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CHEMICAL MODULATION OF Kv7
POTASSIUM CHANNELS

Matteo Borgini,® Pravat Mondal,? Ruiting Liu,® and Peter
Wipf*?

The rising interest in Kv7 modulators originates from their ability to evoke
fundamental electrophysiological perturbations in a tissue-specific manner. A
large number of therapeutic applications are, in part, based on the clinical
experience with two broad-spectrum Kv7 agonists, flupirtine and retigabine.
Since precise molecular structures of human Kv7 channel subtypes in closed
and open states have only very recently started to emerge, computational
studies have traditionally been used to analyze binding modes and direct the
development of more potent and selective Kv7 modulators with improved
safety profiles. Herein, the synthetic and medicinal chemistry of small
molecule modulators and the representative biological properties are
summarized. Furthermore, new therapeutical applications supported by in
vivo and in vivo assay data are suggested.

1. INTRODUCTION

This review describes the synthesis of small molecule
modulators of the voltage-gated potassium channels and their
biological and clinical properties. It extends several earlier
medicinal chemistry reviews on these subjects.1.2.3.45.6

Kv7 (KCNQ) channels are non-inactivating voltage-gated
potassium channels, originally called M-channels, and are
expressed by KCNQ genes. They have slow gating kinetics
compared to other voltage-gated potassium channels.”.# Once
activated, the resulting outward potassium flow generates an
outward current, leading to a more negative cell membrane
potential, and raising the threshold for firing an action
potential. This current, commonly referred to as M-current (Im)
due to its strong inhibition by the activation of muscarinic
acetylcholine receptors, was first detected in bullfrog
sympathetic neurons and subsequently identified in neuronal,
cardiovascular, and epithelial human tissues.®10.11,12,13,14 The M-
current exerts neuronal excitability control of both the central
(CNS) and peripheral nervous system (PNS) (sympathetic,!®
parasympathetic,’® and somatosensory neurons?’), affecting
excitatory as well as inhibitory pathways in the brain.1® Upon
Kv7 channel activation at a subthreshold potential,
hyperpolarization of the neuronal membrane has been
observed, setting the neuronal resting potential and shaping
the action potential profile, as well as contributing to medium
(50-100 ms) and slow (0.1-2 s) afterhyperpolarizations during
refractory periods.19.20.21,22,23 Figyre 1 summarizes the known
electrophysiological effects of the M-current.
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Fig. 1 Summary of M-current electrophysiological effects in neurons. Following Kv7 channel opening, the outward K* flow hyperpolarizes the membrane potential,
requiring a greater stimulus to trigger an action potential. Spike frequency adaptation was observed after train of action potentials were induced by depolarizing current
injection, limiting the ability of the neurons to fire repetitively. Theta waves were recorded in CA1 pyramidal neurons in the hippocampus, and were noted to disappear

after M-current suppression.

In neurons, Kv7 channel activation differs in outcome based
on subcellular distribution. During high frequency bursts of the
action potential, activation of perisomatic Kv7 channels
increases the spike interval, leading to a phenomenon called
spike frequency adaptation and counterbalancing the
fluctuations derived from multi-stimuli that reach dendrimers
and contribute to the refractory period.2425 The axon initial
segment (AIS), located at the proximal axon/soma interface, is
involved in the transformation of soma stimuli into action
potentials. The AIS is also a subcellular neural portion in which
Kv7 channels are highly expressed. They are connected to Na*
channels via the ankyrin G protein, which reduces the likelihood
of spontaneous neuronal firing.26 By means of AIS Kv7 channel
inhibition, in fact, it has been demonstrated that the resting
membrane potential can be set to more depolarized values and

that the threshold for the action potential can be negatively

shifted (to more negative values).2’ Kv7 channels localized in
the axon terminus may also

regulate neurotransmitter
release.?®

2 | J. Name., 2020, 00, 1-3

Another property of the M-current is its ability to generate
electric resonance, called M-resonance, at Theta (0)-
frequencies (2-7 Hz). In neurons, electric resonance consists of
an increase in the oscillation amplitude at certain frequencies.
The M-resonance, detected in pyramidal neurons in the
hippocampus, is important for spatial navigation and memory
functions.?® Not all factors governing its occurrence are well
understood, but it is involved in the pathophysiology of ion-
channels.3° In addition to the M-current, the h-current
(mediated by HCN channels) is also known to generate electric
resonance, contributing to olfactory sensation, rhythm of
neuronal spiking, postsynaptic neuron firing rate, and
pathological conditions such as epilepsy.313233.34 |n a single cell
system, M-resonance allows the passage of signals with a higher

frequency than a cutoff frequency (acting as a high-pass filter),
determining the speed of the response to sensory stimuli. For

instance, the M-resonance in retina rod cells accelerates the
response to light in dark environments. 35

This journal is © The Royal Society of Chemistry 20xx
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At the neuronal circuit level, resonance induced at ©-
frequencies was shown to be a necessary component of
neuroplasticity, learning, and memory, inducing synchronous
activity within the local circuit. In confirmation of this
observation, knocking out the KCNQ2 gene in pyramidal
neurons in the mouse hippocampus suppressed ®-resonance
and resulted in spatial cognitive dysfunction.14.25

An important structural feature of the Kv7 channel
subfamily is the preferential formation of homo- and hetero-
tetramers of the five Kv7 proteins (Kv7.1 — Kv7.5, also reported
as KCNQ1 — KCNQ5 belonging to the Q subfamily of voltage-
gated potassium channels), predominantly in a 2 + 2
stoichiometry.3637 These Kv7 channel protein sequences
comprise of 650 to 940 amino acids that are organized in six
transmembrane domains and an ion-selective pore structure
(6TM/1P). The S1-S4 segments constitute the voltage-sensitive
domain (VSD), whereas the S5-S6 segments in combination with
the enclosed loop form the pore domain. The short N-terminus
and the longer C-terminal tail are both extending into the
cytosol and contain a multitude of co-factor interaction sites.
The four C-terminal helices are responsible for the affinity
between Kv7 proteins during tetramer assembly (Figure
2)'38,39,40,41,42

Kv7.1 (also known as KvLQT1) is widely expressed in cardiac
myocytes as a homomer or in association with KCNE1 (minK
protein) or KCNE3 channels, and plays a critical role in the
repolarization of the cardiac potential through the generation
of the slow, delayed rectifier current (I current).4344 Kv7.1 is

HOOC
coiled coil

D C

Fig. 2 Schematic representation of Kv7 channel structures. Helix-A binding sites:
AKAP79/150, CaM, PIP,, PKC, PKA, and syntaxin A (Kv7.2 only). Helix-B binding
sites: AKAP79/150, PKC, PKA, CaM. p38 MAPK, CDKS5. Helix-C binding sites: site for
tetramerization and PIP,. Helix-D binding sites: KCNE1 (for Kv7.1), AKAP yotiao
(Kv7.1 only), and PIP,. Helix-D/chain terminal binding sites: ankyrin G (Kv7.2 and
Kv7.3 only) and Need 4-2 (Kv7.1 only).
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also expressed in the inner ear, thyroid gland, lung, ovaries,
proximal and distal tubule of the nephron, pancreas, intestinal
system, and vascular smooth muscles.4546 Upon membrane
depolarization, the outward shift of the S4 segment in Kv7.1
triggers a pore opening in the fully activated-open
conformation (AO) via the intermediate-open (lIO) state.?” Both
AO and 10 exhibit differences in gating properties, in addition to
their modulation by the auxiliary KCNE1 protein (which can
suppress the 10 state and enhance AO). Moreover, in contrast
with 10, AO is fostered at a more depolarizing potential,
resulting in slower current kinetics and channel inactivation at
certain voltage stimuli.48.49

It is noteworthy that the evaluation of the affinity of small
molecules to Kv7.1 in in vitro ion channel electrophysiology
assays is required by the Comprehensive in vitro Proarrhythmia
Assay (CiPA). CiPA was developed as an in vitro paradigm for
cardiac safety evaluation (prevention of drug-induced
arrhythmias) of drug candidates to improve specificity
compared to preclinical hERG and clinical TQT studies.>° In fact,
during the evaluation of drug effects on ventricular
repolarization, several cardiac currents are monitored,
incIuding |Ks (KV7.1), ||<.— (KVll.l), |c3,|_ (Cavl.Z), |Na (Navl.S), |Kur
(Kv1.5), ltof (Kv4.3),and lii(Kir2.1-2.3). Based on CiPA results, a
candidate molecule could be stopped in the pre-clinical phase if
there is sufficient evidence for its possible involvement in
proarrhythmia side effects.5!

The Kv7.2 channel is located both in central and peripheral
nervous systems,52showing a high expression level in neocortex
and hippocampus. High current amplitude Kv7.2/7.3
heteromers are the most abundant Kv7.2 channel assembly
compared to the less abundant low current amplitude
homomeric channels and Kv7.4 or Kv7.5 heteromers.53
Particular attention has been given to Kv7.2/7.3 channels for
their M-current contributions in neuronal tissues.”

The Kv7.4 channel variant is predominantly expressed in
homomeric forms in dopaminergic neurons, auditory, and
vestibular systems, and as Kv7.4/7.5 heteromer in the smooth
muscle cells (e.g. gastrointestinal tract, bladder, arteries,
airways, uterus, blood vessels, corpus cavernosum
penis).54:55,56,57,58,59,60,61,62 |n contrast, the Kv7.5 protein is
expressed in various regions of the brain, both in homomeric
forms as well as Kv7.3/7.5 heteromer, and in skeletal muscles
as Kv7.4/7.5 heteromer.63

Kv7 channel activity is negatively influenced by
neurotransmitter activated Gq/11-coupled receptors, altering
co-factor and/or accessory protein affinity with Kv7 subunits
such as PIP2,65 calmodulin (CaM),%6 A-kinase anchoring protein

Please do not adjust margins
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Fig. 3 Overview of Kv7 channel negative modulation through activation of Gg/11-coupled receptors (green box) and the calcium-CaM pathway (blue box). BKR:
bradykinin receptor; PLC: phospholipase-C; PIP2: phosphatidylinositol-4,5-bisphosphate; CaM: calmodulin; AKAP79/150: A-kinase anchoring protein 79/150; PKC:
protein kinase C; ER: endoplasmic reticulum; DAG: diacylglycerol; IP3: inositol-1,4,5-triphosphate; IP3R: inositol-1,4,5-triphosphate receptor.

(AKAP79/150),%7 and ankyrin G,% and via the calcium-
free/calcium-bound CaM equilibrium (Figure 3).%4 The open-
state and the voltage-conductance of Kv7 channels are
phosphatidylinositol-4,5-bisphosphate ~ (PIP,)  dependent.
Several PIP; binding sites have been identified in Kv7 proteins.
Among them, PIP; interacts with a cluster of basic amino acids
in the C-terminus (overlap with the calmodulin binding site)6®
and in the S4-S5 linker region.’® Activation of muscarinic
acetylcholine receptors (especially M1 and M3) promotes PIP;
hydrolysis through phospholipase C activation, resulting in PKC
phosphorylation. Activated PKC phosphorylates the C-terminus
in the CaM binding site of the Kv7.2 subunit assisted by
AKAP79/150, which allows a binding between PKC and the Kv7
channel complex. In the phosphorylated state, dissociation of
CaM occurs, destabilizing the Kv7 channel/PIP, complex and
consequently PIP, hydrolysis, resulting in M-current
suppression.’0.71,7273 This negative regulation pathway of the
Kv7 channels is shared with the activation mechanism of other
G protein-coupled receptors (GPCRs), such as histamine H1, 5-
hydroxytryptamine 5-HT,c, P2Y1, P2Y2, P2Y4, and P2Y6
nucleotide receptors, mGIuR1 and mGIuR5 metabotropic
glutamate receptors, and opioid receptors. Moreover, several
peptide receptors are able to modulate Kv7 channel activity,
including angiotensin, GnRH, substance P and bradykinin.”* The
M-current inhibition of bradykinin, in fact, is determined by an
increment of intracellular Ca2* shifting the calcium-
free/calcium-bound CaM equilibrium to the right side. Since
calcium-free CaM is fundamental for PIP, affinity to Kv7
channels, increasing the intracellular CaZ* level is recognized by
CaM bonded to the Kv7 channel, which is converted to calcium-
bound CaM, and decreasing Kv7 channel/PIP, affinity.”s The

4| J. Name., 2020, 00, 1-3

calcium-free/calcium-bound CaM equilibrium modulation was
observed for Kv7.2, Kv7.4, and Kv7.5 but not for Kv7.1 and
Kv7.3.76

To date, many diseases have been attributed to mutations
of KCNQ genes encoding Kv7 proteins with a higher or lower
ability to hyperpolarize cell membranes (Figure 4).77,78,79,80,81,82
Not surprisingly, the development of Kv7 modulators (both
agonists and antagonists) has triggered further studies of
therapeutic utility, specificity Kv7 of tissue expression, and
cellular response to selective Kv7 subtype modulators.
However, the major challenges in the development of safe and

KCNQ2:

BFNE, KCNQ2-DEE, RE, KS
KCNQS: EE, ID

KCNQ3:
BFNE, BFIE, IGE, ASD

Fig. 4 Overview on inherited diseases emerging from KCNQ gene mutations. BFNE:
Benign Familial Neonatal Epilepsy; KCNQ2-DEE: KCNQ2-Encephalopathy; BFIE:
Benign Familial Infantile Epilepsy; RE: Rolandic Epilepsy; ASD: Autism Spectrum
Disorder; EE: Epileptic Encephalopathy; IGE: Idiopathic generalized epilepsy; KS:
Kleefstra Syndrome; ID: Intellectual Disability; DFNA2: Autosomal Dominant

Hearing Loss 2; RWS: Romano-Ward Syndrome (LQTS); JLNS: Jervell and Lange-
Nielsen Syndrome (LQTS + Deafness); AF: Atrial Fibrillation.

KCNQ4: DFNA2

KCNQ2: KCNQI1: RWS, JLNS, AF

Neuromyotonia, Myokymia

KCNQI: Type 2 Diabetes

This journal is © The Royal Society of Chemistry 20xx
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effective drugs in this field have been attributed to Kv7
modulator subtype selectivity, a possible link to undesired on-
target effects, and metabolic properties.83 The formation of
reactive redox metabolites and the lack of ion-channel
selectivity have hampered the development of drugs which can
augment or supersede already existing therapies. However, in
some cases, a Kv7 modulator might very well emerge as a first-
in-class treatment of diseases for which only palliative or
symptomatic care is currently available.

2. SMALL MOLECULE Kv7.2 — Kv7.5 AGONISTS IN
THE MARKET OR IN USE IN ADVANCED CLINICAL
STUDIES

2.1 FLUPIRTINE

Flupirtine (Chart 1) was the first compound that was
identified as a Kv7 activator, even though its development
predates the discovery of these channels. The drug was initially
introduced as a non-opioid nonsteroidal anti-inflammatory
analgesic in the 1980’s by the German pharmaceutical company
Chemiewerk Homburg, and later marketed by TEVA and MEDA
in the European market.8* Flupirtine is a pan-Kv7.2-Kv7.5
agonist able to exert analgesic, muscle relaxation, and
neuroprotective effects, and it can also interact with other
receptors (Table 1).85 Its binding interaction in Kv7 proteins is
strongly depending on the electron density of the carbamate
moiety, combined with an overall prevalence of hydrophobic
interactions. A potential binding pose was predicted for a
homology model based on a Kv1.2/Kv2.1 x-ray structure.8 The
carbamate group of flupirtine might engage in a H-bond with
the NH-indole of Trp265 as revealed by molecular modeling
studies with Kv7.3.87

Flupirtine became the first clinically approved Kv7 channel
agonist in 1984 in Europe on the basis of its unique analgesic
and muscle relaxation properties compared to opioids and non-
steroidal anti-inflammatory drugs. It was widely administered
to treat NSAID-refractory pain in patients for whom opioid
analgesics were contraindicated. However, the escalation in the
use of this prescription drug also triggered an increase in the
occurrence of severe liver injuries, leading in some cases to liver

ML213

ICA-27243

Chart 1 Chemical structures of Kv7.2-Kv7.5 activators.

This journal is © The Royal Society of Chemistry 20xx
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transplantation or death.2889 Despite the ensuing restriction in
2013 to manage this risk, liver problems continued to emerge.
For this reason, the marketing authorization for flupirtine was
withdrawn by the European Medicines Agency (EMA).%0 Despite
this significant setback, flupirtine remained a compound of
great interest for its potential therapeutic properties and as a
starting point for the development of more potent and selective
Kv7 activators with different metabolic pathways, minimizing
undesirable toxicity.89.91,92

2.2 RETIGABINE

Epileptic seizures are generated by abnormal neuronal
activity in the cerebral cortex and high-frequency bursts of
action potential. The resulting discrepancy between inhibitory
and excitatory neuronal pathways in the CNS in favor of the
latter can arise as a result of alterations in circuit levels (e.g.
abnormal synaptic connectivity) and receptor and ion-channel
functions.?3.71 In several epilepsy phenotypes, mutations of K*
channel genes have been observed. Kv7.2 and Kv7.3 mutations
also contribute to epilepsy insurgence, as in the case of a benign
form of neonatal epilepsy (BFNS), KCNQ2-encephalopathy, and
rolandic epilepsy.8! Accordingly, a flupirtine analog, retigabine
(RTG), was developed as an adjuvant for the treatment of
particular forms of seizures in epilepsy, and commercialized by
GSK in 2011 as Trobalt® in Europe and Potiga® in the US (Chart
1).94 RTG was identified as a pan-Kv7.2 — Kv7.5 agonist with a
greater affinity for heteromeric Kv7.2/7.3 channels,
antagonizing Kv7.1 at high concentrations during positive
potentials (see Table 2 for a comparison of Kv7 agonists
potencies) as well as other ion-channels (Table 1).95

The anti-seizure properties of RTG result from neuronal
excitability dampening; the compound acts preferentially on
high-frequency firing neurons, slowing deactivation or speeding
the rate of activation of Kv7 channels.?6 These effects arise from
a hyperpolarization shift in the voltage dependence of the
channel activation and channel conductance
improvements.®?

The precise binding interactions of RTG on Kv7 channels
have not yet been fully elucidated. However, studies on channel
mutants and extensive molecular docking suggested several
amino acid residues that are critical for RTG’s interactions, such
as Phe240, Ala265, Leu268, Leu292, Ala295, Gly301, Leu243 (S5
helix), Leu275 and Leu299 (S6 helix). Trp236 (Kv7.2 numbering)
and Trp265 (in Kv7.3) in the pore domain strongly influence
RTG’s potency and Kv7.2-5 versus Kv7.1 selectivity.9899.100
Moreover, through amino acid mutagenesis studies, Thr271 (S5
helix), Leu272 (S5 helix), Leu338 (S6 helix), and Leu314 (pore
domain) were demonstrated to be involved in the binding of
RTG to the Kv7.3 channel, where the agonist molecule appears
to adopt two different binding poses, with the carbamate group
either in the vicinity of Leu314 or Trp265.87 Furthermore,
homology models of the closed and open conformations of the
Kv7.3 pore module (PM) suggested that m-m interactions of
Trp265 in S5 and Phe343 in S6 were major determinants of the
stability of the closed conformation of the PM. Docking with
RTG destabilized this m-m interaction in favor of the open
channel conformation.101

process,

J. Name., 2020, 00, 1-3 | 5
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Table 1 Kv7 agonist affinity at non-Kv7 ion-channels and modulation of non-lys currents.
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Affinity at non-Kv7 ion-channels

Effects on ligand-gated receptors

Modulation of non-Iks currents

Flupirtine

[85,102,103,104]

No effects at <10 uM on voltage-gated Na* or
Ca?* channels

- Indirect inhibition of NMDA
- No affinity at a1-, az-adrenoceptors, 5-HTi-, 5-
HT2-, AMPA/kainite, glycine, nicotinic receptors
and TRPV1
- Activation of GABAa (ECso=21 uM in dorsal
root ganglions; ECso =13 pM in hippocampal

- Activation of Kir current (ECso=0.6
uM)

- 1Cs0>50 pM against Kv1.5 and hERG (ICso= 59
uM)

neurons)
- Inhibition of Kv1-Kv9 and Kv11 subfamilies at - No effect at NMDA, AMPA, and kainate - Inhibition of Kv2.1 current (ICso =22
concentration >100 uM receptors um)

- Selective subtype modulator of GABAa
receptors with preference for extrasynaptic 8-

- 1C50>100 UM against Cav (29% inhibition at
100 uM) and Nav (25% inhibition at 100 uM)
- Lacks activity against Kir2.1, Kir3.1, and
K2P1.1 at concentrations >100 uM

RTG
[95,105,106,107,108,109,110]

subunit containing GABA receptors

- Activation of BK channels (ECso=0.35 pM for
Kca channels with 1 uM Ca?*; ECso >5 puM for Kca
channels with 50 nM Ca?*)

- No effect on Kv1.3, Kv1.5, Kv2.1, and Ca?*-
activated chlorine channels

[105, 106, 111]

BMS-204352

- No effect on dopamine Ds receptor
- Negative modulator of GABAa receptors

- No effect on hlK, hSK1, and CFTR
currents

- Weak inhibition of Nay1.5 and Cav1.2; hERG:
1C50>30 pM

ML277

[112,113]

- No activation of lks

- Nointeraction with high voltage-activated
calcium channels and Nav1.2

[124]

ICA-27243

- No effects on GABA receptors

No interaction with hERG and Kir2.1 at 10 uM

ML213
[11,114]

Molecular docking and dynamics studies using the open
state of KCNA2 (Kv1.2) as a starting point for generating a Kv7.2
homology model revealed that the NH-carbamate and the
amino group in the 2-aminophenyl moieties of the RTG
structure were key interaction sites. Moreover, electrostatic
potential and average local ionization energy analyses revealed
contributions of van der Waals and hydrophobic interactions, a
halogen bond, and m—m stacking to its Kv7.2 affinity.100 The
recently reported cryo-electron microscopy (cryo-EM)
structures of human Kv7.2 in the apo state and in complex with
RTG (pdb code 7cr2) demonstrate that RTG binds at the pore
domain and activates the channel by an allosteric
modulation.115 Analogously, cryo-EM structures of human Kv7.4
and its complexes with the opener RTG and the blocker
linopirdine are now available.11® These structures reveal new
group recognition ligand activation
mechanisms, and therefore provide a vastly improved
opportunity for structure-guided rational drug design and
optimization.

