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Ion channels are transmembrane proteins that create a gated and water-filled pore
to allow the flow of ions down their electrochemical gradient between the in-
tracellular and extracellular environment.! 2 They are selective for a wide range
of cations and anions, such as Na*, K*, Ca?', and CI ions. The distribution of
ion channels has been found in cell membranes as well as the membranes of
intracellular mitochondria, endoplasmic reticulum, and nucleus, which suggests
their crucial physiological functions in a plethora of excitable and non-excitable
tissues. Accordingly, ion channels are important targets for many drugs in current
use. Indeed, application of ion channel modulators as medications was operative
long before their existence had been demonstrated.? For instance, in the 19 cen-
tury cocaine extraction from coca leaves gave rise to a pharmaceutical class of
local anesthetics, which are selective sodium channel blockers.* In addition to
the widespread therapeutic properties, ion channels are also crucially related to
human toxicology due to their involvement in human physiology. K 11.1 (hERG)
channel induced cardiotoxicity has become a thorny issue for the pharmaceutical
industry in the past years. Blockade of the K 11.1 channel leads to the prolonga-
tion of cardiac action potential duration (APD) and long QT syndrome, which in
some individuals can degenerate into ventricular arrhythmias and sudden cardiac
death.” It has been pointed out that 50% of drugs recalled by the FDA from 1995
to 2000 were also K 11.1 blockers.® In this thesis, I, therefore, focus on parame-
ters that might determine the K 11.1 toxicity of compounds at the molecular level,
as well as possible strategies for relieving the K 11.1-related cardiac side effects
of drugs. In order to provide some background for the research and concepts that
are discussed in this thesis, a brief overview of ion channels has been outlined.
Subsequently, the target receptor, the K 11.1 channel, is introduced, followed by
a summary of objectives and contents of this thesis.

Ion channels

Several hundred genes in the human genome encode the pore-forming ion chan-
nels across plasma membranes.! According to the precise control of channel gat-
ing, ion channels are classified as ligand- and voltage-gated channels, of which
the opening and closure are mediated by a specific ligand and membrane voltage,
respectively.’

Ligand-gated ion channels

Ligand-gated ion channels (LGICs) are oligomeric protein assemblies that span
the cell membrane and form both the binding site for an endogenous ligand and
an ion-conducting pore, which converts a chemical signal into an ion flux through
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the membrane.®° Based on homology in their amino acid sequence and topology
of their component subunits, LGICs are divided into three superfamilies, includ-
ing P2X, ionotropic glutamate, and Cys-loop receptors.!® They play an important
role in fast synaptic transmission and in the modulation of cellular activity, in
particular for basic brain functions like learning, memory and attention.

P2X receptors

P2X receptors are non-selective cationic channels gated by extracellular ATP,
which are permeable to Na*, K*, Ca?", and in some cases also to Cl ions."' A P2X
channel contains three subunits, and each subunit is composed of two transmem-
brane domains connected by a large, glycosylated extracellular loop, and intracel-
lular C- and N-terminus (Figure 1A).° At present, there are seven P2X receptor
subtypes found in mammals, which are termed P2X, to P2X_."> These channels
play paramount roles in various physiological processes such as nerve transmis-
sion, pain sensation, the response to inflammation, multiple facets of diabetes,
and tumor cell growth, making them attractive drug targets in recent years.'>!*

Ionotropic glutamate receptors

Ionotropic glutamate receptors are cation-selective ion channels that open their
ion-conducting pores in response to the binding of glutamate.'* This channel is
made up of four homologous subunits with each subunit containing three trans-
membrane segments, an intracellular C-terminus and extracellular N-terminus
(Figure 1B).° The ionotropic glutamate receptors are grouped into three subtypes
according to their distinct responses to certain small molecule agonists: N-meth-
yl-D-aspartate  (NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazolepropion-
ic-acid (AMPA) and kainate (KA) receptors.!® !5 ¢ These distinct ion channels
are implicated in almost all aspects of nervous system development and function,
and their dysfunctions can be linked to epilepsy or chronic neurodegenerative
conditions like schizophrenia, Alzheimer’s and Parkinson’s diseases, as well as
stroke.!> 16

