO-

K.7.3* cells were seeded in 384-well plates and different assay conditions were tested.

When the “Wash method” of FIluxOR assay, involving removal of medium and several
buffer replacements, was applied in a 384-well plate, it caused problems affecting the
reproducibility of the experiment such as incomplete removal of medium or buffers, loss of
adherent cells, air bubbles in different wells (data not shown). Therefore, the “Direct
method” in which buffers are added to the well without removing the medium, was used in

place of the “Wash method”.

The high sensitivity of the hightrouput plate reader (Enivion 2103 multilabel Reader,
PerkinElmer) produced an intense background noise, therefore BackDrop background
suppressor (Thermofisher) was added to the Assay Buffer (detailed protocol is described

in section 3.6.2 of Materials and Methods).

Before thallium addition, each plate was read for 3 seconds (pre-scan) in order to measure

the base line rapresenting the F,value. The drugs to test were added using an automated



system called EchoTM-compound transfer-system, this step requires about 45 seconds for
a whole 384-well plate. The K,7 activator retigabine was used in CHO-K,7.2/7.3, in CHO-
K.,7.3* and in the parental cell line rapresented by non-transfected CHO cells to exclude

off-target interferences with the thallium influx (Yu et al. 2016).

Experiments described in the previous sections and performed using a kinetic
measurement mode, showed that the fluorescent signal starts to increase immediately
after the addition of thallium (figure 4.9 panel A). Those measurement were taken using a
plate reader equipped with an internal dispenser that automatically adds the thallium-

containing solution one well at a time, and simultaneously reads the fluorescent signal.

Unfortunately, for the experiments performed at the Fraunhofer Institute it was not possible
to automate the addition of the thallium solution to the wells since the Enivion Plate reader
used does not present an internal dispenser, therefore this step was done manually with a
multichannel pipet and required about one minute for a whole 384-wells plate. After

thallium was added, the plate was inserted in the plate reader.

The time needed to manually add the thallium solution and to move the plate from one
instrument to another produced a delay between thallium addition and plate reading, so
part of the increasing fluorescent signal was lost. Therefore, to study how the delay
affected the signal and how long it was stable over time, the fluorescent signal was

measured for 300 seconds and the raw fluorescence was normalized to F, (Figure 4.27).

In non-transfected cells a slight increase in fluorescence over time was measured, likley
due to the spontaneous entry of thallium into the cell through diffusion processes not
mediated by K,7 channels; this fluorescent signal was not modulated by retigabine 10 yM
(Figure 4.27, panel A, curves of vehicle and retigabine overlapping). Despite the use of the
background suppressor, the dinamyc range for CHO-K,7.2/7.3 was to narrow to ensure a
good assay resolution, with the signal for vehicle (negative control) and 10 uM retigabine
(positive control) too close to each other (data not shown). Therefore, for the large-scale

assay development the CHO-K,7.3* cell line was used.

In CHO-K,7.3* cells treated only with vehicle (Assay Buffer/0.1 % DMSO) the influx of
thallium through the open channels produced a fluorescent signal increasing over time
(Figure 4.27, panel B, gray curve); retigabine treatment (10 uM) produced a stronger
signal that rose reaching a plateau after about 100 seconds (Figure 4.27, panel B, purple

curve).
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Figure 4.27 (A, B) FluxOR fluorescence curves generated in non-transfected CHO cells (A) and in CHO-
K.7.3* cells (B) by vehicle (V, DMSO 0.1%, gray curve) or Retigabine 10 uM (RET, purple curves). (C)
Dynamic range of FIuxOR assay in CHO-K,7.3* cells.

As mentioned above, to obtain curves describing the increment of fluorescence over time
and measure a slope, a kinetic measurement of the fluorescent signal for several seconds
in each well is needed. The amount of time spent on this measurement is acceptable to
study the effect of a small number of molecules, which results in a small and manageable
number of experimental groups, while it is too time-consuming to screen libraries of

thousands of compounds, and it is difficult to replicate in an automated system.

Therefore, to adapt the lab-scale assay to a larger scale assay, single end-point

fluorescent signal measurement was used instead of the slope of the curves.

In order to estimate an appropriate time for an endpoint estimation, the time course of the
dynamic range was studied: since the vehicle signal increase over time, the difference
between vehicle and retigabine tended to decrease over time (Figure 4.27, panels B, red
arrows), indeed the dynamic range calculated as ratio between F+/Fyinduced by retigabine
and vehicle decreased from 1.62 + 0.04 at Fso/Fo to 1.25 + 0.02 at F300/Fo (Figure 4.9, panel
C).

To evaluate if this phenomenon affected the potency of retigabine, dose-response tests
were measured at different time points after thallium addition and results are shown in
figure 4.28: although the basal signal increased over time, the calculated ECs, value for
retigabine was not strongly affected: ECs, shifted from 0.34 yM to 0.28 uM over a period of
450 seconds (50 — 500 s). For an endpoint measurement the timepoint at 50 seconds was

therefore chosen.
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Figure 4.28 Dose response curves of Retigabine detected at different time points after thallium addition in
CHO-K,7.3* cells

The last step of the assay adaptation was the assay validation consisting in a repeated
test of whole 384-well plate fully loaded with testing compounds. Positive and negative
controls were represented by vehicle (Assay Buffer/0.1 % DMSO), and retigabine 10 pM,
respectively, and were used to calculate the Z’ value as reported in literature to evaluate
the robustness of the screening assay (Zhang et al. 1999). Compounds to test were part of
the Fraunhofer repurposing library, were solubilized in DMSO, diluted in the Assay Buffer

and tested at the concentration of 10 uM.

The end point measurement was performed recording the fluorescent signal 50 seconds
after the insertion of the plate into the plate reader. The test of the same set of compounds
was repeated twice (run | and run Il) to determine the reproducibility of the screening
mode. Endpoint measurements were expressed as the ratio F/Fo, and were plotted as run

Il against run | (Figure 4.29).

For both plates a Z' ~0.4 was calculated (run |: 0.41; run Il: 0.46). Considering that a Z’ =
0.5 have been described as the optimal value for a robust assay (Zhang et al. 1999), the Z'
~0.4 indicated that the assay resolution we reached was not optimal. Further improvement
of the assay quality was not achievable due to the fast TI" influx kinetic and the
unavoidable delay from the manual TI* addition and the plate reading. However, despite
the Z' <0.4, the assay validation test showed a reproducible activation of the K,7.3*
channel for most of the tested compounds, therefore the resolution was considered

sufficient to perform a library screening.
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Figure 4.29 Assay validation: repeated testing of a Fraunhofer repurposing library plate. Results are
expressed as the ratio F/F, and plotted as run Il against run |.

4.3.2 Screening of the Fraunhofer repurposing library and hits validation

The Fraunhofer repurposing library is a collection of about 5600 compounds already
characterized for their biological activity. The most (3400) of them already passed all the
clinical stages of development and reached clinical use; the others are involved in pre-

clinical or clinical studies.

The primary screening of the library was performed using CHO-K,7.3* cells in the
fluorescence-based assay FIuxOR, as described in section 4.3.1, with the purpose to find
new K,7 channels openers. The 5632 compounds of the Fraunhofer repurposing library
were divided in sixteen 384-well plates to test, on each plate positive and negative controls
(retigabine10 uM and vehicle, respectively) were included according to the plate layout

depicted in figure 4.30, each compound was tested at the concentration of 10 uM.