Although the majority of direct contacts between the small
molecule and the pore region are based on hydrophobic
interactions, a H-bond can form between the NH of the indole
of Trp265 in Kv7.3 and the carbamate oxygen atom of RTG.
Furthermore, the results of this and other studies are likely also

functional sites and

6 | J. Name., 2020, 00, 1-3

relevant for Kv7.2, Kv7.4, and Kv7.5 proteins, as well as other
Kv7.3 activators such as BMS-204352 and ML213 (vide infra).8”
In spite of its promising mechanism of action and early
success in the market, RTG was discontinued by GSK in 2017
after the manifestation of severe side effects in a small number
of patients, and after receiving a black-box warning by the
FDA.117.118 |n 2016, these side effects had already led EMA to
limit RTG use.11? Further studies on RTG safety after long-term
exposure in patients affected by partial-onset seizures have
reported, resulting in the disclosure of new
ophthalmological and dermatological complications.120

been

2.3 BMS-204352

In a related effort, Bristol Myers Squibb launched the Kv7
positive modulator BMS-204352 (Flindokalner, Maxipost®) as a
clinical candidate for acute ischemic stroke (Chart 1). The
mechanism of action of the (S)-enantiomer consists of pan
Kv7.2—Kv7.5 activation, inhibiting Kv7.1 with comparable
potency and promoting the positive modulation of Ca2*-
activated K* channels (BK channels), which are located in brain
regions such as cortex, hippocampus, and thalamus. The (R)-
enantiomer showed the same properties as BMS-204352
against Kv7.1 and BK channels but exerted a negative
modulation on Kv7.2—Kv7.5 channels.121

This journal is © The Royal Society of Chemistry 20xx
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BMS-204352 showed promise in the clinic since it was well
tolerated in Phase | (single and multiple i.v. doses; 0.001 to 0.2
mg/kg) and Phase Il clinical trials (multiple i.v. doses; 0.1 to 2
mg/kg) when administered within 48 h after stroke onset.
However, BMS-204352 failed Phase Il studies due to the lack of
efficacy in acute stroke patients.122 Recently, a new clinical trial
aimed to clarify a possible use of BMS-204352 in
headache/migraine, but at this time trial results have yet to be
published (ClinicalTrials.gov Identifier: NCT03887325).123

2.41CA-27243

The structurally simplified amide ICA-27243 (Chart 1) is a
Kv7.2/7.3-selective agonist with a marked capability to
differentiate between Kv7.4 (20 fold) and Kv7.3/7.5 (>100
fold).124125 This selectivity is probably a function of the
interaction with a low-similarity VSD region in Kv7 proteins (at
the C-terminal end of S2 and the N-terminus of S3). In contrast
to the non-selective Kv7.2-7.5 opener RTG, the activity of ICA-
27243 is not affected by the mutation of the key Trp residue in
the S5 domain and does not appear to be linked to the S5-S6
domain. Difficulties in identifying the specific amino acid
residues responsible for the binding of ICA-27243 appeared to
be due to the presence of multiple, non-contiguous residues
forming the binding pocket in the folded channel protein. 126

In comparison, ICA-27243 and RTG displayed a differential
functional effect on Kv7.2 and Kv7.4 channels. While
augmentation of the current amplitude by ICA-27243 was
observed in a voltage-independent manner over the whole
range of the membrane potential, RTG increased the current
amplitude in a more narrow potential range, as the effect
switched from an activatory to an inhibitory phase at a more
depolarised, voltage-dependent potential. A combination of

RSC Medicinal Chemistry

ICA-27243 and RTG on Kv7.4 resulted in an additive increase in
the current amplitude and shift in Vi, which indicated
activation of Kv7.4 by both compounds occurred through
separate but compatible mechanisms, and the channel was able
to accommodate both compounds simultaneously. A combined
treatment with both compounds on Kv7.2 also resulted in an
augmentation of current amplitude, dominated by the activity
of ICA-27243. It was suggested that the Kv7.2 channel was able
to bind both compounds, but a conformational change due to
ICA-27243 masked the effect of RTG.

ICA-27243 was developed as an antiepileptic drug, with the
advantage to not require dose escalation after subchronic
treatment in a rodent model of seizures. ICA-27243 also has a
high therapeutic index for anticonvulsant activity (lower seizure
protection dose at 1 mg/kg p.o. in rodents) versus locomotor
impairment.127

2.5 ML213

Only few positive modulators selectively enhance the
outward K* current of Kv7.2 and Kv7.4 proteins.1286 Among
them, the ICA-27243 analogue ML213 (Chart 1) showed a
unique selectivity profile for Kv7.2, Kv7.4, Kv7.5 and
heteromeric Kv7.4/7.5 channels, interacting with an essential
Trp residue in S5 analogous to RTG and BMS-204352.11

In CYP450 metabolic stability assays, ML213 was inactive
(>30 uM) against all CYP enzymes (CYP3A4, 2D6, 2C9, 1A2)
tested. Unfortunately it displayed a high clearance in human
and rat liver microsomes. In in vivo PK studies, ML213 had a
moderate brain to plasma distribution ratio of 0.37
(brainAUC/plasmaAUC = 0.37), which was considered
acceptable for a first-generation Molecular Libraries Screening
Center Network (MLSCN) probe molecule.12®

Table 2 Potency of Kv7 agonists based on current improvement (I/l) or half-maximal voltage negative shifts(AV%) in cells expressing Kv7 channels.

ML213 RTG BMS-204352 ICA-27243 ML277 R-L3
CHO cells: Xenopus
1/lo and 2.66 fold; oocyte:
related ECso 0.2610.02 0.68 fold; 0.96
-l [112] [113]
,;- uM uM
< CHO cells:
AVY and -0.7 mV;
related ECso 100.1+6.5 uM
(ICs0)t!
CHO cells:
o 1/loand
u /lo 1.61 fold;
o related ECso ~ [113]
2 0.15 uM
=
N
S AVY and
related ECso
CHO cells: HEK293 cell HEK293 cells: CHO cell
cells: cells:
,';! I/lo and 4.45 fold; 2.3%0.3 fold (10
S 1.6+0.1 fold (10 >30 umiti2l
< related ECso 0.23+0.04 uM ] (105} UM); ECso
o UM); ECso NA N AfEes]
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CHO cells:
CHO cells:
AVY: and -37.413.0 mV;
-24.2 mV; 2.5+0.6
related ECso 0.34+0.07 uM
uM[95]
[114]
HEK293 cells:
1.4£0.03 fold (10 | pEk293 cells: CHO cells:
I/lo and WM); ECso NAUSEL 14 340 03 fold 0.440.1 pM;
2| related ECso CHO cells: (10 uM); ECso (I/1o NA)224
S NA05]
~ 0.34+0.05 pM;
>
< (I/1o = NA)201
CHO cells: CHO cells:
AVY: and
lated EC -30.4 mV; 1.9+0.2 ~-19 mV;
related s HMES! 4.8+1.6 uMiI
1/lo and
o related ECso
§ CHO cells:
< AV% and cetls:
-42.8 mV; 0.6+0.3
related ECso LMES)
lo and HEK293 cells: HEK293 cells:
:; relat(:ed EC 2.0+0.2 (10 uM); 1.6%0.1 fold (10
= %0 ECso NA[05) HM); ECso NALOS)
~
S AVY and
related ECso
CHO cells:
I/lo and cetis
n lated EC ~3.25 fold;
N 1.4+0.17 uM 1197
S CHO cells:
S AV% and cers
-22.0mV;
related ECso
1.4+0.14 pM (207
lo and HEK293 cells: HEK293 cells: CHO cells: CHO cells:
° 22103 fold; 1.4 | 2.0:0.2fold; 2.4 |  9.740.1 uM; o
related ECso LM LM (/1o = NA)23 >30 uM
- CHO cells:
E A7r5 cells: ~24.6mV; 5.240.9 HEK293 cells:
AV%and | -25.0£2.5mV; umtes! -6.4+1.8 (10
related ECso 1.6+0.2 pm 11 HEK293 cells: UM); ECso
-11£1.9 (10 uM); NAf
ECso NAUOS)
1/lo and
wn
~ related ECso
s
~ A7r5 cells:
> AVY: and
x -34.213.3 mV;
related ECso
3.8+1.2 uM 1
/lo and HEK293 cells: HEK293 cells:
relat‘; e 320.4 fold (10 >12 fold; 2.4
" %0 HM); ECso NAI08] {M206]
S HEK293 cells:
< A7r5 cells: HEK293 cells:
AVY and -1.14+0.1 (10
-43.9+7.7 mV; | -1.0£0.1 (10 uM);
related ECso . w1 (1061 UM); ECso
4.5+2.0 yM ECso NA! NALL6]

NA = Not available; [] = reference
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3. PHARMACOLOGICAL APPLICATIONS OF Kv7.2 —
Kv7.5 ACTIVATORS SUPPORTED BY IN VIVO DATA

3.1 NEUROPATHIC PAIN AND ANALGESIA

Neuropathic pain (NP) is a sensation described as persistent
or sporadic dysesthesia (painful discomfort in limbs) or
allodynia (pain caused by normally neutral stimuli) resulting
from alteration of the somatosensory nervous system, and
caused by events such as spinal cord injury, metabolic disease,
viral infection, cancer, immune disorder, or multiple
sclerosis.131.132 The insurgence of NP can be classified by two
distinct mechanisms: peripheral sensitization (PS) and central
sensitization (CS). Among other factors, a prolonged exposure
of spinothalamic tract (STT) neurons to neurotransmitters can
trigger spontaneous firing and (CS.133.134 Qveractivation of
astrocytes and microglia can also play a role in CS due to
abnormal release of proinflammatory cytokines.135 At the
molecular level, NP can be generated by channelopathies
resulting in overexpression and/or upregulation of voltage-
gated sodium and calcium channels, as well as loss of voltage-
gated potassium channels. These result in a lower threshold for
an action potential and/or a higher firing rate in peripheral or
central nociceptive neurons, hyperexciting nociceptive fibers
and promoting neurotransmitter release.136 Moreover,
PKA/PKC-driven gene transcription is induced after damage to
nociceptive neurons, further contributing to neuronal
hyperexcitability and therefore to NP.137 Over- or down-
responsiveness to neurotransmitter stimuli can also underlie NP
insurgence, including downregulation of Kv7 channel
expression in primary afferent nociceptive fibers.138

The role of Kv7 channels in the somatosensory nervous
system (especially Kv7.2 in peripheral and central terminals of
nociceptive primary afferents, dorsal root ganglia and dorsal
horn neurons) suggested a possible use of Kv7 agonist for NP
treatment as well as the treatment of refractory pain.13° The
analgesic properties of Kv7 agonists are thought to be due to
primary afferent fiber hyperpolarization and reduction of A&-
and C-fiber stimulation at the dorsal horn. In vivo studies were
primarily conducted in rats, where administration of RTG
suppressed allodynia and hyperalgesia induced by trigeminal
nerve injury (RTG doses: 0.19 to 15 mg/kg; i.p.) and injured
paws (RTG doses: 5 to 20 mg/kg; p.o.).140.141

Fibromyalgia is often associated with channelopathies due
to mutations in Kv7 channels, and is characterized by NP, sleep
disturbance and cognitive dysfunctions.142 Since flupirtine was
shown to reduce the symptoms of fibromyalgia in an open-label
trial, 143 RTG was also investigated in this model. RTG promoted
a reduction in NP during treatment of post-herpetic neuralgia in
a Phase lla trial (ClinicalTrials.gov identifier: NCT00612105).144
Additional evidence of the analgesic efficacy of RTG (dosed 7.5
— 15 mg/kg; i.p.) and flupirtine (7.5 — 20 mg/kg; i.p.) was found
in a rat model of gouty arthritis, which is a common rheumatic
disease caused by deposits of monosodium urate crystals in
joints and periarticular tissues.#> Moreover, hyperalgesia was
reduced by RTG (dosed 5 mg/kg; p.o.) in diabetic NP rats,
derived from a downregulation and activity reduction of Kv7.2,
Kv7.3, and Kv7.5 in dorsal root ganglion neurons.146

This journal is © The Royal Society of Chemistry 20xx
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NP can be also caused by heavy and prolonged
pharmacological therapy, such as cancer treatment. The
nociceptor hyperexcitability resulting from paclitaxel-induced
peripheral neuropathy (PIPN) generated an acute pain
refractory to the common analgesic drugs.147.148 Early-stage
administration of RTG attenuated PIPN without an observed
interference with paclitaxel’s anticancer properties.14?

Brain injury, gliosis, astrocytosis and neuronal damage after
exposure to the irreversible cholinesterase inhibitor Sarin were
mitigated in rats by RTG in combination with atropine, reducing
seizures-induced brain damage.!3° The analgesic effects of RTG
and flupirtine were further investigated for the treatment of
musculoskeletal pain, postoperative pain, and migraine.84.151,152

3.2 DEPRESSION

In the prefrontal cortex, excitatory glutamatergic neurons,
also known as pyramidal cells, are involved in cognitive
processing, whereas locomotor function is controlled by
pyramidal neurons in the corticospinal tract.153

The evidence of M-current activity in the pyramidal neurons
of the prefrontal cortex suggested a possible involvement in
diseases such as depression, schizophrenia, and bipolar
disorder.154 Notably, hyperactivation of ventral tegmental area
dopaminergic neurons, linked to major depressive disorders,
was significantly reduced by a daily administration of RTG in
mice (1 mg/kg/day; i.p.).155 An open-label study was performed
on medication-free individuals affected by major depressive
disorder with a dose of 900 mg RTG/day for ten weeks. Results
showed a marked reduction of depression and anhedonic
symptoms with a good tolerability, and an increase in reward
learning.156

Treatment-resistance major depressive disorders are often
associated with neuroinflammation, and in some cases
triggered by obesity due to hyperexpression of pro-
inflammation cytokines such as TNF-a, Il-6, 1lI-18, and an
increase in the glutamatergic pathway.157.138 A consistent
reduction in anxious/depressive-like behavior was observed in
a male mice model of obesity after RTG treatment (1
mg/kg/day; i.p.). Interestingly, the reversal of depression,
achieved after RTG treatment, was not observed for other
antidepressants, including desipramine (40 mg/kg, p.o.),
fluoxetine (18 mg/kg, p.o.), and ketamine (6 mg/kg, i.p.).15°

3.3 NEURODEGENERATIVE DISEASES

Neurodegenerative diseases (NDs) include movement and
cognitive disorders in which a progressive degeneration of the
structure and function of CNS and PNS are observed. Currently,
available therapies are mainly focused on symptomatic
treatments since only very few drugs are able to delay the
neurodegenerative process.160.161 Several simultaneous ion-
channel aberrations have been identified in neuronal tissue
during NDs, and the resulting hyper- or hypo-excitability
conditions seem to be a fundamental feature of the pathology
(Table 3).5 Kv7 modulators were shown to control the altered
neural excitability in in vivo models of NDs.
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Studies in rat models of Parkinson’s disease (PD) with lesions
in the substantia nigra compacta demonstrated that the intra-
lateral habenula (Lhb) injection of RTG (1.5 to 6 pg/rat) reversed
the working memory impairment, reducing the neuronal firing
rate and increasing the dopamine and serotonin levels in the
ventral medial prefrontal cortex, thus highlighting the role of
Kv7.2 channels in this disease.162,163

As a continuation of studies in the rat model, an application of
the experimental drug ICA-27243 was suggested for an L-DOPA
induced dyskinesias (LID) treatment in patients affected by PD. In
fact, the evidence for a reduction of spontaneous involuntary
dystonic and choreatic movements after RTG treatment was mainly
attributed to an excitability modulation of striatal projection neurons
through Kv7.2/Kv7.3 channel activation.164

ICA-27243 ameliorated LID symptoms in hemiparkinsonian
rats at a dose of 5— 10 mg/kg i.p., but did not exhibit this effect
at a higher dose. Moreover, the abnormal involuntary
movement reduction extended to 180 min from treatment
onset but no further, probably due to the Kv7 channel
expression on striatal interneurons that antagonize striatum
outcome.165.166,167  Although further investigations of the
involvement of Kv7 channels in LID are needed, it is interesting
to note that ICA-27243 did not interfere with the anti-PD effect
of L-DOPA 165

Based on evidence of the high similarity between the M-
current in rat native cortical neurons and human induced
pluripotent stem cells (hiPSC) derived neurons,168 several
studies evaluated the role of a Kv7 agonist in amyotrophic
lateral sclerosis (ALS),169170 jdentifying RTG as a clinical trial
candidate in patients affected by ALS.171

ALS is characterized by muscle stiffness with gradual muscle
weakness, leading to death or need for respiratory support,
generally after 3-5 years from the appearance of symptoms,
including progressive degeneration of cerebral cortex motor
neurons and/or brain stem- and spinal cord motor
neurons.172.173 |n a Phase |l clinical trial, RTG oral doses of 600
or 900 mg/day were used in ALS subjects (ClinicalTrials.gov
identifier: NCT02450552), resulting in inhibition of the
spontaneous firing of motor neurons in a dose-response
manner.17! To support the hypothesis of the utility of Kv7.2-
Kv7.5 activators in ALS treatment, clinical trials have also been
carried out with flupirtine: an oral flupirtine maleate treatment
trial in multiple sclerosis (FLORIMS) was performed in order to
investigate safety and efficacy. After a dose of 300 mg/day for
12 months, in combination with interferon B-1b, good
tolerability with an asymptomatic increase of liver enzymes and
an absence of hepatotoxicity were found. However, further

10 | J. Name., 2020, 00, 1-3

studies are needed to confirm the ability of flupirtine maleate
to reverse multiple sclerosis conditions.174 Flupirtine also
completed a Phase Il trial for relapsing remitting multiple
sclerosis (RRMS) (ClinicalTrials.gov identifier: NCT00623415),
but results from this study have also not yet been published.
Huntington’s disease (HD) is an inherited
neurodegenerative disorder of striatal output neurons (SONs)
characterized by early stage symptoms (motor and cognitive
dysfunctions) and progressive neuronal decay. In the first phase
of the disease, the hyperexcitation of SONs leads to excitotoxic
molecule release, triggering biochemical cascades and
culminating in neuronal death.175176 A daily i.p. administration
of 10 mg/kg of RTG in R6/2 mice (a transgenic mice model which
expresses truncated human mutated huntingtin with expanded
CAG repeats)!’7 was able to ameliorate the depressed M-
current in SONs and prevent locomotor impairment, suggesting
an opportunity for further studies of the use of Kv7 agonists for
motor dysfunction treatment in the early stages of HD.178

3.4 NEUROPROTECTION

A major unmet need in neuroprotective therapy is the
treatment of traumatic brain injury (TBI) since currently there is
no pre- or post-TBI pharmacological treatment available.

Cerebral vasospasm is characterized by a prolonged and
severe constriction of the cerebral artery due to abnormal
spasmogenic substance released under hyperexcitability
conditions. Although the pathogenesis remains poorly
understood, cerebral vasospasm is quite often triggered during
rupture of intracranial aneurysmes, resulting in extravasation of
blood into the subarachnoid space and causing subarachnoid
hemorrhage (SAH).17°

M-current activators were found to repristinate the
membrane potential in spasmogens-treated cells and to relax
the pre-constricted arteries. This evidence was confirmed
through in vivo studies with RTG (7.5 mg/kg i.p. twice per day)
in a rat model of SAH-induction, wherein cerebral vasospasm
was alleviated.180

The low vascular perfusion during and after an ischemic
stroke triggers a neurotoxic biochemical cascade, resulting in
neuronal hyperexcitability which underlies the insurgence of
seizure and epilepsy.181,182

Recently, the increased excitatory activity in a TBI animal
model was found to promote Kv7.2 overexpression in specific
regions of the hippocampus without affecting Kv7.3 levels.183

This journal is © The Royal Society of Chemistry 20xx
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Table 3 Correlation between aberrant ion-channels and drugs targeting neurodegeneration pathways.

References
[184)
Aberrant ion- Kv3.4, Kv4.2, Navl1.1, Kv7.2, VDAC1, Kv1.3, Kv1.5, Kca3.1, CLIC1, TRP channel, NA*/K* ATPase [185)
channels: pump, Cavl.1, N-, P/Q-, R- type Ca?* channels, VDAC1, HCN channels [186]
[187]
Alzheimer’s Aberrant (188]
disease ligand-gated AMPARs, NMDARs, nAChRs f189]
ion-channels: [190]
Drug - Acetylcholinesterase inhibitors: donepezil, rivastigmine, and galantamine [291]
treatments: - NMDA receptor antagonists: memantine (152]
Aberrant ion- Kv4.3, Kca2.3, Keal.1, Cavl.2, Cavl.3, T-type Ca?*channel, Hv1 proton channel, VDAC1, HCN [184]
channels: channels [189]
Aberrant (193]
ligand-gated Kir3.1, Kir3.2, NMDARs, Kate channels (mutations both in Kir6.2 and SUR1) [194]
ion-channels:
Parkinson’s - Dopamine precursors: levodopa (in association with dopa decarboxylase inhibitors: carbidopa, st
disease benserazide) el
Drug - COMT inhibitors: tolcapone, entacapone
- MAO-B inhibitors: safinamide, selegeline, and rasagiline
treatments: ) . . . . - S .
- Dopamine agonists: bromocriptine, pergolide, pramipexole, ropinirole, piribedil, cabergoline,
apomorphine, lisuride, and rotigotine
- Anticholinergic: trihexyphenidyl, benztropine, ethopropazine, and selegiline
Aberrant ion- Kv2.1, Kv7.2/7.3, Ke:2.3, Kvd, HVA Ca?* channels, CLIC1 channel o
channels: (197]
Aberrant (298]
Huntington’s ligand-gated GABAa receptors, Kir2.1, Kir2.3, Kir4.1 [299]
disease ion-channels:
Drug - Tetrabenazine [200]
- Valproic acid [201]
treatments: . . .
- Dopamine receptors activators: levodopa, pramipexole [202]
Aberrant ion- Nav1.2, Nav1.5, Nav1.6, Nav1.8, Kv1.1, Kv1.2, Kv1.3, Kv1.4, Kv2.1, Kv3.1, Cav1.2, Cavl.3, Cavl.4, [184]
channels: Cav2.2, TRPM4 and ASICla channels 1203]
Aberrant (204)
ligand-gated AMPA, NMDA, kainate receptors, Kir4.1 [205]
ion-channels:
During acute clinical manifestations: Corticosteroids: methylprednisolone 206]
Drugs used to reduce relapse rate in relapsing remitting multiple sclerosis: 1207]
Multiple - Interferon B-1a, intel:feron B-1b, peginterferon B-1a
sclerosis - Glatiramer acetate
- Type Il topoisomerase inhibitor: mitoxantrone
Drug - Monoclonal antibodies: natalizumab, alemtuzumab, ocrelizumab
treatments: - Sphingosine 1-phosphate receptors modulators: fingolimod, siponimod, ozanimod
- Dihydroorotate dehydrogenase inhibitor: teriflunomide
- Dimethyl fumarate
- Purine analogue: cladribine
Drugs used to reduce relapse rate in progressive multiple sclerosis:
- Ocrelizumab, alemtuzumab, siponimod, clabridine, and mitoxantrone
Aberrant ion- Nav1.3, Nav1.5, Nav1.6, Kv1.1, Kv1.2, Kv1.6, Kv7.2, L-, N-, P/Q-, T- type Ca?* channels, VDAC1, 1184]
channels: HCN channels 189]
Amyotrophic Aberrant 208)
lateral ligand-gated AMPA, GABA receptors, Kird.1 (209)
sclerosis ion-channel:s
Drug - Riluzole 210]
treatments: - Edaravone (211]

confirmed the in vitro protective effects. A single dose of RTG

An in vitro study demonstrated the neuroprotective ability (10.5 mg/kg) was administered via tail vein in mice affected by

of flupirtine and RTG in an oxygen/glucose deprivation (OGD) induced acute cerebral infarction or a catastrophic stroke
model in hippocampal neurons.212 Subsequently, in vivo studies  model, resulting in a significant decrease in necrotic lesions if
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the Kv7 channel agonist was administered 0-3 h after neuronal
hypoxia onset.?13 The effectiveness of RGT in post-TBI disease
prevention was also demonstrated at a lower dose (1.2 mg/kg;
i.p. single dose 30 min post TBI induction) in mice subjected to
controlled cortical impact (CCl) as a model of brain injury.214
However, the efficacy of neuroprotection by RTG remains
controversial: In mice cortical neurons, RTG exhibited an
inverse neuroprotective behavior during OGD-reperfusion,
augmenting  presynaptic  glutamatergic  release and
consequently overstimulation of NMDA receptors. In this
scenario, conversely, the Kv7 blocker XE991 was found to exert
neuroprotection.215