Cys-loop receptors

The Cys-loop receptors, named from the conserved cysteine loop in their ex-
tracellular domain, constitute the largest subfamily amongst all LGICs.” '” The
best characterized members of the Cys-loop receptor superfamily are nicotinic
acetylcholine receptors (nAChRs), serotonin type 3 receptors (5-HT,Rs), GABA
receptors type A (GABA Rs), glycine receptors (GlyRs) and zinc activated chan-
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nels (ZACs)."® Although these ion channels exhibit diverse kinetic and pharmaco-
logical profiles, they share a common structure of five identical subunits that are
pseudo-symmetrically arranged to form a rosette with a central ion-conducting
pore for either anion (GABA,Rs and GlyRs) or cation (nAChRs, 5-HT,Rs, and
ZACs) flux.'" ! As shown in Figure 1C, each subunit of the channel is made up
of an extensive N-terminus and a short C-terminus on the extracellular side, and
four transmembrane segments.® All these receptors are very important targets for
a wide variety of drugs, and their dysfunctions are associated with different kinds
of diseases. For example, nAChRs have been demonstrated to play many critical
roles in brain and body functions, indicating their therapeutic modulation of Alz-
heimer’s disease, epileptic disorders and chronic pain.”*** Likewise, GABA ,Rs
have been unraveled to regulate the controlling neuronal activity in distinct brain
regions, and dysfunction of this ion channel involves a range of central nervous
system diseases such as anxiety, insomnia, muscle spasms, Alzheimer’s disease
and schizophrenia.?
Extracellular

A B -

N
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Figure 1. Schematic representation of a single subunit from the three superfamilies of
ligand-gated ion channels across the membrane: (A) P2X receptors, (B) lonotropic gluta-

mate receptors, and (C) Cys-loop receptors.’

Voltage-gated ion channels

Voltage-gated ion channels (VGICs) are integral transmembrane proteins that
conduct selected inorganic ions at high rates across the membrane in response
to changes in transmembrane voltage.” The VGIC superfamily, with 143 mem-
bers in the human genome, forms the third largest family of signal-transduction
proteins, following the G protein-coupled receptors and protein kinases.”*?” As
shown in Figure 2, ten families are included in this VGIC superfamily: volt-
age-gated sodium/calcium/potassium channels (Na /Ca /K ), calcium-activated
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potassium channels (K, ), cyclic nucleotide-modulated (CNG) ion channels, hy-
perpolarization-activated cyclic nucleotide-modulated (HCN) channels, transient
receptor potential (TRP) channels, two-pore channels (TPCs), inwardly rectify-
ing potassium channels (K. ) and two-pore potassium channels (K,).'** All these
channels are composed of a common cation-selective pore-forming module con-
taining two transmembrane segments and an intervening pore loop.'® Except for
K. and K, channels, all other ion channels consist of four subunits symmetrically
arranged around the central ion-conducting pore, and each subunit encompasses
six transmembrane segments (S1-S6).1%26:27 Amongst these segments, S1-S4 seg-
ments form the voltage-sensor domain with four to eight positively charged resi-
dues in the S4 segment conferring voltage dependence, whereas S5 and S6 make
up the pore domain including the ionic pore with the selectivity filter.! Movement
of the voltage sensors and pore domains constitutes three main conformational
states of the VGICs: closed, open and inactivated states. On the other hand, K,
and K, which are composed of four and three subunits respectively, are struc-
turally the simplest VGICs with only pore-forming segments for each subunit.
These two potassium channels are regulated by membrane lipids and intracellular
‘ligands’, as diverse as G proteins, Mg** ions, polyamines and ATP.!® Apart from
the main subunits, VGICs also possess some smaller, auxiliary subunits to mod-
ify their functions, increasing the diversity and complexity of this superfamily.
VGICs play a fundamental role in most aspects of cell physiology and underlie
complex integrative processes like learning and memory in the brain and coor-
dinated movements of the muscles, which makes them the molecular target for a
number of therapeutic agents and also toxins.”’