The K.,7.3* opening activity of tested compounds resulted in a fluorescent signal that was
recorded in an endpoint measurement mode. The measured fluorescent signal underwent
pattern correction (see section 3.8 Data and statistical analysis), was normalized to the

positive control retigabine, and expressed as relative percentage of activation.
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Figure 4.30 Plate Layout for the primary screening (PS). Each screening plate contains positive and
negative controls and a compound area: column 1-22 = compound area; column 23 = negative control;
column 24 = positive control

Among ~5600 tested compounds, 59 showed a relative percentage of activation = 20%
compared to retigabine and were selected as hits. Z’ values of about 0.3-0.4 (Zhang et al.
1999) were calculated for most of the sixteen 384-well plates analysed, confirming the
resolution capability of the assay identified in the adaptation process (section 4.3.1).
However, two compounds already described as K,7 activator were part of the library and
both of them were identified as hits: one was retigabine itself, the other was ML-213 (Yu et
al. 2011). These drugs were considered as internal controls for the capability of the

screening assay to identify K,7 activators among thousands of compounds.

The primary 59 hit compounds were subjected to a hit confirmation being tested at 10 uM
three times in quadruplicates, using the same experimental condition of the primary
screening. Among the 59 primary hits, twelve compounds showed a reproducible activity
of 220% relative to retigabine and were confirmed as hits, other 47 primary hit compounds
showed activities between 9 and 19% relative to retigabine and were considered as not
confirmed hits (Table 4.6). Among not confirmed hit compounds, three compounds
showing an activation just below the threshold of 20% (C14, C26 and C54) were selected
for their pharmacological interest to undergo a subsequent hit profiling together with the

twelve confirmed hits, while the other 44 compounds were excluded from further analyses.



Table 4.6 Primary screening and hit confirmation results

Primary Screening Hit confirmation
Compound name
Activity (%) Hit Mean activity (%) * SEM Confirmed
C1 ML-213 67.2 Yes 88.3 +29.2 Yes
C2 Retigabine (Library) 55.8 Yes 107.1 £56.9 Yes
C3 42.8 Yes 104.5 £ 53.0 Yes
C4 41.8 Yes 73.9+42.7 Yes
C5 31.0 Yes 16.3+15.4 No
C6 30.9 Yes 23.9+15.7 Yes
c7 30.0 Yes 40+13.6 No
C8 28.8 Yes 5372 No
Cc9 28.6 Yes -8.2+114 No
Cc10 26.2 Yes -6.2+7.6 No
C11 26.2 Yes 32.3+19.2 Yes
C12 26.0 Yes 27235 Yes
C13 25.8 Yes 9.8+84 No
C14 25.3 Yes 11.1+£154 No
C15 24.8 Yes -1.3+9.6 No
C16 24.8 Yes 3.5+£12.0 No
c17 24.8 Yes 1.6+£9.2 No
C18 24.5 Yes 0.2+19.5 No
Cc19 24.5 Yes 3.0+52 No
C20 24.4 Yes -11.1+£194 No
C21 243 Yes 245+31.0 Yes
C22 24.3 Yes 10.3+£17.1 No
Cc23 24.2 Yes 17.1+£24.9 No
C24 23.9 Yes -0.5£10.0 No
C25 23.7 Yes -8.3+12.0 No
C26 234 Yes 14.5+10.3 No
Cc27 23.4 Yes 21+11.6 No
C28 234 Yes -8.5+21.0 No
C29 23.3 Yes 1.9+104 No
C30 23.3 Yes 3.7+£52 No
C31 23.3 Yes 20.3+33.4 Yes
C32 23.0 Yes 7529 No
C33 22.7 Yes 25.9+23.6 Yes
C34 223 Yes 14.8 £ 28.3 No
C35 223 Yes 39+6.5 No
C36 22.2 Yes 7778 No
C37 22.2 Yes 0.9+6.5 No
C38 221 Yes 13.1+£19.9 No
C39 221 Yes 22+10.9 No
C40 22.0 Yes -54+6.8 No
C41 22.0 Yes 8.9+17.0 No
C42 22.0 Yes -0.8+8.8 No
C43 21.9 Yes 76+11.5 No
C44 21.7 Yes 52+97 No
C45 21.7 Yes 13.7+13.0 No
C46 21.6 Yes 46+5.0 No
C47 21.5 Yes 32+84 No
C48 214 Yes 6.2+9.0 No
C49 214 Yes -11.2+1.3 No
C50 214 Yes 1.4+£13.3 No
C51 21.3 Yes 7.6+3.1 No
C52 211 Yes 3.1+£82 No
C53 211 Yes -0.9+15.7 No
C54 211 Yes 10.5+22.2 No
C55 20.9 Yes 104 £15.7 No
C56 20.7 Yes 36.3+9.0 Yes
C57 20.7 Yes -6.2+214 No
C58 20.6 Yes 02+84 No

C59 20.6 Yes -8.1+£10.8 No



To profile the 12 confirmed hits, as well as the additional three not confirmed hits, their
dose-dependent activation of K,7.3* channels was studied using a ten-point dose-
response curve ranging from 0.5 nM to 10 yM. On each plate retigabine (0.5 nM-10 pM)
was included as positive control. Results are summarized in table 4.7. When the same
dose-response tests were repeated in the parental cell line (non-trasfected CHO cells)
none of the fifteen tested compounds showed activity in any tested concentrations,

therefore unspecific effect (not K.7 mediated) were excluded (data not shown).

Table 4.7 Hit profiling results. (n.a.= not applicable)

Hit Profiling
Compound name ECso (UM) Max Activity (%)
Retigabine (control) 0.30 120.3
C2 Retigabine (from the library) >10 120.9
C1 ML-213 0.24 105.4
C3 >10 75.8
C4 0.14 83.8
C6 0.27 57
C11 n.a. 16.8
C12 0.13 57
Cc21 n.a. ~13
C31 n.a. ~13
C33 >10 28.1
C56 >10 24.5
C14 0.23 62.9
C26 0.23 24.6
C54 0.23 25.3

Among the fifteen profiled molecules, compounds showing an ECs, over the highest tested
concentration of 10 yM or unmeasurable due to the flat dose-response curve were
excluded from the subsequent characterization. ML-213 was excluded from the study

because it was already well characterized as K,7 activator (Yu et al., 2011).

C4, C6, C12, C14, C26, and C54 were selected for a more in dept characterization.
Unfortunately, it was not possible to study C12 because it is no longer available on the

market.

4.3.3 Electrophysiological characterization of newly-identified K,7 activators

Five molecules were identified as new K,7.3* channel activators from the screening of the
Fraunhofer repurposing library (described in section 4.3.2): C4, C6, C14, C26, and C54.
Their effect in activating K,7.3* currents was further characterized by means of whole-cell
patch-clamp electrophysiological experiments performed in mammalian CHO cells
transiently transfected with K.,7.3* cDNA. Cells were clamped at -80 mV, and currents
were elicited by 3-s voltage ramps from -80 mV to +20 mV (Figure 4.32, panel A, Control
trace). Application of 10 uM retigabine (Figure 4.31, panel A, red trace) induced a leftward



shift in the voltage-dependence of the K,7.3* channel and produced an increase of the

current measured as ratio between current produced in presence of drug and current in

control conditions (lgrug/lcontrol) Of @about 12-fold at -40 mV and 1.6-fold at 0 mV (Figure 4.31,

panels B and C).
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Figure 4.31 (A) Representative current traces recorded from CHO cell expressing K.7.3* channels in
response to the indicated ramp protocol before (black) and after (red) application of 10 yM RET. Current
scale, 500 pA,; time scale, 200 ms. (B, C) Increased induced by 10 uM RET on current K,7.3* measured at -

40 mV (B) or at 0 mV (C).