A recent in vivo assay was performed with the purpose of
exploring a neonatal hypoxia-ischemia (HI) injury treatment
with flupirtine. Hl-induced male rat pups were treated with
flupirtine maleate (25 mg/kg/day) post-induction. The results
showed a significantly reduction in Hl-induced hippocampal and
cortical tissue loss, preserving motor and cognitive functions.216

Anti-manic properties were also addressed with Kv7 channel
openers, especially with heteromeric Kv7.2/7.3 activation.?17 In
a mice model for mania, RTG (10 mg/kg i.p.) and ICA-27243 (5.0
mg/kg i.p.) provided a basal 2-deoxyglucose uptake reduction
in brain tissue and consequently a recovery of the cerebral
metabolic activity that was altered in the bipolar
disorder.218219,220,221 Moreover, Kv7 agonists and ICA-27243
increased the phosphoserine-9 levels of GSK3f in the prefrontal
cortex and hippocampus, a region that is fundamental for the
emotional and cognitive aspects of bipolar disorders.222

3.5 AUDITORY DISEASES

Tinnitus is a widespread pathology presented as a sporadic
or continuous perception of phantom background noise that
can affect one or both ears. Its etiology is not well understood
yet, but it appears to be triggered by the insurgence of a
neuronal hyperexcitability status. The development of tinnitus
can be due to a multitude of possible reasons, including noise-
induced hearing loss, ear infections, aging, neurodegeneration,
and brain tumors, and commonly it is accompanied by
depression and anxiety.223 Administration of BMS-204352 (10
mg/kg i.p.) or RTG (10 mg/kg i.p.) in a rat model of tinnitus
induced with sodium salicylate (SS)224225 prevented hearing
damage at high frequencies (220 KHz) as well as low frequencies
(<8 KHz).226 Interestingly, both enantiomers of the experimental
drug BMS-204352 suppressed tinnitus symptoms in vivo in a
dose-dependent manner, suggesting the involvement of other
mechanisms or polypharmacology effects.227

The RTG analog SF0034 (vide infra) was found to prevent the
development of tinnitus in a model of noise-induced hearing
loss without affecting temporal processing or hearing
thresholds.271

Deafness non-syndromic autosomal dominant 2 (DFNAZ2) is
a disease induced by altered I¢ in type | hair- and outer hair cells
in the vestibular apparatus. It is thought to be due to Kv7.4
mutations. Identification and possible modulation of new Kv7.4
variants responsible for DFNA2 has grown in interest in the last
decade.22®2 Except for channels with mutations in the pore
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region, RTG restored the heterogeneous Kv7.4 function in vitro,
laying the foundation for a new possible approach to DFNA2
treatment.229.230 BMS-204352 was also investigated in cells
expressing DFNA2-derived mutated Kv7.4 channels, and was
found to revert the low-activity fast-deactivation kinetics
resulting from these mutations.231

3.6 SMOOTH MUSCLE DISORDERS

Activation of M-current resulted in a relaxation of the
thoracic aorta segment, renal artery, and mesenteric artery.
This effect was explained by a hyperpolarization of the smooth
muscle cells through Kv7.4 and Kv7.5 activation, laying the
foundation of a possible therapeutic application of Kv7
modulators in smooth muscle disorders.#232 In this context, it is
interesting to note that ML213 induced the relaxation of
detrusor smooth muscle (DSM) in rats,233.234 guinea pig,235:236
pigs,234 and humans;®° overall leading to a hyperpolarization of
the membrane potential and a decrease in global intracellular
Ca?* concentration, and thus highlighting a possible use in the
management of overactive bladder syndrome.237

3.7 ERECTILE DYSFUNCTION

Erectile dysfunction (ED) is often an early indicator of a
potential risk of diabetes and cardiovascular diseases.238
Treatment options include nitric oxide donors or PDES5
inhibitors, penile artery dilators and trabecular smooth muscle
relaxing agents.23® However, the administration of the
aforementioned drugs can be contraindicated due to
cardiovascular complications.24° Evidence for Kv7.3 — Kv7.5
expression in penile arteries (Kv7.5 > Kv7.3 and Kv7.4)62 and
Kv7.1, Kv7.3, Kv7.4 and Kv7.5 in corpus cavernosum
(predominance of Kv7.4) stimulated investigations of the role of
Kv7 agonists in ED. 241 Indeed, BMS-204352 and ML213 were
effective in smooth muscle tone regulation in penile artery and
corpus cavernosum strips of a rat model of human metabolic
syndrome, revealing a down-regulation of Kv7.3, Kv7.4, and
Kv7.5, and a Kv7.1 up-regulation in corpus cavernosum.%2
Moreover, the down-regulation of Kv7.4 in corporal smooth
muscle (CSM) in rats affected by diabetes mellitus underlined
its role in ED. Relaxation of CSM strips induced by ML213 in a
non-endothelium-dependent manner in human corpus
cavernosum, presumably through activation of Kv7.4, Kv7.5 and
Kv7.4/7.5 due the absence of Kv7.2 in this tissue, suggested
Kv7.4 as a potential target for ED treatment.241

3.8 MUSCLE HYPEREXCITABILITY DISEASES

Muscle hyperexcitability is the ultimate outcome of several
channelopathies, and some of these are still lacking in
efficacious pharmacological treatments. For example, myotonic
congenita (MC) is a channelopathy characterized by muscle
stiffness derived from a CIC-1 muscle chlorine channel
To date, the treatment of MC
hyperexcitability reduction by Na* current blockers, but with
poor clinical results.242 Kv7 agonists were found to attenuate
muscle myotonia in in vitro systems,243 enhancing K* current

mutation. is based on
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during trains of action potentials. RTG (30 mg/kg; i.p.) was also
effective in preventing depolarization in MC mice models.244

3.9 AIRWAY DISEASES

Evidence of Kv7 channel expression in mouse nodose
neurons and in lung-specific nodose neurons (mainly Kv7.3)
suggested a modulation of the airway vagal sensory C-fiber
outcome. RTG induced a shift toward negative potential of
neuronal membranes and promoted a reduction in
spontaneous and agonist-evoked firing in lung nodose C-fibers
in mice. The antitussive properties of RTG in mice were
confirmed through a brief (15 min) administration of 250 uM of
aerosolized RTG. These results lend evidence to the potential
application of Kv7 agonists in inflammatory airway diseases
such as chronic coughing, dyspnea, bronchoconstriction, and
hypersecretion disorders.245

4. PROPERTIES OF Kv7.1 SELECTIVE AGONISTS

Since the binding region of most known Kv7.2 — Kv7.5
agonists is located in a pore domain that is distinctly different in
the Kv7.1 protein, it is not surprising that positive Kv7
modulators demonstrate the ability to discriminate between
Kv7.1 and other Kv7 channels. Phenylboronic acid (PBA), 4,4’-
diisothiocyanatostilbene-2,2’-disulfonic acid (DIDS),
hexachlorophene (HCP), mallotoxin, and 3-ethyl-2-hydroxy-2-
cyclopenten-1-one (CPT1) are representative for the positive
Kv7.1 modulator class which can interact both with Kv7.1
homomers and/or Kv7.1/KCNE1l heteromers.246.247,248,249,250
Although, in most cases, Kv7.1 agonists are able to activate only
this specific Kv7 subtype, the challenge in this category is their
pronounced ability to modulate other ion-channels, such as
hERG, Cay1.2, and Na,1.5.249.251,252,253 The preferred Kv7.1
expression in heart and its contribution to
electrophysiology (ventricular repolarization through Ixs current
activation) ensured that Kv7.1 agonists were evaluated in anti-
long QT syndrome (LQTS). However, a Kv7 enhancer’s ability to
modulate other ion channels represents a major obstacle for
this purpose.

ML277 (Chart 2) is a potent and selective Kv7.1 activator
(>100 fold selectivity over Kv7.2 — Kv7.5 proteins)!12 with a low
capability to interact with the above mentioned cardiac ion-
channels (Table 1 and 2).113 Its binding site has not yet been
clearly defined, but based on molecular dynamics studies and
Kv7.1 and Kv7.1/KCNE1l docking simulations, ML277 was
suggested to bind between the intracellular part of the S2-S3
loops and the S4-S5 linker, and the pore region.254 ML277 has
also been suggested as anti-LQTS since it showed high ion-
channel selectivity, shortening the action potential duration in
both human-iPSC-derived cardiomyocytes and guinea pig
cardiomyocytes.113.254255 Moreover, it enhanced the current of
the AO state, leaving unchanged the 10 state-derived current in
Kv7.1 protein. This unique feature of ML277 could be an
innovative aspect of a LQTS treatment, since Kv7.1/KCNE1
association generates lxs current in the AO state.2%6 |n addition
to a LQTS treatment, other types of arrhythmia could

cardiac
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Chart 2 Chemical structures of Kv7.1 activators.
potentially be treated with a Kv7.1 agonist. ML277

demonstrated a shortening of the action potential duration
(APD) and a suppression of cytosolic Ca2* transient (CaT) in
stimulated single rabbit atrial myocytes via I current
activation.257 This pharmacological behavior could be useful in
the prevention or treatment of atrial fibrillation, a type of atrial
arrhythmia that can precede cardiac stroke and heart failure,
and for which an efficient treatment is still unknown.258259
L-364,373 (R-L3) is a benzodiazepine type Kv7.1 agonist that
was found to activate I current at UM concentrations in
ventricular myocytes of the guinea pig, mimicking LQTS1
conditions?52 and shortening APD suppressing early after
depolarization in a rabbit model of LQTS2 (Chart 2).250 However,
R-L3 failed when tested in dog ventricular myocytes; possibly
due to the opposing effect of the two enantiomers in activating
((R)-enantiomer) and blocking ((S)-enantiomer) Iy current.261.262
As found for Kv7 agonists, the predicted binding site of R-L3 was
located in S5 —S6 in Kv7.1, supported by modeling studies.263
Alterations in I current demonstrated an induction in severe
arrhythmias, including torsade de pointes and LQTS2. These
findings have been observed after Iy inhibition for high dose
and/or prolonged exposure to class Ill antiarrhythmic drugs and
channelopathies such as the loss-of-function mutation in hERG.
In this scenario, the compensation of decreased I, current by lys
improvement has been evaluated in guinea pig ventricular
myocytes using enantiopure R-L3. The results showed both a
shortened APD and a decreased duration in the late stage of
repolarization (reduced triangulation of AP), typical in LQTS2.264

5. DESIGN, SYNTHESIS, AND PROPERTIES OF Kv7
AGONISTS

5.1 FLUPIRTINE, RTG, AND ANALOGS

A general synthetic route for the preparation of flupirtine
and structurally related analogs started with commercially
2,6-dichloro-3-nitropyridine (1), which, after
nucleophilic aromatic substitution with ammonia in methanol,

available

was converted to 6-chloro-3-nitropyridin-2-amine (2). Base-
mediated nucleophilic substitution of the chloride with suitably
substituted benzyl amines 3 afforded 6-amino-2-benzylamino-
5-nitropyridines 4, and reduction of the nitro group gave
triaminopyridines 5. The electron-rich 3-amino substituent on
the pyridine could be selectively reacted with chloroformates to
yield the targeted carbamates 6 (Scheme 1).265.266
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An analogous synthetic approach toward RTG commenced
with a reductive amination of 2-nitro-1,4-phenyldiamine (7)
with substituted benzaldehydes to form intermediates 8
(Scheme 2). Carbamoylation of the more nucleophilic secondary
amine was followed by addition of a second chloroformate to
provide dicarbamate 10. Target analogs 11 were obtained after
concomitant reduction of the nitro group and hydrogenolysis of
the Cbz carbamate.266
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MeOH cl N NH,
2
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Scheme 1 Overview of the synthesis of flupirtine and structural analogs.
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While acting as trailblazers for the clinical utility of Kv7
channel agonists, both flupirtine and RTG were withdrawn from
the market, among other problems due to hepatotoxicity and
tissue discoloration side effects, respectively. Metabolism or
(photo)chemical degradation of these drugs might play a role
and produce reactive intermediates which can covalently
modify endogenous nucleophiles.83 Most likely, flupirtine forms
the electrophilic intermediate 12 upon oxidation, which reacts
with bio-nucleophiles (Scheme 3). Along these lines, an in vitro
study reported oxidation of flupirtine by peroxidase followed
by bioconjugation with glutathione.267

14 | J. Name., 2020, 00, 1-3

In related work, it was proposed that upon oxidation, RTG
was converted to quinone diimine 14; this species might
undergo dimerization followed by further oxidation to form
phenazinium ions (e.g. 15), potentially causing the blue skin
pigmentation observed in some patients after prolonged
treatment with RTG.268 In addition, RTG, on exposure to
hypervalent iodine reagent as a xenobiotic oxidative
metabolism model, underwent dimerization to form the poorly
soluble dimer 16 which was also identified as an RTG
manufacturing impurity.269.270

This journal is © The Royal Society of Chemistry 20xx
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Scheme 3 Proposed toxification pathways of flupirtine and RTG via quinone diimines 12 and 14 and the RTG dimer 16.

In order to increase potency while improving channel
selectivity and chemical stability, as well as reducing the rate of
oxidation or dimerization of RTG, structure-activity relationship
(SAR) analyses mainly pursued an optimization of zones 2 and 3
of the lead compound (Chart 3).

For the synthesis of SF0034, a regioselective nucleophilic
aromatic substitution of 2,3-difluoro-6-nitroaniline (17) with 4-
fluoro benzylamine followed by one pot reduction of the nitro
group in 18 and a chemoselective acylation with ethyl
chloroformate were used (Scheme 4).271
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NG 1zone2 | DMSO (90%)
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/E;[ 0 /©/\ SF0034
/©/\H NH; \ Scheme 4 Synthesis of SF0034.
F
F
SF0034 P-Retigabine

Chart 3 Structures of selected analogs of flupirtine and RTG, and a medicinal
chemistry zone model for SAR studies.

Analogs were tested in a functional cell-based assay for
Kv7.2/7.3 channel activation. Fluorine substitution at positions
5 and 6, or at the 3,5-position of the triaminophenyl ring, did
not significantly affect potency. A 3-fluoro substituted analog of
RTG, SF0034, demonstrated a significant increase in affinity at
Kv7.2/7.3 channels, about 5-fold compared to the reference.2’!
Like RTG, SF0034 also required W236/W265 tryptophan
residues in the intracellular end of the S5 helix for exerting its
gating effects on Kv7.2/7.3 channels. SFO034 was more potent
than RTG in the reduction of the anticonvulsant activity in
human partial epilepsy and in preventing seizures (SF0034,
EDso: 3.96 + 1.55 mg/kg; RTG, EDso: 43.13 + 22.26 mg/kg).

In addition to chemical lability, another drawback of RTG is
its relatively low brain-to-plasma distribution (0.16), which may
reduce its anti-epileptic activity and could be responsible for
potential off-target effects (Table 4). Nan et al. reported a novel
Kv7 activator, P-retigabine (P-RTG), incorporating a propargyl
group at the N-position of the RTG linker moiety,272 that
improved the brain-to-plasma ratio (2.3).273 P-RTG was
equivalent in terms of Kv7 channel subtype selectivity and
potency compared to RTG. To determine the suppression of
neuronal excitability, recombinant Kv7.2/7.3 channels were
expressed in CHO cells. In vitro studies showed that P-RTG (ECso
0.99 + 0.74 uM) was comparable to RTG (ECsg 0.64 + 0.49 uM)
in terms of potentiation of the outward neuronal M-current of
Kv7.2/7.3 channels. In an in vivo MES-induced seizure mouse
model, P-RTG (EDso 6.5 mg/kg) was 2.5 times more potent than
RTG (EDsp 15.0 mg/kg) in suppressing epileptic activity. P-RTG
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also displayed a better overall PK profile than RTG. Even though
the clearance rate of P-RTG in blood was much higher (t1/, 0.89
h), this did not significantly affect its half-life in brain (t1/, values
in the brain: 2.6 h and 3.0 h for P-RTG and RTG, respectively). In
addition, the higher brain distribution of P-RTG did not produce
amore severe toxicity effect in the nervous system based on the

Table 4 PK parameters of P-RTG and RTG for oral administration in mice (20 mg/kg).

rotarod test. The protective index (P = TDso/EDso) was defined
as the ratio given by the toxic dose divided by the therapeutic
dose. A high P value is preferable over a lower one. Accordingly,
the higher P value of P-RTG (15.9) than RTG (4.9) signifies a
larger safety window for P-RTG.

Page 16 of 60

Compound Sample Tmax Crmax AUCo- AUCo-« MRT t12 Ratio of AUCo-t
(h) ng/mli(g) ng-h/ml(g) ng-h/ml(g) (h) (h) Brain/Plasma
P-RTG Plasma 0.25 1849 1935 1943 2.09 0.89
Brain 0.25 7635 4466 4839 1.95 2.61 2.30
RTG Plasma 4.00 2788 21088 34353 10.90 6.99
Brain 0.25 849 3460 3849 5.20 3.02 0.16

For the synthesis of P-RTG, diamine 19 was converted to
triamino-benzene 20 by catalytic hydrogenation (Scheme 5).
Selective protection of the primary 1,2-diamines with Boc,0O
followed by alkylation of the secondary amine with propargyl
bromide furnished biscarbamate 21. Boc-deprotection and
treatment with ethyl chloroformate led to P-RTG.

NH, NH,
/@ Ha, 10% Pd/C /@:
e
/©/\ﬁ NO, MeQH (100%) H NH,

(1:2), 1t (85%)

ii. 3-bromo-1-propyne, DIPEA

i. Boc,0, NaHCO; H,O/THF
60°C, DMF (90%)

/©:NHBOC
gN NHBac
F \‘\\ 21

P-retigabine - i. TFA, DCM, 0°C

ii. ethyl chloroformate, DIPEA
1,4-dioxane, rt (50%)

Scheme 5 Synthesis of P-RTG.

Dalby-Brown et al. introduced a flupirtine/RTG analog,
NS15370 (Scheme 6), which activated recombinant homo- and
heteromeric Kv7.2—Kv7.5 channels in HEK293 cells at sub-
micromolar concentrations (ECso ~100 nM).274 Most
significantly, NS15370 did not have any detectable effect on the
GABAA receptor combinations most abundantly expressed in

16 | J. Name., 2020, 00, 1-3

the brain (a1B2y2; a3B2y2; a5B2y2) at concentrations up to 30
UM, suggesting that the activation of Kv7 channels in itself was
sufficient to elicit its antiepileptic activity in rodents. NS15370
displayed a complex concentration-dependent mode of action
as revealed by voltage-clamp analysis. An equivalent (~20 mV)
hyperpolarizing shift of Vi, was achieved with NS15370 at
much lower concentration (<0.03 uM) than with RTG (10 uM)
suggesting that NS15370 was 100-300 times more potent than
RTG. Moreover, NS15370 gradually and reversibly decreased
evoked firing frequency and increased spike frequency
adaptation in hippocampal CA1 neurons, and also reduced the
autonomous firing of dopaminergic neurons in the substantia-
nigra pars compacta. In addition, NS15370 reduced locomotor
hyperactivity induced by the N-Methyl-p-aspartate receptor
antagonist MK-801, as well as in combination with
chlordiazepoxide (CDP) and p-amphetamine (AMP). NS15370
also showed a potent, dose-dependent anticonvulsant activity
in the mouse 6 Hz seizures and the rat amygdala kindling model
of partial seizures.275

Aromatic  nucleophilic 6-chloro-3-
nitropyridin-2-amine (1) with morpholine provided nitro-
pyridine 22, and subsequent nucleophilic substitution with 4-
fluoro benzylamine furnished 23 (Scheme 6). Reduction of the
nitro group in 23 followed by selective coupling with acyl
chloride 25 and subsequent salt formation afforded NS15370 in
good yield.270

In another series of SAR studies on RTG,

substitution  of

Wang et al.
reported novel analogs as selective modulators of Kv7.4 and
Kv7.5 channels without activating neuronal Kv7.2 and Kv7.3
(Chart 4).276

This journal is © The Royal Society of Chemistry 20xx
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Chart 4 Structures of RTG analogs as selective Kv7.4 and Kv7.5 modulators.
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In this study, the subtype specificity of RTG was improved
upon altering the substituents at N-1 and N-3 positions. The
synthetic routes for these N-1 and N-3 substituted RTG
analogues were similar to P-RTG (Scheme 5).

Initially, substituents at the N-1 position were varied to
generate a series of compounds 26. Among them, the N-1
propargyl substituted 26a was found to have the highest agonist
potency for Kv7.4 and Kv7.5 channels (Chart 4). To determine
the specificity of 26a on Kv7 channels, Kv7.1-Kv7.5 channels
were individually expressed in CHO-K1 cells and then tested
using a whole-cell voltage-clamp technique, determining dose-
response curves. Analog 26a had an ECso = 0.89 uM on Kv7.4
channels, yet it did not affect homomeric Kv7.2 channels at
similar concentrations. The specificity of 26a decreased in the
following order: Kv7.4> Kv7.5> Kv7.3, and the compound was
inactive at Kv7.1 and Kv7.2 channels in this assay.276

Subsequently, two new series of N-2 and N-3 substituted
analogues, 27 and 28, were prepared while maintaining the N-
1 substituent as a propargyl group. For 27, the R2 group at N-2
and N-3 carbamates was varied from alkyl and cycloalkyl to aryl.
In general, alkyl-substituted analogues of 27 showed better
potency than the corresponding cycloalkyl and aryl analogues.
Among them, the bis-tert-butyl-substituted 27a displayed the
highest agonist potency and subtype selectivity. In series 28, N-
2 substitution was kept constant as an ethyl carbamate, and
substituents at the N-3 carbamate were varied. Similar to 26
and 27, 28 lacked agonist activity on Kv7.2 but displayed
significant activation on Kv7.4 and Kv7.5 channels. Among these
analogues, the N-2 ethylated, N-3 tert-butyl-substituted 28a
showed the highest agonist potency with ECso values of 0.78 and
1.68 uM on Kv7.4 and Kv7.5 channels, respectively, whereas for
RTG, the respective ECso values were 5.90 and 3.45 puM. In
contrast, compound 28a showed a maximal 1.5-fold increase of

Please do not adjust margins




RSC Medicinal Chemistry.