Potassium-selective channels with 78 members are the most diverse and
widespread group of ion channels, whereas K channels, in humans encoded
by 40 genes and divided into 12 subfamilies (K 1-12), form the largest family
among these potassium channels.” *° All K channels have a high level of struc-
tural similarity, and play a pivotal role in a variety of cellular processes, such
as functioning of excitable cells, cell apoptosis, growth and differentiation, the
release of neurotransmitters and hormones, and maintenance of cardiac activity.’!
Therefore, K channels constitute potential drug targets and provide tremendous
opportunities for treating cancer, autoimmune diseases, metabolic, neurological
and cardiovascular disorders. However, K channels also present a challenge to
the development of K -targeted medications, of which the K 11.1 channel is an
explicit example with its promiscuity to drug binding, resulting in drug-induced
ventricular arrhythmias.?
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Figure 2. A phylogenetic tree of voltage-gated ion channels, and a schematic representa-
tion of the structure of each voltage-gated ion channel within this superfamily.?®

The KV11.1 channel

Overview of the Kv11.1 channel

The K 11.1 channel, of which the pore-forming a-subunits are encoded by the
human ether-a-go-go-related gene (hERG), carries a rapidly activating delayed
rectifier potassium current (/) underlying its essential role in cardiac action
potential repolarization.*® In addition, the K 11.1 channel has been found to be
expressed in various brain regions, smooth muscle cells, endocrine cells, and a
wide range of tumor cell lines, which implicates the channel’s therapeutic op-
portunities beyond the cardiac system.*> ¥ However, due to its involvement in
life-threatening cardiac arrhythmias, the terminology “hERG” or “K 11.1” has
become notorious in the drug discovery community. Hence, much attention has
been paid to K 11.1-induced cardiotoxicity over the past decades, which makes
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its role in the heart best characterized.

i
- / MUY \ ¥/ W

0 Time (ms) 300 \,,/ ,,

C (ﬁ‘ D
\ [ val625 Ve
Thr623 — — h — WWVWWWWW
(~——— Gly648
Tyr652 dl‘ugj AN oprs o
K 11.1 block APD prolongation QT interval TdP and VF
and EAD prolongation

(%
¢ ¢
(¥

C - Phe6s56

Figure 3. (A) The ventricular action potential waveform indicating the major ionic cur-
rents that contribute to its morphology and duration (/: inward sodium current, / :
transient outward potassium current; /. : L-type inward calcium current; /,: outward re-
polarizing potassium current; /, : slowly activating delayed rectifier potassium current;
I : rapidly activating delayed rectifier potassium current; /: inward rectifier potassium
current).**** (B) Structure of the pores of the K 11.1 channel and other K  channels: the
presence of a Pro-X-Pro (PXP) motif in the S6 helix of other K channels causes a kink
and thereby reduces the size of the channel pore cavity.*® (C) Amino acids that are crucial
for high-affinity binding of prototypical K 11.1 blockers.”” (D) Mechanism of cardiac
arrhythmias induced by K 11.1 blockade.*®

The K 11.1 channel displays unusual gating properties that impact cardiac
electrical function. Upon membrane depolarization the K 11.1 channel opens
slowly but inactivates rapidly, while it recovers rapidly from inactivation but de-
activates slowly during repolarization.>** Therefore, the K 11.1 channel conducts
robust outward currents (/) relatively late in the ventricular action potential,
accelerating the phase 3 repolarization without significantly disturbing the pre-
ceding plateau phase 2 (Figure 3A). Nevertheless, the K 11.1 channel lacks a
Pro-X-Pro (PXP) motif existing in other K  channels (Figure 3B), resulting in
a larger cavity that can accommodate a wide range of drugs.*® Furthermore, the
K 11.1 channel has multiple aromatic rings lining the pore (Figure 3C), which
facilitates the binding of drugs containing aromatic rings at the channel.’” Col-
lectively, a number of drugs including cardiac and non-cardiac medications can
bind to the K 11.1 channel. As depicted in Figure 3D, drug block of the K 11.1
channel at the molecular level induces APD prolongation, early afterdepolariza-
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tions (EADs) and heterogeneity of repolarization.’® This generates a lengthening
of the QT interval in the electrocardiogram at the tissue level, which can further
lead to life-threatening arrhythmias like Torsade de Pointes (TdP) and ventric-
ular fibrillation (VF). Therefore, it has become obligatory routine practice for
all pharmaceutical and biotechnology companies to screen for K 11.1 liability
of drug candidates in the early stage of drug development. More details on the
structural features and physiological functions of K 11.1 channel will be stated
in the chapter 2.