The effect of C4, C6, C14, C26, and C54 on K,7.3* current was studied using the same
ramp protocol, each molecule was tested at 10 uM: current increase induced by C4 was 4-
fold at -40 mV and 1.4-fold at 0 mV; C26 increased K,7.3* current of 2-fold at -40 mV and

1.2-fold at 0 mV; the other tested compound did not significantly increased K,7.3* current,

therefore their efficacy as K,7.3* opener was not confirmed (Figure 4.32).
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Figure 4.32 (A) Representative whole-cell current traces from K,7.3* channel activated by the indicated
ramp protocol recorded in control conditions (Ctl) and upon exposure to 10 uM of the indicated compounds.
Current scale, 500 pA; time scale, 0.2 s. (B, C) K,7.3" current increase induced by 10 uM retigabine (RET),
C4 (JNJ), C6 (AMG), C14 (GAL), C26, and C54(BISM) calculated as ratio lgug/lcontror at -40 (B) and 0 mV (C)

of membrane potential.

From these experiments, C4 emerged as the most active compound among the five newly
identified, although less active than retigabine. Its activity as K.,7 opener was further
studied using a voltage-clamp protocol in which K,7.3* currents were activated by
depolarizing steps from -140/-120/-80 to +20 mV, followed by an isopotential pulse at 0
mV (Figure 4.33, panel A).

As showed in Figure 4.33, panel A, at -40 mV the K,7.3* channel started to open (red
arrow). Application of 1 uM retigabine induced a leftward shift of the voltage-dependence
of the channel (AV4,;) of about -40 mV, (making the channel open at -70 mV of membrane
potential, Figure 4.33, panel B, red arrow) and slight increased the maximal current of
about 30%. Similar effects were observed with 1 yM C4 that increased K.7.3* maximal
current of about 30% but was less effective than retigabine in shifting the voltage-

dependence of the channel, causing a AV, of about 10 mV (Figure 4.33, panel B).



A K,7.3 A315T
ctl 1 M RET
.40 mV Jomv
1500 pA
200
+20 +20
-80] AOmvV | -80f A10 mV -
-120
B ctl 1 UM C4
40 mv -50 mV
(500 pA
200 ms
+20 +20
-80] AMOmV_ | 80| AMomv_ |
-100

Figure 4.33 Effect of retigabine (RET) and C4 on K,7.3* currents. (A, B) Representative macroscopic current
traces recorded from a CHO cell expressing K,7.3* subunit in response to the indicated voltage protocol
before (Ctl) and after application of 1 yM RET (A) or 1 uM C4 (B). Current scale, 500 pA; time scale, 0.2 s.

Applying the voltage-clamp protocol described above and increasing drug concentrations

from 0.01 to 30 uM, the potency of C4 in shifting the voltage dependence of K,7.3*

channel was investigated and compared to that of retigabine (0.01 to 10 uM): ECs
calculated on AVi,was 2.0 £ 0.03 uM for C4 and 0.6 + 0.1 uM for retigabine (Figure 4.34).

These data confirmed C4 as a new K,7.3* channel activator and confirmed its lower

efficacy and potency in K,7.3* channel compared to retigabine (p<0.05, = 4-8).
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Figure 4.34 Dose-response curves of retigabine (RET, blue squares) and C4 (yellow dots) on K,7.3*
currents. Solid lines represent fits of the experimental data to the four-parameter logistic equation used to
estimate ECs, values

4.3.4 Effect of C4 on K.,7.2/7.3 current

Experiments in sections 4.3.2 and 4.3.3 were performed in K,7.3 A315T-expressing CHO

cells (K.7.3*) because the higher number of active channels in the cellular membrane



caused by the A315T mutation (Zaika et al. 2008) resulted in a larger dinamyc range and a
better screening assay resolution compared to those obtained when K,7.2/7.3-expressing

CHO cells were used (see section 4.3.1).

A315T is an artificial tool used to enhance K,7.3 macroscopic current size without altering
other important channel characteristics, such as voltage dependence of activation,
maximal open probability or PIP, affinity (Zaika et al. 2008; Hernandez et al. 2009).
However, the K,7 channels physiologically expressed in the CNS and mainly underlying
the lkv current (see section 1.3.1.4) are heteromeric K,7.2 and K,7.3 channels (Wang et
al., 1998, Shapiro et al., 2000).

Therefore, the effect of the new identified opener C4 was investigated on K,7.2/7.3 current
by means of whole-cell patch-clamp electrophysiological experiments performed in
mammalian CHO cells transiently transfected with K,7.2/7.3 cDNA, and its

pharmacological profile was compared to that exhibited by retigabine.

When tested on K,7.2/7.3 currents using a voltage-clamp protocol consisting in
depolarizing steps from -100/-80 to +20 mV, followed by an isopotential pulse at 0 mV, C4
had a major effect in shifting the voltage-dependence of the channel rather than enhancing

the maximal currents, similar to what observed for retigabine (Miceli et al., 2008).

As showed in Figure 4.35, panel A, at -40 mV the K,7.2/7.3 channel was closed (Ctl, red
arrow). Application of 1 uM retigabine induced a leftward shift of the voltage-dependence
of the channel (AVi,), making K,7.2/7.3 channel start to open at -50 mV. The same effect
was observed upon application of 1 yM C4. The maximal AV, measured for C4 (30 uM)
was 37.8 £ 3.6 mV, a value similar to that measured for retigabine at the same
concentration (AV+, of 38.9 + 3.6 mV).
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Figure 4.35 Effect of retigabine (RET) and C4 on K,7.2/7.3 currents. (A, B) Representative macroscopic
current traces recorded from a CHO cell expressing K,7.2/7.3 subunit in response to the indicated voltage
protocol before (Ctl) and after application of 1 yM RET (A) or 1 uM C4 (B). Current scale, 500 pA; time scale,
0.2s.

Using the voltage-clamp protocol described above and increasing drug concentrations, the
potency of C4 (0.03-30 uM) in shifting the V1, of K,7.2/7.3 channel was investigated and
compared to that of retigabine (0.01-30 uyM); the ECses calculated on AVq, was 1.2 £ 0.3
MM for C4 and 2.5 + 1.8 pM for retigabine (p>0.05, n= 4-8) (Figure 4.35, panel B). These
data suggested that, although C4 was less effective and potent than retigabine in
activating K.7.3* channel, its potency and efficacy were comparable to retigabine when
tested in K,7.2/7.3 channel (Figure 4.36).
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Figure 4.36 Dose-response curves of retigabine (RET, blue squares) and C4 (yellow dots) on K,7.2/7.3
currents. Solid lines represent fits of the experimental data to the four-parameter logistic equation used to
estimate ECs values



4.3.5 Binding site of C4 in K,7.2

A H-bonding between the carbamate group of retigabine and the indole nitrogen atom of a
tryptophan (W236 in K,7.2) within the S5 domain of K,7.2-K,7.5 channels is essential for
the K.7.2-K,7.5 opening effect of retigabine (Wuttke et al. 2005, Schenzer et al. 2005).
This tryptophan residue acts as a hydrogen bond donor (HBD) with the carbamate group

of retigabine acting as a hydrogen bond acceptor (HBA) (Kim et al. 2015)

In silico simulations of C4 docking performed using the cryo-EM structure of K,7.2 (PDB
ID: 7CR2; Li X. et al. 2021) showed that the nitrogen atom in the piperazine ring of C4
could act as acceptor of an H-bond donated by W236 suggesting that C4 binds the same
pocket in K,7.2 than retigabine and that its interaction with W236 could be essential for its

K.7 opening effect as it is for retigabine.