OYO\/ OYO\/
NH No_,
B ] R
2 P 2
gw N/ N‘R O/\l\‘l § N’R
! 1
F R’ R? F R’ R®
1= 2 —
R"=CH3 R*=H: 32 R'=R®=CHy R2=H: 35
R'=H; R? = CH,: 33
R'=R?=CH; 34 Oy O~
o NH
i HCl
o
/©/\'T‘1 N" R'=H: 36HCI
F R = CHj: 37-HCI

Chart 5 N-methylated flupirtine derivatives 32-35 and deaminoflupirtine analogs
36 and 37.

the outward potassium current on Kv7.3 and Kv7.2/7.3
channels.276

In order to probe the mechanism of action and toxicity of
flupirtine, Link and co-workers reported novel analogs of
flupirtine with varying redox properties, designed in such a way
that the substituents should interfere with azaquinone diimine
formation by inductive electronic effects. The hypothesis was
tested by introducing N-methylation at the carbamate position
or at N-2/N-6 positions.277

Due to the higher acidity of the carbamate group vs the
amines, regioselective mono N-methylation of the carbamate
nitrogen atom was feasible and provided analog 29 (Scheme 7).
The fused bicyclic flupirtine derivative 31 was prepared by
elimination of ethanol by heating to 200 °C to give 30, followed
by carbamoylation. The N-methylated flupirtine analogs 32-35
and deaminoflupirtines 36 and 37 (Chart 5) were prepared using
analogous procedures to those described in Scheme 1.

Based on cyclic voltammetry studies, it was suggested that
substitution of either the primary or the secondary amines of
flupirtine [32, 33 and 34; anodic peak potential (Ep.a) 294-385
mV] had little effect on the Ep.a relative to flupirtine (Ep.a 350
mV) (Table 5). However, compounds with substitution at the
carbamate nitrogen (29, 31 and 35) as well as those lacking the
amino group at C-2 (36¢HCI and 37¢HCI) caused a substantial
shift in the Ep.a by about +300 mV.277

OYO\/
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Scheme 7 Synthesis of flupirtine derivatives 29 and 31.

These analogues were tested for their modulator activity
(ECso) against Kv7.2/7.3 channels using a fluorescence-based
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thallium-flux assay in HEK293 cells (Table 5).277 Among all
flupirtine derivatives, compounds with methyl substitution at
N-2 and N-6 (32, 33, 34) acted as Kv7.2/7.3 channel openers,
whereas analogs with N-carbamate substitutions were
ineffective at opening channels at up to 100 UM concentration.
The C-2 deaminoflupirtine derivatives 36eHCl and 37¢HCl were
notably less active than flupirtine maleate. Thus, the correlation
between Ep.a and ECsg values signified that more easily oxidized
(with lower Ep.a values) flupirtine derivatives were more
potent than those that were less easily oxidized. Based on
hepatotoxicity (TAMH cells) and cytotoxicity (MTT assay)
studies, it was concluded that there was no direct correlation
between Ep.a and LDsp values. Therefore, Kv7.2/7.3 channel
opening activity and hepatotoxicity are likely not linked.277

Table 5 Comparisons of anodic peak potentials (Ep.a) of flupirtine and analogs, and ECsg
values on KV7.2/7.3 channels in HEK293 cells.

Compound Epa[mV] ECso [uM]®
flupirtine 350 3.6
RTG 299 1.9
29 652 >100
31 612 >100
32 294 1.9
33-HCI 320 2.6
34-HCI 385 3.5
35 667 >100
36'HCI 642 >100
37-HCI 653 >100

aECso values were obtained in HEK293 cells overexpressing Kv7.2/7.3 channels.

Many recent studies of flupirtine analogs have focused on
improving the safety profile of this chemotype. Link and co-
workers proposed that the ease of oxidation of the electon-rich
arene in flupirtine as well as RTG could be reduced by replacing
the secondary amine with a thioether linkage.278.86 By removing
one of the three nitrogen atoms connected to the arene, the
primary oxidation was likely to occur at the sulfur atom,
converting it to a sulfoxide or sulfone, and, thus, an electron-
withdrawing group that further decreased electron density on
the conjugated benzene ring. Also, a sulfoxide or sulfone
metabolite should be less electrophilic and potentially less toxic
than a quinone-imine. A series of sulfides were prepared in
order to test their modulator activity on Kv7.2/7.3 channels as
well as toxicity. Furthermore, the Ep.a of these analogs was

Na,S+(H,0)q
/L/j: SE NaOH | 2 - NO2
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@27s%) 1S N R
39
R! -NR,Me
: R2-Br
KOH, DMF
it (13-97%)
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. i NO
. NH i. H> Raney-Ni, THF, rt ‘ = 2
) I P i. acylating agent RS N7 >R
R*” 'N° "R EtN or EtN(i-Pr),
# 0-40 °C (9-74%) 40

Scheme 8 Synthesis of sulfide analogs of flupirtine.
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calculated from cyclic voltammetry data to predict a correlation
between ease of oxidation and activity.

Nucleophilic substitution of the 6-chloro group in 6-chloro-
3-nitro pyridine 38 with a thiol was followed by alkylation of 39
with a variety of alkyl bromides under basic conditions to
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provide 40 (Scheme 8).92 Subsequent reduction of the nitro
group followed by selective carbamoylation afforded flupirtine
thioether derivatives 41.
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Scheme 9 Synthesis of an RTG thioether analog.

In the RTG series, the preparation of sulfide analog 49
started from commercially available 2-fluoro 4-bromo aniline 42
(Scheme 9). Oxidation of the aromatic amine to the nitro-
compound 43 followed by selective replacement of the fluoride
with NH3 in ethanol provided 44. Introduction of a thiol into 44
was problematic as the disulfide 45 was formed as the major
product. Alkylation of thiol 46 with 4-fluorobenzyl bromide
provided thioether 47. Reduction of the S-S bond using NaBH4
followed by subsequent S-alkylation also gave 47 in good yield.
Di-Boc protection of the primary amine followed by nitro group
reduction, carbamoylation with ethyl chloroformate and final
Boc-deprotection afforded 49.

Thioether analogues were expected to be metabolically
labile and undergo oxidation to sulfoxide and sulfones catalyzed
by flavin monooxygenase (FMO) or CYP P450 enzymes. In order
to test the activity and toxicity profile of the putative
metabolites, a variety of sulfoxide and sulfones were also
prepared from the corresponding sulfides by mCPBA oxidation.

A fluorescence-based thallium-flux assay in HEK293 cells
with overexpressed Kv7.2/7.3 channels was used to determine

This journal is © The Royal Society of Chemistry 20xx

the potency (ECso) of these modulators. The efficacy of the
analogues was calculated relative to the maximal flupirtine-
induced fluorescence signal. RTG was found to be six times
more potent than flupirtine (Table 6). The sulfide analogue 41a
was slightly less potent than flupirtine (ECso = 1.28 uM vs 0.92
UM) but had similar efficacy. In analogy to the data reported by
Kumar et al.,27? if substituents at the pyridine core were
modified, for example, replacing the fluoro group with a
trifluoromethyl or pentafluorosulfanyl group (41b, 41c), the
potency increased up to six-fold; the main drawback of 41c was
its lower efficacy (78%).

Introduction of a second phenyl group (41d) increased
potency but reduced efficacy. However, addition of more
hydrophilic groups than 4-fluorobenzyl, e.g. pyridinomethyl and
piperidinoethyl, led to inactive analogs.

The carbamate moieties were also exchanged with amide
groups. Amides derived from pentanoic acid (41e) and
isopentanoic acid (41f) yielded products with potencies in the
low micromolar range (ECso = 2.13-4.54 uM) (Table 6).

J. Name., 2020, 00, 1-3 | 19
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Table 6 Comparison of sulfide analogs 41a-i and 49-52 to flupirtine and RTG.

Compound R! R? R3 ECso [uM]® Efficacy (%)°

flupirtine 0.92 100
RTG 0.25 134
41a NH2 4-fluorobenzyl ethoxy 1.28 93
41b NH2 4-trifluoromethylbenzyl ethoxy 0.24 115
41c NH: 4-(pentafluoro-A®- ethoxy 0.24 78

sulfanyl)benzyl

41d NH2 1.1"-biphenyl ethoxy 0.25 69
4le NH> 4-fluorobenzyl butyl 2.13 140
41f NH> 4-fluorobenzyl isobutyl 4.54 118
41g 4-morpholinyl 4-fluorobenzyl 3,5-difluorobenzyl 0.0009 127
41h 1-pyrrolidinyl isobutyl (3,5-difluorophenyl)ethyl 0.0014 136
41i CHs 4-fluorobenzyl ethoxy 0.27 129
49 0.17 128
50 0.45 72
51 >10 —
52 1.02 122

9ECso values were obtained in HEK293 cells overexpressing Kv7.2/7.3 channels. ?Calculated percentage relative to the maximum flupirtine-induced fluorescence signal

However, sulfide 41g containing a 3,5-difluorophenylacetic
acid amide and a morpholine moiety was highly potent on
Kv7.2/7.3 channels, with an ECso = 0.0009 uM and high efficacy
(127%). When the 3,5-difluorophenylacetic acid amide part was
kept constant and the remainder of the molecule was altered, a
positive correlation between the lipophilicity and the channel
opening activity was found, with 41g continuing to represent
the most potent analog as well as the one with the highest
lipophilic character (LogD;.4 = 4.7). Extending the amide side
chain by a methylene group, followed by substitution of the 4-
fluorobenzyl residue with an isobutyl group and replacement of
the NH, group by pyrrolidine (Table 6), yielded another very
potent compound, 41h (ECso = 0.0014 uM).86

Since the 5-position of the pyridine ring was found to be
susceptible to substitution reactions with endogenous proteins
or peptides, it was blocked in analogs containing methyl (50) or
bromo (51) substituents, or by replacement of the pyridine with
a pyrimidine heterocycle (52) (Chart 6).

For analog 50, the potency doubled (ECso = 0.45 uM),
whereas the efficacy decreased (72%). A stronger effect was
observed after shifting the methyl group to the 2-position,
replacing the amino group (41i, ECso = 0.27 uM, efficacy 129%).
In contrast, the 5-bromo analog 51 was completely inactive,
probably due to the steric bulk and the electron-withdrawing
effects of the bromine substituent. Just as with the conversion
of flupirtine to RTG, replacing the pyridine with a phenyl ring in
49 improved the potency about eight-fold, while the
pyrimidine-substituted sulfide analog 52 remained moderately
active (Table 6). A variety of sulfoxide (53) and sulfone (54)
analogs were also prepared to obtain information about the
biological activity of the putative metabolites. However, none
of these showed detectable channel opening activity at
concentrations up to 10 pM.86

The toxicity of these compounds was analyzed in an MTT
assay with two cell lines of hepatic origin, TAMH and Hep-G2.
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Chart 6 Flupirtine sulfide, sulfoxide and sulfone analogues.

Due to the poor solubility of the compounds in water, the
toxicity was expressed as an LD3s value (concentration which
decreased cell viability to 75%). Even though a general trend in
toxicity was not found after replacing the secondary amine with
the sulfide, oxidizing the sulfides to the sulfoxides or sulfones
led to lower toxicity in the hepatic cell lines.86

Homology modeling of Kv7.2 and Kv7.3 based on the
structure of the crystallized Kv1.2/2.1 channel 97101 placed the
4-fluorobenzyl moiety and the carbamate residues in extended
hydrophobic pockets, with Leu and Phe residues representing
the predominant binding site species. This observation was
consistent with the experimental data that confirmed that the
exchange of the benzyl motif for the more hydrophilic pyridyl or
piperidyl scaffolds diminished Kv7 channel opening activity. The
model suggested the presence of a H-bond between the
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primary amino group of 41a and Leu299 of Kv7.2. In addition,
hydrogen bonds between the hydroxy group of Ser303 and the
primary amine as well as the carbonyl moiety of 41a were also
found. The docking simulations of 41h exhibited a different
binding mode compared to the carbamate derivatives (e.g. 41a
vs. 41h). The preferred pose was found to be a flipped
orientation of the molecule, with the amide chain pointing
toward Leu314 and the small sulfide chain being positioned in a
larger cleft near Phe254.86

Using a retro-metabolic drug design approach, new
analogues of flupirtine and RTG were synthesized in five
iterative cycles to improve pharmacological activity while
reducing liver toxicity.®? Replacement of the primary amino
group with a morpholine or a bulky ether group dramatically
increased the Kv7.2/7.3 channel opening activity. Replacement
of the ethyl carbamate with substituted aromatic groups also
increased positive channel modulation. An amide at the 3-
position of the central pyridine ring was most effective in
increasing activity. Among these analogs, 55,56, 57 and 58 were
the most potent positive modulators of Kv7.2/7.3 channels
(Chart 7).

Analog 57 was highly potent (ECso 3.7 nM) and
demonstrated a superior efficacy of 165% (Table 7), but also
resulted in higher hepatotoxicity than flupirtine. The
dimorpholino analog 58 was found to be the most balanced
compound in terms of lipophilicity (LogD;4 = 3.58), water
solubility, and hepatoxicity profile in both TAMH (LD2s = 212
uM) and HEP-G2 (LDs = 231 uM ) cell lines.

Recently, Grupe et al. reported a related flupirtine analog,
morpholine Lu AA41178, as a potent pan-opener of Kv7.2-Kv7.5
(ECsop range of 3-10 puM for increasing currents at -40 mV
potential) without binding to common cardiac ion channels or
effecting a positive modulation of GABAA channels (Chart 7).280
At minimum effective plasma levels of <1,000 ng/mL and a
brain/plasma ratio of 1.2, Lu AA41178 demonstrated efficacy in
assays of epilepsy, schizophrenia and depression.
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Chart 7 Structures of flupirtine/RTG analogues 55-58 and Lu AA41178.
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Table 7 Potency and efficacy of flupirtine and RTG and selected analogs.

Compound ECso [uM]® Efficacy (%)°
flupirtine 0.918 100
RTG 0.147 134
55 0.0038 115
56 0.0042 154
57 0.0037 165
58 0.0113 111

9ECso values were obtained in HEK293 cells overexpressing Kv7.2/7.3 channels.
bCalculated percentage relative to the maximum flupirtine-induced fluorescence
signal.

In 2008, Vernier et. al. disclosed a series of RTG analogs
bearing indoline and indole substituents that acted as Kv7
activators.?®1 However, detailed pharmacology, metabolism
and photostability studies of these conformationally restricted
compounds were only more recently reported by Ostacolo et.
al.282 SAR studies were performed on three different types of
analogs; indolines (59), indoles (60) and
tetrahydronaphthalenes (61) (Chart 8).

The activity of these analogs on Kv7.2 channels was studied
using a whole-cell patch clamp electrophysiology technique in
CHO cells transiently transfected with Kv7.2 cDNA. Ramp-
evoked currents were measured at both -40 and 0 mV
membrane potentials (at 10 UM compound concentration) to
predict a wider spectrum of pharmacological effects on
neuronal excitability. In the indoline series, although
compounds 62a-d were able to increase Kv7.2 currents more
significantly than RTG at 0 mV, no analog was improved over
RTG at -40 mV. Interestingly, in the indole series, 63 and 64
(Scheme 10) were able to increase Kv7.2 currents more strongly
than RTG at 0 mV as well as at -40 mV. It was suggested that the
slower on/off kinetics on Kv7.2 of compounds 63 and 64
compared to RTG might be a consequence of their increased
hydrophobicity.
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Chart 8 Structures of RTG and analogs 59, 60 and 61.
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The synthesis of indolines 62 utilized a reductive amination
of 5-nitro indoline (65a) with appropriately substituted
benzaldehydes to give intermediates 66 (Scheme 10).
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Scheme 10 Synthesis of indoline and indole analogs of RTG.

Continuous flow hydrogenation of the nitro group in 66
followed by sulfonation of the amine 67 afforded indolines 62a-
c. Due to the lability of the 2-nitrobenzyl group under
hydrogenation conditions, analog 62d was synthesized by a
different synthetic route where hydrogenation was performed
prior to the reductive amination step. The indole amide
analogues 63 and 64 were prepared from 5-nitroindole (69) by
alkylation with 4-trifluoromethyl benzyl bromide in the
presence of a strong base, followed by reduction and amidation
with the appropriate acyl chloride (Scheme 10). Compound 63
proved to be 12 times more potent than RTG in activating Kv7.2
current, while 64 was equipotent to RTG (Table 8).

Table 8 ECso of RTG, 63 and 64 at different Kv7 channels.

Subtype ECso (LM)®

Channel RTG 63 64
Kv7.2 0.93+0.43 0.08 £ 0.04 0.63 +0.07

Kv7.2/7.3 1.72+0.41 0.21+0.14 0.34+0.06
Kv7.3 3.90+1.70 10.5+6.00 0.92+0.64
Kv7.4 1.98+0.84 0.10 £ 0.02 0.08 +0.20
Kv7.5 0.80+0.24 1.07 £0.12 0.35+0.14

9ECso values were obtained in CHO cells overexpressing Kv7 channels.

At steady state and in 0.03 uM concentration, indole amide
63 doubled Kv7.2 maximal conductance and caused a leftward
shift of about 18 mV in the V1, of Kv7.2 currents, while 0.03 uM
RTG failed to show this effect. It was also suggested that Trp236
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in the S5 transmembrane domain on Kv7.2 exerts a critical
influence on binding 63 and 64 within the hydrophobic pore
pocket, similar to RTG binding at this site. Compounds 63 and
64 were also more potent than RTG on heteromeric Kv7.2/7.3
and homomeric Kv7.4 channels, whereas only 64 was more
potent than RTG in activating homomeric Kv7.5 channels (Table
8). In conclusion, the subtype selectivity profile for 63 was Kv7.2
=Kv7.4=Kv7.2/7.3 >Kv7.5 > Kv7.3 > Kv7.1, while for 64 it was
Kv7.4 > Kv7.5 = Kv7.2 = Kv7.2/7.3 = Kv7.3 > Kv7.1. Finally, the
tetrahydronaphthalene 61 was completely inactive at Kv7.2
channels.

Pharmacophore models of sulfonamide 62a and amide 64
contained the following features: a hydrogen bond acceptor
(HBA), a hydrogen bond donor (HBD), a common hydrophobic
region (HY1), and two aromatic regions (Arl and Ar2); HY2 (for
64) and HY3 (for 62a). HY2 and HY3 would interact with a larger,
flexible pocket on Kv7.2, where flexible ligands could bind in
different conformations while interacting with additional amino
acid residues. Homology modeling of the Kv7.2 region also
supported the presence of two hydrophobic pockets
surrounding two sides of Trp236 that could be the counterpart
of HY1 and HY2/3 on the channel protein.

In a photostability assay, sulfonamides 62a-c were found to
be less stable than RTG under exposure to natural light. After 6
h, the degradation of 62a-c was almost complete (by HPLC),
whereas for RTG the degradation was about 47%. This faster
degradation could be due to the sulfonyl activation of the p-

This journal is © The Royal Society of Chemistry 20xx
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quinone diimine intermediate,?®3 representing the starting
point in the degradation toward RTG-like byproducts. Finally,
the amide derivatives 63 and 64 were the most photostable RTG
analogs, showing less than 10% degradation after a 6 h time
course. In in vitro metabolism assays using S9 fraction human
liver microsomes, compound 63 was found to undergo
extensive (48.7 + 2.5%) phase | metabolism compared to RTG
(3.1 £ 0.2%).27° With decreasing lipophilicity of the side chain,
analog 64 gained an improved phase | metabolic stability (17.3
+ 1.7% degradation). Promisingly, compound 64 also displayed
increased stability toward phase Il metabolism (in UGT and NAT
activity assays) compared to RTG.
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After pioneering studies by Fried and Szabo in 1954 on CH-F
substitutions in corticosteroids,28* the fluorine atom has
increasingly been employed as a bioisosteric replacement for
the hydrogen atom. Fluorine distinguishes itself by chemical
inertness, ability to modulate physicochemical parameters such
as acidity and lipophilicity, and increased metabolic
stability.285286 RTG analogs NR561-29, NR561-45 and RL673-02
featured an SFs-function in zone 1 of the pharmacophore
model, a new bioisostere of the CF;0- and CFs-groups that
sterically resembles a tert-Bu-group but has similar electron-
withdrawing properties to a NO,-group (Charts 9 and 10).287.288
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Chart 9 Highly fluorinated analogs of RTG.
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Chart 10 Zone SAR model of RTG analogs.
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A POC (proof-of-concept) SAR study explored the CFs-
substituted analogs NR561-40, NR561-50, NR579-04, RL648-81
(RL-81), RL648-73, RL702-18, and RL740-73 to determine the
effects of fluorination on positive Kv7 channel modulation.
Additionally, in zone 3, the ethyl group was replaced with iso-
propyl (RL702-32) and cyclo-propyl (RL702-56, RL844-36,
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RL880-12). Finally, pyridines RL702-24 and RL880-12 were
representative selections for fluorinated heterocycles in zone
1_270

The synthesis of these compounds followed the general
experimental strategies summarized in Scheme 11. For most of
the target compounds, a reductive amination was used to link

Journal Name

the benzylic amine with the aniline moiety to give intermediate
72. After selective introduction of the benzyloxycarbonyl (Cbz)
protecting group, the o-nitroaniline 73 was acylated and the Cbz
protecting group was removed concomitantly with the
reduction of the nitro group to generate the desired analogs.

R? NH, 2 NH;
NHz i PTSA, toluene R? CbzCl, DIPEA R
AS O + X X N NO
|// HoN NO, ii- NaBHj,, MeOH | H NOz 1 4-dioxane | P Chbz 2
A 1,4-dioxane { Z 712 R{ 73
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Scheme 11 Reductive amination approach to fluorinated RTG analogs.
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Scheme 13 Preparation of 2-pyridylmethylamine analog RL880-12.

In an alternative approach, suitably substituted benzylic
amines were added to para-nitrofluorobenzenes under SnAr
conditions, followed by reduction of the nitro groups with zinc
and ammonium chloride, and selective N-acylation of the
resulting para-aminoaniline 75 (Scheme 12). In a late-stage
modification, RL648-81 was treated with Togni’s
trifluoromethylating agent in acetonitrile to obtain the
bistrifluoromethylated RL740-73.

The effect of the fluorinated analogs, including RTG and
flupirtine as positive standards, on Kv7 channel activation was
tested as part of the Lilly Open Innovation Drug Discovery
(OIDD) program. lon channel agonistic potency was determined

24 | J. Name., 2020, 00, 1-3

Pyridine-containing bioisosteres in zone 1 were prepared in
an SyAr fashion from the corresponding pyridyl alkylamines and
fluorinated anilines. For example, condensation of (3-fluoro-5-
(trifluoromethyl)pyridin-2-yl)methanamine with 2,3,5-trifluoro-
6-nitroaniline in the presence of triethylamine and catalytic
iodine, followed by reduction of the nitro group with zinc and
selective carbamoylation, provided RL880-12 (Scheme 13).

in the automated electrophysiology lonWorks Barracuda (IWB)
HTS platform in HEK293 cells (Table 9).28° The resulting 10-point
concentration-response curves provided a measure of
compound efficacy; the agonist concentration that doubled the

This journal is © The Royal Society of Chemistry 20xx
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conductance at the voltage leading to 15% channel activation
was expressed as ECyx. Therefore, the lower the value of ECyx for
a particular compound, the higher its efficacy as a positive
channel modifier. Compared to flupirtine and RTG EC,,, RL648-
81 demonstrated ca. 8-50 times higher (vs flupirtine) or slightly
higher (vs RTG) efficacy at all tested Kv7 channels in this assay.
A meta-positioned CFsisomer, RL648-73, was twice as potent at

REVIEW

Kv7.2/7.3, with substantially decreased activity at Kv7.4/7.5 vs
RL648-81. The corresponding SFs-analog, RL673-02, acted
indeed as a bioisostere of the CFs-analog RL648-73, showing a
very similar channel activity profile. Interestingly, installing a
CF3-group at the aniline ring in RL740-73 completely abrogated
activity at all channel types. This position appears to

Table 9 Efficacy of fluorinated RTG analogs in human Kv7 channel conductance studies.