Ligands for the K 11.1 channel
Blockers and modulatory activators

A large number of structurally diverse compounds have been shown to bind to the
K 11.1 channel. In most cases these drugs reduce the 7, by directly blocking the
conduction pore or less frequently by interfering with channel trafficking to the
surface membrane, and these drugs are referred to as K 11.1 blockers.’>** In
addition, some blockers like APETx1 exert their inhibitory effects on the K 11.1
current by modulating the gating properties of the channel.*:*> On the other hand,
a small amount of compounds have also been characterized as K 11.1 activators,
which have the opposite activity of blockers and thus enhance the /,_current.”*
Most K 11.1 blockers share a common binding region within the aqueous
inner cavity at the pore of the channel, where residues Tyr652 and Phe656 are
found to be crucial for drug binding via hydrophobic and electrostatic interplays,
including -7 and m—cation interactions.’”** Apart from the intracellular bind-
ing pocket, various scorpion, spider and sea anemone toxins inhibit the K 11.1
channel from the extracellular side or by binding to the voltage-sensor domain.*?
With regard to the K 11.1 activators, different binding locations at the channel
have been identified, depending on the mechanisms by which they potentiate
the /. According to the primary action model, these K 11.1 activators are sep-
arated into types 1 and 2 classes.’>** Type 1 K 11.1 channel activators attenuate
the inactivation and deactivation rates of the channel, whereas type 2 activators
primarily impair the channel’s inactivation rate. Distinct from each other as well
as blockers, type 1 and type 2 K 11.1 activators bind to a site between the pore
and voltage sensor and a region that is closer to the selectivity filter, respectively.
Additionally, several type 2 K 11.1 activators like NS1643 and PD307243 have
been proposed to interact with the channel at the extracellular face.** Taken
together, multiple binding sites exist at the K 11.1 channel, which illustrates the
potential for different ligands to display either competitive or allosteric interac-
tions depending on their binding sites relative to one another (Figure 4A).%
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Allosteric

Channel Ligand Ligand-channel complex

Competitive

Figure 4. Simple schematic representations of the ligand-channel interaction: (A) Arrows
demonstrate a competitive (endogenous ligand with ligands A and B, ligand B with li-
gands A and C) or allosteric interaction (ligand C with ligand A and endogenous ligand)
of different ligands based on their binding sites relative to one another,* and (B) Sin-
gle-step binding of a ligand to the K 11.1 channel .

Binding kinetics of ligands

The specific ligand-receptor interaction is the chemical basis of virtually all bi-
ological activities of compounds.*® As shown in Figure 4B, binding of a K 11.1
ligand to the channel can be considered as a single-step reaction in the simplest
scenario. At first, the ligand binds to the K 11.1 channel with a second-order
association rate (k_ ), and then detaches from the channel with a first-order disso-
ciation rate (k ). In a closed system, the extent of ligand-channel binding is com-
monly quantified in terms of the equilibrium dissociation constant (K)) defined as
the value of k ./k_ or its (often inhibitory) affinity (IC,  or K,). To date, more and
more evidence from a wide range of receptors has addressed the concept that in
vivo efficacy of a ligand is not only described by the in vitro measured equilibri-
um dissociation constant, but also depends on its association and, more critically,
dissociation rates.*”* A ligand’s residence time (RT), i.e. the reciprocal of its
dissociation rate, may be at the basis of the ligand’s duration of action and target
selectivity.*® As for the K 11.1 channel, a 30-fold safety margin, quantified as the
ratio of IC, and maximum plasma concentration (C__ ), has been proposed to
define the cardiac safety of K 11.1 blockers.”® However, the binding of a K 11.1
ligand to the channel remains a dynamic process in which binding (association)
and unbinding (dissociation) events develop over time.*! Moreover, the approach
in which only the IC,; value is considered, is rather arbitrary and may not satis-
factorily account for the degree of ion channel inhibition reached in various con-
ditions, leading to unsatisfactory quantitative predictions.*"-** Importantly, K 11.1
blockers with similar IC values but different binding kinetics at the channel
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have been reported to pose distinct proarrhythmic risks.>> ** Therefore, binding
kinetics of ligand-K 11.1 interactions constitute a critical component in under-
standing the mechanism of action, and thus should be incorporated within the
present screening strategy to improve the risk profiles of drug candidates.’! 3