To confirm such hypothesis, electrophysiological experiments were performed in
mammalian CHO cells transiently transfected with the retigabine-insensitive mutant K,7.2
W236L or K,7.2 WT cDNA. Cells were clamped at -80 mV, and currents were elicited by 3-

s voltage ramps from -80 mV to +20 mV.

As shown in figure 4.38 panel A, upon application of C4 (10 pM) K,7.2 current was left-
ward shifted (red trace) compared to the control. Conversely, K,7 voltage-dependence
shifting ability of C4 was almost fully abolished in K,7.2 W236L channels (Figure 4.37,
panel B), confirming the docking simulations data and corroborating the hypothesis of a

binding site for C4 similar to that of retigabine in K.7.2-5 channels.
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Figure 4.37 Representative whole-cell current traces from K,7.2 (A) or K,7.2 W236L (B) channel activated by
the indicated ramp protocol recorded in control conditions (Ctl) and upon exposure to 10 yM C4 Current
scale, 200 pA, time scale, 0.2 s.



5. Discussion

Epilepsy is a complex neurological disorder characterized by recurrent seizure activity. It
has a high incidence rate, affecting ~50 million people worldwide in both developed and
developing countries (WHO 2019).

Current management options for epilepsy include the use of anti-epileptic drugs or surgery
(Anyanwu and Motamedi, 2018) or a ketogenic diet (Goswami and Sharma, 2019).
However, more than 30% of patients diagnosed with epilepsy exhibit drug resistance to
anti-epileptic drugs. Further, surgery and ketogenic diets do not completely alleviate the

symptoms of patients with pharmacoresistant epilepsy.

Despite the development of novel anti-seizures medications (ASMs), the proportion of
epilepsy patients with drug resistant epilepsies has remained stable at 30%. Thus, there is
an urgent need to design newer and more effective anti-epileptic drugs and to identify new

molecular targets (Chen, Brodie and Kwan, 2020).

K.7 potassium channels represent an attractive pharmacological target for several
neurologic disorder, including epilepsy (Barrese et al., 2018). The K,7 subfamily comprises
five members of volage-gated potassium channels (K,7.1-K,7.5) encoded by the KCNQ
genes (KCNQ1-5). In neurons, tetramers containing K.7.2 and K,7.3, and more rarely

K.7.5 subunits, represent molecular components of the muscarinic-regulated (M)-current
(Ikwm).

Ikm activation regulates repolarization of the membrane, dampens repetitive firing, and
controls neuronal excitability (Brown and Passmore, 2006), therefore, pharmacological
activation of K,7 channels appears as a rational approach to treat epilepsy as well as other
disorders in which neuronal hyperexcitability plays a critical role, such as neuropathic pain
(Liu et al.,, 2021), ischemic stroke (Bierbower et al., 2015), and amyotrophic lateral

sclerosis (Wainger et al., 2021).

Retigabine, developed from the analgesic drug flupirtine, has been the first approved ASM
acting on K,7 channels. Retigabine acts on K,7.2-5 channels enhancing the Ixu (Gunthorpe
et al., 2012); this action is unique compared with the existing ASMs and highlights the
advantages of exploring alternative targets for the control of seizures. Retigabine was
approved in 2011 as an add-on treatment for drug-resistant partial onset seizures with or
without secondary generalization in adults (Ciliberto et al., 2012). Despite its efficacy,
retigabine clinical use was limited because of its long-term off-target effects of blue skin
discoloration and eye abnormalities (Clark et al., 2015) with unclear consequences on

vision and no information about the reversibility of these alterations upon drug



discontinuation (Brickel et al., 2020). Additionally, retigabine causes urinary retention
(Brickel et al., 2012), probably because it activates K,7.4 expressed in the smooth muscle
of the bladder, where it regulates contractility (Malysz and Petkov, 2020). Because of
limited and declining retigabine use, the manufacturer discontinued retigabine in 2017.
Since retigabine has been discontinued, no ASM acting on K,7 channels is clinically

available.

In the present work, a rational structure-based drug design strategy and a drug
repurposing strategy were used to identify novel K,7 activators. For the first approach we
explored the retigabine binding site in K,7.2-5 channels, investigated its structure-activity
relationship (SAR) and developed new analogues with improved pharmacokinetic and
pharmacodynamic characteristics; for the second approach we performed a HTS

screening of the Fraunhofer Repurposing Library containing 5600 bioactive compounds.

5.1 Structure-based drug design of newly synthesized retigabine analogues and its

structure-activity relationship

The availability of the 3D structure of a biologically relevant target enables to exploit a
rational structure-based drug design approach and to take advantage from in silico tools
allowing molecular docking and molecular dynamics (MD) analysis. These techniques
predict if and where a molecule binds a target and which type of interactions occur
between the ligand and the aminoacidic residues within the binding site, thus helping in the
analysis of the relationship between chemical-physical properties and the pharmacological

activity of the molecule.

In recent years, the cryo-EM technique was used to solve many protein structures,
including some K,7 channels structures: the human K,7.1, K,7.2 and K,7.4 channels
structures, alone or in complex with ancillary subunits (K,7.1/KCNE3), with endogenous
modulators (PIP, or CaM) and with different synthetic modulators (ztz240 or retigabine as
activators, linopirdine as blocker) are currently available (Sun and MacKinnon, 2020; Li X.
etal.,, 2021; Li T. et al., 2021; Zheng et al., 2022).

To rationally design novel retigabine analogues, we investigated the chemical space at the
retigabine binding site: we used the cryo-EM structure of K,7.2 in complex with retigabine
(Li X. et al., 2021) to perform molecular docking and MD simulations of two analogues
previously described by our research group: compounds 23a and 24a, that exhibited
higher potency in vitro in activating K,7.2 channel and that shared the same binding site of
retigabine, as showed by electrophysiological experiments using the retigabine insensitive
K.7.2 W236L mutant channel (Ostacolo et al., 2020). 23a and 24a harboured larger



substituents at the carbamate region compared to retigabine. Previously molecular
docking simulations, performed using a homology K,7.2 channel structure generated from
the K.7.1 structure (Sun and MacKinnon, 2017), suggested that these substituents were
accommodated in a plastic binding pocket lined by residues L221, V225, L232, F304,
L307, 1311 and L312 that is not occupied by retigabine (Ostacolo et al. 2020).

In the present work, 23a and 24a were docked in K,7.2 using the cryo-EM structure of
K.7.2 in complex with retigabine (Li X. et al., 2021). These new molecular docking and MD
experiments confirmed that the larger substituents of both 23a and 24a specifically interact
with residues V225, F304, and L312 lining a region that we defined pocket 1; these
interactions are less pronounced in retigabine, given the smaller size of its amide carbonyl

substituent (Figure 4.5).

In addition, two more pockets in the retigabine binding site were identified: one contributed
by S303 forming an H-bond with the NH; at position 2 of retigabine and flanking a small
hydrophobic pocket lined by T276, L299, V302, S303, F305 and A306, and another
formed by F240, L243, L268, L272, L275 and F305, where F305 and F240 may interact
with the fluorophenyl ring of retigabine. These two pockets were called pocket 2 and
pocket 3, respectively (Figure 5.1). The three pockets identified in K,7.2 also exist in K.7.4,
as revealed by the cryo-EM structure of K,7.4 in complex with retigabine (Li T. et al.,
2021), and probably in K,7.3 and K,7.5, as suggested by their similarities in the primary
aminoacidic sequence (Figure 4.7).
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Figure 5.1 The retigabine binding site in K,7.2-K,7.5 channels. The three identified pockets are highlighted in
blue (pocket 1), yellow (pocket 2) and red (pocket 3). For each aminoacidic residue is reported the
corresponding residue in K,7.2 (Q2), K,7.3 (Q3), K.7.4 (Q4), K,7.5 (Q5). Bound conformations of retigabine
(magenta), 23a (yellow) and 24a (green) are shown in thin solid sticks. Red dashed lines indicate the major
interactions identified for retigabine and the indicated residues.