Analog Kv7.2/7.3 Kv7.3/7.5 Kv7.4 Kv7.4/7.5
EC2xSD [UM] ECaxtSD [LM] ECaxtSD [LM] EC2SD [uM]
Flupirtine 2.00+0.69 1.5840.69 5.62+1.86 3.50+2.68
RTG 0.33+0.08 0.34+0.04 ND ND
RL648-81 0.26+0.13 0.29+0.06 0.10+0.04 0.09+0.04
RL648-73 0.14+0.05 0.20+0.08 0.40+0.13 0.66+0.01
RL673-02 0.36+0.25 0.21+0.11 0.65+0.39 0.65+0.28
RL648-73 >10 >10 >10 >10
RL702-32 0.16+0.11 0.16+0.10 0.1940.10 4.98+1.12
RL702-56 0.11+0.02 0.23+0.10 0.38+0.30 0.28+0.03
RL702-18 0.18+0.11 0.34+0.01 0.11+0.04 0.30+0.26
RL844-36 0.93+0.21 >10 >10 >10
RL880-12 1.00£0.50 >10 >10 >10
RL702-24 0.61+0.34 0.69+0.35 0.95+0.13 1.2740.05

ECax data were obtained from 10-point concentration curves and 2-5 individual assay determinations, with the exception of flupirtine, for which 6-431 repeats were

determined; SD=standard deviation; ND=not determined.

be very sensitive to steric bulk in the Kv7.2 channel pore
region. The hepta-fluorinated RL844-50 also lost all activity at
these channels. Slightly reducing the steric bulk next to the
carbamate, such as in the hexa-fluorinated RL844-36, increased
channel subtype selectivity, since this compound still lacked
agonist activity at Kv7.3/7.5, Kv7.4, and Kv7.4/7.5, but now
demonstrated a sub-micromolar ECy (0.93 uM) at Kv7.2/7.3.
Supporting this SAR trend, the 2-fluoro-4-
trifluoromethylbenzylamine analog RL702-18 showed an ECyx =
0.18+0.11 uM, reflecting high potency. In most cases, changing
the ethyl to the cyclo-propyl carbamate increased potency, and,
in particular, selectivity of the analogs, i.e. RL702-32. RL702-56
was the most active analog on Kv7.2/7.3 prepared in this series,
with an ECy, 0f 0.114£0.02 pM.

Trifluoromethylated pyridines mainly exhibited lower
selectivity or lower potency. The trifluorinated RL880-12
remained an effective agonist with a 1.00 puM ECy at
Kv7.2/7.3, and high subtype selectivity; the 3-pyridyl analog
RL702-24 was essentially equipotent, thus suggesting that
the fluorination pattern and not the core arene in zone 1 was
the dominant determinant of selectivity and activity.270

The effects of fluorine substitution on analog activity
were analyzed computationally as a function of the electron
density at the carbamate oxygen and the ortho-aniline
nitrogen (Figure 5). The electron-density surface encoded
with the electrostatic potential of RL648-81 vs RL844-50
showed a significantly decreased electron density at both
sites as a result of the two additional fluorine atoms in RL844-
50. Accordingly, it was hypothesized that Kv7.2-Kv7.5
channel potency was strongly influenced by electrostatic and

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 Electron-density surface encoded with electrostatic potential for RL648-81

and RL844-50. Colors reflect a property range of +170 kJ/mol (blue) to -310 kJ/mol
(red).

Fig. 6 Docking model of RL648-81 in the Kv7.2 channel pore region. PyMOL 2.3.3
generated hydrophobic regions are shown as yellow/orange patches on the
protein surface, and hydrophilic regions are green and blue (see also Figure 7).
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H-bonding interactions at the carbamate oxygen and the ortho-
aniline, with decreased electron density being detrimental and
therefore leading, in the case of RL844-50, to an inactive analog.
Based on mutation and modeling studies, the tryptophan
residue W236 in Kv7.2 (or, analogously and respectively, W265,
W242, W235 in Kv7.3, Kv7.4, Kv7.5) was thought to be critical
for binding, and this residue was likely to participate in H-
bonding interactions with carbamate or amide groups of these
agonists (Figure 6).

It should also be noted that RL648-81 (logP=3.4) is more
lipophilic than RTG (logP=2.5), which, due to the highly
hydrophobic nature of the pore region, might be another factor
why RL648-81 proved to be a stronger agonist than RTG.270
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Chart 11 Structures of acrylamides (S)-1, BMS-568274 and selected analogs.
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Scheme 14 Synthesis of acrylamide (S)-1.

5.2 ACRYLAMIDE SERIES

In addition to RTG and flupirtine analogs, many other
positive Kv7 modulators have been reported in the literature.

26 | J. Name., 2020, 00, 1-3

Bristol Myers Squibb applied a high-throughput screening (HTS)
assay using thallium(l) influx detection to identify acrylamide 78
as a lead candidate. Further optimization led the acrylamide so
called (S)-1 as an orally bioavailable Kv7.2 opener (Chart 11).2%0

Coupling of 3-phenylacrylic acid (83) with (S)-1-(3-
methoxyphenyl)ethylamine 84 in the presence of the EDAC
(EDCI) carbodiimide coupling reagent provided amide 85
(Scheme 14). BBrs-mediated demethylation followed by
conversion of the resulting phenol to a triflate and subsequent
Pd-catalyzed coupling with morpholine afforded acrylamide (S)-
1.

A two-electrode voltage clamp technique was used to
determine the effect of (S)-1 on the outward potassium current
at a single membrane voltage (-40 mV) in Xenopus oocytes
expressing cloned mouse Kv7.2 (mKv7.2) channels. Based on a
concentration-response curve, an ECso value of 6.0 uM on
mKv7.2 channels was determined. To rule out any oocyte-
specific endogenous expression of other Kv7 subtypes,2°1 (S)-1
was also examined in HEK293 cells expressing mKv7.2 channels,
and the obtained ECso value (3.3 £ 0.6 pM) was in general
agreement with the prior data in the oocyte expression system.

Similar to RTG on hKv7.2 channels expressed in oocytes,
current-voltage (I-V) relationship studies (-100 to +40 mV) on
compound (S)-1 showed that it produced a significant increase
in outward current from approximately -70 to +10 mV along
with a hyperpolarizing shift in the threshold for current
activation. At higher voltage, it resulted in a decrease in the
amplitude of the currents. Similarly, compound (S)-1 inhibited
mKv7.2 conductance at more positive test potentials in HEK293
cells (>-15 mV), indicating a “crossover” voltage in the
conductance-voltage relationship curve.

Later, Olesen and co-workers found that the combined
activation/blocking of Kv7.2 and Kv7.2/7.3 by (S)-1 in Xenopus
oocytes was strongly voltage-dependent, whereas application
of (S)-1 on Kv7.4 and Kv7.5 channels profoundly increased the
current amplitude at all voltages.®® Moreover, contrary to the
positive effects on the Kv7.2-Kv7.5 channels, (S)-1 inhibited the
currents through Kv7.1 and Kv7.1/KCNE1 channels. Similar to
RTG, the tryptophan residue 242 in the fifth transmembrane
segment S5 was shown to be crucial for the positive modulating
effect of (S)-1 on Kv7.4 channels expressed in Xenopus oocytes.

In vivo studies using a cortical spreading depression (CSD)
rat model of migraine found that (S)-1 significantly reduced the
incidence of cortical depolarizations as well as depolarizing
stimuli. The oral bioavailability of (S)-1 was excellent in both rat
and dog; 93% and 100%, respectively. Acrylamide (S)-1 was also
found to have moderate brain penetration (B/P = ~0.8) in both
rat and dog.282

SAR (S)-1 the acrylamide
pharmacophore, introducing substitutions (fluorine, methoxy)
at the aromatic rings as well as changing the 3'-amino
substituent to 2,6-cis-dimethylmorpholinyl, homomorpholinyl,
dimethylamino, 4-methyl-piperazin-1-yl, etc, led to an
improved set of derivatives (Chart 12).292 This study further
indicated the need for the (S)-configuration at the (1-
phenyl)ethyl moiety and the a,B-unsaturated acrylamide
functionality with a free N-H on the acrylamide.

studies  of covered

This journal is © The Royal Society of Chemistry 20xx
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Chart 12 Structures of acrylamides (S)-2, (S)-3, (S)-4, (S)-5, (S)-6, (S)-7, (S)-8, and
SMB-1.

In vitro isoform-selective chemical inhibition studies in
human liver microsomes revealed that (S)-1 was metabolized by
CYP3A4, a major isoform of CYP P450, to produce a reactive
intermediate which covalently bound to the active site of the
enzyme, leading to irreversible metabolism-dependent
inactivation (MDI). Structure CYP3A4-MDI relationship studies
were then carried out to identify the possible site(s) responsible
for the generation of the reactive intermediate during
metabolism of (S)-1.290

Reduction of the a,B-unsaturated double bond (80) or
introduction of an aryl fluoride (79a-c) did not eliminate the
CYP3A4-MDI activity. Since the initial lead compound 78 did not
show CYP3A4-MDI activity, the morpholine group was most
likely responsible for the formation of reactive quinone-type
intermediates such as 81 or 82 via hydroxylation at C-4 of the
electron-rich N-phenylmorpholine moiety (Chart 11). In order to
block this potential hydroxylation, the H-atom at C-4' was
exchanged to a fluoro group, and a series of 4-fluoro
acrylamides were prepared (Chart 11). Among them, BMS-
568274 was found to have comparable Kv7.2 opener activity
(ECso 1.2 uM in HEK293 cells) to (S)-1 (ECsp 3.3 uM), and lacked
CYP3A4-MDI activity.%8

In a subsequent pharmacokinetics (PK) study, the oral
absorption of BMS-568274 in rats was found to be fast, with a
peak concentration within 0.7 h. Upon i.v. dosing, the
compound displayed a moderate plasma clearance and a
relatively long elimination half-life. The oral bioavailability of
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BMS-568274 was determined to be 84% in rats. BMS-568274
also demonstrated significant in vivo activity in a cortical
spreading depression model of migraine.%8

The concept of restricting bond rotation to improve potency
has been widely used in medicinal chemistry.293 In order to
increase the potency of (S)-1 and according to this principle, the
morpholine group was fused into the aromatic ring, restricting
rotation of the C3’-N bond while decreasing the overall entropy
of the resulting analog (Chart 11). This strategy led to the
identification of (S)-2 as a potent and efficacious Kv7.2 opener
(Chart 12).294

Further exploration of bioisosteric replacements of the 3,4-
dihydro-2H-benzo[1,4]oxazine moiety of (S)-2 led to the
identification of acrylamide (S)-3 as highly potent Kv7.2 opener,
as well as acrylamides (S)-4 and (S)-5 as highly efficacious
analogs (Chart 12).295

Additional optimizations of both potency and efficacy
proved to be more challenging, as the newly developed
acrylamide (S)-6 was twice as potent as (S)-3 but less
efficacious. After extensive SAR studies, the two biaryl ether
acrylamides (S)-7 and (S)-8 were identified to meet the desired
potency and efficacy criteria (Table 10).2%

Table 10 Whole-cell patch-clamping data (—40 mV) for acrylamide analogs.

Compound ECso (nM)? E/Eref

(£)-(S)-3 72+2 1.0+0.1
RTG 1300 + 40 1.6+0.1
(S)-1 3200 £ 600 14+0.1
(S)-2 6010 1.8+0.1
(S)-3 201 1.1+0.1
(S)-4 330+10 24+0.1
(S)-5 43020 24+0.2
(S)-6 10+0.1 0.85+0.01
(S)-7 24+0.1 22+0.1
(S)-8 09+0.1 29+0.1

9ECso values were obtained in HEK 293 cells overexpressing Kv7.2 channels. 'The
efficacy of the test compound relative to (t)-(S)-3.

The synthesis of (S)-2 started with a reaction of
hydroxylamine hydrochloride and commercially available 6-
acetyl-4H-benzo[1,4]-oxazin-3-one (87) to form oxime 88
(Scheme 15). Raney-Ni reduction of the oxime followed by a
reduction of the amide bond in ()-89 formed diamine (+)-90.
Coupling of the primary amine group of (+)-90 with 3-(2-fluoro-
phenyl)acrylic acid led to acrylamide (+)-91 which after chiral
HPLC resolution provided (S)-91. Alkylation of the secondary
amine in (5)-91 with the appropriate alkyl halide furnished
acrylamides (S)-2. Acrylamides (S)-3, (S)-4, (S)-5, (S)-6, (S)-7 and
(S)-8 were synthesized using a similar strategy. SMB-1 was
prepared from (S)-2 by a base-mediated alkylation of the amide
NH with methyl iodide.
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Scheme 15 Synthesis of acrylamide (S)-2 and SMB-1.

The modulatory effects of these acrylamides on the outward
potassium current were tested using whole-cell patch clamp
recordings from HEK293 cells stably expressing mKv7.2
channels. The rate control in Kv7.2 activation kinetics produced
by (S)-2 was similar to (S)-1; however, unlike (S)-1, there was no
significant inhibition of Kv7.2 current at positive membrane
potentials. Further studies showed that (S)-2 also activated
human homomeric Kv7.2-Kv7.5 and heteromeric Kv7.2/7.3
channels expressed in Xenopus oocytes.2°7

Unlike neuronal Kv7 channels, the homomeric Kv7.1
channels were weakly inhibited by (S)-2. Application of (S)-2
resulted in a decrease of the deactivation kinetics of Kv7.2 and
Kv7.4 channels, which might indirectly influence Kv7 channels
bound to (S)-2 to remain in the open state for a longer period
of time upon activation.

Inactivation has been described as a key regulatory
mechanism of Kv7.4 and Kv7.5 channels.298 Steady-state
operational >30% of channels at
physiologically relevant membrane potential. (S)-2 was found to

inactivation is for
reduce the inactivation of Kv7.4, presumably due to increased
current amplitudes. However unlike RTG, apart from the pore
site Trp residue, (S)-2 also appeared to interact with other
residues. Surprisingly, by replacing the Trp residue with Leu, the
mutant channel Kv7.2-W236L was inhibited by (S)-2 as seen in
a reduction of current amplitude without affecting the voltage-
dependence of activation. This suggested the existence of a
subtype-specific additional inhibitory binding site, or a mode of
binding not dependent on W236.29>

After some SAR studies, the dioxolane (S)-3 (ECso = 2021 nM)
was determined to be a three-fold more potent analog of (S)-2.
Moreover, a dihydrobenzofuran analog, (S)-4, and a
dihydroindole derivative, (S)-5, showed improved efficacy over
(S)-3, RTG, and even (S)-2 by approximately 140%, 50%, and
31%, respectively (Table 10). Finally, acrylamides (S)-7 and (S)-8
were very potent and highly efficacious openers of Kv7.2
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channels. As shown in Table 10, (S)-7 was more potent than (S)-
2 and RTG by a factor of 25 and 542, respectively. Acrylamide
(S)-8 was the most potent analog identified in this series, with
an ECsp in the 1 nM range. In terms of efficacy (E/E ¢ value),
compound (S)-7 was 22% and 38% more efficacious in opening
Kv7.2 channels than (S)-2 and RTG, respectively. Furthermore,
compound (S)-8 was also 33% more efficacious than (S)-7 (Table
10).

Compounds (S)-2, (S)-4 and (S)-5 demonstrated significant
reduction of neuronal hyperexcitability in rat hippocampal
slices. (S)-7 was also efficacious in attenuating NP in a spinal
nerve ligation (Chung model)29® and a diabetic neuropathy
model.300

In order to develop subtype-specific Kv7 based analogs, a
methylated version of (S)-2, SMB-1, was synthesized (Chart
12).301 (S)-2 was found to act as an inhibitor of Kv7.2 channels
(ICso = 7.4 uM in Xenopus oocytes), which suggested that upon
methylation of the amide nitrogen the activating function of (S)-
2 was disabled, while its inhibitory component was preserved.
SMB-1 produced a weak activation of Kv7.4 currents compared
to (S)-2, without affecting the voltage-dependence activation of
Kv7.4. The ECso value was measured to be 5.7 uM in Xenopus
oocytes expressing Kv7.4 channels. In binding studies with
mutant channel proteins, Kv7.2-W236L and Kv7.4-W242L, the
activation of SMB-1 on Kv7.4 was found to be critically
dependent on the Trp residue in S5, while the inhibitory effect
on Kv7.2 was independent of this residue. Moreover, in mutant
Kv7.2-L275V channel proteins, the inhibitory efficacy of 10 uM
SMB-1 was reduced, suggesting that binding to Kv7.2 also
occurred at or close to this binding pocket.
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5.3 BENZAMIDES

A high-throughput screening campaign resulted in the
identification of 3,4-dichloro-N-(pyridine-3-yl) benzamide (92),
as a weak agonist (ECsp = 6 UM, Rb* assay, CHO cells) at Kv7
channels (Chart 13).302,303

Ne o X NG g
M cl 6\@ 2
N & N =3
H H \\,4
cl 2
92 93 R
H H
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94 95
Cl N
T3 s
H
F

ICA-069673

r

Chart 13 Structures of benzamides, ICA-069673 and analogs.

Subsequent SAR studies included modifications to the
amide (reduction and alkylation), substitutions on both
aromatic rings, as well as replacements of the substituted
benzene with heterocycles, and led to the N-(6-substituted
pyridin-3-yl)-benzamide core 93. Evaluation criteria were based
on selective potency at Kv7.2/7.3 versus Kv7.3/7.5 as well as
Kv7.1 antagonist activity. For a difluorinated benzene analog
(R3 = R4 = F), the optimal substituent at the 6’-position (X) of
the pyridine was found to be a chlorine atom (ICA-27243, ECso
=0.38 uM, Kv7.2/7.3) (Chart 1).300

When substituents on the benzene portion were varied, it
was found that in general R2-substitution was not tolerated,
whereas electron-withdrawing functions (e.g Cl, F, CF3, except
CN) at the R3/R4 positions had comparable activity to ICA-
27243.

The most potent compound in this series was the 3-fluoro-
4-chloro derivative 94 with a Kv7.2/7.3 ECso = 0.08 uM, but 94
was also weakly active against Kv7.1 (ICso = 15 uM). Compounds
having a fluorine substituent on the R3-position and various
heteroatom substituents at the R4-position of the benzene ring
had Kv7.2/7.3 activity in the nanomolar to micromolar range.
Among these, the most active derivative, 95 (R4 = O'Pr), had an
ECso = 0.17 uM, while its Kv7.1 activity was >100 uM (Chart 13).
In the pyridine series, ICA-27243 demonstrated the best overall
in vitro and in vivo profile.

A typical synthesis of these compounds used 2-chloro-5-
nitropyridine (96) to form the aminopyridine 97 after catalytic
hydrogenation, and coupling with 3,4-difluorobenzoyl chloride
provided ICA-27243 (Scheme 16).301 ICA-069673 was prepared
from 2-amino-5-nitropyrimidine (98), which, after conversion to
the corresponding 2-chloro derivative using tert-butylnitrite
followed by cupric chloride and subsequent nitro reduction
using iron in acetic acid, resulted in 2-chloro-5-aminopyrimidine
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Scheme 16 Synthesis of benzamides ICA-27243 and ICA-06973.

(99). Finally, amide coupling of 99 with 3,4-
difluorobenzoylchloride provided ICA-069673.
In toxicity studies, ICA-27243 was found to induce

nonhemolytic anemia in rats and cynomolgus monkeys. A
metabolite derived from the susceptibility of the 2-chloro-
pyridine moiety toward SnAr reactions with endogenous
nucleophiles was found to be responsible for this toxicity. A
further search for a structurally different analog with a similar
in vitro profile but devoid of toxicity led to the identification of
the pyrimidine derivative ICA-069673 (Chart 13).301 This
compound was 20-fold more selective towards Kv7.2/7.3 over
Kv7.3/7.5 (Table 11) and was almost inactive in a panel of
cardiac ion channels (hERG, Na,1.5, L type channels, and Kv7.1)
and on GABAa gated channels at 10 uM. Even though ICA-
069673 was less potent than ICA-27243, it was more efficacious
and selective towards heteromeric Kv7.2/7.3 and did not
engage Kv7.1. ICA-069673 also showed slightly improved
activity over the pyridine analog ICA-27243 in rat MES and PTZ-
induced seizure assays (Table 11). ICA-069673 was absorbed
well and bioavailable (63%, Tmax 0.5 h; after 2 mg/kg i.v.
administration ti/> was 1.2 h, clearance was 1039 mL/h/kg, and
volume of distribution (Vz) was 1804 mL/kg). After passing GLP
safety studies, this compound was advanced to investigational
new drug (IND) status and progressed into phase | clinical
trials.301

Table 11 Comparison of potency and antiseizure activity of ICA-27243/069673.

Compound | Kv7.2/7.3 | Kv7.3/7.5 | Kv7.1 Rat Rat PTZ
ECso ECso I1Cso MES EDso
(uM)? (uM)? (LM) EDso (mg/kg)
(mg/kg)
ICA-27243 0.38 ND 41 1.5 2.2
ICA- 0.69 14.3 >100 1.5 <1
069673

9ECsp values were obtained in CHO cells overexpressing Kv7 subtype channels. ND;
not determined; MES: maximal electroshock seizure; PTZ: pentylenetetrazol.

In A7r5 vascular smooth muscle cells, ICA-069673 selectively
activated Kv7.4 over Kv7.5 channels.1l Mutation of the Phe
residue at position 143 to Ala in Kv7.4 significantly reduced the
activity of ICA-069673. The mutant Kv7.4-F143A channel also
caused a 9 mV negative shift of the Kv7.4 channel activation
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Chart 14 Structures of benzamides ICA-110381, ztz240 and analogs.

curve, thereby suggesting Phel43 was involved in voltage
sensing.

In order to investigate the functional roles of Kv7.2-and
Kv7.3-containing channels in guinea pig DSM excitability and
contractility, ICA-069673 was used to inhibit contractions in
DSM isolated strips in a concentration-dependent manner.235
Consistent with the inhibitory activity of ICA-069673, CaZ* influx
through L-type Ca, channels was blocked, thereby causing
relaxation of DSM isolated strips.125

The related benzamide derivative ICA-110381 was found to
be a voltage-independent opener of Kv7 channels, with an
efficacy for Kv7.2 > Kv7.4 > Kv7.3/7.5 in CHO cells (Chart 14).304

Based on the positive effect of ICA-110381 on the RTG-
insensitive Trp mutant Kv7.2 W236L, it was suggested that the
target binding site of ICA-110381 might be different from that
of RTG. ICA-110381 showed anticonvulsive properties in
amygdala-kindled rats by elevating the threshold of induction
for afterdischarges (AD), and also reduced seizure severity and
duration. In CA1 pyramidal cells, the IM current enhancement
in the presence of ICA-110381 resulted in a damping of
neuronal excitability by membrane hyperpolarization and a
decrease in membrane resistance. ICA-110381 induced a
significant enhancement of somatic resonance frequency on
the single cell level without affecting the synaptic transmission.