Objectives and outline of this thesis

Drug-induced arrhythmia due to blockade of the K 11.1 channel has emerged
as an unanticipated side effect of many pharmacological agents and is a major
obstacle for drug development. Although much attention has been paid to screen-
ing K 11.1 liability of drug candidates over the past decades, the current testing
paradigm has important limitations and may have led to withdrawal of block-
busters on the present market or stopping the development of potentially valuable
therapeutics. Therefore, investigating the mechanism of action of ligands at the
K 11.1 channel, where in particular the ligand binding kinetics may yield com-
prehensive understanding of K 11.1-related cardiotoxicity, may further provide
new strategies for circumventing this side effect in drug development. In addi-
tion, compounds that can relieve the unintended K 11.1 blockade of drugs, e.g.,
allosteric modulators, are of considerable interest because of their potential to
prevent drug-induced arrhythmia via combination therapy.

In Chapter 2, the gating kinetics and ligand binding characteristics at the
K 11.1 channel are extensively discussed, following the basic introduction of the
channel biosynthesis, structure and function, and pharmacological target and an-
ti-target applications in drug development.

At the start of this project, high-throughput assays had not been reported to
characterize allosteric modulators of the K 11.1 channel, nor had ligand binding
kinetics been determined at the channel. Thus, [*H]astemizole and [*H]dofetilide
binding assays were developed and utilized to identify positive and negative al-
losteric modulators of the K 11.1 channel in Chapter 3.

Based on the work in chapter 3, a novel negative allosteric modulator
(LUF7244) was identified in several different [*H]dofetilide binding assays in
Chapter 4. LUF7244 was found to reduce the K 11.1 affinity of dofetilide, as-
temizole, sertindole and cisapride in a [*H]dofetilide competitive displacement
assay, and more importantly, to prevent the proarrhythmic effects induced by
astemizole, sertindole and cisapride in a newly validated neonatal rat ventricular
myocyte model. This research raises the possibility to resume the clinical use of
unintended K 11.1 blockers via pharmacological combination therapy. Following
this, in Chapter 5 the synthesis of a series of possible allosteric modulators and
the evaluation of their allosteric effects on [*H]dofetilide binding at the chan-
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nel are reported. Compared to LUF7244, several more potent negative allosteric
modulators were obtained via small chemical modifications.

In Chapter 6, a novel [*H]dofetilide competition association assay was de-
veloped and validated to evaluate the kinetic parameters of fifteen prototypical
K 11.1 blockers at the channel. Next to that, an immobilized artificial membrane
column was applied to measure the membrane affinity of these blockers to eluci-
date the effect of membrane affinity of ligands on their affinity and kinetic param-
eters. In addition to varied affinity values and association rates of K 11.1 ligands
at the channel, Chapter 7 focuses on the discovery of blockers with diversified
dissociation rates or RTs. Compounds with very short (< 1 min) and much longer
RTs (> 100 min) were disclosed in this chapter, which enabled the construction
ofa “k -k .-K_” kinetic map for all these compounds. Additionally, results from
patch clamp studies implicated the importance of RTs in regulating the functional
IC,, values of K 11.1 blockers.

Overall, allosteric modulation and binding kinetics of ligands at the K 11.1
channel have been thoroughly studied in this thesis. The general conclusions and
future perspectives for this field of research have been summarized in Chapter
8. Hopefully, the findings in this thesis will add to the current understanding in li-
gand-K 11.1 interactions, and also provide effective opportunities for abrogating
K 11.1-induced cardiotoxicity.

References

1. Bagal, S. K.; Brown, A. D.; Cox, P. J.; Omoto, K.; Owen, R. M.; Pryde, D. C.; Sid-
ders, B.; Skerratt, S. E.; Stevens, E. B.; Storer, R. I.; Swain, N. A. Ion channels as thera-
peutic targets: A drug discovery perspective. J. Med. Chem. 2012, 56, 593-624.