The identification of three pockets in the binding site of retigabine was the starting point for

our structure-based drug design. Molecular sections of retigabine interacting in pocket 1,2



and 3 were called area 1, 2 and 3 respectively; systematic modifications in each of the
three areas were introduced on the molecule to design novel retigabine analogues
exploring the available chemical space in pocket 1, 2 and 3 (Figure 5.2). This synthesis
exercise resulted in a small library of retigabine derivatives, whose structures are depicted
in table 4.2.

H
Ry = NJ@R

AN X

R)\o

Retigabine Retigabine Analogues

Figure 5.2 Left: retigabine structure and its three areas occupying pocket 1, 2 and 3, respectively. Right:
Structure of retigabine analogues and modified R-groups.

To test in vitro the K,7 opening activity of the newly synthesized retigabine analogues, the
fluorescence-based thallium-flux assays FIuxOR was used in a cellular model represented
by CHO cell lines stably expressing K.,7.2/7.3 channels (CHO-K.,7.2/7.3). Upon treatment
with retigabine or other K,7 activators, the increasing CHO-K,7.2/7.3 cytosolic fluorescent
signal was measured for 45 seconds, obtaining fluorescence curves. The slope of the
fluorescent curve between 5 and 15 seconds was selected as parameter to compare the
effect of the new derivatives, each tested at 10 yM, to that of retigabine (10 uM) (Figure
4.13).

The screening results revealed the following structure-activity relationship (SAR):
Area 1:

- Linear (compounds 13, 14), branched (compound 17), or cyclic (compounds 18, 19)
lipophilic substituents increased the K.7 opening activity when up to 7 carbon atoms are
present at R1; longer side chains (compounds 15, 16) reduced the K,7 opening activity;
our MD simulations suggested that side chains longer than 7 atoms escape from the
binding pocket (Figure 4.14, panel B) thus reducing the activity of compound 15 and
impeding the binding of compound 16.

- Hydrophilic substituents are not tolerated, indeed the ethylene glycol chain of compound

20 completely abolished the K,7 opening activity.

- The inversion of the amide group (derivative 71) abolished the K.7 opening activity
because impeded the H-bonding between the carbamate group of the molecule and the

indole nitrogen atom of the W236, an interaction essential for the activity of retigabine and



for other K,7 openers binding the channel pore (Wuttke et al. 2005, Schenzer et al. 2005).
This observation further confirmed the hydrogen bond donor (HBD)-hydrogen bond
acceptor (HBA) pattern reported in literature (Kim et al. 2015) where the carbamate group
of retigabine is the HBA and the indole amino group of the W is the HBD. Recently, the
inversion of the amide group was introduced also in flupirtine derivatives generated by
Wurm and colleagues. Flupirtine is structurally analogue to retigabine and assumes the
same binding pose in K.7 channels. Flupirtine derivatives with the inverted amide were not
active as K,7.2/7.3 channel activators, consistently with our data (compound 71) and with
the literature (Kim et al. 2015). Interestingly, when an additional methyl group in position 4
of the pyridine ring (in ortho position to the amide) was added, the flupirtine derivatives
were still active as K,7.2/7.3 channel activators. The methyl group likely causes a rotation
of the amide group out of the plane of the aromatic ring allowing it to still interact as HBA
with the W residue, or induces a complete rearrangement of the molecules binding pose
(Wurm et al., 2022).

Area 2:

- Replacement of -NH; in position 2 of retigabine with a hydrogen (compound 2) did not
remove the K,7 opening activity, suggesting that the H-bond between -NHin R, and S303
side chain, found in the CryoEM studies of retigabine in K,7.2 (Li X. et al., 2021) is not
essential for the activity; this results are in line with the observation that the retigabine
derivative HN37 (Zhang et al., 2021) in which the NH, group at position 2 was replaced
with a methyl group, was even more potent than retigabine or its structural analogue P-
RET (Zhou et al., 2015).

Area 3:

- Moving the fluorine atom in position 2 of the phenyl ring (compound 52) or its removal
(compound 41) resulted in no change in activity when compared to reference compound
13, thus ruling out any specific halogen bond involving this fluorine atom. This was in line
with our MD simulations, where the recently suggested direct contact between the
retigabine fluorine atom and the carbonyl oxygen of the protein backbone at the A265

residue (Shi et al., 2020) was not found.

- The 2,6-difluoro analogue of compound 17 (compound 43) designed to help the ligand
phenyl ring to assume an optimal orientation for edge-to-face and/or face-to-face
interactions with phenylalanines 240 and 305, still displayed strong activity, confirming the
critical functional role of the Tr-mm stacking interactions between F305, F240 and the

retigabine benzyl ring for K,7 opening.



- Replacement of the fluorobenzyl group with hydrophilic hydroxybenzyl (compound 57) or
pyridine (compounds 47 and 51) groups led to a complete loss of activity, despite their
ability to form 1r-11 stacking interactions, suggesting that a critical degree of hydrophobicity
at this region is required to accommodate the aromatic ring in the pocket 3 thus allowing

the molecule to fit into the binding site.

- Increasing the length of the linker between the fluorobenzyl ring and the amino group at
N4 of retigabine with an extra -CH3- led to a complete loss of activity (compound 42), likely
because this substitution impedes the interaction of the terminal phenyl ring of retigabine
with pocket 3 residues L272 and F305 (Figure 4.15).

Among the new retigabine analogues, 13, 14, 17, 19, 23, 24, 41, 43, and 52 showed
higher efficacy compared to retigabine when tested at 10 uM (p<0.05), indicating that the
molecular modifications introduced in these new molecules were advantageous for K,7

channel activation.

5.1.1 Retigabine analogues photostability and dimerization reaction

The blue discoloration observed in patients upon long-term treatment with retigabine is
due to the accumulations of coloured dimers into tissues, formed upon light irradiation. A
proposed four-steps dimerization mechanism is depicted in figure 4.16 and is based on: 1)
the photo-induced retigabine by-products found upon UV-visible light irradiation of
retigabine solution (Ostacolo et al., 2020); 2) the structure of phenazine and phenazinium
dimers, such as those detected in melanin-rich eye tissues upon long-term treatment with
retigabine (Groseclose and Castellino, 2019), and 3) the structure of chemical species
detected as one of the process-related impurities in several batches of retigabine (Wang et
al., 2012). According to the reaction mechanism, the amino groups at position 2 and 4 of

the retigabine molecule are involved in, and essential for the dimerization reaction.

When the photostability and dimer-forming ability of the most active compounds in our
library were addressed, dimer formation was detected for all tested compounds, except for
23 and 24, that, in spite of that, showed an enhanced degradation when compared to
retigabine (Table 4.3). The inability of compounds 23 and 24 to form dimers is likely due to
the lack of the free amino group in position 2 required for the last step of the dimerization

reaction to occur (Figure 4.16).

Combining the information obtained from the SAR study to that from the dimerization
reaction, three additional groups of analogues were designed to block or to reduce the

reactivity of the amino groups at position 2 and 4 of the retigabine molecule, and their



effect in opening K.7.2/7.3 channels was tested using the previously described

fluorescence-based assay (Figure 4.17).