In a high-throughput screen of 20,000 compounds from the
ChemBridge Diverset™ library using the Rb* flux assay, the
closely related benzamide 5337031 was identified as a lead that
potentiated homomeric Kv7.2 channels with an ECso value of
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9.8 £ 0.2 uM (Chart 14).3% A redesign of the lead was guided by
a positional screen and a “Topliss scheme”, leading to the
discovery of ztz240 (Chart 14). At 10 uM concentration, ztz240
significantly increased Kv7.2 currents with an ECsg value of 5.8 +
0.9 pM and also showed noticeably slowed channel
deactivation. Compound ztz240 potentiated Kv7.4 and Kv7.5
more strongly than Kv7.2 based on the increase in current
amplitude. Similar to ICA-27243, the mutant Kv7.2 W236L
channel was sensitive to ztz240. Further SAR studies on ztz240
were carried out to identify critical pharmacophore features
responsible for the decrease in deactivation kinetics. The TI*
assay results revealed that a nitrogen atom at the 3-position
was important for this activity. Fluorine substitution at the 4'-
position contributed more highly than at the 3'-position toward
the slow-down of the deactivation current. Also, a chlorine or
bromine atom at the 4-position of the pyridine ring played an
important role in the left shift of Vi, and also in mediating slow
deactivation kinetics, which implied that the two modes of
potentiation were due to different substituent effects.23>

A comprehensive study involving electrophysiology,
mutagenesis, homology modeling, molecular docking, and
molecular dynamics simulation was conducted to determine
the pocket and binding mode of ztz240 at Kv7.2 channels. The
mutagenesis studies suggested that the binding pocket of
ztz240 was located at the gating charge pathway of the VSD.306
Further electrophysiological experiments also supported
ztz240’s attachment to the open-state VSD. F233 was a key
residue of the charge-transfer center in the Kv1.2-2.1
chimera.3%7 Similarly, the corresponding conserved F137 in
Kv7.2 was suggested to be present at the occluded site of the
gating charge pathway. The aromatic moieties of ztz240 may
have hydrophobic interactions with F137. Indeed, a mutation of
Kv7.2’s F137 to Ala (F137A) significantly decreased ztz240’s
activity. In addition, the Kv7.2 F137A mutation did not affect the
activity of other activators, such as RTG, ZnPy and NH29, which
suggested that F137 was critical for activity of ztz240. Additional
functional mutations, E130A, 1134A, G138A, R207W and R210A,
also significantly reduced the potentiation activity of ztz240,
indicative of the presence of multiple essential residues in VSD
responsible for ztz240 activity. The binding ability of the Kv7.2
VSD for chemical ligands suggested that the gating charge
pathway might be structurally different from other Kv channels.
Particularly, the discordant phenotypes of the F233X and F137X
mutations indirectly supported a different gating charge
pathway at this charge-transfer center.3%4 A recent cryo-EM
structure of human Kv7.2 in complex with ztz240 confirmed
that this compound activated the channel through a different
mechanism and binding mode than RTG.115 In fact, ztz240
bound at the VSD and directly stabilized it in the activated state,
whereas RTG bound at the pore domain and activated Kv7.2 by
allosteric modulation.

Electrophysiological data obtained for two derivatives of
ztz240, YGP1 and YGP2, also suggested that ztz240 preferably
bound to the VSD in a conformation placing the chloropyridine
at the bottom of the pocket and the fluorophenyl portion at its
entrance. The ligand-VSD interactions were predicted by MD
simulations, suggesting a hydrophobic interaction between
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ztz240, 1134 and F137. The linker amide nitrogen formed a H-
bond with the side chain of E130, the pyridine ring was involved
in a CH-mt interaction with the a-H atom of R207, and the
chlorine atom underwent an electrostatic interaction with the
guanidyl group of R210 and formed a halogen bond with the
carbonyl oxygen of R207. On the basis of this model, a virtual
screening campaign with the SPECS database, covering
~200,000 compounds targeting the newly identified binding
pocket, identified 25 hits that were selected for bioassays.3%4
Among them, 9 compounds with 5 different chemotypes were
found to significantly potentiate Kv7.2 outward current. The
most active 3 compounds, i.e. YG002 (ECsp = 4.64 + 0.14 uM),
YGO007 (ECso = 1.60 + 0.16 pM) and YG025 (ECso = 5.92 + 0.21
UM), (Chart 14), contained two aryl groups connected by a
thiourea (YG002), hydrazide (YG025), or urea (YG007) linker.
The placement of the aromatic moieties in ztz240 and other
activators in the gating charge pathway occupied the space
between R207 and R210, thereby preventing a downward
movement of the first 4 arginines (R1-R4) to the resting state. In
the murine MES seizure model, ztz240, YG007 and YGO18
exhibited in vivo anti-epileptic activity and protection rates
comparable to that of RTG.308.309

A related selective Kv7.2/7.3 and Kv7.3/7.5 opener, PF-04895162
(ICA-105665), discovered by Icagen Inc., showed promising
preclinical data and advanced to clinical studies for the treatment of
epilepsy. However, it failed a Phase | clinical trial due to
hepatotoxicity as a result of bile salt protein export and
mitochondrial inhibition.310

5.4 FENAMATES

Meclofenamic acid (meclofenamate) and diclofenac are
widely used nonsteroidal anti-inflammatory drugs (NSAIDs),
acting as nonselective inhibitors of COX-1 and COX-2 enzymes
(Chart 15).311 Both were also found to be potent activators of
heteromeric Kv7.2/7.3 channels, shifting the voltage activation
curve leftward and slowing deactivation kinetics.312

Upon external application,
concentration-dependent increase in the Kv7.2/7.3 current
amplitude with ECsp values of 25 + 2 uM and 11.7 £ 5.2 uM in
CHO cells and X. oocytes, respectively. Similarly, diclofenac had
an ECsp value of 2.6 + 1.3 uM in potentiating Kv7.2/7.3 current
in CHO cells.3%? Interestingly, neither compound affected the
current amplitude of other delayed rectifier channels, e.g.
Kv1.2, Kv1.5, Kv2.1 and also Kv7.1, Kv7.1/KCNE1. In A7r5 rat
aortic smooth muscle cells, diclofenac activated Kv7.4 channels
with an ECso of ~¥100 uM, whereas it inhibited Kv7.5 currents
with an ICso ~20 uM.313 However diclofenac was less sensitive
at heteromeric Kv7.4/7.5 channels at -20 mV, probably due to
the voltage-dependence of its actions. It was suggested that
diclofenac might be useful as a pharmacological probe capable
of distinguishing among Kv7.4 homomers, Kv7.5 homomers,
and Kv7.4/7.5 heteromers.311

In cultured cortical rat neurons, both compounds enhanced
the M-current and drastically reduced the number of evoked
and spontaneous action potentials that exhibited regular
spiking patterns with no significant spike adaptation. Co-

meclofenamate caused a
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Chart 15 Structures of meclofenamic acid, diclofenac and their analogs.

application studies suggested that RTG and meclofenamate
acted independently on Kv7.2/7.3 channels. Interesting
differences between RTG and meclofenamate or diclofenac
included that RTG was found to exert its strongest opener
action on Kv7.3 homomeric channels, whereas meclofenamate
was more potent on Kv7.2 homomeric channels. Diclofenac
exhibited in vivo anticonvulsant activity in a MES seizure mouse
model with an EDsp value of 43 mg/kg.30°

In order to dissociate the M-channel (Kv7.2/7.3) property
from COX inhibition, SAR studies on meclofenamate and
diclofenac were performed, keeping the diphenylamine moiety
and a terminal hydroxyl group constant (Chart 15).314
Converting the carboxylate into an amide abolished COX-
inhibition while preserving M-channel modulating activity. In
contrast, all ester derivatives displayed COX-inhibition along
with M-channel activation. The opener potency was measured
by the extent of left-shift (AVso) of the activation curve of
Kv7.2/7.3 channels. It was found that substituting the aromatic
rings with NO; groups significantly increased potency; e.g. ester
100 (AVso = -4.1 mV) was less potent than ester 101 (AVsg = -
31.0 mV); whereas for amides, tri-nitro analog NH29 was a
stronger channel opener (AVso = -31.3 mV) than mono-nitro
analog 102 (AVsg = -12.2 mV). The diphenylamine moiety itself
was also important for M-channel activity, as NSAIDs devoid of
this group but substituted with a carboxylate, e.g. ibuprofen,
fenoprofen or naproxen, did not exhibit M-channel activities.
This effect indicated that the bridging secondary amine function
was crucial for interacting with an anionic site or participating
in H-bonding within a hydrophobic pocket of the channel.
Furthermore, the terminal hydroxy group was necessary for M-
channel opening activity, as compounds lacking a terminal OH
group were either M-channel inactive (103, 104) or antagonistic
(105, 106).312
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The ester analog 101 enhanced the Kv7.2/7.3 current in a
concentration dependent fashion with an ECso value of 22 uM
in CHO cells, and it also significantly slowed down the
deactivation kinetics of Kv7.2/7.3 channels. In sensory dorsal
root ganglion and hippocampal rat neurons, 101 robustly and
reversibly depressed the number of evoked action potentials. It
also decreased hippocampal glutamate and GABA release by
reducing the frequency of spontaneous excitatory and
inhibitory post-synaptic currents. The compound showed anti-
convulsant activity in a MES seizure model with an EDsp value of
12 mg/kg. In contrast, the amide derivative of diclofenac, NH29,
dose-dependently activated Kv7.2/7.3 channels with an ECsp of
14 uM. Most importantly, NH29 was selective for M-channels
(Kv7.2/7.3) versus other Kv channels, including the cardiac
Kv11.1 (hERG or Ix) and Kv7.1/KCNE1 (Is), Kv7.3, Kv7.4
channels. In addition, NH29 also did not interact with
AMPA/NMDA and GABAax channels,312 and significantly
increased the current amplitude of the RTG-sensitive mutant
W236L, suggesting that the target binding site of NH29 was
different from that of RTG.315316

Mutagenesis studies on Kv7.2 showed that two mutant
residues, L197G and R198A, and two epilepsy mutations,
R207W and R214W, in the S4 domain exhibited significantly
weaker stimulation by NH29 compared to wild type Kv7.2,
which suggested that NH29 interacted with the VSD. Docking
studies using a homology model of human Kv7.2 indicated that
NH29 bound at an external groove formed by the interfaces of
helices S1, S2 and S4 in a pocket formed by residues K120 in
loop S1-S2, Y127, E130 in helix S2, and L200 and R207 in helix
S4. The data also suggested that NH29 stabilized an
electrostatic interaction between the charged residues E130
and R207, thereby favoring the activated VSD conformation.313

5.5 OTHER Kv7.2 — Kv7.5 AGONISTS

Recently, a series of benzoimidazol-1,2-yl amides 107 was
reported as positive modulators of Kv7 channels (Scheme 17).
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Scheme 17 General synthesis of benzoimidazol-1,2-yl amides 107.

5.5.1 Celecoxib

The NSAID celecoxib (Celebrex®), a commonly used COX-2
inhibitor, also modulates Kv7 channels, featuring a mechanism
of action similar to RTG’s (Chart 16).318 Celecoxib significantly
enhanced the homomeric Kv7.2, Kv7.4 and heteromeric
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The lead compound, benzimidazole KB-3061, was a potent
activator of Kv7.2/7.3 channels with an ECso = 440 nM in a
fluorescence-based assay. It produced a Vi, shift of -16 + 1.1
mV using an automated patch clamp technique on QPatch HTX
instrumentation. KB-3061 had little to no effect in the human
a1B3y2 GABA receptor PAM assay at 10 uM. It also did not have
significant activity against GPCR, ion channel, transporter, and
kinase targets at 10 uM. In a photostability assay, KB-3061 was
stable exposed to visible light for up to 75 h, whereas RTG was
completely degraded. In Kv7.1/mink and hERG cardiac
channels, KB-3061 didn’t produce significant inhibition up to 30
UM (23% and 9% inhibition, respectively). In a rat MES seizure
model, KB-3061 showed in vivo anticonvulsion activity and a
wide therapeutic index compared to RTG. KB-3061 provided
100% protection against seizures starting at 3 mg/kg with no
change in neurological scoring (NS) up to 30 mg/kg, whereas
RTG provided 100% protection against seizures at 75 mg/kg
with changes in NS starting at 45 mg/kg. Overall, compared to
RTG, KB-3061 was superior in terms of potency, tolerability,
stability towards photo-oxidation, and lack of off-target effects,
which supported its further development toward a new
treatment for Kv7.2-NEE patients.

A general synthesis of benzoimidazol-1,2-yl amides 107
commenced with a nucleophilic substitution of appropriately
substituted 1-fluoro-2-nitrobenzene 108a with primary amines
to provide 1-amino-2-nitrobenzenes 109. Alternatively,
coupling of 1-chloro-2-nitrobenzene 108b with primary amines
under Pd-catalysis afforded 109. Reduction of the nitro group in
109 with a variety of well-established methods gave the
corresponding 1,2-diaminobenzenes 110. Reaction with
cyanogen bromide then formed the 2-amino-benzimidazoles
111. Amide coupling of the 2-amino group in 111 with
appropriate carboxylic acids or acid chlorides provided the
target benzoimidazol-1,2-yl amides 107 (Scheme 17).317

R3
4
reduction R NH:  BrCN
R’ NHZ
RZ
110
o] X X=H,F, Cisalkyl; Y =H,F, alkyl

N H Z = alkyl, cycloalkyl, aryl, heteroaryl
N\>—NH Y R'=C,,alkyl, halide, EWG

\ C4_5 carbocyclic/heterocyclic group
z R2, R%, R* = H, halide, alkyl

Kv7.3/7.5 currents in HEK293 cells at -20 mV in a concentration
range from 1 pM to a maximum effect at 10-30 pM. The
concentration-response relationship in HEK293 cells indicated
ECso values of in Kv7.2, Kv7.4 and Kv7.3/7.5 of 3.09 £ 0.27 uM,
3.37 £ 0.26 uM and 2.27 + 0.4 pM, respectively. The effect on
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homomeric Kv7.3 channels was not significant at -20 mV, but at
a more negative potential (-60 mV), celecoxib concentration-
dependently increased Kv7.3 currents. However, the compound
inhibited Kv7.1 (ICsp 4.00 £ 0.13 uM) and Kv7.1/KCNE1 currents
to a larger extent than RTG. Similar to RTG but less pronounced,
celecoxib shifted the Vi, of Kv7.2-7.4 and Kv7.3/7.5 currents
to more negative potentials. In HEK293 cells, celecoxib
increased Kv7.2/7.3 currents in a concentration-dependent
manner with an ECsp of 4.95 + 1.16 uM. It also dose-
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dependently enhanced M-current (Kv7.2/7.3) on rat SCG
neurons and slowed their deactivation. It is likely that celecoxib
forms a complex with Kv7.2 in the open channel conformation,
involving residues near Trp236 at S5 and the gating hinge
(Gly301) of S6. Importantly, the modulating effect of celecoxib
was not depended on its COX-2 inhibition, as DM-celecoxib, a
dimethyl analog of celecoxib that did not inhibit COX-2, had
similar outcomes as celecoxib on currents in both wild-type and
mutant Kv7.2 channels.12?

H.C CF3
3 7
N-N / _
-0 8
N— N\ S =
g o-Nws
HoN-8=0 Zinc pyrithione
o] HaN-— s o]
Celecoxib
DM- Celecomb
FiC CF5 CF;
Tw \3 ) )t[ Y\K
78R OH OH
MeO
112: R = CH,ClI NS1643 PF-05020182
113: R=CF; QO-58
Br
e} OH o H>N CO;H
Ho)
O, N LS
H H
0 CHs Br o

Benzbromarone (BBR) ZG1732

Chart 16 Structures of other Kv7.2-Kv7.5 agonists.

5.5.2 Zinc pyrithione (ZnPy)

Zinc pyrithione (ZnPy) is a 1:2 complex of Zn2* and
pyrithione that was found to display unusual potency in
elevating Kv7 currents as determined by the nonradioactive
rubidium efflux assay (Chart 16).313 Considering the open
channel probability (Po) in CHO cells, the potentiation by ZnPy
followed the order Kv7.5>Kv7.4>Kv7.2>Kv7.1. However, ZnPy
did not show any significant effect on Kv7.3 potentiation. The
activating effect of this complex was dose-dependent, with ECsg
values of 1.5 + 0.3 uM for Kv7.2 and 2.4 + 0.4 for Kv7.2/7.3 in
CHO cells. ZnPy positively modulated native M-current in
hippocampal neurons in a similar fashion to recombinant
Kv7.2/7.3 channels. The compound was selective for Kv7
channels and did not potentiate other ion channels, e.g. hERG,
Kv2.1 delay rectifier voltage gated potassium channel, Kv4.2 A-
type potassium channel or N-type calcium channel.
Experiments to determine which components of ZnPy, Zn2* or
pyrithione, were responsible for the potentiation, suggested
that only the 1:2 complex caused the observed channel current
increase.

The sensitivity of the RTG-insensitive mutant Kv7.2 W236L
to ZnPy suggested its binding interaction deviated from the RTG

This journal is © The Royal Society of Chemistry 20xx
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site. Furthermore, ZnPy potentiated Kv7.1 but did not have an
effect on Kv7.3; whereas RTG was most active on Kv7.3 but did
not affect Kv7.1. ZnPy most likely bound at an extracellular site
between the S5 and S6 domains, close to many key residues of
the gating machinery. Important residues for ZnPy effects
included Leu249, Leu275, and Arg306. A Kv7.2 homology model
was used to predict that Leu249 and Leu275, situated on two
separate helices and facing each other with a linear distance of
10.6 A, were close to the binding site of ZnPy.318

5.5.3 Pyrazolo[1,5-a] pyrimidin-7(4H)-ones (PPOs)

The novel pyrazolo[1,5-a]lpyrimidin-7(4H)-ones 112 and 113
were identified as lead structures in an atomic absorption Rb*
efflux assay (Chart 16).31° Subsequent SAR studies indicated
that a trifluoromethyl group at the 2-position was necessary for
activity; the presence of a phenyl or naphthyl group at the 3-
position afforded optimal activity, and electron-withdrawing
substituents on the aromatic ring at the 5-position were also
important. Synthetic optimizations led to the discovery of the
lead compound QO-58, with a potent ECso = 0.06 + 0.01 uM for
activation of Kv7.2/7.3 channels in CHO cells.313

The synthesis of QO-58 utilized the condensation of phenyl
acetonitrile with trifluoroethylacetate in the presence of freshly
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prepared sodium ethoxide to form the sodium enolate 114,
which, after reaction with hydrazine sulfate in dimethyl
carbonate (DMC) at 80 °C, formed 5-amino pyrazole 115. Cyclo-
condensation of 115 with a substituted pyridyl B-keto ester 116
provided QO-58 in good overall yield (Scheme 18).

QO-58 demonstrated a high subtype selectivity for
Kv7.2/7.3 over Kv7.1 channels in CHO cells.313 In HEK cells, QO-
58 significantly potentiated Kv7.1, Kv7.2, Kv7.4 and Kv7.3/7.5,
but only slightly increased Kv7.3 currents.320

In contrast, Kv7.5 did not produce significant currents in the
presence of QO-58. In HEK cells, QO-58 was more potent in
potentiating Kv7.2 and Kv7.4 than other channels, with ECsg’s of
1.3+ 1.0 uM and 0.6 £ 0.1 uM, respectively. At 10 uM, QO-58
produced a significant leftward shift of the V1, of Kv7.1, Kv7.2,
Kv7.4 and Kv7.3/7.5 currents. In addition, 10 uM QO-58
considerably slowed the activation kinetics of Kv7.4 and
Kv7.3/7.5 currents, and also slowed the deactivation kinetics of
Kv7 currents. QO-58 significantly increased the mutant Kv7.2
W236L current, suggesting a mechanism of action different
from RTG. A mutagenesis study indicated that Val224, Val225,
and Tyr226 in Kv7.2 were involved in activation by QO-58.114 A
docking model further identified an interaction with residues
Ala306 and Leu275 in Kv7.2 channels.

QO-58 also potentiated native M-type K* currentsin rat DRG
neurons and demonstrated anti-seizure and anti-nociceptive
effects in a model of sciatic nerve chronic constriction injury.114
However, the physical properties of QO-58 resulted in low
bioavailability = and  irregular  absorption after oral
administration.321 In order to increase aqueous solubility, a salt
form, QO58-lysine, was prepared, and the pharmacokinetics of
QO58-lysine were investigated in rat plasma, which indicated
that the salt was more readily absorbed than QO-58.322,323

QO58-lysine displayed anti-nociceptive effects during the
second phase of pain induced by formalin. The maximum anti-
nociceptive effect was observed after 4 h, consistent with a Tmax
of ~3 h. The anti-nociceptive effect of QO58-lysine was tested
on chronic inflammatory pain induced by Complete Freund’s
Adjuvant (CFA). QO58-lysine increased the paw withdrawal
threshold in rats in both a time- and dose-dependent manner.
Overall, QO58-lysine alleviated inflammatory pain in rodent
models without apparent toxic effects.321

5.5.4 NS1643

LQT2 syndrome and BFNC are associated with a mutation of
hERG and KCNQ genes, respectively. Due to overwhelming
evidence that LQT2 and epilepsy may coexist in some patients,
a fundamental approach to investigate and treat the two
diseases might be more effective. In this regard, a previously
known hERG activator, NS1643324.325 was found to also activate
Kv7 channels (Chart 16).326

The known Kv7 agonist ztz240 (Chart 14) is structurally
related to NS1643, featuring two aryl groups connected by a
functionalized linker. In CHO-K1 cells, NS1643 potentiated all
Kv7.2/7.3, Kv7.4, and Kv7.2 channels, whereas Kv7.3 channels
were not sensitive and the cardiac Kv7.1 channels were
inhibited. For Kv7.2 channels, the ECso value of 2.44 + 0.25 uM
was calculated from a dose-response curve of current
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Scheme 18 Synthesis of QO-58.

amplitude. Similar to ztz240, which bound in the VSD, the
hydrophobic residue F137 was also critical for NS1643 activity
on Kv7.2 channels; upon mutation of F137 to Trp (F137W),
NS1643 was unable to potentiate Kv7.2 channels.325

To understand the inhibitory effects of NS1643 on Kv7.2
F137W, the compound was docked to a closed-state structure
of the mutant Kv7.2 F137W channel in a pocket near residue
W137, and the docking data were considered as consistent with
the notion that NS1643 may bind to the closed state of Kv7.2
F137W, thus resulting in inhibition. Overall, NS1643 showed a
strong binding potency to the VSD region of Kv7.2 channels. In
CHO-K1 cells, NS1643 exhibited stronger potentiation effects on
the four tested BFNC mutants, e.g. R207W, M208V, R214W, and
Y284C, which indicated that it could rescue BFNC mutants.
Accordingly, the capability of NS1643 for restoring LQT2 and
BFNC mutants suggested that the two seemingly different
disease phenotypes might be treated with a single
pharmacological agent.325

5.5.5 PF-05020182

In order to improve some of the pharmacological drawbacks
of RTG, e.g. subtype selectivity and the aniline structural
alert,327 a new series of dimethoxypyrimidines characterized by
PF-05020182 was developed by Pfizer (Chart 16).328 In these
compounds, the aniline was replaced by an 4,6-
dimethoxypyrimidine, with an amide substitution at the 5-
position. Among the 18 reported analogs, PF-05020182
emerged as a promising candidate surpassing the target
product profile ECso <500 nM, LipE >3, and adequate in vitro
ADME and safety properties.32°

An SNAT reaction of 2-chloro-4,6-dimethoxy-5-
nitropyrimidine (117) with 4-methoxypiperidine provided the 2-
(4-methoxypiperidinyl)pyrimidine 118, which, after nitro group
reduction followed by acylation with 3,3-dimethylbutanoyl
chloride, afforded PF-05020182 in high yield (Scheme 19).

