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Abstract

All along the drug development process, one of the most frequent adverse side effects, leading
to the failure of drugs, is the cardiac arrhythmias. Such failure is mostly related to the capacity
of the drug to inhibit the human ether-a-go-go-related gene (hERG) cardiac potassium
channel. The early identification of hERG inhibition properties of biological active
compounds has focused most of attention over the years. In order to prevent the cardiac side
effects, a great number of in silico, in vitro and in vivo assays have been performed. The
main goal of these studies is to understand the reasons of these effects, and then to give
information or instructions to scientists involved in drug development to avoid the cardiac
side effects. To evaluate anticipated cardiovascular effects, early evaluation of hERG toxicity
has been strongly recommended for instance by the regulatory agencies such as U.S. Food
and Drug Administration (FDA) and European Medicines Agency (EMA). Thus, following an
initial screening of a collection of compounds to find hits, a great number of
pharmacomodulation studies on the novel identified chemical series need to be performed
including activity evaluation towards hERG. We provide in this concise review clear
guidelines, based on described examples, illustrating successful optimization process to avoid

hERG interactions as cases studies and to spur scientists to develop safe drugs.

INTRODUCTION

During the past decade, the attrition rate of new molecular entities (NMEs) and biologics
license applications (BLAs) represents one of the major challenges in pharmaceutical research
and drug development (R&D). The US Food and Drug Administration (FDA) approved 34
NMEs and 17 BLAs (total 51 new drugs), and 42 NMEs and 17 BLAs (total 59 new drugs) in
2017 and 2018, respectively. The FDA’s 5 year annual average is 43 drugs per year [1]. The
projected forecast peak sales of the newly approved drugs is on the decline: 2010: 816 million
US dollars versus 2018: 407 US million dollars [2], and the return on investment in R&D by
the pharmaceutical industry has fallen to the lowest level in nine years: 2010 (10.1%), 2016
(4.2%), 2017 (3.7%), 2018 (1.9%) and the R&D spend continues to increase [2]. The non-
optimal physicochemical properties of hits, leads and consequently clinical candidates explain
the decrease of productivity of pharmaceutical R&D. The major consequence of the non-
optimal physicochemical properties affects the absorption, distribution, metabolism,

elimination and toxicity (ADMET) profiles and, consequently, the drug-like properties of hits,



leads and clinical candidates [3,4]. The other important reasons are lack of efficacy, toxicity,
poor pharmacokinetic properties and commercial problems [5]. However, most of the drugs
that reached the clinical trials have been generated in early phase of drug discovery, and then
early detection of toxicity plays a central role in the process [6]. An interesting study
performed by Schuster et al. demonstrated that over 90% of failures are hepatotoxicity and
cardiovascular toxicities [7]. Thus, among the most frequent adverse effects that lead to the
failure of drugs, cardiac arrhythmias, which correspond to a prolongation of QT-interval in
the electrocardiogram (ECG), is one of the major causes. QT prolongation has been shown to
inhibit the cardiac potassium channel (K*) encoded by the human ether-a-go-go-related gene
(hERG), and consequently have received increasing regulatory agencies attention [8]. All
drug candidates must undergo in vitro testing for potential risk of QT interval prolongation

prior to enter in clinical trial [9].

Inhibition of hERG channel is a common task for medicinal chemists developing several
classes of drugs (even non-cardiovascular one, vide supra) due to pharmacophoric features
shared with hERG blockers. However, because of its notorious ligand promiscuity, this ion
channel has emerged as an important antitarget in early drug discovery and therefore, hurdles
drug development. Several reviews of interest have been produced in the recent years
concerning different strategies to alleviate hERG toxicity especially using in silico models
[10-13], and we direct the reader to these for comprehensive referencing. Among these
works, Matched Molecular Pair Analysis (MMPA) is of particular interest since it fits with the
way medicinal chemists analyze structure-activity relationships. Indeed, the basic idea of this
approach is to search chemical databases for sets of molecular pairs that only differ from each
other by a small change at one or more specified locations [14—17]. We have focused our
attention to recent examples of structural optimization. Identification of SAR trends that can
be used for medicinal chemists as a warning signal for cardiotoxicity effects will be proposed

in this comprehensive review.

1. OUTLOOK ON WHAT IS CARDIAC hERG

Since the heart beat rate is subject to change, QT-time is normalized to the so-called QTc
interval (QTc = QT/RR interval). Figure 1A shows the electrocardiogram (ECG) and cardiac
action corresponding to one heart-beat. The observed current in the ECG during the QT-time

is mainly due the delayed activity of the cardiac potassium channel. This voltage gated



channel is coded by the human ether-a-go-go-related gene (hERG) K* channel blockade
encoding the inward rectifying voltage gated K* channel in the heart (Ix;) which is involved in
cardiac repolarization process. QT prolongation and hERG channel interactions are surrogate
markers of cardiotoxicity. Drug which induces QT interval prolongation has been associated,
with torsades de pointe (ventricular tachyarrhythmias, TdP), a polymorphous ventricular
arrhythmia that may cause syncope and degenerate into ventricular fibrillation and sudden
death [18]. In humans, the hERG channel, which is a homo-tetramer, is expressed in several
organs such as brain, thymus, adrenal gland, retina and cardiac muscle tissues [19]. Cardiac
hERG channel is different to other voltage-gate potassium channels due to its fast reversal
inactivation compared to the activation-inactivation steps increasing current upon
repolarization. Large pore size in hERG channel as well as the lipophilic character of the pore

lining are the main characteristics of cardiac hERG channel.

