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Abstract

The Kv7 subfamily of voltage-gated potassium channels includes 5 members (Kv7.1-Kv7.5)
having distinct expression patterns and physiological roles. Kv7.2 and Kv7.3 subunits are
mainly expressed in the nervous system, where they underlie the so-called M-current (lkwm),
a sub-threshold K* current controlling action potential generation. Neuronal Kv7 potassium
channels are critical regulators of neuronal excitability; indeed, loss-of-function mutations in
the genes encoding for Kv7.2 and Kv7.3 are responsible for a wide spectrum of early-onset
epilepsies.

On the other hand, retigabine is a strong activator of the Kv7 currents, representing the first
antiepileptic drug acting on Kv7 channels. Approved in 2011 for adjunctive therapy in adults
showing drug-resistant partial onset seizures with or without secondary generalization,
retigabine suppresses neuronal hyperexcitability by shifting the Kv7.2/3 current activation
threshold toward more hyperpolarized potentials, thereby increasing their maximal current.
Unfortunately, retigabine, suffers from considerable drawbacks including poor selectivity for
Kv7 subtypes, short half-life, poor brain penetration and chemical instability. The latter,
represents one of the main clinical concern over retigabine; light exposure may cause
photodegradation and oxidation, leading to dimer formation, which induces retinal and
mucocutaneous blue-gray discoloration in patients taking the drugs more than 3 years. For
these reasons, leading to a progressively reduced use of the drug, the manufacturing
company (GSK) has decided to withdraw the drug from the market since June 2017.

Since no KCNQ activator is currently available for clinical use, this work originates from our
effort to identify novel and safer Ikm activators. For this purpose, we synthesized a library of
41 retigabine derivatives, structurally characterized by modification that aim to overcome at
least some of the limitations of retigabine and we developed a fluorescence-based assay to

rapidly evaluate the effect of these derivatives on Kv7 channels.



1. Introduction

1.1 Epilepsy: definition, classification, and cause

Epilepsy is one of the most common chronic neurological disorders affecting approximately
50 million people worldwide (WHO, 2019). The International League Against Epilepsy (ILAE)
defines epilepsy as a disorder of the brain characterized by an enduring predisposition to
generate epileptic seizures and by the neurobiological, cognitive, psychological, and social
consequences of this condition. The definition of epilepsy requires the occurrence of at least
one epileptic seizure, which 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).
In 2017, the ILAE published a new classification of epilepsy (Scheffer et al., 2017). The
starting point of this multilevel classification is the definition of the seizure type; seizures are
classified into focal onset, generalized onset, and unknown onset. Focal seizures (previously
namely partial seizures) originate within networks limited to one hemisphere. Focal epileptic
seizures are further distinguished according to the presence or absence of impaired
awareness. Awareness means the ability of the subject to be aware of what is happening
around him and what is going on during the crisis, being able to interact and report it later.
Focal seizures with or without awareness optionally may be further characterized by one
motor or nonmotor onset symptoms. Focal epileptic seizures in which abnormal neuronal
electrical activity occurs may evolve to bilateral tonic-clonic seizures (previously called
secondarily generalized seizures). 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.



The second level is the definition of the epilepsy type. Also the different types of epilepsy
can be classified in focal, generalized, mixed: focal and generalized, and unknown,
depending on the type of epileptic seizures present.

Finally, the third level is represented by the identification 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 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, type of epileptic seizures,
etiology, 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.

Epilepsy may be the result of different etiologies (Berg et al., 2010):

e Genetic: the epileptic seizures are the direct result of a known or presumed genetic
defect(s). Designation of the fundamental nature of the disorder as genetic does not exclude
the possibility that environmental factors may contribute to the expression of the disease.

e Structural/metabolic: epilepsy is the result of structural (for example, stroke, trauma,
infection) or metabolic conditions or diseases. They may also be of genetic origin; for
instance, a patient with tuberous sclerosis has both a structural and a genetic etiology.

e “Unknown cause” in which the nature of the underlying cause is yet unknown.



Epilepsy incidence is bimodal, highest in both young children and older adults.
Approximately 1 out of 150 children is diagnosed with epilepsy during the first 10 years of
life, with highest incidence rate observed during infancy. In Norway, the incidence rate of
epilepsy was 144 per 100 000 person-years in the first years of life and 58 per 100 000 for
ages 1 to 10 years. The cumulative incidence of epilepsy was 0.66% at age 10 years
(Aaberg KM et al., 2017).

Unfortunately, to date, despite the development in recent years of new anticonvulsant drugs
(AEDs) with differing mechanisms of action, the pharmacological treatment of this
neurological disorders remains a critical medical issue, with 30% of patients showing

suboptimal response to treatment.



1.2 Epileptic Encephalopathies: an overview

Up to one-third of epilepsies are refractory to medical treatments, and a significant
proportion of childhood intractable epilepsies have a significant detrimental effect on
cognition and brain function. These conditions, in which the epileptiform abnormalities are
thought to significantly contribute to the overall brain, are referred to as epileptic
encephalopathies (EE) (Berg et al.,, 2010). The main features of EE include EEG
abnormalities, seizures that are usually multi-form and intractable, developmental delay or
intellectual disability, sometimes early death. More recently, in 2017, to highlight that the
developmental impairment may not be necessary related to epileptic activity, the ILAE
introduced the concept of “developmental and epileptic encephalopathies”.

DEE often have a genetic etiology, and the history of gene discovery in epileptic
encephalopathies relates to gene discovery in epilepsies in general (Figure 1)

Starting from the era of family studies, several genes underlying relatively mild dominantly
inherited familial epilepsies had been discovered, such as CHRNH4, SCN1A, SCN1B,
KCNQZ2, and GABRG2. Particularly, in 1995 the first gene identified was CHRNAA4, encoding
for the a4-subunit of the neuronal nicotinic acetylcholine receptor NAChR. Here, a S248F
amino-acid exchange within the second transmembrane region was found in a patient with
autosomal dominant nocturnal frontal lobe epilepsy (Steinlein et al., 1995). Later in 1998,
mutations in the voltage-gated potassium channel genes KCNQ2 or KCNQ3 located on
chromosome 20g13.3 and 8924 respectively were identified in patients whit Benign Familial
Neonatal Seizures (Singh NA et al., 1998; Charlier C et al., 1998).

While these gene discoveries initially had no direct link to the more severe epileptic
encephalopathies, they laid the general pathophysiological concept, such as the

channelopathy concept of the human epilepsies.



Channelopathies are a heterogeneous group of disorders diseases that develop because of
defects in ion channels. Mutations in genes encoding ion channels, which impair channel
function, are the most common cause of channelopathies. Consistent with the distribution
of ion channels throughout the human body, ion channel defects have been implicated in a

wide variety of diseases, including epilepsy.
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Figure 1. Timeline of gene discovery in human epilepsies (from Helbig et al., 2016).



1.3 lon channels

lon channels are transmembrane proteins that allow the diffusion of ions, across the plasma
membrane. In excitable cells like neurons, muscle cells and endocrine cells, ion channels
are responsible for generation and regulation of electrical signals required for coordinated
neurotransmitter release, contraction of skeletal muscle, hormonal secretion, and
furthermore, in all cells, they control cell volume and motility.

The classification of these proteins is based on the criteria of gating and ion selectivity.
Depending on the type of gating trigger ion channels can be classified in different
subfamilies, including voltage-gated ion channels (VGICs), ligand-gated ion channels,
mechanosensitive ion channels and thermal-sensitive ion channels. Two main properties
characterize the activity of a specific ion channel: the mechanism triggering its gating and
the ion species flowing through it. In voltage-gated ion channels (VGICs), representing the
third largest class of proteins involved in signal transduction, the gating trigger is represented
by changes in transmembrane voltage. Other gating mechanisms are represented by
changes in the chemical composition of the intra- or extracellular environment (ligand-gated
ion channels (LGICs), in the applied mechanical force (mechanosensitive channels), or in
the environmental temperature (thermosensitive channels). Permeation characteristics
allow classifying ion channels based on their ion selectivity (with Na*, K*, Ca2+, and CI~
channels showing the greatest selectivity). Further classification criteria, such as cell- or
tissue-specific expression or peculiar sensitivity to drugs and toxins, can further contribute

to characterize ion channel classes.



1.3.1 Potassium channels

Given the pivotal role of voltage-dependent potassium (K*) channels in moderating neuronal
excitability, it is not surprising that these channels are well represented among the
channelopathies contributing to epilepsy.

Potassium channels represent the broadest and the most functionally heterogeneous class
of ion channels present in both eukaryotic and prokaryotic cells. These channels play a very
important role in the stabilization of membrane potential in the excitable tissues. Their
activation reduces the frequency and the duration of the action potential (AP), as well
decreases the susceptibility of the cell to excitatory stimuli. Moreover, in excitable and no
excitable tissues, K* channels are involved in the control of cell volume, proliferation,
differentiation, and survival.

More than 70 genes encoding proteins serving as K* channel subunits have been identified
in humans. Based on their predicted structure, K* channels could be classified in three main
families (Figure 2): 1) Channels with six transmembrane segments (6TM); which includes
voltage-gated K* channels (Kv channels; Kvl-Kv12) and the small conductance Ca?*
dependent K* channels or SK. Il) Channels with two transmembrane segments (2TM), this
family is composed by the inward-rectifier channels (Kir1-Kir7), structurally homologous to
the S5 —-S6 segments of the Kv channels and voltage-independent as they lack the VSD. Ill)
Channels with four transmembrane segments (4TM), including at least 15 different genes
(K2r1-K2pr17), 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 (BK channels)
assemble as tetramers of subunits containing seven transmembrane segments, which differ

from Kv subunits for an extra transmembrane segment (S0) at the N-terminus.
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Figure 2. Structure-based classification of ion channels. 6TM channel families includes classical voltage-
gated K* channels VGKCs (Kv 1, Kv 2, Kv 3, and Kv 4), KCNQ (Kv 7) channels, EAG channels (for ether-a-
go-go, the name of a Drosophila mutant; Kv 10, Kv 11, and Kv 12). 2TM channel families includes Kir (inwardly

rectifying) channels. 4TM (2-pore domain).



1.4 Kv7 potassium channel family

Channels belonging to the 6 TM family are extremely heterogeneous and are classified into
different subfamilies from Kvl to Kvl12. Among these subfamilies, the voltage-gated
potassium (K*) channels Kv7 family, consists of 5 members (from Kv7.1 to Kv7.5) encoded
by the KCNQ genes (KCNQ1-5).

The Kv7.1 subunit, encoded by KCNQ1 gene, is mainly expressed in cardiomyocytes,
where coupled with auxiliary KCNE1 subunits, underlies the slow component of delayed
rectifying K* current (lks) involved in ventricular repolarisation (Sanguinetti et al., 1996). The
pathophysiological importance of Iks in cardiac is demonstrated by the fact that mutations in
the KCNQ1 genes are responsible for the long QT syndrome (LQTS), an inherited
arrhythmic disease characterized by delayed repolarization, syncopal episodes, and sudden
death. Most of the mutations causing QT syndrome are loss-of-function variants causing a
reduction of Iks current, but more recently, gain-of-function mutations (leading to increased
activity of Iks) in this gene have been identified as the cause of the short QT syndrome
(SQTS) and/or atrial fibrillation (Dvir et al., 2014). In addition, Kv7.1 subunits are localized
in non-cardiac tissues, such as the inner ear, gastrointestinal tract, thyroid gland, pancreas,
and assemble also with KCNE2 and KCNES3 ancillary subunits. In gastric parietal cells,
Kv7.1/KCNEZ2 channels are involved in the apical K* recycling coupled to the H*-K*-ATPase,
essential for acid secretion, while in thyrocytes, regulates the synthesis of thyroid hormones
(Roepke et al.,, 2006). Contrary to Kv7.1/KCNE1l heteromers, Kv7.1/KCNE2 and
Kv7.1/KCNE3 complexes generate channels that are constitutively-open in the voltage

range between - 80 to +80 mV (Abbot et al. 2015).



Contrary to Kv7.1 channel, the Kv7.2- Kv7.5 subunits are most known for their roles in the
nervous system, as essential regulators of neuronal excitability (Brown et Passmore, 2009).
In particular, Kv7.2 and Kv7.3 are co-expressed in many areas of the brain, including the
cerebral cortex, hippocampus, cerebellum, and thalamus, suggesting the formation of
heteromeric Kv7.2/7.3 channels (Schroeder et al., 1998; Tinel et al., 1998) which underline
a voltage-dependent K* current, M-current (Ikm). Mutations in KCNQ2 or KCNQ3 genes,
encoding for Kv7.2 or Kv7.3 subunits respectively, have been associated to Benign Familial
Neonatal Epilepsy (BFNE), an autosomal dominant idiopathic epilepsy of newborns (Plouin,
1994), and more recently mutations in KCNQ3 gene have also been associated in rare
families with epileptic encephalopathy (Miceli et al, 2015b), nonsyndromic sporadic
intellectual disability (Rauch et al., 2012; McRae et al., 2017), and intellectual disability with

seizures and cortical visual impairment (Bosch et al., 2016)

KCNQ4 encodes for the Kv7.4 subunit, which is highly expressed in the cochlea, specifically
in sensory outer hair cells (OHCs), where it is involved in the regulation of their intrinsic
excitability (Housley et al. 1992). Kv7.4 subunits are also expressed in the inner hair cells
(IHCs) but at a lower level than OHCs (Kimitsuki et al.,2010). Loss-of-function mutations in
the KCNQ4 gene result in autosomal-dominant non-syndromic deafness (DFNA2), a rare
condition in which hearing loss is caused by a slow degeneration of OHCs induced by their
chronic depolarization (Kubisch et al.,1999). Kv7.4 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)

Kv7.5 channel subunit, encoded by the KCNQ5 gene, is the last member of the Kv7 family
to be identified. Kv7.5 channels are broadly expressed in the brain and show an overlapping

10



cellular pattern expression with Kv7.2 and Kv7.3 subunits. Also, these channel subunits are
found in non-neuronal tissue, like skeletal and smooth muscle cells (Lerche et al., 2000;
Schroeder et al., 2000). 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)
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1.5 Structure of Kv7 channels.

Structurally, Kv7 channels are tetramers composed of identical or compatible subunits; each
subunit shows a common architecture, with six transmembrane domains (from S1 to S6),
and an intracellular -NHz and -COOH termini. The region encompassing S1-S4 segments
forms the Voltage Sensing Domain (VSD), whereas the region between the S5-S6 segments
forms the Pore Domain (PD) (Figure 3). Interestingly, the VSD of each subunit interacts with
the pore module of the adjacent subunit: this results in the so-called domain-swapped

architecture, which is typical of many families of Kv channels.
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Figure 3. Kv7 channel subunit. The architecture of a Kv7 channel subunit. Cylinders are helical segments.

VSD, voltage sensing domain; PH, pore helix. (From Abbot et al., 2020)
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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 to six positively charged arginine (Rs) separated by uncharged
residues, plays a key role in the voltage-sensitivity.

However, the precise rearrangements occurring in the voltage sensor during activation are
not fully understood yet. Since structural studies have been performed in the absence of
transmembrane potential, thus in “depolarizing” conditions, most of the information is relative
to the activated (up) conformation of the sensor, whereas much less information is known
about the resting (down) conformation. Three major conceptual models have been proposed
to describe the movements of the sensor: 1) helical-screw/sliding-helix, Il) transporter model
and Ill) paddle model (Tombola et al., 2006). Even if this proposed model differs in the extent
and nature of S4 transmembrane movements, the consolidated hypothesis is that the resting
and activated states are stabilized by ionized hydrogen bonds occurring between the S4
positive residues and two clusters of highly conserved negatively charged residues: an
external negative cluster consisting of S1 helix and S2 helix, and an internal negative cluster
consisting of glutamate SO helix, S2 helix, and S3a helix (Long et al. 2007). A phenylalanine
residue, located near the midpoint of the membrane, separates the external and internal
negative has been proposed to form the charge-transfer center that catalyzes the gating
charges movement (Tao et al.,2010).

As report previously, the S5 and S6 segments and the interconnecting loop (P region)
participate in the formation of the pore domain (PD). A major contribution to the formation of
the so-called selectivity filter is given by the P region that consists of about 20 amino acids
and contains the molecular determinants of ion selectivity, the glycine—tyrosine—glycine

(GYG) sequence, essential for discrimination between the various ionic species.
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1.5.1 Electromechanical coupling

During depolarization, S4 moves outward, pulling the intracellular S4 —S5 linker, which in
turn transfers these mechanical forces to the distal region of S6 of a neighbor subunit,
leading to pore opening.

Analyses of crystal structures of several mammalian K* channels have revealed that hinges
motif, localized at the level of the C-terminal region of S6, governing pore opening and
closing. In Kv7 channels, this hinge function is ascribed to PAG (proline-adenine-glycine)
motif. 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). In the bacterial MthK channels (Jiang
et al., 2002a,b), missing the characteristic PAG sequence, a similar hinge function is
attributable to a glycine residue in a homologous position.

Thus, direct contacts between the S4-S5 linker and the C-terminal region of S6 seem to be
required for efficient electromechanical coupling between voltage sensor dislocation and
pore opening during depolarization, but not sufficient. More information was provided by the
recent comparison between the crystal structure of the chimeric Kv1.2/2.1 channel and the
Cryo-EM structure of KCNQ1 (Xenopus laevis) (Sun and MacKinnon, 2017).

Crystal structure of chimeric Kv1.2/2.1 channel exhibit an activated VSD and an open PD
by contrast KCNQ1ewm, show an activated VSD, consistent with the absence of an applied
field, but a close PD. The reason for the “decoupled” conformation on KCNQL1 is justified by
the fact that Kv7 channels are both voltage and phosphatidylinositol-(4,5)-bisphosphate
(PIP2) dependent. As described by Zaydman et al. (2013), membrane depolarization opens
the pore only in the presence of PIP2, but gating charge displacement currents still occur in
the absence of PIP2. Thus, in the absence of PIP2, the voltage sensors gain an activated
conformation while the pore does not. Compared to its position in Kv1.2-2.1, the S4-S5 linker

tilts by 25 degrees away from S6 in KCNQ1ewm hypothesizing that, the reduced interaction
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between the S4-S5 linker and the segment S6 on KCNQ1 seems consistent with the
uncoupled pore and voltage sensor probably due to the absence of PIP2. (Sun and
MacKinnon, 2017). This hypothesis was recently confirmed through the Cryo-EM structures
of the human KCNQ1/KCNE3-CaM in the presence of PIP2 (Sun and MacKinnon, 2020).

However, PIP2 depletion and consequently loss of VSD-pore coupling were also previously

predicted from molecular dynamic simulations performed by Kasimova et al. in 2015.
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1.5.2 Regulation of Kv7 channels

Kv7 channels exhibit a very long intracellular C-terminal region, organized into four a-helical
regions (called A-D helices), which are conserved in all Kv7 family members (Yus-Najera et
al., 2002). The C-terminus represents an important platform for the interaction with different
molecules and proteins, which plays a critical role in Kv7 channel function and regulation
(Figure 3).

Calmodulin (calcium-modulated protein, or CaM) CaM is a small, soluble, and thermostable
protein able to binds calcium ions. 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.