2. Restrepo-Angulo, I.; Vizcaya-Ruiz, D.; Camacho, J. Ion channels in toxicology. J.
Appl. Toxicol. 2010, 30, 497-512.

3. Camerino, D. C.; Tricarico, D.; Desaphy, J.-F. lon channel pharmacology. Neu-
rotherapeutics 2007, 4, 184-198.

4. Ruetsch, Y. A.; Boni, T.; Borgeat, A. From cocaine to ropivacaine: The history of
local anesthetic drugs. Curr. Top. Med. Chem. 2001, 1, 175-182.

5. Sanguinetti, M. C.; Tristani-Firouzi, M. hERG potassium channels and cardiac ar-
rhythmia. Nature 2006, 440, 463-469.

6. Mathes, C. Ion channels in drug discovery and development. Drug Discov. Today
2003, 8, 1022-1024.

7. Lerche, H.; Jurkat-Rott, K.; Lehmann-Horn, F. Ion channels and epilepsy. 4Am. J.
Med. Genet. 2001, 106, 146-159.

8. Li, S.; Wong, A. H.; Liu, F. Ligand-gated ion channel interacting proteins and their



References | 19

role in neuroprotection. Front Cell. Neurosci. 2014, 8, 1-5.

9. Hogg, R. C.; Buisson, B.; Bertrand, D. Allosteric modulation of ligand-gated ion
channels. Biochem. Pharmacol. 2005, 70, 1267-1276.

10. Harmar, A. J.; Hills, R. A.; Rosser, E. M.; Jones, M.; Buneman, O. P.; Dunbar, D. R.;
Greenhill, S. D.; Hale, V. A.; Sharman, J. L.; Bonner, T. I.; Catterall, W. A.; Davenport, A.
P.; Delagrange, P.; Dollery, C. T.; Foord, S. M.; Gutman, G. A.; Laudet, V.; Neubig, R. R.;
Ohlstein, E. H.; Olsen, R. W.; Peters, J.; Pin, J.; Ruffolo, R. R.; Searls, D. B.; Wright, M.
W.; Spedding, M. IUPHAR-DB: The IUPHAR database of G protein-coupled receptors
and ion channels. Nucleic Acids Res. 2009, 37, D680-D685.

11. Petrushenko, Y. A. P2X Receptors: Peculiarities of the structure and modulation of
the functions. Neurophysiology 2012, 44, 163-173.

12. Young, M. T. P2X receptors: Dawn of the post-structure era. Trends Biochem. Sci.
2010, 35, 83-90.

13. Adinolfi, E.; Capece, M.; Amoroso, F.; Marchi, E.; Franceschini, A. Emerging Roles
of P2X receptors in cancer. Curr: Med. Chem. 2014, 22, 878-890.

14. Fotino, C.; Vergani, A.; Fiorina, P.; Pileggi, A. P2X receptors and diabetes. Curr:
Med. Chem. 2014, 22, 891-901.

15. Sobolevsky, A. I. Structure and gating of tetrameric glutamate receptors. J. Physiol.
2015, 593, 29-38.

16. Stawski, P.; Janovjak, H.; Trauner, D. Pharmacology of ionotropic glutamate recep-
tors: A structural perspective. Bioorg. Med. Chem. 2010, 18, 7759-7772.

17. Thompson, A. J.; Lester, H. A.; Lummis, S. C. The structural basis of function in
Cys-loop receptors. Q. Rev. Biophys. 2010, 43, 449-499.

18. Jensen, M. L.; Schousboe, A.; Ahring, P. K. Charge selectivity of the Cys-loop fam-
ily of ligand-gated ion channels. J. Neurochem. 2005, 92, 217-225.

19. Nys, M.; Kesters, D.; Ulens, C. Structural insights into Cys-loop receptor function
and ligand recognition. Biochem. Pharmacol. 2013, 86, 1042-1053.

20. Sadigh-Eteghad, S.; Majdi, A.; Talebi, M.; Mahmoudi, J.; Babri, S. Regulation of
nicotinic acetylcholine receptors in Alzheimer’s disease: A possible role of chaperones.
Eur. J. Pharmacol. 2015, 755, 34-41.

21. Ghasemi, M.; Hadipour-Niktarash, A. Pathologic role of neuronal nicotinic acetyl-
choline receptors in epileptic disorders: Implication for pharmacological interventions.
Rev. Neurosci. 2015, 26, 199-223

22. Del Bufalo, A.; Cesario, A.; Salinaro, G.; Fini, M.; Russo, P. Alpha9Alphal0 nico-
tinic acetylcholine receptors as target for the treatment of chronic pain. Curr. Pharm. Des.
2014, 20, 6042-6047.