Inhibition of the cardiac hERG channel by drugs is unpredictable and leads to fatal
arrhythmias. Interestingly, there is now a consensus that, in most cases, few agents within a
therapeutic class showed interaction with hERG. Consequently, compounds that bind to
hERG channel are specific, and not their respective pharmacological class. A schematic
representation of structural model of hERG channels is described in Figure 1B [20] whereas
the Figure 1C represents cardiac hERG potassium channel blocking drugs within different
therapeutic classes. FDA and EMA regulatory agencies have strong attention about the

potential cardiac effects by the publication of guidance for industry [21].
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Figure 1. A. Electrocardiogram showing the QT interval. B. Schematic representation of the
current consensus view of structural model of hERG blockers within the channel pore.
Inhibition of the hERG current induces QT interval prolongation resulting in potentially fatal

ventricular tachyarrhythmia (TdP). C. Selected cardiac hERG channel blocking drugs.

Several techniques have been developed by the pharmaceutical companies to test compounds
for inhibition of hERG in the optimization process. The different approaches can be
summarized as following: 1) High throughput hERG assays based on electrophysiology
studies, fluorescence-based assays, flux assays, and binding assays; 2) in silico modeling

predictions; 3) hERG trafficking; and 4) Evaluation of cardiac risk [22].

Interestingly, hERG is often overexpressed on the plasma membrane of different human
tumors, regulating tumor cell proliferation, survival, migration, and neoangiogenesis [23].

Consequently, the development of selective hERG blockers that do not produce cardiac



arrhythmia represent an interesting strategy to tackle cancers such as in glioblastoma (e.g.

colorectal, leukemia, melanoma, pancreas, stomach).

2. NEW INSIGHT IN hERG STRUCTURE IN DRUG DEVELOPMENT

Clarifying hERG structure has been a challenging issue to seize hERG mechanism blockade
by a wide range of drugs. Understanding how hERG channel fits with molecules can give us
clues to better drug design. A wide array of hERG structure resolutions have been carried out
but still without available hERG crystal. Herein, we enumerate and analyze all the body of
knowledge on hERG structure until the new approach by cryo-electron microscopy which

won the Nobel Prize in chemistry in 2017.

In silico models

Predictive in silico off-target profiling in drug discovery represents a useful starting strategy
to develop new hits, leads and then clinical candidates with a good balance between potency

and toxicity [24].
Ligand based methods

It is well accepted that screening for hERG blockers through voltage clamp techniques
provided mechanistic information on ion channels including automated high throughput
screening (HTS) patch clamp technologies [25], as well in vivo telemetry experiments in non-
rodents [26]. Based on different sets of drugs known, several in silico 3D QSAR approaches
aimed at quantitatively predicting hERG channel blockade through biological activity
associated with the QT prolonging effect. Several ligand binding sites exist on hERG that can
modulate channel activity. The first studies have been highlighted by Ekins et al. [27] and
Cavalli et al. [28]. These studies are based on two different 3D QSAR models for the
inhibition of the hERG channel from two different sets of drugs known to induce QT
prolongation. Ekins et al. used Catalyst® software to generate a pharmacophore based on 15
molecules from the literature. Cavalli et al. adopted a “constructionist” approach to the
pharmacophore generation, consisting of the individuation of a template structure (the crystal
structure of astemizole) onto which they overlapped 30 other molecules starting from those
with similar geometric and spatial characteristics. This superimposition procedure led to the
individuation of further pharmacophoric features and was used as the starting point to develop

a CoMFA® model correlating the 3D stereoelectronic characteristics of the molecules with



their hERG blocking potency. The hERG pharmacophore built by Ekins et al is depicted in
Figure 2 (four hydrophobic features which are not necessarily simultaneously present in all
the considered molecules, and one positively ionizable group), whereas the Cavalli et al.
model consists in one protonated nitrogen function and three aromatic rings which are not all
simultaneously present in all the molecules. These two ‘interpretative’ models are very
similar: an ionizable function bearing hydrophobic groups located at similar distances. Most
of the hERG channel blockers have a tertiary amine group that is protonated at physiological
pH and playing an important role for the binding of the channel blocker and hERG channel, as
well aromatic rings which are associated with Testacking or hydrophobic interactions with

aromatic rings of amino acids within the hERG channel cavity [29].