All members of Kv7 family subunits (Kv7.1-5) interacts CaM, which binds two different sites
located respectively in helices A and B; the first one in helix A is formed by a canonical 1Q-
binding motif (IQXXXRXXXXR), whereas the second in helix B displays two overlapping
consensus 1-5-10 CaM-binding motifs (Yus-Najera et al., 2002),

CaM plays an important role in surface trafficking; mutation on Kv7.2-CaM binding sites can
reduce the export from the endoplasmic reticulum to the plasma membrane (Exteberria et
al., 2008). In hippocampal neurons, CaM regulates the trafficking and the enrichment of
Kv7.2/Kv7.3 channels at the axonal initial segment (AlS) (Liu and Devaux., 2014).
Moreover, CaM is essential in the generation of functional M-current (Gamper et al., 2005).
Phosphatidylinositol-(4,5)-bisphosphate (PIP2) is a phospholipid negatively charged
present in the intracellular leaflet of the plasma membrane essential for the activation of all
KCNQ channels. Moreover, PIP2 increases the opening probability of both homomeric and
heteromeric channels; differences in the single-channel open probability are dependent on

their intrinsic affinities for intracellular PIP2 (Li et al., 2005).
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The earliest study on Kv7.2 identified an interaction site of PIP2 in the junction between S6
and the first C-terminal “A helix”, the so call the S6Jx domain: here, replacement of the
histidine at position 328 (His367 in Kv7.3) by a cysteine reduced the sensitivity of the
channel to PIP2 (Zhang, H et al. 2003). Subsequently, Hernandez and coll. highlighted, in
both Kv7.2 and Kv7.3, a second PIP2-interaction domains in the A-B helix linker suggesting
that negatively charged phosphate headgroups of PIP2 molecules formed electrostatic bond
whit the “cationic cluster” identified in that region (Hernandez et al., 2009). Lastly, two
binding sites have been detected in the S2-S3 and in the S4-S5 loop, respectively.
Particularly, PIP2 binds S2- S3 loop in the closed state in Kv7.2, whereas, upon channel
activation, PIP2 interacts with the S4-S5, modulating channel gating. (Zhang et al., 2013).
The recently published cryo-EM structure of the hKCNQ1 showed that PIP2, also in this
channel, could bind to S2-S3 loop, as well S4-S5 loop and S6C (Sun and MacKinnon,
2020).

Kv7 function could be modulated by the A-kinase Anchoring 79/150 or AKAP79/150
protein. AKAP79/150 binds the Kv7.2 C-terminus; here, the protein forms a trimeric
complex with protein kinase C (PKC). Activation of PKC leads to phosphorylation of serine
residues located in helix B, which suppress Kv7.2 currents. This effect is largely prevented
by removing two putative PKC phosphorylation sites in helix B (Hoshi et al., 2003)

The SNARE protein syntaxin-1A (syx-1A) is a plasma membrane protein that regulates
neurotransmitter release; when N-terminal of syx-1A interacts with neuronal Secl
(STXBP1), establish a core complex involved in membrane fusion and following
neurotransmitters release (Misura et al., 2002)

In both Kv7.2 and Kv7.3 subunits, Syx-1A interacts with the helix A, producing two opposite
effects; syx-1A appears able to reduce Kv7.2 currents by about 50% while it failed to inhibit

the Kv7.3 currents. This could be due to the presence of additional binding sites for syx-1A
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in the Kv7.2 channel (in particular, in the N-terminal showing a different sequence between
the two subunits), which may not be present in Kv7.3 (Regev et al., 2009).
Ankyrin-G (AnkG) is an adaptor protein that allows localizing Kv7.2 and Kv7.3 subunits at
the axon initial segment and in nodes of Ranvier, two neuronal sites crucially involved in the
generation and propagation of action potentials. Ankyrin-G selectively interacts with Kv7.2
and Kv7.3 subunits, binding the distal part of the helix-D in C-terminus. (Devaux et al. 2004;
Pan et al., 2006). Nedd4-2 is a ubiquitin-protein ligase that regulates the plasma membrane
expression of Kv7.2/Kv7.3 and Kv7.3/Kv7.5 channels (Ekberg et al., 2007). The protein
reduces the current generated by these channels, probably by promoting their ubiquitination,
internalization, and degradation. To date, it is well described that a PY domain, localized at
the C-terminal domain of Kv7.1, is crucial for this process, whereas the role of the same
region in Kv7.2/Kv7.3 subunits is less defined (Figure 4)
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Figure 4. Topological representation of Kv7.2 subunit. The schematic topology of a Kv7.2 subunit formed
by six transmembrane segments (S1-S6) and intracellular NH2 and COOH termini. The region encompassing
S1-S4 segments forms the VSD (in blue), whereas the S5-S6 region and the intervening linker form the ion-
selective pore (in gray). A long C-terminal region is characterized by 4 a-helix domains (from A to D). The C
and D helices form the Subunit Interaction Domain (SID), which is involved in multimerization and subunit-
specific heteromerization. ; CaM, calmodulin; AKAP, A-kinase-anchoring protein; PKC, protein kinase C; Ank-

G, ankyrin-G; PIP2, phosphatidylinositol-(4,5)-bisphosphate.
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1.6 Neuronal Kv7 channels; cellular, subcellular distribution

The Kv7.2 and Kv7.3 subunits, encoded respectively by KCNQ2 and KCNQ3 genes, are
highly expressed in both the central and peripheral nervous systems. In the brain, Kv7.2,
Kv7.3 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 neuronal cells, Kv7 channels are localized at key subcellular sites, including
the perisomatic region, the axon initial segment (AIS), nodes of Ranvier, and synaptic
terminals. According to their subcellular localization, Kv7 channels regulate several aspects

of neuronal excitability (Figure 5).

K,7 channels

Bk72 Hk7s
3 PA

Figure 5. Schematic representation of the distribution of Kv7 channels in the different compartments
of a myelinated axon. The Kv7 channel is found at the AIS, nodes of Ranvier and presynaptic terminals

(adapted from Barrese et al., 2017)
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1.6.1 The functional role of neuronal Kv7 channels

First isolated by Brown and Adams, using voltage-clamped frog sympathetic neurones
(Brown and Adams 1980) and later recorded in mammalian brain neurons (Halliwell JV et
al.,, 1982), that so called M-current (Ikm) is a K*-selective, non-inactivating, slowly
activating/deactivating current. Despite its identification in the 1980, the molecular identity
of the channels underlying the M-current remains unknown for several years and only in
1998, Wang and coll. discovered that Kv7.2 and Kv7.3 subunits represented the molecular
basis of the M-current (Ikm) (Wang et al., 1998). Although also Kv7.5 contributes has been

suggested to contribute (Schroeder BC et al., 2000. Lerche C et al., 2000).

In the axon initial segment (AIS) and in unmyelinated portions of the axons, the nodes of
Ranvier, Kv7.2/7.3 channels are involved in the control of the resting membrane potential.
Here, they increase the action potential threshold but also promote the recovery of

inactivated voltage-gated Na* channels (Nav) (Battefeld et al., 2014).

The action potential is a transient change in the membrane potential, induced by the flow of
ions inside/outside the cell; as shown in Figure 6A, it is characterized by a gradual
depolarization versus threshold values, a rapid rising phase, an overshoot, and a
repolarization phase. The repolarization phase is followed by a brief afterhyperpolarization
(AHP), a latter phase resulting in K* channels remaining open. AHP is further divided into
three phases: ) a fast one, namely fAHP, lasting 1-5 ms, largely mediated by Ca?* - and
voltage-dependent BK channels; Il) a medium one called mAHP, lasting 50-200 ms,
mediated by Kv7 and HCN channels; Ill) and a slow one the sAHP, lasting from about 0.5 s
to several seconds, mediated by Kv7 and SK Ca?* channels. The M-current contributes to
the medium (mMAHP), and the slow components (SAHP) of the afterhyperpolarization current

determine the refractory period and the discharge frequency on neurons (Tzingounis et
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Nicoll, 2008). Therefore, Ikm contributes to spike-frequency adaptation by reduces the
frequency of neuronal firing in response to sustained stimuli. When Ikwm 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) (Figure 6 B-C).
Finally, Kv7 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 Ikm 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 described the
involvement of Kv7.2 subunits in dopamine release from rat striatal synaptosome, obtaining
that [3H] dopamine release is inhibited by the Ikv activator retigabine while Ikm blockers TEA
and XE991 enhanced [3H] dopamine release and prevented retigabine induced inhibition

(Martire et al., 2007)

A B

Action potential

Membrane Potential

< 40
= =
= 2 o
g 04 %
5 5 2
5 E moua
o = 1 2 3 Stimulation
2 55 Threshold
o Resting state
2 -70
5 ! C
s Stimulus z
Refractory °§ ‘ ‘ ‘
1 T T T T T £
s
Time (ms) = r

M-Current

moom

Stimulation

Figure 6. Role of neuronal M-current in controlling excitability. A) Representation of an action potential.
B) Excitatory inputs (green arrows), cause membrane depolarization and a single action potential. Afterward,
increased activation of M-channels hyperpolarizes the membrane potential, preventing spiking in response to
recurrent excitation. C) When M-channel activity is reduced (for example, in the presence of mutations),

excitatory inputs lead to multiple action potentials (adapted from Cooper and Jan, 2003)
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1.6.2 M-channels regulation

The M-current (hence its definition) is suppressed upon stimulation of several receptors
linked to pertussis toxin-insensitive G proteins of the Gg/11 family, like M1, M3, and M5
subtypes of muscarinic receptors, which activate the phospholipase C (PLC), causing
hydrolysis of PIP2 into diacylglycerol (DAG) and inositol triphosphate (IP3), leading to the
activation of PKC.

Activation of the Gqg pathway produces three phenomena that negatively modulate the
current M: 1) As described previously, the activity of Kv7 channels is closely related to
adequate levels of PIP2. Consequently, the depletion of this phospholipid caused by
activation of muscarinic receptors prevents the opening of channels. II) Activation of PKC,
which anchors the Kv7 complex through AKAP79/150, phosphorylates the C-terminus of the
Kv7.2 subunit, which overlaps with the CaM binding site in helix b. Phosphorylation of the
Kv7.2 subunit leading to dissociation of CaM and unstabilized PIP2 interaction (Kosenko et
al., 2012).

I1) The production of the second messenger IP3 triggers Ca?* release from the endoplasmic
reticulum. The Ca?"CaM complex binding sites overlap the putative binding site for PIP2,
reducing the interaction of PIP2 with the channel (Gamper and Shapiro 2003). In all cases,
suppression of Ikm inhibits the hyperpolarization of the cell membrane and increases
neuronal excitability. Recently, using an in silico screening approach, the CP1 compound
structural resembling PIP2 was found.

As reported by the authors, CP1 could substitute PIP2 and recover KCNQ1 currents that
were abolished by depletion of membrane phospholipid. Like PIP2, CP1 activated KCNQ1
channels by enhancing VSD-pore coupling. Also, KCNQ3 and KCNQZ2 were activated but

lesser than KCNQ1 (Liu Y et al., 2020)
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1.7 KCNQ2 and KCNQ3 channelopathies

Mutations in KCNQ?2 (encoding for Kv7.2 channels) are responsible for a wide spectrum of
neonatal-onset epileptic diseases, ranging from more benign forms, like Benign Familial
Neonatal Seizures (BFNS), to more severe forms, like the Neonatal onset developmental
and epileptic encephalopathy (DEE). Recently, mutations in the KCNQ2 gene have also
been associated with non-epileptic neurodevelopmental diseases.

BFNS 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 (Plouin et al., 1994). 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 neuropsychological development is usually normal (Miceli et al.,
2018). Among the benign forms, have also been described two genetic conditions similar
to BFNS: The Benign Familial Infantile Seizures (BFIS) or Benign Familial Neonatal-Infantile
Seizures (BFNIS) (Zhou et al. 2006, Zara et al. 2013). In BFIS, seizures start around 6
months of age, while in BFNIS, seizures display an intermediate age of onset between the
neonatal and the infantile periods.

On the other hand, DEE (recently classified as early infantile epileptic encephalopathy type
7, or EIEE 7) is characterized by pharmacoresistant seizures that begin in the first week of
life and remit between nine months and four years of age. Contrary to BFNS, patients show
moderate to severe developmental impairment (Weckhuysen S et al., 2012). Additionally,
KCNQ2 mutations have been identified in several individuals with Ohtahara syndrome
(Saitsu H 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. Psychomotor development and prognosis are generally
very poor. As previously reported, severe phenotype related to KCNQ2 mutation can also

be related to non-epileptic neurodevelopmental diseases. In 2017 Mulkey and colleagues
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described 10 patients carrying KCNQ2-R201C/H variant showing neonatal encephalopathy
without seizures, burst suppression EEG, profound developmental delay, and early mortality
(Mulky et al., 2017). Like the KCNQZ2 gene, mutations in the KCNQ3 gene (encoding for
Kv7.3 subunit) are related to benign epilepsies with seizures starting in the neonatal (BFNS)
or early infantile (benign familial infantile seizures (BFIS) period., however, KCNQ3 variants
represent a relatively rare cause of BFNS, e.g., 1/33 of pedigrees, compared with 27/33 for
KCNQ2. (Miceli et al., 2017). The clinical characteristics of Kv7.3-BFNS appear
indistinguishable compared to Kv7.2-BFNS. Patients usually present a normal psychomotor
development, although some individuals carrying the KCNQ3-related BFNS variants 1317T
(Soldovieri et al., 2014) and R330L (Miceli et al., 2015b) showed some degree of intellectual
disability. Additionally, more severe phenotypes have been associated with KCNQ3;
pathogenic variants have been described in few patients with DEE (Allen et al., 2013, Miceli
et al., 2015; Grozeva et al., 2015; Ambrosino et al., 2018), ID apparently without epilepsy
(Rauch et al., 2012; McRae et al., 2017), cortical visual impairment (Bosch et al., 2016) and
ID and autism spectrum disorder (Sands et al., 2019).

In BFNS, KCNQ2 mutations are transmitted from affected parents following a classical
autosomal dominant inheritance mode and are mostly missense, splice, nonsense, and
frameshift variants as well as exon and whole-gene deletions. On the other hand, KCNQ2-
related DEE mutations are all missense de novo pathogenic variant (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).

Mutations found in BFNS appear to be spread along the entire Kv7.2 sequence whereas
DEE-associated mutations appear to be concentrated in critical channel domains, such as:
the S4 domain, the pore, the proximal C-terminal segment which binds PIP2 and calmodulin,
and the B helix, which also is involved in CaM-binding (Millichap et al., 2016). More recently,

Goto and co-workers demonstrated that while BFNE missense mutations are frequently
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localized in the VSD between the S2 and S3 segments, DEE missense variants are more
frequent in S6 and its adjacent PD, as well as in the intracellular domain between S6 and
helix A (Goto et al., 2020).

KCNQ2-related BFNS missense variants, causes a mild loss of channel activity (Loss-of-
function, LoF), that cannot be compensated by the wild type allele (haploinsufficiency).
Particularly, functional studies suggest that in most cases a decrease of Ikm of only 25% is
sufficient to cause BFNS (Schroeder BC et al., 1998). Besides missense mutations,
frameshift/deletion variants account for 36% (39/108) of BFNS-causing variants in KCNQ2
(www..rikee. org).

Unlike the benign form whose pathogenic mechanism is related to haploinsufficiency,
pathogenic variants causing KCNQZ2-DEE exert more severe functional defects on
potassium current function; subunits carrying missense variants would decrease channel
function more than 25%, suggesting that the so-called dominant-negative effect (DNE) could
be responsible for the severe epileptic phenotype (Orhan G et al., 2014). As for KCNQ2,
BFNS mutations, inherited in an autosomal dominant manner, are mostly missense and lead
to loss-of-function (LoF) effect of channel activity . Despite the benign conditions, inherited
LoF variants could be associated to more severe phenotypes; a patient with early-onset
DEE, severe cognitive delay, with absent speech and tetraparesis carrying two Kv7.3
missense mutations (V359L and D542N) in compound heterozygosis, each inherited from
an asymptomatic parent, has been described by Ambrosino et al. (2018). As previously
reported, heterozygous frameshift variants in KCNQ2 are frequent causes of BFNS. In
KCNQ3, two frameshift variants, the S407Ffs*27 and F534Ifs*15, causing LoF effect, were
found in homozygosity in patients with developmental delay and neonatal seizures (Kothur
et al., 2018. Lauritano et al.,2019), demonstrating that, contrary to KCNQ2, homozygous

variants are compatible with life. In addition, in both families described, heterozygous carrier
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parents of the KCNQ3 frameshift variant were unaffected , suggesting that KCNQ3
frameshift mutations are better tolerated than KCNQ2 frameshift variants

In addition to the LoF mechanisms, de novo missense variants causing gain-of-function
(GoF) effects on the Ikm, was found in KCNQ2 patients (Miceli et al., 2015a) (Figure 7A).
De novo missense mutations producing a GoF effect have been described also described
in KCNQ3 (Miceli et al., 2015a) (Figure 7B).

To understand the molecular basis of these two different functional defect, as reported in a
recently published work of our group, multistate structural modeling has been used. Our
observation demonstraed 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 E140 in S2 and D172 in S3 wheras R2 residue, stabilized
the resting states by forming an intricate network of electrostatic interactions with
neighboring negatively charged residues;. Thus, neutralization of the charge at R2
preferentially destabilized the resting VSD configuration, thereby causing constitutive
channel activation, possibly explaining the observed GoF effects while neutralization of the
charge at R4, R5, R6 destabilizing the VSD-activated configuration and causing LoF effects

(Figure 8) (Nappi et al., 2020)

26



a KCNQ2
R213Q, T274M, M208V, D212G,
GENOTYPE G279S,A294V  R214Q, Y284C, A306T R144Q, R198Q R201C, R201H
LoF NORMAL GoF
PATHOMECHANISM  DOMINANT-NEGATIVE HAPLOINSUFFICIENCY MILD
CLINICAL Neonatal-onset Self-limiting Infantile spasms, Neonatal-onset
PHENOTYPE DEE BFNS global ID without DEE, global ID,
neonatal seizures high mortality
b KCNQ3
R330L,
GENOTYPE V359L/D542N R330C, G310V R227Q R230C/H/S
LoF NORMAL GoF
PATHOMECHANISM SEVERE HAPLOINSUFFICIENCY MILD S
CLINICAL Epilepsy and Self-limiting ASD and ASD,and multifocal
PHENOTYPE neurocognitive BFNS sleep-activated spikes  status epilepticus during
deficits sleep

Figure 7. Genotype-phenotype correlations and potential pathogenetic mechanisms for KCNQ2 (panel
a) and KCNQ3 (panel b). DEE, developmental epileptic encephalopathy; ID, intellectual disability; BFNS,
benign familial neonatal seizures; ASD, autism spectrum disorders (from Nappi et al., 2020)
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Figure 8. Functional consequences of the neutralization of arginines (R) in the proximal (R2) and distal

(R4, R5, R6) portions of the S4 transmembrane segments on VSD movement (from Nappi et al., 2020)
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1.8 Animal models of KCNQ disfunction

To better understand the pathophysiological role and to confirm the genotype-phenotype
correlation, several mice models of KCNQ2 and KCNQ3 gene dysfunction have been
generated.

The first animal model was developed by Watanabe and colleagues in 2000; this knock-out
(KO) mouse was characterized by a deletion of 3 exons in the KCNQZ2. Interestingly, while
homozygous (KCNQ27) mice died within the first day of life, heterozygous (KCNQ2*-) mice
showed an increased sensitivity to pentylenetetrazole (PTZ) stimuli (Watanabe et al, 2000).
More recently, this animal model has been used to evaluate the role of KCNQ2 gene in
autism-associated behaviors, considering that mutations in neuronal KCNQ genes are not
only responsible for BFNS or DEE, but can be associated to neurodevelopmental disorders
(NDDs), a collection of disorders that include autism spectrum disorder (ASD), intellectual
disability, and developmental delay. As reported from Kim and collaborators, compared to
KCNQ2** (WT) littermates, heterozygous mice display abnormalities in multiple behaviors
including circadian-dependent activity; males and females displayed hyperactivity during the
light phase, enhanced exploratory behaviors, and repetitive grooming but decreased
sociability. Moreover, while males displayed enhanced compulsive-like behavior and social
dominance, the female did not. Increased seizure susceptibility and behavioral
abnormalities were observed, suggesting that reduced Kv7 current may contribute to ASD-
associated behaviors in a gender-dependent manner (Kim EC et al., 2019).