The first group of retigabine analogues consisted of N4 substituted analogues, in which the
tertiary amine is unavailable to form phenazine dimers (reaction 4 in figure 4.16)
(compounds 25-28). Small lipophilic substituents at N4, such as the methyl groups of 25
and 26 improved K,7 opening activity, whereas longer lipophilic substituents, such as a
propyl group of 27 did not improve activity, finally, rigid substituents, such as the acetyl

group of 28 markedly reduced activity.

In the second group, the N4 was replaced with oxygen (31) or methylene groups (67-68).

Unfortunately, none of these compounds were able to activate K.7.2/7.3 channels.

The third group included derivatives replacing hydrogen atoms with electron-withdrawing
fluorine atoms at position R2 of the benzene-1,2,4-triamine core scaffold (compounds 59,
60), a strategy likely reducing the reactivity of N2 and N4. This latter approach has been
profitably used before to develop potent and metabolically stable K,7.2 activators such as
RL-81 (Kumar et al. 2016) Within this series, when compared to retigabine, K,7 opening
activity was similar for 59, and enhanced for 60.

These results added more information about the retigabine SAR, indicating that pocket 3
displays a limited degree of plasticity, accommodating only small lipophilic substituents,
and that the N4 in the retigabine structure is essential for the K,7 opening activity, although

no Cryo-EM simulation detected any interaction involving this atom.

Overall, within this novel series of molecules, three compounds (25, 26, 60) displayed
efficacy as K,7.2/7.3 channel activators higher than that of retigabine. When their
photostability and dimer-forming ability were tested, we found that all of them failed to
dimerize, as expected, but compounds 25 and 26 underwent extensive photodegradation,
in fact, the tertiary amine in position 4 of 25 and 26, although preventing phenazine dimers
occurrence, remained prone to C-N photooxidative cleavage, the first step of retigabine

photooxidation.

The reduced electron availability at N2 and N4 due to the presence of fluorine atom in
position 3 of compound 60 strongly reduces also the first photooxidative step, thus

conferring remarkable photostability.

Our approach, although quite conservative with only minor structural changes in the lead
compound retigabine molecule, was effective in developing a new, improved derivative,
the compound 60. More dramatic chemical modifications of the retigabine structure have

been used as a strategy to prevent its dimerization and formation of toxic metabolites, for



example Wurm and colleagues utilized the nicotinamide scaffold to generate safer
retigabine analogues (Wurm et al., 2023). However, the resulting compounds, such as
compound 18c, although unable to dimerise, presents other problems, such as poor

solubility, and needs further improvement.

Radical structural changes also increase the risk of unexpected new toxicities, as in the
case of ICA-105665 (also called PF-04895162), a K.7 channel opener structurally distinct
from retigabine identified by Icagen, Inc. Although ICA-105665 exerted an antiseizures
affect in patients with epilepsy (Kasteleijn-Nolst Trenité et al., 2013), it failed in phase |
clinical trials because of its hepatotoxic effect that was not observed when its toxicological

profile was studied in rats and monkeys (Aleo et al., 2019).

5.1.2 Pharmacological characterization of compound 60: pharmacodynamic

electrophysiological assessment, pharmacokinetics, and anticonvulsant effect.

Given the higher efficacy in opening K,7.2/7.3 channel showed in the FluxOR assay, and
the inability to form photo-induced dimers of compound 60, it was selected for further

characterization.

First, its effect on K,7.2/7.3 currents was studied in electrophysiological experiments
performed in mammalian CHO expressing K,7.2/7.3 channels and compared to that of

retigabine and its more potent analogue RL-81 (Kumar et al. 2016).

In these experiments compound 60 (1 uM) produced a large leftward shift of the voltage
dependence (Vi) of the channel (AV.. ~ -60mV) with a potency in shifting the V., 16-fold
higher than that of retigabine and almost 2-fold than that of RL-81.

An even more dramatic effect was observed in increasing the maximal current: 1 yM of
compound 60 doubled the current density of K,7.2/7.3 channel, and, when compared to
RL-81, compound 60 was about 5-times more potent in increasing K,7.2/7.3 maximal
current (retigabine slightly affects maximal current density, therefore the ECs, of retigabine

on this parameter was not calculated).

When compared to most previously described retigabine analogues such as SF0034, RL-
81, P-RET, and NS15370, which only modestly enhanced the maximal currents (Kalappa
et al., 2015; Kumar et al., 2016; Zhou et al., 2015; Dalby-Brown et al., 2013) the marked
increase in current size at depolarized potentials observed with compound 60 is
suggestive of a slightly different mechanism of channel activation by this drug. Thus,

experiments were carried out to identify the molecular basis for such a unique mechanism.



Our molecular modelling simulations for compound 60 in K,7.2 predicted some binding
interactions shared with retigabine, such as H-bonds with S303 in pocket 2 (Li X. et al.,
2021) and W236 in pocket 1 (Wuttke et al., 2005; Schenzer et al., 2005; Kim et al., 2015),
These two interactions were experimentally confirmed: electrophysiological recordings
showed that, similar to retigabine, the K,7 opening ability of compound 60 was almost fully
abolished in W236L channels and slightly but significantly reduced in S303A channels,

suggesting a marked similarity in the overall binding of compound 60 and retigabine.

Moreover, additional and specific hydrophobic interactions with residues in pocket 1 of
K.7.2 channel were identified by our MD analysis: average distances between compound
60 or retigabine and the residues V225, F304 and L321 suggested these aminoacidic
residues were contacted by compound 60 but not by retigabine, due to its shorter later
chain in area 1. Unfortunately, we could not experimentally test whether the higher
potency and the efficacy shown by compound 60 over retigabine or RL-81 was due to
these interactions in pocket 1, in fact, K,7.2 V225A, F304A, and L312A mutant channels

carried currents whose size was too low to be amenable for pharmacological analysis.

Noteworthily, compound 60 and RL-81 only differ in the size and hydrophobicity of their
substituents at position R1 (Figure 5.3), strongly suggesting that the small but significant
potency and efficacy difference as K.,7.2/7.3 activators existing between these molecules
can be only attributed to structural difference at this position. Moreover, substitution
increasing lipophilicity in area 1 seems to have a greater impact than substitution in other
areas of retigabine molecule: when a propargyl group in N4 of retigabine (area 3) was
added to generate its more lipophilic analogue P-RET, this modification failed to improve
potency and efficacy over retigabine although increasing the logP and therefore the brain
penetration of P-RET (Zhou et al., 2015).
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Figure 5.3 Molecular structures of retigabine, RL-81 (Kumar et al., 2016) and compound 60

NH o-|3

Considering that the activation of K,7.4 channel is correlated to the urinary retention side
effect of retigabine (Malysz et al., 2020), electrophysiological experiments were performed
in CHO cells expressing K,7.4 channel and compound 60 was tested. Our results indicated
that, similar to retigabine, compound 60 does not discriminate between K,7.2/7.3 and

K.7.4 channels. The K,7.4 activation exerted by compound 60 is consistent with the high



degree of conservation of the amino acids involved in its binding between K,7.2 (Li X. et
al., 2021) and K.7.4 channels (Li T. et al. 2021) as well as with the structural similarity of
pocket 1 accommodating the R1 substituents responsible for the higher potency of

compound 60 as a K,7 activator.