PF-05020182 potentiated Kv7.2/7.3 currents preferentially
over Kv7.4, and better selectivity was observed for neuronal
channels (Kv7.2/7.3, Kv7.4 and Kv7.3/7.5) over the cardiac
Kv7.1/KCNE1 channels. Unlike RTG, PF-05020182 did not exhibit
significant activity on GABAA channels. PF-05020182 was also
able to cross the blood brain barrier readily, and in an in vivo
MES seizure model it displayed promising activity, as it dose-
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Scheme 19 Synthesis of the Kv7 agonist PF-05020182.

dependently reduced the number of rats exhibiting full tonic
extension convulsions in response to corneal stimulation.326

5.5.6 Benzbromarone, ZG1732 and ZG2083

Benzbromarone (BBR),330331 an inhibitor of urate
transporters,332333 js widely used for the treatment of gout
(Chart 16). BBR was found to also act as a Kv7 activator,
primarily on peripheral channels.334

In CHO cells, BBR potentiated recombinant Kv7.1, Kv7.2/7.3,
Kv7.4, Kv7.5 but not Kv7.3 channels at 10 uM concentration.
Based on the concentration-dependence of current amplitude,
the ECsp value on Kv7.2 channels was 4.32 + 1.40 uM. BBR
potentiated the native M-current in cultured rat DRG and
hippocampal neurons, and at 10 uM it also suppressed the
generation of action potential firing evoked by injection of a
+400 pA current. Furthermore BBR dampened neuronal
overexcitability induced by inflammatory mediators such as
OXO-M and BK.335,336,337

BBR dose-dependently suppressed a formalin-induced
inflammatory pain phenotype in rats and mice. The compound
also attenuated monosodium urate (MSU)-induced acute
inflammatory pain in rats, which suggested that potentiation of
Kv7 channels was beneficial for relief of gout pain.332

A mutagenesis study revealed that the R198 residue at the
external S4 chain terminus in Kv7.2 channels might be critical
for BBR binding, since the R198A mutation significantly reduced
potentiation. In addition to R198A, C106A, V111A, S121A,
L126A, F137A, G186A, T194A, and L200W mutations, as well as
2 pairs of double mutants, CLO6AR207W and C106AN190A, also
significantly reduced potentiation of outward currents.332
Overall, these results indicated an essential role of VSD in the
potentiation effect of BBR on Kv7.2 channels.

An improved high-throughput screen of a collection of
80,000 compounds using a conventional patch clamp technique
identified two additional lead compounds, ZG1732 and ZG2083,
as novel Kv7.2 channel activators, with ECso values of 1.04 +0.18
UM and 1.37 £ 0.06 pM, respectively,.338 Further details
regarding their subtype selectivity and mechanism of action
have not yet been reported.
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5.5.7 Substituted piperidines and N-phenylbutanamides

Based on the structures of RTG and PF-05020182, and using
a hybridization design strategy, a series of piperidines were
designed as Kv7 openers.33® The target compounds were
prepared in three different strategies (Scheme 20). The key
intermediate 120 was formed by amidation of 4-bromo-2,6-
dimethylaniline (121) with 3,3-dimethyl butanoyl chloride. Pd-
catalyzed cross-coupling of 120 with substituted piperidines
provided 122-124. In a second approach, the bromoaniline 120
was converted to the corresponding hydroxymethyl derivative
125 in two steps; first, the corresponding benzaldehyde was
formed with n-BuLi-DMF, followed by reduction with NaBH,.
Mesylation of alcohol 125 and nucleophilic substitution with
piperidine or tetrahydroquinoline led to 126 and 127,
respectively. In a third route, the 4-aryl piperidine intermediate
128 was prepared by a three-step sequence of Suzuki coupling-
reduction, catalytic hydrogenation, and deprotection of the
Boc-group from the commercially available boronic acid 129.
SNAr reaction of 128 with 4-fluoro-2,6-dimethylnitrobenzene
followed by nitro group reduction and amide coupling provided
the target compounds 132-134 in good yields.33°

The Kv7.2 potentiation activities of these compounds were
initially determined at 10 uM by a fluorescence-based thallium
influx assay and described as activation ratios (Table 12). When
the R group was an unsubstituted piperidine, the resulting
analog 122 was more active than RTG (69.8% vs 40.2%), and
upon substitution of the piperidine ring with 4-dimethyl (123)
and carbonyl (124) groups, the activity further increased
(100.0% and 110.3%). Insertion of a methylene group between
the piperidine and the core scaffold in 126 led to a dramatic
decrease in activity (10.3%). Interestingly, introducing a fused
benzene at the 2,3-position of the piperidine in 127 increased
the activity 3.5-fold (138.8%) over RTG. Compounds with 3-
(EWG)-substituted phenyl groups at the 4-position of the
piperidine, e.g. 132 (3-F), 133 (3-CF3) and 134 (3-Cl), also
displayed significantly better activity than RTG (3.7-4.2 fold).

Compounds 122, 123, 126 and 132 were selected for a
confirmatory atomic absorption Rb*-ion flux assay, a faster and
more reliable analytical measurement.34% Analog 122 showed a
similar potency to RTG, whereas 123, 127 and 132 had slightly
lower efficacy and potency.337

In vivo PK studies in rats revealed a high exposure (8.36 h x
pg/mL) and peak concentration (9.11 pg/mL) at a dose of 1
mg/kg i.v. for compound 132, which also had moderate
clearance (0.12 L/h/kg) and a good half-life (1.38 h). Overall, 132
had a satisfactory metabolic profile and progressed to further
development.337

Recently, N-phenylbutanamide derivatives
reported as Kv7 openers.34! Various fused heterocycles were
linked at the N-phenyl moiety to generate 135-146 using a Pd-
catalyzed Buchwald coupling of bromide 120 with heterocyclic
amines (Scheme 21). A Rb* flow test was first used to determine
Kv7 opening activity in vitro, and later a thallium assay and a
patch-clamp test were used to verify activity on Kv7.2 channels.

were also
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Thieno(3,2-c]pyridine 135 was found to have a 17-fold
higher potency (ECsq 0.02 pM) than RTG (ECso = 0.35 uM) in a
Rb* flow test. Introduction of electron-withdrawing groups, e.g.
CF; (136) or CN (137), at the ortho-position significantly
decreased activity, while a methyl group at the 3-position (138)

had an equivalent potency (ECso = 0.3 uM) to RTG. Inverting the
thiophene in thieno[2,3-c]pyridines 139-141 provided an analog
139 with an equivalent potency (ECso = 0.02 uM) to 135,
whereas the fluorinated 140 was 150-fold less potent.
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Table 12 Activation profile of piperidine derivatives on Kv7.2 channels.

While the electron-donating methyl group in 141 slightly
increased its potency (ECso = 0.3 puM) compared to 139,
pyrrolo[1,2-a]pyrazine 142 had almost 2x decreased potency
(ECs0 = 0.034 uM) vs its bioisostere 135. Replacement of the
piperidine with a 1-benzazepine ring produced 143-146
(Scheme 21). Except for the 7-bromo substituted 145, fluoro- or
chloro-substituted analogs 143 and 144 showed higher potency
than RTG, and the methyl-substituted 146 was significantly
more potent (ECsp = 0.04 puM).33% Among the most potent
analogs, 135, 139 and 142, were further evaluated in the
thallium and patch clamp tests to confirm Kv7 opening activity.

N
H
Compound R substituent Kv7.2 activation Compound R substituent Kv7.2 activation
ratio (%, at 10 uM) ratio (%, at 10 uM)
122 69.8 127 ©\/j 138.8
O\l\; Nk
¥
123 100.0 132 E 151.9
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Scheme 22 Synthesis of benzamides 150 and 151.

Based on these in vitro results, 135 was advanced to an in vivo
study. The compound displayed significant anti-convulsant
activity in the MES test with a calculated ECsp of 1.83 mg/kg
while no adverse effects were observed during a rotarod test
and PK experiments in rats. Thiophene 135 was able to diffuse
rapidly into the brain and establish an equilibrium distribution
between brain and plasma within 2 h in mice. Afteri.v. injection
in rats, 135 showed a favorable half-life (T12 = 5.49 h) and
moderate plasma exposure (AUClast = 687.21 h*ng/mL) and
clearance (CL-obs = 1416.50 mL/h/kg). Based on these in vitro
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and in vivo data, 135 appears to be a potential lead compound
for the development of antiepileptic drugs.33°

5.5.8 Substituted benzamides and cyclohexamides

An HTS screen of the GSK compound library using
heterodimeric Kv7.2/7.3 channels identified two structurally
distinct families, a benzamide series and a cyclohexamide
series, as pan-Kv7 activators (Schemes 22 and 23).342

proportional to the concentration of non-protein bound
compound in the brain. Lead structures passed the rotarod CNS
tolerability model.342 From the study of point mutations (Kv7.2
W236L and Kv7.3 W265L), it was found that both compounds
interacted with the Kv7.2/7.3 pore domain. Finally, in order to
understand how individual Kv7.2-Kv7.5 isoforms contributed to
bladder contractions, 150, an analog with significantly reduced
Kv7.4 activity, was tested ex vivo on expressed human detrusor
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In the benzamide series, phenyl ethers delivered the highest
level of Kv7.2/7.3 activation. The methyl sulfone at the 3-
position of the phenyl ring provided both solubility and high
Kv7.2/7.3 activity (Scheme 22). An SyAr reaction of o-bromo
benzoic acid derivatives 147 with phenol provided aryl ethers
148 which upon amide coupling with chiral benzyl amines led to
benzamides 150 and 151. For the cyclohexamide series, the
presence of an (R)-hydroxymethyl group o to the amide
significantly improved solubility, and a gem-
difluorosubstitution on the cyclohexyl ring also increased
metabolic stability. In addition, lipophilic groups at the meta-
position of the benzyl group increased activity without
decreasing solubility. The synthesis of cyclohexamide 152 used
a base-mediated a-functionalization of 4,4'-
difluorocyclohexanone with dimethyl carbonate to provide B-
ketoester 154 which was converted to the corresponding enol-
triflate 155 using Comins’ reagent. Suzuki coupling with phenyl
boronic acid provided the aryl-substituted ester 156.
Hydrogenation followed by saponification basic
conditions produced racemic trans-cyclohexyl carboxylic acid
(£)-157. Amide coupling of (£)-157 with substituted (R)-benzyl
amine provided a diastereomeric mixture of amides which were
separated by chiral HPLC to provide the Kv7.2/7.3 activator
152,343

Ultimately, compounds 150, 151 and 152 were selected for
further studies.343 These compounds were very potent in Kv7.2-
Kv7.5 channel assays (ECso = 0.06-0.36 1M using a SyncroPatch
platform), except for 150 which had reduced activity in Kv7.4
(ECso > 10 uM). In primary cultured rat neurons, 151 and 152
inhibited spontaneous neuronal firing. Both compounds
showed good blood-brain-barrier  permeability and
demonstrated anti-seizure effects in a dose-dependent manner
in MES, a PTZ-induced seizure model. This activity was also

under
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tissue. Interestingly, 150 did not reduce bladder contraction,
suggesting that homomeric Kv7.4 may not play a critical role in
this process.342

Recently, the neurotransmitter GABA was found to activate
voltage-gated Kv7.3, Kv7.5 and Kv7.2/7.3 channels at
subthreshold potential.344 The tryptophan residue W265 in the
Kv7.3 channel was responsible for GABA’s affinity to
heteromeric Kv7.2/7.3 channels. Similar to GABA, the synthetic
antiepileptic and antinociceptive gabapentin was also a potent
activator of heteromeric Kv7.2/7.3 and homomeric Kv7.3 and
Kv7.5 channels (Chart 16).345 In contrast, the structurally related
gabapentinoid pregabaline did not activate Kv7.2/7.3 channels,
and, at high concentration (=10 uM), demonstrated inhibitory
effects.342

Similar to RTG and other Kv7 activators, GABA and
gabapentine exhibited a negative electrostatic
potential near their carbonyl oxygen, which was thought to be
responsible for their affinity to Kv7.2/7.3 channels.346

Using Xenopus oocyte expression and two-electrode
voltage-clamp electrophysiology, gabapentine was found to
dose-dependently activate Kv7.2/7.3 channels with an ECso of
4.2 +0.13 nM, ca. 1,000 times more potent than RTG. However,
gabapentine did not activate homomeric Kv7.2 and Kv7.4
channels. In contrast, Kv7.5 channels exhibited even higher
sensitivity (ECso = 1.9 nM) but lower efficacy towards
gabapentine. While gabapentin and GABA exhibited similar
efficacy, gabapentin was 200-fold more potent. Analogous to
GABA, the mutant channel Kv7.2/7.3 W265L was insensitive to
gabapentine, which indicated that both compounds shared a
common binding site, i.e. near the conserved tryptophan W265,
at the S5 helix of Kv7.3.342

surface

5.5.9 Pyrazolopyrimidines
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An HTS campaign using a FLIPR-based thallium (TI*) influx
assay and a HEK293 cell line identified a pyrazolopyrimidine
series as novel Kv7.2/7.3 openers (Chart 17).347

Multiple compounds of the structural type 158 were
screened, identifying 159 as an excellent lead molecule with a
Kv7.2/7.3 ECso of 0.91 uM and an efficacy of 149% relative to 10
UM RTG. SAR modifications of the substitution pattern around
the pyrazolopyrimidine core of 159 led to 2,3-substitued 160.34>

Further SAR studies on 160 revealed that a 4-CFs/4-fluoro-
substituted phenyl group at the 3-position of the
pyrazolopyrimidine provided the most active analogs (Chart
17). In addition, alkyl or cycloalkyl groups were optimal R2
substituents, whereas substituents larger than a methyl group
were not tolerated at the R3 position.34>

R
N 1 Q
N 6 >N-N >\‘_R2
N ZTNT R S—NH
/ o = F> PN /2
x-N~N 5N
HN 4
R4
158 159 © E 160

161 162
6 OCF, 6 CF,

Kv7.2/7.3 ECgp 0.41 uM Kv7.2/7.3 ECg 0.05 uM
efficacy 143%? efficacy 115%7

o>_>L O>\_/_<:|
NN Sn-N
>—NH NN

NS = NS

N N

=~
163
F

Kv7.2/7.3 ECgo 0.05 uM
efficacy 177%?

164
8 F

Kv7.2/7.3 EC5q 0.07 uM
efficacy 205%7

ChartTlG7 Pyrazolopyrimidines as Kv7.2/7.3 modulators. 2 % Efficacy relative to 10

UM RTG.

A general synthesis of analogs of 160 used a Pd-catalyzed
coupling of aryl iodides 165 with malononitrile to provide the
corresponding phenyl malononitriles 166. Reaction with
hydrazine hydrate gave pyrazole-3,5-diamines 167 (Scheme 24).
Diamines 167 were condensed with enones 168 to give
pyrazolopyrimidine amines 169, which, upon reaction with alkyl
chloroformates, afforded the target compounds 160.

Among analogs with an unsubstituted pyrimidine ring (R3 =
H), SAR studies suggested that cyclopentane 162 had a superior

This journal is © The Royal Society of Chemistry 20xx
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Scheme 24 Synthesis of pyrazolopyrimidines 160.

potency (ECso = 0.05 M) amongst the initial group of analogs
studied at the Hit-to-Lead stage. A further investigation to
improve the overall potency and efficacy by substitution of
methyl groups at the pyrimidine rings led to two more potent
compounds, 163 and 164 (Chart 17).34>

Most importantly, 164 displayed a Kv7.2/7.3 ECso of 0.07 uM
and an efficacy of 205% compared to 10 uM RTG. However,
ultimately analog 161, in spite of more modest potency and
efficacy (ECso = 0.41 puM and 143%, respectively), was selected
for further in vivo studies due to its favorable PK properties. This
compound had a good plasma clearance of 0.8 L/hr/kg,
favorable oral bioavailability of 56%, and a high brain to plasma
ratio of 3.8. It also showed good efficacy in the in vivo capsaicin-
induced secondary  mechanical hyperalgesia  (SMH)
inflammatory pain model.348

5.5.10 BMS-204352

The unfortunate failure of the Phase Il clinical candidate
BMS-204352 was attributed to a lack of efficacy compared to
patients treated with placebo. This result was difficult to
associate with a PD issue since the drug showed potent in vitro
and in vivo activity as well as a good PK profile. After single or
multiple i.v. dosing in humans, BMS-204352 was found to have
an excellent half-life (t}%2 = 20 h) as compared to animal studies
(t¥% = 1.6 h in rats), with a tendency to accumulate in brain
(brain/plasma ratio of 9.6, brain half-life = 1.9 h in rats). No
significant side effects were observed in rats and dogs.122

A gram-scale synthesis of BMS-204352 started with the
chlorination of commercially available 2-methoxyphenylacetic
acid (170) with sulfuryl chloride followed by carboxy-protection
using dimethylsulfate to form ester 171 (Scheme 25).
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Scheme 26 Synthesis of ML277.

An SNAr reaction of 4-fluoro-3-nitrobenzotrifluoride (172)
with the lithium enolate generated from ester 171 using excess
LIHMDS generated intermediate 173 which upon in situ
electrophilic fluorination using NFSi provided fluoroester 174.
Saponification of 174 formed the racemic acid 175 which was
resolved with (S)-a-methylbenzylamine to provide acid (S)-175
in 99.3% enantiomeric purity. Reduction of the nitro group by
sodium dithionite followed by treatment with methanolic HCI
furnished BMS-204352 in 23% overall yield in seven steps and
an ee of 94.9% for the (S)-isomer.349

5.5.11 Synthetic approaches to the Kv7.1-selective agonists ML277
and R-L3

ML277 was the result of an intense SAR study performed on
amide, piperidine, and sulfonamide moieties, leading to the
observation that only the (R)-isomer showed Kv7.1 activity. In
addition to a peculiar PD profile, ML277 demonstrated in vitro
PK deficiencies, especially a metabolic instability in rat and
human hepatic microsomes resulting in the NADPH-dependent
oxidation of the tolyl moiety and oxidative demethylation of the
methoxy group.112

The synthesis of ML277 commenced with the commercially
available (R)-N-Boc-2-piperidine carboxylic acid (176), which

was coupled with 4-(4-methoxyphenyl)thiazol-2-amine in

NH2 Q -
O cl o
0
THF NH ~

7 HN
N o]
H

178 179

180
Qg
H o]
(3R)
NaOH NaH, DMF
=N ———> R-3
MeOH, H,0 4 Mel
O F N
H
181

Scheme 27 Synthesis of R-L3.

presence of HATU and DIEA to provide the corresponding amide
177 (Scheme 26). TFA-mediated Boc-deprotection of 177
followed by sulfonamide formation with p-toluenesulfonyl
chloride yielded ML277 (Chart 2).112

Since the R-L3 enantiomers showed opposite effects in
modulating the Ik current (D-enantiomer was an activator while
L-enantiomer was an inhibitor), a stereoselective synthesis of R-
L3 was performed. Reaction of 2-amino-2’'-fluorobenzophenone
(178) with 179 formed the Trp derivative 180 which underwent
intramolecular cyclization in base to form benzodiazepine 181
(Scheme 27). N-Methylation of the amide group in 181 using
NaH and Mel provided R-L3 (Chart 2).252350

6. SYNTHESES AND BIOLOGICAL PROPERTIES OF
Kv7 NEGATIVE MODULATORS

Kv7 blockers promote a reduction of outward K* current,
and, consequently, shift the channels to more positive
membrane potentials. In Chart 18, chemical structures of both
selective and unselective Kv7 inhibitors are shown.