Similar to the KCNQ2*- KO mice, stz1 mice, characterized by a large genomic deletion
encompassing the KCNQ2 gene, displayed an increased sensitivity to the proconvulsivant
PTZ together with morphological abnormalities in the hippocampal region (Yang 2003).
Conversely to KCNQ27 mice, homozygous KCNQ3 KO mice showed no seizures and
survived until adulthood, further confirming the distinct functional role of KCNQ2 and KCNQ3

genes. (Tzingounis et al, 2008).
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Because of the higher mortality of KO KCNQ2 mice, conditional strategy has been used. In
fact, while in constitutive knockout mice, the gene deletion occurs throughout the nervous
system, in conditional knockout mice deletion occur in a restricted area. Conditional KO mice
have been developed by Soh and colleagues to evaluate the effects of the deletion of
KCNQ2 or KCNQ3 in two specific populations of neurons: the cortical pyramidal neurons
(Soh et al, 2014) and interneurons (Soh et al, 2018). Deletion of KCNQ2 produced increased
excitability (possibly due to reduced mAHP) in pyramidal neurons and premature death in
mice. Conversely, deletion of KCNQ3 gene in the same neuronal population neither
increases excitability nor impairs the survival of mice. (Soh et al, 2014). Silencing of KCNQ2
and KCNQ3 in interneurons selectively increased the firing of parvalbumin-positive
interneurons which in turn led to homeostatic potentiation of fast excitatory synaptic activity.
Consequently, mice with decreased KCNQ?2 in parvalbumin neurons showed a reduced
latency to onset of seizures induced by picrotoxin (Soh et al, 2018).

Several animal models were generated to reproduce mutations found in patients. Using the
Tet-off strategy, Peters and colleagues generated a knock-in mice expressing the mutant
G279S in KCNQ?2, identified in a patient with EOEE (Sharawat et al. 2018; Indian J Ped).
Dominant-negative suppression of Ikm in this model caused spontaneous seizures,
behavioral hyperactivity, and significant hippocampal alteration suggesting a crucial role of
the M-current for the development of normal hippocampal morphology (Peters et al, 2005).
To reproduce the human BFNS phenotype, Singh and colleagues obtained two knock-in
mice models by introducing two missense mutations found in BENS the KCNQ2 A306T and
KCNQ3 G311V (Singh et al, 2008). As reported by the author, both heterozygous knock-in
mice appeared more susceptible to seizures when compared with wild-type littermates while
homozygous mutant mice showed early-onset spontaneous generalized tonic-clonic
seizures and higher mortality. Nevertheless, no significant morphological alteration, such as

hippocampal mossy fibers sprouting or neuronal loss, was found in homozygous mice, thus
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paralleling the normal morphological developmental exhibited by most BENE patients (Singh
et al.,, 2008). Similar characteristics were exhibited in two other transgenic mice where
BFNS-causing mutations (Y284C, A306T;) were introduced using the kick-in strategy
(Tomonoh et al, 2014).

Recently, Milh and colleagues have developed the first knock-in mouse carrying a recurrent
variant in KCNQ2 (T274M), known to cause DEE and able to induce a dominant-negative
effect, with a 70%—-80% reduction of the current (Orhan G et al., 2014). The knock-in mouse
Kcng2Thr274Met+ faithfully reproduces what is expected based on the human phenotype: no
morphological brain alterations, no neurosensory alterations before the onset of seizures
occurring at P20 followed by a high rate of unexpected death in epilepsy, seizures only

exceptionally observed after P100, and important cognitive impairment (Milh et al., 2020).
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1.9 Pharmacology of Kv7 channels

Given their prominent role in human physiology and pathology, it is not surprising that Kv7

channels represent attractive pharmacological targets for several neuropsychiatric

conditions. Compounds acting on neuronal Kv7 channels include both activators and

blockers. Historically, blockers were developed for treatment of learning and memory

disorder while application of activators range from the anti-nociceptive and anticonvulsant

use to the treatment of migraine, anxiety (Munro,et al.,2007; Korsgaard et al.,2005), mania

(Dencker et al., 2008), ADHD (Hansen,et al., 2008) addiction to psychostimulants (Hansen

et al., 2007) and depression (Friedman et al., 2016) (Figure 9).
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Figure 9. Effects of Kv7 channel inhibitors and activators on pathologically altered neuronal activity
(adapted from Wulff et al., 2009).
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1.9.1 Ikm blockers

The first selective Kv7 blocker has been the phenyl indolinone derivative linopirdine (for all
structure molecules see Table 1), synthesized in 1980s (Aiken et al., 1995). Because of its
ability to increases the performance in learning and memory tests, in several animal models
(Brioni et al.,1993) it has been proposed for the treatment of neurodegenerative conditions
like Alzheimer's disease. However, clinical trials on Alzheimer's patients did not show a clear
effectiveness of this compounds (Rockwood et al., 1997).

Unfortunately, linopirdine is a non-selective Kv7 blocker, being active also on cardiac Kv7.1
channels, although with a lower potency when this channel co-assembles with KCNE1
accessory subunits. Functional analogs of linopirdine with an anthraquinone structure, the
XE-991 showing an increased potency in blocking Kv7 currents but, like linopirdine, also
XE991 is unable to discriminate among Kv7 subunits (Wang et al., 2000).

Differently from non-selective Kv7 blockers linopiridine and its derivatives, 3-
(triphenylmethylaminomethyl) pyridine UCL2077 inhibits Kv7 channels in a subtype-
selective manner, acting mainly on Kv7.1 and Kv7.2 channels. Moreover, this compound
increases Kv7.3 currents at negative membrane potentials, while inhibits them at more
depolarized values (Soh and Tzingounis, 2010). Another potent Kv7 inhibitor recently
described is ML252. This molecule, unlike other Kv7 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
Kv7.2 isoforms: in fact, the inhibitory action on Kv7.2 currents (IC50=69 nM) is about 40 times
greater than that shown on Kv7.1 cardiac isoform (ICs50=2.92 pM). The ML252 shows
reduced selectivity for Kv7.2/Kv7.3 heteromeric channels (IC50=0.12 yM) or Kv7.4 channels
(IC50=0.20 uM) (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.
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Small structural modifications in the Kv7 activator retigabine generate compounds (HN38)
7-times more potent than XE991 in inhibiting Kv7.2 channels (Hu et al., 2013). In addition
another bloker, the fenamets NH17 has been described as a Kv7.2 channel inhibitor,
although its subtype selectivity for other Kv7 family members is unknown (Peretz et al.,

2017).
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Table 1. Kv7 channel inhibitors.
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1.9.2 Ikm Activator

1.9.2.1 Flupirtine, Retigabine and Derivatives

Developed between the 1970s and the 1990s by the Chemiewerk Homburg, Frankfurt am
Main, Germany whit the propose to synthesize a novel non-opioid centrally acting analgesic
drug, flupirtine (trade name Katadolon) represent the first neuronal Kv7 activator.

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
(GABAA) receptors (Szelenyi et al., 2013), but further studies have demonstrated that
flupirtine enhanced the activity of Ikm, acting on homomeric Kv7.2 channels at concentrations
close to those achieved during standard therapy with this drug (2-6 uM) (Martire et al.,2004).
Because of its severe liver toxicity, to date, the clinical use of flupirtine as non-opioid
analgesic, is limited to short-term pain management as recommended by European
Medicines Agency:

(http://www.ema.europa.eu/emalindex.jsp?curl=pages/medicines/human/referrals/Flupirtin

econtaining_medicines/human_referral prac_000019.jsp&mid=WC0b01ac05805c516f ). In

addition to analgesia, flupirtine displays neuroprotective effects (Boscia et al., 2006) and
anticonvulsant activity, in pentylenetetrazol-induced seizures (PTZ) mice models and in
patients with pharmacoresistant epilepsy. However, the pharmacologically active dose in
those patients is ten-times higher than that producing analgesia (Rostock et al., 1996).
More recent studies have demonstrated that flupirtine, unlike phenobarbital or diazepam,
appears more effective in preventing and suppressing seizures in kainic acid model of
neonatal seizures (Raol et al., 2009)

To separate the analgesic action from the anticonvulsant activity, molecular modeling
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
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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 10).

FLUPIRTINE RETIGABINE

0 o

Figure 10. 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 (trade name Trobalt in Europe or
Potiga in the USA) represent the first approved anticonvulsant drug acting on Kv7 potassium
channel. The principal effect 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).
Anyway, retigabine is a nonselective Kv7 channel opener and its effects on voltage-
sensitivity depend on the Kv7 family subtype. For instance, the cardiac Kv7.1 channel is
completely insensitive, while on Kv7.3 homomers the effect on voltage sensitivity is maximal
(-43mV), intermediate for Kv7.2/3 heteromers (-30 mV) and Kv7.2 homomers (-24 mV) and
very small for Kv7.4 homomers (Tatulian et al.,, 2001) (Table 1). In Kv7.5 homomers
retigabine does not change voltage sensitivity, but increases current amplitude (Dupuis et
al., 2002). Finally, on Kv7.2/3 heteromers retigabine increases the single channel open
probability by stabilizing the open conformation, without any significant change in channel

conductance (Tatulian and Brown 2003).
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Table 2. Potency of retigabine against KCNQ2/3, KCNQ1, KCNQ2, KCNQ3, and KCNQ4. (From Tatulian
et al 2001)

Maximum shift in V12 (mV) Retigabine ECso (M)
KCNQ2/3 -30.4 1.9+0.2 (n=5)
KCNQ1 -0.7 100.1 + 6.5 (n=5)
KCNQ2 -24.2 2.5+ 0.6 (n=5)
KCNQ3 -42.8 0.6 £ 0.3 (n=5)
KCNQ4 -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 pentylenetetrazole (PTZ),
picrotoxin and N-methyl-D-aspartate (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 (KCNQ2Y284C/* and KCNQ2A306T* Here,
after intraperitoneal injection of kainic acid, retigabine mitigated induced seizure activities in

both mice models, more significantly than phenobarbital (Ihara et al., 2016).
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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 Kv7.2 and W265 in Kv7.3), 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 Kv7.2 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 Kv7.2 currents (Schenzer et al., 2005; Wuttke et al., 2005).

In 2009 Lange and co-authors, hypothesized a generic hydrophobic interaction between
retigabine and the conserved tryptophan residue therefore the fluorophenyl ring of retigabine
was in either the vicinity of the aromatic side chain of tryptophan (Lange et al., 2009)
(Figure). More recently, Kim and collaborators, using unnatural amino-acid, demonstrated
that an H-bond interaction occur between the carbamate group of retigabine and the
tryptophan residue. In fact, repositioning of the indole nitrogen atom prevents the formation
of the H-bond suppressing the effects of retigabine whereas, the introduction of a W
analogue (F3-W), with altered electrostatics but left intact or enhanced H-bonding ability,
enhances retigabine potency. This evidence suggests a “flip” conformation compared to the

original proposed by Lange (Kim et al., 2015) (Figure 11).
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Figure 11. Retigabine binding poses. Two orientations are shown with the carbamate group in either the
vicinity of Leu314 (‘original' model) or Trp265 (‘flip" model). The two binding models are superimposed in the
‘overlay’ (from Kim et al., 2015)

The hypothesis that retigabine forms a direct hydrogen bond with indole ring of tryptophan
was recently validated by the publish cryo-electron microscopy (cryo-EM) structures of the
human KCNQ2 and KCNQ4 in complex with retigabine (Li X et al., 2020; Li T et al., 2020).
Interestingly, in these models, further interaction sites were described; in both cases an H-
bond interaction occured between the aniline group of retigabine and the side chain of
serine. To solidify the observations from the structural analysis, electrophysiological
experiments were performed by the authors, obtaining that in Kv7.2, Ser303A mutation,
decreased the potentiation activity of retigabine on Kv7.2 by attenuating the left-shift of the
G-V curves (AVie) (Li X et al.,, 2020) while in Kv7.4 the mutant Ser309H (Histidine)
completely abrogated retigabine’s ability to activate the channel (Li T et al., 2020). On the
other hand, in KCNQ4ewm a pi-stacking contact was observed between fluorophenyl group of
retigabine and the aromatic ring of F246; mutation of F246 to alanine partially abrogated the
retigabine effect (F240 on Kv7.2) (Li T et al., 2020) (Figure 12). Nevertheless, the precise
structural basis for the activation mode remains enigmatic. Alignment of the apo structure of
KCNQ2 (without the ligand) and KCNQ2-retigabine, revealed that retigabine binding causes
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conformational changes mainly in the PD. By contrast, the VSD in KCNQ2-retigabine
structure remained almost unchanged but the high B-factor, which reflect the fluctuation of
atoms about their average positions and provide important information about protein
dynamics, indicated that it displays increased mobility upon retigabine binding. According
KCNQ4ewm, alignment of the apo structure of KCNQ4 and KCNQA4-retigabine revealed
displacement of residues that are involved in ligand binding, as well as the movement of S5.
This last, was transduced to the whole VSD through the S4-S5 linker. These conformational
changes caused by the binding of retigabine provide a possible explanation for the activation

mechanism on KCNQ channels, suggesting that retigabine acted as an allosteric modulator.

S6 - S5
W236

Figure 12. Localization of retigabine in KCNQ2 (right) and KNQ4 (left). From Li X et al., 2020; Li T et

al., 2020
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Retigabine has been approved in 2011 for clinical use as adjunctive treatment of partial-
onset seizures in adults who responded inadequately to alternative treatments. The drug
has also shown to be effective in the treatment of KCNQ2 LoF mutations, representing a
valid personalized therapy approach (Millichap et al.,2016). Unfortunately, in 2017,
GlaxoSmithKline (GSK) announced the permanent discontinuation and market withdrawal
because of its unfavourable risk/benefit ratio due to: 1) poor selectivity for Kv7 subtypes.
Indeed, activation of Kv7.4 and Kv7.5 channels expressed in genitourinary smooth muscle
caused urinary retention. Recently, this hypothesis has been questioned by Tykocki and
colleagues which suggest that urological side effects of retigabine are due to activation of
Kv7 channels in sensory nerves which decreases sensory outflow in the mouse urinary
bladder (Tykocki et al 2019). 1l) Short half-life. The rapid metabolism by phase-Il enzymes
(acetylation and N-glucuronidation), leading to the requirement of a three-times-a-day
dosing regimen (Barrese et al., 2010). Ill) Poor brain penetration. Due to the limited
lipophilicity (log P = 3.08) (Zhou et al.,2015) IV) Chemical instability. In 2013, the Food and
Drug Administration (FDA) issued an alert that retigabine could induce retinal and muco-
cutaneous blue-gray discoloration in patients treated for at least four years. A proposed
mechanism for formation of the phenazinium dimers is outlined in Scheme 1. Dimer
formation can be rationalized through a concerted or stepwise conjugate addition pathway
to form the two new C—N bonds of the hydrophenazine ring following initial oxidation of RTG
to the diimide quinine. The final step would involve oxidation to aromatize the

hydrophenazine ring to the phenazinium cationic species.
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Scheme 1. Proposed Mechanism for the Formation of Phenazinium Dimers

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).

For these reasons, several companies and academic groups are pursuing the synthesis of
novel retigabine derivatives with improved physico-chemical, pharmacokinetic, or
pharmacodynamic properties.

In 2015 Kalappa and colleagues, synthetized the fluroanilinic retigabine derivative SF0034
(for all structure molecules see Table 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 Kv7.2/Kv7.3 channels showing an ECso of 1.3+0.3uM and 6.5+1.5uM,
respectively.

Moreover, SF0034 showed reduced affinity for the channels associated with urinary
retention side effect, such as Kv7.4/Kv7.5 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
RL648-81, characterized by a CF3-group at the 4-position of the benzylamine moiety,
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combined with the fluorine atom on the aniline ring. Compered to SF0034, RL648-81 has
been reported to be 3- times more potent in activating Kv7.2/Kv7.3 channels with an ECso
of 0.6+£0.02 uM and 0.19+£0.02 pM, respectively. As well as SF0034, RL648-81 appears to
preferentially target Kv7.2/Kv7.3 channels over Kv7.4/Kv7.5 channels [, thus obtaining a
compound more potent, selective, and stable than retigabine.

Starting from the RL648-81 as new lead compound, Liu and co-authors synthetized 19 newly
analogues. Several molecules exhibited an improved selectivity on Kv7.2/Kv7.3 over the
other tested channels (e.g., Kv7.3/Kv7.5, Kv7.4, and Kv7.4/7.5) specifically, RL-36 and RL-
12 resulted more potent on Kv7.2/3 with ECsos of 1 yM compared to Kv7.3/5, Kv7.4 and
Kv7.4/5 (ECsos >10 uM). The authors also identified an analogue of RL648-81, RL-56,
remarkably potent on Kv7.2/3 (ECso 0.11+0.02 pM) compared to lead compound.

Similarly, to retigabine, conserved residue W236 is necessary for SF0O034, and RL648 81
activity. In both cases, gating effect on KCNQ2 channels are abolished upon substitution of
W236 to L (leucine) suggesting that these analogues share the same binding site.

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 N 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 Kv7.2. In in vivo models, P-retigabine exhibits an improved antiepileptic activity
anticonvulsant less toxicity when compared to retigabine (Zhou et al., 2015).

Based on P-retigabine structure, the N-3 tertiary butyl substituted compound has been
synthesized (Wang et al 2019). The so-called compound 10g, exhibited a highly selectivity
to Kv7.4 and Kv7.5 channels without potentiating the other subtypes of the family.
Particularly, compound 10g showed ECso values of 0.78 and 1.68 uM, on Kv7.4 and Kv7.5

respectively, while the ECsoon Kv7.2 was >30 pM. Mainly, the compound increased current
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the current amplitude, with no effect on the voltage-dependent activation curves probably
because, according to authors, G-V shift should be sensitive to N-3 structure alterations

(Wang et al 2019).

To obtain more stable compounds another strategy has been to replace the secondary
amine linker by a sulfur atom. With this approch 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 analog
compound 48, showed an enhanced potency on Kv7.2/Kv7.3 (ECso of 1.4 nM), improved
toxicity/activity ratio and the same efficacy as retigabine while compound 36 showed the
same potency and efficacy as flupirtine but less toxicity.

Another flupirtine/retigabine chemical analogue is NS15370, a potent Kv7.2-Kv7.5 channels
activator, showing an ECsos between 40 and 150 nM. 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 Kv7.2/7.3 channel opener activity, no effect over the cardiac Kv7.1/KCNE1 channels

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

Based on the structure of retigabine and PF-05020182 using hybridization drug design
strategy, a novel series of substituted piperidine derivatives were obtained by introducing in
RTG the amide group instead of the carbamate group and two methyl groups into the core

phenyl scaffold. Between these, compound 11 displayed a better activity than RTG on
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Kv7.2, with an ECso of 0.22 uM compared to 0.35 uM for the control retigabine and a good

PK profiles in rat (Yang S et al., 2018).

Piperidine derivatives were subsequently optimized by the authors who synthesized a novel
series of N-phenylbutanamide derivatives. Several molecules were found to be potent Kv7
openers in Rb* flow test, for compound 1 the calculated ECso was 0.02 microM.
Subsequently tested by patch-clamp, compound 1 a strong leftward shift a of about -66.21
+ 5.55 mV compared -40.00 + 2.80mV of retigabine. A significant anti-convulsant activity in
MES model with no adverse effects and good brain permeability was also exhibit (Yang S

et al., 2018).