23. Rudolph, U.; Méhler, H. GABA , receptor subtypes: Therapeutic potential in down
syndrome, affective disorders, schizophrenia, and autism. Annu. Rev. Pharmacol. Toxi-
col. 2013, 54, 483-507.

Chapter 1



20 | General introduction

24. Michels, G.; Moss, S. J. GABA receptors: Properties and trafficking. Crit. Rev.
Biochem. Mol. Biol. 2007, 42, 3-14.

25. Sands, Z.; Grottesi, A.; Sansom, M. S. Voltage-gated ion channels. Curr: Biol. 2005,
15, R44-R47.

26. Borjesson, S. L; Elinder, F. Structure, function, and modification of the voltage sen-
sor in voltage-gated ion channels. Cell Biochem. Biophys. 2008, 52, 149-174.

27. Frank, H. Y.; Yarov-Yarovoy, V.; Gutman, G. A.; Catterall, W. A. Overview of mo-
lecular relationships in the voltage-gated ion channel superfamily. Pharmacol. Rev. 2005,
57,387-395.

28. Yu, F. H.; Catterall, W. A. The VGL-chanome: A protein superfamily specialized for
electrical signaling and ionic homeostasis. Sci. Signal. 2004, 2004, 1-17.

29. Gutman, G. A.; Chandy, K. G.; Grissmer, S.; Lazdunski, M.; Mckinnon, D.; Pardo,
L. A.; Robertson, G. A.; Rudy, B.; Sanguinetti, M. C.; Stiihmer, W.; Wang, X. Internation-
al union of pharmacology. LIII. nomenclature and molecular relationships of voltage-gat-
ed potassium channels. Pharmacol. Rev. 2005, 57, 473-508.

30. Wulff, H.; Castle, N. A.; Pardo, L. A. Voltage-gated potassium channels as therapeu-
tic targets. Nat. Rev. Drug Discov. 2009, 8, 982-1001.

31. Grizel, A.; Glukhov, G.; Sokolova, O. Mechanisms of activation of voltage-gated
potassium channels. Acta Naturae 2014, 6, 10-26.

32. Vandenberg, J. I.; Perry, M. D.; Perrin, M. J.; Mann, S. A.; Ke, Y.; Hill, A. P. hRERG
K" channels: Structure, function, and clinical significance. Physiol. Rev. 2012, 92, 1393-
1478.

33. Babcock, J. J.; Li, M. hERG channel function: Beyond long QT. Acta Pharmacol.
Sin. 2013, 34, 329-335.

34. Crump, S. M.; Abbott, G. W. Arrthythmogenic KCNE gene variants: Current knowl-
edge and future challenges. Front. Genet. 2014, 5, 1-7.

35. Nachimuthu, S.; Assar, M. D.; Schussler, J. M. Drug-induced QT interval prolonga-
tion: Mechanisms and clinical management. Ther. Adv. Drug Saf. 2012, 3, 241-253.

36. Benos, D.; Bezanilla, F.; Chien, K.; Choe, S.; Clapham, D.; Dougherty, D.; Laz-
dunski, M.; Levitan, I.; Lewis, R. The state of ion channel research in 2004. Nat. Rev.
Drug Discov. 2004, 3, 239-278.

37. Vandenberg, J. I.; Walker, B. D.; Campbell, T. J. hERG K" channels: Friend and foe.
Trends Pharmacol. Sci. 2001, 22, 240-246.

38. Roden, D. M.; Viswanathan, P. C. Genetics of acquired long QT syndrome. J. Clin.
Invest. 2005, 115, 2025-2032.

39. Perry, M.; Sanguinetti, M.; Mitcheson, J. Symposium review: Revealing the struc-
tural basis of action of hRERG potassium channel activators and blockers. J. Physiol. 2010,
588,3157-3167.

40. Rampe, D.; Brown, A. M. A history of the role of the hERG channel in cardiac risk



References | 21

assessment. J. Pharmacol. Toxicol. Methods 2013, 68, 13-22.