Using a CoMSiA® 3D QSAR approach, Pearlstein et al. analyzed 38 hERG inhibitors to
derive a pharmacophore that confirmed the models of Ekins and Cavalli [30]. This model
highlights that the molecules which penetrate into the channel pore from the intracellular side
might orientate themselves with the long ‘‘tail’’ pointing towards the selectivity filter of the
channel and the hydrophobic head (‘handle’) blocking the intracellular entrance. Besides,
Recanatini et al. showed a very good correlation between the predicted ICsos obtained from

both Ekins and Cavalli models and the observed I1Csos [8].
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Figure 2. Schematic representation of Ekins’, Cavalli’s and Pearlstein’s pharmacophores

Several cheminformatics studies have been carried out to predict the QT prolonging potential
of series of molecules using in silico methods. The goal of this strategy is to predict the
activity of drugs from the finding of appropriate descriptors that model structure-activity
relationships. For instance, Roche et al. analyzed a large collection of compounds from
Hoffmann-La Roche (Basel, Switzerland) [31]. A total number of 1,258 descriptors were

calculated and used to train an artificial neural network that showed good prediction,



particularly for the identification of nonblocking compounds. In the same line, Keseru et al.
developed traditional and hologram QSAR (HQSAR) models to predict the hERG affinity of
compounds [32]. The impact of combining different (Q)SAR methodologies and data sources
on the predictive performance has been also studied [33]. Ducrot et al. emphasized the use of

dynamics novel insights on hERG blocker placement [34].

Du-Cuny et al. reported an important study combining QSAR modeling, 3D pharmacophore
analysis, homology modeling, and molecular docking. The consensus models were evaluated
on 178 hERG blockers and 351 inactive compounds and showed high-predictive capability
[35]. 3D pharmacophore models with and without basic moieties have been highlighted. The
structural features of the pharmacophore model for compounds with basic moieties contain
four hydrophobic centroids, a cationic atom or a hydrogen-bond donor, and an aromatic or a
planar ring system. The pharmacophore model for compounds without basic moieties contains

hydrogen-bond acceptors, aromatic ring centers and a hydrophobic region (Figure 3).
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Figure 3. A. 3D pharmacophore model for compounds with basic moieties and B. without

basic moieties. Adapted from [35].

Another docking model for hRERG channel blockade has been proposed by H. Choe et al. from
the study of 69 known hERG channel blockers [36]. Molecular docking simulation and ICso

distribution analysis suggested the key role of a protonated nitrogen, an aromatic moiety, and



a hydrophobic group. The Table 1 describes the differences between the Choe’s model and

the well-known blocking mode for small hERG blockers (standard model).

Table 1. Comparison between Choe [36] and standard model.

Choe’s model

Standard model

Three key interactions

Two key interactions

Hydrogen bond between the protonated
nitrogen of the channel blocker and the

carbonyl oxygen of hERG residue T623

Pi-pi interaction between an aromatic moiety
of the channel blocker and the aromatic ring

of hERG residue Y652

Cation-pi interaction between the protonated
nitrogen of the channel blocker forms and the

aromatic ring of HERG residue Y652

Hydrophobic interaction between a
hydrophobic group of the channel blocker
and the benzene ring of hERG residue F656

Hydrophobic interaction between a hydrophobic
group of the channel blocker and the benzene

ring of hERG residue F656

An interesting strategy was presented which is based on a transcriptomic approach, using
human origin cardiomyocytes, to evaluate the heart safety assessment as an alternative to the

globally accepted standard-hERG channel assay based on mammalian cells [37].
Structure-based methods

Structure-based methods, relying on bacterial homology models, provided insights into hRERG
structure and ligand prediction binding modes. Streptomyces lividans KcsA crystal (PDB:
1BLS8) was the most widely used template for building homology models of hERG [38].
Then, we can list Methanobacterium thermoautotrophicum MthK [39] (PDB: 1LNQ),
Aeropyrum pernix KvAP [40] (PDB: 10RQ). The contribution of these approaches on hERG
mechanism enabled to understand that this potassium channel is formed by four identical
subunits with 6 transmembrane domains: S1-S4 voltage sensor domain, S5-S6 pore domain
(responsible for potassium selectivity). Space between S6 helixes generated a central cavity
below the pore which is supposed to be the crucial ligand binding site. Compared to other
potassium channels (KvAP, Kv1.1, Kv1.2, Kv1.5), hERG lacks a Pro-X-Pro segment in S6.

This moiety creates a kink on S6, thus reducing inner cavity volume. The lack of this motif




can explain the large scope of drugs able to interact with hERG. Molecular docking shed light
on interactions that may play a key role in hERG blockade, including n-m stacking with
tyrosine 652 and phenylalanine 656 on S6 helix, facing the inner cavity. Moreover, we find

hydrogen bonds with serine 624 just at the cavity entrance [41].

More recently cryo-electron microscopy-electron microscopy gave new insight in hERG
resolving structure challenge. Electrons are capable of resolving atoms in a better manner than
light because of smaller electron microwave length (Aelectron about 1 picometer whereas Aiighe
about 1 micrometer). Induced-irradiation effects were overcome by cooling biological
samples. This hurdle has been resolved thanks to Dubochet and colleagues [42]. Cryo-
electron microscopy represents huge power because all samples can be frozen compared to
crystallization. After freezing the samples to protect them from electron beam damages,
proteins are shot with electron beams which left a unique shadow of the orientation of the
particles. These shadows contain all the 3-dimension information then compressed into a 2D
image. It displays different orientations of the molecules as they are trapped in the ice.
Molecules sharing same orientation are selected and gathered to provide a more detailed view.
Then, performing this same for the different orientations, we obtain 3D reconstruction of our

molecule.