More recently, several conformationally restricted analogues have been synthesized by
Ostacolo and collaborators displaying higher potency and improved chemical stability.
Among 42 tested compounds, the two selected compounds 23a and 24a were able to
increase Kv7.2 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 (ECs00.93 + 0.43 uM)
compound 23a showed higher potency on Kv7.2 channels with an ECso of 0.08 + 0.04 uM
whereas no change in potency was observed for 24a (ECs0 0.63 £ 0.07 uyM). Furthermore,
both derivatives showed higher potency in activating heteromeric Kv7.2/Kv7.3 and
homomeric Kv7.4 channels.

Actually, Xenon Pharma has developed the XEN1101, a Kv7 potassium channel modulator,
chemically designed to improve potency, selectivity, pharmacokinetics, and chemical
stability of retigabine. Nowadays Xenon has initiated a Phase 2b clinical trial with XEN1101.
Moreover, Xenon has initiated a Phase 3 randomized, double-blind, placebo-controlled,
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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 3. Flupirtine, Retigabine and Derivatives
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1.9.2.2 Acrylamide

Besides flurpitine and retigabine, other molecules are potent activators of Kv7 channels, 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 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 Kv7.4
channels, able to produce a leftward shift of the activation curve and an increase in the
maximal current, with an ECso of 2.4 uM compared to 1.4 uM for the control retigabine
(Schroder et al., 2001).

Later, the Bristol-Myers Squibb, synthesized the so called (S)-1 compound, a Kv7.2 opener
with excellent oral bioavailability, showing positive effect in a cortical spreading depression
model of migraine (Wu et al., 2003) (S)-1 exhibited opposite effect on Kv7 channels family
members; acting as a blocker of Kv7.1 and Kv7.1/KCNE1 current whereas on Kv7.4 and
Kv7.5 enhanced the maximal current amplitude at all potentials, contrary to Kv7.2 and
Kv7.2/ Kv7.3, 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 (MDI), 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., 2003).
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 Kv7.2
an the calculated ECsp was 0.063 uM. (S)-2 was also able to reduces spontaneous neuronal

discharges in rat hippocampal slices (Wu et al., 2004).
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Following structure modification of (S)-2 lead to identification (S)-3, (S)-4, and (S)-5
derivatives. Notably, (S)-3 was most potent (ECso 20 £ 1 nM) but least efficacious, 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 Kv7.2, thus suggesting a strong stereoselectivity. (Wu
et al., 2004).

Recently, two biaryl ether acrylamides, (S)-6, and (S)-7, have been synthetized: the (S)-6
derivative, in particular, is a strong Kv7.2 and shown significant efficacy in the treatment of
neuropathic pain (Wu et al., 2013).

Finally, a more recent analogue of acrylamide (S)-2, called SMB-1, shows a unique profile
of action on Kv7 channels; inhibiting Kv7.2 and activating Kv7.4 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 Kv7.4 was critically dependent on the tryptophan

residue in S5 (Bentzen et al., 2006).
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Table 4. Acrylamides structures
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1.9.2.3 Benzamides

Belonging the class of benzamides the compound ICA-27243 (for all structure molecules
see Table 5), represent the first benzamide described. Described as a strong Kv7.2/3
activator (ECso= 0.4 pM), ICA-27243 caused a hyperpolarizing shift in the voltage-
dependence of activation of about -19 mV at 10 uM. By contrast, it was less active on Kv7.4
and Kv7.3/5 channels with an ECsos of 9.7 uM and >30 uM, respectively. No effect on GABA-
activated chloride channels, Nav 1.2 Voltage-Dependent Sodium Channels, 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 maximal electroshock (MES),
pentylenetetrazole (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 Kv7.2/3 over Kv7.3/5 (Amato et al.,
2011).

Another compound belonging to the class of benzamides is ICA-110381 which
predominantly activates Kv7.2 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).
High-throughput screening of the ChemBridge Diverset™ library composed by 20,000
compounds allowed the identification of the benzamide ztz240, structurally similar to ICA-

27243. 0On Kv7.210uM ztz240, produced a significant increase in outward current amplitude,
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a slowing in deactivation kinetics, and a marked left-shift on the voltage activation curve (V1.2
-58.7+7.7mV). On the other hand, ztz240 (10uM) potentiates Kv7.4 and Kv7.5 more than
Kv7.2, in terms of current amplitude whereas, the left shift of activation was smaller. Finally,
Kv7.3 and Kv7.1 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 pore domain (PD), benzamides bind to the voltage-sensing domain (VSD) (Padilla et al.,
2009); when tested on Kv7.2 W236L, the mutant was sensitive both to 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., 2018).

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 Kv 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 Kv7.2. Also, other residues seemed important like E130, 1134, G138,
R207 (Li P et al.,, 2013). Regarding ICA-069673, Wang and co-workers in 2016
demonstrated that the two residues F168 and A181 in the S3 segment appear essential for
its activity (Wang et al., 2016). More recently, cryo-electron microscopy (cryo-EM) structures
of the human KCNQ2 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,
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electrophysiology experiments performed on F137A, D172A, and R210Q mutants, in
presence of 5 uM 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 Kv7.1 or Kv7.3. This could explain the lesser sensitivity of these two Kv7 family

subtypes to ztz240 (Li X et al., 2020)

Table 5. Benzamides structure

Compound Name Structure
Cl
L0
F
NH =
ICA-27243
F
N Cl
(o) | ~
ICA-069673 Fjg/um(@”
F
Cl
ICA-110381 T) ‘ IS
N
CVL“ ’
Cl
Cl
o) S
ztz240 /©'A|N |/N
F

55



1.9.2.4 Fenamates

Belonging to the family of fenamates, meclofenamic (for all structure molecules see Table
6) acid and diclofenac, two well-known nonsteroidal anti-inflammatory drugs acting as non-
selective inhibitors of the COX-1 and COX-2 cyclooxygenases, activate Kv7 potassium
channel. Mainly these two compounds activate Kv7.2/3 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 Kv7.1 channel (Peretz et al., 2005). Moreover, diclofenac
also exhibits anticonvulsant activity in MES model.

To separate the Ikm-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 Kv7.2/3 channels, NH6
caused a hyperpolarizing shift of the voltage activation curve and markedly slowing of the
deactivation kinetics whereas it did not affect homomeric Kv7.1 and heteromeric
Kv7.1/KCNEL1 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
CAl pyramidal neurons. By activating M-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 Kv7.2 currents,
produced a hyperpolarizing shift in the gating of the channel, and significantly enhanced
both activation and deactivation kinetics of Kv7.2 channels, whereas like the other members
of the family it failed to activate homomeric Kv7.1. 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 Kv7.2 W236L

channels suggesting that did not interact with the RTG binding site on Kv7.2. Docking
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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 6. Fenamates structure
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1.9.2.5 Other chemotypes of neuronal Kv7 activators

In 2011 Yu and co-workers screening the NIH Molecular Libraries Small Molecule
Repository (MLSMR) containing 300 000 molecules, identified the compound ML213 (for all
structure molecules see Table 7). As reported by the authors, the molecule activated
preferentially Kv7.2 and Kv7.4 channels, producing a leftward shift in their activation curves
and showing an ECso of 230 nM on Kv7.2 and 510 nM on Kv7.4. Subsequent studies
performed in A7r5 vascular smooth muscle cell line, have shown that ML213, was a potent
and effective activator of homomeric Kv7.5 and heteromeric Kv7.4/7.5 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 Kv7.5 and 242 of Kv7.4 to leucine (W235L/W242L), abolished the effects of ML213
on Kv7.5 and Kv7.4 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 Kv7 channels, except for Kv7.3
and Kv7.1/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 Kv7.2 W236L channels suggesting that this residue is not essential
for the activity. Moreover, mutagenesis studies based on Kv7.2 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).

High-throughput screening of a library of 80,000 compounds enabled the identification of
two novel Kv7.2 activators, the amide ZG1732 and the benzothiophene ZG2083. The two

selected compounds increased the outward Kv7.2 currents and left shifted the activation
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curve, showing an ECsp of 1.04+0.18 ymol/L for ZG1732 and 1.37+0.06 pymol/L for ZG2083

(Yue et al., 2016)

The compound NS1643, reported as an opener of Kvll channels, is also a Kv7 channel
activator; in fact, NS1643 potentiated homomeric Kv7.2, Kv7.4, and heteromeric Kv7.2/3,
but not cardiac Kv7.1 channel. When tested on Kv7.2 channels, NS1643 left shifted the
activation curve and slowed deactivation. Analysis of the dose-response curve of NS1643

revealed an ECso value of 2.4 uM (Li et al., 2014).

Benzbromarone (BBR), an inhibitor of urate transporters, has been recently demonstrated
to activate Kv7 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)
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Table 7. Structure of other chemotypes of neuronal Kv7 activators
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1.9.2.6 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 Kv7 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 Kv7.2-5 tryptophane; electrophysiological
recordings showed that Kv7.3, Kv7.5 and Kv7.2/3 channels, were activated by GABA, which
caused a negative-shifts in the voltage activation current (Manville et al., 2018b).

Because of the structural similarities with GABA, the authors, hypothesized that gabapentin
and pregabalin could modulate Kv7 channels. The results obtained showed that
gabapentin, but not pregabalin, was a potent activator of the heteromeric Kv7.2/3 and
homomeric Kv7.3, Kv7.5 channels (Manville et al., 2018c). By contrast, Kv7.2 and Kv7.4
were insensitive. Kv7.3 and Kv7.2/3 channels exhibited similar sensitivity showing an ECso
of 4.2 nM and ECso0 5.3 nM, respectively, whereas Kv7.5 showed higher potency (ECso 1.9
nM) compared to Kv7.3 and Kv7.2/3. Gabapentin activation of Kv7.2/3 or homomeric Kv7.3
channels requires Kv7.3-W265 residue, the conserved tryptophan in segment S5.
Pregabalin failed to activate Kv7.2/3 because of the lack 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 Kv7.2/3. BHB, the
primary ketone body generated by ketosis, directly activated Kv7.2/3 channels, showing an
ECso of 0.7 uM, and exhibited an anticonvulsant activity in the PTZ seizure assay in mice.
Also, GABOB activated Kv7.2/3 channels with high affinity (ECso 0.12 mM) and lower

efficacy than GABA or BHB. In addition, GABOB acted as a partial agonist and competed
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with GABA, retigabine and BHB for the same binding site. (Manville et al., 2020). Among
nonpharmacological therapies, the ketogenic diet (KD) 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 Kv7.3-M240R variant identified in a BFNS family (Miceli et al., 2020).
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1.9.2.7 Traditional medicine

In recent years, several plant compounds have proven effective in activating Kv7 potassium
channels. Two components of M. oppositifolius leaf extract, mallotoxin (MTX) and
isovaleric acid (IVA) have been reported to be potent activator of Kv7.2 channels,
synergistically activate Kv7.2/3 and protect against tonic seizures and associated mortality
in PTZ mouse model. MTX and IVA anchor 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 IVA on
activating Kv7.2/3. Retigabine might synergize with MTX and/or IVA, converting Kv7.2/3 it
into a voltage-independent channel (Manville RW et al., 2018a). The compound E-2-
dodecenal contained in methanolic cilantro leaf extracts (Coriandrum sativum) activated
preferentially Kv7.2 and Kv7.5 while lesser effects were produced on Kv7.1 and Kv7.4 and
no effect on Kv7.3. Finally.Kv7.2/3 channels were highly sensitive (ECso of 60 nM).
Consistent with docking studies, mutagenesis experiments confirmed that Kv7.2-W236
residue in S5 and Kv7.2—R213 in the S4-S5 were both required for E-2-dodecenal effects
in Kv7.2/3 channels (Manville et al., 2019a). Additionally, E-2-dodecenal showed
anticonvulsant activity in PTZ model. Aloperine, extracted from the Sophora flavescens
specifically activated Kv7.5 channel with an ECso of 390 nM and required Kv7.5-R212
residue for both binding and activation. In the vasculature, channels formed by Kv7.5 alone
or complex with Kv7.4 are a potential target for blood pressure control medications (Manville

et al., 2019b).
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1.10 Precision medicine in Epilepsy

Thank to advances in the identification of the underlying causes of epilepsies, new scenarios
in the therapeutic management of patients were born, no longer based on the treatment of
epilepsy types or syndromes, but on a precision approach that ideally should be targeted
towards the precise molecular pathogenesis of disease. To date, several are the examples
of precision medicine currently established or investigated for the treatment of rare genetic
epilepsies.

About 25% of epilepsy-causing genes encode for ligand and voltage-gated ion channels
(Oyrer et al.,, 2018). As reported previously, retigabine has been demonstrated to be
effective in patients showing KCNQ2 encephalopathy associated with loss-of-function (LoF)
mutations (Millichap JJ et al., 2016), and gabapentin (as a substitute for retigabine) has been
proposed as a precision therapy for developmental epileptic encephalopathies (DEES)
caused by KCNQ?2 LoF variants. (Soldovieri et al., 2020). Potassium channel modulators
have been suggested for the treatment of early-onset epilepsies caused KCNT1/KCNT2
defects; quinidine exhibits an inhibitory effect on KCNT1 potassium channel and functional
studies carried out by Dilena et al. 2018 demonstrated that the blocker reverses in vitro the
dysfunction of KCNT1 GoF mutations found in patients Epilepsy of Infancy with Migrating
Focal Seizures (EIMFS). Quinidine treatment has been also proposed as a personalized
approach for de novo GoF variants in KCNT2 causing developmental and epileptic
encephalopathy (DEE) (Ambrosino et al., 2018). Use of sodium channel blockers has been
suggested in patients with early infantile epileptic encephalopathy (EIEE) showing gain-of-
function (GoF) mutations in SCN2A (Dilena et al., 2017). Pathogenic GoF variants of
GRIN2A, encoding for NMDA receptor subunit 2A, are associated with severe
developmental and epileptic encephalopathy; here personalized therapy with NMDAR
antagonist memantine have been suggest (Pierson et al.,2014). 4-aminopyridine, a Kvl

channels inhibitor, could be considered a potential treatment strategy for patients carrying
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GoF variants in KCNA2 gene, encoding the voltage-gated potassium channel KV1.2,
presenting epileptic encephalopathy (Syrbe et al., 2015) or progressive myoclonus epilepsy
(PME) (Canafoglia et al., 2019). Finally, considering its ability to act as a blocker of Kv3.1
(Choi et al., 2001) potassium channel, the antidepressant fluoxetine could be proposed for
patients carrying KCNC1 GoF mutations, whereas the antidiabetic metformin could be a
candidate drug for patients showing Kv2.1 (encoded by KCNB1 gene) mutations causing
LoF effects.

Substitutive therapies are proposed to treat epilepsy caused by metabolic disorders;
pyridoxin-dependent epilepsy, due to mutations in several genes (e.g ALDH7A1 encoding
for the aldehyde dehydrogenase) is characterized by seizures resistant to the conventional
anti-epileptic drugs but are responsive to pyridoxine (vitamin B) (Yeghiazaryan et al., 2011,
2012). Ketogenic diet has been suggested for patients carrying mutations in SLC2A1 gene,
encoding the glucose transporter GLUT1, showing a deficient glucose transport through the
blood-brain barrier. The principle is to provide ketone bodies to the brain as an energy

source alternative to glucose (Kass et al., 2016: Daci et al., 2018)

Therapies that modify signalling pathways are indicated to treat epilepsies related to mTOR
pathway disfunction, also known as mTORpathies. Mutations in the GATOR1 complex
genes DEPDC5, NPRL2, and NPRL3, which act as a negative regulator of the mechanistic
target of rapamycin (MTOR) complex 1 (MTORC1) pathway, are responsible to focal
epilepsy with or without focal cortical dysplasia (FCD) (Weckhuysen et al.,2016). While
hyperactivation of mTOR signalling, consequent of loss-of-function of genes encoding for
tuberous sclerosis complex (TSC) 1 and 2, is linked to cortical malformations and epilepsy
(Citraro et al., 2016). In both cases, use of mMTOR inhibitors, such as rapamycin and
rapamycin derivatives (e.g., everolimus, temsirolimus and ridaforolimus) have been

proposed (Vawter-Lee et al., 2019; Franz et al., 2018).
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Despite the described efforts, precision therapy approaches in DEEs remain particularly
challenging and identification of gene variants responsible for specific epilepsy syndrome
as well as the understanding of the pathogenetic mechanisms of specific genomic variants

remains crucial.
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1.11 In vitro and in silico techniques in drug discovery

Starting a research program to discover a new drug is a big challenge. The identification
and subsequent development of new molecules require considerable resources (in both

human and economic terms) and time (10-15 years on average).

One of the most important steps in drug discovery process is the identification of a biological
target (e.g., an enzyme or a receptor); strong experimental evidence must demonstrate that
) the target plays a crucial role in the pathogenetic mechanism and Il) actions taken on it
significantly modify the mechanisms of the disease. Once the target has been identified, it
is necessary to define the most appropriate assay to be used for the selection of the active
compounds. One of the in vitro technologies developed in the 1990s that has become very
popular in all the laboratories worldwide is the high-throughput screening (HTS), a series of
highly automated systems that enable a rapid evaluation of thousands of chemical
compounds in biologic assays based on several screening methods. Evaluation of molecule
collection using these automated systems increases the chance to find active compounds,
the so-called ‘hits” compounds. These represent the basic structures on which
pharmaceutical chemists and biologists will focus their efforts with the aim to identify the
prototype molecule, the “lead” compound.

Consider as biological target the ion channels, HTS methodologies can be divided into non-
electrophysiological and electrophysiological techniques. Starting from historical assay,
among the non-electrophysiological 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
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assays have been replaced by Flux-based assay, even if radiolabelled dofetilide is still
today regularly used to investigate potential modulators of Kv11.1 (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*, 4°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. lon-specific fluorescent reporters commonly
used are fura-2, fluo-3, fluo-4, for calcium channels, Fluxor and PBFI for potassium and
SBFI indicators for sodium. When the 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. On the other hand, 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).

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
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assays have been developed and to date, many automated platforms are commercially
available (PatchXpress, lonFlux, Qpatch, Patchliner, lonWorks ecc). Compare to traditional
patch, glass pipettes are replaced by a planar substrate characterized by openings where
the single cell is placed. This removes the physical technicalities and allows for parallel
experimentation. 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 reaction 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 Nav1l.1

haploinsufficiency Dravet syndrome (Hirose et al., 2020)

Among the in-silico techniques, Docking and Molecular Dynamics methods have always
played an important role in the drugs discovery process; the so-called Virtual screening,
based on the use of software for the evaluation of the action of a library of compounds on a
given target of interest, represents a valid alternative to the traditional techniques of HTS
which, even if based on automated assays, remains extremely laborious, expensive in terms
of costs and times. Using a virtual screening approach, among a library of 100,000
molecules, Cole et al. identified six compounds that inhibited KCNT1 channel with low- and
sub-micromolar potencies (Cole et al., 2020). These techniques are able not only to predict
if a molecule interacts but also how the drug will interact with binding site (e.g.. wich 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.
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In particular, MD solves Newton's equations of motion to derive atomic positions to describe
how the system evolves with time. This method is used to simulate the dynamical behavior
of the system in real-time, and under real conditions (considering membrane, solvent, and
ions etc). During MD simulations, the integration of Newton’s second law of motions
generates successive configurations of the evolving system, providing trajectories that
specify positions and velocities of the particles over time (De Vivo et al., 2016). Through an
MD simulation, it is, therefore, possible to know at any moment the position occupied in time
by each atom, thus obtaining a sequence of frames that photograph the changes in
molecular geometry. The first molecule studied by MD simulations has been the bovine
pancreatic trypsin inhibitor (BPTI), a small protein constituted by only 58 residues and the
simulation was done for 8.8 ps in vacuum (McCammon et al.,, 1977). Nowadays the
continuously growing computer power, permits simulations of bigger systems (104 -10°

atoms) and simulation times of ns or ps.