Since the amino acid residues lining the retigabine binding site are quite conserved among
K\7.2-5 channels, retigabine act as a pan K,7.2-7.5 channels activator. Until now, none of
the retigabine analogues described in the literature shows a clear selectivity among K,7.2-
7.5 channels, and even a compound structurally different such as ML-213, initially
described as the first activator selective for K,7.2 and K.7.4 (Yu et al., 2011) was later
found to share the retigabine binding site, being inactive in the K,7.2 W236F and not
selective among the K,7.2-7.5 channels (Kanyo et al., 2020), pointing out how difficult it is
to reach a selectivity among K,7.2-5 channels working of molecules that bind the channels

pore in this highly conserved site.

K.7.2/7.3 channel activation is the main mechanism underlying the retigabine antiseizures
effect (Main et al., 2000). Retigabine is effective in reducing seizures in different animal
model of epilepsy, including the GABAa receptor antagonist pentylenetetrazol-(PTZ)-
induced acute seizures model (Rostock et al. 1996) that is easy to perform and widely
used to evaluate the efficacy of novel possible antiseizure medication (Breidenbach et al.,
2020). This model was profitably used to study the effect of other retigabine analogues,
such as HN37 (Zhang et al., 2021), or other K,7 activators sharing the same binding site of
retigabine (LuyAA4117839 by Grupe et al., 2020) or exhibiting a different structure and a
binding site different from retigabine (ICA27243 by Roeloffs et al., 2008), and was

therefore chosen to test the possible antiseizures effect of compound 60.

In the PTZ mouse model, compound 60 was found to be more potent and more effective
than retigabine in both reducing the severity of the seizures and increasing the latency to
the maximal seizure. Both effects were abolished by the K.,7 blocker XE991, confirming

that the antiseizure effect exerted by compound 60 was K,7 mediated.

As regard the pharmacokinetics of compound 60, we found that its metabolism was similar
to that of retigabine, with a small fraction metabolized in phase |, and a larger in phase I
metabolism reactions, when tested in vitro using the S9 fraction of human liver

microsomes.

Poor brain penetration and short half-life were two pharmacokinetic limits of retigabine,
leading to the daily administration of three doses in patients. Both features resulted

improved in compound 60: the brain/plasma distribution, measured in mice treated with 1



mg/Kg of retigabine or compound 60, showed a remarkable brain accumulation for
compound 60, with a brain/plasma ratio 18-times higher than that of retigabine; this is
likely due to the higher lipophilicity (logP 4.74) of compound 60 over that of retigabine
(logP 3.08), as also observed for P-RET (logP 3.48; Zhou et al., 2015) another analogue

that showed improved brain distribution over retigabine.

Moreover, compound 60 showed a much longer plasma half-life compared to retigabine
(16.9 hours vs 2.4 hours), suggesting that its chronic use in vivo may not require multiple

daily doses.

It should be highlighted that, in addition to its K,7 opening actions, retigabine may act as a
GABA, agonist, although this effect only occurs at concentrations higher than those
required to activate K,7 channels (namely, 210 uM) (Treven et al., 2015) and higher to
those used in our in vivo experiments. Given its structural similarity with retigabine, and its
improved brain penetration, a possible effect as GABAa agonist of compound 60 could not

be excluded and will be further investigated.

5.2 Identification of C4, a novel K,7 activator, through a Drug Repurposing HTS

Introducing a new drug on the market involves a long journey through basic research,
discovery and optimization, preclinical development, human clinical trials, and regulatory
approval. It takes more than a decade to get a new chemical entity to market and the

entire drug developmental process costs in excess €1 billion (Hughes, 2011).

A known and well-characterized pharmacological target, such as the K,7 channels, offers
the possibility to use a powerful technique, the high-throughput screening (HTS) and the
opportunity to try drug repurposing.

Drug repurposing is the application of an existing therapeutic to a new disease indication.
Drugs that are clinically approved and repurposed can go directly to preclinical and clinical

trials, reducing the lengthy amount of time and the cost for preclinical drug development.

HTS is an in vitro technology consisting of highly automated screening systems to record a
biological activity at the model organism, cellular, pathway, or molecular level. Evaluation
of molecule collections using these automated systems increases the chances to find
active compounds, the so-called “hits” compounds. HTS can be performed using libraries
of known bioactive molecules/already tested drugs to explore drug repurposing

opportunities.

Looking for novel K,7.2/7.3 channel activators among approved drugs, we used a cell

based HTS to screen The Fraunhofer repurposing library, a collection of 5632 compounds



including 3400 compounds that have reached clinical use across 600 indications as well
as 1582 preclinical compounds with varying degrees of validation. The compounds in the
library derived from the Broad Repurposing Hub, a collection born from a huge systematic
work done by The Broad Institute of MIT in collaboration with Harvard in Cambridge,
Massachusetts. To assemble the Broad Repurposing Hub, each drug was purchased, its
known activity and clinical indication were annotated, and its chemical identity and purity

were experimentally confirmed (Corsello et al. 2017).

The Fraunhofer repurposing library has been profitably screened to identify several hits,
for example six drugs counteracting the cytopathicity induced by the SARS-CoV-2 virus in
Caco2 cells were identified in the library using an imaging-based screening and could be

the starting point for new potential therapeutic approaches (Ellinger et al., 2021).

To screen the library looking for new K,7.2/7.3 channel activators, we used the FluxOR
assay in a cellular model consisting in CHO cells stably-expressing K.,7.3 A315T channel.
As discussed in the previous section, the FIuxOR assay is a fluorescence-based TI*-flux
HTS widely used in drug discovery campaigns to identify new K,7 modulators (Beachman
et al.,, 2010; Li et al., 2011; Yue et al., 2016). The fluorescent signal measured by the
assay is proportional to the cellular TI" influx and consequently to the channel opening; the
signal-to-noise ratio of this type of assay is affected by the number of channels in cellular
membrane: the lower is the cellular io channel expression, the more difficult is to detect

their modulation.

By the means of PiggyBAC transposon system, which ensures high transfection efficiency,
we generated a CHO cell line stably expressing K,7.2/7.3 or K,7.3 A315T channels to be
used as cellular models in the FIuxOR assay (Matasci et al., 2011). K,7.2/7.3 heteromeric
channels underly the Ik current that regulates neuronal excitability; A315T mutation is a
tool experimentally used to increase the current density of K,7.3 and enhance macroscopic
current size without altering other important channel characteristics, such as voltage
dependence of activation, maximal open probability or PIP, affinity (Zaika et al. 2008;
Hernandez et al. 2009).

We choose to use the CHO-K,7.3 A315T cell line (CHO-K,7.3%) as cellular model to screen
the Fraunhofer repurposing library because during the assay validation performed at the
Fraunhofer ITMP ScreeningPort, this cell line generated a stronger fluorescent signal in
the FIluxOR assay upon application of the prototype K.7 activator retigabine compared to
that showed by CHO-K,7.2/7.3 cell line, resulting in a better signal-to-noise ratio and
consequently to a Z’' factor sufficient to consider the screening assay robust (Zhang et al.
1999).



In the primary screening, compounds were tested at 10 uM of concentration and their
activity was normalized on that of the positive control retigabine (10 pM), setting a
threshold of 20% of activity respect to retigabine. Among 59 hits identified in the primary
screening, 12 were confirmed in the same experimental conditions (Table 4.6). During the
hits profiling phase, 7 compounds showed an ECs, lower than 10 pM in activating
K.7.3*channel in the FIuxOR assay: ML-213, C4, C6, C12, C14, C26, and C54.

ML-213 was already well characterized as K.,7 activator (Yu et al., 2011). The fact that ML-
213 was identified among ~5600 compounds is a proof of the effectiveness of our
screening campaign in identifying K.,7 activators. Since it was already known and studied,
ML-213 was excluded from the further electrophysiological characterization, together with

C12 that is no longer available for commercialization and difficult to source.