Cryo-electron microscopy input strengthen the body of knowledge collected on hERG
structure [43]. Indeed, the resulting cryo-electron microscopy structure emphasized the same
major amino-acids (tyrosine 652 and phenylalanine 656) together facing the inner cavity. This
work has confirmed the presence of extended pockets that are non-existent in most other K*
channels and which could explain its sensitivity to a large number of chemical scaffolds but
also an unusually small volume of the main central cavity, which probably favors the binding

of cationic molecules.

3. Overview of successful literature optimizations

A previous survey of the medicinal chemistry literature establishes a picture, based on
selected case studies, of the successful strategies to alleviate hERG affinities. Indeed, even if
it exists plethoric examples on mitigating hERG activity strategies in the literature, few
publications attempted to summarize all modulations approaches [44]. In front of the

increasing body of information accumulated on this topic since, this comprehensive review



summarizes the most recent developments in the field and tactics that we can encounter in a

thorough literature study.

Indeed, the hERG challenge lies on balancing its affinity without altering the preferred
biological effect. Indeed, hERG blockers and non-blockers share narrow SAR that hindrance
pharmacomodulation [45]. The burning point of lead optimization is to identify which

parameter will influence ion channel inhibition without disrupting desired effect.

Based on a non-exhaustive overview of fortunate optimizations, we propose a classification
according to common physical-chemistry descriptors (in silico and in vitro) to provide easy to
understand guidelines for attenuating hERG affinity. These categories are as follow:
formations of zwitterions, log P control (only examples where a variation of 1 log unit have
been detailed), pKa lowering, n-nt stacking altering, equatorial-axial axis modification, bold
increase, subtle modifications and chain rigidification. As underlined in Jamieson study [44],
palliating hERG affinity cannot be explained in all cases in altering only one parameter. As a
consequence, this may confound interpretations of the controlling factor mitigating hERG

activity.

Figure 4. Representation of various successful pharmacomodulation to limit hERG affinity
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It is widely admitted that compounds which have higher log P and pK. tend to be at higher
risk of hERG inhibition [46]. A general strategy to decrease hERG affinity has then consisted
in reducing the lipophilicity of potential hERG ligands [47]. As shown in Table 2, series of
substituted 1-(3,3-diphenylpropyl)piperidine phenylacetamide C-C chemokine receptor type 5
(CCRYS) antagonists [48] were explored with the aim of circumvent hERG activity. Despite an
excellent CCRS potency, this series displayed a moderate affinity against hERG (ICso= 7.3
uM) that urged chemists to further development of compound 2. Introduction of a piperidine

moiety instead of the upper phenyl ring in 1 led to diminish hERG affinity in a 3-fold.



A study [49] on aminoxazoline xanthene beta site amyloid precursor series was to determine
regions of the molecule that can be pharmacomodulated without interfering with biological
potency. Introduction of hydrophilic groups in 3 as morpholine or polar hydroxyl groups

results in compounds with a low hERG activity (>10 uM, see compound 4).

Furber et al. [50] disclosed the discovery of piperidinecarboxamide acetonitrile series as
dipeptidyl peptidase I inhibitors. Flawed with high affinity towards hERG potassium channel,
reducing lipophilicity was examined by adding an oxygen atom in a pyran ring. All pyran
compounds reached more than a 30-fold hERG affinity decrease compared to lead compound

(see compounds 5 and 6).

Anti-VEGFR-2 identification provided a new therapy in treating wet age-related macular
degeneration [51]. Nevertheless, these compounds inhibited hERG channel. The aim of the
study was to minimize hERG blockade while reducing lipophilicity without disrupting
molecule basicity. Chemists chose to explore substituents replacement on the urea moiety (7).

Trifluoromethylbenzene was switched with pyrazole (more polar, see molecule 8).

Bitopertine is a promising candidate for schizophrenia disease developed by Roche. Indeed, it
is an antipsychotic drug which potentiates NMDA receptor by enhancing glycine
concentration in the brain [52]. The identified hit displayed good selectivity against glycine
transporter-1 but was accompanied with heart failure. During investigations, shorter
substituents, such as its trifluoroisopropyloxy analog 9, significantly decreased hERG activity
(hERG ICsp = 0.6 vs 6.9) while increasing log P (2.62 vs 4.13). Reduced lipophilicity further
improved hERG profile by introducing a substituted pyridine to replace the N-phenyl ring in
final lead 10.

A recent study [53] investigated an oxadiazole series as potent 5-lipoxygenase-activating
protein inhibitors. Phenyl core was modified by adding heteroatoms in order to reduce
lipophilicity since the series occupied the hydrophobic pocket in the protein. They
demonstrated that in general, pyridyl derivatives displayed lower hERG inhibition compared

to the phenyl analogues (see compounds 11 and 12).

Selective 4-aminoquinoline-based RIP2 kinase inhibitors were recently identified as
therapeutic tools for a variety of autoimmune diseases. The modulation of lipophilicity of
compound 13 was realized by changing the benzopyrazole in a pyrazole moiety especially for
compound 14. This modulation was also compatible with strengthening hinge binding ability

[54].