On the other hand, Molecular docking is a computational science aiming at predicting the
optimal binding orientation and conformation of interacting molecules in space. Usually, to
estimate the stability of the docked complexes a scoring method is used to assess the

quality.

To have a reliable model of the complex ligand-receptor docking technigues are combined
with MD simulations. This is because docking suffers from one main drawback: target
intrinsic flexibility is either absent or limited thus, conformation of the target is not allowed to
change in the binding process. Nowadays, Emil Fischer’s rigid lock-and-key binding model
has been superseded by the two major drug-binding paradigms the induced-fit, in which the
ligand and receptor adapt to each other during the binding process and the conformational

selection which assumes that biomolecules can exist in many different conformations. In this
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sense, an MD trajectory is used to explore the receptor conformational space and multiple

conformations of the receptor can be generated and subsequently subjected to docking.

Moreover, MD can be used as a post docking process tool, allowing to verify if the complex
is stable and ligand is correctly docked. Is useful to verify if the interactions established
during the docking process are stable and if additional interactions occur during the MD.
Finally, running MD after docking is useful to evaluate the interaction of the solvent with the

complex and if the solvent molecules affect the stability of the ligand.

The in silico techniques requires the knowledge of structural information of biological
macromolecules; these are readily available in the Protein Data Bank (PDB). Powerful
analysis equipments are nowadays available for the resolution of complex structures such
as X-ray crystallography, NMR spectroscopy and Cryo-electron microscopy (cryo-EM),
which recently, has become crucial in the high-resolution structures determination of
macromolecules. 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 a.,2017). When a target structure
is not available, the structure can be predicted using the Homology modelling technique.
This method starts from the premise that two proteins with similar primary sequences will
display similar folds (3D structures). The process of homology or comparative modelling of
proteins consists of the following steps: I) Identification of known 3D structure(s) of a related
protein that can serve as template; to select a template structure for a known protein
sequence, A BLAST or FASTA search can be used to find possible candidates. Il) Sequence
alignment of target and template proteins; this step plays an important role in developing

accurate homology models. Thus, it is necessary to evaluate the similarity between the
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template sequence and the query sequence. This similarity is called sequence identity and
is expressed in percentage values. Generally, the minimum sequence identity required to
obtain a model of sufficient quality is 30%. IIl) Model building for the target based on the 3D
structure of the template and the alignment. IV) Refining/validation/evaluation of the models

(Cavasotto et al.,2009).
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2 Aim of the work

Retigabine has been the first antiepileptic drug acting on Kv7 potassium channels, that
recognizes a hydrophobic pocket in the cytoplasmatic part of S5 and S6; here, an interaction
between the carbamate group of retigabine and the tryptophan residue (W236 in Kv7.2,
W265 in Kv7.3) present at the intracellular end of the S5 helix, is essential for the action of
retigabine (Schenzer et al., 2005; Kim et al., 2015). Even though retigabine has proven to
be very effective in the treatment of many epileptic disorders, this molecule also presents
some drawback such as: poor selectivity for Kv7 subtypes, short half-life, poor brain
penetration and chemical instability.

The poor selectivity of retigabine results in the activation of Kv7.4 and Kv7.5 channels
expressed in the genitourinary tract, and, therefore, in urinary retention. Its rapid metabolism
is responsible for the very short half-life: for this reason, patients treated with retigabine
require a three-times-a-day dosing regimen (Barrese et al., 2010). In addition, the low
lipophilicity hampers its ability to cross the blood-brain barrier, thus resulting in a poor brain
penetration (Zhou et al., 2015). Finally, retigabine is quite unstable from a chemical point of
view: the metabolites generated by light-induced oxidation are responsible for the formation
of retinal and mucocutaneous blue-grey discolorations, particularly at the level of lips and
nails (Groseclose,and Castellino 2019). For these reasons, in 2017 the GSK manufacturing
company has withdrawn the drug from the market, making it necessary the identification of
novel Ikm modulators.

According to these premises, the aim of this work was to develop, in collaboration with the
Department of Pharmacy of the University of Salerno, a library of retigabine derivates, based
on rational drug modeling, which may overcome some of the above-mentioned limitations
of the reference compound. The derivates synthetized show one or more of the following
features: 1) modification on the fluorophenyl moiety to increases the potency, Il) substitutions

on the aniline group to increase light stability and to reduce dimerization, and Ill) introduction
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of longer chains at the methoxy group to investigate the effect of the exploration of the deep
part of the hydrophobic retigabine binding site. To facilitate screening of newly synthesized
derivatives, | have generated stable cell lines expressing Kv7.2/3, Kv7.4 and, Kv7.3A315T
channels and used these, in a fluorescence-based assay the so called FluxOR Green
Potassium lon Channel. By means of the FIuxOR assay, | have evaluated the effect of
known Kv7 activator and inhibitor to assess the sensibility and the feasibility of the assay on
Kv7.2/3 channels and then, | used this to evaluate the effect of 41 retigabine derivatives. In
addition, we have compared the fluorescence results with electrophysiological data.

Moreover, in the present Industrial Doctoral Project, | performed molecular modelling studies
concerning the binding mode of retigabine, to refine the ligand-binding site and provide a
structural basis for drug optimization and design. Starting from a homology Kv7.2 structure
model previously obtained, | realized such studies by combining two computational
techniques such as Docking and Molecular Dynamic simulations. In agreement with my
Ph.D program, computational studies were carried out at the Computational and Medicinal
Chemistry Laboratory of the Angelini S.p.A, located in S.Palomba-Pomezia (Rome).

In the present work, we were able to identify new promising Kv7 channel modulators, that
appear to be more potent and chemically stable. Furthermore, an additional interaction site

was identified, helping to further refinement the retigabine binding site in Kv7.2/Kv7.3.
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3. Materials and methods

3.1 Site-Directed Mutagenesis

Each mutation was engineered by using the Quick-change Site-Directed Mutagenesis
(Agilent Technologies). The mutations were insert in each plasmid by Polymerase Chain
Reaction (PCR), using a pair of primers (forward and reverse) (Table 8), incorporating the

nucleotide mutation of interest.

Table 8. Mutations engineered in the Kv7-templates vector and nucleotide sequences of primers used
for PCR.

Mutation Primers

F 5'- GGGAGACCCAAGCTAGCTIGTIC -3

Kv7.2-Nhel R 5-GAACAAGCTAGCTTGGGTCTCCC-3

Kv7.3-Xhol F 5. ATGGATCCGCGGCCTCGAGGATCTGCGATCG -3'
R 5 CGATCGCAGATCCTCGAGGCCGCGGATCCAT -3

Kv7.4-Notl F 5. GCATTAAGCGCGGCCGCTGTGGTGGTTACGC -3

R 5'- GCGTAACCACCACAGCGGCCGCGCTTAATIGC -3

F 5- CTATAGGGAGACCCAAGCTAGCTTGTTCTTTTTGCA -3'

KV7.4-NotliNhel | o 5 TGCAAAAAGAACAAGCTAGCTTGGGTCTCCCTATAG -3

F 5-CAGCGCGAAGAAGGCGACACCGATGAGGG -3
Kv7.2-S303A R5- CCCTCATCGGTGTCGCCTTCTTCGCGCTG -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 ul 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
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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 ul Dpnl enzyme (10 U/ ul) 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
Perform thermal cycling to:
1) Denature DNA template
2) Anneal mutagenic primers

containing desired mutation
3) Extend primers with
PfuUltra DNA polymerase

4

L

e N Dpn | Digestion of Template

I i Digest parental methylated and

‘\ ’ hemimethylated DNA with Dpn |
S p'

Transformation
Transform mutated molecule
into competent cells for nick repair

O-0-0-©

Figure 13. Overview of the QuikChange Il site-directed mutagenesis method.

3.2 Bacterial transformation and plasmidic DNA preparation

Subsequently, the Dpni-treated sample was transformed into 100 ul 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 pl SOC medium (2% tryptone,
0.5% yeast extract, 10 mM NaCl, 2.5 mM KCI, 10 mM MgCI2, 10 mM MgS0O4, 20 mM
glucose) and then incubated at 37°C for 45’. Afterwards, the transformed product was plated

on Ampicillin-containing (50 pm/ml) LB-Agar plates (10 g/L tryptone, 5 g/L yeast extract, 5
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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 ug/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% NacCl), 1% penicillin (50 U/mL) and 1% streptomycin (50 ug/mL) in a humidified
atmosphere at 37°C with 5% CO2. 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 (PB) Transposon system

SBI's PiggyBac 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
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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 14-

15)
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Figure 14. Structure of the PB-CMV-MCS-EF1a-RedPuro PiggyBac Vector and the Super PiggyBac
Transposase
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Figure 15 The PiggyBac Transposon System’s cut-and-paste mechanism.

3.4.2 Generation of PB-RedPuro- Kv7.2
The pcDNA3-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 EcoRI 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
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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 4pl of pB-CMV-MCS-EF1-
RedPuro using 1U of T4 Ligase and incubated at 16°C overnight to obtain the final PB-
RedPuro- Kv7.2 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.

3.4.3 Generation of PB-RedPuro- Kv7.3

The pcDNA3-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 pl pB-CMV-MCS-EF1-
RedPuro using 1U of T4 Ligase and incubated at 16°C overnight to obtain the final PB-

RedPuro- Kv7.3 vector. The ligation product was transformed into One Shot® TOP10
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Chemically Competent E. coli from Invitrogen and the right-ligated vector was selected as

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

3.4.3 Generation of PB-RedPuro- Kv7.3 A315T

The pcDNA3-KCNQ3 A315T vector was subcloned into the PB-RedPuro-Kv7.3 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- Kv7.3 vector
were analyzed by Agarose gel electrophoresis and the band corresponding to the KCNQ3
A315TcDNA and the band corresponding to the pB-RFPPuro- Kv7.3 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- Kv7.3 vector
were analyzed by Agarose gel electrophoresis. The band corresponding to the pcDNAS-
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 pul 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- Kv7.4 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.
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3.4.3 Generation of PB-RedPuro- Kv7.4

The pcDNA3-KCNQ4-Notl-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 Notl 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-KCNQ4-Notl-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, 6 ul of KCNQ4 fragment was inserted by ligation into 3 pl pB-CMV-MCS-EF1-
RedPuro using 1U of T4 Ligase and incubated at 16°C overnight to obtain the final PB-
RedPuro- Kv7.4 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.

3.5 Cell cultures and stable transfection with Lipofectamine

Chinese hamster ovary (CHO) cell line was used to create the stably transfected cell line
expressing the pB-RedPuro-Kv7 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-
Kv7 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
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conditioned medium was replaced with fresh growing medium treated with 4ug/ul 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.

3.6 Whole-cell electrophysiology

3.6.1 CHO cells preparation and 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 pug of plasmids

encoding for Kv7 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 KClI, 2 CaClz,
1 MgClz, 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 MgClz, 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
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mV (Figure 16). 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 (Vuz—-V)/K]

where V is the test potential, V12 indicate the half-activation potential, and k the slope factor
(Figure 16). 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 16).

To evaluate the effects of drugs on Kv7, 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.

y=max / [1+exp (Vy, ~V)/K]
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Figure 16. 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.
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3.7 FluxOR™ || Green Potassium lon Channel Assay

Screening of retigabine derivatives have been performed on stable CHO cell lines co-
expressing Kv7 channel subunits of interest by using a fluorescence based (FluxOR 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
FIluxOR™ dye exhibits a strong increase in fluorescence intensity at its peak emission of
525 nm (Figure 17A)

Chinese hamster ovary (CHO) cells that stably expressed KCNQ 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% CO2 incubator. The next day, after manual removal of the medium, 80 pL of 1X
Loading Buffer (PowerLoad™ Concentrate 100X 100uL/10ml, FluxOR™ Il Reagent 10 pL/
10ml, deionized water 8.8 mL/10ml, FluxOR™ || Assay Buffer, 10X 1 mL/10ml and
probenecid 100uL/10ml) were 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 pL/well of Assay Buffer (Deionized water 8.9mL/10mL, FlIuxOR™ || Assay
Buffer 10X 1 mL/10mL, Probenecid 100 pL/10mL). Additionally, 10ul/well of the test
compounds were added into the plate. Cell plates were loaded onto an FLUOstar OPTIMA

microplate reader (BMG LABTECH). FITC green filters were used ( excitation wavelength
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485 nm and emission wavelength 520 nm) After 5 seconds of recording, 20 pL/well of
stimulus buffer (Chloride-free Stimulus Buffer 2 mL/10mL, thallium Sulfate (T12SOa4) 1
mL/10mL, deionized water 7 mL/10mL) were added and each well was read every second
for 50 seconds. The OPTIMA data Analytics software was used for data acquisition.

To evaluate drugs effects of retigabine derivatives, two different parameters were 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

17B)
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Figure 17. 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 Kv7.2/Kv7.3 in presence of 10uM RET (activator) and 1% DMSO (vehicle).
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The normalized slope values were plotted versus log(concentration) of the compound, fitted
to a four-parameter logistic equation, and ECso values were calculated with SigmaPlot
(version 12.3). Indicated ECso values are the mean of at least three independent
experiments + standard deviation (SD).

Assay quality is typically determined according to the Z’ factor. The Z factor has a range of
0 to 1; an assay with a Z factor of greater than 0.5 is considered appropriately robust for

compound screening (Zhang et al., 1999).

(SD VEHICLE+SD CONTROL)

Z=1—-3x
|(MEAN OF VEHICLE —MEAN OF CONTROL)|

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, Italy). 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—
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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 Homology model

Three-dimensional models of Kv7.2 subunits were generated by homology modelling by
using SWISS-MODEL. A chimeric channel in which the voltage-sensor paddle
(corresponding to the S3b—S4 region) of Kv2.1 was transferred into the Kv1.2 subunit was
used as a template (PDB ID code 2R9RH). The model was optimized through all-atom
energy minimization process by using the GROMOS96 implementation of Swiss-
PDBViewer and analyzed by using both the DeepView module of Swiss-PDBViewer (version

4.0.1; http://spdbv.vital-it.ch/) and PyMOL (http://www.pymol.org/) (Miceli et al 2013).

3.10 Protein preparation

The homology models were amended using the Protein Preparation Wizard Schrodinger
tool characterized by three different sections: 1) Import and Process, in which the protein
structure is uploaded and basic preparation tasks are performed, such as assignment of
bond orders, addition of hydrogen atoms, refinement of side chains and loops, etc; 2)
Review and Modify, that allows to select chains and waters of interest, and fix or delete
unconventional groups; 3) Refine, in which orientations of hydrogen-bonded groups are

optimized and the structure is minimized.
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In this study, the Kv7.2 potassium channel was prepared using the Schrodinger Protein
Preparation Wizard default settings. H-bonds were optimized using the hydrogen bonds
assignment tool, water molecules were removed and then, the whole protein structure could
relax and minimize by applying OPLS3e force field with an in-built constraint of RMSD (Root

mean square deviation) = 0.3 A.

3.11 Molecular docking

3.11.1 Ligand preparation

In addition to the protein structures, also ligands must be pre-processed for molecular
modeling experiments. Here, the ligand retigabine was converted from 2D to 3D structure
and prepared with Schrodinger's LigPrep tool. LigPrep, through Epik Schrodinger package
(J.C. Shelley et al 2007), generates ionization and tautomeric states for the ligand; for the
aim of this study, possible states were generated at a pH of 7 + 2. A conformational search
was performed using ConfGen (K.S. Watts et al 2010), generating ten different

conformations which represented the input for the subsequent docking studies.

3.11.2 Glide

Docking calculations were performed using the commercial package Schrddinger's Glide
(Friesner RA et al 2004). Retigabine has been docked into all four active sites and evaluated
by the Standard Precision (SP) scoring function. For each chain, a grid around the active
site was generated considering the binding pocket of known ligands. In detail, a 20 A docking
box was set to cover the assumed binding pocket and centred at Trp236, Leu299, Leu 275
and Leu243 residues. For each retigabine binding site, six different docking conditions were
applied (Table 9). In particular, we considered: 1) the scaling of atomic van der Waals radii
of both protein and ligand, 2) a constraint imposing the formation of a hydrogen bond
between Trp236 and retigabine, 3) the number of retigabine poses stored in the output. As

for condition 1, we tested different scale factors in ligand docking for both ligand and protein,
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as reported in Table 1. Van der Waals scale factors smaller than 1.0 make the protein site

‘roomier” by “moving back” the surface of non-polar regions of the protein and/or ligand.

Table 9. Docking conditions applied for each retigabine binding site.

vdW scaling Constraint N° Poses
Protein Ligand H-bond W236
1 0,8 No 1
0,9 0,8 No 1
0,8 0,8 No 1
0,8 0,7 No 10
0,8 0,7 No 10
0,8 0,7 Yes 10

Schrédinger’s proprietary GlideScore multi-ligand scoring function is used to score the

poses.

Gscore = 0.05*vdW + 0.15*Coul + Lipo + Hbond + Metal + Rewards + RotB + Site (Table 10)
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Table 10. GlideScore components.

Component Description

vdW Van der Waals energy. This term is calculated with reduced net ionic charges on
groups with formal charges, such as metals, carboxylates, and guanidiniums.

Coul Coulomb energy. This term is calculated with reduced net ionic charges on groups
with formal charges, such as metals, carboxylates, and guanidiniums.

Lipo Lipophilic term, which is a pairwise term in SP but is derived from the hydropho-
bic grid potential for XP. Rewards favorable hydrophobic interactions.

HBond Hydrogen-bonding term. This term is separated into differently weighted compo-
nents that depend on whether the donor and acceptor are neutral, one is neutral and
the other is charged, or both are charged.

Metal Metal-binding term. Only the interactions with anionic or highly polar acceptor
atoms are included. If the net metal charge in the apo protein is positive, the pref-
erence for anionic or polar ligands is included; if the net charge is zero, the prefer-
ence is suppressed.

Rewards Rewards and penalties for various features, such as buried polar groups, hydropho-
bic enclosure, correlated hydrogen bonds, amide twists, and so on. This category
covers all terms other than those explicitly mentioned.

RotB Penalty for freezing rotatable bonds.

Site Polar interactions in the active site. Polar but non-hydrogen-bonding atoms in a
hydrophobic region are rewarded.

3.11.3 InducedFit

Induced-fit docking was performed using the program InducedFit as implemented in the
Schrodinger Suite, using the prepared Kv7.2 potassium channel structure and a 20 A grid
centred on residues Trp236, Leu299, Leu 275 and Leu243. In this calculation, we applied

the extended sampling protocol. Briefly, induced-fit docking included four steps:

1) the initial docking with Glide to generate an ensemble of a maximum of 20 poses. In order
to eliminate or at least significantly reduce steric clashes, the vander Waals radii of ligand
and receptor atoms were scaled by 50%, and residues predicted to be highly flexible were
temporarily replaced with alanine. 2) The resulting 20 poses were used as a basis for protein

structure prediction via Prime program. Residues previously replaced with alanine were
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restored to their original type, followed by side-chain prediction and minimization. Only
residues having at least one atom within 5 A of any of the 20 ligand poses were sampled.
3) The ligand was redocked into induced-fit structures within 30 kcal/mol of the best
structure.

4) The binding energy for each output pose was estimated as Glide Score.