Linopirdine was found to inhibit all Kv7 subtypes with a non-
negligible affinity for other targets (Tables 13 and 14),351 and a
cryo-EM structure revealed its binding site in a cytosolic pocket
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underneath the inner gate in Kv7.4.116 This indolinone was
evaluated as an anti-Alzheimer’s agent since it was able to
release acetylcholine in rat hippocampus, cortex and caudate
nucleus slices, in addition to causing increased dopamine,
glutamate, aspartate, GABA, and serotonin levels.352353 |n vivo
studies confirmed that neurotransmitter release provided
improvements in cognitive and mnemonic functions.353:354
Nevertheless, linopirdine failed in Phase Il clinical trials in
Alzheimer’s patients due to undesired pro-epileptic side
effects.355

A possible therapeutic application of Kv7 channel blockers
for the treatment of hypotension was supported by the
reduction of systolic blood pressure and heart rate observed
after prolonged use of the Kv7 activator flupirtine in humans.
Due to the expression of Kv7.1, Kv7.3, Kv7.4, Kv7.5 in vascular
smooth muscle cells, linopirdine (0.01 - 3 mg/kg i.v.)
demonstrated a dose-dependent increase in both mesenteric
vascular resistance and systolic blood pressure in rats. Although
further investigations of the Kv7 subtype in vascular tone are

o] o]
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o\\ /
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Chart 18 Structures of Kv7 antagonists.
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needed, the results achieved by linopirdine are consistent with
a possible use of Kv7 antagonists in hypotension and
haemorrhagic shock treatments. 356,357

XE991 is a more potent pan-Kv7 antagonist than linopirdine
(Table 13).358 Several studies evaluated a possible
neuroprotective effect of XE991 in Parkinson’s disease (PD),
following the detection of Kv7.2 and Kv7.4 in nigral
dopaminergic neurons. Both in vitro and in vivo studies
demonstrated an increase in dopamine levels in substantia
nigra compacta as well as in the spontaneous firing rate of
dopaminergic neurons.359.360

XE991 microinjection (1 uM, 0.5 pL) into the substantia nigra
compactain arat model for PD partially reverted the rigidity and
akinesia induced by administration of the D2 receptor
antagonist haloperidol.3¢0 In order to confirm these results, rats
with 6-hydroxydopamine-induced neurodegeneration were
used to mimic late-stage PD and treated with XE991 (10 umol/L
s.c.). Subsequently, balance and motor coordination improved
and an attenuation in muscle rigidity was observed.361
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Table 13 Potency of Kv7 blockers based on current inhibition in Kv7 subtypes

Linopirdine XE991

(3R,4S)-Chromanol 293B HMR 1556

Xenopus oocytes:

Kv7.1 ICso (uM) 8.9+0.6 132

0.75+0.05

Xenopus oocytes:
1362] 65.4+1.7 [364]

Xenopus oocytes:
16.4+0.7 [3%3]
Xenopus oocytes: Xenopus oocytes:

0.42+0.02 1383
Xenopus oocytes:
26.9+0.8 (363

CHO cells:
2.08 £ 0.78 1366

Kv7.1/KCNE1
ICso (LM)

CHO cells:
1.60+0.17 1368

Xenopus oocytes:
~6.5uM  [367]

Xenopus oocytes:
15.1+3.3 (364

Xenopus oocytes:
6.9+0.5. 1363

Kv7.1/KCNE3

Xenopus oocytes:

15+2 13l

ICs0 (LM) 0.54+0.18 1364
Xenopus oocytes: | Xenopus oocytes:
4.8+0.6 B2 0.71£0.07 &2
Kv7.2 ICs0 (uM)
HEK293 cells: HEK293 cells:
3.4+2.6 (03] 1.5¢0.4 103
HEK293 cells:
KV7.2/7.3 2.7+0.9 [105] HEK293 cells:
0.9+0.3 (03]
ICso (M) Xenopus oocytes:
10+1 1363]
Kv7.3/7.4 HEK293 cells: HEK293 cells:
ICs0 (LM) 1.4+0.4 103 1.4+0.5 1103
Kv7.4IC M HEK293 cells: HEK293 cells:
VIAICo M) | o7 s 12401 005
CHO cells:
Kv7.5/7.3 7.7411 b
ICs0 (LM) Xenopus oocytes:

The absence of seizures in an animal model after XE991 and
linopirdine treatment and their neuroprotective properties
could be explained by their slow binding kinetics to the active-
conformation of Kv7 channels, mainly exerting their inhibition
in hyperexcited neurons.”t

Interestingly, the antagonist DMP 543 was claimed to
exhibit anti-AD properties as a consequence of effects in a
phencyclidine-induced schizophrenia mouse model of drug

addiction.368.3¢9 Moreover, DMP 543 and XE991 showed an
improved ACh release from rat brain slices (490 nM and 700 nM,
respectively) compared to linopirdine (4.2 uM). This effect was
reproduced transferred in a rat model of AD, leading to
increases in hippocampal extracellular ACh levels of about 100%
(XE991 dose = 5 mg/kg and DMP 543 dose = 1 mg/kg).37°
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Table 14 Inhibition of non-Kv7 channels (ICso) by Kv7 antagonists and their effects on non-Ig currents.

Linopirdine Xenopus oocytes: eagl = 3113 pM; ergl = 5314 uM; erg3 = 8515 pM; elkl = 3744 uM; Kv1.2 = 6816 uM; Kv4.3 = 86114 uM;
Inhibition of Kv2.1  [1362:371]
XE991 Xenopus oocytes: eagl = 4916 pM; ergl = >100 uM; erg3=>100 uM; elkl = >100 pM; Kv1.2 = >100 uM; Kv4.3 = 4317 uM;
Inhibition of Kv2.1 [362,371]
Racemic Xenopus oocytes: Kv1.1, Kir2.1, Icar, and hERG = no inhibition
Chromanol Xenopus oocytes: ICFTR =19 uM; Kare channel: between 50 and 100 pM
293B Guinea pig ventricles: Ix-=>30 uM
Guinea pig myocytes: lk1, Ina, Ica, Ikr = N0 inhibition
Human myocytes: Ina, Ica-.L = no inhibition
Human atrial myocytes: kol =31.2 uM; lkur=30.9 uM
Human ventricles: I =24.0 uM [372:373,374,375,376,377]
(3R,4S)- CHO cells: hERG =22446.3 pM; Kv4.3 = 5442.5 uM; Kv1.5 =27+1.6 uM  B73]
Chromanol
293B
HMR 1556 Canine myocytes: lio = 33.9 uM; lea= 27.5uM; Ik = 12.6 uM; No effect on Ix1
Xenopus oocytes: No effects on Kv1.3, Kir2.1, and HCN2. Less than 15% inhibition at 10 uM against hERG and Kv1.5 1378379
DMP 543 a1a Ki=1.1-3.1 uM; o1R: Ki = 3.9 pM [368]

Studies of selective Kv7 channel blockers have intensified
following the therapeutic applications of pan-Kv7 antagonists
and the realization of the large range of biological processes in
which Kv7 involvement has been demonstrated.366380,381,382

The (—)-(3R,4S)-chromanol 293B is a blocker of the delayed
rectifier K* current (Ix) with a high affinity for Kv7.1/KCNE1 and
Kv7.1/KCNE3 over Kv7.1 (Tables 13 and 14).372373 Kv7.1
inhibition by 293B arises from its binding to a cavity in the pore
region, blocking the channel in the AO conformation without
affecting the C-terminus. In particular, 293B stops ion
permeation by engaging in hydrophobic interactions with the S6
transmembrane domain and exhibiting electrostatic
interactions within the lower selectivity filter. Kv7.1/Kv7.2
chimera studies and a Kv7.1 point mutation approach revealed
1le337, Phe340 (in S6) and Thr312 (in the selectivity filter) as
crucial residues for 293B interactions. Further information was
obtained by docking 293B into a homology model based on
KcsA and Kv1.2 x-ray structures of the open Kv7.1 pore,
demonstrating the formation of a tertiary complex between
293B, the lowest K*ion in the selectivity filter and residues in
the pore cavity. The resulting complex was stabilized by
electrostatic effects with the oxygen atoms of the sulfonamide
moiety and the alkoxide group of 293B.36>

Kv7.1 channels have also been detected in
Langerhans cells in rodent pancreas and in GLP-1-positive L-cells
in the intestinal crypt.383 Since its in vitro inhibition (initial
infusion of 8 mg/kg/h followed by 4 mg/kg/h as a maintenance
dose) led to insulin secretion,384385 chromanol 293B was
investigated in a mouse model of type 2 diabetes, where it was
found to promote an increased glucose-stimulated insulin
secretion compared to control.383 Moreover, Ixs blockers have
been evaluated as potential antiarrhythmic agents with the
purpose to overcome the limitation of class Il antiarrhythmics
based on their greater efficacy at slow rate rather than
tachycardic rate, leading to proarrhythmic side effects.386
Chromanol 293B and HMR1556 (30 mg/kg/day; p.o.), a more

islet of

potent 293B analog,387 showed an inverted rate-dependent
profile of action potential duration compared to class Il
antiarrhythmics,388.389 restoring sinus rhythm and preventing
heart failure in persistent atrial fibrillation-induced pigs.3°0

To evaluate the neuroprotection effects of linopirdine
during clinical trials studies, a limited gram-scale synthesis was
adapted to an industrial manufacturing process (Scheme
28).391.392 |n the scaled-up approach, the oxindole scaffold 183
was replaced with the isatin 184 in order to avoid the need of
large amounts of aluminum chloride during the highly
exothermic Stollé synthesis of 1-phenyloxindole 183.
Accordingly, 1-phenylisatin 184 was obtained by reacting
diphenylamine with oxalyl chloride to give amide 185 at gentle
reflux. Moreover, the use of a catalyst for the ring closure of 185
was thereby made unnecessary, contrary to the synthesis of
183.

The 4-pyridinylmethyl group was introduced in the isatin
scaffold 183 by exploiting the ease of the methyl substituent of
4-picoline to undergo an aldol-like condensation, affording
intermediate 186. In this way, the amount of expensive 4-picolyl
chloride (two equivalents were used in the final step of the
original synthetic approach) was reduced. Moreover, LDA was
no longer needed. Intermediate 186 was then dehydrated to
alkene 187, which was the first isolated intermediate and was
purified by crystallization. The reduction of the double bond of
187 with NaBH4 in alkaline solution followed by in situ alkylation
of 188 gave linopirdine. This seven-step synthesis of linopirdine
was conducted in a single reaction vessel, isolating only the
intermediate 187, with an overall yield of 45-55% from
diphenylamine.391,392
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Scheme 28 Optimized synthetic approach for linopirdine on an industrial manufacturing scale, compared with a previous gram-scale synthesis.

Despite its in vitro potency, linopirdine did not ameliorate
the cognitive state in humans affected by Alzheimer’s disease.
Possible reasons for this setback might be its low blood-brain
barrier (BBB) penetration and short half-life (t,. = 0.4 — 3.2
hours).393 In fact, linopirdine was shown to be metabolized by
cytochrome P-450, leading to inactive mono- and bis-pyridine
N-oxides, i.e. 189 and 190 (Scheme 29).3%

To address these drawbacks, a library of linopirdine
analogues was synthesized. The oxindole in the linopirdine
scaffold was replaced with anthrone or 4-azafluorene cores,
enhancing the lipophilic character and fostering BBB
penetration. Moreover, a fluorine atom was inserted in a
position adjacent to the pyridine nitrogen, thus reducing the
basicity of the heterocycle and preventing metabolism to the N-
oxide. As a result, DMP 543 and XE991, discovered at DuPont

.. .. CypP-450
Linopirdine ———»

@ 189

Scheme 29 Chemical structures of linopirdine metabolites.
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Pharmaceuticals, showed an improved inhibitory activity (DMP
543 |Cso=48 nM, XE991 IC50 = 55 nM in HEK-293 cells expressing
Kv7.2 channels), brain-to-plasma ratio (linopirdine = 1:6; DMP
543 = 1:1) and about 4-fold greater half-life (for DMP 543 only).

DMP 543 and XE991 were prepared in a single-step
synthesis, alkylating anthrone with 2-fluoro-4-
(iodomethyl)pyridine using NaH as a base, and treatment with4-
picolyl chloride hydrochloride under phase-transfer catalysis
conditions, respectively (Scheme 30).-395

Cl
| A
o {7 TEBAC, NaOH
H ¢l
> XE991
33%
|
or | 0SO0,CH3
Nal
= = -
NaH, & | ~ | LiOtBu - |
F N F N F
58% | 65to 75%
DMP 543

Scheme 30 Syntheses of DMP 543 and XE991.
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Optimization of the DMP 543 synthesis generated 2-
fluoro-4-(iodomethyl)pyridine in  situ from 2-fluoro-4-
mesylpyridine and Nal, and directly used it for the anthrone
dialkylation in the presence of lithium tert-butoxide instead of
NaH, raising the yield, simplifying the purification and avoiding
anthrone O-alkylation.3°6 The vivid interest in the development
of Kv7 antagonists as neuroprotective agents was based on
additional evidence of their efficacy in relevant
neurodegenerative disease models. The chemical exploration
and SAR studies of anthrone-based derivatives highlighted the
importance of a rigid scaffold surrounded by two hydrogen
bond acceptors to maintain the Kv7 antagonist property.397 In
spite of the considerable Kv7 inhibitory potency of DMP 543, its
PK properties needed to be optimized. Mainly, its acid instability
represented an obstacle for oral administration. Under acidic
conditions, the pyridine nitrogen was protonated, allowing
fluorine elimination by an SnAr reaction with water and
resulting in the inactive derivative 191 (Scheme 31).398

(0]
wor (I
DMP 543 —
HO | X | X F
N __~ _N
191

Scheme 31 DMP 543 conversion into inactive derivative by acid hydrolysis.

To avoid this undesired transformation, the 2-
fluoropyridines were replaced with 2-trifluoromethyl or 3,5-
difluoropyridine groups in compounds 192 and 193, which also
prevented the formation of pyridine N-oxide metabolites.368

The low water solubility of DMP 543 (6 uM) was another
aspect considered and partially resolved by introducing a
pyridazine moiety as shown in 194, attenuating the lipophilicity
of the analog.

Since DMP 543 and XE991 inhibited CYP P-450, probably
due to the coordination of the pyridine nitrogen to the heme
iron, a combination of weak and strong hydrogen bond
accepting groups was introduced in pyridazine JDP-107. The PK
properties of JDP-107 satisfied a lead compound profile in terms
of acid stability, water solubility, and CYP inhibition as well as
strong Kv7 inhibitory activity (ICso = 0.16 uM In HEK-293 cells
expressing Kv7.2 channels), and yet further optimizations were
warranted. In Schemes 32 and 33, the synthetic approaches
used for symmetric and asymmetric anthrone analogs,
respectively, are summarized.

Interestingly, in order to prepare differentially substituted
anthrone derivatives, a replacement of NaH with LiOt-Bu was
instrumental to achieve the mono-substituted intermediate
195, because only disubstituted product was obtained when
NaH was used.368

From an off-target point of view, XE991, DMP 543, and JDP-
107 showed hERG inhibition at greater than or equal to 32 uM
based on a thallium flux assay using HEK 293 cells expressing
hERG channels.368

This journal is © The Royal Society of Chemistry 20xx
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Scheme 33 Synthesis of racemic JDP-107.

In some cases, opposite enantiomers of Kv7 inhibitors
showed different PK and PD properties.121.366 |n this context, an
enantioselective synthesis of chromanols led to the
identification of about one order of magnitude more potent
(3R,45)-293B and (3R,4S)-HMR1556 stereoisomers with
superior properties over (3S,4R)-293B and (3S,4R)-S5557,
respectively (Scheme 34). Both chromanols were prepared by a
regioselective epoxide-ring opening of 196 and 197, using
(ethylsulfonyl)(methyl)amide. For the synthesis of HMR1556,
the benzyl group was deprotected to give 198, followed by
alkylation with 4,4,4-trifluorobutyl iodide.373,399

In addition to the different Kv7 modulator properties
exhibited by enantiomers, there are few examples in the
literature reporting the discovery of Kv7 inhibitors (or Kv7
activators) by apparently small changes in the chemical
structure of Kv7 agonists (or Kv7 antagonists), demonstrating
the subtlety of the mechanism for modulating these channels.

The sub-micromolar Kv7.2 inhibitor HN38 represented the
result of a hit-to-lead campaign following the discovery of a Kv7
antagonist during the screening of RTG analogs modified at N-2
and N-3 positions. The synthesis of HN38 started with the
reductive amination of 2-nitrobenzene-1,4-diamine and 4-
fluorobenzaldehyde to afford 200 (Scheme 35).
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The nitro group of 200 was then reduced to 201 followed by
a Boc-protection step of the aniline to give 202. The free
secondary amine of 202 was alkylated with methylallyl bromide,
and the resulting intermediate 203 was deprotected and
acylated to yield the final target HN38.400

Another example of how a relatively simple structural
change resulted in a switch from a Kv7 agonist to a Kv7
antagonist and vice versa was the serendipitous discovery of a
potent Kv7.2 activator derived from an SAR study of novel Kv7
inhibitors. As a result of a high-throughput screen of
compounds from the Molecular Library Small Molecule
Repository (MLSMR), the Kv7.2 inhibitor 204 was identified as a
hit compound for investigation as an Alzheimer’s disease
treatment. The evaluation of analogs showed that the removal
of the ethyl group (205) or its replacement with a fluorine atom
(206) led to an inhibitor/activator switch (Chart 19). Encouraged
by this discovery, a program for Kv7 activators was initiated, and
the potent, Kv7.2 selective, BBB permeable inhibitor ML252 was

46 | J. Name., 2020, 00, 1-3

identified in addition to the sub-micromolar Kv7.2 activator
207.

As with chromanols 293B and HMR1556,3%3 the two
enantiomers of ML252 showed different inhibitory activities,
with ML252 designated as the more potent (S)-enantiomer. This
compound was prepared in a one-step synthesis by coupling 2-
(1-pyrrolidinyl)aniline (208) and (S)-2-phenylbutyric acid (209)
with HATU (Scheme 36).366

Despite ML252’s interesting pharmacodynamic profile and
attractive brain-to-plasma ratio of 1.9:1, further developments
are required to address remaining deficiencies such as
metabolic instability.366
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The modulation of the afterhyperpolarization of electrically
excitable cells can also potentially be exploited to repristinate
altered excitatory conditions which underlie neuronal disorders
such as memory and learning impairment. However, the
afterhyperpolarization phase is not fully understood yet, the
complexity arising from a sum of different currents acting in
different time frames and varying from cell to cell, making it
difficult to  distinguish the outcomes based on
afterhyperpolarization subtypes (slow-,
afterhyperpolarizations).22,401,402

Since the M-current plays a role in both slow and medium
afterhyperpolarizations, the development of UCL-2077 raised
considerable interest (Chart 18). The compound was able to
suppress slow afterhyperpolarization (sAHP) at low micromolar
concentration, without affecting medium
afterhyperpolarization.382 Subsequently, UCL-2077 was used to
alter the electrophysiology of endocrine cells by modulating
currents which can play a role in the sAHP. An understanding of
this compound’s ability to modulate the sAHP is still under
investigation. However, this property is probably derived from
a combination of UCL-2077’s inhibitory effects on a wide variety
of channels. Among these, selective Kv7.1 and Kv7.2 inhibition
was observed as well as hERG current suppression (ICsp = 4.7

medium-, and fast-

This journal is © The Royal Society of Chemistry 20xx
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UM), inhibition of intermediate-conductance CaZ*-activated K*
(IKca) channels, and a weak effect against the large-conductance
CaZ*-activated K* (BKca) channels (Table 15).366,403

Table 15 Kv7 channel selectivity of UCL-2077.

kv7.l | Kv7Z.1/KCNEL | kv7.2 | kv7.2/73 | Kv7.4

| 06+ 42+ 1929+
Cso 0.06 0.1340.12 9 >30 9.29
(uM) 0.02 1.12 113

In vivo assay data for UCL-2077 are expected to be
forthcoming. Due to its unusual mechanism of action, UCL-2077
might become useful as a probe molecule to improve our
understanding of the etiology of endocrine and neuroendocrine
disfunctions, as well as neuronal diseases.403,404,405

7. CONCLUSIONS

lon channels have long served as attractive targets for
chemical probe and drug development, in part due to their
involvement in the regulation of an exceptionally wide
spectrum of physiological processes. Voltage-gated potassium
channels (Kv) are encoded by 40 different genes, with further
division into 12 subfamilies. The Kv7 protein subfamily, encoded
by the KCNQ genes, plays a critical role in membrane
excitability. Kv7 channel family members are voltage-gated,
non-inactivating ion channels that show negative voltage
sensitivity compared to other Kv channels. Consequently, this
ion channel family contributes to the maintenance of the
resting membrane potential in many cell types. Activation of
Kv7 channels by cell depolarization or pharmacological events
exerts a strong negative control over hyperexcitability. Each Kv7
isoform has a specific distribution within the body, and
mutations within the gene family have been implicated in
several human diseases.

Kv7.1 is widely expressed in cardiac myocytes and plays a
critical role in the repolarization of the cardiac potential. Kv7.1
is also expressed in the inner ear, thyroid gland, lung, ovaries,
proximal and distal tubule of the nephron, pancreas, intestinal
system, and vascular smooth muscles.

The Kv7.2 channel is located both in the central and
peripheral nervous system, with a high density in neocortex and
hippocampus. High current amplitude Kv7.2/7.3 heteromers
are the most abundant Kv7.2 channel assembly, and particular
attention has been given to Kv7.2/7.3 channels for their
importance to M-current contributions in neuronal tissues.
Non-specific and specific Kv7.2/7.3 modulators include a large
number  of electron-rich  N-acylated anilines and
aminopyridines, such as RTG and flupirtine. The control of
metabolic and spontaneous oxidation of these scaffolds, as well
as channel subtype selectivity and tissue distribution continue
to challenge the design ingenuity of medicinal chemists
interested to bring new analogs of these clinically validated lead
structures to market.
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The availability of cryo-EM structures in 2.5-3.3 A
resolutions of human Kv7.2 and Kv7.4 in the apo state as well as
in complex with activators and blockers with different binding
modes represents a major advancement in our ability to
rationally design and optimize current and future modulator
chemotypes.115116 For example, the Kv7.2 cryo-EM ligand
analysis illustrates a hydrogen bonding network with Ser303
and Phe305 at the NH,-substituent in RTG as well as the
positioning of the fluorine substituent of the benzylamine
moiety in a hydrophobic cavity near residue Leu272 (Figure 7,
Panels A and B). An increase in the hydrophobic interactions at
the latter site might, in part, be responsible for the significantly
higher potency of analog RL648-81 (Figure 7, Panel C).270

The Kv7.4 channel variant is predominantly expressed in
homomeric forms in dopaminergic neurons, auditory, and
vestibular systems, and as Kv7.4/7.5 heteromers in smooth
muscle cells. In contrast, the Kv7.5 channel is expressed in
various regions of the brain, both in homomeric forms as well
as Kv7.3/7.5 heteromers, and in skeletal muscles as Kv7.4/7.5
heteromers. Recently, N-propargylated RTG was shown to have
selectivity for Kv7.4/7.5 subtypes, suggesting further
opportunities to explore this chemotype as for Kv7.4
channelopathies as a therapeutic or pharmacological tool
compound.

Beyond isoform specificity and physicochemical features,
critical challenges in the chemical modulation of Kv7 function lie
in the complex regulatory mechanisms of this channel family.
Members integrate voltage and secondary messaging of Ca2*
through calmodulin (CaM) and phosphatidylinositol-4,5-
bisphosphate (PIP2), both of which are downstream of neuro-
transmitter sensitive G protein-coupled receptors (GPCRs). To
date, only two drugs have been approved by regulatory
agencies and marketed with Kv7 agonism as the main
mechanism of action for the treatment of partial on-set seizures
in adults: RTG (USA & EU) and the structurally related flupirtine
(EU). RTGis a relatively unselective Kv7.2-5 channel opener, and
its ability to reduce neuronal hyperexcitability originally led to a
rapid transition to market. Despite its efficacy, however, RTG
was withdrawn in 2017 due to off-target effects such as blue
skin discoloration and eye abnormalities. In 2018, the European
Medicines Agency also recommended discontinuing flupirtine
because of the risk for serious liver injury.

There is now a substantial void in the treatment of drug-
resistant epilepsies and other hyperexcitability disorders
despite the therapeutic potential of Kv7 agonists. No available
current treatment engages Kv7 channels as a main mechanism
of action, despite the extremely broad biomedical relevance of
these channels in epilepsy, pain, tinnitus, cancer, cardiovascular
disease, and neurodegeneration. Furthermore, many inherited
diseases have been attributed to mutations in KCNQ genes,
encoding Kv7 proteins with a higher or lower ability to
hyperpolarize the cell membrane. Significantly, the range of
chemical structure diversity and target sites that has been
summarized in this review remains still limited, and there is
much room left to explore in ongoing and future medicinal
chemistry programs. There is also a clear need to develop new

48 | J. Name., 2020, 00, 1-3
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lead structure families based on innovative new synthetic
methods.

Fig. 7 Cryo-EM based hydrophobic surface structures of human Kv7 (pdb 7cr2)
showing RTG bound to the pore region in overall (Panel A) and close-up views
(Panel B); docking model of RL648-81 derived from this structure (Panel C).
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CHEMICAL MODULATION OF Kv7 POTASSIUM CHANNELS
TOC

This review describes the synthetic and medicinal chemistry of small molecule modulators of
the voltage-gated Kv7 (KCNQ) potassium channels and the available data of their biological and
clinical properties.