As a last example, a series of kinesin spindle protein inhibitors [55] displayed promising

effect for future anticancer treatment. Indeed, this 2,4-diaryl-2,5-dihydropyrrole compounds

family has an antimitotic effect in transformed cells but also against hERG channel (ICso =

3.5 uM). This blockade was a concern to develop these compounds. Because SAR studies

showed that N1 acyl groups with basic amines enhance hERG binding, chemists directed their

modulation works on this moiety. By introducing neutral N1-acyl group on the amide moiety

(see compounds 15 and 16), they obtained significant reduction in hERG binding while

keeping cell-based activity upon kinesin spindle protein.
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In order to decrease hERG interactions, several useful guidelines have been also highlighted
by Buyck [56], Aronov [57], Waring [58] and GSK’s members named GSK 4/400 rule [59].
The first guideline defined hERG blockers with clog P >1 or MW > 250. In this case, a range

of Log D/P between ~-1 and ~3.4 generally lead to compounds with lower hERG interactions,

whereas the second guidelines define lower hERG inhibitions for compounds with MW < 400

and cLog P <4 or MW > 400 and log P > 4. The respect of the rule MW < 400 and clog P <

4 corresponds also to favorable ADMET properties except CNS penetration and CYP1A2

inhibition. The construction of an integrated database for hERG blocking small molecules

provided similar mean values of 12 physicochemical properties difference between hERG




inhibitors and inactive compounds [60]. Beside log P, a decreasing pKa was also highlighted

in this study as illustrated below.

Lowering basicity

Generally, the presence of a basic solubilizing group or a positively charged nitrogen atom,
which forms ammonium ions from tertiary amine, increased the likelihood that the
compounds should be hERG blockers [30]. In addition, decreasing the pK. of the amine
decreased the hERG potency by destabilizing the protonated species.

A series of 1,4-substituted piperidines was discovered to be antagonist of T-type calcium
channels [61]. A lead compound 17 embodied the starting point of a range of optimizations as
a way to be more selective over hERG channel. After trying several well-known hERG
optimization approaches, lowering pK. appeared to be playing a crucial role in affecting
hERG activity. Fluorine incorporation was screened to success as shown in compound 18

(Table 2).

As shown in Table 2, a series of hydroxamate-based histone deacetylase (HDAC) inhibitors
have been carried out to optimize their affinity profile [62]. Indeed, this range of molecules
has been associated with QT prolongation in humans. The starting point of optimizations was
undergone by dacinostat, which embodied a highly potent hydroxamate-based histone
deacetylase and hERG inhibitor. This series appeared to be depending on the basicity of the
amine so modulations on the linker was investigated. Introducing a trifluoromethyl group in
19 allowed to abolish hERG affinity (2% inhibition, see compound 20). Using a bioisostere is
a common strategy to lower pKa. basicity because of its inductive effect which allows to
decrease basicity while having negligible effect on the ligand size and lipophilicity. The
amine basicity was thus modulated in an insulated position from the other variables in order

not to obfuscate hydroxamate-based histone deacetylase inhibitory activity.

A series of 1-(4-(pyridin-2-yl)benzyl)imidazolidine-2,4-dione derivatives showed that hERG
affinity was driven by the basic amine group [63] while retaining cannabinoid potency (Table
2). The piperidine moiety was chosen to investigate the influence of electron modulating
groups in this ring. Introduction of 4-sulfonylpiperidine in 21 led to the identification of less
potent hERG inhibitors without impairing cannabinoid receptor potency. Combining with log

P decrease (isopropyl moiety), molecule 22 displayed less potent hERG blocker activity.



AstraZeneca, recently, published the optimization of a series of DNA-dependent Protein
Kinase inhibitors with high potency and selectivity [64] (Table 2). A series of 7,9-dihydro-
8H-purin-8-ones were optimized and while the imidazopyridine substituted compound 23 has
affinity towards hERG (ICsp = 8.1uM), its triazolopyridine analog 24 keeps its activity
towards DNA-PK with reduced hERG potency. The introduction of a nitrogen atom

significantly decreases the pK. values of 24 to explain its impact on hERG potency.

Mitigating hERG affinity was achieved in a set of 5-[(4-aminopyridin-2-yl)amino]pyrazine-2-
carbonitriles in Osborne study [65]. The authors highlighted that less potent hERG inhibitors
were more frequently associated with secondary amine (more hydrogen bond donor number),
compared to tertiary amine (less hydrogen bond donor number) in this compound’s family.
For example, compound 25 with a secondary amine displayed less affinity towards hERG

channel than its tertiary analogue 26 (Table 2).

Magnifying rigidity

The cavity of the hERG channel is large and promiscuous, and consequently, a therapeutic
compound has a certain probability to interact with hERG channel. A large number of hERG
blockers described in the literature contain flexible linker joining different fragments of the
molecule which can increase these fragments to adopt conformations for large binding sites of
hERG channel. Consequently, rigidification of the molecules decreased their potency against
hERG channel. By altering optimal position on the channel, this technique is thought to

embody a reliable approach to reduce hERG affinity (Table 2).