3.12 Molecular Dynamics Simulations

Molecular dynamics (MD) simulations were performed using the commercial package
Schrédinger's Desmond. The simulated environments were built using the Desmond system
builder utility; the proteins were inserted into 1-palmitoyl-2-oleoyl phosphatidylcholine
(POPC) bilayer, based on the coordinates of the Kv1.2 structure (PDB 2a79) from the
Orientations of Proteins in Membranes (OPM) database (Lomize MA et al 2006). Simple
point charge water (SPC) model was used for solvating the system in an orthorhombic box
(13 A x 13 A x 13 A). To balance the net charge, Na+ and Cl- ions were added to a final
concentration of 0.15 M. In the protocols, different conditions were tested depending on the
application of the Grand-canonical Monte Carlo algorithm (GCMC) and the Surface Tension
4000 bar-A. Protein/membrane systems were submitted to minimization and short MD
simulations with the aim to relax the system before performing the production steps using
the default equilibration settings. Finally, MD simulations were carried out at a temperature
of 300 °K and pressure of 1.01325 bar in the NPyT ensemble using a Nose-Hoover chain

thermostat and a Martyna-Tobias-Klein barostat.

Apo protein MD simulations were run for 1.2, 10 and 100 ns and the trajectory recording
interval was set at 4.8 ,10 , and 20 ps respectively. Trajectory analyses were performed
using the Desmond simulation event analysis tool and VMD version 1.9.4a37. Docking
poses were also studied via Molecular Dynamics using the best conditions from simulations

of the apoprotein.
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In the simulations analyses four parameters were considered the protein and ligand RMSD

and the protein and ligand RMSF.

The Root Mean Square Deviation (RMSD) is used to measure the average change in
displacement of a selection of atoms for a particular frame with respect to a reference frame.

It is calculated for all frames in the trajectory. The RMSD for frame X is:

N
AMSD, = [ 4 3 (71(t) = ri{ten)?

i=1
where N is the number of atoms in the atom selection; t ref is the reference time, (typically
the first frame is used as the reference and it is regarded as time t=0); and r' is the position
of the selected atoms in frame x after superimposing on the reference frame, where frame
X is recorded at time t x . The procedure is repeated for every frame in the simulation

trajectory.

Protein RMSD All protein frames are first aligned on the reference frame backbone, and
then the RMSD is calculated based on the atom selection. Monitoring the RMSD of the
protein can give insights into its structural conformation throughout the simulation. RMSD

analysis can indicate if the simulation has equilibrated

Ligand RMSD could be into two different parameters. The 'Lig fit Prot' shows the RMSD of
a ligand when the protein-ligand complex is first aligned on the protein backbone of the
reference and then the RMSD of the ligand heavy atoms is measured. If the values observed
are significantly larger than the RMSD of the protein, then it is likely that the ligand has
diffused away from its initial binding site. 'Lig fit Lig' shows the RMSD of a ligand that is
aligned and measured just on its reference conformation. This RMSD value measures the

internal fluctuations of the ligand atoms.
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Protein RMSF
The Root Mean Square Fluctuation (RMSF) is useful for characterizing local changes along

the protein chain. The RMSF for residue i is:

.
AMSF, = %?: < (r(1) — rilte)? >

where T is the trajectory time over which the RMSF is calculated, t ref is the reference time,
riis the position of residue i; r' is the position of atoms in residue i after superposition on the
reference, and the angle brackets indicate that the average of the square distance is taken

over the selection of atoms in the residue.

Resulting peaks indicate areas of the protein that fluctuate the most during the simulation.
Typically you will observe that the tails (N- and C-terminal) fluctuate more than any other
part of the protein. Secondary structure elements like alpha helices and beta strands are
usually more rigid than the unstructured part of the protein, and thus fluctuate less than the

loop regions

Ligand RMSF
The Ligand Root Mean Square Fluctuation (L-RMSF) is useful for characterizing changes in

the ligand atom positions. The RMSF for atom i is:

T
AMSF, = | 13" (r1(0) = ri{ter)?
t=1

where T is the trajectory time over which the RMSF is calculated, t ref is the reference time
(usually for the first frame, and is regarded as the zero of time); r is the position of atom i in
the reference at time t ref, and r' is the position of atom i at time t after superposition on the

reference frame..
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3.13 Statistics
Data are expressed as the mean + standard error of the mean (SEM). Statistically significant
differences between tha data were evaluated with the Student’s t test, with the threshold set

at p<0.05.
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4 Results

4.1 Ligand Docking

As previously described, Kv7 channels are tetramers composed of six transmembrane
segments called from S1 to S6: among these, the region encompassing S1-S4 segments
forms the Voltage Sensing Domain (VSD) whereas the segments S5-S6 constitute the Pore
Domain (PD). The Kv7 activator retigabine recognizes an intracellular hydrophobic pocket
located in the pore domain (Main et al 2000); within this cavity, a residue of tryptophan
(W236 in Kv7.2 and W265 in Kv7.3) in the cytoplasmic part of S5 was found to be crucial
for the retigabine effect. Rationalized as generic hydrophobic contact by Lange et al. in 2015,
Kim and collaborators have hypothesized that H-bond interactions are established between
the carbamate group of retigabine and the tryptophan residue in the channel pore (Figure
11). As four retigabine binding sites are present within the homotetrameric Kv7.2 potassium
channel, the docking of ligand was performed individually in each of the four sites (Figure
18). The rationale to carry out ligand docking in a single site, rather than in all four binding
sites simultaneously, was supported by a recent study showing that a single retigabine-
sensitive subunit is sufficient to generate nearly the full retigabine gating effect (Yau et al

2018).

PN »
€

Figure 18. Representation of the four retigabine binding sites in the homotetrameric Kv7.2 potassium

channel.
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For our docking experiments, the ligand retigabine and the optimized K.7.2 channel
structure, generated by homology modeling starting from Kv1.2 / 2.1 paddle chimera
(PDB2R9R) were used. As previously reported in Materials and Methods, six different Glide
setups were used for each retigabine binding site considering: 1) the scaling of atomic van
der Waals radii of both protein and ligand, 2) a constraint imposing the formation of a
hydrogen bond between Trp236 and retigabine, 3) the number of retigabine poses stored in
the output (Table 11). According to the scaling of atomic van der Waals radii, Glide does not
allow for receptor flexibility in docking, but scaling of van der Waals radii of nonpolar atoms,
which decreases penalties for close contacts, can be used to the receptor and the ligand.
Overall, among 132 poses obtained, the retigabine binding mode was similar to that
described by Kim et al., in which the retigabine carbamate group was in the vicinity of the
W236. However, starting from more rigid conditions (scaling 1.0/0.8 and 0.9/0.8) the H-bond
interaction between the carbamate group of retigabine and the tryptophan residue was not
found in any of the four retigabine binding sites considering only one output pose. Instead,
other types of interactions were established between tryptophan residue and ligand, like
n— w interaction and aromatic H-bond. Proceeding to the 0.8/.08 scaling condition, we
observed the interaction described by Kim with tryptophan only in binding sites 2 and 4. With
unchanged scaling values and increased output poses up to 10, the visual analysis showed
that the interaction of interest was established also in the binding site 3.

Moving to the application of the softer scaling ligand radii 0.7 (and scaling protein 0.8), the
desired H-bond network was not obtained. Finally, retigabine was able to reproduce the
reference binding mode in all binding sites when ligand-receptor interaction requirement
(constraints) and protein/ligand scaling radii 0.8/0.7 were applied. Although these scaling
were used to decrease penalties of close contacts, induced-fit effects leading to receptor

conformational changes upon ligand binding were not considered in the docking calculation.
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Consequently, the poses obtained were not optimal due to close distances between the

ligand and some residues of the binding site (Figure 19).

Table 11. Docking conditions applied for each retigabine binding site

Binding site vdWscaling Constraint N° of
Protein Ligand H-bond W236 Output poses

1 0,8 No 1

0,9 0,8 No 1

1 0,8 0,8 No 1
0,8 0,8 No 10

0,8 0,7 No 10

0,8 0,7 Yes 10

1 0,8 No 1

0,9 0,8 No 1

5 0,8 0,8 No 1
0,8 0,8 No 10

0,8 0,7 No 10

0,8 0,7 Yes 10

1 0,8 No 1

0,9 0,8 No 1

3 0,8 0,8 No 1
0,8 0,8 No 10

0,8 0,7 No 10

0,8 0,7 Yes 10

1 0,8 No 1

0,9 0,8 No 1

4 0,8 0,8 No 1
0,8 0,8 No 10

0,8 0,7 No 10

0,8 0,7 Yes 10
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Figure 19. Best docking poses obtained with 0.8/0.7 scaling factors and interaction constraints, for

each retigabine binding site.
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Thus, to overcome this limitation and considering the receptor flexibility, the InducedFit
Docking protocol was applied (see Materials and Methods).

Considering the flexibilities of both ligand and side chains of a target protein, the retigabine
poses obtained of all four binding sites, were characterized by the absence of unfavorable
interactions, the presence of the H-bond interaction between the carbamate group of the
ligand and the side chain of tryptophan residue 236 (Figure 20), and better docking scores

compared to the previous calculation (Table 12).

Table 12. Comparison of GlideScore between the best poses obtained with the rigid receptor docking

and InducedFit protocol.

InducedFit Rigid receptor docking
Binding site Gscore (kcal/mol) Gscore (kcal/mol)
1 -10,29 -6,9
2 -10,17 -7,1
3 -9,65 -6,8
4 -9,49 -6,7
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Figure 20. Best docking poses, for each retigabine binding site, obtained by InducedFit docking.

In addition to the H-bond between the W236 and the ligand, in Figure 20 it is also possible
to appreciate the H-bond interaction between the aniline group or the carbamate group of
retigabine and Ser303 in all active sites. Moreover, a hydrogen bond was established with
the Phe304 in the binding site 1 and 2 and with Phe305 in the site 3, while an aromatic H-
bond interaction was found with Ala235 in the binding sites 2 and 4.

To verify the reliability of these results, we submitted the most relevant docking poses to MD

simulations.
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4.2 Molecular Dynamics Simulations of the Apo form

To assess the stability of the system and identify the ideal conditions to be applied to the
Holo form (with ligand) of the K.7.2 potassium channel, the first MD simulations were
performed on the Apo (without ligand) tetrameric form of the channel. Different MD
conditions were applied (Table 13; see also Materials and methods) and two variants have
been considered such as the timescale and application of the Grand canonical Monte Carlo

(GCMC).

Table 13. Conditions applied to the MD simulations of the Apo form of K,7.2 potassium channel.

MEMBRANE | SOLVENT PERIODIC IONS TIME | ENSEMBLE | GCMC
BOUNDARY
CONDITIONS
POPC SCP Orthorombic NaCl 0,15M | 1,2ns NPyT NO
POPC SCP Orthorombic NaCl 0,15M | 10ns NPyT YES
POPC SCP Orthorombic NaCl 0,15M | 10ns NPyT NO
POPC SCP Orthorombic NaCl 0,15M | 10ns NPyT YES
POPC SCP Orthorombic NaCl 0,15M | 10ns NPyT NO
POPC SCP Orthorombic NaCl 0,15M | 100ns NPyT YES
(n=3)
POPC SCP Orthorombic NaCl 0,15M | 100ns NPyT NO
(n=3)

4.2.1 Selection of simulation timescale
The conformational stability across MD simulations was evaluated by calculating the root
mean square deviation (RMSD). The RMSD has been used to measure the average change

in displacement of a selection of atoms for a particular frame with respect to a reference
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frame. In our study, 250, 1000 and 5000 frames were considered respectively for simulation
times of 1,2, 10 and 100 ns and the RMSD was measured considering the backbone atoms
of the structure. In the MD simulations performed for 1,2 and 10 ns, the RMSD value of the
backbone atoms with respect to the starting position (frame 0) reached 2,5 A and 4,0 A,
respectively, with unobserved convergence (Figure 20). Conversely, the 100 ns simulation
showed the maximum RMSD value around 4,0 A with no relevant fluctuations after 30ns
(Figure 21). According to these results, we selected 100 ns timescale for next simulations,

as good compromise of exhaustive sampling and calculation cost.
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Figure 21. Graphical representation of RMSD results throughout 1,2ns 10ns and 100ns MD simulations.
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Consider the 100 ns MD simulation, evaluation of local changes along the protein chain
have been performed by calculating the Root Mean Square Fluctuation (RMSF)

The results obtained suggest that the largest fluctuations in the RMSF values were
observed, as expected, at the loop regions between the transmembrane segments and in
the N-terminal of segments S1 and C-terminal of segments S6 (Figure 22); particularly, in
all four subunits, the maximum RMSF values were observed around the residues Ser121-

Glul23, Gly149-Argl55, and Serl87-Asnl190 corresponding to the extracellular loop

regions.
e Subunit 2
SUBUNIT 1 SUBUNIT 2
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=== Subunit 4
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Figure 22. RMS Fluctuations of protein backbone residues throughout 100ns MD simulations. The
graph shows the overall fluctuation of amino acids for each subunit constituting the Kv7.2 homotetramer (left).

Representation of the four subunits composing homotetrameric Kv7.2 potassium channel (right).
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4.2.2 Application of GCMC

In statistical mechanics, a grand canonical ensemble is a statistical ensemble that is used
to represent the possible states of a mechanical system of particles that are in
thermodynamic equilibrium (thermal and chemical) with a reservoir; thus, the system is open
and can exchange energy and particles with a reservoir. In that way, various possible states
of the system can exist and differ in both their total energy and the total number of particles.
As resulted from visual inspection analysis of our MD simulation, the application of GCMC
determined a better water distribution, filling the empty spaces. Moreover, solvent molecules
never interposed between the protein and the lipids.

According to the results collected, we defined the optimal MD settings for next simulations
(Table 14).

Table 14. Optimal MD conditions

PERIODIC
BOUNDARY ENSEMBLE
MEMBRANE SOLVENT CONDITIONS IONS TIME GCMC
POPC SCP Ortorhombic NaCl 0,15M 100ns NPyT YES

4.3 Molecular Dynamics Simulations of the Holo form

To evaluate the stability of the Kv7.2 potassium channel/retigabine complex and of the
observed interaction network, 100ns MD simulations of the best poses for each retigabine
binding site obtained by InducedFit docking were performed. In total, 12 simulations were
carried out (n=3 for each system).

Considering MD trajectories, both proteins, the ligand/protein complex and ligand RMSDs
were assessed (for more details see Materials and Methods). As observed in Figure 23,

both protein and protein-ligand complex reached stability during the simulation. Considering
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Protein RMSD, in all systems, the average values of RMSD were around 4,0 A (Table 15),
whereas the average value for the protein-ligand complex, (Lig fit Prot pratameters) was
lower than the RMSD of the protein suggesting that the ligand didn’t diffuse away from its

initial binding site.
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Figure 23. The Root Mean Square Deviations (RMSD) of protein backbone atoms and protein complex
with retigabine in the binding site 1, 2, 3 and 4 during 100 ns MD simulation. Each plot shows the RMSD
of protein on left Y-axis whereas the ligand RMSD in the complex with the protein (LigfitPro) is represented on
right Y-axis.
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Table 15. Average RMSD values of protein backbone atoms and protein complex with retigabine in the
binding site 1, 2, 3 and 4 during 100 ns MD simulation

Average values of RMSD

Retigabine
binding site Protein Backbone Ligand/Protein Complex (LigfitPro)
1 4,0 A 36A
2 43 A 2,8 A
3 3,7A 3,3A
4 39A 2,8A

Subsequently, evaluation of the internal fluctuations of the ligand atoms have been
measured by means of the Lig fit Lig parameters (see Materials and methods). A show in
Figure 24, in all binding sites, fluctuations in the RMSD value are observed, suggesting

certain motion of the ligand in the binding pocket.
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Figure 24. Lig-Fit-Lig RMSD graphs of retigabine.
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Subsequent evaluation of ligand RMSF, useful to characterize the most fluctuating atoms
composing the ligand along the simulations, was considered to understand which moiety of
the molecules could be subject to ah higher mobility. As shown in the figure, higher RMSD

values were related to atom numbers 2, 3, 5 and 6 belonging to the fluorophenyl group

(Figure 25).
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Figure 25. Ligand RMSF broken down by atom, corresponding to the 2D structure in the top panel. In
the bottom panel, the ‘Ligand' line shows fluctuations where the ligand in each frame is aligned on the ligand
in the reference frame, and its fluctuations are measured for the ligand heavyatoms. These RMSF values
reflect the internal atom fluctuations of the retigabine located in all four binding sites.
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To evaluate if rotational movements of the fluorophenyl moiety were responsible for the
RMSD values fluctuation, dihedral angles formed between atoms 9, 8, 4 and 3 were
calculated during the simulations. A dihedral angle describes the geometric relation of two
parts of a molecule joined by a chemical bond. Every set of three not-colinear atoms of a
molecule defines a plane. When two such planes intersect (i.e., a set of four consecutively
bonded atoms), the angle between them is a dihedral angle. Dihedral angles are used to
specify the molecular conformation. As reported in figure 25, the trend of the dihedral angles
calculated for the fluorophenyl group is highly similar to the RMSD of the ligand (Figure 26).
The results obtained demonstrated that the fluctuation in RMSD values of Retigabine was

due to rotation of fluorophenyl moiety, so suggesting two different conformations (Figure

27).
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Figure 27. 2D rappresentation of two different conformation of fluorophenyl moiety.

MD simulations were run to verify if the interaction pattern established in the docking results
is maintained (involving for example Ser303, Phe304, Phe305 and Ala235) and if other
interactions can occur. As stated before, tryptophan 236 at the end of the S5 helix in the
Kv7.2 channel, was found to be crucial for retigabine effect. Beside this residue, also other
amino acids are involved in the binding of retigabine, like Leu243 in S5, Leu275 in the pore,
Leu299 in the S6; however, none of them seems to be as crucial as Trp236. Figure 28 shows
that Trp236 established hydrogen bonds and hydrophobic interactions for 100% of the
simulation time, in all active sites. Moreover, in all the chains, Retigabine made hydrophobic
interactions with Leu243 for less than 10% of the trajectory, while hydrogen or hydrophobic
contacts were observed with Leu275 for less than 20%. Except for site 1, Leu299 maintained
more than 100% interactions, in all binding sites. This high persistency is possible as some
residues may have multiple contacts with the ligand. In addition to residues that are known
to be involved in the binding of the activator, also other residues whose role in the binding
is unknown, were found to strongly interact with the ligand. Significant interactions were

observed with Phe304 and Phe305 through hydrogen bonds, hydrophobic interactions and
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some water bridges. Persistent contacts were established with Pro308 through hydrophobic

interactions and with Ser303 via hydrogen bonds (Figure 28).
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Figure 28. Protein interactio

Hydrofobic | Water bridgs

ns with the ligand retigabine, in all four binding sites, monitored

throughout the simulations. Protein-ligand interactions are categorized into three types: Hydrogen Bonds,

Hydrophobic, and Water Bridges. The stacked bar charts are normalized over the course of the trajectory: a

value of 0.7 suggests that 70%

of the simulation time the specific interaction is maintained. Values over 1.0

are possible as some protein residue may make multiple contacts of same subtype with the ligand.
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selected trajectory
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4.4 Functional characterization of Kv7.2 S303A mutant

According to previous MD results, to confirm whether the serine residue in position 303 is
involved in the binding of the retigabine, site direct mutagenesis was performed. In
particular, the residue of serine was substituted was substituted with a residue of alanine,
which is not able to act either as an acceptor or as a donor of H-bonds. In a first series of
experiments, patch-clamp recordings were performed on CHO cells transiently transfected
with wild-type or mutant Kv7.2 cDNA. Outward K* currents were recorded, in response to
incremental depolarizing voltage steps (A10mV) from -80 to + 20 mV. CHO cells expressing
wild-type channels produce a robust K* currents (30.1+ 8.1 pA/pF; n=9; p<0.05) by contrast,
cells expressing Kv7.2 subunits carrying S303A mutation show a reduced current amplitude
(13.1 £ 4.5 pA/pF; n=6; p<0.05). The calculated V12 was -23.9 + 1.8 mV in Kv7.2-S303 and
-29 + 1.7 mV in Kv7.2 whereas the slope 13.1 + 1.5 and 10.3 £+ 1.0 for Kv7.2 and Kv7.2-
S303, respectively. This, suggested that, no major alteration in voltage sensitivity of the
Kv7.2 channel activation were introduced by the mutant. Both Kv7.2 WT and Kv7.2-S303
show similar activation and deactivation kinetics and absence of inactivation (Figure 30).