The subsequent electrophysiological characterization of the five selected compounds was
performed through patch-clamp recordings in CHO cell expressing K,7.3 A315T channel.
Using a ramp protocol to enhance K.,7.3* currents, and applying 10 uM of each compound
(C4, C6, C14, C26, or C54) we found that, at the resting membrane potential of -40 mV,
retigabine induced a K,7.3* current increase of 12-fold, C4 induced an increase of 4-fold,
C26 of 2-fold, the other tested compound did not significantly increased K,7.3* current,
therefore their efficacy as K,7.3* opener was not confirmed (Figure 4.31). This data
partially confirmed the screening results, suggesting that it was effective to identify some
new K,7 activators, but it also led us to find some false-positive hits. However, a certain
rate of false-positive and false-negative hits is intrinsically part of the HTS techniques
(Gribbon and Sewing, 2005).

C4 activity on K,7.3* currents was further studied using a voltage-clamp protocol and its
dose-dependent effect was compared to that of retigabine. These experiments showed
that, like retigabine, C4 induced a shift of the voltage-dependence (Vi2) and slight
increased the maximal current of K,7.3* channel. Testing C4 at different concentrations
(0.01-30 uM) we found that it was less effective and less potent that retigabine (0.01-10
MM) as K,7.3* channel opener: ECs calculated on AV, was 2.0 £ 0.03 uM for C4 and 0.6 +
0.1 uM for retigabine (p<0.05, = 4-8) (Figures 4.33 and 4.34).

As mentioned above, introduction of the A315T mutation in K,7.3 channel is an artificial
tool used to increase the current amplitude of K.,7.3 and make it easier to be studied
through electrophysiological recording. However, the K.7 channels physiologically
expressed in the CNS and mainly underlying the Iu current are the heteromeric K,7.2/7.3
channels (Wang et al. 1998, Shapiro et al. 2000).



Interestingly, when tested on K.,7.2/7.3 currents using a voltage-clamp protocol, C4
showed efficacy and potency comparable to those observed for retigabine in shifting the
V1, of the channel and enhancing the maximal current, with a maximal AV 1, measured of
37.8 £ 3.6 mV and 38.9 + 3.6 mV, for C4 and retigabine, respectively (both tested at 30
MM) and ECss calculated on AVy,0f 1.2 £ 0.3 yM and 2.5 + 1.8 yM or C4 and retigabine,
respectively (p>0.05, n= 4-8) (Figures 4.35 and 4.36).

To investigate the possible binding site of C4 in K,7.2, we performed a molecular docking
simulation using the cryo-EM structure of K,7.2 in complex with retigabine (PDB ID: 7CR2;
Li X. et al. 2021). As described in the section 4.1.2, retigabine binds the pore of K,7.2
channel, in a site formed by 3 pockets. This site is quite identical among K,7.2-5 channels,
with only slight differences in amino acids lining the pockets (Figure 5.1). A H-bonding
between the carbamate group of retigabine and the indole nitrogen atom of a tryptophan
(W236 in K,7.2) within the S5 domain of K,7.2-K,7.5 channels is essential for the K,7.2-
K.7.5 opening effect of retigabine (Wuttke et al. 2005, Schenzer et al. 2005). This
tryptophan residue acts as a hydrogen bond donor (HBD) with the carbamate group of

retigabine acting as a hydrogen bond acceptor (HBA) (Kim et al. 2015).

Our in silico docking simulations of C4 suggested that it could bind the same pocket in
K\7.2 than retigabine, with the nitrogen atom in the piperazine ring of C4 acting as H-bond-
acceptor and interacting with W236 as H-bond donor. Since this interaction is essential for
retigabine K.,7 opening effect, we performed electrophysiological experiments in CHO cells
transiently transfected with the retigabine-insensitive mutant K,7.2 W236L or K,7.2 WT

cDNA and tested the effect of C4 on both currents elicited by voltage ramps.

While C4 (10 uM) was able to shift the V4, of K,7.2 WT channel, it was ineffective on K,7.2
W236L channels (Figure 4.37), confirming the docking simulations data and corroborating
the hypothesis that the binding site of C4 was identical to that of retigabine.

All together these data indicated that C4 is a new K.7 opener, binding the same site of
retigabine in K.,7.2 channel, and showing the same potency and efficacy in activating
K\7.2/7.3 channels in vitro. Further tests of C4 in vitro and in animal models of epilepsy are

needed to establish if it is effective in control seizures.



6. Conclusion and future directions
In conclusion, two different approaches were profitably used to identify novel K,7.2/7.3

channels activators: the rational design of compound 60 and the repurposing of C4.

1. Our rational design strategy, combining structural modifications improving the retigabine
K.7.2-7.5 opening activity, with modifications ameliorating its safety profile, led to the
identification of compound 60. This new molecule showed improved features compared to
retigabine, in fact it was more effective and more potent in activating K.7.2/7.3 channels,
less prone to form toxic photo-induced dimers and exhibits a better pharmacokinetic
profile. Most importantly, compound 60 was found to be more potent than retigabine as an
anticonvulsant in an acute mouse model of epilepsy, such as the PTZ-induced seizures
model. Further investigations in chronic models of epilepsy are needed to provide a more

detailed characterization of its mechanism of action.

In the future, if compound 60 proves to be safe in preclinical toxicology studies, it could be
tested in human as new ASM, filling the clinical void left by the retigabine as only approved

K.7.2-5 opener drug.

Moreover, the SAR analysis performed in the present study added new information about
the binding site and the mechanism of action of retigabine, providing provide a strong

basis for future drug design.

2. From HTS of the Fraunhofer repurposing library, C4 emerged as a new K,7 opener. C4

is a D2 receptor antagonist developed as an atypical antipsychotic by Johnson & Johnson.

Our in vitro electrophysiological study showed that C4 acts as K.,7.2/7.3 opener with
efficacy and potency comparable to those of retigabine. In silico docking simulations,
confirmed by electrophysiological experiments, indicated that C4, although structurally
different, shares the same binding site of retigabine in K.,7.2. This could suggest that C4
acts as a pan K,7.2-7.5 opener, similarly to retigabine. However, its effect in the K,7.4 and
K.7.5 potassium channels needs to be experimentally addressed, since K,7.4 channels

activation causes urinary retention, one of the side effects of retigabine.

In the future, the possible anticonvulsant effect of C4 will be investigated using in vitro and

in vivo models of epilepsy.

The drug repurposing approach offers the advantage of shortening the drug development
process, compared to those needed for a new chemical entity. Indeed, C4 already passed
the early clinical phases of testing and resulted safe for human use, therefore if its
antiseizures effect will be proven in preclinical studies, C4 could be directly tested in a

phase Il clinical trial as anticonvulsant drug and could be repurposed as new ASM. It must



be said, however, that the doses used in healthy subjects and in schizophrenic patients
treated with C4 may be different from those needed to control seizures, and this aspect

necessarily needs to be investigated.

The fact that the ASMs currently available are not effective in controlling seizures in about

30% of epileptic patients stresses the need to develop new antiepileptic drugs.

Retigabine has been shown to be effective in animal models predictive of drug-resistant
epilepsy, suggesting that the activation of K,7 channels, a mechanism different from that

exerted by the commercially available ASMs, may be useful to treat this type of epilepsy.

Therefore, the identification of two new molecules acting as K,7 channels activators not
only opens avenues toward the development of new ASMs, but also rises the hope that

these novel compounds may be useful in treating drug-resistant epilepsies.
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