Tertiary amine flagged with two aromatic rings conferred potential blocker activity on
Hydroxamate-Based Histone Deacetylase Inhibitors series [66]. Lead compound, dacinostat
(27), was investigated to see if rigidity introduction is a viable strategy to attenuate hERG
binding. Rigidified analogues prepared were successful in decreasing hERG activity while
modified on hydroxylamine linker with piperidine (see compound 28), pyrrolidine or indole
groups. The authors hypothesized that adding rigidity into dacinostat affected hERG profile

by reducing the number of possible binding poses in the channel.

Another example of the rigidifying strategy has been recently published in the development of
inhibitors of acidic mammalian chitinase (AMCase) and chitotriosidase-1 (CHIT1), of
potential interest to treat respiratory diseases [67]. During this study, a series of 1-(3-amino-
1H-1,2,4-triazol-5-yl)-piperidin-4-amines were modulated in order to attenuate the hERG

potency of earlier hit 29. The implementation of polar fragment on the isobutyl substituent



had little impact on hERG activity, but the introduction of the morpholine led to the discovery
of the highly active inhibitor 30 with good pharmacokinetic properties and no activity for

hERG channel.

Best-in-class dipeptitdyl peptidase 4 inhibitors [68] were explored to improve
pharmacokinetic profile of commercially available sitagliptine (31). Omarigliptine (32)
gathers different modulating tactics. The rigidification of the [-aminobutanone in
cyclohexamine and the introduction of a pyrane moiety instead of cyclohexamine enabled to

reduce basicity and lead to less potent hERG blocker.

The earlier described anti-VEGFR-2 compounds [51] could also highlight the possibility to
rigidify compounds in order to reduce hERG affinity with the preparation of pyrrolidine

derivative 34 instead of the more flexible secondary amine present in 33.

Altering TETtinteractions

Based on several structure activity relationship studies, many blockers are capable to bind to
Y652 and P656 around S6 helix [20,69]. These authors demonstrated that these interactions
are crucial for high-affinity binding to hERG channel. Thus, aromatic interaction impairment

may help minimizing hERG channel affinity.

As shown in Table 2, tetrahydroisoquinoline derivatives were modulated to retain potency on
N-type Ca** channel while exhibiting low blockade on hERG channel [70]. In this series,
disruption of m-m interactions was a successful tactic to minimize hERG inhibition. The
bioisostere substitution of phenyl group to aliphatic ring improved selectivity over hERG

channel inhibition from a 6-fold threshold (see 35 and 36).

A novel structural class of iminopyridine derivatives [71] was identified as a potent and
selective human alD adrenoceptor antagonist through screening of an in-house compound
library. Unfortunately, this series displayed good affinity for hERG channel. The authors
decided to weaken the interaction with the phenyl group of 37 by introducing polar
substituents in the m-chlorophenyl ring. In particular, they employed deactivating groups as
amide or sulfomethyl moieties which reduced m-electronic density and so, altered m-m
interactions between phenyl ring and aromatic residues. This tactic led to identify lead

compounds with decreased hERG binding (see compound 38).

Aiming to develop novel anti-diabetic drugs, a recent study [45] concentrated their effort on

potent somatostatin receptor subtype 5 antagonists with no undesirable hERG affinity. The



authors attempted to reduce the hERG inhibition by suppressing aromatic property of the 4-
benzoic acid (39) by replacing with cyclohexane ring. The reduction in hERG blockade
observed in molecule 40 may be attributed to a disruption in m-m interaction with hERG
potassium channel. As discussed above, disrupting aromatic interactions by replacement

benzene core with a saturated ring reduce hERG activity.

Another example has been disclosed in the optimization of 2-piperidin-4-ylacetamide
derivatives as MCH-R1 antagonists to treat obesity [72]. In this series, the replacement of the
terminal aryl group of 41 by a hydroxycyclohexyl moiety in 42 was employed to obtain potent
MCH-R1 antagonists with minimized hERG inhibition.

During the development of Tyrosine Kinase 2 (TYK2) inhibitors for the treatment of
autoimmune diseases, another example of modulation of aromatic ring has been presented
[73]. The phenyltriazole derivatives have been explored by different heterocycle, a pyridine in
43 and a pyridazine in 44, but the modulation of the C6 amino heterocycles influence its
binding to hERG channel. Indeed, the replacement of the cyanopyridine side chain by a

cyclopropyl carboxamide provides a reduced hERG affinity due to decreased aromaticity.

Finally, another example of the interest of cyclopropane fragment has been recently published
during the preparation of antimalarial agents [74]. During the modulation of the thiazole ring,
the replacement of the initial p-fluorophenyl group of 45 by a cyclopropyl moiety in 46,
attenuates by 5-fold the hERG inhibitory activity while maintaining the biological activity of

the derivative.

5. Subtle structural modifications
Several studies highlight that the strategies described above may not be successful for all
chemical families to provide hERG activity decrease [75]. They suggest that discrete

structural modifications can play an important role in mitigating hERG profile.