Kv7.2WT Kv7.2 S303A

+20 mv

-somv__ |

A10mV

-120mV

Figure 30. Functional characterization of Kv7.2 and Kv7.2 S303A mutant. Representative current traces
recorded in CHO cells expressing the indicated subunits, in response to the voltage protocol shown in bottom
part. Current scale, 200 pA ; time scale, 0.2 s.
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To evaluate the retigabine sensitivity of the Kv7.2 S303A mutant channel we performed
time-course experiments at increasing drug concentrations (0.1-100 pM) using a ramp
protocol in which Kv7.2 currents were activated by 3 s voltage ramps from —100 to +20 mV.
As we can see in Figure 31, retigabine induced a dose-dependent leftward shift in the
voltage-dependence of Kv7.2 WT channels and a slight increase of current at depolarized
potential; whereas, in Kv7.2S303A we observed a dose-dependent leftward shift in the

voltage-dependence and a marked increase in the current size at depolarized potentials

(Figure 31).

Kv7.2 WT Kv7.2 S303A

0.1 UM
1M

10 uM

100 uM
CTL,
wash r
+20 mV
-Soﬂ\l\_/l_

-100 mV

Figure 31. Effect of retigabine on ramp-evoked Kv7.2 and Kv7.2 S303A currents. Representative whole-
cell current traces from Kv7.2WT and Kv7.2S303A channels activated by the indicated ramp protocol recorded
in control conditions and upon exposure to 0.1-10 uM RET (for the mutant) 1-100uM RET (for WT). Current
scale, 100 pA (for WT), 200pA (for mutant); time scale, 0.2 s.
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The ECso of retigabine on Kv7.2 WT and Kv7.2 S303A current activation was 0.72 + 0.38uM
for WT, while for the mutant the calculated ECsowas 2.77 + 0.78uM (Figure 32). The reduced
potency observed in the mutant channels when compared to Kv7.2 WT, suggests that the

serine at position 303 may contribute to the formation retigabine binding site.
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Figure 32. Dose-response curve for RET-induced AV shift.
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4.5 Synthetic strategy

To overcome some limitation of retigabine, in collaboration with the Department of Pharmacy
of the University of Salerno we developed a library of retigabine derivates. Docking results
obtained suggested that retigabine binds a pocket characterized by a central hydrophilic
core flanked by two hydrophobic regions. Retigabine contains three major functional groups:
fluorophenyl group (zone A), the middle phenylaniline ring (zone B), the carbamate and the
methoxy group (zone C) (Figure 33). The most important chemical interaction evidenced is
represented by a hydrogen bond between the carbamate group of retigabine and a
tryptophan residue in S5 (W265 in Kv7.3, W236 in Kv7.2). For that reason, in our derivatives,
no changes were made on the carbamate group. On the other hand, the compounds showed
one or more of the following features: I) modification on the fluorophenyl moiety to increases
the potency. According to the structure of the potent retigabine analogue, RL-81, (Kumar et
al., 2016), a larger electron withdrawing group such as the -CF3 has been inserted.

II) To prevent dimers formation, subsequent to the formation of the two new C-N bonds of
the hydrophenazine ring following initial oxidation of retigabine to the diimide quinine

(Scheme 2)
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Scheme 2. Proposed mechanism for the formation of dimers
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substitutions on the aniline group or on NH-linker were made (Zone B). In particular, three
types of modifications were made, such as insertion of -CH3 group at the -NH linker and/or
introduction electron withdrawing group (-F) in the aniline moiety, or substitution of the amino
group with a heterocycles (e.g.piperidine, pyrrolidine). 1ll) introduction of longer chains (e.qg.
hexane, heptane, tert-butyl and, cyclohexane) at the methoxy group to explore the deep part
of the hydrophobic retigabine binding site (Zone C) (Figure 33). Screening of newly-

synthesized drugs have been performed in stable cell lines expressing Kv7.2/3, Kv7.4 and,

Kv7.3A315T.
ZONEA
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Figure 33. Drug optimization. Representation of the three “zones” of the retigabine manipulated.
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4.6 Electrophysiological characterization of Kv7.2/Kv7.3, Kv7.2, Kv7.3, Kv7.3A315T,
Kv7.4 stable cell lines

Characterization and screening of stable cell lines obtained, as described above in Materials
and Methods, was carried out using the patch-clamp electrophysiological technique.

To compare current expression, patch-clamp recordings were performed in CHO stable cell
lines and in a control group represented by CHO cells transiently transfected with the cDNAs
of interest. 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. Cells transiently transfected with the cDNAs encoding for Kv7.2 and Kv7.3
generated a voltage-dependent K* selective current with a current density of 119.7+13.2
pA/pF and a half-activation potential (Vi2) of -35.1+1.6. Among the 7 clones stably
expressing Kv7.2/Kv7.3, clone number 5 exhibited biophysical properties similar to the
control group; in fact, the calculated V12 was -32.2+1.7 while the current densities at 0 mV

was 71.1+17.4 pA/pF. (Figure 34)

A Kv7.2+Kv7.3 Kv7.2+Kv7.3 clone 5
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Figure 34. Functional characterization of Kv7.2/Kv7.3 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, 200 pA (for stable) 100 pA (for transient); time scale, 0.1 s.
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To ensure that both Kv7.3 and Kv7.2 subunits were expressed and formed into heteromeric
channels Kv7.2/3 stable transfected cells, pharmacological experiments with
tetraethylammonium (TEA) were performed. Homomeric Kv7.2 and Kv7.3 channels, and
heteromeric Kv7.2/7.3 channels, show significant differences in their pharmacological
sensitivity to the TEA blocker; while Kv7.2 is highly sensitive to TEA, showing an 1C50=0.3
mM, Kv7.3 is TEA-insensitive exhibiting an 1Cs0=30 mM. On the other hand, heteromeric
Kv7.2/7.3 channels show an intermediate sensitivity (IC50=3 mM) (Hadley et al., 2000). The
high TEA sensitivity of Kv7.2 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 Kv7.3 which may confers low sensitivity to TEA (MacKinnon et Yellen, 1990).
The effect of TEA block has been investigated using a ramp protocol in which Kv7.2/Kv7.3
currents were activated by 3 s voltage ramps from —-80 to +20 mV. As shown in Table 16,
perfusion of 3 MM TEA in CHO transiently transfected with Kv7.2 and Kv7.3 induce a current
inhibition at 0 mV of about 56.01+0-06% while in the selected clone 5 the inhibition current
is about 36+7%, suggesting that both subunits are likely expressed, possibly with a slightly

higher participation of Kv7.3 subunits (Figure 35).

Ctl

3 mM TEA

r

+20 mV
M/

Figure 35. Effects of TEA on ramp-evoked Kv7.2/Kv7.3 current. Representative current traces from CHO
cells stable expressing Kv7.2/Kv7.3 subunits in response to the indicated voltage ramp protocol before TEA
exposure (CTL, control), during TEA exposure (TEA, 3 mM). Current scale, 100 pA; time scale, 0.1 s.
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Kv7.2

As we can see from the Table 16, cells transiently transfected with Kv7.2 generate a K*
selective currents (22.9+4.5 pA/pF) and exhibit a half-activation potential of -25.2+1.5 mV.
Among 4 clones, the selected clone number 1, show comparable V12 -29.2+3.4 mV and

current density (13.7+3.8 pA/pF) to transiently transfected with Kv7.2 (Figure 36).

A Kv7.2 Kv7.2 clone 1
transient stable
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Figure 36. Functional characterization of Kv7.2 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.
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Kv7.3 AND Kv7.3*

Compared with other members of the family, Kv7.3 homomeric channels yield very small
macroscopic currents. CHO transiently transfected, show current density at 0 mV of
17.2+6.1 pA/pF and a V12 0f -36.4+2.3 mV. Same results are also obtained for stable cells
lines; the selected clone 1 exhibit a current density of -10.1+3.0 pA/pF and a V12 0of -44.8+1.6

(Table 16; Figure 37).

A Kv7.3 Kv7.3 clone 1
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pERFP-KvT.2 clones
Figure 37. Functional characterization of Kv7.3 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, 50 pA, time scale, 0.1 s.
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For this reason, we decided to generate stable cell lines carrying the mutant Kv7.3 A315T
(Kv7.3*), which has been demonstrated, to strongly increase the current density by nearly
~15-fold relative to Kv7.3 WT. In particular, the increased current amplitude is not relying on
an increase in the expression of channels in the membrane but, to the stabilization of the
selectivity filter (SF) in a conductive conformation by the creation of a network of H-bonds
around 1312 residue and van der Waals interactions with F344 residue triggered by the A/T
substitution (Choveau et al., 2012). As shown in Table 16, the obtained Kv7.3* stable cell
lines showed similar current density and V12 values when compared to those measured in

the control group (Fugure 38).
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Figure 38. Functional characterization of Kv7.3 A315T 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, 400 pA (for transient) 500 pA (for stable); time scale, 0.1 s.
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Kv7.4

Finally, among the six clones stably expressing Kv7.4 subunit, the selected clone 4, show

similar current densities and V12 value when compared to those measured in the control

group (Figure 39)
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Figure 39. Functional characterization of Kv7.4 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, 50 pA, time scale, 0.1
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Table 16. Functional and pharmacological characteristic of stable and transient Kv7 cell lines.

Vy, k Current density bfgon?:\(/la'clj'EA
n (mV) (mV/efold) (pA/pF (%)
at 0 mV)

DCDNA3-KV7.2/KV7.3 16 -35.1+1.6 13.0+0.7 119.74£13.2 56.1+0.06
DBRFP-Kv7.2/Kv7.3 cl.5 12 -32.2+1.7 9.4+1.7 66.7+16.9 36+7
PBRFP-KV7.2 13 -25.2+1.5 13.3t1.5 22.9+4.5
pBRFP-Kv7.2 cl.1 7 -29.2+3.4 10.4+0.6 13.7+£3.8
pBRFP-Kv7.3 5-7 -36.4+2.3 8.2+0.6 17.2+6.1
pBRFP-Kv7.3cl. 1 9 -44.8+1.6 8.0£0.7 10.1+3.0
pBRFP-Kv7.3 A315T 5-7 -39.3+3.0 8.9+0.8 132.3+50.5
pBRFP-Kv7.3 A315T cl. 1 3.4 -41.1+4.0 9.6+1.6 179.2+31.6
pcDNA3-Kv7.4 6 -30.8 £2.7 13.1+0.6 28.0+9.3
pBRFP-Kv7.4 9 -242+4.1 17.0+2.9 259+9.6

TEA: tetraethylammonium. Student’s t test.

experimental sessions.

Each data is the mean-SEM of cells recorded in at least three separate

For simplicity, in the next sections, the stable cell lines expressing Kv7.2/3, Kv7.4 and,

Kv7.3A315T will be named CHO- Kv7.2/3, CHO- Kv7.4, CHO-Kv7.3*, respectively.
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4.7 Screening of the compound library

4.7.1 Effects of known Kv7 activators and inhibitor on fluorescence in CHO-
Kv7.2/Kv7.3

In a first set of experiments, the effects of the Kv7 activator retigabine and of the inhibitor
Xe991 were compared between CHO cells, that do not express Kv7 channels, and stable
Kv7.2/Kv7.3 cell lines. As shown in Figure 40A, in control CHO cells both retigabine (10 uM)
and Xe991(10 uM) didn’t modify the fluorecent signal. By contrast, in CHO-Kv7.2/Kv7.3 cells
retigabine increased both the maximal fluorescence and the initial slope of the fluorescent

signal; this effect is abolish in presence of Xe991 (Figure 40B).
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Figure 40. Effects of retigabine and XE991 on the fluorescent signal. A) Effect of activator and inbitor in
CHO cells and B) in CHO-Kv7.2/Kv7.3 cells. *p<0.05 vs Vehicle; #p<0.05 vs RET; n=3. Vehicle; DMSO 1%
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Moreover, in CHO-Kv7.2/Kv7.3 cells, retigabine (1 to 100 uM) dose-dependently increased

both the maximal fluorescence and the initial slope of the fluorescent signal (Figure 41A).

The calculated ECso for retigabine was 11 + 0.04 puM, a value slightly higher than that

calculated by electrophysiological techniques (ECso= 4.8 + 1.8 uM) (Figure 41B).
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Figure 41. A) Concentration-dependent effects of retigabine on stable Kv7.2/Kv7.3 cell lines. B)
Comparison between the retigabine ECso calculated on fluorescent (left) and electrophysiological

(right) assays. *p<0.05 vs Vehicle; n=3. Vehicle; DMSO 1%

126



To evaluate the ability of the assay to detect compounds which have been described to act
as more potent Kv7.2/3 activator when compared to retigabine, concentration-response
curves of RL648 81 were performed (Kumar et al., 2016). To this aim we synthetized,
RL648_81 is retigabine analogues previously described by Kumar and colleagues, as more
potent and chemically stable than the reference compound. Here in the Fluxor assay, using
concentration from 0.01 to 100 puM, RL648_81 dose-dependently increased both slope and
maximal fluorescence (Figure 42A). The compound test resulted more potent; in fact, the
calculated ECso was 1.2 + 0.2 pM, a value lower than that calculated for the control

retigabine 7.2 + 1.9 uM (Figure 42B).
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Figure 42. A) Concentration-dependent effects of RL648 81 on stable Kv7.2/Kv7.3 cell lines. B)
Comparison between the RL648 81 (left) and retigabine (right) ECsos calculated on fluorescent assay.
*p<0.05 vs DMSO 0.1%; n=3
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4.7.2 Library screening on CHO-Kv7.2/Kv7.3

The fluorescence assay has been than used to evaluate the activity of 41 retigabine
derivatives, structurally characterized by one or more modifications as described above. A
10 uM concentration was used to evaluate the activity of each drug; as a reference, we used
the same concentration for retigabine. Of the 41 tested compounds, thirteen derivatives
(CPRET-46-58-59-63-69-71-77-81-82-85-86-87-94) results more effective than retigabine
in terms of both maximal fluorescence and initial slope of the fluorescent signal (Figure 43).
To evaluate the robustness of the assay the Z'factor value (see Materials and Methods) was

calculeted, resulting = 0.5, consistent whit the assay quality requirement.
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Figure 43. Effect of retigabine derivatives at 10 uM on stable Kv7.2/Kv7.3 cell lines. * p<0.05 vs RET;
n=3 Vehicle; DMSO 1%
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For these 13 compounds concentration-responses curves experiments for the control
retigabine and for the derivatives were performed (Figure 44). As we can see from the Table

17, all derivatives tested appeared about 5-10 times more potent than retigabine.
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Figure 44. Dose-response curve for RET- and CPRET derivatives-induced slope of the Fluxor signal.

Table 17. ECso of retigabine derivatives on Kv7.2/Kv7.3 channels

DERIVATIVES ECso; [UM]
CP RET RET control
46 2,1+ 0,5 11+0,4
58 0.7+0.2 35425
59 0.17+0.8 4,6+1,2
63 2,2+0.5 11+0.4
69 7,05+0,5 13,3+ 1,2
71 51+1 17,9+3,9
77 0,6 + 0,03 11+3,8
81 0,9+0,2 9,8+0,5
82 2,0+0,7 11,3+5
85 0,7+0,4 5,7+3,4
86 3,4+1,01 14,5+0,8
87 10,0+ 1,9 16,7 + 4,5
94 0,8+0,3 53+1,3
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Figure 45. Structures of more potent retigabine derivatives (PCT/EP200/052156).
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4.7.3 Electrophysiological characterization of CP RET 46, 59, 63, and 86 on
Kv7.2/Kv7.3 channels.

The effects of some of the retigabine derivatives were also evaluated on Kv7.2+Kv7.3
currents by means of whole-cell patch-clamp electrophysiological experiments in
mammalian CHO cells transiently transfected with Kv7.2+Kv7.3 cDNA. The effect of these
compounds was investigated using increasing drug concentrations (0.1, 1, 10, 30 and 100
MM), using a voltage-clamp protocol in which Kv7.2+Kv7.3 currents were activated by
depolarizing steps from -120/-80 to +20 mV, followed by an isopotential pulse at 0 mV.
Application of 1 uM retigabine caused a leftward shift of about 15 mV in the half-activation
voltage (Vi2) of Kv7.2+Kv7.3 currents (Figure 46 A-B) with no change in the maximal
current, whereas the same concentration CPRET-46, -59, -63, and -86 caused a marked
leftward shift in the V12 and a significant increase of maximal current. The calculated V2
was -26.4+0.6, -40.4+0.2, -89.0+2.6, -80.2+0.6 and -82.3+0.4 for control retigabine, CP RET
46, 59, 63, and 86, respectively (Figure 46 A-B). To quantify the potency of the tested
compounds, we measured the shift in V12 (A V12) at increasing concentrations and used a
Hill equation fit to calculate their ECso.The results obtained demonstrate that all four
derivatives were 12-14 times more potent than RET. Indeed, the calculated ECso was
4.8+1.8, 0.39+0.02, 0.19+0.03, 0.28+0.04 and 0.12+0.04 for retigabine, CP RET 46, 59, 63,

and 86, respectively.
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Figure 46. Effect of RET and CPRET 46, 59, 63 and 86 on Kv7.2/Kv7.3 currents. (A) Representative
macroscopic current traces recorded from a CHO cell co expressing Kv7.2 and Kv7.3 channel subunits in
response to the indicated voltage protocol before and after application of 1 yM RET, CPRET 46, 59, 63 and
86. (B) Kv7.2/Kv7.3 current/voltage curves before and after application of 1 yM RET, CPRET 46, 59, 63 and
86. (C) Dose-response curve for 1 uM RET, CPRET 46, 59, 63 and 86-induced AV1. shift.
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4.7.4 Photostability Assays

One of the major pitfalls of retigabine is its chemical photo instability, resulting in dimers
formation responsible for muco-cutaneous blue-grey discolorations in patient under chronic
therapy. Recently, phenazinium, phenazine, and benzimidazole dimers of retigabine with
high melanin affinity have been detected using MALDI mass spectrometry in the corneal
tissue (Groseclose and Castellino et al., 2019). Considering that premise, always in
collaboration with the Department of Pharmacy of the University of Salerno, compound that
resulted more potent than retigabine in the fluorescence assay, were subjected to
photostability assays.

Initially, an UV quartz cuvette containing an aqueous solution of RET or CPRET (10 uM)
was irradiated by an UV lamp for 3 h. After exposure, aliquot of the solution was withdrawn
and analysed by HPLC to assess the concentration decrease of the starting materials and
the presence of the dimers formed by retigabine.

Exposure to UV light led to significant photodegradation of retigabine; about 63.3 + 0.1%
was degraded after 3 h. Similar % of photodegradation was show by CPRET 63, 77 whereas
remarkable or almost complete degradation were obtained for CPRET 59,71,81,82,85,87
and 94. Finally, derivatives 46, 69 and 86 were the most photostable retigabine analogues
(Table 18).

We then decided to further investigate the photodegradative behaviour of CPRET
compounds and the control retigabine by analysing the corresponding by-products.
Considering that the typical absorbance of retigabine photoinduced dimers is 550 nm, we
decided to set the same wavelength for the UV detection. Compared to retigabine, the only
derivatives which was not able to generate dimers were the CPRET 77,81,82,85,86,87
suggesting that the structural modification at the aniline group or at NH-linker, that

characterized these compounds, was able to reduce the dimerization reaction (Figure 47).
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Table 18. Photoinduced degradation of retigabine and its derivatives under UV light. Results are

expressed as percentage of degradation + sd.