41. Zhang, M.; Liu, X.; Diochot, S.; Lazdunski, M.; Tseng, G.-N. APETx1 from sea
anemone Anthopleura elegantissima is a gating modifier peptide toxin of the human
ether-a-go-go-related potassium channel. Mol. Pharmacol. 2007, 72, 259-268.

42. Jiménez-Vargas, J.; Restano-Cassulini, R.; Possani, L. Toxin modulators and block-
ers of hERG K" channels. Toxicon 2012, 60, 492-501.

43. Zhou, P.; Babcock, J.; Liu, L.; Li, M.; Gao, Z. Activation of human ether-a-go-go
related gene (hERG) potassium channels by small molecules. Acta Pharmacol. Sin. 2011,
32,781-788.

44. Xu, X.; Recanatini, M.; Roberti, M.; Tseng, G.-N. Probing the binding sites
and mechanisms of action of two human ether-a-go-go-related gene channel activa-
tors, 1,3-bis-(2-hydroxy-5-trifluoromethyl-phenyl)-urea (NS1643) and 2-[2-(3,4-di-
chloro-phenyl)-2,3-dihydro-1H-isoindol-5-ylamino]-nicotinic acid (PD307243). Mol.
Pharmacol. 2008, 73, 1709-1721.

45. Christopoulos, A.; Changeux, J.-P.; Catterall, W. A.; Fabbro, D.; Burris, T. P.; Cid-
lowski, J. A.; Olsen, R. W.; Peters, J. A.; Neubig, R. R.; Pin, J.; Sexton, P. M.; Kenakin,
T. P,; Ehlert, F. J.; Spedding, M.; Langmead, C. J. International union of basic and clinical
pharmacology. XC. multisite pharmacology: Recommendations for the nomenclature of
receptor allosterism and allosteric ligands. Pharmacol. Rev. 2014, 66, 918-947.

46. Vogt, A. D.; Di Cera, E. Conformational selection or induced fit? A critical appraisal
of the kinetic mechanism. Biochemistry 2012, 51, 5894-5902.

47. Pan, A. C.; Borhani, D. W.; Dror, R. O.; Shaw, D. E. Molecular determinants of
drug-receptor binding kinetics. Drug Discov. Today 2013, 18, 667-673.

48. Copeland, R. A.; Pompliano, D. L.; Meek, T. D. Drug-target residence time and its
implications for lead optimization. Nat. Rev. Drug Discov. 2006, 5, 730-739.

49. Lu, H.; Tonge, P. J. Drug-target residence time: Critical information for lead optimi-
zation. Curr. Opin. Chem. Biol. 2010, 14, 467-474.

50. Redfern, W. S.; Carlsson, L.; Davis, A. S.; Lynch, W. G.; MacKenzie, .; Palethorpe,
S.; Siegl, P. K. S.; Strang, 1.; Sullivan, A. T.; Wallis, R.; Camm, A. J.; Hammond, T. G.
Relationships between preclinical cardiac electrophysiology, clinical QT interval prolon-
gation and torsade de pointes for a broad range of drugs: Evidence for a provisional safety
margin in drug development. Cardiovasc. Res. 2003, 58, 32-45.

51. Di Veroli, G. Y.; Davies, M. R.; Zhang, H.; Abi-Gerges, N.; Boyett, M. R.
High-throughput screening of drug-binding dynamics to hERG improves early drug safe-
ty assessment. Am. J. Physiol. Heart Circ. Physiol. 2013, 304, H104-H117.

52. Di Veroli, G. Y.; Davies, M. R.; Zhang, H.; Abi-Gerges, N.; Boyett, M. R. hERG
inhibitors with similar potency but different binding kinetics do not pose the same proar-
rhythmic risk: Implications for drug safety assessment. J. Cardiovasc. Electrophysiol.
2014, 25, 197-207.

Chapter 1



22 | General introduction

53. Townsend, C. Is there a need to add another dimension (time) to the evaluation of
the arrhythmogenic potential of new drug candidates in vitro? Circulation 2014, 130,
219-220.

54. Hill, A. P; Perrin, M. J.; Heide, J.; Campbell, T. J.; Mann, S. A.; Vandenberg, J. L.
Kinetics of drug interaction with the K 11.1 potassium channel. Mol. Pharmacol. 2014,
85, 769-776.