Blum et al. study [76] disclosed new series of Y5 antagonists aryl-1H-imidazole compounds
displaying high affinity for hERG channel. Introduction of gem-dimethyl moiety between
hydroxyl and amide groups solely resulted in compounds with markedly reduced interaction
with hERG channel (about 14-fold less potent, see compound 47 and 48). This modification
did not alter neither lipophilicity nor basicity (Table 2).

Another example of subtle structural changes succeeding in detuning hERG activity can be

found in Kim and co-workers study [77]. The 1,3,4-trisubstituted pyrrolidine CCRS receptor



antagonists discovery encountered potassium channel affinity issues. In this series,
introduction of trifluoromethyl enabled to get improved compound without varying log P or

pK. parameters (see 49 and 50, Table 2).

As shown in Table 2, a family of tetrahydronaphthalenes as potent inhibitors for Raf were
reported with undesirable affinity for hERG channel [78]. The chemists steered their efforts
towards modification of the benzylic amine moiety present in S1. In the course of the
optimization, pK. changes or increasing steric bulk around the basic nitrogen were explored
with limited effect on hERG affinity. Only substitutions with heterocycle moieties around the
benzyl amine were tolerated at this position. The pyrazole derivative was identified as the best
group to maintain good physicochemical properties with less activity on hERG channel (see

compound 52).

A recent study focusing on selective glutamate 2 receptor reported their optimization work on
their lead molecule (53) to overcome hERG inhibition [79] (Table 2). Compared to 53,
compound 54 contains 2 fluorine atoms and the replacement of the piperidine by a piperazine.
The observed hERG reduction cannot be explained by a decrease in lipophilicity or basicity
but by the introduction of these subtle changes in the molecule 54 which displays more
flexibility compared to the linear orientation of the lead. Docking studies of 54 suggest a bent

permitted by the methylene spacer which is supposed to potentiate the blockade.

Chrovian et al. recently described a series of selective GluN2B negative allosteric modulators
containing a 1H-pyrrolo[3,2-b]pyridine scaffold as depicted in 55. Reduction of hERG
channel binding was achieved in this series by a bioisosteric replacement of the tolyl

substituent by a thiophene moiety in compound 56 [80].

A novel benzothiazinone IMB1603 57 was recently described as a potent in vitro and in vivo
antitubercular compound, suffering from significant hERG binding affinity [81]. A lead
optimization program was undertaken in order to limit this toxicity, while maintaining the in
vivo activity of 57. Among the best results obtained, the replacement of the central spiro
piperidine-pyrrolidine linker by an azabicyclo[2.2.2]octane ring in 58 showed a significant

decrease in hERG affinity.

A series of 2-aminomethylene-5-sulfonyl-thiophenes were developed as Lysyl Oxidase
(LOX) inhibitors for cancer therapy [82]. In this study, the introduction of a sulfonylphenyl

side chain greatly increases the biological activity but could also influence hERG affinity. The



substitution of the p-tolyl group by a second methylsulfone moiety, either in position 3 (89) or

4 (60) on the p-tolyl group, led to an important decrease of hERG binding.
Topology of ring linker arrangements — Molecular shape profile

Observations of the topology of ring linker arrangements of several hERG blockers are
described in Figure 5 [57]. Linear topology corresponding to meta-/para- attachments
decreased the likelihood for the compounds to be hERG blockers versus V-shape
conformation (ortho-substitution patterns). The position of the amino groups has a strong

impact on the hERG profile of the molecules.

"

Potential for cardiac hERG blockade

* Basic or aromaticgroups, except A and B: only basic groups

Figure 5. Molecular shapes related to potential for cardiac hERG blockade effect. Adapted
from ref. [57].

Stereoselective effects

Few studies emphasized the potential stereoselective contribution of the distinct enantiomers
on hERG channel blockade [83]. One of the first demonstration of the stereoselective block of
hERG was emphasized by Kanai, Y et al. They showed that (S)-bupivacaine was more potent
at blocking the hERG than (R)-bupivacaine. Note that it is the inverse stereoselectivity to that

observed in other cardiac channels [84].

Verapamil is the first L-type calcium channel blocker available for the treatment of angina
pectoris, hypertension and supraventricular arrhythmias. The two enantiomers of verapamil

blocked the hERG channels, but the (S)-verapamil is more potent than the (R)-form in the



block of the L-type Ca** current, and it is also preferentially metabolized during hepatic first-

passage [85].

In the same file, quinidine and its dextrorotatory diastereomer quinine showed different
pharmacological profiles. Quinidine has been mainly used as a class I antiarrhythmic drug,
whereas quinine is still preferentially used to treat malaria, because it possesses no significant
cardiotoxicity. Both quinidine and quinine prolonged the QTc interval, but the maximum
change after quinine infusion was approximately half that after quinidine. This data may
explain why quinine has a lower effect on ventricular repolarization in vivo in comparison

with quinidine [86].

Another example is Disopyramide, an antiarrhythmic drug (class Ia) marketed as a racemic
mixture. At physiological K* concentrations, the (S)-Disopyramide significantly increased
APD by ~20%, while the same concentration (R)-Disopyramide diminished APD by ~5%

[87]. Similar observations have been reported for Terodiline [88] and Propafenone [89].