DERIVATIVE TIME (3H) % OF DIMERS
DEGRADATION
46 30.6+2.2 YES
59 79.8+4.2 YES
63 64.8+0.9 YES
69 19.5+4.7 YES
71 74.9+0.1 YES
94 98.4+0.2 YES
77 63.3+2.8 NO
81 98.0+0.1 NO
85 99.5+0.1 NO
86 34.8+1.8 NO
82 97.7+1 NO
87 86.5+ 0.8 NO
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Figure 47. HPLC trace of retigabine (A) and CP RET 86 (B). Typical dimer peak is present in HPCL trace of
retigabine (A) with a retention time between 7.00- and 10.00-min.
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4.7.5 Library screening on CHO-Kv7.4

The effect of retigabine derivatives was also investigated on Kv7.4 channels. Of the 41
tested compounds, at concentration 10 pM, sixteen derivatives (CPRET-46-56-57-58-59-
63-69-70-71-77-80-81-82-85-86-87) resulted more effective than retigabine in terms of both
maximal fluorescence increase and initial enhancement of the slope of the fluorescent signal
(Figure 48). The calculated Z’ factor value resulted < 0.5, suggesting that the assay condition

need to be further optimized.
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Figure 48. Effect of retigabine derivatives at 10 uM on stable Kv7.4 cell lines. * p<0.05 vs RET; n=3;
Vehicle; DMSO 1%
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According to previous described photostability experiments, we quantify the potency of the

compounds unable to form dimers. The calculated ECso for the CP RET 77, 81, 82, 85, 86,87

indicated that these compounds were about 5/10-times more potent than retigabine on

Kv7.4 channels (Figure 49; Table 19)
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Figure 49. Dose-response curve for RET- and CP RET derivatives-induced slope of the Fluxor signal.

Table 19. ECso of retigabine derivatives on Kv7.4 channels

DERIVATIVE ECso; [uM]

CPRET RET control
77 16+1.3 14+ 25
81 0.8+0.3 14.7+ 1.3
82 0.3+0.2 105+1
85 1.1+04 10.4 + 3.8
86 2.7+x0.4 99+1.7
87 06+04 28+34
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By comparing the ECso values of CP RET 77, 81, 82, 85, 86,87 and the mean of the ECso
values of retigabine calculated on CHO-Kv7.2/Kv7.3 and CHO-Kv7.4 (Figure 50), we can
observe that there were no statistically significant differences between the ECso values
calculated, for both compounds except CP 87, on CHO-Kv7.2/Kv7.3 and CHO-Kv7.4. These
results suggest that the selective prolife for CP 77 was Kv7.2/3=Kv7.4; for CP 81 was Kv7.4=
Kv7.2/3; for CP 82 was Kv7.4=Kv7.2/3; for CP 85 was Kv7.4=Kv7.2/3; for CP 86 was Kv7.4=

Kv7.2/3; for CP 87 was Kv7.4> Kv7.2/3.
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Figure 50 Comparison between the EC50 values CP RETs and RET control calculated on Kv7.2/3 and

Kv7.4 (CPs n=3; RET n=6; *p< 0,05).
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4.7.6 Library screening on CHO-Kv7.3*

Finally, retigabine derivatives were also studied on Kv7.3* channels.

Considering the Fo/Fmax parameter, none of the derivatives resulted more effective, at
concentration 10 uM, than retigabine whereas regarding the slope of the fluorescence curve,
only the CP46 appeared more effective than control. Nevertheless, for most of these, in
particular for the CPRET-46-57-58-59-62-63-69-70-71-77-78-79-80-81-82-85-86-91-94 the
effect on the maximal fluorescence was similar to retigabine while only the CPRET-57-69-
71-77-94 exhibited an effect in terms of slope similar to the reference compound (Figure 50).

The calculated Z’ factor was = 0.5.
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Figure 51. Effect of retigabine derivatives at 10 uM on stable Kv7.3* cell lines. * p<0.05 vs RET; n=3
Vehicle; DMSO 1%
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5 Discussion and conclusion

Epilepsy is a complex neurological disorder that affects ~50 million people worldwide.
Epilepsy can be acquired as a result of an insult to the brain such as trauma, infection, stroke
or a tumour, or can result from a genetic mutation in one or more of the ion channel or
neurotransmitter genes or proteins that control brain excitability. Despite the development
of novel anticonvulsant drugs (AEDs), the proportion of epilepsy patients with drug resistant
epilepsies has remained stable at 30%, making necessary the identification of new
molecular targets that may lead to the discovery of novel drugs to treat drug resistant
epilepsy. In particular, Kv7 potassium channels represent an attractive pharmacological
target for several neurologic disorder, including epilepsy. Retigabine, the first antiepileptic
drug acting on Kv7 channels and approved as an add-on treatment for drug-resistant partial
onset seizures with or without secondary generalization in adults. Retigabine enhances the
M-current activation through the voltage-gated K* channel Kv7; this action is unique
compared with the existing AEDs and highlight the advantages of exploring alternative
targets for the control of seizures. Unfortunately, post-marketing studies revealed that
chronic treatment produced retinal and mucocutaneous blue-grey discoloration.

The long-term outcome of this side effect is currently unknown; in particular, is not yet clear
if these alterations are permanent and if pigment changes in the retina are possible cause
of vision damage. Additionally, retigabine cause urinary retention, probably because it
activates KCNQ4, a potassium channel belonging to the same family of KCNQ2, expressed

in the smooth muscle of the bladder, where it regulates contractility.
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5.1 Evaluation of retigabine binding mode and refinement of ligand binding site

On Kv7 channels, retigabine binds a small hydrophobic pocket located between the
segments S5 and S6; here a tryptophan (W) residue, present at the end of the S5 segment
(W236 or W265 according to Kv7.2 or Kv7.3 sequence, respectively) was found to be crucial
for the retigabine effect. Substitution of this residue with a leucine resulted in a complete
loss ability of retigabine to activate Kv7.2 currents (Schenzer et al., 2005; Wuttke et al.,
2005). Originally rationalized as generic hydrophobic contact between the fluorophenyl ring
of retigabine and the aromatic side chain of the tryptophan residue (Lange et al 2009), more
recent studies have demonstrated the ability of the carbamate group of retigabine to
establish an H-bond interaction whit the tryptophan residue in the channel pore (Kim et al
2015). Currently, this hypothesis has been confirmed by the two Cryo-EM structures of the
human Kv7.2 and Kv7.4 channels in complex with retigabine Li X et al., 2020; Li T et al.,
2020).

Our docking studies have demonstrated that retigabine was able to form a hydrogen bond
with the W236 present in the binding site; particularly, the interaction occurred between the
carbamate group of the ligand and the side chain of tryptophan residue. Therefore, the
binding mode obtained, correspond to those firstly described by Kim et al. and recently
confirmed by the two hKCNQZ2em and hKCNQ4ewm structures in complex with retigabine.
However, even though different scaling condition were used to decrease penalties of close
contacts, unoptimal contacts were observed between the ligand and the residues of the
binding sites; this results from the fact that we started from the basic assumption of a rigid
receptor. For this reason, to consider the flexibility of the receptor and the conformational
changes that occur upon ligand binding, and therefore to improve the poses of the ligand,
the InducedFit Docking protocol has been applied. Hence, better retigabine poses and

absence of unfavourable interactions were obtained.
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To verify the reliability of the poses obtained, it has been necessary to submit them to
molecular dynamic simulations. The first MD simulations performed considered the Apo form
(without ligand) in order to assess the stability of the system and identify the ideal conditions
to be applied to the Holo form (with the ligand retigabine docked in his binding site). Analysis
of 11 MD simulations performed on the Apo form has demonstrated that; I) simulation times
of 100ns are reasonable for the system to reach stability. Il) Visual inspection analysis has
demonstrated that the solvent molecules never interpose between the protein and the lipids,
furthermore, the application of the Grand canonical Monte Carlo (GCMC) determines a
better water distribution, filling the empty spaces. The optimal condition includes POPC
bilayer, SPC water model, Periodic Boundary Conditions orthorhombic box, System
neutralization Na* and CI™ ions 0.15 M, statistical ensemble Npyt, simulation time 100ns,
GCMG.

Subsequently, MD simulations of the top docking pose for each retigabine binding site
obtained by InducedFit, were performed. Trajectories analysis showed good stability of
protein, protein-ligand complex, and ligand, in all systems simulated. Particularly interesting
was the behaviour of the ligand; fluctuation in RMSD values of retigabine was due to rotation
of fluorophenyl moiety, which may adopt two different conformations. Interestingly,
retigabine was able to establish persistent interactions with residues that are known to be
crucial for the retigabine activity like; Trp236, Leu275, Leu299 and with residue never
described before such as Ser303, Phe304, Phe305. It is not surprising that in the four
subunits, the obtained protein-ligand interactions types, and the duration of the specific
interaction during the simulation were not identical. This is because, MD simulations were
performed starting from four different docking poses. Besides, it is important to highlight that
MD simulations are inherently chaotic. Even the same input files, run on the same machines,
may not produce an identical trajectory. The important thing is that different simulations

should converge to the same ensemble average properties.
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According to these results, we decided to focus our attention on the S303 residue. In our
model, the aniline group of retigabine was able to form a H-bond with the serine side chain
at position 303, located at the end of the S6 segment.

To assess the role of the serine residue, mutagenesis experiments were performed; the
residue was substituted with an alanine, which is not able to act either as an acceptor or as
a donor of H-bonds. Whole-cell patch-clamp electrophysiological recordings performed on
CHO cells transiently transfected with the Kv7.2-S303A and Kv7.2 WT demonstrated that
the mutant was functional and exhibited a Vi and a slope values similar to the WT. By
contrast the mutant showed a reduced current density compared to those calculated for the
WT.

Application of increasing retigabine concentrations determined a different effect in Kv7.2-
S303A and Kv7.2 WT. In both cases retigabine induced a dose-dependent leftward shift in
the voltage-dependence; at 10 uM concentration, in the WT, the calculated AV was -18,6
+2.3, while in the mutant -26,8 + 0,5. Moreover, retigabine, elicited only a slight increase of
current at depolarized potential in Kv7.2 WT channels, whereas a marked increase in the
current size at depolarized potentials was observed in Kv7.2-S303A.

The calculated ECso of retigabine on Kv7.2 WT and Kv7.2 S303A current activation was
0.72 = 0.38uM for WT, and 2.77 £ 0.78uM for the mutant; the significant potency reduction,
observed in the mutant channels when compared to Kv7.2 WT, suggests that the serine at
position 303 may contribute to the retigabine binding. While my thesis work was being
performed, this hypothesis was confirmed by the Cryo-EM structures of the human Kv7.2
and Kv7.4 (Ser 303 and 309, respectively) channels in complex with retigabine (Li X et al.,
2020; Li T et al., 2020). In both model an H-bond interaction occur between the aniline group
of retigabine and the side chain of serine. In Kv7.4 the mutant Ser309H (Histidine)
completely abrogated retigabine’s ability to activate the channel (Li T et al., 2020) while in

Kv7.2, Ser303A mutation, decreased the potentiation activity of retigabine on Kv7.2 by
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attenuating the left-shift of the G-V curves; concentration of 5 uM retigbine was able to
induce in the WT a AV12 of about -30 mV, while in the mutant the AV12 was about -20 mV
(Li X et al., 2020), suggesting an opposite effect compared to our results. Additional

experiment could be made to better understand the differences highlighted.

5.2 Screening of newly synthesized retigabine derivatives

Screening of a library of 41 retigabine derivatives was performed in stable CHO-
Kv7.2/Kv7.3, CHO-Kv7.4 and CHO-Kv7.3* channel subunits (generated by means of the
PiggyBac Transposon System) using the FluxOR Green Potassium lon Channel Assay; a
fluorescent-based assay, that uses thallium as surrogates for potassium and a fluorescent
thallium-sensitive dye.

In a first series of experiment, to evaluate the feasibility and sensibility of the assay the
activator retigabine and its potent analogue RL648 81 (Kumar et al., 2016) were tested on
CHO-Kv7.2/Kv7.3 cells. In both cases, the drugs dose-dependently increased the maximal
fluorescence and the initial slope of the fluorescent signal. The calculated ECso for retigabine
was slightly higher than that calculated by electrophysiological techniques. On the other
hand, RL648_81 showed an ECso of 1.2 £ 0.2 uM, whereas that for retigabine was 7.2 + 1.9
UM, revealing that, in the fluorescent assay the analogue was 6-times more potent than the
reference control. By contrast, using electrophysiological techniques the RL648 81 was
reported to be 15-time more potent than retigabine (Kumar et al., 2016). These two
examples highlight that the fluorescence assay was slightly less sensitive than the
electrophysiological technique, but still able to detect compounds more potent than
retigabine.

Among the newly synthesized retigabine analogues tested at a single concentration of
10pM, in CHO-Kv7.2/Kv7.3 cells, thirteen (46-58-59-63-69-71-77-81-82-85-86-87-94) were

found to increase the maximal fluorescence and the initial slope of the fluorescent signal
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significantly more than retigabine. ECso calculations for these compounds demonstrated that
the derivatives were from 5 to 10 times more potent than retigabine (Table 17).
Electrophysiological characterization of some of these compounds was also performed
showing that, compared to retigabine, the CPRET-46, -59, -63, and -86 (1 uM) caused a
marked leftward shift in the V12 and a significant increase of maximal current and the
calculated Vi2 was -26.4+0.6, -40.4+0.2, -89.0+2.6, -80.2+0.6 and -82.3+0.4 for control
retigabine, CP RET 46, 59, 63, and 86, respectively.

Similar to those obtained in the fluorescent assay, all four derivatives were 12-14 times more
potent than retigabine; the calculated ECso was 4.8+£1.8, 0.39£0.02, 0.19+0.03, 0.28+0.04

and 0.12+0.04 for retigabine, CP RET 46, 59, 63, and 86, respectively.
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5.2.1 Structure—Activity Relationship of retigabine derivatives

Retigabine structure was divided and modified in three major zones: fluorophenyl group
(zone A), the middle phenyl ring (zone B), and the methoxy group (zone C). The structural
modification made in these three zones were carried out to increase both potency and

chemical stability.
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Figure 52. Structure—Activity Relationship of retigabine derivatives.

The increased potency of these derivatives was justified by the modification on the
fluorophenyl moiety (zone A). In fact, as also demonstrated by Kumar and collaborators
(Kumar et al., 2016), the substitution of the —F group, with a larger electron withdrawing
group such as the -CF3, increased hydrophobic interactions and improved the activity of
retigabine derivatives. All derivatives that resulted more potent than retigabine were
characterized, except CP 69 and CP 71, by the presence of the -CF3 group in para on the
phenyl moiety (Figure 45).

CP46, CP 71, and CP 69 were structurally identical except for the substituent on the phenyl

moiety. In fact, CP 46 showed a -CF3 group in para position, CP 71 showed a -F group in
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ortho position while no electron withdrawing groups were present on CP 69. By comparing
the ratio of potency CP 46, 71, and 69 appeared to be respectively 5, 3,5 and 2 times more
potent than retigabine, suggesting that higher increase of potency were obtained after the

insertion of the -CF3 group.
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These results suggest that, probably, the increased potency was not only ascribed to the-
CF3 substitution but also to the introduction of longer chain at the methoxy group (zone C).
In fact, CP 69, despite the absence of the -CF3 or the -F groups, resulted more potent than
the control retigabine. To understand if additional interactions can occur between this part
of the molecule and residues located in the deepest part of the hydrophobic binding site,
MD simulations were performed by our collaborators of the Department of Pharmacy of the
University of Naples. The results obtained suggested that during the simulation, these longer
chains interacted mostly with the side chains of V225, F304 and L312 residues, generating
hydrophobic interactions that could be responsible for the improved potency of these
derivatives when compared to retigabine. Based on potency results obtained both in
electrophysiological and fluorescence experiments, comparing CP 46,58,59,63, we can
hypostasize that both hexane, heptane, tert-butyl and, cyclohexane lateral chain were well
tolerated but the best compromise in terms of potency was obtained incorporating the tert-

butyl group.
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Finally, evaluation of chemical stability of compounds resulting more effective than
retigabine on CHO-Kv7.2/Kv7.3, has proven that the structural modification on the aniline
moiety and/or on NH-linker (zone B), were able to inhibit the dimerization reaction. In
particular, the insertion of -CH3 group at the -NH linker (CP 85, 87) or the introduction
electron withdrawing group (-F) in the aniline moiety (CP 86, 87), prevented the formation
of dimers. These results agree with those previously reported by Kumar in 2016 and Kalappa
in 2015. Indeed, in both RL-81 and SF0034, the insertion of -F group on the aniline moiety,

improved the chemically stability by reducing dimers by products.
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Also the substitution of the amino group with a piperidine (CP81) or a pyrrolidine (CP82),

prevented dimers formation.
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It is important to underline that all modification in the zone B does not prevent the amino

group’s ability to form an H-bond interaction with the S303.
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5.3 Search for selectivity

As previously described, one of the drawbacks of retigabine is its capability of activating also
Kv7.4 currents, resulting in urinary retention. To evaluate the subtype selectivity, the library
compounds was also tested in CHO-Kv7.4 cells.

Several compounds including CPRET-46-56-57-58-59-63-69-70-71-77-80-81-82-85-86-87
resulted more effective than retigabine in term of both slope and maximal fluorescence.
Unfortunately, the compounds CPRET-46-58-59-63-69-71-77-80-81-82-85-86-87 were
more active than retigabine also on Kv7.2/Kv7.3.

The comparison of ECso values, of those compound that did not formed dimers such as
CPRET-77-81-82-85-86-87 and retigabine, calculated on Kv7.4 and Kv7.2/Kv7.3 suggested
that no significant difference in terms of selectivity were obtained. Only an increase
selectivity of CP 87 for Kv7.4 was obtained, but additional experiment both
electrophysiological and molecular modelling, are require to validate and better understand
this result (Figure 50).

In CHO-Kv7.3* the only derivatives that resulted more effective than retigabine was CP46.
Conversely, compounds that were not able to form the typical retigabine by product were
not found more effective but sowed a similar effect than retigabine, consider the Fo/Fmax
parameters. Probably, considering this channel subunit, the selected concentration of 10uM
is too high and a lower concentration such as 1uM, could be used to better characterized
the effect of this derivatives. Moreover, additional electrophysiological experiments are

however necessary to define the selectivity of these compounds.
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5.4 Conclusion and future direction

In conclusion, the refinement of the retigabine binding site allowed us to identify additional
interaction sites and to develop rationally a library of retigabine derivates. The compounds
synthesized were screened by use a fluorescence-based assay which has proved to be
suitable for evaluate the activity of Kv7 channels activators. This has been successfully used
to identify novel promising compounds, that thanks to the structural modification, appeared
more potent and more stable compared to retigabine. In the future, additional experiments
by means of mutagenesis and electrophysiological techniques are required to better
understand the functional consequence, due to the exploration of deepest part of the
hydrophobic pocket, by the long chain incorporated at methoxy group of our derivatives.
Further investigations are also needed to evaluate the pharmacokinetic properties of
synthesized compounds and the in vivo anticonvulsant activity. Among the different animal
models of epilepsy, both acute and chronic could be used. The subcutaneous
pentylenetetrazol (scPTZ) tests, characterized by the chemical induction of acute
convulsions, remain one of the ‘gold standards’ for the detection of anticonvulsant activity.
Consider that, in PTZ model seizures are evoke in healthy and neurologically intact rodents,
chronic models e.g. Kainic acid Kindling, or genetic models (Milh et al.,2020) would provide

the ideal condition to evaluate the possible neuroprotective action of the compounds.
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