The main cardiac effects of racemic Methadone, a synthetic opioid, include prolongation of
QT interval and torsade de pointes. The FDA approved racemic Methadone as an analgesic in
1947. In humans, Methadone is strongly metabolized in the body, predominantly in the liver
by CYP3A4 and CYP2B6. CYP2B6 metabolized in vitro (S)-Methadone with 1.8-fold
preference versus (R)-Methadone. In a patch-clamp experiment, using HEK293 cells
expressing hERG, (S)-Methadone blocks hERG 3.5-fold more potently than (R)-Methadone.
Methadone is not a high-affinity blocker of hERGI, and the 3.5-fold difference between
enantiomers might not be clinically relevant. The difference in hERG inhibition is
accompanied by additional stereoselective PK and PD properties inducing the (S)-Methadone

toxicity.

Early studies pointed out disadvantageous side-effects of racemic methadone when compared
to the (R)-form, but they did not receive the deserved attention [83]. It is obvious that the use
of pure (R)-Methadone in place of racemic should be considered for all patients treated, for

instance for pain, in order to reduce the risk of cardiac toxic effects and sudden death.

Another interesting case study is within the macrocyclic 3-aminopyrrolidine
farnesyltransferase inhibitor series, where the hERG binding is very sensitive to the chiral
modification as well the FTase inhibition (Figure 6). The macrocycle 62 (R,R) was 250-fold
more potent than the non-cyclic derivative 61 as an inhibitor of FTase in the functional assay,

and 62 showed hERG potency of 7uM versus 440 nM for 61. Interestingly, The (R,R)



compound displayed stronger affinity toward hERG versus (S,R)-diastereoisomer (12uM)
[90].

N
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61 CN
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Figure 6. Chemical structure of 61 and 62

Combination of effects

Very interestingly, matched molecular pairs analysis have been highlighted by Kratz JM et al.
regarding the development of natural products (alkaloids and non-alkaloids) and extracts over
the past two decades (1996-2016) [91]. The objective is the identification of the groups
contributing to the hERG channel blockade. As shown in Table 3 (non-exhaustive list),
several cardiac safety chemical modifications have been performed including distereoisomeric
change, drecrease of log P (decrease lipophilicity) and replacement of cationic nitrogen atom

by corresponding amide.

Several natural products such as vasicine, vasicinone, tryptanthrin, morphine, codeine, (+)-
salutaridine, caffeine, theophylline, and theobromine did not show hERG channel inhibition

[91].

Table 3. Examples of molecular pair blockers based on hERG analysis. calculated log P with
ALOGPS 2.1

Natural product showing Corresponding natural product Chemical
hERG channel affinity showing low or no hERG modifications done

channel affinity




(S,R) Quinine
Strong blocker
(in Xenopus oocytes)

(R,S) Quinine
Moderate blocker
(in Xenopus oocytes)

(S,R) versus (R,S)

‘ OMe
= | OMe
®
00
(0]

Amide in place of

cationic nitrogen

atom

Berberine Oxyberberine
Strong blocker Non blocker
(in HEK293) (in HEK293)
log P-0.18 log P2.03
O O> Amide in place of
| o] cationic nitrogen
OF
.00
O
coptisine 8-oxocoptisine
Moderate blocker Non-blocker
(in Xenopus oocytes) (in Xenopus oocytes)
log P-0.62 log P2.28
OH OH Decrease log P

(O)-nonuciferine
Strong blocker
(in HEK293)

log P 2.87

(-)-asimilobine8-oxocoptisine
Non-blocker
(in Xenopus oocytes)

log P2.43




Decrease log P

CO,Et CO,H
~N ~N

e ﬁOYO e ﬁ"p

0] 0

Coccaethylene Benzoylecgonine
Strong blocker Non-blocker
(in HEK293) (in HEK293)
log P 3.68 log P 2.91

CONCLUSION AND PERSPECTIVES

About 90% of market withdrawals are due to drug toxicity, mainly hepatotoxicity and
cardiovascular toxicity. Consequently, drug toxicity must be detected earlier, and inhibitors
early in drug discovery. This paradigm carries a risk of unnecessary compound attrition and
high cost, mainly if these studies are conducted later during drug development process.
Generally speaking, the cardiac effects can be evaluated using existing approaches such as
Ether-a-go-go Related Gene (hERG) channel assays and in vivo QT measurements. The
human channel hERG is a voltage-gated potassium channel playing an important role in
electrical activity in the heart. One of the most important challenge for drug development
programs is to minimize the potential for hERG channel blockade, but bearing in mind, the
need to develop innovative drugs with a right risk/benefit balance. Ion channel studies in
general and hERG channel blockade studies in particular have emerged as important
antitargets in early R&D. There are no absolute rules which can be used in early stage of drug
development for the detection of an effect on cardiac repolarization but several principles can
be emphasized as highlighted in this concise review. Interestingly, a public-private
Comprehensive in vitro Proarrthythmia Assay (CiPA) initiative, proposed by expert working
groups, has been set-up to updating the existing cardiac safety testing paradigm to better
evaluate arrhythmia risk, and standardize ion channel assay approaches to implement widely

accepted cardiac safety testing guidelines. [92]
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